PACIFIC EARTHQUAKE ENGINEERING
RESEARCH CENTER

Report of the Tenth Planning Meeting of
NEES/E-Defense Collaborative Research on
Earthquake Engineering

Disaster Prevention Research Institute
December 11-13, 2013
Kyoto University

Convened by
NEES Operation Center
and

Hyogo Earthquake Engineering Research Center, NIED

PEER 2014/06

DECEMBER 2013



Disclaimer

The opinions, findings, and conclusions or recommendations
expressed in this publication are those of the author(s) and
do not necessarily reflect the views of the study sponsor(s)
or the Pacific Earthquake Engineering Research Center.




Report of the Tenth Planning Meeting of
NEES/E-Defense Collaborative Research on
Earthquake Engineering

Disaster Prevention Research Institute
December 11-13, 2013
Kyoto University

Convened by
NEES Operation Center
and

Hyogo Earthquake Engineering Research Center, NIED

PEER Report No. 2014/06
Headquarters, University of California, Berkeley
December 2013






Preface

PREFACE

Following an agreement between the Japan Ministry of Education, Culture, Sports, Science and
Technology (MEXT) and the U.S. National Science Foundation (NSF), the First Planning
Meeting for NEES/E-Defense Collaboration on Earthquake Engineering Research was held in
2004. This meeting laid the groundwork for an initial joint research program related to
improving understanding of seismic effects and reducing the seismic vulnerability of bridges and
steel buildings. The emphasis of the program was to conduct experimental research using the
George E. Brown, Jr. Network for Earthquake Engineering Simulation (NEES) equipment sites
and the three-dimensional full-scale earthquake testing facility (E-Defense) of the National
Research Institute for Earth Science and Disaster Prevention (NIED). To formalize the “first-
phase” collaboration, two Memorandums of Understanding (MOU) were executed, one between
NSF and MEXT in September 2005 and the other between the NEES Consortium Inc. (NEES
Inc.) and NIED in July 2005. In order to continue the collaboration to the “second phase,” the
latter MOU was updated in May 2010 by the NEES Operation Center (NEEScomm) and NIED,
to continue collaborative activities through 2015.

Before updating the MOU between NEEScomm and NIED, two meetings were held. The
First Planning Meeting for the Second Phase of the NEES/E-Defense was held in January 2009
to discuss the need for and benefits of continued NEES/E-Defense collaboration. This meeting
identified a number of important topics of mutual interest to the U.S. and Japan that would
benefit from continued research collaboration and sharing of NEES and E-Defense resources. In
addition, a follow-up meeting to discuss details of the next phase of collaboration was
recommended. In response, the Seventh Planning Meeting of NEES/E-Defense Collaborative
Research on Earthquake Engineering was convened in September 2009 to review the efforts and
accomplishments of the past four and one half years and to discuss mechanisms for collaboration
for the coming years.

Following these two meetings, the Eighth and Ninth Planning Meetings of NEES/E-
Defense Collaborative Research on Earthquake Engineering were convened during September 17
and 18, 2010 and August 26 and 27, 2011, respectively, These meeting were attended by leading
researchers from both countries as well as representatives from NSF, MEXT and other
government agencies. In the plenary and breakout sessions of the meeting, participants from the
U.S. and Japan discussed progress and future plans for NEES/E-Defense collaboration. Because
of the closure of E-Defense during the upgrade of the facility that occurred at the end of 2012
and beginning of 2013, a joint planning meeting was not held in 2012.

This report contains a summary of the Tenth Planning Meeting that was convened at the
Disaster Prevention Research Institute of Kyoto University during December 11 and 13, 2013.
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Summary and Resolutions

SUMMARY AND RESOLUTIONS

The Tenth Planning Meeting for the NEES/E-Defense Collaborative Research Program in
Earthquake Engineering was among the largest held to date, and attended by 61 participants from
the U.S. and 53 from Japan. There was great interest on both sides in the research that had been
carried out in the past two years, and in the potential for future collaborative research. The
upgrade of the E-Defense shaking table was appreciated by all, and will permit many new and
important lines of research to be conducted that were not possible before.

The report includes the recommendations and resolutions reached by the participants. The
appendices contain the list of participants, the meeting program and schedule, the materials
presented during the plenary sessions, the minutes of the Joint Technical Coordinating
Committee, and reports summarizing the specific recommendations developed by the individual
working groups where participants discussed in detail various scientific and engineering
challenges that should be addressed during the remainder of the second-phase NEES/E-Defense
collaboration, as well as recommendations regarding the need and scope of a third phase.

Issues Discussed
The tenth joint NEES/E-Defense planning meeting was organized to:

1. Discuss results, refine research plans and strengthen collaboration for current
NEES/E-Defense projects,

2. Discuss current gaps in knowledge and identify high impact research efforts that
would benefit from collaborative NEES/E-Defense research planning,

3. Discuss mechanisms for enhancing and extending the excellent collaboration already
established between researchers in the U.S. and Japan in the field of earthquake
engineering, and

4. Based on the foregoing and the accomplishments to date, consider the desirability of
extending the program to the next phase (Phase 3).

In the meeting, the background of US-Japan collaboration related to earthquake
engineering was reviewed, as was the background and scope of the NEES/E-Defense
Collaborative Research Program in Earthquake Engineering. The previous development of the
“Resilient City” as the overarching meta-theme for Phase 2 research activities was also
discussed. As part of the scope of the Resilient City meta-theme, scientific challenges and
specific research needs were previously identified for the following six topics: Buildings,
Nonstructural Elements, Transportation Systems, Lifelines including Geotechnical Issues,
Computational Simulation, and Monitoring.

The major upgrade to the E-Defense shaking table was described. As a result of the
upgrade, E-Defense can simulate earthquake records with the duration of more than three
minutes, like those experienced in the March 2011 Tohoku earthquake. Many new opportunities
to investigate the effect of earthquake duration, especially for motions containing significant
long period content, are made possible by these enhancements. Recent research on steel
structures, base isolated structures, and other systems were also discussed. Several suggestions
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were made by E-Defense for future collaboration, including special efforts by joint U.S. and
Japanese research teams to synthesize, analyze and interpret data already obtained in past tests.

Five working groups then met. In keeping with the Resilient City meta-theme, the
working groups focused on:

a. New materials and new technologies for reinforced concrete buildings,

b. Understanding and improving resilience of structural steel buildings

c. Present and Future of base-isolation and vibration control,

d. Critical Issues on geotechnical engineering and underground structures, and

e. Enhancement of monitoring and condition assessment.

In preparation for the meeting the Japanese and U.S. working group co-conveners had
solicited input from the working group members and other researchers. Following these
discussions the participants gathered for a plenary discussion of the findings and
recommendations of the working groups, and to develop overall recommendations and
resolutions for the meeting.

Each of the working groups also considered overarching issues related to evaluating and
improving capabilities for numerical simulation, data exchanges, and opportunities for payload
projects, such as those involving nonstructural components, sensors, and development and
calibration of numerical models.

The list of participants and the agenda of the meeting are shown in Appendices I and II.
A summary of recent work on the upgrade of E-Defense facility is presented in Appendix III.
The working group summary reports and minutes of Joint Technical Coordination Committee
(JTCC) are shown in Appendices IV and V. The papers presented during the meeting are
presented in Appendices VI to XI, in the order of Plenary Session, RC Working Group, Steel
Working Group, Protective Systems Working Group, Geotechnical Engineering Working Group,
and Monitoring Working Group. The Working Group Summary Presentations can be found in
Appendix XII. The meeting also featured a “Student Activities Program” in which 18 students
from Japan and United States participated in an extensive series of technical and social activities.
The summary of the program is presented in Appendix XIII.

Resolutions

Based on the presentations, discussions and deliberations, the participants of the Tenth Planning
Meeting of the NEES/E-Defense Collaborative Research on Earthquake Engineering formulated
and unanimously adopted the following specific resolutions:

NEES/E-Defense Collaboration should continue without interruption into Phase 3.
The participants agree that the first and second phases of the NEES/E-Defense Collaborative
Research Program in Earthquake Engineering were a resounding success and demonstrated the
effectiveness of joint U.S. — Japan research in addressing high priority problems of mutual
interest. Given an assessment of the current state of knowledge in the light of recent large
earthquakes in Japan and elsewhere, it is believed that a third phase of the NEES/E-Defense
program is needed and beneficial, Specific reasons for the third phase include: (1) the rapidly
growing realization of the importance of the Resilient City meta-theme concept to both the U.S.
and Japan, (2) the smooth and effective collaboration already established between NEES and E-
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Defense, (3) the new capabilities made possible by the upgrades to the E-Defense shaking table,
and (4) the significant opportunities to leverage the unique other equipment, intellectual and
personnel resources offered by NEES and E-Defense. It is strongly believed that NEES/E-
Defense collaboration by the U.S. and Japan provides the strongest mechanism to accelerate the
pace of discovery and development in engineering needed to realize the goals of the earthquake
disaster resilient city.

Projects suggested by working groups (a) to (e) are suitable for NEES/E-Defense
Collaboration. Based on extensive discussions during the plenary and breakout sessions, the
participants believed that the five project areas discussed by the working groups provide an
excellent and broad-based framework for pursuing high priority research of mutual interest to the
U.S. and Japan. The breakout session summarized in Appendix IV highlight the technical
challenges raised by each of these problem areas and the social and engineering benefits of the
research proposed. Special opportunities are possible related to conducting payload projects,
improving numerical simulation, and so on, and these should also be pursued to enhance the
outcomes of the NEES/E-Defense collaboration.

Regular planning meetings are needed. It was agreed that it is important that regular
joint planning meetings be held to plan future tests, and accelerate exchange of information
resulting from the joint NEES/E-Defense research. A near-term planning meeting is desired to
refine research directions, identify additional topics, if any (e.g., nonstructural components,
lifelines and transportation systems, numerical simulation, multi-hazard, etc.), and implementing
procedures for Phase 3. In addition to annual planning meetings, joint technical sub-committees
should be established on each of the five project areas plus numerical simulations to (1) identify
the appropriate characteristics of the research to be performed, (2) establish research goals of the
major joint test programs, (3) recommend needed ancillary and payload tests and analyses, (4)
facilitate collaboration and (5) share the information obtained and promote dissemination of
research findings and their use in education and practice.

Efforts should be increased to take advantage of currently available data. Significant
efforts have been undertaken to carry out the tests that have been conducted at E-Defense and to
analyze the data to validate underlying theories, improve analytical simulations tools and models,
and develop recommendations and guidelines that impact engineering design and evaluation.
However, there is believed to be value in expanding the scope of such evaluations. There are two
approaches that were recommended: (i) having groups of U.S. and Japanese researchers examine
data from individual tests, and perhaps more importantly compare and contrast data obtained
from multiple tests and numerical analyses; and (ii) implement interoperability such that certain
data from E-Defense is accessible to U.S. researchers and Japanese researchers have access to
the NEES data as well (for example, using the prototype system developed between the U.S. and
the SERIES project in Europe). These efforts are thought to have a high value for relatively
modest cost. Some assistance in translating descriptive information in the data and documents
may be helpful to this effort.

Efforts should be made to facilitate exchange of personnel. It is desired to increase
collaboration by identifying existing and perhaps initiating new mechanisms that would enable
exchange of researchers from the U.S. to Japan, and from Japan to the U.S. In particular, it is
recommended that exchange of students and junior researchers to participate in particular efforts
focusing on synthesizing, analyzing and interpreting available data, or participate in planning and
conduct of tests would be highly beneficial.

Xi
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Efforts to increase involvement design professionals and dissemination of findings to
various stakeholders should continue. It is clear that there is a significant benefit of involving
design professionals in the formulation of research plans, conduct of research and interpretation
of findings. Greater involvement would be expected to increase the value and impact of the
research. Various means have successfully transferred research findings to regulatory and
building officials, code agencies, professional engineers, financial service organizations, owners,
and the public. Expanding these efforts are expected to accelerate the adoption and impact of the
research findings.

Funding agencies are encouraged to provide needed resources. Given the importance
of the research proposed, and the benefits of leveraging resources available in the U.S. and
Japan, appropriate funding agencies in the U.S. and Japan are encouraged to provide adequate
funding and other support needed to realize the benefits of the second phase of the NEES/E-
Defense collaboration.

Closure

The participants believe that the Tenth Planning Meeting of the NEES/E-Defense Collaborative
Research Program on Earthquake Engineering was highly successful, and that NSF and MEXT
should be congratulated for providing the earthquake engineering community with cutting-edge
tools that will substantially accelerate progress towards the important goals of earthquake loss
reduction. The attendees agree that the cordial and harmonious atmosphere at the meeting, and
the candid and thoroughgoing discussions signal an outstanding future for NEES/E-Defense
Collaboration.

The participants also appreciate and heartily thank the Disaster Prevention Research
Institute and the Hyogo Earthquake Engineering Research Center for their efforts in hosting this
successful meeting.

xii
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APPENDIX II: PROGRAM AND SCHEDULE

Time

Title

‘ Presenters

Chairs

DAY1

9:00 — 9:20

Registration

9:30 - 9-45

Opening@Kihada Hall
Greeting from Japan
Greeting from U.S.

Japanese Host
of DPRI

President of NEES

President of NIED Director

Program Director of NSF

Nakashima & Mahin

9:45-10:15

A history of U.S./Japan
collaboration on EE

Nakashima

Ramirez & Kajiwara

An overview of current
U.S./Japan collaboration
(NEES/E-Defense)

Mahin

Ramirez & Kajiwara

10:15-11:00

Recent activities of E-Defense

Kajiwara

Nakashima & Mahin

11:00 - 11:30

Identification of workshop
themes — Resilient City

Nakashima & Mahin

Session grouping

Nakashima & Mahin

11:30 — 12:00

Lunch (Box lunch provided)

12:00 - 16:30

Tour to E-Defense — Collapse
test of a high-rise steel building
(Briefing in limousines)

A rapid summary of E-Defense
test (videos)

17:30 - 19:30

Banquet at DPRI @Restaurant
Kihada

DAY2

9:30-10:00

Instructions to session
discussion@Wood Hall

Pauschke

10:00 — 12:00

Concurrent session: RC
structures(@Wood Hall

Presentations

Kusunoki &
Ghannoum

Concurrent session: Steel
structures@Seminar Room 1

Presentations

Okazaki & Mosqueda

Concurrent 1 session: Protective
systems@Seminar Room 2

Presentations

Ikago & Christensen

Concurrent session: Geotech
and underground
structures@Seminar Room 4

Presentations

Tamura & Stewart

Concurrent session:
Monitoring@Seminar Room 5

Presentations

Kurata & Lynch
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12:00 — 13:00 Lunch (Kyoto Univ. Cafeteria)
13:00 — 17:00 Concurrent session: RC Discussion Kusunoki &
structures@Wood Hall Ghannoum
Concurrent session: Steel Discussion Okazaki & Mosqueda
structures@Seminar Room 1
Concurrent | session: Protective | Discussion Ikago & Christensen
systems@Seminar Room 2
Concurrent session: Geotech Discussion Tamura & Stewart
and underground
structures@Seminar Room 4
Concurrent session: Monitoring | Discussion Kurata & Lynch
@Seminar Room 5
DAY3
9:30 - 12:00 Concurrent session: RC Group report preparation Ghannoum &
structures(@Wood Hall Kusunoki
Concurrent session: Steel Group report preparation Mosqueda & Okazaki
structures@Seminar Room 1
Concurrent I session: Protective | Group report preparation Christensen & Ikago
systems@Seminar Room 2
Concurrent session: Geotech Group report preparation Stewart & Tamura
and underground
structures@Seminar Room 4
Concurrent session: Group report preparation Lynch & Kurata
Monitoring@Seminar Room 5
12:00 — 13:00 Lunch (Kyoto Univ. Cafeteria)
13:00 — 15:00 Session reports:
@Wood Hall
(1) RC Ghannoum
(2) Steel Mosqueda
(3) Protective systems Christensen
(4) Geotech & underground Stewart
(5) Monitoring Lynch
15:00 — 15:20 Break
15:20 — 15:50 Resolution Mahin & Nakashima
15:50 — 16:00 Closure Ramirez & Kajiwara Mahin & Nakashima
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1. Introduction

E-Defense operates the world’s largest and most advanced 3-D shake-table. Under the full
payload of 1,200 tonf (2690 kips), the table can reproduce the most severe ground motion
recorded during the 1995 Hyogoken-Nanbu earthquake amplified by a factor of 1.3. During the
eight years since its inauguration in April 2005, E-Defense has carried out as many as 60
experimental programs.

Figurel compares the performance line of E-Defense (in solid red line) against that of the
now discontinued Tadotsu shake table. The original E-Defense emphasized a very different
performance range from the Tadotsu shake table which was capable of producing high
acceleration motions in the short period range. The shake table tests at E-Defense focused
primarily on the range enclosed by the blue ellipse, which correspond to inland or near-field
ground motions. The focus so far has been on high velocity motions in the period range between
0.2s and 2.0s and lasting less than one minute. Such motion addressed the research needs for
structural behavior leading to failure. On the other hand, E-Defense was not designed to produce
motions in the long period range. The limitation was in the sheer volume of pressurized
hydraulic fluid. Therefore, E-Defense was not suited for producing the long period-long duration
motions that characterize massive earthquakes caused by big oceanic trenches. In the past, E-
Defense compensated for this limitation by eliminating the vertical component of such motion
and producing only its two horizontal components. In some projects, the horizontal motion was
amplified by inserting a layer of rubber bearings, with or without dampers, between the table and
the specimen. The horizontal-only motion, with the aid of motion-amplifying device, was used to
clarify how the upper stories of high-rise buildings may function during long period-long
duration motions.

The March 11, 2011, earthquake off the Pacific Coast of Tohoku earthquake alarmed
Japan with the need to address resilience of our cities against a broader range of ground motions.
The massive, moment magnitude 9.0 earthquake was caused by a fault rupture that continued
over 170 seconds and spread strong tremors over the entire eastern Japan. For example, the
motion lasted for 10 minutes in the Tokyo metropolitan area. In the near-field areas of Miyagi,
Fukushima and Iwate Prefectures, strong motions lasting over 3 minutes were recorded. The
Tohoku earthquake produced motions characterized by long period components and long
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duration. Many scientists expect an even stronger, long period-long duration motion to threaten
the metropolitan areas of Japan in the near future. Therefore, urgent research needs have been
highlighted by the Tohoku earthquake. Unfortunately, the original E-defense was not equipped
with the capacity to produce the strong motions recorded during the Tohoku earthquake in their
entirety. The limitation was primarily in the net supply of pressurized hydraulic fluid. In 2012, E-
Defense was upgraded in order to resolve the limitation.

2. Upgrade Measures

In order to address new research needs, the capability of E-Defense, as illustrated in Fig. 1,
needed to extend towards longer periods. The shake table is controlled by ten horizontal
actuators, five each in the X and Y directions, and fourteen vertical actuators. Each of the ten
horizontal actuators is equipped with three servo valves, each of which consumes a maximum oil
volume of 15kl/min, to produce strong motions with a velocity pulse as large as 2.0m/s Each of
the fourteen vertical actuators is equipped with one of such servo valve. Dual measures were
adopted to upgrade E-Defense. First, new accumulators were added to increase the total supply
of pressurized hydraulic fluid. Second, a bypass function was installed in actuators that need not
be loaded to produce the long period-long duration motions. Without the second measure, the E-
Defense system will demand several times the amount of fluid (20kl) that is supplied by the
original accumulators. In other words, the second measure was essential to make the upgrade
economically feasible. As indicated by the performance line in Fig.1, the required acceleration
performance in the long-period domain is rather small, and therefore, production of these
motions does not required all actuators to be loaded. Due to the savings in fluid consumption by
the bypass function, the target performance might be achieved by a mere 20 % increase (4kl) in
accumulator capacity.

Figure2 indicates the upgrades installed along the oil flow diagram. Bladder type
accumulators were adopted for the new accumulators. The bladder type is efficient and they have
been in use for the main flow shut-down valves adjacent to the shake table. Piston-type
accumulators, which form the original accumulator system, could not be adopted because of
lengthy approval procedures demanded by the high pressure gas act of Japan. 360 units of
bladder-type accumulators, each of which discharge 11 liters of fluid, were combined to achieve
a total volume 4kl.

A bypass functions was installed in selected actuators. The bypassed actuators are load
free and merely follow the motion of the loaded actuators. The fluid saved by the bypass
function is concentrated to drive the loaded actuators. The result is increased efficiency in the use
of the pressurized fluid towards meeting the demand of long period-long duration motions. As
shown in Fig.3, 3 bypass valves were installed in each of the 3 middle actuators in the X and Y
directions, respectively (X2 to X4, Y2 to Y4). These six actuators can be used in either loaded or
unloaded state. The four corner actuators are not equipped with bypass valves and are always
used in the loaded state. In the vertical direction, one bypass valve was attached to the single
servo valve of actuators Z6 and Z13. While the four corner actuators are always used in the
loaded state, 4 spare bypass valves have been constructed for possible installation in the
remaining six actuators. Consequently, the bypass system can be added to a maximum of 16
actuators. The 8 corner actuators, 2 each in the X and Y directions and 4 in the Z direction, will
always be used in the loaded state. Thirty-seven different patterns of fluid supply are possible by
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altering the combination of loaded and unloaded actuators. In association with these upgrades,
the hydraulic control system as well as the table control system was modified.

3. Result of Upgrade

Table 1 compares the fluid consumption of the shake table system before and after the upgrade.
The table lists three motions recorded by the K-NET array during the Tohoku earthquake (at
stations Sendai, Iwanuma, Furukawa), a simulated motion from a scenario Tokai-Tonannkai
earthquake (Sannnomaru), and a near-field motion recorded from the 1995 Kobe earthquake (JR-
Takatori). While all three Tohoku motions are characterized by long duration and wide period
range, Furukawa is distinguished by the dominance of components in the 4-second range, while
Sendai is dominated by short-period motions. If all actuators are loaded, the Tohoku motions and
Sannomaru require a fluid volume exceeding the original capacity of 20 kl. In fact, Furukawa
and Sannomaru require more than twice the original capacity. The original capacity of 20 kIl is
the volume required to reproduce the JR Takatori motion amplified by a factor of 1.3. However,
after the upgrade that involved increase in accumulator capacity to 24 kl and the bypass function
that enable selective use of pressurized fluid, all five motions can be reproduced by an
appropriately selected bypass pattern. Fig. 4 shows the simulated fluid consumption as a function
of time. Furukawa consumes the largest volume among all motions recorded by the K-NET array
during the Tohoku earthquake. 49.1kL is required to reproduce the Furukawa motion with all
actuators loaded. Pattern 2v, which bypasses four horizontal actuators and two vertical actuators,
reduces the required volume to 21.7 kl. As demonstrated by this example, the bypass function is
extremely efficient for this particular objective.

The force and acceleration limit decreases with payload. Table 2 shows the relationship
between payload and acceleration limit. The penalty of payload is greater when a larger number
of actuators are used in the unloaded state. The vertical limits in brackets are the limits reduced
due to simultaneous action of the limiting overturning moment of 15,000 tonfxm (110,000 kip-
ft) and full payload. The limit must be checked carefully before adopting the bypass system for
tall and heavy specimens.

Theoretically, when an appropriate bypass pattern is adopted, table shaking can continue as long
as pressurized fluid circulates the hydraulic system. However, the shaking duration is limited by

the 220 step limit defined in the computer code. If the table is controlled in a 0.001-second
(1,000Hz) increment, then the shaking duration is limited to 17.48 minutes.

4. Conclusion

E-Defense was originally designed to produce motions up to a maximum velocity of 2.0m/s
under the full payload of 1,200 ton-force. Such motions represent the largest near-field ground
motions caused by in-land earthquakes. The capability has been used effectively to advance our
understanding of the seismic behavior of our infrastructure. The test data from E-Defense
projects has significantly contributed to progress earthquake engineering in Japan.

In 2012, E-Defense was upgraded to extend its capability in the long-period range. Now,
E-Defense can produce a wide range of three-dimensional, long period-long duration motion,
including the motions recorded from the Tohoku earthquake. E-Defense will continue to play a
key role to resolve advanced earthquake engineering issues.
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Tablel Fluid Consumption Before and After Upgrade

Before Upgrade After Upgrade
Motion's Name Fluid . Fluid .
Consumption Acc.(CkaLp)a city Bypass Pattern Consumption Ace. (Cli(aLp)aCIty
(kL) (kL)
Sendai 23.2 No Bypass 23.2
Iwanuma 31.7 Pattern 1 233
Sannomaru 42.5 20/Pattern 2 23.6 24
Furukawa 49.1 Pattern 2v 21.7
JR Takatori 14.5 No Bypass 14.5
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Table 2 Decrease of maximum acceleration due to payload

Maximum Acceleration (G)
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Fig. 1 The performance line of E-Defense and its usage fields.

Fig. 2 The oil flow pass and its renewal areas.
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4 Spare parts of the bypass valve can be replaced wi
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APPENDIX IV: WORKING GROUP SUMMARY REPORTS

RC Working Group

Working Group: High performance reinforced concrete structures

Moderators: Wassim Ghannoum (University of Texas at Austin) and Koichi Kusunoki
(Yokohama National University)

Recorder: Andreas Stavridis (University at Buffalo, SUNY)

Members (in alphabetical order of last names): Anna Birely (Texas A&M), Gregory Deierlein
(Stanford University), Marc Eberhard (University of Washington), Kenneth Elwood (University
of British Columbia, Vancouver), Hiroshi Fukuyama (Building Research Institute), Wassim
Ghannoum (University of Texas at Austin), Toshimi Kabeyasawa (Earthquake Research
Institute, University of Tokyo), Hideo Katsumata (Obayashi Co. Ltd.) Koichi Kusunoki
(Yokohama National University), Masaki Maeda (Tohoku University), Yasuhiko Masuda
(Obayashi Co. Ltd.), Tomohisa Mukai (Building Research Institute), Minehiro Nishiyama
(Kyoto University), Julio Ramirez (Purdue University), Yasushi Sanada (Osaka University),
Hitoshi Shiohara (University of Tokyo), Lesley Sneed (Missouri S&T), Andreas Stavridis
(University at Buffalo, SUNY), John Wallace (University of California, Los-Angeles)

Presentations:
All participants gave a short presentation introducing themselves and their research interests.
Additional presentations were given to outline possible collaboration topics

. Minehiro Nishiyama, Yasushi Sanada: R/C E-Defense test

. Koichi Kusunoki: Near to midterm collaborations: SSI E-Defense test
. Tomohisa Mukai: Database Project, CIB Roadmap

. Hitoshi Shiohara: Research Needs for the Future

. Kenneth Elwood: Near to Midterm Collaboration Topics

Recommended Efforts to Increase Effective Collaboration:

It is strongly recommended to have a group meeting at least one per year to share the new
knowledge and current situations in both countries to achieve a fruitful collaboration. Face-to-
face meetings are essential. Earthquake engineering and earthquake damage prevention is the
research against nature. We, U.S. and Japan, face the same hazard and have a long history of
teamwork to tackle the problems. In order to maintain the collaborative history, personnel
exchanges between U.S. and Japan are highly needed. Longer term personnel exchanges such as
embedding researchers into research projects in both countries are highly recommended to
achieve more comprehensive exchanges of ideas and information.

E-Defense tests of reinforced concrete (RC) structures are planned in years 2014 and 2016.
It is recommended to NSF and NEES to provide funding for U.S. researchers to visit E-Defense
during the shaking table tests to share the outputs of the test and to have the meeting there.

Additional workshops are needed to tackle the two highest priority research topics that were
identified in this workshop: 1) Database exchange, expansion, and analysis, and 2) Resiliency of
RC wall systems to extreme events.
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Recommended High Priority Research of Mutual Interest to the U.S. and Japan:

The discussions held during the breakout session demonstrated unanimous agreement
between the Japanese and U.S. participants that strong collaboration would allow us to achieve
the ‘Resilient City’ objective within a more rapid time frame.

Collapse of deficient concrete structures is often attributed to the majority of deaths during
major earthquakes. In addition, given that a large portion of the building stock is comprised of
RC buildings, a large portion of the cost attributed to major seismic events arises from damage to
RC structures. Therefore, to achieve the ‘Resilient City” objective, it is crucial to improve the
damage and collapse performance or RC buildings subjected to earthquake demands.

The following research topics have been identified as high-priority items for addressing
pressing challenges that are limiting the resilience of concrete structures in the face of extreme
earthquake events.

a) Improving understanding and definition of limit-states of RC structural members

The seismic design methodology is shifting from mandating prescriptive detailing to
performance-based design (PBD) that requires improved evaluation of member and building
behavior during an earthquake. The shift to PBD is largely driven by the desire to achieve better
performance in structures during major events. For existing deficient RC buildings, improved
performance up to the life-safety performance objective is typically the target in remediation
efforts. For “modern” RC buildings, improved performance beyond the currently prescribed life-
safety performance objective is increasingly being sought.

In PBD, a structure is idealized through a computer model that is defined using modeling
parameters (MP). The analytical model is then subjected to various loading scenarios and
damage is estimated from the model. The estimated damage is compared with acceptable damage
levels defined through acceptable limit-states or acceptance criteria (AC). Accurate modeling
parameters and acceptance criteria as well as improved analytical tools are therefore essential to
the effectiveness of the PBD methodology. Significant experimental research has been conducted
in both the U.S. and Japan relating to the definition of MP and AC for RC members and
structures. Test results have however not been sufficiently analyzed to extract intermediate limit-
states that occur prior to the ultimate failure state. Such intermediate limit-states are needed to
define acceptance criteria for stricter performance objectives in standards and guidelines.

It is recommended that databases of experimental test results be built to define modeling
parameters and acceptance criteria for various RC members. A database exchange program is
recommended between the U.S. and Japan that would allow researchers from each country to
access a larger data set. Joining efforts and exchanging techniques for defining and extracting
modeling parameters and acceptance criteria would enhance the final products of both countries.
The constructed databases should include intermediate damage and limit-states of members that
occur prior to failure. Of particular interest are databases for vertical elements that are critical to
the stability and performance of a structure (i.e., columns and walls).

It is further recommended to consider joint efforts in developing advanced analytical models
for RC members subjected to extreme events. Such analytical models could utilize data gathered
through the database effort and are key to the success of the PBD methodology in reducing the
vulnerability of RC structures to extreme events.
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b) Improving the seismic behavior of RC structural systems subjected to extreme events

Beyond improving our understanding of member behavior, an improved understanding of
the full system behavior of buildings is essential to the PBD methodology. The upgraded E-
Defense shaking table provides a unique facility to test full-system benchmark tests.
Supplementing the E-defense shaking table tests are data obtained from monitored structures
during earthquakes (such as during 2011 Tohoku Earthquake). Based on shaking table tests
conducted on the E-Defense shaking table and several monitoring datasets recorded during large
earthquakes such as the 2011 Tohoku Earthquake, the current numerical simulation techniques
and models of structures do not always reproduce observed system behaviors accurately. At the
heart of the discrepancies is the current limited understanding of member interactions in
structural systems such as slab and gravity system effects on the lateral strength behavior of RC
buildings. Complicating matters further is the coupling of seismic demand to seismic capacity of
structures.

It is recommended to investigate the effects of 3-D system response on building seismic
performance; particularly for collapse prone non-seismically designed buildings. Issues such as
localized damage that lead to severe load redistributions and increased torsional demands need to
be investigated to improve assessment of structural seismic performance and demands. Particular
emphasis should be given to developing methods for evaluating the residual capacity of collapse-
vulnerable systems such that after-shock vulnerability could be better assessed. In support of
such efforts, it is recommended to develop enhanced structural monitoring techniques from
which benchmark data could be obtained from large-scale shaking table tests and earthquakes.

It is also recommended to explore RC structural systems of conventional construction that
are resistant to damage in the face of extreme seismic demands. Such systems could be identified
using damage data collected through the proposed database work. It is recommended to conduct
component testing to improve on the detailing of identified damage-resistant members. A full-
scale building test should follow on the E-defense shaking table to validate the damage-resistant
nature of the improved detailing at the system level.

c) Development a new seismic evaluation method under extremely large input

The 2011 Tohoku Earthquake revealed the importance of accurate estimation of building
behavior under large input motions. Of particular interest is improving capabilities of estimating
the collapse potential of structures subjected to an earthquake event that is greater than the
earthquake level defined in building codes. Effects of long duration motion on strength loss and
damage accumulation are of particular concern in extreme and unexpected events. In order to
achieve a new and acceptable seismic evaluation methodology under extremely large input
motion, the following items need to be investigated;

New limit state definition for collapse stage

Re-evaluation of the limit states of structural members

New analysis modeling to take the effect of “negative slope” into account

Re-evaluation of the building collapse scenario

New modeling of structural members with so-called “non-structural” members such as
wing wall and spandrel walls to control the seismic damage
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d) Development of damage-free or limited-damage RC structures of innovative design

The structural engineering field is increasingly moving towards reducing damage and
downtime in RC structures that result from major earthquakes. Thus in the long term, the concept
of damage-free or limited-damage RC structures in the face of high seismic demand may be
worth pursuing. If such systems are to be achieved, the structural engineering community needs
to develop systems that will sustain very limited damage during major earthquakes and will be
cost effective. Envisioned limited-damage innovative structural systems could be comprised of
post-tensioned members, rocking walls, and fuses.

e) Payload on upcoming E-Defense shaking table collapse tests

In the near term, two series of the E-Defense tests with R/C structures are planned. One is
planned in the year of 2014, and the specimen is 6-story R/C structure (scaled down by 1/3) fixed
to the table to investigate the behavior of R/C structures at the collapse stage. Another test is
planned in the year of 2016, and the specimen is 3-story R/C frame structure (scaled down by
1/3) on piles in a soil layer on the E-Defense shaking table to discuss the effective input motion
and behavior of soil and structure at the collapse stage.

Potential payload projects could include: 1) evaluating analytical simulation tools in light of
test results and 2) non-destructive damage evaluation using innovative instrumentation or
techniques applied to conventional instrumentation.

10
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WORKING GROUP SUMMARY REPORTS
Steel Working Group

Working Group: Advanced Steel Structures
Moderators: Taichiro Okazaki, Gilberto Mosqueda

Members (in alphabetical order of last names): Maikol Del Carpio Ramos (University of New
York at Buffalo), Ahmed Elkad (McGill University), Larry Fahnestock (University of Illinois at
Urbana-Champaign), Julie Fogarty (University of Michigan), Maria Garlock (Princeton
University), Yoshihiro Kimura (Tohoku University), Chinmoy Kolay (Lehigh University),
Dimitrios Lignos (McGill University), Xuchuan Lin (University of Tokyo), Judy Liu (Purdue
University), Jason McCormick (University of Michigan), Gilberto Mosqueda (University of
California, San Diego), Isao Nishiyama (Building Research Institute), Taichiro Okazaki
(Hokkaido University), Fuminobu Ozaki (Nagoya University), James Ricles (Lehigh University),
Tomohiro Sasaki (NIED), Atsushi Sato (Nagoya Institute of Technology), Daiki Sato (NIED),
Barb Simpson (University of California, Berkeley), Toru Takeuchi (Tokyo Institute of
Technology)

Discussions:
The session opened with self-introduction of all participants, followed by presentations from
each side. The presenters and topics are listed below.

Dimitrios Lignos “Current Research on the Collapse Assessment of Steel Buildings
Subjected to Extreme Earthquake Loading”

Yoshihiro Kimura “Proposal of new column support system to prevent yielding of
columns”

Atsushi Sato “Deformation capacity of beam-columns”

Daiki Sato & Tomohiro Sasaki “Experimental Study on Large-frame structures, an
ongoing E-Defense Project”

Toru Takeuchi “Rocking frames”

Maria Garlock  “Evaluating resilience within a multi-hazard context”

Barb Simpson  “Vulnerability and retrofit of older braced frames”

Jim Ricles “Self-centering steel frame systems and supplemental passive damper
systems”

The U.S. and Japan researchers identified the following four themes as possible areas for

collaboration in the near and mid-term. Focused discussion groups were organized in the

afternoon session on these four topics with assigned moderators and recorders reporting a
summary of each session to the group:

1. Collapse assessment of steel structures (experimental simulation and numerical
prediction)
Chairs: Yoshihiro Kimura and Jason McCormick, Recorder: Julie Fogarty
2. Rocking systems

Chairs: Toru Takeuchi and Maria Garlock, Recorder: Kolay Chinmoy
3. Response control for improved functionality

1
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Chairs: Dimitrios Lignos and Jim Ricles, Recorder: Maikol Del Carpio Ramos
4. Evaluation and retrofit of older steel structures

Chairs: Atsushi Sato and Larry Fahnestock, Recorder: Barb Simpson

Discussions in each of the four themes addressed immediate research needs and research needs
for the next 5 to 10 years with particular emphasis on topics of common interests to both U.S.
and Japan. The discussion identified how the advancement of research could be effectively
addressed and accelerated by U.S.-Japan collaboration, in particular through the use of E-
Defense and NEES experimental facilities. Interest was particularly high for themes (1) and (2).
Themes (3) and (4) were also of high-priority to both sides with clear benefits to collaboration,
but some substantial differences were identified with respect to design and construction practices
in both countries.

Overarching research needs were identified from the discussions. The research needs, each lying
within the meta-theme of ‘Resilient Cities’, are listed below.

A. Immediate occupancy and damage-free performance under multi-hazard scenarios.
The research needs apply to existing structures and new construction and to
structural as well as nonstructural systems.

B. Consideration of beyond design basis events. This requires the understanding and the
ability to simulate structural behavior from onset of damage to collapse.

C. Consideration of multi-hazard loading. Following earthquake shaking, structural
systems can be subjected to aftershocks, fire, and tsunami loads, which should be
considered in the design of resilient infrastructure.

It was agreed that continued dialogue is essential to further refine the research plans and begin
execution of the research. In the short term, there exists an immediate opportunity to collaborate
on the collapse assessment of steel structures, building on the recent tests on a tall steel building
that was witnessed by the meeting participants. In addition, three long term high-priority
research proposals were identified.

Recommended High Priority Research of Mutual Interest to the U.S. and Japan:

(1) Title: Simulation of the Seismic Response of Steel Structures through Collapse

Description: Building on the series of steel frame collapse tests conducted at E-Defense,
including the 1/3-scale 18-story steel moment resisting frame structure tested to
collapse during the meeting, there exists an immediate opportunity to evaluate current
numerical tools to predict structural response from the onset of damage to collapse.
The recent test series at E-Defense as well as previous testing of low-rise buildings
provide an unprecedented set of data to validate system level modeling of steel frame
structures. The need for additional component tests such as columns under combined
axial load and lateral displacements as well as large scale subassemblies that capture
the interaction of these components was identified.

Scientific merit: In order to better quantify the life-safety risk posed by current structural
systems, numerical tools are needed to adequately predict structural behavior from the
onset of damage to collapse. Research needs include improved component models that
adequately capture the strength and stiffness degradation and their effect on the
structural system response under a wide range of loading conditions. While many past
studies have focused on beam-to-column connections, data examining column behavior

12
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under combined high axial loads and lateral drifts is more limited. The system level
test at E-Defense can be complemented by testing large-scale columns at NEES
facilities as well as hybrid simulations of frame subassemblies to better understand
these members contribution to the collapse margin of a frame. The combined series of
component, subassembly and system tests can provide the necessary data to better
understand the behavior of steel structural members under various types of loading
conditions and the development of validated system level models. Future modeling
efforts should focus on high-fidelity mechanics-based models as opposed to spring-
based models to more effectively capture expected behavior under a wide range of
loading conditions.

Broader impact: Reliable numerical tools for collapse prediction are essential to better
quantify the collapse safety margin of structural systems designed to current standards
as well as the risk posed by existing buildings. These tools are needed to identify
vulnerable buildings and effective retrofit strategies as well as for rational
recommendations for the design of new structures. Reliable collapse assessment of
structures was also identified as a key research needs within the following proposed
collaborative projects.

(2) Title: Evaluation and Retrofit of Deficient Structures

Description: This project addresses the large number of structurally deficient structures that
exist in both the U.S. and Japan. In the U.S., a large number of braced frames exist in
both moderate and high seismic regions (and are currently still designed and
constructed in moderate seismic regions) that are not specifically detailed for seismic
events, and thus are expected to exhibit limited ductility. In Japan, a large proportion of
buildings constructed prior to 1981 were designed for significantly smaller earthquake
loads than what is required today in design. In particular, braced frames constructed in
this era were designed with little consideration for ductility. In both countries, the
largest concern for structural deficiency of seismic load resisting systems is in braced
frames. Therefore, this project will conduct a series of component, subassembly, and
system testing to collapse of full-scale braced frames. Component tests will be
performed using the advanced capabilities at the NEES facilities; the focus of these
tests will be on framing action (including the stiffening effect of gusset plates) at
extremely large deformations, columns under high axial loads and lateral drifts, and
column base connections. Two full-scale braced frames will be tested at E-Defense,
one with U.S. design and detailing, and one with Japanese design and detailing. Focus
will be placed on quantifying the contribution of frame action, especially after buckling
of braces. The project will provide answers to the long debate on how frame action,
which is neglected in design, may supply reserve capacity, particularly as the system
approaches collapse. The significantly improved knowledge of deficient structures will
be used to develop possible retrofit strategies. A third full-scale frame will be tested at
E-defense to validate the proposed retrofit and design strategies.

Scientific merit: By addressing the global behavior of a system governed by low ductility
limit states, the research will advance our ability to assess collapse of steel structures.
Experimental and numerical studies will be performed to examine the failure hierarchy,
formation and impact of soft stories, and the reserve capacity (or back-up strength) of
components of the structure that are not designed for lateral load resistance. The full
array of experimental data, from component level behavior at NEES facilities to
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dynamic response of a full system through shaking at E-Defense, will establish a
database to calibrate and verify numerical models. The data will be well suited to
establish high-fidelity modeling for collapse simulation starting from failure of
components, followed by torsional behavior of the system triggered by sudden loss of
stiffness, damage concentration, and ending with gravity bringing down the system.

Broader impact: The research information and data will be used to assess, and improve as
needed, current evaluation strategies for existing structures. Two different categories of
retrofit strategies will be proposed. One is pragmatic, low cost strategies that target life
safety and collapse prevention performance. The other is advanced and high
performance strategies that target immediate occupancy. Consequently, by providing
means to reduce the number of structures that are not expected to perform adequately
under strong ground shaking, the project will directly impact the urgent need to
improve the resiliency of our cities.

(3) Title: Resilient Steel Rocking Systems for Extreme Events

Description: The project will develop and validate advanced steel rocking frame systems that
target immediate occupancy and damage-free performance under multi-hazard
scenarios. The focus will be on rocking systems that incorporate 1) a spine element that
prevents damage concentration at a weak story and 2) a self-centering mechanism to
achieve immediate occupancy and functionality of the building even after extreme
earthquake events. The research will combine extensive numerical simulation and
hybrid simulation at NEES facilities to address component-level behavior, and a full-
scale shake-table test at E-Defense, including nonstructural elements, to demonstrate
how the concept can be implemented.

Scientific merit: If appropriately implemented and detailed, rocking systems have the
potential to achieve high resiliency against a very wide variety of earthquake ground
motions. Issues to be addressed includes: appropriate detailing of architectural finishes
and nonstructural elements, serviceability of the building, resiliency of the gravity
system, effective floor systems to collect and deliver inertia to the rocking systems,
multi-hazard performance (including fire), application to mid and high rise (more than
6 stories) buildings considering higher mode effects, cost analysis, and collapse
resistance against maximum considered events. After addressing individual issues at
the component level, the research will culminate with a full-scale test at E-Defense to
validate the concept using a full three-dimensional structure and three ground motion
components.

Broader impact: The project will build upon the focused research conducted over the last
decade and implementation examples (a number of buildings exist that implement the
rocking system concept to some degree) to develop a probability-based, performance-
based design methodology, applicable to seismic upgrade of existing buildings as well
as to new construction. This design methodology will encourage rapid and widespread
application of the rocking frame concept. The expected outcome of the project is to
enable cost-effective, highly resilient structural systems.

Opportunities for Payload Projects:

Within the experiments proposed above, there will be unique opportunities for payload projects
such as instrumentation schemes for health monitoring, including non-structural components to
identify structural systems that minimize damage to these systems as well as the development of
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protective installation strategies, and development of methods to minimize interaction between
structural system undergoing rocking motions and the remainder of the structure.
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WORKING GROUP SUMMARY REPORTS
Protective Systems Working Group

Working Group: Protective systems

Moderators: Kohju Ikago (Tohoku University); and Richard Christenson (University of
Connecticut)

Recorder: Brian Phillips (University of Maryland)

Members (in alphabetical order of last names): Tracy Becker (DPRI / McMaster), Richard
Christenson (University of Connecticut), Hiroki Hamaguchi (Takenaka Corporation), Su Hao
(ACIL, Inc.), Kohju Ikago (IRIDeS, Tohoku University), Eric Johnson (University of Southern
California), Koichi Kajiwaro (NIED, E-Defense), Dorian Krausz (University of California, Los
Angeles), Stephen Mahin (University of California, Berkeley), Ryota Maseki (Taisei
Corporation), Narutoshi Nakata (Johns Hopkins University), Marios Panagiotou (University of
California, Berkeley), Brian Phillips (University of Maryland), Keri Ryan (University of Nevada,
Reno), Eiji Sato (NIED, E-Defense), Kan Shimizu (Kajima Corporation), Toru Takeuchi (Tokyo
Tech), and Osamu Yoshida (Obayashi Corporation).

Presentations:
Name Title Topic
Becker, Tracy Tall Building Isolation and Hybrid Testing | -Tall building base-isolation

of Isolated Systems -RTHS of base-isolated structure

Christenson, Richard Testing Magneto-Rheological (MR) Fluid | -MR Dampers
Dampers Advances in Real-Time Hybrid | -RTHS

Simulation -Geographically distributed RTHS
Hamaguchi, Hiroki What is Takenaka? -New sliding isolation device
-Comparison of U.S. and Japanese design
Hao, Su Design and Calculation for Seismic | -Influence of  horizontally  curved
Response in Curved Bridges and a Digital | segments on bridge collapse
Shaken-Table Test (DTSS) for Bridges -Numerical modeling of bridges
Ikago, Kohju International Research Institute of Disaster | -Long period ground motions
Science (IRIDeS) -Rotary TMD
Johnson, Eric NEESR Planning: Toward Experimental | -Testing at multiple scales
Verification of Controllable Damping | -Leveraging shake table, HS, and RTHS
Strategies for Base Isolated Buildings testing
Maseki, Ryota Dynamic Loading Experiment of Full-Scale | -Semi-active base isolation
Oil Damper for Seismic Isolation Against -Hybrid damper design
Large Velocity Excitation -E-Defense test of damper under large
velocities
Nakata, Narutoshi Development of Experimental Methods | -Force feedback control of actuators

(Hybrid Simulation, Shake Table Testing | -Effective force testing
and Effective Force Method)

Panagiotou, Marios Using Base Isolation and Rocking for
Earthquake Resilient Design of Structures
in Near Fault Regions

Phillips, Brian NEES/E-Defense Planning Meeting | -Actuator control for RTHS
Research Summary -Large scale NEESR RTHS project

Ryan, Keri Future Directions in Seismic Protective | -E-Defense test of 5-story steel moment
Systems Research frame

-Comparison of isolation devices
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-New passive isolation system

Sato, Eiji My Previous Shaking Tests -Shake table tests of semi-active isolation
system

-E-Defense test of medical facility
-E-Defense test of 4-story eccentric RC

structure
Shimizu, Kan NEES/E-Defense Meeting 2013 -New semi-active oil damper
Yoshida, Osamu Self-Introduction and Research Proposal -Active base-isolation

-Collision with moat wall

Recommended Efforts to Increase Effective Collaboration:

The discussions held during the breakout session identified strong agreement between the
Japanese and U.S. participants that protective systems, with the specific application of base
isolation, provide an excellent opportunity to establish meaningful and synergistic medium and
long-term NEES/E-Defense and U.S.-Japan collaborative research related to earthquake
engineering and the notion of the resilient city. The challenges and associated research needed to
address these challenges were discussed on the second day of the workshop and recommended
research of mutual interest to the U.S. and Japan was identified.

It was noted that there are many strong collaborative efforts already in place in the form
of: (1) the use of E-Defense on NEES projects, (2) direct collaboration between E-Defense and
NEES, and (3) payload projects on E-Defense projects. The most effective way to increase
collaboration is by exploring additional opportunities that do not require a large amount of
funding or commitment. Ideas proposed include test beds, reusing existing data from NEES/E-
Defense experiments, and the exchange of research personnel.

Test beds: There is a strong push to create a test bed that may include one or more of
the identified areas of common research interest. A few ideas were proposed, including a
modular test bed where you can mix and match components to suit the interest of the researcher.
For example, a researcher could choose a U.S. building or Japanese building, near-fault pulses or
long-period ground motions, active or semi-active control, etc.

A modular approach will allow for multiple experiments. Test bed experiments can be
of increasing complexity and held at different laboratories, including small-scale RTHS, large-
scale RTHS, small-scale shake table tests, and large-scale shake table tests. For example, one
laboratory can propose a shared experimental setup as a module for the community to propose
new devices or control designs. This approach will increase the number of collaborators without
a large time or funding commitment. Final tests could be conducted at E-Defense, perhaps as a
payload test for funding reasons.

The benefit of a test bed is that researchers can study the device that they are interested
in without designing a complete structure or selecting appropriate ground motions. The
parameters will all be community selected and approved, providing a great starting point for
conference and journal papers. Due to many evaluation criteria, the test bed should be seen as a
design tradeoff problem rather than a competition.

Data Sharing: For collaborative NEES/E-Defense tests, the data goes directly to
NEEShub. Purely Japanese E-Defense tests may not be available publically. A committee is
needed to discuss how to make data available to the public and in an English language format.
Not doing so is a loss of opportunity.
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Beyond laboratory experiments, there is a wealth of field data on base-isolated
buildings. These can be used to calibrate models and assess structural performance in as-built
structures. However, both the U.S. and Japan, private companies own most buildings and are not
open to sharing data. Some university buildings (e.g., Tohoku University and Tokyo Tech) have
test bed buildings with instrumentation and data available. These types of field data test beds can
be promoted by both U.S. and Japanese researchers.

Exchange of Personnel: Exchanging people is a good way to ensure ideas and data are
shared. Graduate students can be included in collaborative efforts through existing funding
mechanisms such as EAPSI (NSF), JSPS, Monbusho, etc. These programs facilitate the
exchange of students for short research visits.

Recommended High Priority Research of Mutual Interest to the U.S. and Japan:

Protective systems are inherently intended to ensure resilience in a system with design objectives
that go beyond life safety to provide continued operation. With this goal in mind and based on
individual research presentations during the second day of the workshop, recommended high
priority research topics of mutual interest to the U.S. and Japan were identified: (1) performance
of protective systems to extreme (long-period, long-duration, near-field) ground motion, (2)
performance and application of protective systems for vertical ground motion, (3)
characterization and performance of protective system components, and (4) design and
performance of protective systems for tall / slender / high rise buildings.

1) Performance of protective systems to extreme (long-period, long-duration, near-field) ground
motion.

The 2011 Tohoku Earthquake with unique long-period and long-duration ground motion
generated concerns with current protective systems. In terms of base-isolation systems, such
ground motion may cause resonance of the bearing systems, excessive heat generation, and low-
cycle fatigue. Researchers need to design systems to be effective for both likely earthquake
scenarios and extreme events.

Scientific Importance: For long-period isolation with long-period motion, a better
understanding of the effects on structure contents (e.g., piping, interior walls) is needed. Large
displacement can also lead to moat wall impact; researchers need to clarify potential damage to
structure, bearings, and nonstructural elements. Also, the capabilities of semi-active control
devices to adaptively provide optimal performance can be shown for a wide array of potential
ground motions.

Societal Benefit: Protecting the structures from extreme ground motions is critical to
protect life-safety and minimize economic losses. There are many base-isolated structures which
need to remain functional even after an earthquake.

Relation to the context of “resilient cities”: Intact infrastructure is vital to the
recovery of a city and a society, as well as the emotional well-being of the survivors.

2) Performance and application of protective systems for vertical ground motion.

Participants of the workshop are concerned that “traditional” base-isolation hardware might not
provide effective protection for nonstructural components and essential equipment from the high
frequency, vertical component of excitation that can be significant relative to the horizontal
motion. Furthermore, vertical vibrations are coupled to horizontal motion just as horizontal
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motion is coupled to vertical vibrations. Such considerations need to be made when
understanding vertical ground motion.

Scientific Importance: At a very basic level, vertical vibrations add axial force
demands to base-isolation bearings. Furthermore, the influence of vertical shaking on
performance of nonstructural components and contents needs to be more clearly understood.
Significant amplifications in the vertical vibrations are observed as they propagate from the base
through the structure to the floor slabs. These vertical vibrations are also significantly influenced
by soil-structure interaction. It was noted that a coupling of horizontal and vertical modes affects
torsionally or vertically irregular buildings, further complicating the problem. A better
understanding of these complex phenomena is required to propose mitigation strategies by
isolation or damping at the base or at the floor level.

Societal Benefit: Damage and failure of nonstructural components and content
disruption can be a life-safety issue, or cause substantial economic losses.

Relation to the context of “resilient cities”: The mitigation of vertical vibration is
important for protective system applications, which are chosen by owners to meet higher
performance objectives such as continued operation. Sensitive power and hospital equipment
may be susceptible to vertical vibration damage, hindering response and recovery efforts.

3) Characterization and performance of protective system components.

A better understanding of the individual system components will allow for accurate design of
structural performance and plan for potential failure. There are many performance based design
approaches and philosophies; for example, in an extreme event, should the base-isolation
bearings fail or should the building fail? The bearings are protecting the structure, but perhaps
something should be done to protect the bearings. It takes time to replace the bearings, and there
is a concern for aftershocks after an extreme main event.

Scientific Importance: Through a more accurate characterization of the performance of
protective system components, the system-level behavior can be better understood. When
focusing on the components, long-term issues related to robustness and maintenance of the
device should be included. Devices should be able to function for the lifespan of the building or
be easily replaceable or maintained. Furthermore, the practicality of device must be considered.

Societal Benefit: With better models and understanding, devices can be presented to
engineering community with confidence. More devices will provide more options for
performance-based design to meet unique client and society needs.

Relation to the context of “resilient cities”: Incremental developments in protective
devices get researchers closer to the grand challenge of earthquake resilient structures.
Component characteristics can have a strong impact on critical structures. Improvements to
component’s characteristics maintain operability of critical structures and lifeline. Replacing
protective system components can cause significant inoperability and downtime.

4) Design and performance of protective systems for tall / slender / high-rise buildings.

In light of the 2011 Tohoku Earthquake and recent tests at E-Defense, there is a concern that tall
buildings are more vulnerable than previously thought. It may be possible to retrofit these
buildings using base-isolation, though many concerns remain. High-rise buildings are very heavy
and may be difficult to lift for retrofit. A few alternative explored include strengthening the
bottom few levels and placing isolation plane above ground or retrofitting columns one by one
(such as using concrete to encase steel column) then adding base-isolators.
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Scientific Importance: Presently, seismic isolation systems are applied to
tall/slender/high-rise buildings. Questions remain regarding the performance of these isolation
systems in regard to uplift and the compressive buckling of bearings. Large scale testing of
tall/slender/high-rise buildings containing seismic isolation devices might address such concerns.

Societal Benefit: Performance improvement of tall/slender/high-rise buildings would
contribute to better business continuity and sustainable society of large part of urban areas.

Relation to the context of “resilient cities”: Tall/slender/high-rise buildings containing
high performance seismic protective devices can serve as a shelter in a severe seismic event.
Earthquake resilient tall/slender/high-rise buildings eliminate the business disruption of large
regions in the vicinity of the building and large CO, waste that occurs when a damaged building
has to be demolished after an earthquake.

Additional areas of interest that overlap with high priority items.
During discussions, additional areas of research interest were identified that overlap with the
high priority items.

Special buildings: Special facilities such as servers, chip-making facilities, and high-
tech manufacturing facilities have design requirements that are more stringent than typical
structures. For example, high accelerations may damage expensive equipment, requiring active
control to minimize accelerations. Industry partners might be interested in this area of
collaboration.

Historical buildings and cultural heritage sites: These structures may need to be
retrofit in a noninvasive manner, perhaps using base isolation.

Occupants: Experiments tend to neglect the human component, even if they consider
nonstructural components. Furthermore, beyond the initial event, there may be some degree of
excitation where people may be so frightened that they will not reenter the structure or will feel
unsafe.

Perfect / absolute isolation: The challenge was presented to make an earthquake proof
structure that is operable after an extreme event. Many issues have to be considered, such as soil
structure interaction and uplift. Existing technologies can be combined, with robust active
control identified as a promising area.

Elastic versus inelastic superstructure: The question was raised if it is possible to
control or avoid inelasticity of the superstructure. Moreover, if it were possible, should
inelasticity be avoided? There is concern in the U.S. about having the superstructure yield. But
U.S. code allows for yielding before MCE earthquake. This brings up a point as to why inelastic
behavior is allowed. But, no matter what is done, under a big earthquake, yielding may be
inevitable, so it should be designed to happen in a favorable manner. It was noted that base-
isolator bearings filter the ground motion to the superstructure, which can be used to maintain
nominally elastic behavior.

Passive control versus semi-active and active control: The costs and benefits of
structural control alternatives were debated among the group. A good building may be designed
for 50 years, but be expected to last 100+ years. Semi-active and active control systems are
susceptible to increased maintenance in terms of the sensor and computer systems that will likely
break down before the structure has surpassed its useful life. Even active-mass dampers for wind
applications require costly maintenance. On the other hand, the forces we design for now are
twice as much as they used to be. Down the road, design criteria may change. With semi-active
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and active control, we can easily change control strategies (stiffness, base shear, etc.) without
replacing physical devices, saving on replacement cost.

Opportunities for Payload Projects: (list)

e Nonstructural components
Soil-structure interaction tests
Human perception of earthquake response
Validation of RTHS to large-scale shake table tests
Different devices & control algorithms

Opportunities and needs for advancing capabilities of numerical simulation: (list)
¢ Adequate modeling of components and interaction of components during extreme loading
e Validation of component and system level models using E-Defense
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WORKING GROUP SUMMARY REPORTS

Geotechnical Engineering Working Group

Working Group: Geotechnical Earthquake Engineering and Engineering Seismology
Moderators: Jonathan P. Stewart (UCLA) and Shuji Tamura (Kyoto University)
Recorder: Ramin Motamed (University of Nevada, Reno)

Members (in alphabetical order of last names): Scott A. Ashford (Oregon State University),
Shideh Dashti (University of Colorado), J. David Frost (Georgia Institute of Technology), Shunji
Fujii (Taisei Corporation), Hideki Funahara (Taisei Corporation), Kenneth Gillis (University of
Colorado), Youssef MA Hashash (University of Illinois), Susumu Iai (Kyoto University),
Takahito Inoue (NIED), Hisatoshi Kashiwa (Osaka University), Yohsuke Kawamata (NIED),
Anne Lemnitzer (UC Irvine), Lelio Mejia (URS Corporation), Saburoh Midorikawa (Tokyo
Institute of Technology), Atsushi Mikami (The University of Tokushima), Ramin Motamed
(University of Nevada, Reno), Shoichi Nakai (Chiba University), Naohiro Nakamura (Takenaka
Corporation), Ellen M. Rathje (University of Texas, Austin), Nicholas Sitar (UC Berkeley),
Jonathan P. Stewart (UCLA), Shuji TAMURA (Kyoto University), Tetsuo Tobita (Kyoto
University), Kohji Tokimatsu (Tokyo Institute of Technology)

Presentations:
Shuji Tamura and Jonathan Stewart. Session overview. Preliminary research priorities for
Japan-U.S. collaboration in Geotechnical Earthquake Engineering and Engineering
Seismology
Yohsuke Kawamata. Possible future researches using E-Defense shake table
Saburoh Midorikawa. Site amplification factors derived from strong motion records of the
2011 Tohoku, Japan earthquake.
Ellen Rathje. Validation of nonlinear site response from KiK-net array data
Naohiro Nakamura. Earthquake response analysis using nonlinear energy transmitting
boundary
Atsushi Mikami. Empirical approach using Japanese data including evaluation of kinematic
soil-structure interaction
Nicholas Sitar. Performance of improved ground during earthquakes
Shoichi Nakai. Analysis of liquefaction damage and development of its countermeasure.
Tetsuo Tobita. Next Generation of Physical Model Testing with Generalized Scaling Law
Hisatoshi Kashiwa. Simulation analysis of damaged structure supported by piles in heavily
damaged zone during the 1995 Kobe earthquake
Ken Gillis, Shideh Dashti, Youssef Hashash. Centrifuge testing of soil-structure interaction
for underground structures. Use of tactile sensors.
Shunji Fujii. Monitoring of foundations and shaking table test on the E-Defense
Ramon Motamed. Shaking table testing related to piles and lateral spreading.
Hideki Funahara. Dynamic interaction between pile foundation and liquefied ground.
Shaking table tests and effective stress analyses
J. David Frost. Exploiting interfaces for enhanced seismic subsurface characterization and
infrastructure performance
Kohji Tokimatsu. Potential topics for U.S.-Japan collaboration.

22



Appendix IV

Summary:

The research discussed within our session supports the broad objective of engineering “Societal
Sustaining Systems.” We considered the critical research needs in areas related to engineering
seismology and geotechnical earthquake engineering. Specific areas of research that support this
objective pertain to hazard characterization, ground failure, and mitigation. Moreover, we
discussed the degree to which U.S.-Japan collaboration is essential to realizing research
objectives and E-Defense and NEES facilities can support the research.

Recommended Efforts to Increase Effective Collaboration:

Improve clarity in data sharing protocols (both sides) and perhaps revisit those protocols
that unnecessarily restrict data access in joint experiments.

Fund research to interpret existing data & perform applicable simulations. This could be
facilitated with jointly funded graduate student fellowships on the U.S. and Japan sides.
Consortium of U.S. and Japanese testing facilities to streamline access to equipment.

Recommended High-Priority Research:

Societal Sustaining Systems

1.

Multi-hazard risk characterization. Examples include mainshock/aftershock sequences
and rain or tsunami following earthquakes. The critical issue is what is the relative impact
of the subsequent event (aftershock, rain, tsunami) as a result of the degraded state of the
system following the mainshock.

System response in an urban environment. Soil-structure interaction (including kinematic
effects, energy dissipation of foundation systems, and modeling requirements). Impact of
tightly-packed structures in a dense urban environment — effects on foundation damping
and foundation input motions.

Performance of distributed systems during earthquakes. Issues with these systems include
the fragility of a single segment, correlation of damage across segments, and vulnerability
to system functionality if individual segments fail. Example systems include levees,
transportation systems, pipelines, energy transmission systems, etc. Role of alternate
ground failure mechanisms in system performance (liquefaction, cyclic softening, seismic
compression, response of organic soils).

Hazard Characterization

4.

Regional variations in site response. What are the fundamental factors causing variations
in Vs30-scaling and nonlinearity by region? What site parameters, beyond Vs30, should
be considered to capture these regional effects?

Is site response predictable from 1D analysis? Role of geologic complexity. Methods for
large-strain site response. Appropriate damping levels. Challenges associated with
existing data from KiK-net and K-NET arrays.

Site response for the vertical component of ground motion.

Estimation of Vs30 from proxies for the application of GMPEs in regions without
seismic velocity data

Ground Failure

8.

Next generation liquefaction (NGL):
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a) Development of community liquefaction triggering and effects database
b) Models for liquefaction triggering and effects derived from this database
c) Physical model testing to support aspects of the models not constrained by data
(e.g., effects of high overburden stress).
9. Prediction of site response for sites that experience liquefaction (e.g., LEAP project).
10. New site characterization techniques, including surface wave methods, improved cone
penetration testing and other types of penetrometers.

Mitigation
11. Soil improvement. Use field performance data, including recent cases from Japan and NZ
where improved ground did not do as well as expected, to guide the design of future
physical model tests and related analysis.
12. Mitigation of foundations for existing structures

For each research topic, we consider its anticipated impact, the importance of U.S.-Japan
collaboration, and the testing scale, with the result shown in Figure 1.

High Substantial Modest
impact impact impact

@) () @)
.@

Essential

. Multi-hazard risk

. System response

. Distributed systems
. Regional SR

1D SR

. Vertical comp. SR

. Site proxies

NGL

. SR in liquefied soil
0. New site char.

Importance of collaboration
2= VONOURWN=

Not essential

Element or Centrifuge  Large-scale E-Defense  Field
small-scale 1g 1g testing

Scale of study
Figure 1. Schematic illustration of proposed research tasks in geotechnical earthquake engineering and
engineering seismology plotted in space that indicates the type of data required for the study (abscissa)
and the importance of U.S.-Japan collaboration (ordinate). The potential impact of the study is indicated
by the size of the circle.
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WORKING GROUP SUMMARY REPORTS
Monitoring Working Group

Working Group: Monitoring
Moderators: Masahiro Kurata (Kyoto University), Jerome P. Lynch (University of Michigan)
Recorder: Kenneth J. Loh (University of California Davis)

Members: Shirley Dyke (Purdue University), Tomonori Nagayama (University of Tokyo), Anne
Kiremidjian, Stanford University, Akira Nishitani (Waseda University), Yoshihiro Nitta
(Ashikaga Institute of Tech), Kincho Law (Stanford University), Sean O’Connor (University of
Michigan), Shamim Pakzad (Lehigh University), Jennifer Rice (University of Florida), Wei Song
(University of Alabama)

Presentations: “NEES/E-Defense Collaborative Earthquake Research Program 10th
Planning Meeting: Rebooting U.S.-Japan Joint Research on Earthquake
Engineering” by Masahiro Kurata (DPRI, Kyoto University)

“Network for Earthquake Engineering Simulation” by Shirley J. Dyke
(Purdue University)

“Monitoring Systems for Intelligent Infrastructures: Design, Sensing and
Data Analytics” by Anne Kiremidjian (Stanford University)

“Cyber-infrastructure for Monitoring” by Kincho H. Law (Stanford
University)

“Wireless Cyber-Physical System Frameworks for Enhancing Civil
Infrastructure Resiliency” by Jerome P. Lynch (University of Michigan)
“Condition Evaluation of Infrastructure through Monitoring: Practical
Applications” by Tomonori Nagayama (Tokyo University)

“Direct Sensing of Inter-story Drift Displacements for Buildings” by Akira
Nishitani (Waseda University)

“Structural Health Monitoring for Local Element” by Yoshihiro Nitta
(Ashikaga Institute of Technology)

“Resource Efficiency for Wireless Sensing using the Telegraph Road Bridge
Testbed” by Sean M. O’Connor (University of Michigan)

“SHM Research within NEES / E-Defense” by Shamim N. Pakzad (Lehigh
University)

“NEES — E-Defense Monitoring Session” by Jennifer A. Rice (University of
Florida)

“Application of Model Updating in Structural Performance Evaluation” by
Wei Song (The University of Alabama)

Recommended Efforts to Increase Effective Collaboration:

The working group was unanimous in its belief that the human network has been and will
continue to be the key ingredient to the success of U.S.-Japan collaborations. To reinforce this
already strong human network, it is proposed that a student-oriented exchange program focused
on studying hazard mitigation and resilient cities be revived. In addition, the human network
should be expanded to include social scientists and other stakeholders relevant to the resiliency
of urban communities.

To advance research collaborations, the U.S.-Japan community should prioritize the
development of interoperable experimental data repositories generated by NEES and E-defense.
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Specific to the focus of the working group, perhaps datasets of greatest relevance to SHM should
be prioritized for release. While data access is a necessary step to joint collaboration, to create a
true virtual testbed, efforts should concentration on facilitating access to tools that can be used to
process data stored in a common data repository.

To accelerate the creation of next-generation monitoring technologies, the working group
proposes that a separate solicitation in which both U.S. and Japanese teams could seek join
funding for payload projects.

Finally, to truly tackle the technical and non-technical challenges of resilient cities, it is proposed
that the U.S. and Japanese research communities focus on two seismically-active testbed cities,
one in each nation (e.g., Los Angeles and Tokyo). A research program should be created to
leverage existing and to create new opportunities to deploy regional-scale instrumentation in
these cities to study in sifu community resiliency. In addition to instrumentation deployment,
regional-scale simulations can be performed so that the response of both cities to an equally
destructive earthquake can be compared between the two urban environments.

Recommended High Priority Research of Mutual Interest to the U.S. and Japan:

The working group organized its effort to identify high priority research topics of mutual interest
to the U.S. and Japanese research communities spanning from the individual infrastructure
component-scale (e.g., a building) to the regional scale (e.g., a mega-city).

Sensing and Identification of SHM-aided Limit States for Ductile Structures

A previously missing link between earthquake-resistant design and structural health monitoring
(SHM) is a framework that explicitly connects design criteria with the information generated by
sensing systems. The grand challenge is to create and sense damage limit states in strong non-
linear region after the initiation of strength deterioration with the aid of sensors and sensing
systems. The research challenges include the identification of damage limit states with novel
SHM technologies and leveraging the NEES/E-Defense data archive of large-scale tests. Design
verification tests using densely-instrumented large-scale test beds. Accomplishing this grand
challenge will yield opportunities to account for the potential ductility and redundancy in
structural systems for post-event safety evaluation and reduce downtime before re-occupation of
damaged structures.

Scientific Importance:
U Identification of damage limit states will enable rapid damage assessment
U Damage limit state analysis can be performed within a probabilistic framework
U Novel sensing technologies will enable direct damage quantification of damage limit
states
U Assessment of reliability in damage limit states will empower decision-making

Societal Benefit:

O Structural-engineer-friendly SHM index

U Incorporation of the potential residual ductility and redundancy in structures during post-
event analysis

U Reduced downtime with rapid structural safety assessment

U Greater benefits to infrastructure owners that offset cost of the deployment of SHM
systems

U Increase in public confidence in infrastructure safety and post-event decision-making

Ready-to-Deploy Sensor-based Decision Support System for Post-event Infrastructure Re-
occupancy
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Rapid recovery is critical for achieving next-generation resilient communities and for
minimizing the adverse socioeconomic impact following a severe earthquake. The grand
challenge is to devise new technologies, computational methods, and probabilistic tools for
making reliable decisions regarding the immediate re-occupancy and use of infrastructure
systems and their intended functionalities. A broad community of stake holders would be
engaged to accelerate the transfer of research findings to practice. The research challenges
include: developing verified sensing technologies for measuring specific damage modalities
(including their initiation and propagation) before, during, and after an earthquake; mining and
utilizing existing test data for algorithm and model verification; designing test beds aimed at
assessing different structural health monitoring methods applied to different classes of structures;
and assessing structural performance, operational capabilities, and rehabilitation priority. The
decision support system for re-occupancy and continued operations should incorporate
uncertainties while still provide definitive actions that are aligned with the needs and
expectations of engineers, owners, facility managers, and stakeholders.

Scientific Importance:

U Design and optimize sensors and algorithms for characterizing damage initiation and
propagation
Create test beds for assessing SHM technologies and methods when applied to different
classes of structures or construction methods
Implement validated models for prediction of structural response to different excitations
Develop probabilistic decision-making framework that integrates structural resistance and
demand

oo O

Societal Benefit:

Significantly enhance the resiliency of large urban environments following major
earthquakes

Reduce socioeconomic impact of major events

Improve psychological well-being

Enhance functionality and operations of disaster-impacted regions

Dedicate shelter and recovery resources to areas of greatest need

Prioritize repairs and rehabilitation efforts

U

ooooo

City-scale Monitoring for Assessing and Advancing Urban Resiliency

To take on the scientific and technological challenges associated with creating truly resilient
cities, existing experimental programs should be expanded to include a focus on city-scale
response (physical and social) to natural hazard events. Monitoring technologies, in conjunction
with advance simulation tools, can be used to provide a more comprehensive view of how
infrastructure systems and human populations respond to earthquakes. Incorporation of emerging
information sources, such as crowd-sourcing, remote sensing, and social media, will enhance
regional-scale responses. In the context of future NEES/E-defense research collaborations,
specific focus should be paid on the development of monitoring technologies that can learn and
track the physical weaknesses and vulnerabilities that may exist at points of connection of
infrastructure systems. Experimental programs should also be devoted to the testing aimed at
understanding how component performance impacts the performance of the infrastructure system
or network of which that component is a part. Simulation tools can be used to further advance
how decision makers can rapidly utilize monitoring data to assess system fragilities and to
allocate resources immediately after the event in the ensuing days and weeks.

Scientific Importance:
U With fundamental knowledge in the infrastructure system interdependency lacking,
experimental testing and computer simulation will:
Advance sensing methods and data aggregation systems for monitor points of system
connection
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Create simulation tools to model the mechanisms of cascading failures in infrastructure
systems

Optimize data-driven decision-support systems for allocation of emergency response at the
regional-scale

Societal Benefit:
U Identify pre-event weaknesses in city-scale systems for hardening to ensure global system
performance and to eliminate cascading failures
U Rapidly assess health of urban physical infrastructure post-event:
Allocate emergency response resources
Enhance the operations of first responders
U Minimize time to full regional and global economic recovery of region and social impact

Opportunities for Payload Projects:
The working group identified the creation of a large-scale testing program that is open to the
broader research community for the purposes of identifying damage limit states in seismically
loaded structures. The specific attributes of this program include:
U Test specimens designed to illuminate specific damage mechanisms at local and global
length scales
U Open access to the research community to validate novel sensor technologies
U Intelligent sensors for real-time agent software migration of embedded damage detection
algorithms
U Create datasets for blind assessment of damage detection algorithms (in addition to the
research, consider supplemental student competition possibilities)
U Assess the reliability and durability of sensors and sensing systems

With the establishment of this research program, a diverse stakeholder community should be
fully engaged:
U Involve visual inspectors to evaluate tested specimens to identify optimal ways of
combining SHM data with visual inspections for re-occupancy decisions
U Quantify the benefits of SHM systems for cost-benefit analyses

Opportunities and needs for advancing capabilities of numerical simulation:

Once the aforementioned testbed has been established, data generated would enhance the
simulation of regional responses to earthquakes, especially the performance of physical
infrastructure under ground motion. The following computation opportunities would be available
for the research community to advance resilient communities:

U Reduce the uncertainty inherent in numerical models of structures, especially structures
responding in their nonlinear response regime, through advance online or real-time
model-updating techniques

U Agent-based simulation of societal response to earthquakes over varying time-scales
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APPENDIX V: MINUTES OF JOINT TECHINCAL COORDINATING

COMMITTEE
Date and Time: 9:30 AM - 10:45 AM, December 13
Place: Room N307, DPRI, Kyoto University
Participants: Joy Pauschke, Koichi Kajiwara, Julio Ramirez,

Stephan Mahin, Masayoshi Nakashima, Lelio Mejia,
Takahito Inoue

Issues Discussed:
1) Summary of past ten years
2) Possibility of Phase III (next five years)
3) Next meeting

Resolutions:

Close and carefully tailored collaboration for the past ten years had greatly contributed to the
advancement of NEESR research and E-Defense research.

Achievement of NEES/E-Defense for the past ten years is worthy of a summary. A special
session in 16WCEE, to be held in 2017 in Chile, may be a vehicle to make such a summary.

The effort shall continue in the future and to this end the plan for Phase III, which is to start in
2015, should be laid out at the earliest convenience possible. Continuing exchanges of ideas as
well as the establishment of face-to-face planning meetings are encouraged.

JTCC learned that NIED is planning multiple large-scale tests for the coming few years, and the
tests can serve as the objects that are jointly examined by the Japanese and U.S. researchers.
NIED is encouraged to share the test plans with the U.S. researchers so that they can prepare for
the collaboration. NIED is also asked to show the price list regarding the use of E-Defense by
U.S. researchers.

NEES/E-Defense meetings shall continue on an annual basis, and the next target is the summer
to fall of 2015 dependent on availabilities of researchers in the two countries.
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APPENDIX VI: PRESENTED PAPERS IN PLENARY SESSION

Introductory Remarks from NSF ¢ Joy Pauschke

NSF Update

NEES/E-Defense Collaborative Earthquake Research P rogram
10" Planning Meeting
Kyoto University
December 11-13, 2013

Joy 3 Pauschke PR.OL, PE.
rogratn Director
George E. Brova, Jr. Network for. .Earﬁnpjak_e Fngineering Sinulation Operations &

esearch
Division of Civil, Mechani cal and Menufaciuring innovaton
National Sdence Foundaton (NS)
4207 Wilson Boufevard
Adington, VA 22230
ce 103-292-7024
Ermail: jpauschkianst

State of NEES (Summary)

2000-2004 NEES MREFC Construction
2005-2014 NEES Operations and Research
2015-2019 Currently in (re)planning phase

— Continued commitm ent to sLpporting natural hazards research,
including earthuake engineering research

— Continued commitment to supparting U S. earthguake engineering
research community collaboration with Japanese and E-Defense
researchers (See next slides for possible coordination support)

— Afuture focus includes research frontiers for multi-razard mitigation
(including earthguake engineering) for sustainable infrastructures

Ji{@;lp

=

Science Across Virtual Institutes (SAVI)

= SAVI is a mechanism for teams of NSF-
funded investigators to nmetwork with partners
abroad, feverage resources to advance
shared research interests, and engage
students in international collaboration.

Provides supplemental resources to realize
collaborative synergy; not intended as
primary source of research funding.

SAVI: The Details

+ SAV supports U.S. side of collaboration
= |International partners seek new funding fram their national
sources, if needed
+ How to apply?
= Supplement to existing MSF award
= Stand-alone proposal (EAGER, other) to MEES research
= Part of larger proposal

» Funding: typically $501- $400Kyr for 2-5yrs

+ Eligible costs may include
= Network team meetings
+ Focused warkshops
= Team teaching and co-mentoring
= |nternational research experiences for students

For more on SAVI

» For more information, including what's
been funded to date,
— See SAVI website:
http:/www.nsf.gov/SAV]
— Talk to your NSF Program Officer
~ - -

National Science Foundation
http: M nsf gon

Civil, Mechanical and Manufacturing

Innovation Division
hittp: fhanana nsf govfdiviin dex jsp?div=CMI
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An Overview: U.S.-Japan Research Earthquake Engineering ¢ Masayoshi
Nakashima

An Overview — US-Japan Joint Research
Earthquake Engineering

December 11, 2013

Masayoshi Nakashima

Disaster Prevention Research Institute
Kyoto University

A Partial History of US-Japan on Earthquake
Engineering
for Past Forty Years

US-Japan joint Program Utilizing Large Scale Testing
Facilities (1975 — 2000)
(Sponsors: NSF and Japanese Ministry of Construction)

RC buildings (Phase I), steel buildings (Phase II), masonry buildings
(Phase III), pre-cast buildings (Phase IV), composite structures
(Phase V), and smart structures (Phase VI).

NEES/E-Defense Project (2005 — present)
(Sponsors: NSF and MEXT)

Two Distinguished Leaders to Initiate and
Promote US-Japan joint Program

Damaging Quakes

1964 Niigata

| 1968 Tokachi-oki

| 1971 San Fernando
1978 Miyagiken-oki

Hajime Umemura
Univ. of Tokyo

Joe Penzien
UC Berkeley

“Ume-san” & “Joe-san” friendship and mutual-trust over
many years (with much Sake) was the source of US-Japan
collaboration.

My Juvenile Reminiscence
JTCC (Joint Technical Coordinating
Committee) Meeting at Tsukuba

B . kL

US-Japan joint Program Utilizing Large Scale
Testing Facilities (1975 — 2000)

Jumbo Wall /
of 40 m tall

Jumbo Testing Facilities at Building
Research Institute (built in 1980)

Pseudo Dynamic Test on Full-Scale Six
Story Steel Braced Frames (1983-1985)

15m
R
!Irl
6
P s @ s g 5 =
Lt }
34
| 8 I it 21.4m
s fe = 24 =]
3
ol ol N, .
| [ 16BN gy 2+
Direcd
3 fa o L A
i i s - - ' i |
I e & lo e <, °Im = o
: =
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Recollection of Test of Full-Scale Six Earthquake Response of Full-Scale Building
Story Steel Braced Frames at BRI Using Pseudo Dynamic Testing Technique

/ f 3? — Tom Mama

g %

H :

B e

& &

il ]

g g

m high=resolution measiiting ®f.column
Digital disp. transducer base behavior
It took several days to simulate 10 sec of r
Serious Damage Disclosed in Urban Regions Construction of Large-Scale Experimental

Facilities for Earthquake Engineering Research
1995 Kobe
3

1994 Northridge

E-Defense NEES
Ready in April, 2005 Ready in October, 2004

Planning Meetings

NEES/E-Defense Collaboration
Memorandum of Understanding (MOU)

MEXT & NSF (National Science Foundation) :

Research Collaboration on Disaster Mitigation

NIED & NEES (J. Brown Jr. Network for Earthquake
Engineering Simulation) :

Collaboration on Joint Research Using NEES/E-Defense

|

gl
NIED-NEES, August 3, 2005 MEXT-NSF, Sept 13, 2005
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A History of Planning Meetings

Planning Meetings

First April, 6 to 8, 2004 at Kobe

Second July 12 to 13, 2004 at Washington DC
Third January 17, 2005 at E-Defense

Fourth August 2 to 3, 2005 at E-Defense

Fifth September 27 to 29, 2006 at E-Defense
Sixth September 28 to 30, 2007 at E-Defense

(Workshop for Second Phase of NEES/ E-Defense)
January 12 to 13, 2009 at Washington DC
Seventh September 18 to 19, 2009 at E-Defense
Eighth September 17 and 18, 2010 at E-Defense
Ningh August 26 and 27, 2011 at E-Defense
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Overviews on NEES/E-Defense Collaboration on Earthquake Engineering ¢
Stephen Mahin

Overview on

NEES/E-DEFENSE
COLLABORATION

On Earthquake Engineering Research

Stephen Mahin
Director

Pacific Earthquake Engineering
Research Center

o N g 72 &

Y  NEES comms  NIED ¥

10% Annual NEES/E-Defense Planning Meeting  December 11, 2013

Concurrent Construction of Large-Scale
Experimental Facilities for Earthquake
Engineering Research in the US and Japan

o Year

Af?nfv Y
APProac;,,ﬁg'ﬁa‘y g8

NEES E-Defense
Ready in October, 2004 Ready in April, 2005

NEES/E-Defense Phase I:
Bridge Program

Ao,

E-Defense nees@UCSD (Restrepo, Mahin)

Full-scale tests involved US and Japanese
researchers

Phase I: Steel Buildings

Value Added Structures |
(supplemental damping)

E-Defense Stesl Collapse

35

Annual Research Planning Meetings

Proceedings nitpripeer berkel ey edupubicabors/peer_reports niml

+ White papers

# Plenary papers on
past and possible
future research

+ Breakout session
reports

+ Resolutions

+ Participant lists

+ Agenda

Planning Reports

= Delailed
information on
specimen designs

Phase I NEES /E-Defense Collaboration
Major Themes

Stee! Sructures Eridges

NEESR: Controlled Rocking Frame System
Lead by Greg Deierlein of Stanford Univ.

= Large-Scale Validation

Actin t-
Ml'v‘l':d“r; - fuse/rocking frame interaction
- PT, fuses, and rocking detalls
= Proofof Concept
o - constructabllity
gwmlr-a - design criteria
e
= Performance Assessment
- nonlinear computer simulation
- life-cycle benefit cost analysis

Develop a new structural building system that employs

self-centering rocking action and replaceable™ fuses to

provide safe and cost effective earthquake resistance.
*Key Concept — design for repair

Phase 2 - 2010-2014

Focus on Achieving

Seismic Resilience of

Communities

Six Thrust Areas

1. High Performance (RC)
Structures

2. Next Generation Isolation
and Control

Underground Structures
Electrical energy facilities
Simulatien

Health monitoring

P
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Phase 2 - 2010-2014

Focus on Achieving
Seismic Resilience of
Communities

Sik Thrust Areas

1, High Performance (RC)
Struchures

2. Next Generation Isolation
and Control

Underground Structures
Advanced Steel Buildings
Simulation

Health monitaring

oo oa oW

| Phase 2- High Performance
Buildings + Isolation and Control

December 2010 August 2011 ]
] . \|

mlE

Conventional and self-centering

RC precast buildings “New” zero damage isolation

MNEEStips project (Keri Ryan, UNR)

g -

/]

= =%
LRE with Linear Crossaver Sliders
Fixed Base Structure

NEEStips project (Keri Ryan, UNR)

Payload tests:
Nonstrustural components: Ceilings, partitions, cladding, fire sprinklers
Staged office, hospital and |ab oocupancy

Underground Structures and
Geotechnical

Ry NS el
ot g jre
\ /

.

i
S
St
o a
Pl z -
- —ee=
" - )
e

E-Defense Shaking Table Tests

LivaTon
NEESR Centrifuge Tests

Collaberation key to advancement in Earthauake
Engineering Engineering

5.

MNEES/E-Defense Planning Meetings

Building codes are minimum
standards for public safety

o Stated purpose:

= Provide minimum
pravisions for design
and construction of
structures o resist
effects of seismic
ground motions
“..to safeguard against
major structural
failures and loss of life,
not tolimit damage or
maintain functon.”

Designed to protect ife in
extreme event, but damage
expected




Building codes do not provide
earthquake proof structures

o Stated purpose:

s Provide minimum
provisions for design
and construction of
structures to resist
effects of seismic
ground motions

= . .to safeguard against
major structural
failures and loss of life,  pesigned to protect life in
not to limit damage or extreme event, but damage
maintain function.” expedted

Engineering Effective in
Reducing Loss of Life

Sendai Japan

Structural damage due o ground shaking w 3 relatively light for new
ructre s sven in regions of heawy shaking

Nonstructural Elements Also
Pose Life Safety Concerns

Structures Should Not Be Considered
Individually: Disaster vs Catastrophe

Matural disasters cause wide-
spread moderate to severe damage
that may strain

ability of a
community to
respond

\Widespread
dam age can have substantial
long-lasting social, economic and
cultural impact onthe well-being
and witality of a city and nation
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Damage potential of subduction
zone, near-fault and other evenis

Ground motion characteristics
& Off-shore subduction ruptures
& Mear-fault ruptures

& Surface Waves

© Site effects

Soil and structure behavior different
type motiong

Disasters =@ Catastrophes

-

Potential Loss of Work Caused by
Natural Disasters

[T R——

oone ™ 100 oo M
Voo wrking e ot e el

SwimRE: Ming e Rize, 2011
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Potential Loss of Work Caused by
Natural Disasters: Earthquake Only

Valug of working oy [0t (gbetindex reltie 13 nasansl scenmy o o cowil

1,000
.0
@ P
oot 1

0001 0010 0.100 1.000
SwismRE: Mind ne Rz, 2017 alue of working days Jost jistal eces)

Moving ahead

o E-Defense provides a unique facility of
mutual benefit to the U.S. and Japan
o Collaboration of experts
from the US and Japan
can accelerate progress
to reduce tremendous

social and economic
consequences of
earthquakes and related
natural disasters.

o Collaboration leverages limited resources.

38

10t NEES/E-Defense Planning Meeting:
Goals

o Strengthening and extending collaboration

o Help refine plans for near-term research

o Identifying appropriate high priority
problems and projects for future
collaboration having high impact benefits

o Identify opportunities for rapid
dissemination of findings
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Special Project for Reducing Vulnerability for Urban Mega Earthquake
Disasters ¢ Masayoshi Nakashima

Special Project for Reducing Vulnerability for
Urban Mega Earthquake Disasters (2012 — 2016)
Budget for 2012: 6 million USD

(II) Maintenance and recovery of functionality in
urban infrastructures

December 11, 2013

Masayoshi Nakashima
Disaster Prevention Research Institute (DPRI)
Kyoto University

(1) Response to earthquakes beyond what is considered
in structural design
(2) Continuing business and prompt recovery

N

(A) Quantification of collapse margin of high-rise
buildings

(B) Monitoring and prompt condition assessment of
buildings

(1) Quantification of Collapse Margin: To make a
consensus to the response to earthquakes that go
beyond one considered by codes, we shall quantify the
performance of each structure up to complete.

A delicate balance
between safety

No damage

(2) Technologies for
Enhanced Health
Monitoring: To make
our society more
resilient, we need
more advanced
sensing and
monitoring
technologies by 7
which we can detect , + .l
damage and, or lifelines  JI| ™,

evaluate state of emane o \I;s
safety immediately. 9ep Q Liquefaction

SEnsor

Special Project for Reducing Vulnerability for Urban Mega

Earthquake Disasters (2012 — 2016)
Budget for 2012: 6 million USD

Objective/Scope:Based on lessons leamed from 2011
Tohoku earthquake, urgent, comprehensive research is
to conduct for minimizing loss of urban disasters against
large ocean ridge earthquakes along Nankai Trough and
near fault earthquakes that would hit metropolitan
regions. To carry out this research, a trans-disciplinary
research team has been formed, consisting of earth
science, structural engineering, and social sciences.

Prediction
- Responses
ga)n::‘g 'g'ﬁ_l“e"f eao"l'i*’taqr‘;‘a"e (I11) Advancement of capacity for
regions trop urban disaster responses
Prevention
(11) Maintenance and recovery of functionality in
urban infrastructures 40

Researdi Objectives

Objectives of Researdh:

@ Quantification of collapse margin of urban buildings
@—1; Steel high-rise; I—2: RC high-rise

@ Monitoring and condition assessment of buildings
@—1: Superstructure; @—2: Soil and underground; @—
3: Interactive SSI system

@ Monitoring and response evaluation of SSI
@MeaSO-net observation

Experiences on “Special Trans-disciplinary research

Project for Earthquake team that considers

Disaster Mitigation in Tokyo | “national interest”,

Metropolitan Area (2007- “advanced research”, and

2011)" “timely transfer to
practice”
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Annual Plan Research Team
A | 005 2016
Simulation ‘

%ﬁ.l Collapse I [EPEEEEET | I [ | Research Team

‘ ‘ ‘ | ‘ Evaluation T LSREN
o2 | Efement test imulati I T ] BEaman cEmxa. anna) .
RC Collapse Test planning EDdfamciest | | Oversight Committee =

[ [ | Evaluation el mukmea), kiweoon | | | | DoRcReRE L L
@1 Methodolagies | Evaluation | PRy S L et o DRI, IO BCAIONE, ML, MRS
Monitoring Systern development | | ‘ EISCA), I SCA ) IR T AN
Super- I [ Verfication (@1, ©-2) | Verification |HH neannies rens. xors
structure Survey Evaluaion BAEN-ER. HL. 3 SRARNAR BeL ). FRkP. NENAT

Headquarters E=e TRl

@2 surey | ‘ | | L “DPRI, Kyoto U IR iy R—
Vonitoring Elerment test I EDdense | Veriticaim « Kyoto L. BRI B, BT, W
Soil System development Evauation (M. Nakashima, PI)

[ [ ystem develop [ “E-Def NIED © eI TARYITE
@3 Survey ‘ | ‘ -De FI‘ISE, E = ﬁ:f‘.‘ (RS W= .
Monitoring [ Planning gem | (K. Kajiwara, Vice-PI) A i - AMIER. U1 TRE. R R~
SSI ‘ I I I I |" e *Kobori Institute o r—
2 Deployment and obser vation (N Koshika, Secretary) | L e e p B PRt SAT. A4S
ﬁ} e_:tnd_ ) I I i | verification
o m I I I | Estimation of shallow earth structures
Buidings i i i I I i I [ Evaluation

Research Team @-1 Collapse Margin of Steel
@-1: Steel collapse B_aCkg round: i i A
PIL: Kajima (M. Takahashi) ] Higher performance has been considered in the design

R OorPls:shimizyKoborl, KyotaU.. (¢ Suita), E-Defense and construction of high-rise buildings, but the
Committee ||3+2 RC collapse performance under extreme earthquake events that are
misess.mn ||PI: Obayashi (H. Katsumata) . . P S
EIEEE | pie: Shimiz, Kyoto U, (M. Nishiyama), E-Dfense beyond the code consideration shall be quantified in light
o e of 2011 Tohoku earthquake and damage.
. smmncscopm (|@-1: Moritoring superstructure

PI: Shimiz (T. Saito)
Co-PIs: Kajima, Obayashi, Nagoya U. (J. Tobita), E-Defense

@-2: Monitoring soil-foundation
Head- PI: Taisei (S. Fuji)
quarters Co-Pis: Kobori, Kyoto U. (8. Tamua), EDefense

n e —
@-3: Monitoring SSI System

Anmareeees | P1: Kobori (H. Okano)

o Co-Pis: Kyoto U. Shimiz, Taisei, Tacknaka, Yokohama U. (i

PI.: Takenaka (K. Kobayashi)
Co-PIs: Univ. Tokyo (8. Sakai), Kyoto U., E-Defense

=
P Y

fay r u
Steel damage disclosed in 1995
Kobe

Planned shaking table test

@—2 Collapse Margin of RC Buildings

Background:

Many residential buildings are made of RC. Their
performance, notably under long-period ground motions,
shall be evaluated; damage growth and loss of
functionality shall be characterized; and collapse margin
shall be quantified.

I 1 j J
Planned shaking table test
under repeated exitation

Collapse-ex;mple (in Turkish
earthquake of October 2011), with
significant death toll

@-1 Monitoring for Superstructures

Background:

To ensure business continuity and prompt recovery to
normal life, technologies related to health monitoring and
condition assessment should be enhanced. Deployment
of sensors, acquisition of data, and prompt assessment on
damage location and severity shall be developed.

¢Time consuming
eoShortage after il
events

ST Tnvisibility due to 2 AN

interior/exterior
finishes Damage Assessment System !

Visual
ingpection by
engineers
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and Foundation

Background:

Prompt condition assessment for soils, foundations, and
underground lifeline systems is a key for earthquake
disaster response, but invisibility has made it extremely
difficult. A condition assessment system using various
sensors deployed in the soil shall be developed.

Pile damage in soil during 1964
Nigata; damage disclosed after c ¥
twenty years during rennovation,  5oil-foundation system

Planned shaking table test for

@&-3 Monitoring — Soil-Str

ture Interaction (SST) System

Background
To assess the condition as a total system, sensoring
techniques that interactively combine data on super-
structures, foundations, and soils shall be advanced; and
associated condition assessment technologies shall be
developed.

Planned shaking table test for 851
system

I {
Damage to Damage in the
pile head  middle of pile

@ Obsarvation Using MeSO-net

Background:

Evaluation of structure as SSI system shall be promoted,
and to this end, realistic data that reflect 85I system shall
be collected. Use of MeSO-net system that has been
deployed in metropolitan regions is most useful.

»Selection of
MeS0-net
locations

Delopment of
seismometers

Surface with new
seismometers

|4 momelers
in surface and se of existing
buildings S0-net array

GL-20m: earthquake
observation using MeSO-
net

Earthquake observation
in current system

b

Real-time observation of 85I system
using MeSO-net arays

ble Test for Collapse of Steel High

ding {Planned on December 2013)

M shaking Table
Use of E-Defense

M Specimen

A height of 25 m adopted
inlight of E-Defernse
allowable limit (27 m)

M Protection Frame
Developed to protect
collapsing specimen as
well as toserve as a
frame to lift specimen

M Input Motion
Synthesized motion
considering simultaneous
muptures of three troughs

struc of Collapse Specimen
(October 8, 2013)

Construction of Collapse Specimen
{November 15, 2013)

41



Appendix VI

Scenario for Collapse

Yielding of
Bea

Increase of

umn: Horizontal Load

PD-

Effect

)

Input - I I'I'IE!IIJITI

NO Partial Collapse
damage Damage

| Beam
Fracture
Column
Failure
i [large] === [extreme]

Prototype: 20-story steel
frame designed using 1980
~90 codes, scaled to 1/3 to
accommodate to E-Defense.

e

-
200 X 100 x

+ 18-story steel moment
frame

+ Scale: 1/3

« Height: 25.3m

» Weight: 420t (Ballast 290t)

» Columns (lower stories):
BB-200x200x12
Beams: BH-270x85x6x12

+ Material: SM490A

* Natural Period: 1.15 sec
(1.9 sec in prototype)

B-
200 200 % 12

[
200 5 208 % 13

1350

Height = 25 m

Monitoring and Con
(Planned on December 2013)

Level 1 System Level 2 System il-evel 1 Sensors
. . T * 25 servo-yype

ition Assessment

zccelerometers
* 200Hz Sampling

Level 2 Sensors
+« 152 MEMS
sensors

(912 components;
* 500Hz Sampling

* Sensor
= Controller

Synthesized Ground Motion Selected for Test

Considered — Three simultaneous ruptures of "Nankai
Trough” Huge Event, with location at Nagoya Areas

B ur ue

.“'C‘| ne 173 R 1% L5 ¥ 3
Rupture Assumption

Synthe

Period Band of Specimen

ed Ground Motion

Maximum Level:
/ 180 cm/s

200 ] T
' =" B
’ — R
= Medium Level:
Ocm/s

pSwiemss)
g

oy BB

Pericd{s)

Synthesized Ground Motion

400
— REF R SR

‘ i 5?"%"35‘*“ Acceleration History

o &0 120 180 240 300 360 220 as0

400

+Amplification of Original History

Average (110cm/s) baseline
Large (180cm/s) 1.64 times
Very Large I (220cm/s) 2 times
Very Large IT (250cm/s) 2.27 times

Very Large III (300cm/s) 2.73 times
Very Large IV (340cm/s) 3.1 times (at the table capacity)
*Contracted to 1/V3 with respect to time domain
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Recent Activity of E-Defense ¢ Koichi Kajiwara

#2NED

Recent Activities of E-Defense

Koichi Kajiwara

Director, Department of Disaster Mitigation Research /
Hyogo Earthquake Engineering Research Center (E-Defense),
National Research Institute for Earth Science and Disaster Prevention

Decernber 11,2013
The 11th NEES/E-Defense Flanning Meeting, Kyoto, Japan

#2NED
E-Defense research staff

Before starting my presentation, I introduce E-Defense
reseaich staff here:

* Koichi Kajiwara, Director
« Takahito Inoue, Deputy Director

» Taizo Matsumor and Eiji Sato, Leader and Head,
Operation Office Team

* Researchers: Matsumori, E. Sato, Nakamura, Nagae,
Tabata, Yamashita

* Research Fellows: Tani, Aoi, Kawamata, Sasaki, D.
Sato, Tagawa, Tosauchi

Presentation contents

Today | present the following topics;

= scenario change of anticipated Nankai Trough
earthquakes due to the 2011 Great East-Japan
Earthquake Disaster,

« E-Defense recent tests and plans,
« E-Defense upgraded performance,
» recent E-Defense shake-table tests, and

« future E-Defense research plan and direction.

#3NED
Anticipated Nankai Trough earthquakes

(after the 2011 Great Disaster)
After the disaster, a working group of the Central Disaster
Management Council reconsiders Nankai Trough earthquakes:

= Any possibility based on scientific knowledge is taken into
account to anticipate earthquakes.

* The assumed possible epicenter zone widens and deepens.
+ The estimated magnitude becomes 9.1.

T
it

From the 2013 report of Centeal Ol saster Marsgement Coundl, Japan

A3NED
Anticipated Nankai Trough earthquakes

(before the 2011 Great Disaster)

In 2003, the Central Disaster Management Council anticipated
Mankai Trough large-scale earthquakes as follow:

» Anticipated earthquakes were based on historical
earthquake events occurred at intervals of hundreds of
years,

* The assumed possible
epicenter zone was based u
on the knowledge of the  ~_ ~.:-:

plate shape. e )
= The estimated magnitude -!’_!:’

was 8.4

From the webditt of Cantonl Disg ster Managsment Councel Ao an

#3NED
Anticipated Nankai Trough earthquakes

The working group estimates
the damage as follows. This is

the severest case; 1 F
l_l - LY e

» casualties can be ~323,000,

+ structures collapsed and
bumed can be ~2 386,000,
and L

* economic loss can be 1.7 -
trillion dollars in disaster D A i e
areas, additional 500 billion
dollars nationwide.

44




Appendix VI

£2NIED
E-Defense recent tests in FY2012

Next | introduce the recent tests in the fiscal
years 2012 and 2013

Between April to October 2012, E-Defense
carried ouf following five tests:

+ The 1st test is on vibration characteristics &
of base-isolated small structures under
long-period earthquakes

.for a house-builger project.

+ The 2nd test is on piping systems in a
facility
.assumed as an energy plam

£32NED
E-Defense recent tests in FY2012

+ The 3rd test is on g 1/4-scaled, 20-story
RC building under long-period ground
motions
.. for fhe project of Ministry of Land,
infrastructure, Transport and Tourism (MLIT).

+ The 4th test is on gvaluation of seismic
performance of traditional wood houses.

Z2NED
E-Defense recent tests in FY2012

+ The 5th test is on safety assessment of
base isolators against long-period, long-
duration earthquakes

..fo evaluale rubber bearings.

Z2NEBED
E-Defense recent tests in FY2012

After these five fests, MEXT and NIED
upgraded the E-Defense perforimance
between Ocfober 2012 and March 2013.

=2NIED
E-Defense recent tests in FY2012

After the upgrade work finished, E-Defense
condiucted the following fest in March and
Aprif 2013

+ This is the test on evaluation of
response of base-isolators against long-
period. long-duration earthquakes.

Z2NED
E-Defense recent tests in FY 2013

By November 2013, E-Defense complefed
folfowring three shake-fable tests:

+ The 1st test is on passive base isolators
of a structure
..to deveiopment of nexi-generation hase-
isolation system

+ The 2nd test is on safety assessment of a
steel structure damaged by previous
earthquakes.
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Z2NED
E-Defense recent tests in FY 2013

+ The 3rd test is on safety assessment of
base isolators against long-period, long-

duration earthquakes
...1o evaluate iead dampers and oll dampers.

Z£2NED
E-Defense test plans in FY 2013

In the rest of the fiscal year 2013, the
following fwo fe sts wilf be conducted af E-
Defense:

+ The 1st test is on quantification of margin
of high-rise-steel-structure failure r

<This is the Professor Nakashima and
major construction company’s test >

Z32NED
E-Defense test plans in FY 2013

+ The 2nd test is on wide-area suspension

ceiling for a large-space structure
...that is underway now.

9.8m/s?)

Acceleration (G

Z2NED
E-Defense upgraded performance

Performanee line off onger Period &

After the 2011 Great Disaster,

Tadotsu bt 2
o 7”‘9"5“"“6'“‘“” E-Defense requires the
4'0 5% o Mega carthquakes following functions to produce
; sarthquakes e e the recordings and scenarios;
SO S e ) ) )

| i sty « simulating long-duration,
0 }’ long-period accelerations.
10 )

Ectonse o MEXT and NIED statied
}

T additional facilities for E-
Uil 0.2 ;‘5_ 1['10 20 330, 3100 Defense upgrade completed
s =] it Marct 2013.

Z3NED
E-Defense upgraded performance

This upgrading work
installed these two systems;

« 4 kilo-liter additional
accumulators (original is
20 kilo liters), and

+ bypass valves to servo
valves that cut off their
function when unneeded.

Upamditg
16 actrators

It makes the table possibie
to simulate 2011-earthquake

recordings and fufure
Scenarios.

Z3NED
E-Defense upgraded performance

This table shows E-Defense upgraded performance in
terms of specimen’s mass on the table and number of
inactive actuators;

2 = Maximum acceleration (G = 9.8m/s?)

E g Horizortal direction (x, ¥) Wertical direction {2}

3 ﬁ Mumber of inactive actuator{s) Mumber of inactive actuator(s)

o

2E ] o 1 2 3 0 2 4 6
Q 1.7 14 1.0 Q.7 23 18 18 1.5

600 1.2 10 Q7 a5 17 1.4 1.2 1.1

1.200 a9 a7 a5 0.4 15 1.2 1.0 a8

Aunit of number in the table is gravitational acceleration, 1G = 8.8m/s2]
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A2NED
Recent E-Defense shake-table tests

+ This is the collaboration research between NIED and Hyogo
Prefecture in October 2013.

- The objective is to observe influences of a future Nankai

Trough eanthquake on a 1995-Kobe-Earthquake damaged
structure.

+ The specimen was a 3-story, steel-frame building, shaken
under one-dimensional input motions.

#2NIED
Recent E-Defense shake-table tests

The foflowing pictures show the specimen:

+ Its design is based on the new Japanese Building Design
Code before the 1995 Kobe Earthquake.

Z2NIED
Recent E-Defense shake-table tests

+ It's assumed as a part of a steel structure that consists of
columns, braces and concrete floor slabs.
Shaking direction
p—
MTT T T

5m Shaking direction

!
\
Target |
steel [s | & x
frame | .‘ #
s W0.8m || s “J.#

i
(
|
|
P d il |
—m—m— = - i -

m t &m
BEAM PLAN FRAMING ELEVATION OF B SECTION

Z3NIED
Recent E-Defense shake-table tests

To the specimen, following input motions were applied:

+ The JR Takatori Station record in the 1995 Kobe
Earthquake: Its 40%, 60%, 80% and 100% North-South
components were applied.

AGa)

600 | |We will see these test resulls from now.
N

300 J | ‘ \

[ | ol J.‘ AN A e A

l‘l “rlf'lﬂ"l"""f\ T e

-300 k i A 1608 Gal

e ) ¥ 130 Line

Unit: Gal= m/s?, kine = mis

blue: crack
red: rapture

Sauth Morthwest

Z3NED
Recent E-Defense shake-table tests

The other is the scenario ground motion of the Nankai
Trough Earthguake, which 100% scaled were applied before
40% scaled JR Takatori Station.

+ After JR Takatori Station record shakes, Its 50%, 100% and
150% motions were applied.

AlGal)
st

i
v AR F.ﬁ.!*h\ﬂf‘”‘u e

& L=
2358 Gal #s)
Vo Sk

son -

Unit: Gal= m/ss?, kine = mis
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Recent E-Defense shake-table tests £ £,
5 H
This shows the model of the analysis: R e T2 D4 B T v ¥
- — Deformation [m] Defar mation [m]
- w10t Member 2
1
Time history and loops of each story:
z A0%-zcaled JR Takatori Station Record
y 0
8
The specimen is simplified as below.
s 0z 04 Mermnber 3
. Deformation [m]
25 -
T Member 3 Member 2
3 5 —, - : 2 Tabie aon. JRTahator 40%
Member 2 wha: 2 me?
T = T 5 ol R Member 1
E "
¥ v o £ &
tmo (3
X 10 Member 1 g Member 3 w1t Member 1 s 40 Member 3
1 1 1 1
z = [ = S
8 3 l 8 B
Py o 02 04 ey 0 0z 04 RO 0 0z d4 o [ 02 04
Diformation [m) D or mation (] Deformation [m) Dedor maion [m]
ot Mamber 2 it Member 2
_ Time histary and loops of each stary: _ Time history and loops of each story:
= 5 60%-scaled JR Takatori Station Record Z g 80%-scaled JR Takatori Station Record
b
£ ® £
A s B2 04 Mermber 3 o —r 7z 04 Member 3
Deforrmation (m] Deformation [m]
Member 2 Member 2
Tabie aon. JRTshotori 0% Table a0a. R Takatoriz0%
i s me whii: .8 et
1,;? g 1 Member 1 1,53 W 1 Member 1
o,
3 L R % g 7YY %
i == H =
- E E A E. N L H E a0 E.
tima (g tmn [
x” Merber 1 e Mernber 3 .’a@
z, v z, | Recent E-Defense shake-table tests
8 B
M= - T—— R Sy & T ) According fo the graphs, for instance, it's difficuit to obtain stiffness
D or mation [ m) Defor mation [ m] change in the tirme hisfory:
o Whemmber 2 it Meemmart cgt Memoera
_ Tirme histary and loops of each story _ R
z o 100%-scaled JR Takatori Station Record £ =4
Fr g H
E ] 4
Bl b 3 a4 X} L) [X]
oA 0z [ 2 04 Member >
D or mtion (m) EH
£
Member 2 g 9 Member 3
Tak amo. JRTakelon 00% I =7 n T o
i i 7o mit “Detormation fm) ¢ Member 2
E O Member 1 e
i, A é = i " f Member 1
-1 i4 > =
[ 5 - =
tima (g 4 T LI I_"a‘ W W W
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~Z32NIED
Recent E-Defense shake-table tests

» Toassess its seismic performance, | try to develop a
method to quantitatively evaluate its dynamic-characteristics
change based on shaking time histories acquired from tests.

nim)

a0e. ]

40%-scaled JR Takatori Station Record

‘ Time histories of stiffness of each story:

—
— e
- K3 | C3
&
——a badi
1 i S P A
K2 | C2
K1 | C1
. ¥ b
e =
Table aco. R Takatari 40% /
Ml 248 mis
AL b
Ay
. ¥ b

time [5]

These histories are obtained from the data of accelerations and masses.
Least squares are used.

—
, — K3 | C3

300, [mis]

Time histories of stifiness of each story:
60%-scaled JR Takatori Station Record

r [ —— @

f24 WY

; o prr T

T oA K2 | C2
o ; | K1 |C1

tire [s]
. Tobe un. IR Tokaor 6080 /
Mpd 370 mis?
e
¥ ™

E
tirm [£]

]

ae. ]

Time histories of stiffness of each story:
80%-scaled JR Takatori Station Record

—
—r K3 | C3

4
5
{

K2 | C2

3 K1 | C1

time 5]

Table ac. JR Takator 0% /

s - 89 mis?

F PN
¥

LA

z
time 5]

[m)

300, mis’]

Time histories of stiffness of each story:
100%-scaled JR Takatori Station Record

e storystfness R Taksce 10088 @

=
1 = K3 | €3
| N k2 | c2
\ET/,_,_W‘&_U‘.'-—__,_
T s 2! 30 E: Kl C1
tirme [2] g

. Table 500, IR Tkotar 100% /

] MpE 709 mist

Jon
b T

E
i [2]

Z2NED
Recent E-Defense shake-table tests

According to these analytical results based on the time
histories, it is found that the stiffness of the structure
decreases more remarkably in the 100%-record-motion
case than in the other three cases.

* In this 100%-record-input-motion case, three beams
were severely damaged.

= The stiffness of the 1st story is the smallest; in the
preparation shaking with small input motions before all
shake tests, the stiffness of the 1st story was the largest
and decreased with height.

« Since the study is underway, we will see more detailed
findings.

49



Appendix VI

Time histories of stiffness of each story:
Random wave shak before earthguakes

Lt ok dtieos Fondem chaing ot Esrimushos ot @

K3 | c3

K2 [ c2

KL [ C1
7 o Cl

Tebinana. Fandom thoking bt Exchouaie s input

[ I

e s |

e, e

#2NED
Recent E-Defense shake-table tests

This calcwiation method can employ damping. This is one of
the examples:

Time histories of damping of each story:
100%-scaled JR Takatori Station Record

Z3NED
Recent E-Defense shake-table tests

Such data analysis must be good for presentation to clients
or stakeholders to easily explain seismic performance as
well as for applications to E-Defense shake-lable tests.

The scenario ground motions of the Nankai Trough
Earthquake were also applied.

This presented research is fundamental because alow-rise
structure is focused.

| expect that very valuable results will be obtained from
the Professor Nakashima and major construction
company’s test that we are going to see today.

Future E-Defense research plan

To mitigate damages due to fulure earthquakes in Japan, the
E-Defense researchers promote studies on RC structures,
steel structures, base isolation systems, piping systems, non-
structural members and liquefaction phenomena.

We are studying...

+ for structures, to identify dynamic characteristics and to
develop evaluation technique,

+ for geotechnical issues, to examine liquefaction phenomena
and to improve their evaluation methods, and

+ for base isolation systems, to develop and prove semi-active
control technique.

Future research direction

In a next step for U.S. and Japan research communities,
possible collaboration can be...

+ to improve techniques of analyzing and evaluating
testing data...

+ to evaluate influences of existing structures on
anticipated...

+ 1o apply to electronics and machine technologies,

+ 1o spread earthquake-engineering technology in a low-
cost way, and so on.

Future research direction

In addition, it will be essential...

+ to establish “simple” procedures to assess seismic
performance, and

+ to develop methods to estimate “as-is” margin of
response of a structure against anficipated ground
motions.
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Z3NIED
Future research direction

From the viewpoint of establish “resilient societies” to
natural disasters including earthquakes, these topics must
be valuable for...

= business continuity plans,

« evacuation plans, and so on.

Finally, we pursue creating quantitative evaluation methods

by E-Defense testing results and numerical simulation “E-
Simulator.”
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APPENDIX VII: PRESENTED PAPERS IN REINFORCED CONCRETE
WORKING GROUP

NEES/E-Defense Planning Meeting
duction to U.S. Researcher Anna Birely

Anna Birely
Assistant Professor
Texas A&M University

Slender Wall Tests

NEESR Complex Wall project
— UW-UIUC-UCLA
4 planar wall tests

— Test walls representative of
modern U.S. construction

= Collect high-resolution data

— Develop tools for
performance-based design
of walls

ASCE 41 Nonlinear Model Evaluation

» Does ASCE 41 identify
damaged components as
potentially deficient?

Models

= OpenSees
« Force-based beam
column elements w/
regularized material
properties
- Perform3D
+ Fixed based
= Soikstructure interaction
I

(s8h)

QOpenSees

B [=—=1 wa
i P

Perform3D-SSI

Bars show number of walls exhibiting each
performance state

Colors indicate if observed damage was
more severe, oF consistent wi
predicted performance

Parforn D resulls provided by Ady udram (SGH)

th
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Overview

+ Ph.D. Univ. of Washington Dec.
2012, Dissertation: Seismic
Performance of Slender RC Walls
— Experimental tests
= Fragility functions
— ASCE 41 evaluation of buildings

damaged in 2010 Maule
earthquake

Current
— Wall Buildings/Coupled walls

— Framework for reporting damage
in RC structures

— Fire resistance of RC structures

ASCE 41 Evaluation of Damaged Buildings

+ Objectives: |

= Study buildings damaged
in Chile 2010 earthquake { [(—c e Damace
— |dentify lessons .-:Fplicab\e |
to U.S. codes an =
standards | S—
+ ASCE 41 3-Tiered Evaluations
— Recommendations for el =y
meodifications to “guick
checks”

— Evaluation of nonlinear
analysis acceptance
criteria & comparison to
final damage states

Updating ASCE 41 - Flexure Controlled Wall
Acceptance Criteria
» Objective: Update %1
modeling parameters and -
acceptance criteria for
flexure-controlled walls

- Approach: Analytical 5%
parameter study using Wi
validated numerical :
models ey
— Limited experimental i o]

data |
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Walled Buildings/Coupled Walls Damage Preservation
« Emphasis on reuse of . — + Damage descriptions
experimental and : typically qualitative and
ical data : < inconsistent between
numerical da g ] projects 2
« OpenSees vs Perform3D ! | .
+ Axial demand i + Need no improve reporting/ %
. ” | archival of damage to RC 5
Cougled wall fragility tests 2
functions e ¥ 7 5
+ Walls with discontinuities e /Af (%) P £ A, (%) + Developing framework for E
(i.e. flag-shaped walls) documenting & archiving 2
-

data using BIM

Rotation Demand

I CIVIL ENGINEERING

Damage Preservation

Why BIM?

1. 3D visualization

2. Easily read by computer code
(IFC)

Thank you!

3. Associate damage w/
component characteristics &
measured response

4. Progression of damage
5. Preservation

Ongoing/Future

+ Software plugins

+ Data processing scripts
+ EOT - TAMU BIMCave
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Performance-Based Engineering

of

Earthquake Resilient Communities

Gregory

Deierlein

LA.Blume Professor of Engineering
Stanford University

NEES — E-Defense Planning Meeting
DPRI December 11-12, 2013
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BENCHMARKING BUILDING CODE PERFORMANCE

«  Office occupancy
*  Los Angeles Basin

+ Design Code: 2003 |BC/ 2002
ACI / ASCE7-02

*  Maximum censidered EQ
demands:

— 5,=15g5 =09g
- Swsm st = 0.82g
+ Design V/W of 0.094g

+  Maximum inelastic design drift

of 1.9% (2% limit) perimeter frame system
i a
BENCHMARKING BUILDING CODE PERFORMANCE Modeling of Structural Compenents: RC plastic rotation
Example: Calibration of Capping Rotation of RC Beam-Columns
Calculated Collapse Safety

o B Wt Pt .

» 5% Probability of collapse under
“Maximum Considered Earthquake”
« MAF_, = 1.0 x 10 collapsefyr
OR
0.5% Probability in 50 years

Question: Is this acceptable?

Perhaps, but the immediate
practical value is in providing
consistency in design
reguirements among materials,
systems, and regions.

Median: 8, =0.12(1+0.55a, )(0.16) (0.02+40p, )" (0.54)

Key Design/Detailing Variables:
£, — amount of steel stirrups
- axial load ratio (P/Ag fe)
@, =joint bond slip
s, —tie spacing

Snear Force (N}

L.

" (0.66) " (227)"%

e,

Observed 4

am B oo
Cohumn Dt displacement hewghi)

Ref: Fasehon e1al, (200/); AIC /2-1 (2010)

Characterization of Ground Motion Hazard

Significance of GM duration in design and assessment?

1700 Cascadia earthquake (M9.0)
Dss s = 808

TRz

1906 San Francisco earthquake (M7.9)
Dsy. 7y « 358

1989 Loma Prieta earthquake (M6.9)

—

\'

Dsg 74 = 8s /
- r w— ey
(] = 3 L‘.“:I
Lo
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Characterization of Ground Motion Hazard

Collapse Capacity of Structure with Moderate Degradation

Penod 1,08, Gamma 40
+ Long Dusation St
+ S0 Duration Soectraly [ aunaient Set

.
T
e
0

Median Collapse Capacity (S,)

Significant Duration {ts g}

19 0004 §

2K increase in 4 3

o risk of collapse ...@E

g

: 28% deciease in L]

81 | estimated median colapse capacity ¥
o0z

04 ?’.

.3

02 o £

A x

ogyacte — Jgond

5165, 5%)g)

Collapse Fragility Curve

Duration can have a significant effect, depending on
how sensitive the structure is to cyclic degradation.
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Resilience - emphasis on functionality

N\ = =
st SR H
Collapse/Life i O T
i
Safety J Demolition Closure Functionality
eorthguoke
RECOVERY & REBUNDING ————» -
oY v e
a ZA Y s 3/ = E
8* & / & .
S g -
Bl & & K
gt ¥ 2 .
8l 3wy P fosouer -
g| 5| e S i,
i oz
dla g o

Resilience - emphasis on functionality
Confinued
Function

Partial Function
during Repairs

QOccupy during
ww Repairs

Vacate until
Repaired

Demolish &
Rebuild (?)

Clear &
Rebuild (?)

Seismic Performance of New Building

FUouu g
i

e Archetype: 42 Story Concrete Shear
n (2013 residential tower in SF and LA}

NL Dynamic Analyses: LS-DYNA

Perfarmance and Assessment (FEMA P58, REDi):
«  Direct damage and repair costs
+  Demolition/deconstruction
Occupancy & Functionality
Structural Enhancements
+ damped outrigger
- seismic isolation
Building System Enhancements
= drift resistant fagade and partitions
+ enhanced elevators and stairs

Almufti, Tipler et al. (2013)

“rocking/hinging spine systems”

« rocking elastic spine

{ - capacity design for story
shears and moments

- distribution of forces
« articulated hinge region

- strength, stiffness,
deformation capacity

= energy dissipation

- damage control and design
with replaceable components

« self-centering ability

Performance Summary (DBE Level Shaking)
Direct Losses (Repairs)

tore Functionality

Standard Resilient Standard Resilient Design
Design Design Design
60 6 84 18
47 i 7 15
56 o] 80 4 {utilities)

*total time includes ~24 weeks inspection, financing, mobilization, engineering.
permits; reduced to ~12 weeks by pre-event planning in resilient design

Earthquake Resilient Cities (future)

Simulated Earthquake Scenarios

Building Database
+

Earthquake Scenario

Archetype Building Performance
Pertormance Assessment [NLTH)
-lass Fstimates

=
¥

Regional Impact

SCEC M2 earthquake onthe
southern San Andreas Fault

56

Utilization of simulated ground motions to
‘assess performance
long duration motions:
high energy at long periods
near-fault directivity and pulse effects

- Building Damage &
Closures
Displaced Residems

- Business imarruption




Objectives of Experimental Testing (WHY?)

1. understand and quantify behavior

2. calibrate and validate
— computational analysis models
— damage and recovery models

3. demonstrate proof of concept for new systems
4. improve design standards and practices
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NEES / E-Defense Workshop
K , Japan
11t - 131 of December 2013

Reinforced Concrete Task Group
Near to Mid-term

Collaboration ideas related to wall buildings, limit-state
investigations, and analytical investigations

Coordinator
Wassion Ghannoun, Usversizy of Texas st Aztin

Participants
Anna Birel, T A
Gregory Deierlein, susdor Ungersiry
Mare Cherhard, Ursversity e7Waskirgron, Sexre
Kenneth Elwoend, Usivessy of Brimsh Coluarbia, Vineetver
Julio Ramirez, Prrdrs Urive-sty
Lesley Sneed, MucurissT
Andveas Stavridis, Ussersie 2 Bulldo SUNY
John Wallace, Uatrsity of Califan'a Los npeles

NEES / E-Defense Workshop
K Japan
11th . 13th of December 2013

Reinforced Concrete Task Group

Wassim Ghannowm, University of s a Anstin

il g .
f/’ : ) —\
1.1 Database of RC Column Tests
Research Interests
1. RC column limit-states = Builds o PEER database deselaped by Beery and Fherhard
« Currencly contains over 500 tests
1. Darabases * Part of cffort to wpdate ASCEA | provisions for RC colurans by AC1 comiteee 369
2. ACI 369/ASCE 41: older shear-critical columns limit states
3. Tigh strength steel
4 Loading-Rate effects
Analysis
RC columm analytical model
2. System level analysds — E-Defense test 2010
CIRP repaic and retrofit of RC members
+ Digital Image Correlation (DIC) support for rescarch A
\ /
- ~ = i ~
1.2 ACI 369/ASCE 41 1.3 High-Strength Steel
+ ACIL369 s tasked with updating concrete provisions of ASCE 41 (seisuic evaluation and * lnvestigating behavior of H5$ in RC columns; focus on shear
retrofit of existing buildings} = Recently tested rwn columns: Crade: 60 (415MPa) and Crade 80 (350 MPa)
* New modeling parawmeters and acceptance criteria for RC mewnbers are under way * Colutnn under high shear stresses
« Shear walls (Bircly) o didiind T
o Gl (Ghannonm, Matanioros) Asial Joad = 25% of yross
® Jodurs (Lowes, Hasar) :
* Slab/column conoeeion: (Kaig) } i
= Aceeptaes eriteria {Gharnovm, Elwood, Pekeliieky, athers) »_L
LS Primary  CP Primary. [fJ |
ol v R b ises dEEE]
. y A »7d Ty
é 14 r:::‘* H
i T
i - = = r =
N
] 71 = :::....‘......m * Colunns showed comparable behavior
L e * Future tests with GRI0O (6% Mpa) , high-strength concrete, and various loading
& f. - protacals
\ ) ! /
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1.4 Loading-Rate Effects

¢ Investigating the effects of seismnic loading rates on strength, damage, and deformation
upauty of RC columas

+ Completed project testing tlexure shear critical colmuns at various lateral loading rates

+ Strength gains up to 30% observed at high loading rates

hensrnzs, o2 v
ot Ciria nimmin
A

Bhude

sS4 aza 01 Tadb

— b HH

1 and loading protocols

FTTT

S Forcn ab
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" 2.1 RC Column Analytical Model

Shea, H.cnn‘t sheat
et 4 seroulength shoar prings

The sheur sprin g e hethn bl énring snl et
marier the do wrions beowers swe nodes b ‘ulmri
she plastec biege segion, as well o Soroes = the sdjesens

.ﬁuw‘mn;vum.[:ntnm
The muodel cam simiate the Eall degra-diog behviar
nelding in-cycle end ayclie duges e,

car eithce imprct Facd sabacs o vatatica and
it or o che calibewsed sordnn of the
el that setomysee by evsbistes bros dusieg sralyns
ilzing the A% K 41 shear erenpth equation srd s

e greion basnd [ aric cutation oo oatioe

ForchinghimiSatn Meser's’ dewribed in Lohorgns (2012}

* Lxpanding calibration w full database J

/ 2.2 System Analysis

aring the ahsersed behavior of the 2010 E-Lkefonse test

R

[

%
Natiral perioe [s) - ACI-318-11
Madel Exp.

Moce 1 0,46 0.48
Moce 2 0.40 0.30
Moce 3 0.29

Moce 4 0.14 012
Moce 5 0.10 0.07

3. CFRP Retrofit

* Shear strengthening of bridge seetions vaing anchered CRRP

Bi-directional Fully
Wrapped Beam

Unidirectional
Strips

APPLED AR ipr)

A e e ava A en

Sl AILS AR i)

4. DIC Surface Strain Measurements

= Surface scrait. meastrements using DIC /7 resalution: == 1720 of a pixel
> Meoded far impraving analytical maodels
* Usefol tonl for antnmatically cxalyating damage:

]
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Hello, Everyone

My Research History

Name: Hideo Katsumata
Affiliation: Obayashi Corporation

Topics
1) Evaluation and Retrofit of Existing RC Building
2) Vibration Control & Shaking Table Test

Retrofit (1): Carbon Fiber Jacketing

1985-2000

Column in Building Chimney

Bridge Column

e

For Shear

For Bending For Shear & Bending

Many Applications

Retrofit (2): Carbon Fiber Jacketing

Load (kN)

100 -50

50 100
Displacement (mm)

50
Displacement (mm}

2500 Good Behavior

Evaluation (2): Deformation Capacity
of As-Built Column 19982001

Lower Bound is Found for As-Built Celumns

snnme aEasen

—vare

P

MRBSEESR
LB B

AT RS, e D0

Rons= Ry 10005l Qs — 1) - Ry

Chaired by Kabeyazowa Sensei

60

Evaluation (1): Deformation Capacity
of Retrofitted Column  1996-2000

Prediction is Fairly Good for Retrofitted Columns

(%}
p wEDOIR=0.0467

* Flesre
»  Ducking
= Hond
= Ru-003¥Qa/ Omi-1)¢-0.05 3 S
= L. Llinit
weeene /D2
aloes

AWE S naieea000

[] 2 & 8

4
Vel AmulAC D

With Dr. Fukuyama, Chaired by Dr. Sugano

Shaking Table Test (1)
At Obayashi Institute 1999-

Test of Real Scale
House

Large Capacity
High Accuracy



Shaking Table Test (2)

Compensation Shaking 1999-2002
Target

Amplitude
Spectrum
B Frequency
No Compensation ;
l' ‘Compensatlon

Command
Spectrum \ ff/\

Specimen’s Eigen

Frequency Good Accuracy
Observed \
Spectrum

.
Table's Characteristics

Appendix VII

Shaking Table Test (3) and Vibration
Control (1) :1IS, Uni. of Tokyo
Vibration Control System for Retrofitting
1989-1990
Steel Shear Panel
= Energy Absorbing Device

Steal Plates

1/10 Scaled Model

With Dr. Kumazawa, Supervised by Okada Sensei

Shaking Table Test (4): Column

1/4 Scaled Model 2001-2002

Shaking Test of
Unretrofitted and Retrofitted Columns

. ‘,J
Carbon Fiber
Jacketing

Shaking Table Test (5): 4 Story Building

1/4 Scaled Model 2004-2005

Shaking Test of
As-Built and Repaired Building

Cooperative Research with Kabeyazawa Sensei
Partially Funded by Dai-Dai-Toku Project of MEXT

Shaking Table Test (6): 20 Story Building

@E-Defe.ns;é l
Shaking Test of High Rise RC Building

Cooperative Research with BRI and & Companies (Obayashi, Kajima,
Shimizu, Taiscl, Takenaka, Koborl)  Funded by MILT

61

Vibration Control (2):Active Base Isolation
2008- Building Moves Rightward

R

Ground Moves Rightward by 10cm

¥

Actuator Pulls Building
Leftward by Exact 10cm

Building Still Stands
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Yokohama National University

Koichi Kusunoki

Yokohama National University

Bl ey R sl

Yokohama National Unsversity

Experimental Test Database

* Experimental data
from published
papers.

* Structural members

* Beams

* Columns

* Walls

* Beam-Celumn Joints
* Beam with walls

* Column with walls

62

Yokohama National University
Self Introduction

*Koichi Kusunoki

» Associate Professor
+ Institute of Urban Innovation
* Graduate School of Yokohama National University

Yokohana National University

Effect of non-structural walls

Yokohamn National Unive

Structural Health Monitoring

Place few cheap aceclerometers

isplacement from measured
aceeleration

Evaluate by comparing these curves
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Yokohania National University @ Yokohama National University

Performance and demand curves Demand curves

Yokohama National University Yokohama National University

E-defense Test (Y2016)

HMEEmS 2
/

gi00
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=
Yokohama National University @

E-Defense Test
WG-2-3

Soil-Structure interaction

Yokohama National University

Collapsed buildings

Yokohama National Unsversity

Large accelerations W slight damages

* Large PGAs were measured.

* However, most of them did not cause severe
damages to buildings.

* Why.....?

* It is difficult to find a reason BECAUSE building
response was not measured.

64

t
g
. ol
ov. 800
150points)

5 ®  Hoteorological Agency
Lacal Govermment.

Yokohamn National University

Response Spectra

Dam ping 5%

ce kration i /se

Yokohama National University

Large accelerations W slight damages

+ Accelerometers are usually placed on free fields.
= If building exists, soil-structure interacticn is NOT
negligible.

* However, no previous shaking table tests had soil
layers and R/C structure.

* This is the first trial to reproduce the behavior of
both seil and structure.
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Yokohana National University @ Yokohana National University

Demand curves E-defense Test (Y2016)

1

Yokohamn National University

HMEEEMS 2
/

4100

Yokohama National Uiy

* 200% of design artificial input wave
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Tohoku University
Dept. of Architecture and

Building Science

Prof. Maeda Masaki

-

-
o ]
e b
T T

[ERL

Damage investigation of RC buildings

2011/03/11 14:46{JST)
Great East Japan Earthquake

-197 L{un- fLIIulH[C(i;

=3

1N
o P
m K&
CF =

-197 ltmmnmd)

- 1972-198 L{un-retrofitted )

1972-1982(retrofitted)
1982~

0% S0% 60 JOY BO% 90% 100%

Response estimation by capacity
spectrum method

zfﬁ‘“’

300
o
0 10 20 30 400 10 20 30 a0
Sd{cm} Sd{cm)
1978 Mivagioki 2011 Great Fast Japan

ement than 2011

2011

big dillerence belween actual and es

Scope of research interest

# Damage investigation and analysis
# Post-earthquake damage evaluation
# Seismic capacity evaluation

66

Civil Engineering Building of Tohoku Univ.

19684 Constructad
|978§ Mivagi Oki carthquake

20015 Seismically Retrafined
A
20119 Great liast Japan earthquake

Severe damage

Strang mation Observe

carthquake

retrofitted SeVEIe l.llll'i'm._f e

Accelerome ler

d

over 40years

Strong motion was

Post-earthquake damage evaluation

Guideline for Post-EQ Damage Assessment

and Rehabilitation revised in 2001 and 2014. |
= Residual seismic capacity ratio, R
_ Post-EQ Seismic Capacity (%)
Original Seismic Capacity
= Original Capacity
€ Seismic code, R
Standard for Seismic Evaluation |‘ '|' 'I'
® Residual Capacity =& HOW? \
+ Reduction factor 7:
damage class |-V

e e

bz A



Post-earthquake damage evaluation

Appendix VII

Re-evaluation of Limit state

Safety index (%] —
Damage level classification by R-index. 100
=Slight: R =95+ (%) e
—Minor: R =80- 95 21w Test on frame with brittle cdlumn safety limit
~Moderate: R=60-80 £ ,[ "™ . Damage investigation
—Severe: R = 60- £ |l f &
—Collapse:R=0 g T !fr
E w—x!' Ciassifcation by imestigator] - g
s i E EJ;:'I:,”.“ Development of analytical model / method o{anal tical model melho
RC school buildings suffered Rt ® gp?:m'EN 1
3 o i of None
from 1995 Kobe EQand 2011 | § & e s s
Tohoku EQ 50 - e 150 CRegaranity | L3 in-survice
Database on Camage anc repair F"u;::.:mw
S morih

w FEw® _EERET
” bamage in non structural elements - SR hAnEn

HEGRRSUNR w*WER B
1 [

P

67

cost for nar structLral elements  yymgas In-service periad after EQ
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Self-Introduction

Building Research Institute

Structural Research Group

Senior Research Engineer
Tomohisa MUKAI

Research Interests

Modeling of RC members (Beam & Column)

Performance Based Seismic Design

Seismic Retrofit to limit the damage of RC buildings

Research Interest 01

Modeling of RC members
Degradation of Backbone Curve (FS, S) &
of Hysteresis Loop (F, FS)
1. Seismic evaluation method for RC building with
stiffness/strength degradation considering the evaluation
accuracy of backbone curve for member
-> collected the test data for frame with brittle column
2, Hysteresis model for RC beam under cyclic loadings

US-Japan Callaboration Meeting RC G 2013.12.12

Research Interest 02

Performance Based Seismic Design
Performance based seismic design
considering loss due to damage
1. Assessment of damage, repair cost,
->collecting the data for members
-> Development of New guideline for Bui
0ld) with Post-EQ Functionality (BRI’s ne
2. Prediction of maximum response R(
on energy balance considering cyclic be
building under EQ

Input
U gvatuation

US-Japan Callaboration Mesting RC G 2013.12.12

Research Interest 03

Seismic Retrofit to limit the damage of RC buildings
Seismic Retrofit Technique to limit the damage using
Ultra strength Fiber Concrete (UFC)

1. Effect of seismic retrofit for RC building with UFC
-> Verified the effect by experimental test for members
-> Verify the effect of seismic retrofit for building by
dynamic analysis in BRI’s new research PJ

Compression
performance

Tensile

2l performance
8] Measwred [T
B result
8|
| Normal |
3
aan | dnglacement.

Test Result
Effect of Seismic Retrofit with PCaUFC Wingwall

RC \ivimg;w?;ill UEC Wing-wall

Shear Failure Slight damage

Us-Japan Collaboration Meeting RC G 2013.12.12 €

Test Result

Seismic Retrofit with PCaUFC Shear wall with many small openings

: Prof. Kenneth Elwood Assist. Prof. Tony Yang
“ ACI Fall C tion (2011) Us-sape RC G 20131242 8
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Research Agreement International Activity02
08.2012-(10 years) (Apr.2013-)
é@ o e s emeation

objectives ; stimulate and facilitate international cooperation and information exchange
between research institutes and construction sector

Establishment and operation of database (DB) for reinforced W114
concrete(RC) buildings

Development for performance-based seismic design for RC

‘ Earthquake Engineering and Buildings
el Current Main task :

Research Roadmap for Earthquake
Engineering

US-Jspan Calsborstion Meeting RC G 2013.12.12 8 “

US-Japen Calsborslian Meeling RC € 2013.12.12 !

Exchange of collaborative research topic

ATC58 | Development of Next Generation Performance-Based Seismic Design
Procedures for New and Existing Buildings

Aldv< DIy = IH Gidv | dm)dG(dm | edp)dG{edp | im)id;.(im)‘

Assist. Prof. Tony Yang visited BRI on Aug. 14, 2012

US-4zpan Colsborstion Meeting RC G 2013.12.12 AL
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e members

t concrete

Pre-tensioned beam with fiber-reinforced cocnrete

Shear strength | Flexural strength | Shear margin
Seschners [ b G | i) afu N} ot
PC3 00 | 43337 512.8 420.3 1.22
SFO5 05 | as57.0% 533.1 426.5 125
SF10 10 | 38617 508.8 424.0 1.20
*1:Volume fraction of fibers. #2: Efective prestressing Force. %3:0,/0,,
48 5454 46 Reinforcements
o "
T2 [280]2-010@rs | “Shear Reinforcements - D10 (sD295)
== 3:912.7@50 .7ensile Reinforcements — D19
Wi (5D345)
" e -Prestressing Tendons - 12.7 mm
¥ AGEi5446 diameter strands (SWPR7BL)

Loading setup

(N

900

Moment
distribution

I

3,910

= 8,000 kN

555mm 555mm
1,110mm

2,000 (unit : mm)
3.500

Fire resistance

Research on fire resistance of

— materials (concrete and steel):
stress-strain relations have been
obtained from loading tests at
elevated temperatures, and they
have been idealized in numerical
expressions.

C bear imn
: not many fire resistance
tests have been carried out.
= structures: not enough data have
been accumulated because of
difficulties in testing, i.e., facilities
and testing methods.

Fire resistance

* Research on fire resistance of

oncrete : tec ittle
information is available.
cracks in co :, which ‘

would affect temperature _
development in members, o r g
based on observation in fire 6

tests on RC frames last

year.

" smblage
rames: a new testing
method has been being
developed using a furnace &
for beams and slabs.

nd
f

Current focus is on

* b

oration at elevated temperatures
— mechanism and idealization

de

= cracks in concrete
— relation between crack width and temperature
distribution in member
— fire resistance after an earthquake damages the
structure

testing method on beam-column
subassemblages subjected to vertical loading

— development of testing method

Development of testing methods for beam-column subassemblages

Another testing method
after load was applied
service load determined by long-term
allowable stress in concrete
P=173kN

ol baaan

beam-calumyubassemblages

Tosoatn (dmrmes Dot

TR T T

LI
i i)

+ Heanngwas ended a1 74
minutes just before beam
e froff) yielded.

hey coramic
insulation

+ Residudl load carrying
capacity will be investigated
within 2 few manths.




Construction Technology of Building Structures

* Fire resistance of reinforced concrete frame
considering bond deterioration and crack width
= interface between materials and cracks in
concrete:
= cracks in concrete, which induce higher
temperatures in concrete
= fire resistance tests on cantilever
beams: heated from compression
and tension fibers of section:
relation between crack width and
temperature development in
beams
= mechanism should be darified for
estimation of deformation
+ feed-back and feed-forward among research
on materials, members, frames, and structures
are of great importance.

Low-cycle fatigue tests on fiber-reinforced concrete

1000kN:
Load Cell

TO0KN
Ol Jack

loading setup

71

ngs by tsunami

fish mar
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Test results

-y
(=]
(=]

=1.0%

T

% v
,“7\ .._“-“?--

v=0.75% V7O025%

Stress level (%)

2
log N

Regression analysis results of stress level-logN relationship
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4

Self-Introduction

Yasushi SANADA

Associate Professor

OSAKA University

Academic & Professional Career

Shaking Table Testing of
Large Scale R/C Buildings

[ 4

-2001

2001-2006

2006-2012

Academic & Professional Career

PhD in the Univ. of Tokyo

*Performance evaluation of R/C buildings
Research Assoc. (Assist. Prof.)}
in the Univ. of Tokyo

Assoc. Prof. Toychashi Univ. of Tech.

2012-present Assoc. Prof. Osaka University

[ 4

-2001

2001-2006

2006-2012

Academic & Professional Career

PhD in the Univ. of Tokyo
*Performance evaluation of R/C buildings
Research Assoc. (Assist. Prof.)
in the Univ. of Tokyo
*Post-earthquake field investigations

Assoc. Prof. Toychashi Univ. of Tech.

2012-present Assoc. Prof, Osaka University

2003
2004
2005
2006
2007
2009
2009
2011
2011
2013

Career of Post-EQ Field Investigation

Bam, Iran EQ
Niigata, Japan EQ
Kashmir, Pakistan EQ
Central Java, Indonesia E@
South Sumatra, Indonesic
West Java, Indonesia EQ m
West Sumatra, Indonesia m—

Christchurch, New Zealan | | | il
Tohoku, Japan EQ L |
Bohol, Philippines EQ n

72

-2001

2001-2006

2006-2012

Academic & Professional Career

PhD in the Univ. of Tokyo

*Performance evaluation of R/C buildings
Research Assoc. {Assist. Prof.)
in the Univ. of Tokyo
*Post-earthquake field invest;

Assoc. Prof. ToyohasH ik
*Performance evaluation of masonry buildings

*performance evaluation of substandard buildings

2012-present Assoc. Prof. Osaka University



Recent Researches

Non-str. wall-RC frame Upgradir
interaction RC beam-colurm

Performance evaluation
of substandard RC wall

73
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Hitoshi Shiohara

Proesuo. D Fart

o
sy ol lesoyn
7 0, Burky=iu, Toky | 1a48ob, JAPAN

s dfoviess 1t Lu-0syo.ac.

Research Interests:

1. Medeling of multistory frame structures with poorly designed beam-column
joint for collapse simulation

n

. Collapse potential evaluation by the combination of main shocks and aftar
shocks

Building collapse and bidirectional inferaction subjoct to 3D baso axcitation

Modcing for progressea chan collapse of compicale structurd systoms

5. Neveopment of recuindant connecling syslem sustaning leng lerm load for
existing RG siructural renowation

G. Hotational excitation by propagation of surface wave caused by ainega-gquake

Column-to-beam Strength Ratio as Key Design Parameter

Joint hinging failure Beam hinging failure 20082011
. _! Kusuhara
) Shichara
. l.
p nb‘i
D Specimen 01
P
PR
£ W-
§ 0
E“ a0
ol
* at Pl =10
20 vy f¥, —103
T T I R T '
References: Stery drift agle in % Story deift =nglein %o

1 Richars W and Kk b 1o 5T o e b S ke Wioh (s ey paesnter i s v oen 20 o 457 s g e . et
3 v v Fiws. Ve 1k P § Sl o g ke Fage e, w3
Foahien 0 leint

Vs

kg parwnter for i i < KOS B s - T4
S Tatbars, P, 1812
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Fen s v

Calibration of macro element : Test and Calculation

Mement o o 2012
. Kusuhara
T el Springs Shichara

* Hond-dip Springs

g z
s =
2 b -
i 77
. £l
100 4 _ elenlation
K] N N T
wory drif in rad

Collapse simulation of four story RG frame structure

Inelastic joint Elastic joint

e — | e
] Kim
S e J=—  Kusuhara
Shiohara
— e By
"
“
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Macro element for beam-column joint
2011

Fish bone model
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Incremental Dynamic Analysis (IDA)

2012
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Thank you

Hitoshi Shiohara
1

oy
s |k TIARASR, JARAN
arch utchyo ac o

lesigned baam-column joint

ad after

o by the combinsation of main gock

3. Building collapse and bidirectional interaction subject to 3D base excitation

4. Modeling for progressive collapse of non simplistic structural system

ONNECtng Systein sustaning long term load for

of reaundar
fural ror

& Causad by a mega-cpuake
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Long Term Collaboration

Seismic Evaluation for Extremely Large
Earthquake event

»
Kanto 1823 ~AR4-ES
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RC Building Collapse

Loss of Life =

No spaces
between floors
a
Column-to-beam strength ratio
w , — Latcral load direction
by 5 e
079| O | ) S'I'Di 2200 2.9 1.16]
wn | |
158 599l ]_'“"',‘;9‘ a9l EEIIEED 256
m L | |
158 f o e 50 1567 I_ 5.96) 00
o || | | |
E S - -
153l f t.oz{ . 120:.' 520 w69 eef T
® ® ® D & @ 0 ® @
| axis and 2 axis Aaxis and C ais
Baxs
(a) X direction (b)Y direction

Column-to-beam strength ratios

E-Defense test on RC Building in December 2010

E-Defense 3D Shaking Table

Four Storied Wall-Frame
RC Structure

Design conformed to
Japanese & US seismic code
requirements

2D Macro element for beam-column joint

Fish bone model

IKim
Kusuhara
Shiohara

(2012)




Calibration of 2D Macro element ; Test and Calculation

.M“"" Speiugs o1 ooy Concrete Springs

i i Curvalure / o Ku:J::n
— '. J—. * Hood-dip Springs s(hz';:‘:?
Pone ‘\\
e

100 161

| Calculation

1]

stary shear in kKN
@

story sheas in kN
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Test resulis of a beam-column joint

Monotonic loading

Cyclic loading

Shiohara
2013y

3D Macro element for
beam-column joint

§ o e
"

3D Macro element for beam-column joint

1

Kusuhara

éj:.i:t‘:."l. Rk oy K References: s Shichara
#, —=—niz iy 20147)
L () Lowding tistocies s, 65, 1L o,
3D Macro element for beam-column joint 3D Macro element for beam-column joint
Concrece whh -mh-.a’;::-mm'ﬁx; 200 100 200 -slmﬁf;um'l:; 20 30
cast I i (e
wl- P oy povs (OO S i

[2e
~0.008Ex- 0. 1EY Ls
iy
1 I I i
o HH

e
| k | ! d
D 1 I D 1 I o 1
Kim
Macro element for 2 beam-col int i
acro element 1or a am-column joint Shichara

(20147

5

Story shear (kip) , N-5 direction

&

40 T
Story skeas (kip) . B'W direction

(#) Experiment

References:

Hucsn, ¥ end o 3. o, " of Zinfovced Covcots B
Ce e Jiws U 30 Uit ond el Logein s, FIATSE kot
e, B2 W U varsice of Tois, o A8k, 15865, 450

0 40 @ 8
‘Story shear (Kip), E-W direction

(5) Simulation

Kim
Kusuhara
Shishara

(20147)
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3D Macro element for beam-column joint

S dition

b, Kim

Chlculation |y, — Kusuhara
i 3 : Shiohara
LIS (20141

US-Japan Collaboration
(Topic I)
® Share non-linear modeling for collapse available for the
common p|a'[form Ilke OPE”SEES

® Benchmark collapse simulation on US & Japan generic
buidlings

® |dentify collapse senarios on various structural system
including gravity effects

® Design Issue

. Common Objective
Technology transfer : transferring knowledge of

collapse performance to stake holders

US-Japan Collaboration
(Topic 3)
Particularly emphasized

STRUCTURAL SYSTEM but not MEMBER
Bi-directional cyclic response dependent to 2D loading path
Various hysteretic behavior due to bi-directional interaction
Accidental torsion at aftershock
Unidentified collapse mechanism

Design Issue

Commeon Objective :
Identify seismic demand necessary to improve design

78

3D Macro element for beam-column joint

JR Takatori {100%) JR Takatori (120%)

@ @
@ @&
fe] D
@ e

- Kim
Kusuhara
Shichara

US-Japan Collaboration

(Topic 2)

® Combination of Monitoring & On-time Updating of

non-linear structural model (autonomous mechanism
incorporated) for more accurate collapse prediction

® Diagnosis based on each building’s experience history

® Quick collapse safety assessment utilizing the

updated nen-linear structural model

e Computer and sensor issue

Common Objectives:
Fost-quake decision assistance : Evaluation aftershock collapse
wulnerability, for long-term maintainance plan, demolition etc.



Missourt UNIVERSITY OF SCIENCE AND TECHNOLOGY oy

NEES / E-Defense Workshop

Kyoto, Japan
ecem er11-13, 2013

Lesley .Sneed, h. ., .
Assistant rofessor of Civil ngineering
Missouri University of Science and Technology MissouriS T
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-~ A
Missourt UNIVERSITY OF SCIENCE AND TECHNOLOGY Py

Research Interests:

Reinforced and prestressed concrete st
mem ers and ::,y&,[ems.
Structural medels and experimental methods
Innoxattieenetibdd siot paraandrsirebgih glbiremofg of
stucttuessaubjstetbth ketmticr abiragvrgptirenther
exbreme e zaots
vauation of existing structu
esign codes and construction specifications for
structural concrete

= M
Missourt UNIVERSITY OF SCIENCE AND TECHNOLOGY ]

Repair of Severely Damaged
Bridge Columns Under Combined Loading

Develop a procedure fo repair
severely damaged RC bridge
columns after severe
earthquake damage has
occurred
Investigate the structural
performance of the repaired
columns under combined
axial, flexural, shear, and
bartidietiog arvehrgi torsional loading conditions

RC Columns in a Typical Curved Bridge

Cyelic Loading

Z w
Missourt UNIVERSITY OF SCIENCE aND TECHNOLOGY ——

Rapid Repair of Severely Damaged
Bridge Columns U

TM=0 TM=02 TM=04 TM=06 TM=w
Damage Condition
Investigation of

Repaired Column
Structural Performance

Missourt URIVERSITY OF SCIENCE AND TECHNOLOGY "'S"“‘E‘“
.
Repair Schemes
Enisting reinloroed
ottt seguiend
withwut repair
[ r— T
il g and
repaired concrele
.E:' .:iz':.-nm :-;.';:-;:‘-(JYW \ Repaired reisforced
wepaired concrete aﬂ:;uan-l
g & Trams.
CFRP
Ancharage sy
| I Embcdment 1
Foeting Footing
{a) Flexure Dominant {b) Torsion Dominant

Column Repair Column Repair
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Missourt UNIVERSITY OF SCIENCE AND TECHNOLOGY g
I —
Modeling the Response of Repaired,
Severely Damaged RC Columns
51 lexural crac s
S2 irst spalling and shear crac s
S3 | xtensive crac s and spalling
S84 isi le lateral and longitudinal - ars
$§5 ‘mminent failure. [ DS1-2 g
« The steel properties are modified to
account for column softening due to
earth ua e damage. | DS23 o
§502 S305 S2067
¥ C R confined concrete
v Crac ed concrete in the unrepaired region  Ssi]
8
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Missourt UNIVERSITY OF SCIENCE AND TECHNOLOGY oy
Repaired Column Model

Applied Loae ApphedLosdt
From Aduann, S ey )

-~ Al
Missourt UNIVERSITY OF SCIENCE AND TECHNOLOGY 2y

Repair of Severely Damaged Bridge Columns
with Fractured Bars and Interlocking Spirals

TiM=0.2 TiM=0.6

E : s | PP Buckled bar
- UL, R Fractured bar
., 8
TIMED.2
Missourt UNIVERSITY OF SCIENCE AND TECHNOLOGY Mrssoueg MissoLRI

Repair Schemes
Exivting v eidaroed
e

Bh-dtrectiounl TRP
e with existing

Mechanical
v

(a) T/M=0.2 and T/M=0.6 (b) Biaxial Bending,

and TiM=0.2

Missourt UNIVERSITY OF SCIENCE AND TECHNOLOGY
I ——
Repair Procedure

e
3. Straightening
column

1. Shoring and removing 2. Cutting bars

dam

-—
4. Installing couplers,
replacement bars and hoops

8. Wrapping FRP

5. Casting concrete
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NEES [/ E-Defense Workshop
Kyoto, Japan
11t - 13 of December 2013

Background: Structural System

1 Concrete structures

1. Non-ductile infilled
[ramws

2 Bﬂnd-s'ip and
develapment lengrh of
];ngt Jiumctcr bars (d,
up to 57 mm)

N‘ﬂ.‘i‘.’ﬂ““\' structires

1. Reinfroced shear calls

) Unreinforced non-
structural elements

Experimental
I Quasi-static tests
». Shake-table tests

3. Tests w/ mobile shakers

Anni)ﬁ( al .
1. Deailed IE element models . g
2o Simplified models
3 [Jamagc quallllﬁmlinn -
Ee—E ma———um
it

k\ - SESv Dt %

- »

Infilled RC Frames: Simplified Models

Goal: Obtain an ASCE/41-type force-disp.
curve with simple calculations.

Provides guirle]ines to
estimate: Vs
i B K=p 1K
- =0 TR,
1. Stiffness Y %l"‘" \\\

roo - E
2. Max Basc Shear  Fee =0-500,
3. "Yield” Point A
4. Residual strength
4 S

81
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Infilled RC Frames: Models’ Validation

st
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Infilled RC Frames: Assessment of Damage

¢ Usc damage
identification techniques
= Data reduction
® System identification
* FR Mndr[n])dal:\'ng

-]

-3

All J[ m_|_

\: “1Col 2Col | 3Col 1Wall z -ﬁ gy

Dorrage Factor, %
:
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UCLA encineeriNG
Civil and Environmental
!ngneeﬂng

Appendix VII

Current Research Interests - Walls

¢ Testing (Planar, Flanged, Coupled)

— Detailing (OBE, SBE, Lateral Stability)

— Load History

— High-performance (Damage, losses)

— Databases (Deformation capacities, Relizbility)
* Modeling

— Flexure, flexure-shear interaction, shear, collapse
* System level behavior

— Testing and modeling
* Walls Workshop

—US, Japan, NZ, Chile (2014-2016)

UCLA enaineering
Civil and Environmental b
Engineering e

UCLA  unbonded Post-Tensioned Concrete Walls

E-Defense PT Building -
Comparison of analytical and experimental results
_— o
100% Kobe
z‘m E
- o
I 17
400
1oa
{‘m oo
g e Rmct et (%)
e ) 25% Kobe — 5:1“.‘.‘"}‘—'"‘—.., 100% Kobe
2 im M
12 o, 30—
o= <00 Tie ()

Current Work: Conventional and UPT LFRSs -

Comparati of exp performance and economic losses
Case Study 1 -3 3story office building in downlown Los Angeles [ARUP)

Case Study 2 — 17-story residential building in Portland, Oregon [kpff)

Shear-Flexure Interaction

Tiika-vsz;

ot

Frace-wnagz

IARAI21013RAERT 45 2484854 a5t 18 3

OBE Wall Tests: Walls

"

I L

L I e

B e o)

BB o arrs mone P BOLSEAT
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Moment fudt)
TYNEE

¢
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i
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s
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¢
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OBE Wall Tests: “Prisms”

= Testing Configuration:

SBE Wall Panel Tests (NEESR)

WP1: Lateral support of JHIEE Tl FE
longitudinal bars i e e, T
WP2: Clear cover (C,) - ".5"'

‘WP3: Hoop spacing (s)
WP4: Compressive strain ([¥].)

12 Total Tests e
e
A
L 1
Control Variables Test Variables
v, fiPc) Estimated Strain
L Fe e | AR e | & 9 | Y% |nemands® 2% Drife
Mpa (ksil | Mpa (ki) |~ o |mmfin}| ~- - e
.2/40 0.20 0,008 0,032

wp1 33(3) | 414(6m) 0.1 025 13 (0.5)

wp2 35{5) | 41d(60) 01 02 |19{0.75)) 3440 0.20 0,008 0.032
WP3 35{5) | 414(60) 01 0.25 13{05] | 4.8/6.0 0.30 0.008 0.032
wpa | 35(5) [amsn [ o4 025 | 13(05) | 340 | 032 | 00128 | ooem |,

SBE Prism Tests (NEESR)

Jack Moehle

UC Berkeley
Compressive
loading
165 ot '
[
18"
i
72" . >
36" !
48" . 8" T
2an_4
! i
18" 24"
i
36"
= 48"
Walls 1 &2 Walls 3 to 7

SBE Prism Tests (NEESR)

L T . L
s | = . =1 A
“p
1| e . . LI
Bl i

A | Allemating 90-degree hooks

Senmc 1 3%degree hooks in
5 crossties (except Walls £ 7)

erovnes (Wil S &2 7)

Jack Moehle
ucC Berkeley

SBE Prism Tests (NEESR)
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Appendix VIII

APPENDIX VIII: PRESENTED PAPERS IN STEEL WORKING GROUP

NEES/E-Defense 10" planning meeting — December 10-13, 2013

Evaluating resilience in a multi-hazard
context

Maria E. Moreyra Garlock
MNegar Elhami Khorasani
Princeton Uni ity

Paolo Gardoni
University of Ilinols at Urbana Champaign

1. BACKGROUND

~ Why multi-hazard?

Resilience — consideration of single and multi-hazard
events

~ Why measure?

Uncertainty in demand and resistance — probabilistic
framework

Sirgle Event

3. CURRENT STUDY

f Objective

- Develop a methodology, based on probabilistic principles, for
measuring resilience (applied to single and multi-hazard)

~ Context: fire and earthquake

Single Event Multi-hazard Event

87

OUTLINE

ENT STUDY

4. NEEDS/CHALLE

2. FRAMEWORK

- Approach
Identify uncertainties — random variables

* Quantify uncertainties — establish relationships between
VEUELES

Integrate uncertainties — modeling of events and
outcomes

Performance assessment — outcomes vs. acceptable risk

Single Event
AT~

3. CURRENT STUDY
/ Quantify the uncertainties in the "demand™ Ground Motion

~ M, R, & sets (USGS, OpenSHA)

Magnindo
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3. CURRENT STUDY

X Quantify the uncertainties in the “demand”. Fire

- Survey results for fire loads in office

Investory method
Wesghing methad
Comamunn

Surveys show:
Large range i

Room use is important.

Floor area has an effect.

Dervyweight®
vaie toul

3. CURRENT STUDY

/ Quantify the uncertainties in the “resistance”. material

Probabilistic model for high temperature properties of steel

21 + 0.1464 X g

T corrected =

*  Measured Data
—— Proposed Model
One Sud. Dev. Envelope

200

3. CURRENT STUDY

/#/ Component rel

Calculate CDF of time to
failure {fer cases failed)

ariables:

Random

88

3. CURRENT STUDY
uantify the uncertainties in the “demand”. Fire
Developed probabilistic models for fuel load

4= exp|B.95-0.05A+0.575 exp[8.25-0.09A+0.555]

coropng (MU

o

[ — - Pa— ]
= o
g g

1000 1s00
e (MIimT)

3. CURRENT STUDY

4 Quantify the uncertainties in the ‘re e”: material

Probabilistic model for high temperature properties of steel

¢ Measwal Dara
—ASCE
Propased Model
= {hne Sid. Dev. Huvelope

Temperature ()

3. CURRENT STUDY

find modes of failure
elements reach limit
state
instability due to large
deflections

failure time of
local elements
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3. CURRENT STUDY 4. NEEDSICHALLENGES

('umm\:m:n that expericnces i H COmpUtatiOnal platform
l:::ﬁml-u::wh Seamless multi-hazard simulation
Model various uncertainties (Monte-Carlo Simulations - MCS)
Efficient
Numerically stable

OpenSees models:
Different elements for seismic and thermal
Does not calculate material temperatures
(need to input) - Accurate
Constitutive model needed to be modified ~ Robust algorithms that converges toward correct solution.
QOther corrections Algorithm may stop converging after local failure and
Need to add module for inputting ] therefore not reach glebal failure
uncertainties (MCS)

\ [t ]
ZergLength Elemeny | i iets “"""“‘! 4

Modified Tharra Krawinkler
Deeterioration Mode!

4. NEEDS/CHALLENGES 4. NEEDSICHALLENGES

2. Data collection and assessment 3. Large-scale multi-hazard experiments
Statistics for random variables Data to calibrate computational models
Probability models ~ Data to establish fragility of components and systems
Sequential event probability assessment Data for BOTH structural and non-structural elements.

Single Event Multi-hazard Event

89
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Current Research on the Collapse Assessment of Steel
l'rame Bnill.liﬂgs Snbiectﬂl to Lixtreme l_‘.'.arﬂ](luakes
Beyond the Design Level

Ll

DIMITRICE G. LIGNCS
ASSIETANT PROFESSOR
MGG ILL UNIVERSITY, MONTREAL GANADA
PHD CANDIDATES: YUSUKE SUZUKL, AHMED ELEADY

Diecerber 3-13% 2013

Wrvrios 6, Lignos, Curnent Meseaach on Cobzpse Assessment of Stee Sudoings Side1

T McGill

Topics to Be Discussed

+  Collapse Assessment of Steel Moment Resisting Frames

+  Modeling of Cyclic Deterioration in Steel Columns

+  Collapse Protocols for Experimental Testing of Steel Columns

+  Current Experimental Studies for Collapse Qualification of Steel
Columns

+  Other “Collapse™ Related Issues for MRFs

Dimaawiog 6. Lignes, Cavont Neseonch om Coliopse Assessment of Stes! duvioings Shos 2

T MeGill

Collapse Assessment of Steel SMFs
- Definition of Collapse Under Investigation

A story or a number of stories displaces sufficiently and T-Delta effects
accelerated by sirength and stilfness deterioration make the Orst order
shear resistance of a steel SMF zero.

8 —‘/“ﬂ\ .
Ry iy
LI

“Ufos [ 0.05 0l 0.15
1 Story Drift Ragio [rad]

2 McGill Dot . Ligaos, Curewie Besench o Coltopns Assessaien of Siew! Suiliings Shte3

Previous Research on Collapse Assessment of MRFs
-NEES Callapse Project
Structural Component Dtabases for Modeling
Meodeling deterioration of steel beams Cyche Detenoration of Stecl Desams
Lignos and Krawinkler (2011} e

Available from: hitp:f/dimitrios-lignos research. mepill.ca/databases/steel/

P McGill Diowiteias G. Uigeros, Cotrént Reseonch om Corlopne Assassroet of Sus Guighngs Stios 4

Previous Rescarch on Collapse Assessment of MRFs

Utilization of small and full  secale collapsc tests of low-rise stecl buildings for
validation of collapse simulation through nonlinear response history analysis

Lignas, Krawinkler & Whittaker (2007)

Suila el al. {2008}

P MGl Dnviiss G Ligaos, Curnit Buseaich o5 Coitapss Asse: 2 St Buildings Sides

90

Axial Load Variation of Exterior Columns as Part of MRFs

T 1 Axial load ratio PPy
+ { ‘ T ]
! ! #3 === Dead Load 1
{ H . 1 Teusion)
| I v == e
T
f .‘ 41 A oy Axial lond variagion
1 ! 21 o= Fomy
tension, —f————1} L. [ stor e, § |
5 ~S wrr
e I x % .. /‘ ~Height gm)
12-s10fy

—>Based on Nonlinear Respense History
Analysis from a wide range of steel MRFs
designed in the US and Japan (lignos et al.
2010, Elkady and Lignos 2013, Inoue and Suila
2008)

=» P-M interaction and modeling of cyclic deterioration in strength
and stiffness of a steel column becomes Critical

Compression

Axinl Inad variation due In overheming
moment effects

2 McGill Diemieeis G, Ligenés, Cotrend Taseonisls on Collomse Assassrcent of Suew! Ouioings Slion s



Some of the Available Frame Analysis Maodels for Collapse Simulation

Strem. | Rest Cydic det.
lic  Bausch. M

Developed by | T Pa | “an | dual [ [T [ i | e | g
oap. | ar | w | F | ae | W | ™

meswwn| @ 0 | 0| @[A][@] < @
Es e e lm|@m|o|@le @ |@

Sivaselvan &
Rnbon ooy | © o B (@|c(@| @ @
T eral. 20051 | [B) @ < so|lololeoe|c|®
Ligaos snd [
Krawirikla (] 2 © ] I e |« |[@
[T
Veossda eeoll (2012) | [3] 3 < > 2 > o < | @
Suzuaki and Lignas (2013
T McGill mitrios 6. Ligaos, Curnet Resemveh o Collapse Assessaiont of Sted! Suldings S 7

Appendix VIII

New Ilysteretic Models for Modeling Cyclic Deterioration in Strength
and Stiffness of Steel Columns Subjected to Cyelic Loading
» Implementation in C++ has just been completed in the OpenSces
Simulation Pladorm
= Verification with test data conducted by Matsuo et al. (2012)

HS5300x12, 1 =1600mm, symmetric protacol with constant axial load {Marswo eral. 2012)
onend (M )

Vinjm

= 1

#irady

£30413 41 SMA0AMOH § 00 B 0N 028 01 AN 0W

() Moment = rotation diagram () Axial shortoning = rotation diagram
Seuki and Lignios (2013;

Dimiteios 6. Lignos, Coront Keseonch om (ovlnpse Assassment of Stes! duioings Shos 8

T MeGill

The Tssue of Loading Protocol for Experimental Testing of Steel Columns

A strueture deforms asymmetrically with large monatonic pushes and a few
small inelastic eycles prior to collapse® (i.e., Ratcheting).

e (5650

Lignas, 0G. ez
Btonp shned i

T MG

v, H. WO, A (Z003) "PESiction Cad voldition of SKkswIy ZaMapse of tird siake madils of 2
e, Foupacake Ficgisioe iy e Steusturol Oynsenics, Vot $5(7), pp. 897835

Dok G. Ligaos, Curede Restiaich vt Codtopsn Assessaiant 3/ St Suiings Sie

The Issue of Loading Protocol for Experimental Testing of Steel Columns

Hysteretic bahavior rulg_ steel beans™
N

i £
- I T i ] 1] as—a1 o
Chod Kenazon # 1al) Choed Rotamen & frad)
{u) From symmetric evelic () From shake table test through

protocol collapse
How Should we test structural components for reliable calibration of
deterioration models?

Uios, DG Kegwink e, # Wakidsier, A (29327
deslony steel icenard frae”, Forthgoore

& McGill

<150 andyasdacion of sideswsy conadee of W scoik MmOl of 3
i eving oed Serec el Dk s, Vo, S04 7Y g, A7 825

et . Ligevis, Costv it Masauichi om Codtopan Misassrcud of Stew! Guvigs Shd 1€

Example: Developed Collapse Protocols for 12- and 4-Story MRFs*

1= Story Column of'a 12 story MRI
e N G2 G | Ty

o Furra ™1

o h A A bq:-r;

LYY T
V7 torosie | uy
"y 1 * w EMERs g

GGt o PPy

= 35l

AL “Ddeselegman o'iaading peotacols for esgerm
d ol laterss Ang demands near callapse”, P L

91

Use of Collapse Protocols to Assess Column Behavior at Large Deformations

o |
@ v i
s J
o
-
-~
e
Base Column Local Buckling -
Sourve: E-Defeasesd - TR o
(Plaoka St E-D-3 00T} o M et ol Lignos (2013
B MGill Diematetad G. Lignd, Colvent REseonss om Coilopse Afsessncent of Sugs! Buiigs Shfs 12
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Full-Scale Experimental Testing of Steel Columns at Large
Deformations (currently under way)

Loading direction

Groove weld with
back weld» standard
AISC ateass hole

= - -
Typical W-Shape Column (6 in total) Typical HSS Celumn (6 in total)
US Design Japanese Design
T MeGill ARRTION 6. LGOS, CUrnnt RESTTY 0 COMI0SE ASRSRONT of STON UGS inde 13

Test Setup for Full-Scale Testing ol Steel Columns at Large Delormations
~Jamieson Structures Laboratory, MeGill University

MTS high force frame
-1190ionS0on
I i id

kips) A
| 0t Soomm (- /-20% rad)
e

T MeGill DNmarior G. Lige5 CETONE NESeONs on Collopse Assassmant of Stee! duvpngs Shde 14

Test Setup for Tull-Secale Testing of Steel Columns at Targe Deformations
-Tamieson Structures Laboratory, VieGill University

T MeGill Do G, Ligras, Cureos Meseurch oo Cotopss Agsessaient of Sieel uldings T

Few Other “Collapse” Related Issues

-The Effect of the Composite Action on the Cyclic Deterieration of
Beam-To-Column Connections

iy, Ao Ligrions Dy .

1 i et Ravisting

-Collapse Assessment of Steel Braced Frames (Modeling Damping &
Fracture Due to Low — Cycle Fatigue)

oot OppYch Jor Golzpse Casasseent of ok Carl ik DY brk s rurced im
il Fogianeriag fnctented for ubication)

K wrinnc, €, Uiion, 0.6, (301
seigic o0, ASOF touwinal of.

B McGill DE . i, Cuatv el FESEON oo Citligie ASsessmcent & S Guidings S 1€

Thank you for your Attention!

T MGl Do G. Lignos, Curnere Reseach o Coltipss Assessaisnt f Steel Suidings 17
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Self-Centering Steel Frame
Systems

James Ricles, Richard Sause, Ying-Cheng Lin, Choung-Yeol Seo,
David Roke, Brent Chancellor, Ebrahim Tahmasebi and Omid Ahmadi
Lehigh University

Judy Liu and Hoseok Chi
Purdue University

Maria Garlock, Enk VanMarcke, Gordana Herning, and Jie Li
Princeton University

Early Work on Self-Centering (SC) Steel
Moment Resisting Frames (199 08)

- - 3
D ——— 3 Engineering

E

Steel SC moment resisting frame (MRF

Little damage with potential for Inmediate Occupancy (I0) under DBE

93
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duction: Conventional Earthquake
Design Practice in United States

* Design for “Life Safety” (LS) for "Design Basis Earthquake”
(DBE) with ~500yr return period (10% in 50 years).
» We expect (but do not explicitly design for):

— “Immediate Occupancy” (1Q) for “Frequently Occurring
Earthquake” (FOE) w B80yr return period.

— "Collapse Preventk CP) for the "Maximum Considered
Earthquake” (MCE) with ~2500yr return period.

* Results:

— Expect modest to serious damage to bul gs from earthquake
ground motions with short return perio Q0yr to ~500yr).

— Costs to repair damage or to replace a damaged building can be
significant.

Self Centering (SC) Earthquake-
Resistant Structural Systems

Goal: eliminate structu

nd motions with re

Oyr.
Discrete structural members are post-
tensioned (PT) to pre-compress joints.
Gap opening at joints provic
softening of lateral force-drift behavior
without damage to members.

« PT forces close joints and permanent
lateral drift is avoided (Self Centering)

SC Damage-Free Steel Frame Systems
Project (NEESR 2004-2010)

1. Moment-resisting frame (SC-MRF) systems

2. Concentrically-braced frame (SC-CBF) systems

PT Bars
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SC Damage-Free Steel Frame Systems

NEESR-S SC Steel Frame Systems Project SC-MRFs

Researc on SC-MRF Systems

De elo eam-col mn connection an energy
issi ation etails for SC-MRFs ( e ig )

ress interaction et een floor systeman SC-
MRF (Princeton Pr e e ig )
De elo SC col mn- ase connection for SC-MRFs
(Pr e
F rt er e elo erformance- ase ro a ilistic
seismic esign roce re (Princeton e ig )

Design an  erform nonlinear analyses of SC-MRF
rototy e il ings (Princeton P r e)

Con ct Iarge-scale y ri eart ake sim lations
on SC-MRF _ sing NEES facility { e ig )

> i

-‘i‘ﬂt

SC-MRF systems M-8, behavior using Web Fle i le Collector eam Conce t
Friction Device (WFD) - Lehigh (Princeton)

*SC-MRF
Partial
Elevation

+Slab Composite with Beams

Rigi Collector ay Conce t SC Column—-Base Connection for SC-MRFs
(Pr e (Purdue)

Plastic hinge a o ening instea of lastic inge

+ One bay in each SC-

MRF is rigidly | _ I
attached to the floor
syslem to transfer
inertial forces to SC-
MRF

Other bays allow "/

unrestricted gap

opening = Developed connection concept and details

= Performed 9 tests on 3 large-scale specimens

= Performed analytical studies of SC-MRFs with SC column base con
nections
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SC Col mn- ase
Connection ests
(Pr e

RS Plate
(Energy Dissi ation)

Nonlinear Analyses of SC-MRF Prototype Buildings:
Reliable Estimates of Demands (Princeton)

Y prototype

% Probability of exceeding
predicted demand

Large-Scale Hybrid Simulations on SC-MRF

0.6-Scale 2-bay 4-story SC-MRF Floor displacements
Experimental Substructure at each time step
- o b / imposed by
v actuators. Restoring
forces feed back to
equations of motion.

'-'- L Sl ti

MR O T

==l | R NS

“1L
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Nonlinear nalyses of SC-MRF Prototy e il ings
Relia le Estimates of Deman s (Princeton)

conditions

Fatery pretenpe

S-5ary pretanpe 20-3tury pretetyps

Large-Scale Hybrid Simulations on SC-MRF
+ Based on 4-story office building on stiff soil site in California
at 0.6 scale

+ Numerical integration of equations of motion for coupled
analytical and experimental (laboratory) substructures.

Tributary Gravity Frames,
Seismic Mass, and
Inherent Damping as
Analytical Substructure

Perimeter SC-MRF as
Experimental Substructure

Earthquake Loading Direction

Energy Dissipation Devices and Other Details

PT Strands and Web Friction Device (WFD) (Lin et al. 2008)

—
" ——

p—( B S
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SC Damage-Free Steel Frame Systems
Pro ect: SC-CBFs

Behavior of SC-CBF Configurations
Studied by Numerical Simulations

Gravity column
(does not uplift)

SC-CBF column
(uplifts as frame rocks)

Energy dissipation
through relative
motion between
uplifting SC-CBF
column and gravity
column

ED element
(Energy
Dissipating
Lateral
Load
Bearings)

Frame B Frame D

96

Large-Scale Hybrid Simulations on SC-MRF
DBE-3 Floor Displacements and Story Drifts

V-2

"B

Flr. Disl. fin.)

ime{sec.)

Rt Experimental Respanse
l%;.agd"\ l?:_(',;? » No damage in beams and
35 0.023 columns, except for yielding at
column base.

0.063
0.074 » No residual drift, self-centering

NEESR-S : SC Steel Frame Systems
Research on SC-CBF Systems (Lehigh)

Develop SC-CBF concept and configurations.

Develop performance-based probabilistic seismic
design procedure for SC-CBFs.

Develop connecfion and energy dissipation details
for SC-CBFs (not discussed here).

Conduct large-scale laboratory hybrid earthquake
simulations on SC-CBF using NEES facility.

-PT Bars

*Concentrically-braced
frames (SC-CBFs).

Probabilistic Performance-Based Seismic
Design of SC-CBFs

Performance Objectives:

- Damage free with potential for Immediate
Occupancy (I0) under Design Basis
Earthquake (DBE) with ~500yr return period.

+ Prevent significant yielding limit states.

« Collapse Prevention (CP) under the Maximum
Considered Earthquake (MCE) with ~2500yr
return period.

« Prevent member failure (buckling and
subsequent fracture).




Large-Scale Hybrid Simulations on SC-CBF

Based on prototype 4-story office building on stiff seil site in

California at 0.6 scale

Elevation of column line SC-CBF

Tributary Gravity Frames,
Seismic Mass, and Inherent
Damping as Analytical
Substructure

Single SC-CBF with Adjacent
Gravity Columns as
Experimental Substructure

Plan of Building

Simulation: DBE arl

st

Appendix VIII

SC-CBF E perimental
Substructure

WEE T s'm-“ e

yr): OM vs Roof Drift

Overturning Moment {kN-m)

£.3C 0.00
Roof Drift (%)

[
o W
W i
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SC-CBF after DBE-Level and MCE-
Level Hybrid Simulations

b
i '— . — — s _-.7._
| e ) No damagées,
v, 8¢ to structural
SEwh w & a' L w44 |membersor
= L I

.

connections

& |
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Conclusions from SC Damage-Free Seismic-
Resistant Steel Frame Systems Pro ect

Selected SC-MRF and SC-CBF configurations
performed well.

Essentially damage free under DBE (~500yr
return period ) with modest damage under
MCE (~2500yr return period) response.

SC steel systems self-centered under all
earthquake conditions that were studied.

Seismic performance objectives were met.

Compare Archetype SC-CBF and Conventional
Code-Based “Special” CBF Buildings
+ Archetyp

Heavier

Results for Single Numerical Simulation in
ncremental Dynamic Analysis Process

Intensity level:
Sa{l,}=6.6g

For reference:
SafT,} for MCE = 1.21g
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Numerical Simulation of Collapse Potential of
SC Steel Buildings ( - ) - Lehigh

SC systems are expected to be damage free under
DBE (~500yr) rimental and numerical
simulation results verified this feature of the system.

How is the potential for collapse of SC-CBF and
SC-MRF systems under the MCE (~2500yr)
affected by this feature?

Use FEMA P695 methodology to assess the
collapse performance of SC-CBF and SC-MRF
systems using Incremental Dynamic An:

to establish the margin against collapse under the
MCE.

ncremental Dynamic Analysis ( DA):
-story SC-CBF

Collapse Crireria
L0% Miax Drift BO% slope reduction
Median Collapse Capacity (] 45 £

Comparison of CBF Fragility Curves

lightly gre
et of FEMA PE95)
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Compare Archetype SC-MRF and Conventional
Code-Based “Special” M dings

SC-MRF Collapse Mode
Total PT force - 6,

-

Local
Buckiing

P strana === 1
yiolding

WV1ax176
W30x132

WV1Ax233 |W14a257

T g SRR

: £l fi
PT strand yielding and Beam loss of PT force leads to
Local bucking leading to beam deterioration of connection
shortening and loss of PT force moment capacity

Incremental Dynamic Analysis (IDA): 4-story SC-MRF Comparison of MRF Fragility Curves

meipient c;llpcl: the story drift

becomes large _ith a smal increase in
graund motion intersity. (cynamic
mgEIiny)

S : 5% damped median speciral acceleration of Far-Field record set at for coliapse) than 4

the fundamental pericd of the structure (defined in FEMA PB95).
6, The maximum stery drift ratio,

Findings from Simulation of Collapse
Potential of SC Steel Buildings

Real-time Hybrid Simulation and Seismic
Performance Evaluation of a Large-scale Steel
Structure with Nonlinear Viscous Dampers

Study is ongoing, so only preliminary results.

Collapse performance of SC steel buildings (according
to FEMA P695 methodology) appears to be better than
that of conventional steel buildings (concentrically-

braced frame (CBF) and special moment resisting frame
buildings) based on median collapse capacity

James M. Ricles, Richard Sause
Yunbyeong Chae, Baiping Dong,
Akbar Mahvashmehamamdi, Chinmoy Kolay
Lehigh University
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Prototype Structure for RTHS

Background

¢ Prototype building

+ NEESR-CR: Performance-Based Design for Cost-Effective Seismic Hazard 3-story, 6-bay by &-hay office building
xfs‘;gﬂ“ﬂ" in New Buildings Using Supplemental Passive Damper Moment resisting frame (MRF} , damped brace frame (DBF), gravity system
ems

Callaborators: Lehigh University, Cal State Northridge, Cal Paly Pomena, Penn
State-Erie, Corry Rubber Company, Taylar Davices,

Seismic tibudag arca o e sty
bt
o ' A i r = g T Sub  kech
* Development and validation of multi-level, performance-based seismic I E g ff .\-( o] — .
design procedure, with associated practical design assessment procedure, sents ] e \-é -& 3
for buildings with passive damper systems » 11— ]
3 o
+  Advancement of real-time hybrid simulation (RTHS): i 1 =
— Development and implementation af unconditional stable explicit integratian 1 == e
algorithms with contralled numerical damping; i - | w5
= Advanced adaptive actuator contrel algarithms.
Fo
Plan View of 3-Story Prototype Bullding Elevations of 3-Story Pratotype Bullding

.

Multiple RTHS using ensemble of 40 ground mations to obtain response
statistics (120 EQ simulations: 30-FOE; 30-DBE; 30-MCE)

[(& & #=8rici £ RTMDIN

[(&- @ sw=w\Luuci £, E.T_MQM

Application of e-scale nonlinear viscous dampers for c. formance objectives-structura
—{ I J [= ~ e VES-S ALura

Imprc smic perﬁ'nm‘u dance

LY
. 2 DB
- 7=
Prototype structure (MRF,DBF) design o e . m
; ) : performance objectives & u i z 5
— MRFs are designed to satisfy ASCE 7-10 code strength requirement (FEMA356) 35 3
using the equivalent lateral force procedure; 2 s t’: B
25% 5% Story Drift

— MRFs are not designed to meet the drift criterion in ASCE7-10, story
drift controlled by placing dampers in DBFs;

-
; . ; 2 B
DBFs are designed to remain elastic under the design base earthquake T = |
(08E) objectives (FEMA356) 5
ak
St

Story Drift

v .*,-_ELEE{!GH Z- RTMD

Real-time Hvbﬁd_SJmW

10-DCF Auslytical submiruciuce
[ e e ——— Y
fre )

Time discretized weighted equations of motion (Explicil KR—e Method):
MEy + Chipamay + (RS oy ) = Fioio

RTMD @ %

Ricles, J.ML., “Development of a family of unconditionally stable explicit direct
! 1algorithmes with controllable numencal energy dissipation”,
ngineering and Structural Dynamics, 2013 in press

C

LEHIGH
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RTHS: MCE-1994 Northridge earthquake

Appendix VIII

1994 Northridge
earthquake scaled to MCE
level

* MRF-100V
* Maximum mations at

3 floor of 85 mm and
500 mm/sec

f d frame {experimental
substructure] displacement

Statistics of achieved performance in RTHS-
MRF-100V

Hase Shear

«  MRF-100V design
{without damper)

Story Drift

MRF-100V design
(with damper)

Pase

[Collapse
Prevention

Story Drifl

Statistics of achieved performance in RTHS-

200 AL
*+ Predicted design
g N gt drift and actual
E hj&» maximum drift in
2 good agreement
- * Good agreement
between RTHS and
? ’Iﬁ i L. oeioe Opensees numerical
;‘ — '_ﬂ-‘I‘ Sy y results
X *  Story drift reduced
: 13 1 i by over 50% by
- - e - = adding dampers.
s | —&v—vsm'nw‘m’f " [_ =

Statistics of achieved performance in RTHS-
Reduced strength design MRF-75V

+  MRF-75V design alE
(with damper)

Prevention

Story Drift

o @ = BLELIGH £,

MCE Level RTHS

Reduced strength design MRF-60V

+ MRF-60V design %
(with damper)

Prevention

Story Drift

|-® & F=\|LEucH £ REMD I
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1979 Imperial Valley EQ, H-BRA315 Compon

Experimental substructure {(MRF-+DBF)
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Summary and Conclusions Acknowledgements
+ NEES@Lehigh RTHS system enabled successful implementation of + The research was supported by grants from National Science Foundation,
RTHS of large-scale steel structural system with supplemental Award No. CMS-0936610, in the George E. Brown, Jr. Network for Earthquake

Engincering Simulation Rescarch (NEESR) program, and Grant No. OMS-0402490
within the George E. Brown, Jr. Network for Earthquake Engineering Simulation
Consortium Operation.

passive dampers.

= The results show that RTHS is a practical technigue to

expgrimentally evaluate perfarmance under simulated earthquake + This presentation is based upen research conducted at the NEES Real-Time Multi-
loading and to validate performance-based design procedures for Directional (RTMD) Earthguake Simulation Facility located at the ATLSS Center at
structures with rate-dependent damping devices. Lehigh University, sincere thanks are given to all technicians in the lab.

* The experimental results show that the structure with nonlinear *+ The nonlinear viscous dampers were contributed fram Taylor Devices Inc.

viscous dampers achieves enhanced performance ob/ectives that
includes resilient performance under the design earthquake.

[(& & #mrici Z RtMD I

[(& & w=ByrEici £ !;__P_A_EM

Thank you!

[(& & % BLEiCi Z RTMD
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Deformation Capacity of
Beam-Columns

Atsushi SATO
(Nagoya Institute of Technology)

2013.12.12 Steel Group

Appendix VIII

Introduction
[Column Design]

+ Strength

+ Stability

+ Deformation Capacity

[Specifications]

+ Plastic Design
(2010, 1975)

+ Limit State Design (LRFD)
(2010, 1998)

[e——— Pttt

2013.12.12 Steel Group

Plastic Design I-__
[Limitations]
[1] Slenderness ratio 4 equal or less than 200,
[2] Slenderness ratio and Axial force limitation
i) NIN, <0.15 2 <150 Limitation by Ray

i) NIN, > 0.15
X TN

N
100N Grade | g5 < 10
o

N A o we- | "High Deformability”
Ny F 100 =N

| —_—)

190N Grade

N: Axial Force, N: Yield Strength, A=/C(/f), I: Column Length

013:12:12 Steel Group

—
Limit State Design ~
[Limitations] -
[1] Normalized slenderness ratio 2 .equal or less than 2.0e=
[2] Slendemess ratio 4. and Axial force », limitation
n, A< 0.25
[3] Maximum Axial Force and Maximum Slenderness ratio
n,= NIN, < 0.75
2,20.795,4,
[4] Additionaly, Column form plastic hinge.
05<MIM <10 nod P 00001+ M M)
L0 MM 05 A 2005 W «pgrormation Capegity
10"

. Normalized Slenderness by Buckling Length (K-1,) 2=3~5 (=0./8,,-1
A.: Normalized Slenderness by Column Length

013. teel Group;

Maximum Moment in the Column

[Equilibrium]
;«:rf-;,' el D
defromation v
(/NN .

My cosimy )

P A
ti Nﬁslll 1 ‘Fv NE;

M1 td fT
E_....... (r“NE:,)‘
I N

where, N.: Eular Buckling Strength by Column Length (2).
gl
N = :3

20131212 Steel Group

Maximum Moment in the Column
Moment in the Column Member A

R
M- - cos -—|+M‘ 5
M- (\ (WIAZ)IMI—ME(” f”\z)

'V'\ 1V N y Ng
ain i 1|'v
diMidx=0, Location of Maximum Moment x.;
_ I
{2 N M m( V¥ N/ TR
~iwr) ]
=i '}T‘;. N;j/ \
Maximum Moment at the End, ,\,l ' p
| T
M 1} i " ]
7 -
€] ()
Column

2013.12.12 Stee] Group)|
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Maximum Moment at the Column

N
= ) <Column End>
F",

Maximum Moment at the Column End

" My
ny A7 ;0.2(”\1 -

M,/

LSD Limitation

0.5 < MJM < 1.0

2 { My
Ry -A; < 0.10 |\1 +E

¥

E—XV kM, TS,

ZRRY 5.

W

BRM S ICmA R E— X b A
EUBHRMFR

i f., Ma)
meAi 2025137 )

Numerical Analysis

[Boundary]
HIRTE, HBoREs 750IJ0KRD
EM§?6 du - !»I
Hinml) = O dya Pl
s yemt = o= im0
[Residual Stress) 15

IS UIRT 030, OEMLHEERE  Gmw
o I TRFERDSHHNES &5 cae  FITETL

[Loading]

Efo@h N 2B A Lick, BhE—ECRE LR THIE

OEMABICHFE—A Y MEBTTS.

- T DA BHETE L 2

- SEHETRE D =0 ~ 5(=9./0,.-1) 2

¢ Test Result from H section
— Lateral Torsional Buckling

104

LSD Limitation

-0.5 < MM, < 1.0

[ M;
e - A2 < 010 ==
my- XS UAOID ]

¥

- Full Plastic Moment considering
Axial Force M,..

- Deformation Capacity
R=8 ~ 5(=8,40,.-1)

Maximum Moment will be at the
Column End

Numerical Analysis
[Local Buckling]

2, a3 \ i
o =B L) Taam ™t L a )
wy X3 ANl .
LR R L) muu:""'-_.ax _'I [ERE> J
A= (2bds +dAL) 1 | “‘ ]
where, b flange width, d: web height, 1) ; |
Az fl A A ] i )
Ay flange Area, A,: web area ¥ i -'fg
LAY NERSF (R R
i i EFILEED
[Lateral Tortional Buckling] FRIRET LEREDRM
gy =z [ (T
FTETE Wt T
=y — : :: |.:..."" { "" |:

where, df=IH-t, II: beam height, ¢ flange thickness

Parameter
[BAEAZR]
H-150x150%7=10, H-125%125»6.5%9 (SN400B)
107 T T -
o8 =035 Myl =025(LIMAL)
[Axial Force]
0.6- . 3 i g
ny o * i - 010014000 7y 00~ 070
04 . [Slenderness]
& b =0T5p08 ;2072280 Je
62 r: [Cases]
[} . 5110
0 02 [ix] 06 08 [}

Ae
Parameters (H-150x150%7x%10)
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Test and Numerical Results  (T1-150x150x7x10) Test and Numerical Results  (T-150x150%7x10)
4 | xen : I | wen » T » [
L 5
:
; M
‘g” 3 15 .‘;-\ A=0 gn ‘\\\\““-«.______._.“:"“
0 ;,.53_.-\\-:;7:\\\_ IU\\\ ] T
L o =3 A=) — s = 5
. g0 ] pik=g " o i
5 BT 7 [T (1] [ CX] 96 08
L2
BRBEN & WHEOIE
" [Deformation 6,] [BhHEEELEEEE—AVR]
1 (1-%& 4 [nes - )
X B pmee . e g g RREAS T AT R
é') w/f"‘ e i '*I,F.é"“- (%.2:\ i o)
i | - = A,
B L il M, [CHEY B BERHER 0,.]
L O LY ld',,.‘
Bem T
2013.12.12 Steel Group 2013.12.12 Steel Group

Numerical Results (H-150x150%7%10) Parameters
Single Curvature Douhle Curvatore
a8 ), 25| l\ X it
N TR L
Al o LN T N N o \e s
< SR S = \ =
PO N {g\\\ s 2 |
NS i S B N S
SR e w.u.;'_a‘g-.t;'_%z h
ol | | !
b1 02 43 04 05 06 07 BB W w W n e
EReHEh 040, L#HLE A, ERHEH 0.0, LR 2 A e

1.0,
Limit 1 - -
08 — * H-150
08 Limit 3
£ e KL
04 & Gpe=4(H-150)
02 AR L% Limit 2
&ape-a(H-125)
0.0 ‘ °.
0.0 0.2 04 0.6 0.8 1.0
A
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Regression Analysis Results
A Single Curevilure Dougle CUrvature
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:’NIED Objectives
+ Evaluate the dynamic characteristics of school gymnasiums with
E Derirea el o g s
1. Sas9Ki, A. Aol, H. Tagawa, D. Sato and K. Kajiwara Evaluate the eHectiveness of fail-safe system for suspended items [~ 20%%
+ Large-space structures such as school gymnasiums are expected to be used as Verity the seismic performance and scismic satety margin ot
shelters for major disaster (typhoon, carthquake, tsunami ete.). earthguake-resistant ceiling systems

.

+ However, in the 2011 Tohoku earthquake, a lot of large-space structures + Clarify the damage mechanism of ancher bolts 2016
subtered damage to + Develop design and construction method of celling system to
+ anchor bolts at column basc or connections between roof and column top resist the maximum level carthquake -
¥ buckling of braces (2014 oope TR Construction of

~ falling-off of other suspended items, especially ceiling systems e Non-seimic resistant celing
and their functions were lost after earthquake. Sl columits
¢ Steel columns

and roof 1+ e

-
=
—

_ Ceiling designed based on revised codes |

Clarify damage | Steel roof
mechanism of the RC columns - =i
ricas Shake table experiment on l VlTFErormance coling
d | = space structures B folfscale gy nasitm = ' (For maximum level eartfauake)
Damage in the Tohoku earthguake

Eigenvalue Analysis Results the 2011 March Tohoku Earthquake

1 Sa (e —_— k! S (cmv)
e = e
2000 , 20
Ja. o

o1 Ia . 10

(s} Acc. Response Spectrum (b} vel. Response Spectium (¢} Disp. Response Spectrum

A fean'sd
EW:98Zem/s? [_I

00
Timers

UD:982cm/s" ﬁ

{e) 39 mode(0.2425) (d) 4" mode(0.1985)

Analysis Results(Top Roof Response)

“ [ Disp.(mm)

(a) Roof Displacement =

(b) Roof Acceleration
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Outline

1. Project Scope

2. Baseline Experimental Test at UC Berkeley

VUInerabIe Concentrlc Braced 3. Possible Future Tests & Projects
Frames

Pl: 5TCWT MAIIN
GRADLUATE STUDENT RESEARCHZR: BARB SIMPSON
UC BTRKFLFY

Project Scope Experimental Testing

UNKNOWN VULNERABILITY OF CLDER
BRACED FRAMES. ADVANCING THE BUILDING CODE
*Two Mains Guals:

I.  Evaluation

2. Imoovement & Retrofit

*Problems with ASCE 41:
* RecLires analytical mode s to evalJate existing
NCRF's

* o data to ver fy these mode's,
*Prior Lo 1988:

* o ¢ car falure Herarcny 2 & 3
* ey ew se'smic negultions wllE. . 74 :
= Braced frame gainec popu arity 'l'-"u!'i(_“mD c;:';::;:u;ﬁ;n rf’
* Se'smic provisions introsuced o
u'\bigrma.»'y * Enhance evgiueer's and owner's A1y 10 assess e
existing stoLctures | B s - = i
*International Colsboration * Collabo-anve actworcto foster more informec L= If =X | 1
* University of Wash ngton - '

GRCISIDAS A0 Ut the safety of these structures
= National | wan University

International Collaboration

=

T 1 T 1.1 1 T
72 1

Y i

i 1/!-{ T i 1
PR N
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g0t Jrilyy, tima
T
) West Brace Fractures +0.9%
AN
h h o
i East Brace Buck s +0.5% | [ ! 4 K
Vo ! i
E i { v |
: \ fod H azm |
A VT L
3 : H o
2 \ i - [
o ! i ! f
i
1 bast Brace bractures -0.93% !
? 1003 2000 200 000

208 Sy Shear v, 3wy Dl Rl

Ease Shear v. Roof Drift .
00 : 2 .
300 g — Jfﬂ’
H

-am,
Stzry Diit Rk [

i Shry Shives v, Stoey Dt R
am—

Base shear [k gs]

El

& X

%, §
SN

e

257 St Shazr ips)
=

.,m_r’_
0

a0 = 3
Store D Ratko 4]

|| NCBFDesen

Fracture of West Brace
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Future Work

NCBF-B-1 Repair
Concrele-Filled Braces
Delay Local Buckling
Prevenl inward Local Buckling
Net Section Reinforcemeant

= Possible Future Studies

Thank You.

ANY QUESTIONS?

Common research ground In the
evaluation and retrofit of older steel
structures

Relrofils:
Strangback System
Rocking frame
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Fracture macro-model of CHS braces

Local buckling and strain concentration

Rocking Frame (and Collapse Analysis)

Toru Takeuchi

Tokyo Institute of Technology
Steel structure / Seismic design
. Response contral / Spatial structures
by hitp: arch titech ac jp/Takeuti Lab/

o
tes,
A
A
o

FE 1

Ton) 1 7

+
i " -
Without Brace Fracture

MNon Lift-up System

MEES/E-defense Rocking Frame Project Team:

Helmut Krawinkler, Gregory Deierleine, Sarah Billington, Xiang Ma sianfu

lerome F. Hajjar, Nactheastecn iiniv,; Matthew Eathertan, viginia Teen

Toru Takeuchi, Kazuhiko Kasai, Sheichi Kishiki, Ryota Matsui, Masaru Oobayashi, Yosuke
Yamamoto, Toya tnstiturs of Technniogy

Midorikawa iro Asari, Ryohei i, #ekkoide U, Tsuyoshi Hikino, #yoge

Farthauake Engineering Resaareh Cantes, AIFD

David Mar, Tinging - Mor & 4ssoc.: Greg Luth, Grea

pllcahon of Real Idlng
US-Japan E-defense test for Rocking-frame (2009  (MSC in Tokyo Tech 2014)

George E. Brown, Jr. Net

Controlled rocking systems

single frame dual rames

Develop a new structural building system that employs seff-centering recking action and
replocenble fuses to provide safe and cost effective building performance under
earthguakes by minimizing structural damage and risk of building closure
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2. Fuse with Core Frame

Energy—
Dissipation
Fuse

Ordinary Fused Structure Controlled Rocking—frame

M.R. Fatherton, JF. Hajjar, G.G. Dreierlein, H. Krawinkler, 8. Rillington, and X, Ma: Controlled Rocking of Steel-
framed Bnilding with Replaceable Energy-disspating Fuges, 14th WCREE Reijing, 2008.10

Toru Takeuchi Tokyo Tech

2. Fuse with Core Frame

Controlled Rocking Frame with Energy-dissipation Fuse

Rocking ﬂ

Energy
_..—Dissipation
Fuse

Lift up at Column base

Ground Motion

Toru Takeuchi Tokyo Tech

Self-Centering Hysteretic Behavior

Force, F
2% Frey

Force.F

/77
{_/

Jta

(Fup = Fr)
"
Lateral Dif. 0
Combined Response

Lateral Ot &
PT and Frame System

System Design Considerations:
« initial uplift and yield strength
+  post-upliftyield hardening stiffness
- self-centering capability
* energy dissipation

« deformation and strength limit state checks

2. Fuse with Core Frame

Shear force — Roof Drift Ratio Relationship

2000

2
S

yield (0.1%)

Base-shear (kM)
g

w
=

i_e]l'-cenleri ng

i i

0 0.5 1 1.5 2 2.3 3 35 4
RDR :Rool Dril Ratio{%)

Lift-up — 0.03%

L DEX0.5
DE : Design Earthquake level
(3)MCE : Maximum Considered Farthquakes level
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2. Fuse with Core Frame 2. Fuse with Core Frame

Rocking Frame yw'th Energy-dissipation Fuse
Energy-dissipation Fuse Rocking Direction

Connection Beam

Inertia Mass
(Test bed)
50tx6

1000kN
Load Cell

Shear Panel with Slits Buckling-restrained Brace

Ton Takeuchi Tokyo Tech

testbed mass device and transfer to frame

E-Defense Test: System hysteretic behavior Building Code Standards Development:
Self-Centering Rocking Systems

Goal: To develop proposed seismic design requirements for safe and
cost-effective implementation of innovative systems that achieve self-
centering response through rocking action.

Scope: The study will address seismic design requirements that would
ultimately be implemented in the ASCE 7 provisions and associated
material specific design specifications {e.g., AISC Seismic Provisions, ACI-
318 Chapter 21, etc.).

Moment My / Myry
<

Moment M/ M.

] i
2 __,2./’* —A1I5; 65%HKobe (MCE) |
= A1J1: 30%Kobe

-1 0 1
Uplift ratie (%)
—_— i

« Characteristic hysterctic behavior confirmed + Calculation of drifts at DBE and MCE {using S, and T,y concepts?)

+ Calculation of internal forces that accurately reflect the structural dynamics
and capacity design requirements.

* Difference between initial and subsequem uplift momant has no
apparent impact on behavier

| * Inertia force based overturning moment “noisier”

= Establish clear limit state criteria for onset of damage and collapse safety
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“rocking/hinging spine systems”

i1
“fs. * o in e sti spine
'.' ;' / - capacity design for story shears
! i and moments
+,
£ - distribution of forces
I
3l + tiu ted in e e ion
! I
I ! ik - strength, stiffness, deformation
! ! capacity
1
l:',,' / +ene ydissip tion
[ |
[ .';‘ |‘ - damage control and design with
[=f 154
4 "'F:- 1 replaceable components
S ] *se entein Dbiity

RETROFIT:
non-ductile RC frame
with"pivoting” walls &
shear fuses

Akira Wada
Tokyo Inst. of Technology

2 Fuse with Core Frame

Tokyo Tech Element Strateg

STRAALARRRR LR LT {1 14 {7 (]
NI TRIMRRRR R

RUBT TN 1 I
g/ 1

| "
TNy g

Collaboration with Industry Partners
“Farly Adopters” of System Innovations

[ TIPPING | MAR |

ind City ies
Architect: Sie ¢ nd St in ite ts

Collaboration with Industry Partners
Retrofit at 680 Folsom Street

| - | 1 111
0
— S i = iy,
L] PN o S -l
[ WAL ZUNE R

2 Fuse with Core Frame

we -

Analyt

ical model
|

Y

fiii.§iig

Shes it

Damage distribution
Self-centering relying on
elasic frames

More energy dissipaton

Inecetany anplicemen: ferm) Damage distribution
Self-centering

Push-over results
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®  Rocking frame (non-lift-up type) is inserted at the center of the building for Rocking Base Detail
damage distribution ’ N
B Self-centering function is relying on the elastic frames at perimeters — N s
= - - s
o = = = = B ] -
- - b i | s
) m = ] 3
L33 m T = lﬁ i . &
= g . = P | P T HH {| Energy
) J— 5L s . . .- it.2 Dissipation
o i e N '_ \ “Fuse
L = [ I S 5 (BRB
9 - - — - L 2 1= Py=4500kN)
i { ™ = f 1 - |- = = § S == = =
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"4 m M i HHE=— = +H HH
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@ - - = 1 i i [
-l . P i) [’ [
1 Energy i & T 1
® & @€ S @ & @ Dissipation Rocking Frame i it iy
Standard Plan Fuse (non-lift-up type) i i :' i ! i
Toru Takeuchi Tokyo Tech Toru Takeuchi Tokyo Tech
Inr‘lovatlor‘l and DES|gn RESEarCh Brace fracture and collapse analysis of braced frames
: 1) T Takeuchi, M Ida, S.Yamada, K Suzuki: Estimation of Cu five D ion Capacity of Buckling
* Thematic Concept Restrained Braces, Joumal of Stuctural Engineesing, ASCE, Vol 134, No.5, pp 822-831, 20085
— life cycle design for earthquake effects 2) T Tekeuchi, J.F Hajjar, R,Matusi, K Nishimato, | D.Aiken:Local Buckling Restraint Condition for Core Plates
v 8 9 in Bucking Restrained Braces, Joumal of Constructional Steel Research, Vol.66. pp.139-149, 2010.2
— damage control & design for repair 3} T Tekeuchi, R.Matsui: Gumulative Cyelic Deformation Capacity of Circular Tubular Braces under Local
3 _ 3 Buckiing, Joumal of Structural Engineering, ASCE, Vel.137, No.11, pp.1311-1318, 2011.11
* Engineering Design Features 4)R. Matsui, T Takeuehi, Y. Nakamura: Seismic Performance of Tubular Truss Tower Struetures Taking
. s Member Fracture into Account, Proceedings of IASS-APCS2012 (Seoul). FF137(CD-ROM), 2012.5
= controlled rocking & self-centering 5} R. Matsui, T. Takeuchi: Seismic Performance of Braced Frame Focusing on Brace Fracture, Proceedings
_ feeimath of IABSEHASS2011 {London}, p. 248, 2011.9
energy dissipating replaceable fuses 6 T Takeuchi, H.Ozaki, R Matsul, F Sutau Out-of-plane Stability of Buckiing -Restrained Braces including
+ Performance-Based Engineering Framework Moment Transfer Capacity, Earthquake Engineering & Structural Dynamics, DO 10.1002/eqe. 2376. 2013
— quantification of decision variables {losses, downtime) Rocking frame with energy-dissipation devices
2 : 6) T.Takeuchi, K Kasai, M Midorikawa, Y.Malsucka: E-Defense Tesls on Full-Scale Steel Buildings: Part 4 -
— integration of hazard, response, damage, loss Multipurpose Test Bed for Efficient Experiments, Structural Congress 2007(Long Beach), ASCE, 20075
. D I t & validati 7) G.Deierlein, X Ma, M.Eatherten, J Hajjar, H Krawinkler, T Takeuchl, K Kasai, M. Midorikawa: Earthquake
evEIopmen alkiation Resilient Steel Braced Frames with Controlled Rocking and Energy Dissipaling Fuses, EUROSTEEL 2011
o N : - . (Budapest), 2011.8
large scale testing and computational simulation @) T-Takeuchi, M Midrkawa, K Kasai, G.Deiertein, X.Ma, J.F.Hajjar, THiino: Shaking Table Test of
i design guidel‘me development Controlled Rocking Frames Using Mulfpurpose Test Bed, EUROSTEEL 2011 (Budapest), 2011.8
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BEHAVIOR AND DESIGN OF COUPLED
STEEL PLATE SHEAR WALLS

Larry Fahnestock
Associate Professor
University of lllinois at Urbana-Champaign

MNEES /E-Defense Planning Meeting
Kyoto, Japan
December 12, 2013

Research Team

i1 LLINOIS

UNNESSITY OF ILLINOIS AT LRBANS CHANPRIGN
Larry Fohrostocs — Amocirs Profomar
Denisl Borelie - PAD Candidate |/ G B

Alvers Oue

- Farmae MS C / Gradats Rzssarch Am

YA UNIVERSITY of WASHINGTON
Joffray Borman = Amocicre Profomer
Laws Lowss — Amccats Profomer

Dovid Wobster — PhD Condidats | G-Mh-wdnm
Farrido Oayson — PhD Condid

’@@m 1]

Steel Plate Shear Walls (SPSW)
||

The SPSW system is woll-
establishad in North
America and Japan

Coupled SPSW Motivation
==

Incorporating coupling in SPSW
sxpands the potential applications
O MEA, Seastle Foderal Courthouws
The couplad SPSW configuration
can provide additional:

O Architecroral flaxibiliny

O Structural officiency

0 Erargy dimpation

Limited prior ressarch

O Thas & Amonsh-Asl (2004)

O Li o* al. [2012)
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Stiffened and Unstiffened SPSW

Vg

Courtasy of L osfs Crapess and JeasSensi!
Ducharma, Grospe Feketis, :—r Canscte

Coupled SPSW Configuration
oW :
= Adjacent SPSW linked | ! /-:':-

) errzoess
by coupling beams (CB)| oty
o Like EBF links
o Yield in flexure, shear e

or combination [ B—
-l
= Steel Plate Shear Wall “n":
with Coupling (SPSW- :r:r.-
WC)
Y
Fre




Research Objectives

- |
= Comprehensively characterize behavior and
performance of SPSW-WC system
o Design studies
O Mechanism analysis
o Numerical simulations
O Large-scale tesfing
= Develop design guidelines that enable adoption of
SPSW-WC configuration

Prototype Component Weights

Appendix VIII

Prototype Designs
- |
= 6-Story
o Pair of 11 fr wide uncoupled SPSW (UNCOUP)
o SPSW-WC with flexural yielding CBs (FLEX)
0 SPSW-WC with intermediate yielding CBs (INT)
= 12-Story
8 SPSW-WC with flexvral yielding C8s (FLEX)
B SPSW-WC with intermediate yielding CBs (INT)
B Uncoupled specimen proved unfeasible
= ELF and ILF lateral force distributions

Nonlinear Dynamic Analysis

Input

o 3 hazard lovels (50,50,
10/50, 2/50)

o 20 motions ot soch level

Observations

o Maoximum response typically
occurs of top

o ILF designs have better
parformance than ELF

o Mare heavily coupled designs
hove beMter performance

o Uncoupled designs perform
woll but are heavy or
nfeasible

[Borelia & Pohranieck 2003)

Degree of Coupling
||

-

DC'-T

roTAL

TINIM

VWV
v 7/ :
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Plastic Analysis of Multistory
- SPSW-WC

a
Moy
- =
i s
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ETPRS SR, 2 L RN TORPY 1Y PR, PO P ||
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Analytical-Numerical Comparison
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= Expanded range

of prototype
designs
= Different CB sizes
and lengths
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Experirnental Test Setup

Load Protocol
|

Lateral Displacement Prescribed
2 Cycles
o 0.01%
00.25%
o 0.5%
o 1.0%
o 1.5%
o 2.0%
o 2.5%
o 3.0%
o 3.5%
O 4.0% 4
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Overall Behavior

Overal Force vs. Displacement

=

T
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T
' I ]
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BRERNSNY)
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RREERSSY.
e
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() 270 prIsE)

Test Overview

Floor 2 CB Fracture

i

Story Drift Behavior

Last Mot Sary Ded

Hew et Shvp Do

West Exterior Column Fracture

West Pier Floor 2 RBS Flange Fracture

- h
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Floor 3 CB Fracture SL[mmafy
-]

SPSW.WC providas aconomy and good seismic performance

1 Ultimote strength ond DC can be accurately pradicted anolyfically
Maximem materiol efficiency i achieved with a DC betwean 0.4
and 0.6
Seismic response coafficents for SPSW appeor to be appropriate
for SPSW.WC
First larga-scale test demonstrated robust inclastic cyclic
parformance
Second large-scale test will be conducted naxt weak

=
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APPENDIX IX: PRESENTED PAPERS IN PROTECTIVE SYSTEMS
WORKING GROUP

Testing Magneto-Rheological (MR)
Fluid Dampers

Advances in Real-Time Hybrid Simulation
Richard Christenson
Associate Professor

Department of Civil & Environmental Engineering
University of Connecticut

Advanced Hazards Mitigation Laboratory

Large-Scale MR Fluid Dampers

+ Fully dynamic model incorporating dynamics in
magnetic coils and surrounding MR fluid

UIUC Backdriven Test, Foroe ve Time

-
P L UEYa,

Trwn :+El: H
) = gt Sttty 1 i 3
™ i i+

& | - T |
Z i 3
¢ 1 Time (seci

1 e

—— VI Euperinmenal dits

e BT MR Dy Mkl System | <)

Input Disp (mm

Advanced Hazarc

(£} 3 ] 7
Time fhec) Timse (sc¢)

@ Multi-Site Real-Time Hybrid Test

o g i
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Large-Scale MR Fluid Dampers

+ Lord Corporation 200 kN MR Dampers

Multi-Site Real-Time Hybrid Test

+ Geographically distributed RTHS between
Lehigh and Illinois NEES facilities

* Communications time delay (~80 msec over
1200 km) accommodated with Smith Predictor

| UCou
S

Advanced Hazards Mitigation Laborate

@ RTHS of Complex Systems

* Using RTHS to examine dampers under bridge
deck to reduce dynamic response

* To employ a more realistic bridge-truck model a
263,178 dof model is used — CIM-RTHS

Hazards Mitigati Y
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@ RTHS of Complex Systems

University of
¥ Connecricut

Hazard:
School of Engincering

UCONN RTHS Facility

B GRS
*» Guanser shiake table
4
/

OF shake table

uniaxleshake table

-

@Stability & Performance of RTHS

* Considering systems approach to assess stability
and performance of RTHS

+ Development and comparison of actuator
compensation methods to reduce actuator
apparent time delay and tracking

University of
Connecticut

School of Enpocering

Advanced Hazards Mitigation Laboratory

University of
Connecticur

School of Engmecring

Hazards Lal Y
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International Research Institute of
Disaster Science (IRIDeS)
established in April 2012, in response to the
2011 Great East Japan Earthquake
to conduct world-leading research on natural
disaster science and disaster mitigation.
contributes to on-going
recovery/reconstruction efforts in the affected
areas conducting action-oriented research M
pursues effective disaster management to
build sustainable and resilient societies.
IRIDeS

AENFIERA

Appendix IX

2011 Great East Japan EQ

* The most powerful known EQ ever to have hit
Japan.
* The largest scale long-period/long-duration
ground motions are ohserved.
— High-rise buildings in Tokyo suffered long-duration
shaking.
— A high-rise building in Osaka, 800 km away from
the epicenter, suffered a maximum displacement
of 1.4 m at the top.

Long-period ground motions

* Long-period ground motions induce large
displacements of long-period structures.

* Viscous damping is less effective against low
velocity.

* Equivalent damping ratio of hysteretic dampers
goes down as the response displacement
increases.

* Adding many dampers might result in excessive
floor response accelerations when the structure
is subjected to short-period ground motions.

Precautionary measures against long-
period/long-duration ground motions

* To obtain large control force against low
velocity and large displacement, exploit
— Selective damping provided by tuned mass

damper (TMD)

— Linear rate-independent damping

* Effective in reduction of excessive floor
response accelerations induced by high
frequency components of ground motions.

Tuned Mass Damper

* An effective precautionary measure in
reducing displacement of high-rise buildings
against long-period ground motions

* Excessive weight penalty |

TMDS g
=——— Covering :
B —Cables
-0il Dampers
=4 -Secondary
Mass =
il Campers ! .
: I 1800 tin total
TRt Mass ratio: 3%
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An attractive alternative to
classical TMD

* Rotary inertial damper

Silicone Oil

Cylindrical Flywheel

Ball Screw
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Linear viscous damping
Vs
linear hysteretic damping

* Linear viscous damping

damping force = ci = (iwe)r = (hmw i,
= k A
where # = Xe*',w, = \j—.and i = V-1
m

* Linear hysteretic damping
= also referred to as linear hysteretic damping or

complex damping. 5 Complex stiffness
damping force = (28mw, )iz = (28ki)z

Rate-independent damping

Damping force
Linear viscous damping

Rate-independent damping

aly Exciling frequency

124

Linear viscous damping
vs
linear hysteretic damping

VISCOUS I viScous
= rate-independent. rate-independent
h=02 A k=02

G=02 g-02

1 2 3
frequency ratio

1 2
ﬁ'cqucuqi' rang

disp./acc. Control forcefacc.

Rate-independent damping

Equivalent damping ratio

N

Rate-independent damping

hysteretic damping

displacement



NSF CMMI 13-44937 / 13-44622: Oct 2013 — Sept 2016
NEESR Planning: Toward Experimental Verification of
Controllable Damping Strategies for Base Isolated Buildings

Advancing Real-Time Hybrid Experiments
Calibrated by Full-Scale Physical Tests

Erikc A. Johnson (University of Southem Calilomia)
Richard E. Christenson (University ol Connecticut)
NEES/E-Delense Planning Meeting. 12 December 2013

USCViterbi

Ao o Fagraming

Appendix IX

* Small tests are easier
& cheaper & safer

— But scaling effects can be
an issue (e.g., friction,
material scales, etc.)

= Large tests are more
realistic, therefore
maore convincing

* Real-world tests are
most convincing

USCViterbi

hoet ey,

Full-Scale Tests Needed but $55

UCSD LKPOST

+ Full-scale test facilities: e.q.,
— UCSD's Large High-Perf. Outdoor Shake Toble
— Japan’s NIED E-Defense shake table

* E-Defense facility costs:

Table occupation [~ $20-40k/day)

Table operation (~ $80-120k/day)

Specimen conslruglion cosly

Salaries (research engineers, Lechnicians, safely
personnel, elc)

4-7 tests per day (e.g., different ground motions or
magnitudes, different compenents, etc.)

5

++ +

USCViterbi

et o By

Leverage Full-Scale Experiments
with Calibrated Hybrid Tests

Full-scale Shake
Table Test

* Pseudodynamic (PsD} Substructure
Tests and Real-Time Hybrid
Simulation (RTHS) can extend
scope & impact of full-scale tests

— Calibrate numerical models with
results of full-scale tests

USCViterbi

kaed o Brgrmteg.

Leverage Full-Scale Experiments
with Calibrated Hybrid Tests

* Pseudodynamic (PsD) Substructure
Tests and Real-Time Hybrid
Simulation (RTHS) can extend
scope & impact of full-scale tests

— Calibrate numerical models with
results of full-scale tests

rueasared restoring forces

= Physically test critical components
coupled with virtual numerical

i T
models of remainder of structure Reaktime Hybrid Simulatio

125

Why are Controllable Dampers
Useful in Base Isolation?

* US Code mandates
— superstructure remain elastic in large
design earthquakes
— isolation accommodate very large drift
+ significant isolator cost
= cost of flexible connections

* Need ways to reduce base drift w/o
increasing superstructure deformation
— recent isolator advances {e.g., TFP)
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Controllably Damped Isolation

+ A passive device “knows” nothing more than
local responses
— e.g., a passive viscous damper only “knows” the
relative velocity across it; the force is exactly
determined from that velocity
+ Controllable dampers can use sensors to
measure responses (and, with a good model,
estimate other unmeasured responses)
— allows the damper force to be a function of global
information of structural response

Analogy: old car brakes vs. anti-lock brakes

USCViterbi

St o Fagraming

Base Isolation Study 2013-15

2011-12 Designed
2012-13 Built

Base Isolation Study 2013-15

2011-12 Designed

2012-13 Built

3 & 8/13 tested

2015 full tests with
controllable dampers

Goals:

+ Test impulsive and

long-period EQs
- e.g., 2011 Tohoku EQ

USCViterbi

St of Erginaming

Base Isolation Study 2013-15

2011-12 Designed
2012-13 Built
3 & 8/13 tested
2015 full tests with
controllable dampers
Goals:
» Test impulsive and
long-period EQs
= e.g., 2011 Tohaku EQ

Pounding against seismic
moat wall

Base Isolation Study 2013-15

2011-12 Designed

2012-13 Built

3 & 8/13 tested

2015 full tests with
controllable dampers

Goals:

* Test impulsive and
long-period EQs

— e.g., 2011 Tohoku EQ

+ Pounding against seismic
moat wall

* Test controllable damping
performance

Planned Experiments for 2015

NSF Grant to participate in 2015 tests (among other
research tasks)

- CMMI 13-44937/13-44622 w/co-P| Rich Christenson

— Qil dampers may be replaced by MR fluid dampers

* Develop numerical models suitable for control
design & parameter studies

* Assess variety of command strategies for
controllable dampers

* Use E-Defense experiments to calibrate Real-Time
Hybrid Simulations for testing controllable dampers
in base isolated buildings designed to US code

USCViterbi

[YSRIP——
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DYNAMIC LOADING EXPERIMENT OF
FULL-SCALE OIL DAMPER FOR
SEISMIC ISOLATION AGAINST
LARGE VELOCITY EXCITAION

Ryota MASEKI Taisei Corporation

Introduction for:

TAISEI Corporation
and
myself

Myself :

Have been doing developments and
applications related to structural
control technology including active/
semiactive/passive control for nearly
15 years.
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Appendix IX

Qutline

1. Introduction for TAISEI Corporation
and myself

2. Introduction for dynamic loading
experiment of full-scale damper against
large velocity excitation

3. Proposal

Data of TAISEI Corporation and Technology
Center :

TAISEI Corporaion
Big general contractor in Japan, founded in 1873.
— Number of workers: 8,087 —

Our technology center, in Yokohama
— Number of researchers: 200 —

Qur vibration control team
— Number of members: 4 —

Application of active mass damper to high-rise
building to reduce wind induced vibration
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Application of semi-active base isolation
system to high-rise building to reduce
acceleration of upper story

2 stage variable-orifice damper

DYNAMIC LOADING EXPERIMENT OF
FULL-SCALE OIL DAMPER FOR
SEISMIC ISOLATION AGAINST
LARGE VELOCITY EXCITAION

Ryota MASEKI Taisei Corporation

Test cases

Excitation T Period Disp. Vel.  Number of cycles
wave () (num) (m's) per excitation
syl 300 0.75
Smusoidal  Osv2 % 400 1.00 i
wave Osv3 sy 500 125 =
“Ons _ e 150
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Application of hybrid damper combining a
Hysteretic damper and Visco-elastic damper

T
W

at.

e Y il
b IR Wide-range Effect

Setup of Large velocity excitation test

\‘11_._

Subbeam
Basement for
reaction beam

Oil damper

o Y J
4mms)  Shaking table

Reaction
floor

Excitation direction




Proposal

(1) Development of performance evaluation
methods of response control device for long-
period earthquake motions and large
amplitude earthquake motions

{2) Confirming of limit performance of full-scale
devices against long-period earthquake
motions and large amplitude earthquake
motions

PERFORMANCE OF SEISMIC
RETROFITTING OF SUPER HIGH-RISE
BUILDING BASED ON EARTHQUAKE
OBSERVATION RECORDS
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Test results

1st Cycle 1st eycle
--------- 20d Cyele KN | aceecmees 20d eycle
T T

Damper force

Damper force

o 400 800

-1500-+
Displ A 800 -400 0 400 8OO

! Displacement  mm

(a) Case Osv3 (125 cov/s) (b) Case Osvd (150 emv/s)

Delay of
damper force

THANK YOU FOR YOUR ATTENTION

Contents

(1) Outline of the seismic retrofitting for high-rise
building using deformation-dependent oil
damper

(2) Observation results of the 2011 Tohoku
Earthquake

(3) Performance verification based on observation
records
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Building applied seismic retrofitting

Location - Shinjuku-ward, Tokyo

Main uses : Offices

Building area : 3,666.97 m

Total area : 183,083.79m

Number of : 54 stories above ground

stories

Height : 216m

Structural : Steel structure

type

Completion  : October 1979

date

First natural  : 6.5 second

period (transverse direction )
5.4 second

(longitudinal direction )

Layout of oil dampers

12 dampers per floor, at 24 floors (15th to 39th floor)
Total 288

deformation-dependent

i

Details of attachment of oil damper

The joint of brace, girder, base plate and slab are performed
by press bond with PC steel bar. We don't need weld.

eformation-dependen
il damper
Base plate

|‘_I

—Channe
steel

Seismic observation system

Sensor location

-y
-
P —
1 Buidngmanager,
: Buid ng owner
} Bromptl nfomed
Meret by E-mai
pop——
=14
Moritoring! L""'..,l-

Sturcturaldesgn engneer
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Mechanism of deformation-dependent oil damper

Ordinary
oi| damper
Damping force f
- 1,
Al
1
1

[ N

Vi !
Deformation- /  Deformation

dependent oil
damper

Mechanism of
Deformation-dependent oil damper

Relationship of
damping force and deformaticn

Observation Results

Maximum accekration (Gal) M deformation {cmi
Leongitudinal Tramverse Longitodinal Tramsverse
6] ) 0 ()
RF 236.0 1613 494 542
2RF 1127 171.3 263 333
1F 94.3 1421 - -

retural period
HAedir, Y-dir.
Building laws spectrum
,‘f (extremely rare)

4 &
Period (sec)
Velocity response spectra (h=5%)

24



Observed Waves

braomen e 61 3GH
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Disp RI-Y
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Simulation results with or without damper

Lumped mass mode| with 52 stories was used
Made Superposition method to the 10" moade was used
For under the 3% mode, damping ratio identified using ARX model was used

without oil damper

with oil damper

Transition of design ground motions in Japan

In 2000, the building standard law was revised.

Before 2000, most of high-rise buildings in Japan were designed considering
only "three standard design waves".

According to recent research, long-period ground motions sometimes
surpass the building law spectrum in long-period domain.

EL CENTORO NS

HACHINOHE NS
N TAFT EW (]

Building law spectrum

Close large eathquake

Distant large eathquake

? ] 7] B " ' ] ] "

Velocity response spectra of design ground motions(h=5%)
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Additional damping ratio estimated using ARX model

{Transverse direction)
‘Without Damper : 1,4% (average)

{Longitudinal direction}
Without Damper : 1.5% (average)

With Dampers  : 2.1% (average) With Dampers  © 2,7% (average)
0.6% Increased 1.3% Increased
without damper (X) [ ]

I without damper (Y) | |

B a5 L .
{olae ' ft
S asf » |:<':| after

] ff the Pacific coast'of T -
z 2 ‘. ° .?omwumnwamzm‘ retrofitting
5 10 0
g o ae® -
5 ! EES i before

Mid N Pr ] p

g o5 Earnquake (3004) W& 8 retrofitting
] = 1 1 —d
8 0 10 20 3‘0 40 50 80 70

amplitude of 15t modal acceleration (Gal)

Amplitude of 1st modal acceleration and damping ratio of 1st mode

Comparison of Simulated and observed response

—pith gamper (simulated)
W with damper (observed)

40 1 ' ' 80y

@) np (0)
. o ;.'!'

501

40 40 4
g g
o 1 30|
(g w [ o

20| 1 20|

10} 1 10)

Acceleration

Displacement
uﬂ 50 100 150 200 250 300
Maximum acceleration (Gal)

oE—
0 20 40 60 B0 100

Maximum displacemnet (cm)

A Problem of retrofitting with ordinary damper
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The reaction force of ordinary dampers
is large when the frame deformation

approaches its maximum value. ‘
If we install ordinary dampers, we have to Seismic
reinforce surrounding frame such as force
columns and foundations.
Ordinary
damper

Dampers under compression Dampers under tension

] f

m
v N /

iTens‘\a force r
-»

T\ I |

Compression I;:rce
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Comparison of acceleration with or without damper

Maximum Accleration (Roof Level in transverse dirction)

Without Damper  : 2203gal
With Damper 1 184.1gal «—20% reduction

Maximum value: 220.3Gal (without damper), 184.1Gal (with damper)
T T T T T

2000 ® RF acceleration
100 - transverse (Y) -
6 o A
100 - ; 1
-200 —with damper
| 1 1 1
-3000g 150 200 250 300 350 400 450 500 s

Roof Level Acceleration in Transverse Direction {Analysis}

Comparison of displacement with or without damper

31

Specification of oil damper

Damping force Damping force
_,f P |
Frl—="C2 A " Deformation
/ [ smm - 30mm
/ 30mm Smm !
/ N\ /
/- C1 Velocity E )
vr Vmax 2
(&} 235 kN-seciem
Q2 3.5 kN-seciem
Vi 1.7 em'sec
Vimax 15 cmvsec
Fr 100 KN
Frnax Ao kN

Comparison of simulated and observed response

Maximun Displacement {Roof level in transverse dirction)

Without Damper  76.4cm
With Damper 60.8cm  «— 20% reduction

Maximum value: 76.4cm (without damper), 60.8cmwith damper)
T T T T

T T
RF displacement
50 transverse (Y) -
Eo
50 ) -
—with damper
A 1 1 L 1 | 1 1
001 00 150 200 250 300 350 400 450 500 s

Rocf Level Displacement in Transverse Direction (Analysis)

5. CONCLUSION

We have developed a deformation-dependent oil damper and applied to

S4-storey super high-rise building to reduce the vibration induced long-
period earthquake ground meticn.

The seismic responses were observed in the 2004 Mid Niigata Prefecture
Earthquake (without oil damper) and in the 2011 Tohoku Earthquake {with

oil damper) and system Identification using ARX mode! and simulation

analyses were conducted to estimate the control performance of damper.

It is clarified that the damping ratio was higher and the response lower
by 20% as compared to the building without dampers.

The observed responses of the buildings are mostly well simulated.

In conclusion, the performance of the seismic retrofitting of the super high-

rise building was confirmed.
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analytical results were in good agreement with the observed record

Maximum value: 80 8cm isimulated). 54 2cmiobserved)
T T T

RF displacement
fransverse ()

100

Displacement

simulated
L ; ‘
150 200 250 300 350 400 450 5005

100 5

Maimun value: 184.1Gal {simulated), 161.3Gal (cbserved)
3 ‘ o e
Acceleration j

oo (®) RF acceleration
100 fransverse (Y)
8 o
-100 |
-200 ——simulated -
055750 20 250 300 350 400 450 500 s



Development of Experimental Methods
(Hybrid Simulation, Shake Table Testing
and Effective Force Method)

Narutoshi Nakata, PhD
Assistant Professor
Department of Civil Engineering

JOHNS HOPKINS

Protective Systems
December 11-13, 2013
NEES / E-Defense Meeting

Dynamic Force Control Using
Hydraulic Actuators

Schematics of Hydraulic Actuators

Control-Structure Interaction
I H

Block Diagram for Force Feedback Loop  L00p Shaping Control

Robust Control Design

= Compensation for Control-Structure

ol eel, Interaction

« Suppression of Qil-Column Resanance

«  Applicable to MIMO systems.

Experimental Validation of Dynamic Force

Control: (2) SDOF Nonlinear System

Appendix IX

Background in the EFT Method

(including only force-feedback control approaches)

Development of Initial Concept
* Mahin and Shing (1585), Thewalt and Mahin (1587): Ideas of force contral
Experimental Implementation of Force Feedback Control

* Dimig, Shield, French et al {199g}: EFT of a Linear SDOF with PID and Velocity
Feedback Compensation

* Zhao, Shield, French et al (zo05): NonlinearValve Dynamics for Velocity Feedback
Compensation

+ Zhao, French, Shield et al (2006): SDOF EFT with Fluid Dampers

+ Alleyne and Liu (2000): Lyapunov-based nonlinear controller

4.~

P

Limited to SDOF systems with a single hydraulic actuator
Frequency range is limited to 20 Hz at maximum.
No consideration of robustness in control design

.

.

Not expandable to more complex applicaticns

Experimental Validation of Dynamic Force

Control: (1) SDOF Linear System

Dynamic Force Control Test

+  TestSemp: SDOF Linear Mass-Spring Model
Input; Kobe Earthqnake Takatori Record
+  Maximnm Reference Foree: 1500 N

- Force Time Hislories
Fatarron
Mespirea |

1}
Vil

it “Etfective Foree Testing with 4 Rebust Lona Shaa ngContra ler, Earriguake Engines:
Stroctura! Dynomics, 42 {2k 261:275

Experimental Validation of Dynamic Force
Control: (3) MDOF Nonlinear System

Dynamic Farce Control Test

Test Setup: Nonlinear SDOF System
Inpur: Kobe Earthquake Takatori Record
*  Maximum Reference Force: 7562 N

]
]‘jl i

Dsplacenert i)

N. Nacata and £ Knug.(» iedaton of the Effectiue 2arre Test etaod wth Nonl rear Test Sructures®,
toenai of Vibration and Cantn! (301: 0. 173horss E13s17sRsl.
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Dynamic Force Contral Test
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MDOF-EFT Movie Clip

(i) Verification of EFT with Steel Frame

Structures

M. Makata,
Freedom £

A King. acn3) Seperimental inpleme sl Veseat 01 of WU ti-Degre es-of-
ctive Sarce Test rg, sm?-«,ws sgineering and Strurtural Dynamics, J0lAn.ace2 eqe2351.

(ii) Force-Based Hybrid Simulation Using a
Shake Table

1/4*Scale Steel Frame Specifications

Stucture: One-Bay One-Stery Steel Frame
Conhgurable Frame: Fixed-Fixed, Fixed-Pin, Pin-Pin
Sections: Wah and Wiy

Added Mass: 300kg {4 % 75 kg Steel Plates)

Actuarord: Shore Western 110
o Stroke: +-3.0inch, Luad: 5.5 Kip
+ Sarvovalve MTS 252
Objectives
Verify the effectiveness of EFT for performance
assessment of steel frame structures

EvalusLe Lhe obustaess of loop shaping
f=mi

(iii) Force-Based Hybrid Simulation of Base-
Isolated Structures

Concept: Substructure Shake Table Test

Experimental Setup at JITU
» Leadel —
-

Comp.
Substructurc

=

Shake Table

(i) Earthquake and Subsequent
Tsunami Impact on Structures

Concept: Simulation of Base-isolated Building

Experimental Setup ai JITLT

Coop
Substructure e
Wicp. Sanwal s sicnatse

. g
pro—
L1111 | A
xR, R
>
\‘ v —— Losehg v
B SN
Substncture e
I Contralled B bsoimior Devizas
et Actstor

+ ForceControlled Actuator is attached in the
verlical diveclion Lo impuse axial load of the
building

Digp
Centrelled Actuater

(i1) Tsunami-Induced Forces on Bridges

Fluid-Structure Interaction Study

Simulation of earthquake and subsequent tsunami: (a) a three- \|ury
frame structure damaged in Tohoku earinquake: (b) earthquake
simulation with soi-plle FEM, struciural FEM, and structursl member
experiment; (c) tsunami simulation with SPH. structural FEM. and

~a sirctural member, Note fhal the same stiuctural merber I fested to

= imvesiigate the mpast of eathquake and isunami.

Eatthquake Simulation
Ground et

-

=

S whea "

Reeckcn Coraveanze o enba- spement
Tsunami Simulalion .

—p

Tourari s wil 54 v
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Failure Investigation of Support Bearings

=igh-hdelty simulation of
STrUCRUES Unde T s nan-
ruced kading

FaiLre of Shinkitakam -3-dge 2y
the 2013 Toheky Eathguake

sarariindscsd

Ilg'

W bty
AT

aun b

ST

R S pAert

sics hiybeid s o laticn with S2H and ferce contro led capars ltes fo fhu d-stricture interacticn
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(iii) Failure of Retaining Walls

Soil-Structure Interaction Study

1dealization and Modeling of Retaining Walls

Fallure of o teta ning wall by the
#n1aTanaa Eamuace

cha\:mwrr‘mling ofa
Retaining Wall

Soil FEM I rm—
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Appendix IX

= Tools for Isolation and Profective Systems

Future Directions in Seismic Protective
Systems Research

Keri Ryan
University of Nevada, Reno

I

NEES Research fo Practice Webinar
O N e e

m Tools for Isolation and Profective Sysfems
2011 Test Program at E-Defense

v Shake table tests of 5-story steel
moment frame building in 3 different |9
configurations

¥ isolated with triple frictian pendulum
bearings (TPB)

¥ Isolated with hybrid system of lead-
rubber bearings and cross linear bearings
(LRB/CLB)

¥ “fixed-base” configuration

v Evaluate response of the structure,
nonstructural components, and
contents for all configurations

@: I\ . NEES Research to Practice Webinar |
NEES Nov. 20, 2013

Nonstructural Components and Contents

Ceilings and partitions Piping

o dle -

Enclosed contents rooms

4t and 5 floor

+ Tools for Isolation and Profective Systems

System Specific Test Objectives

Triple Pendulum System Lead Rubber Bearings

¥ Evaluate performance of a lead-
rubber bearing isclation system
designed for a nuclear power
plant in extended design basis
shaking
¥ Performance Evaluation of Bearings

¥ Demonstrate seismic
resiliency of the system in a
very large event. Provide
continued functionality and
minimal disturbance to

contents.

of building
~ -
NEES Research to Practice Webinar ] NEES Research to Practice Webinar =
N #INED < NN FINED W
gl N . Nov. 20, 2013 ,’ et Now. 20, 2013 i)
' Tools for Isolalion and f Sysh Toals for Isolation and Profecii

Cmpon’son of the Isolation Systems

System Force-Deformation
Hybrid LRB System
0z

System Force-Deformation
Triple Pendulum System

T.=557s

~ Yield Force = 0.08W Yield Force = 0.053W
~ T,=5.57sec ¥ T2=278sec
¥ Disp. Capacity = 1.14 m {45 in} v Disp. Capacity =0.6 m (24 in)

s
_@ u . NEES Research to Practice Webinar | oy =1
i NEES €-Otenna

Nowv. 20, 2013
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LRB/CLB System Configuration

5 cross linear

4 lead rub| .
7 bearings

bearings.

r 4 —t L

NEES Research to Practice Webinar S
Nowv. 20, 2013 #4NIED '\'




Remarks about the Systems

v Triple pendulum bearings have become the system of choice in
the U.S. while elastomeric bearings with dampers are the
system of choice in Japan.

¥ TPBs can more easily achieve longer period isolation and
accommodate large displacement demands but there are some
tradeoffs

v Larger residual displacements (can they be predicted?)

r' NEES Research to Practice Webinar
43 Nov. 20, 2013

Appendix IX

Summary of Residual Isclator Displacement

T TP8 Isolatol =t LRB Isolators
R _E n
£ 1]
LR i
: I” | V I i :
21 b |
é . ,I III l'l ll § o ,-,q-qulll_ll_l,llll,
1 3 8 2 3 111315171920 123458578 910111213141518
Trial No. Trial No.
TPB System LRB System

Peak Residual Disp = 10.8 cm
Average Residual Disp = 5.4 cm

Peak Residual Disp = 2.01cm
Average Residual Disp = 1.2 cm

0k 5 D40 2 (2010871414 kil sl o o L i oMo 5k D s W o identociof

INEES Research to Practice Webinar
Now. 20, 2013

Remarks about the Systems

v Triple pendulum bearings have become the system of choice in
the U.S. while elastomeric bearings with dampers are the
system of choice in Japan.

v TPBs can more easily achieve longer period isolation and
accommodate large displacement demands but there are some
tradeoffs

v Larger residual displacements [can they be predicted?)
+ Susceptible to horizontal-vertical caupling effects

| NEES Research to Practice Webinar
Nov. 20, 2013

Floor Acceleration Response in TPB System, XY vs.
3D Mofion (Vert. PGA = 0.3g)

b) 100% Takatori (30}

¥ Evidence of coupling in the higher frequency acceleration histories
and higher mode effects in the acceleration profiles

o N e G

INEES Research to Practice Webinar
Now. 20, 2013

Horizontal and Vertical Coupling of the
Isclation System (Friction Bearings)
mf;ammmwgﬁﬁfg;wmmm

acceleréiioh
<hacFloor Spectra fg

The vertical driving frequency was
tuned to the frequency of the 27
structural mode.
S N
e saffa. oo

27 Structural Mode

X-direction
T=017sec
NEES Research to Practice Webinar ﬁ
Nov. 20, 2015 =3NED
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Remarks about the Systems

v The hybrid approach {elastomeric bearings and sliding bearings)
is an alternative to achieve longer periods and larger
displacement demands, but...

v Compliance of the two types of bearings at the base should be carefully
considered

¥ Tension is very likely; can it be predicted and accounted for in design?

- NEES Research to Practice Webinar
Nov. 20, 2013
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Hybrid LR System - Lead Transfer Effect

ey
- ot

au& . —Ip‘n e /
(S —a =

By KL Coaia CR. [ W (20135 L args S<als Fart g ke Srmalstin o 8 Hyaicl Lasel Buse” Biaiathon Syatean Desigiead With €ousidasation 31
Bz bar SaTarniciy”, Tecis oot HUZEG/CH 100K
S B

{“‘1 i il

NEES Research to Practice Webinar sy ners
Nov. 20, 2013

Bearing Displacement Histories for DC 95%
Vector Sum Displacement (em )

5 it —h

There Is a net load transfer
from LRB to CLA {sliders)
at large displacement
excursions, sometimes
resuiting in net tension.

INEES Research to Practice Webinar
Now. 20, 2013

Bearing Displacement Histories for DC 25%

Vector Sum Displamm{ﬂnj 2
1

Time instances of peak
displacement correspond
directly to unloading of lead
rubber beorings.

- NEES Research to Practice Webinar
i Nov. 20, 2013

Remarks about the Systems

v The hybrid approach {elastomeric bearings and sliding bearings)
is an alternative to achieve longer periods and larger
displacement demands, but...

¥ Compliance of the two types of bearings at the base should be carefully
considered
¥ Tension is very likely; can it be predicted and accounted for in design?

v E-Defense has allowed us to examine the inherent assumption
that protective systems are effective to protect nonstructural
compenents and contents

v Its not quite like we thought...

INEES Research to Practice Webinar
Nov. 20, 2013

Damage Cbserved During Exireme
Vertical Excitation — Northridge, Rinaldi

Vertical PGA =
1.05t01.2g

Peak Siab Acc
=71to8g

Similar
damage was
observed in oll
three systems,
induced by
vertical
excitations.

NEES Research to Practice Webinar 6
Nov. 20, 2013
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Remarks about the Systems

v The hybrid approach {elastomeric bearings and sliding bearings)
is an alternative to achieve longer periods and larger
displacement demands, but...

¥ Compliance of the two types of bearings at the base should be carefully
considered
v Tension is very likely; can it be predicted and accounted for in design?
¥ E-Defense has allowed us to examine the inherent assumption
that protective systems are effective to protect nonstructural
components and contents
¥ Its not quite like we thought...
¥ Nonstructural compenents {and contents) are susceptible to damage
specifically from vertical shaking (floor slab vibration) in buildings
otherwise constrained to low horizontal accelerations.

Mov. 20, 2013



| eim:

Research Topics Related to Vertical Shaking
{need not be limited to protective systems
research)

¥ What demands {combination of horizontal floor acceleration
plus vertical slab acceleration} should be targeted to prevent
substantive damage to NC/contents {continued operation)?
¥ Development of a viable and cost effective 3D isolation system?
v Other approaches to mitigate vertical excitation
v Reduce slab vibration through isolation or damping

¥ Better detailing or anchorage of nonstructural components and contents
(e.g. Ceiling seismic bracing was found to be detrimental in these
experiments)

| NEES Research to Practice Webinar
Nov. 20, 2013

sl

Appendix IX

The “"Gap Damper" Project
-A passive approach to control isolator
displacements

"|v A device concept was conceived and 2
prototype was designed, fabricated and
tested.

INEES Research to Practice Webinar

FINED F
Now. 20, 2013

Tests with the gap damper will be performed at
UNR in early 2013

Tests with the gap damper will be performed at
UNR in early 2013
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MEESE-Defense Meeling 2013

-

2013/12/12

Behavior of HIDAX

©) KAJIMA CORP O

NEES/E-Defense Meeting 2013

Semi-active Oil Damper HIiDAX

- High DAmping system in the neXt generation

HIDAX is a semi-active oil damper whose energy absorption
capacity improved by electric control overcomes a limitation of
an ordinary passive oil damper.

MEES/E-Defense Meeling 2013

EEnergy Dissipation Capacity of HIDAX

WA -

Force

(07t
Disp.
¢, Maximum loop area

of an ordinary
passive oil damper

HIDAX (twice of
oridinary OD)

NEES/E-Defanse Mesling 2013

Forced vibration test in actual building with HIDAX

140

NEES/E-Dofense Mesting 2013




NEESE-Defense Meeling 2013

+ Estimating ultimate behavior of a base-
isolated Structure.

+ Estimating the collapse mode of base
isolated structures.

— Especially the collapse mode when the isolator
fracture by tension.
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Appendix IX

MNEES/E-Defense Meeting 2013

Thank you for your
attention
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Design-Cali
Seismic

Wﬁ!e Test (DTSS) g;r ng\

1]

TIRIE

Observations:

Rout14-I5 connectgr curved end-spon - Northridge [1]

[1]"The race to seismic safaty
~protecting California’s
transportation system”,
Caltran, 2003,

WenChuan, China [2, naissance repoi’
FHVIAHRT-11-020

Feb. 2011

Other Observations:

Seismic-induced horizontal curved
bridges’ collapse: small number
wlthough great attention

in many cases, severe domage occurred
at straight part - why?

How to predict in proctical opplication?

Motivations
-Horizental curve: an additional
structural complex to Bridges
-Two classes of horizontal curvature bridges:
main roads
off-highway: crossing / viaduct
- Regular service conditions:
NCHRP 12-52 TRB report 563
- Irregular service conditions:
seismic — current focus
- Challenges for fast, accurate
design/rating calculation,
especially under complicated
loads ( irregular conditions )
e.g. resonale frequency
bearings fift-up
additional longitide load, lorsion
- Methodology in this analysis
theoretical analysis + computatio
DSTT: Digital Shaken-Table Test

comparison/verification with experiments/observation

TR

Why DSTT ( Digital Shaken-Table Test )

Shaken-Table Test Digital Shaken-Table Test

Fundomental tool! Physical-Based Computation to
reproduce actual a scenario of

Resmmo"“_' . earthquake ground motion ond o
Laboratory Dimension bridge’s reaction

Man-power Have to know:

Budgets -Structurol details:

sub/superstructure, bearing,

- Materials’ detail: Constitutive law
- Functionol Computation Algorithms
dynamic response; contacts;
material’s failure process
An effective means to complement to
Physical Shaken-Table Test
prescreen, post-analysis, actual structures

S Man [AQILING, W, Yan Aeta,

142

Analysis: Comparison between Straight and Curved Bridges

tRy By

Tafl

v R, P

Horizontal curvature introduces: (1) additional torque T

(2) additional longtitude force A
TIRB
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“EE3D DTSS Animation (case 1)

3D DTSS: Bearings

Observation and Simulation — A Coincidence?
Collapsed Spans

Report: FHWA-HRT-11-029 5% Section  6® Section

2™ Section

| 1" Section

Simulation: iarge vibrations oceur at
curved part when the bridge vibrates
at the first two-order natural frequencies

Fig Bel e prepaealth
TRG ICCA [Sui. 20 0%

TIRE

W Yen [MAVA} 5. Hao [ACS, INE |

A simulation in the proposal te l
2w

W Yen (FRANA) . Hac (AL INC. | TRE IDEA (repe. 2000
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Torque & lift-up at Curved Part
Additional Longitude Force at Transition Part

W Yan [RANAL 5. Hao [ACE, INE |



Appendix IX

TR
Thank You for Your
Attention!
Questions?

144



Using Base Isolation and Rocking for
Earthquake Resilient Design of Structures
in Regions

Vladimir Calugaru, Yuan Lu, Gnigonos Antonellis, and

Marios Panagiotou

Structural Engineering Mechanics and Materials
Department of Civil and Environmental Engineering
University of California, Berkeley

PART 1
Earthquake Resilient Tall Buildings Using
Base Isolation and Rocking Core Walls

Damage of Tall Buildings in Recent Earthquakes

2011 M6.3 NZ Earthquake
2011 M6.3 NZ Earthquake

Out of the 50 tallest
(taller than 35 m) buildings
(average year of build = 1983) :

= 7 fate is undecided
= T survived

Demolition of tall buildings in a densely built environment?

145

Appendix IX

Question

regions, can we economically design
the tall buildings and bridges to:

(a) remain operational and
(b) minimize the need for

after large earthquakes

Tall RC Wall Buildings in Regions of High Seismicity

RC core walls for earthquake lateral force resistance

One Rincon Hill, 60-stories
San Francisco

Case Study

Comparison of seismic response of 20-story
base-isolated and RC
structural wall buildings hypothetically in

Downtown Berkeley
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Description of Site and Seismic Hazard

Downtown Berkeley, Soil Type C

ASCE 7-10 Design Spectra, 5% damping

Design Earthquake (DE)
Maximum Considered Earthquake (MCE)

Description of the isolation planes — plan view

I+

tension resistant
friction bearing

EPS (2013) rubber beanng

Observed behavior of RC walls constructed using
modern west coast construction practice

Specimen PW2 Specimen PW3
1.5% drift ratio 1.25% drift ratio

Description of the 20-story Buildings

Base isolated (Bl)

Fixed base

Elevation

Response Envelopes (mean values)

lessthan 0@ m
displacement in the

Base isolation and
rocking walls
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Base Isolation and Armored Rocking Wall (BIARW)

Post tensioned high
strength strands N\

e/ &

[ rocking plane gy —e :

isolation plane

Armored Rocking Wall with External BRDs
Section View

- sleel shear keys
-

I ——
IR
= 0

H
concrele core ——
steel shell
/

thieaded bars ™
archoned with nuls

—

[ H
1 - |

T T

Comvenbonal Rocking pile Rocking shailow
fived-base foundation foundation

147

Appendix IX

BIARW system with External BRDs

PART 2
Large-scale shake table test of columns
supported on rocking shallow foundations

Ongoing research project funded by California
Department of Transportation

Principal Investigators Graduate Student Researchers
Marios Panagiotou, UC Berkeley Grigorios Antonellis, UC Berkeley
Bruce Kutrer, UC Davis Andreas Gavras, UC Davis
Jose Restrepo, UC San Diego Gabriele Guerrini, UC San Diego
Patrick Fox, UC San Diego Andrew Sander, UC San Diego
Stephen Mahin, UC Berkeley
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NEES@UCSD large confinement soil box

Geometry of specimens and test setup

148

Geometry of the specimens and test setup

- FS,=11
- C,=026

- WAL =5% ]

soil surface

Tesi Day 2

Test Day 1

Geometry of the specimens and test sefup

v

Plan view
Mass blocks

4
— B

- Soil box

0
W =

Test day 3 results — 0° specimen
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Test results — 0° specimen
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Appendix X

APPENDIX X: PRESENTED PAPERS IN GEOTECHNICAL
ENGINEERING WORKING GROUP

NEES/E-Defense Collaborative Earthquake
Research Program 10th Planning Meeting

Introductions
Geotechnical Breakout Session
Affiliation
DPRI, Kyoto University Primary research interests

Chairs: Shuji Tamura, Jonathan Stewart Experience with lapan-US collaboration in research?

Recarder: Ramin Motamed

Dec 12-13, 2013

Agenda Presentation Goals

= Introductions. Session overview. Tamura, Stewart . Identify critical research needs.

* E Defense Research. Kawamata — Short term or long term '

* Ground motions, site response, applications of recordings. — De-couple needs from re'- search toals

— Midorikawa, Rathje, Nakamura, Mikami
Are there barriers limiting progress in this area?

What are the data needs?
Rale of Japan-US collaboraticn in this area?

= Discussion
Utilization of field performance data

= Sitar, Nakai, Tobita, Kashiwa

— Discussion
Shaking Table Testing and Centrifuge Testing for Soil-Structure
Interaction and Related Applications

— Gillis, Dashti, Hashash, Fuji, Motamed, Funahara, Frost

— Discussion

Please adhere to allotted time.
Please use Q/A following talks for clarifications

.

Breakout Session Goals

+ |dentify the mast promising areas for future
research.

= Can Japan-US collaboration substantively impact

advancements in this area?

What is the role of E-Defense and NEES facilities in

meeting research goals?

Identify barriers (if any) limiting collaborative work

and possible solutions
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Dynamic interaction between pile
foundation and liquefied ground

- Shaking table tests

and
Effective stress analyses -

Dec./12/2013
Hideki Funahara

Common conditions

Saturated
sand

Sketch of pile failure

Bending failure
at pile head
and middle part

152

Three tests

Shaking table tests Numexical
No.| Gravity | Piletype Main focus simulation
1 RC pile pile damage 0
(Non-linear) | due to liguefaction
Steel pile | pile stress and total
2 (Linear) subgrade reaction 2D &3D
Steel pile components of
2 0 (Linear} | subgrade reaction 22

Test No.1 - RC pile failure

(Test No.1: NIED, KAJIMA, TAISEI, TAKENAKA)

Numerical simulation of Test No.2
- Steel pile -

.......

2-D 3D

{Test No.2: NIED, TITECH, KAJIMA, TAISEI, TAKENAKA, efc.)



Test No.2 vs. 2D vs. 3D

® Observed
2D

3-D fignore volume)
3-D (consider velume)
0

Bending moment at pile head

Appendix X

Test No.3 : Centrifuge test

= Earth pressure
- Pore water pressure

Pregsure left—=right
meter o Con).
{total jress} E' :“:-.A_“ "
H Pressure Effective
= met stress
g g Effective stress

plus: leftward

Subgrade reaction components

o)
il
Extension stress

80F------ . opep | TR R ey Py  appmp sy ey
X pressure

07" ) SUUUP o NSO — T 11T A oot
Tensile pore pressure dominates

——differencel ___

BOfrry Iy Compression

e | '

0 - " ; -
gol-Effective sthess.._......... Lo berston e
20 1 40 80
Compressive Time(sec)
effective stress dominates

Subgrade reaction components
and relative displacement

b

Total
stress

Pore
pressure
Ll

+

Effective |
stress

Effective stress on compression side

&
Pore water pressure on tension side
e Shear force \

ompregsion
sid

Pile |

W
Effective
pressure stress

v
Pore

153

Summary
+ Test No.1: Reproduction of RC pile failure
not only at pile head but also at middle part
* Test No.2:

Observation of precise pile stress and total
subgrade reaction in liquefied ground

- 2D and 3D simulation
* Test No.3:
compressive effective stress component
&
tensile pore water pressure component
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Future issues

« Non-linearity of RC pile depending on
varying axial force -> E-defense

+ Pile behavior in cohesive or
intermediate soil

« Liquefaction countermeasure
(ideally, treated on shear box)
.soon

154



Simulation Analysis of damaged

structure supported by piles in heavily

damaged zone during the 1995 Kobe
G‘| earthquake

Osaka University  Hisatoshi KASHIWA
Takaharu NAKANO

Yuji MIYAMOTO

Appendix X

Ly Motivations for Research

In 1995 Kobe earthquake
Many pile structures were damaged.
(the report by Kinki Branch of AlJ)

% The causes of pile damages have not been analyzed in
detail in ne liguefaction area yet.

» There are few effective methods to prevent the damage of
piles to very large earthquake.

+ The seismic behavior of pile structure
will be significantly affected by the
nonlinear soil-structure interaction..

It is necessary to investigate the
damage factor by the analysis method
that can evaluate the nonlinear soil-
structure interaction effect.

+Slip in the ground
* Yielding of the pile

L4 Objectives and Topics

The simulation analysis of damaged structure
in Kobe earthquake by 3D-FEM Analysis.

+To clarify the causes of structural damages of piles.

«+ |t is necessary to improve the analysis model. As one of
the improvement points, we focus on the parameter of
ground property, especially strength of ground.

+The present problem for the evaluation of seismic
response of structure during very large earthquake

Qj Location of target structure

Ao

@ Damage
©® Nodamage
© Unclear

PN e ey
Target structure is located in the center of the
heavy damaged zone.

FALLos

Eh Target structure
CHI

« RC Structure, 6 stories s m
- Completion : 1994 . v b & & O os

e R
Visual check at pile cap

- Piles : PHC 600, length 10m
* Fooling is embedded in 1.5m
- Sandy ground

+ No liguefaction

- Some pile cap damaged
(Superstructure : No damage)
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Ly Analysis model

{unit : m)

Surface layer:
Elastic-Plastic

(R-O Model)

Superstructure

&Footing
: Elastic
n Piles
Natural period : 0.17s - :Elastic-Plastic
(Base fixed) and

Contact condition

FEM Code : LS-DYNA between pile-soil

{Explicit method)

6
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L# Input ground motion
— Target Structure

Max. Acc.=8.23m/s"

Agesierater ris’|

Tme i)

© 2D-FEModel

T Kobe (Input Mot{on)
Deep irregular underground moedel £ OF f
with vertical discontinuily ; ‘: Natification earthquake
#MNagane etal, T for severe level
10y
4
i

Saricd i)

The input ground moticn is far larger than the seismic
acceleration of the Notification earthquake for severe level

Ly Properties of surface layer

NValue Vs (mfs) s Tconesion
. o 0 0 0 | Angle )
Sand{Vs=80m/s)
’ 32¢
Gravel (Vs=110m/s) 1kPa
z 10kPa
Lo 20kPa
Sand with gravel § 355
(Vs=250mis) 8
iy
- Calculated by N value
and type of soil
1 Lt 8=/8(N-4)+25 (deg.)
#By the result of borehole survey Unslearvaluer

L4 Cohesion of sandy soil

+ There are a few report that the sandy soil in natural ground
has a little cohesicn by the teriaxial compression test with
freezing sampling.

Table Triaxial compression test with freezing sampling

Depth (m) | N Value T"ca:"(ﬂ;"m";sag::;
P £ 21 10.8 41.2
155 36 186 39.9
5 5 165 18.6 37.9
14 323 202 37.1
- 6 24 7.8 334
19 28 274 34.7

> In this study, three analyses were conducted as parameter for
cohesion, ¢ = 1, 10, 20kPa.

q—l Distribution of ground displacement

oMax D-spfacemenl fm)o_2 gMax Displacement (m)‘lI2

£
§- Almost same

C=10kPa
Notification earthquake
11l Kobe earthquake 111 for severe level

# Inthe case of Kobe earthquake, cohesion has significant
influence on displacement of ground.
#» The input ground motion is extremely large.
— Large ground deformation (Even if no liquefaction)

L4 Distribution of curvature at damaged pile

Comparison with cohesion value

Max., ICuNauir_e. mnml..
| .

0
-15

=11

Curvature is concentrated at pile cap, and
larger than full plastic value in all cases.
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Ly Distribution of maximum curvature
002 s

g «— C=1kPa

R
L] ® «—— C=10kPa
LR R o A i
% g fe—C=20kPa

Curvature (1/m)
>

X1 Line

Y1 Y2 Y3 Y4 Y5 Y6

» In all cases, curvatures at pile caps in the edge is large and
this is comrelative with damage situation.

# The cohesion of the sand might have significant influence on
the seismic response of pile.




@

L# Time histories for c=10kPa

& #0m) Qanp {mm)

The piles was subjected the inertial force and ground
displacement in same direction and nearly at the same time.
(at 1.8 sec)

Appendix X

Ly Distribution of displacement for c=10kPa

At 1.8s (when the curvature peaks) Inertial
_15p Displacement (n'\r\'\}8 | force
Ground
Disp.

L} Distribution of subgrade reaction for c=10kPa

At 1.8s (when the curvature peaks)

Inertial
Subgrade reaction (kM/m) force
-3500 8 3% I —_—
—————

The ground doesn't

resist the pile i3
displacement. B i_.- G[l;:_)und
o isp.
4 'ﬁ B ,
Very large
displacement of 8
pile cap.
Beouna:
2 e
Structural )

damage of piles.

Ly Summary

1. The structural damage of pile might be caused by very
large relative displacement of pile which was due to the
large inertial force and the large ground deformation even if
ne liquefaction.

2. Inthe case of very large earthquake, the seismic response
of foundation might significantly change depending on the
evaluation of ultimate state of the ground.

— It is necessary to verify this behavicr by shaking tests
which is as close as possible on the natural ground.

3. To evaluate the ultimate state of the ground with high
precision, it is necessary to conduct the triaxial test such as
using freezing sampling. It is necessary to develop the
testing method which is inexpensive and high precision.
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NEES/E-Defense Collaborative Earthquake Research Program 10th Planning Meeting

GEOTECH & UNDERGROUND STRUCTURES

POSSIBELE FUTURE RESEARCHES
USING E-DEFENSE SHAKE TABLE

Yohsuke KAWAMATA

Naticnal Research Institute for
Earth Science and Disaster Prevention (NIED)

o]

E-Defense

Z3NIED

Keywaords on Current Trend

» Matured Society — Gradually Declined Society
"Sustainable Development” does not always mean “Continuous Growth”
“Maintenance of the Current Situation”.

< Consideration Span >
Company Management

depends on length of term of CEQ
as long s possivle

Politics (Ideal)
Politics (Real) depends on private benefits of politicians.
Building Design Length of struelure life (about 50yrs]
Civil Engineering
no end as long as society exists

Inthis long span of civil engineering, “Accepting the Decline. Preparation
for Future Chance of Growth” is also a part of “Sustainable Development’

More Fundamental Researchcan be a step for future growth

ZINIED

Keywords on Current Trend
» Earthguake — Tsunami, Rainstorm, (Tomado)
Improving seismic performance of “single structures’

— Still important in “developing society”
= Less impact to “developed society*

means only few chance to get sponsors
for E-Defensse Test

Possible|Composite Disasters|damaging large area

@ Earthquake followed by Tsunami

— Give impact from Tsunami or Backwash to buildings along

coast on shake table

& Heavy rainstorm beforefduring/after Earthquake:
— Give rainfall to slope on shake table using special device

Keywords on Current Trend
» Disaster Prevention — Disaster Mitigation

Disaster Prevention (B4 Bosai):
Prevention = “To keep from happening"
Protect “100%" lives/properties from "design motions” “without™
serious consideration on limitation of resource

For instance. Old-fashioned!?

DPRI = Disaster Prevention ~ (established in 1951)
NIED = ~ Disaster Prevention (established in 1863)

Disaster Mitigation (#$¢ Gensai):|
Mitigation = “To moderate (a quality or condition) in force or intensity’

Protect livesfproperties “as much as possible” "with” consideration
on limitation of resource

3 INIED
Keywords on Current Trend Keywords on Current Trend

Automobile / Camputer Disaster Mitigation » Hardware — Combination of Hard-, Soft- and Human-wares

Cost-Perf Already 7 = Qur main role

Cost-Performance Curve Cu!:ve (u::;’:::,;; Established Cost | < Herdware - Structure > ) i )
N 7 High More accurate soil investigation, numerical analysis and design
A Cost N, 15 Construction method with higher performance and/or lower cost
i : Effective performance verification method (including monitering)

\

Cost

Price

Prepared Budget Required
Performance

Performance

Expected
Performance

Target of
“Disaster
Prevertion”

Target of "Disaster i Performance
Mitigation™ Dasign Motion
Find Optimum Soluticn with
the best cost-performance 5

ZANIED

[ < Saftware - Plan, Regulation > |

Urban planning
Disaster mitigation plan developed by national or local governments.

Regulations

[« Humanware : Education, Training >]
Low  Disaster mitigation education <+— E-Defense test movies

Evacuation training program

In the clese future, researches on "Hardware”
cannot be independent from the other wares!?
6

ZINIED
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Keywords on Current Trend

An example of “Combination of Hard- and Soft-wares”

+ To develop resilient cities, network of main roads needs to be
functional even after strong motions.

« For instance, in case that unreinforced land widely spreads around the
reinforced road network, can the network be functional?

— For effective urban planning. it is important to specify the top priority.

4’.‘]‘ ..... gl Main Road (reinforced)
| S
| Unreinforced
J f Area

5

Unreinforced /
Area /"__,
7
= 3NIED

Appendix X

Keywords on Current Trend
An example of “Combination of Hard- and Human-wares"

+ In most cases, evacuation planraining program is developed based on
conditions without minor structure damages

« For instance, if evacuation routes “seem” seriously damaged for
evacuating people though they are completely fine as structures, people
may "hesitate” using the routes. It may induce fatal jam of evacuation

— Special considerations an human behavioral science need te be paid

inte design of the critical partions of the routes.

Clarify what can be simple index
to judge if the route is fine.

— Educate leaders in societies

ZINIED 8

Themes of Future Researches

1. “More Fundamental Research”, a step toward further researches

2. Mitigation against “Newly-remarked Natural Disasters”,
with considerations on other natural disasters than EQ

3. “Practical Problems” which need to be sclved ASAP,
establishing effective “mitigation”, not “prevention’

4. “2 or 3 Dimensional” Seismic Performance,
combining hard-, soft-, and human-wares

Possible Future Researches -1
Liguefaction due to Long Duration EQ
or Multiple EQs occurring within very short period

1N=;‘d considerations of liguefaction under drain condition
i
|
1

Well-Drain
Condition

Threshold lines; rate of FWP accumulation
= one of PWP dissipation

Max. Acc.

e Aol AT g AM e AM oy

Duration 4m
Poot-Drain Gondition
Main shock Aftershock e —

Long duration motions
Main shock followed by large aftershock

PWP ratio

10

Possible Future Researches -1

Evaluation of Re-liquefaction Strength

Simulating re-liquefaction in large-scale experiment, mechanism of re-
liquefaction needs to be clarified.
Various in-situ
Setllement investigations

Transducers

Various in-situ
investigations

\ PWP transducers,
Accelerometers
°
-

Shaking
D ——

Before Shaking
Start from lower-level motions.
Repeat inputting the motions until the soil does not liguefy any mare.
Perform soil investigations after all shakings.
Input larger motion. Back to @)

“INIED "

After every Shaking

eeeo
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Possible Future Researches -2

Tsunami Resistance of Medium-rise Buildings

Large impact
Building may from Tsunami
e turn over
ilcing
Large Force
Scouring from Backwash

File foundation

Mo friction can
be expected

S~ Liuetable layer

Mainly tip resistance Leading piles may Mo resistance against
suppert the bullding settle orfand fail?  yp-lift force (7)
Tsunami or. Medurrise building released for
|{ " Based on evaluation, place
Undergreund - sign on each building

Continuous Wall

Jet-grout interconnecting &

Walls and Piles t_‘(‘

< Example > 12
Uptodm
ZINIED J




Appendix X

Possible Future Researches -2

Seismic Performance of Slope during Heavy Rainfall

1. Heavy Rainfall
Reinfell Device . |n gesign, simultaneous occurrence of
= DR heavy rainfall and EQ is not considered
o T because of its rareness.
Slope o oo
2.22=s » Since March 11, 2011...
= = Frequency of large aftershocks T
| Drain Sensors Qccumrence rate of heavy rainfall (e.g.
Container localized rainstorm) 1
2. Earthouake ¥ Probably, occurrence of the composite

disasters is still low, and does not need
to be considered in design,

# However, it is important to understand
what happens in the worst scenario in
order 1o make disaster mitigation plan.

Paossible Future Researches -3
High cost-performance Liquefaction Investigation/Mitigation

» Liquefaction evaluation with high cost-performance investigation
# High cost-performance liquefaction countermeasure

Various in-situ investigations
& ;c,tuallv used for practice  Only liquefiable sail
f

‘ ¢I¢¢fi

Structures &
Countermeasure:

Reclaimed soil built with
actual construction method

@

RS
|

Input motions with

»Excessive Acc. =]
Drain S >Large Aftershocks
Earthguake .
Motion 13 »Long Duration .
Possible Future Researches -4 Summary
Seismic Performance of Districts, not single building Current Trend
L] » To establish more sophisticated » Matured Society — Gradually Declined Society
disaste , esti f & o : >
si'i;; e sl ik » Earthquake — Composite Disasters (Tsunami, Rainstorm)
selficlent » Disaster Prevention — Disaster Mitigation
» Regarding single structure as a point X "
(10), assessment of “area seismic # Hardware — Combination of Hard-, Soft- and Human-wares
performance” (2D or 3D) is required.
e — ¥ Focusing on "Width", not on "Size”, . .
E-Defense shake labie tesls with The above trends are commen in developed countries. ..
small-scaled unit areas of city can be
conducted in order to obtain Spend |dentical Cost
benchmark data. — -
Design/Build many 80% structures, not few perfect structures
—|{What is the 20%7 How should we select the 20%7 |
Liquefaction
Underground mitigation
15 16
Z ANIED

Time for Discussion...

Research Budget
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Possible Future Researches -3
Liquefaction of Levee due to Residual Water Table in Bodies

* Investigation technoelogy for residual water table (low cost. applicable for wide
area investigation)

» Effective liquefaction evaluation methed (anisotropic complicated stress
condition)

Residual water table {unknewn)

Usual whter table  Levee raised Levee with Sluicegate

Fully saturated? R Cost
Liquefiabla? Target
= i
- /

Liquefaction countermeasure
with drain system

Petfarmance

ZINIED
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Themes of Future Researches Themes of Future Researches
1. *More Fundamental Research”, a step toward further researches 3. "Practical Problems” which need to be solved ASAP,
+ Liquefaction Mechanism against Long Duration EQ °i“':"";‘“’9 °:'°‘1:e """“93'“"; -"°:"°;°"°’I“'°”ﬂ o FBelieion
igh cost-performance Liquefaction Investigation / Evaluation
v Re-liquefaction Strength M|ﬁgminnﬂe i3 =
¥ Testing technique (Modification / Newly-develap, construction ¥ Liquefaction of Levee due to Residual Water Table in Body
methed, sensors, efc.)
4. “2 or 3 Dimensional” Seismic Performance,

2. Mitigation against “Newly-remarked Natural Disasters”,

bining hard-, soft-, and hi -
with considerations on other natural disasters than EQ ORI Al e e

+ Seismic Performance of Districts, NOT single buildings
v “Tsunami” Resistance of Medium-rise Buildings

¥ Seismic Performance of Slop during “Heavy Rain'

ZANIED ZINIED
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SITE AMPLIFICATION FACTORS DERIVED
FROM STRONG MOTION RECORDS OF THE
2011 TOHOKU, JAPAN EARTHQUAKE The 2011 Tohoku
earthquake of Mw3.0

produced many high -
-intensity strong motion e
records. F l‘
In this presentation, | will
talk about site
amplification factorson |
response spectra of the

s. Midorikawa
Tokyo Institute of Technology

CUEE M——

Site Classification of Strong Motion Station

Average shear-wave velocity of ground is evaluated
at about 800 sites from PS-logging data and
at another about 2100 sites from geomorphologic information.

Then the NEHRP site class for each station is defined

1200
i
s 800
-
ves L .
= 0
Distribution of PGA and PGV ® ¢ ) e
e ] el s LO0E reinids. NEHRP site dass

et ek 2o
b mcc s dorn sl wedocilen e e i o ees o, e oo ral and sou s pats kil ket

Microtremor Measurements for Site
haractegzatban

However, average shear-wave velocity of ground evaluated
from gecmorpholegic information is less reliable, because
broad correlation between geomorphologic unit and average
shear-wave velocity is used.

ol
tes i
Ky

¥
Tuashime.
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Example of H/V Spectrum of Microtremor

Period (s)

Appendix X

E AYSTEC~T 5 RN 20 0
T T

=
g

BV Spectral Rafio
. ‘iu- waaad

HV Spectra of Microtremor
[ n
Period (s} Peried (s)
H/V Spectra at Different Site Class
7 Aot 5) vt mmara | i Ay i, e v clma "
Sawix'ypsdadata Sar '
Bes L Ao mdyemicda pms AHA gecoc
gt i s e e e R
| T R
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qBid, b s @3 sl arbed B S 38w A a o) T
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= 1IF B El
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L | o o dr AN
: ! mesrT.
Period (s} % i
P i
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Velocity Response Spectra at Different Site Class
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e Site
Response in
GMPE of
Campbell &
Bozorgnia

Weak Mation

i

| Nonlinear
m Weak Motion L
Farthguakes.

Response Spectral Ralo

Streng Motion response
AUSINTSIN AVSSUE0Y, analyses.

- - AVSINZIIN AVSIN
b

ot e 5 Nonlinear Site Response should
be examined from Stong
Motion Records to improve
nonlinear site factor in GMPE,

Response Spectral Ratio

“Yamaguchi and Midorlkawa (2012)

Resoonse Specral Ratio
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University of Nevada, Renc

Shaking Table Testing Related to Piles and
Lateral Spreading

Ramin Motamed, PhD, PE
[»] of Civil & Env Englineering
University of Nevada, Reno

10t Planning Meating, NEES/E-Dafonse Collaborative Esrihquake Research Program
Kyolo. December 11-13 2013

Large-Scale Shake Table Tests at E-Defense

= Two Tests in 2006

= 2x3 pile group in
laterally spreading
grounds

= Quay wall (sheet pile
and caisson)

= Large liquefied soil
deformations {1.3m &
2.2m)

= Two dimensional input
motion 5

Crass section view

Observed Damage and Deformations
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Large-Scale Shake Table Experiments at
E-Defense (2005-2008)

sts on Lateral
Spreading of

Liquefied Sand behind a
Quay Wall

Large soil confainer
Height:5m
Widih -4 m
Length : 16 m

Test on Soil-File-Structure
Interaction

Large cylindrical laminar container
Height 1 6.5 m

Diameter - 8m

‘Weight : 800 tons

Observed Damage and Deformations

Complementary Small-Scale Shake Table
Tests

= About 50 small-scale shake table tests at Univ. of
Tokyo

= Overall behavior reproduction, benchmark tests

= Additional mitigation experiments

= Similitude laws (n=10), low confining stress,
qualitative in nature

= Extensive parametric study {soil, motion, piles, cap)
= Dense instrumentation
= Successful reproduction of lateral spreading
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Complementary Small-Scale Shake Table
Tests

Rigid soil container
2.65%0.4x0.6m
Extensive instrumentation

Future Research: Shake Table Facility at
UNR

* Four shake tables (3 tables 2D and 1 table 6D)
* Soil box (rigid and shear)
* DAQ and sensors

n—

Tables dimension: %
4.3mx4 5m (biaxial) ;
2.8mx2.8m (6DOF)

Thank you
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Complementary Small-Scale Shake Table
Tests

- 288 o

f
| IP————sleee——=r
;j Test 27- Dr=30%- 300 Gal- 10 Hz
'

Small acrylic box dimension: 2

A uggg@NEVAbA




WHAT STANTS WERE CHANGLS THE WORLD

Appendix X

TEXAS T T o S et

Site Response Analysis:
Comparisons with Kik-Net Borehole
Arrays and Related Research
Questions

time gl

Prof. Ellen M. Rathje, Ph.D., PE.
George Zalachoris
University of Texas at Austin

e ) I Funding provided by Nuclear Regulatory Commission I

Site Response Uncertainties

* Modeling
— Evaluation of bias and
uncertainty in 1D site
amplification predicted by
numerical simulation

i + Characterization

— Quantification of variability/
uncertainty in the shear
wave velocity structure

T—

TEXAS

TEXAS
Borehole Array Study

« Analyze 13 borehole
arrays using:
— Equivalent-linear (EQL) fpo—
— EQL with frequency-
dependent properties
{EQL-FD)
— Nonlinear (NL)
+ Compare predicted and .
observed amplification of s k‘&
spectral acceleration s

WHAT STANTS MERE CHANGES THE WORLD

. M S n Sl
Borehole Array Sites;; ! 11 -
T
aen <dg  ooiga07g 303 u_i:_ ,E‘:‘ LR g § 5 N BN
n ] 1 338 z:. 1 .: I .: i
n 0 1 e i & £
= ‘ 3 m -_‘ T ':. e wn xx
e T :| ? in
5 : : 1 fo B ”
- % v P 5 I | iL e T
Gdam e ) - s e [ ’L"L =]
Lowng 1w L] L ;I. 1 w u
] | - wy }
+ Use G/G,,, and D curves from - "m ) =
Stokoe and Darendeli (2001) N EE
« Dy ~ 1%; ~3% d ﬁ L i

Modeling Soil Behavior

Nonlinear hysteretic Equivalent-linear soil
soil behavior properties

NL analysis NOL analysis

_/ Strata

Shiat Strain

G,

| DeepSoil

Trarmping

Freguency-dependent
shear strains

Cormpiete sy irm

% 3 S Specarum Gt

| EQL-FD

2 i : analysis
= —

WHAY STARTS HERE C

Amplification Factors
Site: IBRH13 Vs30 = 335 m/s

100 100 ! 7
3 PGA,.= 0.01g | PGA..= 0068 —Glsrved
Z | — L
2 | ~=esEQLFD
10 10 | I
3 | W
-
a 1
< 3 4 [, A —
001 a1 1 W o0d 1 10
100 100
§ : PGy =011 - [ PGA.= 20y
2
g0 L 10 :
i re ™
| z AL
2 1 — b 1 i T
om LR} 1 10 om ol 1 10
Periad (sec) Period (sec) 5
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Mean Amplification Residuals
Residual = INAF jpeerved — INAF carcutates

2
Lo [PeAL=001g

1 Uinder-prediction

-0.g80

Mean Residual

Mean Residual
e
é’

Period (sec) eriod (sec)

Site: IBRH13

Mean AF Residuals-

" pmmzooin) )
T o5 - Underprediction o5 4
2 3

L U © —--‘_ﬁ.r__

E oco:l m EURE TR <) 10
§ 05 © Over-prediction had
E "

; * Perjod (sc)
- Yo > 0.1 %)
-E 85 { A
3 Z
& - Across all 13
c sites
@
=

Period [sce)

TEXAS

&

Max Shear Strain (%)

P 01 L I
Period (s)

Undcr-

© prediction

|enpisay
uespy

Over-
prediction

TEXAS

Mean AF Residuals- EQL

10 ¢
— Under-
E prediction
£
e -
ax
-
5 - B
" prediction
- .
b 19 o 20

Period (s)

Comparison with criteria from
Kaklamanos et al. (2012}

Max Shear Strain (%)

[n]

L
amn .

1 1
Period (s)

Comparison with criteria from
Kaklamanos et al. (2012)

TEXAS
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Comparison with criteria from
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TEXAS

Appendix X

Observations

« EQL and NL analyses significantly
underpredict motions at [¥], ., > 0.4%

— Strength correction for G/G,,, curves will
improve results somewhat but will not result in
zero bias

+ EQL-FD analysis significantly overpredicts

motions at ), > 0.4%

— Enhancements to this method could improve
results

Research Questions

+ How does spatial variability influence site
amplification?

Measured Vs Data

Two Dimensional Vs Field

TEXAS

TEXAS

Research Questions

* How does spatial variability influence site
amplification?

— What shaking table/centrifuge tests can we
perform to investigate this issue at large
strains?

— What field data are available to investigate
this issue?

169

Research Questions

+ How well can we characterize spatial
variability? Over what scale?

Downhole

PS Suspension
Logging Surface wave
dispersion (MASW)

::.,".'?:--“z =
| 4' m—

Cox et al (2013}
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NEES/E-Defense Collaborative Earthquake Research Program 10th Planning Meeting (Reboating
US-Japan Joint Research on Earthquake Engineering)
December 11 to 13, 2013

Next Generation of Physical Model Testing with
Generalized Scaling Law
- towards LEAP project-

Tetsuo Tobita [,,‘

DPRI, Kyoto University

Is physical modeling possible for large prototype with a
sand box: 45W x 30H x 15D (cm)?

Pier altached 1o the séa bed

There is always some limitations due to the capacity of facility, but,,,,

Yes, it is maybe possible!

By exploring possibility of the geotechnical centrifuge
modeling with the generalized scaling law

Contents
The generalized scaling law and "New" modelling of
models for flat saturated sand deposit

LEAP (Liquefaction Experiment & Analysis Project)
(launched in Jan, 2013)

Generalized scaling law

Combination of 2 scaling laws:
(1) 1G model (1/w {lai, S&F, 1989)
(2) Centrifuge model (1/n) (lai et al., Geotechnique, 2005)

Hpan) |

Prototype

Virtual 1G

= .

Centrifuge model

eg. 1/100 = 1/5 [ 1/20 | i1
n=5 u=20

170

Generalized scaling (1) 2 3

factors Scaling factors |Scaling factors| Generalized

S for lgtest | for centrifuge |scaling factors|

test

Length [Ty n Hn
Density 1 1 1
Time T n [
Freguency [Tl 1/ 1"
Acceleration 1 1/n 1
Velocity T 1 e
Displacement u n u"n
Stress [ 1 [
swin [ R
Stiffness W 1 w
Permeability e n W
Pore pressure [ 1 [
Fluid Pressure " 1 L




Past studies on the generalized scaling law

Method: New modelling of models

Appendix X

1/100
Pile: Nishida (2007}, Nagaura (2013) \
Dry sand: MNoda (2008), Tobita et al. (2011)
Saturated sand: Tann etal. (2010), Yaoi (2010) T RTUA TS I rhoToTIPe
Caisson: Itoh (2010), Meritani (2011), Takata (2011}, Yaoi (2012) = - hit

e.g. 1/100 = 1/5 1/20 # 1/1

1/10 1/10 = 171

Y50 [ 172 & 11

170 M 1143 [ 11

Im 1ip
Centrifugal acc. = q Tobita e al.. WPMG (2011)
Flat layered saturated sand (rbita et al.. liFMG. 2011 Model scale
15 Silica sand #7 (Dg,=0.13 mm) Experimeter A

[ T T T

Viscous fluid {(Metolose)

25m deep ground in
prototype scale

(100G is required for
ordinary centrifuge
scaling law)

(Even with E-Defense,
it is difficult to carry

: . out)
s o
—>
Input motion: sin wave
Virtual 16 model: 1/20 Vidual 16+ 111,43
Prototype Conitige 115 Conige- 170
Experimenter A ' ey omcomnees
Surface o Surface acceleration Ly
3l o r.'l‘“—:“:“' Glom |
-«nr- ----- = I-.-.mv } Ew =3 --!:« ‘ GL5m _.lla- ..‘J_
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1t o g, b il anar
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{ QLT ¢ LG
nput 56 oG 500 S 06 Input acceleration at the base |
GL-25m

Acceleration of a scale factor of 24 is validated /
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Excess pore water pressure

Validated so far (1/2)

and analyses

January 31, 2013 10:00-12.00
lai's lab. Kyoto University

Attendees:
Susumu lai

Tetsuo Tobita

Kaoji chi

Bruce Kutter

MMajid Manzart
Gopal Madabhushi
Lee Chung Cheng
Chen

Whe-Yi Hung

Majid Manzari
Gopal Madabhushi

172

Experimenter A
b R
R 5G | whenthe low A
F A T centrifugal acc., i .
F= 3 Iong duration time for = 35 |1} Acceleration Scale
Bl Lo B0 i pore water dissipation o EPWP buidup
. 2 106 B 30 == 1/400
: Why? E
L Q25 - ==1/200
. -> This may be =
i attributed to the 22 e 11100
i 50G  properties of viscous § 15 %S g
{ fluid, (Tobita atal, £ ® Applicable
} ‘ 2011) 21
3
T0G (I
a
a 40 &0 80 100
T0G Scalng factor of centrifuge model, n
Records during shaking Entire record
Validated so far . EPWWP dssipaton
(2/2) H LEAP (Liquefaction Experiment & Analysis Project) (launched in Jan,
o 2013)
5
X bt apolizab
§ o ogboolis - MNext generation of VELACS project
2
3 - International collaboration between centrifuge and numerical
modelers from US, Japan and other countries
- Class A prediction of liquefied ground response
% - More to come in the Fourth International Conference on
S Geotechnical Engineering for Disaster mitigation and Rehabilitation
5 (4th GEDMAR) (September 16-18 2014) held in DPRI, Kyoto Univ.
,E in September, 2014
E - In 2014, centrifuge model tests with the generalized scaling law
3
& 100
Scalng factor of centrifuge model,
Planning board: Physical model testing:
LEAF S I DPRI, Kyota Ul ty, J
i i nt and A Proj usumu lai . Kyota University, Japan
Liquefaction Experiment and Analysis Projects Teteuo Tobita ENime, Jepan
Kaji lchii TIT, Japan
Memorandum
" . " Mitsu Okamura University of California, Davis, USA
Discussions on the future plan of the bench mark centrifuge tests Brisce Kutler RPI. USA

University of Cambridge, UK
NCU, Mational Central Univ., Taiwan
Zhejing University, China ( invitation by Bruce)

Numerical analysis:

FLIP ROSE, Japan

FLIP TULIP, Japan

LIQCA, Japan

Geohsia? (tentative), Japan

GWU, Majid, USA

Mo.2, USA (invitation by Bruce)

No.3, USA (invitation by Bruce)

Imperial College, U.K. (invitation by Gopal)
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Results of class A prediction in Jan, 2013

Shear box
Centrifugal acc: 50g

Input wave: Sin wave Inside dimension: LS0cmxD20cmxH32em
Frequency: 2 Hz (100 Hz in model scale)
Number of cycles: 20

Model ground
Toyoura sand

Target relative density Dr=40%
Sand is saturated with de-aired water (not viscous fluid)

Properties of Toyoura sand
Specific gravity G 2636
Min. densityparn 1838 s §
Max. density panw 1329 Units in mm
Max. void ratio: e 0983 “Flat" of “sloping” base
Minvoid ratio: er, 0609 Membrane (1=0.03mm) lo

installed,

RED: Computed
BLACK: Measured

Sensor location: Case 1-1
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Summary

In 2014, under NEESR-Flanning Project-LEAP, centrifuge model tests with
the generalized scaling law is planned.

(GWU, UCD, RPI, USACE, Div. of safety of dams, URS, TIT, Ehime Univ.,
Kyoto Univ., Cambridge Univ., and Zhejiang Univ.)

Geotech group is slightly taking the lead.

Issues:
Repeatability of physical testing => "NEW" modelling of models
How to qualitatively evaluate results of Class A (or C) prediction? So far, by

impression of professionals.
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NEES/E-Defense Collaboration Workshop
2013.12.13

MONITORING OF FOUNDATIONS

Part of
Spedial Project for Reducing Vulnerability
for Urban Mega Earthquake Disasters
laisei Corporation

SHUNJI FUJII

INTRODUCTION

The damages of foundations and lifelines are
not easy to identify after large earthquakes.

The damage of piles during the
1964 Niigata earthquake was found
in the re-construction process after
20 ears of the earthquake.

The objective of this study is to develop a
health monitoring system to_enable real-time

assessment of the soil, foundations, and
lifelines.

RESEARCH SCHEDULE

Technology
Survey of
Sensors

Element Tests

System
Development
Shake Table Test —
At E-Defence
Completion of S
Monitoring
System
Organization

Taisei Corporation, Kyoto U., Tokyo U., Tokyo Science U.,
Kobori Research Institute, NIED

CANDIDATES OF INSTRUMENTATION
FOR SOILS AND FOUNDATIONS

Y ]
Il""J-"‘"“
s |1

is

MONITORING SYSTEM

ing, Data Transfer, Data Process, Control & Monitor

<

TABLET:CONTROLE MONITOR.

P, DATA MANACEENT AND
PC:DATA PROCESS

I'Illl

SHAKING TABLE TEST
AT E-DEFENCE IN 2015

©B8000mm

Laminar Box at E-Defence
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SHAKING TABLE TEST
AT E-DEFENCE IN 2015

TABLET:CONTROLE MONITOR .

SENSORS FOR
ACC. PORE PRE

Potential Topics for Collaboration

SOIL - STRUCTURE INTERACTION
DURING LARGE EARTHQUAKES

BUILDING
OBSERVATION

The behavior of soil-foundation-building system during large
earthquakes is not fully understood and its prediction through8a
computer simulation is not satisfactory.

UNCERTAINTY IN SIMULATION

SURFACE SOIL ON

SOIL-FOUNDATION INTERFACE LIQUEFIED SOIL

1 I
1| 1
1 1
SOICEPIT R EEREE i

LIQUFIED]

COLLABORATIVE WORK

Develo simulation method for soil-
fourtdagion-building system during large
earthquakes.

(D clarification of the behavior of these

interfaces through tests,

@ modeling of the interface behavior and
incorporation in simulation programs,

® verification of the developed simulation
technique through the comparison
between the simulation a the
observation during past earthquakes and
with large scale shaking table tests.

END
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APPENDIX XI: PRESENTED PAPERS IN MONITORING WORKING

GROUP

George E. Brown, Jr
Network for Earthquake Engineering Simulation

W eee

M -
Consider the Lifecycle of a Structure
* Decisions:
— Maintenance
= Repair
= Replacement
= Prevention
— Recovery
— Response
— Diagnosis
— Prognosis
— Decommissioning Transformational Potential:
* Understanding our
structures
+ Lifecycle planning for
efficiency

Data “Stuff”

* Need:

— Effective lifecycle management and menitoring will
require access to more data and information

— Acquire, transfer, convert, the data into
forms that are accessible
* Impediments:
= Volume of Data
— Language barriers
— Technologies need to work together
— Privacy, proprietary and cyber-security risks
— Quality and trustworthiness of the data
= Education, awareness gaps

Closing the Gap between Data and" ™
Knowledge

— Capabilities have expanded
* Aggregation/Interpretation
+ Data management

-\ | [—

¥ - fEEE

" ¥

— Integrated SHM information
system with interactive layer
of infrastructure information—+__
— Information tuned to the end-user
— Yielding safer built environment more responsive
to the needs of society

Fundamental Needs

« Lots of data !!
* Security measures
* Novel and bold policy strategies

[OTC]C UREE]

INTERNATIONAL
CODE COUNCIL

177

Data “Available”

* NEES - Project Warehouse
* SERIES - Portal

* E-defense (ASEBI)

» Etc.

has its own data
and has policies

to govern access
to that data.
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Community: NEEShub Cyberinfrastructure

840,656 web and 38,854 tool sessions from users of
212 countries between August 2010 and April 2013

. -
Why publish the data?

¥ Citation to the data

v Permanent identifier
(DOI)

Citation format for NEEShub data:
Experiment-4: Keri Ryan, Eiji Sato, Tomohiro Sasaki,
Taichiro Okazaki, Jean Guzman, Nhan Dao, Siavash
Soroushian, Camila Coria {2013). Full Scale 5-story
Building with LRB/CLB Isolation System at E-Defense.
Network for Earthquake Engineering Simulation (NEES})
(distributor). Dataset. DOI: 10.4231/D3SB3WZ43.

Why publish the data?

| E———
¥ Citation to the data

Tl v Permanent identifier
{DOI)

v'Data papers

Lt ¥ Integrated toals that

can act on the data
{open-source)
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- -
Changing Culture of Collaboration
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im Directitins ll I II
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SENERREREE
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Why publish the data?

¥ Citation to the data

v Permanent identifier
(Do)
v Data papers

Recommendation: Data

CYBERINFRA-
STRUCTURE
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Partnerships and Collaborations ™

Farmal Agreements with China NEES Seismic Engineering Research
Infrastructures for European
Synergies (SERIES)

| Facllides. Collaborati os

Appendix XI

e

Partnerships and Collaborations ™

Seismic Eng
Research
Infrastructu
Eurcpean S
(SERIES)
+Bata

Data, Data, Data R

Data Curation Handout: http://nees.org/resources/5492

. - s
NEES/E-Defense Joint Projects

s B7S Shake Table Test (PI: G. Deierlein)

. #2954 E-Defense (Seismic Performance of Interlocking Spiral Columns
and Rectangular Columns Based on Shake lable |ests)
{PI: S. Mahin}

- #3651 Collaboration between L Defense and NLLS: Studying Pile
Stress in Laterally Spread Ground (PI: R. Boulanger)

. #571 TIPS - Tools to Facilitate Widespread Use of 1solation and
Protective Systems, a NEES/E-Defense Collaboration (PI: K. Ryan)

= #39Y Development of a Performance-Based Seismic Design
Philosophy for Mid Rise Woodframe Construction
{Capstone test) (Pl: 1. van de Lindt)

+ #1005  Full Scale Four-Story Reinforced Concrete and Post-Tensioned
Concrete Buildings at t-Defense (P12 ). Wallace) - expected soon

s il bl s 0|
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Monitoring Systems for
Intelligent Infrastructures:

Design, Sensing and Data
Analytics

Anne Kiremidjian, Mark Mollineaux, Ram Rajagopal
and Konstantinos Balafas
Civil and Environmental Engineering
Stanford University

NEES - E-Defense Workshop 2013
Kyoto, Japan
December 11-13, 2013
Anne Kiremidjian

Qutline
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\

* Introduction

« Current Hardware Development

« Summary of Damage Detection Algorithms
+ Response to NEES-E-Defense Questions

Anne Kiremidjian

Structural Health Monitoring Challenges

Deployment of monitoring systems in
harsh conditions

Identification of meaningful indicators of
damage from data

Real-time and efficient algorithms for
information

Anne Kiremidjian

Structural Monitoring System

Decision making

180

Qutline

Introduction

Current Hardware Development

Summary of Damage Detection Algorithms
Response to NEES-E-Defense Questions

Anne Kiremidjian
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1996 2007 2010

+ MEMS based seRsof,sygtems

\Weigh-In-Motion System

Sensor Packaging and Installation

+ Protection for harsh | | ! J 1
environments y

+ Sensing performance
improvement

+ Lifetime 10 years

Anne Kiremidjian

Wireless WIM System

+ Load cell system

« Requirements: 10 years, 0.5% average error
Anne Kiremidjian

K
am(t) = 3 ac(t = i, 00) +e(t)
(1)

!vﬁ/\ 1 A A
vy \J =

H V v

Fi=85r(T)

+ Each axle displacement is approximated by Gaussian

shape, (fit second degr;:@‘mr%ﬁﬁussfan}

181

Temperature p ion No p ion
Mean Std of Mean Std of
Error (%) errors (%) | Error (%) | errors (%)
Axle T -0.27 525 -0.44 6.66
Axle 2 -0.22 4.75 .
Axle 3 -0.33 5.81
Total -0.19 4.08
| T Wirelass | Conventional Maximum
| WIM error | WIM ercor | allowsd error
Axle 1 | a8 18.67 F1
Axla 2 10.07 240 15
Axle 3 1244 3746 15
| Total | 876 pee] 10

- Rajagopal et al {2011), gwg&w}gﬁﬁin o
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'..priemed Wireless Structural Health Monitoring

= Fuse multiple sensor information with
statistical orientation model:

* Patent pending Anne Kiremidfan

Qutline

Measuring Displacement

= Embedded load estimator is a filtered
displacement
* Double integration fails

- [ Dxpwmes ra Dyvbl bvpryee.

Data Collection and Conditioning

= Introduction

» Current Hardware Development

« Summary of Damage Detection Algorithms
* Response to NEES-E-Defense Questions

Anne Kiremidjian

Signal Modeling, Feature Extraction and
Structure Correlations

= Autoregressive model

« Wavelet transform

- Rotation Algorithm

Anne Kiremidjian

182

+ De-noising ==,

Anne Kiremidjian

Damage ldentification

= Compare DSF'’s from periodically collected
signals and determine if change has taken
place
= Statistical significance tesling
= Pattern classification methods
« Information Theory
= Machine learning methods

Anne Kiremidjian



Mahalanobis Distance as

Appendix XI

Example Applications

Mahalanobis Distance for
ASCE Benchmark
Structure - AR Model

Gaussian Mixture

Nairetal.,

25 Anne Kiremidjian

EES — UNR Project-% Scale Bridge Test
AR & Gaussian Mixture Algorithm

* AR — 4-Span Bridge tested at UNR

* Wavelet — 4-Story Steel Frame
tested at SUNY Buffalo

+ Rotation Algorithm

Anne Kiremidjian

183

4-Story Steel Frame Test = SUNY, Buffalo

Wavelet Damage Diagnosis
Noh, Lignos & Kifemidjian, 2008

Use non-

stationary signals
- e.g. earthquake
response motions

DSF- Feature WO

from wavelet o T S IR ’T
energies of signal - i 4

- Correlate DSFto 27 “‘“\"‘*j‘"‘“w u
Damage Story Drift History

4-Story steel moment-resisting frame, NEES facility at SUNY-Buffalo
Anne Kiremidjian
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Results

Normalized CE after L.

oL

Giound 2 4 Roof

3
Floor

Increase in wavelet based DSF for a
particular scale

Anne Kiremidjian

Residual Drift Estimation from Rotation

« If slope along multiple

locations can be cbtained
2 2
P
.
oy

on a column then can
obtain good estimate of
Relation between drift and column
slope (from Priestiey et al, 1996)

the displacement profile
Multiple senscrs may not
be feasible

Thus, can we obtain an
estimate of the maximum
permanent drift from a
single sensor placed at the
top of the column

Anne Kiremidjian

Test Setup for the ETN Column
(Figure reprinted from Choi et al. =
2007)

(a) Dimensions and Detailing of the
ETN Column (Figure reprinted from
(b) Ghoi et al. 2007)
(b) (b) Placement of the Wireless
¥ ey Bensing Units on the ETN Column
jfan 27

for All Tests Sensor 4, Top of Column

N 1+

-3
§
i
i * Increase in
- b ——A— residual drift
s LR observed with g
. increasing 2§
= p-}
N
h' strong motion 5 £
3

F
¥
i
-
B

10 ——=— Sensord )
w B J— Sensor 8
E £
£ £
i ; H
[~ cd - c
2 2s
B 2 e 28
T £ E
E g g — - - S
. r ' . ' ' B 25|
¥075 x080 x105 %120 %135 x150 %165
Magnitude of Rinaldi Ground Mofion Test -

Anne Kiremidjian

15 p=0 i
3 & |p estimated 2
=10 =) Measured drift
o
]
P
€ ;i
8 S
- & ® =
x075 x0890 x105 x120 x135 x150 x185 25
Magnitude of Riraldi Ground Motion Test BE
Osg
Drifts estimated <%
1. assuming zero plastic hinge length and 5

2. using thearetically derived plastic hinge length, and
3 actual measured drift values
Anne Kiremidjian

184



Appendix XI

Qutline

= Introduction

« Current Hardware Development

+ Summary of Damage Detection Algorithms
+ Response to NEES-E-Defense Questions

Anne Kiremidjian

Questions From NEES/E-Defense

+ If monitoring systems are tailored to “sense” specific
damage modalities in structures, which ones are of
greatest importance that should be prioritized?

+ How can instrumentation (sensors and sensing
systems) be used to illuminate causal relationships
between damage and residual capacity of structural
systems?

+ Ifthere is an opportunity to dedicate a large-scale
structural testing program exclusively to structural
health monitoring and SHM-driven decision making,
what would you propose?

Anne Kiremidjian

Which sensors to prioritize

Obtain causal relationships between
damage and residual capacity

= Crack sensors —
+ Steel welds
+ Steel members with nctches
+ Concrete
= Corrosion sensors
« Direct dynamic displacement sensors

Anne Kiremidjian

+ Systematic testing with gradually increased

ground shaking

» Develop relationships between damage measures
and observed damage

* Develop analytical models that can be verified by
the tests

* Then can develop causal relationships between
damage and estimates of residual strength

Anne Kiremidjian

Proposed program for SHM

* Develop a test-bed for blind damage prediction

based on tests conducted previously

* Use previous test data to develop and test damage
diagnosis and prognosis algorithms

= Design a new structure and instrument extensively —
provide an opportunity for various researchers to
participate in the instrumentation

+ Subject to a series of random earthquake motions
and obtain damage predictions from various SHM
systems

+ Compare predicted and observed damage diagnosis
and structural pregnosis

Anne Kiremidjian
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DAMAGE DETECTION OF STEEL STRUCTURES
Masahiro Kurata
DPRI, Division of EQ hazards

Role of SHM in Earthquake Engineering

Disaster Vulnerability

100%
=
2
g D Resourcefulness
Z R 4_[_ Rapidness
—>
Redundancy
Robustness
Je MCEER 4R Model

10

Matters in post-earthquake damage inspection

VISUAL INSPECTION SCALABILITY

by registered inspectors for densely built-up areas
| Central Disa:

* Over a month to complete “emergency” damage screening
« Alack of shelters for approximately 600,000 refugees 5

Paradigm Shift in Disaster Reduction (DR)

DR model: Physical Damage
D = f(H,E\V)

D: Damage, H: Hazard
E: Exposure, V: Vulnerability

DR model after recent disasters : Resilience
R = f(D,A,T)

R: Resilience, D =f (H,EV)
A: Human Activities, T: Time

Research Center for Disaster Reduction Systems, DPRI, Kyoto University 11

* Good metivation: fire-proofing, hardly identifiable damage
* Challenges: composite action with slab, global behavior
insensitive to member-level damage
e.g. E-Defense (Day 1: Slab D, Day 2: Slab D + Scallop tail crack)
1# freq. (UD: D.90Hz, Day 1: 0.85Hz, Day 2: 0.85Hz, ...)
5th freq, (UD.: 9.23Hz, Day 1: 8.96Hz, Day 2: 8.88Hz ...}

12

186

Data-driven Structural Damage Assessment

» Sensor-based approach
# Structural design-based approach

Structural  Statistical damage Decision
analysis detection making

Wireless sensing network + Web-based cyberenvironment

13



Data-driven Structural Integ As

» Sensor-based approach
# Structural design-based approach

Structural members
covered by finishing

Gements in damper buckle
after certain story drift...
0.5% story drift

2% story drift

= ) i
Lack of objective information
in visual inspection

Damper capable of memorizing
\experienced deformation

14

Seismic Interferometry for Global Monitoring

Delay in wave
propagation
Vs
Story stiffness

Band-pass filtering

e P H 11.5Hz
e TS
Deconvolution .57 '
g
L we L
DJ;\ _
Lag time(s) EETesuoncy (Hz)
Sniedar and Safak 2006 16

Enhancement with Modal Evaluati

+ Evaluation of modal dynamic strain for estimating
distribution of bending moment under equivalent static force

“Lntraution of respamies wisovted
A N eminant mater”

W~ g

i “Bending moment under
equrvolend stati force”

/

&

Damage index (%)

2

—0—while noise
=& minar eanhquake

0 20 40 80 80 100
Reduction of 2" moment of Inertia(%)

F

—
=>4 .
> = St

“Tvwisatian of moment dtribution
wder same mode ihaper”

Di is weakly dependent to

input dynamic excitations
18
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Local Damage Detection with Dense Array Sensors

RS

15
Methodology for Local Damage Detection

* Changes in distribution of bending moment by damage

+ Damage index based on dynamic strain monitoring
under ambient vibration or minor earthquakes

- Smart wireless
strain sensing

Strain time * - ' - m i
Norade WSU history 2 a b
u Before nrthqulh \ / After earthquake
',”W &
."'--.e"" Damage index (DI} B R
PVOF piezo film Changes in the relative 2l - T <100

distribution of dynamic strain

17

Testbed f al Damage Detection

Dynamic testing of 1 /3.75
scaled steel frame

Simulated damage
embedded around joints

Erame Test

Joint details
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Simulated seismic damage at beam ends

Top Top Top Top
Web
X X X X

Qutside | | lnside Qutside | | Inside Outside | | Inside Qutside | | Inside

Bottom Botlom Bottom Bottom.
L1-i L1-0 L2 L3
—— Descriptions '::"E'I“:';’
Li-i Inside link of battom flange is removed 284
Li1-o Qutside link of bottorn flange is removed 284
L2 All links of bottom flange are removed 68.5
L3 All links of bottom flange and web are removed 99.8

20

Wireless PVDF sensing system

" Lo W |

Wireless sensor network el Sensor location
——— - wse [ b
T =)
W L] u - |
s ullw -
= = . |
P i L

2 ===
Data acquisition center

Undamaged case

D bothers 0%

= Ll L Embis . ol oel |

E-Defense Test: 12 Wireless Sensors

* Frequent battery changes in
early morning

= NO opportunity to tune antenna

after scaffolding removed

Damage Index Summary

PR

Pattern Recognition

(3 ) ? [
ke o dvge ez wales

Kurata, M., Li, X., Fujita, K., and Yamaguchi, M. “Piezoelectric dynamic strain
manitoring for detecting local seismic damage in steel buildings,” Smart
Material and Structures, 22, 115002, 2013.

Li, X., Kurata, M., Nakashima, M. [2013]. “Dynamic Strain Monitoring for
Detecting Fracture Damage at Beam-ends in Steel Moment-Resisting
Frames,” Proc. of SHMII-6, December, 20153

E-Defense Test Day 2: Crack Initiation Detected

15-20 mm crack for
H-270x8x85x12

Crack at scallop tail

D Index Result
{exterior beam-ends at 2F- 7F) PINAgEInHeCTest
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Specific damage modalities in structures

Appendix XI

Causal relationships between damage and

Drift-based:

— Seismograph, direct-sensing

— Advancement of simulation techniques for
predicting deteriorating behavior, yet large
uncertainties in strong non-linear range

(yielding > local-buckling >> crackor
fracture}

— Interpolation techniques for reducing # of
sensors

RC structures:
— AE sensors for crack detection
— Acc. for frequency change
Steel structures:

— Strain-hased for fracture detection,
fracture sound?

No needs for
monitoring collapse

26

Large-scale structural testing program

= Shake table testing of structure-specific earthquake early warning
and damage detection

= Blind competition (no tuning for thresholds!) of novel sensing
technologies

* Relatively small but two visually identical structures

Unretrofitted with damage  Retrofitted with minor damage

| »

o o o]

Shaking Table

28

* Large dependency on the level of redundancy
and ductility of members

— Need specific approach for each structure type
* Integral-approach:
— Need accurate information for each damage extent
— Integrated error
+ Direct-approach:
— Obtain hysteresis loop with acceleration responses

— Contain large noise yet promising to capture
deterioration curve

— Need real-time monitoring

30

189

residual capacity of structural systems

Collapse
Margin
?n [
[ 078
i L

/

- " W b GM
= Intensity
+ Allowable damage and demand for monitoring
= Minor and visually non-identifiable damage need detection
— Critical and visually-identifiable damage need quantification
* (Classification needed with the level of redundancy
— Several critical damage trigger collapse in bridges but not in buildings

27

Thank you!
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Development of Damage Index

L s W }

R Ry power of filtered
x100% 4y namic strain responses

[ — l-mn-u |
‘ S
R -

DI =

* Statistical evaluation in time-domain using power of
dynamic strain responses

* In-network normalization for a comparative study under
different input motions

31
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Processes for Computing D/

Data Setup
Dynamic strain Dominant mode > Filtering for dominant
data collection evaluation mede extraction

3z
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Wireless Cyber-Physical System
Frameworks for Enhancing Civil
Infrastructure Resiliency

lerome P. Lynch, Ph.D,
Associate Professor

D of Civil and i Engi i
Department of Electrical Engineering and Computer Science
University of Michigan

107 NEES/E-Defense Collaboranve Eamhquake Researeh Prograr Mesting
Eyoto, Japan
December 12, 2013

Emergence of Cyber-Physical Systems
* Cyber-physical systems (CPS):

= Coordinated combination of sensing, computing and actuation

s son of embedded

wireless communication and

"
low cost sensing allows the warld to be densely sensed and controlled
— Availability of wircless Internet gives ficld based sensors/actuators
increasing access to computing resources

Eaely Eathauke Imeliigent Transportatian Syscems.
oem [ty ol

Appendix XI

~ Confluence of Technological Trends

Fehincegth

Emergence of Cyber-Physical Systems
* Cyber-physical systems (CPS):

= Coordinated combination of sensing, computing and actuation
= Integration of embedded ing, wircless comm 1and
low-cost sensing allows the world to be densely sensed and controlled

— Availability of wircless Internct gives field bascd sensors/actuators
increasing access to computing rescurces

Compuiie § By sl
[Cpbericteanlnzhien « Compn fieg)

Cyber paysical System |CPS) Framework

My Research Portfolio

Field val cation

of Monitar'ng

forore = PesdoxchCorwo byiims  + Catahaw Systema For JWsdnibia
- Vi esSeno o iveghi o mgoots  iedl CenbitieStion
Meary + Lmenns bk rg
suprs petae o SyasrrBre
moe e
Tocon chogy

- shuie b 2 btovace
= Umbaedac Camgunigie
Ciber-Fropical Spmarm.
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Distributed Damage Sensing

* Distributed sensing based on multifunctional materials:
= Materials that whose material properties are modulated to damage
— Work has explored use of carban nanotube thin films
~ Distributed sensing functionality provided by impedance tomography

Mutti-functional matenial
with
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Distributed Damage Sensing

+ Distributed sensing based on multifunctional materials:
— Materials that whose material properties are modulated to damage
— Waork has cxplored use of carbon nanotube thin films
— Distributed sensing functionality provided by impedance tomography

Bio-inspired Sensing Systems

Biology unexplored for next-generation sensors:
— Nature ripe with sensing, power harvesting, collective intelligence
— Impressive sensing capabilitics with low pawer levels
Bio-inspired compressive sensing based on the cochlea:
= Cochlea interprets sound wave through mechanical vibrations of
basilar membrane which converts signal inte binary spike train

1
Propoan “Hosral”
Sensiog newuck |

Bio-inspired Sensing Systems

* Biology unexplared for next-generation sensors:
— Nature ripe with sensing, power harvesting, collective intelligence
— Impressive sensing capabilitics with low power levels
* Bio-inspired compressive sensing based on the cochlea:
= Cochlca interprets sound wave through mechanical vibrations of
basilar membrane which converts signal inta binary spike train

[ ]

[ o s ]
| s s}
t

_.,ﬁ Rl T

UAV Field Sensing

* UAV explored for post-event reconnaissance:
— Civil infrastructure performance data from extreme events is
perishable and needs to be collected as quickly and reliably as possible
~ Site conditions can be dangerous and difficult to reach
= Quad rotor UAVs arc emerging as a promising data acquisition tool

Actuation in the CPS Framework

* E i of the developed cPs ke
= Include actuation and system reconfiguration for system resiliency
= reedback control theory upon a CPS framewerk defined by both static
(e.g., infrastructure) and mobile (e.g., societal users) agents:
= Infrastructure network reconfiguration driven by hybrid system analysis
« Madel predictive contral (MPC) approaches

Reconfigrable Chilled Water Systems

Cascading Failures: Fukushima Marchikpril 2011
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New Carquinez Bridge

New Carquinez Bridge (constructed 2003):
= Located in the San Francisco Bay Area (Vallejo, CA)
= lotal bridge kength is 10%6 m (main span of /28 m}
— Main deck consists of steel orthotropic box girders
- Hollow reinforced concrete towers and pre-stressed link beam

.

Pew €. inea Beidge e i
a1quines Bridge (NCB) Powsick Wiy, O s




Instrumentation Plan

Nodes  Chanaria
Tri-esial actelerome e tgirder] 1 57

177 eial pzeleromater Cowersh £3 1z

AN wan e, anemometer, ler o 3 3
Foteriometor Dbplacemer: {girderd 5 3
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Data-driven Decision Making
* Cyberinfrastructure tools offer enormous potential:

- Database systems for storage of structure meta- and sensor data
~ Data combincd with powerful analytical toels via clicnts:
* Physics- and statistics-based intormation discovery from data

on-making front-end for infrastructure asset manage ment

Workshop Question 1

. F itoring are d to “sense” specific
d: dalities in str , which anes are of greatest
impertance that should be prioritized?

= Structural damage modalities:
= Faligue/Traclure in steel elemenls

Yielding/plastification in steel elements

Corrosion in steel elements and steel reinforcement

Cracking in reinforced concrele elements

Residual deformation of the struclure

= Change in assumed boundary condilions
— Non-structural damage modalitics:
* Fire-proating integrity
= Building ulililies (waler, lighting, sanilation)

Workshop Question 1

* How can instr and ing ) be
used to illuminate causal relatienships between d; ge and
residual ity of structural sy ?

= Sensing can be used to track the progression of damage in a structure

— Progression of mechanism manifestation

~ Meodels and analytical methods can be embedded to estimate capacity
from measures of a structure

= Damage specific sensors could then be used to provided richer
context for assessing structural capacity

PRET

Workshop Question 1

If there is an opportunity to dedicate a large-scale structural
testing program exclusively to structural health monitoring
and SHM-driven decision making, what would you propose?
— Pre-event:
+ Structural assessment to quantify inherent system capacity and system
boundaty conditions
* System response prediction on varying time-scales (e.g., use of early
earthguake moniLoring syslem metrics ahead of shaking)
— Event:
= Damage detection based on monitoring at local and global spatial scales
* Feedback control systems for structural and non-structural
+ Sensor tault and failure detaction trom seismic damage

— Post-event:
= Melrics ur building re-vccupancy program
= Interplay of ed-data analytics and p wisual ir
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Nano-engineering and Multifunctional
Is Research Overview

Kenneth |. Loh

Assislanl Professor
Department of Civil & Invironmenlal Lngineering
MNano-Engineering & Smart Structures Technologies (INESST) Laboratory
University of Ceu_.fpm‘ll, Davis
- N

= W
-
10" NEES/E-Defense Planning Mecting
Kyoto, |apan
- December 12,2013

UCDAVIS

Research Mission
(—

AL Characlerizing the olcnmmorlmliﬂ?\

AL Multi-madal sensing using,
properties of carbon nanotube thin films

phalaactive nanocamposiles

\—'“'“ Multifunctional M
/m Ma als —\I i

B1. Wind turbineand B Tarmac and
composite monitoring pavement monitoring

B2. Bridge scour
monitoring

dimwoncogimocring aud Muteifunctiomat Fesoarch thvero
10% INFES /I Dirfonar Planning Meeting = Kyoto, Japan Tecerher 1113, 2013

W

NEES o

UCDAVIS

[

Al. Multi-modal and Self-sensing

Gaoal: design coating thal does not reply on electrical energy for operations and
could selectively detect different damage modalities (strain and pE/corrosion)
Photoactive thin film fabricated wom P3HT and PCEM

Mulli-modal sersing achieved using different colors af light

.

light on

Nanosengimecring and ulr funcrional Materials Resoarch Ouemices
105 NEES; K Dobense Planning \ecting = Kyolo, Japas - December 1113, 7015

NEES ¢t

lUCDAVIS

"
A2. CNT Film Electromechanical Response ..o
< —
Goal: derive and validate the londamental electromechanical behavior of

carbon nanotube (CNT)-based nanocomposites

Lise e perimental nane-scale images for deriving percolation-based munerical models

+

R v

CNT braction.
SEM imagng of CNT shage and vmwml Electromechancal
CNT-PE fims size gxivacton property calculation

+ Study how film ddcds aﬂut thin l:]m ].nu.\nr/xmdnu:nr du.ttumuhmmnlmsp\xm.

Mazeriale Foeoarch Ovemior

awon Malrifuncrional =
10% IKES /I Ibefvmse Plannitg Mecking = Kyolo, Japan - ecember 1113, 7013 v

NG

NEES romsm

% AL J
B1. Composite Structure Monitoring LChaviS
¢ Goal: detect spatially distributed damage in compasite structures (e.g, wind
turbine blades) using embedded “sensing skins”

+  Airbrushed carbon nanotube (CNT)-based filns embedded during mamdfacturing

+  Eledrical impedance lemography employed lor spatial conduclivity mapping

o Strudural resistance and demand compared in a probabilistic sense for risk assessment
= :
g1

|

 Mutrfimciiomal Matenals Reseanh Ouemies

npmeenag and.
,!, ,“__ 10% NEES; E Defense Planning, Meeting, = Kyoto, Japas - Devenber 1113, 2013
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B2. Bridge Scour Monitoring LLPAE
= Goalt monitor bridge scour evolution and utilize sensor data to improve/update
computational fluid dynamics (CFD) and stractural models
+ Svowr hole tupography measured with distributed piezoelectric sensor arvay
+ Laboratery (lume tesled validated moniloring concepl and generated dala for models
+ Fmployed COMSOL and OpenF OAM for CFD modeling

. Scour depth sensor verified in el conditions
and in Laboratory flume tests

Noame: enpimeertag and Multyfunctional Mademals Revedrch DRI &1
10% NEES /B Dietease Plannisg, Meeting, - Kyoto, Japan - Deceniber (113, 2013 g

NEES e
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B3. Tarmac and Pavement Monitoring, UCDAvVIS

¢ Goal: deterlsurface and sub-surface pavement damage using nanomalerial-
mudified tarmac and wireless sensor networks
+ Casted and validated smart tarmacs whose clectrical properties are sensitive to strain
o Utiliced electrical impedance toemography for spatial damage detection
+  Developed a wircless data acquisition and remole dala logging selution

FIT image of smart tamac with

Smart tarmac with partially
complete drilled hole

drilled hnle

I\ Nanoengimccning and Mult fenctional Mo nals Rescash Goeraces

105 NEES/ K Difere Planning Mecting & Byoto, Japan - Decomher 11 13, 7013 7in

NEES pomen

Appendix XI

S

Questio #1 UCpavis

: Il moniloring systems are Lailored o “sense” specific damage modalities in
structures, which ones are of greatest importance thal should be prioritized?
+ MNeed global and localized measurements of structural damage or damage precursors
+ Integrate global and localized measurements for strudural performance assessment and
prediction

Prior lo an earthquake: ©  During an carthquake: = After an earthquake:
+ Deterioration « Global properties + Damage formation
+  Damnage vocumeance + Significan! damage « Global properties
+  Baseline and repair o Evacuation and safety . Assessment and repair

Cracks/deformalion Comosion Acceleration/vibration

Niao cngicering aud Multifunctional Materals Fosearch Gperume

B/
19% INFES /I Drfease Planning Mecting = Kyota, Japan - Dacember 11 13, 7013 d

NEES pomm

Question#2. UCDAVIS

= How can instrumentation (sensors and sensing systems) be used Lo illominate
causal relationships between damage residual capacity of structural systems?

Sensor network
instrumentation

Glohal strictural respoise.
MR METLES

Structural numerical
el Modal properties
Ut modeld Calibrution

NG

NEES bt

crmber 1113, 7013 "m

Question UCDAVIS

. Il there is an apportunily o dedicale o large-seale structural Lesling program
exclusively to structural health monitoring and SHM-drive decision making,
whal would you propose?

N\l ﬁ Niano-cnginccring aad Mulrifunctional Mazeriats Rrearch Ovemian

MEES pam 10% KEES JE Diefrmac Planniing Mecting = K:

yola, Japan - [Racermber 1113, 7013 o/
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Appendix XI

Condition evaluation of infrastructure through
monitoring: practical applications

1. Damage identification of belt-conveyor support
structures using local vibration modes
2. Pavement condition evaluation using vehicle
responses

Tomonori Nagayama
Assistant Professor

Needs for condition evaluation on_belt conveyors

-Truss
-Machinery part
-Walkwa -

- Affect global modes
- Impractical b/a comparison

Severe Corrosion
{Often covered with dust) §
- Multiple damage Jj %

University of Tokyo Human injury & dealth ;ee?:tht: ;f)l;zm
2013/12/12 Economic impacts ;
Unigue characteristics of belt convevors ; Identical members PLVIM changes under damages D
PLVM mp PLVM + ILVM e ang
damsge Frequency=42.13 Hz |
ILVM:

Vertical braces

Harizontal braces

Vertical members

Periodic Local Vibration Mode (PLVM]):

A mode in which vibrations of all identical members are much larger
than the other member {not available for longitudinal members)

PLVM of 24 identical |

lIsolated Local Vibration Modes horizontal braces

s ILVM of 4 damaged braces
e T g
Damage: 2% [ o ST |
; | amage: 5% |
Freq change: | Freq change: |
0.37Hz 08Hz |
T i A ILVM
Damage: 10% | Damage: 20%
Freq change: | Freq change:
22112 421Hz |
Change in freq. is consistent with damage level

Sensitivity of the frequencies to B.C. and other members

g’ i
longitudinal member: g or = =a® ==
80 % stiffness loss » g N ﬂl- I; i i 533
- | E o £ 3 8
| | IR
= Fa =
£ i Negligible
& 18 1
5
5
6 e T -
G\obalylodes Local Modes
y = T 1 1
£, 2
Column member: . b
80 % stiffness loss H

Negligible

&
lmg_
reefeppdmady
——]
mm—
ey
deday
ey
e
Al L] [

Global modes are sensitive,
PLVM, ILVM are insensitive

bhbkedhk

5

Changes in f
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Damage guantification

Obtain structural ¢
responses Undamaged K, O

> f
b 6 pad ‘ al
Identify PLVM @= o %
frequencies } L v
Calculated
Estimate rotational 20, Ry ()N (R + Re)u (AN = () = 0
spring stiffness *RJ = ﬁ Ry =ﬁ.¢dll = sin(X) sinh{ ), 44 (1) = cos(A) cosh( 1) - 1.
= -+
Identify ILVIM B(2) = sin(R)cosh( A) = sin (1) cos( 1)
frequencies . Known

Ky Damaged K

2 A The only
2 ~oa) Lo A > unknown
Assumption: no ek P " pAL®

paramete

damage on connection

Evaluation of member ’ T
stiffness 2R, Ry (AT =(R, + Ro)b(1)2= gy (A) =0
£

B picos ’ "
Ry .-ill.R, -LL‘Q;;[H-sm[J.]ﬂnh(Jl},m[A}-(n;{).]rmh[.l} 1.
member ,(1) = sin(X) cosh( 1) = sin h()) cos( })




Damage identification on FEM of conveyor truss

Damaged secondary members
«Multiple members are damaged
*Velocity respanses are simulated

Change in PLVM and ILVM are examined

Identified damages (%) —iﬁ

Dama Identif Dama Identi Dmnn Identifi Dam Identi Dam Identlﬁ
ze ied ge fied ge ed age fied age

Bottom #nd
e 75 741 5 43 10 100 20 190 35 352

Sidebraces 00 898 5 52 65 644 25 254 25 254

Vertical

ebers 85 4§51 5 33 55 35.3 L1 S O el T
Lateral

e 5 43 15 141 40 397 = =
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Damage identification using a scale-model

{ 14 members were replaced

Hement Damsge - Hammer impact on each member
1 Pl - LDV measurement
2 Pl2x1
3 pl1x1 250 Jorzontal mombee PIV and | VW foauendics
| Pyt .
|2 | ewanzan) | a3 i
El @lxl T 220
s gl3a |2 210 e
| g 200
- 7 @10x1{2/3 cut) | g 190 B
L 98x1 = 180
9 | ey | 170 0
o 160 - i E i |
2l 2 i j
it 99551 !
= 12 pl3x1 s
. E PBx1
A 14 121
Undamaged members 10x1

Pavement condition evaluation using vehicle responses
VIMS (vehicle Intelligent Monitoring System)

¥

Simple calibration
by driving over
humps

lace respons

International Roughness

\_Index (IR])

¢~ Improvement using smartphones

\E Accelerometer

1. If monitoring systems are tailored to "sense” specific
damage modalities in structures, which ones are of
greatest importance that should be prioritized?

* From an “importance” perspective, damages which
leads to complete collapse. For BC, corrosion on the
bottom cords. For bridges, cracks and corrosions on
FCMs, scouring around bridge piers.

* Often, this type of failure modes should be addressed
not only by sensing, but also by improving the design
increasing structural redundancy, in particular for
rapidly growing cracks.

* As for post earthquake structural assessment,
confirming small vibration level is practical. Examining
not the “damage modalities”, but “undamage
modalities” improve the infrastructure operation by
reducing inspection time & cost.

2. How can instrumentation (sensors and
sensing systems) be used to illuminate causal
relationships between damage and residual
capacity of structural systems?

* There are structures whose residual capacities
can be estimated by evaluating critical
members’ stiffness. For the BC corrosion
example, buckling load is estimated through
the stiffness identification.
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3. If there is an opportunity to dedicate a large-
scale structural testing program exclusively to
structural health monitoring and SHM-driven
decision making, what would you propose?

+ | would reproduce critical damages in scale
models (truss or girder bridges) in a progressive
manner and measure local vibrations.

+ | would perform thorough investigation to reveal
the linear limit under variety of input/response
conditions.
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Damage identification based on local vibration
Dillicullies I
1. Differentiation of numerous «

similar modes g

2. Observability =
» small amplitude
> lhigh frequency
¥ sensor attachment changes vibration

Laser Doppler vibrometer (LDV)
- Non-contact
- high resolution
- wide frequency range

Damage identification using a scale-model Damage identification of Laboratory model
- Identification performance when multiple members are replaced. )
& i
- Each member is hit by hammer 1&! — Member 4 [struntu:e}
- Velocity responses are measured by LDV i Member 4 {simple beam}
1° PLVM ot lateral members 0350 i
Frequencies are close
d PLVM Lo 2 [ -
2 < -~y 0L i
range i 4 N - |
P31 sed £ -
i i3 & N
i ‘g‘ e AR -l
rA s / T IR
e S A §u1. i
Tty i
Q.05 { Each damaged member is
measured as a simple supported
A beam
= —r o o e
continuous main members 182 184 1% 188 190 192 184 1%
g Frequency Hz)
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Damage identification of lab models

1" PLVM of diagonal members

Non-continuous
main members

Ry
I

Peaks of lateral members
are in wide range

4’%

Each damaged
member is measured

Damage identification of lab models

Diagonal

Frequencies
are close

Kmair/Kcisgonat - 73

.

lateral
Frequencies are
not close

(9] = [[$); . [}z . [d)a]  n: number of PLVM in PLVM range

[¥] = [®]" [M][]
IK] = (41" (K][4]

Modal coordinate  [M](d) + [[K]lq) = (P (D)

_ [FD)
n independent equations L

Ep) . = 1.2.m

[#]"(P(1))

d§i +wfq =

"y

[P(0) = Py}

the maximum amplilude of each identical member
in their PLVM range (independent from the value
of impact force) is the maximum value of the
tollowing matrix tor each identical member:

[bDiag(PF}

t
:
PE \:‘,!’m_,- 12....n i
i
|
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Damage identification of lab models
Undamaged members p10x1

=l = Element Damage
f s pax1
et 9.5x1
3 plIx2
4 @10x1{1/2 cut)
5 pl0x1{2/3 cut)
[ P18
7 @10x1(2/3 cut]
8 phixd
) Pl
10 @10x1{1/3 cut)
I ¥ 1 gasa
! " 12 Pl
| 13 gixl

Amplitude of PLVM

Bottom and top braces = 19 times
Lateral members = 14 times Range
Side braces = 6 times

Vertical members = 37 times

Range =103 Hz

Finite element model -

Range = 0.,
Range =1.1 Hz

i | = i =12 H:
Laboratory model . Diagonal members= 1219 times Range = 12 Hz

Lateral members = 21 times Range = 10 Hz
Full scale model Braces = 101 times Range = 2 Hz
Lateral members = 4 times Range = 3 Hz

Real belt— Lateral members= 79 times (4 times—» undamaged lateral members) Range = 3 Hz
conveyor Braces= 6times Range = 16 Hz

Different modes of the structure

Global mode
Coupled global-
local mode
velocity time Many peaks below 80 Hz
history data
= Global modes
Power spectral - Coupled modes
densit -
Y Chaotic modes Chaotic local
Lr - PLVM
-
Coupled local
mode
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Observability of PLVM in the real structure

A mode in which vibrations of all =
identical members are much s S P
i AANY AT/
larger than the other member b v/ 4 v/
Possible s \ - >

range of

P S ey

0 70
Fleuuerl(yiH:}

After updating the —
internal connections
1" vermica aending : 104 Hz
2 vertical banding: 3256 Fz ¢
e i
In Lhe global mode range

First model (non-continuous longitudinal members)

Second medel {continuous longitudinal members}
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Direct Sensing
of Inter-story Drift

Displacements for
Buildings

Akira Nishitani
WASEDA University

Appendix XI

BACKGROUND

All the buildings in Japan
should follow the design
philosophy specified by
Building Standard Law
of Japan.

BACKGROUND (contd)

Seismic design based on the
Building Standard Law:

Two stages are considered.
P At S-1: moderate earthquakes
(0.1G ground shaking).
P At S-2: strong earthquakes
(0.4G ground shaking).

BACKGROUND (contd)

At S-1:
Buildings should :

be designed so as to remain in the
elastic range.

All the stories should :

have inter-story drift displacements
less than 1/200 of the story height.

BACKGROUND (contd)

The data of those inter-story
drift displacements

could be a direct index

to judge what the story
damages of a building are like
during a seismic event.
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UPPER SLAB
" Light Source

—

Light |gx Measurement
v Direction

i Light Receiver
LOWER SLAB

Schematic lllustration of Inter-Story
Drift Displacement Senor Setup
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UPPER SLAB
i Light Source

‘i M
Light | g« Measurement
v Direction

i Light Receiver
LOWER SLAB

Schematic lllustration of Inter-Story
Drift Senor Setup

Light Source

Light Receiver
PSDERIZ I+ L4 ] | PSD Sensor 10
el 4 Light Emitting = .
Diode P-i-n
HHDE . .
HEUR & DI Photodiode
; i : ¥ P-type
WHL Wil
---] e SHEFLE AR @ ---] Lens Semiconductor
PN Rk WIS Intrinsic
ﬁ-ﬁ;ﬁ — Semiconductor
e Stz L |
[ IEA e N-type
e M1 PSDMLLOLs @ & |Semiconductor
Fig Schematic of PSD Sensor
PSD Sensor 1
= LED

Diffusive

Diffusive Li L' ht
P-i-n i T
Photodiode — Photoelectric

\Le_n Effect

Electric Current

Displacement

Fig Schematic of PSD Sensor
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How can instrumentation (sensors and sensing systems)
be used to illuminate causal relationships between
damage and residual capacity of structural systems?

Inter-story drift displacement data
could be utilized in many ways.

Those data time histories could
provide us with the information on
residual capacity of structures.

The direct sensing devices could be
innovative tools.

Appendix XI

If monitoring systems are tailored to “sense” specific
damage modalities in structures, which ones are of
greatest importance that should be prioritized?

As far as building structures are concerned,
it is the sensing of inter-story drift displacements.

Those data could tell us directly what the story
conditions would be like both during and shortly
after the seismic event.

Such information could easily lead to the
detection of damaged stories.

Then, we could proceed to the detailed diagnosis.

If there is an opportunity to dedicate

a large-scale structural testing program exclusively
to structural health monitoring and SHM-driven
decision making, what would you propose?

SELF-SEEKING,
SELF-CENTERED

203

Unlock Mode

Displacement [mm)]

Time [s]
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Thanks for your
attention.
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Drift disp. [m] Drift disp. [m]
o & o
o 8 54 = 5

&
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Structural Health Monitoring
for
Local Element

Y. NITTA
Ashikaga Institute of Technology

Appendix XI

Damage assessment
Global SHM  Whole Structurg

Lgeal SHM  Structurai Part

T 4

NDT )
Visua! Inspection Structural Eleinent

Interesting

- Simple rapid damage detection system
- Damage detection for local damage

+ Real time monitoring with simple
calculation (filtering, average etc. )

Rapid Damage Detection

. Safe :No damage

or
Limited damage

. Danger: Extreme damage

SHM for Beam-Column Connection
at E-Defense

Monitoring Unit

Monitoring Unit
Sensor board 1
IR Sansor 1
Strain Gage 1
# Trigger signal is the response of the strain gage.




Appendix XI

IR Sensor

Measuring gap displacement between column and beam
IR sensor is installed on the column
Reflector Is set on the bottom of the beam flange

Test Stucture

21-stories steel frame building
Welded connections

Strain gage

Measuring shear force of beam
Mounted on the bottom of the beam
Location is 1.5m from the beam column connection

Sensor location

T (T8

g (e 37 1.1
0 .
¢ Sensor3- ”i = Sensor 2'
$ T P St \ e - i
b B N s
E N E
1 g v y 'N{ :
i Sensord:q: \{ * Sensor 1
Oy 4
i L ST 1 ‘\W.W L J| Lo ! Lo
© 6) o}

Result for Sannomaru on Oct 1 (Hysteresis)

WAl I

e—
trun

I 0 L T 0 E]
il etteci] men] Aplas crensfmen]
sensof board 3 sensor board 2
T T
J L
| i
") 10 [ " » e ) 0 o L »
e e en] gt ncedren]
sensor board 4 sensor board 1
S - a2
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Result for 5th Sannomaru on Oct 2 (Hysteresis)

o
Ausplasemment{mes]

Out of order

[

sengor board 3 sensor board 2
X o,
¥ [}
i1 4 i |
4 L
e L] e [ 2
Anglacemenderen] dinpla et o]
sensor board 4 sensor board 1
= =2



Result for Sannomaru (Visual inspection)

Fracture on Senseor 2 location

Fracture on Sensor 1 location

Y =

Appendix XI

Monitoring for Ceiling element

Strain measured by Smart Sensor Unit

TP

Strain (¢ ¥
o

5,000 mm X 5,000 mm " Nodamage
Strain measured by Smart Sensor Unit Damage

o,

3 1o

Strain (1)
2

5] £ 3 3
Time(s)

Time history of Strain

Strain {4}
g

3 10 0 23

[
Timed{s)

Time history of Average
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Summary

. DevelopinF sensor board can detect the
damage of local damage on the real-time.

« The proposed system can automaticallr
plrmndet information about the safety of local
element.

+ The proposed methodology provides the
useful information for implementing the
detailed SHM.

which ones are greatest importance that
should be prioritized?

Real Time
Detect the damage location and only
judgment the damages is severe or not.
Cheap sensor and User friendly

Not Real Time
Estimate the residual capacity of the
structure.

Not Monitoring
Visual Inspection tool

Inspection tool for inside of ceiling

How can instrumentation be used to illuminate
casual relationships between damage and
residual capacity of structural systems?

What would you propose?

Competition for SHM
Local SHM
Global SHM

Local Monitoring System for RC
Monitoring for Nonstructural element
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Resource Efficiency for Wireless Sensing using
the Telegraph Road Bridge Testbed

Sean M. Q'Connor
Professor Jerome P. Lynch
Professor Anna C. Gilbert

University of Michigan

NEES/E-Defense Meeting
December 12, 2013

Va

Structural Integrity Concerns

Appendix XI

Telegraph Road Bridge (TRB)

4 Constructed 1973 in Monroe, Ml
o Multi-girder compasite steel bridge
+ Pin & hanger construction

4 Signs of deterioration
« Deck cracking
« Carrosion
+ Abutment failure
= Fatigue damage

Lirk Bl 272 pin assembly

Teleyte ph Fuoad Bricge Teirgorety abulmen, suppor

NEES/E-Defense 2013 P .
s WILNIVERSITY OF MICHIGAN

TRB Wireless Monitoring System

lssue 1 FE Model Updating Issue 7 — Pin & Hangers

Modal parameters often used . Design common in past due
in [ model to casier analysis and lower
calibration / updating costy
- Sensor placement critical - No longer used

lssue 3 = Composite Action Issue 4 - Deck Cracking

TLoss of composite action
nders bid tentially Clear trends in deck
-~ o 20 cracking observed
- Difficult to detect degree of - Is this related L structoral
performance?

composile aclion

NEES/E Dofonsa 2013
Slide 2

Urnavexsry oF MICHIGAN

1 Multi-phase sensor installation (May 2011 - December 2013):
« 15 uni-axial accelerometers
« 36 strain gages (24 - strain profile, 12 - link plate strain}
» 6 thermistors

o 40 Naroda wireless sensing units measuring 57 channels of data
W ‘ w | W -

e

a

NEES/E-Defonse 2013

LharveRsmy OF MICHICAN
Shide 4 x

Issue 1- FE Model Updating

Issue 2 - Pin & Hangers

s Instrumentation strategy:

+ Acceleration sensing around outside perimeter + deck center
» Damage detection:

« FE model updating

P el oo

& Mo

2 Instrumentation strategy:

= Strain gages in link plates to detect non-ideal strain conditions
2 Damage detection:

< Accumulate fatigue damages induced long-term

Il
T
N o

VilinavessrTy oF Micracan
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Issue 3 - Composite Action

Issue 4 - Deck Cracking

» Instrumentation strategy:
+ Strain sensing along typical cross sections
» Damage detection:

+ Infer degree of composite action by identifying neutral axis location

side 7

Sensing System

- Linaversy oF MicHIGAN

4 Instrumentation strategy:
<+ Monitor strains and temperatures along girders at deck level
. Damage detection:

= Carrelate levels of strains, temperatures, and deck crack zanes

MilnaveRsITY OF MICHIGAN

Sensor Modules

» Communication base station:
+ |nstalled May 2011 to south fascia of NB 1-275
+ Local receiver base station
+ 3G connection for off-site server communication

FACOT s alla i Euopers e

Schae pravelirs. dllajice.

Sorver bass starion

2 Watertight enclosure protects from harsh environment
5 Components enable high quality data acquisition (DAQ)
+ MNarada wireless sensor
+ Solar charge drcuit
= Signal canditioning heard (anti-aliasing filter + amplificatian)
=+ Sensor (accelerometer, strain gage, thermistor)
=+ Sensor specific hardware (Wheatstone bridge, voltage divider)

NEES/E Defonso 2013
siide 9

LinaversiTy OF MICHIGAN

MNEES/E-Defense 2013

CLNIVERSITY OF MICHIGAN
Slide 10

Module Installation

Modal Analysis

Solsr pensl instalicson

Semor i azh bos instelled 1o girczr fAlzrga

2 Automatic extraction of modal parameters:
+ Frequency Domain Decompasition (FDD} performed at server
=+ Modal parameters used for model updating of finite element model

£,=80m81

712

=259 e
f-248 12

=188 12
1= 2007z

f

Gam

1= 9082 He
[T

NEES/E Defense 2013
Slide 11

VilinavessiTy oF MICHIGAN
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Strain Gage Installation Strain Response Data

« Strain gages attached at girder section to infer neutral axis: = ® o= | W
+ 3 metal fail strain gages for steel strain

+ 1BDI strain gage far concrete strain

= Some Srwn Sermor Cranves #0020 . 623
Bemem (X) ] Betom (1)
» M e (3T | w | Mo (7]
Top BT . | Tog (51
i 11 B ) ™ | O (547
s} —a
. | ROPITY. S P A
4
ok " " " x i s S e
L " e = - = = B M ¥ M » 0w
Tima (vac) Time (v}
B wrrair trzmeosoer
NEES/E-Defense 2013 Wi AN MNEES/E-Defense 2013 SANVERS
13 by f_L.\]\'uunﬂ MICHICAN 14 \ :_L\IVINT\CW MICHICAN

Pin & Hanger Strain Challenges of Wireless Sensing

= Pin-plate locking based on flexural strain response of plate:
+ Compressive-tensile strain difference (flexural response)
« Proportional to flexural moment in the hanger plate due to locking
« Approximately 15 micro-strain

1 PN DIP 35N Seiol Shintel 350
e l
Econd ]
g \ = £] 0 ) Kesource zomstraints n beic 2z SHM.
T i)
NEES/E Defonso 2613 Wi NEES/E-Dofonse 2013
g7 DVUnavessery oF MICRCAN Slide 18 -
Data Reduction Traditional Paradigm
s Method 1: Decentralized embedded fatigue life monitoring 2 Uniform sampling:
Perform fatigue life monitering on-board the Marada wireless sensing unit = Pawer consumed at ADC proportional to sampling rate
Converts “data” to "information” — much more useful ta bridge managers + Power consumed at radio during transmission
+ Transmission only upon request - =
Time (rainflow counting} and spectral {Dirlik) methods sonventional € ampiession
Wireless Node
K apera, S
o Method 2: Compressed Sensing {rem rourer soeficierss |

+ Directly acquire compressed “measurements” rather than samples
+ Measurements on the order of Iog[N}

-»>

mm‘ & > Transmit |—>| Receive ‘4’|Dwmr-w

_:—‘ower fr-;;t?m I | Power Comsming

Memory Intensive

u-ug;nnnums Plnavissry o Microcan NIIN‘.-DII-H 203 Plnaversry oF Microcan
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Compressed Sensing

s Why sample N times just to get K relevant values?
w  Directly acquire campressed measurements

Wircless Node
M “rressuraments”, 1

i fd i pRiviey 3

Iﬂly"l‘fll.‘;'l'-'u‘- > Encoded Measuremants| nx

R = m i maxn
: = %

Y = X

o Less work at the sensor, more afterward: s

« Preserves battery life at sensor
« Lowers transmission demand
+ Render SHM system more scalable far high nodal density

CS Procedure for TRB

M

> B

- R

&
S
=
~

'NEES/E Dofensa 2013
1w

! T MicHc
IMLVERSITY OF MIIGAN

Iﬂ“!;ﬂ-lmma .‘,'\nn.\rn OF MICHICAN

Approximation Quality - MAC

Energy Savings

s MAC value a measure of correlation between conventionally
obtained mode shape and CoSaMP obtained mode shape

f, =808 Hz f, =8.3008 Wz

10% e
£y = B.3008 Hz
20%

rnaversmmy oF MiccAN

Workshop Question #1

. Significant energy savings for larger networks
« ~40% energy reduction for 40 nodes (approximate nodal count on TRB)

T Lee Renzope Savpngre e

B
T latectd e

NEES/E.Defenze 2013 SV LNIVERSITY OF MICHICAN
Slide 22 ) 4 X

Workshop Question #2

s Which damage modalities are of greatest importance to sense?
+« Fatigue
+ Corrosion

- The result can be sudden failure

MiaaLs River Beidge {1983)

MDOT specirmen

> How can instrumentation be used to illuminate causal
relationships between damage and residual capacity?
= Fatigue life monitoring

T
3cak ondl trough anzhpis

Rawe sarplod stz in ime hivors Mean amplitucts histogrem

Strins Anphals
fzrr
»

ks to badbues (148
SteCur

NEES/E-Defensa 2013 Sl rervasaTy OF NI
Slide 23 LnaversTy OF MicriGaN
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Workshop Question #3

Appendix XI

2 Proposed large scale structural testing program for SHM and
SHM-driven decision making?
+ Expand on the current project
+ Increase the sample size for better statistical analyses

UCron  Ommage  Vpfubsty  SesaSiors  Cobi
[ FEw [ g ——

©©© @[

Conp ety oo ontinrs Lyh e

Thank You!
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Appendix XI

SHM Research

within NE -Defense

‘Shamim N. Pakzad
f Civil & Envitconmental Engineefing
Lehigh University

uResearch Opportunities for SHM

o Post-earthquake Reconnaissance and
Field Testing

ularge-scale Laboratory Experiments and
Damage Detection

uieeiing Questions

Motivation

Aug 2011 M5.8 Mineral, Virginia, EQ

Emerging ability for spatially (and temporally) dense
sensing of physical phenomena by embedded networks.

Decision-support

Model Updating

Identfification of
Spatio-temporal Phencmena
Spatio-temporal
Aggregation
Sensing and Local
Processing

O Was “500-year” event: PGA = 0.27g
20 km from source

U Most felt earthquake in US history -
low attenvation, high population
density

U Felt iom GA to Canada

0 shaking Intensity followed regional
gealogic structure; shaking intensity
and damage patterns selective,
reloted to geology/soil conditions

Q DC felt sirong shaking; EQ felt more
like an M6 there

Moftivation

23 Aug 2011 M5.8 Mineral, Virginia, EQ

23 Aug 2011 M5.8 Mineral, Virginia, EQ

Did You Feel t?

ME.0 earthquake

M5.8 earthquake *
Central Virginia
Aug. 23, 2011

Stars show epicenters
and dots show where
pecple reported at least
weak shaking.

214

OMagnitude 5.8, Louisa County

QSecond-largest Virginia earthquake in history (largest
was Mw5.9, Giles County, 1897)

QODamage fo homes, schoolk and businesses
QOhiore than 100 sizable aftershocks, up 1o Mw4.5

QEpicenter was ~12 miles from North Anna Nuclear
Power Station

OHighlighted underappreciated seismic vulnerakbility
of CEUS

OEvent was poorly recorded




Reconnaissance: Washington Monument

Appendix XI

Proposed Sensor Deplo

Cracking

D Mortar cracks between
stone blocks

1 Cracks running through
blocks of exterior

Spalling

Er
0 Chunks of stene !
break away from ’
the block and fall to
the ground

QA network of spatially
distributed wireless sensors

OReguires access to levels
of the scaffolding to
mount the sensors

QORequires access to the
vicinity of the structure to
locate the base station

Ambient Vibration Measurement

C

Lesom

First phase of sensor deployment
only at 421" ft level

FE Model Updating

Sectlon view: 00 ft, (152.4 m) level

30 vew

1

-]
i F 4

§ o
3. "k .w .
H 4
ot o -,,n;KL' i

S8 T20ME M0 00T G
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Coupled She all Systems

PT unbounded coupling beams

Conventional diagonally
reinforced coupling beams
A Difficult to construet 4 Eiminate diagonal reinforcement
4 Cracking concentrated at beam
ends

O Reduced cracking along span

u Shear walls with post-tensioned coupling beams

-
el

Li
!
L

-
- ~ -
ieh =
g '.\"‘- sracibea B amy S . frres
=]
A - i
- ok i * N g
— e L. ) e,
L L8] & | g SenOpcon, ey,
7] L [

Test Specimen

atory Experiment

Test Specimen

Elevation View Plan View

u 40% scale model of 3 story
substructure of the
simulated structure

u Quasi-Static lateral cyclic
loading until failure

ory Experiment

DRAIN Model

Laboratory Experiment

Application of Damage Indices

Data from simulation of an 8-story prototype
building used 1o validate the damage detection
method
Mode! Elevation
Modeling Assumptfions - " -

1. Multiinear idealization of stress-strain curve
Ton all nalericls

2. Transverse reinforcement nol physically |-
modeled (Confided{Unconticd Mander
Model adapled)

3. Iero-tension concrete af beam ends e
4. linear-lension concrele inremainder of beam
5. Conaele cover does nol lose all shength al
ultimarte: - -
4. Slalic manolonic displocement conliolksd
analyss —_— —r

Detection of ED Steel Yielding in Tension

o.and B are
regression-based
damage indices
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Instrumentation Plan Instrumentation Plan

Base of the shear walls

Wall-beam connection

T

e s

ory Experiment

Inst on Plan

Laboratory Exg

Coupling becms

e
.

‘Ower 40 rotation
transducers
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o If monitoring systems are tailored o "sense"” specific o How caninstrumentation (sensors and sensing
damage modadlities in siructures, which ones are of systems) be used to illuminate causal relationships
greatest importance that should be prioritized? between damage and residual capacity of structural

systerms?
1- Feasibility
2. Impact 1- Hybrid Modeling

2- Spatially Dense Instrumentation

Question 3

a If there is an opportunity to dedicate a large-scale
structural testing program exclusively to structural
health monitoring and SHM-driven decision making,
what would you propose?

1- Emphasis on Infrastruciure
2- Integrated Systems
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NEES - E-Defense Monitoring Session

December L1 - 13,2013

Jenmifer A, Rice

Enginearing School of Sustainable Infrestructure and Enviromnent
University of Florida

| Smart Infrastructure
E Management Laboratory

W |DFNII-\'£l)l$ITY of

Appendix XI

Wireless Sensors for SHM

UF &6

Continuous Monitoring of Unbonded Post-
tensioning Tendons

Mativation

#® Incidence of tendon failure in bonded PT
bridges.

Unhbonded tendons enables the application of
new methods for improved monitoring.

@

Goal

@ To develop an efficient technigue for wire breakage
detection.

@« Toassess e for in-situ

Investigotion of Existing Approaches

w  Electro-mechanical impedance method
@ Acoustic emission technique

@ Guided wave ultrasonic testing

P [
L

W Im‘““ﬂ)’:\

Strain Variation in Anchors: A Novel
Approach

Key Concepts
® Large prestressing force results in large strain
gradients over the anchors.

® The strain distribution undergoes significant
changes due to a wire break.

Advantages

% Relative variation of strains among the i -
monitoring points are highly sensitive to wire
breaks.

% Low cost sensors and data acquisition.

Damage Mode!

@ Arobust damage metric is being developed to
detect, locate and quantify a breakage event.

S

llr.vuuumijh

FDOT Long-term Test Pavement

» FDOT concrete test pavement
+ 2.5 miles with 52 test sections
» Live traffic diverted periodically
» Project challenges
Distance between sensors and
DAQ cabinets (>100 )
High channel count.
Sensor diversity
Distributed test pavements
Lightening susceptibility
Long-term, embedded deployment {10+ years)
Limited budget
» Goal
+  Evaluate the feasibilicy of a hybrid traditonal /[FOS
sensor network for long-term deployment

= UF Fioiion

219

FBG Sensor Evaluation

» Compare performance of FO gages with embeddable foil strain gages and
thermocouples . T

» Economic feasibility .
assessment f

» Evaluation Phase | o
» Tension 5 A mww @
» Compression
+ Temperature
+ Naise ¥

» Evaluation Phase Il
v Test slab
+ Heavy vehicle simulator (HVS)

——

llr.“l"""ijk
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Displacement Sensing for SHM

+ Goal: Realize low power low cest displacement sensing suitable for a range
of SHM applications using wireless sensors
v Static displacement
+ Assess bridge deflection in
response to known loading
» Low-frequency
» Many civil structures have very
low fundamental vibration
frequencies (<1Hz)
» Existing approaches
LVDT = requires fixed reference point, not appropriate for practical SHM
applications

Laser Doppler Vibrometer (LDV) - expensive, bulky. impractical for
extended SHM systems
GPS - low accuracy/low sampling rate, more recently becoming viable for

WSN applications
UNIVERSITY of
UF /FLORIDA

P [

Continuous Wave Radar Sensor

2.4 GHz continuous wave radar (5 cm x 5 cm)

» Waveform generated by linear oscillator and transmiued by
patch antenna

Reflected signal is captured by sccend antenna

Signals are combined and down-converted to the baseband (If
Q) signals via a quadrature mixer

Digitized signals are transmitted wirclessly

-

-

-

of
-

o
B[ mu UNIVERSITY of

Bridge Monitoring

Previous applications rely on off-bridge radar placement

-

Finite antenna directivity results in an average "area” measurement

Placing the sensors on the bridge provides discrete point measurements and
enables dense deployment
+ Passive Backscattering utilizes sensors as both transmitters and receivers

Transmitted sigmals from one sensor are received by adjacent sensors to
create 2 multi-input multi-cutput (MIMO) network capable of distributed
displacement sensing

IIF I.'Nb!l!lim

Performance Characterization

Low Frequency Vibration Performance
» Vertical long stroke shaker
» Sinusoidd movon F 0¥ g
bR AHR AL Fmm E g
» Targe distance = 50 cm ffloer) :
» Resules
RS error < .6 mm wich changng smphorde
- ToH)
¢ Mooond n chengng requency

Target Distance Performance

» Horizonal il shake wble

v Sinusoidal movon

b Ps2HzA=AZmm

Target distance: | -8 m
(movable vertical parition)

Results

b RS e < 63 o d < S i

+ SHR ceoroases wich mororing

b Low SR ke DG effwes cablaration
impawiblo dboe Tm

»

IIF “l“""m

Performance Characterization

Static Deflection Performance

» Simply supported beam (L = 2m)
» Target distance = 50 cm

+ Sequential static load appli

b 45kg+ 225 kg

» Resuls
+  Good comparison of mean deflection values
+ RMS error <02 mm -

’i_'.__: w |-munlxm

220

Prioritizing Damage Modalities

¥ In general (routine monitoring)
+ Known Issues
+ Analyze cost-benefit of 2 monitoring/maintenance strategy
Live cyele cost (LCC) = sum of all costs incurred during the lifetime of a structure.
I0C-C,, Gy, Coy ! Cap! Cut Cp i Copy
Maintenance benefit
By - E|LOC, |- EIL0C, |
» Post-disaster
+ Requires probabilistic models describe limit states and failure modes
» Maximum displacement/strainfacceleration during event
» Residual drift/displacement/retation

—

B UF FLGHIDA
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Determining relationship between damage and

residual capacity Large-Scale SHM Test Bed

» Relibiliey Index: p_':”r: "‘:’ + Spatially dense sensor deployment
A=Yy
» R resistance of structural elements * Sensor rEdLI"dﬂllcy _h_" h- . * o
v L:loading effects + Examine data quality and system = ? B ’T g
. . reliability '
+ my and my; mean resistance and mean load =T Tz
effect + Rich baseline data sets L= A A
+ sz and s;:standard deviation of the + Fine-tuned models _““3......, b3 u_
resistance and load cffect v Flexible, remotely reprogrammable -
» Probability of failure: P, = F(-t) wireless sensor network for testing L
» The reliability index is better estimated when embedded algorithms

the probabilistic models of both the
resistance and the loads can be
improved through measured data

Dealing with Big Data

P"'“ w i:sln-buu-qr [ W H“"mﬁ:‘\
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@

Application of Model Updating in
Structural Performance Evaluation

Wei Song
The University of Alabama

@

When Modal Information Is Not Sensitive to Damage

* In some cases, modal information, such as natural frequencies
are not so sensitive to the severity of damage.

@

Real-time Updating

222

@ Nonlinear Model Updating for Behavior/Performance Prediction

* Updated nonlinear model can be applied to capture the damage
pattern and predict the future response of the structure
Song, W., Dyke, 3.0, and
Harmon, T. (2013},
“Application ef Nolinear
Model Updating lor A
Reinforced Concrete (RC)
Shear Wall," Journa! of
Engineering Mechanics,
ASCE, 139(5): 635-649.

———h

@ Real-time/Online Updating Using Time History Data

* Apply abserver theory to update nanlinear models in real-time
— Prediction

| Facilitate post-disaster
investigation

— Rapid (real-timej |

Song, W., and Dyke, 5.J. {2013)."Real-time Dynamic Model Updating of a Hysteretic Structural
Systemn," Journal of Structural Engineering, ASCE, 10.1061/{ASCE)ST.1943-541X.0000857

Response Prediction Using Updated Maodel
(using unknown input)

@

measured

]

Acc (mish)
¥ o 8 ¢

G 0 Ed ) ) 36 )
Time (sec)
40, 40
g 20 G0
E o E oA LD
id o
& -20 “f -20|
s 7 72 74 78 g 355 36
Time (sec) Time (sec)
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@ Respense Prediction Using Updated Model @
{using unknown input)

*  If monitoring systems are tailored to "sense” specific damage modalities in structures, which

T v ones are of greatest importance that should be prioritized?
800 Weasured & Carrosion: chloride penetration; Mechanical damage: deformation (direct:
- displacement, strain; indirect: acceleration, acoustic, image, etc
800 ini 1 * How can instrumentation {sensors and sensing systems) be used to illuminate causal
relationships between damage and residual capacity of structural systems?
400 Use sufficient data to construct updated models for behavior/response prediction
= 200 (matching eriterion: madal information, selected response, strain distribution...)
5 *  Itthere is an opportunity to dedicate a large-scale structural testing program exclusively to
I 0 4 structural health monitoring and SHM-driven decision making, what would you proposce?
e Examine critical structures /components for model updating study under controllable
=200 damage scenarios:
400 ] 1) investigate suitable nonlinear model updating techniques for various nonlinear models
at different damage stage;
800 4 2)  evaluate the updating techniques by comparing updated model to the test data;
3)  apply updated models tor decision making, and compare the results;
-800 1 \

4)  install multiple sensing system to cross-check/compare the updating results ona
benchmark test {for instance, image sensing correlate with strain gage data;
acceleration updating correlate with displacement updating).
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NEES/E-Defense Collaborative

Earthquake Research Program
(10** Planning Meeting )

Kincho H. Law
Professor of Civil and Environmental Engineering
(Structural Engineering and Engineering Informatics)
Stanford University
December 11-13, 2013
DPRI, Japan

Model-, Vibration-Based Damage Detection

Aluminum Plate with Fatigue Crack

* An alunimum plate component within a ship system:
- 5% 10cp:. § mm thick aluminum (5083 alloy) plate
- Finite element mode] of the plate umder ambient excitanon emploved
- Synthetc data from the plate with a farizue crack generated
- Crack varies from 0.5 to 2 cm in length
» From wvibration acceleration ime-histones. extract mode shapes:
- Modal frequencies and shapes used as part of Bayesian damage detection

B
|

Abrmrum eng coTponent Sin sane wih fegue coack Permry pists mose in ABACLS (Mode 3 w4 ki)
Comch vamd for 0 24z 2aw Maates T 40ty 20 womrguUiw et
Ko, Lk 2018
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Model-, Vibration-Based Damage Detection

| B SY
- -
-

Dursage Uocumence &
Laosg Term Detenomton

Y%
ey -

m l KM

Giobal Diagaoss aied on
Semstical-based
- Beyenan Appecach

Report Dumage Regions

Expersnental

Maodal Aaalyrin

P S |
Damage Diagnosis Results
Damage Ritz Vectors Modal Vectors
Case| Locatons o Rank H Rank
1 [ 2.3} 1Q2) 289 | 19
2 {2} 2,3} 1(12) {2 8 12} 1(46)
3 {2.11} 2.3} im {2.3,8) 13(41)
5 | am 2 3G) | 2813} | 2@
5 {211} 2,11} 1(1) {211, 12} 1™
6 | {2611} | 2611} 1(1) {1 6,11} 1)
Damage Case 3: Rank: 3(9)
Acrual Damage Event: (2. 11}
Rank Dapmge Event || Rank Dammge Event ||[Rank Damage Event
1 2.3} 4 {23.12) 7 {1.2.3}
P {134} 5 {2} ] {2 12}
3 23,11} ] {2.4) 2 {211}
i S |

Model Updating Results
+ Model updating detects crack location, depth. and seventy:
~ Acrual damage state was 2 crack at 10 cm on top side, 5 cm into the
plate

~ Model identified reduced modulus in colanm 11 1o a depth of 5
elements
- Reduced modulus of elements E__, =42 Ix10¢ (vz. E = 70.0x107)

[ E R I s s N T s Racad saracr cam

Mocal chaactarietes et o e Dayeans ipented model of pit

Sow

N 1
0w

Q-

Kaam, Lok X008

[
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Wireless Sensors for Monitoring Applications

Fioorplar  3mx2m
Floor weighe: €.000 kg
Iraer-story negnt Im

Sraking table: Sm x §m

Wang, Lynch, Lob 2004 (NCREE), Talwan

Monitoring and Optimization of Wind Turbine Operations

= Yaw control = o
—
Yaw offset angle o
Aty Y a“/“:t ke drection
--ﬂphn-'gm-)ﬂ Wi turbee contro schor nfuence She power
alff, d) of tha weind burbinm by
changing the waks tharsctsristics
— |
T S a(g, i
= Tip speed ratio control = i
fomtmee
"'-’L - wk
“‘- - J.-—-—U— Induction facter 1 ——» Wind speed reduction
~ .y
| &2
|

(Jiskyoo Park, Stsafond 11)

Wireless Structural Control Experiments

August, 2007: One Subnet

Appendix XI

Wireless Monitoring and Control

Wreiess unit 3
3uator board

3gnetorheciogl
(M) damper

Warg, Lynch, Loh 2005(NCREE), Talwan

Integrated LCM Framework for Wind Turbine
Fubr U. Bochum Stanford U, CA
=

Sywtem

mﬂ

Model Updatisg Framewors
(Syutem Igerefication|

Monltonng and Optimization of Wind Turbine Operations

Find the optimum coordinated control actions of wind turbines to minimize the wake
interference among wind and thus to ize the wind farm power output.

]
' N |

Qi -
(o @): contral ‘ . .
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Monitoring and Optimization of Wind Turbine Operations
«<wake direction
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Monitoring and Optimization of Wind Turbine Operations

based on

agmnts that samgie powsr culpuls from wind
turbines and mecutes the comtrol acion

wind [arm powe maximbation problem
ostimizng the leyoul and the control sctiom of
wind trtines in a wind farm.

determined by themselives

(Tiskyoo Padk, Slaaford 1) | (Tiskyoo Park, Staafioed 1)

NEESgrid CyberInfrastructure Data/MetaData — Protégé Interface: Ontology (Objecr) Model
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Project Data Browsing
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Rapidly Deplevable CI and Data Problem
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APPENDIX XlI: PRESENTED PAPERS IN WORKING GROUP
SUMMARY

Kyoto, Japan

NEES / E-Defense Workshop
‘ 11" . 13 of December 2013

[ GOALS for Resilient Cities

Collapse prevention and life safety
Loss reduction
Rapid recovery

[ Challenges

Simulation tools 10 assess performance
Develop and validate analytical tools
Database sets
Damage limit-states

Monitoring and damage evaluation tools
1, lmprove simulation tools
2. Rapid and post-event assessment tools

System-level interactions critical 1o collapse and losses

Improving performance
1. Assessment and retrofit methodologies
2. Design criteria
3. Innovative systems

[ Resolutions

Continued exchange of ideas and data
e Meet ings, visits
*  Workshops on wall systems
o \-Vorkshups on database de\'&:lt)pmenl.

Enhanced databases

* Tools for discovering and sharing

* Define new limit-states and acceptance criteria
Critical damage triggers for repair

® Extract damage states

* Improve prediction of limit-states
Imiprove estimates of residual collapse capacity

» Extract data for advanced simulations

Resolutions
System level investigations
¢ Loss and functionality
*  Collapse
* [xtreme motions and after-shocks

Older RC systems
Modern RC systems- focus on benchmarking and
minimization of damage

focus collapse

Innovative RC svstems - focus on minimizing damago

Mechanisms for Collaboration

1. Workshops

2. Embedded researchers

3. Team analyses of US and E-defense tests
pre and [;t)sl lests
Comparison of asscssment tcchniq ucs

4. Companion tests in US for systems tested at E-defense

* FEarly collaboration in planning phases
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i Superplastisizer for RC ideas

40 more years of collaboration

Kampai!
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NEES/E-Defense Collaborative
Earthquake Research Program
10th Planning Meeting

Advanced
Steel Structures

Chairs
Taichiro Okazaki (Hokkaido University)
Gilberto Mosqueda (University of Califarnia, San Diego})

Participants

(in alphabetical order)

Del Carpio Ramos, Elkad, Fahnestock,
Forgarty, Garlock, Kimura, Kolay, Lignos,
Lin, McCormick, Mosqueda, Nishiyama,
Okazaki, Ozaki, Ricles, Sasaki, A. Sato, D.
Sato, Simpson, Takeuchi

Current Steel Research in Japan

Dimitrios Lignos (McGill University, Canada)

“Current Research on the Collapse Assessment of Steel Buildings Subjected to
Extreme Earthquake Loading”

Yoshihire Kimura {Tohoku University)

“Proposal of new column support system to prevent yielding”

Atsushi Sato {Nagoya Institute of Technology)

“Deformation capacity of beam-columns”

Daiki Sato & Tomohiro Sasaki (NIED})

“Experimental Study on Large-frame structures, an ongoing E-Defense Project”

Toru Takeuchi {Tokyo Institute of Technology)

“Rocking frames”

Current Steel Research in US

Maria Garlock (Princeton University)
"Evaluating resilience within a multi-hazard context”

Larry Fahnestock (Univ. of lllinois at Urbana-Champaign)
"Steel plate shear walls”

Barb Simpson {(University of California, Berkeley)
"“Vulnerability and retrofit of older braced frames”

Jim Ricles (Lehigh University}
"Self-centering steel frame systems and supplemental passive
damper systems”

Breakout Session 1

Theme 1. Collapse assessment of steel
structures
Chairs: Yoshihiro Kimura, Jason McCormick

Recorder: Julie Fogarty

Theme 2. Rocking systems
Chairs:  Toru Takeuchi, Maria Garlock
Recorder: Kolay Chinmoy

Breakout Session 2

Theme 3. Response control for improved
functionality
Chairs: Dimitrios Lignos, Jim Ricles
Recorder: Maikol Del Carpio Ramos
Theme 4.  Evaluation and retrofit of older steel
structures
Chairs:  Atsushi Sato, Larry Fahnestock

Recorder: Barb Simpson
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Overarching Research Needs

* Within the meta-theme of ‘Resilient Cities’

* Immediate occupancy and damage free performance
under multi-hazard scenarios.

= Existing structures and new construction
= Consideration of structural and nenstructural systems
« Consideration of beyond design basis events

» Understand and simulate structural behavior from onset
of damage tc collapse

« Consideration of multi-hazard loading

Deficient Structures

* Research interests common to US and Japan:
« Understanding global behavior governed by low
ductility limit states
* Failure hierarchy
* Soft story
« Effect of reserve capacity / back-up strength
= Assessment of current evaluation strategies
+ Establishing database to calibrate / verify numerical
models
+ Collapse assessment
« Testing possible retrofit strategies

Deficient Structures

* Testing possible retrofit strategies
* Pragmatic / low cost strategies for life safety
and collapse prevention
*» Advanced / high performance strategies for
immediate occupancy
+ E-Defense shake table

+ Long Term Goal: Demonstration of low-ductility
response

+ Interaction between lateral system and gravity-
system

Response control for improved
functionality
* Research needs for resilient structural systems

New response modification systems (material,
configurations and devices)

Focus on rocking systems

Integration of response modification devices with
structural and non-structural systems design

Consideration of structural and non-structural
response

Retrofit of deficient structures and non-structural
systems

Response control for improved
functionality
* Research needs for the next 5 to 10 years

« Performance based design considering multiple
response parameters (drift, velocity, acceleration,
residual drift) with acceptable confidence levels

« Response sensitivity to uncertainty in resistance and
demand, development of robust systems

« Effects of different ground motions characteristics
* long duration, long period
= near fault ground motions

+ Cost-benefit studies (life cycle)

Response control for improved
functionality
* Research needs for the next 5 to 10 years

* Effectiveness of response modification systems for
low-, mid- and high rise buildings
* Special structures (large span, open areas)

* Development of test beds for experimental
parametric studies on devices and systems

¢+ Characterization tests, development, and
experimental validation of numerical models of
response madification systems and devices
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Response control for improved
functionality
* Discussion focused on rocking systems
* Application: for existing and new constructions
{e.g., spine system, self-centering systems)
* Near term research needs
« Architectural, serviceability, nonstructural elements
= Resiliency of gravity system
+ Effects of floor systems (collector systems)
« collapse resistance

« Development of effective, practical retrofit solutions
that achieve high performance

Response control for improved
functionality
* Long term research needs for rocking systems
* Application to retrofit for non-ductile structures

* Adaptation of mid and high-rise systems to self-
centering, high mode effect

¢ Health monitoring

Collapse assessment of steel structures

Research interests common to US and Japan
that can be addressed by NEES/E-Defense

1) Immediate opportunities from recent tests at E-Defense
2) Component level behavior
a. Columns under combined loading, particularly large axial
loads
b. Base plate behavior
3) Dynamic response of steel braced frames through shaking
a. Consideration of buckling behavior and frame action with post
buckling
b. Effect of brace type (member shape)
c. Torsional effects as a result of inelastic behavior
4) Irregular structures and torsional behavior
5) High fidelity modeling for collapse simulation

Collapse assessment of steel structures

High Priority Research Opportunities: Near Term
« Behavior of columns under high axial loads and lateral drift
+ Experimental and computational work
« Large-scale testing of columns under high axial loads
+ Embedded base plates/column base connections
+ Need for more testing on base plate behavior
« Consideration of realistic column boundary conditions
* Subassembly Testing
+ Emphasis on composite action and its effect on cyclic
deterioration of beam-to-column connections

Collapse assessment of steel structures

High Priority Research Opportunities: Next 5 to 10 Years
« Subassembly tests using hybrid simulation
More realistic models to capture deteriorating mechanisms —
use of mechanics based models (beyond spring models)
Analytical techniques to speed up numerical simulations
Critical areas of study include fracture and friction
mechanisms
Integrate new high fidelity numerical capabilities into hybrid
simulation
- System level experimental testing

+ Realistic structural configurations

+ Soil — structure interaction

+ Multiple components of loading

Research Effectively Addressed by US-
Japan Collaboration

* Characterize behavior of steel structures under large deformations
using NEES Facilities
« Cary out hybrid simulation on representative substructures to
investigate the interaction between beam and column inelastic
behavior
« Utilize data from large scale column testing (wide flange and box
sections) for further development of simulation models
« System level tests and utilization of E-Defense collapse test data
+ Evaluation of existing (and new) methodologies for collapse
assessment of steel frame buildings
« Advancement of analytical modeling capabilities to simulate
complex deterioration mechanisms
« System level verification of proposed retrofit and design strategies
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Potential Project 1

Evaluation and Retrofit of Deficient Structures
+ Focus on braced frame systems (parallel to SAC)
+ Series of component, subassembly, and system testing to
collapse of full-scale braced frames
« One US design and one with Japanese design
+ Concentric versus eccentric braced frames
+ Brace type (HSS vs. wide-flange braces)
- Effect of connection detailing on structural response
* Emphasis on the post buckling behavior
+ Frame action quantification (i.e., reserved capacity)
« Study torsional behavior with NEES and E-Defense
« Tests of irregular structures
« Torsion induced by asymmetric inelastic behavior

Potential Project 2

Resilient steel rocking systems for extreme events

» Application to new constructions

+ Series of component, subassembly, and system testing to
Collapse

.

Verification of response under realistic dynamic loading
Validation of concept using 3-D ground motion
Architectural, serviceability, nonstructural elements
Resiliency of gravity system

Effects of floor systems (collector systems)
Applications to low- mid- and high-rise structures

Synergistic Collaboration

* Participation in future planning meetings
» Data sharing and archiving

» Exchange of students and faculty
+ Follow in the fi ps of our pr

4

Oors....
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Protective Systems Discussion

Recommended Efforts to Increase Effective
Collaboration

Recommended High Priority Research of Mutual

Interest to the US and Japan:

— Title, Description, Scientific Importance, Societal
Benefit (additional information as needed regarding
time frame, prierity, and relation to the context of

“resilient cities” )
Opportunities for Payload Projects: (list)
Opportunities and needs for advancing
capabilities of numerical simulation: (list)

Protective Systems Discussion

* Recommended Efforts to Increase Effective
Collaboration

— What are past/current examples of effective
collaboration?

— Who are potential collaborators (Japan and US)?
— What collaboration activities are needed?

— What needs to be dane to increase this
collaboration

Protective Systems Discussion

+ Recommended High Priority Research of Mutual
Interest to the US and Japan:
— Wwhat are research topics of interest to group? (priority
of projects)
+ Performance of protective systems to streng g-ound motion

= Perfermance and application of protective systermns fo-
vertical gound mation

« Characterization and performance of protective system
components

— Scientific Importance of each topic
— Societal Benefit of each tapic

— Relation to the context of “resilient cities” of each
topic

Protective Systems Discussion

* Opportunities for Payload Projects:

— What are past/current examples of payload
projects?

— What potential payload prajects moving forward
can meet the priority research needs

Protective Systems Discussion

* Opportunities and needs for advancing
capabilities of numerical simulation:
— What are past/current examples of advancing
numerical simulation in this collaberation?
— What are the needs for advancing capabilities of
numerical simulation?

— What are the oppartunities for advancing
capabilities of numerical simulation?
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NEES/E-Defense Collaborative Earthquake
Research Program 10th Planning Meeting

Geotechnical Engineering Summary Report

DPRI, Kyoto University

Chairs: Shuji Tamura, Jonathan Stewart
Recorder: Ramin Motamed

Dec 12-13, 2013

Session Agenda

* Introductions & session overview.
* E Defense Research.

* Ground motions, site response, applications of
recordings.

Utilization of field performance data

Shaking Table Testing and Centrifuge Testing for Soil-
Structure Interaction and Related Applications

Research Areas

Societal sustaining

systems
/ \ T
~
Hazard Ground failure Mitigation
characterization

Societal sustaining systems

1) Multi-hazard risk characterization:
a) Effects of mainshock/aftershock sequences,
b) Rain following earthquake,
c) Tsunami following earthquake.

d) The issue here is what is the relative impact of
the subsequent event (aftershock, rain, tsunami)
as a result of the degraded state of the system
following the mainshock.

Societal sustaining systems

2) System response in an urban environment

a) Soil structure interaction. Kinematic effects, energy
dissipation, etc.

b) Seismic earth pressures on subterranean
components of foundations from inertial interaction
from neighboring buildings,

c) Are ground motion demands tangibly influenced by
the vibrations of adjacent structures?,

d) Is the damping of an SSI system affected by the
presence of close-proximity neighboring structures?

Societal sustaining systems

3) Distributed systems
a) Flood control systems: Levees, dams, slopes.
Including ground failure mechanisms
b) Lifeline systems. Transportation, pipelines,
energy, etc.
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Hazard characterization

4) Regional variations in site response

5) Is site response predictable with 1D analysis
6) Vertical-component site response

7) Site parameter estimation from proxies

Hazard characterization

4) Regional variations in site response, including
the scaling with the principal site parameter
(Vs30) and nonlinearity

a) Why is nonlinearity different in different regions?

b) What secondary parameters can improve
predictions?

Hazard characterization

5) Is site response predictable from 1D analysis?

a) Considerations related to geologic complexity
and its effects on Vs variability in the region
around the site.

b) Large-strain site response

c) Soil damping

d) A challenge in this work is the quality of existing
profiles for K-net and Kik-net sites.

Hazard characterization

6) Site response for the vertical component of
ground motion.

7) Estimation of Vs30 from proxies for the
application of GMPEs in regions without
seismic velocity data

Ground failure

8) Next generation liquefaction (NGL):
a. Development of community liquefaction
triggering and effects database
b. Models for liquefaction triggering and effects
derived from this database
c. Physical model testing to support aspects of the
models not constrained by data (e.g., effects of
high overburden stress).
9) Prediction of site response for sites that
experience liquefaction (e.g., LEAP project).

Ground failure

10)New site characterization techniques
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Ground failure

10)New site characterization techniques
a) Understanding surface wave inversion methods
b) Improved cone penetration testing
¢) Improved Becker penetration testing

Mitigation

11)Soil improvement. Use field performance
data, including recent cases from Japan and
NZ where improved ground did not do as
well as expected, to guide the design of
future physical model tests and related
analysis.

12)Mitigation of foundations for existing
structures

Applications using field performance
data

8) Soil-structure interaction. Emphasis on short-
period buildings. This emphasis is motivated by
observations that such buildings subjected to
very strong ground motions (well above design
levels) have unexpectedly low damage rates.
Our challenge is to understand why. Related
issues:

a. Kinematic interaction effects on reducing the ground
motions at the base of structures. Piles as
mechanism for reducing ground motions.

b. Energy dissipation mechanisms related to SSI,

¢. ELwvs NL method of analysis.

Big Themes

* Practical tools for reliable prediction of site
response

« Liquefaction triggering, effects, and mitigation

* Applications of soil-structure interaction in
performance-based engineering

Importance of collaboration

High Substantial Madest
O impact O Impact Impact

3
: o
L 8,11 1. Multi-hazard risk
2. System response
3. Distributed systems
4, Regional SR
5. 1D SR
5 6. Vertical comp. SR
as (D) ()|t
8,9 - 8. NGL.
9. SR in liquafied soll
10. Naw
E 12. Fou igatian
i
-]
z
Element Large-scale  E-Daf Field
small-scale 1g 1g testing
Scale of study

Topic ‘ lapan-US | Critical Role for
Collaberation MNEES [ E-def?

| Critical?

1. Regional site response X

2. Is site response predictable? X X

3. Vertical site response X X

4. Proxy-based Vs30

5. Site response with liquefaction X X

6. NGL x x

7. Soilimprovement x X

8. Soil-structure interaction X X

9. Multi-hazard characterization X X

10. soil i x X

11. Site characterization X X
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How do we encourage/strengthen
collaboration?

More clarity on data sharing (both sides)
Fund research to interpret existing data &
perform applicable simulations
Consortium of US and Japanese testing
facilities.

Student fellowships to support data
interpretation & simulation research
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10 NEES/E-Defense Collaborative
Earthquake Research Program:
Monitoring Session Report

Facilitators: Masahiro Kurata & Jerome I, Lynch
Reporter: Kenneth J. Loh

DPRI, Kyoto University, Kyoto, Japan
December 13, 2013

Monitoring Working Group

s Facilitators:
+  Masahiro Kurata (Kyoto University)
+ Jerome P. Lynch (University of Michigan)

s Recorder:
+ Kenneth ]. Loh (UC Davis)

o Participants:

Shirley Dyke (Purdue University)
Tomonori Nagayama (University of Tokyo)
Anne Kiremidjian, Stanford University
Aldra Nishitani (Waseda University)
Yoshihiro Nitta (Ashikaga Institute of Tech)
Kincho Law (Stanford University)

Sean O'Cannor (University of Michigan)
Shamim Pakzad (Lehigh University)
Jennifer Rice (University of Florida)

Wei Song (University of Alabama)

.

N

+

.

.

+

.

.

+

.

n NIED 10 NEES/E-Defense Collaborative Earthquake Research Program Meeting o

DPRI, Kyoto, Japan - Deveber 11-13, 2013

Process

High Priority Research Areas

o Pre-workshop Homework:
=+ Distributed working group agenda ahead of the workshop:

+ Question 1: If monitoring systems are tailored to “sense” specific damage modalities in
structures, which ones are of greatest importance that should be prioritized?

» Question 2: How can instrumentation (sensors and sensing systems) be used to
illuminate causal relationships between damage and residual system capacity?

+ Question 3: If there is an opportunity to dedicate a large-scale structural testing program
exclusively to structural health monitoring and SHM-driven decision making, what
would you propese?

o Waorkshop Day 1:
+ Participants presented their research and answers to the three questions
+ Acti 1 focused on post-event decision making aided by monitoring systems
»  Activity 2 focused on estimating residual system capacity based on monitoring data

= Workshop Day 2:
+ Refine and Finalize High-Priority Research Topics (3 identified)
+ Describe potential payloads and simulations
& Plan for trans-Pacific collaboration in the NEES/ E-defense joint research program

City-scale Monitoring for Assessing and
Advancing Urban Resiliency

Ready-to-Deploy Sensor-based Decision
Support System for Post-event \
Infrastructure Re-occupancy

Sensing and
Identification of SHM-
aided Limit States
for Ductile Structures

10 NEES/E-Defense Collaborative Earthquake Research Program Mesting o4
nNIED DPRL, Kyota, Japan - December 11-13, 2013 B o

10% NEES/E-Defense Collaborative Earthquake Research Program Mesting .
ﬂ NIED DPRL, Kyoto, Japan - December 1113, 2013 -

High Priority Research Topic #1

Sensing and Identification of SHM-aided Limit State for Ductile
Structures

Sensing and Identification of SHM-aided Limit States
for Ductile Structures

Summary: A previously missing link between earthquake-resistant design and structural
health monitoring (SHM}) is a framework that explicitly connects design criteria with the
information generated by sensing systems. The grand challenge is to create and sense
damage limit states in strong non-linear region after the initiation of strength deterioration
with the aid of sensors and sensing systems. The research challenges include the
identification of damage limit states with novel SHM technologies and leveraging the
NEES/E-Defense data archive of large-scale tests. Design verification tests using densely-
instrumented large-scale test beds Accomplishing this grand challenge will yield
opportunities to account for the potential ductility and redundancy in structural systems
for post-event safety evaluation and reduce downtime before re-occupation of damaged

DESCRIPTION

Tdentification of damage limit states in strong
nenlinear region of ductile structures:

Leverage the NEES/E-Defense data archive of targe-
scale tests

Create aud validate approprinte sensing lecholagies for
damage imit stetes ssing densely-insérumented large-
seale test beds

|

* E"'l‘r"'“lz_"“":' ":' 1’,“‘1"‘ kel f;“‘ Ieposiory Deleriorating behavior of Novel sensors and

well-suited for the identification of damage limit gy, yros with potential ductility sensing system

states for ductile structures - -
SCIENTIFIC IMPORTANCE BROADER SOCIETAL IMPACTS
s Identification of damage limit states will enable o Structural-engineer-friendly SHM index

rapid damage assessment o Incorporation of the potential residual dustility and
a

Damage limit state analysis can be performed redundancy in structures during post-event analysis
within a probabilistic framework Reduced downtime with rapid structural safety
Novel sensing technologies will enable direct assessment

e damage quantification of damage limit states o Greater benefits 10 infrastrueture owners that offset cost
a Assessment of reliability in damage limit states will of the deployment of STTM systems
empower decision-mal = Increase in public confidence in infrastructure safety
and post-event de making
ﬂ NIED 10 NEES/E-Defense Collaborative Earthquake Research Program Meeting 2 ‘n NIED 10" NEES/E-Defense Collaborative Earthquake Research Program Mesting o
DRI, Kyoto, Japan - December 11-13, 2013 il DPRI, Kyoto, Japan - December 11-13, 2013 i
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High Priority Research Topic #2

Ready-to-Deploy Sensor-based Decision Support System for

Ready-to-Deploy Sensor-based Decision Support System for
Post-event Infrastructure Re-occupancy

Summary: Rapid recovery is critical for achi next-{ ion resilient
and for minimizing the adverse socioeconomic impact following a severe earthquake. The
grand challenge is to devise new technologies, computational methods, and probabilistic
tools for making reliable deci ing the iate re- and use of
infrastructure systems and their intended A broad ity of stake
holders would be engaged to accelerate the transfer of research findings to practice. The
research challenges include: developing verified sensing technologies for measuring
specific damage modalities (including their initiation and propagation) before, during, and
after an earthquake; mining and utilizing existing test data for algorithm and model
verification; designing test beds aimed at assessing different structural health monitoring
methods applied to different classes of structures; and assessing structural performance,
operational capabilities, and rehabilitation priority. The decision support system for re-

p and opr should incorporate uncertainties while still provide
definitive actions that are aligned with the needs and expectations of engineers, owners,

facility managers, and stakeholders.

Post-event Infrastructure Re-occupancy

DESCRIPTION { .

= Devise reliable decision support framework for the
re-occupancy and continued operations of damaged
but structurally sound infrastructure
o Utilize existing test data and new tests to create a
T i that s definitive
actions for re-occupancy, use, and repair
Explicit coupling between quantitative SHM data
and qualitative visual inspection for improved re-
occupancy decisions

Re-oceupying building after earthquake

SCIENTIFIC IMPORTANCE BROADER SOCTETAL IMPACTS

Design and aptimize sensors and algorithms for a
characterizing damagge initi
Create test beds for assessing SHM technologies
and methods when applied o different classos of
structures or construction methods

ificantly enhance the resiliency of large urban
environments following major carthquakes
Reduce sacioeconomic impact of major events
Improve psychological well-being

Enhance functionality and operations of disaster-
impacied regions

Dedicate shelter and recovery resources o areas of
greatest need

o Prioritize repairs and rehabilitation efforts

Implement validated models for prediction of
structural response to different excitations

Develop probabilistic decision-making framework
that integrates structural resistance and demand

10% NEES/E-Defense Collaborative Earthq
DPEL Ky oto, Japan - Decens

10% NEES/E-Defense Collaborative Earthquake Research Program Meeting
DPRI, Kyoto, Japn - Dexernber 11-13, 2013

ZINED

High Priority Research Topic #3

City-scale Monitoring for Assessing and Advancing
Urban Resiliency

City-scale Monitoring for Assessing and Advancing Urban
Resiliency

Summary: To take on the scientific and technological challenges associated with creating
truly resilient cities, existing experimental programs should be expanded to include a
focus on city-scale response (physical and social) to natural hazard events. Monitoring
technologies, in conjunction with advance simulation tools, can be used to provide a more
comprehensive view of how infrastructure systems and human populations respond to
carthquakes. Incorporation of emerging information sources, such as crowd-sourcing,
remote sensing, and social media, will enhance regional-scale responses. In the context of
future NEES/E-defense research collaborations, specific focus should be paid on the
development of monitoring technologies that can learn and track the physical weaknesses
and vulnerabilities that may exist at points of connection of infrastructure systems.
Experimental programs should also be devoted to the testing aimed at understanding how
component performance impacts the performance of the infrastructure system or network
of which that component is a part. Simulation tools can be used to further advance how
decision makers can rapidly utilize moni g data to assess system fragilities and to
allocate resources immediately after the event in the ensuing days and weeks

DESCRIPTION

o Dilfusion of menitoring technologies, emer,

data sources, and simulation tools 1o assess

infrastructure performance and socictal response

Experimental programs to understand how

component performance impacts the performance

of global systems/ networks

a Simulation lools created and calibrated to aid
devision makers o assess system Tragilitics and to
allocate resources post-cvent on varying time-scales

SCIENTIFIC IMPORTANCE BROADER SOCIETAL IMPACTS

5 With fundamental knowledge in the infrastructure o Kdenlify pre-event weaknesses in cils
system interdependency lacking, experimental systems for hardening o ensure glob
testing and computer simulation will performance

o Advance sensing methods ami data nggregation o Rapidly assess health of urban physical
systems for monitor points of system comnection infrastructure post-cvent:

o Create simulation fools o node! te mechanisms of
cascading failures in infrastructure

o Allocike emergency response resonrees

feins o Enfumce the aperations of first responders.

a Optimize data-driven decision-support systems for Minimize time to full
allocation of emergency response at the regional economic recovery of e
saule

ional and global

gion and social im pact

FINEED 10% NEES/E-Defense Collaborative Earthquake Research Program Meeting o

DPEL Ky oto, Japan - December 1113, 2013

e

10% NEES/E-Defense Collaborative Earthquake Research Program Meeting @
DPRI, Kyoto, Japan - December 1113, 2013

#INED

i

Experimental Program

Simulation Tools

2 Opportunities for Payload Projects:

+ Creation of large-scale testing program that are open to the broader research

community for the purposes of identifying damage limit states:
+ Test specimens designed to illuminate specific damage mechanisms at local and global

length scales
Open access Lo the research communily to validate novel sensor technologies
Intelligent sensors for real-time agent software migration of embedded damage detection
algorithms
Create datasets for blind assessment of damage detection algorithms (in addition to the
research, consider I student ¢ bil

Assess the reliability and durability of sensors and sensing systems
Engage the diverse stakeholder community
» Involve visual inspectors to evaluate tested ) to identify aptimal ways of
combining SHM data with visual inspections for re-occupancy decisions
+ Quantify the benefits of SHM systems for cost-benefit analyses

= Opportunities for Advancing Capabilities of Numerical Simulation:
+ Use testbed data to enhance the simulation of regional responses to earthquakes,
especially the performance of physical infrastructure under ground motion
Reduce the uncertainty inherent in numerical models of structures, especially structures
responding in their nonlinear response regime, through advance online or real-time
model-updating technigues
Agent-based simulation of societal response Lo earthquakes over varying time-scales

10% NEES/E-Defense Collaborative Earthquake Research Program Meeting o
DPEL Kyoto, Japan - December 11-13, 2013 o

#INIED

10% NEES/E-Defense Collaborative Earthquake Research Program Meeting I
DPRI, Kyote, Japan - December 11-13, 2013

#INEED
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Efforts to Increase US-Japan Collaboration:

= Further foster the strong human network between US and Japan:

+ Revive student-oriented exchange program focused on studying hazard mitigation and
resilient cities

+ Involve social scientists and other stakeholders
o Develop interoperable experimental data repositories
+ Prioritize datasets of greatest relevance to SHM
+ Engage international collaborators to expand implementation of open data sources
+ Facilitate tool access to act upon datasets to enable a virtual test bed
= Create trans-Pacific research solicitations specific to SHM payloads
= Regional-scale analysis of two seismically vulnerable megacities (one in the
U.S. and one in Japan)

+ Leverage existing and create new opportunities to deploy regional-scale
instrumentation

+ Perform regional-scale simulations and compare between the two urban environments

ﬂ 10* NEES/E-Defense Collaborative Earthquake Research Program Meeting S
NlED DPRI, Kyoto, Japan - December 1113, 2013 s
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APPENDIX XIlll: SUMMARY OF STUDENT ACTIVITIES PROGRAM

AS PART OF THE TENTH PLANNING MEETING
OF NEES/E-DEFENSE COLLABORATIVE RESEARCH ON EARTHQUAKE
ENGINEERING

Introduction

In parallel to the tenth planning meeting, a “student activities program” was organized and
implemented. It is for the first time that such explicit student collaboration was organized in the
NEES/E-Defense collaborative research. Eight students from the United States, one student from
Canada, and ten students from Japan gathered and exercised intensive exchange, both technical
and social. The students’ travel to and stay in Japan was supported jointly by the NSF and DPRI,
Kyoto University. A summary of the student activities program is shown below.

Local Organizing Committee (DPRI, Kyoto University):

Chair, Ryosuke Nishi

Vice-Chair, Mayako Yamaguchi

Member, Liusheng He, Xiaohua Li, Lei Zhang, Kaede Minegishi, Takuma Togo,
Hiroyuki Inamasu, Miho Sato, and Akiko Suzuki

Program Agenda

December 10, 2013  Social gathering over dinner at Fushimi (organized by Miho Sato)
December 13,2013  Student discussion (organized by Mayako Yamaguchi and Ryosuke Nishi)

Social gathering over dinner at Fushimi (organized by Akiko Suzuki)
December 14, 2013 Exploration of Kyoto (organized by Hiroyuki Inamasu)

List of Participants

First Name Last Name Affiliation Title

From Japan

Liusheng He DPRI, Kyoto Univ. Doctoral Student
Hiroyuki Inamasu DPRI, Kyoto Univ. Undergraduate Student
Xiaohua Li DPRI, Kyoto Univ. Doctoral Student
Kaede Minegishi DPRI, Kyoto Univ. Master Course Student
Ryousuke Nishi DPRI, Kyoto Univ. Master Course Student
Miho Sato DPRI, Kyoto Univ. Undergraduate Student
Akiko Suzuki DPRI, Kyoto Univ. Undergraduate Student
Takuma Togo DPRI, Kyoto Univ. Master Course Student
Mayako Yamaguchi DPRI, Kyoto Univ. Master Course Student
Lei Zhang DPRI, Kyoto Univ. Doctoral Student

From the United States
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Kolay Chinmoy Lehigh University Doctoral Student

Maikol Del Carpio Ramos State University of New Doctoral Student
York at Buffalo

Julie Fogarty University of Michigan Graduate Student

Kenneth Gillis University of Colorado, Doctoral Student
Boulder

Dorian Krausz Univ. of California, Los Graduate Student
Angeles

Jinhan Kwon University of Texas at Doctoral Student
Austin

Sean O'Connor University of Michigan Graduate Student

Barb Simpson UC Berkeley Graduate Student

From Canada
Ahmed Elkady McGill University Doctoral Student

Summary of Student Discussion Session

Facilitator: Tracy Becker
Recorder: Sean O’Connor

The focus of the student group discussion was to share a general overview of the workshop as
well as future ideas for large scale testing and applications of test data. In addition, several
challenges associated with U.S.-Japan collaboration were discussed.

In response to the workshop in general, the majority of the group especially appreciated
the breakout sessions. Most of the students were excited to be involved in discussions directly
relevant to their research fields and current knowledge base. The workshop was an excellent
opportunity for the students to interact with highly regarded professionals from their respective
fields. Graduate students often feel that their research focus is very narrow and the session
presentations and discussions provided a broader look at research opportunities. The student
group also offered ideas on ways to improve the workshop. The student group expressed interest
in a presentation topics and discussion agenda prior to the workshop, in order to better prepare
and contribute to session discussions. Also, the addition of U.S. and Japan practicing engineers
would have introduced a valuable perspective to session discussions.

A majority of the discussion dealt with ideas and challenges for large scale testing. The
geotechnical student group expressed interest in soil-structure interaction testing at E-Defense
for vertical ground motion. In particular, collaboration among geotechnical engineers and
protective systems engineers could address important concerns in high rise buildings and base
isolation systems when vertical ground motion occurs. In addition, multi-hazard analysis,
particularly the sequence of aftershock events following a major earthquake, are well suited for
E-Defense tests, as the shake table can provide many shaking events in a much shorter time
period than field testing of actual events. The geotechnical students also saw a lot of value in
testing for liquefaction mitigation techniques at E-Defense, particularly for residential housing
and developing easily adoptable standards or methods for new construction. The structures
groups expressed interest in E-Defense for several test scenarios, ranging from collapse testing
using W-shape columns to near collapse response assessment of base isolated systems. The
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testing of braced frame structures provided an enthusiastic discussion among the students as
design philosophy tends to differ not only among U.S.-Japan counterparts but also among U.S.
counterparts. Using E-Defense to perform dynamic testing of vulnerable braced frame structures
rather than the quasi-static testing available to some was mentioned. Also mentioned was hybrid
testing of high rise buildings to determine relationships among component level and system level
failure in braced frame structures. As the workshop had a major emphasis on resilience, several
structural engineers emphasized the use of large scale testing to develop damage free buildings.
Among the monitoring group, discussions on the use of large scale testing resulted in a desire to
have more control in the design of structures being used to evaluate sensors and monitoring
techniques. Particularly, test specimens and loading scenarios tailored towards specific damage
modes would assists the structural monitoring group in developing sensors, models and
algorithms for structural health monitoring. The monitoring group sees E-Defense as a great
opportunity to conduct SHM prioritized testing to identify damage limit states, meticulously
characterizing the large gap between safe and collapse states to fully utilize the residual capacity
of ductile structures for re-occupancy following a major event. The group also mentioned a
desire to perform shake table testing for non-structural health monitoring and also for developing
cost-effective monitoring systems. The monitoring group also discussed the opening up SHM
relevant data sets for blind-testing to accelerate the development of SHM models and algorithms
and make use of existing test data.

A discussion on U.S.-Japan collaboration raised many interesting challenges including
differences in language, lab environment, design culture and standards, facilities, and data. In
order for U.S.-Japan collaborations to be successful, the group expressed the obvious need for
sharing. In particular, open access to test data as well as facilities would expedite advancements
in each field of study. Opening up the design of test specimens to the entire engineering
community was suggested as way to get the most value out of each test preformed. Laboratory
access was an interesting topic among U.S. and Japan students. The U.S. students generally
expressed limited access to lab equipment, governed by daytime working hours of lab
technicians, while Japanese students have much more freedom with test scheduling. Aside from
this issue, the large time difference between U.S. and Japan poses challenges to joint hybrid
testing. Differences in design culture and standards led to questions on how to design
experiments that are relevant to both U.S. and Japan to optimize the data being generated by
large scale testing. The student group conceded that this is a difficult problem to solve although
several suggestions were made, such as designing structures easily adaptable to both U.S. and
Japan standards (e.g., interchangeable connections, removable braces, etc.).
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