tlon of Bmldmgs

T

i

—

=

-% u T 9
e mmvavama ravavAl

w ¢

a=z17?

w
-

_— ']

.-p g -

-
P

"
-

US Army Corps
of Engineers -

0y Security

Science and Technology Development Center




Table of Contents

[.  Introduction and CONCIUSIONS..........cccceveeienienieeie e 1
a. Letter of Introduction..........cccccovevieiieeiie e, 1
b. Acknowledgements..........cccoceeverieiienie s 3
c. Biographical Sketches of Presenters and Authors............ 4
d. Workshop Agenda........cccoceevveeeneeinseeseee e 21
e. Stabilization of Buildings Workshop Attendees............. 26
f.  Concluding REMArKS.........cccoeveverienieie e ce e sie e 28

1.  Papers Submitted to the 2009 Stabilization of Buildings

WOIKSNOP ...t 31
[I. Power Point PreSentations.............eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenennens 142
IV. Breakout SESSION IMEIICES. ... ..uueeeeeeeeeeeeeeeeeeenennennees 286

Stabilization of Buildings Workshop Proceedings



FOREWORD

Because science and technology are crucial to mitigating natural and manmade effects on
critical infrastructure and ensuring the continuity of their services, the U.S. Department of
Homeland Security (DHS) Science and Technology (S&T) Directorate has established a
goal to accelerate the delivery and understanding of enhanced technological capabilities. In
support of this goal, the DHS S&T Infrastructure and Geophysical Division (IGD) is
creating a program to investigate the enhancement of building stabilization after an
improvised explosive device (IED) attack. To that end, the DHS S& T Directorate was
pleased to sponsor the Stabilization of Buildings Workshop.

Through white paper discussions and breakout sessions, participants in the workshop
explored topics such as monitoring and assessing buildings that are near failure, real-time
decision making methods, first responder access during an emergency, and cost-effective
stabilization techniques that could be implemented immediately following an IED attack.

The Stabilization of Buildings Workshop sought to:

e Discuss search and rescue issues facing first responders to the scene of the building
attacked by an I[ED

e Explore hazard mitigation techniques for first responders

e Review case studies of building performance of buildings subjected to blast |oads

e |nvestigate methods of monitoring and assessing the structural integrity of damaged
structures

e Introduce innovative materialsto be implemented in building stabilization

e Expose and learn of state of the art equipment, techniques, and strategies for
stabilizing buildings

e Bring together private organizations, federal agencies, and universities to discuss
research, techniques, and future needs for improving building resiliency against
blast threats and protecting first responders

The results of this workshop will lead to a research agenda that S& T will use to help direct
future efforts. These efforts will include creating a research clearing house, performing
testing and simulation of advanced materials, and identifying deployable methods that can
help to rapidly stabilize buildings after a terrorist attack. These efforts are anticipated to
lead to a technology transfer to the private sector that will allow the rapid deployment of
products to stabilize buildings after they have been impacted by IEDs.

These proceedings will consist of the workshop materials including the agenda,
presentations, papers submitted, and presenter and author biographies. Also included are
the workshop conclusions and discussion matrices that will be the basis of the research
agenda on stabilization of buildings after an |ED attack.
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Biographic Sketches of Presenters and Authors
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Dr. Mary Ellen Hynes is the Director of Research for the Infrastructure/Geophysical
Division in the Science & Technology Directorate (S& T) of the Department of Homeland
Security (DHS). She comes to DHS/S& T after 30 years of research and development
work at the US Army Engineer Research and Development Center headquartered in
Vicksburg, MS. She obtained — with honors — her Bachelor’s and Master’s degrees in
Civil Engineering from the Massachusetts Institute of Technology (MIT) and her PhD in
Civil Engineering at University of California at Berkeley. Her past research areas
focused on earthquake engineering for dams and probabilistic modeling. Now she has all
the targets and al the threats for critical infrastructure protection and natural hazards.

Additionally, Dr. Hynes is the DHS/S&T Co-Chair of the National Science and
Technology Council Infrastructure Subcommittee, co-chaired with the Office of Science
and Technology Policy, Executive Office of the President. She is a member of the US-
Japan Natural Resources Panel on Wind and Seismic Effects. Her technical affiliations
include the American Society of Civil Engineers (past Chair of the Probabilistic and Risk
Technical Committee and past Member of the Technical Advisory Council for the Geo-
Institute; served on Geotechnical Journal editorial board), the Society of American
Military Engineers, American Society for Testing and Materials (served on editorial
board), International Society of Soil Mechanics and Foundation Engineers, and The
Infrastructure Partnership (TISP). She chaired the National Science Foundation review
panel for Geotechnical, Geomechanical, and Geoenvironmental Engineering for 5 years
during the 1990's. She is the author or co-author of over 50 contributions to journals,
books, proceedings and papers, and technical reports.

Blaine Brownell is an architect, sustainable building advisor, and researcher of
innovative materials for architecture. He is the founder and director of the
design/research firm Transstudio, and has taught at the University of Michigan and the
University of Minnesota. Blaine is the author of Transmaterial: A Catalog of Materials
that Redefine our Physical Environment, as well as Transmaterial 2, both published by
Princeton Architectural Press. Blaine has practiced architecture in Tokyo, Nagoya,
Houston, Seattle, and Minneapolis. His work has been published in A+U, Architectura
Record, Architecture, BusinessWeek, Discover, Dwell, Fast Company, Forward, The
Journal of Architectural Education, Materia, New Scientist, The New York Times,
Popular Science, Sustainable Industries Journal, and the Seattle and Portland Daily
Journals of Commerce, and he was featured as the cover story for the December 2006
issue of Architect magazine. His work has been exhibited at the Seattle Architectural
Foundation, Center on Contemporary Art, and Consolidated Works in Seattle, as well as
at DiverseWorks in Houston, the Taubman College of Architecture + Urban Planning at
the University of Michigan, and the Centre Universitaire Méditerranéen in Nice. Blaine
was selected for a 2006 “40 Under 40" award by Building Design & Construction
magazine, and was the recipient of a Fulbright fellowship to Japan for 2006-2007, during
which time he researched contemporary Japanese material innovations at the Tokyo
University of Science.
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Dr. Amar Chaker obtained a Ph. D. degree in Civil Engineering from the University of
Illinois at Urbana-Champaign and a degree of 'Ingénieur Civil’ from * Ecole Nationale des
Ponts et Chaussées, Paris, France.

He has held faculty positions at the University of lllinois at Urbana-Champaign and
Drexel University. He has served as Professor and Director of the Civil Engineering
Institute of the University of Science and Technology of Algiers, Algeria. As Technical
Director of the Algerian State Organization for Technica Control of Building
Construction, he co-chaired the Committee for the Algerian Earthquake-Resistant Design
Code and participated in several mgor post-earthquake investigations and in a seismic
hazard evaluation and urban seismic microzonation study for the region of EI Asnam,
Algeria

He joined ASCE in 1999 where he has worked in Technical Activities, the Transportation
and Development Institute, the Civil Engineering Research Foundation, and the Building
Security Council. Heis now Director of the Architectural Engineering and Engineering
Mechanics Institutes of ASCE.

He served as a member of the Advisory Editorial Board of Earthquake Engineering and
Structural Dynamics, and of the Editorial Board of Annales Maghrébines de I'lngénieur.
He was a Founding Member and President of the Algerian Earthquake Engineering
Association. He is a member of ASCE and EERI, is active in several technical
committees, and is author or co-author of over 50 publications.

Dr. Paul Mlakar is the Senior Research Scientist for weapons effects and structura
dynamics at the U.S. Army Engineer Research and Development Center (ERDC). He
was recently a key member of the Interagency Performance Evaluation Taskforce that
studied the behavior of the New Orleans hurricane protection infrastructure in Katrina.
Following the September 11 airliner crash into the Pentagon, Dr. Mlakar was selected by
the American Society of Civil Engineers (ASCE) to lead a study of the structural
behavior.

From 2000 to 2003 Dr. Mlakar was the Technical Director of the ERDC responsible for
innovations in military engineering to rapidly upgrade transportation infrastructure and
assure cross country mobility. From 1995 to 2000 he served as the Chief of the Concrete
and Materials Divison of the U.S. Army Engineer Waterways Experiment Station
(WES). Inthewinter of 1996, Dr. Mlakar acted as the Chief Engineer of aNorth Atlantic
Treaty Organization Task Force that rapidly restored a war-damaged century-old bridge
on the main line of supply for Operation Joint Endeavor in Bosnia.

From 1984 to 1995 Dr. Mlakar founded and guided the Structures Division of JAY COR
as aVice President. This work included the invention of a patented hardened air cargo
container capable of resisting the effects of internal explosions. Other projects involved
the design of structures to resist explosive effects including the protection of embassies
and other visible targets against terrorist bombings. Dr. Mlakar also served on the ASCE

Stabilization of Buildings Workshop Proceedings 5 of 309



team that assessed the structural performance of the Murrah Building in the 1995
Oklahoma City terrorist bombing.

As aresearch engineer for the WES, from 1973 to 1984, Dr. Mlakar was the contributing
leader of ateam that investigated the mechanics of structural elements. Projects included
the seismic response of hydraulic structures, the behavior of field fortifications subjected
to weapons effects, and the application of probability to structural design. During the
period 1966 to 1973, Dr. Mlakar was an officer in the Corps of Engineers. This
encompassed a faculty assignment at the U.S. Military Academy (USMA) at West Point,
aswell astroop command and staff servicein Vietnam and the U.S.

Dr. Mlakar graduated from USMA and subsequently earned an M.S. and a Ph.D. in
Engineering Science from Purdue University. He is a registered professiona engineer
and the author of some 150 technical publications. Dr. Mlakar is a Fellow of ASCE and
the past Chair of its Committee on Critical Infrastructure. He is also active in the
American Concrete Institute and the Society of American Military Engineers. Dr. Mlakar
has received a number of prestigious honors including the 2003 ASCE Forensic
Engineering Award and the 2004 Purdue Alumni Achievement Award.

Stephen Cauffman is currently the Deputy Divison Chief of the Materids and
Construction Research Division. He co-leads the Strategic Goal on Disaster Resilient
Structures and Communities and manages the Measurement Science for Structural
Performance under Multi-Hazards Program.  Prior to this, he was the Leader of the
Structures Group. Mr. Cauffman led the team that conducted reconnaissance of the
performance physical structures in Hurricanes Katrina and Rita in 2005. Mr. Cauffman
was the program manager for the Federal Building and Fire Safety Investigation of the
World Trade Center Disaster. His work at NIST has included coordination of the
Interagency Committee on Seismic Safety in Construction (ICSSC) as its Technical
Secretariat. Mr. Cauffman also serves as Technical Secretariat for the U.S.-side panel of
the U.S.-Japan Joint Panel on Wind and Seismic Effects (UINR). He was the technical
point of contact for the Partnership for Advancing Technology in Housing Cooperative
Research Program. Mr. Cauffman also has provided support to the Advanced Technology
Program in outreach to the construction materials industry.

Prior to joining NIST, Mr. Cauffman was a Senior Program Manager with the Civil
Engineering Research Foundation (CERF). In that capacity, he was responsible for
conducting studies related to advanced technology for the construction industry. Mr.
Cauffman also served as Secretariat to the High-Performance CONstruction MATerias
and Systems (CONMAT) Council, an industry/government group dedicated to promoting
research, development, and deployment of advanced construction materials. Working
with CONMAT and NIST, Mr. Cauffman developed an industry plan for participation in
the Advanced Technology Program (ATP) and conducted workshops to educate industry
on ATP.

Mr. Cauffman’s experience includes 11 1/2 years with the Atlantic Research Corporation.

He was a Program Manager with the Solid Propulsion Division, leading efforts to
develop main and divert propulsion systems for a small interceptor missile and gas
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generator-based fire suppression systems. Mr. Cauffman also was a Program Manager in
the Advanced Materials Division, where he was responsible for programs to develop
composite aerospace and marine structures. His experience at the Atlantic Research
Corporation aso included thermo-mechanica and thermo-physical testing and
characterization of advanced carbon-carbon, metal-matrix, ceramic-matrix, and polymer-
matrix composites. Mr. Cauffman received a Bachelor of Science in Physics from George
Mason University.

Dr. H.S. Lew is Senior Research Engineer at the National Institute of Standards and Technology.
He carries out a broad range of research programs in the fields of structural, earthquake and
materials engineering. He was Chief of the Structures Division (1989-1999). Prior to joining
NIST, he was an assistant professor at the University of Texas at Austin.

Dr. Lew is a fellow of the American Society of Civil Engineers (ASCE) and the American
Concrete Institute (ACI) and a member of the National Academy of Engineering of Korea. Dr.
Lew has served on the Board of Direction (1987-1990) and the Technical Activities Committee
(1989-1995) of the American Concrete Institute, on the Board of the Building Seismic Safety
Council (1998-2004) of the Nationa Institute of Building Sciences, and was a member of the
Board of Governors of the ASCE/Structural Engineering Institute.

Dr. Lew serves on various technical and administrative committees of national and international
organizations. He is amember of the ACI Building Code Committee (ACI 318). He served on the
American Ingtitute of Steel Construction's Committee on Design Specification for Steel
Buildings (AISC Specifications Committee), and on the Seismic Provisions Committee of the
Building Seismic Safety Council. Dr. Lew has published over 150 articles, papers and reports on
performance of structures, construction safety, and failure investigations of structures.

Dr. Lew is the recipient of several honors and awards, including: the ACI Wason Meda for
"Materials Research”" in 1980 and for "the Most Meritorious Paper in Research” in 1987. He
received the ACI Kennedy Medal in 1990, and the ACI Turner Medal in 1999. He received the
2005 ASCE/SEI Walter P. Moore, Jr. Award for his technical excellence in the development of
standards. He is arecipient of the U.S. Department of Commerce Silver Medal in 1982 and 2001
and Gold Medal for distinguished achievement in Federal service in 2005. He was the U.S.
Federal Government "Engineer of the Year" in 1995.

Dr. Lew is aregistered professional engineer in Washington D.C., and the States of Maryland and
New York. He received his B.S. in Architectural Engineering from Washington University, his
M.S. in Civil Engineering at Lehigh University, and his Ph.D. in Civil Engineering at University
of Texas.

David J Hammond, SE graduated from the University of California, Berkeley in 1954
with a B.S.C.E., and was engaged in the design of seismically resistant structures in the
San Francisco Bay Area from 1957 to 2000. He served in the U.S. Army from Jan 1955
to Jan 1957, and was stationed at Ft. Belvoir in the spring of 1955. While serving in the
Army he began his instructional career as a Troop Information & Education NCO. In
1985, he began his involvement in Urban Search and Rescue as the leader of the U.S.
Search Dog Team 3 at the Mexico City Earthquake. Since that time, David has continued
as a support member of California Rescue Dog Association in numerous other disasters.
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David was an origina member of the FEMA US&R Advisory Committee and is the
current Chair of the DHS/FEMA US&R Structures Sub-group. Heis alead instructor for
the USACE-DHS/IFEMA Structural Specialists (StS) training program, as well as other
FEMA US&R training courses. He was a lead SIS for the FEMA response to the
Oklahoma City Bombing incident, the Puerto Rico Gas Explosion in 1996, and the World
Trade Center Collapsein 2001. As member of the FEMA US& R White Incident Support
Team (IST) he has responded to many hurricanes. He is a member of DHS/FEMA’s CA-
TF-3 located in Menlo Park, California

John Osteraas, Ph.D., P.E. is a Group VP and Principal Engineer at Exponent Failure
Analysis Associates in Menlo Park, Ca. He received his BSCE from the University of
Wisconsin — Madison in 1976, and his Masters of Science and PhD from Stanford in
1977 and 1999, respectively. John has been involved with the US& R Program since the
early ‘90s, first as a reviewer of David Hammond's original StS training materials, then
as a Structures Speciaist (StS) with DHSFEMA’s CA-TF3 in Menlo Park, California.
He deployed with CA-TF3 to Hurricane Iniki in 1992 and to the Northridge Earthquake
in 1994. In 1995 he relieved David Hammond as lead SIS at the Oklahoma City
Bombing response. As amember of the DHS/FEMA US&R Incident Support Team, John
was deployed to the World Trade Center response in 2001, the Salt Lake City Olympics
(Operation Olympic Watch) in 2002, the Democratic National Convention and Hurricane
Frances in 2004, and Hurricane Katrinain New Orleans in 2005.

Alan D. Fisher, P.E. is Manager of the Construction Design Group for Cianbro
Corporation in Portland, Maine. He is responsible for the engineering of all types of
temporary structures used during the construction of large civil-structural projects. Past
assignments have included the design of major cofferdams, steel erection plans for major
bridges, and jacking of loads to 3000 tons. Most recently he managed the construction
design efforts for the installation of supplemental main cables for a suspension bridge, a
first inthe US. Alan is amember of the Transportation Research Board (TRB) Strategic
Highway Research Program 2, and ASCE’s “Load on Structures during Construction”
Committee. Alanisamember of the National Council of Examiners for Engineering and
Surveying committee for exam question writing for construction.

Alan has been involved with the DHS/IFEMA Urban Search and Rescue (US&R)
National Response System since 1993, starting as a Structures Specialist with MA-TF1.
He has deployed with MA-TF1 to the Atlanta Olympics in 1996 as a Planning Team
Manager, to the Worcester Fire Recovery in 1999 as the lead Structural Specialist, and to
the World Trade Center Response in 2001 as a Planning Team Manager. He has served
on the DHSFEMA US&R Structures Sub-group (formerly the Technical Sub comm.)
since 1997. Alan is actively involved as a lead instructor for the US Army Corps of
Engineers US& R Structures Specialist training program.

Tom Niedernhofer, PE has worked as a structural engineer with the Corps of Engineers
for 18 yearsin St. Louis, Mo., and then in California since 2002. Prior to June 1986 he
worked as a building design and project engineer for Jenkins and Charland, Inc., a
structural engineering firmin Florida.
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Tom's interest in US&R began while being deployed to perform structural building
assessment after the Loma Prieta earthquake in 1989. Tom completed the
USACE/FEMA pilot Structures Specialist training class in 1992, and has assisted with
shoring instruction at every StS training class since. Currently he is the Program
Manager for the US Army Corps of Engineers US& R Program, located in the Bay Area.
Tom has deployed to Hurricane Andrew, the Northridge Earthquake, the Oklahoma City
Bombing, to the World Trade Center, and local rescue responses. He has deployed to
“Operation Olympic Watch” in 2002, Bulgaria in 2003, and Uzbekistan in 2003 for
US&R training and mobilization exercises. His US&R training support also reaches to
the military regarding operations and exercises.

Bil G. Hawkins, P.E. has been a Structures Specialist with NM-TF1 (New Mexico), CA-
TF7 (Sacramento) and the US Army Corps of Engineers (USACE). He s currently a
Structure Specialist with CO-TF1 (Colorado) and member of Park County Wilderness
Search and Rescue. He is also a volunteer firefighter with Elk Creek Fire and Rescue
near his home in the mountains west of Denver, Colorado. He is SPRAT Level 11l and
IRATA Level Il certified as a rope access technician leading teams on complex bridge
and building inspections. He is the Director of Structural Engineering and a Principal of
Knott Laboratory, a nationally recognized forensic engineering firm located in Denver,
Colorado.

Bil was on the first team of USACE engineers to deploy to Iraq at the onset of Operation
Iragi Freedom and spent 8-months in theater including 10-days as an advisor on the
Bingol, Turkey earthquake in May 2003. Other USACE deployments include Hurricane
Katrina, Yogyakarta Earthquake and the Alta Mineshaft collapse. He was the Chief of
Emergency Management for the US Bureau of Reclamation and managed Department of
Interior resources during the California Wildfires of 2007. He deployed to Hurricane
Rita with CA-TF5 (Orange County) and the Northridge Earthquake with the Association
of General Contractors. He is a Marine Corps veteran who lives by the Chinese term
"Gung Ho" meaning awillingness to tackle any task with total commitment.

Hollice Stone, P.E., President of Stone Security Engineering, is a security engineering
professional with 17 years engineering, blast, and antiterrorism and emergency response
experience. Ms. Stone has been responsible for helping protect people, buildings and
campuses from terrorism and has been instrumental in criteria development and
educational initiatives in both the engineering and emergency response communities.
Ms. Stone has been active in bridging the gap between engineering and emergency
response through her work as a 10 year member of California Task Force 3 (ret) and her
development and presentation of training programs for first responders including
“Firefighter Forcible Entry Through Blast Resistant Windows’. Ms Stone is a member of
the USACE/FEMA instructor cadre for the Advanced Structures Specialist training
course for rescue engineers.
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Michael G. Barker, PhD, PE is a Professor at the University of Wyoming after being at
the University of Missouri-Columbia for 13 years. He teaches courses in Statics &
Elementary Strength of Materials, Dynamics, Structural Dynamics, Design Philosophy,
Building Systems and Steel Design. He has conducted experimental and analytical
research in the elastic and inelastic behavior of structural systems and has consultant
experience in forensic engineering.

Michael was a Structures Specialist for DHS/FEMA’s US&R Missouri Task Force 1
before moving to Wyoming. He was also an origina member to the FEMA Technical
Working Group (now the Structures Sub Group). Michael was deployed to the World
Trade Center Response with the Missouri Task Force. He is currently working with the
USACE US&R Structures Specialist training program as a lead instructor. He also is an
advisor to the Corps US&R Program in such areas as general program operations,
extreme cold weather deployability, and technical rescue training for the military.

At ERDC, Dr. Stanley Woodson is primarily responsible for planning and conducting
experimental and analytical studies related to the large-deflection response of structures,
including the effects of dynamic loads. His work has significantly impacted the Corps
design procedures for both civil works and military structures. For example, Dr.
Woodson co-authored the Corps’ design manual, Strength Design of Reinforced Concrete
Hydraulic Structures, and he co-authored two chapters of the tri-service manual, Design
and Analysis of Hardened Structures to Conventional Weapons Effects. He is currently
focusing research studies on various aspects of the response of conventional structures to
IEDs, and is the ERDC Program Manager of the DHS-sponsored Blast Mitigation of
Critical Infrastructure research program. He routinely provides consultation on structural
issues throughout the world. He has authored approximately 80 technical publications
and presented more than 40 lectures at national/international conferences.

Dr. Woodson assumes leadership roles in professional activities. He is a past chairman of
the American Concrete Institute technical committee 370, Effects of Short-Duration
Loads, and a current member of committee 421, Design of Slabs. He has served as
president of the American Society of Civil Engineers (ASCE) at the local and state levels,
and as chairman of the ASCE District 14 Council. Dr. Woodson was selected as the 1992
ASCE Zone Il Government Engineer of the Y ear. He was the 1999 recipient of the Vogel
Award, which recognizes outstanding research at the Engineer Research and
Development Center. In 2009, Dr. Woodson was award the Meritorious Civilian Service
Award, the second highest award provided to civilian employees within agencies of the
federal government of the United States.

For the past several years, Dr. Woodson has often taught graduate courses as an adjunct
professor at Mississippi State University, through the ERDC Graduate Center in
Vicksburg. In particular, his courses are in regard to reinforced concrete structures and
blast effects on structures.
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Dr. Woodson received his B.S. and M.S. in Civil Engineering (Structures) from
Mississippi State University, and his Ph.D. in Civil Engineering (Structures) from the
University of Illinois.

Dr. Ted Krauthammer is Goldsby Professor of Civil Engineering at the University of
Florida, and Director of the Center for infrastructure Protection and Physical Security
(CIPPS). For more than 35 years, his main research and technical activities are directed at
structural behavior under severe dynamic loads. Dr. Krauthammer is a Fellow of the
American Concrete Institute (ACl), a member of the American Society of Civil
Engineers (ASCE), and a member of the American Institute of Steel Construction
(AISC). He serves on ten technical committees of ASCE, ACI, and AISC. Dr.
Krauthammer is chair of the ASCE/SEI Committee of Blast, Shock, and Impact Effects,
and the ASCE Task Committee on Structural Design for Physical Security, and he
chaired several other committees at ASCE and ACI. He has written more than 400
research publications, and has been invited to lecture in the USA and abroad. He has been
a consultant to industry and governmentsin the USA and abroad.

Dr. Hyun-Chang Yim is a Research Associate in the Department of Civil and Coastal
Engineering at University of Florida. He received his Ph.D. and M.S. degrees at Penn
State University. He has been actively involved in research of structural dynamics,
highly nonlinear behaviors related to impact, blast, and progressive collapse anaysis
since 2001. Dr. Yim's research activities have focused on numerical, theoretical, and
experimental studies of concrete behaviors under impact and steel connection/frame
behaviors under quasi-static, seismic, impact/blast loadings. He is currently leading a
project to develop a fast running progressive collapse agorithm, and the behavior of
moment resisting connections under severe loading conditions.

Dr. Serdar Astarlioglu is a Research Assistant Professor at the Center for Infrastructure
Protection and Physical Security at the University of Florida. He received his Ph.D.
degree at Penn State University. Dr. Astarlioglu's background covers structural analysis
and design, structural dynamics, engineering mechanics, and numerical methods in
engineering. He has been actively involved development of computer software for linear
and nonlinear analysis of structures and structural components under static and dynamic
loads for over a decade. Dr. Astarlioglu is the lead programmer for the Dynamic
Structural Analysis Suite (DSAS) for expedient analysis and assessment of structural
components under blast and shock |oads

Zee Dur6n has been a Professor at Harvey Mudd College since 1987, and is currently the
Jude and Eileen Laspa Professor of Engineering and Director of the De Pietro Fellowship
Program in Civil Engineering at the college. In 2004, Durén was selected by the
National Academy of Engineering as one of the nation’s brightest young engineers.
Dur6n is considered to be a leading developer of field-test procedures aimed at
identifying response characteristics from low-level vibrations that occur naturally in
structures. His procedures have been applied to field studies of dams, buildings, bridges,
tunnels and rockets. At present, Durdn is directing field and numerical model
investigations in support of Southern California Edison's risk based performance
evaluation of their dams, and currently leads a team of researchers in the development of
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a monitoring technique designed to alert firefighters of impending collapse in burning
buildings. Durén has recelved funding from a variety of private and government
organizations and is a consultant to US and Canadian power utilities, the US Air Force
and the US Army Corps of Engineers. Duron has recently been recognized by the US Air
Force and the Boeing Company for outstanding contributions leading to the mitigation of
shock effects on large launch vehicles, and holds two patents. Durdn is a member of
ASCE, NFPA and SEM and has published his work in Dam Engineering, HydroReview
Magazine, Experimental Technique, the Journal of Structural Dynamics and Earthquake
Engineering, and the AIAA Journal. Durdn received a B.S. Eng from Harvey Mudd
College, aS.M. Civil Eng from MIT, and a PhD in Civil Eng from Caltech.

Dr. Ahmed Al-Ostaz is an Associate Professor of Civil Engineering at the University of
Mississippi (Ole Miss). Before joining Ole Miss in 2002, Dr. Al-Ostaz was a Visiting
Assistant Professor at Composite Materials and Structures Center and an Adjunct
Assistant Professor in the Department of Materials Science and Mechanics at Michigan
State University. He focuses his research on utilizing advanced materials (nano enhanced,
bio inspired and self-healing materials) in structural applications using multi-scale
experimental and numerical tools. He published more than fifty journal and conference

papers.

Dr. Al-Ostaz has been the Pl and Co-Pl on research projects funded by Office of Naval
Research, Department of Home Land Security, Air Force Lab (AFL), NASA EPSCoR,
Mississippi Space Consortium, Michigan Department of Transportation, Mississippi
Department of Transportation, General Motors Company, Research of Excellence Funds
(State of Michigan) and NSF-SBIR program with atotal funding of more than $5 million.
Currently he is a Co-Pl in two major research projects sponsored by the Department of
Homeland Security Science and Technology Directorate (DHS S&T) through the
Southeast Region Research Initiative (SERRI) administered by Oak Ridge National
Laboratory and one project funded by Office of Naval Research. He was selected by
faculty, students and the engineering aumni of the school of engineering at the
University of Mississippi as the Outstanding Engineering Faculty Member of the Year
during the academic year 2005-2006.

Alexander H.-D. Cheng, Ph.D. is Dean of Engineering at the University of Mississippi.
He obtained his B.S. degree from the National Taiwan University, M.S. from the
University of Missouri—Columbia, and Ph.D. from Cornell University, al in Civil
Engineering. He was a faculty member at Cornell University, Columbia University, and
the University of Delaware, before he joined the University of Mississippi in 2001 as
Chair of Civil Engineering Department, and became Dean in 2009.

His research interests include nanomechanics, meshless method, poromechanics, and
groundwater flow. He is the Co-Editor of the journa Engineering Analysis with
Boundary Elements, and was an associate editor for the Journal of Engineering
Mechanics, ASCE. He is aso the Editor-in-Chief of the book series Progress in Water
Resources, WIT Press. He has authored three books, and edited four specialty books, plus
seven conference proceedings. He has published more than one hundred journal papers.
He was the co-founder of two conference series: the Biot Conference on Poromechanics,
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and the International Conference on Saltwater Intrusion and Coastal Aquifers. He was the
recipient of the Walter L. Huber Civil Engineering Research Prize from ASCE, and the
Basic Research Award from the U.S. National Committee for Rock Mechanics, National
Research Council. He currently serves as the Vice President of Engineering Mechanics
Institute, American Society of Civil Engineers. He was formerly the Vice President for
Academic Affairs of the American Institute of Hydrology. He is also on the Board of
Directors of the Wessex Institute of Technology. His recent research projects include two
with the Department of Homeland Security, and one with Office of Naval Research, on
blast protection of critical infrastructure using nano particle reinforced composites, and
on blast and impact protection of navy ships.

Chris L. Mullen, Ph.D. is Associate Professor of Civil Engineering and a newly
appointed interim chair of the Department of Civil Engineering at the University of
Mississippi. Dr. Mullen received his Ph.D. from Princeton University in 1996 and then
joined the faculty at The University of Mississippi. After receiving his MSCE from Rice
University in 1981 he spent 5 yr with Mobil R&D, 2 yr with ADAPCO, and 3 yr at
Weidlinger Associates. He has taught a variety of courses in the area of Mechanics,
Structures, and Design. He has expanded a strong research program in the area of
Structural Mechanics and Earthquake Engineering and now serves as Associate Editor of
the ASCE/SEI Journal of Structural Engineering in the area of Methods of Analysis.
Since 2002, he has served as founding director of the UM Center for Community
Earthquake Preparedness and been Pl on a number of hazard mitigation planning research
projects sponsored by MEMA, FEMA, and others. During Hurricane Katrina he served
in MEMA’s EOC and as the MS representative for the subsequent FEMA Mitigation
Assessment Team. He is now a co-Pl on a major blast resistant structures research project
sponsored by the Department of Homeland Security Science and Technology Directorate
(DHS S&T) through the Southeast Region Research Initiative (SERRI) administered by
Oak Ridge National Laboratory. The project has enabled collaboration with two national
laboratories: 1) Geotechnical and Structures Laboratory at the US Army Engineering
Research and Development Center in Vicksburg, MS, and 2) Building Fire Research
Laboratory at the National Institute of Standards and Technology in Gaithersburg, MD.

Dr. Jerome Lynch is an Associate Professor of Civil and Environmental Engineering at
the University of Michigan; heis also a faculty member with the Department of Electrical
Engineering and Computer Science. Dr. Lynch completed his graduate studies at
Stanford University where he received his PhD in Civil and Environmental Engineering
in 2002, MS in Civil and Environmental Engineering in 1998, and MS in Electrical
Engineering in 2003. Prior to attending Stanford, Dr. Lynch received his BE in Civil and
Environmental Engineering from the Cooper Union. His current research interests are in
the areas of wireless structural monitoring, feedback control, and damage detection
algorithms. Some of Dr. Lynch’s more current research has been focused on the design
of nano-engineered materials for smart structure applications including carbon nanotube-
based thin film wireless sensors for structural health monitoring. Dr. Lynch was recently
awarded the 2005 Office of Naval Research Y oung Investigator Award, 2007 University
of Michigan Henry Russel Award, 2008 College of Engineering (University of Michigan)
1938E Award, and 2009 NSF CAREER Award.
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Tom Baca, Ph. D. has been deeply involved with the analysis and testing of complex
weapon and aerospace structures at Sandia National Laboratories for the past 33 years.
He currently manages the Analytical Structural Dynamics Department at Sandia that is
responsible for structural dynamics modeling and qualification environment definition for
numerous Sandia weapons, wind energy and spacecraft programs. Tom's areas of
expertise include structural dynamics analysis, testing and prognostics. Tom has BA and
BSME degrees from Union College. He has an MS in Mechanical Engineering and a
Ph.D. in Civil Engineering from Stanford University. He is an Associate Fellow of
AlAA.

Tom has managed numerous research and development projects including Sandia’'s early
work on structural health monitoring, active structural control using embedded sensors,
as well as a current research on embedded MEMS sensors. His group a Sandia has
performed embedded sensor experiments on a wide variety of structures including
weapon systems, buildings, bridges, wind turbines, and satellite ground stations.

Dr. Feng-Bao Lin is currently an associate professor in the Department of Civil
Engineering of The City College of New York and is a leading researcher in the fields of
nonlinear numerical analysis, structural dynamics, and nondestructive testing methods. He
has conducted various research projects for Argonne National Laboratory, Air Force,
NASA, National Science Foundation, and National Institutes of Health. Dr. Lin has been
teaching and conducting research in a broad range of areas including nonlinear finite
element methods, boundary element methods, structural dynamics, nondestructive
testing, constitutive modeling of engineering materials, fracture mechanics, plasticity
theory, and damage modeling. Dr. Lin has PE licenses in Tawan, New York, and
Connecticut with many years of consulting experience in the anaysis and design of
reinforced concrete, prestressed concrete, and stedl structures.

Dr. Anil K. Agrawal is a professor of Civil Engineering at the City College of the City
University of New York. He received his B.Tech. in Civil Engineering from the Indian
Institute of Technology, Kanpur in 1988, M.S. in Earthquake Engineering from the
University of Tokyo, Japan, in 1991, Ph.D. degree from the University of California,
Irvine, in 1997 and joined the City College of New York in September 1998. Prior to
joining the City College of New York, he worked as a post-doctoral researcher at the
University of California, Irvine during August 1997 to August 1998. He has published
more than 45 Journal papers and more than 100 conference papers. He is currently the
member of executive committee of U.S. Panel of International Association of Structural
Control and Health Monitoring, Chair of the ASCE Committee on Structural Control,
vice-chair of the ASCE Committee on Bridge Inspection, Management and
Rehabilitation, Associate Editor of the Journal of Structural Engineering and Associate
Editor of the Journal of Bridge Engineering. He was also the chair of the Workshop on
Safety and Behavior of Bridges Subjected to Blast in a Multi-hazard Environment,
organized in New York City during February 18-19, 2009. His areas of interest include
earthquake engineering, structural dynamics, structural control, smart materials and
systems, blast load effects of highway bridges, multi-hazard design guidelines for
highway bridges, structural health monitoring, bridge management systems and asset
management of physical infrastructures.
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His recent work in collaboration with Drs. Alampalli and Ettouney on “Theory of
Multihazard Design”, published in Journal of Bridge Structures, Vol. 1, No. 3, Sept.
2005, pp. 281 — 291, is a pioneering work on design philosophy for structures when they
are likely to be subjected to severa types of hazard, including blast loads, during the
lifetime of the structure. During last few years, he has carried out an extensive work on
blast load simulation of highway bridge components, impact loads on highway bridge
components because of truck collisions and seismic fragility of highway bridges in
Northeastern USA. The focus of this research has been to develop multi-hazard design
guidelines for bridge components subjected to different extreme hazards during its
lifetime. He has also developed a deterioration calculated approach based on Weibull-
based approach to calculate deterioration rates of aging bridge infrastructures using
inspection data for the New York State Department of Transportation. This approach is
being used extensively by the NYSDOT to calculate deterioration rates of different
bridge components.

Blake Rothfuss, P.E. was graduated from the University of California, Berkeley, 1983
with a Bachelor’'s degree in Civil Engineering, and Saint Mary’s College, 2003 with a
Master's degree in Business. Blake is an Associate with Jacobs Associates, where he
specializes in tunnels and underground structure design, construction, and rehabilitation.
Over his career, Blake has extensive experience in water resources engineering,
underwater inspection and construction, and managing heavy construction projects.

Blake has been involved in Urban Search and Rescue (US&R) since 1990, serving as an
origina member of the FEMA US&R Training Committee and is currently the Lead
Structures Specialist for California Task Force 7 (Sacramento). He is a co-instructor for
the Corps of Engineers Structures Specialist training program, and DHSFEMA'’s
Structural Collapse Technician Training. He also teaches Trench Rescue Training. He
has participated in many technical rescue missions including the 2005 Hurricane Katrina
Search and Rescue, 2004 Walnut Creek (California) Petroleum Pipeline Explosion, 9/11
attack on the World Trade Center, 2001 California State Capitol attack, 1996 Olympic
Summer Games (Atlanta), and 1994 Northridge (California) Earthquake. Blakeisalso a
Structures Specialist on the San Francisco Regional US&R Task Force, and a Rescue
Engineer with the Moraga-Orinda Fire District.

Thomas C. Clark, P.E. has 20 years of engineering experience including high-rise
buildings, post-tensioned concrete, and general commercial and residential design and
construction. He has been President of Ironwood Engineering Company and Ironwood
Construction Company since 1982, implementing design/build solutions for a wide
variety of civil and structural engineering projects and repairs.

Tom is the lead Structures Speciaist with CA-TF-4 (Oakland) where he coordinates
yearly training sessions for the CA-TF4 engineers. Tom responded to the Northridge
Earthquake and World Trade Center Collapse on 9/11/01. He is a member of the
DHS/FEMA US&R Structures Sub-group and the California OES (Office of Emergency
Services) Heavy Equipment and Rigging Training Working Group. Tom is an instructor
for the USACE US&R Training Program, and the DHS/IFEMA US&R Structural
Collapse Technician course.
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John O’Connéell has recently retired from the City of New York Fire Department after
26 years of service. For the past 18 years he was assigned to the FDNY's Collapse
Rescue Company No.3. John is a principle member of the NFPA 1670 committee
program and is the Task Group Chair for the Structural Collapse Section and a former
Task Force Leader for New York City’s US&R Task Force 1 (NY-TF1). He has been on
several DHS/IFEMA US&R development committees in the past 17 years, as well as a
lead instructor for the DHS/FEMA Rescue Specialist Training. John also serves as a
member of the FEMA Incident Support Team (IST) at major disasters, and is currently a
Rescue Team Manager for Indiana’s US& R Task Force 1 (IN-TF1).

John is an author of numerous articles on structural collapse and technical rescue, and
also the book Emergency Rescue Shoring Techniques. He is an Editorial Advisor and
Contributing Editor for Fire Engineering magazine. John is also a member of the FDIC's
Executive and Advisory boards. He was aso a member of the FDNY command staff at
the World Trade Center rescue response, John was in charge of all underground search
and rescue operations. He operated at the site for 4 months.

John has spent extensive time over the last 17 years in curriculum development for the
FDNY, the NY State Office of Fire Prevention and Control, and the FEMA Urban Search
& Rescue National Response System. John is the president of Collapse Rescue Systems,
Inc., an international training company specializing in technical rescue. John has taught
extensively throughout the country as well as Canada, China, Germany, the Middle East
and Japan.

Peter B. Keating, Ph.D., P.E. is an Associate Professor in the Civil Engineering
Department and an Associate Research Engineer with the Texas Transportation Institute,
both a Texas A&M University, College Station, Texas. He received B.S., B.A.
(architecture), M.S. and Ph.D. degrees from Lehigh University in Bethlehem, PA. He
teaches both graduate and undergraduate courses in structural engineering and performs
research primarily in the area of structural fatigue with applications to highway bridges
and petroleum pipelines.

Pete has aso been a Structures Specialist with Texas Task Force One since 2000. His
involvement with US& R began with the 1999 Aggie Bonfire Collapse. He is a member
of the FEMA, US&R Structures Sub-group. He frequently teaches the Structural
Engineer Systems portion of the Structural Collapse Technician training conducted by
TX-TFLl's training division. This includes teaching task force members from other states
aswell as those from Taiwan, the United Kingdom, and the London Fire Brigade.

Vince Chiarito is a research structural engineer in the Structural Engineering Branch,
Geosciences and Structures Division, Geotechnical and Structures Laboratory at the
Waterways Experiment Station of the U.S. Army Engineer Research and Development
Center in Vicksburg, MS.

Mr. Chiarito began his employment at USAERDC (formerly WES) in November, 1980.

Since, he has supported structural engineering research for civil and military projects.
Project work has included prototype and model vibration studies of several different
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types of structures and systems and the seismic and blast response of these structures. He
has authored or co-authored many technical reports and papers on the structura
engineering research efforts and products of the Corps.

Mr. Chiarito received his B.C.E. and M.C.E. in Civil Engineering from the University of
Delaware.

Earle Kennett has managed and directed hundreds of projects for federal agencies in
architecture and engineering as Vice President at the National Institute of Building
Sciences (NIBS) and past Administrator for Research for the American Institute of
Architects (AIA). AsVice President atNIBS, he presently manages a number of technical
programs including contracts with the Department of Veterans Affairs, NASA,
Department of Energy; the Department of Defense, the Naval Facilities Engineering
Command, the Army Corps of Engineers, the Air Force, the Department of Homeland
Security and the General Services Administration. The International Alliance for
Interoperability (1Al), the Nationad CAD Standard, the National BIM Standard, the
Building Enclosure Technology and Environmental Council (BETEC), the High
Performance Building Council (HPBC), the buildingSMART Alliance, the Facility
Maintenance and Operations Committee (FMOC), and the National Clearinghouse for
Educational Facilities (NCEF) are under his direction.

He also manages a program concerned with incorporating a large number of design and
construction criteria on a website. This system, the Whole Building Design Guide
(WBDG) is an innovative concept in information use in the construction industry. The
system presently has over 250,000 users and over 2 million documents downloads on a
monthly basis, involves over 15 federal agencies and has become the sole portal for the
distribution of uniform facility criteria for the military services. Since 2002 he has
directed amajor security assessment program for the Department of Veterans Affairs that
is presently performing security assessments of over 200 VA Medical Centers using a
team of over 20 consulting architects, engineers and security experts. As part of this
program a methodology was developed and automated which has been published and
distributed to the public through the Department of Homeland Security/Federal
Emergency Management Agency. He received his Bachelor of Architecture with Highest
Honors from the School of Architecture at the University of Tennessee where he received
the Chancellor’s Citation for Extraordinary Academic Achievement. He also has a
Bachelor of Engineering from Memphis State University.

Mr. Toney Cumminsis a Supervisory Research Civil Engineer and Chief, Concrete and
Materials Branch of the Geotechnical and Structures Laboratory (GSL), US Army
Engineer Research and Development Center (ERDC). He earned a Bachelor of Science
degree in Civil Engineering from the University of Mississippi in 1986. In 1996, Mr.
Cummins received a Master of Science degree in Civil Engineering from Mississippi
State University. In 1982, He entered civil service as a Student Trainee in the
Geomechanics Division, Structures Laboratory, WES. Upon completion of his
undergraduate degree, Mr. Cummins was hired as a Civil Engineer in the Geomechanics
Division, where he managed and executed laboratory and field experimental programs
related to geologic materials characterization and projectile penetration. In 1995, he
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transferred to what is now the Geosciences and Structures Division, Geotechnical and
Structures Laboratory, where his responsibilities were focused on the development of
innovative blast and ballistic resistant construction materials and concepts for the
construction of new or upgrade of existing structures, development of construction
criteria using these materials, and development of analytical methods to evaluate the
performance of these materials. Mr. Cummins became the Chief of the Concrete and
Materials Branch in 2008, and currently oversees the execution of research and
development activities focused on materials development and characterization for both
military engineering and civil works applications. Mr. Cummins is the author or co-
author of 17 publications in the areas of material characterization, ballistic response, and
protective construction, and currently has five patent disclosures under review.

Dr. Bob Welch is a Research Physicist, DB-5 (GS-15 Equivalent). He is a Specia
Assistant to the ITL Laboratory Director, is Program Manager for the ERDC Carbon
Nanotube Technology for Military Engineering Research Program (2006 to present), and
is Director of the Shock and Vibration Information Analysis Center (1996 to present).
He has a B.S. in Physics from Old Dominion University, and an MS Degree in
Engineering Mechanics from Mississippi State University, and a Ph.D. in Engineering
Mechanics from Virginia Tech.

His past professional positions include Mechanical Engineer GS-5/7 at Norfolk Naval
Shipyard (1974-1975); Research Physicist GS-7/9/11/12/13/14/15 in the Structures
Laboratory (1975-1998); and Supervisory Electronics Engineer and Division Chief in
ITL, DB-5 (1998-2006).

Bob has about 40 government and other awards. His recent awards include the 2009
ERDC Researcher of the Year Award, the 2009 U.S. Army Corps of Engineers
Researcher of the Y ear Award, 22009 ERDC Team Award, and a 2009 APEX Award for
Publication Excellence.

Bob is a full member of the ASCE, the IEEE, and the American Physical Society, and is
the Managing Editor of the Journal of Critical Technologies in Shock and Vibration, and
an Associate Editor of the Shock and Vibration journal. He has over 80 publications, 5
U.S. patents, and has directed the past 13 Shock and Vibration Symposia.

Workshop Organizers

Mila Kennett-Reston is a senior program manager in the Infrastructure/Geophysical
Division (IGD) of the DHS Science & Technology Directorate. Currently, she manages
several projects of the DHS S& T Counter IED Research Program and is responsible for
the all IGD International Programs and activities. She is also in charge of a number of
workshops to position the vision and goals for the division to support infrastructure
resiliency and the infrastructure of the future with underlying principles of national
continuity, energy, environmental sustainability, and resiliency. Ms. Kennett-Reston has
more than 15 years of experience on projects in the Middle East, Asia, Latin America,
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Europe, and the United States. Her main focus has been on natural and manmade disaster
mitigation; building security; risk assessments; and urban development. She was formerly
Deputy Director of the Ministry of Public Works in the Dominican Republic and served
as Dean of the School of Architecture and Engineering at the Centro de Estudios
Tecnolégicos. Ms. Kennett-Reston has been awarded and conducted large research
projects for the U.S. National Science Foundation. She was the staff Architect of the
Mitigation Branch of FEMA/Department of Homeland Security. She created and
managed the Risk Management Series, which are a series of publications devoted to
natural and manmade disasters. The Risk Management Series publications are intended to
minimize conflicts that may arise from a multihazard design approach and to develop
multihazard risk assessments methodologies for buildings exposed to chemical,
biological, radiological, and explosive attacks as well as to earthquakes, floods, and high-
winds. Ms. Kennett-Reston received a degree in architecture and urban design from the
Universidad Autondma de Santo Domingo and a Master of Arts degree in international
development with a major in urban economics from American University in Washington,
D.C.

Mohammed M. Ettouney, Ph.D., P.E., F. AEl is a Principal at Weidlinger Associates,
Inc. The Inventors Hall of Fame recently awarded Dr. Mohammed Ettouney the
inventors award, after being nominated to receive such a great honor by the American
Society of Civil Engineers (ASCE). He was also awarded the Homer gage Balcom life
achievement award by the MET section of ASCE (2008). He also has just won the
Project of the Year Award, Platinum Award (2008) for the “New Haven Coliseum
Demoalition Project” (ACEC, NY). He is a fellow of Architecture Engineering Institute
(AEl). Among other recent achievements are the pioneering work on “Theory of Multi-
hazards of Infrastructures’, “Theory of Progressive Collapse” (DoD), risk Model for
Building Security Council (BSC) rating system and innovative green design method for
protecting utilities from demolition / blasting (City of New Haven). He has professional
interest in diverse areas of structural engineering as demonstrated through the list of his
publications, invited presentations, seminars and sessions organized during
national/international conferences and his membership in different professiona
organizations.

Dr. Ettouney has been with Weidlinger Associates since 1984. He received his Doctor of
Science degree in Structural Mechanics from the Massachusetts Institute of Technology
(MIT), Cambridge, MA, in 1976. Since then, his interests in the structural engineering
profession were both as a practitioner and researcher in multi-hazards safety of structures,
probabilistic Modeling of Progressive Collapse of Buildings and uncertainties in
structural stability, and blast mitigation of numerous buildings around the world;
innovative concepts such as “Probabilistic Boundary Element Method”, “Scale
Independent Elements’, and “Framework for evaluation of Lunar Base Structural
Concepts’. He is a past president and member of board of governs of AEI, member of
Board of Directors of the Building Security Council (BSC), member of numerous
technical committees in the fields of building/infrastructures security, earthquake
hazards, architectura engineering Non-Destructive Testing and Structural Health
Monitoring. He was the chair of AElI National Conference, 2006, and 2008. He has
published more than 325 publications and reports, and has contributed to several books.
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He introduced numerous new practical and theoretical methods in the fields of earthquake
engineering, acoustics, structural health monitoring, progressive collapse, blast
engineering, and underwater vibrations. He has co-invented “Seismic-Blast” dotted
connection. More recently, he introduced “Economic Theory of Inspection,” “General
and Specia Theories of Instrumentation” and numerous principles and techniques in the
field of infrastructures health: they are all pioneering efforts that can help in developing
durable infrastructures at reasonable costs. He is co-authoring an upcoming book on
“Infrastructures Health in Civil Engineering,” CRC Press, 2009. The book is aready
being described as a breakthrough and original in the field of infrastructures heath and
preservation.

Eric Letvin PE, Esqg, is a Principal Engineer and Attorney for the URS Corporation in
Linthicum, Maryland. He has more than 15 years of experience in multi-hazard
mitigation and design, serving Federal, State, and local clients. He has experience in
infrastructure risk assessments, post-disaster forensic analysis, hazard / threat
identification, vulnerability assessments and the design of protective measures for man-
made threats and natural hazards. He served as project manager of the FEMA/ASCE
team that performed the engineering study of the World Trade Center disaster, and has
participated in numerous post-disaster studies including the bombing of the Murrah
Building in Oklahoma City, Hurricanes Opal, Ike and Katrina. He has assessed over 200
buildings for risk from terrorist threats and natural disasters.

Mr. Letvin is part of the subject matter expert team working on the development of the
rapid visual screening tool with FEMA, DHS' Science & Technology Directorate. He is
the program manager for URS's contract with DHS' Protection and Programs Directorate
(Office of Infrastructure Protection). He regularly teaches courses in building design in
disaster-resistant construction for FEMA throughout hurricane-prone regions of the US.
He has taught FEMA'’ s Building Design for Homeland Security Course 23 times to over
400 people in the past 5 years which teaches students how to conduct risk assessments of
critical infrastructure and design protective measures.

Mr. Letvin has been the consultant project manager for numerous FEMA mitigation
publications including the recently released FEMA 453, Design Guidance for Shelters to
Protect Against Terrorist Attacks, FEMA 426, Reference Manual to Mitigate Potential
Terrorist Attacks Against Buildings, FEMA 452, Risk Assessment: A How-To Guide to
Mitigate Potential Terrorist Attacks and FEMA 428, Primer to Design Safe School
Projects Against Terrorist Attacks.

Mr. Letvin holds a bachelor's and master’s degree in civil engineering from Syracuse
University and received his Juris Doctor from the University of Maryland.

Stabilization of Buildings Workshop Proceedings 20 of 309



WORKSHOP AGENDA

Stabilization of Buildings Workshop
Sponsored by
DHS S& T Directorate and the U.S. Army Engineer Research and Development Center
August 25-27, 2009

Agenda

Day 1 - Tuesday, August 25, 2009

Theme: Thefirst day of the workshop concentrates on the problems of building
stabilization. Thisincludes, but is not limited to the definition of building instability
conditions, current assessment methodol ogies (both off- and on-site) for the identification
of buildings and building systems that are near failure or collapse, and the limitations of
current assessment methods. Real -time decision-making techniques, case studies and
experiences from different panelists, and presenterswill round up the discussions on
problems and roles.

7:30-8:00 Registration

8:00-8:30 Welcome and Introductions
Mary Ellen Hynes, David Pittman, Stephen Hancock

8:30-10:45 Session 1 Overviews

8:30—9:15 Keynote: Blaine Brownell
Arts and Sciences of Buildings Stabilization

9:115-9:45  Amar Chaker
Efforts of ASCE Regarding Building Stabilization after Abnormal Events

9:45-10:15 Paul Mlakar
Experiences from 9-11: The Stabilization of the Pentagon Building

10:15-10:45 Sephen Cauffman
NIST Overview and Efforts on Stabilization of Buildings after Terrorist
Attacks
10:45-11:00 Break
11:00— 1:00 Session 2 First Responders
11:00 —11:30 Philip Parr

Real Time General Assessment Issues and 9/11 Experiences. Fire Fighters
View Points
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1:00 - 2:00

2:00-4:00

4:00-4:15

4:15-5:15

5:15-5:30

5:30-6:00

6:30-8:30

11:30—-12:00 David Hammond
Rescue Engineering: Practical Aspects of Building Stabilizationin a
Search & Rescue Environment

12:00-12:30 Holly Stone
The Collapsed Structure Disaster Work Environment

12:30—1:00 Michael Barker
Hazard Assessment & Mitigation Techniques for Explosion Collapsed
Buildings

Lunch
Session 3 Structural Engineering Concepts

2:00-2:15 Mohammed Ettouney
Why Buildings Become Unstable? The Basics

2:15—-2:30 EricLetvin
Concepts of Advanced Engineering — Roles of Ultra-Performance
Structures: a New Way of Thinking after 9/11

2:30-3:00 Najib Abboud
Fire and Building Stabilization: Overview, Case Studies and
Recommendations

3:00—-3:30 Sanley Woodson
Can Strengthening for Earthquake Improve Blast and Progressive Collapse
Resistance?

3:30-4:00 LeeGlascoe
Analytical Techniques. View from National Labs

Break

Breakout Sessions

1A Current practices. shortcomings and strengths

1B Stakeholders: roles, responsibilities, and interactions

1C  Structural engineering: state of the art and technology transfer

Break, Buses back to hotels

Moderators and co-moderators meet to prepare for reporting to general
assembly next morning

No Host Dinner — Bus pickup from Marriot Hotel at 6: 30PM
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Day 2 — Wednesday, August 26, 2009

Theme: The second day of the workshop will concentrate on discussing the solutions that
would help in identifying unstable buildings and how to shore them up. Thisincludes
efficient, economic, and proven techniques that might be in use now for building (or other
infrastructures) stabilization. Of interest are innovations in technology, such as portable
structures or inflatable barriers that can be deployed under emergency conditions to
allow first responders to access areas of high risk, and advanced materials that might be
used in such conditions to stabilize building components. Also of interest are advanced
monitoring methodol ogies and technol ogies (both off- and on-site) for the identification
of buildings that are near failure or collapse. Experiences from other communities (such
as aero, offshore platforms, or mechanical fields) might also be discussed.

8:30—9:00 Reporting of Day 1 sessions and resolutions
Introductions to Day 2

9:00-10:30 Session 4 Analytical Monitoring and Assessment of Near Collapse
Buildings

9:00-9:30 Ted Krauthammer
Expedient Blast Damage and Building Stabilization Assessment

9:30—-10:00 ZeeDuron
Monitoring Stability Loss in Burning Buildings

10:00 — 10:30 Ahmed Al-Ostaz
Structures Subjected to Blast Loading: Protection, Stabilization and Repair

10:30 — 10:45 Break

10:45—-12:15 Session 5 Experimental Strategies for Examining Near Collapse
Buildings

10:45—11:15 Jerome Lynch
Monitoring Strategies for Rapid Assessment of Structural Condition and
Stability Following a Terrorist Event

11:15-11:45 Thomas Baca
Structural Health Monitoring: Overview and Challenges Ahead

11:45-12:15 Feng-Bao Lin
Structural Integrity Monitoring System for Detecting Imminent Collapse
of Buildings

12:15—-1:30 Lunch
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3:00-3:15

3:15-4:45

4:45-5:00

5:00-5:30

1:30-3:00 Session 6 State of the Art Equipment, Techniques and Strategies

Needed for Near Collapse Buildings

1:30—-2:00 Blake Rothfuss
Shoring Stabilization of Buildings in an Urban Search & Rescue

2:00—2:30 Peter Keating
Techniques and Equipment for Monitoring Damaged Structures

2:30—3:00  Vince Chiarito
State-Of-The-Art Remote Monitoring of Buildings

Break

Breakout Sessions

2A  Analytica monitoring and assessment of near collapse buildings
2B Experimental strategies for examining near collapse buildings
2C Decision making: onsite and offsite

Break, Buses back to hotels

Moderators and co-moderators meet to prepare for reporting to general
assembly next morning
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8:30-9:00

9:00 -10:00

12:15

Day 3 — Thursday, August 27, 2009

Theme: The final day of the workshop explores the future. Thisincludes 1) innovative
solutions, 2) improving interactions and relationships and cost-effective opportunities for
DHSand other governmental agencies (local, state, and federal), international entities,
the private sector, and academia, and 3) the role of technology (online assessments,
education, etc.), knowledge gaps, technology transfer and research needs.

Reporting of Day 2 sessions and resolutions
Introductions to Day 3

Session 7 The Future

9:00-9:20  Earle Kennett
High Performance and Integrated Design Efforts for Improving Building
Stabilization

9:20-9:40 Toney Cummins
Rapidly Emplaced Composite Structural Support Systems

9:40-10:00 CharlesWelch
Inverse Triaxial Structural Element — Implications for Rapid Building
Stabilization

10:00 — 10:15 Break

10:15 - 11:15 Breakout Sessions

3A High performance building design
3B Innovative systems and equipments
3C  Advanced materials

11:15-11:30 Moderators and co-moderators meet to prepare for reporting to general

assembly

11:30—-12:15 General Assembly

General Recap of the workshop
Closing remarks by DHS S& T
Mary Ellen Hynes, Stan Woodson, Stephen Hancock

Adjourn, Buses depart for Jackson Airport and Hotels
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First Draft Research Agenda
Stabilization of Buildings

0 Formation of Task Committee for the Stabilization of Buildings

Structural Evaluation

Criteriafor Interpretation, Dissemination of Data, and Triage and Decision-making
Methods

First Responders, Search and Rescue I ssues

Understanding Innovative Concepts, Materials, and Deployable Technology Systems
Testing Innovative Materials and Deployable Technology Systems

Outreach Efforts

o O

O o0OO0Oo

l. For mation of Task Committeefor the Stabilization of
Buildings

1. Structural Evaluation (Task Committee Assignments)
1. Definition of Parameters and Sensing
2. Automated Documentation of Monitoring Results
3. Leveraging existing technologies available in military or intelligence

community

e Fire

e Gas

e Structure
o Envelope
o Beams
o Columns
o Connections
0 Progressive Collapse

0 Electrical, pipelines
Nonstructural
Underground Structures

4. Rapid Risk Assessment and Definition of Parameters (Task Committee
Assignments)
e |dentify available methods and technologies
e Rely onrapid visua screenings and imaging tools (i.e., laser
scanners, sonar technologies, GPS)
e Expand the understanding of structures already damaged by
explosives (coordinate with Weidlinger-Urban Canyon project)
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Site and Utilities

Architectural

Structural

Building Envelope

Mechanical, electrical, plumbing
Underground structures

O 0O O0OO0OO0O0

I11.  Criteriafor Interpretation, Dissemination of Data, and Triage
and Decision-making M ethods (workshop)

V. First Responders, Search and Rescue | ssues (workshop)

Identify sensor technology that allows effective monitoring
Identify user-friendly technology that won’t hinder the mission
and safety of first responders

Facilitate interpretation of data for an imminent collapse of
buildings

Facilitate reconciliation of field data with analytical models
Identify research and training needs for fire-structure interaction
and blast-related damage

Facilitate reach-back or remote support (tele-engineering)

V. Understanding Innovative Concepts, M aterials, and
Deployable Technology Systems

1. Involvement and interaction with

Universities

Labs

Researchers

Federal Agencies
Associations
Industry

International Partners
Building Owners
First Responders
Building Designers

2. Organization of a Clearing House (identification, testing protocols,
dissemination, confidentiality issues)

Coordinate with advanced materials database prepared by NIBS

3. High Performance Buildings, Continuity of Operations, and Life Cycle

VI. Testing Innovative Materials and Deployable Technology

Systems
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Leveraging existing DOD, Military technologiesin a controlled
environment

VIl. Outreach Efforts
Market Demand — Public Relations
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Rescue Engineering: Practical Aspectsof Building
Stabilization in a Search & Rescue Environment

Hollice F. Stone, PE, Stone Security Engineerir@, Rew York, NY
Michael G. Barker, PhD, PE, University of Wyomihgramie, WY
John D. Osteraas, PhD, PE, Exponent Failure Arsassociates, Menlo Park, CA
Peter B. Keating, PhD, PE, Texas A&M University,ll€ge Station, TX
Tom R. Niedernhofer, PE, US&R Program Manager, Br&y Corps of Engineers,
San Francisco, CA
David J. Hammond, SE, Structures Sub-group ChatSIBEMA US&R Program
Alan D. Fisher, PE, Cianbro Corp., Portland, ME
Bil Hawkins, PE, Knott Laboratory Forensic Engireeddenver, CO
Blake D. Rothfuss, PE, D.WRE, Jacobs Associates Fsancisco, CA
Tom C. Clark, PE, Ironwood Engineering Co., Oak|a@4

ABSTRACT

Collapse rescue operations are dangerous, rapidlyieg efforts focused on finding and
extracting trapped and entombed victims, while dwvg@ harm to the rescuers and further harm
to the victims. Stabilization of damaged structusesn integral part of building collapse rescue
operations. The Department of Homeland SecurityeFl@dEmergency Management Agency
(DHS/FEMA) and the U.S. Army Corps of Engineers ACEX) Urban Search & Rescue
programs have developed a state of practice fadwaimg search and rescue operations in fully
or partially collapsed buildings. Over the pastygars, structural engineers in these programs
(Structures Specialists) have been rigorously échiend have gained valuable experience in
building collapse incidents and building stabilinat The building stabilization state of practice
has evolved as these professionals have gainedxpesience at these disasters, conducted full-
scale testing of stabilization methods, and dewveddpols and techniques to monitor the stability
of damaged structures. This paper presents adwefiew of the DHS/FEMA and USACE
Urban Search & Rescue programs; the roles, redmbinss, and training of rescue engineers
within the program; experience-based building $itadiion principles in a rescue environment;
current testing and tool development; and thoughtgotentially productive areas of future
research and development.

INTRODUCTION

This is the engineering challenge we face: It'sébening of April 19, 1995, and a team of 60
urban search and rescue responders with 60,00@pairspecialized equipment arrive in
Oklahoma City ready to go to work in the building+vehat is left of it (Figure 1) after the
explosion—to find and extract entombed victims. Thexmand structure of the team, working
with the Oklahoma City Fire Department, are malopgrational plans and want the rescuers
deployed for operations within the hour. They nmechediate input on the overall stability of
the building, structural hazards rescuers face pmsdible mitigation measures to reduce
operational risk. The two engineers on the teaneapected to offer critical advice with limited
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information and limited time as they are confrondath a rapidly changing situation with great
pressure for immediate action. What can an engideén this environment?

e

Figure 1: Oklahoma City Bombing

BACKGROUND

Collapse rescue operations are dangerous, rapidlyieg situations focused on finding and
rescuing trapped and entombed victims, while angidiarm to the rescuers and further harm to
the victims. Victim rescue must be balanced wisk tb rescue personnel. Since the potential for
live victim recovery decreases rapidly with timeg@ptance of risk is generally greater earlier in
a rescue operation than later in the operation.

Building damage requiring rescue operations camoiccmany shapes and from a wide variety
of initiating incidents, such as: wall or parapatures caused by deteriorating building
materials, soft story collapses due to earthqual@mpse of all or portions of buildings due to
latent defects, or collapse of major portions dfdings due to explosive attack. Regardless of
the cause of the collapse, rescue operations mslie if people are believed to be trapped in the
rubble or damaged structure.

Stabilization of damaged structures is an integaal of building collapse rescue operations.
Firefighters and first responders have been dealitiythese situations for years, developing
stabilization techniques through trial and erragdzhon experience and readily available material
and equipment.

URBAN SEARCH & RESCUE PROGRAM

The Department of Homeland Security Federal Emeng&tanagement Agency (DHS/FEMA)
and the U.S. Army Corps of Engineers (USACE) turtiedr attention to major structural
collapse response in the late 1980’s and early '$966veloping the Urban Search & Rescue
(US&R) program, with USACE developing the StructiBpecialist Training courses. The
DHS/FEMA US&R program is part of Emergency Suppgarhction (ESF) 9 of the National
Response Framework and consists of 28 collapsaedsask Forces and three Incident Support
Teams (IST) located across the United States.tddmas are highly trained urban search and
rescue responders outfitted with equipment and niadgeequired for extended operations in

Stabilization of Buildings Workshop Proceedings 33 of 309



major structural collapses. Depending on the tyfjpegponse, the teams are deployed as 34-,
60-, or 80-person task forces. When deployed ir6theor 80-person configurations, each team
includes two engineers trained in search and respagtions and building collapse engineering.
They are known within the response system as $itregtSpecialists.

At the same time the DHS/FEMA program was beingettgped, USACE developed a
complementary cadre of Structures Specialists tdwoconjunction with the DHS/FEMA

US&R program to supplement the demanding techmieatls for search and rescue operations in
damaged structures.

Since 1992, the DHS/FEMA/USACE US&R teams have lwhgrioyed to more than 30
incidents, including two earthquakes, three testaitacks, a building gas explosion, a grain
elevator explosion, multiple hurricanes, one typhand pre-deployments for five National
Special Security Events.

Two of the teams are also international assetdogeg through the U.S. Agency for
International Development. These teams have begeloybsl to the 1998 embassy bombings in
Kenya and Tanzania, earthquakes in Turkey, Taiaad,Iran, and to the recent school building
collapse in Haiti. In addition to the DHS/FEMA ab&ACE programs, there are numerous state
and regionally sponsored urban search and resaueste

STRUCTURESSPECIALISTS

Structures Specialists perform various structiwetgted tasks for a US&R Task Force or an IST
during incident operations. A Structures Specialgtities may include:

e Assessing the immediate structural condition ofeffected area of Task Force
operations, which includes identifying structurpdsy, specific damage, and structural
hazards.

e ldentifying and prioritizing search operations lshea building use, type of probable
voids, and time to rescue.

e Recommending the appropriate type and amount wétstral hazard mitigation in order
to manage risks to task force personnel.

¢ Monitoring damaged structures while rescue andu&gooperations are proceeding.

e Assuming an active role in implementing approvedcitral hazard mitigation measures
as a designer, inspector, and possibly a supervisor

e Coordinating and communicating critical assessmaitigation and monitoring
operations to those in need of the information.

There are approximately 300 trained Structures igjpgs in the United States. Before these
Structures Specialists can successfully supportisead rescue operations, they must
understand not only traditional engineering conseipait also rescue objectives and
philosophies, available tools and equipment, skilid abilities of rescuers, scene safety, and
where they, as engineers, fit into the system.
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The minimum DHS/FEMA approved training thereforeludes:

e Rescue Systems | — 40 hr course on rescue opesatomis and equipment, and rescue
capabilities.

e Structures Specialist | — 45 hr course on buildialapse, rescue engineering concepts,
and current state of practice using past incidgepéeences.

e Structures Specialist 11 — 50 hr course provididgamced training and re-certification
training.

e Topical courses on weapons of mass destructiomrtdaas material training, heavy
rigging, etc.

This training facilitates the Structures Speciddstoming a trusted, contributing member of an
urban search and rescue team. However, engineatsamso be understood by search and rescue
responders who will implement engineering recomraéinds. Therefore, training classes have
also been developed and presented by Structuresa$gts for the search and rescue responders.

BUILDING STABILIZATION CONSIDERATIONSIN A RESCUE
ENVIRONMENT

The three characteristics of a full or partial dunf collapse that must be assessed by the
Structures Specialist are:

¢ Viable void potential
e Structural hazards

e Hazard mitigation strategies

Viable Voids

The primary focus for search and rescue teamseiirgg live victims. This means finding and
accessing voids in which live victims are entombete called viable voids. In assessing the
potential for viable voids, there are two aspelbeygnd the initial evaluation of the probability

of occupants in the building prior to the evengttimust be considered: the physical potential for
voids and the viability of any victims in those @si

Void potential is a function of total energy reledgduring the initial event and any secondary
events), structural type and configuration, thdéapsle pattern, building contents, and other
factors.

In addition to the physical presence of voids,iability of potential victims in those voids
must also be considered. A physical void thatatitiprotects a victim from crushing may
become non-viable due to various secondary eventsas fire, smoke, temperature extremes,
aftershocks, flooding, chemical exposure, and time.

Structural Hazards

While the first inclination of an engineer may beassume that progressive collapse of the
remaining structure is of the greatest concerngggpce has shown that this is not usually the
case. While secondary collapse cannot be ignotedy(siechanism, overturning, etc.), other
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structural hazards are often a more immediate cand@ée predominant hazards of immediate
concern are:

¢ Falling of loose debris (the cause of the onlyliigtaf a responder in Oklahoma City).
e Shifting debris pile.

e Shifting/sliding/dropping of elevated failed comgmts.

e Local shear/flexural failure of beams/slabs.

e Local crushing/buckling of walls/columns.

The significance of these hazards often changestbgecourse of rescue operations and must be
re-evaluated on a continuing basis. The changimglitons may include external events such as
aftershocks, secondary detonations, and weathé&nggmay be operations related changes such
as debris removal, vibrations from operations aadl Ichanges due to rescue personnel and
equipment.

Mitigation M easur es

Once potential viable voids and structural hazheade been identified, mitigation measures can
be planned and implemented to manage the risk gloperations. There are no pre-set, cookie-
cutter solutions to hazard mitigation; rather thecue team, including the Structures Specialist,
must assess the situation and apply a combinafitredive basic mitigation strategies based on
the premise of risk versus reward:

e Avoidance

e Exposure Time Reduction
e Removal

e Stabilization

¢ Monitoring

If victim location and building stability allow, éxmost efficient and effective methods of

hazards mitigation are avoidance and removal. Hraa of particular hazard can be avoided
without negatively impacting rescue operationsnttiet area can be designated a no-enter zone.
If a particular hazard can be removed in a reltigbort amount of time without further
destabilizing the damaged structure, then the degtawuld be removed.

Another efficient method of hazard risk reductierta limit the time of exposure, and to limit the
number rescuers being exposed to a potentiallyatang situation. Risk is a function of both
severity and exposure.

However, in major collapse events, avoidance ookahwill most likely be applicable in a
minimum number of instances. The primary mitigatioethod is to stabilize the structural
system an adequate amount to allow rescuers atcpesential victim locations at a reduced

risk. There is a large array of stabilization taghes in a rescue team’s toolbox. Some of these
include vertical and lateral shores, tie-backs,dein and door shores, and pneumatic shores and
airbags.
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Stabilization techniques must match the rescuerenwient. They must be:
e Easily understandable by rescue personnel.
¢ Quickly fabricated and erected.
e Able to be placed in small, unstable situation$winited visibility and access.
e Made from materials that are strong, light, poealihd adjustable.
e Able to reliably support the structure as gentlypassible.
e Designed and implemented to have ductile, predeti@ilure modes.

In some instances, none of the above mitigationsomes are able to satisfactorily remove
hazards or reduce risk. In these cases, the hazhether it is a partially collapsed portion of the
structure or an overhead hanging slab, should betared so that additional movement can be
identified and evacuation procedures initiatedeéded. It is important to note that only certain
modes of failure lend themselves to effective manmg. Monitoring of a damaged structure is
only effective if the monitoring can identify presors of foreseeable failure modes with
sufficient lead time to sound the alarm and evactiad area. Thus, monitoring is only effective
for ductile modes of failure where the structuregeme component) undergoes significant,
gradual displacement prior to collapse. Racking ebft story in a wood frame building is an
excellent candidate for monitoring, as are flexd@dures and lateral sway of ductile elements.
Dislodged masonry veneer that could fall suddesiyot a good candidate for monitoring.
Monitoring can also be effective for evaluating etpi;mmg conditions, such as the effects from
removal of stabilizing debris, the effects of adtevcks, or movement of a retaining wall or
landslide mass.

CURRENT TESTING AND TOOL DEVELOPMENT

As the US&R program has progressed, basic reset@sting and development has been
performed by several interested groups to quastigngth of existing stabilization techniques,
refine existing practices, examine observed behgyaesign and build engineering tools, and
solve identified problems. The research, testing, @evelopment have been guided by
successful practice and identified practical consdrased on experiences and challenges at real-
world incidents. Some of the testing and experi@gon that has been performed include:

e Capacity and failure modes of vertical shoring eyst due to vertical loading and
combined vertical and lateral loading (NASA AmesffdboField in Mountain View,
California and Texas A&M University).

e Capacity of Lateral (raker) shores (CA-Task Ford¢ee3cue Site in Menlo Park,
California).

e Effects of micro-cracking on damaged concrete stinat elements (Texas A&M
University).

e Methods for safely cutting P-T tendons (VA-Taskd®l rescue site in Fairfax,
Virginia).

e Capacity of proprietary shoring and bracing systemsufactured by several vendors
(vendors, CA-TF3 Rescue Site, NASA Ames Moffet diel
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Engineering tool refinement and development incdude
e Wireless Building Monitoring System (WBMS).

e Surveying Total Station (development of monitormgthodology geared to rescue
environments).

The WBMS was developed in the aftermath of Oklah@itg to provide a means to safely and
continuously monitor a damaged structure for movemathout dedicating an individual to the
task. The system is comprised of bi-axial, graxferenced rotational transducers that can be
attached to the structure and communicate wirglegith a receiver and display unit monitored
by an engineer up to 1,000 feet away. The systewviges a time history of building movement
(or lack thereof) and triggers can be set to p@wad audible alert if movements exceed pre-
determined levels. Thus, a single engineer, eqdipygth a personal digital assistant (PDA) and
an earphone, can monitor movement at up to fowatimaes within a damaged structure while
carrying on other duties.

Similarly, a Total Station can be used to moniresal locations on buildings with minimal
effort. Protocols have been developed and includdlge Structures Specialist training for using
the Total Station in a building collapse incident.

FUTURE RESEARCH

Major building collapses are somewhat like war-tico@flicts: each requires a unique strategy
and each requires a different set of tools/weapd#ien implementing changes to the search and
rescue system, these changes are generally baskd experiences of the last incident, just like
in times of war. From the rescue engineering petsge the following have been learned from
past incidents.

Each incident has posed dramatically varied stratthallenges, the most significant of which

is assessing the short-term strength and stabililamaged structures and structural
components. Time and information are both in skopply, so assessment methods must be
simple, clear, and qualitative. Mitigation methadf generally be implemented by rescue team
members (firefighters) or local contractors, sortfeasures must be simple, adaptable, and easily
implemented in a rescue environment. Monitoringsooust likewise be adaptable AND
appropriate monitoring decision-making criteria o developed (i.e., to distinguish between
benign diurnal structural movement due to solatingand critical cyclic ratcheting toward
failure).

Although not an exhaustive list, the following &oer of the authors’ thoughts on potentially
productive areas of future research and development

1. Research on the remaining strength, ductility, fafldre modes of damaged/
compromised structural elemenidiere is an existing knowledge base of component
behavior for both maximum strength and post maxinstn@ngth behavior in terms of
design behavior requirements. However, assimilatigydata and developing means for
its use in search and rescue is needed to imphevStructures Specialist’s tasks of
assessment, mitigation, monitoring, and searchrestlie operations.

2. Better quantification of the risk versus rewardeassnent procesH the probability is
high that there is a live victim in a damaged dtites, then the acceptable risk in rescuing
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that victim is also high. If the incident has pregged for a long time, or if the authorities
have moved from rescue mode to recovery mode,ttieeacceptable risk is low, and
more effort and time would be justified for heavitigation efforts. However, these
decisions have been very subjective in the pastdbas anecdotal experience. On the
risk side of the equation, the question is whalhéslikelihood of a damaged building
collapsing in the next hour? The next day? Nextkie@n the reward side, the question
is what are the potential rewards if a victim isragted one hour earlier? Or one day
earlier? A more definitive process is needed féeative management of risk.

3. Additional research on mitigation shoring systeifise current knowledge base for
shoring capacity and ductility is somewhat spagsmring is the primary mitigation
method for building stabilization and, thus, thenary method for managing risk to
search and rescue personnel. There is much regbatcshould be done to better
guantify shoring system capabilities and usefulnesaddition, there are still basic
shoring design philosophies that also need attestich as whether shoring should be
there to only take additional possible loads ortiwbethe shoring should replace the
existing load resisting system.

4. Expand on the WBMS system concept to develop adhditimonitoring devices and
working platform Additional real-time structural response datahsas
vibration/acceleration, acoustic emission, straig displacement, would allow a greater
range of structural behavior to be monitored. Tits &spect of this work would be to
identify the best indicators of impending movemeantailure. The second aspect would
be to identify the appropriate transducers and gotbe concept. A rigorous and reliable
working platform for the monitoring system would dreicial for efficient
implementation by the Structures Specialist.

SUMMARY

As DHS embarks on this effort to develop buildingbdization methods and procedures, and
identifies a research agenda to meet this goialjniportant to examine past practice: its history,
its successes, and its capabilities for buildirdpiization. The DHS/FEMA and USACE Urban
Search & Rescue programs have developed a stptadaifce for conducting search and rescue
operations in fully or partially collapsed buildsigengineers in these programs (Structures
Specialists) have been rigorously trained and ghimealuable experience at actual building
collapse incidents in building stabilization forem\15 years. The building stabilization state of
practice has evolved as these professionals hawedythis experience at these disasters. This
paper presents only a flavor of the history, theceas, and the capabilities of the DHS/FEMA
and USACE Structures Specialist system for builditaipilization.
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The Collapsed Structure Disaster Work Environment

David J. Hammond, SE, Structures Sub-group Ch#iSIBEMA US&R Program
Michael G. Barker, PhD, PE, University of Wyomihgramie, WY
Tom R. Niedernhofer, PE, US&R Program Manager, WACorps of Engineers, San Francisco, CA

ABSTRACT

For over three decades the United States has lesetoding assets to respond to natural and
man-made disasters. When the disaster involveapsat buildings, the Urban Search & Rescue
component within the National Response Framewonkprses DHS/FEMA US&R Task

Forces located across the country that can respdahth hours. The multi-disciplinary Task
Forces have advanced search capabilities to lomateheavy rescue capabilities to extricate,
trapped victims. The Rescue Trained Professiongirieer (Structures Specialist) plays a key
role in assessing the damaged structure and nmiggesks to the search and rescue personnel.
This paper presents a history of the US&R respsgseem and the current operational
capabilities of the DHS/FEMA Urban Search & Resptegram.

INTRODUCTION

The United States has a National Response Framdwoglspond to natural and man-made
disaster incidents. When the disaster involvestiiapse of buildings, the National Response
Framework includes an Urban Search & Rescue (US&R)ponent that works within an
Incident Command System to locate and rescue tdapipgms. A critical element in the US&R
system is the Rescue Trained Professional Eng{i&tarctures Specialist) that has been trained
to assess the hazards of a collapsed buildingamwient and recommend mitigation techniques
to reduce the risk to personnel during the seandhrascue operations. The US&R system has
evolved over three decades to become a robustferative response asset. This paper presents
the history of the DHS/FEMA Urban Search & Rescrmgpam, the DHS/FEMA US&R Task
Force, disaster site management and planning @esivand a description of an US&R response
to a collapsed building incident.

NATIONAL URBAN SEARCH & RESCUE RESPONSE SYSTEM
The Beginnings

The devastating 1985 Mexico City earthquake, foddvby earthquakes in San Salvador (1986)
and Armenia (1988), clearly demonstrated that ssfaésearch and rescue in an urban
environment required the use of highly trained gpecially equipped personnel.

Rescue teams from many countries, including the,WeSponded to these disasters. The teams
were confronted with collapsed or partially collapeavy concrete structures that entombed
numerous live victims. Successful rescue dependddnely removal of the victims as well as
their proper medical treatment. The thoughtful dazation of the search, rescue, medical, and
technical (engineering, heavy rigging, and hazasduoaterials) aspects of urban search and
rescue was crucial, but very difficult to accomiplis the chaotic disaster environment.
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For the most part, independent groups of searatiasts (mostly canine), heavy rescue fire
fighting rescue specialists, medical responderd,aavery few engineers constituted the response
to these earthquakes. Their efforts were hampeydaick of coordination and unfamiliarity with
each other’s location, needs, and capabilitiea. few cases, coordination between technical
efforts and canine search, followed by rapid deplegt of heavy rescue groups, led to dramatic
positive removal of entombed victims. During thetweeks following the Mexico City
earthquake, approximately 150 entombed live victivese removed, however, about the same
number of rescuers perished during rescue opesation

During 1986, within the US a number of public amiygite search and rescue organizations
began to focus on the concept of creating welh&diand well equipped, multi disciplined
organizations to respond to heavy rescue in amugbaironment (Urban Search & Rescue). The
dialog was initially between the historically edislibed canine search groups and heavy rescue
firefighter entities, but was augmented by volun@@ctors who had experienced confined space
medical problems in coal mine cave-ins. The fewdtral engineers familiar with past practice
and the need for an organized approach also beparhef this movement.

Developing a National Response Plan

The Robert T. Stanford Disaster Relief and Emergéssistance Act of 1988 substantially
increased the role of the Federal Government iastks response. The Act revised and amended
the Disaster Relief Act of 1974 to expand the saufisaster relief programs and defined the
role of the government in all four phases of tteadier management cycle: Preparation,
Response, Recovery, and Mitigation. With the broadgof the federal role in disaster

response, it soon became apparent that there nesdato coordinate the efforts of the various
federal agencies that had the capabilities to rebpo disasters. The Federal Emergency
Management Agency (FEMA) began a multi-agency gtapeffort which led to the publishing

of the Federal Plan for Response to a Catastrdpdnithquake in 1987.

This Response Plan represented an agreement ahugrtous federal agencies with disaster
response capabilities as to the role each woulgipla catastrophic earthquake. The Response
Plan was oriented primarily towards a major earéthguin California and represented an “all or
nothing” approach; the entire plan would be implated if considered necessary. The Response
Plan was first implemented in 1989. Hurricane HugbBlorida and the Loma Prieta earthquake
in California, both in 1989, demonstrated the valtithe pre- planning, but also pointed out
several problems with the Response Plan effectsgena each case, the catastrophic event
envisaged by the plan did not actually occur, lgetdapabilities of local governments were
severely over-taxed. Some federal assistance wakedebut the necessity for a massive federal
response did not materialize. Federal agencies weare how to react to a less than full
activation. It was also obvious that the Responae Rould need to consider a range of severity
of events, even those that are less than catagtrdphs need for a multi-hazard, flexible
Response Plan was further confirmed during Operd&iesert Storm, since plans that had been
developed for a full mobilization had to be downesi.

From the lessons of the Loma Prieta earthquakdHamdcane Hugo, FEMA coordinated a new
planning effort that resulted in the Federal Respdplan (now called the National Response
Framework, or NRF). This plan represented a coatdthapproach to providing response for a
variety of disasters. Its hallmark is flexibilitgllowing federal officials to activate portionsthke
plan appropriate to the level of response requitkdier the plan, federal activities are
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coordinated by an Emergency Response Team (ERTgtday a presidential-appointed Federal
Coordinating Officer (FCO). All Federal emergenapabilities and assets are now grouped by
function rather than by agency, allowing for a fa@brdinated response to requests for
assistance. A functional unit is called an EmergeSupport Function (ESF) and is headed by a
lead agency charged with coordinating the actwitiéthat function. FEMA was assigned the
Urban Search & Rescue Emergency Support FunctiSir @ .

DHS/FEMA Urban Search & Rescue System

In June of 1989, FEMA'’s Office of Emergency Managainand the US Fire Administration
met to review the lessons learned from past in¢gdand to consider the possibility of a national
Urban Search & Rescue initiative. Several probleesame evident:

e Traditional search and rescue was largely confinadral environments with only a
limited number of search dogs having been traioedhe urban environment;

e Local fire departments, who are usually chargeth wiban search & rescue in most
jurisdictions, were not equipped for heavy resdaek{ng specialized tools and training)
and would be overwhelmed by the requirements @ftastrophic event; and

e There were no nationally accepted standards faopeel, training, or equipping of
Urban Search & Rescue teams.

Hurricane Hugo and the Loma Prieta earthquake coatl these concerns and added the
problem that there was extreme danger from strattwillapses and that structural collapses will
immediately overwhelm local resources. During &ponse to these events, it became evident
that the federal government had no way to idertifgg mobilize any existing assets to respond to
such an incident. Well trained and equipped medinchheavy urban search and rescue teams
did not exist in the United States. It was cleat thnew and extensive approach was required to
meet urban search & rescue needs.

In January of 1990, FEMA convened an Urban Searéte&cue (US&R) workshop in Seattle.
Eighty-five invited participants represented albbgeaphic regions of the United States and all
relevant technical disciplines. The group evaludhedstatus of current national US&R
capabilities and identified requirements for aoradi Urban Search & Rescue system (structure,
equipment, and training). The workshop also suggestethods for developing such a system.
The workshop results recommended that locally hasedti-disciplined groups (FEMA US&R
Task Forces) be developed, equipped and trainsgspmnd to national incidents. Further
definition and refinements occurred when a seleatijg of experts (FEMA US&R Advisory
Committee) met with FEMA officials in April 1990.HE Advisory Committee selected top
experts to chair various Working Groups in ordedeéwelop guidelines for Standards,
Equipment, Management and Coordination, Commuioinaénd Training. The work and
recommendations from these Working Groups becamédbe documents that defined the
FEMA US&R Program.

In May of 1991, FEMA invited states and local jdictions to apply for grants to become
sponsoring agencies for a US&R Task Force. In Augtithat year, a Technical Review Panel
screened the 34 applications received, and onasis bf the panel's recommendations, FEMA
selected 25 jurisdictions as sponsoring agenciase$he initial 25 were selected, the number of
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FEMA US&R Task Forces has grown to 28. Figure nshthe location of the 28 FEMA Task
Forces.

In 2002, FEMA and the Urban Search & Rescue pafEdfA were placed within the
Department of Homeland Security (DHS) and now ti8&B Task Forces are called
DHS/FEMA Task Forces.
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Figure1: DHS/IFEMA Task Forces

DHS/FEM A Urban Sear ch and Rescue Task Force

The current DHS/FEMA Urban Search & Rescue Taskd&¢Figure 2) consists of 70 persons
divided into six teams: Search, Rescue, Hazmat,ddkd ogistics, and Planning. The team is
led by two Task Force Leaders. There are two S&Mfigers who report directly to the Task
Force Leaders. The Task Force is designed to aperétvo 12-hour shifts and to be completely
self-sufficient for 72 hours.

The Task Force is expected to be committed forparagional period of 10 days and to be re-
supplied and supported by other DHS/FEMA and ofit@eral agencies. Each member of the
Task Force must meet basic US&R requirements fpemance and training and must be fully
qualified and trained in his or her own specialtyaa Cross-training is strongly encouraged.
When not activated as part of the National Resp&nsmework (Federal US&R Response), the
Task Force can be used by the sponsoring jurisdidtr local emergency work deployed either
as a subset team or as a full Task Force.
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Figure 2: Configuration of Type 1 DHSFEMA US& R Task Force

Task Force Training

Response preparedness and readiness requirescsiginifaining for all US&R Task Force
members. There are requirements for basic traifeingach member such as First Aid, Incident
Command System, Basic Rescue, Hazardous Matezials] echnical training is also required
for each specialist on a Task Force, and the TasgeFmust undergo team training designed to
foster cohesiveness and unity of purpose.

Since the beginning of the US&R program, FEMA clearthe Working Groups in the areas of
Search, Rescue, Medical, Logistics, Communicatiand, Technical (engineering, heavy
rigging, and hazardous materials) to survey exgstiternal and external training resources and
identify the strengths and shortfalls. When tragndeficiencies were identified, actions were
taken to either develop the needed course by thekipGroups or place a contract for
development with an appropriate source.

Beginning in April 1992, FEMA conducted six Orietitan Training sessions across the country.
These 4-day sessions were designed to prepar&kddese to operate as part of the National
US&R System and focus on the Federal Response(R&timnal Response Framework). The
meetings emphasized agency responsibilities ankl F@ase operations. Participants included
Task Force Leaders, Team Leaders, Technical Sggsjadnd Department of Defense Liaison
Officers. Other training courses that have beereldped are:

e Crush Syndrome/Confined Space Medicine TrainingREontract);
¢ Communications Training (developed by the BoisernfAgency Fire Center);
e Structures Specialist Training (developed by th8.lArmy Corps of Engineers);

e Advanced Structures Specialist Training (developgthe U.S. Army Corps of
Engineers);

e Canine Search Training (developed by Search Workiraup);
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e Logistic Specialist Course (developed by Logistiégrking Group); and

e Advanced Rescue Specialist Training (developeddscRe Working Group to conform
to NFPA 1670).

Engineers Participation in Disaster Response & DHS/FEMA US& R

In the late 1970’s, Disaster Services CommittedsIpPwere started in California by both the
American Society of Civil Engineers (ASCE) and 8teuctural Engineers Association of
California (SEAOC). The focus of these groups veaddvelop and organize the response of
engineers to aid building departments in post gadke safety evaluation of damaged
structures. Engineers volunteered in this capdoltywing the Coalinga earthquake in 1984, and
this activity has become a vital part of the plahnesponse to earthquakes in California. The
Applied Technology Council publication ATC-20, Peaires for Post-Earthquake Safety
Evaluation of Buildings, funded in 1989 by the ©&$ of Emergency Services from the State of
California (CAOES) and FEMA, was developed as taedard for earthquake response. Many
engineers throughout the U.S. have been trainedruRtC 20 for a post-earthquake volunteer
response.

After the Mexico City earthquake experience, a éawgineers perceived the need to work within
the firefighter rescue community in order to enlatieir knowledge and capability in dealing
with heavy, complicated collapsed structures. Tghotlne National Association for Search and
Rescue (NASAR) and a California based non-probugr Urban Search and Rescue, Inc.,
discussions and training sessions were conductad aitempt to add to the knowledge base
regarding collapsed structure operations.

In 1990, these engineers became members of FEMB8&RJAdvisory Committee and Working
Groups, thereby contributing to the developmenhefNational Urban Search & Rescue
program. Shortly thereafter, the U.S. Army Corp&nfjineers (USACE) sponsored the
development of the initial Structures Specialistifiing Course (StS1). This course was
designed to train both engineers from USACE as agtivilian engineers who would become
Task Force Structures Specialists. The first coma® presented in 1992 and there has been at
least one Structures Specialist course offeredyeyesar since.

There are two Structures Specialists on a TaskeHante for each 12-hour shift). A Task Force
is required to have three 70-person teams avaifabléeployment. Therefore, there are at least
six Structures Specialists required per Task Faaeh trained in both US&R operations and
collapsed structures operations. Experience oweyelrs has shown that the Structures
Specialist is a critical position within the Tastr€e and additional training is warranted. The
Technical Working Group developed and USACE spats@rsecond course, Advanced
Structures Specialist Training (StS2), with thetfoffering occurring in 2004. In 2007, USACE
started offering yearly Special Skills training fbe Structures Specialists in each of the three
DHS/FEMA US&R regions.

Since 1992, over 400 engineers have successfuipleted the StS1, Structures Specialist
course with many of them also completing StS2, Adeal Structures Specialist and Special
Skills, Regional Training courses. Over 400 StrresuSpecialists have been trained to respond

! National Fire Protection Association Standard grer@tions and Training for Technical Search andRes
Incidents
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to a collapsed building incident with a DHS/FEMAsK&Force, as part of a USACE response, or
as part of a state Task Force.

DHS/FEMA Task Force Response

After a significant disaster incident, a Presidanfieclaration of a disaster activates the National
Response Framework. This activation may be foetiige plan (all types of resources) or only
those Emergency Support Functions that may be ddedan organized response. If the nature
of the disaster is such that US&R capabilities fpayequired (ESF 9), DHS/FEMA will place
selected Task Forces on alert. Once the need f&RUSsets is confirmed, the Task Forces are
activated and have 6 hours to fill the positioriehicache and package the equipment and move
to a designated Point of Departure. The Task Fgrtteen transported to a Mobilization Center
near the site of the disaster. Once on site, opegdtcontrol of the Task Force passes from
DHS/FEMA to the local Incident Commander. The ThRekces on site are coordinated by the
DHS/FEMA Incident Support Team (IST). The DHS/FENBY and Task Forces would

continue to be supported by DHS/FEMA assets.

DISASTER SITE MANAGEMENT AND PLANNING

During all phases of a structure collapse incidére will be some sort of an Incident Action
Plan. For the initial incident commander (locaéfas mentioned in the previous section), the
plan may not be a written document, but it wouldude gaining control of the site (and all
utilities), mitigating the obvious hazards (puttiogt fires, etc.), identifying collapse extent and
falling hazards, and setting up command and stagyiegs.

Following the initial chaotic phase (that may lest12 to 24 hours), the Incident Commander
(IC) would develop the operation plans for the ageeit. A more organized response would
evolve as a schedule of operational periods imteitl and the IC issues the first Incident Action
Plan. As part of the Incident Command System pa@®lanning Team would work with the
IC to generate updated action plans for each aparperiod as operations progress. Incident
planning is a critical tool for improving the efgmcy, accountability, communication, and risk
reduction at a structure collapse incident.

Participating agencies, such as the DHS/FEMA Intti®&ipport Team (DHS/FEMA IST), use
the Incident Action Plan to develop OperationalidwetPlans for their contribution to the
response. The DHS/FEMA IST coordinates the Taskdon site and assigns duties from the
Incident Action Plan. The Task Forces develop ai¢alcAction Plan for their operations during
the operational period. Thus, there are three magtians developed for each operational period:

e Incident Action Plan
e Operational Action Plan
e Tactical Action Plan

Incident Action Plan

The Incident Action Plan is developed by the Inotidéommand staff (or IC in a small incident)
and defines the broad objectives that need to tenaglished during the next operational period.
The contact information for all participants islumed and special emergency information would
be included.

Stabilization of Buildings Workshop Proceedings 46 of 309



Operational Action Plan

The Operational Action Plan is developed by pgrtiting agencies such as the DHS/FEMA. For
a building collapse, it would be developed by th¢SIFEMA Incident Support Team and would
define what the DHS/FEMA US&R Task Forces needcmanplish during the operational
period. It would also include important contacbimhation (radio frequencies, etc.) as well as
information on special hazards. It could also ideluinformation about structure and atmospheric
monitoring and other mitigation that had been mresiy implemented.

Tactical Action Plan

The Tactical Action Plan is developed by the TaskcE (or on site working team) and it defines
the specific tasks to be accomplished during tleratnal period. It would also include
communication information for within the team ur@td monitoring and other mitigation data
that would be handed off from previous operatigeiods.

URBAN SEARCH & RESCUE RESPONSE AT A COLLAPSED
STRUCTURE INCIDENT

Although every collapsed building disaster is ueiguits type and magnitude and in the
response, this section describes aspects of thesptrare and response at a “typical”’ disaster
site. In most all structure collapse incidents,fitet response will be by a local fire department
unit, who will set-up the initial command. They ladb their best to control the site and keep
bystanders away, but they must focus on the pdisgibf trapped victims. If the need for
response is large, additional mutual-aid will bguested. For a major incident, state and/or
federal assistance may be needed (Figure 3). éf&dhelp is required, the Governor from the
affected state will request the President to DedaFederal Disaster and the National Response
Framework (NRF) may be activated.

This was the case following the 1995 bombing ofWherah Building in Oklahoma City and the
Pentagon Incident on 911. The 911 World Trade Cehsaster was somewhat more complex
with the Fire Department of New York maintainingramand, but the NRF was activated.

Catastr ophic Disaster
Response Group

§Supp0rt N

‘ Emergency Support Team - EST ‘

National

Field §Support
‘ Regional Operations Center- ROC ‘

Field gF/Response

‘ Emergency Response Team - ERT ‘

=

Figure 3: Federal Response Focused on a Specific Disaster Site

Stabilization of Buildings Workshop Proceedings 47 of 309



If all involved have been trained in the use ofli@dent Command System (ICS), the resource
build-up can occur in an efficient and timely manriéhe Incident Command in most all cases
will remain under the authority of the local autiies, and many different agencies (federal,
state, and local) can be integrated into the oveggponse. ICS has been universally adopted by
response systems throughout the U.S. since gxsbofe and allows for the integration of many
different types of agencies into all types of imgits. ICS also allows the defining of many
different functions and specifying a realistic sypdstontrol system

For a collapsed structure incident, the DHS/FEMABase System has set standards for
equipping and training Urban Search & Rescue umhsrefore, teams from the DHS/FEMA
System, as well as state and local teams, can sibekby-side and conduct equally efficient
operations. The rescue trained professional eng{i&trictures Specialist) needs to be integrated
into the response as a trusted member of a US&R Face or other response agency. This
allows the Structures Specialist to effectivelydoct time-critical hazard assessments and
recommend hazard mitigation plans that best fitckeand rescue operations. At the start of an
incident, Urban Search & Rescue operations hawagéesobjective: to save live trapped victims.
Eventually after some time, the objective may cleatagrecovery of deceased victims. The
acceptable risk to response personnel changes ticattyabetween these two objectives and the
US&R team must be conscience of Risk vs. Rewarthgwll operations.

Disaster Site Hazards and the Risk vs. Reward M entality

Following a structure collapse, the initial localunteer responders will enter dangerous
situations if there is the possibility of aidingdaremoving live victims. Although these
volunteers may be helpful, they may not have prgpetective equipment and they themselves
may become victims. Soon after this initial resgofiem local volunteers, a local incident
commander (local fire) will take control of theesitA knowledgeable commander will make a
quick assessment of the situation and call foifaids required. This aid, at a minimum, will
include law enforcement to maintain control anduseche site.

The initial incident commander’s immediate actionl be to:
o Control all site utilities;
o Determine collapse and falling hazard zones;
o Determine potential number of trapped victims;
e Setup command location and staging areas;
e Plan how best to control rescuers and bystandeds; a
o Determine need for additional resources.

If the incident is of the size where trapped viciare probable, then many types of aid will be
requested including Special Operation Rescue Wmtisare more skilled in the use of tools that
may be used to extricate victims. For very largadents, state and/or federal support may be
requested, and the incident may go through theviatlg phases:

e Reconnaissance/assessment, search, and priooiizati
e Light rescue with minimal mitigation;
o Heavy rescue with selected debris removal and dgtémitigation;
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e Bodyrecovery; and
o Demolition.

The first three phases are usually called the ReBtiase, when greater risk may be taken if
there is a chance of saving a live trapped victigh{ reward). Body recovery normally would
be completed after the incident has transitionettiécRecovery Phase, when risk to rescue
personnel should be minimized (low reward). Denarlitvould normally be done by
contractors, using heavy equipment, but in somesctigere may still need to be some bodies
recovered during this phase. Each phase will beudsed below.

Reconnaissance/Assessment, Sear ch, and Prioritization

For an incident that involves a single or a few structures, search proceeds (using personnel,
inserted cameras, electronic detectors, and catordgtermine if viable victims are present. The
Structures Specialist performs an assessment nbfigéalling and collapse hazards in order to
advise the searchers on (1) the level of risk @pélerative techniques to minimize risk. During
this phase significant risks would be taken simee“Reward” of saving lives is high.

If viable victims are located, then a plan is depeld to prioritize the rescue effort relative te th
risk. As victims are removed from the least risagdtions, other rescue teams would be working
on mitigation measures that could reduce the nsither areas. The objective of the Structures
Specialist during this phase is to suggest alteresfor mitigation of risk (hazards), with the
emphasis on mitigation that can be implementedkdyic

For an incident that involves many structures (such as a large earthquake), a pre-prioritization
process (Rapid Recon) would identify structure®etiog their potential for having viable

victims and the relative level of risk associatathwach structure. Search teams would be
directed to the most favorable structures firaetermine number and location of viable victims.
This process might continue for many hours untitted structures were prioritized. A Structures
Specialist (as well as a Hazmat Specialist andsziieor Search Team Leader) would be part of
the Rapid Recon Team. Rescue teams would staratiges in the highest priority sites.

At each of the buildings where viable victims wéreated, the Structures Specialist’s
responsibilities would be the same as for the sibgilding incident discussed above. This
would also be a High Risk, High Reward operation.

Light Rescue with Minimal Mitigation

Light rescue operations would start (as descrilmd@) as soon as viable victims were located.
The victims may not be trapped too badly and algaidag lift, or the cutting/removal of

lighter debris, would free them. The victims woblel medically stabilized and extricated
according to the severity of their injuries. Theigation measures that would be used to reduce
risk would be avoidance, hazard removal, minimiggosure time and number of rescuers, or
installation of spot shores and localized cribbikigigation methods are described in a
companion paper, Hazard Assessment and Mitigatemiiiques for Explosion Collapsed
Buildings.

The rescuers that enter a confined space woulat (east the case of an earthquake incident) be
prepared for the possibility of secondary collapdg minimum safety requirements upon
entering the space would be to have an accourtagjistem including verified voice or radio
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communications, identifying the preferred escapgeaoand identifying or building safe havens
within the collapse zone. There would also be aidRBypervention Team available outside of the
confined space in case the rescue team experidif@ieslty. In this way risk would be reduced,
but this would still be a high risk, high rewardeogtion.

Selected Debris Removal and Extended Mitigation

Once the more easily accessed victims have beeswvesnthe incident moves into a phase
where risk should be significantly reduced. ThiaNdanvolve victims who are considerably
trapped or pinned in debris. Rescue personnel nuak in confined spaces for many hours to
reach each victim. The operations may even profieaetiany days and involve the removal of
deceased victims.

Wall breaching, structural element cutting or realper heavy lifting may be required to access
victims. Shoring may be required to provide altéerend redundant load paths for the damaged
structure to reduce operation risk. Shoring isuised in a companion paper, Shoring
Stabilization of Buildings in an Urban Search & B#s Environment. The Structures Specialist
would be heavily involved in designing the shorpign and in suggesting alternate methods of
mitigation.

Body Recovery

When the incident switches from rescue of liveimstto recovery of deceased victims, the
assumption is that no viable victims remain anduegersonnel should not take unnecessary
risks. The numbers of rescue personnel on sitedMoiisignificantly reduced, and demolition
contractors, using heavy equipment would begin dgicaction. This work would need to
proceed slowly if there were deceased victims kntwoe still entombed, or if there were still
some missing individuals.

Rescue personnel may need to be used as spottia sovictims are found they may be
carefully removed with dignity. The Structures Spbst would be asked to recommend the
mitigation measures that would reduce risk to asddevel as reasonable, bearing in mind that
the operation of heavy equipment has special risks.

Summary

When there is a major incident that involves buiddcollapse, local authorities are neither
trained nor equipped to conduct search and heaecyecoperations. The hazards and risk to
response personnel are high, and local authoate®ftentimes overwhelmed. The United
States has developed the National Response Frakéssupplement local authority assets for
Urban Search & Rescue operations. This paper desctine history of the current DHS/FEMA
Urban Search & Rescue system and how it works fedbral agencies and the local authority to
search for and rescue victims of a collapsed mgldancident.
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ABSTRACT

At a structural collapse incident, the Structurpecialist (a specially trained civil/ structural
engineer) is tasked with evaluating the damageattre and identifying hazards to rescue
personnel as they operate in the building. Seardhr@scue operations in a structural collapse
can present high risk to personnel in and arouadrtident. The Structures Specialist evaluates
the damaged structure and identifies hazards twegsersonnel as they operate in the building.
Although much of this paper discusses these idsuedl types of collapse incidents, building
collapse from explosions is emphasized.

INTRODUCTION

There are many events that may initiate structamatage and collapse, requiring search and
rescue efforts. These include earthquakes, windteyndslides/debris flows, floods/tsunamis,
fire, high energy impacts, industrial accidentsjcural defects and overloads, and explosions.
Regardless of the initiating incident, the respagdstructures Specialist (a specially trained
civil/structural engineer) is tasked with evalugtthe damaged structure and identifying hazards
to rescue personnel as they operate in the building

This paper presents an overview of the procedur@sechniques developed and used by the
Department of Homeland Security Federal Emergenapddement Agency’s Urban Search &
Rescue program for collapsed building hazard ifieation, assessment, and mitigation. The
paper first discusses these issues for all typesltdpse incidents, then presents special
considerations in post-explosion environments.

HAZARD IDENTIFICATION IN DAMAGED STRUCTURES

In damaged, partially collapsed, and collapsedctires there are three primary types of hazards
that are of concern for rescue personnel:

e Overhead Falling Hazards: parts of the structuresarontents are in danger of falling;
e Collapse Hazards: survivable void spaces may becmsikable during the operation; and
e Environment Hazards: toxic or flammable gases, daygen environments, etc.

Falling and collapse hazards are significant cargeerhe degree of risk in both falling and
collapse hazards strongly relates to mass andndieieg how additional movement or failure
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may occur. Recognizing falling hazards is typicaléysimple as looking around the damaged
structure. Sometimes, perceived falling hazardsarategrated into the damaged structure that
the risk of detachment is relatively small, seeufégl. Small, nonstructural elements and debris
(loose materials) may be greater direct hazargetsonnel working on the area than overall
structural stability.

Figure 1: Monitoring potential falling hazard at the WTC '01

Progressive collapse scenarios must be recognadgdie the rescue operation. The potential for
progressive collapse depends on the type of steydbuilding materials, method of construction,
and assessment of its failure mode and affecttleBrsudden failure potential must be
recognized as opposed to structures in which naaiduictility and redundant configurations
could provide some warning of an additional colapghe problem of identifying, let alone
properly evaluating, these hazards, is overwhelmingell trained Structures Specialist may, at
best, be able to rate the risk of various hazandsroarbitrary scale of low risk, moderate risk,
and high risk.

In the structural collapse rescue environment gtlaee no hazard-free or “safe” structures. The
Structures Specialist evaluates situations ranfyorg dangerous to extremely dangerous. One
must recognize that engineering judgments at atstral collapse incident cannot be precise.
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Partial collapses are very difficult to assess, iargddifficult to predict future behavior. If a
damaged structure is currently at rest, the Strast8pecialist could conclude that the collapsing
structure had met enough resistance to stop manddad come to an “At-Rest” condition.
Without new demands, the structure could be assumbd stable; however, the damaged
structure is clearly more disorganized than thgioal as-built condition. The partially collapsed
building is weaker than it was in the original cdiwh, and certainly is very difficult to assess.
The Structures Specialist must identify the curteatl paths, remaining structural capacity,
levels of redundancy, and forms of ductility. Bettsudden failure potential must be recognized
immediately, as these conditions can lead to suddtastrophic progressive failure of the
building.

HAZARD IDENTIFICATION FOR SPECIFIC TYPES OF BUILDIN GS

The following discusses the typical falling andlapse hazards for five types of buildings. The
discussion includes the expected hazards and lwehaken the buildings are subject to all types
of extreme events such as earthquakes, windstélouosjng, and explosions. For explosions
exclusively, the expected hazards and behaviordvoeila subset of those described and shown
in the figures.

The types of buildings discussed here are:
e Light Frame: mostly wood frame and pre-engineeigdtt kteel buildings;
e Steel Frame: either moment frame or diagonally dnldcame buildings.

e Heavy Wall: unreinforced masonry, tilt-up, and otlmav-rise buildings with concrete
and masonry walls;

e Heavy Floor: concrete frame buildings; and

e Precast Concrete: fairly heavy floors and some yeaalls.

Light Frame Buildings

Figure 2 illustrates typical hazards in a multirgtiight frame wood building. The principal
weakness is in the lateral strength of walls anthections. In structures of less than three
stories, additional collapse is unlikely becausgheflight weight of this type of construction.
Additional collapse of this type is often slow amoisy. Falling masonry chimneys and masonry
veneers are the most brittle types of behaviotHese structures. The hazard identification
check points are:

e Badly cracked or leaning walls;

e Offset residence from foundation;

e Leaning first story in multi-story buildings;

e Cracked, leaning masonry chimney or veneer; and

e Separated porches, split level floors/roof.
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Figure 2: Light Frame Building

Steel Frame Buildings

Figure 3 illustrates typical hazards in a damagesi/i steel frame building. The principal
concerns are the potential for building claddindpécome falling hazards, and the cracking of
welds in the main moment resistant connectionsh Bbthese hazards have occurred during
earthquakes. Following earthquakes in 1985, 19893 1and 1994, building codes now require
improved ductility in both the cladding attachmeautsl the moment resistant connections. The

hazard identification check points are:

e Exterior cladding for leaning or broken connections

¢ Indications of movement—plumb corners, stair ang-swuctural damage—as clues to

potential structure damage;

e Main Beam-Column connections—may need to removshes or fireproofing; and

e Broken/damaged floor beam connections and, if pteeoken PC slab connections.
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Figure 3: Steel Frame Building

Heavy Wall Buildings

Figure 4 illustrates typical hazards in a damagsa/it masonry wall building. The principal
weakness is in the lateral strength of walls ardr ttonnections to floors/roof. Falling hazards
are common in unreinforced masonry buildings bezafishe combination of weak and heavy

wall elements. Collapse of adjacent buildings cecuo as a result of the falling hazard of party
walls. All additional failure will probably be btie. The hazard identification check points are:

e Loose, broken parapets and ornamentation;
e Connection between floor and wall;

e Cracked wall corners, openings;

o Peeled walls (split thickness); and

e Unsupported and partly collapsed floors.
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Heavy Floor Buildings

Figure 5 illustrates typical hazards in a damagssi/i floor concrete frame building. The

principal weakness is both a lack of adequate coltamforcement that can properly confine the
concrete and an inadequate connection betweenatabsolumns. Ductile behavior may still be
possible if the concrete is confined by reinforcamgl the reinforcing is still elastic. The hazard

identification check points are:

Confinement of concrete in columns (empty basket);
Cracking of columns at each floor line (above aalbw floor);

Diagonal shear cracking in beams adjacent to stipgarolumns and walls;

Cracking in flat slabs adjacent to columns;

Attachment of heavy non-structural, unreinforcedsamay walls (infill walls); and

Cracks in concrete shear walls and/or stairs.
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Precast Concrete Buildings

Figure 6 illustrates typical hazards in a damagedast frame building with infill panels. The
principal weakness is the interconnection of pastess to walls/beams, beams to columns, walls
to slabs, etc. It is very difficult to make connens adequate enough to transfer the strength of
parts, connections adequate to survive a maximuthceake. These buildings can have fairly
heavy walls and floors, but neither is as heaviyessry wall or heavy floor types. These
structures are often made from lightweight congretech splits more easily than normal weight
concrete. Most failures that occur due to brokameations will be brittle. Since individual
building parts may be quite strong, cracked coecfatures may be ductile if adequate bonded
reinforcing is present. Depending on extent ofaymde, many falling hazards may be present.
The hazard identification check points are:

e Beams to column connections, broken welds, andkethacorbels;
e Column cracking at top, bottom, and wall joints;

¢ Wall panel connections;

e Shear wall connections at floors and foundation; an

e Badly cracked walls.
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In summary, identifying hazards after a structomdlapse is extremely difficult. Buildings are

often complicated, and there are many differené$ygnd configurations. What remains after the
triggering event may have come to rest, but thgelaaf further collapse and/or falling objects

is often present. A damaged structure may be “AtRéut that does not mean that it is

“Stable.” A properly trained Structures Speciatiah help identify these hazards. Measures to
mitigate the danger can then be factored into tteeadl rescue effort.

HAZARD ASSESSMENT FOR RESCUE OPERATIONS

Based on the previous section on Hazard ldentiinathe next step is to assess the risk to
personnel during rescue operations. Assessmeriegpplthe building structural system, the

rubble pile, and individual void spaces. The fasestion should be, “do we need to be in this

area at all?” If the answer is no because theiliked of locating survivors is extremely low,

then simply avoid that area. Hazard avoidanceagtiferred option. Additional questions the

Structures Specialist will consider are:

e What caused the collapse? Aftershock, wind, expigsinknown?

e Has the structure collapsed to a stable conditiomés the structure have remaining

stored potential energy?

e How have the load paths changed due to the colfapse

e Wil the structure exhibit brittle or ductile behax?

e Are there potential instabilities in the buildingio the rubble?

e What redundancy is present? Where is the fuseeisttiuctural system?

e \What if there is an aftershock?

¢ What are the operating objectives of the Incidecticgh Plan (IAP)?

e |If personnel are to enter a hazard area, whertharescape routes and/or safe havens?
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e Are there overhead or leaning wall falling hazards?
e How can the hazards be mitigated to an acceptelbd of risk for the rescuers?

e Can we provide additional mitigation measuresetiuce the potential for secondary
collapse while limiting the significant risk assai&d with providing the mitigation?

The Structures Specialist compiles the resultd@hiazard identification process, assimilates it
with his/her knowledge of building behavior andfpemance, and develops a mitigation plan to
help manage rescue operations risk. The planrnalude the arbitrary consideration of risk vs.
reward. If there are confirmed live victims trappedhe collapsed structure, slowing the rescue
operation with time-intensive mitigation effortsnet usually an acceptable alternative to the
incident commander. The rescuers are willing teeptmore risk for the benefit of saving a life.
However, if the victims are expected to be deceabeth the acceptable risk to personnel in the
recovery effort is much lower, and more effort t@nextended to hazard mitigation.

STRUCTURAL HAZARD MITIGATION PLANNING

Following hazard assessment, alternatives need tohsidered that will reduce the rescue
operations risk to an acceptable level. The Strast®pecialist significantly contributes to the
development of a prioritized hazard mitigation pl&his mitigation plan must be developed very
quickly for it to be useful to the rescue operagi@md integrated into the IAP. The mitigation
plan may start as nothing more than rough sketahdgransition into something much more
descriptive and formal. Eventually, a written plaii be developed that will become part of the
IAP. The mitigation plan is typically revised amdproved as the incident progresses.

At least some risk is involved in most all rescpermtions. In addition, many of the most viable
mitigation options involve risk during their ind&tion. The Structures Specialist must consider
and clearly state the mitigation installation riskhe mitigation plan. Obviously, the lowest risk
mitigation options should be considered first. hasually include the mitigation options that
require the least time to install or implement,lsas avoiding the hazardous area.

If live victims are located, their survival may @@ on the speed with which they are removed
from the collapsed structure. There may not be ton@nstruct well-braced shoring systems or
other elaborate mitigation methods. Accordinglg #itceptable risk level for emergency
personnel is higher and rapidly deployable mitigatnethods are essential. The Structures
Specialist must be as innovative as possible israxfind a balance between the desired risk
reduction and the time it takes to implement thigaiion.

STRUCTURAL HAZARD MITIGATION OPTIONS

There are several options available to reduceargkexpedite rescue of victims. Generally, the
five main options are to AVOID, REMOVE, MINIMIZE EROSURE, MONITOR, and SHORE
the hazards. Other methods (not described herepfasial purposes are SHIELDING,
LATERAL BRACING (of unsupported columns and beanas)d TIEBACKS. Following is a
brief description of each of five general mitigatimethods that can be implemented to reduce
risk during rescue operations.
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Avoid the Hazard

If there is no immediate need to be in a spec#icgkrous area, that area is cordoned off and
personnel do not enter the hazard zone. The haz#nds avoided. An example would be to
rope off the front of a building where there islapke debris that could slough off the building or
a parapet that is subject to falling. Another exiEnipto access a badly collapsed structure from
the top rather than from the edge (between lay&ts.Structures Specialist should consider
alternatives to hazardous situations, consult atitiers, and be as resourceful as possible.

Remove the Hazard

One of the most dangerous situations for rescsdedling debris or overhead objects. By
removing the object, the hazard can be removedthn@xample is a leaning non-load-bearing
wall or a leaning brick chimney. After consideritig effects of the removal itself, the wall or
chimney can be pulled down, removing the fallingdrd in the operation’s area. Other
examples include removing parts of unreinforcedanaswalls by hand, using aerial ladders for
upper portions, or for larger pieces, using a caareclamshell. Precast concrete sections are
more easily removed by small cranes or other coacegnoval machines due to their moderate
size and lack of interconnections. If at all pokssibft-off, push-over, or pull-down (safely of
course) should be a first choice.

Minimize Exposure to the Hazard

When time is critical, or other hazard reductiortimels are not justified, the risk can be reduced
by minimizing exposure of personnel to a dangesyea. For instance, if a large building is
racked laterally, shoring that building would regumnuch time, effort, and materials. If there are
live victims in the structure, rescuers can minirilze number of personnel in the building,
minimize the time spent in the building, and avitid higher risk areas in the building. Risk is a
function of both hazard severity and exposure (tirAaother example is if there is a victim
trapped in a building and the time for extricatisrestimated to be short. Then the time required
to shore the building may not justify the short@syre time for the rescuers to extricate the
victim. Reduced risk can be achieved by locatirfg sBavens and emergency egress routes in
case of trouble.

Shore the Hazard

The most costly in terms of personnel resourcesgmiadresources, and time resources is
mitigating the hazard by stabilizing the structuth shoring. When there is considerable risk to
rescue personnel and the rescuers will need to imdhe high risk area for a significant amount
of time, shoring stabilization of the structurevarranted. Shoring is also warranted when the
reward is low (recovery vs. rescue). Shoring can &k used to provide rescue personnel with
safe havens and emergency egress routes. A compaagi@r, Shoring Stabilization of Buildings
in an Urban Search & Rescue Environment, presdiastiee shoring techniques, objectives of
shoring, and experimental testing of shoring system

Monitor the Hazard

Monitoring the time dependent movement of a stmects operations continue comes in many
forms including using surveying equipment to moniiailding movements, strain gage
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indicators to monitor crack widths, digital levétsmonitor plumbness or rotations of walls or
components, wireless rotation sensors for monigpdiangerous areas, and others, some as
simple as a plumb bob. Monitoring can be usedaoktglobal building movement, element or
component movement, debris field movement, or l@glized area movement. Monitoring can
be used independently or in conjunction with ofioems of hazard reduction methods. To be
effective these devices must be continually reatlaarompanied by an effective alarm system
that activates an efficient evacuation plan. Mamig is usually quick to set up and does not
require significant resources.

SPECIAL CONSIDERATIONS IN POST-EXPLOSION ENVIRONMEN TS

An explosion is a rapid release of energy that feats in the forms of light, heat, and a shock
wave, with the shock wave generating the majorfitstaucture damage and human injury. The
shock wave expands radially outward from the soanckimposes extremely high pressures
(often orders of magnitude larger than design dasiding), for short durations (measured in
milliseconds) on structures in its path.

There are many factors that determine the damady@anmy patterns from explosions, these
include

¢ Net explosive weight

e Distance from the explosion

¢ Building construction type/structural configuration
¢ Building envelope configuration

The net explosive weight (NEW) and the distancthefbuilding elements from the explosion
are the primary determinants in the magnitude amdtabn of the load that is applied. If building
elements are close to the explosion, the first dggnmaode will be brisance or breach of the
material, which essentially shatters the builditegreents with such force that concrete can be
completely blown away, leaving nothing but reinfagesteel. For building elements farther from
the explosion, the primary failure modes will bextiral and shear failures.

Explosive forces affect materials and structuralfigurations differently, with damage modes
being affected by material mass, redundancy, cdiomeintegrity, and surface/tributary area of
the loaded elements. Occupied structures are tipab@signed for gravity-based dead loads and
live loads. However, in explosions, large, weald/anlightly attached wall, floor, and roof
surfaces may be loaded asymmetrically and in d@iffedirections from the original design basis.
This atypical load case can lift slabs and blowylead bearing walls and columns.

The various building systems will respond diffefgmd an explosion. The columns and beams

in steel frame structures may survive the blagtfhmir stability may be compromised by the
removal of their lateral bracing elements (flo@tsear walls). In large explosions, concrete slabs,
walls, and even columns may be catastrophicallgdaor severely compromised, leading to
conditions that destabilize a structure to the fpoiractual or incipient progressive collapse.

In the case of an exterior explosion, the shockenanitially reflected and amplified by the
building face and then penetrates through openswgecting floor and wall surfaces to great
pressure. Finally, the entire building is engulblgcthe shock wave, subjecting all building
surfaces to the over-pressure.
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Building envelopes can provide protection for binggdinteriors and occupants if they are able to
resist the applied forces, thereby limiting delansl decreasing pressures entering the occupied
spaces. However, building envelopes (unless thegpecially designed for blast resistance) are
rarely able to resist these forces, and they tbhezdfecome flying debris during an explosive
event and become overhead hazards during evacusatibrescue operations.

Figures 7 through 9 show the blast effects of @@5lbombing of the Murrah Building in
Oklahoma City. When large surfaces are engageddsy pressures, they will be deformed as
the shock wave passes, but the direction of théonet will be determined by the complexities
of the wave path and time. The walls and floorffame designed structures, as well as box
buildings, have large surfaces that will receivghhblast forces. They can be ripped away from
their connections, leading to the partial or tstalictural collapse. The explosive pressure may
thrust the building floors upward (contra-normaddang), fail the floor, then initiate collapse
into a dense rubble pile. Heavy columns tend teigerthe blast, but the lighter floors that load
and laterally support them may be consumed by ldst.[5teel frames, beams, and columns may
also survive but will be compromised by failed assing bracing. Specific types of buildings
resist blast loads in various ways and the Strest@pecialist needs to understand the different
behaviors to correctly assess the damage and reenthhazard mitigation plans.

Figure 7: Murrah Building After the Oklahoma City B ombing
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Figure 9: Murrah Building Search and Rescue Operabns
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EXPLOSION EFFECTS ON SPECIFIC TYPES OF BUILDINGS

The following is a brief description of the mosegictable blast damage for the building types
presented in previous sections.

Light Frame Buildings

Wood buildings are considered light framed buildinfhese structures are considered flexible.
The light wall and roof planes can be blown awag/anshredded. Leveling of all or at least a
significant part of the structure can occur. Tly@ter building materials which are blown away
reduce the explosive pressure wave reflectionsinitie structure.

Light metal buildings would also behave like liglamed buildings. The light metal roof and
wall panels can easily be blown away, leaving & bpoorly braced frame. Roof purlins and wall
girts normally have relatively light connectiongdamay be ripped away with the metal panels.
The frames may collapse from lack of lateral suppad/or push from the blast pressure. The
result can be a completely collapsed pile of bedttavisted steel members.

Steel Frame Buildings

A well-designed steel frame structure may be mesgstant to explosions since the structural
steel frame, comprised of beams and columns, istnmted to have both upward and downward
strength. These structures usually have robustesetd bolted connections. Floor systems could
be lightly reinforced concrete decks or bar joiStse floor systems may separate from the
supporting beams as the pressure wave passes hhifdugymost likely scenario is for at least
part of the frame to remain, but beams may be édjswvith large areas of the floor diaphragm
missing. The floors lift from the blast and thewoplfrom their gravity weight. A rubble pile
ensues under the collapse area.

Heavy Wall Buildings

Tilt up concrete, reinforced masonry, and unreiodalrmasonry wall buildings have heavy walls
and relatively light floors. The structural statyilof these structures depends on the floor to wall
connection integrity. Blast pressures will tencetgage the wall and roof surfaces, severing or
severely damaging the connections. For interiostblaghe pressure wave force walls outward,
and floors and roof sections are lifted. The cotines rarely survive the loading condition
completely intact. Adjacent parts of the structcaa also collapse from the loss of vertical
and/or lateral support. For blasts initiated owglak building, the near walls may be shattered or
blown in, followed by roof sections being liftedhen dropped, and sections of the far side blown
out. The failed walls will result in a rubble pikath the interior collapsed floors strewn about.

Heavy Floor Buildings

Concrete framed or shear walled structures ushalg heavy floors and walls relative to other
structure types. The lift pressures can have datiagteffects on concrete slabs in gravity type
designs. One-way slabs hinge up because of theofaclp reinforcing at mid-span and lack of
continuity splices in bottom bars at supports. ¢blemn to beam/slab connection is susceptible
to failure when the uplift pressure fails the stattumn joint. Once the uplift pressure dissipates,
gravity and positive overpressure drives the alyatinaged slab downward. The “surviving”
structure may contain columns that are standingo®ed for several stories without the lateral
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bracing previously provided by the floors. This weed in both the 1993 World Trade Center

and the 1995 Murrah Federal Building disastersgéareas of several floors collapsed, leaving
columns that extended as far as six stories witladatal support. These columns, still
significantly loaded from above, were vulnerablatsudden collapse and needed to be braced to
reduce the risk to rescuers. The collapsed floaaate a heavy rubble pile. Unreinforced

masonry infills are also susceptible to failureysiag rubble piles and overhead hazards, for
concrete frame structures that use them.

Precast Concrete Buildings

In precast frame structures, the lightly (graviesined) connected floor slabs and wall panels
can be readily compromised by the explosive pressuuike the heavy wall structures, floor to
wall connections are critical. However, unlike tileavy wall structures, precast concrete
buildings have less structural redundancy and gmeeonnections have been compromised,
significant progressive structural collapses cazuadn box-type precast structures, the wall and
floor slabs nearest the blast dislodge and braksel@t their joints. The multi-cellular character
of these structures (created from closely spacedrigewalls) will, however, tend to limit the
collapse damage to those areas where the beamagitaof wall panels is lost.

Post-tensioned precast concrete structures ulilgde strength cables or tendons within the
concrete decks to reinforce the structure. If diporof the post-tensioned cable is damaged, the
entire precast floor element will be compromiseticl can lead to the collapse of the full
length of the precast floor. This type of slablgoarery susceptible to upward pressures since
the cables are normally draped to lift the weightthe structure. Structural collapse of post-
tensioned precast concrete structures often raaudi€omplete pancake area and a partial
collapse area between the pancake and remainingjgte. A pancake collapse or some sort of
draped slab pancake collapse can be formed indbedtructure adjacent to the blast zone. The
concrete may also break into small pieces. If th&-pensioned forces have been released, the
slabs will act as brittle, un-reinforced concrétehe post-tensioning forces are still active,ajre
care must be taken if any of the cables need tube

SUMMARY

At a collapsed building incident, emergency persbronducting search and rescue at the site
are focused on locating and extricating victimpped in the building. The Structures Specialist
works within the emergency command structure tammire risk to the rescue personnel during
these rescue operations. The Structures Spediabsthe training and background to assess the
damage and identify hazards to the rescuers. Buaduide risk (and considering the reward),
the engineer develops a mitigation plan to rediséeto acceptable levels. This is accomplished
with a toolbox of practical mitigation methods thatve been standardized and proven through
past experience and incidents. These mitigatiomaookst, and the mitigation plan, vary in effort
and levels of reduced risk. This paper presentashessment process, discussing specific
building types and incidents, developing a mitigatplan, and the mitigation methods available
to the rescue operations.
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ABSTRACT

A comprehensive framework for rapid and accuratdyasis of buildings damaged by blast loads
is outlined. This framework relies on the integratof existing software tools such as: (1)
vulnerability assessment software for incident kaad definition, (2) an advanced single degree
of freedom (SDOF) code for quantifying blast-inddstructural damage, and (3) a finite
element progressive collapse analysis for globddlimg behavior and stability assessment to
identify regions of high risk in the structure. Tim@posed approach would enable fast
responders to quickly assess the condition of Elimgi damaged by blast, in support of
evacuation and rescue operations.

1 INTRODUCTION

First responders require advanced computationgatipools to assist in building damage
assessment for evacuation and rescue operatiocis.aSsessments, if they can be performed fast
enough (e.g., from within minutes to a couple afits) will enable quick life saving decisions.
Fast and accurate assessment of buildings subjectddst loads present unique challenges due
to the distinct differences between the behavidhefstructure during the blast and post-blast
phases. In the blast phase, the structural respeigeerned by local phenomena that affect
individual structural elements, such as beams,noody slabs and walls that are subjected to the
severe short-duration loading environment. The Wehaf the structure in the post-blast phase,
on the other hand, is global and primarily affedbgdyravity forces. The structure tries to regain
equilibrium by transferring the gravity loads frdhe structural elements that are lost or heavily
damaged to the ones that carry additional loadbkidfsearch for alternate load paths leads to
additional local failures, particularly in columribe overall stability of the building may be lost,
resulting in progressive collapse.

The general approach of using a coupled explicitefielement and hydro code analysis for the
blast phase, and then using a finite element codealyze the post-blast response is very
intensive computationally and time consuming. Sarclapproach is not suitable when an urgent
assessment is needed by the emergency crews raspoma terrorist event, and the time to
model the structure, perform the analysis, andgs®the results cannot be afforded. An efficient
and expedient solution method that can be usedaloa&e the extent of damage throughout the
structure, determine the risk of progressive callg@mnd establish high risk areas is desperately
needed (Krauthammer, 2008).

Advanced structural analysis and damage assessamehgxpedient progressive collapse
capabilities are two of the focus areas at the €@dat Infrastructure Protection and Physical
Security (CIPPS). These are specifically aimedo# bhe analysis and assessment of structural
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behavior during the blast and post-blast loadingspl. These research activities are described in
the next sections, and they form the basis foritedrexpedient and efficient methodology for
building stability assessment following blast laaglincidents.

2 ADVANCED STRUCTURAL ANALYSISAND DAMAGE

A variety of approaches, from closed form solutifrssimple cases to high-fidelity finite
element solutions for more involved problems, hiawen employed for the analysis of structural
components under impulsive loads. At CIPPS, orteekey research areas has been the
development of an efficient and easy to use contipui tool for expedient, yet accurate,
numerical support of both design and assessmesttugftural systems subjected to severe
dynamic loads. The Dynamic Structural Analysis SRSAS) was initially introduced in the
early 1980s, and it has been under continuous alevednt since. The latest version, DSAS 2.0,
has grown considerably in terms of features analaiéipes and is fully compatible with the
latest operating systems and processor technolOgtarlioglu and Krauthammer, 2009). Yet,
it can run in computers with modest specificatiomsile ensuring the installation and execution
on the most recent Windows operating systems.

The primary analysis engine in DSAS is based oaduanced single degree of freedom (SDOF)
formulation that is capable of performing fully dimear time history analyses of a wide range of
structural steel or concrete components (e.g., beaniumns, walls and roof slabs, and buried
boxes). The program does not rely on simplististedgperfectly plastic resistance functions, but
employs a sophisticated displacement-controlledt®wi algorithm for obtaining the resistance
function for beams, columns, slabs, and walls.dfabs, walls and boxes, the resistance function
is derived using advanced compression and tense@mhrane approaches. DSAS also checks
for failure in the direct shear mode of responsaddition to combined flexure-diagonal shear-
axial force responses in other reinforced conareteponents. For reinforced concrete, steel, and
masonry members, DSAS evaluates the load and metssd as a function of displacement
rather than constant values for elastic, elaststpd, and plastic ranges. Figures 2 — 3 show the
resistance function, load factors, and mass factoassimply supported steel beam determined
by DSAS, respectively

DSAS can rapidly assess whether a component wilbfasurvive a specific threat (either from a
conventional, or nuclear explosion), and how muamalge will occur given the geometric and
material properties of the component. In additmmunning analyses for a single threat, DSAS
can also run in a Pressure-Impulse (P-1) modedesasthe range of threats that will cause the
structure to either fail or sustain a specific leMfedamage. One can develop a family of P-I
curves for pressure and impulse combinations thiibtause yielding, specified value of support
rotation, specific deflection or strain level, otal failure. Furthermore, for columns, DSAS can
be used to plot P-I curves for different axial Idedels. Figure 5 shows the P-I curves of a
reinforced concrete column subjected to blast Idadsarying levels of axial load.
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2.1 Capabilitiesand Featuresof DSAS
The component library in DSAS 2.0 contains theofwlhg components:

Reinforced concrete beams and columns with rectangtoss sections,
Reinforced concrete columns with round cross sestio
Reinforced concrete standard joists,

Steel beams and columns with wide flange crossoses;t
Steel beams with channel cross sections,

Steel beam and columns with tube cross sections,
Masonry block walls,

Masonry brick walls,

Reinforced concrete slabs,

Reinforced concrete buried boxes,

Wood panels,

Simple and advanced user defined components.
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2.2 Reinforced Concrete Components

The user can provide the input rapidly by simplgypding the section dimensions in U.S.
customary and metric reinforcing bar tables. Fotaregular sections, any number of layers or
reinforcement can be specified. Both confined amcbufined concrete models are available, and
the amount of confinement is automatically deteedibased on the type and amount of
confining steel. For the longitudinal reinforcemeht user can select between elastic-perfectly
plastic and strain hardening steel models. Forngo) the gravity load on the column can be
included in the analysis. For buried boxes, thestasce function considers in-plane compressive
force due to internal membrane effect and exteéhrakt due to wave propagation in the backfill.
The output includes moment-curvature diagrams (eamd columns only), resistance functions,
and the time history analysis results for bothfléeural (combined with diagonal shear and
thrust) and direct shear degrees of freedom.

2.3 Steel Components

The user can either select the sections from thieiblAISC database or define a custom built-
up section. Loads can be applied either in thengtaxis or weak axis directions, and the effects
of local buckling are also included in the derigatopf the resistance function. The material
model for the steel can be selected as elastie@dyfplastic or strain hardening. For columns,
the gravity load on the column can be includechédnalysis. The output includes moment-
curvature diagrams, resistance curve, and thehistery analysis.

24 Masonry Components

The user can analyze ungrouted, partially growed,fully grouted CMU walls with or without
reinforcement using the masonry block wall mod&iegle-Wythe or two-Wythe (with or

without grout and reinforcement) brick walls candmalyzed using the masonry brick module.
The axial loads from the supported slabs can daded in the analysis as additional axial loads.
The output includes moment-curvature diagramsst@&sce curves, and the time history analysis.

2.5 Wood Panels

Unlike the resistance functions of the previous ponents which are numerically derived, the
resistance functions for the wood panels are basezkperimental data obtained from testing of
48" x 96” panels with 2x6 studs at 16” on cented &rb” thick plywood sheet. The available
connection types are: stud to sheathing, studdie pand plate to floor. The user can select the
connection type and whether adhesives are useatof lne output includes the resistance curves
and the time history analysis.

2.6 User-Defined Components

For these types of components, the user is reqtorpdovide the resistance function as a data
table. If the mass and load factors are constaatugout the analysis, and only a nonlinear
displacement-resistance curve is provided, the lsinnger defined component can be used. For
cases where the load and mass factors are alswtofu of the displacement, the advanced user
defined component can be used. These componenssitable for cases ranging from simple
mass damper analysis to cases where the userenesstbtance function obtained experimentally
or analytically and is interested in performing ¢immistory analysis or plotting pressure-impulse
diagrams.
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2.7 Loading Functions

DSAS offers several different loading options basedhe component type. Point loads (beams
and columns only) or uniformly distributed load#$1d#e specified and force vs. time or pressure
vs. time values should be provided, respectivélthd air blast option is selected, the charge
weight (or yield for nuclear devices) and the lomaf the charge relative to the component
should be provided. DSAS internally generates tiesgure-time history on the component by
meshing the target surface into small elementsaardaging the pressure-time histories on each
element. Additionally, pressure-time histories banmported from ConWep and BlastX output
files. For buried boxes, DSAS can generate thasarpressure-time history from the charge
weight (or yield for a nuclear device), range, aetjht of burst. The surface pressure is then
propagated through the geologic media, as an atrblduced ground shock, to define the
pressure-time history on the loaded surfaceselttiarge is also buried, DSAS can compute the
direct-induced ground shock to define the pressiare-history on the loaded surfaces.

3 POST-BLAST PROGRESSIVE COLLAPSE ANALYSIS

After a blast event, frame and connection analg$esbuilding are conducted based on the local
damage information for each structural element. drogressive collapse assessment is achieved
through numerical simulations of building layoutslaselected loading scenarios. The analysis
enables one to study the observed behavior, comp#sponse database, and identify the global
and local behaviors. The connection propertievdoious connection types are characterized by
mechanical models that were extracted from quasieshnalyses whose results have been
implemented in extensive data bases. Dynamic aiphi¢e element analyses are used to
diagnose the total building performance under snadddumn removal scenarios (e.g. single
corner column removal, single corner and an extewamn removal, single corner and an
internal column removal, two external column remnisyatc).

3.1 FrameAnalyss

Figure 6 illustrates the frame analysis resultsaf@0-story building with ABAQUS (Dassault
Systems, 2008) when one corner and two exteriamoas are removed. The first failure
behavior was shown at the adjacent internal coluaghe connections around the initially
removed columns failed, the adjacent columns beaarsm@ble, and, as a result, the floors above
the removed columns started to fail. The goversingctural behavioral mechanisms of building
frames can be identified based on results fronfitiite element simulations that can identify
load paths and corresponding structural membenii@mhar damage (e.g., column buckling,
beam plastic hinge, or connection failure). The agenexamination starts from an initiation
point and attempts to propagate through membensexted to it. Tracking is conducted in both
the vertical (to members on adjacent floors) anazbatal directions (within the floor of a
responding structural). If plastic hinges or cortizecfailures occur, the load flows will be
redirected through intact members that can trankéeforce flows. The damage propagation will
be arrested if the transferred loads are resistetebsurviving members. However, excessive
local loads could cause additional local failureg)(, member or connection failures, dynamic
column buckling, etc.). Realistic load or energgpgagation could be used to evaluate high-rise
building behavior without the use of expensive aime-consuming simulation models.
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Figure 6: Progressive collapse analyses (10-story building)

3.2 Connection Analysis

Our research has shown the importance of beamitmrcoconnections, where the connection
properties and behavior influence the frame statalind possible progressive collapse outcomes.
For relatively small local failures, strong conners enable bridging the loads to undamaged
structural regions. However, in the case of sel@ral damage, such as bridging over damaged
zones, may not be attained. Also, previous researobluded that the frame rigidity would be
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overestimated when the frame contains idealizes@ctions (fully-rigid moment connections)
instead of realistic semi-rigid connections as shawfigure 7. Idealized connections could not
represent the frame instability in terms of impannof force transfer functions or beams-
column separation. This phenomenon is more obviotaler buildings, due to heavier tributary
forces distributions adjacent to the initial lodaimage area. Therefore, the connection properties
should be defined accurately and in sufficient ile@ansure more reliable progressive collapse
predictions. Such connection details would inevwaéad to prohibitive computational resource
requirements, and they are the main cause for aeivgj simplified structural models. However,
unreliable results are obtained if such simplifreddels do not accurately represent the physical
behaviors of all structural components. Consequentathematical-mechanical models have
been extracted from fully nonlinear 3D analyses tdagture accurately the behavior of different
types of connections, as shown in Figure 8. Thecsiral components are then assembled into a
building model that can represent appropriate cotime properties and overall structural
behavior.

() weld failure of moment connection (b) bolt failure of shear connection

Figure 7: Realistic connection behaviors
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4 A UNIFIED APPROACH

While DSAS can be used to assess the damage sbtainindividual structural members from
given loads and their connector models, as destiibthe previous sections, to enable the
subsequent structural stability analysis to beqgeeréd in a reasonable amount of time. A
vulnerability assessment tool, such as ATPlanres,deen adopted and will be modified for
defining the loads that are applied to each strattnember.

ATPlanner (ERDC, 2007) is a software tool for petidg structural damage and blast zones
surrounding an improvised explosive device (IEDaek. User provided information about the
size, type, and distance of the IED, structuratatizristics including geometric and material
properties are used to set up a specific case. tHowihe current version of ATPlanner has
limitations that must be addressed prior to adgptifor use with DSAS, and fast running
progressive collapse analysis. These include:ltloe plans are limited to rectangular layouts,
the floor-to-floor height is constant throughout thuilding, and assigning different column sizes
to different bays is not allowed. Furthermore, daenage determination is done using pressure-
impulse diagrams that are derived empirically. D#AS enhancements to ATPlanner will add
robust and accurate structural response predictipabilities, as well as the derivation of
Physics based pressure-impulse (P-I) diagrams.

The accuracy and the reliability of ATPlanner vl greatly enhanced by utilizing DSAS as the
computational engine for performing structural masge and P-I analyses. Furthermore,
ATPlanner will be modified to serve as a bridgelvaubsequent building stability analysis by
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exporting the load information to DSAS and impagtthe damaged state back. Subsequently,
the damage will be mapped into the finite elemeesimof the building for collapse analysis.
This approach, shown in Figure 9, will not only speip the analysis time significantly, but also
lead to a more realistic analysis approach tharently available.

USER

0

ATPlanner

e Import building geometry and
material properties from
database.

* Read IED properties and location.

Develop blast loads on

components.

DSAS Fast Running Progressive
* Analyzeindividual components Collapse
under blast load. * Formthe FEA model.
* Establish the extend of damage * Perform post-blast analysis.
for each member. * Determine risk of progressive
collapse.
¢ Identify high risk areas.

Figure 9: Framework for fast building risk assessment

Since obtaining the information related to buildftapr plans, construction materials, etc, may
not be readily available when needed right afteat#erck, it is also prudent to develop a database
of buildings that are at high risk of being thegetrof an IED attack in support of this assessment
framework. Furthermore, this approach can be erdthfhwther by incorporating an artificial
intelligence (Al) user interface that can guide dlperator in expedient blast damage assessment
(e.g., Krauthammer et al. 1992), and performingstiiesequent correct building stability
assessments and related operations in the mostieéfsequence.

5 ACKNOWLEDGEMENT

The authors acknowledge the support and coopernatmnded by the US Army Research and
Development Center (ERDC) and by the General Ses\d@ministration (GSA) for this effort.

Stabilization of Buildings Workshop Proceedings 76 of 309



6 REFERENCES

Astarlioglu, S. and Krauthammer, S. (2009), “Dyna®tructural Analysis Suite (DSAS),”
Version 2, Center for Infrastructure Protection &ysical Security, University of
Florida.

Blasko, J, Tran, T., and Krauthammer, T. (2008ktfBfit And Design of the J. Wayne Reitz
Union Building, “ Technical Report CIPPS-TR-2008-@2nter for Infrastructure
Protection and Physical Security (CIPPS), UnivgrsitFlorida, Gainesville, FL.

Dassault Systems (2008), “ABAQUS User Manual,” 8. 6

ERDC (2007), “AT Planner,” v. 4.1, US Army Engindeesearch and Development Center,
Vicksburg, MS.

Faella, C., Piluso, V. and Rizzano, G. (2000), Ustmral Steel Semi-rigid Connections — Theory,
Design and Software,” CRC Press.

Krauthammer, T., Muralidharan, R., and Schmidt,(@ctober 1992), “A Combined Symbolic-
Numeric Structural Damage Assessment System,” dbofrfComputing in Civil
Engineering, ASCE, Vol.6, No. 4, pp. 417-434.

Krauthammer, T. (1999), “Structural Concrete areeSConnections for Blast Resistant
Design,” International Journal of Impact Enginegrilol. 22, No. 9-10, pp. 887-910.

Krauthammer, T. (2008), “Modern Protective Struetjt CRC Press.

Lim, J. H. and Krauthammer, T. (2006), “Progressdadlapse Analyses of 2D Steel-Framed
Structures with Different Connection Models,” Enggning Journal, Vol. 43, No. 3, pp.
201-215.

Yim, H.C. Krauthammer, T. Lim, J.H., Kyung K.H. @8), “Assessment of Steel Moment
Connections for Blast Loads,” 2nd International @o@nce on Design and Analysis of
Protective Structures, Singapore, November 2006.

Yim, H. C. and Krauthammer, T. (2009), “Load-ImpufSharacterization for Steel Connection,
“International Journal of Impact Engineering, py735.

Stabilization of Buildings Workshop Proceedings 77 of 309



Monitoring Stability Lossin Burning Buildings
Zee Duron, Ph.D.}

Keywords: Fire-induced vibrations, stability indicators, impending collapse

ABSTRACT

Structural health monitoring has been largely promoted as a means for assessing the condition of
buildings and other critical structures in the aftermath of significant events. Support for
installation of real-time monitoring devices and systems, however, continuesto lag due in part to
the absence of clear and convincing benefits to owners and to the structures themselves. A case
can be made that afresh approach, or application, may be needed to bolster the case for real-time
structural health monitoring.

Firefighting operations and the accompanying risks are typically scrutinized and reviewed
anytime loss of life results. In recent history, no single event has drawn more attention to the
technology and methodology of modern firefighting technique than has the collapse of the World
Trade Center Towers. The collapse of those structures and the corresponding loss of life reveled
vulnerability in the absence of real-time health monitoring that may have informed firefighters of
the weakening structural conditions around them.

Under a previous research effort funded by the Building and Fire Research Laboratory and the
National Institute of Standards of Technology (BFRL/NIST), a new methodology that employs
fire-induced vibration monitoring to track stability loss was first demonstrated in tests conducted
on asingle-family wood frame structure in Kinston, North Carolina (August 2001). Inthose
tests, a heating oil tank was mounted on the roof of the structure in an effort to induce roof
collapse during burn. The objective of that test was to evaluate the possibility of measuring fire-
induced vibrations in a burning structure that correlated with weakening conditions leading to a
significant collapse event. Those tests demonstrated for the first time, that fire was capable of
exciting dynamic structural vibration responses that provided real-time indication of impending
collapse. Figure 1 shows a picture of the building on fire with a 250 gal heating oil tank
mounted on the roof (top) and a sample of fire-induced responses (bottom) acquired during the
test. A practical implementation of the technique requires areliable stability indicator that can
be used to supplement information typically available to firefighters during operations. For
example, during burn tests on alarge wooden frame building, stability indicators based on
measured fire-induced responses tracked the impending collapse of a cantilevered overhang, as
shown in Figure 2.

A description of the theoretical background for the approach, of the fire-sensor and application,
and of the interpretation of fire-induced response behavior is presented. Sample results from full-
scale burn tests on actual buildings, and the implication for tracking weakening conditions in
large buildings are also discussed.

! Professor of Engineering, Harvey Mudd College, Claremont, California91711 USA.
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Structures Subjected to Blast L oading: Protection,

Stabilization and Repair
Ahmed Al-Ostaz, Chris Mullen, and Alexander Cheng
Department of Civil Engineering
University of Mississippi

To rise to the challenge of protecting the natigaiast the attack of terrorism, in the form of
physical, chemical, and biological weapons, targetiansportation, energy, infrastructure,
information, and health care systems, researchéhe &niversity of Mississippi formed an
interdisciplinary research group Nano InfrastruetResearch Group. The main focus of the
group is on using advanced materials (e.g., narterrals) and computational tools to help
protect the nation against the threat of catasteagirorism. The group goal is to move the
utilization of nano materials from high performaragglications with labor-intensive processing
to high performance, low cost, and energy efficteshnology suitable for application in
infrastructure sectors. The group has joined fovads national labs (National Institute of
Standards and Technology and U.S. Army EnginedRegparch and Development Center),
industrial partners, and several universities. Gfrthe group’s current research projects focuses
on using nano structural or structural retrofittmgterials for critical infrastructure protection.
The final report of phase | of the project may dend online at
http://www.olemiss.edu/sciencenet/ftp/DHS%20nanofiha0620report.pdf The research takes
the multi-pronged and integrated approach, simattasly addressing four research areas:

o Material Research: New materials ranging from canbanotube, xGnP (exfoliated
graphene nanoparticle), POSS (polyhedral oligongisesquioxane), and nano clay-
reinforced polymers and concrete.

e Structural Component Research: Innovative struttamaponents and subsystems
ranging from grid and foam stiffened panels ancesuto elastomer-coated walls.

e Structural System Research: The dynamic resportsdamage of small and large
buildings and structures exposed to blast/impagt,(gerrorist act, accidental explosion)
and severe natural (e.g., tornado, hurricane, @aatte, fire) hazards.

e Decision Support System Research: Tools to genditig¢eent threat scenarios, for
defining defense and protection barriers, for rev@mding retrofitting measures, and for
evacuation planning.

Main findings of the project are summarized below:

MATERIAL RESEARCH

1. Molecular Dynamics Simulation: Theoretical matedatabase has been constructed
for nanoparticle reinforced composites and otherdost, high-strength, innovative
materials, based on Molecular Dynamics (MD) simatatThe materials investigated
include: (i) SWCNT (single-wall carbon nanotube)ygodhylene, MWCNT (multi-wall
carbon nanotube)-Nylon 6, XGnP (exfoliated graph@eo platelets)-vinyl ester,
montmorillonite clay-vinyl ester nano composites, & range of volume fractions; (ii)

Stabilization of Buildings Workshop Proceedings 82 of 309



Low cost polymer matrices: Nylon-6 thermoplastjpslyethylene thermoplastic and
vinyl ester thermosets; (iii) Crystalline constitt® of hydrated cements, including alite
(C3S), belite (C2S ), aluminite (C3A) and brownsmille (C4AF); and (iv) Rock
minerals: quartz, calcite, dolomite, feldspars, amca.

2. Nano Indentation: Nano indentation is being useabt@ain local properties of nano
composites.

3. Dynamic Mechanical Analysis: Experimental databagech includes modulus
(stiffness) and damping (energy dissipation) prog@enf materials, has been
constructed for nano-particle reinforced compositdd/CNT-nylon 6, clay- vinyl
ester, and XGnP-vinyl ester, using DMA.

4. Particle Dynamics (PD): PD computer code was deesldo bridge the modeling gap
between the nano to micro scales, and used fasttiay of air blast, ballistic and debris
impact, and thermally induced fractures.

Structural Component Resear ch

5. Reinforced Concrete (RC) Columns: A procedure @mnpguting pressure impulse (P-1)
curves has been developed using SAP2000 and Madfalsare which is consistent
with TM 5-1300 methodology. A database of curves Ibeen created for reinforced
concrete column sizes and reinforcement ratiosesgmtative of low-rise buildings in
Mississippi satisfying 2006 IBC provisions. A dareagapping procedure has been
developed to characterize slight, moderate, andreedamage levels on exterior
framing of a building face exposed to blast loadmgvarious charge weight and
standoff distance.

6. Concrete Masonry Unit (CMU) Infill Walls: The effecof the blast loading onto CMU
infill (non-load bearing) wall panels with and watlit retrofit was evaluated using
AUTODYN software. Repair materials evaluated ineludolyurethane, polyurea, E
glass FRP, S glass FRP, XGnP-nylon 6 nanocomp&&&aP-polyurethane
nanocomposites, XGnP-Polyurea nanocomposite, sirano-coating. A database of
P-1 curves, maximum displacement, debris veloeitgpoint velocity, energy absorbed
and reaction forces was generated.

7.  Structural Sandwich Panels: E-glass sandwich comgsosith foam cores subjected to
high energy blast loads are being investigatedgulsiite element analysis for optimal
design configurations.

8. Shock Tube Testing: Nano composite panels wererempgtally studied for blast
resistance in a controlled shock tube experimdatdlity. Database has been
constructed.

9. 1/3 Scale Blast Load Simulation (BLS): The BLS lities at ERDC were used to
evaluate blast response of 3’ x 4’ 1/3 scale CMU 4&inx 4’ full-scale sandwich
composite panels (both with and without elastomeaico-coatings or nano films) to
blast pressure waveforms of up to 20,000 Ibs exmogelds and peak reflected
pressures up to 80 psi, simulating blast loads fremorist bombs.
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10. Low Velocity Debris Impact: DYNATUP Model 8250 imatnented impact machine
was used to evaluate the energy absorption of camposites subjected to low
velocity impact.

11. Intermediate Velocity Debris Impact: Split Hopkimspressure bar experiments were
conducted for stress-strain characteristics, faifirength, and energy absorption of
nano-composites.

12. High Velocity (Ballistic) Impact: Ballistic testingf nano-composites is being
conducted using gas guns at firing range for betjuential and simultaneous impacts
with three projectiles.

Structural System Resear ch

13. Simulation of Building Progressive Collapse: A tgii3-story RC building subjected
to blast load is investigated using SAP2000 noalirstatic and dynamic finite element
analyses for the progressive collapse scenario ehbegy absorption characteristics of
the floor and roof systems, and the influence ddiem spacing have been investigated.

14. Field Investigation: A full scale 2-story RC buitdj collapse under 1st floor column
removal of an end frame was videotaped duringld flemolition activity.
Deformations and vibration response were measuredch stage of removal up to
removal of all three columns in the end frame. Tokapse sequence has been
simulated using a SAP2000 model.

15. Fully 3-D Dynamic Simulation of Building Subject Blast: A high-fidelity LS-Dyna
model has been developed for a 3-story buildingasgnting a characteristic RC
building structure (2 x 3 bays, 20 x 40 ft colunpasing, members sized to satisfy
2006 IBC provisions). The dynamic pressure loadhiag been developed using the
CONWEP procedure in LS-Dyna and the nonlinear dyoaesponse of un-retrofitted
and retrofitted structures have been computed.

Decision Support System Research

16. Blast Protection Barrier Planning: The Sillers Blinl in Jackson, Mississippi (the
State’s Executive Building housing the Governor greAttorney General’s offices)
was investigated for blast and protection barrianping. Car bombs were set off at
different standoff distances created by protedbiarrier, and building damage was
assessed with and without wall structure retrofitti

17. Emergency Evacuation Planning: E-Sim software églus simulate the evacuation
scenarios of the Sillers Building for the varioladb and building retrofitting scenarios.
The software has the following capabilities: (1)dabthe movement of humans during
normal or emergency situations; (2) serve as agsasgent/diagnostic tool to determine
optimal ingress/egress solutions for facilitieg, €é8amine where bottlenecks or
problems exist, (4) evaluate and develop emergplacys, (5) aid in the design of
ingress or shelter-in-place for new facilities andjor renovations, and (6) assist in
training and planning simulations.
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18. Mississippi Critical Infrastructure Database: Amantory of state-owned facilities has
been obtained from the Mississippi Emergency Mamege Agency (FEMA). This
inventory supplements the one which was developedteal facilities in north
Mississippi by a field survey performed as paradflississippi Emergency
Management Agency (MEMA)-sponsored HAZUS-MH eartilkpimodeling study by
the University of Mississippi’'s Center for CommuyniEarthquake Preparedness.

Detailed discussions of two levels of evaluatioat tfwe more related to the objectives of this
workshop are summarized below (see Cheng et #9)20

1 STRUCTURAL SYSTEM RESEARCH

1.1  Fully 3-D Dynamic Simulation of Building Subject to Blast

The objective of the Structural System level oegesh is to examine the potential benefits of
using nano particle reinforced composites to enhatrwictural components in a full scale
critical infrastructure system. The applicatioresgééd in this study is a reinforced concrete (RC)
moment resisting frame (MRF) structure commonlynfin many hospitals, schools,
emergency operations centers, and federal offiddibgs throughout Mississippi and other
states. To obtain a basic understanding of the afyghavior of such systems under the
extreme dynamic loading developed during blast esyenrepresentative structure of relatively
simple configuration shown in Figure 1 was analyzed

Figure1: Representative RC MRF critical facility including curtain walls

Design of the representative RC frame structurepmomants was first performed assuming the
building was adequate under all basic loads ardl doanbinations called for in national building
codes. For this study, the 2006 International BagdCode was assumed to have been adopted
by the building authority at the site of constrantpf the representative critical facility. This
approach avoids the distinction between designr@va facility and retrofit of a recently
constructed one in which blast resistance has eet bonsidered.

The results of the designs were provided to théefielement analyst, Dr. James O’Daniel,
ERDC Blast and Survivability Group, Vicksburg, M3.. O’'Daniel used the gross sections and
steel reinforcement sizes and spacing to develppvirall LS-Dyna model shown in Figure 1
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which has been Figure 2 shows the finite elemepidaincorresponding to the concrete frame
and steel reinforcement systems, respectively.

a. Concrete frame and slab subsystem b. Steel reinforcement elements
(~300,000 solid elements) (~56,000 beam elements)

Figure2: Representative RC MRF critical facility including curtain walls

Bay spacing was L ft in the transverse directiod 2h ft in the longitudinal direction and each
story height was 12 ft. All column gross sectiorey@vsquare with perimeter columns 12 in.
wide and interior columns 16 in. wide. All beam ggections were rectangular with transverse
beams 6.5 in. x 13.0 in. and longitudinal beam® 18.x 25.9 in.

Use of nano particle reinforced wall panel protattivas taken to be the primary consideration

in the absence of specific vulnerability informatiof RC MRF to blast threats. To characterize

the behavior of the full size curtain wall panelseries of LS-Dyna simulations was performed

to establish load deformation patterns consistettt the reduced scale blast simulator tests and
a range of expected blast and response conditicestwal buildings.

Shell elements with equivalent elastoplastic mateeipresenting retrofitted walls were used
assuming the nano particle reinforcement was tfigctive. Three different equivalent strength
levels were considered representing single, doablé,quadruple levels of the wall yield
strength. Two sets of boundary conditions were id@ned representing complete fixity on all
four sides and one case in which the bottom edgefrga or not tied to the supporting floor or
foundation. These cases transmit significant loeaithé primary structure. Figure 3 shows
characteristic pressure-displacement curves and@shot of one of the panel simulations.
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Figure 3: Pressure displacement and effective plastic strain distribution for wall panel
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The representative building model in Figure 1 idelsiapproximately 43,000 of the curtain wall
shell elements. Two external blast locations wergsitiered corresponding to an end wall
exposure and an offset side wall exposure. Chasgghtvand distance were varied to examine
local and global damage effects. Examples of resflthe eccentric side blast scenario are
shown in Figure 4 for the three blast charge weaight

10X Ibs at 10 ft

950X Ibs at 10 ft

Figure 4: Effective plastic strain distribution for eccentric side blast scenario

1.2  Full Scale Tests of RC MRF Subsystem Collapse

Demolition of graduate student housing on the cangduhe University of Mississippi enabled
opportunistic full scale field tests of three ngadentical two story RC MRF structures in
December of 2007. The structures were built inldbe 1950’s and consisted of multifamily
apartment units with common access via interiar stalls. Each building was designed as an
RC MREF structure with cast-in-place RC floor andfrelabs poured and reinforced compositely
with the frame elements. The exterior perimeteméa were constructed with brick infill walls.
Bathroom areas and slab openings created by stanes stiffened by RC shear walls.
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Construction drawings obtained from the UniverBtysical Plant indicate that the structures
were designed for lateral wind loads but buildiegl€s in the region had not yet adopted seismic
provisions. Codes at the time required only a 75 mpminal wind pressure whereas 2006 IBC
now calls for a 90 mph 3 s peak gust load.

Working with the demolition contractor, a seriescofumn removal sequences (Figure 5) was
performed to imitate two of the basic scenariotedafor in the GSA guidelines (GSA, 2003)
applicable to design of U. S. government buildingse GSA guidelines were developed
primarily under contract to our partner in this jpad, Applied Research Associates, Inc., (ARA)
located in Vicksburg (see Decision Support LevElje guidelines are primarily aimed at
preventing the type of progressive collapse thatioed following the 1995 bombing of the
Alfred P. Murray Federal Building in Oklahoma City.

Emulating the first GSA scenario, a corner columaswemoved. The deflections of the structure
were measured using a Total Station set up at a@tfitdue to safety considerations.
Immediately after the removal of the corner coluf@oout 5 minutes), the relative deflection of
the slab at the corner was measured. The cornefowad to be displaced downward by 0.013

ft. (0.156 inch). No cracks which could be attréguito the column removal were detected in the
beams or beam column joints. Further damage waewathby impacting the slab with the head
of the shearing machine. About fifteen impacts fittuer 3000 Ib shearing head from a height of
2-3 ft were necessary to cause the complete cellapghe slab. This provides a qualitative
measure of the reserve capacity in the structure.

The failure sequence was as follows: 1) Pryingadwidp column rebar from the slab. This was
due to damage caused at the column joint due tieresemoval of the ground floor column. 2)
Increased deflection in the slab no longer suppaatehe corner and formation of hinges near
supports in beams on both the exterior sides oftdte 3) A yield line was formed in the slab
leading to collapse which is consistent with thgiexted by theory.

For the second GSA scenario an interior perimeimen was removed. Prior to removal of the
column, the unreinforced CMU infill wall behind tkelumn was removed. Immediately after
the removal of the column, a downward deflectio®.6R0 ft (0.24 inch) was measured at the
position of the removed column.

Overall the structure was found to have signifia@serve capacity due to over designed
members. The tensile capacity of the column its@l not was not exceeded, as evidenced from
the fact that there was no damage in the columreati® slab during the second phase of
impact loading till collapse.

Another building of identical design was fitted kvgeismic accelerometers (Figure 5). Damage
was induced in the structure by the phased renahgilound story columns (Figure 6a).
Baseline (pre-damage) and post-damage measureaféhesfrequency response of the structure
(FRF) (Figure 6b) were obtained by exciting theug story columns with a 12 pound impact
hammer with an inbuilt force transducer.
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(b) corner column removal in field test
Hinge Zone

(d) sags computed in FE simulation
Hinge Zone

Figure5: Corner column removal sequences during demolition of student apartment
buildings and comparison of field sag measurementswith FE simulation results
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Figure 6: Comparison of FRF corresponding to various levels of damage
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2. DECISION SUPPORT SYSTEM RESEARCH

The objective of the Decision Support level of sesé is to examine the potential benefits of
using nano particle reinforced structural composi@mterms of improving life safety from a
major blast event in a critical facility of sigruéince to the State of Mississippi. The software,
E-Sm, a proprietary software developed by Applied Redeéssociates, Inc., of Vicksburg,
Mississippi, was used to perform an evacuation Etimn for this facility. The application
selected in this study is a nineteen story, higiflergovernment office building identified as
critical by the Mississippi Office of Homeland Seityt Figure 7 shows the 3D model and
typical floor plans used to develop it.
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Figure7: 3D moded and typical floor plans used

Three scenario events were simulated to assesstjpbtesses:
1. An evacuation drill of the existing building withbany blast damage used as a baseline.
2. The building damaged from a blast without nanoiplarteinforced composites.
3. The building damaged from a blast with nano-partielinforced composites.

The location and size of the threat was determibeesttd on ARA’s extensive experience and
knowledge of typical explosive threats. The ext#idamage to the facility was determined in
conjunction with blast loads from the above thteabugh simplified analysis. The threat size
and standoff distance used for the analysis we@ddOTNT and 7 meters.

The nanoparticle-reinforced facility is assumedtbéoconstructed with 8-inch thick CMU walls,
protected with 5 mm nylon 6,6-XGnP nanocompositdsch was considered to be a promising
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material at the time of the ARA model developméinthe walls of the structure are upgraded for
blast mitigation, it is assumed that windows argraged also. All windows were assumed to be
upgraded to 1-inch laminated insulated glass woitsisting of a ¥4-inch annealed glass pane, a
Y%-inch air space, and a %-inch laminated annedéss gane. The University of Mississippi
provided ARA with the necessary material propergied retrofitted CMU wall panel resistance
curves developed in the Structural Component lmsdarch. At the time of the ARA model
development, only the AUTODYN simulation resultsrevavailable.

To guide the evacuation scenarios, ARA develop8D alast model incorporating the wall
protection system outlined above. Figure 8 showselsulting estimated extent of damage from
the above blast threat for cases representing aotected facility and a nano-particle
reinforced facility.

=

a. Unprotected walls b. Nano-particle protected walls

Figure 8: Simplified blast smulation to estimate extent of damage for evacuation scenarios

The heavily damaged areas shown in red were traedfento the E-Sim models as “kill-zones”
where all agents are assumed to have been killédebgffects of the blast. While the retrofit
scheme clearly mitigated the size of the Kill zahes not considered capable of completely
eliminating its formation. Such elimination is rait of the question but would presumably
require another approach that may be cost-prowgiti

The simulation assumes that some agents entee kiltlzone after the initial blast and could

also be killed as a result of the “residual damagehe area. At equal time intervals after the
initial blast, fire/smoke was set to propagate tiglothe facility floor by floor impeding agent

progress causing more injuries and casualtieseéatagn those areas.

The baseline case consisted of an evacuatioroditiie existing building under normal operating
circumstances (without any blast damage). Duridglk the agents head to the designated
“primary exits” rather than heading for the neaeest as they do in the blast scenarios. For the
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building exposed to blast it took several minugssIthan the base drill scenario to evacuate the
building. The reduction in evacuation time is calibg agents picking the nearest exit of the
building regardless of where it leads as they amoare of a “panic mode” at this point.

In the unretrofitted case, approximately 180 peoydee killed in the initial blast event;
however, the largest concentration of people kiifethe facility occurred in the two stairwells
located at the center of the building. The largecemtration of people killed in the stairwells
was caused by significant blast damage to oneeostidrwells and trampling caused by agents
panicking. The building contains two large staitaddcated toward the center of the facility.
There are no exterior emergency exit stairwelihenfacility. The layout of the stairwells leads
to a potential for “bottlenecks” of occupants witlhe stairwells as people attempt to exit the
building.

In the retrofitted case, approximately 80 peopleenkdlled in the initial blast event. As in the
unretrofitted case, the largest concentration opfeekilled in the facility occurred in the two
stairwells located at the center of the buildingefle was little if any blast damage to the
stairwells in the retrofitted case, however, sotadshe deaths were caused by trampling. If one
or both of these stairwells were destroyed in atldaent, there would be no way to safely
evacuate occupants from the building without takinoge risks to their health.

SUGGESTED STRUCTURE STABILIZATION METHOD

The previously discussed research addresses tlea$sepairing structures to be less
vulnerable to blast loadings. However, if a bldatick takes place, a quick stabilization
procedure needs to be implemented. We proposegtétkénfollowing steps.

Step 1. Develop a database of failure scenarios using recent advancesin
computer modeling technologies

We propose to identify to DHS suitable computer elmg) technologies that reliably and
effectively support the on-site, post-event, damage stabilization needs assessment process.
The goal is to be able to identify the potentiagressive failure scenarios and to design the
optimal stabilization schemes by allowing the cotepunodel to easily remove or add structural
members and examine the overall stability of tihecstire.

Candidate technologies will take advantage of axgstr easily developed pre-event knowledge
and/or simulation results databases for commomimgilconstruction conditions. We will
propose a rational methodology for implementingséhdatabases in IED incident scenarios and
for establishing the selection and deployment efdhndidate materials and products identified
instep 3 below. The candidate technologies andhodeiogy will be benchmarked against IED
incident scenarios and will satisfy performancesobyes approved by DHS prior to their further
consideration.

Candidate technologies will incorporate the resofitde workshop and will incorporate some of
the following characteristics:

1. Differentiation of rescue operations types anddng structure destruction levels

2. Be applicable to a variety of commercial and indakbuilding construction having, for
example, steel or concrete moment frames or camoretasonry shear wall systems
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3. Mechanics based material damage models for alt@kibad carrying heterogeneous
structural components

4. Computational algorithms for implementing the mialedlamage models in finite
element codes

5. Coupling laws that integrate the damage modelvéoadl strength and stiffness of the
components

6. Computational methodologies that predict residtrahgith and stiffness of damaged
critical components based on material as wellaggiral degradation

7. Physics based envelope of critical failure critéoimindividual structural component of
the overall structure to enable prediction of suahility, reparability, collapse or
destruction of the system.

Step 2. Assessthe degree and location of damage that needs immediate
attention. Then prioritize needs for strengthening/repair

Given the urgency of the need of a post blast ass&st tool, especially in cases of critical
structural applications, a comprehensive approlaahuses several different techniques in a
systematic decision-making hierarchy is warrang8eth an approach would likely use rapid
technologies for initial screening and call uponrenmvolved methods for detailed defect
characterization that would facilitate final deoisimaking as to the need for repair and for the
evaluation of repairs. This concept and a limitachgle application are described by Cloud, et
al., 1999. Eventually, this process could be highlfomated, and artificial intelligence could be
incorporated.

The methods available for systematic NDE includigcaptechniques (digital speckle
interferometry [DSI] and digital speckle shearodmafDSS]), vibration testing (modal analysis),
electrochemical impedance monitoring, thermal scaprultrasound (c-scan), eddy current,
acoustic emission, x-ray, and others. These metimotisde some that can detect damage, or its
impact, on a global (structural) scale, and otkiess can detect damage on a local scale. The
investigators have detailed knowledge and someemehtation experience with several of these
techniques.

In practice, a rapid and simple technique, suathgital speckle interferometry, or vibration
testing, will be first used to scan a structurahponent for anomalies that suggest flaws such as
disbonds or cracks. Based on findings, a decisionade to use another technique, such as
thermal imaging or dielectric measurement, to obtaore data about the anomaly. These data,
taken together, might indicate that the anomalyhinin safely ignored, should be repaired, or
that more data, such as from localized ultrasogadrsing, might be required.

Step 3: Conduct product test of repair technologies

During this Task, we propose to develop a mat¢echhology database for quick selection of
repair materials and technologies, and conducbubpree product test simulations based on
preliminary computer and small-scale lab evaluaiohrepaired structure element (e.g.,
columns and connections). These test simulatiohsneiude testing protocols that will be
approved by DHS prior to their delivery. Candiddtasrepair materials/technologies include:
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1. Lightweight, rapidly deployable composites for shgr pinning, bracing, and other
temporary structural support purposes.

FRP (fiber reinforced plastic/polymer) for strengting damaged columns and beams
Composite fixtures for strengthening column-beamneetions

Polymer concrete for rapid concrete repair

Polymer sprays for strengthening walls and floors

high-strength, fast-set grouts (shotcrete) for éation and soil stabilization

N o g bk~ wDd

Higher Technologies:

a. Low-cost nano particle additives, such as ndang OSS, grapheme platelets,
Tripoli, cellulose whiskers, etc. to enhance tlactral performance of polymer
concrete composites.

b. Quasi-3D woven fabric for better performing FRP.

c. Nano particle additives, such as carbon nanaandegraphene, for health monitoring
purposes, by mixing with repair material or appiyas a thin layer, to enhance
electrical or electromagnetic sensing capabilities.
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ABSTRACT

Critical infrastructure systems, including govermtleuildings, bridges, tunnels, pipelines, dams
and levees, remain vulnerable to man-made hazactigling improvised explosive devices
detonated by terrorists. Current approaches tastrfucture protection largely focus on
prevention and structural strengthening. Howeviéer @ terrorist explosion occurs, there is a
dire need to rapidly assess the condition of thesire, quantify its stability, determine the
extent of fire, and identify the location of struicl inhabitants. This paper explores the
opportunities that exist in deploying monitoringsgm technologies to provide real-time data
and information to emergency first responders éinatresponsible for securing the structure and
removing surviving inhabitants, all while ensuriting safety of first-responders.

INTRODUCTION

Explosive growth in the availability of sensingheology has occurred over the past two
decades with innovative transducers and new appesao data collection emerging. For
example, the rapid development of microelectromeiciad systems (MEMS) in the 1980’'s has
led to low-cost, high-precision sensors (e.g., Bcoeneters, gas sensors, optic sensor) in
impressively small and compact form factors (Koyd@98). Similarly, the convergence of
wireless communications, embedded computing, ansirsg has led to the creation of low-cost
wireless sensor networks for dense installatiolange-scale civil structures (Lynch and Loh,
2006). Additional sensor technologies that haveaadneficial impact on the structural
monitoring field includes fiber optic sensors (Ma@es, 2001), self-sensing multifunctional
materials (Chung, 2003; Hou and Lynch, 2009), aimlstic/ultrasonic sensors (Achenbach,
1984), among others.

These advances have opened up exciting new oppi@suior ubiquitous sensing of the built
environment. For example, in seismic regions ofuhéed States, critical structures (e.g., long-
span bridges, hospitals, emergency response ceskgserapers) are instrumented with high-
precision structural monitoring systems; when teigagl by strong ground motion, these systems
record the dynamic response of the structure (Cetedd., 2004). Such systems have led to
advances in understanding the behavior of strustiorearthquakes and improved building
codes. Structural health monitoring (SHM) systeagehalso been proposed by the structural
engineering community. Similar to traditional mamihg systems, SHM systems consist of a
sensing sub-system in which sensors are installadstructure with sensor data communicated
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to a centralized data repository. However, uniqu8kM systems is their ability to automate the
interrogation of measurement data for identificatod structural damage and deterioration. SHM
systems potentially allow structural owners to @admmdition-based maintenance cycles in lieu
of current schedule-based maintenance cycles. Gomdiased maintenance is reactive to the
real-time condition of a structure, thereby savimfgastructure owners time and money, both
scarce resources. Given the potential of SHM toltgionize infrastructure management, the
National Institute of Standards and Technology (NI$echnology Innovation Program (TIP)
recently invested significant research fundinguidifer develop SHM technology for
infrastructure systems (Baum, 2009).

One area where sensing technology has not yetvagety adopted is in the area of
infrastructure security. Recent terrorist actigtiecluding the Oklahoma City bombing (April
19, 1995) and World Trade Center collapse (Septetibe2001) underscore the vulnerability of
critical infrastructure systems to man-made haz@fdgire 1). This paper explores the

i

Figure 1: (a) Partial collapse of the Alfred P. Murrah Federal Building, Oklahoma City,
Oklahoma shown on April 21, 2005; (b) aerial view of the World Trade Center ruinson
September 15, 2001 (source: Department of Defense, http: //www.defenselink.mil/).

opportunities that exist in deploying monitoringsgms that can rapidly assess the condition and
stability of a structure after a terrorist eveng(edetonation of an improvised explosive device).
Today, sensors exist that can be used to rapidlgsashe structural condition of a structure, as
well as the existence of emergency conditions ohaly fire and smoke. In addition, there exist
wireless data acquisition technologies that cannsomcate sensor data to first responders in a
reliable and ad-hoc manner. Finally, cyberinfrastnce technology allows for the integration of
sensor data and analytical models so that strudtahavior (e.g., pending collapse) and the
spread of fire can be modeled for improved on-d#eision making by emergency responders.

INNOVATIVE SENSORSFOR CONDITION ASSESSMENT

Sensors for infrastructure monitoring during aneiad terrorist event can be divided into three
broad categories: 1) sensors for structural assegs®) sensors to monitor fire conditions (e.qg.,
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temperature and gases); 3) sensors to identifyraokl inhabitants. This section highlights the
sensors that currently exist in addition to ide/ii§) opportunities to create new sensors that can
meet the challenging demands of the applicatiomirenment (i.e., extreme shock and heat
loads).

Structural Assessment

The global and local behavior of a structure messdénsed to predict its stability and structural
condition (damaged versus undamaged). While mamgose exist for monitoring structural
responses such as strain, tilt, displacementsyianations, very few of these sensors would be
operable at elevated temperatures (for example;eab@0°C) nor would survive shock loading
(for example, MEMS accelerometers would prove telicdte for shock loading). Hence, novel
approaches to the design of sensors resistanbtk stimd high thermal loads are vital. Hardened
packaging can also be developed to allow existmgars to withstand the extreme environment.
One particular technology well suited for high-tiat environments are sensors based on
ceramics and carbon nanotube composite materials ¢t al., 2007; Gregory and You, 2005);
carbon nanotubes are robust in high heat envirotsmre to the strength of the double carbon
bonds that exist within the molecular structure.

Fire Assessment

Sensors that can determine the existence and meowerhire within a structure are critical to
assessing fire induced changes in the structurécamznaging emergency response personnel
entering the structure. Temperature sensors casdxtto identify the heat associated with a fire
as well as the temperature of structural compon&ds sensors that can sense gaseous
molecules (e.g., CO, Gassociated with combustion can be employed tenstand the fire
process. Sensors currently exist for measuremeeigserature and gases (Pohle et al., 2007,
Derbel, 2004; Harwood et al., 1991); however, ofaputies exist to: enhance the sensitivity of
sensors, miniaturize them through the use of nand-micro-electromechanical systems (NEMS
and MEMS), and reduce their fabrication costs. ewsing approaches based on optical
detectors could also prove valuable to detectirggdonditions (Pinder, 2006; Pinder and Atreya,
2005).

| nhabitant Assessment

Tracking structural inhabitants is the first steward evacuating them from a structure. Sensors
are needed to monitor movement along egress pathsling stairways and corridors. The
specific transducers to be adopted include canard®ptical motion sensors. While such
sensors can be found in the commercial marketyvetnge approaches are again needed to
ensure they can survive the shock and high theloadk associated with explosives and fire
conditions.

HIGH DENSITY WIRELESS SENSOR NETWORKING

Wireless sensor networks are sufficiently matuag their recent deployment to large-scale civil
structures, including large buildings and briddess been shown them to be convenient (i.e.,
easy to install), reliable and accurate (Lynch bol, 2006; Spencer et al., 2004; Chintalapudi et
al., 2006). Furthermore, the ability for wirelessisors to process their own measurement data
(e.g., autonomously identify structural damage) been shown to be of great utility (Lynch,
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2007). Due to their low costs and easy installatiavireless sensors offer one of the only viable
technologies that allow buildings to be instrumeéntehigh densities (i.e., hundreds of sensors
in a single structure). As a result, they will beree forefront of any monitoring system proposed
for assessing the condition of infrastructure systafter terrorist activities. An additional

benefit associated with wireless sensors is th®ityato form communication links in an ad-hoc
manner; this will play a critical role in facilitag the communication of data between sensors
and first responders.

A low-cost wireless sensor node named Narada has developed explicitly for infrastructure
monitoring applications at the University of Michig (Figure 2). Some unique features of
Narada that render it optimally designed for intfinasture monitoring includes high resolution
digitization (16-bit resolution), long communicatioanges (300 m or greater), and low-power
operation (less than 200 mW). An additional feaisre inclusion of an actuation interface
operated by a 12-bit digital-to-analog converteis interface allows the node to command
actuators. A unique feature of wireless sensattseisnclusion of computational components in
their design. For example, a low-power 8-bit miawiroller is included in the design of Narada.
This microcontroller can be used to locally exeald&a interrogation algorithms embedded
within the node (Zimmerman et al., 2008; Zimmerraaal., 2009). The Narada wireless sensor
node could easily serve as the basis of a mongaystem intended to assess structural
conditions after a terrorist explosion.

Emergency responders equipped with a wirelessdeares could establish peer-to-peer
communication with the wireless sensors instaltethé structure as shown in Figure 3. This
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Figure 3: Proposed wireless connectivity
between wireless sensors and emergency
response personnel.

Stabilization of Buildings Workshop Proceedings

99 of 309



would allow the emergency response personnel torgai-time information on the structural
behavior as well as fire conditions. The avail&pitif computational resources distributed within
the wireless monitoring system can also be leverdgeautomated sensor-based data
processing. For example, embedded algorithms carséxt to rapidly detect structural damage,
predict the spread of fire, and detect imminenicitral failure such as collapse. Such
information can be forwarded to the emergency redpeoto allow for adaptation of their rescue
efforts. In addition, the wireless transceiver dedpwith the emergency responder would make
it possible to track their location within the stture. For example, extensive use of radio signal
strength indicators (RSSI) could be one mechanisradcurately tracking firefighters in
structures (Zaruba et al., 2007).

CYBERINFRASTRUCTURE FOR UNIFICATION OF MEASUREMENTS
AND SIMULATIONS

Advanced information technology systems including internet, databases, on-line

collaboration tools, social networking, and infotioa feeds are often collectively known as
cyberinfrastructure. Cyberinfrastructure can b@waegxful technology for bridging the chasm

that separates sensor data and simulation toaisiber of custom-designed
cyberinfrastructures have recently been establifbredpplications involving sensors, databases,
and simulation tools (e.g., the National Sciencarféation’s Network for Earthquake
Engineering Simulation [NEES]). Similarly, cybemas$tructure would provide a direct linkage
between the sensor streams emanating from wirségssrs and simulation tools that are used to
predict the behavior of the structure after a t@st@vent.

Wireless sensors streaming data from a plethosamdors are intended to feed data to
simulation servers remotely distributed on thermgé With simulation tools inherently data-
driven, they are enabled to provide real-time ptgoh of: 1) structural stability, 2) the spread of
fire, and 3) input to intelligent egress managensgatems attempting to evacuate inhabitants.
An example is shown in Figure 4; in this exampleglgss sensors stream thermal sensor data

1. Thermal Sensor Data
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( INTERNET
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|3, Structure 2. Thermal [&
& Response (& Loads
Resource Heat-Structure Fire Flow
Allocator Simulator Simulator
. 4. Search Priority & Rescuer Safety
( AD-HOC WIRELESS SENSOR NETWORK )

Figure 4: Proposed cyberinfrastructure for unifying sensed data and ssmulation tools
within areal-time structural assessment system.
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from an array of sensors in the structure. Througaless linkage to an internet backbone
(perhaps through a fire command vehicle), dataréamed to a fire simulation server where
complex computational fluid dynamics (CFD) codepslated to current real-time conditions.
Output of the fire model is passed to a CFD-stmgctnodel to predict the safety of the structure
under existing thermal conditions. This providesrgout to a resource allocation software
element suggesting how fire fighters respond & tinereby enhancing their ability to get
inhabitants out of the structure and to evacuagefifijhters if fire-induced collapse is probable.

CONCLUSIONS

The technological state of sensing and data ac¢mquidechnology is sufficiently mature to
currently offer immediate solutions to monitoritg tcondition of buildings after a terrorist
explosion. MEMS and wireless sensors are only soiniee powerful new sensing technologies
that allow for low-cost and dense sensing of thé& bavironment. Furthermore, the integration
of sensors with cyberinfrastructure tools allowediat be used in real-time to update predictive
models that can alert emergency first-respondemsiwiinent structural failures, the spread of
fire and the location of inhabitants. Additionasearch is direly needed in the hardening of
sensors for extreme shock and heat environmentglhsas in the actual integration of all of the
monitoring system components described in this pape
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ABSTRACT

This presentation describes recent trends in straidhealth monitoring (SHM) at Sandia
National Laboratories. Sandia’s risk assessmenhadeiogy of Architectural Surety® is
introduced. The use of valid senor data and vedianodels is described as a means of
assessing damage that degrades the performanaghafdnsequences structural systems.
Recent advances in embedded sensors, computaiondation, damage detection algorithms,
as well as prognostics and health management (Rétd offer new opportunities to monitor
and assess structural performance margins. Alotlgthese advances have come corresponding
challenges in providing accurate SHM and PHM assents to decision makers who must act
on this information. Three recent examples of Ssigtems at Sandia will be presented that
demonstrate many of the current and future chadlerigced in the field of structural health
monitoring.
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ABSTRACT

During a disaster rescue mission, first respondeck)ding firefighters, face significant risks
because of uncertainties involving the collapsstofctural components. The goal of this study
is to develop a structural integrity monitoring t&ya which is capable of detecting an imminent
structure collapse caused by explosive attackafidé. In this paper, the mechanical, thermal,
and dynamic behavior of simply supported wood dachenum beams subject to both static and
thermal loads until failure are presented. Fourddasi Firewood beams and four 6061-T6
aluminum beams were tested. The test plan was ateth\by firefighters’ experiences that a
noticeable level of wall, floor, or roof displacemiend vibration happened before a structural
collapse. This implies that an incipient structwallapse could be detected by monitoring the
dynamic characteristics of the structural systehe fest results from real-time dynamic
measurements presented in this paper verify trasrvhation.

INTRODUCTION

A building may collapse suddenly when it is subjecan abrupt change in the environment
caused by, for instance, explosive attacks accoiegday fire. Structural collapse is one of the
prime concerns during a rescue mission. First med@s including firefighters face significant
risk of injury or fatality when they enter the liiilg to save disaster victims or to put out
remaining pockets of fire. According to statistidata, structure collapse accounts for the
maximum number of casualties among firefightersgisand Foley, 1996). First responders face
significant risks because of uncertainties invagvaollapse of structural components. The
development of a structural integrity monitoring®m capable of detecting imminent structural
collapse would benefit tremendously the rescueieeisommunity. Structural and system
integrity monitoring is also of vital importance nmany other applications. It can alleviate the
risk of loss of life through the detection of stiwal damage soon enough to allow repair and
prevent catastrophic failure. The technology dewetbwill not only reduce the loss of
firefighters’ lives but will also be applied to nenous industries.

One important aspect of developing such a strulcintegrity monitoring system is to

understand the structural behavior of buildinggettlto fire. The current practice in designing
buildings for fire is based on fire resistancengsi as specified in the ASTM E119 Standard
(1989). This practice does not represent the astuattural performance during a real fire. It
does not take into account temperature distribstiogstraints against thermal expansion, system
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deformation, local failure, redistribution of monmeasistance, etc. The behaviors of structural
members, such as beams, columns, slabs, or coomgatinder elevated temperature were
studied by Liu (1999), Ma and Makelainen (2000)Ikgli(1999), Olawale and Plank (1988), Poh
and Bennetts (1995), Sakumoto (1999), and Sha §188&leling and response predictions of
entire frames or buildings in fire were studiedBaijley (1998), Bresler and Iding (1980), Iding
and Bresler (1984), and Saab and Nethercot (1991).

Another important aspect for developing the stmadtintegrity monitoring system is to explore
the existing nondestructive testing (NDT) techngjuossible NDT techniques for the
monitoring system for firefighters include vibrationeasurements, ultrasonic techniques,
infrared monitoring, acoustic emissions, magnewasurements, strain/temperature
measurements, large displacement monitoring, videnitoring, etc. Most of these techniques
can only be applied to damage detection in a lacgd, such as in a beam or a slab, except for
the vibration measurements (Stubbs and Diaz, 1I®¢#)amics-based Vibration measurement
methods have been applied to damage detectionamtition assessment of full-scale structural
systems with varying levels of success. Kim andB$y(1995) presented a damage detection
algorithm based on changes in a few mode shafdesdte and estimate the severity of damage
in a 90-foot high offshore jacket steel platformusture. Stubbs and Diaz (1994) evaluated the
impact of quality function deployment (QFD) utiltkazn on the development of a dynamics-
based nondestructive damage detection algorithradayspace structures. Chan et al. (1995)
formulated an improved condensation method fordiete of local damage in terms of story-
stiffness reduction due to damage of columns irtistaty frame buildings. Brownjohn and Xia
(2000) investigated the assessment of the Safki Bidge, a 328-foot curved cable-stayed
landmark bridge in Singapore, via model updatingriprove the numerical predictions of the
results. These papers indicate that vibration nreasent methods could be applied to full-scale
structural systems for damage detection.

To achieve the goal of developing the structurtagnity monitoring system, we first studied the
mechanical, thermal, and dynamical behavior of §irappported wood and aluminum beams
subject to both static and thermal loads untilf&l Douglas Fir wood beams and 6061-T6
aluminum beams were tested. The test plan was ateth\by firefighters’ experiences that a
noticeable level of wall, floor, or roof displacemie@nd vibration occurs prior to a structural
collapse. This implies that an incipient structwallapse due to fire damage could be detected
by monitoring the dynamic characteristics of theatiural system using a vibration modal
analysis method.

In this paper, the structural integrity monitorsystem to be developed is described first. The
experimental setup and the test results includisglacements, strains, temperatures, and
dynamic measurements of the aluminum and wood beagrnhen presented.

STRUCTURAL INTEGRITY MONITORING SYSTEM

The structural integrity monitoring system to beealeped is essentially an early warning system
for disaster rescuers that detects structural danmaiyiced and provides an indication of
imminent collapse of a building. The conceptuaigiesf the system is described as following.
Sensors are installed inside or outside the bigldimd send signals continuously to the receiver
in the mobile monitoring center deployed near ttens. The central computer unit in the mobile
center analyzes the signals and judges if anygbahe building is about to collapse. In case

Stabilization of Buildings Workshop Proceedings 105 of 309



something critical is detected, the warning modhutats emergency warning signals to the
receiver carried by each rescuer. An alternatite Isave each rescuer carry a sensor and a
portable monitoring unit. As soon as the unit seraseritical condition in the area near the
rescuer, warning beep sounds will go off to sigaakvacuation.

The requirements for the monitoring system arelsvws: 1) The system is able to determine if
a structure component is about to collapse an@ ig&uning to the rescuers with sufficient time
to evacuate. 2) The system must have a mobile diepdoyment capability that can be set up
quickly and easily at a disaster scene. 3) Semsass$ be able to withstand extremely harsh
environments, such as elevated temperatures, gasies, intensive interference of signals due to
various noises, and low visibility due to smokeSnals from sensors should be gathered
wirelessly rather than using cables. 5) The moimitgpsystem has to rely completely on the
measurements taken during an incident since ibtigractical to have measurements on all
buildings in good condition to provide a referede¢abase due to a huge number of existing
buildings involved. 6) The system must be ableanduct real-time measurements as well as
instant analysis and judgment on the spot.

EXPERIMENTAL PLAN

During a fire caused by an explosive attack, the o&deterioration in material strength and
stiffness increases with an increase in the tenmypexalt is expected that this rate of change in
structural stiffness prior to collapse would beidagnough to cause a dynamic-like action
leading to structural vibrations. Some firefighteesre reported that they experienced a
noticeable level of vibration before the onsetalfapse. This implies that an incipient collapse
of a structure due to fire damage may be detegteddnitoring the dynamic characteristics of
the structural system using a vibration modal agialgnethod.

A test plan was designed to verify this observasiod to better understand the structural
behavior under elevated temperatures. The mainogarpf the test plan is to study: 1. the
structural behavior subject to fire, 2. the rateleterioration, 3. if noticeable changes in respons
and vibration exist before collapse, and 4. thengnof collapse. Two series of tests on
aluminum and wood beams were conducted. The &sstseries was to apply a concentrated
static load at midspan of simply supported beanstap increases until the failure occurred.
Strains and displacements were measured. Acoustgsin technique was used to monitor
intensity of “popping” during the first several lmedests, but was discontinued because not
much acoustic activity was observed. Natural fregies and mode shapes were also acquired
using an accelerometer. The entire progress destavas recorded using video monitoring. In
another test series, loading at approximately atietihe beam capacity was applied first, and the
test article was then heated at midspan usinglaegs until the failure occurred. In addition to
the measurements taken in the first test seriegdeatures at various locations along the beam
were measured as well using thermocouples.

To facilitate the vibration measurements, natuerjdiencies and mode shapes of the first several
lower modes of vibration were computed numericb#jore the test using a finite element
program. The material properties are assumed lielaatic and isotropic for the analysis. Only
bending modes in the vertical direction are consideThe loading point at midspan is assumed
constrained in the vertical direction because tleling head is applied at that location. The
calculated natural frequencies and mode shapeshaven in Figure 1. These results give us the
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information about the frequency range for the mesment and the information about the node

point locations of each mode where vibration measnts, or points of impact, shall not be

taken so as to prevent from missing that mode shape

Mfode shapes

IMznuoa!l Frequencies (Hz)

i Wond

Figure 1: M ode shapes and natural frequencies from finite element analysis

EXECUTION OF THE EXPERIMENTAL PLAN

A total of eight articles, four aluminum alloy (6D4 6) beams and four wood (Douglas Fir)
beams, were tested based on the test plan desanibesl previous section. The wood beams
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were carefully filtered to ensure that “clear” gjtd-grained samples without knots, cross grain,
and splits were selected. A list of the represamahaterial properties of the tested articles is

presented in Table 1.

Table 1: Material propertiesof tested articles

Aluminum Alloy 6061-T6

Modulus of elasticity, E

10.0x106 8.0x106

psi at ambient psi at 508

Poisson's ratioy

0.33

Density,p Coefficient of thermal 0.098 13.1x10-6 Ib/in3
expansiong inch/inchfF at 68 to 21%F
Specific heat, c 0.214 Btu/lb/°F at 68F
Thermal conductivity, K 96.5 Btu/ft/hr/°F
Tensile strengthg 45.0 ksi (yield)

40.0 ksi (ultimate) at 79

Wood, Douglas Fir

Modulus of elasticity, E 1.49t0 1.95 x 106 psi
Modulus of rupture 11,900 to 12,400 psi
Specific gravity 0.45

Tensile strength 15,600 psi
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The experimental investigation was so plannedriwite the conditions of a structure being
exposed to extremely high heat. Figures 2 and & $he test configuration and apparatus’ setup
of the experiment. The beams were supported sathhby are free to rotate about a transverse
axis, and (free to) expand in any direction. Eaticla spanned 40 inches between supports,
with cross-sections measured 1” x 1-7/16” (widthexght) for the wood beams and 1” x 2” for
the aluminum beams. Measurements were taken atglocations to monitor the displacement,
strain and temperature profiles, and the dynansiparese of the tested beam. Strain gauges of
type wk-13-250BG-350, designed to withstand a maxmtemperature of 788, and twelve
Omega-SAl, type E thermal couples were mounteth@héam surface for the measurements.
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Figure 2: Test configurations for wood beam and Aluminum beam tests. (A) L ocations of

thermal couples and excitation pointsfor dynamic measurement; (b) Strain page locations

The tests were performed on a SATEC-K120 loadinghame. First, a static load of 140 Ibs,
which is approximately one half of the ultimatessiyth of the wood beams, was applied at mid-
span of the simply supported article. While theisiaad was kept constant for the duration of
the test, a thermal load was applied from the botid each beam in the mid-span region at a
rate of approximate 26&/min until the beam failed. Two 6.5-inch heat langenerating a
maximum total heat output of 700 watts were utdize create the thermal effects. As the
temperature in the wood beam increased, physicalgpties of the beam changed in the forms
from reduction in modulus of elasticity (E) to retian in yielding and ultimate strengthsy(
andou). As a result, although the static load rematnechanged, the beam eventually failed due
to the deterioration of material when the temperataached a certain level.
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Figure 3: Photos of test setup of wood and aluminum beams

Static loads with higher magnitude were appliethtoaluminum beams. The loads were 2000
Ib, 3000 Ib, and 3250 Ib, representing approxinyab@Plo, 75%, and 80%, of the beams’ ultimate
load capacity, respectively. The thermal effectseneated by six 14-inch heat lamps with 500
watts each, providing a maximum total heat outp@0®0 watts. Heating lamps were so
arranged and adjusted to ensure that heat is exartbe bottom face and conducted upward
through the height of the beam. Other measures alsoetaken to reduce the heat radiation to
the surrounding air.

In case of each of the tested beams, small impaats applied at every 8B temperature
increment for dynamic measurements. A singular lgamous impulse was generated using a
modal impact hammer at four locations along theybaa shown in Figure 2(a). The impact
locations were selected to be away from node ptinpsevent from missing that mode shape.
The dynamic response to the excitation was acqaineldrecorded. A single-axis ICP354B17
accelerometer was mounted on the tested memblee aatne location where the first left impact
was exerted to obtain and then deliver dynamic ttagaStructural Dynamic Analyzer (SDA),
which recorded and processed the input and ouigodls. A Hewlette Parker HP3566A
Analyzer, along with data acquisition software, @AX, developed by LMS International, Inc.
(Belgium) served the purposes. The arrangememusfimpact locations with one accelerometer
taking measurements at one location is equivatehaiving one impact location with
measurements at four different locations. Durirgriodal testing, the average of three impacts
was taken at each excitation point to minimizeefiects of random noises. In addition to
acquiring the frequency response functions (FR#I, time accelerometer response was
recorded on magnetic tape using a Sony-PC116 mstitation Cassette Recorder. The entire
test process was also recorded on VHS tapes ugtif] &0 video camera.

DISPLACEMENT, STRAIN, AND TEMPERATURE MEASUREMENTS

Two typical sets of results data, one from the wbedm test and the other from the aluminum
beam test, are presented in Figures 4 and 5. \\dmepetrature in the wood beams, in most cases,
was raised to 256 or above, the member exhibited sudden and obvaluse. As observed in
Figure 6, failure occurred in forms of separatiémhe wood fibers or physical “fracturing” of

the fibers. With an average modulus of rupturey0@0 psi at ambient temperature, the beams
were expected to be able to withstand a transveaskof 280 Ibs at midspan. Being a natural
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material, variation in properties is common in wasen for clear and homogeneous samples.
The mechanical properties of timber depend highlyt® natural characteristics such as grain

arrangement and sizes, moisture level, age, chéomogents etc. Thus the amount of heat
required to cause failure varied noticeably betwiderfour tested beams. Because wood is

considered as a poor heat-conduction material,theagfer along the longitudinal direction of
the beam is limited. Thermal effects were concéatravithin a localized area near the center
portion directly above the heat source. A summath® final temperature profile of the wood

beams at failure is illustrated in Figure 7.

Figure 4: Typical result data
from wood beam tests (test #4)
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Figure5: Typical result data
from aluminum beam tests

(test #3)

Figure 6: Photos of failed wood and aluminum beams
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Figure7: Summary of thefinal temperature profile of the wood beams at failure

It can be seen from the load versus displacemewesun Figure 4 that the wood beam appeared
to have a sudden failure when the temperature (Wi88)raised to about 27 At this point,

the midspan deflection started to increase rapittys can also be seen clearly from the time
versus displacement curve Figure 4 that the disptent rate increased to a much higher value
at the time of about 50 minutes. Unlike the woodrbs, aluminum beams experienced large
deformation rather than sudden fracture when timpéeature was raised (see Figure 6). The
tests were stopped when the deflection at midspaaah beam reached 3.5 inches to prevent
possible equipment damage.

After a static load of 2500 Ib and 3000 Ib was &gapto the first and second aluminum beams,
respectively, the temperature was then increasdabth cases, the static loads were increased at
the end to bring the beams to failure (i.e., migspaflection reached 3.5”) because the heating
device setup could not heat up the beam to a mghgh level. The static load applied at the
beginning of the test on the third beam was ina@eas 3250 Ib and the heat lamps were
rearranged. When temperature in the top centeiosett the beam exceeded about 49Ghe
member started to deflect at a rapid rate. Becatiseat dissipation to the air, a localized area
with high concentration of heat was formed in eatthe aluminum beams directly over the
thermal input. This high temperature region is slore bigger compared to that of the wood
beams. As the temperature was increased beyorid500ee thermal couples experienced
minor separation from the member surface. As dtréemperature measured at these locations
does not reflect the true condition. Comparisorts Wata from similar locations were made to
provide the best estimations. A summary of thel iemperature profile of the tested beams at
failure is shown in Figure 8.
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Figure 8: Temperature Contour of aluminum beamsat failure (a) test #1,
(b) test #2 (c) test #3 and (d) test #4
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DYNAMIC MEASUREMENTS

The dynamic measurements were taken at ambienetatype and beyond that, at 50°F
increments. One typical set of result data at it6 ®hd FRF formats is presented in Figures 9
and 10. In each measurement, five dominant modebiEtion were identified. Frequencies
corresponding to these mode shapes are shown la Zamnd Figures 11 and 12. During the test,
the load head was moved to maintain the static do@dtant when the beam material was
weakened by an increase in the temperature. Thement of the load head might somehow
affect the pattern of frequency changes. Tabled®?Fagure 12 show that the natural frequency
had little or no fluctuations at the first modevddration, regardless of the changes in
temperature. At other modes, natural frequencibgégd a consistent declination as the
temperature was raised. However, the appearartte oiode shapes remained unchanged until
the last measurement, when the temperature re2&@E beyond ambient the ambient
temperature. It was the approximate temperatui@ded before the beam fractured due to the
combined effects of static load and thermal loadht first and second low frequency modes,
each mode shape was split into two. As a resudt,t@w mode shapes with similar magnitudes
as their neighboring modes had formed. As for igadr frequency mode shapes, a new peak
was appearing at the end of the fifth mode. The mexde had a frequency of 1450 Hz, although
its magnitude was not as large as the neighbormeg o

Wood is a layered, highly non-isotropic materias. ifwas approaching failure, although an
obvious fracture was not yet observed, it's reablento suspect that local damages in some of
the fibers already occurred at a smaller scale.aim@rmal appearance of the mode shapes
could have been the result of such characteridickrge displacements, the boundary
conditions of the beam were affected by beam anatat the two end supports. Changes in
boundary conditions cause changes in the strudtifidess and thus trigger changes in the
natural frequencies and the mode shapes. Furthestigation of the frequency change and the
change of mode shapes due to damages should mdaaut to study the failure mechanism and
timing in a greater depth. Wood performed poorlgamducting both heat and vibratory waves.
When excited from one end of the beam, signal wasible to be transmitted through the fibers
to the other end. It would start to fade near npdrs where the second constraint of movement
was located. This was especially true when asstiatth high frequencies (from mode 3 and
after). Waveforms in the second half of the beamewearly unrecognizable.

{d) (e} 43

Figure 9: Complex MIF of wood beam 1 at different temperatures beyond ambient:
(a) ambient, (b) 50°F, (c) 100°F, (d) 150°F, (€) 200°F, and (f) 250°F
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Table 2: Dynamic measurement of wood beam #1 in elevated temperatures
(a) natural frequencies; (b) dampingratio

(a)
M ode of Load = 1401b, Load = 1401b, Load = 1401b, Load = 1401b, Load = 1401b, Load = 1401b,
Vibration | Room Temp. Temp.=50F Temp.=100F | Temp.=150F | Temp.=200F | Temp.=250F
Frequency (Hz) Frequency (H2) Frequency (Hz) Feaqy (Hz) Frequency (Hz Frequency (Hg)
1 291 290 287 289 289 287
2 457 450 436 439 432 419
3 1077 1077 1057 1063 1058 1047
4 1148 1153 1133 1133 1132 1136
5 1249 1249 1229 1246 1233 1211
(b)
M ode of Load = 1401b, Load = 1401b, Load = 1401b, Load = 1401b, Load = 1401b, Load = 1401b,
Vibration Room Temp. 50 F above 100 F above 150 F above 200 F above 250 F above
Damping (%) Damping (%) Damping (%) Damping (% nipang (%) Damping (%)
1 1.782 1.476 1.712 1.688 1.736 2.473
2 1.361 1.556 1.912 1.637 2.011 3.539
3 2.196 2.570 1.658 1.636 1.728 1.956
4 1.283 1.319 0.691 0.805 0.781 0.261
5 1.803 1.686 2.079 1.813 1.927 2.402
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Figure 10: Frequency response functions of wood beam 1 before any loading,
and at static load at midspan = 140 |b and temperatures beyond ambient = 0°F, 100°F,
150°F, 200°F, and 250°F
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Temperature-Matural Frequency

Temp. Increases Beyond Ambient (deg. F)
Figure 11: Typical mode shapes of dynamic Figure 12: Decreasing of natural
vibration of wood beam (beam 1), at frequencies with respect to raising
temperature = 150°F beyond ambient; temperature (wood beam 1)

static load at midspan =1401b

REAL TIME ACCELEROMETER MEASUREMENTS

The real time accelerometer response is one ahtjer focuses of this study because it
provides information as to whether noticeable \ibres caused by the temperature increase can
be detected before the beams fail. Close exammafithe accelerometer responses on magnetic
tape showed a clear pattern of vibrations in thedvoeams prior to their collapse. As shown in
Figure 13, the big surges between the 240th seapddhe 420th second, counted from the start
of the real-time recording, correspond to the testimer impacts applied to the beam. Small
surges in vibration occurred throughout the tedtlzacame more frequent as the beam
approached failure. From the 725th second, the Is@mwed seismic-like behavior with
nonuniform magnitudes, possibly caused by rapidatdyy movement. At the 740th second, a
sudden spike with a magnitude of 0.4 was recor@liy. five seconds later, a second surge with
a magnitude of 1.9 occurred. No external hammeaahwas applied during this time period.
Each of these surges likely represents the fadfiame or more wood fibers in the beam. To
better understand what happened, the displacerhentspan versus time curve is also shown
in Figure 13. It can be seen that the spikes a74l¢h second and the 795th second correspond
to increases in the rate of displacement. Theeteded at about 830 seconds, when the beam
failed. This indicates that a self-vibration caubgdemperature rise can be detected before
beam failure. The detected spikes at the 740ttv86th second gave warnings preceding the
collapse.
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Figure 13: Real-time dynamic response record of wood beam #4. Top: Real time dynamic
response; Center: Displacement vs. Time (from beginning of real-time recording) curve;
Bottom: Time scale (from beginning of load test)

CONCLUSIONS

This research studied the mechanical, thermaldgndmic behaviors of structures under
elevated temperature. A particular focus was tdystiustructural collapse caused by fire could

be detected ahead of time using dynamics-basedunasasnt methods. The results form the
tests on simply supported wood beams show thdteatemperature rises, the natural frequencies
decrease and the mode shapes alter. The real¢reéerometer responses show that self-
vibrations can be detected before the beams failrasult of high temperature. These results
evidently indicate that structure collapse duardamage can be detected by monitoring the
dynamic characteristics of the structure system.

ACKNOWLEDGMENTS

The authors acknowledge financial support from NAB&shall Space Flight Center. Special
thanks to Dr. Michael L. Tinker, Mr. Marc Verhadés. Kathy Kappus, Mr. Houston Hammac,
Mr. Jason Huddleston and Mr. Russel Parks for ggaports in conducting the experiments.

Stabilization of Buildings Workshop Proceedings 115 of 309



REFERENCES

ASTM E119-89 (1989), “Standard Test Method for Hiests of Building Construction and
Materials.”

Bailey, C. G. (1998), “Development of Computer $afte to Simulate the Structural Behavior of
Steel-Framed Buildings in Fire,” Computers & Stuues, Vol.67, pp.421-438.

Bresler, B., Iding, R. (1980), “Response of Stadgldings to Fire,” Preprint 80-595, ASCE
Convention, Florida.

Brownjohn, J. M. W., Xia, P.-Q. (2000), “Dynamic #&ssment of Curved Cable-Stayed Bridge by
Model Updating,” ASCE Journal of Structural Engirieg, Vol. 126, No. 2, pp. 252-260.

Chan, G. K., Lin, M. S., Balendra, T. (1995), “DayadDetection of Buildings: Numerical and
Experimental Studies,” ASCE Journal of StructunadiBeering, Vol. 121, N8, pp. 1155-
1160.

Iding, R., Bresler, B. (1984), “Prediction of FResponse of Buildings Using Finite Element
Methods,” Proceedings of the Third Conference om@ding in Civil Engineering, San
Diego, CA, pp. 213-222.

Isner, M. S., Foley, S. N. (1996), “Carpet Store k1 Branford, Connecticut,” Fire Investigation
Report, National Fire Protection Association, QyjridA.

Kim, J.-T., Stubbs, N. (1995), “Damage Detectio®@ifshore Jacket Structures from Limited Modal
Information,” International J. of Offshore & Polang., V.5, N1, pp.58-66.

Liu, T. C. H. (1999), “Moment-Rotation-Temperat@haracteristics of Steel/Composite
Connections,” ASCE Journal of Structural Enginegeriviol. 125, No. 10, pp. 1188-1197.

Ma, Z., Makelainen, P. (2000), “Behavior of Compe4&lim Floor Structures in Fire,” ASCE
Journal of Structural Engineering, Vol. 126, Nop@, 830- 837.

Milke, J. A. (1999), “Analytical Methods to EvaleaFire Resistance of Structural Members,” ASCE
Journal of Structural Engineering, Vol. 125, No, 4. 1179-1187.

Olawale, A. O., Plank, R. J. (1988), “The Collapsmlysis of Steel Columns in Fire Using a Finite
Strip Method,” International Journal for Numeridad¢thods in Engineering, Vol. 26, pp.
2755-2764.

Poh, K. W., Bennetts, I. D. (1995), “Analysis ofi&tural Members Under Elevated Temperature
Conditions,” ASCE J. of Structural Engineering,1\21, No. 4, pp. 664-675.

Saab, H. A., Nethercot, D. A. (1991), “Modeling 8&terame Behavior Under Fire Conditions,”
Engineering Structures, Vol. 13, pp. 371-382.

Sakumoto, Y. (1999), “Research on New Fire-Praiadtlaterials and Fire-Safe Design,” ASCE
Journal of Structural Engineering, Vol. 125, No, AR 1415-1422.

Sha, W. (1998), “Fire Resistance of Floors Congtdiwith Fire-Resistant Steels,” ASCE Journal of
Structural Engineering, Vol. 124, No. 6, pp.664-670

Stubbs, N., Diaz, M. (1994), “Impact of QFD Ultilizan in the Development of a Nondestructive
Damage Detection System for Aerospace Structurgs,]). of Materials and Product
Technology, Vol. 9, Nos. 1/2/3, pp. 3-22.

Stabilization of Buildings Workshop Proceedings 116 of 309



Shoring Stabilization of Buildingsin an Urban Search &
Rescue Environment

Michael G. Barker, PhD, PE, University of Wyomihgramie, WY
John O’Connell, Rescue Engineering Systems, Nevk, Y
Tom C. Clark, PE, lIronwood Engineering Co, OaklaD4,
Tom R. Niedernhofer, PE, US&R Program Manager, WRWCorps of Engineers, San
Francisco, CA
David J. Hammond, SE, Structures Sub-group ChatSBEMA US&R Program

ABSTRACT

At a collapsed building incident, search and resiperations necessitate quick action if
survivors are to be extricated from the structti@wever, these operations must be conducted
while managing the risk to the rescuers themseRescue trained engineers (Structures
Specialists) have the knowledge and capabilitystess the damaged structure and recommend
hazard mitigation plans to reduce the risk to resxulhere are several mitigation methods
(Avoid, Remove, Minimize Exposure, Monitor, and &joavailable to manage the risk. This
paper presents an overview of building assessnmehirgtigation methods that are part of the
Department of Homeland Security Federal Emergenagpddement Agency’s Urban Search &
Rescue program. Building stabilization using emeecgeshoring is emphasized and effective
shoring techniques, objectives of shoring, and expntal testing of shoring systems are
presented.

INTRODUCTION

Emergency shoring used in urban search and rescigents is defined as the temporary
stabilization or re-support of damaged structurahhers or systems subject to continued
movement or collapse. The shoring support is ag@genecessary to only a section of, or
structural element of, or a part of the compromistedcture. Shoring is used in order to provide
a safer and more efficient working environment wilubnducting trapped victim search and
rescue operations. If hazards exist that cannotibgated by other means (i.e., avoidance,
minimizing exposure, or removal), then shoring barused to reduce the risk environment for
the collapse incident’s victims, as well as thdagude trained rescue forces.

This paper describes the building stabilizationrstgptechniques used in the Department of
Homeland Security Federal Emergency Management @gernban Search & Rescue
(DHS/FEMA US&R) program. The Structures Speciglisscue trained engineer) on the
DHS/FEMA US&R Task Force is responsible for recomdirg appropriate mitigation methods
for reduced risk rescue operations. Through the Aty Corps of Engineers Urban Search &
Rescue Structures Specialist training programgirgintechniques and the physical testing of
shoring systems has resulted in standard shorisigrtieand shoring design capacities for
building stabilization in collapse incidents.
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ASSESSING THE STRUCTURE, MANAGING THE RISK, AND
MITIGATING THE HAZARDS

When confronted with a structural collapse incidemny issues and concerns must be assessed
when developing a rescue operations plan. The thres Specialist (engineer) assisting at the
site is concerned primarily with how extensive tdlapse is, what caused the collapse, type of
construction, including floor system, redundancsg daoctility, age of the structure, fire damage

or other material damage, and the possibility afitawhal loading such as wind and rain,
aftershocks, or secondary explosions. The res@i¢he site are focused on locating and
extricating victims trapped in the building. Thacae operation’s objective is to expedite rescue
of victims while reducing the risk to victims argscuers to an acceptable level.

To effectively implement the rescue operation pthere are several options available to reduce
risk and expedite rescue of victims. Generally,file main options are to AVOID, REMOVE,
MINIMIZE EXPOSURE, MONITOR, and SHORE the hazards.

Avoid the Hazard

Avoiding the hazard is just as it sounds. If thereo immediate need to be in a specific
dangerous area, that area is cordoned off andmpezkdo not enter. An example would be to
cordon off the front of a building where there d@dlapse debris that could slough off the building
or a parapet that is subject to falling.

Remove the Hazar d

Removing a hazard is also like it sounds. One @fhtost dangerous situations for rescuers is
falling debris or objects from overhead. Thus, &noving the object, the hazard is removed.
Another example is a leaning non-load-bearing wall leaning brick chimney. After
consideration of the effects, the wall or chimnay be pulled down, removing the fall shadow
hazard in the operation’s area.

Minimize Exposureto the Hazard

When time is critical, or other hazard reductiortmels are not justified, the risk can be reduced
by minimizing exposure of personnel to a dangesayesa. For instance, if a large building is
racked laterally, shoring that building would regumuch time, effort, and materials. If there are
live victims in the structure, rescuers can mingriaze number of personnel in the building, the
time in the building and the higher risk areashia building. Another example is if there is a
victim trapped in a building and the time for es#ttion is estimated to be short. Then the time
required to shore the building does not justify shert exposure time for the rescuers to extricate
the victim.

M onitor the Hazard

Monitoring the time-dependent movement of a stmecs operations continue comes in many
forms, including using surveying equipment to monhuilding movements, strain gauge
indicators to monitor crack widths, digital levétsmonitor plumbness or rotations of walls or
components, wireless rotation sensors for monigpd@ngerous areas, and others. Monitoring
can be used to track global building movement, elgmr component movement, debris field
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movement, or very localized area deformations. Mwimg can be used independent or in
conjunction with other forms of hazard reductiortimels. Monitoring is usually quick to set up
and does not require significant resources.

Shorethe Hazard

The most costly in terms of personnel resourcesgmadresources, and time resources, and the
main topic of this paper, is mitigating the hazhydstabilizing the structure with shoring. When
there is considerable risk to rescue personnett@descuers will need to work in the high risk
area for a significant amount of time, shoring Biadtion of the structure is warranted.

OBJECTIVES OF RESCUE SHORING OPERATIONS

The main and paramount objective of emergency imgjldhores is to properly maintain the
existing strength and integrity of any and all stamally damaged or unstable elements; such as,
but not limited to, beams, joists, girders, colujrarshes, headers, and bearing walls. This is
accomplished by using shoring to properly and ¢iffety “receive and collect” the potentially
unstabilizing collapse loads and “transmit andistrbute” these loads to a safer load path
through the remaining structure. Figure 1 illustsathis load transfer. Loads tend to gather in
specific local areas after a collapse, causingaayheoncentrated load effect, overstressing the
existing local structural elements, and must besfieared eventually to stable ground. For
instance, this is common when interiors of buildilogr systems collapse onto lower floors.
Voids (cantilever, lean-to, V-shaped, and A-framedls) are created in the collapse areas that
may contain live victims. The collapse patternateeconcentrated loads on the lower floors.

Collect Load

Requirements for Effective Shoring
Adjustability

Positive Connections

Lateral Bracing

Ductility

Warning of Overload

Distribute Load

Figure 1: Vertical Shore Principlesand Characteristics

Depending on the type of structure, these loaddeanansferred or distributed to structural
elements in the remaining part of the building @& sound and capable of handling the
additional collapse caused loads. Another typeudéling damage that creates hazards to the
victims and rescue personnel is lateral drift ehednts or floor stories. Here, lateral shoring
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systems are used with the same objective of re@decollect the load and transfer or distribute
this load to a safer load path through the remgistnucture and eventually to the ground.

CHARACTERISTICSOF EFFECTIVE SHORING

Unlike simple gravity shoring typically used in tbenstruction industry, emergency building
shores must be constructed as a robust systemeambldto withstand uncertain load and
deformation demands. The possibility of secondanyrogressive collapse is a primary concern
during any structural collapse rescue operatioe démands placed on the shoring and the
potential risk to the victims and rescuers reqsirering systems that are stable and ductile in
their performance. An additional crucial requiremfmn emergency shoring is that it provides a
warning system that clearly indicates when theisgatself is overloaded (an overload fuse).

Figure 2 illustrates a vertical shore that meegsréguirements for stability and ductility with a
warning fuse to notify of danger in the case obaerload. A top header beam collects the load
from above, vertical posts transfer the load dowawand the bottom sole plate distributes the
concentrated loads to the underlying supportingaser Each one or these items is important for
the success of the shoring system. The key to sh®te collect the loads from a damaged area,
funnel it through the post system, and distribbeelbad to the ground or other suitable structural
elements. The posts are “fit-up” between the hebdams and sole plates during erection using
wedges as shown in Figure 2.

Figure 2: Vertical 3-Dimensional Laced Post Shore

One form of stability is directly related to thelwaced length of the post columns. To prevent
buckling of the posts, the length to width rati@sld be no more than 50 and ideally should be
limited to 25 if possible. Limiting to this slend®rss ensures that the posts do not buckle before
the ultimate strength of the shore is obtained.sThateral bracing is required for the posts in
both directions to reduce the unbraced length awshin Figure 2.
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However, there are additional demands on emergemmyng that must be considered that are
not prevalent in construction type shoring. Sirfeer ¢ is a possibility of secondary or
progressive collapse, there is also the possilafitateral load or deformation demands on the
vertical shores. Thus, the ideal shore should darensional in terms of width and depth in
addition to the height.

Figure 2 has four posts laced together to formwtidéh and depth that supplies the lateral
stability. If the shore is built with only two p@stas shown in Figure 3, it has the width, but not
the depth, and would be susceptible to laterahbibty if a load or deformation demand
develops in the depth direction. Thus, the shoosvshin Figure 3 is classified as a 2-
dimensional shore. In emergency shoring operat@®Bmensional shores may be installed for
rapid access, but they should be modified (by tagether with an adjacent 2-dimensional
shore) into 3-dimensional shores as operationsraont

2 x4, 3-16d ea.end

SOLE PLATE

Figure 3: Vertical 2-Dimensional Two-Post Shore

Ductility in the shore is achieved by the failurede at the ultimate strength of the shore. The
posts are in compression parallel to the graimefwood. However, the post compressive load
transfers to the header beam, sole plate and wedgesompressive load perpendicular to the
grain. The perpendicular compressive strengthgisificantly lower than the parallel
compressive strength, and the failure mode is ltimate compressive strength of the header
beam, sole plate, and/or wedges. This ultimat@gtheis lower than the buckling strength of the
posts, and the failure mode is ductile with sigaifit deformation and warning. Figure 4
illustrates the failure of the header, and Figushéws the failure of the wedges at the ultimate
strength.
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Figure 4: Header Splitting at the Ultimate Strength

Figure5: Cupping of the Wedges at the Ultimate Strength

A benefit of the ductile failure mode is that is@lprovides warning when the shore is
overloaded. The cupping of the wedges and thetisgliof the header or sole beam as shown in
Figures 4 and 5 initiates when the shore is loadexpproximately one-half the ultimate
strength. Given that the design load for the sietgpically one-third of the ultimate strength,
when these indicators appear, the load on the shigreater than the design load. Thus, the
header beam, sole plate, and wedges act as ausalfaise. When the fuse indicators appear,
then appropriate action can be implemented.

Figures 1 through 5 present vertical shore systeatdateral shores also have the same
objectives, use the same general techniques andmeeas the same requirements for stability,
ductility, and a warning system. Figure 6 illustésat lateral “raker” shore. The shore is 3-
dimensional with the two independent rakers lacggther. The vertical wall plate (against the
wall) and the wedges have perpendicular to grampeessive stresses for the ductility and the
warning system.
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Figure6: Lateral 3-Dimensional Raker Shore

EXPERIMENTAL TESTING OF SHORE SYSTEM S

Through the U.S. Army Corps of Engineer’ Structusgecialist training program, shoring
systems have been tested to examine their ultistegagth capacity, the failure mode behavior,
and ductility and stability performance. As testonger the years progressed and reliable results
verified DHS/FEMA US&R shoring techniques, variaisoin the design were developed and
tested to examine alternative shoring designsniptementation. Although both vertical and
lateral shores have been tested, and lateral lopltkd to vertical shores has been tested, only
vertically loaded (gravity) vertical shore testslaasults will be discussed here to demonstrate
vertical shoring performance. Table 1 presentseberesults of 16 vertical shore tests. The
variation between the tests is the method of la¢¥xg, 2x6, or plywood).

Table 1 Vertical Laced Post Shore Tests

Shore Designation Stability Lacing Ultimate Failure L oad
LP-1 2x4 100k
LP-2 2x4 90k+

LP-11 2x4 90k+
LP-12 2x4 90k+
LP-21 2x6 110k+
LP-22 2x6 90k+
LP-24 2x4 100k+
LP-31 2x4 103k
LP-41, 61 2x4 103k
LP-51 2x4 90k
LP-32 24"Ply 103k
LP-42 12"Ply 83k
LP-52 24"Ply 100k
LP-53 24"Ply 88k
LP-62 24"Ply 115k
LP-63 24"Ply 144k

Figure 7a shows a typical laced post shore (asshowigure 2) in a vertical load testing
machine. The shore has four 4x4 posts and theglddingonals and horizontal stability bracing)
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is made of 2x4 lumber. The header and sole beaaéxdr, and sets of 2x4 wedges under each
of the posts are used to “fit-up” or pressure thers in place. Figure 7b shows an alternative
vertical laced post where the stability bracingiflg) is supplied by 24-inch wide sheets of
plywood (plywood laced post). The remainder ofghering system (header, etc.) is the same as
the typical laced post system. Both of these v@rposts are 3-dimensional, having a width (4

ft) and a depth (4 ft) along with a nominal 12 didht. Several other variations (depth, amount
of lacing bracing, amount of plywood) of 3-dimenmsadvertical shore alternatives have also
been tested to study their performance.

Figure 7a Laced Post Shore Figure 7b Plywood Laced Post &hor

Figure 7: Vertical 3-Dimensional Post Shoresin Testing Machine

According to the DHS/FEMA US&R shoring criteriafaur post 4x4 laced post has an
allowable shoring design capacity of 32 kips (8kgmst). The allowable design capacity is
limited by the compressive stresses applied thhdagler beam, sole plate or the wedges, where
the compressive stress is perpendicular to the.g@ampressive crushing of the grain is a
ductile failure mode. By careful design of the ifag;ibuckling of the posts (non-ductile) prior to
a large deformation and overload is avoided bytingithe slenderness.

The results in Table 1 show that the ultimate gftienf the laced post shore is approximately
three or more times the allowable design load okiB&. This is an appropriate level of safety
for rescue operations. However, an important bemalaspect of the laced post shore is the
ductility and the warning the shore indicates wttenshore is overloaded. Cupping of the
wedges consistently occurs around two times thggddsad. Cupping of the wedges is
demonstrated in Figure 8a. As rescue operationsnu@nand the shores are routinely re-
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checked, an indication of an overload on a shomeants attention immediately. The header and
sole beam are also indicators of overload. Figbrél@strates an overloaded header beam.
Header splitting usually occurs around two to thiees the allowable design load.

Ductility can be considered as the deflection atulimate strength. The shores typically
deflected 1.5 to 2 inches at the failure load. @éfrmation is primarily from the compressive
stresses perpendicular to the grain in the heaslmbsole plate, and wedges as demonstrated in
Figure 8.

The ultimate failure mode, after the warning indiica have developed and the ductility has been
used, is usually buckling of the posts at a wealt spch as a knot. This is shown in Figure 9.
The shoring design and implementation practicaas the warning system will alert the
Structures Specialist to the overload and apprtgpsaations will be taken.

Wedge Deformation

Header Deformation

Figure 8: Header and Wedge Deformation at the Ultimate Strength
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Figure 9: Eventual Buckling of the Posts at Failure

SUMMARY

After a building collapse, the DHS/FEMA Urban Séa&Rescue response involves the location, rescue
(extrication), and initial medical stabilization attims trapped in confined spaces. The Structures
Specialist on the team performs various structasaessments and develops mitigation plans duresgth
incident operations. The Structures Specialistumaiergone considerable training in response opeIsti
structural collapse assessment, monitoring, andrbanitigation. The training is necessary for the
Structures Specialist to have a positive contrdyutd the incident response and to ensure effeatide
proper application of mitigation measures. Shoréngne of the tools to mitigate hazards.
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ABSTRACT

At a collapsed or damaged building incident, searghrescue operations may require monitoring
of hazards to help reduce the risk to the rescdéuis.is often the case when the hazards to the
rescuers cannot be mitigated using other meansitting techniques employed by Federal
Emergency Management Agency (FEMA) Urban SearchRastue (US&R) personnel vary in
sophistication from a simple plumb to a wirelessxil tiltmeter system. The technique used by
the Rescue Trained Professional Engineer (Structipecialist) at a particular incident depends
on the type of the building and expected collaps®aliior, the anticipated length of the rescue
operation, and the anticipated timing of how theahnd will fail. This paper describes monitoring
techniques used in the FEMA US&R System.

INTRODUCTION

Monitoring the time-dependent movement of a stmecas operations continue comes in many
forms, including using surveying equipment to montuilding movements, strain gauge
indicators to monitor crack widths, digital levetsmonitor plumbness or rotations of walls or
components, wireless rotation sensors for monigodimngerous areas, and others, some as simple
as a plumb bob. Monitoring can be used to trackalbuilding movement, element or component
movement, debris field movement, or very localiaeglh movement. Monitoring can be used
independently or in conjunction with other formshazard reduction methods. To be effective
these devices must be continually read and accoeghay an effective alarm system that
activates an efficient evacuation plan. Monitorsgsually quick to set up and does not require
significant resources.

The Structures Specialist (engineer) on the Fedarargency Management Agency Urban
Search & Rescue (FEMA US&R) team is responsibledscommending appropriate mitigation
methods for reduced risk rescue operations. Throhgl).S. Army Corps of Engineers Urban
Search & Rescue Structures Specialist trainingnairog and others, mitigation techniques to
minimize rescue personnel exposure to hazardslbeam developed and refined to create a
standard among various Federal, State, and logabneling agencies. The primary methods for
minimizing the exposure to hazards is of coursedaraece and/or removal of the hazard, though in
search and rescue operations these techniquefi@menot feasible or not possible given timing or
conditions of the disaster event. In these casesjtaring the hazard to provide early warning of
failure is the only method of minimizing the risk personnel working within a hazardous
environment.
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MONITORING CONSIDERATIONS

In order to successful monitor a damaged buildimg) @rovide an adequate warning system for
US&R operations, several considerations must beeaddd prior to implementing a monitoring
plan. First, it must be determined if monitoringhgaovide the level of assurance necessary to
reduce the risk to an acceptable level. Structtinasexhibit rapid brittle failure behavior may not
provide adequate time for a warning for US&R persnregardless of the monitoring method.
Second, it must be determined how the building @dgllapse. Different buildings will have
different collapse patterns depending on theircstmal configurations and the event causing the
damage. A DHS/FEMA or USACE Structures Speciasigpecifically trained in identifying
potential collapse patterns for a wide range oliding types. Knowing the collapse pattern, it can
be determined if the movement will be primarilynsé&tional or rotational. This determination
will lead to identification of hazards that canrbhenitored and what monitoring tools will be the
most effective in capturing the movement of theandz

The Structures Specialist must first quickly viszalthe collapse mode of a suspected hazard.
This leads to further identification of what hazaekds to be monitored, why, and for how long
monitoring should continue. The direction of th@ested movement needs to be determined so
that correct displacements are monitored. One detsrmine which of the available monitoring
tools will best determine the expected movemengudar rotation can be measured using several
tools. The accurate measurement of lateral anicakttanslation will need to be carefully
planned. Safety and sightlines will probably inflae the location of the monitoring devices on
the structure. Identifying survey targets on a dgadastructure may not be possible, so finding
appropriate targets that will telegraph incipievement is critical.

MONITORING TOOLS

The monitor tools used for DHS/FEMA US&R operatimasy in their complexity and use,
depending on the type and degree of structural gamihe following tools have been used to
monitor damaged structures for changes in stability

e Engineers’ Theodolite or Total Station
e Electronic Tiltmeter System

e Electronic Level

e Laser Pointers or Level

e Plumb Bob

e Crack Measuring Device

e Other Devices

Theodolites and Total Stations

These surveying instruments have been successiely to monitor damaged structures,
including falling and collapse hazards. The ustheftheodolite, which can accurately measure
angles in both horizontal and vertical plane, legently given way to the total station, which can
measure distances in addition to angles. The stafibns that are part of the DHS/FEMA and
USACE equipment cache use a pulse laser, enalbt@nde measurement with or without a
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reflector prism or target. The ability to measweatreflectorless surface greatly reduces thetoisk
US&R personnel, as prisms or reflectors do not havse mounted on the damaged structure.

For reliable and repeatable results, it is necgdsagstablish control points, such as back sight
lines, that allow for re-setup of the instrumerttisTmay be problematic following earthquake
aftershocks, when many structures and ground sgfaave been moved and possibly disrupted.
The control points need to be secure locationsatefully visible from the monitoring location
and will not be moved during rescue operations.

The advantage of the total station over the thetedislthat it allows for the overlay of a three-
dimensional grid or coordinate system of the bagddsite. The coordinate system is set orthogonal
to the building, which allows for quick interpratat of measurements. In addition, any number of
total stations can be set up in the same coordsystem. This improves the accuracy of the
measurements and helps reduce false reports.

The total station has not been used on any maog®ent since its introduction into the FEMA
US&R system in 2006. Theodolites, which are no &reycache requirement, have been
successfully used on several major incidents, agiotythe Oklahoma City bombing and the
collapse of the World Trade Center twin towers. ldger, theodolites have often been used
poorly and without reference marks, as well asouttproper records and warning systems. As a
result, erroneous readings have caused false atarbessounded. This is, obviously, an
intolerable condition that can undermine the ceddiity of a monitoring system. The most
common cause of false readings is inadvertent ngovirthe instrument set up on a tripod. One
needs to establish effective barrier systems arthamdionitoring station.

The advantages of the total station can be sumathas:
e Observation without contacting structure
e Make distant observations
e Ability to zoom in on structure
e Observe many points from one location
The disadvantages are:
e Cost of instrument ($6,500)
e Requirement for trained operators
e Readings not always intuitive
¢ Need stable reference/control points
e May be difficult to establish post-aftershock contr

e Cannot use with full face mask

Wireless Biaxial Tiltmeter System

A Wireless Building Monitoring System (WBMS) hasgloedeveloped by Exponent (Engineering
and Scientific Consulting) for use in FEMA US&R nitmming operations. Each system consists
of four bi-directional titmeter sensors that canrbmotely read to either one of two HP iIPAQ
Pocket PC or a laptop computer. There are alsspread-spectrum receivers having a range to
1,000 feet if the signal is not obstructed by hestvyctures or metal.
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Software developed for the WBMS is set to poll esehsor at 10-second intervals. It checks the
signal for interference, and an audible ping isti&s each sensor reports good data. A lower
frequency “clunk” is heard if a sensor is not opagaproperly or turned off. The software can be
set to trigger an alarm at any preset angle chéalgan can be sounded through an earpiece). The
tiltmeters are sensitive to angle changes of Odgebs. Twelve-volt batteries provide 7 days of
continuous monitoring.

The advantages of the WBMS can be summarized as:

e Can monitor four or more locations at once

e Very accurate and can set alarm for any amountoviement

e Uses a portable receiving/alarm system

¢ Allows for remote observations (up to 1,000 ft)

e Can use with a full face mask if conditions warrant
Disadvantages of the WBMS are:

e High cost ($18,000 per full-system [2005])

¢ Need qualified, technician operator

e Need planned, periodic battery recharge system

e Need to place sensors on structure

e They have remote, 7-day, 12-volt batteries

Electronic Levels

Commercially available electronic (carpenter) Ie\ale available that are sensitive to an angle
change of 0.1 degree, with digital readout. Theylea mounted on a structure, the angle
recorded, and any subsequent change would thezaeldeby any task force member. To prevent
exposure to personnel in a hazard zone, binocafaiedescopes can be used to read the digital
readouts. The electronic levels must be mountedlyi¢tp the structure to prevent false
indications. Various mounting methods have beenl@yed such as fabricated steel mounting
angles that can either be epoxy glued or screw#uktstructures.

Most electronic levels are supplied with a batsayer feature that turns the instrument off in 5
minutes if no change in angle is sensed. This featwst be disabled if it is to be useful in US&R
monitoring applications to prevent the need to icoitusly wakeup or reset the device.

The advantages of electronic levels can be sumathaz:
e Low cost
e Long battery life (approximately 40 hours)
e Easytoread
Some of the disadvantages include:
e Not as accurate as tiltmeter

¢ Need to place on structure
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e Need to place two in each location to measure asfgdage in N-S + E-W direction
¢ Need to dedicate someone to read them—Iine of sight
e Need to modify battery saver function

Laser Levels

Laser levels may also be used to measure an angteje of about 0.1 degree. Various brands and
models are commercially available and most areively inexpensive. Both single and triple

beam (three-axis) configurations are available. tNaser levels come with magnets embedded in
their bottom surface, marking mounting easier.

To use a laser level for structural monitoringa@ét must be placed on the structure within 75
feet of the device. The target can be as simp#aX” inscribed on the structure. It is possile t
use a three-beam level with two targets to obsemeement in two directions. Battery life can be
an issue, as some models have only 12 hours ohcomis use.

The advantages of a laser level can be summarged a
e Low cost
e Easytoread
The disadvantages are:
e Not as accurate as WBMS
¢ Need to be placed on structure

¢ Need to place two targets for each location to mneaangle change in two perpendicular
directions

e Someone to read them and have the proper lingbf si

¢ Need to replace batteries

Plumb Bob

A simple plumb bob and string can be used for stoathoderate structures to determine changes
in position of one story from another, betweenaaysénd the ground, or between an upper part of
the wall and the ground. This can allow one to memand record the changes in a leaning
structure when no other device is available. A rocla string has been used when no other means
were available.

The advantages of a plumb bob are that it is inesige and simple to use. No special skills are
required. Disadvantages of the plumb bob are thestgmnel must attach the plumb bob to the
structure and constantly observe it, and thatritleaaffected by the wind.

Crack Measuring Devices

Cracks in concrete or masonry shearwalls or coaeretment frame beams can be monitored in
several ways. It is important to know if the cragke damaged building are of a constant width or
enlarging. Methods that have been used include:
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e Marking an “X” across the crack with the centertba crack. Significant lateral movement
changes can be observed.

¢ Placing folded paper in cracks or use automobi@ktiess gauges (0.004” to 0.025”) to
measure a specific location.

e Adhesive or other tape may be placed across thetimeasure change, but dusty
conditions may prevent tape from adhering. (Nedoktprepared to clean surfaces if this is
only option that is available.)

e Two parallel sticks (rulers) can be taped acrogmek with a perpendicular line being
drawn across both of them (or existing lines on tulers can be aligned). If the crack
changes width, then the originally straight linél Wwe offset.

e Plastic gauges may be placed across cracks tatedohange. (Mount with quick set
€epoxy or concrete screws.)

Note that if a structure has significant change®imperature, the cracks will change widths due
to the temperature change. The larger the strydtugdarger the change in the crack width.

Seismic Trigger Device

Available devises can be installed at the siteetess the initial primary or P waves of strong
aftershocks. Since the P waves travel at 5 km/se¢mum, and the damaging secondary or S
waves follow at approximately 3 km/sec, a warniiggal could be triggered at a building site
prior to the damaging effects of the S wave. Thacdecomes in a portable carrying case and
would need to be bolted to a solid slab/foundat@&o, somewhere near a damaged building. For
sites within 10 km of the aftershock origin, thereuld not be enough warning to be useful. For
sites over 50 km away, there would be would be tonescape to cover etc. (7 plus seconds). A
device of this type was used at a site after thed.@rieta earthquake in 1989.

Aftershock War ning System

The U.S. Geological Survey (USGS) and others has@idsed making an aftershock warning
system available to US&R Task Forces during thst fireek after an earthquake. The system uses
an array of sensors near the fault to detect &fbeks. A warning signal is relayed by repeaters to
individual pagers that will be given to each tasicé involved in rescue operations. For sites that
are about 10 km from the active fault, there wdlldnly 3 seconds warning. For sites that are 50
km away, there will be 12 seconds warning (proposlly greater warning for greater distance
from aftershock origin).

WIND SPEED MONITORS

Any monitoring operation must include the meanm&asure the wind speed. Regardless of what
caused the initial damage to the structure, tleedaforces generated by wind pressures can cause
movement or collapse to the hazard being monitdtesicrucial to the monitoring plan that the
affect of wind be fully understood, both as a hist factor over the time of the rescue operation
and as an alarm trigger prior to collapse. Varimespensive pocket devices are available and are
included in the FEMA US&R cache. More sophisticanedd meter systems may also be

available during an event. Structures Specialistggenel must be acquainted with these devices
and understand their limitations in order to prépatilize the data they provide.
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MONITORING PLAN

Effective structural monitoring requires an eststiid plan. Essential elements of that plan
include:

e Objective: what is the failure mode of concern?
e Data collection: how can potential structural moeatrbest be measured and recorded?
¢ Interpretation: what level of movement indicatepémnding collapse?

e Control/reference points: how can a monitoringistabe reestablished in the event it must
be moved or the line of site is somehow blockedndurescue operations?

e Communication: how are results of the monitorindgp¢oconveyed to those who need to
know?

e Proper documentation: how is the monitoring datemged and transferred?

e Trained monitoring personnel: what happens if the wained person performing the
monitoring is called off to perform another taskobecomes injured and can’'t continue
monitoring?

Monitoring Objective

An effective monitoring plan requires a clear deifm of purpose and understanding of the
potential failure mode of concern. The purposaf®imonitoring plan may be to provide advance
warning of impending collapse or falling debris. B® effective, monitoring must provide enough
warning to be detectable with available instrumemteand must provide that warning sufficiently
in advance of collapse or falling debris to allaw $ounding an alarm and evacuating the site.
Effective monitoring also requires understanding ribsponse of the structure to extreme loads
such as aftershocks or high wind, and rescue tief\such as debris removal and placement of
heavy equipment. While there may be no evacuatiotopol associated with this monitoring,
such monitoring can provide insight into the st&p{lor lack thereof) of the structure under
significant loading.

The potential failure mode must be well-defined anderstood. Not all potential failure modes
are amenable to effective monitoring. In generattite failure modes are good candidates for
monitoring; brittle failure modes are not. Thugkiag of a soft story in a steel moment frame is
an excellent candidate for monitoring; falling efrainforced masonry debris is not. Failure modes
amenable to effective monitoring include:

e Sideways racking of a story or structure

e Tilting of a structure

e Cantilever bending of a wall or column

e Flexure overload of beams and floor slabs
e Crushing of wedges supporting shoring

e Existing cracks in concrete
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Failure modes not amenable to effective monitomiedude:
e Shifting or sliding of an inclined debris pile
e Falling of hanging debris
e Shear failure of concrete slabs or beams
e Column buckling
e Collapse of unreinforced masonry walls during afiecks

e Buckling of slender shores and rakers

Data Collection

Effective monitoring must be quantitative, withpest to both time and magnitude of movement,
and must be documented systematically. Thus, nmeahsnethods must quantify and record data
at regular intervals. Quantification of data maietéhe form of linear or angular displacement.
One exception to strict quantification is monitgyiof the condition of shoring wedges, where
guantification may take the form of a qualitativesdription of the degree of crushing and cupping
at each location, or photographs. Undocumentedtgtred visual observations should not be
used.

Depending on the instrumentation employed, stofyudlding drifts may be measured linear
offsets (e.qg., if using a total station) or as dagmovement (e.g., if using the WBMS or Smart
level). Data should be recorded periodically, eittlectronically or on appropriate monitoring
data sheets that can be passed along to the ni¢dsspart of the hand-off process. There is much
to be learned from the long-term trend of the daal, that information will be lost unless the data
are recorded in a consistent fashion and that ddsqgrassed from one shift to the next.

Data should also be collected and recorded follgwignificant events such as aftershocks,
windstorms, shifting of debris, etc.

Data | nter pretation

Interpretation of monitoring data is the most aadling aspect of structural monitoring. In a
worst-case scenario, the Structures Specialist extspolate into the future from a limited set of
measurements and make predictions about impenditapse of a damaged structure about which
little is known of its ultimate capacity. Structumaonitoring data must also be considered in the
overall context of the structural condition of thalding and the incident.

As every structural monitoring situation is uniqtiegre are no simple rules for data interpretation.
The key to data interpretation is observing andeustainding patterns and trends. Key factors to
consider are:

e |nitial conditions
e Magnitude of movement
e Rate of movement

¢ Trend of movement: noise, cyclic, monotonic, ratititg or stepped
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e External influences associated with observed mowtsne

All movement must be considered in the contexhefinitial displaced or deformed conditions.
While monitoring data generally record deviatiora an initial zero reference, the actual
structure may have an initial displacement of ischefeet from its as-built position. Incremental
observed movement must be considered relativeetadale of the initial movement. One inch of
movement in a structure 10 feet out of plumb vikiély be of less concern than 1 inch of
movement in a column that is 2 inches out of plufitie magnitude of movement is the easiest
and most common data to collect. Whether in incregegrees, monitoring data will indicate how
much the structure has moved from its initial ctinds. For structures, such as a free-standing
unreinforced masonry wall, the tolerable magnitatimovement is relatively easy to determine.
Once the center of gravity of the wall moves owgslitk base of the wall, gravity will bring the
wall down.

The rate of movement is as important, but lessais/ithan the magnitude of movement. While
magnitude of movement will be recorded directly thte of movement will require some
processing of the data, either recording the change fixed time intervals or plotting the data as
a function of time. Generally the rate of movemailitincrease as the structure becomes more
unstable and approaches collapse.

Examining the trend of the data over time can gewnsight into the behavior of the structure
and monitoring equipment. Small, random oscillagiabout zero typically reflect “noise” in the
monitoring equipment or the effect of minor extdinduences. The simplest example is the
oscillation of a plumb bob in a light breeze.

More pronounced movements that fluctuate about @eeo a longer period of time likely reflect
structural movements associated with solar heanajcooling. An example of this movement
was the circular concrete ventilator shaft of theridh Building in Oklahoma City which

oscillated back and forth by approximately 5/8-imithiing the course of the day as the sun moved
around the shaft. Noise and cyclic movements amergdly not of concern. In contrast,
movements that increase monotonically indicate y@gjve deformation or movement and are
cause for concern, especially if the rate of movaneincreasing or approaching a point of
collapse. Ratcheting is a combination of cyclic am@hotonic movements. Ratcheting occurs
when a structure deforms under a cyclic exterrfalemce, but does not return to its starting point
when the external influence abates.

A step or abrupt change in movement can occur gdamearthquake aftershock or equipment
impact during debris removal. If the data remaabk following the step, there is generally no
cause for concern, although the condition of ptatsigtigation measures should be checked.
Note well that the most common cause of abrupt @gsim data is the result of instrumentation
being disturbed. External influences that influestectural behavior should be recorded, and
guantified if possible. When correlated with monitg data, the effect of wind, rain, aftershocks,
solar heating, debris removal activities, etc.| pribvide insight into structural behavior and, in
many cases, increase the level of understanditigeastability of the structure.

When interpreting monitoring data, it is essertbadonsider both elastic structural movements
that may be caused by thermal cycling or wind lcaslgvell as “noise” or measurement error.
Estimates of elastic structural movement from ndmenaironmental influences (wind and
temperature) are as follows:

e Concrete structure: 1/16 inch per story (0.025 eegr
e Steel structure: 2/16 inch per story (0.05 degree)
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e Wood structure: 3/16 inch per story (0.075 degree)

Note that these are rough estimates only. Elasticironmental movements in any particular
structure will depend on the type of lateral sys{érame, braced frame, shear wall) and extent of
damage to the structural system. Estimates ofunsnt noise are as follows:

e Plumb bob — for monitoring of horizontal movemdrighly vulnerable to any wind, which
will cause oscillations as well as a slight smfthe mean position of the tip. For vertical
movement, vulnerable to change of length of stdng to creep and temperature.

e Crack gauge — parallax can be an issue when re#tltkngauge, especially for small
movements and multiple observers.

e Smart level — resolution of the smart level is @efree. Instrument noise of +/- 0.1 degree
IS common.

e Laser — resolution of a laser set-up is a functibthe diameter of the beam on the target
(which may change with battery strength). “Noise’ailaser set-up is a function of
stiffness and stability of the mounting of the lase

e Total station — resolution and “noise” in surveyingtruments are dependent on
instrument quality as well as stiffness and stgbdf the tripod set-up.

e Wireless Building Monitoring System — resolutiontoé WBMS is 0.01 degree, but, due
to instrument noise, repeatable readings are ndesrtiaan 0.05 degree.

Control/Refer ence Points

It is essential that any monitoring plan includeyatem for establishing of control and reference
points to help ensure the accuracy of the monigpi@ontrol points should be visible in various
conditions and from at least two monitoring locai@to observe movements in X, Y, and Z
directions). Control points should be checked oiteorder to eliminate false reading. False
reporting will destroy the credibility of the er@imonitoring program.

Control points need to be selected for stabilittye Effect of the following need to be anticipated
and understood:

¢ Wind and temperature
e Changes caused by debris removal

e Changes in sight lines

Communication Protocols

Alert thresholds and lines of communication betwieglvidual monitors and Incident Leadership
must strike a balance between rapid notificatioarofmpending collapse and avoidance of false
alarms. Leadership should be informed when theitre moves beyond a pre-determined alert
threshold. This level of movement should be gredi@n background or noise level movements
but below the level at which collapse is of concémadership should be informed that significant
movement has been observed and monitoring staffigleontinuously monitor the structure for
additional movement. If movement exceeds a prerawted alarm threshold, evacuation should
be signaled. Depending on the circumstances, itlmeagppropriate to verify the observation or
consult amongst the Structures Specialist or ajbelified personnel and Leadership before
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signaling an evacuation. Incident Leadership magdsimple as the Task Force Leader, but often
would involve the Incident Support Team Leadersimg/or the Local Incident Commander.

Movement tolerances should be established for tatition and alarm notifications. Caution
levels might include movements that are out ofetkigected, but not large enough to warrant
evacuation. Alarm levels would include movementd telegraph impending collapse and
evacuating rescue personnel is appropriate. Exgpp@sterements due to thermal
expansion/contraction should not initiate a cautiotification.

M onitoring Documentation

It is important to note that even the most welleleped monitoring plans can lack credibility if
proper documentation techniques are not followdterCspecific time intervals for monitoring a
hazard will provide the Structures Specialist vatbyclic behavior of a monitored hazard. For
example a steel structure may translate a spetiffiance as the temperature rises and falls
through typical weather changes that occur durgsgue operations. Wind or rescue operations
may affect the movement of a tall unbraced maswail; Through proper documentation of
hazard monitoring, these movements can be incalgmbmato the alert and/or alarm
displacements. Evacuating a rescue operationaiitde disruptive and in some cases more
dangerous than working within a hazardous locatioasite is evacuated and a hazard does not
collapse into the site, credibility of the monitggiplan can be questioned. If rescue personnel do
not have faith in the monitoring plan, they may eesacuate or shelter in a hazardous location
when a true secondary collapse occurs. By undelisigutypical or expected movement of a
hazard and properly documenting that movementyplisre false alerts and evacuation alarms can
be minimized.

Trained M onitoring Per sonnel

Personnel that are adequately trained to implethentonitoring plan are critical to an effective
plan. In most cases the Task Force Structures &stsineed to focus their attention on other
tasks, such as assessment, providing aid to thaeeedfforts, mitigation design, etc. A Structures
Specialist may even need to leave the site aoparSearch and Recon Team. In past incidents,
the Incident Support Team (IST) Structures Spetiaks been able to provide monitoring support
to the Task Forces.

Trained individuals from the U.S. Army Corps of Ergers will normally be available, as part of
the IST staff, to provide monitoring as well asestBupport to individual Task Forces. Local,
Professional Land Surveyors have also been usadgment the monitoring needs at a large
incident. As a minimum, monitoring personnel should

e Be thoroughly trained in the use of monitoring toahd equipment.
e Be able to translate observed conditions into gpjate action.

e Be able to detach themselves from the rescue apesdor long periods of time.

CASE STUDIES

Monitoring has been used at many US&R events mamstin the past. The following case
studies present various circumstances where mamgtoras used to provide warning to rescue
crews working within a dangerous area. Note hovh egplies the basic tenets of monitoring;
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analyzing the behavior of a ductile object, underding the anticipated failure mode and
establishing a criterion for alarm and action.

Case Study 1: Alfred P. Murrah Building, Oklahoma City, Oklahoma

At about 0900 local time on April 19, 1995 in Oktetha City, Oklahoma, a truck exploded in
front of the Alfred P. Murrah Building. The explosinearly demolished the nine-story concrete
structure, disintegrating columns and collapsiogf down atop one another. As a result of the
explosion, a 35,000-pound block of concrete fldab $iung from the 9th floor of the badly
damaged building (Figure 1).

Figure 1: 35,000 pound concrete dab hanging from 9th floor of the Murrah Building,
Oklahoma City, OK, April 1995

As rescue and recovery operations had to occurabietiee large falling hazard, decisions had to
be made as to how to mitigate the risk to rescusop@el. After an unsuccessful attempt to
remove the hazard, the decision was made to mahikoslab for movement. A warning alarm
would be sounded if the slab was observed to sfufe than a pre-established limit of
displacement.

A theodolite was set up across from the site withlime of sight of the slab. The theodolite
enabled a Structures Specialist to zoom in on aifspéocation and detect minute movement of
the slab through a telescopic lens. The theodetite manned around the clock whenever rescue
and recovery operations were occurring.

Other points of the damaged building were monitdoganovement using a theodolite instrument.
These included the nearly free-standing cornetetlamaged buildings as well as columns left
with nearly four times the unbraced length as thlaran had been originally designed to support.
These points were selected because they providedeaall picture of the stability of the

structure.

Cyclic movement as a result of temperature, wind, i@scue operations was noted by the
Structures Specialist and soon an anticipatedmpattfebehavior was established for the damaged
structure. As operations moved from rescue to reigothe monitoring of the hazards continued
until the damaged building was completely demolishénderstanding the patterned movement
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enabled the Structures Specialist to provide centiddissessment of the risk to rescue and
recovery personnel.

Case Study 2: Worcester Cold Storage Bldg. Fire, Wor cester, M assachusetts

At approximately 1815 local time on December 3,9,98e Worcester Fire Department
responded to a building fire at an abandoned dolge warehouse (Figure 2). Arriving
firefighters initiated interior operations to sdafor occupants and extinguish the fire. While
engaged in these operations, a series of strucoltapses occurred, trapping six firefighters in
the building.

Figure 2: Unreinforced Masonry Walls of the Worcester Cold Storage Building
During Fire on December 3, 1999, Worcester, MA

The building was still burning in many locationsdaactive fire suppression efforts were ongoing
when structural engineers arrived on site. Thedkrti Commander requested an immediate
structural assessment of the remaining buildingraadmmendations on how best to breach the
exterior walls to gain access to the interior @& building. Fire and smoke limited the ability of
the structural engineers to determine the conduiatine walls.

The structural engineers determined the six-stivactire was divided into two sections separated
by an unreinforced brick firewall. The structunarhing system was heavy timber framing on cast
iron columns, with unreinforced brick masonry ekiebearing walls. The second floor was a
reinforced concrete slab on concrete encasedlstaats.

The structural engineers recommended that theiextgall be breached from the top midway
along its length and progressing down in a V-shap#dh. The engineers also recommended that
the walls be monitored using theodolites to perenbote observation of the walls. A schedule for
monitoring the exterior walls during the demolitimas established to minimize the risks
associated with carrying on search and recovelyiiées in conjunction with the needed building
demolition activities.

Four theodolite instruments were set up aroundtheture to facilitate monitoring of movement
of the exterior walls. Anticipated movement assuleof wind loads was established and

Stabilization of Buildings Workshop Proceedings 139 of 309



deflection limits were established using bondirrgregth of the unreinforced masonry. The
instrument locations were selected such that theears would have early detection of
movement and be able to alert rescuers workinginvitie hazardous fall zone.

During operations it was determined that the l@catf one of the instruments was not optimum
for determining the actual lateral movement ofiladl as a result of wind. The angle of the
instrument to the wall created an illusion of geeahovement when sited by the engineer on the
instrument. The structural engineers on site gathtr discuss the observations and quickly
discovered the actual movement of the wall.

Monitoring of the walls during recovery operatiamntinued until large movements of the wall
was detected during 40 mph wind gusts. Althoughathlk continued to move back and forth
approximately 2 inches at the top, the motion reedielastic. After a week of continuous
observation of the walls, the final firefighter&mmains were removed from the building and the
operation ended.

Case Study 3: World Trade Center Building #5, New Y ork, New Y or k

Following the collapse of the World Trade Centewé&os, the surrounding buildings that had
sustained partial damage needed to be searchesle@amber 13, 2001, a structural engineer was
tasked to detect movement of World Trade CenteldBig #5 while search operations were
occurring. The structural engineer determined timatsteel moment frame building would

collapse in a slow ductile manner and developedaitaring plan.

The nine-story steel frame building that compri®étC #5 was located adjacent to the collapsed
towers and suffered extensive damage as a redalliofy debris and fire within the structure
(Figure 3). A subway station was located beneatlstiucture with access to the station through
the building. The underground area housed manguestts and the largest Borders bookstore in
New York City.

Figure 3: Stedd Frame Building Following Collapse of the World Trade Center Towers,
September 13, 2001 New York City, New York
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A structural engineer established a monitoring alad positioned a theodolite instrument to
observe movement of a corner of the roof of stmectlihe engineer also determined what the
limit of lateral displacement would be prior to sding an evacuation alarm to cease recovery
operations. The engineer was then called to antdéls&rand left the monitoring of the structure to
another search and rescue team member familiartiattheodolite, but not as familiar with
potential errors that could occur.

Typically an engineer monitoring a structure witthaodolite uses certain cues and procedures to
ensure the observed data is accurate. Prior tadgzgian alarm that a building has moved
significantly, the engineer will quickly look atehevel bubbles of the instrument and maybe sight
a control point to ensure the instrument hasn’t @bV hese quick checks enable the engineer to
accurately discern between structure and instrumentment.

When the engineer was called off to perform anotdgk, the team member left to monitor the
structure noted movement that appeared to be gitbate the pre-established limit of expected
displacement. Rather than double check the instmtiorecontrol point data, the team member
sounded the evacuation alarm clearing rescuerstierbuilding and surrounding area. Following
the evacuation and a few awkward minutes of wajitihg engineer and the team member noted
that the theodolite instrument had been moved tjigbroviding a false displacement reading for
the structure.

The example above emphasizes the training and iexgerthat goes into monitoring a hazard
during search and rescue operations. It also pesvath example of how important full
communication is and how the second team membenuoidsilly educated of the methods to
ensure accurate reporting of data.

SUMMARY

Monitoring is only effective for failure modes wigecollapse is preceded by slow, measurable
deformation. Monitoring is not effective for faikimodes where collapse is sudden and occurs
with little or no measurable deformation. Effectimenitoring must be quantitative, documented,
and have an effective communication plan. Hazafdgiestionable stability as well as shoring,
bracing, and restraining of mitigated hazards rbesappropriately monitored. A monitoring plan
must identify the failure mode(s) considered, tleans and methods for collecting and recording
monitoring data, criteria for interpreting the déa#ert and alarm thresholds), and protocols for
communication when and if movement exceeds eshaalishresholds.
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EFFORTS OF ASCE REGARDING
BUILDING STABILIZATION
AFTER ABNORMAL EVENTS

Amar Chaker, Ph.D.
chitec Engi istitute:
and Engineering Mechanics Institute of ASCE

EXAMPLES OF SITUATIONS WHERE
COLLAPSE MAY BE INCIPIENT

1- Structural damage

Failure of members (buckling, fracture, crushing, etc.)
Damage to connections between members,

formation of hinges and mechanisms

Local or global instability

2- Absence of support
Differential settlement
Erosion

Thawing of permafrost
Soil liquefaction

ASCE’s MISSION

» Advance civil engineering knowledge
» Advance civil engineering practice
» Advance civil engineering profession

* Fundamental Canon # 1 of ASCE'’s Code
of Ethics:

“Engineers hold paramount the safety, health
and welfare of the public [...]"

Stabilization of Buildings Workshop Proceedings

Efforts of ASCE Regarding Building Stabilization after Abnormal Events
Amar Chaker

WHAT IS STABILIZATION OF BUILDINGS?
* Role of Structural System:

Transfer all loads to foundation soil, so that
equilibrium is achieved

» This “normal” condition no longer exists and
there is incipient collapse if:

1- Members become unable to carry or
transfer  loads, mechanisms form, or
instability appears

and/or
2- Support is no longer provided

MULTIPLE VEHICLES TO CARRY OUT
ASCE’s MISSION

» Dissemination of Information

— Journals, monographs, manuals of practice,
proceedings, committee reports and other
publications

— Conferences, workshops and symposia
— Continuing education activities
» Advancing the Practice and the Profession

— Development of standards (ANSI-accredited
SDO)

— Technical committees
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ASCE’s EFFORTS

* 10,000 volunteers
* > 500 committees

« Effort of the members and committees
of ASCE to address building stabilization
— Numerous publications

— Numerous events (conferences, workshops,
symposia, short courses, etc.)

— Numerous on-going committee activities

WHEN DO CIVIL ENGINEERS CONSIDER
OR ENCOUNTER INCIPIENT COLLAPSE?

During design (usual circumstances and extreme events)
During phases of construction/erection

When modifications are sought

When designing a retrofit

When evaluating the safety and reliability of a structure (e.g.
vulnerability assessment)

During efforts for historic preservation

During post-disaster or forensic investigations to understand the
causes of a collapse

During Search and Rescue operation:

During demolition

EVALUATING COLLAPSE SAFETY

Methods to Assess the Seismic Collapse Capacity
of Building Structures: State of the Art

Roberto Villaverde, P.E., M.ASCE'

Abstract: The collapses of building structures during recent earthquakes have raised many questions regarding the adequacy of current
seismic provisions to prevent a partial or total collapse. They have also brought up questions as to how to determine the collapse safety
margin of structures, what is the inherent collapse safety margin in code-designed structures, and how to strengthen structures to
effectively augment such margin. The purpose of this paper is to present a comprehensive review of the analytical methods that are
currently available to assess the capacity of building structures o resist an earthquake collapse, point out the limitations of these methods
describe past experimental work in which specimens are tested to collapse. and identify what is required for an accurate evaluation of the
seismic collapse capacity of a structure and the safety margin against such a collapse. It is contended that further research s needed before
the collapse capacities of structures and their safety margin against collapse may be evaluated with confidence.
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ATC 63 Methodology for Evaluating
Seismic Collapse Safety of Archetype Buildings

AUTHORS:

Gregory . Dsierlein, Professor, Stanford University, Sanford, CA, gad/@stanford.edu
At B, Lil, PLD Canidt, Staford Universy,Stnfor, CA. bl Gl e
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OVERVIEW

This is one of four companion papets deseribing the Applied Technology Council project (ATC-
63) to develop 1 methodology to assess seismic design provisions for building systems. This
paper describes the underlying appronch to evaluate the collapse safety of a set of archetype
buildings. whose designs reflect the key features of the seisuie design requirements The
companion papers provide a bioader overview of the ATC 63 projeet [Kitcher and Heintz. 008
and two application studies fo remforeed concrete moment frames [Haselion et al. 2008] and
wood-frame buldings [Filiatault et al. 2008]. Following an overview of the assessment
methodology, this prper Teviews specific aspects related 10 {a) modeling collapse assessiment of
buildings by nonlinear time-history analysis, (b) development of collapse

including variability due to desigm, construction. and modeling uncertainties, (¢} erouad motion
charncteristics with adjustment for speciral shape effiecis for collapse assessment, (d) evaluation
and acceptance riterin for archetype building
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Experimental and analytical investigations on the response of
structural building frames further to a column loss
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ABSTRACT
Recent events such as natural catastrophes or terrorism attacks have lughhgmrd the necessity to

oy In paricular, o Gemonsied
sequirements are respected. a struchire subjected to a2 exceptional evens will

A European RFCS project called “Robust stnuctures by joint ductilty” has been set up in
2004, for three years, with the aim to provide requirements and practical guidelines 5o 25 0
ensure the stctural apos s theough
il

Licge, as part of this e
!

building frame': 10 develop to predict he
in two complementary PAD theses: the thesis of Demonceau J.-F. and the thesis of Luu NN.H.
ed out in [Denn 2008] In

particular, the predi he global pon
significant membrane forces develop futher (0 a column loss will be described: it allows: () to
ct the development of the catenary action in a frame with joints subjected to combine
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level according to the loads applied on the frame.

Overview of Simplified Methods and Research for Blast Analysis
Mr. Douglas Sunshine!, Dr. Ali Amini’, and Mr. Mark Swanson’

! Structural Engineer. Defense Threat Reduction Agency (DTRA). 8725 John J.
Kingman Road. Mail Stop 6201, Ft. Belvoir, VA 22060-6201: PH (703) 325-1427;
FAX (703) 325-1327: email: Douglas Sunshine@dira.mil

 Structural Engineer. Defense Threat Reduction Agency (DTRA), 8725 John J.
Kingman Road, Mail Stop 6201, Ft. Belvoir, VA 22060-6201: PH (703) 325-1165:
FAX (703) 325-1327: email: Ali. Amini@dtra.mil

* Engineer, Northrop Grumman, Threat Reduction Technology Division, 6940 South
Kingshighway, Alexandria, VA 22310; PH (703) 971-3108: FAX (703) 971-4654;
email: Mark Swanson@nzc.com

Abstract

Recent terrorist bomb attacks on buildings have resulted in increased interest in the
protection of key buildings. Various research programs have provided improved
design and analysis techniques as well as new mitigation methods. Advanced finite
element methods provide the best analytical results because they can take into
account the time varying load. dynamic structural response. non-liner material
properties, and the non-linear interaction of various response modes (e.g. shear and
flexure). These methods require not only time but also specialized expertise fo obtain
good results. They are therefore generally unpractical for typical blast design
problems. Simplified methods can provide reasonable approximations that are
adequate for design. A variety of types of simplified models exist. Typical models
include single or nulti-degree-of-freedom, pressure-impulse (P-I) diagrams. and
response surfaces developed from finite element analyses. This paper describes some
recently developed simplified models and associated research.

DURING ERECTION OR CONSTRUCTION

CoLLAPSE OF METAL BUILDING SysTEM
DURING ERECTION

By Thomas Sputo! and Duane S. Ellifritt,> Members, ASCE

ABsTRAGT: Metal building systems arc a common method of providing covered,
enclosed space quickly at a competitive cost. Because of (he system design ap-
proach, all components of the structure interact with each other to provide the.
required level of structural safety. Metal building systems are most vulnerable to
collapse during crection, when all components arc not yet installed. It is most
important at this time to ensure that all bracing called for by the building manu-
facturer is properly installed. This paper reports on the collapse of a metal building
system consisting of a 206 ft (62.8 m) span rigid frame during erection due to
inadequately instalicd bracing, and explains proper crection procedure with regard
1o lateral bracing of the rigid frames. The circumstances of the collapse are discussed

and recommendations arc provided.
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Measures of Structural Robustness — Requirements & Applications
Authors:
Unwe Starossek, Hamburg University of Technology, Hamburg, Germany, starossek(@tuhh de

Marco Haberland, Hamburg University of Technology, Hamburg, Germany, m haberland@tubh.de

INTRODUCTION

The investigation of structures concerning their to p

collapse is attracting increasing attention. At present, there is neither a uniform themy of
progressive collapse and collapse resistance nor any on terms and

Codes and other relevant literature require a reduction in the susceptibility to progressive
collapse. However, mainly qualitative and hardly any quantitative recommendations are
provided.

Collapse resistance can be influenced in various ways. One possibility is through the
structural robustness. In a robust structure, no damage disproportionate to the initial failure will
oceur. To examine a structure in terms of its robustness, a quantitative description of the
robustness by means of a measure would be useful.

In this work. basics for the development of measures to quantify structural robustness are
formulated. Essential definitions are suggested and the requirements for measures of robustness
as well as possible applications are discussed. A selection of publications on the quantification of

o related istics such as ity, are presented and discussed regarding
the proposed requirements and applications

DEVELOPMENT OF AN ANALYTICAL DATABASE TO SUPPORT A FAST RUNNING
PROGRESSIVE COLLAPSE ASSESSMENT TOOL

Eric Hansen. Felix Wong. Darell Lawver. Robert Oneto. Darren Tennant. Mohammed Ettouney
Veidlinger Associates
4410 EI Camino Real, Suite 110
Los Altos. CA 94022
(630) 949-3010

Abstract

Rapid assessment of structures for vulnerability to progressive collapse has become a major
concern in today’s world environment. Homeland Security and Overseas U. S. government
agencies need the ability to quickly, and realistically, evaluate buildings to determine the risk of
progressive collapse and understand how proposed retrofits would improve the building risk.

To support the development of a fast running assessiment tool. a series of simplified finite element
simulations were conducted to generate a response data base. Models of simplified concrete and
steel frames were run under gravity collapse conditions to determine displacements. forces and
moments transmitted to adjacent structural members. The simulations were performed using
Weidlinger Associates’ FLEX finite element code.

This paper will discuss the salient issues involved in the nonlincar, dynamic modcling of
progressive collapse. The FLEX modeling used to develop the data base and confirm expected
response is also described in detail. Finally, the simplified analytical tool that was developed
from the simulation data base development effort will be described.

FIG. 2. Collapsed Rigid Frames.

253

FIG. 4. Parially Erected Third Rigid Frame
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Structural Reliability of Multistory Buildings
during Construction

Deepthi C. Epaarachchi; Mark G. Stewart, M.ASCE?; and David V. Rosowsky, M.ASCE?

Abstract: The paper develops a probabilistic model to estimate the probability of structural collapse (system risk) during the construc-

tion of typical nuultistory reinforced concrete buildings. The influence of the number of levels of shoring/reshoring, construction cycle and

concreting workmanship (curing and compaction), concrete grade. and number of floors of the building on system risk is included in the

analysis. It was found that poor concreting workmanship is more detrimental to system risk than reducing the construction eycle by a few
1t was found also that if the desien process ignores construction loading on the slab during construction, then a dramatic loss of

structural safety ean oceur

DOI: 10.1061/(ASCEJ0733-9445(2002)128:2(205)
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Comparison and Study of Different Progressive Collapse
Simulation Techniques for RC Structures

Kfir Menchel’; Thierry J. Massar, Ph.D.% Yves Rammer’ and Philppe Boullard, Ph,D*
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Progressive Analysis Procedure for Progressive Collapse

S. M. Marjanishvili, P.E., M.ASCE'

Abstract: Following the collapse of the World Trade Center towers in September 2001, there has been heightened interest among
‘building owners and government entities in evaluating the progressive collapse potential of existing buildings and in designing new
‘uildings to resist this type of collapse. The General Services Administration and Department of Defense have issued general guidelines
for evaluating a building’s progressive collapse potential. However, little detailed information is available to enable engineers to confi-
dently perform a systematic progressive collapse analysis satisfying these guidelines. In this paper, W present four successively more
sophisticated analysis procedures for evaluating the progressive collapse hazard: linear-elastic static; nonlinear static; linear-elastic dy-
namic: and nonlinear dynamic. We discuss the advantages and disadvantages of each method. We conclude that the most effective analysis
procedure for progressive collapse evaluation incorporates the advantageous parts of all four procedures by systematically applying
increasingly comprehensive analysis procedures to confirm that the possibility of progressive collapse is high

DOI: 10.1061/(ASCE)0887-3828(2004)15:2(79)
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UNDERSTANDING AND SIMULATING
PROGRESSIVE COLLAPSE

Global System Considerations for Progressive Collapse with
Extensions to Other Natural and Man-Made Hazards

Mohammed Ettouney, Ph.D., P.E."; Robert Smilowitz, Ph.D., P.E.2 Margaret Tang®; and Adam Hapij, P.E.*

Abstract: One of the most frequently used approaches for minimizing the potential for progressive collapse in buildings is the aliernate
‘path method. The appeal of this method s primarily due (o its relative simplicity and threat m«kpnnd\.l\l specification. Applications of th
altemate path method typically employ # omponent desxgn strategy in which the adequacy of the system is based on it et
components successfully satisfying the accepta a. This design philosophy is b evaluating other extreme loa
oo i S o o e DR FORSFER U6 adequacy of the global structural system is not usually .umuga.m
during this component design process. This paper details the importance of investigating global effects when evaluating the potential for
progressive collapse in buildings. There are two types of frames that will be evaluated: moment-resisting (sway) frames and nonsway
frames that include lateral-force resisting elements, such as shear walls. The necessity for considering the global response of a damaged
structure becomes apparent following the evaluation of the overall stability of these systems. In addition, the conclusions concerning
progressive collapse investigations will be generalized for application to seismic and direct blast hazards. A simple design and analysis
method will be introduced., along with the associated acceptance eriteria.

DOI: 10.1061/(ASCE)0S87-3828(2006)20:4(403)
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Modeling the Impact of Failed Members for Progressive
Collapse Analysis of Frame Structures

G. Kaewkulchai' and E. B. Williamson, M.ASCE?

Abstract: During the past decade. increasing attention has been focused on the design of buildings (o resist progressive collapse.
Previously, the authors presented a nonlinear solution procedure for progressive collapse analysis of planar frame structures. Tn the current
study, a modeling strategy to account for the impact of failed members against other structural components is developed to extend the
capabilities of the initial models. Assumptions made in approximating the effects of impact on the overall behavior of frame structures are
discussed. An example illustrating the importance of accounting for the effects of impact on predicting progressive collapse s also given.
Results indicate that the impact velocity plays the most significant role in causing failure of intact beam elements.

DOL: 10.1061/(ASCE)0S87-3828(2006)20:4(375)

CE Database subject headings: Collapse; Progressive failures; Damage; Framed structure; Structural dynamics; Dynamic analysis:
Nonlinear analysis.

Progressive Collapse—An Implosion Contractor’s
Stock in Trade

Mark Loizeaux' and Andrew E. N. Osbom, PE.?

Abstract: When desigaing  bulding inended t be resstant o progressve colase, it s instnuctve 10 consder i proslem from the
point of view of an implosion contractor who regularly demolishes buildings duced progressive failure. All buildings
want o fall down, but are prevented from doing 50 through ther siuctural colurns, walls and transer girders. Innumerable ergs of
potential energy are just waiting to be released. The implosion contractor creates a progressive collapse by releasing this energy through
the sequential explosive removal of key structural supports, allowing gravity (o do the remaining work, simultaneously using the
minimum amount of explosives, creating the maximum amount of fragmentation, and minimizing the potential fly of debris. In this paper,
we will explore several building structural systems and how their implosion has historically been achieved, comparing the amount of
effort required in cach system to affect an implosion as related to the susceptibility of that type of building to progressive collapse and
identifying those types that lend themselves to it. The building structural systems described represent actual case studies. By comparison
of different systems from the implosion contractor’s perspective, the design engineer will gain unique knowledge about systems that are
inherently resistant to progressive collapse.

DOI: 10.1061/(ASCE)0887-3828(2006)20:4(391)
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LESSONS LEARNED FROM MAJOR
DISASTER INVESTIGATIONS

THE OKLAHOMA CITY BOMBING: SUMMARY AND RECOMMENDATIONS
FOR MULTIHAZARD MITIGATION

By W. Gene Corley,' Paul F. Mlakar Sr.,” Mete A. Sozen,’ and
Charles H. Thornton,* Fellows, ASCE

Assraac: From it inspction snd alysis of the damage (it ocoumsd i the Murah Puilding o2 3
result of a blast caused by a large truck bomb, it is shown that progressive collapse extended the damage beyond
that caused directly by the blast. The type of damage that occurred and the resulting collapse of nearly half the
building is consistent with what would be expected for an ordinary moment frame building of the ty
detailing available in the mid-1970s when subjected to the blast from such a large truck bomb. Using information
developed for the Federal Emergency Management Agency and the Department of Housing and Urban Devel-
opment, types of structural systems that would provide significant increases in toughness to structures subjected
to catastrophic loading from events such as major earthquakes and blasts are identified. One of these systems
is :ompxnmcnlxl ized conniucion i wich 1 luge percensge of he ilding has srucuural walls it e
seiforced to provide siuctrsl inegety in case the buling s damaged. Two aditional types of deailing, used
i a1t of high sesmickt, are spoci soment frame consruction and il sysems

(herin refeted (0 35 dusl systems. This paper shows hat compartmentalhaed consiracuon, specxal pliar
frames, and dual systems provide the mass and toughness necessary to reduce the effects of extreme overioads
on buidings. Consequenty, t i tecommendod th ths: snucturl ysicns b consdered where  sinificant
risk of seismic and/or blast damage exists.

Response to Fire Exposure of the Pentagon
Structural Elements

Paul F. Mlakar'; Donald O. Dusenberry%; James R. Harris’; Gerald Hayne:
Long T. Phan®; and Mete A. Sozen®

Abstract: An overview of fire damage sustained by the Pentagon structural elements in the September 11, 2001, terrorist attack is
provided. The fire intensity in some of the affected areas inside the Pentagon was 10 be between those of the
two standard fire exposures ASTM E119 and E1529, based on the observed fire damage and estimated fuel load. Thermal analyses of the
structural columns and beams were performed using the standard fire exposures to demonstrate the increased vulnerability of these
structural elements once the concrete cover was lost

DOI: 10.1061/(ASCE)0887-3525(2005)19:3(212)
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Structural Analysis of the Damaged Structure at the Pentagon

Paul F. Mlakar', Donald O. Du.unberry2 James R. Hams Gerald Haynes®,
Long T. Phan’, and Mete A. Sozen®

Abstract

On September 11, 2001, a large commercial aircraft traveling at high speed crashed
into the Pentagon. The aircraft and building debris pushed through the first story a
distance of 310 feet into the building, inducing significant damage to the three outer
rings of the west side of the Pentagon. The debris destroyed nearly 30 concrete
columns and significantly damaged about 25 others. The cast-in-place structure
remained standing despite this loss, although a portion of the outer ring collapsed
approximately one-half hour after the crash. This paper summarizes the structural
analysis of the columns and floor system performed by the team to better explain the
building’s performance.
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Conclusions and Recommendations
from the Pentagon Crash

Paul F. Miakar’; Donald O. Dusenberry?; James R. Harris®; Gerald Haynes®; Long T. Phan®; and
Mete A. Sozen®

Abstract: The devastation in the September 11, 2001 terrorist attack on the Pentagon was reduced by the building’s resilient structural
system. The continuity, redundancy, and energy-absorbing capacity embodied in this system should be incorporated in structures whose
resistance to progressive collapse is important. Research should be conducted in the practical implementation of these measures for
‘mitigation.

DOI: 10.1061/(ASCE)0857-3828(2005)19:3(220)
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Description of Structural Damage Caused by the Terrorist
Attack on the Pentagon

Paul F. Miakar'; Donald O. Dusenberry’; James R. Harris®; Gerald Haynes*; Long T. Phan®; and
Mete A. Sozen”

Abstract: On September 11, 2001, an airliner was intentionally crashed into the Pentagon. Tt struck at the first elevated slab on the west
wall, and slid approximately 310 t (94.5 m) diagonally into the building. The force of the collision demolished numerous columns and
the fagade of the exterior wall, and induced damage to first-floor columns and the first elevated slab over an area approximately 90 ft
27.4m) wide and 310 ft (94.5 m) long. None of the building collapsed immedately. The portion that remained standing, even after an
intense fire, sustained substantial damage at the first-floor level.

DOI: 10.1061/(ASCE 0887-3828(2005)19:3(197)
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Toughness of the Pentagon Structure

Paul F. Miakar'; Donald O. Dusenberry?; James R. Harris®; Gerald Haynes®;
Long T. Phan® and Mete A. Sozen®

Abstract: On September 11, 2001, the reinforced concrete structure of the Pentagon Building was able 10 resist, without collapse, the
impact of a large commercial airliner despite the total loss of 26 columns and severe damage to 15 columns at the ground level. The
ensuing fire and related fire-fighting activiies led to the collapse of a portion of the building approsimately one-half hour after the impact.
Tn this paper, the reasons for the demonstrated toughness of the reinforced concrete structure are examined and attributed to use of spiral
columas, effective splicing of reinforcing bars, strong girders, and short span lengths

DOL: 10.1061/(ASCE)0887-3525(2005)19:3(206)
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Lessons Learned on Improving Resistance of Buildings
to Terrorist Attacks

W. Gene Corley, PE., FASCE'

Abstract: This paper presents some findings of the FEMA and SEVASCE sponsored studies of structural performance of New York’s
World Trade Center (WIC) following the attacks of September 11, 2001, and the Murrah Building following the April 19, 1995,
Oklahoma City bombing. The WTC collapses were caused not by aircraft impact alone but by the combination of impact and the resulting
fire that weakened structural members and connections. On the other hand. the Murrah Building collapsed as a direct result of the blast.
Although these studies call for further research in a number of areas, this report summarizes some of the lessons leamed.
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Explosion.

What Did and Did Not Cause Collapse of World Trade Center
Twin Towers in New York?

Zdengk P. Bazant, Hon.M.ASCE"; Jia-Liang Le?; Frank R. Greening®; and David B. Benson*

Abstract: Previous analysis of progressive collapse showed that gravity alone suffices to explain the overal collapse of the World Trade
Center Towers. However, it remains to be determined whether the recent allegations of controlled demolition have any scientific merit
The present analysis proves that they do not. The video record available for the first few seconds of collapse is shown to agree with the
motion history calculated from the differential equation of progressive collapse but, despite uncertain values of some parameters, it is
totally out of range of the free fall hypothesis, on which these allegations rest. It is shown that the observed size range (0.01~0.1 mm) of
the dust particles of pulverized concrete is consistent with the theory of comminution caused by impact, and that less than 10% of the total
‘ravitational energy, converted to kinetic energy. sufficed to produce this dust (whereas, more than 150 t of TNT per tower would have
to be installed. into many small holes drilled into concrete, to produce the same pulverization). The air ejected from the building by
‘gravitational collapse must have atiained, near the ground. the speed of almost 500 miles per hour (or 223 /s, or 803 km/ h) on average.
and fluctuations must have reached the speed of sound. This explains the Toud booms and wide spreading of pulverized concrete and other
fragments, and shows that the lower margin of the dust cloud could not have coincided with the crushing front. The resisting upward
forces due to pulverization and to ejection of air, dust, and solid fragments, neglected in previous studies, are indeed found to be negligible
during the first few seconds of collapse but not insignificant near the end of crush-down. The calculated crush-down duration is found to
teh a logical interpretation of seismic record, while the free fall duration grossly disagrees with this record.

DOI: 10.1061/(ASCE)0733-9399(2008)134:10(892)
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Figure 3 — Energy absorbing catching cables during construction
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Mechanics of Progressive Collapse: Learning from World
Trade Center and Building Demolitions

Zdenck P. Bazant, F.ASCE'; and Mathieu Verdure?

Abstract: Progressive collapse s a failure mode of great concern for tall buildings, and s also typical of building demolitions. The most
infamous paradigm s the collapse of the World Trade Center towers. After reviewing the mechanics of their collapse, the motion during
the crushing of one floor (or group of floors) and its energetics are analyzed. and one-dimensional continuum model of
prgresive collaps s developed. Rther h usingclssicl homogenization. it ound ere fetive (o chraceiz the contnuum by
an energetically equivalent snap-through. The collapse. in which two ph follow
e descrbed i each pha by o nonlinar second-rder dferenialcqition o the propagaion o the cusing ot of o compaced bloek
of accreting mass. Expressions for consistent energy potentials are formulated and an exact analytical solution of a special case is given.
Itis shown tha progressive collapse will be triggered if the lotal (intenal) energy loss during the crushing of one story (equal (0 the
spery ipnd i e o cmamug and mmpm.lu)u of e sy s oot of gty e g i st of ik
story) exceeds the energy impacted 1o thal stor rdless of the load capacity of the columns, there is no way to deny the
of pmgu,wuum\w v by gty afon f this eierion i satished for the Workd Trde Contr i 1 sastied with
e et morgi). The pirameters s fh compaction o o 4 erohed Sors. e e of s ] it e
perimeer, and the cnergy dissipation per unit height. The last s the most important, yet the hardest (o predict theoretically. I is argued
that, using inverse analyss, one could identify these parameters from a precise fecord of the motion of floors of a wll«pmg building. Due
102 shroud of dust and smoke, the videos of the World Trade Center are only of limited use. It is proposed to obiain such records by
monitoring (with millisecond accuracy) the precise time history of displacements in different modes of building demolitions. The
monitoring could be accomplished by real-time telemetry from sacrificial accelerometers, or by high-speed optical camera. The resultng
information on enery absorpiion capability would he valuable for the rating of various siructural systems and for inferring their collapse
mode under extreme fire, internal explosion, vl b impact o other Kinds of terorist attack, as well as carthquake and foundation
movements.

DOI: 10.1061/(ASCE)0733-9399(2007) 133:3(308)
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RETROFIT (BLAST)

Cost Effective Retrofit of Structures against the Effects of Terrorist Attacks —
the Tseacli Experience

R. Eytan

Eytan Building Desx;n Ltd Mom Gur St 59594 Tel Aviv. Istael; PH 972:3-
6428480; FAX 97 5: email: ebd@ne

Abstract

The paper includes the description of the extensive Istaeli practical
experience in developing and implementing protective measures to strengthen
existing structures.

Much has been done recently to devise and implement protective hardening
‘measures in new structures, such as preventing progressive collapse, minimizing the
debris hazards, ete. However. much less has been done fo strengthen existing
structures, as this is considerably more difficult and more expensive, if at all feasible.

As Israel has been constantly subjected to terrorist attacks for decades. a vast
practical experience has been gathered from the observed damages to structures
i from the effects of terrorist attacks on actual
‘made in Tsrael to develop cost effective and

easy-to-implement retrofit protective hardening measures.

Examples of various types of protective hardening measures implemented in
existing structures are presented, as well as the SEPHRA (SEcurity Protection and
Hardening Risk Analysis). developed by the author, resulting in the definition of the
optimal cost effective protective retrofit measures.

The 2009 Joint ASCE-ASME-SES Conference on Mechanics and Materials — 2009 Jont Conference on
Mechanics and Materials — June 24 - 27. 2009

Numerical Study of Energy Absorption Properties of Composite San
Loading

Miss HONG SU & Dr. Jennifer Righman McConmell

As blst threats on military and civilian siructures continne o be a significant concen, there renmins

need for improved design stratepies for effectively mitigating these force effects. Composite sandwich

puics s one such e ype il proising appl a0 st sesistant sireuses due o theit
and bigh energ satios. For this

high

reason, the first oLvJ!r:nwe g tigate the influence of the structural geometry on the
energy absrption characteristics (which is used as & meastre of blast resistance) of square-celle
honeycamb sandwich panels. The influence of variations in dynamic loading are then explored through
varying standoff distance. The sandwich panels considered are comprised of woven S2-glass/SC-15
eposy

In order o meet these objectives. an explicit dynamic finite element program LS-DYNA is used to model
the panels subjected 10 blast loading. The simctue was meshed using brick elements with single
iegrion o, A proresiv e model MAT_ COMPOSITE DMG MSC, s suployed o
model failure of the material, while: Ve

SURFACE, which allows the cmmtrv.llh the remaining interior elements to continue when the exterior
elements experience marerial failuse.

o st of et sty werscaiedcut o sine e fnlvens of (1 cructs gsometry and
2) dyanie oing expressd e throughs verstions i staodofTdistancs of e clrge =) on the
relative energy absorption capability of ll)&}nuel under biast loading. Relarive enerzy absorption is
defned 2 the eneray absorbed by the core relative to the total energy absorbed by the pavel. This
evaluation eritericn s selected because the desizn philosophy wsed in this wark is that progressive
collapse of the core of the sandwieh panels is the desired means of eneray absorption, while the face
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FORENSIC INVESTIGATIONS

CoLLAPSE BEHAVIOR OF PINO SUAREZ BUILDING
DurinG 1985 MEx1CcO CiTy EARTHQUAKE

By Jeng-Fuh Ger,' Associate Member, ASCE, Franklin Y. Cheng,?
Fellow, ASCE, and Le-Wu Lu,> Member, ASCE

ABSTHACT' This paper presents the investigation of the collapse behavior of a 22-
steel building during the September 19 1985, Mexico City earthquake by
u lying hysteretic behavior, ducni)ty factors of individual structural components,
and overall instability of the building. Extensive inelastic analyses have been per-
formed for the building by using the multicomponent seismic input of actual Mexico
City carthquake records. It was found that the structural response cxceeds the
original design ductility of this building, and most girders in the building have
severe inclastic deformation. Due to the load redistribution that results from ductile
girder failure, local buckling occurred in many columns on floors, 2, 3, and 4.
Therefore, most columns on floors 2—-4 lost their ]oadurrymg capablhnes and
rigidities, which then caused the building to tilt and rotate. It is evident that ductile
failures of girders combined with local buckling of columns in the lower part of
the building resulted in significant story drift, building tilt, P-A effect, and the
failure mechanism.

ANOTHER LOOK AT THE I’AMBIANCE PLAZA COLLAPSE
By Rachel Martin' and Norbert J. Delatte,” Member, ASCE

ABSTRACT:  The collapse of the L’ Ambiance Plaza building. under construction in Bridgeport, Conn.. in 1987,
killed 28 construction workers. A number of concurrent investigations were undertaken o attempt to determine
the cause. At least six separate theories were developed. However, a prompt legal settlement kept these inves-
tigations from being completed. This paper reviews the collapse and discusses the competing theories. The
failure focused controversy on the safety of the lift-slab construction method. Because there is a need in civil
engineering education for case studies to illustrate ethical and professional issues as well as technical principles,
this paper also addresses these aspects. Ways for civil engineering educators to use this case study to address
these issues also are discussed.

Stabilization of Buildings Workshop Proceedings

Efforts of ASCE Regarding Building Stabilization after Abnormal Events
Amar Chaker

Extraction Drill Operation

Initial position

Typical Extraction Drill Location

Prp—

mion

nstrumanted robe.

Cavity closure

CoLrLapst oF EiGuT-STORY RC BUILDING
DURING 1985 CHiLE EARTHQUAKE

By Sharon L. Wood," Assaciate Member, ASCE, Roberw Stark,?
and Scott A. Greer,’ Associate Member, ASC

ABSTRACT: The behavior of an eight-story, reinforced concrete apartment build-
ing that suffercd scvere structural damage during the 1985 Chile carthquake is
investigated. A series of linear and limit analyses arc described in an attempt to
identify the cause of the collapse. The results indicate that global response param=
eters, Such a3 basc-shear strength and mean drift ratio, are insufficient (o explain
the ofserved dumage, The bullding had boen cesigned it sength and siffness
compurable to ived the carthquake with light
to moderate damage. lnves f the beavior of individual members leads to
the conclusion that the building collapscd after the longitudinal reinforcement frac-
twred in u first-story wall. This form of britleness is related o under- rather than
overreinforcement. The observed failure and daia from laborutory tests demonstrate
that minimam amounts of longitudinal reinforcement should be established i seis-
mic-design requirements for struct:

MITIGATING PROGRESSIVE COLLAPSE
& BLAST RISK

Mitigating Risk from Abnormal Loads
and Progressive Collapse

Bruce R. Ellingwood, Ph.D., P.E., FASCE'

Abstract: A progressive collapse initiates as a result of local structural damage and develops, in a chain reaction mechanism, into a
failure that is disproportionate o the initiating local damage. Such collapses can be initiated by many causes. Changes in building
practices to address low probability/high consequence events and to lessen building vulnerability to progressive collapse currently are
receiving considerable attention in the professional engincering community and in standard-witing groups in the United States, Canada,
and Western Europe. Procedures for identifying and screcning specific threat scenarios, for assessing the capability of a building to
withstand local damage without a general structural collapse developing, and for assessing and mitigating the risk of progressive collapse
can be developed using concepts of probabilistic risk assessment. Th e provides a framework for addressing issues related (o low
probability/high consequence events in building pra s strategies for progressive collapse risk mitigation, and identifies
challenges for implementing general provisions in national andards seh a ASCE Standard 7. Misenrn design loads for buildings and
other structures.

DOI: 10,106 1/(ASCE)OSS7-3828(2006)20:4(315)

CE Database subject headings: Probability: Building design: Limit states: Progressive failure; Structural engineering.
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Preventing Disproportionate Collapse

R. Shankar Nair, Ph.D., PE., FASCE'

Abstract: “Disproportionate collapse” is structural collapse disproportionate to the cause; it is often, though not always, progressive.
where “progressive collapse” is the collapse of all or a large part of a structure precipitated by damage or failure of a relatively small part
of it. There have been many attempts (o develop design guidelines and criteria that would reduce or eliminate the susceptibility of
buildings 10 this form of failure. In recent years, the particular focus has been on the prevention of progressive collapse due to deliberate
attack. The present study suggests, however, that these guidelines and criteria may be of limited value. Arguably the most important
deficiency in the state of the art of design to prevent disproportionate or progressive collapse is uncertainty about the design event: We
have the technology now to design for almost anything, but most recent building failures due to explosions and terrorist attacks have
involved insults 1o the building not anticipated in design guidelines and criteria

DOI: 10.1061/(ASCE)0387-3828(2006)20:4(309)

CE Database subject headings: Collapse; Loads; Structural safety: Structural engineering; Progressive failure.

DESIGN PROCEDURES AND CODES

C14 GENERAL STRUCTURAL INTEGRITY

1gh accident, misuse, or sabotage, properly designed struc-
ures iy be Subect 10 condiions tht Coud ead 10 ciher o
eral or local collapse. Except for specally designed protective.
systems, it is usually impractical for a structure o be designed
1o resis general collapse caused by gross misuse of  large part

O Sucires o i th oot of cal coliee, and o prevet

as the spread of an iniial local failure from clement to element
esubing, cetualy, inthe ollgseof an cate chre o 3
disproportionately large part of

Some authors have defined resistance o progressive collapse.
o be the ability of a structure to accommodate, with only local
failure, the notional removal of any single structural member.

to consider whether the abnormal event will fail only a single
member.

d .
seeable events, they cannot be defined precisely. Likewise, gen-
I structural q

P 1
attention to the problem of local collapse, present guidelines for
handling it that wil aid the design engineer, and promote consis-
s of structures and in all constcuction
i time, for this standard

this standard to provide specific design criteria to minimize the
sk of progressive collapse.

Ronan Point Apartment Tower Collapse and its Effect
on Building Codes

Cynthia Pearson' and Norbert Delatte, M. ASCE®

Abstract: In the early morming hours of May 16, 1968, the occupant of apartment 90 on the 18th floor of the 22-story Ronan Point
apartment tower, in London, lit a match to brew her morning cup of tea. The resulting gas explosion initiated a partial collapse of the
structure that killed four people and injured 17 (one of whom subsequently died). On investigation, the apartment tower was found to be
deeply flawed in both design and construction. The existing building codes were found to be inadequate for ensuring the safety and
integrity of high-rise precast concrete apartment buildings. The Larsen-Nielson building system. intended for buildings with only six
stories, had been extended past the point of safety. The tower consisted of precast panels joined together without a structural frame. The
connections relied, in large part, on friction. The apartment tower lacked altemate load paths to redistribute forces in the event of a partial
collapse. When the structure was dismantled, investigators found appallingly poor workmanship at the critical connections between the
panels. Subsequently. building codes in many countries have adopted structural integrity or “robustness” provisions that may be directly
traced to the Ronan Point collapse.

DOI: 10.1061/(ASCE)0887-3828(2005)19:2(172)

CE Database subject headings: Structural failures: Building codes: Forensic engincering: Collapse: Case reports.
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Amar Chaker

Use of Composites to Resist Blast

L. Javier Malvar'; John E. Crawford?; and Kenneth B. Morrill®

Abstract: Buildings are vulnerable to blast loads from accidental or terrorist explosions. Key structural components, such as colums,
can be shattered and result in the collapse of the whole building and a large number of casualties. Recent retrofit procedures have shown
that compasites can be used to strengthen structural components so that they can survive the blast load and maintain their load carrying
capacity, insuring that building integrity is not affected. This paper is a review of the use of composites for retrofitting key structural
components such as columns, beams, and walls subjected to blast loading.

DOI: 10.1061/(ASCE)1090-0268(2007)11:6(601)

CE Database subject headings: Blasting: Blast loads: Terrorism; Structural members.

BLAST RESISTANT DESIGN OF COMMERCIAL BUILDINGS

By Mobaumed Bttzoney’ Meanber, ASCE, Robert Sunlowis”
Rittenhouse,’ Member, ASCE

Assact: T g 1 comumctin of bl gt povie L sy i e fce o sposions
s s s s ol i e o g e b, 3t gl ot
i only fousble whare 3 Laepout 20ne I svaiable nd al

protecrion has e more of containing camage in

Trneien of poeiv ol The prsent paer st e
i ot comcmnt T s s g e (s 43 D SR S 13
s s presurss and provids dails et impeave dacaly and sl response shavaceisics.

sy
' lwerational 1991). It adesses

FLOOR SLABS TRANSFER GIRDERS
et concrete . plte sl sy sopocs

e it ot g st v o o e
6 gy loab Wi e DUl 1 1+ 20 sconomica o e by AT oaiiiie g orme
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|4
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e e Posemeas o G 12, Progrssive Colapsa Hechaniem

DURING SEARCH & RESCUE

Role of the Structures Specialist During the FEMA Urban Search and Rescue
(US&R) Deployments to the September 11,2001 Terrorist Attacks

Mark J. Tamaro, P.E., M.ASCE'
Scott G. Nacheman, A. ASCE?

Abstract;

Recent events have brought considerable attention 1o the role of the cngineer in
emergency response. While the tragic aitacks on our nation have placed engineers in
the spotlight, the interaction of engineers and first rosponders is not a necessatily new
trend. One such initiative that has utilized the expertise of structural engineers for
many years is the Rederal Bmergency Management Agency (FEMA) National Urban
Search and Rescue (US&R) Rosponse System. This paper shall review the history
and operational methodology of the National US&R Response System and provide an
overview of tho rolc of the engineer as a Structutes Specialist on an US&R Task
Force. In addition, the authors shall describe the specific responsibilities of their
respective Utban Search and Rescue Task Forces® Structures Specialists during the
response to the terrorist attacks of September 11, 2001
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Amar Chaker

EVENTS — A SAMPLING FROM THE WEB
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Thursday, March 30 and Friday, March 31,
Blast Design Essentials

‘Workshop (Etkhorn A

Eve Hinman, Eng. Sc., PE, Assoc. AIA
This workshop provides the tools
needed to think through design
issues that arise when the owner
decides to incorporate blast mitiga-
tion into the design of a new building
or the retrofit of an existing building.

:30-3:00 pm

Eve Hinman

Architectural Engineering 2006

y
intrusive and unsightly. The topics of this workshop will
enable the designer to develop a holistic thought process
toisolate the areas where blast mitigating design ele-
ments are most critical, and identify design approaches
which optirnize the balance between security and the
myriad of other design constraints implicit for the project.
Five experts in building security design will present
their methods for approaching blast mitigating design,
a discipline which is stillrelatively new to many design
professionals. This is followed by a discussion regarding
how to assess the overall risk to a building based on its
target, assetvalue y.
Nextis a discussion outlining the new design criteria being
developed for the Departrent of Defense by ane of their
authors. This s followed by a discussion about how to
implement blast eriteria into the design, with an emphasis
on architectural countermeasures, The st presentation
reviews the results of comparative analytical methods on
evaluating the progressive collapse potential of a building

Bl Thank you for visiting the Structures 09 Congress website. The 2009 Structures Congress

has concluded.

R Please visit the & website for information on the Structures 2010
P congres:

Registration

ImportantDates

Thursday, April 30, 2009

7.00- 800 am.
Presenters: Jimmy H. Smith, Ph.D. P.E, FASCE,

Texas Tech Universty,
Patricia M. Harper. Deputy Director, MCEP/NIEE, Texas Tech Uriversiy.

pace.

The ASCE Standard for Blast Protection of Buildings
800-1130am

PE, FASCE & Hegernc; Jon Schmidt, P.E, MASCE, Bums &
MeDornel: Paui F. Miakar, Ph.D.,P.E. FASCE, ERDC; Robert Smilowitz, Ph.D., P.E. MASCE,

EarlyBirg/Avance 5105

Onsite $130

N

NYC Metro Area, NY / May 13-15, 2009

Denver, CO / July 15 17,‘2009
i Atlanta, GA / September 23-25, 2009

151 of 309



« AED Committee on Mitigation of Effects of Terrorism (formed

May 1995)
— Scoping Conference on Mitigation of Terrorist Violence held at John Jay College,
City University of New York on 23 June 1995, determines major fatalities in
caused by while major casualties
caused by flying debris, mainly shattered glass. Speakers: N. J. Glover, Aegis, T.
Rittenhouse, Weidlinger Associates, Inc., R. J. Loudon, Dir. CUNY Crim. Just.
Ctr., James Standish, Flack & Kurtz

+ Countermeasure Checklists
— Organized and weighted by FEMA 426 discipline
« Site
Architectural
Structural
Building Envelope
Utilities
Mechanical

Plumbing & Gas
Electrical

Fire

Communications & IT

Equipment Operations & Maintenance
Security Systems

Security Master Plan

Stabilization of Buildings Workshop Proceedings

Efforts of ASCE Regarding Building Stabilization after Abnormal Events
Amar Chaker

ON-GOING COMMITTEE ACTIVITIES —
A SAMPLING OF REPLIES

« The SEI Reliability-Based Structural System Performance
Indicators Committee (just established):

— Will work on

at both the component and system

levels taking into consideration the uncertainties in evaluating the
performance of structures subjected to uncertain loading
conditions. Some of the issues that we plan to address include: a) time-
dependent component safety (structural members and connections), b)
serviceability, c) system safety, d) redundancy, and e) robustness.
Methods used for establishing appropriate limit sates for assessing the
different performance levels will be investigated.

with multiple failure modes
will be reviewed along with how structural uncertainties are accounted for
in this context. The paper will also review the feasibility of implementing
criteria for the analysis of system and network resiliency and recovery
time. Methods for studying the effect of scaling and the relative
importance of components and systems at different scale levels of a
network will be studied.

BUILDING SECURITY COUNCIL RATING SYSTEM

PLU - Promoting Logical Unified Security
— Arating system that organizes countermeasures into logical
and comprehensive combinations that can be quantified
— Areasonable response based on building classification and
Owner needs
— A system to promote innovation and unified multi-disciplinary
solutions
— A system vetted by the Department of Homeland Security
and that received SAFETY Act designation

+ References
— FEMA Risk Management Series
* FEMA 426, Reference Manual to Mitigate Potential
Terrorist Attacks Against Buildings
— Interagency Security Committee
+ Security Design Criteria for New Federal Office
Buildings and Major Modernization Projects
— Department of Defense Unified Facilities Criteria
* UFC 4-010-01, DoD Minimum Antiterrorism
Standards for Buildings
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Certification Program THANK YOU!
Mission
— Establish and maintain a voluntary certification program
based on appropriate qualifications for individuals
implementing the BSC Building Security Rating System
Objectives
— Identify existing credentials that can serve as prerequisites
— Create and administer a psychometrically valid examination
— Prescribe professional development requirements for
renewal
Seven domains of practice

QUESTIONS?

Plo}ect‘Plocess (13%) — coordination, standards,

professionalism

Risk Assessment (17%) — threat, consequence,
vulnerability

Site Considerations (16%) — standoff, perimeter, utilities
Building Envelope (16%) — structure, glazing, penetrations
Interior Space (12%) — circulation, construction,
infrastructure

Facility Operations (14%) — maintenance, logistics, policies
Rating System (12%) — benefits, content, process
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The Pentagon Building Performance
Paul F. Mlakar

ASCE Building Performance Studies

The Pentagon Building Performance

Paul F. Mlakar, Ph.D., P.E.

U.S. Army Engineer Research and
Development Center

of Engineers

US Army Corps
of Engineers.

Oklahoma City Bombing

Hurricane Andrew

Roof structure tallure due Courtes [lelels]
to inadequate bracing.

Outline

Pentagon Team

* The Pentagon

* 9/11 Crash

» Structural Response

of Engineers

¢ Paul F. Mlakar, Ph.D., P.E., Lead
U.S. Army Corps of Engineers

* Donald Dusenberry, P.E.
Simpson Gumpertz & Heger, Inc.

« James Harris, Ph.D., P.E.
J. R. Harris & Company

« Gerald Haynes, P.E.
Bureau of Alcohol, Tobacco and Firearms

« Long Phan, Ph.D., P.E.
National Institute of Standards and Technology

* Mete Sozen, Ph.D., P.E.
Purdue University

US Army Corps
of Engineers

The Pentagon

Cross Section

e,
US Army Corps
of Engineers

Loed],
US Army Corps
of Engineers.
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NIST Effortsto Prevent Disproportionate Collapse of Buildings
H.S. Lew and S.A. Cauffman

Alfred P. Murrah Federal Building
NIST EFFORTS TO PREVENT (April 19, 1995)

DISPROPORTIONATE COLLAPSE OF
BUILDINGS

Stabilization of Buildings Workshop
ERDC, Vicksburg
August 25, 2009

H.S. Lew
S.A. Cauffman

Building and Fire Research Laboratory
National Institute of Standards and Technology

hsl@nist.gov
National Institute of Standards and Technology National Institute of Standards and Technology
Te(hno\aﬁ‘ Administrafion, U.S. Degunmem of Commerce Technology Administration, U.S. Department of Commerce

First Interstate Bank
Collapse of World Trade Center Towers (May 4, 1988)

(September 11, 2001)

National Institute of Standards and Technology National Institute of Standards and Technology
Technolooy Adminisiroion, US_ Depariment of Commerce Technolooy Adminisiroion, US_ Depariment of Commerce

PROBLEM STATEMENT NIST'S RESEARCH PROGRAM
O Many U.S. buildings are vulnerable to extreme loads that may cause
partial or total collapse. Q Limit state characterization based on structural system failure.
QO Modern structures have a limited reserve capacity to accommodate Q Metrics for structural robustness/redundancy.

abnormal loads.
Q Experimentally validated component/connection/subassemblage failure

O Accepted metrics for defining and quantifying the reserve capacity is modes.
lacking within multi-hazard context.

Q Development of validated analytical tools for assessment of

Q System behavior is not well understood and depends on connection disproportionate collapse potential and design.
performance, which is highly nonlinear and complex.

Q Identification of structural systems capable of arresting failure
propagation.

[m]

Analytical tools addressing structural failures are complex and
experimentally-validated analytical tools are not available, and modeling
of structural system response up to failure (post peak capacity) is

challenging.
National Institute of Standards and Technology National Institute of Standards and Technology
Te(hno\aﬁ‘ Adminisiration, U.S. Depariment of Commerce Te(hno\aﬁ‘ Administrafion, U.S. Department of Commerce
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NIST Effortsto Prevent Disproportionate Collapse of Buildings
H.S. Lew and S.A. Cauffman

NIST PROGRAM OBJECTIVE

To enhance robustness of building structures through the

development and implementation of:

« Metrics for structural robustness
« Performance criteria for codes and standards
« Analytical tools for design professionals

« Practical guidelines

NIST

National Institute of Standards and Technology

PROGRAM ROADMAP

Q Best Practices Guide for design of new buildings and rehabilitation of
existing buildings.

O Comparative assessment of reserve capacities of various structural
systems; thereby identifying relative robustness of structural systems.

Q Guidelines for assessing disproportionate collapse vulnerability. This
includes both rapid and comprehensive evaluation guides.

O Comprehensive guidelines for design of new buildings to resist
disproportionate collapse.

Q Comprehensive guidelines for retrofit of existing buildings to resist
disproportionate collapse.

Q Pre-standards for design of new buildings to resist disproportionate
collapse.

NIST
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PROGRAM ROADMAP

0O Best Practices Guide for design of new buildings and rehabilitation of
existing buildings.

O Comparative assessment of reserve capacities of various structural
systems; thereby identifying relative robustness of structural systems.

O Guidelines for assessing disproportionate collapse vulnerability. This
includes both rapid and comprehensive evaluation guides.

O Comprehensive guidelines for design of new buildings to resist

disproportionate collapse

O Comprehensive guidelines for retrofit of existing buildings to resist
disproportionate collapse

O Pre-standards for design of new buildings to resist disproportionate
collapse

NIST

National Institute of Standards and Technology
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Technical Approach:

Development of Experimentally Validated Modeling Techniques

flange flange
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Buildings Design

Design of steel and reinforced =2
concrete buildings for:

SDC C - Atlanta (moderate
seismic region)

SDC D - Seattle (high
seismic region)

9@139"

1413

Building Types:

- Steel moment frame

- Steel braced frame

- Concrete moment frame
- Concrete shear wall L

- Precast concrete frame ”
S

[
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Beam-Column Subassembly with WUF-B Connections
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Selection of beam-column
subassemblies for
experimental and modeling
effort

Pre-Test Model

i
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Beam-Column Subassembly with WUF-B Connections Full-Scale Test Specimen

Pre-Test Model [
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Specimen Instrumentation

Failure Mode

bydrau\\c Ram and Load Cell
14 13 12 11

s (1) Local buckling of the top flanges

= Tz = \-
‘D—l - l 1 l el il [ l =0 El’ of the beams at the center column
D9 D8 D7 - D4 D3 D2 ) Successive shear fractures of the

D6, D5 lowest and middle bolts

Deflection Gages and Inclinometers

s37.5% s 20525526 S14515516 s s45
: z T o
[1-8a0 S35 $29-[] 1oS19 s12- Sa-[]
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(3) Fracture of the bottom flange near |
the weld access hole immediately

sl
200" 20-0"
i thereafter

NN

Strain Gages == =
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Post-Test Models
WUF-B: Pre-test Prediction vs. Experiment
Displacement]
Control
moment releases
Pre-Test Prediction Experiment /0 T N o] g
Ultimate Load 190 kips 200 kips rigid %%, Tigid e
- - - link o"os link beam: W21x73
Corresponding 20in 19.5in ’e% ‘
Displacement s, bolt springs:
o Failure of shear o Shearing-off of g ik peam | rovonalshear
X ta bolts ——
Failure Mode | o Fracture of tension | e Fracture of tension m) L
v flange (at top flange (at bottom I K N\
flange near ext. flange near center Detailed Model .
column) column) VA
Reduced Model
NIST NIST
National Institute of Standards and Technology National Institute of Standards and Technology
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Center Column Load vs. Vertical Deflection
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Axial Force in Beam vs. Deflection RBS Specimen Pre-test Analysis
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RBS Test
Specimen
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Specimen Instrumentation

Dli 14 13 12 11 7‘&
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D8 D7 Delilps D4 D3
20-0" 20-0"

— Deflection Gages and Inclinometers -
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RBS: Pre-test Prediction vs. Experiment

Displacement

Pre-Test Prediction Experiment
Ultimate Load 365 kips 396 kips
Corresponding 3lin 34in

Fracture of the
bottom flange

e Fracture of the
bottom flange

Failure Mode propagated into propagated into
¢/ webinthe middle web in the middle
of the reduced of the reduced
section section
NIST

National Institute of Standards and Technology
Technology Admin US. Deparie

RBS Specimen:
FEM Mesh
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Failure Mode
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man

Center Column Load vs. Vertical Deflection
RBS
Vertical Displacement at Center Column (mm)
127 254 381 508 635 762 889
400 A 1779
£ 350 G {1557
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Beam Axial Force vs. Vertical Deflection
RBS

Vertical Displacement at Center Column (mm)
127 254 381 508 635 762 889
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Vertical Displacement at Center Column (in)
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Composite Floor System
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—Experimental
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Concrete Slab
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Metal Deck

Shear Stud
Floor Beam

National Institute of Standards and Technology Detail

Floor System
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Fringe Levels
20000400 _
18006400
16006400
14008400 _
12006400 _
10008200 _|
8000601
5000601 _|
4000e01
2000¢01
00006400

Damage index for the floor slab at a vertical displacement

of 25in.
A damage index of 0 signifies no damage, while 2 implies
severe damage (substantial cracking)
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Analysis Results

—Framing only -- No constraint
—Framing only -- Columns constrained
— Framing + metal deck
50 |_—Detaled Fioor model
| | |
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Center Column Vertical Displacement (in)

Floor Capacity = 55 Kips (20x30 ft) = 91 psf
GSA Load = 2(D.L. + ¥ L.L.) = 2 x 101 psf = 202 psf
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Reinforced Concrete Building Design

Roof i
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sub-frame for
-down analysis
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Sub-assemblage of SDC-D
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Reinforced Concrete Model

Rebar Stresses at Ultimate Load
Concrete Stresses at Ultimate Load

NIST |
National Institute of Standards and Technology
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Reinforced Concrete Connection Modeling

Springs for flexural and
bondslip response

Springs for panel
shear response

Spring for
shear transfer

Macro-element of Beam-Column Connection
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Pre-Test Analysis

——LS-DYNA: K & C Model (case A)
LS-DYNA: K & C Model (case B)

~——LS-DYNA: CSCM model

—DIANA

— OpenSees Macro Model

Applied Load (kip)
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0 10 20 20 40 50 60
Vertical Displacement at Center (in)

Seattle Building
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Precast Concrete Beam-column Test
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S Initial Simulation Results: SDC C
Steel Frame: 3-D Simplified Models of
1 Conte fvertical displ it Ernrm)
Beam-to-Column Connection orfours oferica] dsplacement (i
[—3 3
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—-120
— rigid link column ,b& — 14
©° moment release 207
e—e bolt connection spring -25.1
flange 285
-3389
=382
E-W beam
2. 1 Local Max=1.1 (Node 1703)
‘?OQ/ E-W g\rder Local Min =-38.2 (Node 14587)
eo/)&
%,, -
K
lange
column Displacements under Gravity Loads
NIST NST (deformations scaled by 50)
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Reinforced Concrete: 3-D Simplified
Models of Beam-to-Column Connection

Initial Simulation Results: SDC C

Contaurs afvertical displacement (mm)
1

Column

M,

Beak

Local Max=1.1 (Node 7)
Local Min=-127.6 (Node 15768)

N2 N3xy

Column

Displacements after Column Removal
(deformations scaled by 20)
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) Push-Down Analyses
Reinforced Concrete Moment Frame

Reinforced Concrete Frame Building
SDC C - Atlanta, GA

Steel Frame Building
SDC C - Atlanta, GA
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PROGRAM ROADMAP

Q Best Practices Guide for design of new buildings and rehabilitation of
existing buildings.

O Comparative assessment of reserve capacities of various structural
systems; thereby identifying relative robustness of structural systems.

Questions ?

Q Guidelines for assessing disproportionate collapse vulnerability. This
includes both rapid and comprehensive evaluation guides.

O Comprehensive guidelines for design of new buildings to resist
disproportionate collapse.

Q Comprehensive guidelines for retrofit of existing buildings to resist
disproportionate collapse.

Q Pre-standards for design of new buildings to resist disproportionate
collapse.
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Real Time General Assessment | ssues
Philip E. Parr

Philip E. Parr

Federal Coordinating Officer
FEMA

Battalion Chief FDNY
Retired

If a firefighter dies while combating a
blaze, that death will be caused by the
extreme physical and emotional stress of
firefighting while pulling a hose line or
raising a ladder, an apparatus accident
while responding or returning from alarms,
falling off a smoky roof at night, being
trapped by smoke and flame, or...

Collapse

Stabilization of Buildings Workshop Proceedings

Death and Injury Statistics

e Each year > 100 firefighters die LOD

deaths

e Each year another 100,000 injured

e 1 FF death every 3 days
e 8,000 firefighter injuries every month

OR BEING BURIED ALIVE
UNDER TONES OF BRICKS
AND TIMBERS DURING A
STRUCTURAL COLLAPSE.

Depending on the year collapse is the 4 or 5t
leading cause of LOD FF deaths

e Collapse leads to multiple FF deaths or inj

e Chicago 21 FF died in collapse of a stockyard
building in 1910

e Same year Philadelphia lost 14 FF as a result
of a collapse in a leather factor building

e Oct 17, 1966 NYC lost 12 FFs when floor
collapsed plunging them into a burning cellar
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Definition of Collapse

e Any portion of a structure that fails as a
result of fire Dunn

e Falling object
e Falls
e Exposure to fire products

Collapse Dangers

o Fire Resistive e Concrete Spalling/heaving

e Non-Combustible / ¢ Roof collapse/light
limited combustible weight steel bar joist

e Ordinary Brick and e Parapet wall collapse
Joist

e Heavy Timber e Floor collapse -> Wall

collapse
e Wood frame e 2x4 walls supporting

larger structual
IMECHETS

Surprising Cause of Collapse

Stabilization of Buildings Workshop Proceedings

General Building Construction
Types

e Fire Resistive

e Non-Combustible / limited combustible
e Ordinary Brick and Joist

e Heavy Timber

e Wood frame

Chief Officer Evaluations

e Time

o New Light Weight Construction Materials

WHY THE TOWERS COLLAPSED

W

gl

il
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COLUMN SPLICE
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Questions

Phil Parr
DHS/FEMA

philip.parr@dhs.gov
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Monitoring Stability L ossin Burning Buildings
Zee Duron

In Theory, we think that

¢ Fire produces a random broad-band excitation

* Anirreversible process beings at ignition that weakens the
structure

¢ Measured responses can be interpreted and correlated in the
context of transient events during burn

* Fire induces structural vibrations

Presented by ¢ Fire-induced vibrations can be measured during burn
¢ Fire-induced vibrations can be used to monitor impending
Zee Duron collapse
Harvey Mudd College * A practical field approach will result if some
indication of impending stability loss can be achieved

2 Hg = &

m Stabilization of Buildings Workshop 2009

s,

k=

Field Experience leads to “Black Box Model”

* Practical considerations for monitoring
structural response

— Must be independent of structure type,
construction materials, or excitation

Structural

Fire ~— QENICLH ; -
I Vibrations

— Must provide capability for monitoring response Traditional Systems Theory predicts behavior based on

beyond “traditional frequency range of interest” “inputs and outputs” and the ratio of these.
— Sensor parameters must be selected for low SNR,
high sample rates, and high sensitivities Not knowing what the system is does not prohibit system
characterization.

— Simplified stability indicator algorithms could
work

EROC= 4
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S
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N
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Principles of Stability Theory Observational Evidence
Fire-Induced Event and Recovery
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Monitoring Stability L ossin Burning Buildings

Zee Duron
Sample Field Data Civil Engineers think
¢ As burning continues, the transients take longer to return to original levels e Traditional approaches to structural or earthquake
] b e . it ey monitoring are limited to frequency ranges defined
' | by dominant structural or ground frequency content.
]
' Early : ' . Later ¢ Caltech/USGS and the Southern California Seismic
P o o " ’{ W@”mw Network sample responses at 200 sps
' . — The Reagan Medical Center is sampled at 500 sps
s \mm;m P I High and low . 4 . p p
components ﬁ;ﬁgts e |t is well known that changes in structural
S L M frequencies do not track well with damage or
T o . .
. impending collapse
e re—
g e e e

e.g. Sycamore Bridge I35W Bridge Collapse

@

=

CE M ~6% Owavespesd ~38% P

Monitoring Structural Response Practical Observations

Early warning based on “structural response” is not practical

i i
i |

ERC = & @mogs - - i
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Insights into Characteristic

. Beyond “Structural Resonance”
Behavior

Displacement (in)
Frequency (Hz)

Time (s)

Audible Indicators Can we do better?

Structural spectrum is shifted into the audible range

Continuous Discrete frequency
sliding pitch blocks (chords)

e

ot

.

HC= )
| Ju
By

Wireless Fire-Sensor v2 Relative Accuracy Criteria?

Hardware

+  50% reduction in Original PCB area
«  Minimum 2 Hour battery life (estimated)
»  Rechargeable Battery

+  Optional MicrosD card storage

+  One unit fully functional; three more in fabrication
« Wireless L.O.S range: 300ft; Extendable up to 1mile.
+  12-bit resolution over +1.7g, SkHz bandwidth; Extendable to 14-bit

Casing -

+  Preliminary casing designed and constructed
+  One-handed design
+  Bolt:mount for controlled testing scenarios

+  Modular Accelerometer Design
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Sensor — Most Critical

¢ Fire-induced vibrations can have low SNR

¢ Large civil structures typically produce signals with
low SNR
— A major obstacle to “health monitoring” in the 70’s and 80’s

— Advances in instrumentation, computer, and manufacturing
technologies in the 90’s allows a different approach

¢ “Dense Instrumentation” can replace sophisticated
algorithms and expensive instrumentation for health
monitoring purposes

¢ Low-cost, high sensitivity (V/g), wide bandwidth, I/O

s

EROC= 4 «

K
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Construction Diagrams

Full Structure

2” x 10” roof joists |~ 12" deep flat roof trusses

Back Wall Panel Front Wall Panel
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Next Steps

¢ Algorithm development could continue...
— Probably not needed for practical field units
— Wireless systems are being developed
* FEMA fire prevention and safety grant
— BFRL
— LA County Fire Department
— Distribution of wireless systems
— Database development

EROC=

WTCA Demonstration

* WTCA conducted demonstrations aimed at
comparing truss performance during burn
— against joist performance
* two (identical) structures constructed
* % roof joist and % roof truss support system

* OSB (oriented stand board) ply around exterior and
roof diaphragm

* Tests conducted at the Fire Service Training Bureau Facility (Ames, lowa)
August 25 & 26 2007

m!!im

x"“‘g!. j .\:QT‘
o

Joist vs Truss Performance

¢ Demonstration designed to illustrate superior
truss performance

e Performance criteria
— Joist supports collapse first
— Joist supports sag (first, significantly)

— Truss supports loose strength gradually (vs
suddenly)

— Not clearly defined

e
P

UL 04 )
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Burn Test Still Frame Replay

#

Still Frame Replay Still Frame Replay
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Still Frame Replay

Response Behavior

Coherence

Coherence per Time Block between Truss and Joist Measurement
lowa: 2nd Bum
500

15
Time (min)
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Still Frame Replay

Spectral Response
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Stability Trackers

*  Kurtosis —is a measure of the "peakedness" of the probability distribution of a real-

valued random variable.
— Higher kurtosis means more of the variance is due to infrequent extreme
deviations, as opposed to frequent modestly-sized deviations.
* Mode Decomposition — (Huang et al. 1998) decomposes non-stationary and
nonlinear signals into intrinsic mode functions (IMFs)
— IMFs have well behaved Hilbert Transforms leading to instantaneous
frequency calculations
* Impulse Counter —tracks the number and frequency of impulse (transient peaks)
that occur
— Simple indicator
* Instantaneous Frequency — tracks changes in frequency (smeared across bands)

ERDG= E‘j

176 of 309



Monitoring Stability L ossin Burning Buildings
Zee Duron

Kurtosis Mode Decomposition
ack Joist (Ch 4) oo — T——Jd-—J-——d-—J-—4H
60 é
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Impulse Counter Inst Freq — Truss Response
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Inst Freq — Joist Response Findings/Recommendations
2 e o PR 4 ¢ Tests did not isolate joist from truss performance
indicators

— Structural coupling evident
— Truss collapse occurred first (both tests)
* Joists remained in place under load (both tests)
¢ Separate structures should be built
— Test procedures need to be re-evaluated
— Failure criteria need to be defined

— Quantitative measurements are needed to assess
performance

oy
=]

=

o
E]
Instantaneous Freguency (Hz)

. . L . L o
0 5 10 15 20 25 30

e D "3!":;#:3&'%

Stabilization of Buildings Workshop Proceedings 177 of 309
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Deliverables Acknowledgements

Prototype System ° WTCA
— Fire Sensor (wired, wireless), HOBS
— Instruction Manual — KIRK GRUNDAHL: P.E
- Tra!nlng Materials ° De Pietro Fe"OWS
— Delivery Date

« Summer 2009 — Leah Andersen
Suggestions for future considerations — Vatche Attarian
— Agap exists between detailed numerical modeling efforts and practical field

applications — Ben Traborsky
— Stability monitoring exper.ier.mes indicate construction materials and type do — Zack Rubin

not mask global characteristics

« Expand field testing experience with structures — Zach LupEI

* Develop numerical models that demonstrate observed behavior T

— Could lead to more understanding of how structural systems fail - Casey SChI"Ing
SR
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Structures Subjected to Blast L oading: Protection, Stabilization, and Repair

Alexander Cheng, Ahmed Al-Ostaz and Chris Mullen

Alexander Cheng, Ahmed Al-Ostaz and
Chris Mullen

Nano Infrastructure Research Group
University of Mississippi

During the last two decades, tremendous
progress has been made in hanoscience

New classes of nano materials, such as carbon
nanotubes, nanowire, quantum dot, are being
assembled, atom by atom, with different
applications in mind—electronics, biomedicine,
energy, environment

However, these materials are still rare and
quite expensive

Design material physical principles: If we
know how nano particles alter and
improve upon material properties based
on physical and mechanical laws, then
we may be able to “design” infrastructure
materials for the desirable performance,
such as tensile strength, ductility,
brittleness, energy dissipation, etc.,
required for different protection types
(blast, impact, fire resistance, ...)

Stabilization of Buildings Workshop Proceedings

For the protection of the nation’s critical
infrastructure, we need nano materials, that are
low cost and in huge quantity

Not all nano materials are man-made and
expensive. There are many naturally occurring
materials that are at or near nano size, such as
nanoclay, volcanic and fly ash, and other
minerals

These materials are low cost and abundant in
quantity for infrastructure protection

Structural design: Given a material, we seek
the most effective and efficient design to
deliver the maximum performance. (We put
the material where it is needed)

Material design: When we reached the limit of
structural design, we seek materials with
better performance (at a cost)

Design material: When existing materials
cannot deliver the performance, we seek to
design (new) materials
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Performance needed: Blast, impact, penetration,
earthquake, fire, aging, corrosion, energy
absorbing...

Material properties: Tensile strength, hardness,
ductility, brittleness, damping, viscoelastic, memory,

rate dependent ...
Which material property delivers what performance?

Answer these questions based on physical-
mechanical laws

. Use of advanced materials and repair technologies

. Use of higher technologies (hano enhanced, bio
inspired, self healing, ...etc)

. Add a second layer of vulnerability: fire, hurricanes,
earthquake

. Establishing a simplified air blast tools for quick
calculations of range of explosives: retrofitting /
performance based design.

. Integrating advances in materials, damage
assessment and evacuation procedures

. Developing data base of failure scenarios using recent
advances in computer modeling technologiés.

FYFE &

. Tyfo Fibrwrap® Systems

Edward R. Fyfe
August 2009
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Structures Subjected to Blast L oading: Protection, Stabilization, and Repair
Alexander Cheng, Ahmed Al-Ostaz and Chris Mullen

Almost

Recent advances are promising

Knowledge gaps need to be filled

Research needed

1-Use of Advanced Materials and Repair
Technologies

Lightweight, rapidly deployable composites for shoring,
pinning, bracing, and other temporary structural support
purposes.

FRP (fiber reinforced plastic/polymer) for strengthening
damaged columns and beams

Composite fixtures for strengthening column-beam
connections

Polymer concrete for rapid concrete repair
Polymer sprays for strengthening walls and floors

high-strength, fast-set grouts (shotcrete) for foundation
and soil stabilization
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Design
E=8925 ksi
Tensile strength=100
ksi
Rupture strain=0.012
Laminate t = 0.04"

Design properties are
based on one week
regular curing.

FYFE Co. Tyfo® SCH-41 Fiber/Tyfo® S Epoxy System

54 hr cure (Actual)
E=8292 ksi
Tensile strength=89
ksi
Rupture strain=0.01
Laminate t = 0.04"

Actual properties are
achieved after 54
hours curing.

Stabilization of Buildings Workshop Proceedings

Structures Subjected to Blast L oading: Protection, Stabilization, and Repair
Alexander Cheng, Ahmed Al-Ostaz and Chris Mullen

Max Drift Ratio: 10.4%

Max Longitudinal Bar Strain: 72000 pe
(30 times the yield strain)

Max Spiral Strain: 1400 pe (74% of
yield)
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Structures Subjected to Blast L oading: Protection, Stabilization, and Repair

Alexander Cheng, Ahmed Al-Ostaz and Chris Mullen

54 hours curing

24 hours of elevated heat (94°F to 100°F)
using 1000-watt lamps, heater, and an
oscillating fan under the plastic sheet cover.

30 hours of ambient lab temperature.
Specified curing is one week.

Failure Mode

West column (Test-07) East column (Test-11)

Original Bent-2 Repaired Bent-2
Max drift=10.4% Max drift=12.75%

Service Service
stiffness=31.65 stiffness=27.43
kips/in kips/in
Strength=40.106 kips Strength=39.284 kips

Stabilization of Buildings Workshop Proceedings
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2- Use of Higher Technologies

Low-cost nano particle additives, such as nano clay,
POSS, grapheme platelets, Tripoli, cellulose whiskers, etc.
to enhance the structural performance of polymer concrete
composites.

Quasi-3D woven fabric for better performing FRP

Nano particle additives, such as carbon Nanotubes and
Graphene, for health monitoring purposes, by mixing with
repair material or applying as a thin layer, to enhance
electrical or electromagnetic sensing capabilities.
Nanoenhanced / Bio inspired Materials (e.g. Sea shell like
materials, self healing materials).
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Single-wall carbon nanotubes and
multi-wall carbon nanotubes

Diameter: ~ 1 nm

Length: ~ 100 mm (and larger)
Superior Mechanical Properties
- Elastic Modulus: ~ 1 TPa
Density 1/6th of steel
Conductive ability is 100,000 times
that of copper
Yield Strain: More than 4%
Buckling Strain: ~ 5% (aspect ratio
of 1/6)
~ $100/g (Nanotube)

$80-100/1b (milled VGCF)
$40-50/1b (fibril VGCF)

rist
Single carbon Layer and multi carbon
Layers

Thickness: ~ 5-10 nm
Length: ~.86-15 mm (and larger)

Superior Mechanical Properties
- Elastic Modulus: ~ 1 TPa
- Intrinsic Strength ~ 130 GPa
(Experiments conducted for a
monolayer graphene by Lee at .el.
2008, reported that graphene is
strongest material ever measured)

Stabilization of Buildings Workshop Proceedings
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Structures Subjected to Blast L oading: Protection, Stabilization, and Repair
Alexander Cheng, Ahmed Al-Ostaz and Chris Mullen

Why the Interest in NanoComposites?

PROPERTY ENHANCEMENT
Mass Reduction (low density, low concentration)
Increased Stiffness (high aspect ratio)
Increased Toughness (engineered adhesion)
Improved Appearance (nano size, scratch and mar

resistance).

Electrical Conductivity (electrostatic dissipation,
electrostatic painting, electromagnetic shielding)

Thermal Conductivity, lower C.T.E., higher Tult
Reduced Flammability (less combustible material)
Barrier to Permeants (platelet)

Partial comgatibility

Clay Minerals are hydrous aluminum
phyllosilicates

Have variable amount of iron
magnesium alkali metals and other
cations

Typical MMT have net charges
distributed within the octahedral layer or
tetrahedral layer

Bulk modulus ~ 20-50 Gpa

Young's Modulus 6.2 GPa

nanocomposites containing POSS
monomers which have been
copolymerized with organic

POSS hybrid chemical composition

POSS molecules span 1~3 nm size range

Improve impact resistance

Reduce friction and improve flow

POSS can dissolve in polymers
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Cellulose Nanowhiskers

Cellulose Ip

Highly crystalline-95%

Highly aligned
Dimensions

2-5nm

“Several pm” length

Aspect ratio: 100+
Estimated $5-10/Ib

Multiscale Modeling of HCP-

Nano C-S-H: Tobermorite 14A

(Jennings, 2004)

X4 C-S-H is structurally related to tobermorite 14A and Jennite

silicon tetral I chain

calcium polyhedral

calcium polyhedral layer

Crystal structure of tobermorite 14A

+A typical Layered Structure

Page 33

*Real C-S-H has a disordered nearly amorphous structure

What is the secret recipe that mother nature
uses to fabricate see-shells?

What roles do the nanoscale structure play in
the inelasticity and toughness of see shells?
Can we produce see-shell like materials?

(a) Schematic of micro-architecture of nacre (b)
AFM of fractured surface © SEM of fractured
surface showing brick and mortar structure

Rotation and deformation of nanoparticles in nacre
platelet during three point bending

Atomic force microscopy images of (a) crack
deflection, (b) crack extrusion, © particles
squeezed out at the platelet interface (d) slip
bands and separation at the platelet interface,
indicated by arrows (e) SEM of nanoscale
asperites on the aragonite surface

organic polymer that serves as adhesive to
hold the platelets together as indicated by the
arrow.

X. Li; JOM: Mar 2007; 59(3);pg.71
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Concrete: C-S-H GEL MODEL

Intriayes space with
physbeaTy ot H

[ R
D Lt 0
]

( Allen, et d 2007)

Flying colours: fractured fibre-reinforced
polymer under UV illumination showing
how the ‘healing agent’ bleeds into the
damage. (Credit: Image courtesy of
Engineering and Physical Sciences
Research Council)
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Biomimetic self-healing inspiration in advanced com posite structures-

Biomimetic self-healing or Reference
repair strategy

ructur

i Biomimetic self-healing or repair Reference
strategy
Engineering

Blood Clotting Healing resin Synthetic self-healing resin
‘Concept of self- Remendable Bioinspired healing requiring external  Chen et al, 2002; systems designed to clot locally to
healing’ Polymers intervention to initiate repair Chen et al, 2003; the damage site. Remote from the
Hayes et al, 2005 damage site clotting is inhibited
and the network remains flowing.
Bleeding Capsules Action of bleeding from a storage White et al., 2001;
medium housed within the structure. Kessler & White, Skeleton/Bone Reinforcing fibers
2-phase polymeric cure process 2001; Kessler et healing Deposition, resorption, and
rather than enzyme ‘waterfall’ reaction ~ al., 2002 remodelling of fractured
reinforcing fibers
Hollow fibers Action of bleeding from a storage Bleay et al, 2001; Elastic/plastic Reinforcing fibers
medium housed within the structure. Pang & Bond, behavior in Repair strategy, similar to byssal
2-phase polymeric cure process 2005a; Pang & reinforcing fibers thread, where repeated breaking
rather than enzyme ‘waterfall’ reaction  Bond, 2005b; and reforming of sacrificial bonds
Trask et al, 2006 ca occur for multiple loading
Blood Cells Nano particles Artificial cells that deposit nano- Lee et al, 2004; cycles
particles into regions of damage Verberg et al,
2006
Blood Flow Vascular 2D or 3D network would permit the Toohey et al, Ié;epl:lm::“gg[; Egng‘;‘\;;'{;ﬁ";;'{:&i:’:“5
Network Hollow fibres healing agent to be replenished and 2006;
renewed during the life of the Williams et al, n darr_‘aged structure from
structure 2006 environmental attack

3- Establishing a Simplified Air-Blast Tools for Quick ' RN ERRRRY!
Calculations of Range of Explosives: Retrofitting / A i i ' wr”
performance Based Design

Dt

4_ Add A SeCOI’ld L yer o Establish an approximate relationship between viscosity and

temperature using geometry on the polymeric

VU | nera b| | |ty Fl re H u rrica nes nanocomposite and on its thermally degraded melt
- ’ ’

Ea rthq Uake..... Use the Particle Finite Element Model to investigate the time
to mechanical weakening of the coating and the flow
behavior under fire conditions, given the thermal
characteristics and the geometry of the coating and the
underlying steel

Investigate how the structure (e.g., size and chemical
functionality) and degree of exfoliation of the GO nano-flame
retardants affects the rate of volatile fuel formation by
performing simulated thermal degradation experiments
using the NIST Reactive Molecular Dynamics (RMD) code.
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Structures Subjected to Blast L oading: Protection, Stabilization, and Repair
Alexander Cheng, Ahmed Al-Ostaz and Chris Mullen

nulation Ter e Profile Fir

Steel Column Insulated Steel Column Steel Column Insulated Steel Column

Temperature

Steel Stress Steel Strain_,

5- Integrating advances in materials, damage
assessment and evacuation procedures
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Structures Subjected to Blast L oading: Protection, Stabilization, and Repair
Alexander Cheng, Ahmed Al-Ostaz and Chris Mullen

To provide an animated, graphical means Nineteen Floor Office
of evaluating and quantifying the impact Building with

on human egress/safety from nano- Unprotected Parking
particle reinforced composites when a Below

building is exposed to a blast load Contains High-profile

State Government
Officials

Also Contains Offices
for Other Important
State-run
Organizations

Blast Model Generated .
to View Areas . Scenario 1: Undamaged

Sustaining  Significant o
Damage During . - Building Under Normal

Unprotected & 7 5 .
Protected  Explosive [ - - Operatlon

Events

Typical  8™-Thick i : : Scenario  2: Building
CcMU Building I i Da maged by B | ast Above: Normal Operation

Construction Below: Blast Damage Unprotected

Includes Glazing : ) o without ~ Nano-Particle
Protected with 5mm Com pOSiteS

Nylon 6,6-XGnP
Nano-composites - ) B
Blast Model Created i X Scenarlo 3 BUIIdIhg
Using AT-Assessor o s Damaged by Blast with
Bla§t Loads Applied to 0 Nano-ParticIe

g-Snn : I\;I?&dzl for Unprotected Facility \F,’\;_otgcte(a Facn:y wi

cenarios 2 indow Upgrades Composites

6- Developing data base of potential
progressive failure scenarios using recent
advances in computer modeling technologies.

Scenario 3: Nano-Reinforced
Structure Subject to

o Differentiation of rescue operations types and

building structure destruction levels

Be applicable to a variety of commercial and
industrial building construction having, for
example, steel or concrete moment frames or
concrete or masonry shear wall systems
Mechanics based material damage models for

all critical load carrying heterogeneous
structural components
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Computational algorithms for implementing the material
damage models in finite element codes

> Live loads and spans are important parameters
governing the preliminary design of a structure.

> At the member level, local vulnerabilities need to be

Computational methodologies that predict residual identified in order to map the blast damage on the
strength and stiffness of damaged critical components e
based on material as well as structural degradation structure

Coupling laws that integrate the damage models to
overall strength and stiffness of the components

> The fiber model allows tracking of damage states in

Physics based envelope of critical failure criteria for the concrete and rebar at points defined on the
individual structural component of the overall structure to

enable prediction of survivability, reparability, collapse or section

SR L G S, > The collapse resistance of the damaged structure is
analyzed by removal of severely damaged columns
along the long axis of the building and studying the
nonlinear static response of the structure

Compoﬁ'eqt;\ Ly
~

-
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Stiffness contribution of slab

Corner Column
Removed by Blast

'y Structure
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Monitoring Strategies for Rapid Assessment of Structural Condition and Stability Following a Terrorist
Event
Andrew Zimmerman and Jerome Lynch

Outline

o Introduction and motivation:

+ Blast loads on structures

= Trends in sensors and sensing systems:
+ Emergence of new sensor types
« Monitoring systems

= Sensing needs for condition assessment

= High density wireless sensor networking:
+ Wireless sensor networks
+ Embedded computing

= Cyberinfrastructure for unification of measurements and simulations

o Conclusions

Rapid Assessment of Structural Condition and Stabil ity Following _a Terrorist Event

DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009 RINTVERSITY OF MICHIGAN

Motivation Motivation

= Civil infrastructure upon which society depends: o Vulnerabilities exist placing civil infrastructure in peril:
+ Buildings + Normal wear and tear
+ Bridges + Natural catastrophe
« Maritime ports + Terrorist activities
+ Electrical grids

= Vulnerabilities exist placing civil infrastructure in peril:
+ Normal wear and tear

+ Natural catastrophe

Aloha Atlines Disaster - Aprii NYC Blackout ~ August

« Terrorist activities

Identify design flaws Detect system degradation Remediate systems after failure

Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event

Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event
0 DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009

DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 200 /NTVERSITY OF MICHIGAN

UNIVERSITY OF MICHIGAN

Terrorist Activities

o Terrorist activity remains a challenging risks to design for: -

+ Difficult to predict a priori where and when a terrorist explosion will occur
+ Quantification of exact risk is a challenging problem

S . ) = Trends in sensors and sensing systems:
+ Must balancing risk against the cost of hardening structures

+ Emergence of new sensor types
o Terrorism likely to be a more commonplace issue in the future + Monitoring systems

dition a cment

= Sensing needs for

s sensor nelworkis

stmulations

onclusions

P Tl L ey A
Collapse of the Alired P. Murrah Federal Building World Trade Center in ruins
Okiahoma City, Oklahoma (April 2005) New York, New York (September 2001)
Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event ] Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event ]
DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009 /NTVERSITY OF MICHIGAN DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009 INTVERSITY OF MICHICAN
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Monitoring Strategies for Rapid Assessment of Structural Condition and Stability Following a Terrorist
Event

Andrew Zimmerman and Jerome Lynch

Emergence of New Sensors Structural Monitoring Systems

= Explosive growth in sensing technology over the past two decades: = Structural monitoring systems employed for “critical” structures:
+ 1980’s - emergence of microelectromechanical systems (MEMS)

+ Employ sensors measuring structural responses (e.g. accelerometers)
+ 1990's - rapid advancements in data acquisition and telemetry technologies + Sensors are “wired” to a central repository using extensive wiring
+ 2000's - nanotechnology creating multifunctional materials + Suffer from high installation costs:

« MEMS offers compact and low-cost sensors: + Approx. $3,000 (US) per channel to install in buildings
+ Leverage IC manufacturing to batch fabricate sensors at low cost
+ Collocation of computing and sensing on a single chip

Simple Sensor
(e.g.accelerometer)

entral Data
Reposiory

- A - N Cable-based structural monitoring system Typical sensors employed for structural monitoring
Sensor with circuitry MEMS gyroscope (Shkel et a. 2005) MEMS accelerometer (Analog 2004)
Rapid Assessment of Structural Condition and Stabil ity Following _a Terrorist Event ] Rapid Assessment of Structural Condition and Stabil ity Following _a Terrorist Event ]
DHS Stabilization of Buildings Workshop, Vicksburg, Misissippi, August 25-27, 2000 /NTVERSITY OF MICHIGAN DHS Stabilization of Buildings Workshop, Vicksburg, Misissippi, August 25-27, 2009 RINTVERSITY OF MICHIGAN

Examples of Monitoring Systems Structural Health Monitoring

= Structures world-wide are instrumented with monitoring systems: s Structural health monitoring (SHM) systems have also been proposed
+ Empirical response data of structural responses to seismic and wind loads by the structural engineering community :
+ Model calibration using structural response data is typical + Differ from traditional structural monitoring systems

+ Automate the processing of response data to detect deterioration/damage
+ Technology is still under development in academia and industry

o The benefits of SHM are enormous:
+ Condition-based maintenance in lieu of schedule-based methods
+ Real-time assessment of structural health can render structures safer

Tsing Ma Bridge, HK (+300 channels) _Pacoima Dam, CA (20 channels)  Transamerica Building,CA (18 channels)
Rapid Assessment of Structural Condition and Stabil ity Following _a Terrorist Event ] Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event ]
DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009 RINTVERSITY OF MICHIGAN DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009 RINTVERSITY GF MICHIGAN

Sensing Technologies Biomimetic Multifunctional Materials

T L —

J

Visual inspection o Design of biomimetic multifunctional materials

o - N . .
*Subjective and qualitative A + Component-based damage detection paradigm
“Expensive and tedious Tr al Yenonatoms bySTM N + Self-sensing, actuation, energy harvesting, self-healing, among others
(STV:Binnig eRoheer1o50) §
Traditional sensin, T \ "
- 8 E \ Nerve endings: self-sensing.
*Macroscopic sensors c 1 maa—] (pressure, strain, flow,
*Low sensor densities H O temperature, among others)
1920 1930 1940 1950 1960 1970 1980 1990 2000 / Muscles: actuation
w Epidermis: protective
MEMS I structural coating system
“The principles of physics, as faras I can =Miniature sensor { R, 4
se, do not speak against the possibility of ~Fabrication limi £5 S E
‘manewvering things atom by atom. It s not Fabrication limits (feomey b S
an attempt to violate any laws; it is L L
something, in principle, that can be done; E v
but in practice, i has not been done because s Central nervous system: i
we are too big.”" Ll
o S tethered or wireless
Richard Feynman in 1969 ™ Human skin as a multifunctional material
Nobel Prize winner in physics communications
Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event ; Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event ;
DHS Stabilization of Buildings Workshop, Vicksburg, Misissippi, August 25-27, 2009 /NTVERSITY OF MICHIGAN DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009 RINTVERSITY OF MICHIGAN
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Monitoring Strategies for Rapid Assessment of Structural Condition and Stability Following a Terrorist
Event
Andrew Zimmerman and Jerome Lynch

Multifunctional Sensing Transducers Carbon Nanotubes

= Biomimetic multifunctional active coating systems: = Single-walled carbon nanotubes (SWNT):

+ Layer-by-layer permits 2.5-dimensional nano- and macro-structuring Rolled cylindrical structures with C atoms double-bonded (C=C)
Oriented hexagonally on the surface
Diameter (D): 0.4 ~10.0 nm

Impressive mechanical strength: ~200 times stronger (&), 5 times stiffer (E)

= than steel
; High aspect ratio (104 ~ 10°) for scaffolding
.__// Electrically can be metallic or semi-conducting

+ Micro- and nano-fabrication patterning techniques

+ Integrate with existing structural coating systems

+ Combine with nano- and micro-lithography techniques

Wit ommwasicatioes.
Singe-walled CNT

Tt & bas-detinling
Coxpombum eminy

Pemers harvesing

Tunneling electron microscope image of a
multi-walled carbon nanotube
(Saito & Dresselhaus, 1998) MIT

z
e
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= Electrical conductivity and sensing based on percolated thin film 24—
morphology 22—
+ Seek homogeneous composite with similar properties across entire film 2
SRR i 1 1.8 —|
5 '-’f'\# : 1.6
g 144
< ]
g 12 H
a1 =
0.8 — £
0.6 3
H
0.4 —4 S
0.2 —
0-—¢
V2T T L B B
Scanning electron microscopic (SEM) views of a 25 bilayer SWNT-PSS/PVA thin film 1 2 3 4 5 6 8 9 10 11 12 13 14 15 16 17 18 19 20
(Loh, et al,, 2008) University of Michigan Testing point
Rapid As 1t of Structural Conition and Stabil ity Foll Terrorist Event ; Rapid As t of Structural Condition and Stabil ity Foll Terrorist Event ;

Spatial Micro-Cracking Identification Distributed Impact Damage Monitoring

= Free-standing sensing skins affixed onto cementitious composites to
identify micro-cracking during applied loads

+Smm m” strain 0 mm m” strain +10 mm m™ strain

Front:

Back:

Sensing skin epoxy-mounted onto
cementitious composite surfaces

L B K] § e R

= Varied initial impact energy across four different structural locations

@ 0]

@

» Performed EIT spatial conductivity reconstruction on both sides of the plate

Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event TINTVRRSITY OF MICHICAN Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event
DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009 ! : DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009

UNIVERSITY OF MICHIGAN
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Event
Andrew Zimmerman and Jerome Lynch

Spatial Corrosion Monitoring

= Deposit corrosion-sensitive skins onto steel plates

+ Exposed steel plates to salt (NaCl) solutions to accelerate corrosion
+ Sensing skin detects severity of corrosion and rust formation

DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009

e -
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26 min k Wall A2 1.1 M Hart
10 0 1) 4 a L1} m o [
Tims i)
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Outline

s Introduction and metivail
+ B

oF HPes

s Trends in sensors and sensing &

= Sensing needs for condition assessment

css sensor networkin

o High density wirele

of measurements and si
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DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 200

Sensors for Condition Assessment

can be divided into three broad categories:
+ Sensors for structural assessment

+ Sensors to identify and track inhabitants

Stability Fire

= Sensors for infrastructure monitoring during and after a terrorist event

+ Sensors to monitor fire conditions (e.g., temperature and gases)

Rescue

Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event
DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009

UNIVERSITY OF MICHIGAN

Sensors for Structural Assessment

o The global and local behavior of a structure must be sensed:
+ Predict stability and structural condition (damaged versus undamaged).

= Many sensors exist for monitoring structural responses:
= Very few of these sensors would be operable at elevated temperatures
+ Sensors must also survive shock loads (for example, MEMS are too delicate)

= Novel approaches for sensors resistant to shock and high thermal loads:
+ Hardened packaging to allow sensors to withstand extreme environment
+ New sensor materials suited for high-thermal environments:
+ Ceramic and carbon materials for sensor construction

Carbon nanotubes can withstand extremely high temperatures

Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event I \TVRRSITY OF MICHICAN
o ) g

DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 200

Sensors to Monitor Fire Conditions

+ Help in assessing fire induced changes in the structure

= Sensors for fire monitoring:

+ Expensive, bulky and lack sensitivity

o Opportunities exist to:

+ Reduce their fabrication costs

o Sensors that can determine the existence and movement of fire:

+ Can assist in managing emergency response personnel entering the structure

+ Temperature sensors to measure ambient and component temperatures
+ Gas sensors that can sense gaseous molecules (e.g., CO, CO2)

= Sensors currently exist for measurement of temperature and gases

+ Enhance the sensitivity of fire-based sensors (e.g., gas sensors)
+ Miniaturize them through the use of MEMS and nanotechnology

Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event
DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009

UNIVERSITY OF MICHIGAN

Sensors to Identify and Track Inhabitants

= Tracking structural inhabitants is the
first step towards evacuating them from
a structure:

Sensors are needed to monitor movement

along egress paths

Identify incapacitated inhabitants that

need assistance

@

@

@

Track emergency response personnel

= Specific transducers to consider:

Cameras and optical motion sensors
RFID/ wireless technology
Again, hardening these sensors is

Search and rescue inside a burning
necessary building requires tracking
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= High density wireless sensor networking:

Indroduction a

+ Wireless sensor networks
+ Embedded computing

Cyberinfrastructure for unification of measurements and simulations

Conclusions
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Wireless Structural Monitoring

Three innovations associated with wireless sensors:

1. Wireless communication - peer-to-peer and ad-hoc communication

2 Cost - low cost nodes drives higher densities of sensors
Computing - collocation of computing facilitates sensor-based interrogation

a

Wireless
sensing

L&~

Peer-Peer
Commurications

Wireless structural monitoring system Numerous wireless sensor platforms

Rapid Assessment of Structural Condition and Stabil ity Following _a Terrorist Event R INTVERSITY OF MICHICAN
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Data Acquisition

a

a

Emergence of new sensor technologies is a double-edge sword:

+ Low cost sensors is driving densities high (great!)

+ However, complexity must be better managed (challenging!)
+ Installation complexity
+ Data management complexity

Wireless sensor networks have emerged as a viable substitute to

traditional tethered monitoring systems:
+ Eradication of cabling keeps the cost of telemetry low
+ Advantage of wireless sensors is their ad-hoc communications

Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event T
DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009
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Wireless Sensor Prototype

Deployments to Operational Structures

(2005 - present)
16 wireless sensors measuring
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o Compact wireless sensor prototype:
+ 16-bit ADC resolution on 4 channels
+ Enhanced range 802.15.4 radio (300 m)
+ Integration of 12-bit actuation interface

8-bit Microcontroller

Completed Wireless Sensor Network

SPECIFICATIONS
e Cost $175 per unit
Form Factor 5emx6cmx2em
12-bit DIA Energy Source 5 AA Batteries
16-bit AID Converter N
e Power 20 mA®S5Y
Range 300m

2 :‘M:matllon Data Rate 250 Kbps

Channels
4 Sensing Channels bR 200 kHz

Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event
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Srim S 5o 87 $Jim ST =
. Lot L te e Lt L 1
S Ll e e o
& il T 5 & 8 s 1%
4 v Ly LA o 3
Ay ° & X -
R = L e .
- i4 i B ~4 iR
e
for Structural Monitoring ‘<712 6 m4-<
2
PCB393* PCB3801 y
Sensor Property. Piezoelectric MEMS Capacitive 26m ’
(Cable System)  (Wireless System) (a— Elastomeric
Range +1g +3g Pad
. . Accelerometer
Sensitivity 107/g 07/g T
Bandwidth 2000 Hz 80 Hz
RMS Noise Floor 20 g 05mg
Dynamic Range 11148 95 dB SECTION A-A
*Amplified by a factor of 10
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Forced Dynamic Response to Trucks

i 2 L]
e
Rl i k3
-
i ; i
fealt ol
L A e —
.

i o _.‘w.»»\-ﬂ\mw.;{;\m.u:.:':'

In-Network Data Processing

L LT e
e
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= What sets wireless sensors apart is embedded computing at the sensor:
+ Each sensing node has independent memory and processing cores.
+ However, each node is individually much less powerful than a modern PC.
+ Energy-efficient to interrogate data at the sensor than communicate raw data.

= Scalable implementation must embrace distributed computing:
+ Minimize communication to save energy and minimize data loss.
+ Parallel computing to offer speed and scalability to high nodal counts.

Sensors

i
|
|
|
|
| Reposioy
|
|
|
|
|
|
|

Tethered structural monitoring system

Wireless structural monitoring system
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Why In-Network Processing?

= What sets wireless sensors apart is embedded computing at the sensor:
= System scalability:

+ Streaming raw data is not scalable since it would exhaust bandwidth.

+ Higher communication demand erodes the wireless channel performance.
o Power management:

+ Communication is power-intensive - critical issue for battery powered nodes.
o Data management:

+ Avoidance of data inundation at the central repository.

Distributed Computing Platform

Dense wireless sensor networks Demand for power efficiency Avoidance of data inundation
Rapid Assessment of Structural Condition and Stabil ity Following _a Terrorist Event RSITY OF MiC
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= Wireless sensor networks are a very unique computing platform:
+ Small memory and computing footprint at each sensor node
+ Significant memory and data processing ability within the network
+ Advantages include reduction of data glut and system power efficiencies

Embedded Wireless Sensor Software Library for Structural Health Monitoring

Embedded Algorithm Embedded Application
o Fast Fourier Transform o Modal analysis
o Peak picking algorithm o Mode shape determination
o Frequency domain decomp. o Mode shape determination
o AR, ARMA, ARX time series o Structural health monitoring
o Bayesian classifiers o Structural health monitoring
o State-space control o Structural control
o Cable tension force estimation | o System identification
o Simulated annealing o Parallel model updating

Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event
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Model Updating

= Impossible to directly sense the properties of every facet of the system:
+ Analytical models predict the response of the system
+ Models must be “updated” so as to represent the true behavior of the system
+ Well calibrated models are a powerful element of the larger SHM strategy:
+ Changes in system properties could indicate damage

= Model updating is a challenging combinatorial optimization problem

o
i
i
2
3
3
s
&

Actual Structure FEM Model Representation

Combinatorial Optimization

= Combinatorial optimization (CO):
+ Minimization (maximization) of objective function with a large state space
+ Very difficult to solve computationally in a reasonable amount of time
+ Approximate solution found in a short time period is more ideal

= Annealing of metals is a natural combinatorial optimization problem:

Annealing a metal cools a metal from a high temperature
Atoms are perturbed from their initial position and wander randomly
Atoms are “searching” for a configuration of a lower internal potential energy

Metropolis et al. (1953) modeled the annealing process in a computer

Random Atomic C:

Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event
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Ordered Atomic Configuration
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Simulated Annealing

= Simulated annealing inspired by metallurgy to solve CO problems:
+ Minimize an objective function: E(s)= ‘xm — Xty ‘
+ Randomly select model states, s,,,,,, until E is minimized
+ Introduce the concept of annealing through temperature, T

= Annealing process:
+ Metropolis Criterion accepts new energy state if and only if:
+ E(5,,,) < E(s,) - TIn(U), where Uis arandom number (0 < U< 1)
+ Allows an “uphill” state selection to prevent convergence to local minima
+ As Treduces during annealing, state selection tends increasingly “downhill”

Wireless Parallel Simulated Annealing

5 s
%J
CRH
x
Standard SA Blended SA Modified Blended SA
(Metropolis and Hastings) (Levin and Lieven) (Zimmerman and Lynch)
Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event
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= Embed simulated annealing in wireless sensor for model updating:
+ Computationally exhaustive for a single wireless sensing unit
+ Computational demand is associated with the calculation of E
+ Solution is to parallelize the calculation of E by splitting search tasks

iy~

Wil -~

State Accept
State Reject
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Experimental Testbed

o 6 Story Steel Structure: vg‘e':‘ffvs\ R
+ NCREE, Taipei, Taiwan (with Prof. C. H. Loh) -
+ MR dampers installed at each floor 100 MR Darmper

+ Each floor instrumented with an accelerometer
+ Seismic base excitation

o Wireless monitoring system installed:
+ Wireless sensor upon each floor
+ Accelerometer upon each floor

o Model update to detect changes in damping:

+ Lumped mass shear structure model assumed

+ Change structural properties using MR dampers

» Embedded modal estimation: !
+ Peak picking provides modal frequency +
+ Frequency domain decomposition give modes
+ Random decrement provides damping ratios

+ Perform model update using multiple sensors

—

SHAKING
TABLE
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Experimental Testbed

-2 i ”, l

-n ia
MR damper and LVDT on 2 floor MEMS accelerometer
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Chi-Chi Earthquake 1999

= Role of wireless sensor during experimental testing:
+ Record acceleration time history data
+ Calculates the complex-valued Fourier response function

Acceleration (g) Response for Chi-Chi-Fully Damped Frequency Response Function for Chi-Chi-Fully Damped

TN |
D |
D |
|
|

Floor &
Floor 6

Floor 5
Fioor 5

Floor 4
=
3
S
S
S
2

Lt

Floor 4

Floor 3
Floor3

L

o 0y o
L TN
g, 2
3 O A S
N u 1 8 |
-0 [ S S, ST,

o s w© » ™ s wm s o s o = E

Time (seconds) Frequency (Hz)
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Simulated Annealing Results

= Each sensor selects modal parameters (mass, stiffness, damping):
+ Solve eigenvalue problem to yield model modal properties
+ Compare model modal properties to those experimentally derived

Time History Response br Chi-Chi-Fully Damped Frequency Response Function for Chi-Chi-Fully Damped

L s tomasass R | R o :

e —

Floora

Floor 4
L
& |

Floor 3
Floor 3
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Bue = Experimental, Red = Mode Upcre Blue = Expeimentl, Red = Model Lpdte
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Model Updating Benefits Leveraging Cyberinfrastructure

= Inthe case of monitoring civil infrastructure to assess structural = Connecting dense sensor networks to simulation tools:
condition and stability following a terrorist event:

+ Cyberinfrastructure tools now available to do this in an elegant way
+ CFD models can predict flow of heat - identify structural softening + Simulation tools run prediction models

+ Structural models can be used to predict damage and imminent collapse + Information passed back to the appropriate decision makers on site
+ Can even be used to predict behavior of people during evacuation

1 i e o

= Computing within wireless sensor network advantageous:

TRTERNET 0]

+ Local computing can save time and energy
+ Wireless sensors might not be able to invoke computational tools online

. . . . . Heat Structune Firs Flaw
o If connection with a cyberenvironment is possible: Simutatar Simulator
Pp—

| - . : -
+ Can leverage powerful computational tools via the internet T E s ETT)

Cyberinfrastructure for unifying sensor data with fire
prediction simulators located on the internet
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Summary and Conclusions

o Terrorist loads on civil infrastructure likely to increase in the future:
+ Requires more proactive approach to infrastructure protection
+ Monitoring technologies remain key

= Critical need to explore new sensor types optimized for terrorism:
+ Structural health monitoring
+ Tracking fire conditions and offering egress automation Thank-you!

¢ Identifying and locating stranded inhabitants Funding for some of the work presented herein has been provided

= Distributed sensing paradigm well suited for stability monitoring: by the National Science Foundation (NSF) and the Office of Naval
+ Dense wireless sensor networks with distributed intelligence Research (ONR).
+ Embedded data processing speeds data processing and decision making
+ Connection with cyberenvironment links data with models
+ Real-time structural stability assessment and fire prediction

= Complete system for decision makers requires cyberenvironments!

Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event R INTVERSITY OF MICHICAN Rapid Assessment of Structural Condition and Stabil ity Following a Terrorist Event
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Ad-hoc Implementation of WPSA

= Approach the problem from an “agent” computing perspective:

+ Parallelize the stochastic search over an entire wireless sensor network
+ Tremendous speed-up attainable on a very low computing platform
+ As “best” models are found, passed down to lower temperature steps
+ Once wireless sensor is done with search, free to be reassigned tasks
+ Autonomous and highly scalable to large sensor networks
+ Highly adaptable renders system resilient to failure

1. Broadcast SA
2. Assign searchat T , 1. BroadcastSA 1. BroadcastSA  1.BroadcastSA 1. Broadcast SA

SERVER ~ WSU #4 done and

free to be
reassigned
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Parallelized Simulated Annealing

Annealing Temperature and
Task Distribution

06

0s
Parallel Annealing Time
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Identified Modal Properties

= Determine modal characteristics using embedded algorithms:
+ Peak picking to derive modal frequency
+ Frequency domain decomposition to yield mode shape
» Random decrement to derive modal damping

Made 1 Made 2 Mode 3 Mode s Vode 5 Mode &

DHS Stabilization of Buildings Workshop, Vicksburg, Mississippi, August 25-27, 2009

1174 366 Gas e 9334 12164z 14.36 Hr
3.85% Danped 0.79% Damped 069% Damped 0323 Damped 0.20% Damped 0.39% Damped
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Assessment of Change in Structure

[ Modal Parameters
Model Mode? Mode3 Moded Mode5 Mode6
] 43%  13%  0B% 0% OSH 04w
4
2| 7% 131 181% 254
1
o ues 201 5 4%
Structural Parameters. Increased
Floor2 _Floor3 Floord _Floors _Floor6 Damping
1203 153 2 18 o
2
2 151 1443 13 oes
-
180 jMp e sy
£ . W 36
H
<
2 2 1 161 264
3 98 2 149 a7 1 v
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Structure using a Neural-Wavelet Module”, Proceedin s of the International Workshop on Structural Heal — th
Monitoring, Granada, Spain, July 2006 Sandia

Recent SHM Technology '
Development Trends +

ata analysis for improved signal-to-noise measurem  ents and optimized flaw
detection

Lamb waves and wave propagation (wavelet analysis a  Igorithms)
Data compression and filtering to accommodate conti  nuous monitoring
Acoustic emissions

Piezoelectric sensors and spatial resolution Exam p | e WI nd TU rbl n e

Capacitive, electromagnetic, and eddy currentsenso  rs

Structural Health

Fiber optic and Fiber Bragg Grating systems
Load (strain gage) and vibration (accelerometer) mo  nitoring methods M

Wireless sensors and energy harvesting O n Ito rl n g
Data fusion for enhanced SHM using multiple sensor systems

Modeling and simulation to guide SHM design

Capacitive micro ultrasonic transducers (cMUT)

Multi-mode and frequency differential Lamb wave ima  ging to optimize flaw detection
(interpret signals) and minimize the number of sens  ors needed for in-situ SHM
applications

Neural networks and automated pattern recognition f ~ or autonomous “smart” SHM
systems

Extrapolation of SHM into Prognostics Health Manage ~ ment and Condition Based

gag%e practices
E_.. *European Conference on Structural Health Monitoring - July, 2008

' Sensor Blade (SBlade) Project

| —;” Sensing Opportunities
hnd turbice ado « Build a Sensor Blade  (TPI Composites, Inc., Warren, Rhode koo f2brication at TPt Composies

Current location of sensors on a utility Manufacturer: GE Energy
A ind turbine cocoooo Power Rating: 1.5 MW Island)
size win Tower Height: 80 meters / « Incorporate sensors in a blade during blade manufac  ture

« Nacelle - lots Blade Length: 34 meters « Sensor list:

« Tower Base — lots ?‘ﬂ"e T‘Q:\{ i ;0“5 ’ — Embedded FBG sensors (strain and temperature, blade shape)
Jose's Height: 1.8 meters 4 - =

« Blades — few to no sensors ! g Inner-surface mounted FBG sensors (strain and temperature, loads)

5 ) . ~ Inner-surface mounted accelerometers (blade shape, loads, SHM)
Desire for real-time blade sensing ~ Metal foil strain gages (strain, loads)
« Maximize structural and aero efficiency — RTD temperature
+ Advanced controls strategies ~ Streaming video on rotor (blade shape)
« Damage detection and Structural health
monitoring
« Increase reliability and energy capture

« Field Test Sensor Blade (U.S. Department of Agriculture —
Agriculture Research Service, Bushland, Texas)
. he-g d and

. . . « In-the-air checkouts and calibrations
Goal is a Smart Wind Turbine « Measure loads and blade deflections during turbine  operation
Structure = « Real-time video monitoring

Horns Reefind farm in Denmark |
+ Static and Fatigue Test Sensor Blade  (National Renewable
Energy Laboratory / National Wind Technology Center , Boulder,
Colorado)
+ AE NDT and SHM
« Static Proof Test
« Fatigue test to SBlade failure

« Analyze datasets and report results
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Structural Health M onitoring: Overview and Challenges Ahead
Thomas J. Baca

" Field Test SBlade at USDA-ARS, ’
? Bushland Texas :

Rotor Hardware

.
€y [TWreless| sandia DAS Metal Foil Strains .
€] e Aot : _

(EReris FBG Strains (blade shape)
FBG Interrogatorf FBG Strains

L SR Space Shuttle
Structural Health
s Monitoring

Control Building

Sanda Lo
sandia Data Acquisition|
Computer

Sandia DAS
Ground-Based Unif
(GBU)

Video Data Acquisition
Computer

Wind Turbine Control
Computer

USDAARS LAN

Micon 65/13M
Wind Turbine

Iberdrola Visit

’ SHM Sensor System

Development Background

+ LDRI Development History:

— The Laser Dynamic Range Imager (LDRI) was developed  at
Sandia from 1997-2000, to support modal testing of ~ the
International Space Station on STS-97, which conclu  ded
successfully.

+ LDRI Orbital Inspection System (LOIS) Project Origi  n

— Following the Columbia disaster, the Shuttle progra missued a
requirement for on-orbit 3-D inspection of the Ther ~ mal
Protection System.

— Sandia LDRI and the Canadian LCS systems were ident ified as
the only systems capable of being developed and mee  ting
schedule.

« LOIS Schedule
— The LOIS project received a go-ahead 10/03

— PDR was 4/04, CDR was 6/04, Engineering Development ~ Unit
demonstration was 8/04, Flight Unit delivery was 12 04

— NASA testing and flight certification was completed in time for
th? l\ggy 05 launch date, which was subsequently dela  yed to
July 26.

()
Matiossl
|aortos

Sensor Orbiter Boom Sensor System On-Orbit Inspection Milestones
Package 1:

LDR| =——>

Ve — * Day 2: Scan RCC surfaces using OBSS

Sensor i — All Leading-edge surfaces of the Nose and Wing
Package 2:

. : : — Detect all damage, down to 0.030” cracks or exposed
; substrate

e Day 2: Scan Tile surfaces using ISS cameras
— Detect damage, down to 1"

« Day 5+: Focused Inspection using OBSS
— Previously Detected Areas of Interest
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Structural Health Monitoring: Overview and Challenges Ahead
Thomas J. Baca

Sandia System Components LDRI Workstation Operation

« 4 LDRI Flight Sensors « Continuous DV Intake
— Integrated into Shuttle Closed Circuit TV System « Continuous Video Output
— Completed CRIT1R flight certification — Intensity Images Only

— Level 1 Enhancements

* Post Processing Output

— Higher level intensity
enhancements

— 3-D Processing

' NASA Committed to SHM for
Manned Spacecraft

NASA Initiative for Integrated Systems Health Monit  oring
(ISHM)

« Crew Exploration Vehicle (CEV)
— Thermal Protection System Technology Development

— Integrated Systems Health Monitoring (ISHM)
Oversight/Requirements Development

« Crew Launch Vehicle (CLV)
— Expertise in Integrated Systems Health Monitoring (  ISHM)
« Design and development phase health monitoring requ irements
analysis
* CLV element fault detection algorithms development
+ DDT&E and V&V tools development
— Support reliability assessment with Monte Carlo sim ulations

— Ascent Abort CFD Blast Analysis
.
Laboramis

Model and Measure Loads
and Responses
Severe Winds

v

Example: Autonomous
Severe Event Recorder

(=
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Structural Health Monitoring: Overview and Challenges Ahead
Thomas J. Baca

'Structural Health Monitoring
>~  Current and Future (ST
Collaboration Cha"enges / Insertion

. Autonomous Severe Event
Recorder (ASER)

Correlate Building

Excitation and Response Developlng a SyStemS

Approach to Aid in the

f \ Stabilization of
Wind  Z g Dam Buildings
Speed = LT WA Sensors Ao

Building § WW Predictive
on £ Simulation
Motion £
Differential - & L uumpmpmieiri
Pressure [ 1T

Time (minutes)

@ :
Natioral
Laborateries

Questions?
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STRUCTURAL INTEGRITY MONITORING
SYSTEM FOR DETECTING IMMINENT
COLLAPSE OF BUILDINGS

Feng-Bao Lin, Tony Wu and Anil Agrawal

Department of Civil Engineering
The City College of New York
New York, NY 10031

Clity College of New Yorkl

DYNAMICS AND STRUCTURAL CONTROL LABORATORY
Motivation and Needs

— During a fire caused by an explosive attack,
material strength and stiffness deteriorates
with temperature.

- It is expected that change in structural
stiffness prior to collapse would be rapid
enough to cause a dynamic-like action
leading to structural vibrations.

— For example, some firefighters have reported
that they experienced a noticeable level of
vibration before the onset of collapse.

Clitv Coollese of New York

DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Multi-Sensory Structural Integrity System

An early warning system for firefighters that detects
structural damage caused by fire and other hazards to

predict imminent collapse.
Expert System
Data evaluation and judgme:

Muti-sensory System] vy Receiver
Wieless

ransmission
4 Warnin

Warning «C 9
Receivers [odule

Central Computer
Unit

Clitv Collese of New York!
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Structural Integrity Monitoring System for Detecting Imminent Collapse of Buildings
Feng-Bao Lin, Tony Wu and Anil Agrawal

DYNAMICS AND STRUCTURAL CONTROL LABORATORY
Life Safety During Building Fire

- Building fires pose significant risk to
occupants and first responders.

- First responders face significant risks because
of uncertainties involving collapse of
structural components.

— Although there are field guidelines based on
past experiences, very few technological
solutions to predict imminent collapse of a
building.

— With progress in sensing and computing
technology, a multi-sensing tool capable of
warning firefighters can be developed.

Clitv Coollese of New York

DYNAMICS AND STRUCTURAL CONTROL LABORATORY
Motivation and Needs

— This implies that an incipient collapse of a
structure due to fire damage may be
detected by monitoring the dynamic
characteristics of the structural system using
a vibration modal analysis method.

— Such observations and experiences can be
utilized to develop a multi-sensory system to
develop structural integrity system to
monitor imminent collapse.

- A data fusion approach can be used to
combine data from different sensors for
reliable decision making.

Clitv Coollese of New York

DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Sensory Requirements

- Multi-sensory system for decision making
on the basis of all possible information:
Temperature, vibrations, laser, infrared
camera, ultrasonic, acoustic emissions,
etc.

- Mobile field deployment capability for
fast deployment at the fire scene.

-Sensors must be able to withstand

extremely harsh environments, such as

elevated temperatures, toxic gases,
various noises, and low visibility.

Clitv Collese of New Yorkl
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DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Sensory Requirements

- Wireless transmission of data between
building components and central
processing unit.

- Decision based on on-site
measurements only. Instant analysis
and decision making using an expert
system built on the basis of past
experience of firefighters and sound
technical knowledge.

Clitv Collese of New York!

DYNAMICS AND STRUCTURAL CONTROL LABORATORY
Dynamic Monitoring of Beams: An Illustration

Test of 40-in Wood (1" x 1-7/16") and Aluminum
(1”x2") Beams:

Load both beams to 0.5P, by a concentrated load
at mid-span.

Increase the temperature at the mid-span using
heat-lamps at the rate of 10°F/min till both
beams fail.

Apply small impact at both beams to measure
acceleration impulse at every 50°F increase in
temperature.

Analyze impulse data to identify change in the
behavior of the beam.

Clitv Collese of New York!

DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Dynamic Monitoring of Beams: An Illustration

canan o
wlREATREAEE

Thermocouple and _, |
Accelerometer
Locations

Clitv Collese of New Yorkl

Stabilization of Buildings Workshop Proceedings

Structural Integrity Monitoring System for Detecting Imminent Collapse of Buildings
Feng-Bao Lin, Tony Wu and Anil Agrawal

DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Decision Making

Detect if damage has occurred
Determine the location of damage
Estimate damage severity

Expert System: Correlation
between sensory outputs and
experiences and scenarios

Evaluate the consequences on the structure ara issy
appropriate instructions

Clitv Collese of New York!

DYNAMICS AND STRUCTURAL CONTROL LABORATORY
Dynamic Monitoring of Beams: An Illustration

Wood Beam Aluminum Beam

Clitv Collese of New Yorkl

DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Dynamic Monitoring of Beams: An Illustration

Clitv College of New York
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DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Dynamic Monitoring of Beams: An Illustration

Wood Beam

@ sttt v o ®) —

DYNAMICS AND STRUCTURAL CONTROL LABORATORY
Dynamic Monitoring of Beams: An Illustration

Temperature-Natural Frequency

o
§ e A
% ’ No significant change in
i natural frequency of the
3 y wood beam observed.
2 g

Temp. ncreases Bayond Ambient (deg.F )

Clitv Collese of New York

DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Dynamic Monitoring of Beams: An Illustration

= The goal of the study was to show the potential of the
multi-sensory approach through a very simple
approach.

= Very detailed study, including selection of various
sensors integrated into one platform, are is planned.

= A decision making tool using data-fusion approach
can give reliable prediction of imminent collapse:

= Vibration signal (accelerometers) + Acoustic Emission
+ Temperature + knowledgebase on behavior
(displacement, connections behavior, etc.) of beams
during fire = More reliable estimation of imminent
collapse

tv Collese of New York!
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Structural Integrity Monitoring System for Detecting Imminent Collapse of Buildings
Feng-Bao Lin, Tony Wu and Anil Agrawal

DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Dynamic Monitoring of Beams: An Illustration

Aluminum Beam

Clitv Collese of New Yotk

DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Dynamic Monitoring of Beams: An Illustration

Clitv Clollese of New York

DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Example of Multi-Sensory Systems for
Underground Pipes

Clitv Collese of New Yorkl
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Structural Integrity Monitoring System for Detecting Imminent Collapse of Buildings
Feng-Bao Lin, Tony Wu and Anil Agrawal

DYNAMICS AND STRUCTURAL CONTROL LABORATORY DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Rescue of Victims during a Catastrophic Event Rescue of Victims during a Catastrophic Event

Sensors transmitting victim’'s condition (heart heetn be
integrated.

Mobile phones can be used as multi-sensory devic:

@
g

A simple RFID type sensor embedded in cell phope

. - Technology  deployable  with minimal costs |by
can send signal from victim to the rescue team.

telecommunication companies.

Victim can be located by triangulation of signalsnf Significant impact on rescue operations.

several cell phones on site.

Clitv Coollese of New York

Clitv Collese of New York

DYNAMICS AND STRUCTURAL CONTROL LABORATORY DYNAMICS AND STRUCTURAL CONTROL LABORATORY

Conclusions

Rescue of Victims during a Catastrophic Event

Multi-sensory approach has potential to detect inemi
collapse of building members.

However, the observation is based on very limitedad
Extensive work is needed on:

« Effective sensory components capable of withstand
harsh environment

« Data fusion based expert system for instant dmtisi
making.

Clitv Collese of New York Clitv Coollese of New York
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DHS Stabilization of Buildings Workshop
August 25-27, 2009

N. Side of 10 Story, Murrah Bldg (Concrete)
20’x35’ Column spacing with Transfer Beam at 3rd Fi

DHS Stabilization of Buildings Workshop
August 25-27, 2009

SimulatediCollapse’

Stabilization of Buildings Workshop Proceedings

Rescue Engineering: Practical Aspectsof Building Stabilization in Search & Rescue
David J. Hammond

DHS Stabilization of Buildings Workshop
August 2 7, 2009

The Rescue Engineer’s Challenge

The 1995 Explosion at the Murrah
Federal Office Bldg

First comprehensive test of the National
Response System

Incident overwhelmed local response
capability

FEMA US&R response was activated,
following a Presidential Declaration

ion of Buildings Workshop
2009

S. Side of 10 story, Murrah Bldg
Showing shearwalls at stairs & elevator
Pre-cast panel facade - Plaza at 2nd Fl w/ Main Entry

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Explosion at 0902
Initial response was to

Burning Cars in
parking lot to the
North of Building

Il Quick Response

3 engines from 2
blocks away were just
leaving for training at
| 0900hrs so response
was within minutes
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Rescue Engineering: Practical Aspectsof Building Stabilization in Search & Rescue
David J. Hammond

Very competent initial response by OKC Fire Dept
All live victims were removed by 1900hrs

DHS ation of Buildings Workshop
Augus , 2009

Collapse Zone Layout

DHS Stabilization of Buildings Workshop
August 25-27, 2009

DHS
Response Div

Initial
Information

OUTLINE /
AT 3RD

WE,_ 200 0.C.
) 220-0 T [
28 26 24 22 20 18 16 i) 12 10

POST EXPLOSION PLAN - FLOORS 4 TO ROOF
(3RD FLOOR WAS SIMILAR TO 2ND)

DHS Stabilization of Buildings Workshop DHS Shhlllﬂmm of Buildings Workshop
August 25-27, 2009 August 25-27, 2009

DHS/FEMA US&R Objective 80 Person - Task Force Organization

Location, Rescue (Extrication), & Initial
Medical Stabilization of Victims

Trapped in Confined Spaces
from K9 S(tze)arch T?ﬂﬁesssq:ei |i HazmatSpec |i Med Spec t Log Spec @
Earthquakes, Hurricanes, Tornadoes, o o T O T

Explos_ions, Terrori_st Ac'gs and other Suwonsvec
Life Threatening Disasters

24 hour Operations
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Rescue Engineering: Practical Aspectsof Building Stabilization in Search & Rescue

David J. Hammond

DHS Stabilization of Buildings Workshop

August 25-27, 2009

Incident Support
Team - A

20 Positions
24 Hour Ops

(may add 6 for
full 24 hr ops)

ESF-9 Leader
()
|

IST Commander

()
IST Safety Off
(1)
Operations Sect Ch Planning Sect Ch Logistics Sect Ch

(2) (2) (2)

IST Struct S IST Comm

(1) Unit Ldr (2)

IST US&R S IST Medical
&) Unit Ldr (1)

IST Situation IST Transport

Unit Ldr (1) Unit Ldr(1)
|

IST POAMOB
Center S (1)

DHS St ion of Buildings Workshop

August 2009

StS Basic Approach
Identify & Solve

What caused collapse?

What type (types) of structure?
Condition of Vertical Load Path
Condition of Lateral Load Path

What type hazards present
Collapse, Falling, Other

Location & condition of voids

Locations of original Access/Holes

Needed Access for Search & Rescue

Available Mitigation Methods

DHS Stabilization of Buildings Workshop

August 25-27, 2009

North East Corner
Looking West

| Note that “The Bite” has
| been created by the

| Also note that the 2nd &
3rd floors are missing on
all sides of Columns F-22
Bl & F-20

Stabilization of Buildings Workshop Proceedings

DHS Stal on of Buildings Workshop
August Z 2009

The US&R Structures
Specialist’s (StS) Role
Provide:
Hazard I.D. & Assessment
Hazard Mitigation Alternatives
Monitoring Techniques
Engineers need to give their best possible
assessment & advice
Persuasively but within Incident Command Sys

Rescue focus is on victims -
Engineer focus is safety of Rescue Forces

DHS Stabilizati
FEMA US&R TFs
arrive by 2000hrs

IST was fully staffed over
next 24hrs

IST Struct Spec started by
doing Hazard Assessment
starting on North side at
East end

Note that East end is
poorly connected to
remainder of building

DHS Stabilization of Buildings Workshop

| Moving West on North

side to Lines 18 thru 24

K| Columns F-22 & F-20 are

il have about 300k & 500k
loading

The debris appear to be

9 providing some column bracing

 but it needs to be removed -
at daycare center
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David J. Hammond

DHS S ization of Buildings Workshop
August 27,2009

. North Side Looking East
North Side Cols F-18,16 & 14 are poorly connected to 2nd floor
at West End v 3 \ ) / 7
il ; . 3 S |
Column E-12 has Vertical - ' e

Shoring installed during
Day 1

tion of Buildings Workshop
, 2009

Co]umn E-15with ko
vertical shoring

DHS Si tion of Buildings Workshop DHS Stabilization of Buildings Workshop

Augus , 2009

Aug 9
South Side
West End Main Entry at 2nd fl - See next slide

3 inch granite wall
panels are somewhat
damaged

‘ But if they fall they will
"= land on concrete roof
| over OPS Center

‘ o TR R - o

DHS Stabilization of Buildings Workshop
Augus -27, 2009

Precast Panels over Main Entry _
Cable tied on 1st day by local contractor, O.K. Granite panels have partly fallen, but land on
concrete roof below - can create fall zone

Stabilization of Buildings Workshop Proceedings

214 of 309
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David J. Hammond

DHS Stabilization of Buildings Workshop DHS Stabilization of Buildings Workshop

Augu 2009 & Augu 09 &
Return to North Side Need to sit down for a few minutes & Review
Note large number of hanging slabs COLLAPSE HAZARDS — =
Plus Large (35k) Mother Slab E Tower Marginally stable ‘

Columns F -20 & F-22 have 2nd & 3rd
floor ripped away and 4 " dia pipe
installed - INADEQUATE

Columns F -16 & F-18 poorly
connected to 2nd floor

Column E -12 - Vertical Shore
installed - O.K.
EALLING HAZARDS

South Entry P.C. Spandrel - Cable
tied O.K.

East & West Granite wall veneer
Fall zone is concrete roof - O.K.

Hanging Slabs on North Face
Mother Slab

DHS Stabilization of Buildings Workshop g DHS Stabilization of Buildings Workshop
AugL 9 g 2009

Column E-12
Adequately shored on
Day 2, 20Apr95 by

East Tower
Marginally stable

local contractor T 8 3 Monitor from north parking

| lot using Theodolite +
establish link to weather
service to warn of winds
over 25MPH
Can't establish fall zone -
would greatly limit rescue
efforts

Boldt Construction

DHS Stabilization of Buildings Workshop
Augt )9

While the TFs were Shoring 2nd Floor
The Top Priority for IST StS was to work w/Contractors
to Brace Columns F-22 & F-20

o ; -
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Rescue Engineering: Practical Aspectsof Building Stabilization in Search & Rescue
David J. Hammond

ion of Buildings Workshop
09

View inside Pit
Looking at existing,
inadequate 4” x 35’ Pipe
Brace, from stable Line
E to Column F-20

Most efficient way to
stabilize columns is to
Provide 2% brace in oy ;
each direction at 2nd & “‘i‘:fé&":k ﬂ?u.,
3rd Fl lines ey
Can't Reduce Load on j
Column or provide
Vertical Shoring

DHS Stabilization of Buildings Workshop
August 25-27, 2009

ion of Buildings Workshop
Augu: 09

Many people + Crane pull to lift in bigger pipes B @ @ @ @ o
Needed to work in concert w/ rescue i oo F -
' T

{

]

L ATDED CAELE TIE
Vi BELIRY 2MG FLDDR

7 COLRNS WITH
#TFE

Fy Hd BT RRALEE o, .
[AToHD Fuide, ALDI T
o foacie,

., 2 Cle PRE

L BAACES
— oEp o
AL {

" yiRT BAACER
VARLL UNDER ZUD

N

3
] H
4 H f
i

BRACING OF COL F20 & F22 AT ZHD & 3RD FL
{L0L Fi4, F1§, & Fi# AT 2ND FLOGR)

on of Buildings Workshop
009

Note truséing of 4" pipes to provide . .
6" pipe on 30deg angle to provide E-W brace The 30 deg, braces from Line F at 2" & 3
i 5 . 3 Were both anchored at Line E, 2nd floor

N Angles were added so drill-ins could act in shear

P
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Rescue Engineering: Practical Aspectsof Building Stabilization in Search & Rescue
David J. Hammond

DHS n of Buildings Workshop G DHS ¢ n of Buildings Workshop
009 % Augus ]

End of Week 1
Pipe braces & Cable ties Column F-22

T\ FRi = 7 As debris slabs were
removed the cracked nature
of the concrete where the
floor slabs had been ripped
away was revealed

Metal packaging tape was
placed around the column at =
the damaged area

The Quickest Fix

n of Buildings Workshop
009

It was then decided to carefully remove the projecting | A i |

rebar in order to apply a grout filled, steel sleeve o ; Cols F-20 & 22
~] G [ 1 L\ : Steel sleeves from 3/8”

i\ plate & angles were

placed at 3rd fl.

Then filled w/fast set

grout

Also pipe braces were
tied into the sleeves &
new collars to more
positively attach to
column

D ation of Buildings Workshop N
Aut 2009 FEMA

) Cols F 2 ‘& 22 with final Sleeves & Bracin
A Cols F-18, 20 & 22 Work continued from Day 3 to 12 As the

Smart Levels were then placed = = = T"“" Reward
to monitor column rotation )

| (buckling mode)

| between 2nd & 3rd floors

chances
got Less,
: ! LA the Risk
il Used binocglars from the safer LA b \ : needed to

area near Line E . " | become

Less

Stabilization of Buildings Workshop Proceedings 217 of 309



Rescue Engineering: Practical Aspectsof Building Stabilization in Search & Rescue
David J. Hammond

Column F-14

Showing how beam
has dropped 3ft.

Wood Shoring supports
Vertical Load & Cable

Tieback holds it from
moving North when
debris are removed to
access Victim

DHS Stabilization of Buildings Workshop
Augus , 2009

2| Hanging Slabs on
North face of collapse

. Were originally NOT considered
2| as a high priority Falling Hazard
%] By Day 6 rescuers became
i| concerned as the wind continued
| to cause small pieces of concrete
| to fall, thereby slowing Rescue
|| Operations
¢| Each individual slab was
evaluated by FEMA StS then
OCFD agreed to allow slabs to be
| removed

DHS Stabilization of Buildings Workshop
Aug )09

| Finally North Face of Summary - Murrah Bldg Experience
structure was Atotal of 11 TFs and an equal number of
cleaned of Falling OCFD personnel toiled for a total of 15 days

| Hazards and Fenced to recover the 168 victims.
A total of 37 StS were deployed

Note that the remaining The FEMA US&R Response System

floor slabs had their bottom operated well (without serious accident) and
rebar pulled out adjacent to p_assed it's first big test as a competent

the initial collapse - This disaster responder.

area was unsafe and Lessons were learned regarding use of
avoided equipment, personnel, & communication.
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The Collapsed Structure Disaster Wor k Environment

Hollice Stone

DHS Stabilization of Buildings Workshop
August 25-27, 2009

The Collapsed Structure Disaster
Work Environment

Presentation:

Hollice Stone, P.E.

Stone Security Engineering
USACE StS, formerly CA-TF3

Paper Authors:

David J. Hammond S.E.

Michael G. Barker, U of Wyoming
Tom R. Niedernhofer, USACE

DHS Stabilization of Buildings Workshop
August 25-27, 2009

U.S. Dept of Homeland Security
Organization
Combined 22 Federal agencies into four
policy directorates:
Border and Transportation Security

Emergency Preparedness and Response

Information Analysis and Infrastructure
Protection

Science and Technology
Management Directorate
U.S. Coast Guard
U.S. Secret Service

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Department of Homeland Security(DHS)

Stabilization of Buildings Workshop Proceedings

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Introduction to US&R System

U.S. Department of Homeland Security Mission

Prevent terrorist attacks within the
United States

Reduce America’s vulnerability to
terrorism

Minimize the damage from potential
attacks and natural disasters

DHS Stabilization of Buildings Workshop
August 25-27, 2009

DHS/FEMA as an Organization
Part of Dept of Homeland Security
D.C. Hg + 10 Regional offices
About 2000 full time employees
About 10,000 DAEs

Presidential appointment for:

Emergency Prep, & Response Div
Director

Regional Directors
Field Coordinating Officers - FCO

DHS Stabilization of Buildings Workshop
August 25-27, 2009

DHS/FEMA Notification Process

DHS
Response Div

Initial
Information

Alert/Activate /
IST
MEMBERS

US& R Prog
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Hollice Stone

DHS Stabilization of Buildings Workshop
August 25-27, 2009

National Response Framework
15 Emergency Service Functions
Search & Rescue is ESF-9

US&R is only small part of total Federal
Response

DHS/FEMA provides many other post
disaster help to State and Local
Governments

Requirements of implementing NRF
Presidential Declaration
Cost Sharing 75-25 to 100-0
Federal Accountability

DHS Stabilization of Buildings Workshop
August 25-27, 2009

DHS/FEMA US&R Response Sys
28 Task Forces
System Goals/Direction Setting
Groups
Advisory Committee
Task Force Leaders
System decision making process
US&R Division Director
Operations Group
12 Working Groups
K9 and Structures Sub-groups

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Disaster Victim Classification
DHS/FEMA

—
Entombed / US&R
Trapped in Void

Spaces

Surface
Victims

The Most Effective Response is the
Most Local, since it's the Most Timely

Stabilization of Buildings Workshop Proceedings

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Typical Disaster Organizati
DHS/FEMA HQ - EST
DHS/FEMA Region - ROC
Disaster Field Office - DFO

All appropriate ESFs represented
Federal Coordinating Officer - FCO

State and Local Emergency Operations
Centers — EOC

May be collocation of some offices
Local Incident Commander IC

DHS/FEMA US&R works in support of IC
Memorandum of understanding
Operate under Incident Command System

DHS Stabilization of Buildings Workshop
August 25-27, 2009

DHS/FEMA US&R Objective

Location, Rescue (Extrication), & Initial
Medical Stabilization of Victims
Trapped in Confined Spaces

from

Earthquakes, Hurricanes, Tornadoes,
Explosions, Terrorist Acts and other
Life Threatening Disasters

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Survival Rates of Trapped Victims
Earthquakes

30 minutes 90% survive
1 day 80% survive
2 days 40% survive

3 days 30% survive
4 days 20% survive
5 days 10% survive

Requires Rapid US&R Deployment and
Response — Influences Risk vs Reward
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The Collapsed Structure Disaster Wor k Environment
Hollice Stone

DHS Stabilization of Buildings Workshop
August 2 009

Survival Rates of Trapped
Victims in Blast Incidents

DHS Stabilization of Buildings Workshop
August 25-27, 2009

National US&R Response
System History
Impetus for US&R System - 1990

Loma Prieta Quake and Hurricane Hugo
(1989) highlighted the natural threats in
the U.S. and underscored the need for a
National US&R capability.

Subsequent history has modified the
focus to include Terrorism Threats

No Live Victims have been recovered
from collapse zone of a blast Incident
following Day 1

Has significant effect on Risk vs
Reward Evaluations

Effects transition from Rescue to
Recovery Operations

Initial “Only Live Victim Rescue” has
been expanded to “Returning all Victims
to their loved ones”

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Today’s US&R Task Forces Today’s US&R Task Forces

Each Task Force Team has 70 Personnel

Puget Sound, WA
.--t - * e,.y‘ wa *10 additional support for over highway

A e York Ciy, N Each TF is Three Deep for Each Position
\faé:gg;r?v%y " Equipment Cache of ~$2.5 Million
Rigorous Training Schedules
Type 1 has 70 Personnel* — Standard TF
Type 2 has 70 Personnel — WMD, Special
Type 3 (Light TF) has 28 Personnel

Sacramentq
Oakland, CA\g
Menlo Park, CA
Los Angeles City,CA
Los Angeles Co,CA

Boo
W‘D
Orange County, CA ‘

) $ice, ca
. .
San Diego, CA —<Lnoenix, 4

R Metro Dade, FL
Miami, FL

DHS Stabilization of Buildings Workshop DHS Stabilization of Buildings Workshop
August 25-27, 2009 August 25-27, 2009

70 Person - Task Force Organization 28 Person - Type 3 -Task Force

2)
[
)

Search Tm Mgr Search Tm Mgr Logistics Mgr Planning Tm Mgr
Rescue Tm Mgr Hazmat Tm Mgr Medical Mar Log'ﬂins Mgr Flaming Tm Mgr
(2) (2)

K9 Search K9 Search I_ I_ Tech Info
K9 Search Rescue Sqd 1 Hazmat Spe: Med Spec Log Spec Slrucl s
@) 10ff +5 Spec
Rescue Spec Rescue Spec
s spec [ v s comm ec redh o 2 @ D awn to Dusk
) 10ff +5 Spec
Medical Spec Medical Spec .
Tech Search Rescue Sqd 1 H Supporl Spec [&) &) O
erations
Hazmat Spec Hazmat Spec
Rescue Sqd 1 R (1) (1)
10ff +5 Spec

24 hour Operations

HERS
)
(1) (1)

Stabilization of Buildings Workshop Proceedings
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Incident Support
Team - A |

(2)
(1)

20 Positions | st Conm
24 Hour OpS IST USER'S IST Medical
) Unit Ldr (1)

(may add 6 fOr IST Situation IST Transport

Unit Ldr (1) Unit Ldr(1)

full 24 hr ops) 1

IST POAMOB
Center S (1)

DHS ation of Buildings Workshop
Augus 7, 2009

DHS/FEMA US&R Events
1992, Hurricane Andrew 2001, World Trade Ctr
1992, Hurricane Iniki 2001, Pentagon
1992, Typhoon Brian 2002, Winter Olympics
1993, Hurricane Emily 2003, Hurricane Isabel
1994, Northridge Quake 2004, 3 - Nat Sec Events
1995, Oklahoma City 2004, 4 - FL Hurricanes
1995, 3 - Hurricanes 2005, 4 - Gulf Hurricanes
1996, Hurricane Fran 2006, TS Ernesto
1996, Puerto Rico Gas Exp 2007 & 8, 4- Hurricanes

1998, Kansas Grain 2009 Earthquake or
Elevator Explosion Explosion???

DHS Stabilization of Buildings Workshop
Augus 7, 2009

Mexico City Earthquake
1985 i
10,000 Dead

150 Rescue
Workers Dead

Many untrained
rescuers

1st U.S. Foreign
Response

Genesis of Urban Search & Rescue

Stabilization of Buildings Workshop Proceedings

DHS S tion of Buildings Workshop
Augus 2009

US&R Task Force Operational Guidelines

24-hour Operations

Two 12-hour Shifts (except initial Blitz Mode)
Self-sufficient for 72 Hours

Re-supply after 72 Hours

Reports to Point of Departure within 6 Hours of

Activation

Multi-faceted/Cross-trained Personnel
Standard Equipment and Training
Uses Incident Command System

Support Local Incident Commander
StS MUST work within system

DHS St tion of Buildings Workshop
Augus , 2009

National US&R Response
Principal Event History

1985 Mexico City Earthquake
The Beginning

1990 DHS/FEMA Starts US&R

1994 Northridge Earthquake
The System is somewhat tested

1995 Oklahoma City Bombing — Terrible
event, but comprehensive test of system

9/11 Attacks — System was Overloaded
Katrina — System not well enough prepared

tion of Buildings Workshop
D09

Nbrthridge Earthquake
1994
1st Test k2 '

Activated 10
Task Forces

Deployed 3
local Task
Forces

222 of 309



The Collapsed Structure Disaster Wor k Environment
Hollice Stone

bilization of Buildings Workshop

dklahoma City

1995

11 Task Forces for a
total of 15 days (max 7
days for an individual
Task Force)

Recovered 168 victims

Experience created
improvements in Task
Force Ops

37 StS Deployed

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Pentagon
9-11-2001
5-DHS/FEMA TFs + 3 Local
Rescue Units - 9 days
Unified Command within
well controlled site

Good cooperation with

other US&R forces and

Contractor

Good management of Risk
Recovery on Day 5

15 StS deployed

of Buildings Workshop
, 2009

& 2008 Hurricanes
More robust pre-deployment
2006 Ernesto — Pre-deployment & Training
IST + 5 TF in Atlanta
IST + 5 TF in Jacksonville
2008 Gustav, Hanna, & lke

Initially 2 - IST + 12 TFs in various locations from
Atlanta to Houston

Some TFs were away from home for 21 days

Some were deployed for 1 or 2 days in
Galveston/Houston area

Difficult impact on TF members lives

Stabilization of Buildings Workshop Proceedings

9-11-2001

24 Task Forces — 22 days
(max 8 days for Task Force)

Provided aid to FDNY

Difficult and unique
experience, following the
loss of 343 firefighters

Risk / Reward was a victim

62 StS deployed
SEAONY Response

tion of Buildings Workshop
009

é, Ophelia, Rita

29Aug05

2 BoO, LA & MS
Initially 2-IST, 5-TF,
+ 5-TF in Reserve

All 16 CA Boats
Eventually all 28-TFs,
some 2x

DHS/FEMA Logistics
overwhelmed
Support by USCG
Re-assess priorities
Hurr Rita, overreaction

DHS Stabilization of Buildings Workshop
Augus -27, 2009

US&R Task Force Capabilities - 1

Physical, Canine, and Electronic Searches
Rescue Ops in various types of structures:
Wood Frame & Steel Frame
Reinforced Concrete & Precast Concrete
Unreinforced Masonry & Unreinforced Concrete
Advanced Life Support Medicine,
Specializing in Crush Syndrome
Structural Integrity Assessments & Mitigation
Hazardous Materials Assessments & Referral
Rescue and mitigation possible for WMD TFs
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US&R Task Force Capabilities - 2

Coordination with Heavy Equipment Operations
Communications Capabilities

Logisticians for Resource Accountability,
Maintenance, and Procurement
Technical Documentation Development
Public Information Capabilities

Incident Action Planning

DHS Stabilization of Buildings Workshop
August 25-27, 2009

US&R Focus

DHS/FEMA US&R Objectives
Locate, Rescue & Medically Stabilize Victims
Focus on VICTIMS

StS Responsibilities
Support the above US&R Objectives
Focus on RESCUERS

DHS Stabilization of Buildings Workshop
Augus , 2009

StS Development History

Training developed by USACE in 1991
USACE augments and supports DHS/FEMA US&R
USACE received funding from DHS/FEMA & DoD
Two decades development, training, & support
USACE US&R Program

Training for DHS/FEMA, USACE, State &
International StS

Yearly StS1, StS2 and Regional Training
Train & maintain USACE StS Cadre
Employs the StS Training Cadre

Prerequisite is P.E. or Equivalent

Stabilization of Buildings Workshop Proceedings

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Why Structures Specialists

Not to Impede Rescue Operations,

Rather, to promote lower risk Rescue Ops
StS for short

ADVISOR to T F Leadership

Technical Resource with no Direct Authority
to start or stop Search and Rescue Operations

The relationship between the StS and the
other T F members is critical

Respect for each other’s Positions, &
confidence in other’s duties is:
Accomplished through TRAINING TOGETHER!

DHS Stabilization of Buildings Workshop
Augus , 2009

Overview of StS Roles

The Structures Specialist will typically be
assigned to one of the following positions:
Task Force Structures Specialist— DHS/FEMA, USACE
& State Certificated StSs are eligible for this rol  e.
Some State US&R TF have USACE Certificated StS
Number of DHS/FEMA TF StS = about 160
Number of USACE StS = about 60

Number of USACE Certificated, State StS = more th an 100

US&R Incident Support Team (IST) Struc Specs
Selected DHS/FEMA StSs are eligible for this role
Number of US&R IST StS = about 12

USACE StSs provide technical support to the US&R IS T StS.
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What is Rescue Engineering?
What is expected of a StS?
Very different from “Office Engineering”
No Computer, No Staff, No Quiet Space
No time to Study Problem & “Get Back”
No “Orderly Problem” — No Comfort Zone
It is “NOW” Engineering”
Need to “See Through” the disorderly Structure
Need to “Recognize” the critical structural issues
Need to “Prioritize” your tasks
Need to “Recall” previous, similar incidents
Need “Quick References” in your Head
Need to “Respond” Quickly & Creatively
Need to “Understand” Risk — Reward progression
Expect to be “Uncomfortable”

DHS Stabilization of Buildings Workshop
August 25-27, 2009

StS Tasks
Evaluate Damaged
Structures
Rapid Structure
Recon/Assessment

Classification of
Building Type and
Collapse Risks

Monitoring During
Operations

Building Marking

of Buildings Workshop
009

General Requirements
Able to function safely at heights and on or
around rubble.
Maintain current inoculations

Be available on short notice to mobilize
within six hours of request for a response
assignment of up to 10 days in austere
environments.
Working knowledge of ICS.

StS Must work within ICS System

ICS 100, 200, 700, 800

Stabilization of Buildings Workshop Proceedings

tion of Buildings Workshop

StS Tasks

Task Force
Personnel Safety

Risk of collapse or injury
Access to Victims
Egress & Safe Havens
Risk/Reward

DHS Stabilization of Buildings Workshop
Augus -27, 2009

StS Tasks
Hazard Mitigation

Avoid & Minimize Risk
Exposure

Stabilization of Structure

Shoring for Access to
Voids

Heavy Rigging Picks
Rubble Removal
Creative Alternatives

DHS Stabilization of Buildings Workshop
Augus -27, 2009

General Requirements - Training

Current CPR Certification

DHS/FEMA US&R Orientation
Respiratory Protection Training

DOJ Emergency Response Training
Complete WMD Enhanced Ops
Complete of GPS Awareness Level
Complete Operations Level For HazMat

Complete Awareness Level Per NFPA 1670:
Confined Space Operations
Water Rescue Operations
Structural Collapse Operations
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Requirements for StS, Specific - 1 Réquirements for StS, Specific - 2

Currently licensed as a Civil Engineer Ability to identify vertical load and lateral force
specializing in Structures or Equivalent resisting framing systems and the critical
elements within those systems.

Ability to identify failure indications of building
materials.

Struct Sub-group determines equivalency

A minimum of five years experience in
structural design and analysis to include
evaluation of existing structures, field Understand the behavior of Wood Structures

investigation or construction observation Ability to identify building features that could
experience. provide entry or access to victims such as

Expertise in Structures ducts, shafts, etc.

Able to recommend practical solutions for
US&R operations in compromised structures.

DH: ation of Buildings Workshop s ion of Buildings Workshop
Augus 009 Augus 2009

StS Specific Training StS job is to not let this Happen

Structures Spec.Course StS1

DHS/FEMA US&R & Risk vs. Reward

Building Systems and Collapse

Hazard 1.D. & Mitigation

DHS/FEMA Shoring Systems

Heavy Equipment & Rigging

Rapid Reconnaissance

DHS/DHS/FEMA Disaster Site Marking System
Continuing Education

Advanced StS Training — StS2

Total Station & GPS

StS Tools & Rescue Skills
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Hazard Assessment & Everybody is asking the
Mitigation Techniques for

Collapsed Buildings

Structures Specialist!!

Is this 2 GO or NO-GO?

Is it Safe to be working in this area?
What is'the Chance of that falling?
Paper Authors: What is the Safest way to enter?
Michael G. Barker, U of Wyoming Whete are we Likely to find Voids?
Blake D. Rothfuss, Jacobs Assoc. ’
Hollice F. Stone, Stone Security Engineering What can we doito the Reduce Risk?
David J. Hammond, Chair, SSG, DHS/FEMA What type of Shoring should we build?

Thomas R. Niedernhofer, USACE s i
Where is the Progressive Collapse Zone?

Presentation:

Michael G. Barker, PhD, PE, U of Wyoming,
USACE StS, formerly MO-TF1

DHS Stab tion of Buildings Workshop S8 zation of Buildings Workshop

August 2 009 Au 2 009

Structures Specialist in DHS/FEMA US&R Critical StS Roles at Disaster Site

FEMA US&R Obijectives Identify & Assess Hazards
Locate, Rescue & Medically Stabilize Victims
FOCUS ON VICTIMS

StS Responsibilities
Support the Above US&R Objectives
FOCUS ON RESCUERS

Mitigate Hazards to an Acceptable Level of
Risk

The survival of victims and fellow
response personnel may depend on StS
Judgment

n of Buildings Workshop S Stabilization of Buildings Workshop

i 009 FEMA Jgust 2527, 2000
Hazard Assessment & Mitigation Problems The Structures Specialist
Uses knowledge of building systems
Experience from training and other disaster work

Understands capabilities of US&R personnel
Operates within the Incident Command System

Judgments cannot be precise
Partially collapsed structures difficult

Collapsed structure has come to rest, but it is now
weaker and more disorganized than original
structure

Damage may have caused partial collapse, but To

building remainder may be weakened & ready to
collapse with additional demands Provide the best advice on the risks and managing
those risks during search & rescue operations
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Assessing Hazards

Collapse Hazards
Potential energy level
Failure modes and effects analysis
Viability of Vertical & Lateral Load Paths
Ductility & Redundancy

Falling Hazards

Other Hazards
Environmental, WMD
Secondary devices

Hazard during assessment & mitigation

DHS Stabilization of Buildings Workshop
Augus 009

3 Story, Offset
Earthquake
Collapse

StS tasked with
Assessment for
US&R

ation of Buildings Workshop

Mexico City Earthquake
10 story Type C1 Concrete
Outer bay floors collapsed

How to reduce risk for Searching Building?
Point of entry & safe havens?

Stabilization of Buildings Workshop Proceedings

DHS Stabilization of Buildings Workshop
Augus -27, 2009

Structure/Hazard Assessment

Original Structure Damaged Structure

Adjacent roof, no
redundancy
Lean-To Collapse

Corner Bldg w/Front & Prop
Line Wall Fall

DHS Stabilization of Buildings Workshop
27,2009

Puerto Rico Steel Frame
Gas Explosion

Light Floor “Lift & Drop.” Columns
Pushed out at Beam Connection

How to Mitigate falling and collapse
hazards?
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HAZ-2 is
large sketch
area

DHS Stabilization of Buildings Workshop
August , 2009

Structure/Hazard Assessment
Visualize what could happen during additional
demands

What if there is additional demands - what is the
plan? (safe haven areas / escape routes)

Before changing the existing configuration
(mitigation/rubble removal), evaluate the effect on
the Load Path

Can the hazards be mitigated to an acceptable
level? What is risk during mitigation?

Hazard Mitigation

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Hazard Mitigation Techniques

Short-Term, Quick Mitigation

Avoid & Barricade

Remove (if easy)

Minimize Exposure

Spot Shoring

Monitoring (for immediate needs)
Longer-Term, Resource Intensive Mitigation

Developed Shoring Systems

Remove (if difficult)

Monitoring (for long-term needs)

US&R Forms: MIT 1

Stabilization of Buildings Workshop Proceedings

DHS ation of Buildings Workshop
Augus 7, 2009

Structure/Hazard Assessment

What caused the collapse?
Has structure collapsed to a stable condition?
Identify vertical & lateral systems
Brittle or ductile behavior
Check for redundancy
Check for potential instabilities
Building stability
Rubble stability

zation of Buildings Workshop
9

Hazard Mitigation
Following assessment, the StS considers alternatives
that will reduce risk for US&R Ops
Mitigation Plan is essential component of risk vs
reward analysis

Mitigation will normally be done in a series of steps

As Reward of finding live victims decreases, additional
mitigation should be planned and implemented to further
decrease the risk to rescuers

Mitigation may be planned as a continuum that reduces
risk, step by step

Hazards of implementing mitigation needs to be considered

DHS Stabilization of Buildings Workshop
August 25-27, 2009

US&R Form
MIT-1
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Simple Hazard Mitigation Simple Hazard Mitigation
Avoid Exposure reduction
Need effective barrier system : Risk is a function of severity and exposure
May be lowest risk option _ i How long do personnel need to be in the area?
. - ] Limit time exposed to hazard
Limit number of personnel exposed

Can be a short
term, high risk
option

Removal
Lift off, push over, pull down

Operation may require Site
Evacuation

May pose some risk to hidden
victims

DHS Stab tion of Buildings Workshop DHS Stabilization of Buildings Workshop
August 2 009 Augus 9

Hazard Mitigation Hazard Mitigation

Immediate need, short-term or longer-term Short-term or longer-term Shoring

Monitoring . .
Vertical & Lateral Shoring

Place Shoring and progressively upgrade shoring
capacity and stability as operations continue

Plumb Bob 4% (1 ! Class 1, Spot Shores
Crack Gage - - J Class 2, Two-dimensional Shores

Smart Level - ampme— Class 3, Interconnect pairs of Class 2 to form three

Laser Level dimensional Shores

Total Station
Wireless Building Monitoring System

ation of Buildings Workshop DHS Stabilization of Buildings Workshop

T Shore — 2 Post Vertical Column Bracing Building Bracing

Stabilization of Buildings Workshop Proceedings 230 of 309



Hazard Assessment & Mitigation Techniquesfor Collapsed Buildings
Michael G. Barker

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Summary of Assessment & Mitigation

The StS works within the emergency command
structure to minimize risk to the rescue personnel
during US&R operations

The StS has the training and background to assess
the damage and identify hazards

Evaluating the risk (with respect to the reward), the
engineer develops a mitigation plan to reduce risk
to acceptable levels

There a toolbox of practical mitigation methods that
have been standardized and proven through past
experience and incidents

These mitigation methods vary in effort and levels
of reduced risk
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Why Buildings Fail? The Basics, and Beyond!
Mohammed Ettouney

Outline

Why Buildings Fail?
The Basics, and Beyond! Definition of ‘The Basics’
Theory of Progressive Collapse
Concepts of Building Stability
On the Types of Buildings
The ‘Beyond’
Vicksburg, MS Closing Remarks

DHS Workshop on Stabilization of Buildings

Mohammed M. Ettouney, Ph.D., PE, MBA, F.AEI

August 25, 2009

Weidlinger Associates Inc Weidlinger Associates Inc
www wai.com www wai.com

Definition of *The Basics’ Theory of Progressive Collapse

+ Those issues that have major + Theory of progressive collapse were introduced in 2003
influence in stability of describes the problem in a simplified fashion
buildings
[ When an initiator event causes a local failure in a
¢ Or partial buildings (those i ! ‘ : building, the resulting failure front will propagate
parts of the building that through the structure until the failure front is arrested,

i i f . i .
remaln St adle e or until the remaining structure becomes geometrically
IED attack, or other

unstable.

abnormal events, such as an

earthquake)
The challenge is to investigate the stability of REMAINING

building

Weidlinger Associates Inc Weidlinger Associates Inc
www wai.com www wai.com

Concepts of Building Stabi The'

Technically: Moment of Inertia
+ Euler’'s equation describes completely
ALL building sta

Generally: Foot print of building

When too much of the foot print fail, the
building is prone to be unstable

Thus buildings with larger foot print are
inherently more stable

M=K-0 .

(a) Horizontal force (b) Lightload

Weidlinger Associates Inc Weidlinger Associates In
www.wai.com www.wai.com
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The ‘E’

+ Technically: Represent the stiffness of the
building

+ Generally: Can also represent the state of
mechanical properties of the building

+ For example, after fire, the ‘E’ can be degraded
enough to render the building unstable!

+ Also, after a bombing attack, the ‘E’ can be
reduced enough to render the building unstable!

Weidlinger Associates Inc
www wai.com

The ‘KH’

M i
(c) Before fire (d) After fire

When a fire destroyed few floors in a high-rise in NYC

The height (KH) of the columns increased far beyond the
design allowance
The build became unstable, and eventually collapsed in its

entirety! . .
Weidlinger Associates Inc
www.wai.com

The 'PI’

Simply stated: not all building types (or
remainders of buildings after an initial
collapse) are created equal

Some structural systems are ‘more
stable’ than others

Which bring us to ‘Types of Buildings”

Weidlinger Associates Inc
www.wai.com

Stabilization of Buildings Workshop Proceedings

The ‘KH’

+ Refers to height
+ Of building
+ Of floors
+ Or combinations of same

+ As ‘KH’ increase, the building, or component, becomes
more prone to being unstable.

Weidlinger Associates Inc
www wai.com

The ‘KH’ + ‘'I" Combinations

+ Tall buildings (KH) with small foot print
(I) are susceptible to instability

problems Weidlinger Associates Inc
www.wai.com

On the Types of Buildings - 1

+ Bearing walls buildings are inherently
more stable than other types of buildings

Weidlinger Associates Inc
www.wai.com

i

i
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On the Types of Buildings - 2 On the Types of Buildings - 2

+ Next comes shear walls (concrete), or braced frames + Next come framed (columns + beams) buildings
(steel) + The most studied type
+ Assuming that enough redundant systems are + Even though it is not the most widely used,
available, which are not usually the case! + or the most efficient from stability view point!

Weidlinger Associates Inc Weidlinger Associates Inc
www wai.com www wai.com

The ‘Beyond’ Modes of Failure

+ There are immense knowledge gaps + Dynamics of columns

in the field of engineering for + Dynamics of axially loaded
stabilization of buildings walls

+ Among which:

Weidlinger Associates Inc Weidlinger Associates Inc
www wai.com www wai.com

Partial Failures Partial Failures - 1

+ Design of partially
collapsed (or partially
yielded structures

+ Not considered even in the B
field of earthquake design : . Ly | 73

Plane Structural Model: Pristine Frame  Plane Structural Model: After Removing

of building! 3 ) . Loveral Fesme st one Bay at Fies Level

Lateral Resisting System
(Can be steel bracing, reinforced

e she
or masonry wall)

Weidlinger Associates Inc
www.wai.com www.wai.com
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Redundancies! Nonstructural components

+ How to quantify redundancy in buildings?
+ How to quantify redundancy in partially collapsed ¢ Role of nonstructural components in
buildings?
stabilizing, or destabilizing, of
buildings

ber=16  2n:16

0

m L 2 EnVeIOpe

e T e M e 7 ' + Partitions
b=17 r=4 n=10 b:25 r:4 n=t

; =14
ber=21 2n=20 ber=29  27:28

() (@) ¢ Etc...

Weidlinger Associates Inc Weidlinger Associates Inc
www wai.com www wai.com

Component vs. System Design Uncertainty Principles

+ Structural Analysis community have
been analyzing structural systems +Role of uncertainty in

since the inception of ‘structural building stability issue
analysis’

+ However, in Design, the story is very
different!
+We do not design for systems!
¢ That should change!

Weidlinger Associates Inc Weidlinger Associates Inc
www wai.com www wai.com

QUESTIONS?

Weidlinger Associates Inc
www.wai.com
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Bomb Attack: Murrah Building

Concepts of Advanced Engineering
Roles of ultra-performance structures:

« Blast destroyed three front columns, one

A new way of thinking after 9/11
— e ——— —— of which was carrying the transfer girders
" * The collapse of the columns caused the
i . . collapse of the transfer girders (which
Eric Letvin spanned most of the frontage of the
URS Corporation building)

JW 28-29, 2009 « The collapse progressed and caused the
Singapore failure of one column on the second
column line, causing the collapse to
progress beyond the first bay of the

a) AR I
S buildin
@ Homeland o
~ %% Security
Science and Technology
4 : Homeland Science and Technology
@ Security

Bomb Attack: Murrah Building Marriott Hotel after collapse of WTC

‘Liw'\\lﬁ\,L J’LH Building Inspection Area
_ LN =
[ | N\ Legend
RN

ﬁ;:i". A\‘ [] A.P. Murah Federal Building
== i [ Colapsed Structure
f

e B Structural Damage

B Groken GiassiDoors

¥ ® O

Home_land Science and Technology Iy Home_land Science and Technology
Security 7 Security

Approximate locations of
damaged floor areas in WTC 5

o

Home_land Science and Technology @“ Home_land Science and Technology
<7 Security xJ Security
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Advanced Materials and Lessons Learned

Laminated Glass

« Two annealed sheets with a thick PVB
interlayer

« Interlayer keeps glass in the frame in case
of blast

Blast Wall
« In addition to a 50-foot setback, blast-
resistant concrete walls protect those
portions of the building that face the street.
Opened November 2003

(No Government Law enforcement
tenants)

Science and Technology

@ Homeland
*\) Security

One World Trade Ce

« Construction Began April 2006

* 1,776 feet

« 102 stories

« Standoff on west side
increased from 25 feet to
average of 90 feet in June
2005 due to concerns raised
by NYPD

« Windows on the side facing

the street will have special
blast film

@ Homeland
2 Security

Science and Technology

« 187 foot concrete base
« First 30 feet are completely solid
« Next 50 feet have some openings
for light
« Rest of base is occupied by
mechanical floors
« Concrete base clad with steel and
titanium panels covered by blast
resistant glass prisms for aesthetics

Homeland
Security

Science and Technology

Stabilization of Buildings Workshop Proceedings

DHS Security Guidelines

« Specific building design guidance for
high-risk buildings or explosive blast,
fire and chemical / biological /
radiological threats.

J’Irl”ﬂ

« DHS offers these recommendations,
which are not legally compulsory, as
a step toward the more systematic
inclusion of security considerations i
in the building design process.

« Federal, state, local government, = i35

design professionals and law Building Design

. for Homeland Security
enforcement use these guidance to e
help influence infrastructure design.

@ Homeland
*\) Security

S

Science and Technology

One World Trade Center

« Structural redundancy

« 3 feet (91 cm) thick walls for all stairwells,
elevator shafts, risers, and sprinkler systems
inside central core

» Advanced life-safety systems including dense
fireproofing, extra-wide pressurized stairwells,
additional stair exit locations, and emergency
lighting

« Extra stair wells for rescue workers and a
dedicated communication system

» Chemical / biological filters in air supply system

Science and Technology

: Homeland
7 Security

Future — what will regulate building

* Building Codes?

* Insurance? ASCE - BSC
 Safety Act?

« Standard of Care?

Home_land Science and Technology
Security
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Concepts of Advanced Engineering: Roles of ultra-performance structures
Eric Letvin

e Homeland Science and Technology
@ Security
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Fire & Building Stabilization

1d, Chad McArthur, Darren Tennan

CALIFORNIA

Degradation of structural steel

WASHINGTON,0C

Mohammed Ettouney

WEIDLINGER ASSOCIATES, INC.

NEW JERSEY NEWMEXICO UNITED KING

e

8]
o

LU L
i

sl

Srzin-hasdening included.

Ref: Eurocode ENV: 1994-1-2:1994

Example Fire Induced Collapse
Steel frame building

environment dev
sity and/or duration to act

substantial heating of structural
elements in spite of fire

protection/fighting measures

multiple floors

column(s)
sufficiently
unrestrained
to initiate
buckling

r
\ partial Collapse |

Stabilization of Buildings Workshop Proceedings

Thermal
environment
ocalized
failure of
connection(s)

Column
buckiing
results in
collapse of
upper floors.

supported by
column(s)

Ny

Local
connection |
yes!

cascading -
debris from | Horizontal
Yes | Propagation yes
traverses
| entire wiath o |
horizontally as building
it descends

Seconds

Stability of buildings on fire

Special Challenge to the Stability of Buildings on Fire: the TIME element.
The “Event” (load) is still unfolding and evolving while first responders are

on the scene.

First Responders must be able to assess whether to:
+ Pull out and stop fighting the fire
+ Affect a full building evacuation
+ Clear the neighboring area ie determine the size of the collapse zone

9/11 graphically displayed how poorly attuned our rescue operations are to
this load. Can we expect anything different in a major earthquake?

Degradation of siliceous concrete

BNV 2994-1-2:1354

Eqo0- tanag

Ecusonc 2 3 coasc 4
elationships
branch, incling the recommende ValUEs £, 1€ Of BICBLL

Ref: ENV: 1994-1-2:1994

Notes on the previous slide

In this example, note that multiple conditions must be satisfied in
order for total collapse to be achieved.

The primary mechanisms of collapse are connection failure and
column buckling.

Slab behavior can play a unique role in failure propagation that is not
explicitly expressed in the flow chart

Depending on building-specific features, this example hierarchy
could be re-arranged or portions could be short-circuited (e.g. failure
of lateral system due to direct fire attack or collateral damage from
partial collapse).

Quantification of the important phenomena at each step carries
considerable uncertainty. Accumulation of uncertainties as the path
progresses can draw final conclusions into question.
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Fire Uncertainties

1
nvironment develops sufficient

| intensity and/or duration to achieve

substantial heating of structural

’
/ eLimited test data on steel
temperatures in actual building
fires:

|

| |

| |

|__proe=ct .
# Cardington

+ A few tests, no major collapse

+ Can't verify if/when collapse
does occur or what mechanisms
correspond to what temperatures
+Condition of Fireproofing is
critical to the evolution of the
\\ building damage.

Heating phase web crippling with cooling phase walk-off

Beam pry-out from seated pocket

Stabilization of Buildings Workshop Proceedings

Connection Failure Complexities

| environment
| tocalized
| failure of
| connection(s)

| Themmal |
I
I
I
Connection response is complex and often does not align well with established design procedures

Connections loaded in ways they weren't designed for (e.g. tension and large rotations in simple
shear connections)

Accurate characterization of both ultimate strength and ductility is crucial

Some connecti it states are more temperature sensitive than others

Governing limit state may change with temperature

Numerous connection types possible (not definitive which ones are necessarily better than others)

Loads passing through a given connection may be dramatically different from those assumed in
design and they change dramatically with temperature

Response is path dependent. What gets hot when (not just peak te mperatures) can make a
difference in whether or not a certain important failure occurs.

Bolted connection tear out during cooling phase

Fin plate block shear during heating phase
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i ) . 4 Vertical floor impact propagation
Floor wide propagation complexities complexities

o - o ——

N
1. Floor-to-floor failure propagation depends on connection strength and \
the kinematics of the impacting floor

Heterogeneous, orthotropic floor slab behaviors can play critical role in propagation ﬂ"“" C:"'"g imesctisimoressveretenppitinaginpRctiienutis
loor above.

Thermal loads can cause slab/deck construction to de-laminate

Overestimation of slab capacity results in underestimation of connection deformations g

Shear studs can influence how loads redistribute (both vertically due to sagging and in-plane due to

Under-estimation can result in localized slab tearing which may prevent failure propagation :
|
|

|

expansion)
failure of floors

Seems and joints in the slab may influence extent of propagation

Presence of slab can effect how loads get passed through the connection

Column restraint complexities Vertical propagation complexities

IO IR O O o o
N
Is it possible /efficient to arrest this |
form of propagation with the
introduction of intermediate “hard”
floors?

Multi-floor failure must initiate at a floor that is
high enough up to leave the column sufficiently
unrestrained when the floors below fail.
Loss of multiple floors in this manner is a very
violent event that may induce eccent: the
column that may affect our ability to adequately
estimate the minimum buckling length. Note that
the loss of floors also alleviates some demand on
the column. e
Discontinuities in the columns at the splices may |
need to be characterized to adequately estimate the I
minimum buckling length in some instances. ]
]

column(s)

Is External Observation a Guide?

Cascading debris complexities

-———— e ————

-

/ .. Cascading debris is a violently chaotic
event and is poorly understood as a
mechanism for failure propagation
There must be a threshold buil g
height (and perhaps other geometric
constraints) that govern when this
mechanism is or isn't effective. . ! l“ |

Consider 22story Ronan Point, vs. . [
47story WTC7. Are the differences in e . . Ll I l “ ] "
y { I
J' lu»u»u

| heds
response attributable to height, iy

=l = WJUNUNJWIWJNNHI

1 minutes before collapse

Br

Stabilization of Buildings Workshop Proceedings 241 of 309



Fire & Building Stabilization
Najib Abboud, Chad McArthur, Darren Tennant & Mohammed Ettouney

Can We Acquire Internal Data? . Do Visuals Help?

+ What data do we need. Unsure but:
+ Thermal environment
+ Floor Deflection & current structural damage
+ Condition of fireproofing

+ Internal Visuals

¢ = re during fire
Caracas Praza (top) and during cooling (bottom)

Can We Interpret Data?

Currently, we can only interpret data accurately as part of a forensic exercise.
We do not have a sufficient base of case studies, let alone relevant ones, to
start recognizing “signatures” of a structure heading towards collapse.

We do not have a sufficient base of case studies to postulate size of collapse
zones

NEED:

+ To develop areliable dataset of simulated buildings on fire:
+ Building & Construction Types
+ Fire Types

+ Conduct a data analysis to find “signatures” and to develop answers pertinent
to first responders operations.
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Blast Response of a Seismically-Retrofitted Reinfor ced Concrete Building
Stanley C. Woodson

Background/Introduction

Blast Response of a

i 1 - i . FEMA 277, The Oklahoma City Bombing: Improving
Sels_mlca”y Retrofitted L Building Performance Through Multihazard Mitigation
Reinforced Concrete

Buildin “Many of the techniques used to upgrade the seismic
g resistance of buildings also improve a building’s ability to
resist the extreme loads of a blast and reduce the
likelihood of progressive collapse following an explosion
Presented By:

Stanley C. Woodson, PhD, PE [l | RS R Related Activities . .
i . Federal agency surveys of seismic safety in existing
buildings
9/11/01

Objectives _
FEMA Project Team

FEMA (Morelli, Mahoney, Hanson): Sponsor

Work on the question: “Does seismic strengthening
improve blast/progressive collapse resistance?”

the same question as “Is seismic design the same as
blast design?”

Evaluate Murrah Building for High Seismicity location.

Degenkolb Engineers (Poland, Pekelnicky):
Seismic analysis and design; cost estimates

ERDC GSL (Woodson): Blast response

Strengthen building for improved earthquake .
analysis

performance, with no specific consideration for blast
resistance. CTL (Corley) and Purdue University (Sozen):

Peer review and technical oversight

ERDC CERL (Hayes): Management and
integration

Re-detail original frame as Special Moment Frame per ACI
318-02 (no new lateral force analysis).
Perform blast and progressive collapse response

analyses of “new” systems in same manner used for
FEMA 277.

Brief Review of
FEMA 277

0" x 36" ground story columns at|

12, G16, G20, & G24
. . o o ] o AF
Building constructed ca

1974-1976

Main office building: 9-story
R/C frame + shear wall
structure

= 220

CS—

15407 1507 1507 1507 15907 15-0 15907 1550 1590° 1500 1507 1507 150 150
»<

Main building surrounded
on 3 sides by 1-story office
buildings and parking
structure

21

15t Floor of Original Building
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Blast Response of a Seismically-Retrofitted Reinfor ced Concrete Building
Stanley C. Woodson

" . -
SSFloorofloriginal Building North Face Elevation of Original Building

Schematic Diagrams of Blast
Damage in Original Building

Calumn Failed
i Shear |

7 ANRQ
4,0001b TNT-equivaleht

i’ui% Y North Face Elevation

Total Building Floor Area: ~ 137,800 SF
4% (~ 5,850 SF) destroyed by blast

42% (~ 58,100 SF) destroyed by blast +
progressive collapse

~ G20 720
Column Numbers

North-South Section
Blast and Progressive Collapse Damage to Original Building

Strengthening Schemes for

Sl Yl e Improved Earthquake Resistance

High Seismicity: 7t and Mission Streets, San Francisco
ASCE 31-02, Seismic Evaluation of Existing Buildings Transverse: 12" lightly reinforced concrete shear walls
. . ) between ventilation shafts at east and west ends of
Tier 1 Screening (checklist) gy
building
Tier 2 Evaluation

Tier 3 Detailed Evaluation , reference FEMA 356, i )
Prestandard and Commentary for the Seismic Longitudinal
Rehabilitation of Buildings 1. Pier-Spandrel System on North Face
Major Findings: 2
Detailing inadequate for Life Safety (rebar lap )
splices, element confinement) 3. Interior Shear Walls
Excessive shear stresses in core walls 4. Re-detailed frame system IAW ACI 318-02 (no lateral
Torsional irregularity (asymmetric shear walls) force analysis)

. Special Moment Frame on North Face
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Blast Response of a Seismically-Retrofitted Reinfor ced Concrete Building

Stanley C. Woodson

Pier-Spandrel System

2 — 24" thick R/C Pier-Spandrel walls on north face
10’ wide piers

8’ deep spandrels

Dowel into existing north face frame

Founded on existing column caissons

Preserve much of original window openings
Estimated cost: $2.37M

12 1
00 W0 W 0, 00 200

[ >_<mﬁ>\ Tl e T

100 100, 0.0

5

Wal, 12
e

Typical Floor Plan for Pier-Spandrel System

Special Moment Frame System

24" x 48" columns on north face
24" x 36" beams on north face (9 FI, Roof)

24" x 48" beams on north face (8 Fl, below)

Elevation for Pier-Spandrel System

Typical Floor Plan for Special Moment Frame System

Stabilization of Buildings Workshop Proceedings

Dowel into existing frame
Founded on existing column caissons
Estimated cost: $3.64M

EEE
EEE

|EEEEEEE

gESEESES
FERNERNE)
IERNER
§EEE
FESEEEEE)
[NEENEEN

H

H

Elevation for Special Moment Frame System

IEERRAEN
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Stanley C. Woodson

Interior Shear Wall System

2 full-height walls on Line F

2 bays each

18" thick, lightly reinforced

Boundary elements

Dowel into existing columns

Founded on existing column caissons

Estimated cost: $1.95M

Alternate location: Line “F.5"
Estimated cost: $2.30M

Re-detailed SMF System

Increased transverse & longitudinal reinforcement
More continuity in longitudinal reinforcement

Increased column sizes for strong column —weak
beam behavior (e.g. 45" x 36" at ground story)

No lateral load analysis

Pressure Distribution
Charge weight: 4000 pounds TNT
Standoff distance: 10 feet

BpEEyEdpaEERAEAERE

LT

Reflected Pressure Distribution on Pier G20
Pier-Spandrel System
Reflected Pressure Distribution
15t Story Column G22
Special Moment Frame System

Stabilization of Buildings Workshop Proceedings

New RiC

Shear Wall “B” Shear Wall “ A" i

e

Typical Floor Plan for Interior Shear Wall System
(“F.5"Location Shown in Red)

Blast Response Analyses

ConWep: Blast load generation
Actual reflected pressure & impulse

Idealized uniform reflected pressure & impulse

Breaching analysis

Span32 and WAC: SDOF response
Based on uniform pressure loading
Based on yield line analysis

Provides mid-span deflections

Pressure Distribution
Charge weight: 4000 pounds TNT
Standoff distance: 31.5 feet

TEEEEELENT]

Reflected Pressure Distribution on 1st Story Shear Wall A
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SPANW SDOF Analysis
SuFat 62

Pressureiosd SPANW SDOF Analysis
SMF at G22
Member Displacement History

Idealized Uniform Reflected Pressure

Displacement, inches

SPANW SDOF Analysis
S a1

Predicted Mid-Span Response

Element Resistance Function

10 12 1 16

O —
|

»< "<
T

T 7/ XSRS RS SXIXR
OSSO S S SOSSOSST SSOSS,
OSSNSO TSSOSO
SIS SOt S
SO SIS S S SIS
SIS S SIS
s
S S S TS S
OSSO
S SO SIS SO SIS
A o / g “-“‘:.«“‘:‘:

Y o
VIII Progressive collapse

Damage to 3 Floor Level
Original Building

Estimated Damage for Pier-Spandrel System

Stabilization of Buildings Workshop Proceedings

Progressive Collapse Analyses

Floor slabs not strengthened in any scheme
Blast-damaged members removed before analysis
Gravity + 25% Live Load

Elastic analysis followed by plastic mechanism
analysis

Based on assumption that impact loads are twice
static loads, examine Capacity/Demand (C/D):

If C/D > 2, then no collapse

If 1 < C/D < 2, then examine more closely and
assess

If C/D < 1, then assess as failed

OSSOSO SIS SIS S S
S OSS eSS SO S S
Tt
SIS
SRS
SIS SIS
S SOSOTSSOSOS

Blast-induced collapse

W Progressive collapse

Estimated Damage to 3 Floor Level
Pier-Spandrel System

Blast-induce d collapse

W Progressive collapse

Estimated Damage to 3" Floor Level
Special Moment Frame (SMF) System
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I
TEINInnn

Estimated Damage for SMF System

12 1 16 18
200

»<

e 200y 200 T v
N
SN
SRR
SIS
RS
ENNNNS)

Floor
Level

Blastinduced collapse
Progressive collapse

Estimated Damage to 3™ Floor Level
Interior Shear Wall System - Line F.5

ve Collapse Damage
Shear

Wall
Scheme

Floor —Line F

Area (SF)

of Total Floor
Area Damaged
Damaged Area
e to Blast

Stabilization of Buildings Workshop Proceedings

Estimated Damage Based on Floor Area

1 16 18

8 10 12
WOy N0 200

TSP 00
ST SS o o
SIS
SIS
OSSO S SO S A S
TR
SIS
S
SIS S
TS SIS
TRt

Cﬁag\\\\

Blast-induced collapse
Progressive collapse

Estimated Damage to 3" Floor Level
Interior Shear Wall System — Line F

Estimated Damage for Interior Shear Wall System - Line F

Conclusions

Pier-Spandrel, Special Moment Frame, and Re-detailed
Systems significantly improved blast and progressive
collapse resistance.

Interior Shear Walls modestly improved blast and
progressive collapse resistance.

Strengthening an existing R/C building to meet high
seismic demand will improve its blast and progressive
collapse resistance.

Providing high seismic zone detailing for a building will

improve its blast and progressive collapse resistance.

It is more efficient for external blast and impact resistance
to place elements proportioned and detailed for seismic

forces on the building perimeter.
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Larry McMichael and Lee Glascoe

Analysis Techniques for Assessing

Structural Damage
DHS Workshop on Building Stabilization
Vicksburg, MS

Larry McMichael, Ph.D., Lee Glascoe, Ph.D., PE

August 25, 2009
LLNL-PRES-416100

M Lawrence Livermore
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Overview

¢ LLNL's perspective
o Techniques align with available capabilities and resources
* General approaches
o Threat independent system analysis
o Component level failure
o System level blast analysis
 Stochastic simulations
o Characterize uncertainty
o Fast-running analysis tools
« Improving predicted material response
o Material characterization
o Multi-scale methods
¢ Summary

Multi-disciplinary team approach using state-of-the-art
experimental and computational resources

« Ability to draw from a wide variety of subject matter
experts:
o Engineers (civil, mechanical, computer science)
o Geoscientists (soil/rock failure, ground motion)
o Statisticians (stochastic methods)
« Ability to provide end-to-end system analysis:
o Nondestructive material characterization
o Explosive test facilities
o High fidelity simulations (Lagrangian, ALE, meshless
methods)

« Leverage DOE investment in massively
parallel computers and cutting edge finite
element analysis software

Hera Linux Cluster
127.2TF - AMD;
13,824 processors

LLNL programs focus on addressing potentially
catastrophic threats to critical infrastructure

Radiological,
nuclear

Chemical,
biological

) .
Detection/ Crisis
response

Response
Measures

Consequence Forensics

management

prevention

LLNLPRES 416100

High explosives

L

Most structures were not designed to resist blast loads

Design decisions based on static
and/or earthquake loads

Blast impulse will exploit any
structural weakness |
High fidelity simulation plays akey |
role in improving resiliency

ParaDyn simulation of
the 1-880/1-580 MacArthur
Maze structural collapse

g

« Failure measured as initial loss
- failure & o Prevention and hardening delays failure
/T recovery « Resiliency measured as lost system

performance over time

o Hardening and redundancy reduces severity
time of failure
The red system is more resilient than the o Redundancy and response maximizes
blue system recovery

Assess vulnerabilities and determine actionable mitigation methods l!l_
6

LLNLPRES 416100

System functionality (%)

o B w0
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Assess structural response to blast loadings Evaluating structural damage
1 ——
 Predictive shock and structural « Indicators

failure modeling
o Vulnerability Analysis

» Hydrocodes and structural
codes used to model failure

» SPH and soils modeling codes
used to predict fluid flow and
soil failure

o Mitigation Analysis
o Uncertainty Quantification

o Equivalent plastic strain (EPS) for metals
o Damage parameter for concrete models
o Residual velocity

« Extent
o How big of a region is affected

« Structural redundancy
o What load transfer paths
are available?
o Are they stable under
the increased load?

« Time histories Jics
o Deflections relative to
gravity initialization '

Predict initial component and assess ability of damaged
al systems to redistribute loads and prevent structural fai 11111

LUNUPRES 416100 LUNLPRES 4161

Structural failure can be modeled using threat independent (column Threat |'nd9pendem Ap_plroach: )
removal) or threat specific (fully-coupled blast) analysis Identifying Potential Initial Failure Points

Structural vulnerability to asymmetric attack
is a function of design, construction and
environment

1. ldentify local failures that could initiate

System

Level n
Analysis progres.swe collapse . . Sl . > N
2. Determine damage propagation and resulting \f/\ \ ¢
structural stability | Interior Column
3. Quantify threat required to cause local failure G”Jder Exterior Co\umn—/
« Site and structure dependent Connection

o Perimeter and interior locations
o Transitions between structural systems
o Connections
Threat independent
o Focus on vulnerability, not cause
o Consistent with DOD approach (UFC 4-023-03, Design of Buildings to Resist
Progressive Collapse)

L. G

Component
Level Analysis

Threat Independent Approach:
Determining structural stability Quantify Threat Required to Initiate Failure
1 ———
« Damage propagation leading to progressive
collapse
« Transient dynamic analysis (DYNA3D, ParaDyn)
o Initial load distribution from static analysis of
gravity and service loads
o Remove column, girder or connection
o Stress waves develop as loads are redistributed

» Peak stress will be higher than redistributed
steady-state stress

« Charge weight, stand-off, burst height
« Lagrangian materials for larger stand-offs and smaller charge weights
o Fully-coupled blast analysis (ALE3D)
o Analytical expression of blast pressures (DYNA3D)
— e.g., Kingery & Bulmash equations
— Characterized solely by source, no reflected waves from structure or
surroundings
« ALE or Eulerian materials for close proximity blasts or larger charge
weights (ALE3D)

o Doesn't account for damage induced by loads Entire structure AT i ‘>
that cause local failure 7 ﬂgﬁ,\ S AN
§ &
LD ‘ "‘TW\\ NS
- | v * W |
L — ——— N N Component
Level Analysis
Subsystem
Major structural subsystems Level Analysis N

L, G

LLNLPRES 416100

LLNLPRES 416100
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Column Failure Modes are Affected by Charge
Location and Surrounding Environment

Proximity blasts induce more localized damage
Large standoff engages a more global column response
Column orientation, with respect to charge, can expose structural
features to greater vulnerability

o e.g. flange tearing
Walls and other geometric features can increase the effective load
experienced by the column

o Delays pressure relief

Localized
Global

Orientation
Wall Influence

LLNLPRES 416100

Threat Matrix: Evaluate Column Stability for
Various Charge Weights and Standoffs

Useful, but incomplete, picture of column vulnerability

LUNLPRES 4161

Wall Location Affects Column Vulnerability

During Blast
-

« Geometric, not strength,
= effect — Pressurerelief Q)
5 X )
£ « Wall |nf|uencg increases Column Wall, front
8 as standoff distance
& moves away from close o
k]
Vertical contact burst
time
One Foot — Smaller Charge
Wall, flush
< Vulnerability assessment o
can change from “Green” ()
to “Red” depending on
wall position wall, back

Vertical

time

Three Feet — Larger Charge ll!
1

Fully-Coupled Analysis is Necessary when Threat and
Explosive Damage is Integral to System Response

« Captures both explosive damage and
structural response
o Confinement, tamping
o Floor heave
* Requires larger model
o Structural system and surrounding air
> Sufficient resolution to capture advection

o

Fully-Coupled Analysis Enables Simulations Beyond
Idealized Threats

« Accurate threat representation
o Soil/water tamping
o Focusing effects, multiple charges,
reflecting surfaces
< More flexibility to capture system
failure modes
o Strength/inertia of surrounding media

LLNLPRES 416100

Stochastic Simulation Can Help to Efficiently Utilize
High Fidelity Capabilities

formulation

characterize events and uncertainties
o Important for highly variable or uncertain
conditions
« Advanced stochastic modeling using
sampling and discrimination techniques
o Importance sampling reduces number of
simulations required
o Advanced regression and discrimination
techniques to separate/evaluate complex data

o Provide efficient & probabilistic answers to
what? where? when? how much?

« Often too much data and too little time to Deterministic ez ”u/.

Probabilstic characteristics of the randorm field
gescribing constitutive porameters.

Condition on
degree of failure

L.

Evaluate if failure
occurs

LLNLPRES 416100
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Stochastic Tools Enaple Determlln_ano_n of Failure Fast Running Capabilities:
Envelope and Uncertainty Quantification Tools built from stochastic simulation and simplified approximation
" « Develop methodologies to integrate
Logste « Confidence bounds on complex systems for threat defense SrprEadED
g B failure envelope o Simplified 1D approach architecture
* Model separates modes of o Tabulated results from fully-coupled 3D
1 L . . < Failure Envelope  response analyses (“lookup table”) / A
No Breach - « Separated response * Methodology
g | evaluated independently o Combine both approaches :f:s‘s":’; Fast run damage
] « Mixture model used to guide o Multiple scenarios analyzed (abstracted (tabula’:egigsetailed
® advanced simulations o Uncertainty over large number of physics) (IS
5 ] variables
o Combining ALL effects into one ' 3D detaited
1 architecture o
1 experiments
”kb_m”" simple | s
mass th 02 ::ms)ns 0.8 1
Simplified Problem Definition and Reduced Combined Numerical-Empirical Approach to
Numerical Complexity Allow Quick Analysis Quickly Estimate Building Damage
- - - |

Product: Create damage
maps for each type of

Determine structural b€ 2 iz
Obtain air blast pressures GEEEiHE G G2

and ground velocities from
hydrocode simulation:
(ALE3D, Geodyn)

PP ——— [ complete structural failure

Dswgnmcam damage but most
likely still standing

[H No structural damage

‘Select run: | DEMONSTRATION ~ | ° - ':T —" i :’?ﬂ'lﬂﬂm?;ﬂ": 4'_‘.;nreris!u;y—)-{' L_
Plat options: e - structural models drift
Target paints ~ | = matipiot ~ (DYNA3D, NIKE3D)
[Csmeom Lo |
& Lawrence Livermore National Laboratory
2
Materials Testing and Characterization to Enhance Experiment Diagnostics Allow Spatial and

Model Prediction Temporal Comparison

Materials Acquisition

Data Bridging Exp. Num. Sim.

Chamber Tests
Mitigated

Constitutive Property Analysis 1 0 5 ms

Reduce Material Comparison of
Uncertainty for .
mitigated and

LN Vulnerability o
Assessment, unmitigated plate
2 = Prediction and deformations for
- Mitigation awater tamped
explosion 3
LLNL-PRES-416100 & LLNL-PRES-416100 el
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Material Representation Depends Upon Load Severity

Material Model Selection : 5
and Constitutive Strength 4 3

Homogenized Rebar
Does Not Account for

Rebar Shear Failure
Damaged
&
g concrete
$ highlighted in
By red Rebar maximum
oy EPS % 5%
Representation of Rebar: 1 o 2
“Explicit 2/
«Shaped In St 2

*Homogenized

LLNLPRES 416100

Active Research in Multi-Scale Material Modeling to
Enhance Deformation and Failure Predictions

General Concept

Finite
Element

Stress

Aggregate
Materials

Dislocation
Dynamics (DD)

Quantum
Mechanics arect
ind interactio

suan By

Strategy: Information passing across length and time scales

Application to Composite
Material Representation

Global Homogenized
Properties Ply-by-ply Details

LUNLPRES 4161

Summary

« Structural assessments utilize our ability to model the
transient dynamic and hydrodynamic response of
structures and explosives

o Estimate threat to fail individual component
o Track damage evolution as loads are redistributed
o Predict system failure modes

« Knowing where the structural vulnerabilities are and the
threat required to initiate failure allows appropriate
countermeasures to be employed

o Retrofits to protect against local failures
o Key structural components to stabilize after an attack

« Stochastic, fast-running tools provide a capability to
quickly generate a vulnerability assessment for developing
situations

o Generalized damage prediction for a type of structure based on
high fidelity hydrocode simulations of similar structures
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Shoring Stabilization of Buildings
in an Urban Search & Rescue
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Assessing the Damaged Structure Emergency Shoring--
Determine the stabilization objective What Is It?
... rescue, recovery, preservation, or removal Why Use It?

Consider several options to reduce operating . . .
risks What are effective shoring techniques

Avoid the Hazard

Remove the Hazard

Minimize Exposure to the Hazard

Monitor the Hazard for worsening conditions
Shore the Hazard to improve stability

Emergency shoring demands time, trained
personnel & material resources

DHS Stabilization of Buildings Workshop DHS Stabilization of Buildings Workshop

August 25-27, 2009 August 25-27, 2009
“Shoring” vs Emergency Shoring What IS Emergency Shoring?

£ The TEMPORARY SUPPORT of only that part of
a damaged, collapsed, or partially collapsed
structure that is

REQUIRED for conducting SEARCH & RESCUE
operations

AT REDUCED RISK to the victims and US&R
personnel.

N High
Benefit
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Why Use Emergency Shorm? Vertlcal Shore Principles

Efficiency
.. Reduce time to patient contact.
.. Optimize available resources

It is @ means to support and redistribute
collapse loads, while providing a means to
stabilize the immediate area of the damaged
structure — especially near victim locations

Provides structural redundancy and warning
of overloads

Collect Load
Need Posts / Shores

with Adjustability &

Positive Connections

Need Lateral Bracing  Transferf@load
Need System with

Forgiveness (Ductility

and overload warning)

Allows rescue operations to proceed at
risk Distribute Load

DHS Stabilization of Buildings Workshop DHS Stabilization of Buildings Workshop

August 2009 August 25-27, 2009

Vertical Shoring Systems

Timber Metal & Mechanical
Wood Posts Steel Pipe
behavior is determined by summerwood

Window / Door Metafl Frames .. Strength with minute deflections.
Timber cribbing & Joist Cross grain Loading

H Rapid growth in spring deposits relatively
Shores for Pneumatic Shores soft fiber

Sloped surfaces When loaded perpendicular to the grain
(cross grain), structural behavior is

determined by soft springwood
.. Bearing capacity with slow & noisy
crushing of springwood

Axial Loading
Slower growth rate in summer deposits
more dense fiber

When loaded parallel to the grain, structural

DHS Stabilization of Buildings Workshop DHS Stabilization of Buildings Workshop

August 25-27, 2009 August 25-27, 2009

Approx. Capacity of Wood Posts
Parallel to Grain
Crush Strength

_ps
-
N
o
o

480,000
(L/d)?
(Buckling)

Examples of wood
joints with good
performance

20 30
Slenderness Ratio L/d

Good Visual “Fuses”

Allow. Compression Stress
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Capacity of Wood Posts

For L/D to be 25 or Less
4 x 4 should be kept shorter than 8 feet
6 x 6 should be kept shorter than 12 feet...

Staying < 25 is not always possible

Reduce L/D with lateral bracing.

Bracing must be placed in N-S as well as E-W
direction and properly nailed

US&R shoring uses lots of bracing

DHS Stabilization of Buildings Workshop

The Double “T” Shore (Class 2)
Initial safety shore
Temporary shoring applications

More stable than a single “T” shore as
a Class 2 shore

Header length = 36” minimum
Sole length = 36” minimum

Posts spaced 18" to 24" out-to-out
Maximum height is 12 feet

DHS Stabilization of Buildings Workshop
August 25-27, 2009

DbI “T” Shore — simple to nstall
Top Chord of Truss Shore Wood Apartment

Stabilization of Buildings Workshop Proceedings

' Clasé 1 Cla§s pl

T Shore — 2 Post Vertical — Laced Post

The Double “T” Shore

il%IL’I'Li ' i

=]
| |
i

Half j — HaIf |'

Less than 6 ft High
No Mid Height Ply Gusset

DHS bilization of Buildings Workshop
August 25-27, 2009

2 Post Vertical Shore (Class 2)

Faster to build than 3 or 4 post shore

Same as one side of laced post shore
(Can later convert a pair into a Laced Post)

Use lacing or X-bracing
Lacing must be 7’-6” max long so it can
provide tension & compression capacity

4x posts are 4 feet 0.c. maximum
6x posts are 5 feet 0.c. maximum

Header is 1" min deep for each 1 foot Span
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2-Post Vertical Shore

Vertical shore is
stacked 2 high in
multi-floor collapse

DHS Stabilization of Buildings Workshop
August 7,2009

Laced Post Shore (Class 3)

The strongest and most stable shore we can
erect

Can be utilized as a safe haven area when
necessary

One midpoint brace up to 11’ high
(2 mid point braces if higher than 11’ and
No mid point brace if under 6ft high)

4x posts are 4 feet 0.c. maximum
6x posts are 5 feet 0.c. maximum
Header is 1" min deep for each 1 foot Span

DHS Stabilization of Buildings Workshop
August 7, 2009

aced Post Examples

Stabilization of Buildings Workshop Proceedings

4

Max = 12ft High

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Laced Post Shore
Up to 11 feet high

sset

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Pentagon
6x6 Cribbing at
Front of
Collapse Zone

=
Limit to 6ft High

=
;
—]
—
—]
g
[
|
=
|~

Current
Recommendation
is to limit height
of 6x cribbing to

6 ft due to stability

concerns

257 of 309



Shoring Stabilization of Buildingsin an Urban Search & Rescue Environment

Blake D. Rothfuss

DHS S zation of Buildings Workshop
Augu 009

4x4 Wood Box Crib Test
Load = 17k Slab + 25k Blocks
Total Load = 42k = 870psi
Deflection. = 6" (24k Design) ~ 5%

DHS Stabilization of Buildings Workshop

009

ypical Door & Window Shores

Pipe Shores —Class 1

Not in US&R Equipment Cache
Rent from Concrete Service Co.

Design Load based on Diameter &
Length of shore (L/r)

2"dia. pipe x 10 feet = 6 kips

Design Capacity of system using
wood header & sole may depend
on base plate area

Stabilization of Buildings Workshop Proceedings

Cribbing Behavior

Deflection

Two different elastic ranges

Can crush up to 25% of height

Need to maintain stability of individual pieces
Shorter the crib, more stability

Report 9341, USDA, Bureau of Mines
(Tested Ht to Width 2 to L upto 3.7 to 1)

DHS n of Buildings Workshop

Augus s

Slopeg Floor/Wall Shore
4

DHS ation of Buildings Workshop
Au . 2009
- -
Pipe Shores - OKC - hig
_‘S = % & e
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Aluminum Frames (Class
Available in 20k per 2

leg frame up to 50k

Design Capacity of

frame may depend on

foot bearing plate

AlumaBeams have
wood nailer & can
span up to 20’

Have been used as
shelter

on of Buildings Workshop

“paratech Rescue St

on of Buildings Workshop
Augu 009

‘Flymg Raker Shore — Spot Shore

An initial lateral safety
shore... NOT permanent !

Must be anchored to the
wall to work properly

Use re-usable trough base
instead of digging

Use 6ft Wall Plate
w/24 cleat & 60deg Raker

Design Strength is about

Stabilization of Buildings Workshop Proceedings

Shoring Stabilization of Buildingsin an Urban Search & Rescue Environment
Blake D. Rothfuss

Spot Shores — 14ft high
Design Strength = 12K

(Design Strength, 1 - 6x6 = 14.5K)

DHS ation of Buildings Workshop
Augus , 2009

Lateral Shoring Systems
Raker Shores
Trench & Horizontal
Shores

Tiebacks in deep
excavations

bilization of Buildings Workshop
5-27, 2009

Flying Raker Shore

Always Pre-Construct

If wall bulges, raker will

tend to kick up due to [VESENC-ER

force in bottom brace

Trough Base
(best choice)

—_—
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Solid Sole Raker Shore

Used to re-support unstable or leaning walls

The Raker Shore of Choice
Class 2 as a single and Class 3 when paired

Generally erected at 45 degree angle (60 deg O.K.)
Can be utilized on Soil as well as Pavement
Pre-assemble and carry into position

Must erect minimum of two shores & tie together
with x-bracing & lacing.

Design Strength is each,

zation of Buildings Workshop

FEMA
Shoring Testing- Proof of Concept
What do we need to know?

Prefab away from wall
if Possible - May need Are results repeatable or scattered?

to adjust Sole Cleat Is there a predictable Safety Factor?

after move to wall At failure, do US&R shores maintain
their system configuration ...  or
do they degrade into a group of
individual structural members?

Y

Is their adequate warning of failure?
Where is the structural fuse?

DHS Stabilization of Buildings Workshop DHS Stabilization of Buildings Workshop

August 009 3 v August 25-27, 2009

Vertical Shore Testing Test Setup for
What has been tested? — T

Pneumatic Struts — 2000
Performed by CA-TF3 StS
Established standards for use in US&R
Vertical Shores & Raker Systems
Wood Raker Shores & Laced Posts
Performed at DHS/FEMA StS2 Training
Proof of concept
Verified Safety Factor and Failure Mode
Demonstrated Structural Fuse

Breaker
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Raker Test Summary 280k Vertical Load Shore Tester
US&R Training Site, Moffett Field, CA

24 Raker pairs have been tested

All exceeded Design Load by a factor greater
than 6 (Design Load = 5k per pair)

Properly constructed Raker System has
significant reserve strength

System performance will probably be
limited by adequacy of sole plate
anchorages.

WENNERERRRF

on of Buildings Workshop

AugL 009

Testing of Laced Posts
12 Tests performed
Can observe significant cupping of wedges at
2x Design Load (Design Load = 32k)

Splitting of Headers occurs at 2x to 3x Working Loa  d, .
depending on slope & direction of grain Crushlng of

4x4 - Laced Post Systems consistently resist 3 1 S8 K Header by Post
times Design Load (95k to 110Kk) 5 -t .

. ) gy 48 | o Cupping of
Failure often occurs in posts w/knots that are - - o
near joints ' Wedges
Direction of diagonal braces does not have a ' ‘
significant effect.

Total deflection is about 1.5 to 2" at failure

on of Buildings Workshop bilization of Buildings Workshop

August 2! 009 5-27, 2009

Testing of Plywood Laced Post Plywood Laced Post
4ft x 4ft Post Layout A
6 Tests performed

Using 24"- ¥%"PlyWd strips appears to
produce same results as Laced Post using 2x
bracing

Good results with 24" strips w/ 24" clear between
Deflection is about same as Laced Post

Can achieved better results w/ closer spacing, but
may be impractical (as high as 140k Load)

Using 12"- ¥"PlyWd strips is Inadequate
Single Cycle Buckling occurred
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Plywood Braced Double T Tests
2ft x 4ft Post Layout

¥

[

DHS Stabilization of Buildings Workshop
August 25-27, 2009

The US&R Structures Specialist must:

Imagine the original structural system
Evaluate the remaining structural capacity

Evaluate the structural & non-structural
hazards

Evaluate risk reducing stability improvements
Select “best available” shoring system(s)

Recommend shoring mitigation to stabilize the
search & rescue operational area.

In the time it took to present this material to you.

DHS Stabilization of Buildings Workshop
August 25-27, 2009

What next steps should we take?

Stabilization of Buildings Workshop Proceedings

n of Buildings Workshop

009 FEMA

Testing of PlyWd Braced Dbl T

12 Tests performed

Need 48" to 96” — Ply on 2ft sides, but 24" ply
strips OK on 4ft sides

Deflection is about same as Std Laced Post

Use 24"max clear space between ply strips on 4ft
sides

Failure Load is at least as good as Laced Post
Plywood may be thinner than %"
No significant change using 1/2" and 5/8”
Try OSB next
Most specimen achieved over 115k Load
Lead to areater deflection and distortion

DHS ation of Buildings Workshop
Augus , 2009

Future Shoring Testing

Conduct additional tests using 2ft x 4ft
plywood braced, 4-post shores

Confirm adequacy of ¥2" plywood
Confirm adequacy of 5/8” OSB

Confirm the minimum number of nails that
are required

Seek approval of Plywood Braced, 4-
post shores in 2ft x 4ft layout
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Techniques and Equipment

for Monitoring Damaged
Structures

Presentation:

Peter B. Keating, PhD, PE, Texas A&M Univ.

Paper Authors:

David J. Hammond, Chair, SSG DHS/FEMA
Peter B. Keating, Texas A&M University

Bil G. Hawkins, Knott Laboratory
Tom R. Niedernhofer, USACE

DHS Si ation of Buildings Workshop
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Monitoring Plan

Where and how
Control/Reference Points
Directions of movement
Caution vs Alarm

Record Keeping

Report Info in Incident Action Plan
Info gets to those who need it

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Control/Reference Points

Essential to establish Repeatability
Establish Credibility
Avoid False Alerts/Alarms
Selected for Stability
Not affected by :
Wind
Temperature
Changes from Debris Removal
Changes in Sight Lines

Stabilization of Buildings Workshop Proceedings

DHS Stabilization of Buildings Workshop

Augus 7,2

Building Monitoring
One of the methods used to mitigate risk to
rescue personnel
Need to consider the Installation Risk
Elements of Monitoring
Monitoring Plan
Record Keeping
Emergency Communication Plan
Monitoring Tools
Properly Trained Personnel

n of Buildings Workshop
009

Where, How & Direction

Correctly Visualize Failure Mode
Must be Ductile

What tools will best detect movement
Measure Angular Rotation
Measure Translation
Measure Vertical Deflection

What is most likely direction of movement

Where to place monitoring devices on
structure

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Caution vs Alarm

Need to know what is “Reasonable” or
“Normal” Movement

Due to light winds
Due to change in Sun Angle
Only valid is Failure Mode is Ductile
Otherwise, No Warning Time
Levels may change
Based on incident’s observation history
Need Effective Warning System
See Emergency Comm Plan to follow
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Story Drift

Compare Angle Rotation to Story
Displacement — in one 12ft story

Story Drift = Lateral Displacement in 1 Story

.01 .05 .10 .15 .20 .40 .60 .80

.025 126 .251 .337 .502 1.0 1.51 2.01

n of Buildings Workshop

(00°) FEMA

Reference Movements - Bldgs
The 1, 2, 3 Rule — Normal “Noise”/ Story
Concrete = 1/16” (0.025 deg)
Steel = 2/16" (0.05 deg)
Wood = 3/16”  (0.075 deg)

Rough estimates only
Caused by change in sun angle

Caused by light winds
Day- night transition

DHS ¢ ation of Buildings Workshop
Augus 7, 2009

Record Keeping
Written Records need to be kept of all
Monitoring Devices
All Monitoring Devices, inc Crack Monitor
See next slide for suggested intervals
Recording System can be setup and kept by
IST Structure Spec Staff

Each TF Structure Spec should keep own Unit Log
including Monitoring Data

Need to share data at every shift change, assuming
no significant movement (Hand-off)

Report Info in Action Plans
Depends on incident & IST

Stabilization of Buildings Workshop Proceedings
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Data Interpretation

Most Challenging Aspect
No simple Rules
Consider overall context of Bldg & Incident
Key Factors to Consider
Initial Conditions
Movement Magnitude & Rate
Movement Trend —Cyclic, Monotonic, Step
External Influences
All movement must be considered “In Context”
OKC Murrah Bldg — “Normal” was 5/8” in 10 stories

DHS S z n of Buildings Workshop
Augus 009

Reference Movements - Devices

Plumb bob — Vulnerable to wind

Crack Gage — Parallax may be an issue
Smart Level — Resolution is 0.20 deg
Laser Level — Diameter of Beam

Total Sta/Theodolite — Depends on quality and
stiffness of Tripod Set-up

WBMS — Resolution is 0.05 deg
Software displays to 0.01 deg

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Recording Data, Intervals

Periodically

Initially Hourly — Later at longer interval

Electronically and/or FEMA Forms
Discussion at Shift Change
Following Significant Events

Aftershocks

Windstorms

Shifting of Debris

Heavy Equipment — load collisions, etc
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Communication Protocols

Need to strike a balance between Rapid
Notification and Avoidance of False Alarms

Alert Threshold must be greater than “Normal”,
but less than Impending Collapse

Must be able to Effectively Communicate any
Alarm to Leadership

A pre-determined “Alarm Level” needs to be
discussed & established with Leaders so
Rapid Response is Facilitated

DHS Stabilization of Buildings Workshop

August y. FEMA

Emergency Communication Plan

Effective Warning System
For Caution and Alarm Warnings
Involves Coordination
DHS/FEMA Task Force Leaders
FEMA Incident Support Team
Incident Command
All must understand, and be able to Hear
Warning Signals

All must know their Evacuation Routes, and
to Whom they Report

Total Station

A surveying instrument that measures both
angle (horizontal & vertical) and distance

Uses a pulse laser to measure distance to a
reflectorless surface

Can automatically convert angle and distance
measurements into a pre-established X, Y, &
Z coordinate system, easy to interpret
movements

Older Theodolites measured only horizontal
and vertical angles, difficult to interpret.

Stabilization of Buildings Workshop Proceedings

Techniques and Equipment for Monitoring Damaged Structures
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DHS/FEMA Monitor Forms

All Monitoring Forms used to hand-off information to
the on-coming shifts

zation of Buildings Workshop

Augus 2 9

US&R Monitoring Devices

Total Station (Theodolite)
Reflectorless Total Station
Electronic Tilt Meter (WBMS)
Electronic Level
SmartLevel & SmartTool
Laser Levels
Plumb bob
Crack measuring devices
Wind Speed Measuring Devices

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Total Station

Advantages

Observation w/o contacting structure

Make Distant Observations

Ability to Zoom-In on Structure

Observe many points from One Location
Disadvantages

Cost of instrument

5sec Reflectorless Total Sta = $6500
Need Trained Operators

Need stable Reference/Control points
Difficult establishing aftershock control?
Can't Use w/Face Mask
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Total Station

Potentially can be used poorly and without
Reference/Control

False movements have been reported at
several major incidents
Most often as a result of someone inadvertently
bumping the tripod, without having an adequate
Reference/Control mark system

This can lead to a lack of confidence in this very
important system
This is a very effective device that must be
used properly

Use of Total
Station

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Theodolite in North Parking Lot for East Tower
one also located East of bldg to check Wall Line E

=

East Tower
Marginally stable

Monitor from north
parking lot using
Theodolite + establish
link to weather service to
warn of winds over
25MPH

Can't establish fall zone
- would greatly limit
rescue efforts

bilization of Buildings Workshop ilization of Buildings Workshop

2009 Aug

Wireless Building Monitor System

Witness Mark
and Site Wind Gage

Vertical sight lines were
run to compare with
point at base of tower

Maximum movement
3/4" with 45MPH wind

Stayed relatively stable

Stabilization of Buildings Workshop Proceedings

Wireless Building Monitoring Sys (WBMS)
System uses up to 4 Sensors, placed on structure, t
measure & transmit movement as an angle change.

Measures angle change of 0.05 degree (repeatable)
Signal is sent to 900mhz Spread Spectrum Receiver

Range is up to 1000 ft. (clear sight)

Not as far thru Heavy Concrete & Metal Structures
Receiver is linked to MS Pocket PC PDA or a Laptop
by wireless, blue-tooth connection

PDA software polls sensors at 10 to 15 sec interval

PDA chirps for each coherent signal received

May set software to alarm for any amount of anglec  hange

Available at DHS/IST, DHS/FEMA & USACE systems

(o]
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Electronic levels

Electronic Levels are placed in pairs on
structure to measure change in any angle
(vertical or horizontal)

Measures angle change of 0.2 degrees

Cost is in $100 range, each

Must be continually read (no alarm)

New lower cost model cannot be set on zero when pla
in vertical position

Use binoculars for remote reading
Must alter device to turn battery saver off

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Electronic Levels
Advantages
Low cost
Long battery life (about 40 hours)
Easy to read
Disadvantages
Not as accurate as WBMS
Need to place on structure

Need to place 2 in each location to measure angle
change in N-S + E-W direction

Someone needs to read them — line of sight
Need to modify Battery Saver Function

Stabilization of Buildings Workshop Proceedings

ation of Buildings Workshop

009 FEMA

Wireless Building Monitor System
Advantages
Monitor 4 or more locations at once

Very accurate and can set alarm for specific
amount of movement (audible & visual)

Portable Receiving/Alarm System
Remote Observation (up to 1000 ft )
Can Use w/Face Mask
Disadvantages
High cost ($18,000 per full-system, 2005)
Need Qualified, Techno-Operator
Need planned, periodic battery recharge system
Need to place sensors on structure

DHS Si ation of Buildings Workshop
August 25

DHS Stabilization of Buildings Workshop
August 25-27, 2009

Laser Levels

Laser Levels - placed on structure to indicate
movement by changed position of the light
beam on a specified target
May measure angle change or lateral/vertical
movement
Accuracy depends on setup —maybe 0.2 degrees, 1/8”
Must be continually read (no alarm)
Target should be set in safe area
RoboToolz Laser Level
Low cost, but less useful
Hilti Laser Level - PMP-34
Moderate cost w/ lots of extras
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RoboToolz Laser Levels
Cost is $100 each for tri-axial laser
Battery life is about 14 hours (AAA batteries)
Mount on steel angle, since device has magnets

DHS Stabilization of Buildings Workshop
Augus 009

Laser Levels

Advantages
Low cost
Easy to read
Disadvantages
Not as accurate as WBMS
Need to place on structure

Need to place 2 targets for each location to
measure angle change in N-S + E-W direction

Someone to read them — line of sight

Need to replace batteries
Every 12 hrs for RoboToolz
Every 40 hrs for Hilti

Crack Monitoring
Draw or sawcut ‘x’ centered on crack

Use inexpensive ($15)
plastic crack monitor
that can be placed
across a crack

Spray paint cracked area
Place shims/cards in cracks

Inexpensive, easy to read the change, but
need to be checked (up close) periodically

Stabilization of Buildings Workshop Proceedings

ion of Buildings Workshop
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I'-rlrilti PMP-34 Laser Level

GSA cost is $460 each for
tri-axial laser

Battery life is about 40
hours (AA batteries)
Comes w/ case and
several mounting devices

Self leveling, and has
several modes of
operation

Single, Double, Triple, Self
level off, Battery save off

DHS Stabilization of Buildings Workshop
August 2 9

Plumb Bob

Use a Plumb Bob hung from small
structure to compare to a point on the
ground or pavement

Allows one to observe change in a leaning
structure

Advantages

Inexpensive, easy to use, no special skills
(a rock on a string will suffice)

Disadvantages

Requires one to attach to structure, constant
observation, not too accurate, wind

DHS Stabilization of Buildings Workshop

August 25-27, 2009

Monitor Wind Speed
Low cost, hand -held
devices

Kestrel = $100

Brunton = $60

Weather Station w/
remote sensors

$150

268 of 309



Techniques and Equipment for Monitoring Damaged Structures

Peter B. Keating

zation of Buildings Workshop

August 25-27, 2009

Method to Monitor Disaster Site

P vs S wave - time delay
P wave travels faster than S waves

If distance from Fault to Site is more than 50km
there is opportunity to warn of Aftershocks

Seismic Trigger deployed at Disaster Site
Warns when P wave arrives
Destructive S wave arrives later

Pager System

Pagers at disaster site are signaled from sensors
at fault that measure Aftershocks

DHS Stabilization of Buildings Workshop
Augus 009

Sumniary

Monitoring requires careful planning & the
reporting of reliable information

Collapse must be proceeded by a failure mode

that is slow, with measureable deformation

Devices must be reliable and relatively simple
to operate

Monitoring must integrate into existing US&R
protocol and operation

Stabilization of Buildings Workshop Proceedings

ion of Buildings Workshop
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Trained Monitoring Personnel

Need properly trained individuals
Task Force StS may be needed elsewhere and
not available for monitoring
Monitoring help is Function of IST StS
Pre-scripted Mission Assignment, USACE
Local Land Surveyors (liability issues?)
Other Local Assets
Proper Training
Understand US&R
Know what to do with observations
Detach from Rescue Operations
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DHS S&T Directorate and the U.S.
Army Engineer Research and
Development Center
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Some Motivation to Monitor
= Ensure function
= |dentify problems

= Warning of severe problems

BUILDING STRONG,,

a

Stabilization of Buildings Workshop
August 25-27, 2009

Some thoughts

= To find a forest fire, one has to see the whole forest...to
find the smoke —then you know where apply action

= Same challenge with monitoring a building...

= Easy to get data these days — 20 to 30 years (and more)
ago — not as easy

Al lot of good stuff presented that covers this

@

BUILDING STRONG,,

Stabilization of Buildings Workshop

August 25-27, 2009

Stabilization of Buildings Workshop Proceedings

Definition

Remote: far removed in space,
time or relation

US Army Corps

Remote vs. Not Remote

= Hardwired vs. wireless

Constantly watched or involve some help
with processing data

(“cyber infrastructure™)
= Long vs. short term; random vs. selected

-@

BUILDING STRONG,,

Stabilization of Buildings Workshop
August 25-27, 2009

Motivation

= emphasis on what worked — early motivational
example:

= Code of Hammurabi
Deflections — observable based on loads
= Quantify what human senses perceive

- touch

- see

- hear

- smell

- taste

@

BUILDING STRONG,,

Stabilization of Buildings Workshop
August 25-27, 2009
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State-Of-The-Art Remote Monitoring of Buildings
Vincent P. Chiarito

Sensor Development

= Quantify what human senses perceive
- touch — accelerometers, geophones, ae
- see — cameras, video
- hear - microphones

- smell/ taste — gas detection sensors/ chemical
detection

Limited spectrum - other sensors go beyond
Human perception abilities

a

Stabilization of Buildings Workshop
August 25-27, 2009

BUILDING STRONG,,

Famous “Failures”

= Leaning Tower of Pisa (ltaly)
= Johnstown Flood (1889, US)
= Tacoma Narrows Bridge (1940, US)

= Malpasset Dam (1959, France)

Hyatt Regency Hotel walkway (1981, US)

a

Stabilization of Buildings Workshop

BUILDING STRONG,,
August 25-27, 2009

One Basic Idea of Monitoring

Mation Sensor,
gives y(t)

¥,

j X0 Shaker: provides
@ input excitation, (0
MODAL PARAMETERS
e - RESONANT FREQ.
FUNCTION MO, )
-DAMPING FACTORS

Stabilization of Buildings Workshop
August 25-27, 2009

a

BUILDING STRONG,,

Some History

Code of Hammurabi (2200 B.C.),
King of Babylonia

%\ (taken from Construction Failure,
Feld & Carper, 1997)

If a house collapses and causes death
of owner - death to builder

B. If son of owner dies - death to son of builder

“...tooth for a tooth...".

a

Stabilization of Buildings Workshop
August 25-27, 2009

BUILDING STRONG,,

Progressive Collapse
( |

* Oklahoma City
- 87% in collapsed portion died (153 out of 1 &%
- 5% in uncollapsed portion died (10 out of 186
 Nairobi
- Ufundi House collapsed — 200 deaths
- US Embassy did not collapse — 45 deat
» Khobar Towers

- No collapse — 19 deaths
- Built with British Code

Stabilization of Buildings Workshop
August 25-27, 2009

BUILDING STRONG,,

5-story building

Stabilization of Buildings Workshop

Stabilization of Buildings Workshop Proceedings

BUILDING STRONG,,
August 25-27, 2009
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State-Of-The-Art Remote M onitoring of Buildings
Vincent P. Chiarito

5-story building 5-story building

MEASUREMENT LOCATIONS Changes Building Frequency Responses

forBIAXIAL ACCELERATIONS — s at REF location in North
- ROCF - 7
LEVELD a2
o =
(13- B =
LEVEL 1 ¥ il g
LEVEL | ot ot
Ground :
=, =,
Stabilization of Buildings Workshop BUILDING STRONG, Stabilization of Buildings Workshop BUILDING STRONG,,
August 25-27, 2009 | August 25-27, 2009

Stability Monitoring of Burning Principles of Stability Theory
Buildings
Poles contain information on system stability

Systems Model e s o)
X X X
% l Real(s X Real(s) lx Real(s)
Fire Structure S_truct_ural l
Vibrations

+ EERE |

et

Traditional Systems Theory predicts behavior based on

“inputs and outputs” and the ratio of these o B’
e T T N O El ) 'l T i“-“ B (I
&, [l
Stabilization of Buildings Workshop BUILDING STRONG Stabilization of Buildings Workshop BUILDING STRONG,
August 25-27, 2009 N August 25-27, 2009 M
WTC Displacement Record Moire Fringes

Displasement (in)

-@
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August 25-27, 2009 August 25-27, 2009
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State-Of-The-Art Remote Monitoring of Buildings
Vincent P. Chiarito

WTC 2 Displacement Record

Analysis
= A Moiré analysis of video acquired from
WTC 2 has resulted in a series of
displacement records presented in Ref [1].

‘Simple Frame Fire-induced Vibration Respont

Moire Fring

15 .
|

Acceleration ()
°
o 2

o

Displacement (in)

| | o I | |
0 20 40 &0 0 7388 739 739.2 7394 739.6 7398 740

Time (s) Time (secs)
1. K. Butler, etal, “Moire Analysis of Primary Frequencies and Time-Dependent Oscillation Amplitude
Following the Aircraft Impact for WTC 2,” NIST NCSTAR 1-5, Appendix K, pp.915-954.

a a

Stabilization of Buildings Workshop BUILDING STRONG,, Stabilization of Buildings Workshop BUILDING STRONG,,
August 25-27, 2009 August 25-27, 2009

Fixed and hard wired sensors WBMS

Wireless Building Monitoring System (WBMS)

TR | " = | Exponent, in parinership with Catifornia USAR Task Force 3 has developed
a system for monitoring damaged buildings aud structures to improve safety
I EErgeney response sitnations.

The WEMS allon gy response geisoane] a1 an insident sice to quickly assess ud
monitor the staka mnged bunldings aud structuves thronglout o

*  Optioaal Base-station o

Stabilization of Buildings Workshop BUILDING STRONG,,
| August 25-27, 2009

Stabilization of Buildings Workshop BUILDING STRONG,,
August 25-27, 2009

Example of a System Approach Challenges and Tssues

Remote Monitoring System
« Maonitoring for multiple limit state

Q@ = Prognosis capabilities
[ ¥ Intemet Carnection =
o ) Is

Faste s

M.uuh‘: R A A
50 S -
Bdge Enginser =%
Dlstret Cifice
Gucr
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State-Of-The-Art Remote Monitoring of Buildings
Vincent P. Chiarito

SHM on 1-20 Bridge, Vicksburg Continue to learn from History
Integrated Smart Structural &?mk:ngd&ﬂnsﬁies [:n“su'm}m]“ \é\{JT_Y[NNGS

Health Monitoring System

Failipe FALL DOWN

How Structures Fail

MATTHYS LEWY
and

& MARIO SALVADOR!

KEVIN WIOEST

:l E ' U\I . \:L.A\‘-I(J.'.'AC:J\JI'A‘I\'
Rz
-
B
Stabilization of Buildings Workshop BUILDING STRONG,, Stabilization of Buildings Workshop BUILDING STRONG,,
August 25-27, 2009 August 25-27, 2009

Some thoughts

This workshop helps bring others together

= Others have covered the state of the art of remote
monitoring — applies to more than just buildings

= Can afford to place dense arrays

= Easy to the get data; now, how to interpret, use in
decision making — where we are now

= Monitoring to incorporate all different type of information:
visual, movements, noises...

@ @
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High Performance Buildings
Earle Kennett and Mohammed Ettouney

High Performance Buildings

arle Kennett ~ Mohammed Ettouney

Department of Homeland Security
Stabilization of Buildings Workshop
August 25-27, 2009
U.S. Army Corps of Engineers
Engineer Research and Development Center

Vicksburg, MS

EISA 2007

ENERGY INDEPENDENCE AND SECURITY ACT OF 2007

TITLE IV--ENERGY SAVINGS IN BUILDINGS AND INDUSTRY

SEC. 401. DEFINITIONS.

(12) HIGH-PERFORMANCE BUILDING- The term " high-performance
building' means a building that integrates and optimizes on a life cycle
basis all major high performance attributes, including energy conservation,

environment, safety, security, durability, accessibility, cost-benefit,
productivity, sustainability, functionality, and operational considerations.

atlonal Institul
JILDING

H
Buildings Caucus
United States Congress

PORROSE:

Stabilization of Buildings Workshop Proceedings

Stabilization

Elements Process
Structure Information (BIM)

Envelope Real Time Monitoring

Building Services Assessment
Function New Materials and
Community Technologies

High Performance Attributes

Resource Consumption includes energy conservation
water management, and environmental sustainability

Durability includes safety, security, enhanced long term
performance, resiliency, and optimized life cycle

Functionality includes enhanced mission performance,
productivity, and continuity of operation after
catastrophic events

Maintainability includes reduced operations and
maintenance costs, and system longevity

al Instit
INC

[73) s

~ T

. Breakfast Briefing on
Lead Sponsors: High.Performance Buildings—Operating Afte Disasters

O s In the event of a catastophic event, whether natural or manmade, a
T s g periomanc bakding peeds to mantain te safey and securty of
1S occlpants whie aiso consdenng the impact of the evet on e
Co-Sponcor: isson o ncion o e fact and on he waer commundy. Owners
o pblc and prate, must have e ikt {0 reure that hir g
@ @) | PRI
September 10,2008 ®9:30 am. 11:00 am
S Hotse of Repressntaives
& pg 2325 Rayburn House Office Buiding
ATA EmMA Moderatr
Henry Green, Hon. AL, Pesident, NIBS
— pr———
. il Rep, Jucy Biggert (RL) and Rep. Russ Carmahan (0.40)
CoCrars Hgh Peromance Buidngs Congressonal CaucLs
MCAA siTENA Determiing High-Pertormance Secrty Needs
— v Martin Denholm, AIA, LEED AP, BSCP
. Vice resident, SMITHGROUP
P President, Building Security Council

“The Buikding Security Council f the American Sociey of Civil Enginers

operators and
determine theif builing’ high performance securty needs. When

beyond minimum practices.
Proviing Federal High-Performance Buldings afier a Disaster
Lioyd H. Siegel, FAIA

Office of Construction & Facilties Management
Department of Veterans Affairs

“The VA wil present their work in developing a methodology for
evaluating the operational capaciy of thei faciiies affer a major

capabilies afer these Catastiophic events.
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High Performance Buildings
Earle Kennett and Mohammed Ettouney

High Performance Attributes and
Stabilization of Buildings

Each of the High Performance Attributes can
contribute directly or indirectly to strengthening
building resiliency after an IED attack

Water Management

Efficient water management includes
« Water supply redundancy

« Adequate protection of pipes from natural and man-
made hazards

« Adequate supply of water during emergencies

Fire Service
or Combined Fire/Potable Service

vahe bax

New performance
codes and multi-
hazard design
practice can

* Provide improved
resistance to multiple
hazards (location

of critical
equipment on roof
and basement)

Stabilization of Buildings Workshop Proceedings

Energy Conservation

Energy Conservation Measures include

» Using advanced materials that can multifunction for
both security and energy efficiency

* Using innovative building systems that can
multifunction for both security and energy efficiency
(double exterior walls)

 Self sustaining energy sources can provide energy
during emergency conditions

Environmental Sustainability

Environmental Sustainability
includes

« Use of new advanced materials
with recycled and new
composites that enhance both
sustainability and blast
performance.

Recent Studies Showed
interrelationship Between Seismic
Design and Sustainable Buildings

Security
New structural system and i@ 1)
building envelope
systems can

Dramatically improve
structural stability after a
blast

Dramatically enhance
building envelope e
stability of both the wall nhancing Building Envelope

system and glazing Performance can improve safety of
components occupants and first responders
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High Performance Buildings
Earle Kennett and Mohammed Ettouney

Durability Resiliency

Enhanced long term material N — Improved building resiliency can dramatically improve
and system performance will g a community’s ability to continue to function during

- Reduce structural system Ductility of the impending disaster.

I high strength
degradation i} steel (such ag

* High Performance Designs in pre-
would ensure that such zgﬁsfig
degradations are minimal . buildings) is
reduced as
the building

Life Cycle Optimization Maintainability

Life cycle optimization can provide analysis for Ensure that advanced building maintenance
allowing increased first costs to be allocated over practices that into account continued operations
the entire operation of the building’s life including after catastrophic events.
catastrophic possibilities

» Reduce the barriers imposed

by “color of money”

 Allows risk scenarios to
be incorporated into the
overall life cycle performance
of the building.

Functionality and Continuity of Overall Goal of Continuity of
Operations Operations Attribute of
Providing capacity of the building to continue to ngh Performance BUIldlng

function and provide mission services to support
the community and disaster operations.

Continued performance of building service
systems for 4 days following a catastrophic
event through

* Independent systems
* Protected systems

* Redundant systems
* Flexible systems
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High Performance Buildings

Earle Kennett and Mohammed Ettouney

Building Systems

* Building enclosure system
« Limited disruption

 Building interior systems
« Limited disruption

« Utility service systems
 Location
* Protection
¢ Independent sources
« Emergency connections

Building Systems

 Electrical systems
* Redundant services
* Separate entrances
« Total stand by power

» Telecommunications systems
* Redundant services
* Underground ring topology
* Ample UPS
« WLAN

Stabilization of Buildings Workshop Proceedings

Building Systems

» Mechanical systems
» Looped systems

» Protected equipment W
* Emergency systems
¢ Plumbing systems
* Water treatment
 Protected equipment
 Utility storage systems

* Protected storage
* Ample storage

New Orleans VAMC 8/29/05

241 patients (10 on ventilators)
272 employees

342 family members

= 20 persons

=)

= Nati | Institute of
ﬁ‘ ) e L

4

An Authoritative Source of Innovative Solutions
for the Built Environment
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Rapidly Emplaced Composite
Structural Support Systems

Toney Cummins
Chief, Concrete and Materials Branch

U. S. Army Engineer and Development
Center

27 August 2009

Rigidizable Structural Composites Program

Problem

« Lack of high-performance Class IV structural materials
and components
— Light weight
— Low bulk
— Man portable
— Tailorable
— Multipurpose

BUILDING STRONG,,

Rigidizable Structural Composites Program

Approach

Novel, cure on demand polymer resin systems will be
identified and coupled with engineered reinforcement
matrices to develop a suite of materials suitable for the
construction of new and upgrade of existing structures.

BUILDING STRONG,,

Stabilization of Buildings Workshop Proceedings

Rapidly Emplaced Composite Structural Support Systems
Toney Cummins

Background

= ERDC research in Fiber Reinforced Plastic composites materials for
Force Protection reemerged in 1998.
» Pultruded Fiberglass Structural Sections
» FRP armor (commercial e-glass architectural)
» Novel resin and reinforcement materials

= Rigidizable Structural Composites Program began in 2004.

= FRP materials research continues today.
» Blast resistant membranes
» Ultra High Performance Concrete UHPC armor cladding
» FRP/Wood hybrids (University of Maine)

a

BUILDING STRONG,,

Rigidizable Structural Composites Program

Objective

To develop and evaluate a variety of composite material
systems and field expedient fabrication processes suitable
for producing structural composite shapes, structures and
structural connections in austere environments.

3

BUILDING STRONG,,

Rigidizable Structural Composites Program

Progress
= Innovative Resin and Reinforcement R&D

» Collaboration with SUNREZ, Inc (BAA)

» UV light cure elastomeric developed and
evaluated

v

Moisture cure elastomeric developed and
evaluated

v

LED and fiber optic resin cure initiation methods
investigated

v

Cure frequency modifications using fluorescing
materials

v

Reinforcement optimization for inflatable
composites

v

Reinforced film optimization for inflatable
structures investigated

i

BUILDING STRONG,,
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Rigidizable Structural Composites Program

UV Cure Polymer Resin Prepreg
at

BUILDING STRONG,,

Rapidly Emplaced Composite Structural Support Systems
Toney Cummins

Rigidizable Structural Composites Program

Progress
= UV Curable Inflatable Beam
» Collaboration with SUNREZ, Inc (BAA) and Vertigo

» 2 Generation arched beam developed and tested

» Fighting position overhead cover prototypes developed

BUILDING STRONG,,

Advanced Gap Defeat Concepts

Technology Transfer

Advanced Gap Defeat Cancept Development

RCIS Bridge

BUILDING STRONG,,

Advanced Gap Defeat Concepts

Technology Transfer

BUILDING STRONG,,

U.S Army Natick Lab - University of Maine Research
“Bridge in a Backpack”

BUILDING STRONG,,

Stabilization of Buildings Workshop Proceedings

Modular Protective System

Design Concepts

@

BUILDING STRONG,,
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Rapidly Emplaced Composite Structural Support Systems
Toney Cummins

@S Structural Systems @GS Structural Systems

“ 14

Weight Comparison based on
Equivalent Strength

1002 W0ox

B8

36% 34

Tube - Bending Tube - BucHing

[@CarbanisoTuss mCarbon Tube O Aluminui m OSteel]

Wyeight compared to steel

&,

BUILDING STRONG,, BUILDING STRONG,,

@@ Structural Systems Q@RS Structural Systems

BUILDING STRONG,, BUILDING STRONG,,
FRP Wall Retrofit Research FRP Wall Retrofit Research
Y4Scale CMU Infill Wall Y4Scale CMU Infill Wall

B

BUILDING STRONG,, BUILDING STRONG,,
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Rapidly Emplaced Composite Structural Support Systems
Toney Cummins

ERDC - University of Maine Research
FRP Clad Lumber and Sheathing

BUILDING STRONG,,
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Inverse Triaxial Structural Element (ITSE) and Hydrostatically Enabled Structural Element (HESE)
Column

Charles Robert Welch

@ Syt v e | 65 o - W i e - gl

Sand specimen being tested in a

Stress state
triaxial stress regime

during axial

wA'xrd! loading — loading

T = s (o03)
i1 inc. o
‘ )\ ‘
| t
| -
1 E Membrane

strain
@, >>>1atm.

~ Pressurized

Pressurized bath of water provides water bath
confining pressure, o to the sand

Mohr-Columb Behavior of Cohesionless Inverse Triaxial Structural Element (ITSE)
Soils (and other particulate material)

a

Sand column being
(T) (diameter) loaded axially and in ~ Axial loading
¢ e a pressurized triaxial
stress regime
T is tensile force in a ‘
thin walled cylinder

2 (thickness)

122222222221

diameter
v 0, o, | LES0)
1-sin(¢)
~31t03.70,

Inner Membrane

r I ter Membrane
(in tension)

(in tension)

Improvement: Sand
arches around
holes.
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Inverse Triaxial Structural Element (ITSE) and Hydrostatically Enabled Structural Element (HESE)
Column

Charles Robert Welch

Inverse Triaxial Structural Element (ITSE)

N — Photographs from Axial Testing

Pressurized
Fluid [
Membrane
Medium Dense =

Sand Nonlinear W
Soil Model a. Inverse Triaxial Structural Concept

\/

b. Loading Layout

Bladder Pressure — 100 PSI; Buckling Load - 5400 Lbs
12 X times axial acity of tubular sandbag (See S.J. Ressler, 1979)

oyl ST Hinive) AT o - B i o - N

Bladder Pressure = 100 psi
00 Lbs Axial Load = .
12 X times axial load capacity of tubular sandbag (See S.J. Ressler, 1979) PhOtogra‘phs I[l 3 pt Bendlng

Axial Test Results: Graph

EAxial Test
—Sample 2-1
y=3146.4x- 494.74
R =0.9892 —Sample 2-2
y=36112x+ 76341 Linear
S (Sample 2-1)

Linear
(Sample 2-2)

950 Lbs Transverse Load
(Linear Elastic Response)

Bladder Pressure — 100psi
950 Lbs Transverse Load
Linear Elastic Response

Hese Column - 20 August 2009
Hydrostatically ena o ment Col

3-pt Bend Test Results
3 Point Bend Test = ‘R‘ff;l; ;,;:-OBB
~— Sample

2-3

Linear
(sample
2:3)

Flexual Force, psi

-1 15
Deflection, in
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Inverse Triaxial Structural Element (ITSE) and Hydrostatically Enabled Structural Element (HESE)

Column
Charles Robert Welch

Link to animation
TSR Sl Sinoin ] 12 S (#1589 o i - W s @ - PR

Stabilization of Buildings Workshop Proceedings

Link to animation

Column Diameter

+ Load values are about 1.4 X wood cribbing

« Buckling not considered

+ Assumes Polyamid industrial fibers

+ Load values could be increased by ~ 3 to 4 times by:

using Kevlar and increasing confining pressure
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Matrices for “ Stabilization of Buildings” Workshop
August 25-27, 2009, Vicksburg, MS

Lewis A. Dunn
Science Applications International Corporation
McLean, VA 22102

August 19, 2009
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Breakout Sessions — Day 1 — Problems
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Breakout 1A: Current

Stabilization of Buildings

Day 1: Problems of

Practices Building Stabilization
Experience-based . Established
P damage Critical role of techniques of Subjective
Current Initial Deployment of assessment — S S@rLIJ.cttures structural risk-reward
Practices - response DHS/FEMA identify possible ?g?éaeﬁifs _aﬁ-é?-' stabilization evaluations by
Stabilization by local Urban Search voids, identify & evaluate hgzards and monitoring Incident Other
Challenges Fire & Rescue evaluate structural dentif » | forwarning of Commander,
(post-event) Department Task Force hazards, failure it t'y imminent others
modes, and risk m’e?si:gg collapse

mitigation means

Operate with
limited time &
information —and
high time urgency

Assess building
collapse specifics

—e.g., viable voids,

live victims,
hazards, type of
construction, fire
damage, additional
loading, failure
modes

Availability of
high-tech,
innovative
response

techniques,
materials, tools,
systems

Other

What are the limitations of current practices
for stabilization of buildings/urban rescue of
victims?

Based on past cases (from terrorist to other
abnormal events), what works well? Not as

well?

Are there areas where emerging
technologies/techniques could enhance

current practices?

Stabilization of Buildings Workshop Proceedings
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Breakout 1A: Current Stabilization of Buildings Day 1: Problems of
Practices Building Stabilization
Key discussion points:
. Established
Experience-based Critical role of techniques of Subjective risk-
; damage assessment structural reward
Current Practices - Initial Deployment of — identify possible Structures ruch :
Stabilization b DHS/FEMA ids. identifv & Specialists — e.g., stabilization and evalua_t|ons by
Chall response by Urban Search & volds, igentity to identify and monitoring for Incident Other
allenges local Fire Rescue Task evaluate structural evaluate hazards, warning of Commander,
(post-event) Department Force r?]%zdaggsérf]%"ﬁ;i identify mitigation imminent Others
mitigatibn means measures collapse
1) Limitations
Operate with limited - :
time & information — - Loads on sho.rlng systems for t_)oth vgrtlcal and lateral Ioad;
and high time Current practices are resource intensive (people and materials)
urgency . Need for more information
Never know how wide the safety margin is
Assess buiIc_:Ii‘ng
collapse EIIOBCIf_IgS - | 2) Wood shores (common construction)
”Vee'%i’c\{;ﬁquehvgafds’ - Can limit instability and capacities are known, and the system is designed for warning
typef_of cdonstruction, - Are a safety net, stable, and warn of structure shifting and loads
Ire camage, - How do you know capacity of the shores? Is there a standard way to determine what the systems of shores’ behavior is?

additional loading,
failure modes -

Depends on expertise of personnel at site

Shore systems have gone through testing and applications (always improving, keeping in mind risk vs. reward)

Regarding what doesn’t work well or does, there is a degree of subjectivity because demands are not known as well as the
capacities and some of them work by trial and error based on experience of the user

Consider time effects on stabilization

Availability of high- - Less time, changes what type of shoring/methods to use
tech, innovative
resppnse
t?chnllqutes,l 3) New technology may affect first responder’s response/safety
materials, tools, o -
systems - Sensor technology that would allow better monitoring of building’s structure

Have the new technology be user-friendly in a way that it won’t hinder the mission
5-10 years away from total optimal solution but examples of individual information gathering exist now— the challenge is knowing

what the information says about the whole picture
High-strength foam that can grow to fill up space
NIST is developing new tech, short-term experimental data is there to give first responders information, in the long term the

sensors will be able to tell you
It would be good if tech can give us arisk profile (know if people are in inside, no need for shoring or more risk)

Other

4) Have built conditions of collapsed buildings

5) Better information about reward (sensing life)
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Breakout 1A: Current
Practices

Stabilization of Buildings

Day 1: Problems of

Building Stabilization

Based on our discussion and your experience, write in what you believe are the two most important strengths
and the two most important shortcomings of current practices.

Current practices Current Practices — Strengths

Current Practices — Shortcomings

have

Deployment of
DHS/FEMA Urban

rescue)

Experience-based
damage assessment

Critical role of
Structures Specialists

Established means of
stabilization and
structural monitoring for
warning of imminent
collapse

Subjective risk-reward
evaluations by Incident
Commander, others

Other

Initial response by local | 1. Qualifications and training
Fire Department Structures Specialist personnel

Search & Rescue Team | 2. Properly standardized and
integrated practices (multi-
disciplines, medical, engineering,

1. Locating victims and keeping track of fire
fighters and people in confined spaces

2. Skill retention and application—the skills
are perishable

3. Lack of knowledge of how buildings
progress to collapse after initial event.
What are risks and conditions that make
the building undergo the change? How do
we know when it will get worse?

4. Subjectivity of practice

Stabilization of Buildings Workshop Proceedings
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Breakout 1B: Stakeholders — Stabilization of Buildings Day 1: Problems of
Roles, Responsibilities, Building Stabilization
Interactions
Assessment
of disaster Implbelzner;.ting
e site — stabilization Bal i
Responspiites, | fesponseand | SUCral | inpemematonof | mesves | uetim | Coornator
Interaptlons— f priorities (if vi_able_vo_ids, Incident struc_tL_JraI risk to media-families Other
Incident r%u?ti-structure live victims Operational, stability, rescuers
sakeholders | "aiadi) | e | Tadiea | yennoo
hazards, collapse
collapse risk
Local and State
government
agencies
Fedgral aggncies .
RS Who are the important stakeholders?
o Jneident Are the roles and responsibilities of the different
stakeholders sufficiently clear?
ek Force
personnel, What lessons stand out from decision-making in
Shesalise past comparable disaster responses — terrorist,
Building earthquakes, other abnormal events?
managers,
operators, owners . . .
How can we improve interactions between
Live victims — and different stakeholders?
families of victims
Others
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Breakout 1B: Stakeholders — Stabilization of Buildings Day 1: Problems of
Roles, Responsibilities, Building Stabilization
Interactions Key discussion points:
Assessment
of disaster Implgmenping
Initial site - Development and stabilization Balancing
Res (F)er?é?t?iylities response and strut():ﬁlgral Implementation of measures, victim Coordination
P : " | determination Stability, Action Plans — monitoring rescue and with public-
Intera(_:tlons - of priorities (if V|_able_vo_|ds, Incident, struc_tL_JraI risk to media-families Other
S lrIlCIhdelgt multi-structure Il\ger‘;/sltétrl]rtns Operational, Wséfr?i'rl]'gty(’)f rescuers
takeholders disaster) structural Tactical imminent
hazards, collapse
collapse risk
Local and State
government o )
agencies .- Building owners are not part of the conversation
Federal agencies | . Building owners and managers are not the same person; we have to treat them

(including
DHS/FEMA) separately

. - Many still need to be convinced of the threat to take future action — memories
Incident
Commander are short

. In the UK, owners are shown that high-performance buildings will help with
DHS/FEMA US&R

Task Force continuity of business

I, . . . oy
Rncluding - We are not yet teaching the designers of tomorrow how to design buildings for

Structures these extreme events (IEDs). What about the designers of today?

Specialists

Building
managers,
operators, owners

Live victims — and
families of victims

Others
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Breakout 1B: Stakeholders —
Roles, Responsibilities,
Interactions

Stabilization of Buildings

Day 1: Problems of
Building Stabilization

Based on our discussion and your experience, write in what you believe are the two most important strengths
and the two most important shortcomings of how the stakeholders interact?

Incident
Stakeholders

Interactions — Strengths

Interactions — Shortcomings

Local and State
government agencies

Federal agencies
(including DHS/FEMA)

Incident Commander

DHS/FEMA US&R Task
Force personnel ,
including Structures
Specialists

Building managers,
operators, owners

Live victims — and
families of victims

Others

There are some good examples in
California (and other places) of
first responders working well with
building owners and the design
community — these models can be
followed or modified.

From a US&R standpoint, we are
better prepared today than we
were a few years ago for an event.
We have more teams and training

than before 9/11.

Tenants are reluctant to reveal
vulnerabilities to extreme events to other
stakeholders.

There are not enough engineers to be
Structures Specialists:

. Not enough retraining of engineers before an
abnormal event.

. Not enough preparedness and pre-training
with other stakeholders.

. Structures Specialists have a high turn over
rate.
Codes need to integrate terrorist threat
mitigation and this needs to be
communicated to all stakeholders.

Someone needs to make design-basis
threat decisions to apply solid risk
management principles to design.

The resources need to reside at the
State/local level for immediate action
before US&R teams arrive.
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Breakout 1C: Structural Stabilization of Buildings Day 1: Problems of
Engineering State-of-the- Building Stabilization
Art-Technology Transfer
Assessment &
Stabilization Kgowledge ffI.Exlpectiitenthar)d I N .
E’i?;:ifggt(i)(l)%%y_ ber?as\?igrnof ° (;glnigutzct:ior::;fl - strﬁi:d’rez; hgzﬁh thgi)slisopo-:nr?;i:g Knowledge base
Stabilization mpromised | stacturaiand | stabilty, fisk of reward techniques orher?
e e N A - ‘*
Operate with
limited time &
information — and
high time urgency
Colanee aheaiflos Given the special needs of building stabilization (e.g.,
voids, 1ve vietims, high time urgency but need for accurate decision-
hazards, type of . . . . ,
Lonstrucion, fire making), what are the gaps and limitations of today’s
loading failure state-of-the-art structural engineering in this area?
Do we need better approaches to simplify complex
Availabilty of structural engineering concepts for utilization by non-
igh-tech, .
innovative structural engineers?
response
techniques, .
it What can be learned from multi-hazards (e.g.,
earthquakes, wind) in improving structural engineering
responses?
Other .
Where does technology transfer need improvement?
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Breakout 1C: Structural Stabilization of Buildings Day 1: Problems of
Engineering State-of-the- Building Stabilization

Art-Technology Transfer Key discussion points:
Assessment &

Stabilization Knowledge .

Technology base on effiotont tachmical- Near real-time

Limitations - behavior of computational structural health Decision-making Knowledge

Stabilization damaged/ su oprt tools for monitoring — fire, tools for risk-reward | base on shoring Other
compromised PP stability, risk of assessment techniques

Challenges structures & structural and hazard collapse

(post-event) components assessments

Operate with State-of-the-art — Needed Research
limited time &
information — and

high ti . . .
1oh me trgeney . Knowledge base on behavior of damaged structures is limited. Research is needed to

Assess building investigate and understand the load capacity of damaged structural systems and elements,
Co'lagze specifics including connections.

voids, live victims,

hazards, type of ) . . . . .
construction, fire | . FOG is the state-of-the-art for local assessments. The information is primarily based on

da‘lg‘;?i‘;’ga‘?giilﬂ?ga' seismic events. More case examples and data are needed from blast events (international).

modes

There is a need to set up a command center operation that would bring in structural experts
to monitor video feeds from first responders to provide engineering advice and technical

Availability of expertise until structural engineers arrived on site (usually 12 hours).
high-tech,
innovative
techniques. . Explore the possibility of providing major Fire Department safety officers StS-related training
materials, tools, to assist in assessing blast-related damage after an event and before the arrival of structural
systems engineers.

The state-of-the-art for real-time monitoring systems is robust and growing.

Other . There was limited time, so the group did not get into advanced technologies and
opportunities.
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Breakout 2A: Analytical Stabilization of Buildings Day 2: Solutions
Monitoring and Assessment of

Near-Collapse Buildings

Current Practices Possible Innovations
Assessment &
bili . Experience.- . Advanced
Meihods | Sasmdtubesie | s | STSISIOO | pmestre | aouence
Stabilization identification of techniques post disaster assessment Stah' |;at|0r} Other
Challenges mitigation actions, o structural technologies/ techniques
(post-event) development of shlorinlgg' assessments systems !
operational plans
Operate with
limited time &
information —
and high time
urgency
Assess bullding What innovative analytic
e practices/techniques/systems (both structural and non-
ictims, h ds,
e ot structural) should be pursued to enhance assessment,
construction, - . . .
fire damage, stabilization, and monitoring of near-collapse
loading, failure buildings? To lessen risk to rescuers?
Are there differences between immediate and long-term
gl stabilization analytical techniques?
innovative
téiﬁﬁlfq”ufees,l How important are onsite and offsite technologies?
materials, tools,
systems .
How mature are the needed technologies?
Other
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Breakout 2A: Analytical Stabilization of Buildings Day 2: Solutions

Monitoring and Assessment of

Near-Collapse Buildings Key discussion points:
Current Practices Possible Innovations
Assessment & .
Stabilization Experience- Established Advanced
based/subjective ts k?'l' |st_e assessment support Advanced real- Ad g
Methods - evaluation of situation, tse(‘?hr'].'zaé:n tools/systems — time monitoring/ stab\{lz'inacteon
Stabilization identification of lques — post disaster assessment " hI 1zatl / Other
Challenges mitigation actions, oo structural technologies/ hatenals.
(post-event) development of shorin g: assessments systems
operational plans 9

Operate with
limited time &
information —
and high time
urgency

Assess building
collapse
specifics —e.g.,
viable voids, live
victims, hazards,
type of
construction,
fire damage,
additional
loading, failure
modes

Availability of
high-tech,
innovative
response

techniques,
materials, tools,
systems

Other

Current Practices
Hybrid methodology that relies on previous computational models coupled with sensor data
Laser scanner in the UK—downside is it is expensive, upside is it takes 10 seconds and measures to the millimeter
Multi-mapping 3-dimensional laser imaging (360 degrees)—covers dead spots

Imaging tool to look through structure (laser system is part of the broader part) both on surface and through the structure with
wide range of frequencies

Reach-back technologies exist (needs to be refined)
Possible/Needed Innovations
Something to run modeling and sensing at the same time, create real-time analytical models on site
Assessing what is critical, feedback from damage viewed
Real-time laser modeling and having software that picks up changes in structure
GPS technology to detect shifts in building structures to predict structural collapse
Map to monitor displacements—remote way to monitor vibrations (frequency of interest)
Sonar technology to detect structural failure
Figure out column curve so first responders can determine how the geometrical structure will work

Effective way to make simplified idealized model to assess strength and stability of supporting columns by means of column
curve and interactions

Short-term focus on simplified analysis that would be on the order of a 1-day turnaround for first responders
Finding out what will save more first responders lives by detecting imminent collapse

Something less resource-intensive like deployable resins glue and foams to help stabilize buildings

Simple modeling tool that can be comparable to complex models

Offsite technologies to analyze buildings

Offsite service will be very important in supporting the effectiveness of onsite services

Today, no real offsite monitoring, but a potential problem is another layer of communication failure

24=hour computational station that can build models with quick turnaround

Onsite monitoring
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Breakout 2A: Analytical

Near-Collapse Buildings

Monitoring and Assessment of

Stabilization of Buildings

Day 2: Solutions

Based on our discussion and your experience, what are the two most important analytic innovations that
should be pursued for assessment & stabilization of buildings near collapse? Short term? Longer term?

Stabilization
Challenges

(post-event)

Short-term “Top Priority” (1-3 years)

Longer-term “Top Priority” (4-7 years)

Operate with limited time
& information —and
high time urgency

Assess building
collapse specifics — e.g.,
viable voids, live
victims, hazards, type of
construction, fire
damage, additional
loading, failure modes

Availability of high-tech,
innovative response
techniques, materials,
tools, systems

Other

Need to know how to identify the
local damages in order to have
local effects to identify, monitor,
and repair.

Need standardization of data
collection: (e.g., MRI). Helps with
onsite and offsite communication
(one way to collect history:
represent by either power spectral
density or autocorrelation
spectral density).

Need multisensory system with
capability to fuse useful portion
of information.

Need to create simplified models
to predict collapse.

Need to be able to predict what
will come next, moment to
moment (e.g.,offsite sees
satellite/maps of buildings and
calculates within time to save
lives).

1. Need to identify critical failure modes that
will guide what sensors are appropriate
and what analytical tools are capable of
capturing those failure modes.

2. Need to broaden view of building types,
better categorization of building types for
modes of failure.

3. Need to identify role of non-structural
components and the effects of rubble piles
on structures. Need to quantify elements
that were not meant to be structural
(potential frames problem).
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Breakout 2B: Experimental Stabilization of Buildings Day 2: Solutions
Strategies for Examining

Near-Collapse Buildings

Current Practices Possible Technology/Tools Innovations
Initial Ad q
Monitoring assessment . vance _ _
_II_Dechisi_ons & moniczz)ring 55:;%?&%23 trggk?;\tigﬂgg/ Strz‘ifl'ﬁg,eﬂ'e'gnh Remote Knowledge
Monitoring | reaurements | MGUERIN | systems ~eg. M rtomed “Laser, “muiated | Omer
Requirements development techniqyes, network-computer thermog.raphy, failurg
of o_verfall p?gsgzt&r:gs systems U|tI’aSOl’lIC, etc. scenarios
monltorlng
plan
Warning of
structural
movement in L. .
failure mode of What are the most promising experimental
 Warning of iInnovative techniques that should be pursued for
epris or other . . . .
localized monitoring of buildings near collapse?
movement
o o How important is portable equipment? How light?
stabilization loss
Adaptable (o What difficulties would need to be overcome to
specific building .
near-collapse develop such techniques?
situation
distinguishing Is there potential multifunctional equipment -- usable
benign from non- . .
benign structural In more than one field?
movement
Acceptable cost What fields, e.g., bridge inspection and building
and false alarm L. .
risk stabilization?
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Breakout 2B: Experimental
Strategies for Examining
Near-Collapse Buildings

Stabilization of Buildings

Key discussion points:

Day 2: Solutions

Current Practices

Possible Technology-Tools Innovations

Monitoring

Decisions & —
Techniques - Initial
Monitoring assessment

Requirements

of monitoring
requirements

Reliance on
established
monitoring
tools,
techniques,
operating
procedures

Advanced _ )

monitoring Designed-in

techniques/ Structural Health
systems —e.g., Monitoring
wireless sensor systems

network-computer
systems

Remote
sensing:
Laser,
thermography,
ultrasonic, etc.

Knowledge
database of

Other

simulated
failure
scenarios

&
development
of overall
monitoring
plan
Warning of
structural

movement in
failure mode of
concern

Warning of
debris or other
localized

movement *

Provide warning
of shoring o
stabilization loss

Adaptable to
specific building

near-collapse N
situation .
Permit o

distinguishing
benign from non-
benign structural
movement

Acceptable cost
and false alarm
risk

. Initial assessments —what tools do we need/what do we have?
Define the questions
Can now monitor ductile failures, not brittle failures
Definition of sensor types, interpretation, how disseminate to stakeholders
Rapid visual screening
Timing of failure?
Know what we are protecting (victims, rescuers, existing critical infrastructure, other things under
jurisdiction of DHS)
. Two-pronged approach
Pre-monitoring
Monitoring carried out by responders

- Need to define what type of data is critical for monitoring of buildings before we focus on
specific types of sensors and systems. The data collected must be relevant and useable.

- Things to monitor: Fire, Structural Systems, Envelope, Directional
. Types: pre-positioned systems/systems carried by first responders
- Buckling of columns (e.g., WTC-1993 and OKC)

Can this be seen/monitored? (change in frequency? — ping with laser/sound beam)
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Breakout 2B: Experimental
Strategies for Examining
Near-Collapse Buildings

Stabilization of Buildings Day 2: Solutions

term?

Based on our discussion and your experience, what are the two most important experimental innovations
that should be pursued to enhance capabilities for monitoring of buildings near collapse? Short term? Longer

Requirements

Monitoring Short-term “Top Priority” (1-3 years)

Longer-term “Top Priority” (4-7 years)

Warning of structural
movement in failure 2.
mode of concern

Warning of debris or
other localized
movement

Provide warning of
shoring stabilization
loss 6.

Adaptable to specific
building near-collapse
situation

Permit distinguishing
benign from non-benign
structural movement

Acceptable cost and
false alarm risk

Define what we want to collect

Define what is critical for risk
assessment — tailor for specific
building types

Wireless systems that consider
the countermeasures to
secondary IEDs (i.e., jammers)

Wireless standard for
communications

Portable power

Cost-effective systems that can
be widely deployed

Design and adapt monitoring equipment

Enhance user/stakeholder interface
(interpretation and dissemination of data)
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Breakout 2C: Decision-

Stabilization of Buildings

Day 2: Solutions

Making
Initial L
Decision- aSiSneCSILSJm(:“]I;t B E:)?"I:gll”wllgsm—g Developing
making type of ?oarritliwccui:jegllw){ Acpiorp I(Djllans - Securing Balancing Handling
Challenges — cor]structior}, with many ap;)r:'(c:):ckllgg to structure, resvéﬁtérgnd bystanders, Assessing
exlztlence_do structures, hazard removing risk to families of resources Other
viabie voids with mitigation surviving rescuers victims, needs
o and live destructive victims media
Decision- victims, role of non-
Makers hadz:rrnd:éélre structural
failure modes components
Local-State- . . .
covderal Are there innovative approaches, techniques, or
systems that would facilitate or strengthen effective
Jneident and timely decision-making in urban search and
rescue/stabilization of buildings situations?
T eader © Are there real-time prioritization techniques that are
suited for this problem?
Struqtu.res
Specialists Can existing prioritization methods from other areas
Building be used efficiently here?
owners-
mar]agers .
(private) More broadly, are there techniques to strengthen
Interaction among stakeholders?
Other

Stabilization of Buildings Workshop Proceedings 303 of 309



Breakout 2C: Decision-

Stabilization of Buildings

Day 2: Solutions

Making
Key discussion points:
Initial L
_ Determining
Decision- asisnecslag}ﬁgt priorities — Developing
makin particularly Action Plans — Balancin
g type of P ; ; ; g .
Challenges — [ construction for incident including Securing victim Handling .
existence Of’ with many approaches to structqre, rescue and bystanders, Assessing
viable voids structures, hazard removing risk to famllges of resources Other
and live with _ mitigation surviving rescuers victims, needs
o - destructive victims media
Decision- o V'Ctémsf', role of non-
Makers azaras, 1ire structural
damage’ components
failure modes
- Decision-making is the toughest aspect of US&R.
LO,SZL'Srt;te' . Monitoring techniques and tools are available to aid in decision-making, but more effective/efficient
Government tools are needed.
. Train more local StS to have faster assistance because of the time it takes for US&R to arrive.
ncident . Train engineers on effects of fire. Fire protection engineering knowledge is limited.
nciaen . .. .
Commander - Red/yellow/green card event works for earthquakes, but is not enough training for a blast/potential
collapse. However, trained engineers are better than no engineers.
. Engineers can be too conservative in assessment.
Task Force . False alarms reduce credibility.
Leader . . .
- NYC has on-call engineering contracts for emergencies.
- DHS could support the creation of State “retainer” engineers to cover local response.
Structures . Local gov't officials and building owners need to understand system and be prepared.
Specialists . . . . . . .
pecial - Have to develop relationship with fire departments—have engineers train firefighters.
Building - Immediate (electronic) availability of building drawings would aid in rescue decisions.
owners- . .
managers - Need more data collection techniques.
(private) - Need better understanding of how to interpret data.
- Need better rules of thumb based on new data and information.
Other
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Breakout Sessions — Day 3 — The Future
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Breakout 3A: High-
Performance Building

Design

Stabilization of Buildings

Day 3: Future
Initiatives

Whole Building
Design —
Requirements for
Improved
Stabilization

Improved
knowledge
database on
structural

responses and
failure modes —to

enhance future

building design

Innovative
design
approaches, e.g.,
performance-
based
engineering

Built-in advanced
wireless
monitoring
sensors/systems
for real-time
automated
structural
assessment

Use of
advanced
techniques/
materials

Building
envelope
modifications

Enhanced non-
structural
components

Other

Mitigate structural
impacts of
abnormal events —
terrorist,
earthquake, other

Lessen risk of

progressive

collapse — or
extend time prior
to such collapse

Facilitate post-
event assessment
— structural health,
existence of multi-

hazards

Increase likelihood
of viable voids
after abnormal

events — and
means of detecting
voids

Facilitate detection
and rescue of
living victims

Other

What requirements would need to be addressed as
part of a “high-performance building design”

approach to improve building stabilization after an
abnormal event?

How would building design practices be modified?

Where are there opportunities for technology
innovation?

Are there opportunities for DHS to interact with
other entities to explore whole building design?
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Breakout 3B: Innovative

Stabilization of Buildings

Day 3: Future

Systems and Equipment Initiatives
Advanced Advanced/ Readily
tools/systems more robust accessible
for real-time wireless ) knowledge
Technology assessments monitoring & Advanced Risk-reward data base — New
Innovations- of building warning techniques/ decision structure technology
Stabilization structural technologies/ materials for support behavior, fire transfer/ Other
Challenges (post- damage, systems — fire, building systems impact, training
event) failure modes, structural stabilization shoring and innovations
risk of health- other field-
progressive integrity, simulation
failure victims tests

Operate with limited
time & information —
and high time
urgency

Assess building
collapse specifics —
e.g., viable voids,
live victims,
hazards, type of
construction, fire
damage, additional
loading, failure
modes

Availability of high-
tech, innovative
response
techniques,
materials, tools,
systems

Other

What requirements would need to be
addressed as part of a “high-

performance building design” approach
to improve building stabilization after an

abnormal event?

What innovative systems and equipment

should be pursued to enhance future

capabilities for stabilization of buildings in

urban search and rescue operations?
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Breakout 3C: Advanced

Stabilization of Buildings

Day 3: Future

Materials Initiatives
Hardening
Retrofitting sensors/
Whole Use of P .
Advanced Materials Building advanced bU"dtlQQS netwolrks in Ad .
Opportunities — Design for materials for ad\\;\gnced V\;'err?]gfes’ sk:/c?rr;;e Other
Stabilization improved critical : ng
e materials for structural materials
Challenges th)J_lll_dln_g structural blast health
stabilization components protection assessment
systems

Operate with limited
time & information —and
high time urgency

Assess building
collapse specifics — e.g.,
viable voids, live
victims, hazards, type of
construction, fire
damage, additional
loading, failure modes

Availability of high-tech,
innovative response
techniques, materials,
tools, systems

Other

What are the most promising opportunities

to make use of advanced materials to

improve building stabilization — pre-event or
after an event?

Stabilization of Buildings Workshop Proceedings

308 of 309



Breakout 3 All

Stabilization of Buildings Day 3: Future

Initiatives
Key discussion points:
Advanced Advanced- Readily
tools/systems more robust accessible
Technol for real-time wireless ) knowledge
echnology assessments monitoring & Advanced Risk-reward database — New
Innovations- of building warning techniques/ decision structure technology
Stabilization structural technologies/ materials for support behavior, fire transfer/ Other
Challenges damage, systems — fire, building systems impact, training
_ failure modes, structural stabilization shoring and innovations
(post- event) risk of health- other field-
progressive integrity, simulation
failure victims tests

Take into account what happens if abnormal situation arises and the building is a partially damaged system.
Take all parts of industry from owners to first responders when using new materials.
Standardize design criteria.

“Life Cycle” would take into account abnormal loads, partial damage, if from day one a balance between retrofits is taken into account.
What is “Life Cycle” and how to implement? (Costs, benefits, lifespan)

Most challenging part of lifecycle: lifespan. Monitoring data over period of time needed to properly model for lifecycle.

Building code—minimum requirement for safety: who is making investment (have owner buy in to changes) technology should not
increase investment costs.

Standardize guidance for engineers on what the risks are and educate the public (e.g., sustainability movement).

Emphasize more on practitioner education on current methodology and knowledge base. Lowest price should not be key factor,
design should be.

Opportunity for R&D to protect first responders themselves.
Streamline real-time information to first responders (decision-makers) of building’s health.

Operate with limited
time & information —
and high time
urgency

Assess building
collapse specifics —
e.g., viable voids,
live victims,
hazards, type of
construction, fire
damage, additional
loading, failure

modes . Standardize format of electronic/paper forms (e.g., Microfilm vs CDs).
Technology to bridge gap between first alert to entering building with regards to risk. Help first responders assess whether or not to
goin.

Obtain more information via scanners to know more about event in order to put into guidelines to help in first critical hours.
Protect against potential second wave attacks.

Database should be easily accessed by decision-makers in real-time.

Potential solutions should come out of database based on past events.

Availability of high-
tech, innovative

response Pay close attention to the classification of database and who has access.
mzta(tegrrilgllg,ut(ce)%ls, Education component needed to let public/industry know how the materials are used/what they are.
systems Standardize use/application of advanced material application, have test procedures set.
Know more about what kind of hazard affects mode of failure and in what way (manual).
Advanced Material Database will include not just existing materials but new materials that will have to be tested in a standardized way.
New materials should increase margin for safety and not just lower costs or strengthen materials for the sake of making them better.
Other Investments should look at many aspects not just single aspect.
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