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As part of the Phase II testingat the HDR Test Facility in Kahl/Main, FRG
two series of high-level seismic/vibrational experiments were performed. In the
first of these (SHAG) a coast-down shaker, mounted on the reactor operating
floor and capable of generating 1000 tonnes of force, was used to investigate
full-scale structural response, soil-structure interaction (SSI), and
piping/equipment response at load levels equivalent to those of a design basis
earthquake. The HDR soil/structure system was tested to incipient failure
exhibiting highly nonlinear response. In the load transmission from structure to
piping/equipment significant response amplifications and shifts to higher
frequencies occurred, The performance of various pipe support configurations
was evaluated. This latter effort was continued in the second series of tests
(SHAM), in which an in-plant piping system was investigated at simulated seismic
loads (generated by two servo-hydraulic actuators each capable of generating
40 tonnes of force), that exceeded design levels manifold and resulted in
considerable pipe plastificatlon and failure of some supports (snubbers). The
evaluation of six different support configurations demonstrated that proper
system design (for a given spectrum) rather than number of supports or system
stiffness is essential to limiting pipe stresses. Pipe strains at loads exceeding the
design level eightfold were still tolerable, indicating that pipe failure even under
extreme seismic loads is unlikely inspite of multiple support failures.
Conservatively, an excess capacity (margin) of at least four was estimated for the
piping system, and the pipe damping was found to be 4%. Comparisons of linear
and nonlinear computational results with measurements showed that analytical
predictions have wide scatter and do not necessarily yield conservative
responses, underpredicting, in particular, peak support forces.

1. Introduction

The Heissdampfreaktor(HDR) Test Facilityis located inKahl/Main inthe Federal Republic
of Germany, 40 km east of FrankfurlJMain. lt was built as a prototypical Superheated Steam
Reactor in the period of 1965 to 1969 and shut down in 1971 after only 2000 hours of operation.
After extensive decommissioning and conversion work it has been used since 1974 by the HDR
Safety Project (PHDR) of the Kernforschungszentrum Karlsruhe (KfK) to perform
vibrational/seismic, thermal hydraulic, blowdown, and other experiments related to the safety and
design of nuclear power plants.

The overall objective of the HDR project is the experimental verification of calculational
methods and procedures for use in reactor design and safety analysis, as well as the generation of
experimental data and information that can be directly applied to power reactors. While the KfK,
on behalf of German Federal Ministry of Research and Technology (BMFT), is responsible for the
performance of the experiments, data acquisition, comparisons and evaluations, the efforts are, in
general, carried out in collaboration with many industrial and government institutions both within
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Germanyandabroad. Specifically,the U.S. NRCOfficeof Researchhascollaboratedwith KfKin
manyof the researcheffortsat the HDR.

During the first phase of HDR testing in the time frame from 1975 tc 1983, low and
intermediatelevelvibrationalexperimentswereperformedon the HDRstructuresand equipment,
using eccentric mass shakers,explosives,impactand snapbacktechniques[1]. In the second
phaseof HDRtesting seismicmarginstests of the r,_actorbuilding,calledSHAG,were carriedout
Jn1986 using a large coast-down shaker located on the reactor operatingfloor. These were
followed by failure and seismicmarginstests of piping, called SHAM,whichwere performed in
1988. The U.S. NRC Office of Researchthrough its contractors,ArgonneNational Laboratory
(ANL)and IdahoNationalEngineeringLaboratory(INEL),collaboratedextensivelyin these latter
two test series under a special a;reement betweenKfK/BMFTand NRCfor the HDR Phase II
testing. In thispaperinterestis limitedto the full-scalehigh-levelseismictestsof the HDRbuilding
and piping, i.e., to the SHAG and SHAMtests. The followingprovidesa brief descriptionof the
HDR Test Facility,the SHAG and SHAMtests, an overview of the resultsobtainedfrom these
experimentsand relatedanalyses,and discussions/conclusionsemphasizingthe implicationsfor
nuclearreactorsafetyand design.

2. HDR Test Facility

The HDR reactor building,Fig. 1, is a reinforced concreteand steel structure
approximately52 m high. lt isembeddedto a depthof 13m givingthebuildinganoverallheight
of 65 m. The outer diameter is 22.4 m. The internal concretestructureconsistsof 2

' concentricalcylindersinterconnectedby numerouswalls and floorsseparatingcompartmentsfor
the mechanicalequipment. The reactor pressurevessel is located at the center, lt is 10 m in
height,and hasan innerdiameterof 3.0 m and awall thicknessof 14.2cm.

A steel containmentwith a wall thickness of approximately 3 cm encloses the inner
structure,separatedfrom itby a 2 cmthick styrofoamlayer. The steelcylinderextendsto a height
of 40 m, wherea polar crane is located (10 m abovethe operatingfloor) and is topped with the
hemispherical steel dome. Personnel and equipment hatches are connected to the steel
containmentshell. The third partof the building,the externalcontainmentbuilt out of reinforced
concrete,isa!soa cylindricalshellwitha hemisphericaldome. The wall thicknessis 60cm andhas
little reinforcementbecausethe HDRwas not designedagainst externalloads other than wind
loads.

Finally,the basementconsistsof the foundation slab and a massiveinner cylinder that
forms an egg-cup like support for the inner structure. Structurally,this can be regarded as the
onlyconnectionbetweeninner steelcontainmentand concretecontainment. The two shells are
independentof each other at ali other points. The annulusbetweenconcreteand steel shellsis
60 cm wide and is accessible. On one side of the reactor buildingis the craneand equipment
tower and on the other side the operationsbuilding (Fig. 1). Becausethe site was previously
usedfor browncoalminingactivities,the soil characteristicswere improvedbeforeconstructionby
vibrationinjectionof gravelcolumnsdownto the solidclay layersat 20 m depth. The groundwater
table is located6 m belowthe surface.

An electricallyheatedboilerof 4 MW, permitsthe simulationof boilingwater as well as
pressurized water reactor conditions in the mechanicalequipment and piping. Besides that,
extensivefacilitiesfor measurementand data acquisitionwereinstalled,400 fast (4 kHz) and 200
slow (2.5 Hz) measuringchannels can be sampled simultaneously. This measurement/data
acquisitionsystemis connectedthrougha data linkwitha data baseat the PHDR/KfKin Karlsruhe.
In additionto the experimentaldata,this data basealso containsthe resultsof calculations,which
are performedfor ali experiments. This provides a sound basis for data evaluationand for the
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verification of codes, mathematical modeling practices and assumptions (parameters and
boundary conditions).

3. SHAG Experiments- Test Series T40

Thecenterpieceof the PhaseII seismic/vibrationaltesting at the HDRwas the high-level
shakertest series(SHAG)whichwasperformedinJuneand Julyof 1986[1, 2, 3]. Thesetests in
which the NRC/RESand manyother organizationsparticipatedprovidedthe culminationof the
seismictesting of the reactor buildingthat progressedthroughlow and intermediatelevel testing
in Phase I. The purpose was to investigate full-scale structural response, soil/structure
interaction, and piping and equipmentresponseunder strong excitation conditions, i.e., under
excitation levels that induce significantstrains in the structure and soil and produce nonlinear
effects inthe soil/structuresystemand piping. Aswith ali HDRexperiments,the primaryintentof
the SHAGtestswas to verify andvalidatecalculationalproceduresand analysismethods. At the
same time, the experimentaldata providedirect informationon the responseand performanceof
structural systems, piping, and equipment under highdynamic loading; such informationmay
havedirectapplicabilityto understandingthe behaviorof nuclearpowerplantsystems. Examples
of this werethe evaluationof variouspipesupportconfigurationsinan in-plantpipingsystemand
the investigationof theperformanceof a typicalU.S.gatevalveunderseismicloading.

3.1 Test Description

The excitation in the SHAG experiment was provided by a large eccentric-mass
' coastdownshakerdesignedby ANCOEngineers,Inc.,capableof generatingforces in excessof

1000 tons (metric) which was mounted on the operatingfloor of the HDR building as shown
schematicallyin Fig.2. The shakerwasdesignedto developmaximumaccelerationsin the HDR
building on the order of 5 rn/s2 and maximumdisplacementsof about ± 7 cm. Test starting
frequenciesranged from 1.6 to 8.0 Hz. Detailsof the shaker operation have been described
previously[2, 3]. As the shakerrevolutions(frequency)slowdown and buildingresonancesare
traversed, the shaker energy is transferred to the building and the interior components. The
increasein buildingresponsewhenthe shakerreachesone of its resonancescanclearlybe seen
in Fig. 3.

The primarypurposeof the SHAGexperimentswas to subject the HDRReactorBuilding,
which was not designed for earthquake loads, to vibrational excitation up to incipient failure,
where localdamagecould occurbut globalfailurewouldbe excluded. Otherobjectivesincluded
the study of loadtransmissionthroughthe structuresand equipment,and the investigationof full-
scale equipmentand piping response. In particularthe response of an in-plant piping system,
calledthe Versuchskreislauf(VKL)withdifferentmultiplesupportconfigurationswas evaluated.

A totalof 460channelsof instrumentationwasusedduring the SHAGtests to measureali
importantresponseparameters,includingthe safetyaspectsof the HDRand neighboringfacilities
[3]. In planningthe SHAGtests, itwas intendedthat the loadingof the HDRfacility notbe limited
by the excitation system but rather by the capacity of the building itself. Nearly ali tests were
designedto generatenominallythe same peakforce of 104 kN, at differentstartingfrequencies
of the shaker. Higher shaker frequencies (4.5 to 8.0 Hz) were intended primarily for piping
excitation,whilethe lowerfrequencies(1.6,2.1, and 3.1 Hz) were intendedprimarilyto challenge
the soil/structuresystem. A total of 25 experimentswere performed, 10 of these were for the
investigationof soil/structuresystemresponse,the remaining15 servedto study the VKLpiping
behavior. Ofthe latter,5 tests wereperformedat pressurizedwater reactorconditions(210°C,70
kN).



3.2 Reactor Building, Soil and Free Field. Result Overview

The HDR ReactorBuildingwas essentiallydesignedfor dead weightand operational
loads, with the only externalloadconsideredbeingthe horizontalwind load. Hence,the building
is very lightly reinforcedparticularlyin the outer concretecontainment(shieldbuilding). Priorto
the tests extensivesafetycalculationswere undertaken[4, 5]. These Indicatedthat the reactor
building could only be subjected to relatively low shaker eccentricities (about 104 kgm).
Therefore, a procedurewasestablishedrequiringthat eachtest be accompaniedby calculational
safetyevaluationsandan immediateassessmentof criticaltest measurementsbeforeproceeding
with the next test.

During the preliminary shaker functionability tests it was established that the load
distributionin the buildingisquitedifferentfrom that assumedin the staticsafetycalculations,and
that a large shareof the load(about60%)is carriedby the innershell structureand the wallswhich
are normallyneglectedin staticcalculations.Takingtheseaspectsintoaccountit was estimated
that shakertestswitheccentricitiesof upto 105 kgmcouldbe undertaken.

While the safety calculations predicted that the concrete foundation region would
experiencethe highest stresses,it was found duringthe functionabilitytests, and confirmedby
more refinedcalculations[5], thatthe greatestchallengeto the buildingwas in the outerconcrete
structure. Specifically,locationswherefloors are coupledto the outer structure (shell) and the
embedded region of the outer shell were determined to be weak points. Therefore, these
regionswere extensivelyinstrumentedand samplesweretaken to determinethe characteristics

' of the concrete. In the actual experimentsmassesof up to 25 tons per shaker armwere used,
with the starting frequencies as planned between 8.0 and 1.3 Hz and eccentricities between
4,700and 67,000kgm. Peakforcesof morethan 104kN (1000tonnes)were reachedas shown
in Fig. 4.

3.2.1 Maximum Building Responses

As anticipated the highest stresses in the reactor building occurred in the outer
containment (shield building)due to vertical membraneforces in the lower portion of the shell
between the elevationsof 0 and -11 m. This region is only minimallyreinforced. The tensile
forceswhich can be sustainedby the reinforcementare lessthan thoseallowedfor the concrete
proper. Based on the measured cracking strength of the concrete the highest allowable
membranetensilestresswasdeterminedto be 0.5MN/m2. Obviouslycreditcould also be taken
for a compression stress of 1.1 MN/m2 due to the dead weight of the concrete shell. The
maximumallowablemembranestresswas slightlyexceededin the tests.

There was extensive cracking of some interior floors, shifting and collapse of some
masonrywalls, and impactwith neighboringstructures. Nevertheless,the HDR-ReactorBuilding
sustained no significant global damage. This, inspite of the fact that the building was not
seismically designedand was subjectedto peak accelerationsof 0.4 g and displacementsof
+5.0cre, whichcorrespondto an earthquakeexcitationof an intensity7-8on the Mercaliscale. A
comparison of the maximumbuilding responses in the SHAG tests and a maximum credible
earthquakein CentralEuropeisgivenin Fig. 5.

3.2.2 Reactolr Building Frequencies and Damping

In earlier experiments [6] it had been clearly established that the reactor building
responseis dominatedby rockingmodes,nominallyat about1.5 Hz, and out-of-phasebending
modes, at around 2.5 Hz, in whichthe outer concrete containmentshell moves in the opposite
direction to the inner steel shell containment. Both rocking and out-of-phase bending are
associatedwith two verycloselyspacedmodes,one in eachof the horizontaldirections(x andz).
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A detailed system identificationanalysis indicates, that as the loads in the SHAG
experimentswere increased (from 4,700 to 8,200 kgm) the frequencies of the out-of-phase
bendingmodesdecreasedby about4%whilethe modaldampingincreasedby about30%. The
latter consistsprimarilyof structuraldampingin the concretestructuresin the foundation region
wherethe inner structureand the outershellarecoupled. The effectwasevenmoredramaticfor
the two rockingmodes,where as the load increased(from4,700to 67,000kgm) the frequencies
droppedby about40%to around1.0 Hz. At the sametimethe dampingincreasedby about50%
to valuesas highas 9% of critical (see Fig. 6). This dampingis composedof concrete structural
damping, radiationdamping, and hystereticdamping inthe soil. However,the large frequency
shiftsare primarilycaused by the reductionin shearstiffnesswhich is associatedwith largeshear
deformations.

3.2.3 Load/Vibration Transmission

One of the objectives of the SHAG experimentswas to investigatethe transmissionof
vibrational energy from the shaker to the building, its large components and piplng, the
surroundingsoil and adjacentstructures. As shown in Fig. 3, the loadtransmissionto various
parts of the reactorbuilding wasprimarilyeffectedby energytransfer duringthe traversalof the
various buildingresonances.

lt is interesting to note that while the shaker excitation was limited to relatively low
frequencies(8 Hz maximum), significantlyhigherfrequency vibrationswere measuredat many

• locationsthroughoutthe buildingand particularlyat mechanicalcomponents. Thus in the VKL
piping, frequenciesas high as 10-12Hz were stronglyexcited. This is due primarilyto nonlinear
effects,suchas impacts.

Responseamplificationwas also in evidence at many locations and was particularly
pronouncedfor the VKL piping. Here, velocitiesand accelerationswere as much as 20 times
higher than those in building proper. This is partially due to the fact that the VKL was not only
attachedto the buildingwalls, but also to a large vessel (the HDU). The opportunityfor double
amplificationof the motion, via nonlineareffects, was thus established. Other equipmentwhich
exhibiiedresponseamplificationincludethe polar crane (factorof 3-4),the materiallock (factorof
2), and the externalcranestructure(factorof 5-6)whichwas primarilyexcitedduring the traversal
of the rocking mode. Becauseof its unique stiff mounting,only the reactor pressurevessel did
not showanyresponseamplificationrelativeto the reactorbuilding.

The operationsbuilding is adjacentto the reactor building and is connected to it by a
bridge structure. During the SHAG tests this structure was coupled to the two buildings
predominantlyby friction and wasdisplacedonly by a few millimeters. The operationsbuilding
proper,which has its dominantvibrationmode at 3.1 Hz, experiencedonly very minor damage
during the tests.

3.2.4 Foundation, Soil and Free Field Response

Usingaccelerationmeasurementsand assumingrigid body behavior,it was determined
that the foundationslab experiencedonly minimaltorsionaland verticalmotions. The horizontal
translational motionsare essentiallyzero when bendingresonance is traversed. On the other
hand,thereare significantrotationalmotionsaboutthe horizontalaxes. Basedon the relationship
betweenthe horizontaltranslationsand the rotations,the centerof rotationduringthe traversalof
the rockingmodeis determinedto lie 15 m belowthe foundationslab.

Assuming no tensile stresses could be transmitted at the foundation-soil interface,
nonlinear pretestcalculations [7] indicatedthat considerablebasematliftoff would occur at the



highestpossibleshaker load. Based on the measurement,in the experimentwith maximum
shaker eccentricity(67,000 kgm), there was no indication of liftoff. Thiswas substantiatedby
post-test calculations[8] which showthat properly reducingthe soil stiffnessand adjustingthe
dampingto matchthe test resultsleadsto considerablemarginagainstbasematliftoff.

A pretestsafety assessmentof the possibilityof soil liquefactionand buildinginstability
was performedbycomparingthe expecteddynamicshearstresseswith the normalstressesdue
to buildingand overburdenloads. The estimatesindicatedthat evenfor shakerloads inexcessof
those planned, there would be no danger of soil liquefaction. These conclusions were
substantiatedby pore pressuremeasurementsduring the SHAGtests, and extrapolationof the
results confirmthat the simple approach,used in safety regulationsfor estimatingpossible soil
liquefaction,is valid [8].

A rotationallysymmetric nonlinearfinite difference model of the soilwas coupled to a
simple beam model of the HDR building [8] to predict the free field response in the SHAG
experiments, lt was found that evenfor _;;hakerloads much largerthan thoseplanned, the free
field vibrationsat ali neighboringinstallationswouldbe very benign. Duringthe tests actual loads
were only about one half of those used in the safety assessments. The maximummeasured
vibrationamplitudesin the free fieldoccurredat higherfrequenciesduringthe rockingmodeand
wereprimarilyhorizontalresponses. Duringthe bendingmodetraversal,verticalresponseswere
dominant.

3.2.5 Comparison of Calculated and Measured Soil-Structure Interaction
• Response

In additionto thesafety assessmentsa numberof predictivecalculationswere performed
by Germaninvestigatorsfor the soil-structureinteractionresponseof the reactorbuilding [9]. A
best-estimatepretestsafety predictionwasalso performedby WeidlingerAssociates[10]. Inthe
latter the site is representedby a fully 3-D 'finite element model with a nonlinear constitutive
relation, and the containment building is represented by a beam model with the structure
assumedas linearelastic. The structuralbeammodel is coupledto the continuumsite modelat
the soil-structure interface, and separation and recontact at the interfaceare included in the
model. Lastlythe shakeris modeledby the appropriatenonlinearrigidbodydynamicsequations
which arecoupledto the beamsuperstructure.The processof shakerarmclosure, contact and
energytransferbetweenshakerandstructureare simulated.

Calculationsusing this model were performed with the FLEXComputer Code [10] to
simulate the soil-structure interactio,_for two of the planned SHAG experimentswith starting
frequenciesof 1.6and 3.1 Hz respectively.The resultsof thesecomputationswerethen usedas
input to a detailedfinite-elementanalysisof the foundation and embeddedregionof the reactor
building to determine the expected internal forces/moments and stresses. Since these
calculationswere performedfor eccentricityvaluesand/or shaker startingfrequenciesthat were
larger than those used in the actual tests, a direct comparison with measuredvalues is not
possible. However, qualitativelythe predictionsfor both the soil-structureinteraction and the
detailed response in the embedded region are quite correct. Thus, no soil failure and no
significantbasemat liftoffwere predicted. The maximummomentsin the outercontainmentwall
dueto membranetensionswere alsocorrectlyshownto exceedthe allowablemoments.

The computationalmodelsusedby Germaninvestigatorsincludedthefollowing[8, 9]:

Model BHZ - Beam model with elastic coupling between between inner and outer
structure;nonlinearsoil-springsderivedfrom a preliminarysoil-structureinteraction
analysis.
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ModelCER - Beammodelwith elasticcouplingbetweenInnerand outer structure;Ilnear
soil-springs.

ModelIMB- Shell model of outerstructurerigidlycoupled to a beammodel of the inner
structure;linearsoil-springs.

ModelKUH- Beammodelwith elasticcouplingof innerand outerstructure;nonlinearsoil-
springs,decoupledin the two directions(CKUH)for pretestcalculationsand coupled
(DKUH)inpost-testcalculations.

ModelKWU- Rotationallysymmetricshellmodel;linearsoil springs.

In Fig. 7 the measured vibrational response (displacement) at the top of the outer
containment is compared with the corresponding calculational results. Shown are the
displacementamplitudeenvelopesas a functionof shakerfrequencywhich startsat 1.6Hz and
then decays. To understandthe resultsit is essentialto recallthe test process. The excitationof
the buildingstartsduringthe closureof the shakerarmsandthe force increasesuntilthe armsare
completely coupled at a frequency just above the building resonance frequency. As the
displacementand soil deformationincreasethe s0il stiffnessand hencethe resonancefrequency
decrease, i.e., the resonancefrequency tends to decrease ahead of the excitation frequency.
Since the excitation force decreases with the frequency, there is very little increase in the
displacementsuntilthe actualtraversalof the resonancefrequencyoccurs(see Fig.7).

The deviationsof the calculationalresultsfromthe experimentalbehaviorseenin Fig. 7,
canbe directlyrelatedto the modelcharacteristicsandthe selectedparameters,lt isthuspossible
to draw conclusions as to the advantages and disadvantagesof the various approaches in

, representingthe nonlinearbuilding responses.

Qualitativelythe nonlinear pretestcalculations(BBHZ) and blind post-test calculations
(CBHZ,CKUH)are similarto the test response. Inparticularthey providea good estimateof the
actual resonancefrequency. However,they overestimatethe building response,because the
dampingusedinali threecaseswastoo low.

A linear simulationof the soil-structureresponsedoes not properlycapture the actual
behavior(see Fig.7). Usinga goodestimateof the reductionin soil stiffnesswith increasein load
as well as the appropriatedamping,one can obtain good agreementwith the experimentat the
time of resonancetraversal(ModelCIMB). However,abovethe resonancefrequencythe building
response is significantlyunderpredicted. If a soil stiffnessis used that correspondsto a lower
levelof excitationanda lowerdampingvalueis selected(ModelCKWU),the calculatedresonance
occurs at higher frequency and higher excitation forces, resulting in turn in higher response
amplitudesthan thosemeasured. The erraticbehavioraround 1.5 Hz that is in evidencefor two
of the pretestcalculations(BBHZand BCER)canbetracedtothe fact that in thesesimulationsthe
full peakshakerforce is applied instantaneously,completelyignoringthe transitionphaseduring
shaker arm closure. Based on the foregoing it can be stated that nonlinear modelingof soil-
structure interactionis requiredin order to represent,at least qualitatively,the building response
duringthe highlevelSHAGtests.

lhe SHAGtestsalsoprovidedan opportunityto evaluatemodelsand approachesusedin
probabilistic structural mechanicswhich take into accountthe uncertainties in structural and
loading parametersby treating them as random variables[11]. In the current application the
shaker loadingwas assumedto be given (deterministic),while the masses,stiffnesses,damping
values,and concretestrengthparametersof a structuralmodelweretreatedas randomvariables.
The parametersof the probabilitydistributionswereestimatedon the basisof experimentaldata
and values from the literature. The structural responseswere determined by the Response
Surface Method. Possiblefailure locations were postulatedin the outer containmentshell and
foundation slab, and th,_exceedanceof the concretestrengthwas usedas the failure criterion.
The failureprobabilitywasestimatedusingthe Importance-SamplingApproach.
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The analysisgave a failureprobabilityof 2.2%for the foundationslab and 16.0%for the
outercontainmentshell. Comparingtheseresultswith the usuallyacceptedvaluesof 10-6 for the
probabilityof collapseor 10-3 for the lossof buildingfunctionalityconfirmsthat the HDR building
was Indeed tested up to incipient failure in the SHAG experiments,without inducing global
damage.

3.3 Evaluation of the VKL Piping Responses In SHAG Tests/

The VKL piping as usedin the SHAG Exlperiments(Fig.8), consistsof a numberof pipe
runsranginginnominalsizefrom100to 250 mm. ThepipingisattachedtotheHDUvesseland
associatedmanifoldsandformspartoftheexperimentalpipingsystemattheHDRfacility.Thetop
of the pipe runs at about28 m aboveground level,justunderthe HDRoperatingfloor (wherethe
shaker is located). The original HDR hanger Systemprovided primarilyvertical dead weight
supportand consistedof six springand constantt-forcehangersand one threadedrod. To avoid
possible permanentdamage to the VKL piplng, two rigid struts, adjacent to the sphericaltee
(Fig.8), were added to the supportsystem. The intent in the SHAGtests was to comparethe
performanceof this very flexibleconventionalsupportsystem(HDRsystem)with the behaviorof
hangerconfigurationsdesignedfor seismicloadingand to evaluatetheir relativeresponsesunder
indirect(throughthe building)loadingat levelsof excitationof a designbasisearthquake.

The evaluation concentratedon five support configurations. These included the very
flexible HDR system, the flexible KWU configuration with five struts (designed by KWU,

' Offenbach),the stiff NRCconfigurationwith six struts and six snubbers(designedby INEL),the
EPRI/EAconfigurationwith threeplastic dampersreplacing the snubbers(designedby Bechtel
PowerCorp.), andthe EPRI/SSconfigurationinwhich the six snubberswere replacedby seismic
stops (designedby R. L. CloudandAssociates). Twoadditionalconfigurationsthat used viscous
damperswere tested eachin a singleexperimentonly. Thesewere the GERBconfigurationand
the ANCOconfiguration(designedby ANCO Engineers,Inc.). Supportlocationsare indicatedin
Fig.8 and the supportarrangementsusedin eachconfigurationaregivenin Fig.9.

For each of the five evaluatedconfigurations,three experimentswere performedwith
nominallythe sameloading,i.e., the sameshakereccentricityand startingfrequency. However,a
direct comparisonof the measuredresponsesfor the different configurationsis not meaningful
because of the dependenceof shaker force on frequency. This results in higher ioadingsat
higher frequencies. Hence, the moreflexible (lowerfrequency)supportconfigurationsare less
challengedin the tests. Therefore,the individualexperimentswere normalizedby multiplyingthe
measured responses by factors corresponding to the ratios of the maxima in the building
responsespectra (for each test) to the maximumvalue of a referencespectrumwith a peak at
40 m/s2 [3, 8].

The comparison of normalized peak responses (Fig. 1C) does not indicate any
advantagesfor a stiff support system(NRC) relative to a reasonablydesigned fle×!ble (KWU)
system. However, the very flexible HDR configuration, which was nol de._',gnedseismically,
results in unacceptably high displacements and stresses. The snubber replacement
configurations, i.e., energy absorbers and seismic stops, proved themselves in that they
performedas well as the NRC configuration. However,the seismicstops resultedin some local
high levelimpact loads[3, 8].

A number of comparison calculations for the VKL response in the SHAG tests were
undertakenby Germanand U.S. investigators[8, 12]. In general, the computationalpredictions
showed considerable deviations from the experimental results. These discrepancies can be
partially attributed to modeling; i.e., differences in masses, stiffnesses,and representationof
supports;and partiallyto the idealizationof the excitationin the calculationalmodels. However,
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the dominantfactorfor the lackof agreementbetweenmeasuredand calculatedresultscan be
attributedto the poor definitionof boundaryconditionsof the VKL piping in the SHAG tests. In
the experimentsthe VKL pipingwas not properly isolatedor disconnectedfrom other piping and
the stiffnessesof anchorswere not defined. Theseeffectsstronglycontributedto the response
of the VKL piping,but could notbe representedin the computationalmodeling.

4. SHAM Experiments - Test Series T41

As the last series of tests in Phase II of the HDR Safety Program,high-level seismic
experiments,designatedSHAM,were performedon an in-plant piping systemduring April and
May 1988. The objectives of the SHAM experimentswere to (i) study the response of piping

, subjectedto seismicexcitationlevelsthat exceeddesignlevels manifoldandwhich mayresult in
failure/plastificationof pipe supportsand pipeelements;(ii) providedatafor the validationof linear
and nonlinear pipe response analyses; (iii) compare and evaluate, under identical loading

' conditions,tile performanceof various dynamicsupport systems, rangingfrom very flexible to
very stiff supportconfigurations;(iv) establishseismicmarginsfor piping,dynamicpipe supports,
and pipe anchorages;and (v) investigatethe response, operability, and fragility of dynamic
supportsandof a typicalU.S. gatevalveunderextremelevelsof seismicexcitation.

The SHAM experimentswere conducted as a cooperative effort among a number of
organizationsin Europe and the USA. These included KfK/PHDR,with the participationof the
FraunhoferInstitutfor Betriebsfestigkeit(LBF),Darmstadt,FRG,and the KraftwerkUnion(KWU),
Offenbach, FRG; the Central Electricity Generating Board (CEGB), UK; the Electric Power

• ResearchInstitute(EPRI),PaloAlto,California,with theparticipationof BechtelPowerCorp.and
R. L. Cloud & Associates; and the U.S. Nuclear RegulatoryCommission,Office of Research
(NRC/RES),whichsupportedthe effortsof ArgonneNationalLaboratory(ANL)and IdahoNational
EngineeringLaboratory(INEL).

4.1 Description of the SHAM Experiments

The test object in the SHAM experimentswas again the VKL piping system that was
alreadyextensivelytested in the SHAGexperiments. In the latter tests, excitationof the piping
resulted from the shakingof the HDRcontainmentbuilding. In the SHAMexperiments,direct,
high-level shakingof the VKL pipingwas used. Therefore,some significantmodificationof the
test loopwas necessary. An isometricsketchof the VKL piping as usedin the SHAMtesting is
shownin Fig.11. The VKL consistsof multiplestainlesssteel pipebranchesrangingfrom i 00 to
300 mm in diameter,with tile maintwo flow loops connectedto the HDUvessel and the DF16
manifold. A third majorbranchconnectsthe DF16manifoldto the DF15manifold.Aside fromthe
pipe hangersand dynamic supports,the only pointsof fixity for the entiresystem, includingthe
HDUand man!folds,arethe supportsat the bottomof the HDUandthe nearlyrigid attachmentof
the DF15 manifold. Ali extraneous piping leading to other flow systems in the HDR were
disconnectedfor the SHAMtests. As in the earlier tests, the test loopagainincludedan 8" U.S.
gate valvefrom the decommissionedShippingportAtomic PowerStation. (For details see Ref.
13, 14, and 15.)

The VKL pipingwas exciteddirectly by means of two servohydraulicactuators rated at
40 tonnes (metric) of force each. As shown in Fig. 11, both actuators were acting in the
horizontalx-directionat hanger locationH5 and at locationH25 (DF16manifold). The excitation
system was designed and furnished by LBF-Darmstadt, FRG, and included a computer-
controlled hydraulic actuating/control system to provide predetermined displacement-time
histories. Extensivepretest design calculationsindicatedthat the hydraulicshaker_ would be
capableof producingup to 6 g accelerationfor the VKL pip!ng,with a maximumdisplacement
(stroke) of + 125 mm [14].
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Six differentdynamicsupportsystemswere deslgned for the VKL piPingby the various
participantsin the SHAMtesting. Theserangedfromthe very stiff NRCsystemwith dgldstruts
and snubbers,designedby INEL,to a veryflexibleHDRsystemwithessentiallyonlydead-weight
supports. The supports of the NRC systemwere designedas weak as possibleto permit the
investigationof support failures. Two supportconfigurations,providedby EPRIin collaboration
with industrialpartners,containedsnubberreplacementdevices. The first of these,designedby
BechtelPowerCorp., uses EnergyAbsorber(EA)devices, in which a set of speciallydesigned
steel pi,_tesis plasticallydeformed to dissipate energyand restrictpipe motion under seismic
loading. The second snubberreplacementsystem,designedby R. L. Cloud& Associates,Inc.,
includesSeismicStops (SS). in their currentdesign, these stops are simpletelescoping-tube
deviceswith presetinternal gapsthat allowa certainamountof motionto accommodatethermal
effects. Duringseismicexcitation, the motion is restricted/stoppedby impactingon disc spring
pads. Twoothersupportconfigurations,designedby KWUand CEGB,relyonlyon rigidstrutsfor
dynamicrestraintand attemptto optimizethe numberof supports. Figure12 showsan overview
of ali the supportconfigurationswith the locationand type of dynamic supportclearly Indicated.
Ali configurationsusedthe same dead-weight hangersystem shown in Fig. 11. Similarly, ali
configurationsemployedthe same rigid struts at locationsH4 and H23. These are horizontal
struts in the z-directionand their primaryfunctionisto stabilizethe inputmotionsof the actuators,
at H5 and H25respectively,so that they moveonly in the x-direction. The componentsof these
supportswere sizedfor the highestloadsanticipated.

Ali dynamic support systems, except the CEGB configuration,were designed for the
commonHDRspectrumshown in Fig. 13. The actuatorswere displacementcontrolled,and the

' basic earthquake displacement history used was an artificially generateddisplacement-time
function of 15 secondsduration fitted to the preselectedcommon Safe ShutdownEarthquake
(SSE)-floor-response spectrum with a 0.6 g peak acceleration(ZPA),shown in Fig. 13. The
CEGB hangersystemwas designedfor the SizewellB spectrum (Fig. 13)which peaks at lower
frequencythan the commonHDR spectrum.

Nearly300 channels of data were recorded,with major measurementsbeing strains,
accelerations,displacements,andforces. Detailsofthe instrumentationanddata acquisitionhave
been reportedelsewhere[13, 14, and 15].

Fifty-one individual experiments were performed with the VKL piping and the six
different pipe support configurations (see Fig. 14). Two random excitation tests of 120--s
duration,with eachof the hydraulicactuatorssinglyand separately(H5and H25)were performed
for each hangerconfiguration. Thesetests provideddynamiccharacteri_ationof the systemsin
the frequencyrangefrom 2 to 40 Hz.

Forali but the CEGBconfiguration,earthquakeexperimentswere then performedat the
low to intermediate level, i.e., at excitation levels ranging from one SSE (0.6 g ZPA) to
three/four SSE. These experiments were carried out with the 15-s duration displacement
history basedon the common HDRspectrumscaledto the proper SSE level. Thetwo hydraulic
actuators (at H5 and H25) were operated together and in phase; both were programmed to
provideidenticaldisplacementhistories. The purposeof these tests was to studythe behaviorof
piping systemsat load levels exceedingthe design load and to comparethe performanceof
different support configurations. These tests were also intended to provide seismic-margin
informationfor dynamicsupports,anddatafor the validationof linear analyses.

Twoconfigurations,namelythe KWUsystemanda modifiedNRCsystem[16],werethen
tested to high levelsof excitation (upto 800%SSE)againwith scaled-up displacementhistories
and both actuators operating in phase. The purpose of the high-level tests was to obtain
informationon possiblepipe failure/plastification,seismicmargins for piping, and pipe supports,
andto providedatafor the validationof nonlinearanalysismethods.
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The CEGBconfigurationwassubjectedto itsowntest program. Low- and intermediate-
levelearthquaketests were performedwith displacementhistoriesof 20-s durationderivedfrom
SizewellB spectrumand an AIIsitesspectrum[Fig. 13]. Intermediate---and high-leveltests were
also performedwith sine burst historiesnear the piping resonance,with a durationof 7.0 s and
maximumdisplacementof 60 mm. Finally,to providea comparisonwith the otherconfigurations,a
100% SSE earthquake test was performed with the displacement history derived from the
commonHDRspectrum.

4.2 Highlights of SHAM Experimental Results

Detailed resultoverviewsanddiscussionshavebeen providedIn earlierpublications[13,
16]. Following the system identification tests with random excltatlon, simulated earthquake
experimentswere performedwith ali support configurations. The overall sequenceof events
during thesetests andthe approachare best illustratedon the basis of the strainmeasurements
at cross-section7 close to the "Tee"shown in Fig. 15. In this figurethe rangeof strainsbetween
the upper and lower limitsfor eachtest is given by the bold verticalbar. The thinner horizontal
connectinglines betweenthose bars give the permanentstrains remainingaftereach test. The
sequenceof barsfrom leftto rightcorrespondsto the test sequence.

In the first series of experimentswith the HDR-spectrumthe excitationswere limitedto
such levels so as not to exceedthe nominal supportforces by morethan a factorof four and to
limitthe strains in straightpipesectionsto 0.2%and in elbowsto 0.4%. Forali the configurations

, designed for this spectrum, loads up to 300% SSE could be sustained without significant
problems exceptfor the malfunctioningof two snubbers. Thesewere replacedby snubbersof
differentdesign but similarcapacity.

Comparisontestswerethen performedwith the 100%SSEHDR spectrumloadingfor the
HDR and CEGB configurations. The latter was then tested at 100% and 300% of its design
spechum(SizewellB) and at 50%and 200%loadingcorrespondingto the AIIsitesSpectrum. The
secondseries of testswas concludedwitha 200%SSE (HDRSpectrum)testof the HDRsupport
configuration.

The modifiedNRCconfiguration[13]was then subjectedto loads up to eighttimes ofthe
design earthquako. At 600% SSE three snubbers failed due to overload, these were not
replaced. At 800'/,,SSE an additionalsnubberfailed withoutdamageto the pipingor excessive
pipe deformation. These tests alsocaused the failure and/or looseningof sometypical support
anchors.

The purposeof the followingsine-burstexperimentswith the CEGBconfigurationwas to
induce the so called "ratcheting"phenomenon,through the combinedaction of the static loads
(internal pressure and dead weight) and the dynamic vibration excitation. This effect can be
clearlyseen in Fig. 15, wherethe permanentstrainsgrow monotonicallyfrom test to test, on the
top side of the pipe as tensile strains and on the bottom side as compressivestrains. The
resulting global deformationof the piping remainedquite limited. Therefore, it was possibleto
perform the tests with the KWU configurationat 400%, 600% and 800% SSE loading (HDR-
spectrum)withoutrepairingthe piping. Again in theseteststhe pipingdid not fail.

4.2.1 Piping Stresses/Strains

An impressionof stresses/strainlevels in the SHAMexperimentscanbe obtainedfrom
Figures16 and 17. The fictitiouselasticbending stressesat cross-section7 (see Fig. 15) in the
small diameterpipe reached600 MPa(Fig. 16), far into the plastic regime,with the permanent



strainsexceeding1%. Similarly,theamplitudesof the localstrainsat Elbow1 (see Fig. 15)also
reachedabout1% (Fig.17).

Comparisonsof the responseof the VKL pipingwith the various supportconfigurations,
at design level loading (100%SSE),were extensivelydiscussedin .qeferences13 and 16. Of
primary interest are the stressesin the piping. Examiningthe maximumvalues of the bending
stresseswhich are dominant under dynamic loading, it was found (see Figures 10 and 11 of
Reference 13), that at most locations the stiff NRC-configurationhad the lowest stresses.
However,the differencesrelativeto the KWU-conflgurationandthe twoEPRIconfigurationswas
insignificant.The pipe regionin the vicinityof the excitationpoint at the DF16manifoldexhibited.
relativelyhigh stresses for ali configurations. In the remainderof the 200 mm piping the peak
stressvalueswerealiquite low(10-40MPa).

None of the configurationsdesignedfor the HDRspectrumdemonstratedany particular
advantageor disadvantagerelativeto stress levels. Onthe other handthe HDR configuration,
which wasnotseismicallydesigned,andthe CEGBconfiguration,whichwasdesignedfor another
spectrum,exhibitedmuchhigherstressesin the 100/125mmpiping.

A direct linkbetweenthe numberof dynamicsupportsand the piping stressescould not
be established. A similarconclusionwas alreadyreachedin the SHAGtests in which the piping
was subjectedto indirect excitation through the building. Hence, it can be reiterated that of
primaryimportanceto the stress levelsin the piping isthe properdesignof the supportsystemfor
the actual loading spectrum,and not the numberand type of supportsor the overall stiffnessof

• the supportconfiguration.

The stress allowablesused in the design processfor earthquakeloading are basedon
nominal(minimum)materialstrengthparameters.Actualmaterialstrengthsareusuallysignificantly
higher than those values. This approach is used to prevent the plastification of substantial
regionsof the pipingand thusto avoidpipecollapseor ratcheting. Forthe verytoughsteelsused
currentlyin reactorconstructionthesestressallowablesare set muchlowerthan is necessaryin
orderto avoidcrackformationduringseismicexcitation.

This isclearly illustratedinFig. 18 whichgives the allowablestrainfor the ,_usteniticsteel
(DIN1.4961- GermanNorms)for LevelD conditionsaswellas fatiguecyclecurvefor the material
based on the GermanStandardKTA3201.2. lt can be seenthat the materialcan sustainup to
104 cyclesat the allowablestrainlevel. A comparisonof the actualstrainamplitudefrequencies
experiencedin the SHAMtests at two highlystressed locationsand the fatigue cycle curve can
alsobe madeon hand of Fig. 18. The differencesbetweenthesecurves indicatethat the entire
SHAMtest serieswouldhaveto be repeatedapproximately40timos in orderto reachthe fatigue
lifeof the material. This providesclearevidencethat a singleearthquakeeventhas no influence
on the fatiguelife of pipingcomponents. For the veryfew highlevelvibrationcyclesexperienced
in a typical earthquakeexcitation,the stress allowablesusedin the designprocedures arethus
very conservative.

4.2.2 Support Loads and Response

The dynamicsupportsusedin the SHAMexperimentsincludedstruts,snubbers,energy
absorbersand ._eismicstops. The other supports,such as spring and constant force hangers,
carryprimarilythe staticloadsand do not influencethe dynamicbehavior. Inthe tests eachof the
supporttypeswasseparatelyinvestigatedinat leastone supportconfiguration.

Intuitively,onewould expectsupport loadsto decreasewith an increase in their number.
However, it is actually possible to increasethe loads by the introductionof additionalsupports,
i.e., there is no direct correlation between the number of supports and the magnitude of the
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loads. The designof a particularconfigurationis muchmore importantthanthe numberand type
of supports. Similar!ythe failureof sur)portsduringthe testsdid not necessarilyleadto increased
loads at other supportsor increasedstressesin the piping. In particular,the failureof snubbers
under overload occurred as individual events without having a direct effect on neighboring
supports(no "Zipper Effect").

The snubberreplacementdevicesagainperformedverysatisfactorily.The Impactforces
in the current seismic stops with disc-springimpactpads were significantlyreduced and were
hardlygreater than thoseoccurringduringsnubberlock-up.

Twelvedifferentstrutswereusedin the experiments(2 manufactures,3 sizes). Noneof
them failed in spite of the fact that someof them repeatedlywere subjectedto loads exceeding
the expectedfourfoldmargins. A totalof 15snubberswere used. In contrastto the struts,4 out
of 9 snubbers,that experiencedoverloads,failed outright. In addition,at least two additional
snubbers malfunctionedin that they allowedexcessive :ravel and had a reduced load bearing
capacity. Not ali snubberswere ableto sustainthe expected threefoldmargin (relativeto their
nominalcapacity). Ali snubbersfailedunderoverloadwithoutany externalsignsof damage. In ali
casesthe failed snubbers lost their capacityto tra=_smitloads and their motionwas unrestricted
until internalimpactoccurred(behaviorsimilarto seismicstops).

4.3 Damping

Damping values currently used in the design of nuclear piping are chosen very
• conservatively_They take accountof externaldampingeffects by allowinglargerdampingvalues

for larger diameterpipes The effectof load levelon internaldampingis accountedfor by using
higherdampingvalues for the SSEthan for the OBE. Becausein mostvibrationalinvestigations
of piping, the damping values havebeen found to be higher than those typically specifiedin
design codes (1-2%), damping has been a subject of much debate. Recently it has been
proposedboth in the USA[17, 18] aswell as in Germany[19] that more realisticdampingvalues
be introducedinto the designprocessfor nuclearpipingsystems.

The motivationfor this is that conservativedamping values leadto stiff piping system
designs under seismic loading, and this, in turn, leads to significant disadvantages in
accommodatingnormaloperationalloads. Also,there existsa considerableamountof earthquake
experienceindicating that flexible piping systemsdo not fa': under seismicloading. Lastly the
evidenceof the SHAMexperimentsshowthat the flexible KWU'configurationperformedas w6',l
as the verystiff NRCsystemunderextremeseismicIoadin,.gwithoutsustaininganydamage.

Becauseof this backgroundit was importantthat the dampingin the SHAMexperiments
be evaluatedvery carefully, in particular,since the SHAMtests offered many advantagesover
other pipingvibrationaltests. Theseare: (i) a fairly prototypicalpiping system(branches,nozzle
connectionsto vessels,differentpipe diameters),(ii) the excitationwas earthquake-like,(iii) the
loads/stresses were increasedstepwisefar beyond the yield point, and (iv) the same piping
system was investigatedwith differentsupport configurations. Hence, the proceduresused in
the damping ev-duationwere also muchmore sophisticatedthan the typical single-degree-of-
freedom approaches. Parameteridentificationtechniqueswere directlyappliedto the measured
data of the randomtests with curvefitting over ali modalfrequenciesandmeasurementlocations
done simultaneously.For the seismicexperimentsparametervariationcalculationswere usedto
fit the individualmodaldampingvaluesat differentloadinglevels.

Figure 19 presents the damping values as a function of frequency for three support
configurations(HDR,KWU,NRC)asderivedbyparameteridentificationfromthe randomtestdata.
On the averagethese results showa tendencyfor the dampingto increasewith the numberof
dynamic supports. However, the difference in the mean damping value between the flexible



KWUsystem(3.92%}andthe stiffNRCconfiguration(4.15%)is fairlyminimal.Notethatthereare
individualmodeswitheitherveryweak(0.9%)or verystrongdamping(9.5%).

The dependenceof damping on the loading magnitude, as obtained by parameter-
variation c,_lculationsfor Individual modes in the earthquake experiments with the KWU
configuration,is presentedin Fig. 20. Theseresultsare comparedwith dampingvaluesused in
existing regulatorycodesor proposedin new standards. Formostof the presentedmodesthere
is an increasein dampingas the loads increasefrom 300%to 400% SSE. However,inspiteof a
modalstress of 500 MPathe dampingdoes not increasefor Mode2. No correlationseemsto
existbetweenthe calculatedmodalstressesandthe dampingvalues. Onthe other handthereis
a correlationbetweenthe systemdamping(averageof six relevantmodes)and loadlevel,namely
dampingdecreasesas the loadincreasesfrom 100%to 200%(3.2to 3%), then remainsconstant
as the loadincreasesfrom 200%to 300%,and then increasesmorerapidly(to3.7%) as the load
increasesto 400%.

Qualitativelythis behavioris in agreementwith earlierexperienceand is due to the fact
that there are dampingmechanismsfor which the dampingforce is independentof the vibration
amplitude(e.g.,friction forces). Thesedecreaseproportionallywith increasingamplitude,while
other dampingmechanisms(e.g., materialdamping)comeonly into play at higher amplitudes.
However, it is surprising that the latter effect only became effective in the earthquaketests at
loadinglevelsat whichstressallowablesfor Level Dwereexceededat a numberof locationsand
the yieldpointwas exceededat manyotherpoints in the pipingsystem.

' Comparingthe deriveddampingvalueswith the standards,it is seenthat existi_ cocle._
such as the GermanKTA Standard are very conservative. On the other hand, the proposed
PVRCdamping of 5% [17] and the damping values of 7.5% proposedby Hadjan[18], are too
high. The latter valueswereobtainedby extrapolationfrom fairly low levelexperiments(stresses
usuallyless than one half of yield [18]), and do not appearto be substantiatedby the SHAMtest
resultsinwhichthe yieldlimitfor the pipingmaterialswassubstantiallyexceeded.

The newlyproposedGermanKTAstandard[19]with a uniformdampingof 4% appearsto
be quite realistic on the basis of the SHAM test results. For a given seismic spectrum the
applicationof this dampingvaluewill not necessarilyalwaysyieldconservativevaluesfor specific
pipe stresses. However, there are sufficient additional conservatismsembedded both in the
definitionof the designspectrumand even moreso in the stress allowables(as again evidenced
by the SHAMresults)to assurethatsafedesignswill result.

4.4 Comparison of Computational and Experimental Results

The differentpipesupportconfigurationsin the SHAMtests wereali designedfor a given
loadingspectrumusingtypicaldesignanalysisprocedures.A detailedcomparisonof calculational
results with the measureddata indicates[13, 20] that typical design analysisprocedures(time-
history analysis, response spectrum methods) are not necessarily conservative, even when
superpositionof the responsesin differentexcitationdirections(3D-Excitation)was used. Real
conservatisms are only introduced through spectrum broadening or the selection of proper
dampingvalues. Most importantlyitwas found that thedesignanalysis,at leastin this application,
underpredictedthe maximumdynamicsupportforces.

The purpose of most of the post-test calculations was to verify how well the piping
responsecould be representedby linear modelingusingrealisticdampingvalues and the actual
excitationloads. In orderto providea certainvariabilityin modelingand calculationalapproaches,
three differentGermaninstitutionswere involved in the post-testanalyses. In ali their modeling
Rayleighdampingis usedas wasalso the case for the KWUpretestcalculations[20]. Figure22
gives a statisticalevaluationobtainedbycomparingthe maximumvaluesofthe four linearGerman



predictions,including the KWU pretest analysis (BKWU), withthe correspondingmeasured
values (KWU configuration, 100% 8SE test). The mean values, standard deviations, and
smallest/largestvaluesforacceleration,strutforcesand bendingstressesaregiven. Valueslarger
than 1 indicatecalculationaloverestimatesand values smallerthan 1 are underestimates.In the
statisticalevaluationthe resultsat ali measurementlocationswereequallyweighted,regardlessof
the absolutevalue.

In general,the accelerationsand supportforcesare underpredictedandthe meanvalues
of the calculationalresultsdiffer littlefrom each other,with the exceptionof modelCKWUfor the
accelerationsand CMPAfor the strut forces. The meanvaluesfor the stressesare ali close to '
unity, i.e., in the mean the calculationsessentially provide a goodestimate of the maximum
stresses.

Similar linear computationswere performed by ANL [21] for both the KWU and NRC
configuration. As seen inFig. 22, the statisticalevaluationof the resultsis notvery differentfrom
that of the Germanstudies. Againsupportforces and accelerationsare underpredictedand the
variability in the results is quite large. The best estimateis obtainedfor the pipe stresses. The
large discrepanciesrelative to the measurements,for the accelerationsand support forces, are
relatedto higherfrequency componentsin the measurementsthat result from the nonlinearities
in the a_tualsystem, lt is gratifyingto note that pipe stresses,which governthe design, are at
least inthe mean,relativelywell estimatedby the calculations.

To account for the inherentnonlinearitiesof someof the supports (energy absorbers,
• seismicstops, snubbers),nonlinearmodelingwas usedto estimatetheir response[20]. In the

meanthe results are somewhatcloserto the measurementsthan those of the linear models,in
p;lrticular, for the forces in the nonlinearsupports. However,the insignificantimprovementin
predicting the forces in the remainingsupports, the accelerationsand the stresses, does not
justifythe large calculationaleffortrequiredfor the nonlineartime-historyanalyses.

Extensivenonlinearmaterialresponsein the 800% SSEtestwith the KWUconfiguration
wa,_limitedto the two most highlystressedpipe regions• This madeit possibleto estimatethe
localnonlinear effects using a simplifiedapproachin whichthe nonlinearcontributionsto global
behavior of the affected regions are derived from static calculations and added to the linear
response[20, 22]. Extendingthe methodto time historyanalysisand using parametervariation
computations,it was possible,with this approachand reasonablecomputationaleffort, to define
the essentialdifferencesbetweenlinearand nonlinearstructuralresponses.

Fully nonlinear simulationsof the 800% SSE test with the KWU support configuration
were carriedout by ANL using the NONPIPEcomputercode[23]. The elastic-plasticbehaviorin
this case is modeledby assumingmoment-curvatureand torque-twistrelationshipsto betrilinear
and by an approximatetreatmentof strain hardeningbased on this trilinearity. There is again
significantvariability in the qualityof the predictions. The results are statisticallyevaluatedby
comparing maximumvalues of the prediction to measurementsfor accelerations,strains, and
supportforces• As seen in Fig. 23,the meanvaluesof the nonlinearpredictionsare, ingeneral,
better than those for the low level tests uslng linear analysis. While support forces are still
underpredicted,the results arecloserto the measurement. Thebest predictionsare obtainedfor
the strains. Someof the outliers in the latter are dueto the fact that the calculationspredictstrain
ratcheting at some locations. This phenomenondid not occur in the test because the material
had been strain-hardenedin precedingexperiments•

4.5 Seismic Margins Evaluation

Becauseof their reasonableprototypicalityin supportdesign, piping layout and seismic
excitation, the SHAM experimentsprovided an opportunityto demonstratethat piping systems



designedto currentpracticehavelargemarginsagainstfailureandto quantifythe excesscapacity
of pipe componentsand dynamicsupports. Such an evaluationwas undertaken[24] using both
the system design information and the experimental measurementsfor the KWU and NRC
configurations.

Differentdesign approaches,standardsand philosophieswere used in the two system
designs, resulting in some discrepanciesin supportstrength and allowablestress values. To
accountfor this, the designresultswere normalizgdto a commonbasis(LevelC allowables)and
marginswere adjustedby overdesignfactors[24]. Seismicmarginswereestimatedfor boththe
pipingitselfand the dynamicsupports.Thesewere calculatedin twoways. Onone hand design
load level was used as a basis and on the other hand componentcapacitywas used. Both of
these estimatesgive deterministicexcesscapacitiesand do not representseismicmarginsin the
probabilisticsense.

Basedon loading levelalone, itwas determinedthat the marginagainstpipe failure is at
least8 (KWUconfiguration).However,usingtheyieldstrainasan indicationof nominalcapacity,it
was found that the excesscapacityfor the pipematerialis at least4. Similarly,for the struts,the
marginagainstfailure based on loadlevel aloneappears to be at least 8, since no struts failed
even at 800%SEE. For ttle snubbers,the same margin is about3 becausesome malfunctions
occurred at that level. Taking into account overdesign and comparing the actual forces
experiencedby a particularsupportwith its capacity,the lowestmarginforsnubbersis foundto be
about 2, and for struts,on the orderof 6. Finally,making allowancesagainfor overdesign,the
SHAM tests show that the margin for the overall piping system is at least 4. This clearly

' demonstratesagainthe ruggednessof pipingsystemswhen subjectedto the seismic loading.

5. Discussions and Conclusions

The high level vibrational/seismicexperimentsat the HDR have provided much useful
informationand insight concerningthe behavior of reactor systems, piping, and components.
Thus, in the SHAG experimentsthe reactorbuildingwas tested to incipientfailure, as indicated
bothby measurementand probabilisticstructuralanalysis,demonstratingthat even structuresnot
designedfor earthquakeloading haveconsiderablecapacityto resistsuchloads. The data show
that as loads are transmitted from the building to equipment/pipingconsiderable response
amplification(upto 20times in the SHAGtests)maybe expected. Also nonlineareffects, suchas
inlpacts,mayshift the responsespectrato significantlyhigher frequenciesthanthose contained
in the excitation proper. The soil-structure intei'actionphenomenaat the SHAG load levels'
(approximatelyequivalentto SSEloads)were inherentlynonlinearas indicatedby strong rocking
modefrequencyreductionand simultaneousincreasesindamping. Hence,in anycomputational
modelingof soil-structure interactionresponse it is essential to includethe nonlinear effects,
suchas the reductionin soil stiffnessand shearmoduleswith increasingdeformations•

The SHAG experiments also demonstrated that piping systems with well designed
compliant dynamic support configurations perform as well as those with stiff support
configurations, lt was also found that snubber replacementdevices (energy absorbers and
seismicstops)performaswell assnubbersin limitingpipe stresses• Thesefindingswere further
amplified in the SHAM test serieswhere six different support configurationswere subjectedto
seismic loadsexceedingdesign levelsmanyfold. In the lattertests it wasalsofound that there is
no correlationbetweenthe numberof supportsand pipe stressesas longas the supportsystem
is properlydesignedfor the given seismicinputspectrum.

The SHAMtestagainestablishedthat piping isvery ruggedin resistingseismic loadsand
thatinspiteoi _ignificantlocalpipeplastificationand multiplesupportfailures,there is no dangerof
pipe failure durinu ihe limited numberof high loading cyclesoccurring in a typical earthquake.
Similarlyrigid strutswere found to be very strong; none of them failed in the tests inspite of the

'i



fact thatsomeof themexperiencedsix-foldoverloadsrelativetotheir nominalcapacities.Failures
and malfunctionsdid occur in snubbers,some at loads less than three times their capacities.
However,the failures of individualsupportsdid not necessarilyresult in loadincreasesat other
supports and/or pipe stress increases. The overall margin or excess capacity for the piping
systemwas foundto be at leastfour,

A detailedandcarefulevaluationof pipedampingup to loadlevelsof 400%SSE resulted
in an overall systemdamping of approximately4%. This indicates that pipingdampingvalues
Jsed in currentcodesand standardsareconservative.On the other handsomeof the proposed
pipe dampingvaluesthat are basedon extrapolationfromlower leveltests appearto be too high.

Finally, extensivecomparisons betweenmeasurementsand both linear and nonlinear
calculations showed that considerable scatter can be expected in the prediction of pipe
response. Further calculational procedures, whether they be design or best estimate
calculations,are not necessarilyconservativein predictingpeak responses. In particular,peak
supportforces maybe significantlyunderpredicted. In general,the best predictionsare for pipe
stresses which govern the piping design and the inherentconservatismsbuilt into the design
process assure that piping systems are ruggedlydesigned and in no danger of failing under
seismicloads.
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Fig. 5. Comparisons of Building Responses, SHAG Test Measurement

Versus Computed for Earthquake.
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