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ABSTRACT

This report presents the results of a literature review on spent fuel rack seismic analysis methods ana
wodeling procedures.  The analysis of the current generation of free standing high donsity spent fuel racks
requires careful consideration of complex phenomena such as rigid body sliding and tilting motions; impacts
between adjacent racks, between fuel assemblies and racks, and between racks and pool walls and floor; fluid
coupling and frictional effects. The complexity of the potential seismic response of these systems raises questions
regarding the levels of uncertainty and ranges of validity of the analytical results.

BNL has undertaken @ program 1o investigate and assess the strengths and weaknesses of current fuel
rack seismic analysis methods. The first phase of this program, #volved a review of technical literature to identify
the extent of experimental and aualytical verification of the analysis methods and assumptions. Numerous papers
describing analysis methods for free standing fuel racks were reviewed. However, the extent of experimental
verification of these methods was found 10 be limited. Based on the information obtained from the literature
review, the report provides an assessment of the significance of the issues of concern and makes recommendations
for additional studies.
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coupling force. Tn addition, sonie of the French experimental work indicated that the theory provides reasonably
good agreement with test measurements. Therefore, further analytical studies in this area do not appear

NECESSArY.

The lirermture review found that analytical studies into the significance of multiple rack interaction effects
suggedt that current single rack avalytical models may underpredict seismic response.  Analytical studies into the
treatment of friction have indicated that the current practice of performing analysis for only u and lower
bound values of friction coefficient may not provide bounding responses. BNL recommends that further
unalytical studies be carried out 1o nvestigate the safety significance of these modeling methods and determine
whether revised methods are needed. BNL also recommends that parametric studies be performed 1o test the
sensilivity of response 1o variations in other modeling parameters and assumptions (¢.g., impact stiffness, damping,
fuel assembly representation, cte.). These studies will provide additional information (o define appropriate
miodeling practices and will identify sensitive arcas for which additional testing is needed. 1t is anticipated that
these studies will belp identify and quantily conservatisms us well as potential weaknesses in carrer! analysis
methods,
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1. INTRODUCTION

Spent Fuel Storage Pools were originally
designed 10 provide temporary storage for tuel until
it eould be sent 10 a reprocessing plant. Most pools
were built 10 scoommodate 1173 core of spent fuel
in steel storage racks. The racks were typically of
open lattice construction with large center-to-center
spacing between storage cells 1o ensuie suberiticality
of fuel, The racks were typically anchored to
embedments in the pool fioor and often braced 10
the pool walls,

In the late 1970°s ine ULS. government
sunounved thy indefinite suspension of spent fuel
reprocessing.  Utilities were required to provide for
witerim storage of their speot fuel until facilities 10
permanently store nuclear waste material became
available. One of the most cost effective ways 1o
provide for additional Tuel storage was by increasing
the capacite of existing fuel pools. This could be
accomplished by replaciug the original storage racks
with high density fuel racks. These racks were
designed 1o provide maximun storage capacity by
minimizing the spacing between storage cells. In
order 1o maintain subcriticaliy, neutron absorbing
materials were built into the storage cell walls.
Since high density fuel racks were designed as
replacements 1o existing racks, ease of installation
was a eritical gesign requirement.  Radiological
salety considerations, the need for rack installation
in water, and the difficulties of matching rack
supports with existing tuel pool embedments led to
the development and use of the modular free
standing fuel rack design,

The use of high deusity fuel racks placed
additional demands on the structural capacity of the
existing fuel pools.  Both the pool and the storage
racks are seismic Category | structures which are
required to remain functional during operating basis
and sale shutdown earthquake conditions, This
means that the fuel racks and the fuel pool shall
maintain structural integrity so that fuel separation
and leak tight integrity of the pool is ensured. The
seismic analysis of free standing fuel rack modules
requires careful consideration of several compiex
phenomena. A free standing rack module is a highly
nonlinear structure. During an carthquake, the fuel
assemblies can “rantle” inside their storage locations.
The modules can stide on the poal floor and
potentially impact adjacent modules or pool walls,
The racks can tilt and lift off at one or more support
pads with resulting pool floor impacts. The rack
submergence in water further complicates its motion
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and requires constderation of hydrodynamic mass
and coupling effects.

As utility needs for additional spent fuel
pool storage have increased with projected delays in
the availability of permanent storage repositories,
some plants have already undergone a second
generation of reracking. Spent fuel pools which
were originally designed 1o store a few hundred fuel
assemblies are being reracked 1o store several |
thousand fuel assemblics. Some utilities are
planning to consolidate their fuel by using special
containers which can store twice the fuel in the same |
volume as that of a single fuel assembly. The -
inereased loads on the fuel pools can be expected to ‘
reduce the original design margins.

The uncertainties associated with the
complex ponlinear seismic fuel rack analysis has
been & source of concern to NRC reviewers for .
some time. 1o 1987, intervenor groups challenged
the adequacy of the seismic analysis of the Diablo
Canyon high density fuel racks. To address the
concerns, the licensee had 1o perform additional
studies to confirm the original analysis. Tn recent
years, NRC stafl reviewers bave been evaluating bigh
density fuel reracking license amendments in more
detail 10 ensure ample safety margins.  In many
cases, licensees were asked to perform additional
analyses to verify the design caleulations,

In order to assist the NRC staff in
eva'vating future high density fuel rack license
amendments, BNL has undertaken a review and
evaluation of seismic analysis methods to assess the
technical basis, ranges of validity and sensitivity of
the analytical methods used to predict the hehaviot
of spent fuel racks under seismic loads. The first
phase of this effort has involved a literature review
on fuel rack analysis methods with emphasis on
identifying the extent of experimental and analytical
ver dication of methods and assumptions. The goal
of this review is to identify potentially weak areas
that need further investigation and 1o propose
analytical studies 10 assess the uncertainties in
current methods and the need for additional
experimental work. The outeome of this program is
expected to provide better guidelines for future stat!
review of fuel rack license amendments and a higher
level of confidence in the safety of spent fuel storage
Bystems,

This report presents the results of the
literature review and proposes analytical sensitivity
studies. The following three sections describe
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For plants in which selsmic response spectra
are wot available, the necessary dynamic analyses
may be performed using the criteria of SRP Section
37 with ground spectra and damping values based
on Regulatory Guides 160 and 1.61. For plants in
which the seismic response spectra are a ailable, the
new tack system may be desigoed using either the
existing spectra and damping values of new spectra
and damping based on Regulatory Guides 1.60 and
161 respectively. The use of existing spectra with
Regulatory Guide 161 damping is not acceptable.

Seismic excitation should be imposed
simultaneously along three orthogonal directions
Peak responses from each direction may be
combined by the SRSS method in accordance with
Regulatory Guide 1.92. If only one horizontal
spectrum is available, the same borizontal spectrum
may be applied along each horizontal direction.

The effects of rack submergence in water
may be tuken into acoount and will be considered on
a case-by-case basis.

Loads generated by the impact of fuel
nssemblies against the storage cell walls should be
considered for local as well as overall effects on the
rack walls and supports as well as for potential
damage to the fuel assenmiblics. These loaws may be
determined from an estimade of the kinetic energy ol
the fuel assembly at maxinwm velocity,  For loads
generated by other postulated impac events, the
licensee should provide the significant parameters
including mass, velocity, and ductility ratio.

Loads resulting from changes in temiperature
distributions on the pool and rack structures must be
considered.  Muximum crane uplift forces must be
considered.  Accident load combinations must
include drops of the heaviest postulated load
including o spent fuel cask and fuel assembly.
Functional capability and structural integrity must be
maintained. Specific load combinations including
leadweight, live weight, norma. and accident
temperature, OBE and SSE and other accident loads
are provided.

The licensee is required 1o provide a
detailed description of the mathematical model
including the methods 1o incorpotate the effects of
gaps, submergence, and sloshing. When pool walls
are flexible, a response spectrum analysis is
permissible if the highest elevation spectrum is used

Technical Basis

and relative motion between pool foor and walls is
considered.

Structural acceptance criteria for each
specified load combination are given in "Appendix
D" Acceptance lim'ts for elastic analysis and limit
analyses are based on the ASME Code Section 111
For impact loading, the ductility ratios 10 absorb
kinetic energy should be provided by the licensee.
Minimum factors of safety against sliding and
overturning of racks must be 1.5 for the OBE load
combination and 1.1 for the SSE load combination.
However, the safety factors need not be et if
either: 7a) sliding is shown 10 be minimal and
impacts between adiacent racks and between racks
and walls are prevented and minimum salety factors
against tilting are met, or (b) any sliding and tilting
motion is contained within suitable geometric
constraints and impacts are incorporated.

The fuel pool structures must be reevaluated
for the increased loads due to the new or expanded
fuc! racks. The pool liner leak tight imegrity should
be maintained or the functional capability of the fuel
pool should be demonstrated.

The materials, quality control procedures,
and special construction techniques should be
described. The sequence of installation of the new
racks should be provided including a description of
precautions taken to prevem damage to stored fuel
Juring construction.  If any welded connections are
made between racks and pool liner, the welder and
welding procedure must be qualified in accordance
with the applicable code.

4. CURRENT ANALYSIS METHODS

To recent years, all spent fuel rack vendors
have been demonstrating seismic adequacy of speut
fuel racks by performing nonlinear dynamic time
history analysis. Detailed methods and modeling
practices vary between different vendors, but the
general approach is similar and can be described as
follows:

A simplified mathematical wodel of a single
fuel rack module is developed using either a special
purpose or general purpose finite element computer
program. The simplified dynamic model would
t pically represent the rack ard fuel assemblics as
two beams with appropriate stiffoesses and mass
distributions.  Noulinear compression-only spring
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with the storage of large numbers of fuel assemblies
in existing pools have required the development and
application of more sophisticated nonlincar analysis
technigues.

A primary issue of concern to NRC staff
menibers responsible for the technical review and
approval of spent fuel pool expansion license
amendments is the high level of uncertainty
associated with current nonlincar seismic analysis
methods. Real margins of safety arc difficult to
predict in any nonlinear system because the response
is not directly proportional 1o the input. In a
noslinear system, a small change in seismic g Jt
level can result in & petentially large increase in
seismic responre. For example, a free standing fuel
rack module may respond linearly 10 a low level of
seismic excitation.  However, at higher excitation
levels, the rack displacement will increase
dramatically when rigid body motions are induced.

A free stunding fuel rack can undergo a variety of
rigid body motions in response 1o seismic excitation,
A rack can slide along the pool floor when lateral
forces are large enough to overcome frictional
resistance at the pool floor inte face. Overturning
moments can cause a rack 1o Lt and momentarily
lift off v or more supports and then fall buck omo
the poos Leor Significant seismic motion can foree
& rack module 10 4lt gbout two horizontal axes and
pivot around one corner support (torsional motion).
Combined sliding, tilting and torsion may occur
simultancously. During an earthquake the spent fuel
pool assemblics will rattle within their storage cells.
Since the fuel mass is significant, the fuel to cell
impacts will affect the overall response of the rack.
Since the rack modules are in close proximity, they
may impact adjacent racks or pool walls as they
undergo rigid body motion. These impact forces will
further affect the seismic response.

The submersion of fuel racks in water
further adds 1o the complexity of the seismic
aualysis. Whenever a body vibrates in water, the
surrounding fluid is accelerated. This generates fluid
pressures on the body and adjacent structures.
These pressures develop forces which have a
significant effect on the dynamic response of the
vibrating body. In a fuel rack system, hydrodynamic
forces will couple the motion of fuel assemblies with
their storage cells as well as the motion of a fuel
rack with adjacent fuel racks and pool walis.

The multiple nonlinearities of the fuel rack

»
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system combined with the signilicance of rack
submersion require detailed mathematical models
with sccurate delinitions of physical parameters 1o
predict seismic response with a reasonable levl of
confidence. However, computer costs associated
with nonlinear dynamic time history analysis of large
finite element models are much higher than costs
associated with linear analysis of similar size models.
As a result, the avalyst is forced 10 make simplifying
assumptions 1o reduce the size of the model. In
addition, the modeling parameters may be difficult
o define accurately. Recent NRC and BNL
technical evaluations of high density fuel reracking
license applications identificd a number of arcas
where analysis methods, simplifying assumptions or
parameter variability contributed to the overall
uncertainty in seismic analysis results. These areas
of concern were documented by DeGirassi (1989) in
un NRCsponsored study of fuel rack analysis
methods. They are summarized below:

Muliiple rack interaction: Fven though a
spent fuel storage pool may contain ten to twenty
free standing rack modules, single rack mathematical
models have geaerally boen used in seismic analysis
(DeCirassi 19895 However, the seismic response of
any single rack in the pool is not independent of
surrounding racks. Fluid coupling and potential
impact with adjacent racks and pool walls is an
important consideration.  Simplifying assumptions
regarding the motion of adjacent racks must be
made in a single rack mathematical model. The
analyst generally assumes that adjacent fuel racks
move either in-phase or out-of phase with the rack
being analyzed. To justify the assumption, the
analyst may argue that in-phase motion is
appropriate hecause fluid coupling will force all
racks 10 move together or he may argue that out-of-
phase motion is conservative because impact forces
between adjacent racks would be maximized. The
true seismic response probably lies somewhere
between these extremes.  [o-phase rack motion may
be more realistic when all racks in the pool are
identical and equally loaded with fuel but this is
rarely the case. Some limited meltiple rack studies
by Singh and Soler (1991) have suggested that single
rack seismic analysis results may be unconservative.

Fluid Effects: Fuel rack seismic analyses
will generally co<ider the inertial effects of water.
Finite element o ‘els may include hydrodynamic
mass coupling elements which provide added mass
(diagonal) terms and inertial coupling (off-diagonal)
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stadics 10 provide a bigher level of confidence in the
results or demonstrate substantial design marging.
These studies included both single rack model and
simplified multiple rack model analyses 1o
investigate the elfects of variations in modeling
assumptions and input parameters on the resulis.
However, since this process increased both the time
and expense required 1o license the new racks for
both licensees and NRC stall, the need to establish
clearer NRC guidelines and acceptance criteria i
this area was identified. In order to establish these
guicelines, & thorough and systematic investigation
into the validity and strengths and weaknesses of
current analytical methods is needed. The effort
must identify the extent to which the methods are
supported by analytical and experimental data
Areas [ound to be potentially weak can be studied
further by performing analytical studies to assess
their sensitivity. Finally, experimental work can be
performed 1o verify the more sensitive parameters as
well as the analytical methods,

In order to assess the technical basis and
verification of current analysis methods, an extensive
literature review was performed. The review
concentrated on papers published in techuical
journals and conlerence proceeding's in the last
fifteen years. The papers were identified through a
computer database search. Dutabases quericd
included the NTIS, Compendex Plus (Engineering
Index), and DOE Energy Dialog Systems. The
papers were collected and compiied and reviewed
with specific emphasis on ideniifying the extent of
experimental and ana'ytical verification of the
methadologies. The majority of papers presented
seismic analysis methods and modeling procedures
for free-standing fuel racks. Some papers discussed
alternate fuel rack designs and their seismie analysis.
A few poesented experimental data and compared
analysis results 1o test resulte. Some of the
references 10 the papers were also obtained and
reviewed.  The references included analytical and
experimental studies vn hydrodynamic ¢fects and an
experimental study on friction. A list of all papers
included in the revies s provided in Section 8.
Highlights oi the morg significant papers ire given
below

6.1 Sammary of Literuture Review
One of the earliest papers on the subject of

nonlinear dvaamic analysis of spent fuel racks was
published by Habedank ot al in 1979, It provides a

Technical Basis

qualitarive description of the seismic analysis of a
free-standing fuel rack which is not anchored (o the
pool floor or walls. This cack is prevented from
sliding by guide gins at the pool Ooor but is free to
tilt and lift up vertically off the floor. Noulinear
dynamic analysis of simplified 2-D and 3-D
mathematical models was perfortned using the
ANSYS finite element program.  The authors
considered only single rack models because they
assumed that if racks ~f a giveo type are equally
filled with fuel assemblies, their dynamic response
will be comparable and the influence of neighboring
structures will be the same for all. They stated that
model tests with several racks vibrating in waler in
close proximity 10 each other and in the vicinity of
solid boundaries had shown this assumption to be
approximately valid. A sumber of different models
were developed. The racks were represented either
by beam elements or by ANSYS "super-clements.”
lu some models fuel assemblies were modeled as a
separate structure but tuel to rack impact was
apparently not considered. ‘The supports were
treated as {rictionless gap elements with spring
constants representing the local flexibility of the rack
feet. The effect of water submersion wis considered
by increasing the structural mass by the amount of
added mass due to water. With the added mass, the
fundamental frequency was shown 1o be just above
that of the peak of the response spectrum. The
authors presented sample results in terms of
displacement, uplift, support bending moments and
axial force transmitted to the pool floos It was
noved that maximum forces transmitted 1o the racks
and floor occur during the impaci and :¢bound
phase following support foot uplift,

In 1979, Reed et al published a paper whick
discussed the relative merits of alternate fuel rack
systems.  They included a stiff system anchored and
braced 1o the pool, two flexible systems, one of
which utilized peudul im supports and the other, ball
and disk supports, and a force limiting system which
was free to slide and tit. In the force liriiting
system, special materials were used at the rack
support pads to ensure that the coefficient of friction
did not exceed a pre-established value, The authors
stated that laboratory tests were performied lo
establish friction coefficients. A simple nonlinear
two dimensional model of a single rack was
developed.  The model utilized beam and truss
elements 1o represent the rack, and friction and gap
cletents to represem vie rack support paus. Fuel
assemblics were not modeled separately.  Horizontal
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time history {loor motions were input 1o the model.
Pea vertcil aovelerations were included as static
forces and were both added and sulsracted 10 the
rack weight. Runges of friction coelficients between
1 and 033 were considered.  These values
rervosent the mean plus of minus two standard
Geviations from the test results. Typical results were
presentec in terms of shiding and uplift
dirnlacezees  Yor the lowest coelficient of friction,
there was ua vpuft bat the shiding displacement was
highest. £cr tie highest coefficient of friction, the
sbiding dw dacement was a mumiraum and the uplife
WAS @ marimun,

le 1980, Hossain published o paper whiich
previded detailed qualitative discussions of special
analytical problems that are encountered in
performing dynamic analysis of high depsity spem
fuel racks and presented some analytical resulis  He
discussed both anchored and free-standing racks of
the space frame type (storage tuhes connected 1o a
top & d bottom gnd) and the shear panel type
(storage tubes welded together 1o form a honeycomb
structure).  For the shear panel type, he discussed
the merits of equivalem stick models versus detailed
tmite element models with dynamic degrees of
freedom reduced by condensation techniques. He
concluded that both types of models provide similar
results but the equivalent stick model may reselt in a
savings in cost. Hossain recommended that
nonliiear models should use the lowest vialues of
Iriction voelficient to predict conservitive values of
shiding <distance and velocity. The experimental work
of Rabincowicz (1976) which provided upper and
lowver oound velues of 0.8 and (2 was referenced.
Hossain emphasized the importance of
hydrodynamic mass effects by pointing out that
inaccuracies of uncertainties in estimating the added
mass ¢an alfect the predicted response significantly.
Howaver, he stated that rigorous computation of
added mass is impractical because of complex
multiple structure-water interaction.  According o
Dang (1978), the methods commonly used rely on
enginecring judgment derived from analytical and
experim.ntal work oo single structures in an infinite
medium. To avoid underestiniating response,
Hossain recommended that the added mass be
varied within the limits of various approximate
methods such as those discussed by Dong.  Finally,
Hossain discussed the importance of fucl assembly
"rattling” within the siworage cells, Using a simplified
fived base noalinear model wn which the fuel was
modeled as a gupped mass clement, rack response
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was determined for various rack stiffnesses, fuel 1o
rack mass rutios, and meximum input accelerations,
The resulis were compared (o the responsy of
comparable lincar models in which the fuel assembly
mass wis lumped wih the rack mass. 1o all cases,
the ratio 0 nownlines. model to linear model
response exceeded one. Prelimivary results of a
similar study on shiding . acks indicated that the
ratios are smaller, Further study in this area was
recommended 1o reduce the conservatisms in the
nonlinear model especially the assumption that all
fuel assemwblies ratle in-phase.

Durlofsky and Sun (1981) further examined
the effects of impacts between fuel bundles and
storage tubes in bigh density fuel tacks for both
lixed and sliding Yase systems. They developed two
simplifie! o.athematical models of a single fuel
ase. by and storage the. One model considered
the stiffness of the r.ok and fuel, the hydrodynamic
and unpact effects oetween the fuel aud rack, and
potential base slding. The other model neglected
the ipact and aydrodynamic effects and lumped
the mass of th ¢ fuel o the storage twbe which was
current industry practice at that time. Two sets of
analyses were performed on the models. In the first
anulysis, three friction coelflicients were considered:
0,132, 0.2, and infioite (fixed base). The two models
were subjected 10 the same base accelerations and
the maximum loads on the fuel rack were
determined and compared. in the second analysis,
the ratio of fuel mass to rack moss was varied for a
fixed base rack and the maximum rack loads were
compared. The results of the first set of analyses
indicated that for the sliding rack cases, the
maximum load in the impacting fuel model is less
thaa the load predicted by the lumped model.
However, for the fixed base case the impacting fuel
model predicted higher loads.  For the second set of
analyses, the impacting tuel model predicted higher
loads in all cases. ‘the ratio of maximum loads
predicted by the two models increased with the fuel
to rack mass ratio.

Gilmore (1982) presenied a comprehensive
deseription of a nonlinear seisinic analysis of free-
standing fuel racks. A time history analysis of a
detailed two dimensional single rack model was
performed using the modal superposition methods of
the WECAN finite ¢lement analysis program. The
fuel rack model consisted of three-dimensional
beams, two-dimensional rotary springs, genoral
matrix elements, gap elements and friction elements.
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block was tested on a shaker wable. Both sine sweep
tests and scaled down carthquake records were
applied. Two sets of rollers were tested: one with a
small value of offset and one with a larger offset,
Tests indicated natural frequencies of 0.56 Hz for
the .ol offset rollers and 1.18 Hz for the large
offset rollers. The tests showed the devices highly
effective in reducing arcelerations, especially with
the small offset.  biaxial tests showed that verticu!
seismic acceleration had litde effect on horizontal
response.  Slighi tilting of the system did not alter
the system response. A iest of a full size Sx9 spent
fuel module in a test pool was also performed. A
sine displacement was imposed oo the upper end of
the rack at various frequencics. This test provided
informution on dampung and hydrodynamic coupling.
Damping was found 1o be 4% for a fully loaded rack
and 7% for an empty rack. Hydrodynamic coupling
masses were caleulated based on potential flow
theary and from fest results. A comparison showed
that the two values dilfered by less than 10%.

Kabir et al (1987) described the seismic
analysis of existing fuel racks at Millstone | 1o
accommodate a 2:1 fuel consolidation. The fuel
pool contains 32 racks arranged into six "super
niodules” Each super module cottains 6 or 4 racks
welded together by tie plates. The super modules
are free-standing on the poal floor but braced 9
inches above the base against the pool walls, They
are only 1 inch apart at the wp and may impact
ugainst each other. The ADINA finite element
program was used to develop two mathematical
models. A noulinear 3-D model was developed to
obtain global responses. A detailed 3-D model was
developed 1o determine stresses and forees for
structural evaluation. The global model included
four super modules, The heaviest super module was
# corner module and was modeted as three
dimeasional.  Two adjocent supermodules were
modeled in 2-D for interaction in the cast-west
direction. One adjacent moduele was also
represented in 2-D for north-south interaction. The
fuel racks and fuel canisters were represented by
beams. Coupled mass matrices between adjacent
modules and between modules and pool walls
represented hydrodynamic coupling. Nonlinear gap
clements were used between super modules and
between fuel and storage cells. Hydrodynamic
coupling between fuel and cell was deteriained by
the method of Saler and Sivgh (1982). Contact
friction elements were used 1o model possible sliding
and uplift at the support leg 1o poal floor interfaces.
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The model was subjected to three components of
seisimic displacement time history st the pool floor,
Maxi:num forces from the 3-D super module were
applied 10 the detai'sd model 1o obtain stress results
in various components for evaluation. The resulis
indicated super module uplift and impact on the
pool Noor, pressing and disengagement against
lateral restraints, and impact of 0. | canisters on the
cell walls.

Champomier et al (1989) performed studies
1o investigate the possible cut-of phase motion of
adjacent rack modules during an earthquake. A
simplified two dimensional linear model of a row of
five modules was developed.  Three miodels were
fully Joaded und two were hall full. Each module
was assumed 10 be counected 1o the pool floor by
rotational springs.  Hydrodynamic coupling between
modules based on potential theory was included. A
modal analysis showed that the frequencies and
displacements of each module are very similar
because of the hydrodynamic coupling. The authors
concluded that the modules can be expected 1o
vibrate in phase with very limited amplitude and that
the possibility of imipact between adjacent racks can
be ruled out. The simplified study, however,
neglected various nonlinear effects including rack
sliding and tilting and fuel assembly to rack impacts.
The effects on global response have been shown
significant by others. A nonlinear avalysis would
probably have indicated that impacts between racks
can oceur,

Fujita et al (1989) presented the results of
scismic testing and nonlinear seismic analysis of a
Japanese base isolated spent fuel storage rack. The
base isolation system consists of sliding support pads
which rest on the poa! floor liner. The support pads
ulilize graphite pellets to minimize the friction at the
interface. A scale model (12,92 scale) aluminum
rack was fabricated for the test. The scaling ratio
was based on the ratio of elastic modulus of stainless
steel and aluminum. Lead weights were installed in
the rack cells to simulate the added mass of the fuel,
The test model was placed in @ water tank fabricated
on @ 6m x 6m three dimensional shaker table. The
tank was 3 meters long and 1.8 meters high. The
dynamie characteristics of the rack model were
investigated by & detailed finite element analysis,
Based co these characteristics, a simpler beam
model was developed for performing nonlinear
seismic response analysis.  Equations of motion for
the analytical model were developed for translational
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and rotational motion, The equations considered
hydrodynamic elfects and friction. Both static and
dynamic friction coetficients were considered.
Dynamic friction coefficient was specified as a
function of sliding velocity. The seismic response
time history was caleulated by the Runge-Kutta-Gill
method. Tests included sine sweep tests to
determine {requencies and mode shapes of the rack.
Test results compared reasonably well with analytical
results. A series of simulated carthquake tests were
also performed.  Both single direction and three
directional tests were performed. Friction
covllicients were measared and typical values were
0.14 for dynamic friction and 0.15 for static friction,
Fluid added muss and damping effects were also
measured and incorporated into the analytical
model. A comparison of caleulated 10 mcasured
response time Listones showed reasonably good
agreement. The authors concluded that the
adequacy of the analytical method was verified by
the test. For the sliding base rack design, they
concluded that the acceleration ratio of rack
response 1o input decreases as excitaiion level
increases, and that the combination of horizontal
and vertical excitation and f{uel eccentricity does not
have a significant effect on the seismic response.

Ellingson ot al (1989) investigated the effects
of fuel rack wall flexibility on hydrodynamic mass
and coupling. They performed experiments with two
tull-scale welded box sections submerged in a water
tank. The test apparstus consisted of a plexiglass
water test tank with two short sections of thine
walle” three-cell, fuel rack assemiblies mounted in a
horizontal position. One assembly was connected to
a Tinnius Test Machine through a water seal at the
battom of the tank. The other assembly was
supported from above by a mechanical spring. A
sinusoidal input moton was applied.  Frequency,
amplitude, and surface<to-surface gap were varied.
Measurements taken included foree, gap size,
acceleration and water gap pressure. The authors
concluded that preliminary resubs indicated (a) a
reduction in hydrodynamic mass due 10 box wall
flexibility (compared 1o predicted values based on
the methods tescribed by Fritz and Dong), (b) a
lack of impacting of box wall 1o box wall over the
entire frequency range, and (¢) large hydrodynamic
coupling forces under all test conditions. They also
hypothesized that the coupling forces are sulficiently
stropg (o prevent rotations! motion of one rack
when surrounded by adjncent racks,
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Pop et al (1990) presented ancther description of a
three-dimensional nonlinear dynamic analysis of a
single free-standing fuel rack for three orthogeoal
components at carthquake motion, The authors
stute that a rigorous analysis should nvolve the
simultancous solution of ** ~ coupled motions of a
group of neighboring racks 2 fuel assen  ies
vibrating as individual components. Since this is
tedious and computationally impractical, they
recommend that several separate analyses be
performed. These may include a 3-D single rack
analysis 1o evaluate 3-D effects and a 2-D multirack
analysis 10 evaluate multirack effects such a sliding
of two or more racks towards the pool wall and
momentarily piling up against the wall. Their paper
describes the 3-D model but notes that a 2-D model
would be similar. Using the ADINA finite element
analysis program, they develop a simplified stick
model with the rack and fuel assemblies represented
by linear stiffness elements, Gap elements are used
1o model impact between fuel and rack, between
adjacent racks, and between racks and pool wall,
Three dimensional contact elements are used at the
support legs to mode] uplift, sticking and sliding
using Coulomb friction.  All fuel assemblics are
assumed o vibrate in phase. Hydrodynamic
coupling effects between fuel assemblies snd rack
cells are modeled in accordance with the method
described by Fritz (1972). Rack to rack and rack to
pool fluid coupling is calculated on the assumption
that the rack being analyzed oscillates while adjacent
racks remain stationary.  The hydrodynamic mass
matrix was caleulated by potential theory usirg an
ADINA finite element miodel. Potential-based fluid
finite elements were sed 1o model the fluid in the
gaps. The hydrodynamic masses were caleulated
based on initial gaps and the effects of gap reduction
were neglected. Structural damping of 4% was used.
Fluid damping was ncglected. The rack model was
subjected to the simultancous action of dead load
and three statistically independent orthogonal
components of seismic acceleration time histories.
The solution was obtained by direct integration using
the Newmark method. Typical results were
preseuted for a corner fuel rack which was judged to
have maximum impact loads because of its location.
The large gaps adjacent 1o the pool walls will
provide the least resistance from hydrodynamic
effects. A half loaded rack and fully loaded rack
were analyzed.  Coelficients of friction of 0.2 and 0.8
were concidered. Results for the half loaded rack
with friction coefficient of 0.2 were presented. They
indicates that the rack supports uplifted and



impacted the door many times during the seismic
motion.  High impact forces were produced after
each uplift and fallback. Sliding of the rack was also
observed, The fuel assemblies oscillated back and
forth between the opposite walls of the cell. A
comparison of maximum borizontal displacements
between the full rack and the hall full rack showed
that the full rack experienced larger displacements.
The authors concluded that this indicates that the
rack borizontal motion results primarily from fuel 10
rack impact,

8. Singh et al (1990) provided a description
of the same analytical methodology presented by
Pop et al (1990) and presented results of additional
studies which investigated the effects of gap
variation on hydrodynamic mass. Using the ADINA,
fluid finite element model of Pop et al,
hydrodyoamic mass of a fuel rack was determined
and piotted as a function of normalized eccentricity
The normalized eccentricity was defined as the rack
offset from the initial equal gap position divided by
the sum of the gaps. The plot showed that
hydrodynamic mass increases with inereasing
cecentricity but the increase is not large until the
gap on one side becomes very small. For a
normalized eecentrivity of 0.8, the increase is about
$0%. To determine the effect on seismic response,
a nonlinear seismic analysis was performed in which
bydrodynamic mass was inoreased by S0%. A
comparison of impact forces between fuel and rack
and in the support legs showed an average
dillerence of about 15% between the two cases.
The authors concluded that this shows that the
practice of vsing a constant hydrodynamic mass
hased on initial gaps is reasonable. They also
pointed out that in the analysis, damping due to
fluid interaction was conservatively neslected
although studies by Chen et al (1976) showed that
damping for a system with small gaps could be 5%
Gr more,

Singh and Soler (1991) performed analyses
10 investigate the adequacy of single rack analysis
versus multiple rack analysis. They discussed the
intringle inadequacy of a dynamic simulation of ouly
one rack to predict the motion of an entice poot of
rack modules with any quantifiable level of accuracy
because of hydrodynamic coupling effects between
all racks in a pool. In order to quantify these
effects, they performed a whole pool multi-rack
(WPMR) analysis of the Chin Shan spent fuel pool
in Taiwan. These racks had initially been analyzed

13
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by # 2 seismic model. The DYNAKACK |
computer program which uses the component |
clement method discussed by Soler and Singh (1983) |
was used 10 perform a nonlinear seismic analysis of
the entire assemblage of racks (14 modules) in (he
pool with due consideration of fluid coupling effects.
The authors stated that the analysis results indicated
that the presence of water injected a certain
symmetry into the motion of adjacent racks,
although a certain amount of out-of-phase motion
occurs. Comparison with single 1ack 3-D analysis,
however, showed that the single rack results did not
bound the results of the whole pool simulations. T
the Chin Shan analysis which used a friction
coelficient of 0.2, the whole pool model
displacements were 8.5 times those predicted by the
single rack model, Tmpact loads between the rack
support pedestals and pool floor decreased slightly
{rom the values obtained from the single rack
analysis. A similar analysis was performed For the
Oyster Creek spent fuel pool using frictica
coeflicients of 0.2 and 0.8, In that cuse, the WPMR
analysis predicted maximum displacements of 1.4
times the singie rack analysis prediction. The impact
loads predicied by the WPMR analysis were slightly
higher than the values predicted by the single rack
analysis. The authors concluded that these studies
suggest the potential vnconservatism of single rack
3D analyses and indicated the need for whoie pool
multiple fuel rack analysis despite its high cost,

6.2 Review of Hydrodynamic Mass References

lu the seismic analysis of spent fuel racks,
the work of Fritz (1972) is most [requently cited as
the basis for computing bydrodynamic effects. The
Fritz paper developed the fluid coupling equations
for the classical case of 1w long concentric eylinders
separated by a liqgud annuws. The fluid was
assumed incompressible, frictionless, and
irrotational.  Potential theory was applied to solve
for fluid velocity and kinetic energy. Lagrange's
cquation was applied 1o determine the fluid reaction
forces on the inner and outer cylinders. In applying
Lagrange's equation, a simplification was introduced
by assuniing the motion of the solid bodies to be
small with respect to the fluid channel thickness.
The fNuid forces were shown 1o be dependent on the
acceleration of the solid bodies multiplied by
hydrodvnamic mass terms. A generalized procedure
for determining hydrodynamic forces in systems with
two or more bodies immersed in a liquidd was
presented.  Tables of hydrodynamic mass relations
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for single body motions for different geometries and
motions were given. Using the procedure, the data
can be transformed into hydrodynamic mass
relations for multiple body motions.  Additional
restrictions on the provedure require fluid velocities
! be less than 10% of the speed of sound in fuid
and the Now channel length to be less than 10% of
the wave length for peopagating vibratory
distwrbances in order 1o avoid the possibility of
standing wave effects. Fritz also provided some
additional guidance 1o judge when a fluid may be
considered frictionless. Test data was presented for
various consentric eylinder vibration tests,
Comparisons indicated favorable agreement, Fritz
noted that more confirmaticn is desirable but since
the information of the paper was based on basic
principles, the equations should be accurate lor the
specified conditions.

Dong (1978) is another frequently cited
reference for hydrodynamic effects in spent fuel rack
scismic analysis. The author presented information
based an the results of a survey of the literature and
of design methods that were used by industrial firms
at the time, Structures of concern were spent fuel
storage racks, main steam reliel vaive lines, and
reactor internals, The paper presented a summary
af different methods and assumptions used 1o
caleulate added mass and dumping due to fluid
submersion. Dong found that the methods used
were largely based on engineering judgment. The
paper provides an extensive compilation of analytical
and experimental data on added mass and added
damping for single isolated members and for
multiple members, For single isolated members,
Dong concluded that potential theory is adequate
lor describing the added mass phenomenon, Added
damping for single isolated structures decreases with
inereasing structural size and is generally small. For
multiple wmembers, he found that fluid dynamic
effects ure more complex.  ixperimental data was
limited. Dong believed that the concept of added
mass and added damping still applies although the
tormulation is more complicated. Theoretical added
mass coetficients tor arrays of - ibe bundies
compared well with experimental data. Damiping
tends 10 be higher Ghan for single isolated members
and tight spaces between members can increase the
damping measurably, Dong concluded that, in
general, additional experimental validation is needed
and the range of various anaiytical techniques needs
to be established.
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63 Review of Friction Coefficient Reference

Th work of Rabinowicz (1976) has most
frequently  ~on gited as the basis for considering
lower and + -« bound friction coefficients of 0.2
and 08 The friction coetficients were determined
from a series of experiments perfc rmed for Boston
Edison Company to support their design of new
spent fuel racks at the Pilgrim Nuciear Plant. A pin-
on-disk friction tester was used in these experiments,
In this apparatus, the top specimen, the pin, is held
stationary in @ dynamometer while it is pressed
against the rotating disk by a dead weight load. The
angular speed of Jhe disk is adjusied to produce the
desired sliding speed.  The friction force is measured
using u strain gage ring. In these tests, the pin was
304 stainless steel of 14" diameter and 1" in length.
I'wo configurations were tested. In one case, the
end of the pin was 14" diameter hemisphere to
produce point contact. In the other case, the pin
had @ 09 inch diameter flat. When loaded by &
dead load of 2 Kg, this configuration produced the
same surface stress as that of a fuel rack pad of 6"
diameter loaded by 22,000 1b. The flat specimen was
u 304 stainless steel plate of dimensions 2" x 2" x
14", Two different surface finishes were tested. In
these tests the flat specimen was mounted in a cup
and immersed in 2 em of distilled water. Two water
temperatures were used, namely room temperature
and an elevated temperature of 160°-180°F, In some
of the tests fine iron oxide particles were introduced
nto the water to simuiate the effect of corrosion
products in the speat fuel pool. Two sliding speeds
were used. A speed of 4 inches/second
corresponded 1o the maximum sliding speed of a
fuel rack. The other speed, .4 inches/second was
chosen to be two orders of magnitude slower than
the top speed. A total of ten sliding friction tests
were carried out. Nearly all tests were of one hour
duration, During cach test, ten friction coefficient
values were obtained at roughly uniform time
wtervals. In addition, a series of static friction tests
were carried out on surfaces which had been
statior ary for times of 1, 10, 100, 1000, 10,000, and
50,000 seconds. For these tests, the speed applied to
induce sliding was 0004 infsec.

A total of 199 values of friction coefficient
were measured in these tests. Rabinowicz
performed statistical analyses of the data. He first
separated the results of friction ruus which gave high
values from those which gave low values. For the
139 high friction coefficient values, he determined a
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mean value of 562 and a standard deviation of 096,
For the 65 low friction coefficient values, be
determined a mean value of 320 and a standard
deviation of 080, Lumping all values together, be
determined a mean of 503 and a standard deviation
of 125, Based oo limits of plus and minus (wo
standard deviaticas, the upper limit is 753 and the
lower limit is 253, Rabinowicz noted that
temperature and contact pressure had little effect as
did the introduction of won oxide particles. Surface
roughness had some influence in that very rough
surfaces gave somewhat lower friction. Shiding speed
had & major effect, with distinctly higher friction at
lower sliding speeds. Time of stick, however, had
little effect. For fuel vack design, Rabinowicz
recommended that the design be based on [riction
coefficient values between 0.20 and 0,80,

64 Assestment of Methodology
64.1 Analyticul Stuies

A review of the literature revealed that
several papers have been written on the subject of
free-standing speot fuel rack seismic analysis, A
number of inv..tigators have presented descriptions
of analytical models and analysis methods used 10
simulate fuel rack dynamic behavior, The most
detailed descriptions have been provided by Gilmore
(1982), Soler and Singh (1983). Kabir ot al (1987),
and Pop et al (1990). While details of the analyses
varied, the analytical models deseribed by the
different authors had many common features which
are representative of the current asalysis methods
described in Section 4.0 of this report. The
mathematical models include linear and nonlinear
clements. Fuel rack and fuel assembly stiffnesses
and mass distributions are generally represented by
linear beam type elements, Noalinenr gap spring
and Coulomb friction elements are 1sed to represent
interface locations such as fuel to rack cell, support
pad o pool floar, and rack to adjacent rack or pool
wall. Hydrodynamic mass and couplin® effects are
represented by ncorporating added mins terms into
the mass matrix of the system.  Flow models used o
determine the hydrodynumic mass terms assume
incompressible, wviscid flow (potential theory) and
small deflections.  Finite element programs with
nonlinear capability (ADINA, ANSYS, WECAN)
have penerally been used 1o develop and analyze the
fuel rack models, The S '=r and Singh paper
describes an apalytical method i which the
governing egaations of motion are developed and
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solved using a special purpose computer program.

All methods required a seismic time history analysis

with simultancous application of gravity, vertical

saismic, and one or two horizontal seismic input

accelerations or displacements at the pool floor. ‘
Because of the sonlinearities, the direct integration

method is generally used 1o determine the dynamic |
response. Gilmore, however, reported the use of the |
nonlincar modal superposition method of the

WECAN program. Seismic analysis results 1
presented by the authors also showed a similarity of

respouse.  Fuel assemblies were shown 1o rattle and

impact the rack cell walls, the racks had a tendency

to slide and uplilt, and high impact loads were

transmitted 1o the pool floor when a rack uplifted

and fell back,

Differences between the analysis methods
include the degree of detail in the model, methods
for determining the linear and nonlinear propertics,
methods of calculating hydrodynamic mass terms,
ete. Some of the more olwious differences reflect an
evolution of the methodology.  The Gilmore model
was very detailed but was two-dimensional. The
Soler and Singh model had less detail but was three-
dimensional. The Kabir model was a detauled three-
dimensional model of o single rack with adjacent 2-
1) miodels included 10 account for multiple rack
interaction effects. Pop recommended development
of both a single rack 3-1 model to evaluate 3-D
efforts and a 2-D multirack model to evaluste
multirack effects.

The aoalysis methods are based on
fundginental principies of structural mechanics and
dynamics. The authors did not present experimental
data to verify the analytical methods or their range
of validity.

6.4.2 Experimental Verification

Some limited experimental work to verify
the scismic response of fuel racks has been
performed in France and Japan, In both cases, the
tests were performed in conjunction with the
development of seismic base isolation fucl rack
cupports.  Framatome has developed a roller bearing
ascisnue support which significantly reduces the
horizontal seismic forces. MHI has developed a
sliding support pad design which utilizes graphite
pellets to minimize the horizontal friction and thus
reduce horizontal seismic forees.
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He recommended additional experimental work in
this area. Scale model tests of Japanese and French
racks with seismic isolation supporis measured
damping. Bouche-Fillon et al (1983) reported 15%
damping in 1/10 scale model tests.  Alliot (1986)
reported damping values of 4% for a tully loaded
rack and 7% for an empty rack based o tests of a
ful! size Sx9 rack.

Load Cases: Most fuel rack studics have
considered cases of a fully londed and half loaded
racks with a lower bound apz an upper bound
friction coefficient. Gilmore (1982) reported that
maximum pool floor loads and fuel impact loads
result from the fully loaded case with maximum
friction coefficient. Maximum rigid body sliging
motion results from the fully loaded case with
minimum friction coefficient. Soler and Siogh
(1983) reported that maximum full rack
displacements occurred with the highest friction
coeflicient. They explained that this was due to the
rack's greater tondency 1o stick and pivot about a
single support foot. Their hall loaded rack showed
even greater displacements which they also
attributed 1o rigid body rorations about the vertical
axis. Pop et al (1990) also analyzed full and half full
racks, but reported maximum displacements for the
full rack case with lowest friction coelficient, The
differences between the different investigator's
results seem to confirm the difficulty in establishing
general rules for defining bounding load cases.
Further investigation into this area may be desirable.

Fuel Assemibly Representation: Several

early studies have investigated and demoustrated the
importance of modeling fuel "rattling” effects as
opposed to the earlier practice of simply including
the mass of the fuel as part of the rack. Studies by
Hossuin (1980), Durlofsky and Sun (1981) and
Harstead et al (1983) concluded that fuel to rack
impacts have a significant effect on the overall rack
response and generally increase rack loads. The
analytical methodologies presented by Gilmore,
Soler, Kabir, und Pop included "rattling” fuel
assenibly represeatations connected to the rack by
nonlineas gap spring elements.  Fuel assemblies were
typically modeld as single beams based on the gross
assumiption that all fuel assemblies vibrate in phase.
Gilmore's model was slightly refined with a two
beam representation of the fuel. Soler's model was
the simaplest. Half of the fuel mass was included as
o single rattling mass at the top of the rack and the
other half was included with the rack base mass.
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There were no direct comparisons of the different
modeling techniques. The single beam rattling fuel
model appears conservative.  Furibier investigation
would be needed to justify less conservative models.

% RECOMMENDATIONS FOR
ADDITIONAL ANALYTICAL STUDIES

This literature review has identified
numerous technical papers describing analytical
methods for determining the seismic response of
spent fuel racks. The methods are based on
fundamental principles of structural mechanics and
dynamics. However, experimental verification of the
accuracy of the methods is very limited.

Shager table testing of full size and scale
model spent fuel rack components has been
performed in France and Japar  The tesis were
limited and geared primurily toward the
development of seismic base isolation support
designs. The Japanese sliding support pad rack
design appears to be similar to U.S. free-standing
rack designs. The test was limited in the sense that
it included only a single scale model fuci rack in a
pool of water 2ad it did not include "ratting” fuel
assemblies. Furthermore, the friction coefficients at
the support pads were designed to be as w as
possiblo. Nevertheless, this test was the wosest
simulation to =) actual fuel rack seism. test found
in the literature. The Fujita paper did not include
sufficient details of the design or test parameters
for correlation to an independent analysis. If the
detailed test data could be obtained, some limited
analytical correlation studies could be performed.

Based on currently available information, it
appears that additionsl experimental programs
would be needed to verify the adequacy and
determine the ranges of validity of current analysis
methods for predicting the seismic response of free
standing spent fuel racks. However, before
procecding with a test program, additional analytical
studies are recommended to provide a better
undesstanding of the issues of concern. The
objectives of the analytical studies would be:

]: To investigate the seasitivity and stability of
response to variations in modeling
parameters, methods and assumptions. The
results of the sensitivity studies would be
useful both in defining conservative methods
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0. SUPPLEMENTARY NOTES

1 ABETRACT (200 woro: o0 les

This report presents the resalts of a literature review on speat tuel rack seismic analysis methods and
modeling procedures. The analysis of the current generation of free standing bigh density speat fuel racks
requires careful consideration of complex phenomena such as rigid bady sliding and tilting mutions; impacts
between adjacent racks, between fuel assemblies and racks, and between racks and pool walls aud floor; fluid
coupling and frictional effects. The complexity of the potential seismic response of these systems raises questions
regarding the levels of uncertainty and ranges of validity of the analytical results.

BNL has undertaken a program to investigate and assess the strengths and weaknesses of current fuel
rack seismic analysis methods. The first phase of this program iavolved a review of technical literature to identify
the extent of experimental and analytical verification of the analysis miethods and assumptions.  Numerous papers
describing analysis methods for free standing fuel racks were reviewed. However, the extert of experimental
verification of these methods was found to be limited. Based on the information obtained from the literature
review, the report provides an assessment of the siguificance of the issues of concern and makes recommendations
for additional studies,
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