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Background Documentation 

FEMA P-58 Background Documents are a series of reports documenting the technical 
background and source information for key aspects of the FEMA P-58 methodology and its 
implementation.  These reports were developed over the course of the 10-year ATC-58/ATC-58-1 
Projects funded under FEMA Contracts EMW-2001-RP-0056 and HSFEHQ-06-D-1105.   
 
Background Documents were developed by consultants, serving at various levels within the 
project hierarchy, reporting the results of: (1) decisions on technical development protocols; (2) 
focused studies on the development of key aspects of the methodology; (3) documentation of 
recommended procedures; and (4) collection of available data for the development of structural 
and nonstructural fragilities.  They were initially intended to serve as a record of the technical 
state-of-knowledge at the time they were produced, and as resources for the development of the 
eventual project reports.  As such, they represent a snapshot in time, and may, or may not, match 
the technical content, recommended procedures, or data incorporated into the final methodology 
and its implementation. 
 
This Background Document is intended for the purpose of providing supplemental knowledge to 
users of the FEMA P-58 methodology.  Information contained herein has not been independently 
verified for accuracy as a stand-alone document, and may have been superseded in its final 
implementation within the methodology.  Specifically in the case of certain nonstructural 
component fragilities, the NISTIR fragility classification numbering scheme was modified over 
the course of the project, and the fragility classification number assigned in this document might 
be different from numbers assigned in the final fragility database.  Users of information in this 
document assume all liability arising from such use.   
 

 

 

 

 

 

Notice 

Any opinions, findings, conclusions, or recommendations expressed in this publication do not 
necessarily reflect the views of the Applied Technology Council (ATC), the Department of 
Homeland Security (DHS), or the Federal Emergency Management Agency (FEMA).  
Additionally, neither ATC, DHS, FEMA, nor any of their employees, makes any warranty, 
expressed or 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. 
 
Cover illustration – Primary resource documents for the FEMA P-58 Seismic Performance Assessment of 
Buildings, Methodology and Implementation series of products: FEMA P-58-1, Volume 1 – Methodology, 
and FEMA P-58-2, Volume 2 – Implementation Guide. 



 

Fragility of chillers 
Keith Porter (10/04/2009) 

Table 1. Summary results  
Fragility, damage measures, and consequences for 

Component category: D3031.011, chiller, well installed: strong anchorage, tight 
mounting bolts; snubbers on vibration isolators, 
attached piping is well supported, no large items that 
could fall on chiller 

D3031.012, chiller with deficient installation (typ. no 
snubbers) 

Basic composition: Chiller. See Figure 1. 
Units: ea 
Number of damage states: 1 
If multiple damage states: � ordered; � mutually exclusive; � simultaneous 
Author and date: Keith Porter 19 Oct 2009  

Damage states, fragilities, and consequences for
 D3031.011, chiller, well 

installed 
D3031.012, chiller, 

deficient installation 
Description: Damaged, inoperative Damaged, inoperative 
Illustration: Figure 2  
Demand parameter Peak floor acceleration 

(geometric mean, g) 
Peak floor acceleration 

(geometric mean, g) 
Median demand (θ): 6.1 0.64 
Data dispersion (βd):   
Uncertainty (βu):   
Total dispersion (β): 0.4 0.6 
Probability:   
Correlation:   
Repairs required: Repair attached piping Remount chiller & repair 

attached piping 
Possible consequences:   

Repair cost (Y/N/?): Y Y 
Death or injury (Y/N/?): N N 
Inoperative facility (Y/N/?): Y Y 
Red tagging (Y/N/?) N N 

Comments:   
 



 

 2 

Table 2. Summary supporting information template 
Literature summary 
EPRI’s eSQUG database (EPRI 2007) offers 43 post-earthquake observations of chiller 
performance at a number of industrial facilities. See Porter et al. (ND) for detail. In EPRI 
(1991), Merz of ANCO Engineers offers a single data point from a sequence of tests of a 
standard commercial 85-ton centrifugal liquid chiller, mounted on neoprene rubber isolators, 
which were in turn bolted to a retaining plate anchored to the shake table. The chiller was 
operating during the tests. Since only a single specimen was tested, EPRI (1991) does not 
offer a generic equipment response spectrum. The specimen survived ZPA = 2.4g. The author 
felt the test was applicable to chillers meeting the following criteria. These criteria agree with 
the requirements for the general class of well-installed chillers, so the test is included here. 

 The chiller unit must be anchored and the installed anchorage must be evaluated. 
 Any vibration isolation incorporated in the chiller or appendage mountings must be 

evaluated for restraint of lateral (horizontal) seismic loads 
 All mounting bolts including appendages and bolts associated with vibration isolation 

mounts must be checked for tightness.  
Number of specimens 
tested:  

43 from EPRI (2007) 
1 from EPRI (1991)  

Construction quality: � exceeds � meets � does not meet requirements of: 
varies  

Seismic installation 
conditions:  

varies 

Loading protocols 
applied:  

eSQUG specimens (EPRI 2007) experienced 6 earthquakes  
Tested specimen (EPRI 1991) subjected to triaxial test with peak Sa 
≈ 4.7g, ZPA = 2.4g 

Method for observing 
demand: 

Nearby strong-motion instruments (EPRI 2007) or lab instruments 
(EPRI 1991) 

Method for observing 
damage:  

Data from eSQUG (EPRI 2007) are from first-hand observations by 
EQE International (e.g., DL McCormick, Nancy Horstman, Sam 
Swan, Peter Yanev, etc.) and by the Electric Power Research 
Institute (EPRI), e.g., Bob Kassawara. The investigators also 
examined facility engineers’ records or interviewed them. 
Observations made during post-earthquake facility surveys on behalf 
of EPRI, with the intention of documenting failures and non-
failures, with installation conditions, etc. 
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Table 3. Failure data for chiller 0 installation deficiencies (EPRI data) 
r, g Units, 

M 
Failed, 
m 

Comment 

0.2 4 0 EPRI (2007) UNO 
0.35 1 0  
0.35 4 0  
0.37 4 0  
0.4 3 0  
0.4 2 0  
0.42 4 0  
0.5 2 0  
0.6 2 0  
0.8 2 0 “The [failed] chiller is supported on four spring mounts encased in steel brackets. 

Campus engineers indicated that the roof-mounted chiller dismounted from its 
springs, but was otherwise undamaged and operable once it was re-mounted.” 
Because the failure was damage to a snubbed isolator, it is ignored for present 
purposes. 

2.4 1 0 EPRI (1991) pg. D-10 
Sum 29 0  
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Table 4. Failure data for specimens with deficient installation (typ. isolators w/o snubbers or rigid attachments) 
r, g Units, 

M 
Failed, 
m 

Comment 

0.3 3 0  
0.50 9 8 “According to the facility engineers, all pad-mounted refrigerant compressors of this 

type located on the site rolled off their isolation mounts.  The compressor units were 
undamaged and operational once they were remounted.  Attached piping appears to 
have sufficient flexibility to have accommodated the displacement; there were no 
reports of water or refrigerant leaks.  The site did not loose power, so some of the 
compressors were probably in operation at the time of the earthquake and subsequent 
dismount.”  

0.8 1 1 Chiller experienced substantial rocking on its rubber pads during the earthquake.  
The expansion bolts anchoring the seismic bumpers were partially pried out of the 
concrete floor.  Displacement of the chiller fractured an attached 1/2-inch tube for 
makeup water.  The tube was rigidly supported adjacent to the chiller and lacked 
adequate flexibility to accommodate the imposed chiller displacement.  The four-
inch chilled water lines attached to the chiller fractured the impeller casing of a 
horizontal pump on the opposite end of the piping.  The anchor point displacement 
on the 4-inch lines imposed by the chiller may have aggravated this failure in the 
pump casing. 

0.80 2 0 “Both units shifted off their spring mounts.  One unit shifted as much as four inches, 
pulling the attached chilled water piping with it.  Nearby chilled water pumps were 
offset on their spring mounts due to the imposed displacement of the piping tying the 
pumps to the chillers.  In spite of the dismounts the chillers remained operational.  
The need for air conditioning required that the HVAC equipment be restarted prior 
to replacing it on its mounts.” Failures of isolators are ignored for present purpose.  

0.84 2 1 “Rocking of the [first] chiller on its spring mounts during the earthquake imposed 
sufficient anchor point displacements to fracture the attached PVC water lines.  The 
chiller was operable once the piping damage was repaired following the earthquake.  
The photo shows the chiller following repair of the attached piping. The [second] 
chiller dismounted from its spring isolators and shifted several inches.  The imposed 
displacement pulled the attached insulated chilled water lines from their ceiling 
spring hangers.  The degree of displacement imposed on the water lines was 
illustrated by the cracked sheet rock where the lines penetrated the wall of the 
mechanical room.  A soldered copper inlet water line also failed due to the imposed 
displacement of the chiller.  The chiller was operable once it was replaced on new 
isolation mounts, and the damaged piping repaired.  The photos show the chiller and 
attached piping following repair.” Failure of the 2nd chiller is ignored for present 
purposes 

Sum 15 9  
 
Table 5. Quality tests  

Quality test D3031.011, chiller, 
well installed 

D3031.012, chiller, 
deficient installation 

Passes Lilliefors goodness of fit 
test? (Type A only) 

NA NA 

Are θ and β within 20% of past 
results? If not discuss. 

NA θ: Y, β: Y 

Are 0.2 ≤ β ≤ 0.6? If not discuss.  Y Y 
Do you believe the demand with 
10% failure probability?  

Y Y 

Discussion. Prior vulnerability functions are from Johnson et al. (1999), whose θs for 
deficient installation vary between 0.8 to 2.1; compare with 0.64 to 1.4 here.  
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Figure 1. Chiller 
 

 
Figure 2. Chiller shifted from rubber pad isolation mount (EPRI) 
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 (a) (b) 
Figure 3. Chiller fragility (a) strong anchorage, snubbers on vibration isolators, attached piping is well 
supported, (b) deficient installation, typically isolators without seismic restraint 

REFERENCES CITED 

(EPRI) Electric Power Research Institute, 1991. Generic Seismic Ruggedness of Power Plant 
Equipment. EPRI NP-5223-SL Revision 1. Oakland, CA, 248 pp.  

(EPRI) Electric Power Research Institute, 2007. Seismic Experience Database WWW Version 2.3. 



 

 6 

Johnson, G.S., R.E. Sheppard, M.D. Quilici, S.J. Eder, and C.R. Scawthorn, 1999. Seismic Reliability 
Assessment of Critical Facilities: A Handbook, Supporting Documentation, and Model Code 
Provisions, MCEER-99-0008, Multidisciplinary Center for Earthquake Engineering Research, 
Buffalo, NY, 384 pp. 

Porter, K.A., G. Johnson, R. Sheppard, and R.E. Bachman, ND. Fragility of mechanical, 
electrical, and plumbing equipment. Approved Aug 2009 for publication to Earthquake 
Spectra.  



<<
  /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
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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


