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Abstract

The applied qualification requirements for the packages used in the transportation or nuclcur spent fuel ele
ments are very se~re due the nature of the radioactive COIl~nt. They indude the so-calleJ norlllal conditions
of transport and the hypothelkal accident conditions. The 9 III drop test.s are the moot critical hypotheti
cal accident conditions. The package qualification under th~ condiliOlllS shall be conducled using full scale
models (prototypes). slllull scale models, fi\llIIcrical simulations and 'or a combination of physical tests and
rlumeri<:al simulations. The choice of the qualification approoch depends on economical and safety aSpc<.:ts. To
comply with the nuclear safel,v fum;tions, as lheconlaimnenl of the internal products alld biological shield
ing, the package itself has severnl components connected to each other ill different ways (impact aboorbcrs,
welded parts, flanged connections, S\lrface contacts, etc.). This paper prescllts a di.scu5Ilion 011 the combination
approach with tCl;t!:; and nU11lcricni silllulatiolls for the struclurnl usscssmClIl of a haIr :so:alc 1I10dd of a pack
age for transportatioll or nuclear n.'Scarch rcactor spent fuel elements under!) JIl drop t<.'Sts, The lIulJlericnl
simulations of the!) III free drops over a rigid surface of half scale lliodel of the transportation I)ackagc und('r
differcnt oricntations were conducted using a finite element explicit code considering sevcrninolilillcur aspects
as the nonlinear materinls models and properties, with emphasis on the iml)act ab:<>orbers behavior, the dilTer
ellt rmckage llIuteriulS' stiITncss, and the different types of the contacts bCIII'Cf'lI the package components and
bctwccn the package an<lthe rigid surface. including the friction in the contacts. Also. sevcwl 9 III drop tests
werc con(lllcied ill 11 holr scllle model in different drop oricntlltionS. The lIutlH:,ricn1and eXperilllClitol rcslllts ore
COllll)areJ :lnd COllllllcnLs and cOllclusions nre addressed based on t hc ('()lIlparisoll. AIllO. l'alllC r(.'COlllmcndotions
are issued on tIle use of the numerical sirnullltions for the full :scale t('Sts of the p<lckllJ:;c.
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1 Introduction

The radioactive materials transportation is regulated by guides alld standards like lJl and 121. The
main purpose of these regulations is to protect persons, property and the environment from the effects
of radiation during the transport. of radioactive material. This protection is achieved by requiriug the
containmcnt of the radioactivc contents, the control of external radiation levels, the pre,'ention of
criticality, and the prc,·ention of damage caused by heat.

The packages for the transportation of nuclear r~arch reactors spent fuel elements are classified
as type B due the nature of the radioactive content. The applied qualification requirements are very
severe including the so-called normal conditions of transport and the hypotheliORI accident. conditions.
These conditions are defined in the regulations 11,21 and it must be demonstrated that the package
has to be sturdy enough to resist, among others:

• a drop onto a rigid target so as to suffer maximum damage, and the height of the drop measured
from the lowest point of the package to the upper surface of the target shall be 9 Ill;

• a puncture resultant from drop so as to suffer maximum damage onto a bar rigidly mounted
perpendicularly on a rigid target. The height of the drop measured from the intended point of
impact of the package to tbe upper surface of the bar shall be 1 Ill. The bar shall be of solid mild
steel of circular section. 15.0 ± 0.5 cm in diameter and 20 cm long unless a longer bar would
CAUse grcater damage. in which case a bar of sufficient length to cause maximuill damage shall
be used, The lIpper end of the bar shall be flat and horizontal with its edge rounded off to a
radius of not 1lI0re than 6 mill;

• Ii firc resulting in a temperature of 800 °C for 30 min:
• a submersion to a 200 III depth of water.

The usc of shock absorbers is allowed to assure that the resultant deceleration levels in the radioac
tive content (SpCllt fuel elements) are low enough and to keep the containment functional and structural
integrity in the free firop conditions. The shock absorbers are sacrifice devices thltt I1Il1st absorb the
package kinetic C1wrgy in t!l(' impact after the drop by llleRns of their defol"lliatioll, Several materials
may be used to fill the shock absorbers such as natural wood, wood composites. low density concretes.
metallic foallls, polymcric foams. and metallic honeycombs.

The 9 III drop tests arc the most critical hypothetical accident comlitiolls. The package qualificatioll
under these conditions shall be cOllducted using fuJI scale models (prototypes), smull scale models,
llUlllericl\l simulations alld or a combination of physical tests and nnmerical simulations. The choice
of Ihe qUfllifi<'lltiOll approach depends on economical and safety aspecls. (a

To comply with the Iludenr snfety fUllctions, as the containment of the interlml products aud
biologkal shielding. tile packuge itself has several componCllts connected to each other ill different
ways (weldl;'Cl parts. fhlllgl'd l'Ollllt.'(:tioIlS. surface contacts, etc,). So, the packoge structurAl ("valuation
uuder the drop test ('onditions should be conducted by finite element numerical simulations using
explidt IllClhods lind C'Onsidcring several nonlinear aspects as thc llo11lillear llU\tcrials models aucl
propertics, the differcllt p(lcbge materials stiffness, and the differellt types of tbe rOlltads between
the package C'OIllPOll<'lIts and bct\\·ccu the package and the rigid surfucc, iucluding the friction in lhe
<·OIlt11cls.
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This paper presents a discussion on the combination approach with tests and numerical simulations
for the strllrt.mal a.<;''>f'SSllltmt of a half scale model of a package for transportation of nuclear re5eilrch
reactor spent fuel elements under 9 m drop tests. The numerical simulations of the 9 III free drops
over a rigid surface of half scale model of tile transportation package under different orientaliOllS were
conducted using a finite element explicit code considering several nonlinear aspects as the nOlllill
ear materials models l\nd properties. with emphasis on the impact absorbers behavior, the differcnt
package materials stiffness, and the differcnt types of the contacts between the package compollcnts
alld between the package and the rigid surface, including the friction in the coulnets. Also, scvenll
9 tll drop tests wcre COllducled ill a half scale model in differelLt drop oricllto.1.ions. The lIulllcrical
ami experimental results are compared and comments and conclusions are ndtln..'SSCd based Oil the

,. cOlll?arison. Also, some recommendations are is:med Oil the usc of the numerical simulations for tbe
full scale tests of the package.

2 Package description

The package was designed to meet the transportation criteria established b:y the IAEA (Internatiollal
Atomic Energy Agency) for Type B packages carrying fissile materials 11,21. Since no loug term
storage strategy has been defined in Brazil for this kind of spent fuel. the package is rcgarded also ,\,S a
pot(lltial storage option. For that reason: sollie of its features were designed to attend long term storage
reqllirements, such as long-term stability of its constitutive materials and conllmlilJility betweell thclll
<\lid with the radioactive cOlltcnts. Also the aceess to its intel'lwl cavity has to be granted for periodical
checks through gas sampling.

The package consist.s of a cylintlrical body wilh intemal cavity to accolllmodate Ihe basket th<:l\ holds
the spent fuel element.s. The package body has a sandwich-like shielded wnll consisting of stainless steel
outer and inner surfaces and lead in-between. A double lid system guarantees the required containment
and the internal lid - which is part of the pressure boundary - has a double scaliug system. The package
is provided with two access ports to the internal cavity, olle for pressnrizatioll and sampling of the
cavity filling gas, embedded in the iuternal lid. and the other for the cavity draining. located at the
lower region of the package wall. Both ports are equally equipped with two conccntric seals. All double
seals are metallic. whereas external lid selll is e1astomcric.

111e struet ure of the basket is made of square tubes. For protection agaillst lIlechanical and thermal
loads. the package is provided with top And bottom external relllO\~ble shock absorbers. These me
structures made of external stninlcss steel skin and an encrgy-nbsorbing fillillg nmterinl. The filling
material chosen was £In wood composite named Oriented Strand Board (OSB). which is nn enginecred.
1lI1lt"forlned panel producl Illude of stl'llllds. flakes or wafcrs sliced from SLJwll (liailleter. round \\'ood
logs lind bonded with a binder under heM and pressure. A schcmatic "ie\\' of the package is showlJ
ill Fig. L The main dimensions of the lIt1tural scale package arc: main bod~·. fd 1.000 x 1.400 llIlll:

ovcrall dimension with shock absorbers. f8 2.160 x 2.010 1111ll. There are also four cylindrical tie bars
equ'llly spared ronne<'ting both shock absorbers. These bars arc 1101 shown in Fig. I.
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Figure I; Transport package for research reactor spent fuel.

3 The half scale model of the package

Considering the scale 1:2, the model external cylinder has a diameter of :::::O.50m and it is :::::O.60m
high. With the shock absorbers the package overall dimensions are: external diameter :::=(I.90m and
::::::1.00m high.

Hegardillg the Imlf scale model, Fig. 2 to 5 show, respectively, the overall dimensions, a lateral
view, an internal view, and the hallom shock absorber partially assembled.

The half scnle package model materials arc indicated in Tab. L

Table I: Half scale padv."lge model maleriliis.

Ca..:;k Part f\latcl'ial

Lower shell stainless steel

Bottom shock absorber wood (088)

Inner shell stainless steel

Shielding lead

Outer shell stainless steel

Top shock absorber wood (050)

Upper shell stainless steel

Tie bars stainless steel
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Figure 2: Overall dimensions of the half scale
model of the package (in mm).

Figure 3: Lateral view of Ihe packnge Imlf scale
model.

l
l

Figure 4: Intcrnal vicw of the package half scale
model.

4 Shock absorbers material characterization

Figure 5: Bottom shock absorber partial assem
bling.

\
I

As the properties of the OSB are not well known. especially its response 10 dYllnllll<- loads. fl testing
campaign wt\S conducted to determine the parameters of intercst fol' the int.cllcled usc.

To study the effect of the lateral constraint in the dynamic rcspouse of t.hc OSO. both cncased and
non ellcnscd spccillleus were submitted t.o imp<lct test.s [31. The specimcns. <lIsa made of glued laycrs
of OSB. cOllsisted of cylinders with 60 mill ill diameter and 30 mill height. The dirl'('"t iOIl Honnal to the
glued surfrlCCS was defined as the spC<.'"illlell perpendicular direction, whcreos thc glucd S1ll'frlces define
Ihe specimen paruJlel directions. Besides t he perpendicular and parallel dircct iOllS, t he specimens wcre
<lIsa tested lit '150 ,ulgle. The cncased specimens were surroulIdcd by a 0.5 HUll thick Illetallic shell.

The averaged strcss-.strnill curves obtained are shown ill Fig. 6 (all curvcs wcre filtered fit tiOO H7..
low pHSS filter) [31. As can be seen. frolll Fig. 6. the nOll c\lcnsed specimens resp0ll(! as ml ill1iwtropic
mntcrial. 011 the othcl' ham!. the OSB behayes as a nearly isotropic llIotcrilll wilen tested 1IlJ(lcr lateral
constraint (encased) condition.

This bdmvior can al::;o be St..'ell dearly ill Tab. 2. which shows thc v11ll1es foJ' sW'dfk ('Ilergy U
ab:>orbcd at 0,45 of strain. The difference in U '-alues in parallel and perpclldindm' dil'ediolls for

MechaniCS of Solids In Br<lZ,' 2011, E.A. fancello, P.T.R.~a & M. Alves (Edilors}
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Figure 6: Shock absorbers material stress-strain curves for different. directions.

the unconstrained situation is 47% (7.0 to 3.7 MJ/m3), while the average diffcrence for the encased
specimens betwccn the three test directions is less than 10%.

Table 2: Specific energy absorbed (U) @£ = 0.45.

U (MJ m3 )

Non-encased Perpendicular 7.0

specimens Parallel 3.7

Perpendicular 7.5
Encased

Parallel 8.2specimeus
45' 8.4

For tile {'J1cnsec! specimcns, the valUe!; of Young modulus determined in the thn,"C impact test
dircdiolls ,lrc: E1J<!I'p =68l\IPn (perpcudicular direction), Ep<n' =65l\IPIl (pn1"llllel dil'ectiollTand E.f5
,..., 81 t\IPIl. ('15° angle).

Although IUl\'ing the aSB mechanical properties characterization in tll"O cOndilions obtained from
tests \\'ith lion clIcnscd and encnscd specimells. the choice for the use of the properties of the later
lIlay he just Hied by three reasons:

• The encased behavior of the OSI3 is not given only by the surrounding ~tecl shell but also from
til{' sdf lateral constraining wilhollt splllltering.

• The deformed configurat iOlls of the nOll encased specimens lifter I he imlMct tests show splintering
ill OHtCI' pnrls that tire not expec:'led to occur in the shock absorO{·rs.

MechanICS of Sohds in Br,iI1d 2011, E.A. hncello, P.T.I!:. MendOO(a & M. Alves lEdllorsl
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• According to 141, only a minor increase in the comprcssion forces cun be observed due to thc
illfluelLce of the steel casing with thicknesses of 0,5 mm in wood specimcns of diamcter of 100
mill, avoiding the specimens lateral splintering in the impact tests.

5 Numerical simulations of the package half scale model 9m drop tests

The half scale modcl of thc package structural evaluation under the drop tcst condition was conduded
by finite elemcnt IlUlllcricai simulations considering several nonlinear aspects as the llonlillear materials
models and properties. the different package materials stiffncss, and the differellt types of the contacts
betwccn the package components and between the package and the rigid surface. including the friction.. ,
in the contacts.

In this paper. the numerical simulations of the 9 m free drops over a rigid surfacc of half scalc model
of the described transportation package under different orientations "-ere conducted nsing the finite
e1cment explicit code ANSYS LS-DY A IS).

5.1 Contacts modeling

The following discussion is based on some recommendations from the LS-DYNA manual 151. A contact.
is defined b.y identifying (via I>arts, part sets, segment sets, and/or node sets) what locations ~U"c to be
checked for potentialj>enetration of a sian: node through a master segment. A search for pellctr<ltions,
using allY of a number of different algorithms. is made c\'ery time step. In the case of a j>cualty-basL>d
contact. when a penet ration is found a force proportional to the penetration dept h is :l.pplicd to rt.'Sist,
and ultimately eliminate. the penetration. Unless otherwise stated, thc contaets discll~1 here are
penalty-based cout<lcts as opposed to constraint-based COlltacts. Rigid bodies lIlay be indlldetl in any
penalty-based contact but in order that contact force is realistically distributed. it is l'L'('OlIllllClldcd
that the llI~h defining allY rigid body be as fine as that of a deformable body.

In high \'elocity impact analysis, the deform;ltions can be very large and pl'cdctel'1uinatioll of where
and ho\\' COlltA('t will tnkc place Illay be difficult 01' impossible. Fol' this l'easoll. the lIUtOllliltic ('outad
options MC reco1lll1lcnded as these contacts arc non-oriented. meaning they can dctcct pClwtration
cOllling from cit her side of all element.

Due to the iUII)i\ct conditiOJl and due to the geometric features of packagc and of the the half
scale model of the paclw.ge (sec Fig. 1 to 5), it. wns used the so-called AUTOtdATIC SUHFACE TO
SURFACE CQutact option of the ANSYS LS-DYNA code.

This t.vpe of cOlllllet is 11 two way contact allowing for compression loads t.o be tl'<lllsfel'l'cd between
the slave nodes nnd the master segments. Tangenlial loads are also tnlllslllitled if relative sliding
occurs when {'Olltacl friction is activc. A Coulomb friction formul1:'ltion is llsed with JIll expollclltial
illterpolatioll fUII(·tion to tmllsition fmlll static to dynamic friction. Tllis tl'allsitioll l'e<ptil'es that
a decay <'oefficiellt be defined Bnd that the static friction coefficiellt be llll'ger tlUlll the d.\"llalllie
friction coefficient. The constraint algorithm used in the LS-DYNA progl'alll is based 011 the algorithm
developed ill 161.

This im'ol\"('S a twa-pas.." symmctric approach and allows for colllpr(,'SSioll loads to be tn'lISfl'lTed

Mech.;lnlcs of Solidi to Bralil 2011. E.A. hncello, P.T.R. Mer>d~a to M. Alvei (Editor!»
Bralilian Soc;iely of MeChanical Sciences and Engineering. ISBN 978-8.5-85769-4&-8



M. Mallar Neto, CA. de Jesus Miranda, G. Fainer and R.P. Mourao

betwccll thc slave nodes and the master segments. The definition of the slave surface and master
surfac.'e is arbitrary since the results will be the same.

~Iodclillg the contact between the OSB material (soft) and other steel package parts (rigid) poses
se\'cral chfillengcs in impact {.'OnditiOl1s. This is due to its relatively low stiffness of the first when
compared with other 5t.1'uctural materials which has an indirect effec::t on its contact-impact intcractions
with other materials.

In ANSYS LS-J)YNA the default procedure to compute the time-step and the contact stiffness is
based on the mnxilllum value of the Young's ~Iodulus E, the ma.ximum slope from the stress-strain
cun'e (Ecurve). This defnult approach is conservative to ensure that the computed time-step is stable
for all compressive strains. The default value of the modulus from this approach could either be too
Slllall (if E is greatcr than Ecu .....c) or too large (if the EcunJc is greater than E). ANSYS LS-DYNA
allows the overriding of this default logic. Suppose a case where the Ecurve is 10 ~IPa and E is 50
~IPa. Consequent I)", the E value of 50 ~IPa was used in the time-step and contact stiffness calculations
which is roughly 0.025% of the modulus of steel (200.000 MPa). This huge disparity ill stiffness values
between the impacting bodies is naturally going to cause instabilities in contact. The alternative
approach is to use a penalty COntact using soft-constraint algorithm. However, ANSYS LS-DYNA
always USC$ a pel\l\lty based npproa<:h based on material stiffness for contact bctweeu !\ rigid body
alld dcfonlll\ble bodies. Tl.:acrefore. it is recommended to alter the modulus to n value at least 1% of
the modulus of thc il1llh"\Cting matcrial (which. in this case, is steel).

An illillOrtnnt poillt in contact. modeling of the impact betwccn materials with large differences ill
their stiffncss is thc procedure to avoid the collapse of the first row of soft materials. due to large
compressive strnills. that leads to an abnormal TUn ending with negative volumes issues. ANSYS LS
DY~A follows strktly the stress-strain curve to the last input stress-strain point. For strnin magnitudes
largcr Ihan the lASt input point ill the curve. the code extrapolates using the lust slope. This may
yield small 5t res.s \"!llues <HId fails to model the bottoming out effect that occurs at large compressive
strains. The fix to this is to mllllually provide an exponelltially increasing CUlTe to ("O\"Cr compressive
straills to a lllillilllUlll of 95-99%. It must be noticed that the manual cun·e lIllist be smooth.

SOlll(' IWllt'lrntiOll bctweeu soft and rigid materials can be found during the maximum ("Olllpressive
slrnill. Tllis lilA)" be nttl'ibuted to the way the segment thickness is computed for solid f'lelllellts. l\luch
like slll'li dellll'llts. ill which the mid-surface is offset. in both directions of the S('glll~nt normal, the
solid st.>gllll'l1ts maximulll allowable thickllcss is also computed. The amount of maximlllll allowable
thickncss is based 011 a slUall percelltage (5%) of the solid elcment dingollHI which. based 011 the
el('llll'llt gl'Ollu:l rr. ('ould be vcrr Slllall making it vulnerable to llodal release. So. it is reeollllllendeQ
to ilJcl"ca:;c tli<:' olfsl'l thickness to a vnlue adequate to cnsme that no nodes nre rcll'llscd frolll contact.

5.2 Materials modeling

TIlt' sho('k IlhSOl'bt'rs filling llMlerial (OSB) was modeled as crushahle fomll with ilS t'orrC':,;polHlent
("lUTC followillg iU} isotropic lillcul' behavior until Hstrain of t = 0.45. exlellde<.l unlit c = 0.95 10 avoid
llUll1l'ril',ll iw;tnOili1ies. The rigid surface was modeled with the ANSYS LS~DY!\r\ ]lICIO optioll.
The :;tC'l..,1 pnrls. illdudillg the round oars. as well as the leild Olles \\.1"1'1" modded flS J3ilillcar IsotropiC'
!\Iilteriill (OISO). The bllske' was modeled in a simplifi('d way as 3 OOlltinuou$ 1ll1\.'iS wilb fiditiolls
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v[llues and a density value 'calibrated' to reproduce the mass predicted to fill the package. This was
done to capture the package overall behavior. All adopted material properties, except OSB, can be
seen in Tab. 3.

Table 3: Materials properties adopted in the analyses.

• > Steel Lead 'lass By Rigid Surface mlils

E - Young's modulus 200e9 14e9 2e9 200e9 200e9 1lI
2

v - Poisson's ratio 0.3 0.42 0.0 0.30 0.30

p - Density 7500 11500 600 7500 7500 Kg/mllI J

q~& - Yield stress 310e6 14.0 310e6 N 1lI2

E' Taugellt modulus 7.6e8 1.0e7 7.6e8 N 1112

5.3 Finite element model

A 1800 finite element model. showed in Fig. 7. was developed using solid aud shell c1clIlents and
ronsidering the symmetries in the structures. Palis as trullnions. bolts and threads "'-ere not modeled.
This model can be rotnted to cover all drop'orientations that must be simulated (see Fig. 7).

5.4 Numerical simulations

The analysis starts as the model touches the rigid surface, so the applied illitial velocity (13.3 III s)
corresponds to the!l ill free drop. Additionally the gravity 3cceleratiOll was applied to the model.

Three Hllalyses were performed simulating the \"Crtical. the horizontnl and the cornel' impact. In
genernl. the l'csult.s in terms of displacements along the lime arc smooth while in terms of accelera
tions R filter like Bullcrworth·type should be adopted due to the noise introduccd by the sllceessive
integrations 171.

5.5 Deformed shapes

III Fig. 8. thI' cont lWt lIlodding does not include the imprO\-elllents discussed in sed iOIl 5.1 above
related to tilllc-stcp <HId COllt"ct stiffllCSS and increased solid element thickness ill eOlltad wldle ill
Fig. 9 all illlprO\'CIlll-'llts were illduded ill the contact modeling.
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Figure 7: 1800 finite clement model and drop oricutations.

Figure 8: ISO° finite element model dcfonlll>d Slull)'" without illlprO\"ed ("Dulact lJlodeling.
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Figure 9: 180° finite clement model deformed shape with illlprO"e<! contact modcHng.

6 Half scale transportation package 9 m drop tests

The half scale transportat iOIl packAge 9 III drop tests were performed in the following sequencc: corner
drop. horiwulnl and velikal orientations. The shock absorbers were replaced from one tcst to other.
Figure 10 shows the moot'l prepared to 9 III drop in the three orientations. Before the drop itself the
model. suspcndl.'(1 by a <:ralle. was carefully positioned to assure the desired position and angle. Sollie
deformed shapes after tcsts are showed in Fig. II.

Vertical drop Corner drop

Figure 10: Tests drop oriClIlaiiollS.

HoriZOlltfll drop

Mc<:h.anics of Solids III Bliv.l 2011, E.A, fancetto, P.T.R. Mendon.;a & M. Alves IEditorsl
BraZilian s.oClt'ly 01 MechanlColl Sc.enc('lj and Engmeenng. ISBN 978-85-85769-46-8



M. Mattar Neto, CA. de Jesus Miranda, G. Faincr and R.P. MourM

Corner drop Horizontal drop

Figure II: Final defonned shapes for two impact orientations from tests.

7 Results comparison

The main results of numerical simulations and tests are related to the displacements. "elocities and
accelerations of some chosen points, the maximum deceleratiOllS in the internal (untent of thc package
and the'deformed Slull>CS of the structures in the time of their ma;'(imum deformation.

As an example. Fig. 12 shows the typical curves of displacement \'ersus time. "c1ocity versus tillle
and acceleration versus timc of the finite element central node for the horizoutal 9 III drop test.

The maximum deceleration can be observed in Fig. 12 (e). In this Ci\5C. the value is ::::.28Og (9 is the
ncecleratiOIl of the gn\\'ity) (as mentioned before. it should be applied a Butterworth-type low pass
filter 171).

SOllie imporlnnt results for the package projed arc those relAted to maximulll decelerations and
dC£ot"ltlfttiolls. Table I presents some of the obtained results in terms of the pUl:k..1ge maximulll deecl
cmtiolls (aftel' a fiherillg opemtion) and deformation ill the shock absorbers from the llulllerical
silll\llations and from tile tests.

Table 4: Illtel"lllll cOlltellt 1lIILXilllU11l decelerations aud shoek absorbers maximlllll disphH;f>IIlCnls from
lIulll(,l'i("1l1 sillLUlatioliS and tests.
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Filflre 12: l\lovemcnt curves of the 180° finite element model C'ClIlmlnode under 9 III drop lest in the
IJOrlwnt 1\1 orientation.

8 Comments and conclusions

\

At ~ first glalLCC. tllerc is n reasonablc llgrcclllciit between the IlIll1lCriClllllnd cxpcrilllclLlal rcsults willL
errors 1(lllllllericIJI·expC'l'imelltal) cxperilllclllnlj arouud ±20%. Ne\·erthelcss. with 0 dccper look on thc
results. it is clear that the drop orientation has an important influence on the rt'Su\ls comparison and
tlli~ influcnce is related to the shock absorbers behavior.

Although the lllilnerical and t'xperimcntal maximum disp!<welllents \'nhICS hnvc differenccs, the filial
shock absorbers deforllled shapes arc quite similar.

For the comer l.IIld verticnl <Irops. the observed maximum displacelllcnts in tile tests were grcater
thall tlwt obtaincd from the nHllleriral sinmlations. Also. the correspolldclit de("{'lerfltions werc slIIaller_
011 the 01 her hnnd. for the horiZOlltal drop the oppositc situation o<,currcd.

Also. during the h..-.sts. some rebound of the model was obscn·cO ill ,111 extelLsion IlOt reproduced
ill the lllllllcricni silllulntiOllS. espet"ially ill the vertical oricllti'lliolt. This illtli<:illt.'S that the encrgy
ahrol"ptioll of Ihe shock absorbers ill the wrtical orientation (illlJnwl load pl'rpcLldicu!llL" to the ass
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fiber/grain) appeared to be less than expected. The aS8 energy absorption characteristics appear to
vary more with respect to wood fiber/gmin orientation than it is considered in the materialmodclillg
used for thc OS8.

As one of the main objectives of the comparison bel",-een the results from numerical simulations
and from tests is to establish a qualified methodology to simulate the 9 III drop tests of a package
prototype furthcr assessments must be done in the future numcrical simulations such as;

• Review of thc shock absorbers material characterization.
• R.evicw of thc shock absorbers material model used in the numerical simulations.
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