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Introduction

Most spent fuel storage racks now designed for nuclear power plants are of the free
standing type. They consist in a series of independent modules of varying size
(typically, 2 m long and wide and 5 m high) immersed in water but simply left
standing on the bottom of the spent fuel storage pool.
The ever increasing need for additional storage room leads power plants to wish to
have compact modules positioned as close to each other as possible. The reduced
clearance is essentially limited by the possible interaction of a module with its
neighbors in case of a seismic event. In fact, during an earthquake, it is anticipated
that each module may have a complex and different movement relative to the pool
floor : sliding, uplifting, rocking may occur depending on various parameters related
to module geometry and load and seismic excitation.

Minimum clearance between modules is to be defined and justified. Two approaches
are possible : each module may be demonstrated to stay wide from its neighbors or
to impact them with no significant resulting damage. In both cases, it is indeed
important to have an adequate appreciation of module displacement relative to pool
floor in case of a postulated seismic event. Among other quantities important to the
designer are the load on pool floor (related to the uplifting behavior) or the pressure
on pool walls.
Though experimental work is sometimes possible [1, 6-9], it certainly cannot be
routinely or systematically envisaged. Thus, approaches to evaluation and
justification basically rely on numerical simulation of the problem [2-4]. This usually
implies heavy calculations involving 2D or 3D finite element models of a module, row
of modules or even, more recently, of the entire rack [for example, 2-4]. Dynamic
response of the structure under consideration is then typically obtained through a
time history analysis.
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Actually, the entire calculation scheme is often repeated a large number of times with
varying parameters (seismic input in the three directions, friction coefficients, fuel
loading characteristics, etc.) for additional treatment and confidence.
This procedure, still costly and time consuming, usually leads to a wealth of
numerical results and, at the end, variables of interest are eventually isolated and
their variations presented as part of the appropriate justification. However, orders of
magnitude obtained by different authors may differ and this lead Safety Authorities to
question the validity of the results obtained in such a way [5].
The object of this paper is to provide some insight on the kind of information one can
reasonably expect to obtain from such studies.

Experimental studies

In order to gain experimental knowledge of the true seismic behavior of a spent fuel
storage rack, FRAMATOME, ATEA, CEA and EDF have, in recent years, carried out
an important research program on the subject [6-9]. Shaking table tests simulating a
unidirectional horizontal seismic event of increasing severity (from a single synthetic
input signal indexed on the zero period acceleration ranging from 0.1 to 1g) were
performed in various configurations.
First, a real (scale 1) rack module manufactured by Sulzer for the French type Pr4
(1300 MWe, 4-loops) reactors was tested. This rack module (fig.1) is formed of 63
(9x7) corner-connected cells on a rectangular base plate standing on 14 peripheral
pads. The weight of this module is 16 tons when empty and 63 tons when full.
Accordingly, due to the limitations of the "Azalee" shaking table possibilities, the tests
could only be conducted with the empty module in air.

Figure 1. Rack module
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A second stage was then conducted on a simplified scale 1/2 mock-up of the same
rack module. The 63 cells of the real module were condensed into 16 where dummy
fuel elements could be introduced. This configuration allowed the testing of the fully
or partially loaded mock-up in air as well as in water with the possible rattling
behavior of the fuel elements.
A third and last stage was performed on a yet smaller scale (1/4) mock-up of the
entire rack in the pool (10 identical modules in 2 rows of 5). In this case, the rack
modules were designed as rigid bodies as the previous tests indicated the
approximation to be acceptable for global behavior determination. With this last
mock-up, tests in air as well as in water with varying rack loads were conducted.

As gravity was anticipated to be an important factor in the study and could not be
easily altered, the similitude law used to define the mock-ups did not alter the
accelerations but contracted time instead (by the factor ^dimension ratio ).
Details of the experimental study and results can be found in [6-9]. All numerical
values given hereafter for the reduced scale racks are actual results, i.e. not
corrected for scale reduction.
Data processing of the numerous tests is still underway and analysis is not always
straightforward as some phenomena seem to be of a chaotic nature, thus denying
any reproducibility.
Among the important results obtained during the course of this program, were the
following :
a - as reproducibility is not guaranteed, details of an observed motion are seldom
significant and once discarded the important conclusions are only relative to general
trends and order of magnitude.
b - the general trend for the motion characteristics, especially for horizontal

displacement, is to increase as the level of the seismic input signal increases.
Also, the onset of sliding is correctly predicted by the elementary static analysis
which states that the ratio of horizontal acceleration to gravity must exceed the
coefficient of friction.

c - the beneficial influence of the surrounding water is well established : the
displacements of the rack module are significantly reduced when the structure is
immersed.

d - the worst loading case, as far as displacements are concerned, is the fully loaded
rack.

2D and 3D modelizations

For the purpose of conducting finite element studies of the type mentioned in the
introduction, various models were constructed, among which :
a - a 2D single beam model (fig. 2) was the simplest and used to represent the scale

1 rack module: a vertical beam standing on a friction element represents the
module. Indeed, as in that case, experimental evidence did not show any sign of
uplifting, provision for this kind of behavior is not introduced in the model and
attention is focused on the characteristics of the sliding element. As a rule,
whenever possible, the characteristics of the various elements are chosen to
respect the physical reality (dimension, mass, inertia, etc.). The same is true for
boundary conditions.
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Figure 2. Scale one rack model

b - a 2D 4-beam model (fig. 3) was used to represent the scale 1/2 rack module :
each beam represents a row of cells. These are connected at the base plate
level and hinged at 3 other levels. The entire model stands on 3 rigid vertical
extensions representing the existing 3 rows of pads in the mock-up and
terminated by sliding elements. Contrary to the previous model, this 4-beam
model is aimed at simulating the possible uplift of the rack with varying (partial)
loads.
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J

Figure 3. Scale 1/2 rack model

c - for the whole pool multiple rack (scale 1/4) mock-up, a 3D model was constructed
where each of the 10 identical rack modules in 2 rows of 5 is represented by a
single vertical beam linked to 4 corner pads by 4 horizontal rigid beams at base
plate level (fig. 4). Four additional vertical beams, each representing a quarter of
the total possible fuel load, are also positioned with the requisite shift in centers
of gravity.
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Figure 4. Scale 1/4 rack model

For all immersed models, the influence of the water surrounding the rack modules
and/or the fuel elements is taken into account through the introduction of special fluid
elements. These elements (type 1902 for SYSTUS® and MATRIX27 for ANSYS®)
have mass characteristics that introduce the coupling effect according to potential
flow theory [10].

It must be emphasized that, generally speaking, for such models, a certain number of
assumptions are necessary and often left to the appreciation of the computing staff.
These assumptions may appear either questionable (damping, contact stiffness,
coefficient of friction, initial conditions, even fluid coupling) or even, in some cases,
arbitrary (for example, in some instances, global rotation of the module is prevented
in order to decouple the two horizontal directions of motion). This may result from
lack of understanding or uncertainties in the physics of the problem of else it may be
dictated by numerical reasons (for instance, a certain amount of damping may be
required in order for algorithms to converge and give results).
Therefore, when comparing results, one tests the adequacy of the detailed
representation of the rack module as well as the choice of assumptions.
A seismic excitation consisting in one (or more) accelerogram is then chosen.
Obviously, the adequacy of the seismic excitation is an important issue but, for the
present purpose, it is assumed to be correct without any further discussion.

Computational studies

On the models described above, a large number of computer runs were performed in
order to simulate at best the experimentally observed seismic behavior of the racks.
Whenever possible, runs were duplicated in order to compare the results given by 2
computer codes : SYSTUS® and ANSYS®. Both of them are general codes of wide
applicability and transcription of a given model from one code to the other is
apparently straightforward as corresponding elements can be found in each.
However, this does not imply that different features (i.e. element characteristics, for
sliding in particular), not necessarily apparent in model description, or use of different
methods or algorithms could not be of real importance with the problem at hand. As
the study proceeded, optimization of various computational parameters was found
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necessary and, eventually, it turned out that the best results for SYSTUS® were
obtained with the non linear modal superposition method while for ANSYS® direct
integration was more appropriate. Therefore, comparison of results also includes the
variation in computational approaches and methods. As another consequence,
computing times were found to differ from SYSTUS® to ANSYS® : runs with the
latter were roughly 10 times longer

Comparison between observed and computed behavior is made on various
parameters among which :
a - for sliding behavior,

- final distance (distance between positions at beginning and end of motion),
- maximum sliding distance in a single stretch,
- maximum sliding range (peak to peak) during entire motion,
- total sliding distance (accumulated sliding distances) during entire motion.

b - for uplifting behavior,
- maximum vertical uplift on a corner pad,
- maximal vertical load on one pad.

c - for influence of water,
- water pressure on pool walls,
- water pressure on rack module sides.

Considerable efforts have been devoted to matching experimental behaviors to their
computed simulated counterparts. Satisfactory results can indeed be obtained on a
given configuration when adjustments on a certain number of parameters eventually
lead to good or even excellent coincidence between observed and computed
behaviors. For example, small changes in the coefficient of friction or differentiation in
values attributed to the different pads is a way to generate an almost infinite number
of distinct global sliding behaviors. Yet, lack of generality for the set of parameters
determined in such a way, i.e. with the sole purpose of duplicating, a posteriori, a
given experiment, does not make these attempts really interesting to present in
details. Yet, what is possible and probably more fruitful is to state the general
conclusion that a behavior similar to that experimentally observed is obtained with
the use of values of the coefficient of friction in the .3 to .4 range, which is indeed the
correct range.

Results

A typical example of the results that were obtained for the sliding behavior is shown
on figure 5 for the case of a scale 1 experiment with seismic input signal of .65g.
General conclusions can be drawn from this picture :
a - computed behaviors are very similar for both codes with identical sliding moments

and almost identical sliding distances. Yet, it is apparent that the onset of sliding
is easier to predict that the sticking moment and that, as a consequence, even if
sliding distances differ only slightly, the cumulative effect of small discrepancies
may become important in the end.

b - none of the computed behaviors is able to really follow the experimental record.
Conspicuous similarities can be noted (especially, again, for the instants when
sliding begins) but experimental and computed motions differ rapidly. As a matter
of fact, they can even occur in different directions. Once a discrepancy of this
kind has occurred, the following motions, which take into account all of the past



history, have no reason to resemble one another and one must be satisfied with
a comparison in the orders of magnitude. This is obviously related to the lack of
reproducibility of the experiments but even arbitrary adjustments of the
computational models were not able to satisfactorily reproduce all details of an
observed behavior.

Temps (s)

-SYSTUS -ANSYS -Essai

Figure 5. Scale one rack model: comparison between experimental and computed sliding
behaviors

For the vertical load on a pad, the experimental results for the scale 1/2 mock-up in
air turned out to be essentially independent of pad position and of seismic level :
each sensor gave a maximum impact force of roughly 2 tons for the empty rack and
8 tons for the full rack (i.e. roughly half the weights of respectively 4 and 17 tons).
The calculation results, on the other hand, while very similar for the 2 codes, increase
with seismic level. They range from 3/12 tons for the empty/full rack at 0.25g to 10/32
tons at 1g, thus just managing to keep the correct order of magnitude. In view of the
actual test records, a possible explanation is that while the calculations somehow
assume a pure rocking behavior for the rack module, the true behavior is not so
clean : on the shaking table, the structure tends to jerk rather than to rock in a nice
fashion.

A third example of the results obtained is given by pool wall pressure. This parameter
was recorded during the experimental program on the scale 1/4 mock-up with 2
sensors facing one another on opposite pool walls. The distance (nominal water gap)
separating a sensor from the rack module side facing it was different in both cases.
Therefore, it could be experimentally verified that the smaller the gap, the higher is
the pressure experienced by the pool wall. Various simulations of the phenomenon
have been examined including a whole pool multiple rack analysis run with the
ANSYS® computer code. With the entire rack full and seismic excitation equal to
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.75g, the maximum experimental value of wall pressure variations (peak to peak) was
found in the range .05 and .22 bars. For the same conditions, the computed values
fall between .11 and .13 bars so that the agreement is satisfactory. When the racks
are only half full, experiments and calculations agree that wall pressures are lower.

Conclusions

The study presented here takes advantage of the large amount of data obtained
during the important experimental research program on spent fuel racks completed
on the CEA facilities in recent years [6-9].
Indeed, these results form the basis for the justification of some adjustments in the
numerical models built to simulate the experimental seismic behavior of the rack
modules. These adjustments have proved necessary because of the complexity of
the problem at hand, the potentiality for variations in modelization and of the chaotic
nature of some of the phenomena involved.
A numerical simulation is of a deterministic nature and yields a unique and precise
time history behavior for the structure under examination. On the contrary,
experimental results strongly suggest that the observed behavior is largely
dependant on precise instantaneous values of parameters (i.e. coefficient of friction,
exact table acceleration peak values, etc.) that are not really available because there
are not truly reproducible. To this limitation in the comprehension of the physics of
the problem (or, to be more precise, in the proper description of the experiments),
corresponds a similar limitation in the interpretation of computed results. It has been
shown that minute changes in values of some parameters are enough to deeply alter
a computed behavior so that, again, if precise calculations are possible (or, as a
mater of fact, unavoidable), they do not permit valuable prediction of the details of a
real behavior.
Yet, numerical investigation is shown to be essentially correct (i.e as far as orders of
magnitude are concerned) and to yield useful results when global macroscopic
descriptive parameters, such as maximum or total horizontal displacements, wall
pressure, etc. are considered. Then, the unavoidable scatter between numerical
results obtained through different codes and different numerical methods is shown to
be within experimentally observed variations and thus acceptable.
Fortunately, orders of magnitude for the macroscopic behavior are just what is
needed for the proper design of structures like spent fuel racks while details are not
really necessary.
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