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Sources of uncertainty in the seismic design of

submerged free-standing racks

Alberto Gonzalez Merirf*, Luis Costas de la Petidrturo Gonzale
®Equipos Nucleares, S.A., Avda. Juan Carlos | / 8jdfio 39600, Spain
®University College Dublin, School of Civil Enginigy, Dublin 4, Ireland

Abstract

Free-standing racks are 5 m tall structures ttoae ftpent fuel removed from the nuclear power cgamt the depths of a spent
fuel pool. Rack units are arranged on the floohef 12 meters deep pool separated by only a fewnceters. Their response to
an earthquake event is a troubling safety issub@sare in submerged and free-standing conditiBash a seismic analysis
deals with a highly nonlinear behavior, a transigyiamic response and a fluid-structure interacfiosblem. To overcome

these difficulties in a cost-effective manner, therent analysis methodology implements the hydnadyic mass concept in
commercial finite element analysis software. Howegeme dispersion of results still exists in tipglacation of this ad-hoc

methodology. This paper reviews the seven majorcesuof uncertainty inherent to the current analyséthodology together
with the main challenges of the seismic analysis.
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1. Introduction to the rack context

Spent fuel storage racks are tailored stainlegs steictures made up of an array of storage cefisy are used
in the first step of the waste management proahssng the wet storage of the radioactive spent fithin the
spent fuel pool. Rack units rest free-standinglenftoor of a 12 meters depth pool and separatednby a few
centimeters to fit within the pool dimensions (Fiy. Recent high density racks include neutron-diisg materials
to reduce the critical distance that allow puttthg fuel assemblies closer and maximizing the g@pacity of
each rack.
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Fig. 1. Location of free-standing racks within el spent fuel pool



When racks are subjected to an earthquake, thesriexyge displacements and forces on supports étatrdine
their final arrangement and design. Nuclear regujafuthorities classify racks as seismic catedgayd perform
safety reviews according to the OT position pagé¢rthe U.S. NRC Standard Review Plan NUREG-08(QGf
the ASME code. A complementary compilation of tlesvfbasic guidelines have been published by Ashdr an
DeGrassi [3] and DeGrassi [4].

The seismic analysis deals with a fluid-structurieriaction problem, a very highly nonlinear behadad a
transient dynamic response. These challenges hese tvercome thanks to an ad-hoc methodology, dmes
uncertainties remain and cause scatter in thetsedRéal safety margins are extremely difficuliptedict, so the
nuclear regulatory authorities request further istaids part of the approval and licensing process.

This paper summarizes the state of the art andowvegrthe understanding of the underwater seisrajmorese of
storage racks, by identifying and discussing thees of uncertainty inherent to the current anslygthodology.

2. Challenges of the seismic analysis

The seismic design of a free-standing rack facetbomplex physical phenomena as described by Sotk
Singh [5]:

 Fluid-Structure InteractiofFSI). The underwater conditions determine the dyinaesponse of the racks and
fuel assemblies. Hydrodynamic forces arise at teebmundary when the system of racks undergoesiétan
motion. These inertial fluid forces couple rack#&sinwvhich otherwise were independent.

« Highly nonlinear behaviorThe seismic load causes large displacementsga&lng, rocking, twisting and
turning), which involve energy dissipative effestech as friction and damping. In addition, this bomation of
displacements may cause impacts among racks oebetthe fuel assemblies and their storage cels@ he
singularities lead to nonlinearities to the pohwttMoudrik et al [6] show that the first mode fuegcy of the
rack decreases when the excitation level increases.

» Transient dynamic responskhe response of the rack system cannot be obtaisiag modal superposition due
to the inherent nonlinearities. Hence, the dynaamilysis can only be performed through a time-hjsto
simulation with direct integration of the equatiafanotion in the three orthogonal directions. Timsthod
requires iterative step-by-step algorithms thatcamputationally very expensive. The entire seisenient is
discretized into numerous small time steps whespldcements and rotations are calculated througbdkic
equation of motion:

[ )} + [CRu)} + (K Ru)} = {F ¢} )

where M], [C] and K] are the mass, damping and stiffness matriceseo$tructural system respectively and
{u(®)}, {u()} and {U(t)} are vectors containing the translational an@itional degrees of freedom of the
structure and their respective velocities and &tatbns. £(t)} is a vector containing the time-varying forces
applied at each nodal degree of freedom.

3. Current analysis methodology

In their licensing efforts, industrial designerardone computer-aided Finite Element (FE) analysith wthe
hydrodynamic mass concept to perform this seismadyais in a cost-effective manner. This schemsciieed by
Zhao et al [7, 8], generally accepts the followtgservative assumptions:

* The earthquake is characterized by large accedasaturing short intervals of time, so water vdlesiremain
limited. Thus, Dong [9] states that fluid dampirgutd be neglected.

* Relative rack displacements remain small comparetininal water gaps. Hence, fluid coupling forces be
calculated once at the initial arrangement and &epstant for the entire analysis duration.

 Structural damping is consistent with 5% of théical linear viscous damping.

» Fuel assemblies rattle in phase within the stocagls. Their dynamic effect can be representedutina single
assembly with the combined mass at the correspgrudintroid.

« Water is assumed inviscid and incompressible. T fow satisfies Laplace’s equatioW’(p=0).



4. Sour ces of uncertainty inherent to the current analysis methodology

Following the thoughts of Bathe [10], the uncertgiaxisting in the racks seismic analysis can tebated to
seven different sources [11]: ‘Accuracy of inputala‘conceptual and mathematical modeling’, ‘fanielement
methods’, ‘large displacement analysis in 3D’, ‘@t and friction conditions’, ‘hydrodynamic magspeoach to
fluid-structure interaction’ and ‘numerical intetjom of the dynamic equation’. These sources arewed next.

4.1. Accuracy of input data

Accurate input data are rarely, if ever, availablere is always a degree of uncertainty associtdeithe
variables defining the scenario. Any type of measwnt contains deviations from reality due to samgpl
modelling and instrument errors. Queval et al [A@}§1 Champonier et al [13] show the importance i3f igsue in
rack seismic analysis where critical input datduding friction coefficients, Rayleigh damping cbeients, fuel
loading distribution, clearance between racks, lacagon time-history, etc. are stochastic variablurthermore,
the radioactive ambiance on site prevents measutecaenpaigns that would contribute to reduce theettainty
associated to the real conditions.

For instance, the experimental work by Rabinowib4] [demonstrates that the values of the frictioafficient
for stainless steel-to-stainless steel contactnideowater conditions may lie in a wide range bodnbg values
from 0.2 to 0.8. The seismic loading is even moneeutain, i.e. a given design response spectraezahto a
boundless number of ground acceleration-time stotieorder to address the latter, the designéoisl the Power
Spectral Method to create a set of synthetic hissathat meet the criteria of statistical indepeme@eand envelope
the target design response spectra and a targetrpectra Density function.

The impact of these stochastic variables in thes@ehavior cannot be known a priori. A probabdistnalysis
would be worth to accurately assess the bound$i@frésponse and to gather a better understandinigown
uncertainties propagate from the input data toothtput results when real conditions differ fromdbaoeflected by
the inputs.

4.2.Conceptual and mathematical modeling
The modelling process (Fig. 2) is the biased tranmsétion of the reality under study into a manadgab

simplification. The usefulness of the simplificatidepends on its capability to predict the realavedur but not
upon its completeness or complexity.
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Fig. 2. Modeling process. Adapted from Oberkamgfl¢15] based on the work by Schlesinger [16]

Conceptual models are imperfect abstractions infted by our personal belief about the governingnelgs
and dominant factors. Their only purpose is to arsiive analysis questions so physical details eafiltbred out
in areas of low interest if irrelevant to the asédyprocess.

Mathematical models are the consequent translationthe language of mathematics. They set thetitotige
relationships to approach the structural behauibrough continuum mechanics theory. They generatijude the
classical theory of materials and beams as wethascomplete specification of the initial conditsprboundary
conditions and auxiliary conditions defining thetizd Differential Equations (PDES) of the system.



Consequently, the features of the model are infladrby the analysis features. For instance, Hiredetlal [17]
employ two significantly different models in theckaanalysis. Fig. 3(a) shows an example of a vestaitbd
structural model aimed to derive the dynamic progerand to check local instabilities and finakistatresses. The
seismic model of Fig. 3(b) only target dynamic Is@adhd displacements, so it incorporates simplificatto reduce
the computational effort of transient calculatiohsnust be noted that the most basic transienlyaisaof a 2-rack
pool can last for 3 hours in an Intel core i3 psse.

N
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Fig. 3. (a) Detailed structural model; (b) Sim@diseismic model

This simplified seismic model represents the raskaa3D wired model. The ensemble of storage cslls i
represented through a unique vertical beam, theaksemblies are grouped in a collinear verticalnipewhile the
base plate and rack feet are shaped as rigid bokhés model is compatible with the motion of freleanding racks
and maintains their principal dynamic properti¢ss lable to simulate the rattling of the fuel asbées inside the
storage cells and the eventual lift-offs with suhsnt impacts of support pedestals with the poefli

However, there are some remaining uncertaintietscéua affect the rack motion. Among others, the mearby
which the masses are lumped to nodes, the replicafithe higher vibration modes, the surface ihistion of the
hydrodynamic coupling force, the stiffness of tleuped fuel assembly, the inertial contributiorthe water mass
between the storage cells, the application of dia&l input, etc. Being aware of the advantages @&atldantages,
accuracy and range of applicability of each modekay for an accurate design and assessment. Bampd, in
order to avoid acceleration discontinuities, Lealdfl8] recommend the use of the acceleration-taiseory rather
than the displacement-time history as a seismiatinp

4.3.Finite Element Methods

Building an appropriate model is only the firstpstef the analysis process. Models may be too coxtpldind
an analytical solution. They often involve multimlegrees of freedom coupled through differentialagigns in the
time-space domain. Hence, the continuous modedniemglly discretized into elements of simple geoyitat can
be addressed through computational analysis. Tyisigal concept is the so-called physical FE metfde finite
elements are then assembled according to the afigmodel by coupling displacements and rotations of
concatenated nodes. When the level of discretizatind the connexions are appropriate, the FE madel
considered to be a reasonable approximation oddh&nuous model.

FE methods influence the analysis of the racksesysThe height of each rack is discretised in s#vawdes
where the system connexions are applied (Fig. dnped masses, hydrodynamic forces and fuel contaets
established at those levels. The discretisatioor edecreases with the number of considered leumis,the
computational time increases. Beyond a certainl lef/eliscretization, a finer mesh may not nece$gaasult in
greater accuracy.



Fig. 4. Finite element model of a 10-racks poohwtiteir multiple connexions for seismic assesmenp@se

FE methods also deal with the stability of the nrioa integration algorithm, the approximations of
mathematical singularities, the consistency ofdiserete equations with the PDEs and the differemecezones of
influence between continuum and discrete systemesgective of the accuracy in the numerical cakiohs, the
resulting convergence and error characteristich®fFE equations can be determined through the/sisalf the
ordinary and PDEs created during the Taylor sexigmnsions.

4.4.Large displacement analysis in 3D

The analysis of large displacements becomes arcatdr task when the successive finite effects at n
commutable. Unless the equations of motion are Il&ameously solved in the three dimensions, nontinea
displacements will not be accurately predictedsTigsue poses a great challenge in the mathematiogbutation
and leads to incremental equilibrium formulations.

Different formulations have been developed to cohniee computational mesh to the deforming contmuu
Bathe et al [19, 20] point out their differencegarling the reference configuration that is usedtfacking the
boundary conditions and the linearization of theémental equations of motion.

In the Lagrangian algorithms, the initial configtima is used as reference so each individual nddkeomesh
follows the associated material particle duringiomtlt is mainly used in structural mechanics siitcallows an
easy tracking of the boundary conditions and fadéis the treatment of materials with history-dejeen
constitutive relations. However, these algorithnmesyriead to constant re-meshing operations. Thesessand the
PDEs solving on the moving reference may becomepatationally too expensive in three dimensionsthe
Eulerian algorithms, the reference correspondshto last calculated configuration. After each tinteps the
computational mesh is fixed on a simple Cartesiad. d(Hence, the Eulerian formulation turns the getrim
problem into a PDEs problem adapted to deal with tliscontinuities and nonlinearities typical of gar
deformations and topological changes. Finally, Anbitrary Lagrangian-Eulerian (ALE) algorithms comé the
best features of the two previous formulations:adigms are related to a fixed coordinate systenindua load
increment and updated immediately after. It alldwshandle greater distortions of the continuum tharuld be
allowed by a purely Lagrangian method, with momhetion than is afforded by a pure Eulerian apphoa

Free-standing racks are called to undergo largalatisments namely sliding, rocking, twisting anchiing, so
the algorithm has to deal with these large disptem#s and the mobile boundaries. However, sincksraaly
experience minor structural deformations and theemeolume is replaced by the hydrodynamic massept) the
Lagrange formulation is the most suitable to martii@se displacements.

4.5, Contact and friction conditions

Contact takes place when two independent surfacehteach other. A contact is a singular discoittinuhich
represents a “changing-status” form of nonlinedatgely affecting and ill-conditioning the stiffs® matrix of the



system. Hu [21] states that the convergence diffesiderived from these sudden changes in acdmaraelocity
and stress fields significantly increase the commpaal cost. Furthermore, contact events add akuecertainties
to the analysis including the prediction of therppaif contact, the orientation of the contact ndrrtiee stiffness of
the deformable surfaces and the associated friefii@ets.

Contacts represent the main source of nonlinegiitieacks seismic analysis as they bring discaittés in both
forces and displacements. During the transientyaizalfuel assemblies rattle within the storage oeanwhile
vertical contacts appear and disappear at thegatigport due to its rocking behaviour. Moreovateral rack-to-
rack and rack-to-pool impacts can happen. Howaweither the real contact surfaces nor their oriertavector
cannot be accurately represented in the wired mafdelcks. Only node-to-node linear contact elemané used in
the potential contact locations. For instance, wifthysical gaps as fuel assemblies-storage ealk face-to-rack
face, pedestal-to-pool liner and rack-to-pool waliese contacts are generally simulated by meaosropression-
only spring elements with gap capability which pdevfor opening and closing interfaces without srarssion of
tensile normal forces.

Several contact formulations have been developednsure compatibility at the contact surface. i)
represents the Normal Lagrange method which erdanogpenetration. The contact status is therefdrieary step
function (i.e. either open or closed) arising ecdiginuity that makes difficult to achieve converge. In order to
overcome this concern, designers generally uspehalty-based method of Fig. 5(b) to avoid the stegnge and
facilitate convergence. It allows some slight pesiéin leading to a perfectly elastic impact wh#re reaction
force ranges from zero just before the impact t@r mefinite when contact occurs. The stiffness ficieints have
been studied by Oh and Ryu [22] for the fuel asdiemiand by Stabel et al [23] for the pedestal. éhergy
dissipation is generally enforced but its consesmahas not been showed yet.
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Fig. 5. Representation of two possible contact fdations in ANSYS [24]: (a) Normal Lagrange Methghl) Penalty-based Method

After the contact event, the two solids are notlstand may slide relative to each other along theriace. A
frictional force opposite to the movement appeartha point of contact. The frictional force isaftapproached
through a basic Coulomb model ignoring the differebetween static and dynamic friction. Frictioal@ments
behave as stiff springs until the force reacheisnétihg value equal to the specified friction caeiént times the
normal force. Low values of the friction coeffictsrat the interface pedestal-to-pool liner lead f@reponderating
sliding motion whereas high values push to a ragkiehaviour. Hence, a conservative value of frictannot be
prescribed a priori and separate analyses arelyggaformed to consider a maximum sliding case amadaximum
rocking case respectively.

4.6.Hydrodynamic mass approach to Fluid-Structure latgion (FSI)

FSl is a key factor in the dynamic analysis of brsarged structure. In addition to the buoyancyie&irforce,
fluid forces appear at the wet boundary when tha fllolume undergoes transient acceleration. Tleses are
derived from inertial effects of the fluid self-nsa®uring an earthquake event, both fuel assemafidsacks units
vibrate inside the water volume. Therefore, hydradyic forces are established between the fuel ddiEsrand
the storage cells, between the faces of the raukshee pool walls, and between the racks themselves



These hydrodynamic forces are directly proportiotmathe exposure area and inversely proportionath&o
clearance, so their importance is given by the gaomand arrangement of the racks. In generalatba of a rack
face is in the order of 10 rand they are separated by relatively small wasmsg(in the order of 50 mm).
Consequently, the relative accelerations betweek waits produces a large fluid pressure within weger gaps
which somewhat couples the dynamic behaviour ofwthele rack system. As a result, the natural fregies of
the system differ from those of a single rack.

This FSI could be approached through full 3D tueltilNavier-Stokes equations, but computational tivoeld
often make them prohibitive. Therefore, industdakigners assume some cost-effective simplificationwater
behaviour, ignoring fluid damping and sloshing effe and resort to the hydrodynamic mass concepthwtheats
the water as a virtual extension of the structlités approach replaces the external inertial efiéthe surrounding
water volume by an added mass changing the eftectiass of the system as detailed by Chung and {28$n
Thus, Equation (1) becomes for the rack structure:

M+ i)+ [t} + [<ule) = {F ) o

where the added matrix [ga.J is referred to as hydrodynamic mass matrix amqasents the mass added to
each rack itself (diagonal terms) and the coupkffgct among the system elements (off-diagonal $grihis
matrix affects each element individually by addéamgequivalent mass to each element.

The evaluation of the hydrodynamic masses is rnotvil task. Analytical formulations have only beéound
for simple configurations on the assumption of #&eptal fluid flow. For instance, the work by Frif26] in two
coaxial cylinders in 2D, Yang and Moran [27] in twoaxial hexagonal cylinders, Soler and Singh [B8jwo
coaxial squares in 2D, and Ren and Stabel [29vindoaxial rectangles in 3D. More recent Computetid-luid
Dynamics (CFD) studies by Stabel and Ren [30] @éidhese formulations when amplitudes of osailtatiabout
the concentric position remain small relative te thuid gap.

Even if these formulations have been traditionajplied to the racks system, their more compleargement
has been subject of specific studies carried oMbyeira and Antunes [31, 32, 33]. However, designemefer
numerical approaches based on the Boundary Elektetiiod (BEM) where boundary conditions are giverthoy
acceleration of the in-water structures. Everstiné Henderson [34] directly solves the pressutd fiéa potential
flow through the Helmholtz equation whereas RarmgEb] solves it for a Laplacian flow. Champoniéraé [36]
apply a thermal analogy with the steady-state beadluction phenomena.

4.7. Transient analysis and numerical integration of #ggiation of motion

Dynamic analyses involve inertial and damping fer@nd require the resolution of differential eqoadi
involving time-dependant variables. When simple rapphes are not adequate, it is necessary to inapiem
numerical methods to integrate the equation of omotiThese direct integration methods performs titera
calculations to solve the equation of motion wiithité precision at a series of discrete pointspacg and time
which are small relative to the loading duration.deneral, they are not very sensitive to roundeofbrs, but
truncation errors are committed during the serigmasions. Hence, the accuracy of the solution i#gpeo some
extent, on the effectiveness of the numerical netho

The transient analysis is the major issue of tlekgaeismic analysis. Rayleigh damping coefficiestisuld be
treated with caution. Stiffness-proportional dangpgiould not eliminate important high-frequency emavhereas
mass-proportional damping is not justified sincecauses external forces reducing the base sheasefemic
loading.

In addition, their nonlinear behavior rules out thedal superposition method and forces the dirgegration of
the equation of motion. Multiple step-by-step altfons are available in the literature, but the Ergfep, implicit,
unconditional stable methods are the best suitedathe rough accelerations of racks. This caiegncompasses
algorithms developed in the last 50 years as Newrf&#], Wilson et al [38, 39], Wood and Bossak [48lpha-
method of Hilbert, Hughes and Taylor [41] and te@eralized alpha-method of Chung and Hulbert [diB\wever,
only the most common algorithms are implementethéncommercial software. They allow to introductfiaial
numerical damping through controlling external paeters to dissipate energy of the spurious highguieacy
oscillations. It enhances the numerical robustsess the numerical noise and overshoot effectsesteced. This



algorithmic damping property is function of theatgnship between the time step and the naturabgheand
ensures adequate dissipation when affects the higitees without impacting the lower modes.

For linear systems, these time integration schelmawe been thoroughly studied. Andujar et al [43hpare
their features and state that the higher accuritiyessimulation, the lower becomes the stabiligydf In general, it
was shown that the convergence, the stability dred accuracy directly depend on the time step paeme
However, in geometrically high nonlinear problenssia the case of racks, the behaviour needs toabefutly
examined. Belytschko and Schoeberle [44] prove digabmic simulations may become unstable even wisérg
methods that are unconditionally stable for linstuctures. Rapholder and Wunderlich [44] staté tiwalinear
simulations are stable only when there is no amltfti energy blow up due to numerical charactesstitence,
Krenk [46] recommends specific studies to checkettier in the conservation of energy and find thstlsettings.
Examples of adaptive time stepping procedures ®iithr propagation estimators for nonlinear systémge been
proposed by Xie and Steven [47, 48] and Chang [49].

5. Conclusions and future work

The usefulness of any assessment depends on theaega@and reliability of its output. The propagatiof
uncertainties plays a predominant role in the itansanalysis at hand, because the outputs atrideof a calculus
step are taken as initial conditions for the folilogvstep. The uncertainty accumulated all overdhgiages may
affect the final outputs in an unpredictable maniidris paper has reviewed seven sources of unogrttiat the
practitioner needs to be aware of when carryingaosgtismic analysis of spent fuel storage rackdh€&usteps seek
to evaluate the outlined sources of uncertaintytangrovide error estimates and an error bouncayigobabilistic
analysis and an experimental validation with dadanfa novel 2-rack physical model testing campaign.
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