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Summary

A method is presented for assessing the seismic performance of acute care facilities and selecting optimal rehabilitation
Strategies for increasing the seismic resilience of these facilities. The seismic performance is measured by fragility surfaces,
that is, the probability of system failure as a function of magnitude and site-to-source distance, consequences of system
damage/ failure, and system recovery time following earthquakes. The input to the analysis consists of system properties,
seismic hazard, performance criteria, rehabilitation strategies, and a lifetime. MCEER West Coast Demonstration
Hospital is used to demonstrate the method. Statistics are obtained for lifetime losses and recovery times corresponding
to different rebabilitation strategies and an optimal rebabilitation strategy is selected using these statistics.

Loss Estimation Method

The proposed method is based on (i) seismic hazard analysis, (ii) fragility analysis and (iii) lifetime
capacity/cost estimation (Kafali and Grigoriu 2005a). Figure 1 shows a chart summarizing the
method.
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Figure 1. Loss estimation method.
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In Figure 1, T;is the arrival time of the seismic event / with moment magnitude M, and source-to-
site distance R, 7 is the lifetime, N(7) is the total number of seismic events in 7, Tp; is the time the
system operates below p% capacity after event 7 Tp is the total time the system operates below p%
capacity in 7, z is the rehabilitation cost, C; is the cost related to event 7/ including costs of
repair/replacement, capacity losses and life losses due to the damage in structural and nonstructural

systems, TC is the total cost in 7 and 4 is the discount rate. More information can be found in
(Kafali and Grigoriu 2005a).

System Definition

A simple 2 dimensional model is used for representing the structural system of the MCEER West
Coast Demonstration Hospital. More information on the model is in (Kafali and Grigoriu 2006a).
Three nonstructural systems are considered in this study.

e HVAC system: It is assumed that the HVAC system consisted of two identical water chillers
attached to the roof of the building. Response of these chillers to the roof accelerations are
obtained using a 3 dimensional nonlinear model presented in Fathali and Filiatrault (2006).

e Piping system: The topology and Table 1. Piping system.

the components of the sanitary Floor Length [ft] Connections Valves Hangers

water supply system are obtained

. . . 1 330 45 15 33

using the architectural drawings of
R . 2 510 115 40 51
the demonstration hospital (see
Table 1). Only the pipes with a 3 210 15 40 ol
diameter greater than or equal to 4 270 60 2 l
one inch are considered.
e Partition walls: The topology of the Table 2. Partition walls.

partition wall system is obtained Effected # of beds
using the architectural drawings of Floor Walls

. . 0 1 2 4
the demonstration hospital (see 3

80 80 0 0 0
80 33 14 18 7
60 20 2 28 2
80 80 0 0 0

Table 2). It is assumed that all the
walls between the rooms and
between the rooms and the
corridors are of the same type.
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It is assumed that (i) cascade analysis applies, ze., the nonstructural systems do not affect the
dynamics of the structural system, and (if) systems are brought to their initial state after each event.

Rehabilitation alternatives:

e  Structural system: Three alternative designs, with (i) the same stiffness as the existing system
and (ii) linear viscous dampers resulting in the first mode damping ratios of 20, 25 and 30%, for
the alternatives 1, 2 and 3, respectively, are considered. The dampers are inserted in the central
bay in each storey of the exterior moment-resisting frame. The total rehabilitation costs for the
alternatives 1, 2 and 3 are $109,000; $133,000 and $180,000, respectively (Kafali and Grigoriu
20006a).
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e  Nonstructural systems: Rehabilitation is applied to the piping system only using bracing the
system at each hanger location. The total cost of piping rehabilitation is $120,000 (Kafali and
Grigoriu 2006a).

Seismic Hazard

Histogram of mean rate of cecurence

The demonstration  hospital is in i Noxthridge, CA (vd5.2204)

Northridge, CA (118.52° West, 34.24°
North) (Wanitkorkul and Filiatrault 2005)
and is located on stiff soil i.e., NEHRP site
class D (FEMA 273 1997). The lifetime
T is 50 years. Figure 2 shows the seismic
activity matrix at the site, providing the
mean annual rate of earthquakes with
different (7). The specific barrier model
(Halldorsson and Papageorgiou 2005) is ™ (dym om)

used to model the strong ground motion
process at the site. A Monte Carlo

. . Figure 2. Seismic activity matrix for Northridge, CA.
algorithm can be developed for generating st i e

(i) random samples of the seismic hazard at

the site during a given period of time 7 using the seismic activity matrix, and (i) seismic ground
acceleration samples for these seismic hazard samples. Each seismic hazard sample is defined by the
number of earthquakes during the time 7, temporal distribution, and magnitude and source-to-site

distance of each of them. More information on seismic hazard analysis can be found in Kafali and
Grigoriu (2003a, 2005a).

Fragility Information

Seismic fragility analysis of structural/nonstructural system is described in detail in Kafali and
Grigotiu (2003b, 2006b). Table 3 shows the damage/limit states and sample fragility surfaces for the
structural/nonstructural systems considered in this study. Damage states for the structural system,
HVAC equipment, piping system and partition walls are provided in FEMA 356 (2000), ASHRAE
(2003), Goodwin (2004), McMullin and Merrick (2002), respectively. More information on
calculating the fragility surfaces for the systems in this benchmark problem can be found in Kafali
and Grigoriu (2006a).

Capacity/Cost Estimation

Capacity, for example acute care bed per day capacity, and total cost are estimated for the case of no
rehabilitation and for the three rehabilitation alternatives. Using these estimates efficient solutions
can be determined. The total capacity of the demonstration hospital is 93 acute care beds (43 on the
2™ floor and 50 on the 3" floor). The net revenue per bed is $1,500/day. The cost due to a seismic
event relates to (i) structural/nonstructural repair or replacement, (ii) loss of capacity in services, and
(i) loss of life. Table 4 shows the repair/replacement costs and consequences cotresponding to
each damage state for the structural and nonstructural systems. It is assumed that there are 150
people in the hospital when an earthquake occurs, the probability that a person losses his/her life is
0.1 and the value of life $2,200,000/person.
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Table 3. Damage/limit states and sample fragility surfaces for the structural/nonstructural

systems.
System Damage states Sample fragility surface
M dcifc structure = no rehab, ds = 3
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Damage state (%)
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Table 4. Repair/replacement costs and consequences due to damage in structural/nonstructural

systems.

System Repair/replacement costs and consequences

Damage state Repair/replacement Consequences
cost

Immediate occupancy $ 280,000 Hospital is 100% operational

Structure Life safety $ 1,512,000 2 years repair w/ 5% capacity loss
Collapse prevention $ 67,500,000 4 years of reconstruction
Collapse $ 67,500,000 4 years of reconstruction

HVAC Damage Repair/replacement cost per Consequences per

; ¢ state HVAC HVAC

cquipmen No $0 No capacity losses
Moderate $ 90,000 50% beds lost for 2 days
Extensive $ 500,000 50% beds lost for 20 days

Repair/replacement cost per
Damage state wall Consequences per wall
o No $0 No capacity losses

Piping Minor $ 230 Beds unavailable for 1 day
Moderate $ 460 Beds unavailable for 2 days
Extensive $ 690 Beds unavailable for 3 days
Complete failure $ 920 Beds unavailable for 3 days

Repair/replacement cost per
. floor Consequences per

Partition Damage state 1 2 3 4 floor

wall Slight §1,100 | $1,690 | $1,690 | $900 | No capacity losses
Moderate $1,720 $4,380 $4,380 | $2,290 | 10% beds lost for 7 days
Extensive $1,860 $4,950 $4,950 | $2,290 | 25% beds lost for 30 days

System Resilience and the RDAT

Rehabilitation decision analysis toolbox (RDAT) is a MATLAB based program for calculating the
seismic resilience of structural/nonstructural systems in a health care facility. Using the RDAT it is
possible to (i) compare the effectiveness of different rehabilitation alternatives for structural and
nonstructural systems using the estimates of life cycle losses, and (ii) develop rational rehabilitation
alternatives for increasing the seismic resilience of these systems. RDAT version 1 is limited to linear
single degtee of freedom structural/nonstructural systems and is available on the MCEER Users
Networks at pttp:/ / civil.eng. buffalo.edu/ users _ntwk/ indexc.htm. RDAT version 2 extends to linear multi
degree of freedom systems and is presented in detail in Kafali and Grigoriu (2005b). The final
version of the RDAT with an application to the MCEER West Coast Demonstration hospital will
be made available to the MCEER Users Networks by Fall 2007.

Figure 3 shows the histograms of the (a) total time Tp the system operates below 90% capacity in 50
years, and (b) total cost TC in 50 years, for the base system and the three rehabilitation alternatives,
calculated by Monte Carlo simulation using 1000 samples.
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Figure 3. Histograms of 7p and TC.

Figure 4 shows P(Ip>7) and P(TC>¢). A possible measure for comparing the effectiveness of
different rehabilitation alternatives can be the probability that the total time the system operates
below 90% capacity exceeds a level , (or similarly, the probability that the total cost exceeds a level
¢,). Accordingly, the optimal solution is the one with the lowest P(Tp>7,) (or P(TC>¢,)) and depends
on the selected value of z, (or ¢,). For example, Figure 4 shows that the optimal solutions are rehab.

alt. 1, 2 and 3 for #, = 30 days (or rehabilitation alternative 3 for ¢, = $20,000,000).
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Figure 4. Optimal rehabilitation strategy.

Concluding Remarks

A method was developed to identify an optimal retrofitting technique for structural/nonstructural
systems. The method (i) considers a realistic seismic hazard model rather than using the maximum
credible earthquake, (if) includes all components of costs, that is, the costs related to the structural
failure and downtime, retrofitting, repair, loss of capacity in services, and loss of life, and (iii) is
designed for individual facilities rather than a large population of them. The method is based on
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Monte Catlo simulation, probabilistic seismic hazard, fragility sutfaces and capacity/cost analyses
and is applied to the MCEER West Coast Demonstration Hospital.

Acknowledgements

This research was carried out under the supervision of Professor Mircea Grigoriu, and primarily
supported by the Farthquake Engineering Research Centers Program of the National Science
Foundation, under award number EEC-9701471 to the Multidisciplinary Center for Earthquake
Engineering Research. Contributions from A. Bansal (Degenkolb), F. Case (Clark), Dr. Filiatrault
(University at Buffalo), J. Lewis (Terra Firm), R.J. Love (Degenkolb), Dr. Maragakis (University of
Nevada, Reno), P. Marks (York International), J. Massey (ISAT), J. Mitchell (York International), R.
Omens (NHMC, CWU), R. Rozanski (NHMC, CWU), A. Taylor (KPFF), D.P. Taylor (Taylor
Devices) and Dr. Winterfeldt (University of Southern California) are greatly acknowledged.

References

ASHRAE (2003): ASHRAE Handbook - HVAC Applications. American Society of Heating,
Refrigerating and Air-Conditioning Engineers, Atlanta, GA.

Fathali S., Filiatrault A. (2000): Restrained and isolated nonstructural components (RINC) Ver.1.01.
Technical Mannal (in preparation), Multidisciplinary Center for Farthquake Engineering Research, The State
University of New York at Buffalo, Buffalo, NY.

FEMA 273 (1997): NEHRP guidelines for the seismic rehabilitation of buildings, Federal Emergency
and Management Agency, Washington, DC.

FEMA 356 (2000): Prestandard and commentary for the seismic rehabilitation of buildings. Federal
Emergency and Management Agency, Washington, DC.

Goodwin E. (2004): Experimental evaluation of the seismic performance of hospital piping
subassemblies. M.S. Thesis, University of Nevada. Reno, NV.

Halldorsson B., Papageorgiou A.S. (2005): Calibration of the specific barrier model to earthquakes of
different tectonic regions. Bulletin of the Seismological Society of America, 95 (4), 1276-1300.

Kafali C., Grigoriu M. (2006a): Application of fragility-based decision support methodologies. Technical
Report (in preparation), Multidisciplinary Center for Earthquake Engineering Research, The State University
of New York at Buffalo, Buffalo, NY.

Kafali C., Grigoriu M. (2006b): Seismic fragility analysis: Application to simple linear and nonlinear
systems. Earthquake Engineering and Structural Dynamics (in review).

Kafali C., Grigoriu M. (20052): Rehabilitation decision analysis. In proceedings of the ICOSSAR05, Rome,
Italy.

Kafali C., Grigoriu M. (2005b): Rehabilitation decision analysis toolbox. 1n proceedings of the SEAOC05,
San Diego, CA.

Kafali C., Grigoriu M. (2003a): Non-Gaussian model for spatially coherent seismic ground motions. Iz
proceedings of the ICASPY, San Francisco, CA.

Kafali C., Grigoriu M. (2003b): Fragility analysis for nonstructural systems in critical facilities. I
proceedings of ATC-29-2 seminar, Newport Beach, CA.

McMullin K.M., Merrick D. (2002): Seismic performance of gypsum walls - Experimental test program.
CUREE Wood-frame Project Report W-15, CUREE, Richmond, CA.

Application of Fragility-Based Decision Support Methodologies m 7



Wanitkorkul A., Filiatrault A. (2005): Simulation of strong ground motions for seismic fragility
evaluation of nonstructural components in hospitals. Technical Report MCEER-05-0005, Multidisciplinary

Center for Earthquake Engineering Research, The State University of New York at Buffalo, Buffalo,
NY.

8 m Seismic Retrofit of Acute Care Facilities




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /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 true
  /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 (None)
  /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


