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Introduction

Among other requirements for a Type B packages, the IAEA regulaions require demondration of its
performance in 9m drops onto a flat unyidding target. Red tagets are disinguished from unyielding
targetsin that alarger proportion of the drop energy can be absorbed by the target.

The work presented in this pgper formed pat of the reseerch project Evaluation of Safety of Casks
Impacting Different Kinds of Targets, caried out jointly by Federd Inditute for Maerids Research
ad Teding (BAM), Gesdlschaft fir Nuklear-Behdter mbH (GNB), and Ove Arup & Patners
Internationa Ltd (Arup), and funded by the European Commission (Project EC-DGXVII/C/3.

Thework condsted of the following components:

1. literature survey of tests and analyses of package drops onto redl targets,

2. devdopmett of a “Imple’ mehodology for determining “globd” response -  decderations and
impact forces - for drops onto flat red targets.

3. detailed evauation of cask responsein drops onto fleat red targets using finite dement methods.

This paper presents the work carried out by Arup in Component 3 - to evduae - usng finite dement
moddling in LS-DYNA - the detalled impact response of the TK6 cask in drops onto flat red targets,
to examine both the globd response (eg. impact force, accderation, target penetration etc) as well as
loca responses (eg. bolt sresses, sed gaps, locd interaction between cask and target etc), and to
compare the response with drops onto an unyidding target.

Sdlection of cask for the evaluation

In teems of desgn philosophy for energy absorption and decderation control in drop accident

scenarios, spent fud casks can be broadly dassified into one of two categories.

- Caks which rdy on plagic deformetion / metd flow of integrd parts of the cask to adisorb energy
and control decderdtion - eg. the Russan TK6 cask and the Magnox cask, or

- Casks which rdy on impact limiters with energy absorbing materid in-fill (eg. wood) to absorb
energy and control decderation - e.g. CASTOR casks

Impact behaviour of these two types of casks in drops onto unyidding targets and onto red targets are
fundamentdly different. So, a representative cask from each category was evauaed in Component 3
of the ovedl progranme GNB caried out the detalled evduation usng the MOSAIC cask, which
belongs to the second category.  Arup used the Russian TK6 cask, which belongsto the first category.

The TK-6 cak is a Type B package to trangport spent VVER-440 fued from nucdear power plants in
Russa and Centrd and Eastern Europe to the reprocessing fecility a Cheyabinsk. Each cask can
cary up to 30 fud assemblies and the maximum dl-up weight of the cask is 92 tonnes. The cask
consds of an dectrodag welded forged sed body and a forged danless ged lid which provides
shidding and containment.  The lid is atached to the body by means of 24 high strength bolts and



containment & the joint is provided by a rubber sed. Fins are atached to the outsde of the cask to
facilitate disspation of decay hest. The lid is chamfered on two oppodte dsdes over a length of
perimeter which includes four bolts each.

Arup had caried out a comprehensve safety evauation of the package for the European Commisson
TACIS programme, which induded evauation of its performance in the IAEA drop accident scenarios.
A ddaled finite dement modd was built and was andysed for the criticd drop orientations  The
modd was vdidaed as pat of the work and its peformance in accurady smulaing the impect
behaviour of the cask was ascertained.

Selection of targetsfor the evaluation

In order to gain confidence in the andlyss prediction of the impact behaviour of TK6, it is necessary
fird to verify that the mode of the target is robust and smulaes redity accurately. One way is to
benchmark the target model with physica tests - ether materid tests of the target materid under the
correct loading conditions, or better till, drop tests onto the target with the target aso characterised.

The work done by A Gonzdes [1] in 1987 saidies the laiter criterion. Gonzales caried out a
comprehendve experimenta testing program to compare target response of a number of targets to an
axis veticd drop of a dmple modd trangportation cask from various drop heights. His targets
included a native desart soil target, a concrete runway target, a concrete highway target, an imported
borrow target and an unyidding target. On the firg three targets, three drop tests were carried out
from three different drop heights - 9, 21 and 36m. Wheress for the last two, drop tests were carried out
from one drop height. Decderation time higories, impactor deformetion, target behaviour and target
penetration were dl measured. For some targets, a variety of materid tests were dso carried out to
characterise the material properties.

Among the four targets, native desert soil and concrete highway targets were chosen to be the targets

for the present study, for the following reasons:

(1) The native desart soil represents a redidic target with a lower bound target drength and the
concrete highway target is a redidic target likely to be encountered in trangport and it represents a
layered target which is not amenable to the smple cal culation methods developed in Component 1.

(2) Drop teds were catried out a a range of drop heights for these targets, hence dlowing
benchmarking of the modd agang more than one loading scenaio, hence improving the
confidence of the benchmarking, and

(3) Amount and qudity of information provided on test results and materid properties is better for
these two targets than for the others.

Selection of drop scenario for the evaluation

Andyses of drops of the TK6 onto an unyidding target indicated thet the wordt impact atitude is the
lid edge orientation with the trunnion on the plane of symmetry. This atitude produced the most
aiticd combinaion of bolt loading and the biggest lid-to-body gaps.  This atitude was adopted for the
present work.

Regarding drop heght, in order to dlow a direct compaison with the regulatory 9m drop onto
unyieding target, the cask was andysed for 9m drop onto both the naive desat soil target and the



concrete highway target. And to dlow a comparison of globd response between drops from different
drop heights onto the same target, a 36m drop was aso andysaed for the concrete highway target, with
the TK6 moddled as ‘rigid’. The overdl matrix is summarised in the table beow

Target Type 9mlidedge 36 mlid edge
Unyidding v

Concretehighway v v
Native desart soil v

Benchmarking of target model

For both the ndive desat soil target and the concrete highway target, the target modd was
benchmarked againgt two drop heights used by Gonzales - the highest, 36m and the lowest, 9m.

The impactor used by Gonzdes represented a sSmplified hdf-scae truck transportation cask. It
weighed 2.4t and messures 0.5m diameter by 1.8m long. It's contents were atached to the body in
such a way that the whole unit was essentidly a solid mass  Since the test unit did not suffer any
permanent deformetion in any of the four tests sdected for benchmarking, and thet target deformation
was far larger than any dadic deformation of the cask, it was moddled as rigid in the benchmarking
andyses.

The soil target used by Gonzales was in-Stu a the test facility. A series of |aboratory and on-site tests
were peformed to characterise its properties, incduding compection, densty, moisure content, Seve
andyss, triaxid, unconfined compression, confined compression and consolidation.

A Drucker-Prager maerid modd was chosen to modd the soil target. The materid modd is often
used to modd granular materids which exhibit pressure dependent yidd. It uses a smooth Mohr-
Couomb yidd surface, associaied indadic flow in the deviatoric plane, and separate dilaion and
friction angles. Input parameters were derived from materid test data presented by Gonzaes, and the
data define the shgpe of the yidd and flow surface in the deviatoric plane as well as the friction angle.
The parameters are summarised as follows:

Layer no | Depth(mm) | Dendty | Shear Modulus Poisson's Coheson | Angleof Shearing
(t/n?) (kN/nf) Ratio (kN/m?) resistance (°)
1 0-610 1.66 4620 0.25 2054 4
2 610-910 1.82 6350 0.25 4108 28
3 910-1220 1.88 5180 0.25 3104 28
4 1220-1520 1.86 4990 0.25 2759 27
5 > 1520 1.86 4990 0.25 2759 27

A paticular phenomenon asxociated with the large pendrdion in the 36m drop of the impactor
vetticdly into soil, is the punching action which detaches the soil immediatdy in front of the impactor
from the surrounding soil by shear.  There are two dternaives for moddling this phenomenon: 1) to



define shear failure surface explicitly — to reflect redity, or 2) to let the solid dements and the materia
modd ded with the shearing falure.  The problem with the first option is how to judify the parameters
especidly the coefficent of friction in modedling the falure plane.  Although the second option is
more robug, it has a potentid problem with numericad ingability — as dements around the shear plane
distort sgnificantly.

In the 9m drop andydss, the problem was not as sgnificant as the penetration was smdler, and the
definition of a falure plane was not drictly necessary. Nonethedless the 9m drop andyses were carried
out usng both target models to assess the effect of the coefficient of friction (n) and to judtify the vaue
of for the 36m andyses.

Figure 1 shows a comparison of the accderation-time higory of the cask from the te and from the
andyses. All the accderation traces show the same trend as the measured one and show overal good
corrddion - an initid pesk followed by a more or less congant decderation. The accderation trace
from the analyss with n=0.2 corrdates best with the messured accderation trace, wheress the
accderdtion trace from the andyss with n=0.9 overetimates the accderation &fter the initia pesk.
The predicted penetrations were within 15% of the messured vadue. All the andyses matches well
with test in tems of ovedl timing. Stress and digplacement  didribution in the target was dso
sensible and as expected.

For the 36m drop, accderaiontime higory from andyss corrdaes very dosdy with test, dso with
coefficient of friction of 0.2. Target penetration obtained by andyss dso matches well with the vadue
measured from test, differing by only 9%.

Gonzdes concrete highway target congsts of a 12 in layer of compacted native soil, which underlies a
9in layer of compacted crushed quarry stone, then surfaced by a 9in thick concrete dab.

However, the materid propertties given were not aufficdent for deriving the input data for detalled
moddling of the target. Ingtead, it was decided in conjunction with BAM, that a ‘concrete highway’
set-up based on the Geman Highway dedgn criteria - which is dmilar to the Gonzaes concrete
highway target - should be used. It was agreed that an overdl comparison with the origind Gonzales
tex was dill possble dthough the posshble differences in the target properties should be teken into
account.

The revised ‘concrete highway' materid propeties are given in the table beow, with Layer no 1 being
the concrete dab, Layer no 2 the gravd layer and Layer no 3 the underlying soil base.

Layer | Thickness Dens Young's Poisson's Interndl Angle Coheson
no (mm) (kg/ Modulus (MPa) Retio of Friction (°) (MPa)
1 200 2200 34,000 0.2 - 35 (UCY
2 300 2200 20 03 60 05
3 >300 2000 20 05 30 00

A Drucker-Prager materid was adopted to modd of the gravd layer and the underlying soil base. The
LS-DYNA Materid_Soil_Concrete was used to mode the concrete dab.



Figure 2 shows the decderation of the impactor for the 9m drop andyss. It exhibits a two-phased
behaviour as can dso be seen in accderation trace from the test - the initid high decderation phese
corresponds to the resigance of the concrete dab, followed by cracking and formation of a conicd
shear plug; and the second phase of the decderaion process with its lower but condant deceleration
corresponds to the deformation of the underlying gravel and soil which are consderably softer then the
concrete layer. The corrdation between the predicted trace and the Gonzaes meesured trace is
surprisngly good congdering that the two concrete targets may have different materid properties and
dightly different geometries.

For the 36m drop, dthough comparison could not be made with accderaiontime hisory of the tes
because of a problem with the test data, peneration predicted by andyss fel within 10% of the
measured value.

Corrdaions between tests and andyses for both targets provided the confidence that the target models
were sufficiently accurate in predicting the behaviour of the targets.

Modelling of the TK6

The modd of the TK6 was designed s0 that impact behaviour of the cask can be evduaed a both the
globd levd - in teems of overdl dructurd integrity, and in the locd levd - esimation of the Sze of lid
to body gaps, which are typicdly less than a millimeter.

The modd is shown in FHgure 3 (with cut-outs to show the interior of the modd). It condds of
goproximatdy 200,000 dements The mesh in the region of the lid-body interface is refined to ensure
deformations in this region can be accuratdy smulated.

Detailed modelling of the TK6 impacting thereal targets

The target modds and the TK6 modds were then combined, together with the correct boundary
conditions, to andyse the 9m and 36m drops onto the concrete highway target, and the 9m drop onto
the native desart soil target.

Results

Deformation in the target in the 9m drops and the 36m drop together with contours of hydrodatic
pressure (defined as (01+ G+ ()/3) ae shown in Fgures 4 and 5 (note different contours are used in
the three figures). The deformed shape of the target in dl three cases are very redidic - with the cask
making an imprint onto the target and with features of the cask cearly identifigble in the imprint. In
the concrete highway target, the pressures are higher due to the higher dtrength in the concrete dab
than in the corresponding top layer in the native desart oil target. The higher pressures correspond to
the sharper corners of the cask surface, such as the bolt heads, the three shock-absorbers and the
trunnions, as they bear onto the concrete dab and cracks it.  The pressure in the ndive desart soil target
is more evenly didributed, as the top layer of the soil offers a lower locd resstance to the cask
components coming into contact with it than the concrete dab in the concrete highway target, hence a
more uniform interface between the cask and the target as the cask penetratesinto the target.



Von Mises dresses in the lid and body of the cask and in the bolts in the 9m drop onto the concrete
highway target are shown in Figure 6. The highest dresses are found in the heads of the long bolts
neares to the initid point of impact and the shock absorbers as they bear onto the concrete and
cracking it.  The loadings on the bolt heads then tranamits onto the lid around the bolts holes producing
the locdly high dresses. However, the maximum gtresses in the cask in the 9m drop onto the concrete
highway target and the native desert soil targets were consderably below the yidd dress of the cask
meateridl.

Comparison of response - real vsunyidding tar gets

The table beow presents a summary of the key numerica results from the four analyses.

Target Unyielding Target Concrete Highway Target | Native Desert Soil Target
Drop height 9m 9m 36m 9m

Duretion of event 15ms 140ms 200ms 180ms

Peak Accderation 180g 129 48 1g

Target Penetration Om 12m 2.2m 145m

Max Impact Force 174AMN 19MN 30MN 11IMN

Max FarceonthelLid 1I5MN 25MN - 3.0MN

Max Lid-Body Gep 0.85mm 0.12mm - 01mm

Peek accderation from the drop onto the unyidding target is approximady 15 times the vaue from
the drops onto either of the red targets from the same height, with the event imescde a tenth of the
drops onto the red targets. In the case of the unyidding target dl the energy needs to be absorbed by
the cak itsdf and there was condgderable crushing of the shockabsorber and of the lid in the
proximity of the impact. The red targets anadysed are “soft” compared with the cask materid and the
kinetic energy of the cask is aisorbed dmogt entirdy by the deformation of the target. It absorbs
energy dower than the cask's materid, hence large target penetration and long event duretion.

Comparing results from the two red target, the pesk accderation is magindly higher in the concrete
highway target, and the corresponding target pendraion is dightly smdler. The ‘concrete highway’

n soil’ target in that the properties of the underlying soil layers are
quite smilar. The ggnificant difference is the presence of the concrete dab and the grave layer in the
concrete target.  Once the concrete is cracked, it loses its load carrying @pability and resstance to the
cask was then provided by the underlying soil.

Although the initid kinetic energy of a 36m drop is four times that of the 9m drop, the predicted pesk
accderdion for the 36m drop was only a quater of the vaue of the 9m drop onto the unyidding
target.

In terms of gtress, the TK-6 did not suffer any plastic deformation in the drop onto the red targets.



In terms of lid-body gap, the largest gap in the drop onto unyidding target was predicted to be 0.85mm
whilein the red target impacts, the gaps are not expected to be larger than 0.1 mm.

Conclusons

In the combination of cask desgn and target type andysed, the difference in response in drops onto
unyielding and red targets is Sgnificant. The targets anadlysed were 'soft' compared with the cask, and
the mgority of the energy absorbed by the target, with no permanent plagtic deformations in the cask.
Pesk accderations and impact forces in red target impacts were shown to be less than 10% of the
vaues obtaned from the drop onto an unyidding target from the same heght. And dropping four
times as high as the regulatory drop height onto the concrete highway target, resulted in a decderaion
afourth of the regulatory 9m drop onto an unyielding target.

The work has shown quite dearly the capability of finite dement technique in moddling these impact
scenaios  redidicdly, and providing information beyond what can be ganed from drop teds in
undergtanding the behaviour of casks. It is recommended that finite dement andysis be used as a tool
to demongtrate the red margin of safety of casks.

It has been found that there is a generd shortege of information of the behaviour of red targets in the
loading regimes of rdevance. It is recommended that drop tedts (with ‘variables including targets
caks, drop heghts and drop orientations), with materid characteristion and finite dement andyses
be caried out to further quantify the red safety margin of casks and to obtan a more robust
undergtanding.
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Figure 1: Native desart soil benchmark: Figure 2: Concrete highway benchmark:
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Figure 5: Concrete highway target: 9m and 36m drop: target deformation
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Figure 6: Concrete highway target: 9m drop: Cask and bolt stresses
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