DETAILED 3-D FINITE ELEMENT ANALYSISOF A BRIDGE SECTION CRUSH
ACCIDENT
David C. Harding
Sandia Nationa Laboratories
P.O. Box 5800
Albuquerque, New Mexico 871085-0405, USA, 505/845-9421

Y asushi Miura, Y uichiro Ouchi, Kiyoaki Y amamoto, and
Takafumi Kitamura
Japan Nuclear Cycle Development Ingtitute (JNC)
4-33, Muramatsu, Toka-Mura
Naka-Gun, Ibaraki, 319-1194 JAPAN

ABSTRACT

This report describes the extenson of the vdidation of previous plane dran finite dement andyss
(FEA) model results presented in another paper. Jgpan Nuclear Cycle Development Ingtitute (JINC),
in cooperation with Sandia Nationd Laboratories, has performed detailed three-dimensond FEAS of
a severe hypotheticd bridge section crush trangportation accident usng the ABAQUS/Explicit FEA
code. A 50,000+ eement model (shells and solids) with 35 inter-surface contact pairs was used to
model the approximately quarter-symmetric package and its fresh fud assembly contents. This
model was vaidated by comparing andytical deformetions and acceerations with empiricd data
obtained during regulatory 9-m dSde drop tests onto an unyidding target. Bridge crush andyss
results show that the primary containment vessel (including its bolted closure) retained its sructura
integrity, despite large deformations due to extreme crush and bending loads. Fud assembly crush
forces obtained in this andyss were subsequently applied to another detailed FEA modd of the fud
pins and ther individud claddings, which showed sufficient secordary containment boundary
integrity to avoid cladding leskege. These results show that the safety margin againg falure for the
package is indeed large, as was intended by IAEA regulatiions. Although this hypotheticd accident
condition would be of extremdy low probability, it is of scentific interest to investigate the dynamic
cask response to such postulated conditions, and such analyses should be used within the framework
of aland transport risk assessment.

INTRODUCTION AND MODELING BACKGROUND

Type-B RAM transportation packages are designed to withstand severe accident conditions, based
on the dringent IAEA regulations (IAEA 1985). Regulatory impacts onto unyidding targets
represent environments as severe as impacts into "red" deformable targets & much higher velodities.
Additiondly, large factors of safety are "built in" to the regulaions due to the fact that they require
contanment boundaries to reman essentidly undeformed throughout the sequentid accident
environment tests, even though package bounday materids are highly ductile augtenitic stainless
deds.  Trangportation risk assessments include the evauation of even low-probability, potentialy
high-consequence scenarios.  One such accident was pogtulated from the aftermath of the Hanshin
earthquake that hit Kobe, Jgpan in 1995. That particular magnitude 6.7 (Richter scde) earthquake
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caused large sections of concrete bridges to either buckle or dip off of their support columns and fall
onto lower-level roadways. There is a very smal chance that a truck transporting RAM packages
could be traveling on that lower-levd roadway during such an earthquake and could experience a
crush environment between a faling concrete bridge section and the asphat roadway below it. The
1,500 metric ton mass of the bridge section and approximate 10.4 meter height above the roadway
were estimated from typica bridge sectionsin Japan (Nittsu 1997).

Redidicdly, a bridge section usudly fdls in an earthquake due to only one end didodging from its
support dructure.  Using conservation of energy principles, the impact velocity is reduced dightly in
this case from about 12.8 m/sec down to about 11.6 m/sec, and the effective mass is only hdf of the
entire bridge section's mass. In order to dightly smplify the andysis boundary condition, the entire
bridge can be assumed to fdl horizontaly onto the package with the dightly reduced veocity, and
an effective mass of about one-hdf that of the origind bridge.  Accounting for the additiond
rotationa inertia of an assumed rectangular-section bridge, results in adding 22% to this mass. Since
the Monju-F package is transported as a group of 3 packages on the back of a flat-bed truck, when
modding only one package in the impact/crush accident, the effective bridge mass must again be
reduced by afactor of 3 to account for the kinetic energy absorbed by the other packages.

Given the extremdy large kinetic energy of the bridge section (primarily due to the large mass),
large deformations were articipated in the package, truck structure, and asphalt roadway beow the
package. Based on previous modding experience, numerous contact surfaces, including self-contact
for severe buckling, would be needed to accurately represent the behavior of the package in the
crush environment. Due to the trandent dynamic nature of the impact and crush events, as wel as
the need to accuradly modd numerous contact surfaces and large deformations, the explicit
integration ABAQUS/Explicit finite dement andyds code (HKS 1998) was used to peform the
anayses.

DETAILED 3-D MODEL DEVELOPMENT

Although the initid results from previous plane drain andyses (see companion paper) indicate that
primary contanment vessel (PCV) and fud pin dadding integrity is maintaned during the bridge
crush accident despite large deformations in the PCV wadl, Modd 1 was rdaively smplified and
had limitations.  Out-of-plane bending and shear forces which might be expected near the redivey
qiff fue holders could not be determined with the plane strain Modd 1 of the package. A highly
detailed, three-dimensond modd was necessary to capture these kinds of package deformations, as
well as the performance of the lid and bolted closure to the PCV. It was anticipated that this 3-D
model would provide a much more accurate prediction of the primary contanment boundary's
integrity, and provide better locdized fud assembly compressve loading in order to re-run the
detaled plane dran Modd 2 andyss and ascetan fud cladding integrity as wdl.  An IAEA
regulatory 9-m dde impact onto an unyidding target (used to validate the 3-D modd with
accderation and deformation empirica results {Harding 1999}), and the bridge crush accident
conditions both alow for taking advantage of one actud and one agpproximate symmetry plane in
modeling the package. Although the Monju-F package is not longitudindly symmetric (it hes a lid
on only one end), modding it as such greatly reduces the totd number of finite dements, alowing
for grester modd detail in the primary containment boundary (see Figure 1).
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Figure 1. Quarter-symmetric 3-D finite dement modd.

The 304, 316 and 630 dainless sted materids of the outer shell, primary containment vessel and lid,
bolts, inner assembly tube, fud holders, and fud assembly were dl smulated usng dadtic-pladtic
(four noded) shell or (eight noded) solid dements with isotropic srain hardening.  The fud assembly
was modded in a lumped fashion, as an dadic-pefectly plagsic maerid, ingead of modding
individud fud pins, which would have been computationdly expendve, and yet produces smilar
results in terms of package deformations. Crushable overpack materids, such as the grain oriented
basa wood, plywood, mortar, and resn were modeed usng 8-noded solid brick dements with
crushable foam pladticity conditutive models, each with a pressure-dependent yidd surface to
produce effective hardening under compresson. As with the previous plane sran modds, dl
package materia properties match test data at respective eevated temperatures associated with
norma trangport, due to radioactive decay heat from the fuel assemblies.

The primary containment boundary, including the lid, bolts and PCV, was the critical dtructure in the
3-D modd. A minimum of 4 dements through the thickness was necessary to accurady smulae
the bending and shear response of the primary contanment vessd, even in areas where its thickness
necks down to 8 mm, between the 1s and 3rd fud holders. A high degree of detall was dso
included in each of the fud holders, to accurately mode deformations and interactions with both the
PCV (via the thin fued holder tube) and the fud assembly. Weds between the inner shell and the
PCV, as wel as smdler machine screws bonding fuel holders within the inner assembly tube, were
modeled with smple truss dements using appropriate cross-sectional areas. The bolted closure lid
and flange are the thickest and strongest portions of the Monju-F package. The lid was dso modeled
in sufficient detall to determine its response to the large bridge crush loads. The lid bolts were
modded in sufficient detall to obtain axia dSress/Strain behavior during the impact.  Each bolt was
modded usng 4 eight-noded brick eements, consgting of 630 dainless sted. The four nodes on
each end were equivalenced with respective nodes on the 304 SS lid and 304 SS PCV flange.
Lateral contacts between the bolts and lid or flange were neglected to avoid transverse shear induced
hourglassing in the bolt dements (shear instead taken by rigid flange barrd design). Bolt preload



was agpplied via andyticd thermd contraction of the solid bolt dements, maching the initid bolt
torque-induced axia force.

Shdl dements were used extensvely in areas where thicknesses were rdaively smal. Accurate
bending response can be maintaned when sufficient numbers of eements are used, and ABAQUS
cdculates this response usng 5 integraiion points through the thickness in its shdl dement
formulations. Shell dements in the MonjuF mode include the hexagond fud assembly shel, the
inner assembly tube, the outer and inner shels (contiguous & the lid end), and the end plug shdls

(confining the 90° plywood).

Large deformations of various components, including welded or screwed joints were anticipated in
the extremely severe bridge crush accident anadyss. In anticipation of these large drans and
deformations, the fud holder-to-tube machine screws were dlowed to “fal” when and if they
reeched a prescribed 60% plagtic drain, usng a falure modd in ABAQUS. Similaly, the truss
eements amulaing the weld bead between the inner shell and the flange end of the PCV were
defined with the fallure modd. In the case of the potentiad weld falure, additional contacts were
defined in order to properly track force transmisson between newly adjacent diding surfaces if the
inner shell dretched away from the PCV due to wed falure. Additional contact controls were
necessary to keep the ABAQUS code from hdting due to locd or globd tracking erors, and
subsequent excessve dement deformations if contact surfaces inadvertently crossed each other.
Artificid "edges' had to be defined on many contacts so that the boundaries of contact surfaces
couldn't dip behind adjacent surfaces and cause large node jumps &fter the code tried to correct for
such cases. Specid hourglass controls were sometimes necessary where structures consisting of few
elements through a thickness underwent large deformations.

In order to accuratdy transmit Sress waves and forces through the dements of the crushable
overpack materiads after they reached "lock-up”, the dagtic moduli of these maerids was atificidly
increased. This avoided wave speed-to-deformation rate errors that could cause premature hating of
the code. Because the bridge crush andyss is crush dominated (and deformations are large) as
opposed to impact force dominated, increasng the eagtic moduli of overpack materids would not
affect the PCV response. The perpendicular or 90° balsa wood was crushed beyond its lockup point
0 quickly that a new andyss step was necessay, in which the materid was removed from the
andyss after it was fully crushed, and new contacts were defined to continue the andyds. An
additiona andyss step became necessary to redefine locd and globa tracking dgorithms and
accurady track the rgpidly changing contects between the fud assembly and the 4 fud holders.
Because of the contact difficulties experienced in the model development, many contacts had to be
redefined usng a "badanced” mader/dave dgorithm that required additiond computation time.
Others were better defined usng node sats indead of surface definitions.  In default time stepping
mode, a sngle analyss would have taken dmost 4 weeks of CPU time. The totd andlyss time was
decreased to a more reasonable level by using fixed time stepping through most of the andyss,
based on the internd initid stable time step caculaions before bridge crush began. Also, the bridge
(and rigid mass) velocity was increased by a factor of 2.5, from 11.6 up to 29 m/sec, which dlowed
the bridge bottom surface to reach the roadway's upper surface more quickly and thus required less
CPU time. The factor 2.5 was chosen based on experiments with different values, in an atempt to
minimize additiond inertid forces on the package derived from the impact, as opposed to the



origind crush-dominated event. All of these modd adjusments were necessary because this bridge
cush andyss was difficult, based not only on its maerid nonlinearities and geometric
nonlinearities, but aso the rapidly changing inter-surface contact definitions.  The forces involved
ae 0 large that materids are pushed to their deformation limits and beyond. It is this "beyond"
region where locdized fallure of overpack materids often occurs and modeling such phenomena
becomes difficult.

The actud trangport condition includes 3 Monju-F packages within a lifting cradle, dl on a flat-bed
truck.  Just as the fuel holders could produce shearing loads to the insde of the PCV, various truck
and cradle beams and axles could impart undesirable bending and shear loads to the containment
boundary. A full, highly detaled modd of the truck and cradle would be computationdly
prohibitive, especidly in conjunction with the aready computationaly expensve package modd.
Thus, a smplified mode of the critical truck sructures was developed, which captured the bending
and shear behavior of gpplicable cross beams, the cradle beam and the rear axle. The tires, wheds,
suspension, and wooden truck bed planks were dl neglected due to ther location away from the path
of the modded centrd package. The effective diffness of these components is dso indgnificant
compared with the tiff cross beams, axle, and cradle beam.

In order to reduce the travel distance from the package to the roadway (and thus reduce tota
computation time since the andyss may run until the package is pressed into the roadway), the pair
of main cross beams, axle, 2nd cross beam, cradle beam, and reinforcement beams were modeled
usng thick shell dements. Contacts between these shell dements and both the asphdt and outer
shell of the package do not need to account for the shell thickness, so the package can appear to be
reing on the asphat before the andyss begins. But the bending and shear strength of these cross
beams is taken into account by defining area moments of inertia (from the beam cross section)
identical to those of the original Fsection, Gsection, and square-section geometries. The origind F,
C-, and square-section beams were each modeled as a solid beam with the originad width or footprint
(to accuratdy transmit force through the roadway) and a thickness determined from its equivaent
aea moment. Boundary conditions gpplied to the beams were determined from their geometry.
Beams such as the axle, cradle, and the two reinforcement beams are long enough to be influenced
by the adjacent two packages on the truck, so symmetry boundary conditions (no x-axis
displacement of nodes adlowed) aoply. The main cross beam and the 2nd cross beam, however, end
a the bolted joint with the longitudinal truck beam, so that end is "fred".

In the overdl 3-D bridge crush model, coulomb frictiond contact was defined between 127 separate
active contact surfaces (defined in 63 contact pairs and 7 contact node sets), including sdf contacts
for the inner and outer shdlls. The complete modd includes over 76,440 nodes, 60,987 eements,
and 252,867 degrees of freedom and requires gpproximately 4 days of CPU time per 24 milliseconds
of crush time to run on a Sun Ultra 1 workdstation (rated at 300 SPECfp_92, with 256 MB RAM).
Only 24 msec was necessary to modd the 60 msec actud crush event, due to the atificidly
increased bridge velocity, by afactor of 2.5.



3-D BRIDGE CRUSH MODEL RESULTS

The overdl PCV and dl internd structures deformation results are shown in Figure 2, dong with the
lifting cradle and truck dructure beams.  Although the deformations in the PCV were large,
maximum equivaent plagic dran (PEEQ) levds were wdl bdow falure levels for the materid.
Note that some of the fud holders appear to be folding over, under extreme crush loading from the
bridge section. Plagtic dtrains throughout the PCV are contoured in Figure 3. The gpparent misprint
that is shown in this figure is the 2010% peask PEEQ leves a the top and bottom surfaces of the
PCV, where it is compressng the 2nd fud holder. Close-up views of these gpparent high-dran
areas would show that the excessve PEEQ levels are only on the outer surface elements. One defect
of using fixed time stepping to insure a more reasonable totd CPU usage is that when any dement
deforms to a levd where a dress wave traverses it after the next time step begins, inaccurate
deformations arise in the next time sep for that particular dement.  This phenomenon is the cause of
the unredidic plagic dran levd jump in these outer dements, and thus these results should be
neglected as a defect of the specidized modeing technique.  The maximum actud through-thickness
PEEQ levels above the 2nd fuel holder are less than 37%, wel beow the 90% ductile falure leve of
the materid. Very dight deformations to the previoudy-flat seding surface on the end of the PCV
ae dmog vigble in this figure, however, a more detalled model with a large number of dements
adong this seding surface, near the bolts, and in the lid's O-ring groove would be necessary to assess
sed integrity.  PEEQ levels in the lid near the O-ring sed (between bolts and barrel) were less than
18%, and deformation dong this previoudy flat surface is only dightly visble Plagtic drains in the
PCV bolts pesked a only 3.6%, wel beow ther falure levd. Thus, the primary containment
boundary remained largely intact, dthough highly deformed. Although this modd was not detaled
enough to verify lesk-tightness, the bolted closure maintained its Sructurd integrity throughout this
andyss.
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Figure 2. Deformations of the primary containment vessd and its contents
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Figure 3. PCV Equivdent Pastic Strain Contours

Compressive loads were trangmitted from the primary containment boundary (the PCV) to the fud
assembly via the fue holders, which dso underwent severe deformations.  The largest deformation
occurred in the second fud holder, which should be intuitive because the PCV is only 8 mm thick in
this area. The large deformations seen in the interior holes of fud holders meant identica larger
deformations occurred in the fud assembly. Verticd loads on the fud should be agpplied to the
highly detalled 2-D plane drain fud pin modd to determine individua fud pin resporses. Although
surface dress levels reached about 250 MPa at the second fue holder and 300 MPa at the 4th fue
holder, the through-thickness verticad stress (S22) levels in the fud reached about 200 MPa at the 4th
fud holder.

The highly detailled 2D pane strain Modd 2 was used to assess the integrity of the fud pin dadding
under the more severe fud assembly loading results obtained from the 3D bridge crush moddl. The
andyss was run until the verticd dress in the hex wal section and MOX fud pellets reached
goproximately 200 MPa, or about 0.9 millissconds.  Although bending of the hexagond fud
as=mbly shell occurred and the fud cladding was dightly deformed, the cladding pesk equivadent
plagic grain of about 23% was wel beow the falure leved for the materid. Through-thickness
vaues were 12% or less. Thus integrity of the fud pin dadding was mantained in this andyss,
which smulated the compressive fud assembly loads resulting from the 3-D bridge crush andyss.
As was dore previoudy with the 3-D modd, the computer smulation soundness was verified by
compaing modd energy paameters and detrimenta  atificid dran energy  was  inggnificant
compared with the total energy.



SUMMARY AND CONCLUSIONS

A sies of detalled 3-D and 2-D plane strain FEAs were used to determine containment boundary
reponses to a severe bridge crush accident condition.  Andyss results showed that athough
deformations in the PCV were rdatively large, the primary containment boundary including the
bolted closure maintained its integrity throughout the bridge crush accident. Equivdent plagtic strain
levdls are an excdlent indicator of ductile materid integrity during large deformation, and these
plagic gran leves for the lid, PCV, and lid bolts were dl wel bdow ductile falure levds.  Sight
deformations of the O-ring surface, which was not modeled in detall, indicate the possbility that
leak tightness may not be maintained, however, more detailed modeling of this area is necessary to
accurately assess sed integrity.  Remember however, that despite the extraregulatory nature of this
bridge crush accident, regulatory acceptance of a post-accident package is based on a lesk rate of
less than A, per week, not lesk tightness, and by this definition the Monju-F package would likely

"aurvive' this extra: regulatory accident.

Compresson of the PCV by the bridge, led to large deformations in the fuel holders ingde the PCV,
and subsequent locd deformations in the fud assembly. Compressve reection forces in the fud
assembly at these high-gtress areas were applied to a highly-detailed 2-D plane drain finite dement
modd of individud fud pins and their cladding, in order to assess cladding response and integrity.
Results from the fud pin mode showed that despite large deformations, equivdent plastic dran
levels would not likely exceed falure levels in the secondary containment boundary defined by the
cladding, even under loads exceeding those predicted by the 3-D modd.

In concluson, results from these andyses graphicaly show that the safety margin againg failure for
the Monju-F package is indeed large, as was intended for al packages during development of the
IAEA regulations. The bridge crush accident investigaeted in this report represents an extremely low-
probability severe loading condition, and yet the package's containment boundaries would likely
remain essentidly intact. In order to fully assess the package's design and safety margin, as well as
gan even gregter public confidence in nuclear trangport safety and the nuclear industry as a whole,
additiond andyses (and possibly tests) of other postulated severe accident conditions could be
performed within the framework of a comprehensive land transport risk assessmert.
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