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ABSTRACT

The CONSTOR® steel-concrete-sted cask is a Type B(U)F package for transport and storage
of spent fud dements Aspects of its desgn development will be presented in a separae
paper a the PATRAM 01

The cask body is a stegtconcrete-ged sandwich condruction. It consss of an outer and an
inner sted liner, with the space in between filled with heavy concrete for additiond shidding,
within a reinforcement frame welded to the inner liner. The closure sysem condss of a
bolted primary lid, awelded intermediate lid and a welded secondary lid.

As a find veification of the cak’s integrity in 9m regulatory drops, finite dement (hereefter
FE) anadlysshave been carried out using the explicit non-linear code LS-DYNA.

The work had two objectives 1) to veify the FE moddling technique and of the FE modd in
accurady predicting the drop behaviour of the cask; and 2) to evduate the integrity of the
cask in the 9m regulatory drop scenarios using the validated modds.

To this end, two FE modds of the CONSTOR® were huilt, one of the Yascde modd cask
which had previoudy been 9m dde drop tested, and the other of the full scde cask. The
modds differ only in dimensond ddals. All cask components were moddled explicitly, and
the concrete was moddled using an anisotropic brittle damage modd by Govinjee.

Andyss resllts compared well with test results. This sufficiently demondrates the cgpability
of FE andyss to dmulae the behaviour of casks in impact, and forms a sufficient validetion
for themodd.

Integrity of the full scde cask contanment was then evaduaed under the three drop
orientations. d9de drop, bottom edge drop and lid edge drop. Maximum dresses in Al
scenarios were lower than the dress limits hence demondraing the integrity of the cask in
the regulatory 9m drop scenarios.

INTRODUCTION

The CONSTOR® steelconcrete-sted cask is a Type B(U) package for the transport and
dorage of spent fud dements. Aspects of its development and drop testing have been covered
in anumber of papersat PATRAM 98 and dso in another paper at this conference.



Finite dlement (FE) andyses were performed to evauate the CONSTOR® cask behaviour and
to demondrate the integrity of the cask’s contanment in three 9m regulatory drop test
scenarios— Sde drop, bottom edge drop, lid edge drop.

In order to demondrate the accuracy and rdiability of the FE andyss reaults, it was dso
deemed necessary to verify the andyss methodology and the FE mode againgt test.

EVALUATION STRATEGY

The ensuing work hence included two tasks The fird tak was to veify the andyds
methodology and the FE modd in smulaing the behaviour of the cask. The second task was
to evauate the behaviour of the cask and to assess its integrity in 9m drop scenarios.

Drop tests of the cask usng a Yzscde modd were carried out in 1997. Among the scenarios
tested, was 9m dde drop. Accderation and drain time histories were recorded during the test.
Thistest was deemed a sufficient basis for the verification exercise.

Hence, two FE modds were built. The firs FE modd was of the 1/2 scde modd as used in
the drop tests. And the second FE modd was of the full scde cask. The geometry of the full
scde cask differ from the 1/2 scale modd cask only in scde and a few secondary details -
induding trunnion dimensions and method of trunnion attachment.

The FE modd of the 1/2 scde modd cask was andysed for a 9m dde drop, and results
verified with the corresponding drop test. Having verified the moddling methodology and the
FE modd, integrity of the cask in the Sde drop scenario was evauated based on this andyss.

Lid edge and base edge drops were then anadysed using the FE modd of the full scde cask.

Cask behaviour and integrity were assessed based on these analyses.

The andyses were caried out usng the explicit nontlinear finite dement code LSDYNA
vergon 950.d.

THE CONSTOR® CASK
The CONSTOR® cask is a Type B(U)F package for the transport and storage of spent fuel

dements.

The cask body is a stegtconcrete-gted sandwich condruction. It condds of an outer and an
inner ged liner, with the space in between filled with heavy concrete within a reinforcement
frame which is welded to the inner liner. The heavy concrete represents together with the sted
liners the cask’s shidding materid. At the top end of the cask, the liners are welded to a heed
ring made of forged sted. The trunnions are attached to this ring. The closure system congsts
of a bolted primary lid, a weded intermediate lid and a welded secondary lid. The bolted
primary lid provides temporay seding. The intermediae lid and the secondary lid are welded
to the head ring after loading ad sarvicing of the cask. The welded lids together with the
inner and outer liners together represent the double barrier system.



With the purpose of cushioning the cask againg hypothetical drops during hendling a the
dorage dte, a specid shock absorker made up of a ring of sed ribs is located a the cask
bottom.

For energy absorption in hypotheticd drop accidents during transport in the public domain,
the cask is fitted with two impact limiters mede from asted casing, filled with wood.

MODELLING OF THE CASK AND ITSCONTENTS—-THE MESH

The mesh of the full scde cask and the Yzscde modd cask were essentidly identical except
for scde The mesh of the FE modd for the lid edge drop andyds was dso consderably
refined in the top haf of the cask. The top hdf of the cask body and the lids of the lid edge
drop modd is shown in Fgures 1, with the lids “exploded” for esse of visudisation. For
carity, the concrete is not shown. Reinforcement bars are shown in Figure 2. The lower haf
of the nodd incuding the base shock absorbers are shown in Figure 3. The modds were hdlf
modds, teking advantage of symmetry.

Figure 1, Modd of cask body Fgure 2, Modd of Fgure 3, Modd of lower half
and lid— top hdlf reinforcement bars of cask body model
(sted gtructure only) (sted dructure only)

The cak was moddled usng solid dements, except for the reinforcement bars which were
moddled usng beam dements and the base shock absorber were moddled usng shels
Fully integraed solid eements were used extensvely in the modd - where large stress
gradients are expected over a smdl number of dements where usng large number of
eementsis not practica, or where large deformations are expected.



MODELLING OF THE CASK AND ITSCONTENTS — MODELLING OF STEEL
Stress grain properties of dl the sted components were modelled as e astic-perfectly pladtic.

The minimum 0.2% proof sress of the specified maerid was adopted as the "yidd" vaue in
condructing the stress srain curves for the FE modd of the scde mode cask and of the full
scale cask. Thisis aconsarvative assumption as far as deformation and strain is concerned.

And of course, this assumption only affects those components which deforms pladicdly in
redity — i.e. trunniors and base shock absorbers only.

MODELLING OF THE CASK AND ITSCONTENTS —MODELLING OF

CONCRETE

It was assumed that the concrete was completdly cracked in dl directions, i.e it can teke
compresson, but it has no tendle cgpacity in any direction. This assumption commensurate
with the design philosophy of the CONSTOR that the concrete is bascdly non-gructurd, and
it is intended primarily for shidding. Although this may be a consarvaive assumption, the
concrete in the Yscae mode cask a the time of the drop tests was certainly not cracked to
this extent.

The MAT BRITTLE DAMAGE materid modd was used, to desribe the assumed
behaviour. This maeid modd is an anisotropic brittle damage modd designed for concrete
based on the work by Govinjeg Kay and Smo [2]. It dlows spedification of a tensle limit.
Once a principad dress exceeds this tendle limit, a crack plane is initisted perpendicular to
this principd direction. Once initisted, the crack is fixed a that direction with respect to the
dement. As loading progresses, the dlowed tendle traction normd to the crack plane is
progressive degraded. Compressive failure is governed by asmplistic J2 flow.

The mgor drawvback of this materid is that it only dlows formation of one crack, i.e it can
only crack in one direction, but not in al drections However, for the loading scenarios in
which the tendle component is found predominantly in a dngle principd direction as in the
drop scenarios andysed (indead of, for example, tensle loading Smultaneoudy in two or
three principd directions), the effect of this drawback is acceptable.

MODELLING OF THE IMPACT LIMITERS

Different from dmilar recent andyses of CASTORs, the claddings and the wood were not
moddled separady. As the drategy of the work, if correation between analyss and test for
the 9de drop is not sufficient, crush properties of the limiters were to be adjusted to improve
corrdaion. A detailed modd of the limiter was not deemed necessary.

MAT_HONEYCOMB was used to modd the dress drain behaviour of the impact limiters
This modd dlows moddling of anisotropic behaviour and has been used extensvdy for
moddling of honeycomb, foam, and wood crush behaviour. It dlows definition of nonlinear
stress stran behaviour in dl the normd and shear directions. These dress dran behaviours
can be ddined as fully uncoupled. The orientaion of materid axis is usar-defined and this
modd dlows non-volume conservation behaviour.



The layers of wood were not moddled as individud layers. Indead, they were modeled using
a continuous mesh of solids The maerid axes were oriented such that one of them is digned
with the direction of impact — i.e. direction of crush. Only the properties in the crush direction
is of dgnificance. The crush properties of the wood were used from a sandard st of GNB
data, from a series of generic tests [1] carried out by GNB in 1990. Cylindricd specimens of a
variety of wood species with different grain orientations and with or without a thin ded
casing were tested quas-ddicdly and dynamicaly by a guided fdling mass with a dran rate
typica of red regulatory impects.

MODELLING OF CONNECTIONSAND CONTACTS
All the welded connections were moddled as continuous. Integrity of these connections were
assessed by assessing the stress in the solid eements at the connection.

The concrete was moddled as continuous with the liners and the head block. The judtification
being that the reinforcement bars which are welded to the inner liners effectivdly key the
concrete to the inner liner preventing any dippage between the concrete and the inner liner.
At the concrete/outer liner interface, there may be redative movement between the concrete
and the outer liner in the adbsence of ay postive connection between them. However, the
near-zero tendle drength prescribed for the concrete in the modd  effectivdy  dlowed
uncoupling of the concrete from the outer liner.

The beams moddling the reinforcement bars were moddled as continuous with the solid
dements which represented the concrete. This moddling assumed no dippage & the
bar/concrete interfaces. This is a sufficient assumption congdering that 1) the deformetion in
the reinforcement bars and the concrete are expected to be smdl and dadic, and 2) the
concrete iswedl confined by the liners, the re-bars and the head block.

All other contacts - between contents and cask, between lids and body, between bolts and lid,
between impect limiters and cask - were moddled using contact surfaces.

9M SIDE DROP - CASK BEHAVIOUR

The cask behaved like a amply supported beam under a combination of didributed and point
loads, cregting a tendle axid dtress on the face nearest the target, and compressve dress at
the oppodte face. with locdised compressve dresses a the supports (i.e. interface with the
impect limiters) and a the interface with the ribs of the dummy basket - largest towards the
ends and "ovding' of the section. This behaviour can be seen dearly in the contanment
dructure in Fgure 4, and in the concrete in Figure 5, by means of minimum and maximum
principd dresses. The corresponding behaviour in the reinforcement bars is shown by means
of axid forcesin FHgure 5.
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Hgure 4, Sdedrop — Minimum and maximum principal stressesin the containment structure
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Hgure 5 Sde drop — Minimum principd dresses in the concrete and axid forces in the
reinforcements

9M SIDE DROP - ANALYSISTEST COMPARISON

Accderation and drains were measured @ 5 locations on the scde modd cask during the sde
drop. Accderdtion-time histories and drain time hisories a these locations were compared
with those from test, see Table 1. Comparison has been found very reasonable dthough the
pesk accderations from the andyds are condgently higher than those from test by about
20%, with event time-scde conggently shorter, indicating that the impact limiters in the
andyses were differ than those in the test. And congstent with this drains from the andyss
were a sohigher than those from the test by asimilar extent.

Measuring Analysis Test
point Max. Value Max. Value
Accdleration B5 170g 150g
B5 200g 1509
B5’ 200g 190g
B4 190¢g 1709
B4’ 1909 1709
Strain D5a 05E03 045 E-03
D6a 04 E03 0.3E03
Dlla 0.25 E-03 0.25 E03

Table 1, Comparison of caculated and messured accderation and strains




Impact limiter's sed daddings were not moddled. This on its own, should result in an
impact limiter that is less giff than the one in the test, hence lower accderation. However, the
wood properties used in the andyss came from specimens with a sed casng, which may
have compensated for the absence of sted dadding in the modd - dthough the extent of this
effect is not certain from exiging tests.

Despite this the generdly reassonable behaviour in the whole modd, and the condgtent and
reesonable corrdation a dl locations for both accderometer and drain data are convincing
evidence that the moddling methodology and the modd ae sufficient for moddling the
present scenario.

It was not necessary to adjust the crush properties to obtain an exact maich of acceeraion and
dran with test. Firgly because the exiding corrdation is sufficent - sufficently dose and
consarvaive. Secondly because this is a robust gtuation - if the crush properties in the sde
drop is adjugted, there is no judification for usng the same adjusment fector for the other
drop orientetions. Thirdly, there will be vaiaion of crush properties in redity. The vaues
from the wood tests are typicd vaues and are as representative as those of the wood in the
1/2 scde modd.

O9M SIDE DROP — CASK INTEGRITY

For each component, Von-Mises dresses were scanned throughout the andyss and the
maximum vaue of each component compared with the minimum 0.2% proof dress of the
materid of the full scade cask a the working temperature. Although the cask was a 1/2 scde
modd, scding factor for stresses is 1, i.e. no factor need to be applied to convert stresses from
the scde modd cask to full scde cak. In dl components, even including locd dress and
concentrations, the maximum Von-Mises dress is sndler than the minimum 0.2% proof
dress and there is no danger that the integrity of the contanment will be compromised in the
event.

9M BOTTOM EDGE DROP- CASK BEHAVIOUR

Load path into the containment and the concrete are once again shown using minimum
principa stressesin Figure 6. The "patchiness’ a the base face of the containment isdueto
localised |oading from the impact limiter via the bottom shock absorbers
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FHgure 6, Bottom edge drop Fgure 7, Lid edge drop
Stressesin the concrete and the containments Compressive load path into the cask body



9M LI1D EDGE DROP- CASK BEHAVIOUR

Load path into the contanment is shown by means of minimum principd Stresses in Fgure 7.

The loading is predominantly in the axid direction of the cask, with only a smal component
in the radid direction to cause "ovding"' of the section. There are, again, localised stresses at
the inteface with the impact limiter. And in this drop orientation, as the impact limiter
deforms, it bears onto the trunnion, which in turn causes high but locaised stresses around the
trunnion connection.

9M BOTTOM AND LID EDGE DROP — CASK INTEGRITY

For each component, Von-Mises dresses were scanned throughout the andyss and the
maximum vaue of each component compared with the minimum 0.2% proof dress of the
materid a the working temperaure. In dl components even induding locd dress and
concentrations, the maximum Von-Mises dress is sndler than the minimum 0.2% proof
dress and there is no danger that the integrity of the containment will be compromised in the
event.

CONCLUSIONS

By compaing andyss with test results, the work has demondrated the adequacy of the
andyss methodology and the FE modd in dmulaing the cask behaviour in the 9m drop
scendio.

The work then demondrated that the integrity of the cask containment is not compromised in
any of the drop scenarios.
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