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implied, nor assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of
any information, product, or process included in this publication. Users of information from this
publication assume all liability arising from such use.

This work was supported in part by the Earthquake Engineering Research Centers Program of the
National Science Foundation, under NSF Award Numbers EEC-9701785 (MAE Center), EEC-9701471,
(MCEER), and EEC-9701568 (PEER Center).
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One of the primary goals of the Department of Homeland Security’s Federal
Emergency Management Agency (FEMA) is prevention or mitigation of this
country's losses from hazards that affect the built environment. To achieve
this goal, we as a nation must determine what level of performance is
expected from our buildings during a severe event, such as an earthquake. To
do this, several years ago FEMA contracted with the Applied Technology
Council (ATC) to develop next-generation performance-based seismic design
guidelines, which would allow stakeholders and their representatives to
assess the probable seismic performance of new and existing buildings, and
to be able to design or improve their structures to meet their performance
goals. These guidelines could be voluntarily used by engineers and designers
to: (1) assess and improve the performance of buildings that are currently
designed to a building code “life safety” level, which would, in all
likelihood, still suffer significant structural and nonstructural damage in a
severe event; and (2) more effectively meet the performance targets of
current building codes by providing verifiable alternatives to current
prescriptive code requirements. This program is based on a long-term plan
published as FEMA 445, which was developed with the input of the nation's
leading seismic professionals.

One of the key requirements in performance based seismic design is the
ability to test and evaluate the intended performance of the various structural
and nonstructural components that make up a building. To develop this
testing criteria, the project worked closely with the three Earthquake
Engineering Research Centers (EERC) funded by the National Science
Foundation. The three EERC’s are:

e The Mid-America Earthquake Center (MAE)

e The Multidisiplinary Center for Research in Earthquake Engineering
Research (MCEER)

e The Pacific Earthquake Engineering Research Center (PEER)

The three EERC’s and others involved in the project have done an excellent job
developing these interim testing protocols for structural and nonstructural
components. These protocols will go a long way towards bringing consistency
to the future testing of these components, and will help the various industries by
providing a clear seismic performance target towards which they can now aim.
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It is FEMA’s hope that as performance based seismic design moves into the
mainstream, these protocols will ultimately become standardized and more
broadly used.

FEMA wishes to express its sincere gratitude to all who were involved in this
project and in the development of this publication. The result of their hard work
and dedication will play an important role in helping the nation move towards
performance-based seismic design and reducing losses suffered by our citizens
in future earthquakes.

—Federal Emergency Management Agency
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In October 2001 the Applied Technology Council (ATC), with funding from
the Federal Emergency Management Agency (FEMA), Department of
Homeland Security, commenced work on a multi-year project to
development performance-based seismic design guidelines for eventual
incorporation in existing standards for the seismic design of new buildings
and the upgrade of existing buildings (ATC-58 project). The plan for
development of the guidelines is defined in the companion FEMA 445
report, Next-Generation Performance-Based Seismic Design Guidelines,

Program Plan for New and Existing Buildings, which was prepared under the

ATC-58 project and published by FEMA in 2006.

As part of the initial work on the ATC-58 project, interim recommended
protocols (documented herein) were developed for testing of structural and
nonstructural components and systems found in buildings, for the purpose of
establishing their seismic performance characteristics. The protocols were
developed through a cooperative effort of ATC and the three National
Science Foundation-funded Earthquake Engineering Research Centers
(EERCs): the Mid-America Earthquake (MAE) Center at the University of
[llinois, Urbana; the Multidisciplinary Center for Earthquake Engineering
Research (MCEER), University at Buffalo, The State University of New
York; and the Pacific Earthquake Engineering Research (PEER) Center at
the University of California, Berkeley.

Two interim protocol types are provided in this document:

e Interim Protocol I — Quasi-Static Cyclic Testing, which should be used
for the determination of performance characteristics of components
whose behavior is primarily controlled by the application of seismic
forces or seismic-induced displacements (e.g., cladding panels, glazing
panels, drywall partitions, piping and ducting system connections, ducts,
and various types of anchors and braces); and

e Interim Protocol II — Shake Table Testing, which should be used to
assess performance characteristics of components whose behavior is
affected by the dynamic response of the component itself, or whose
behavior is velocity sensitive, or sensitive to strain-rate effects (e.g.,
mechanical and electrical equipment).
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The document also contains an introductory chapter that presents an
overview of performance-based seismic design (to provide context for the
recommended interim testing protocols) and discussions on a variety of
topics and issues germane to these protocols. A Commentary is provided for
each protocol (in the chapter immediately following the protocol), and an
appendix is included that describes the process used to develop nonstructural
component fragility functions based on laboratory testing.

Christopher Rojahn
ATC Executive Director

vi

Preface FEMA 461



Acknowledgements

Numerous individuals and institutions deserve credit for the development of
the interim protocols provided in this document. The need for the protocols
was first recognized by the FEMA Performance-Based Seismic Design
Project (ATC-58) Nonstructural Performance Products Team, consisting of
Robert Bachman (Team Leader), David Bonowitz, Philip Caldwell, Andre
Filiatrault, Robert Kennedy, Gary McGavin, Eduardo Miranda, and Keith
Porter. The protocol development effort was carried out by three protocol
teams: (1) the Shaking Table Testing Protocol Team, consisting of Andre
Filiatrault (Team Leader), Philip Caldwell, Peter Dusicka, Tara Hutchinson,
Ahmad Itani, Eduardo Miranda, Gokhan Pekcan, Andrei Reinhorn, Jose
Restrepo, and James Wilcoski; (2) The Racking Testing Protocol Team,
consisting of Helmut Krawinkler (Team Leader), David Bonowitz, Barry
Goodno, Steven Kuan, Joseph Maffei, Ali Memari, Jose Restrepo, and Chia-
Ming Uang; and (3) the Component Cyclic Testing Protocol Team,
consisting of Manos Maragakis (Team Leader), George Antaki, Scott
Campbell, and Robert Kennedy.

Additional guidance and input was provided by participants in the
FEMA/ATC-58 Workshop on Interim Protocols for Seismic Performance
Assessment Testing of Nonstructural Component , held on November 4-5,
2004 in the San Francisco Bay area. Participants included the individuals
cited above as well as members of the Project Team, FEMA representatives,
and invited participants: Dennis Alvarez, John Caffrey, James Carlson, Mary
Comerio, Craig Comartin (Risk Management Products Team Leader),
William Gates, Jeff Gatscher, Nathan Gould, Ronald Hamburger (Project
Technical Director), Robert Hanson (FEMA Technical Monitor), Brian
Kehoe, Charles Kircher (Risk Management Products Team Member),
Richard Lloyd, Mike Mahoney (FEMA Project Officer), Sami Masri, Kelly
Merz, Christopher Rojahn (Project Executive Director), Anshel Schiff, John
Silva, Donald Smith, Greg Soules, William Staehlin, and Chris Tokas.

Project and Workshop coordination was provided by Bernadette Hadnagy,
and editorial and publication services were provided by Gerald Brady and
Peter Mork. The affiliations of these individuals and those cited above are
provided in the list of Project Participants and the list of Workshop
Participants at the end of this document.

FEMA 461 Acknowledgements vii



This work was also supported in part by the Earthquake Engineering
Research Centers Program of the National Science Foundation, under NSF
Award Numbers EEC-9701785 (MAE Center), EEC-9701471, (MCEER),
and EEC-9701568 (PEER Center).

Funding for the development of this report under the ATC-58 Performance-
Based Seismic Design Project was provided by the Federal Emergency
Management Agency through Contract EMW-2001-CO-0378. The
leadership, insight, and support provided by Michael Mahoney (FEMA
Project Officer) and the review comments by Robert Hanson (FEMA
Technical Monitor) are gratefully acknowledged.

viii Acknowledgements FEMA 461



Contents

FOT@WOTA......eiiieeeee ettt iii
o0 (S TSP v
ACKNOWIEAZEMENLS.........veieiiieiieiieiciiecee ettt sr e bbb e esbeereens vii
LISt OF FIGUIES ...vievieiieiieciicteertet ettt st esve et eaestbesnneesneensas xiil
5 ) I o) USRS xvii
EXECUtIVE SUMMATY ....eeoviieiieeiiieciieeiteeeiee et esre et e e e seseesnaeesnseesnneeenes XiX
1. Introduction and General Considerations ............ccceeeveeeveevreesreerneennn. 1
1.1 Purpose and Background ...........ccccoeevveeiievienienieniecreere e 1
1.2 Performance Based Design .........ccccoeevevveiiieiiecieeieeieeieeen, 1
1.3 Fragility FUNCLIONS..........ccoviiiiiiieiieieciecctecre e 4
1.4 Relevant Damage States and Performance Levels................. 8
1.5 Uncertainty [SSUCS.....c.ccvvieviieriierieriesee e e e e 9
1.6 Damage and Repair COStS........ccueveveeeriecrieniieniieriesveeve e, 10
1.7 Nonstructural Component Qualification............ccccceeeuveennee. 11
1.8 ProtoCOl TYPES ..eovviiriieeiiieieeieectie ettt ettt ere e 12
2. Interim Protocol I — Quasi-Static Cyclic Testing............cceevverveenenne 13
2.1 SCOPE et 13
2.2 APPLCADIIILY ..ocvviiiiiiieciieciecie e 14
2.3 Component Documentation ...........ccccceeeveveeeeieerveencneeenneenns 15
2.3.1  Structural Components ..........ccceeeeveercreeereveerveennnnenn 15
2.3.2  Nonstructural Components ...........cceccveeeevveerveernnnnnn 15
2.4 Procurement, Fabrication and Inspection of Test
N 01512118153 U 16
2.5 Extrapolation and Interpolation to Similar Components .....16
2.6 Test Facility Standards...........ccocevveerieniieeiieneeseesiesneenens 17
2.6.1  Laboratory.......cccceevieesienieereereereesieesvesreereeeeens 17
2.6.2  EQUIPMENL.....ccciiiiiiieiiieeiee et eree s 17
2.7 Test Plan and Procedures..........cccoceveeieneeienenceeeecee 18
2.8 Loading and Load Control............cccccueeevievienienienreeieeienns 20
2.8.1 Deformation-Controlled Testing...........c.ccceevveennns 20
2.8.2  Force-Controlled Testing.........cceevevrrervenresveanens 21
2.8.3  Directions of Loading ..........ccccceevveevrievieneenirennenns 21
2.9 Loading HiStOTIes.......ecvviereiieeriieeiieeieesiee e svee e 21
2.9.1  Unidirectional TeSting .........cccevevrververvesrearvearneans 21
2.9.2  Bidirectional Testing...........cccveeveevververvenreeireenneens 24
2.9.3 Force-Controlled Loading............cccevevviereervennnenns 24
FEMA 461 Contents ix



C2.

C3.

210 REPOTEING...cciiiiieiieiieiieete ettt ettt 26

Commentary on Interim Protocol I — Quasi-Static Cyclic

TESEINE ..t enteeiieeiie ettt ettt ettt e ettt et e st e et eaeeeneean 29
C2.6  Test Facility Standards
C2.6.2 EqQUIPMENt ....ceieiieiieiieeieeieeieeiee et 29
C2.7  Test Plan and Procedures .........c..coceveveenienenecncneenenennnen 29
C2.8 Loading and Load Control ..........cccecceeviiviiniiieiiesieecieene 32
C2.9  Loading HiStOri€S ......cccuerireiieiieiieniierie e et 39
Interim Protocol II — Shake Table Testing .........cccecceervervenierernnnen. 53
3.1 GENETAL ..ttt 53
311 SCOPE ittt 53
3.1.2  Definitions....cccceceeririeneneeienienteneeeeeesieeee e 53
3.2 Test Procedures ..........ooeeeerereenienenieiineeeniestene e 54
3.2.1 Types of Testing and Sequence.........c..cccuevvereeenene 54
3.2.2  Pretest Inspection and Functional Verification...... 54
3.2.3  Definition and Documentation of Functional
Performance and Anticipated Damage States ........ 55
3.2.4 System Identification TestS........cccccoverveerereruennene 55
3.2.5 Performance Evaluation Tests........c..ccccceereruennene. 57
3.2.6  Failure TestS.....cccooverviererieneniiieneeeeseneee e 57
33 Intensities of Test Shaking ..........cocevevvienenieninenicneneene, 58
34 Directions of Shaking..........ceccevereevininieninineneeeneeen 58
3.5 Data Acquisition SYSteM.......c.cceeeveerierrieneneeneneeienieneene 59
3.6 Test Plan.......coceviiiiiiniiiiecceceeetee e 59
3.7 INPUL MOTIONS ..ottt 59
3.8 Time Stamping and Damage State Documentation............. 61
3.9 Notch Filtering of Input Motions..........cccecceeveeriereereeennen. 62
3.10  Testing EQUIPMENt .......coceiiiiiiieiieiieieeie et 63
3.10.1 Shake Tables ......cccccocerienenieniniiieereeeceee 63
3.10.2 Instrumentation and Monitoring ...........c..cceeeveeueenns 64
3.10.3 Data ACQUISIHION.....cueecuiereiereierieeieeieeee e 66
3.10.4 Safety Procedures.......c.ccoceevererienineencneeienenens 66
31 TeSt REPOTt..ceiiiiiiiiiiiiieeiieeee ettt 67
3.11.1 Test Specimen Description..........cccceeeverieneneennens 67
3.11.2 List of Specimens Tested ........cccceeveeveeniriencneenens 67
3.11.3 Preliminary System Identification Tests and
Report Requirements..........ccceeveeieecieecieeneeneennnnne 68
3.11.4 Measured Fidelity Data........cccccoeevereenienieniennnnns 68
3.11.5 Performance and Failure Test Evaluations............. 68
3.11.6 Photographs and Video Recordings............c.......... 69
Commentary on Interim Protocol II — Shake Table Testing ............ 71
C3.1  General
C3.1.1 SCOPE ..ttt 71
C3.2  Test Procedures
C3.2.2 Pretest Inspection and Functional Verification ...... 71
C3.2.3 Definition and Documentation of Functional
Performance and Anticipated Damage States ........ 71
C3.7  InPUt MOTIONS .eveeniiiieiiniieiesieeitee ettt 72

Contents FEMA 461



C3.9  Notch Filtering of Input Motions...........cccceeveeveeneeneennnnne 89
C3.10 Testing EQUIPMENt........cccueviieiiieiieiieeieeieeeeiee e 91
C3.10.1 Shake Tables.......ccccererienininiieninieneneeeneeeenn 92
C3.10.2 Instrumentation and Monitoring...............c.c........ 94

Appendix A:  Determination of Fragility Functions Based on
Laboratory Data.........cccceeveeviienieeieeieeieeeeeesee e 95
Al PUIPOSE ..o 95
A2 Background..........ccooeeeiieiiiiieee e 95
A3 General Procedure.........c.cecveverienieninieninieeneeeeeseeeee 97
RETETEINCES ...ttt st 101
ALCTOTLYITIS ..ttt ettt ettt ettt et e ettt e st e et e e st e ebteesateesbeeenareenn 103
Project PartiCipants ..........cccvecierierieiie ettt 105

Workshop Participants: Workshop on Interim Protocols for Seismic
Performance Assessment Testing of Nonstructural Components.......... 111

FEMA 461

Contents

Xi




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




