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Thispaper will present an overview of tdevelopments and methodologisgd for the mitigation
of earthquake damage touseum collections as illustrated by case studies at the J Paul Getty
Museum in Los Anges$ California.

Our present understanding of earthquakes comes ftarg@abody ofjeophysicatesearch and emjgal
observation. The daracterization of theesponse of sitesnd buildings testrongground motionslue to
fault ruptures haked to significantadvancemesstin the area adeismic engineering. Primary among the
driving forces for these advancemehase beertoncerns abodife safety andinancial lossand the
necessity thadssential services such as hapitbasic utilies, andsecurity serviceshow resilience and

continue to functionlespitethe disruptiveeffects ofearthquakes

A smaller(though growingpody of research has focused on the response edtnactural elementand
contentgo both ground motion and bding respons€Zhu and Soong 1998, Hutchinson et al 2010 and
ATC 1998). Nonstructural elements agenerallydescribed as thos®mmponents (including contents)
that arenot part of the structural integrity of the buildirexémples includéacadesarchitectural
elements, nonstructural walls, hung ceilings, plumbing systdmWA&C systems, machineyand oher

free standing equipmentin most cases ¢hmitigation of damage to sualnstructural elements is a
matter of economic concern, although bfefety issues and the continuation of essentiglcgsr also play

arole

An even smaller, and certainlyadequate, body of researekiss regardinghe effects of strong ground

motion on heritage collections in museums (including fine art museurhsopalogical collections,



science and technology collectiohgstory museums, archives and storage facilities). For the purpose of
this discussion such collectionan be considerembntents Thispaucityof information andhe lack of

the development bmitigation approache®lated to heritageollections persistespite the value (both
monetary and cultural) of teecollections andin some caseshe cleaipotential forparts of these
collections to presettife safetyconcerns during seismic evefftisreas posed byoverturning

monumental sculpture ardchivefis t a ¢ K thedposaibility ofthemical spillsn natural history or

science museums for example)

Interestingly, whileculturalheritage collections hayéor the most parfjot been included iseismic
mitigationstudies, historic structures haveen includegthough to a&omparativelfimited degree
Historic built structureshave gained attention because thelgtedirectly to the majofocusof mog
seismic engineergstudiesand present within those interests unique chglls After all, although
historic structures areuiit with materialand methodgno longerin common use, they respotaground
motionsin reasmably similar wa to thatof mostrecently builtstructures And of course life safety
issues apply tbistoric structursthat are in usé the same way abey do tomodern structures. It
might also be said thathendamageoccursto historic struduresit is more apparent than damage to

collectiors, which is oftemot disclosel andis less accessibl® the public at large.

Although the study of the response ofledions to earthquakénduced forceselates directlyo the
research on natructural elerants, such as hospital equipmenttaansformersworks of art andiktoric
artefacts present signifintly greater chdénges tamitigation efforts due to their relatively small mass
fragility, unknown material characteristj@d complex historyThe unknown factors due to systemic

uncetainty multiply quickly.

Additionally, the employment aiitigationapproacksto collections $ governed by a series of ethical
preservatiortenetsand aesthetic consideratiamst necessarily of concerniindustrial and commercial
situatiors. Modern gidelineswithin heritage conservatigomhich reflect concerns of authaity and

desires for materidvased preservatipdictate thatas much apossible the work of art othe historic



artefactshould be lefunaltered by thenitigationapproachandthat any addition shoulde nonrintrusive
to the fabric of the objeetndcompletelyreversible. While this cannot alwape achieved it is always
strived for. Aesthtics playan equally impo#nt role especially irmuseums Themitigation dforts
mustnot detract fran the visual presentationf the objectln generalthen,cultural objectspresent
unique and difficult challenges f@anginees, conservat@ and mount makers.névitablya conflict
arisesbetween risk reductioand aesthetic presentation atyifor thesake oflongterm preservatign

mustbe overcome.

For over four decades the J. P&@etty Museumhasresearchethese issues amtvelopedechriques for
the protection of its colléions fom earthquakeamage(Podany1992, 19962008) The process has

followed awell-establishedoute:

1 Determination of the degree of tolerable risk to the collection

9 Identification and characterizatiaf the hazard

9 Estimationof the probal# response and groundotion at the siteof interest

1 Characterization ofhe buildingresponséo thegroundmotion

1 Characterizationin generakerms,of theresponsef the objectstaking into accounthevariety
of their forms material characteristics, locatiarithin the building, and display/storage
conditions

1 Developnent ofmethods forisk managementisk reductionanddamagemitigation

1 Implemenation, regular revienandupdateof thos methods

By necessitythese various steps requireextended multidisciplinargffort involving fismologists,
seismicengineers, geologists, structural enginem@,int makerstechniciansandconservatoras well
asdesigners and curatosgpported by directomnd administrator® find the best and most sustainable
ways of proéctingcollections It is not an easy task sinte various professionals bring to the effort

quite different backgroundsaryinglevels of understandingnd a diverse set of concerrns might even



be said that they speak different professideradjages. It is likely that heritag®election professionals
(curators, registrars, conservators, mount makers, collection managédp ett have the background
to readily and fully understarttie concepts that underktgatements made by engineers.r at likely
that engineers will have a full gspof the caxcems and approachdeld by collections professionals
regardinghe preservatiorand exhibitionof collections It is often the task of the conservator or

collections care professional to asta conduit between the two groups.

The rang of professbnalsthatmakeupt he hazar d and r iwdl &mostaentanye ment it
speak differenprofessionalanguagesnd nothingdemonstratethis more fully than the firsttep in

seismic hazardnalysisthe probabilistic estimation of the earthquake threat to a specific location and a
specificcolledion. Probabilisticseismic lazardanalysk involves complex statistical approaches that

are, generally speakinfipreign to most collections pre$sionalsSuch professionals anet trained to
considempercertages ofacceptabldossor the investment of resources to mitigate risks that might only be

realized in time frames measured in hundreds of ydabyet if the inevitable hazard is not adsised

whole collections can be lost.

For theseeasosit is evident that seismic damage mitigation represents the cutting edge of

multidisciplinarypreventive conservation and lotgrm preservation efforts.

The Getty Museum began this first step in 1984 when the firm of Lindvall RichteksmodiategLRA)
was contracted to compledesite and building study tieterminethe worst case scenario seismic exant
a risk level acceptable to the museuiihe musumdirector and professional staéfter longdiscussions
with LRA engineersdesignated thacceptableisk level asa seismievent with an 80% probabilityf
NOT being exceeded during a 50 year pefadecurrence raiof approximately once in 22fears) At
that time there were no guidelinestasvhat was considered@lerable risk level for museum collections
( a situation that unfortunately remains generally true todag)so the chosen level was influenced by

both a sense of conservatism alnel standard life expectancy of the museum structure.



Following well-developed protocslfor the time (historic seismicity, geological informatjamd
seismological studies) it waetermined thiafor the risk level established byhe museunamagnitude
8.3 earthquake on the San Andreas Fault system (at a disfadZzendesor 74 kn) lasting
approximately 60 secon@sd a magitude 6.5 earthquaken the Malibu CoasSanta Monica syam (a
distance of 1 miler 1.6 kmfrom the museum sitdasing approximately 20 secondsere the nost
likely source candidtes. The study postulated thatich events would result,irespectivelya 0.2 g and

0.7 g horizontasiteground motiorandan estimated 0.1 and 0.45 vertical accelergfogure J).
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Figure * Major fault systems in proximity to the Getty Museum. Source:

iGr ound Motion Response Spectra and Time Historie
Mal i budo URS, 2005. I nternal report.



Using adetailed mathematical model of the main muséuitding the engineerdetermine that the
structuredemonstrated significant stiffnesgith the fundamental period close to 0.1 seconds. Shost
periodwas likely due to the dominance of shear walls in the museum strutiwrenfiguration and the
thickness of the museuwalls. The mathematical model was subjected to earthquake time histories
which includeda magnitué 6.5 earthquake on the Malibo#&stSanta Monica fault system. Due to the
high stiffness of the buildmit was expected that the fréield dynamic motionsvould not be

significantly magnified on the second flaairthe structurgthe museum is a twatory building.

In 2005the Getty contractedRS Corpto updatehe LRA sudyin preparation for a major renovation of

the structure which included stiffegjrof the floors on the second story with carbon fiber composite mats,
the installation of a steel beam system in the walls to support heavy works that would be wall hung, and
the installation of regularly spaced floor anchors for display furniture andtébjeiture systems.The

URS study(URS 2005)incorporatedrobabilistic seismic hazard analysis methodologyraotk recent
developmentn the fieldof seismologysuch as pulseupturedirectivity pulseeffectspublished

extensivelyby Somerville(1997, 2003. A 50% in 50 yeaprobability (72 yea return period) and a 10%

in 50yearprobability (475 year return period), both evaluated for 5% and 15% damping, veste us
Figures 2 and 3show theequal hazard spectra for 5% and 15% dampimgduding pulse directivity data.

The directivity data can be seen to only minimally increase the amplitude for longer peritmls but

dramatically increase displacement in the fault normal direction for the 5% damping value.

Although the 2005 URS studyemha ed t he Museumbés understanding of
the museum site, the findings did not significantly differ from the earlier LRA report and the Museum has

retained the use of its design time histories for design and testing of roitigaasures.
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Figure 3a. Equal hazard spectrum for a return period of 72 years and 5% damping.
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Figure 3¢, Equal hazard spectrum for a retum period of 72 vears and 15% damping.

Equal hazard spectra- 475 yr

20 t

Damping: 15%

—— No Directivity

—_ Average Directivity
15 -=-=-- Fault-normal Directivity
~ Fault-parallel Directivity

Horizontal Spectral Response Acceleration (g)

1] 1 2 3 4
Period (sec)

Figuee 3d. Fqual hazard spectra for & return period of 475 years and 15% damping.

WoodwardClyde Consultants resujtwhich differ due to the use of alternatitenuatiorrelations and recurrenceodels.

Source: fAGround Motion Response Spectra and Ti
15 16
€=5% £=15% |
= No Directivity [ No Directivity 14
- = = = Fault-Normal Directivity|* = = Fault-Normal Directivity
? —&— Fault-Parallel Directivity| —0— Fault-Parallel Directivity Ti2
=1 €
5 g10
[ o
3 3
< 3®
[ 4
£ S,
25 B
[7] 15
g 4
2]
2
0 0
0 1 2 3 4 o 1 2 5 4
Period [sec] Period [sec]

me

Hi

stor

Figure 3 Equal hazard spectra for a return peadd 75 years at 5%nd 15% damping a. acceleration and b. displacement.
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As aresult of the above findings the design time history developed for the site was also used to evaluate
the response of objects, independent of their placement in the building. However the location of floor

support beams was considered in the evalnatfoertical response (Figure.4)
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Figure 4: representative design timestories for the Getty
Museum inMalibu.

Soon after thd985LRA report the Departmenbf AntiquitiesConservatiorbeganworking with LRA
engineers, the MseunPreparatios Departmentand the curators and exhibitidesignerdo survey the
collection. The GejtConservationristitute commissione®rof. M.S. AgbabianProf. S.F. Masri and
Prof.R. L. Nigbor (all of the Department of Civil Engineering at the University of l&atCalifornia,
Los Angeles}o undertake a study of objeetsponséo stronggroundmotionusinga predominantly
static responsapproach(Agbabian et al1990).The bast approacheput forward inthat reporthave

continued to be usawlithin the Museum



Object response Four basic modesf response were identified for rigid masses of consistent density

Thesewere based on static analyses first postulated by West in(E&RR2e 5)and introduced by John

Milne (1885),Housner (263), Ishyama (1984), Zhu and Soong (1998)

Hutchinson et al , (2010), and Kafle (2011)
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Figure 5: West 1882 formula as published by Milne in 1885.

As illustrated in Figure 8heseresponsesre:

1.

2.

Stability (which indicated that the mas®uld translate with the ground)

Sliding (which would occur when the forces iact on the center of gravity wegeeater than the
inertial forcesand the coefficient of friction between thettom face of the obgt and the

supporting ground wasufficiently low to allow for translation)

Rocking (when the force acting on the center of mass of the object was greater thagetoe

height ratio of an obje@ equivalent block and the coeffnt of friction was sufiiently high to

resist sliding)

Overturning (when the forces acting on the center of gravity were such that the center of gravity
extended beyond the defined boundaries of the base dimension or footprint and the coefficient of
friction was sufficiently high to resist sliding)

Combination of 2, 3 and 4
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Figure 6 Four possible responses of rigid mass of consistent density (not including full uplift).

To evaluate which of these four basic categore combinations therean object or object/furniture
assembly might fall intahe Museum usea multicomponent approach to calcul#éte ejuivalent block.
Figure 7shows the calculation of two simple shapes with a variation in mass distributiesxctor Note

thatmaking pat of the model heavier, by assigning a more dense materviad;s the center of mass.
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Figure 7 calculations of the equivalent block for a simple shape.

This approach is applied tore complex volumes arstulpturesss illustratedn Figure 8 The
sculpture is first divided into geometric components whose individual centers of mdsseangined

The equivalent block is then calculated and the ofgestability oresponse is gerally determined
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Figure 8 a sculptedust reduced to 6 geometric component masses and then the total centerietaleskted.

Within the last severalearsthe Getty Museumhas been increasingly utilizing digital scannerstmlel
objecs andthe usingsimple finiteelementprogramgo calculate with greater precisigrthe coordinates

of thecenterof mass Figure 9

Figure9: the same object as depicted graphically in figure but in the form of a
digital scan. Note the center ofss is located slightly highe26.7 cm (10.45
inches) rather than 23@n--due to greater accuracy of mass distribution.



Damage mitigation: Seismic damage mitegionundertaken by the Getty Musedalls into two broad

categoriesermedpassiveanddynamic Thedynamiccategoryinvolves the us of controlled sliding and

isolation bases. Thegdll be described latén this paer.

Thepassivanethods invtve altering the magdistribution ofthe object by addingeightto theobject or
securing the objetb anadditionalmass tceffectivelylower thea s s e mdenteyobnsasso theextent
that the objecis stable during thdesignearthquake input. This ghown in FigurelO, which generally

characterizea variety of approaches applied, for the sake of illustratiomneéobject

6. support to wall
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2. form-fit insert
into hollow of object

3. form-fit clips\)

1. sand bags to add weight

Figure 10 A variety of passive mounts illustrated using one object, a vase.

The ilustration uses hollow ceramic vase. Numberillustrates the addition of weight to the objéct
orderto lower its center of gravity. In this case it is done by a cloth bag filled with sand. If such an
approach is used caution should be exercised to assure that the structural integrity of the object can
support additional weight.he possibility of slidingand rocking should be considerdtishould also be
kept in mind that it may require significant weight to lower the center of gravity sufficiently to result in
full stability. Approach 2 shows a foriit insert (made oflensdoam or hard synthetic matal covered

with a protective fabric), that is anchored to ¢éixdibitiondeck. If the object has a depressiomalifow



at its lower face such inserts can prevent sliding idursdifficiently deep canassistin resisting

uplift/rocking. Illustration3 shows the use of forfit metalclips which in this casehold the vaselown

along the rim of its foot. Aeseclips should bgpaddedvherethey arein contact with te objecd surface

and contoured to fit intimately to the shagehe object. Severalips shouldbe ugdto distribute the
restraint and to avoid point loading. Greautionmust betaken toassure that thenaterial strengtiof the
object issufficientto withstandhe concentration of stresses at the clip locatitamggan earthquad

An alternate to such clips is the use of wax to secure the object to a display surface. Wax is applied is
small amounts at distributed locations over the bottom surface of the object and then gently pressed down
onto the supporting surface. Cautidiosld beexercised wheapplying the wax since porous surfaces
might be stained or the wax may ingrain itself into recesses and be difficult to remove. Surfaces of
objects can be locally coated with an acrylic resin in those areas where the wax istagpkednt this
problem. Removal can also carry significant risks since the shear load that must be applied (in a rotation,
torque) to break the bond of the wean be significantAdditionally thestrength of such wato-object
andwax-to-supportsurfaceis difficult to calculate and control. If objects are relatively heavyand

havea high center of gravity wax bonds are most likely not an effeatieboringnethod. Number 4

i Il ustr at esntotirhceu nRigde 1b) fSuch anéuntis best madof a stiff metal like
stainlessteel which has been bentitdimately followthe contour ofthe object. The lower end of the
mountis anchored securetp thedisplaydeck. The object is secured to the mount at strategic points
along thdength of the mount using a sufficiently strong monofilament. Syntfedtishould be used
wherethe contour mount is in contact with the objddte purpose of the contour mount is to restrict the
movement of the object while also providing additioniffretss. Care should be taken to assure that the
rotation of the object is also restrained. This can be done by the addition of horizontal contour arms
attached to the vertical contour mount or by combining the contour mount with an insert. Number 5
illustrates a method to restrain the object from movement by anchoring various parts of the object to a
wall or exhibition case badfigure 12) An extension from the back of the exhibition case or wall

protrudes to meet an appropriate point on the vase whesase is secured to the restraint with



monofilament In such an instance the bottom of tgect should also be restraingsing one of the

methods described.

Figure 11 Three examples of contour mounts.

Figure 12 A static mount that secures the assembly of a mpalti vase to the detke vase base)

andthe back walbf an exhibition caséhe foot of the vase)



In most cases passive mounts asstiraethe object is sufficiently robust to survive the transmitted forces
generated by the buildidgresponse to the earthquake. Passive mountsimebiezobject's motion and
canaddstiffnessand strengtho the object assembly. While the design araliegtion of such passive
mounts can be highly effective and cefficient, caution must be exercised to assure their appropriate
use The susceptibility and fragility of the object under consideration must be fully charactdfized.
larger objectsthe efficiency and strength of the anchor is also of great importance. A safety factor of
three is recommendeddditionally, fully anchoredbjectsor object/furnituresystemsawill exhibitunique
natural periods. Theshouldbe measured tdeterminewvhetheror not potential amplification due to
resonancenight occur during an earthquake. For example, Fid@rehowsan object and its natural
period.The natural period was determih® beapproximately0.27seconds Giventheresponse spectra
this is an area of significant intensity of ground motion for the Getty site arefahethis object was

evaluatedo determine if it was sufficiently robust to withstand a possible harmonic amplification
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Figure 13 A life-size sculpture with a natunaériod of between 0.27 and 0.28 seconds and the related
response spectra for the Getty Museum site.



Themount makerst the Getty Museum(Departmenbf Antiquities ConservationMcKenzie Lowry and
B. J. Farrg) have designed anthplemented a nundsof ingenious methods to secugjectsto
exhibition furniture while minimizin@ny intrusioruponthe fabric @ the objectitself. For example, two
life-size marblefigures wereon loanto theGetty Museumfor a special exhibition. Although they were
basic pillar shapeanassesthe center ofmass of eactvas relatively highand each of thefioot prints
was small and haanunevensurface on the underside of its bésssentiallythe o objects were
somewhaunstablg. No pins oranchoring devices hdsken intoducel into the bottons of the objects
andnonewas allowed.Still, the object had to be stabilized armhchoredor safe display. A
compressionchoringsystem was designed and builio the exhibition pedestal by the moumakersto

capture andecure the objects to a display peddstaéxhibition(Figure 14 and 15
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Figure 14 a schematic and a top view of the compression mount which was designed and built to secure
two life size marblesculptures



Each of the standing marble sculptures had an integral base segment, the sides of which were captured by
custom clamp plates. These clamp plates were cast to intimately fit the contours and topography of the
sides of the base. Sufficient corapsion was applied to the plates to securely hold the sculpture in place.
Test models whicheplicated the surfaces and distribution of mass indicated that the sculptures would be

securely held in place even when loads reached one full g force.

Figure 15 the installed sculptures (without the base cladding) and a side view of the
compression mount/pedestal.

Dynamic mitigation: The second general category of mitigatiovolvesa form ofdecouplingof the
object or object /assembly from the ground. Tdasisbe achieved by lowering the coefficient of friction
between the battm face of the object or objéassembly and the flopallowingsliding to occur. Foa
limited numberof instancesparticulaty when a relatively large platform supportgraupof objects or a
singlemonumentabbject,and the bas&o-height ratio is higl{center of mass is lovand favorable to
stability (defned in this case by no uplift ancking)it is possible to allow &ling if the surroundingarea

including the surface on which the sliding occisslearof obstructionswvithin the distances that would



