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ABSTRACT

Japan Nuclear Cycle Development Indtitute (JNC) is leading Jgpan’s efforts in fast breeder reactor
research and development. As a pat of its comprehensve safety assessments, JNC has been
ensuring safe fud transport by performing regulatory tests and andyses on its various Type B
packages. In addition, the severe earthquake in Kobe Japan in 1995 motivated JINC to estimate
package performance in such severe accident environments as one of the phenomena to consider
for emergency preparedness, despite their ultra-low probabilities of occurrence.  Although an
experimentd test would be difficult to implement, numericad dmulation is an effective dterndive,
particularly with respect to cost and time. For that purpose, large deformation and highly nor
liner explicit integration andyticd methods was investigated. The podulated accident
environment was that of a 1500 metric ton concrete bridge section fdling 10.4 meters onto a fresh
fud package laden truck traveling on an asphdt roadway below it. As a firs stage of this severe
accident assessments, JINC and the author from Sandia National Laboratories working as a JNC
Internationd  Fellow, performed a series of plane drain large-deformation finite dement andyses
(FEA) of this hypotheticd bridge crush (extraregulaory) accident condition using the
ABAQUSEXxplicit finite dement andyds code. A wide range of materid conditutive models was
required to accuratdly modd the behavior of various ductile metas, brittle concrete, crushable
woods and foams, and pressure-dependent yidd materids such as soil and asphat. Fud assembly
loading results obtained from an overdl bridge/package/roadway crush analysis were subsequently
goplied to a highly detalled FEA of the fud assembly’'s individud fud pins and ther cladding.
Anayss results showed that athough deformeations were relaively large compared with regulatory
accidents, the two containment boundaries provided by the primary contanment vessd and
individud fud pin claddings retained their Sructurd integrity. Because of the smplified naure of
the two-dimensond plane drain andyses (gppropriate for such a long, dender package), these
reults should be verified by full three-dimensond andyses, which include out-of-plane bending
and shear forces as well. These caculations are presented in another paper in these proceedings
(Harding 2001). Prdiminary conclusons about the ABAQUS/Explicit codes ability to smulate
package performance during even severe accidents can be made. These could be utilized for a
comprehensive land transport risk assessment that evauates additiona postulated events and their
probabilities of occurrence.

" Sandiais amulti-program laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the
United States Department of Energy under Contract DE-AC04-94AL85000.



INTRODUCTION

The &bility to andyticdly determine a radioactive materid (RAM) trangport package's
performance under severe accident conditions is virtudly a prerequiste to peforming RAM
trangportation risk assessments.  Anayticd tools, such as powerful workgations and finite dement
andyss software, are condantly improving and are making it easer to accurately predict large
deformations of sructures with multiple contact surfaces.  Japan Nuclear Fue Cycle Development
Inditute (INC) is usng such tools to quantify the safety of its transportation operations, in which
packages have dready been experimentaly proven to be safe. The same andyticd models can
then be used to evduate extremely low-probability extra-regulatory accident conditions as needed
under the overal risk assessment framework.

The extendve damage to buildings, roadways, and bridges during the 1995 Hanshin earthquake in
Japan presented one very severe potentid accident phenomenon which JNC could teke into
condderation for emergency preparedness. Lage concrete bridge sections fdl from ther
supporting pillars and came crashing to the ground below. Due to the design of some roadways in
Japan, these bridge sections occasondly fdl onto asphat roadways below, and thus there existed
the very dight chance that a truck-transported RAM package could be crushed between a fdling
bridge section and the truck bed or roadway beow it. This is the accident condition evauated in
this paper, usng the Monju-F package as a representative package for the andysis.

The Monju-F fresh fud package was designed by JNC and was certified in 1990 to meet IAEA
regulations for Type B nucler materid trangport containe's. The 5-m long by 0.63-m diameter
package has a mass of 2630 kg when fully loaded with two fud assemblies, as shown in Figure 1.
The 304 danless ded containment vessd is Sgnificantly thicker in aress adjacent to the mixed
oxide (MOX) fud and at the bolted flange/lid closure.  Cup-shaped heat dissipating copper rings
are embedded within the resn-based neutron shidd. A rdatively rigid mortar materia surrounds
the neutron shidd and functions as a load soreader and themd shidd. Energy absorbing gran-
oriented plywood and balsa wood, surrounded by a sanless sted outer shell, protect the
containment boundary in impact accident environments.
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Figure 1. Monju-F Fresh Fud Type B Package




Due to the long and dender overdl shape of the Monju-F package, a 2D plane strain modd of the
package was initidly used to smulate a Sde-on package crush environment.  Subsequently, a
highly-detailed 3-D finite dement mode was developed to provide a more accurate representation
of package deformations, the results of which are presented in the following paper. A detaled
plane sran modd of individud fud pins within the fud assembly was used to assess confinement
a the fud cdadding boundary. The results of the 2-D and detailed 3-D modds under the bridge
crush accident condition, are the primary subject of this and the follow-on paper. Smilar
andyticd modds may be used in the future to assess package peformance under other low-
probability extra-regulatory conditions.

MATERIAL MODELING

There are many different materids associated with this bridge crush problem, each with different
behaviors under dress.  Developing accuraie condtitutive modes for each of these materids is
crucid for obtaining an accurate overal package response to the severe accident conditions.
ABAQUS contains a library of material congtitutive models that can gpproximate the behavior of
ductile metds, brittle concrete, crushable packaging overpack materids, and granular soils making
up the roadway. These existing models were tuned with the appropriate materid parameters from
test data in order to accuratdy predict the package's accident response.  Additionally, package
material properties maiched those for the deady-state elevated temperatures observed during
transport of fresh fud.

All metdlic dructures of the MonjuF package, incduding the fud dadding, hexagond fud
assembly casing, fud holders, fud holder tubing, primary containment vessd, lid, bolts, and outer
shell, utilized classicd metd plagticity modds with isotropic yidd and ether perfect pladicity or
isotropic  drain  hardening behavior.  Because the MOX fud pelets have much stronger
compressve drength than tensle, a pressure-dependent yidd formulation of a crushable foam
model was used only for this (porous sintered) metallic materid.

The moderate dtrain rates associated with the 11.6 m/sec bridge impact do not necessitate the use
of dran rate-dependent materiad properties. Apparent hardening above dtatic stress-dtrain relaions
in the crushable overpack materids can be observed merdy due to inertid effects.  These
crushable materials, including the grain oriented balsa wood, plywood, mortar, and resn were
modeled using a crushable foam pladicity conditutive mode, with the yied surfaces deviatoric
stress dependent on pressure to effectively produce hardening under compaction while mantaining
minima tendle drength (Krieg 1978). This conditutive modd dlows the materids to deform
volumetricdly in compresson due to cel wadl buckling processes, as occurs in both foam
materials and other cdllular solids like most kinds of wood.

The properties of the asphdt roadbed and its underlying layers were defined from empirical data
(Akamatsu 1997). The Mohr-Coulomb yidd surfaces for each layer include granular coheson and
interndl  friction parameters, and a logarithmic dress-dran rdation given by: e = -In(1-P/K),
where e=true volume drain, P=hydrogtatic pressure, and K=bulk modulus. The Modified Drucker-
Prager/Cap Padicity conditutive mode in ABAQUSExplicit is intended to modd cohesve
geologicd materids that exhibit pressure-dependent yield, such as soils and rocks (HKS 1998).



The cap portion of the conditutive model serves two purposes. it bounds the yidd surface in
hydrogatic compression, thus providing an indadic hardening mechanism to represent plastic
compaction; and it helps to control volume dilation when the materid yields in shear, due to its
lower tendle srength.

Because detalled information on the bridge compostion was not known, a smple Mises-based
eadic/pladic isotropic materid modd was used, with a compresson drength of typica high-
drength concrete.  Potentid locdized brittle fracture of this materia can be inferred via resultant
plagic drains, athough the high degrees of reinforcement typically seen in bridge structures would
provide an additiona basisfor bridge integrity.

2-D PLANE STRAIN MODELING

Initidly the Monju-F package was modded with a smplified 2-D plane srain modd, to teke
advantage of the package's long and narrow shape. A plane strain modd assumes that al stresses
and deformations reman in the plane of interest, which would only be true in the case of a
uniformly loaded (in transverse crugh) infinitdly long, uniform packege. Asdde from the obvious
limitations of such a modd, for example capturing localized deformations adong the length near the
fue holders, such a smplified model can provide a good estimate of the package deformations,
fuel assembly loads, and bridge and roadway behavior in this severe accident environmen.

The initid 2-D plane dran models neglected the complicated truck structure, and ingtead sSmply
assumed that the 3 packages rested on the asphalt roadway and were impacted and crushed by the
fdling concrete bridge section. The effective mass of the origind 1,500,000-kg bridge section was
reduced by 1/2 for only one end fdling, by 3 snce only the centrd package of 3 truck-loaded
packages was modded, by 1/2 since only 1/2 of the package was modeled (due to symmetry), and
increased by 22% to convert the rotationa kinetic energy of a tilting bridge back into an assumed
horizontdly fdling bridge (to smplify the modd and avoid a sharp corner impact by the bridge).
Thisresulted in an effective bridge mass of 152,500 kg.

MODEL 1: PACKAGE AND FUEL

A representative 2-D plane drain "dice' was taken of the bridge, asphdt roadway, and Monju-F
package through the middle of the package, where the MOX fud is located, between the fue
holders.  Symmetry about a vertical axis between the two fud assemblies dlows for modding only
1/2 of the package. Instead of modding a very wide section of roadway and bridge, a 0.5-meter
wide section of bridge and roadbed were initidly assumed as the width that would be influenced
by the package crush. About 2.6 meters of total roadbed depth were assumed necessary to capture
roadway response to the load, and a 0.5-meter thick section of reinforced concrete, with a rigid
mass Smulating the rest of the bridge, was used to amulate the bridge.

The 11.6 m/sec initid veocity of the rigid mass and concrete section were derived from the 8.4-m
height of the tilting bridge end above the package. Along the symmetry ling, only verticd
displacements were dlowed a the nodes of eements, and the dope of shel dements a that
boundary was preserved throughout the andyss.  This is a typicad boundary condition for
symmetry. Soil nodes a the roadbed's bottom surface were pinned, smulating bedrock or infinite
s0il below. Another rigid boundary was used to define a frictional dide line between the roadbed



modeled and shearing forces from the surrounding roadbed. The verticd shear force a this
boundary depended on the product of the norma dress and the friction coefficient (Gonzdes
1987), which was derived from the internd friction angle as mrtan b. Thus, the shear force dong
this boundary varied between the different layers patly due to ther respective internd friction
angles.  Without making such a modding smplification, excessve dement deformation can occur
near the object deforming the soil.

The concrete bridge was modded with 100 continuum plane strain 4-noded reduced integration
dadic-plagic quadrilateral eements, having properties previoudy defined. Reduced integration
elements are more stable and accurate in ABAQUS. The roadway consisted of three layers: 100
mm thick asphat usng 20 CPE4AR dements, 500-mm thick rocky soil usng 100 CPE4R dements,
and the 2000-mm thick loose sandy soil layer usng 300 CPE4R dements, dl with pressure-
dependent deviatoric yield strength properties.

The package components in this 2D dice included the 3mm thick outer shell (50 beam eements),
50-mm thick mortar therma shidd (200 quad dements), 80-mm thick resn neutron shied (350
quad dements), 25-mm thick PCV (200 quad eemerts), 3mm thick hexagond fud assembly shdl
(48 truss dements), and lumped hexagond-shaped fud assembly (128 CPE4R éements), as shown
in Figure 2. The outer shel was modded with 2D beam dements that account for bending, and
the fud assembly shell was modded with truss dements to mode its tensle srength in the event
of fud crush. Note tha dl solid dement layers have a least 4 dements through the thickness to
accurately respond to bending and shear.

Besdes the initid velocity conditions and boundary conditions previoudy mentioned, inter-surface
contects were specified to properly transmit forces through the various layers and components of
the moddl. Tied contacts were defined between the top of the bridge and its rigid mass eement,
the package outer shel and the mortar layer, the fud assembly shel and its lumped fud, and
between each of the three roadway layers. Non-tied frictiond contacts (with m=0.1 assumed,
except where noted) were defined between the lower bridge surface and the outer shel of the
package (=0.2), mortar and resin, resn and PCV, PCV and itsdf, PCV and fud assembly shell,
and between the outer shell and the top asphdt surface (n¥0.3). These contacts were free to
Sseparate, mate, or dide throughout he andyss, as dictated by the mechanics of the andyss. The
entire model consisted of 3402 degrees of freedom, with 1500 elements, 1674 nodes, and 11 active
contact pairs. Using 7.5 E7 sec. time steps, the andlysis took 40 min. totd CPU time for 60 msec
of crushtime.

2-D PLANE STRAIN MODEL 1RESULTS

The smulaion was run until the lower bridge surface reached the origind roadway top surface, or
about 60 milliseconds. Deformation of the package and roadway absorbed part of the bridges
kinetic energy. Only 17% of the initid bridge kinetic energy was removed up to this point.
However, its downward progress would certainly be stopped as it contacted the surrounding
roadway surface. Deails of the package and roadway deformations are shown in Figure 3. The
package was actudly pressed downward into the roadway, and the outer mortar layer is
gonificantly crushed. Internd fracturing of this and the brittle resn layers is likdy.  Sgnificant



bending of al package layers, including the PCV, was ultimady restricted by the fud assembly,
which rotated from its initid podtion due to its unrestrained boundary conditions.  Although
sgnificant bending of the PCV occurred, the pesk equivdent plagic strain of amost 25% is well
bdow the falure levd for the maerid, which is aout 90%. Ductile metdlic materids fal at
plagic drain levels corresponding to their reduction in area (g) a falure in a tensle test by the
following relation (Dieter 1976): PEEQf4| = IN[1/(1-q)].

Reduction in area values for 304 and 316 SS generaly range from about 50% to 78% (69% <
PEEQ < 150%), but vary widedy based on heat trestment. Thus, integrity of the primary
containment boundary was maintained. In order to assess the integrity of the secondary
containment boundary, which is the hermeticaly seded fued pin cladding, a more detaled modd
was necessry, egpecidly given the difficulty in gpproximating the overdl fud assembly response
via a sngle isotropic materia with an outer shell. But the loading from this current modd should
be applied to the more detalled fud pin model. The average (compressive) verticd dress in the
lumped fud and adjacent PCV walls was between 10 and 50 MPa.

Figure 2. Section of Figure 3. Deformed cask and
Plane Strain Moddl. roadway after bridge section crush.

Although some éement hourglasang occurred in the Tumped fud, the overdl modd results appear
reesonable.  Some hourglass controls within ABAQUS were necessry to maintain  eement
dability. Assessng modd energy parameters is one method of insuring model accuracy. Large
vadues of atifidd dran energy mean that dgnificant dadic energy is dored in hourglass
ressances and that mesh refinement is necessry. Vaues less than about 4% of tota mode

energy ae dedradble.  The atificid energy was shown to be extremdy smdl, thus increasng
confidence in the FEA results.

MODEL 2: FUEL PINS

Each Monju-F fud assembly conssts of 169 individud fud rods or pins containing numerous
dacked fud pellets. The centrd portion of each pin contains the core MOX fud, and there are
blanket materias a each end. The fue is surrounded by a smal 0.08-mm air ggp and then sedled
by a 0.47-mm thick high-strength 316 SS cladding which serves as a secondary containment



boundary. A 5.4-mm diameter wire spacer spirds dong the length of each fud pin to provide an
ar gap between the 169 pinsin the assembly.

In order to assess the integrity of the fued cdadding contanment boundary, a highly detalled 2-D
plane sran modd was developed. The "dice' for the modd was agan taken from the centrd
portion of the fud assembly and a smdl section of the impinging PCV wall, which was shown in
the previous modd to compress agang the hexagond fud assembly shel (hex). The overdl
modd is shown in Figure 4, minus the PCV wadl above the hex. In ader to reduce overdl modd
dgze, two symmetry planes were assumed (with appropriate boundary conditions), so that only a
corner of the actual hexagond fuel assembly was modeled.

This detalled 2-D mode was used to dmulate the crush of the fud assembly between opposite
gdes of the PCV wadls. The same rigid bridge mass dement as used in the previous modd was
tied to the 25-mm thick PCV wall section, modeled with 200 quad elements. The bridge mass and
PCV were given the same 11.6 m/sec downward initid velocity. Other fud assembly components
in this 2-D dice included the 3-mm thick hex shell (176 quad eements), 0.47-mm thick fud pin
cladding (2320 quad elements, 320 each pin), 54-mm dianegter MOX fud pins (1015 quad
elements, 140 each pin), 1.37-mm diameter wire spacers (360 quad dements, 60 each pin), and 6
truss eements to secure each of the 6 wire spacersto its respective fud pin.

The two symmetry conditions trandated to zero horizonta displacements for nodes adong the
vetica axis ad zero vertica displacements adong the horizontd axis. Tied contact was defined
between the top of the PCV and its rigid mass dement. Non-tied frictiona contacts (with m=0.1
assumed everywhere) were defined between: the lower PCV surface and the outer shell of the hex,
hex and numerous claddings, hex and numerous wire spacers, hex and itsdlf, many claddings and
themsaves (self contact), and between fud pins and respective claddings. These contacts were
free to separate, mate, or dide throughout the analyss, as dictated by the mechanics of the
andyss. The entire modd conssted of 10,059 degrees of freedom, with 4081 eements, 5028
nodes, and 87 active contact pairs. Using 1.5 E8 sec. time steps, the andysis took 3 hours and 6
min. total CPU time for 1.2 msec of crush time. Sdf contact is computationdly expensive because
of the necessity to increase the frequency of contacts checks between facets of € ement surfaces.

2-D PLANE STRAIN MODEL 2RESULTS

The andyds was initidly run until the vertticd dress in the PCV wadl section reached the
agoproximate levd shown in the Modd 1 results, or about 055 milliseconds. The overdl
deformations to the hex, cladding, fue pin, and wire spacer dructures are shown in Figure 5.
Although the deformations appear dightly larger than those for the lumped fud assembly in the
Modd 1 resllts, the actud fud assembly contains numerous air gaps that must be closed before
ggnificant stresses build up. Compressve vertica dress levels in the PCV range from about -10
to -50 MPa, sgmilar to the Modd 1 results. Although some bending of the hexagond fue
as=mbly shell occurred and the fud dadding was dightly deformed, the cladding pesk equivaent
plagic drain of dmost 11% is well bedow the falure leve for the materid. Thus, integrity of the
fud pin dadding was maintained in this andyss Modd soundness was verified by plotting model
energy parameters, and detrimenta artificiad strain energy was shown to be inggnificant.



Figure 4. Detalled 2-D fud pin modd.

Figure5. Deformed fue assembly.

SUMMARY

A series of 2D plane strain FEASs have been performed to initially assess the response of a Monju-
F package to an extremely severe, low-probability earthquake accidert environment defined by a
truck-loaded package being crushed between a falling 1,500-ton concrete bridge section and an
agphdt roadway bdow. Anadyss results showed tha dthough deformations in the primary
contanment vessd and hexagond fud assemblies were rddivey large, the PCV and fue cladding
maintained their integrity throughout the bridge crush accident. Equivalent plasic drain levels are
an excdlent indicator of ductile materid integrity during large deformation, and these plagtic dran
levds were dl wdl bdow ductile falure levds A full 3-D modd is necessary, however, to
capture out-of-plane bending and shear loadings on the fud assemblies, as wel as to better
understand the performance of the bolted flange closure of the primary containment vessd, which
is the subject of the follow-on paper. These FEA smulaions of package response to extreme
accident conditions could be used as pat of a comprehensve land transport risk assessment that
evauates additiond postulated events and their respective probabilities of occurrence.
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