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Abstract .

This report describes structural analyses of a high-speed impact between & Jocomotive
and a tractor-trailer system carrying a nuclear-spent-fuel shipping cask. The analysss
included both mathematicel and physical scale-medeling of the systom. The report
them describes the full-scals test conducted as part of the pregram. The system
response is described in detail, and a comparisen is made between the anelyses and the
actual hardware response as oheerved in the full-scale test.
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A Study and Full-Scale Test of a High-
Velocity Grade-Crossing Simulated
Acclident of a Locomotive and a
Nuclear-Spent-Fuel Shipping Cask

introduction
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Accident Scenario and
Hardware

The scenario chosen for this particular test was to
impact a tractor-trailer system stalled at a grade
crossing by a locomotive traveling at 129 km/h
(80 mph). The cask was centersd over and perpendic-
vlar to the tracks and mounted on the same shipping
trailor thot was weed during its time in service,
Figure 1 is & schematic of the test configuration. The
mdpﬁodhuouh.mmdhhs%

woigh-
ing 100 metric tons (240,000 1b), a shipping cask
weighing 25.45 metrie tons (58,000 Ib) and & thres-axle
trailor weighing 5.9 motric tons (13,000 Ib). Aleo avail-
able was a weed gasoline tractor to be sttached to the
trailer.




Figure 2 illustrates the cask’s construction. The
design utilized lead shielding and 304 stainless-stesl
materiala, The outer shell waa 2.54 cm (1 in.) thick; the
inside shell was 1.9 cm (0.75 in,) thick, A 21.3-c»
(8.37-in.) layer of Jead shislding was used between the
shells; the head and bottom had a slightly thinner
layer, The head was held in place with elght 2.5¢4-cm
(1-in.) bolts. The cusk wes tied down to the traller
structure with heavy stesl bands and four 3.2-cm
(1.26-in.) bolts at sach connection.

Figure 2. Schematic of the Shipping Cask

The locomotive for the test was a used military-
surplue unit. Its structural construction features are
briefly described as pertinent to the analysis. The
available unit followed typical Jocomotive comstruc-
tion in that the main structural members consieted of
two massive I-beams running the full length of the
vehicle. On the test unit the I-bsams were 50 cm
(20 in.) tall with flanges 1.9 cm (0.75 in.) thick and
30.5 cm (12 in.) wide. The web portion of the beam
was 1.27 em (0.5 in.) thick. The

[

I-beam structure was reinforced with a cross I-!
placed 99 cm (39 in.) behind the end plate. The top of
the I-beam was coversd with a 0.5 cm (0.2 in.)-steel
decking. The lower ]-beam flanges wers also heavily

al information are included in the section describing
the full-scale test.

and the cask (see Figure 1) wea such that ths top of the
locomotive frame was 0.3 cm (8 in.) below the center-
line of the cask. With this configuration, the coupler
clears the bottom of the trailer frame. The geometric
relationship just deacribed occurs when the hardware,
as manufactured, is used with a 5% grade in the

crossing. This ic relationship was ueed in the
analyses as well sa in the full-scale test.

Mathematical Analysis
introduction

Analyzing s locomotive impacting a shipping cask
is a very complicated, even intractable problem to
handle mathomatically. Some simplifving assump-
tions have to be made. The approach that one has to
take is to simplify the problem down to its most basic
structures using sound enginesring judgments. In this
case it is reasomable to sssume that for the impact
situation the important structures are the locomotive
underframe and the cask. The mass of the locomotive
is aleo important in that the Jocomotive momentum
provides the driving force.

A grate-crossing accident with the same velocity
and cask but using & heavier 186-metric-ton locomo-
tive has previously besnt analysed by Dennis.! He ussd
a combinstion of lumped-parametsr and static
finite-sloment modsling. Hie results indicated that an
impact betwesn s locomotive and a cask placed on its
normal shipping trailer would not breach the cask, on
the basis that the calculated cask deformations were
small. Denals also concluded that the traller structure
was insignificant in the impact sxcept that it support-
od the cask at a given slavation. He calculated that the
trailer structurs would be crushed and forced under
tha cask with negligible cask motion. He also calculat-
od that the tie downs would be broken and that the
locomotive undecframas would impact the cask 0.034 s
after it contacted the sice of the trailer.

The work of Dennis is used as a basis for 2
finite-sloment analysis where only the mass of the
locomotive, the locomotive underframe, and the mass

neglected.
In the past, finits-slement solutions for end-
impact calculations heve proven fessible and have
pmi@odmﬂcmulh.’hood—oninputi

the test, a 3D large-deformation, finite-element solu-
tion was impractical in terms of computer time and
possibly man-hours required to set it up. C. M. Stone®



attempted a 3D solution where he sssumed the under-
frame was an infinitely rigid structure and gave the
cask an initial velocity into it. He used the computer
program WULFF® and a CDC 6800 machine. The
computer run times were excessive, on the order of
15 h of computation time for <1 ms of real time, The

of the deformed mesh for early tinsss in the impact,
however, did sppear spproximately correct in shape.
Because of these difficulties, we resorted to a 2D
calculation to obtain an approximate solution. With a
2D calculation, simplifying assumptions can bs made
and some paramsetric studies run to obtain a fesling
for the solution sensitivity to the various asssumptions.
In this way it is possible to obtain a ressonable ap-
proximation to the structural responas of the system.
A 2D finite-slement solution made with the
HONDO' computer code was used in the present
study to predict the cask response. HONDO is a large
displacement dynamic finite-slement program which
uses a finite difference technique to solve the equa-
tions of motion in time steps. An snalysis of this type
was done by Dennis® before we ran the full-scale test.
In that work Dennis concluded that the under frame
would buckle befors the cesk was seriously deformed,
but because of mathematical instabilities ooccurring at
large element deformations, the analysis could not be
carried out very far, Since then, the HONDQO code has
besn madified to include a 4-point Geuss integration
technique as an option. This modificetion adds m,
stability t. the finite slement calculations, and large-
deformation solutions can bs carried out further. The
problem has been independently redone using the
HONDO cods. This section describes the finmite
ebnontnodolincthntmdonofoﬂb&indopondont
formulation.
Fonbo'.hrundﬂshﬂdluofthmptmm
will review the construction of the front pert of the
underframe in more detail. As discussed previoualy,
the underframe consists of two large I-beams covered
with a 1.9-cm (0.75-in.)-stesl plate on the front end.
The I-bsarma aleo have stiffening plates under the
bottom flange. Thess featurws can readily be seen in
Figure 3, a schematic of the underframe fromt-end
view. The width of the underframe messured from the
outside edges of the I-beam flanges is 158 cm (74-in.).
The area under the I-beams, called the coupler hous-
ing, is not significant 10 the problem sxzcept that in
this analysis it is used as vertical support for the upper
portion of the undorframe. In the actusl locomotive,
the top of the I-beams is covered with stesl plating
0.5 cm (0.187 in.) thick and skip welded to the struc-
ture. The underframe, with a width of 188 cm (74 in.),

impacts only the central portion of the cask, which has
an overall length of 406 cm (160 in.).

i1y
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Figure 3. Schematic of the Locomotive Underirame

The first step in the analysis was to determine
whather the cask could bs bowed by the impact; that
-.wbubuthmkmlklundtomw-mmd

of the width of the underframe; therefors, to give the
mmwmmumﬁdmm
artificiclly heavy. The calculated lead demsity to
schieve this was 2.88 x 104 kg/m’® (1.04 Ib/in.?). The
total weight of the locomotive was taken ms
113.6 metric tons (250,000 Ib). Because the plane
strain calculation is done on the basis of a umit thick-
ness, the demsity used for the Jocomotive mass was
based om the width of the under frame and the area
allotted to the locomotive mass in the model (Figure
4). The matsrial demsity calculated for the Jocomotive
-—-melosw-'(uun.’) Anryh;h



also given a very low Poisson’s ratio to simulate a
buckling or crushing behavior, which would be the
failure mode for a relatively thin web. The rationale
for spreading the web loading ncross the entirs width
of the underframe was that the 1.9 cm (0.75 in.)-thick
plate at the front would serve as a load spreader.

-BEAM WEDS

COUPLER
HOUSING

Figure 4. Geometry of the Finite-Element Mods)

Figurs 5 illustrates the finits-element mesh for
the model generated with the program QMESH." The
locomotive portion was given an initial velocity of
128 km/h (80 mph) in the direction of the stationary
cask. The underframe was supported in the vertical
dirsction as shown in Figure 5. This is conservativs,
because the underframe will deflect downward less
than is possible in the real structure. This boundary
condition was imposed because the bending stiffness
of the underframe could not be modsled very accu-
rately, and a choice was therefors made to uee this
conservative assumption. The area representing the
coupler housing was given the same material proper-
tics as the [-beam web material.

UNDEFORMED MESH

Figwre 8. The Finite-Elsment Mesh
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Cask cooling fins are very significant in terms of
energy absorption and cask deformation. This is espe-
cially true of this design because the fine were de-
signed quite large and closely spaced. On this cask, the
fine were 7.30 cm (2.875 in.) deep, 0.71 cm (0.28 in.)
thick, and along the impact portion of the cask they
ware placed at 3.8 cm (1.5 in) centers. Adding (smear-
ing) the fin area to the shell thickness resulted in an
addition of 163 cm (0.644 in) to the 2.54 cm
(1in.)-thick basic shell. In the finite-slement mode),
the shell thickness was sssumed to be 3.81 ¢m (1.5 in.).
Thus the fin material was smeared to the basic shell,
with some reduction in thicknees for an added conser-
vatism. This assumption is conservative not only be-
cause the area has been reduced, but also because the
effective bending stiffness (directly proportional to
the moment of inertia) of the entire shell section is
greatly reduced by sssuming that the fin area is
smeared onto the basic shell.

Results

The results are discuseed in terms of the deforma-
tions caiculated for the cask under the assumptions

Figure 8 illustrates the results from the HONDO
calculations for a 128 km/h (80 mph) impact. This
figure indicates separate times in the same finite-
slement solution measured from the time of contact.
As illustrated here, at 153 ms, the calculations indicat-
od that the cask had significantly crushed the corner
of the underframe, while sustaining only a relatively
mild deformation (thers is a slight ovaling of the inner
cavity). Procesding with the calculations to 300 ms
produced the results shown at the bottom of the
figure. Here the cask has almost separated from the
underframe and has sustained its maximum deforma-
tiona. These results indicated that the inner cross
sectional area was reduced by 5%.

To test the solution semsitivity to the web stiff-
neas, the stiffness was doubled in a later run. This
change made only a very minor difference in cask
deformation.

Discussion

The finite-element analysis indicated that in the
worst case the cask would sustain a deformation that
reduces the inner cross-sectional area of the cask by
5% in the area of impact. If the underframe impacts
only about half the cask length, and if the cross-
sectional area is reduced by about 5% in this area, in
the worst case the interior volume of the cask might be
reduced by about 2-1/2%. Because water-filled casks
are normally shipped with a void volume of about




10%, this amount of deformation should not cause
over-pressurization possibly leading to cask failure.
Failure by other mechanisms also appears very unlike-
Iy.

The analysis presentad abovs is very conservative
for the following reasons. In reality, the front end of
the underframe deflects downward wher the cask
impact occurs (the impact is off-center). This down-
ward deflection of the underframe results in a less
damaging condition to the cask. Aleo, the sssumption
that the [-beam flanges ars solid through the under-
frame thickness gives the frame much added siiffness.
Further, the sssumption that the fin area is smeared
on the outer shell makes the shell more susceptible to
bending or denting. The analytical analysis presented
above is then considered to be quite conservative,
However, even with these conservatismas, the analysis
indicates that the cask will not be breached by the

impect.

Scale Model Test

introduction

As in the studies of Refersnces 2 and 3, scale
models were designed and testad befors conducting
the full-scale test. A discussion of modeling theory is
included in Reference 2. Only a very brief discussion
of physical scale modeling and a description of the
models and test results are prasented here. The mod-
ols discussed in this section were designed by
A. W. Dennis, H. R. Yoshimura, and D. R. Stenberg.
They included a model cask, trailer, tiedowns, and
locomotive. Construction details for these are includ-
ed in Appendix B.

The philosophy adopted in the design of the mod-
els was to conatruct what is usually termed an “ade-
quate model.” This means that the model is simplified
compared to the prototype; only the structural fee-
tures pertinent to the problein are included in detail.
For this study, the front end of the locomotive under-
frame as well as the shipping cask wers modeled in
considerable detail. Other parts of the structure were
nicdeled with less detail; for example, only a rough
approximation of the trailer structure with ballast on
the end to simulate the mass of the tractor was used
for the tractor-trailer model. These simplifications
were based on enginesring judgments and tha earlier
work of Dennis,’ which indicated that the pertinent
parameters were the stiffness of the locomotive under-
irame, the mass of the locomotive and the construc-
tion details of the cask. The models were constructed
to one-eighth scale and were designed to run on a sled
track.
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Figure 7 is a photograph of the cask model. Much
detail was included in this model to obtain as accurate
a responsa as possible. The model included detailed
inner and cuter stainless-stes] shells, the sxternal fins,
and the head and holting system, Lead waa cast into
the annulsr region betwesn the shells as well as into
the hollow volume in the head. The model weighed
50 ke (110 1b); it was attached to the model trailer with
a ncaled tie down system,

The locomotive model shown in Figures 8 and 9
was designed with a detailed front-end structure,
where the impact would occur. The rest of the model
was simplified with the total mass adjusted by means
of steel plate ballast to scals corractly. The superstruc-
ture included a sheet-metal cover and simplified mod-
sls of the altsrnator and engine ma illuatrated in
Figure 8, which aleo shows the rail shoss that allowed
the mods) to run on the track. Figure 10 illustrates the
featurss of the front part of the underframe with the
cab removed. The axial and cross I-bsams were hand-
construcisd 1o very accurately model the full-scale
units. The front plate that covers the ends of the axial
I-bsams was also very carefully modeled.

Figwre 7. Photograph of the Scale-Mode! Cask

Figwre 8. Photograph of the Scale-Model Locomotive With the Sheet-Metal Cover Removed



Figure 10. Closeup Photograph of the Model Locomotive
Underframe

Figure 11 shows the models at the sled track and
the elevation relationship between the cask and the
locomotive underframe. Here the top of the Jocomo-
tive underframe is 2.54 cm (1 in.) below the center line
of the cask. This correctly modeled the full-scale test
where it had been determined that the corresponding
dimension would be 20.3 cm (8 in.). Using this geomet-
ric relationship, we accelerated the model Jocomotive
up to speed by means of a small rocket motor and
allowed it to comst into the cask at an impact of
130 km/h (80 mph).

Scale-Model Test Results

The scale-model test was successful achieving an
impact velocity of 126 km/h (78 mph). (Film test data
areincluded in Appendix C). The system response was
about as expected; the model trailer was quickly
crushed and pushed under the cask without apprecia-
ble cask motion. The locomotive underframe then
kau the cask, causing the underframs I-beams to

The underframe gave local deformations to the
cooling fins and the outer shell of the cask. The
underframe impact also caused the cask to rotate and
then roll up into the sheet-metal superstructure of the
locomotive crushing it back about 30.5 cm (12 in.).
Figure 12 illusirates the locomotive underframe and
superstructure after impact. The rounded deforma-
tion left by the cask in the superstructure is clearly
ssen, Note that the cask cleanly stripped the super-
structure from the frame. The rounded superstructure
indentation also indicates that the cask did not ele-
vate very much as it rolled over the underframe. The
top 2.54 cm (1 in.) of the front bumper plate was bent
back through an angle of about 50° from vertical
(Figure 12).



Figure 11. Photograph of the Scale Mode! at the Test Track




Figure 13 shows the cask after impact. The Jocal
indentations and crushed fins coincided with the un-
derframe axial members. Measurementa on the cask
indicated that the indentations to the outer shell
averaged between left and right were 0.254 em (0.1 in.)
at their despest point. The left indentation was about
10%; desper. Measurements made of the inside diams-
ter of the cask indicated that it was not distorted at
any point. The cask head remained firmly in place.
Figures C-1 through C-5 of Appendix C illustrate data
obtained from the high-speed films. Included are the
velocity-time curve for the locomotive, displacement-
time and velocity-time curves for the cask, and a plot
of the cask rotation about its own axis (as viewed from
one end) vs time.

Discussion

The data indicate that the Jocomotive slows down
considerably during impact and that s maximum hori-
zontal velocity of about 97 km/h (60 mph) is imparted
to the cask. The data also indicate that the vertical
displacement and vertical velocity imparted to the
cask were quite small. Thus, the plot for the total cask
velocity as a function of time is almost identical to the
plot of the horisontal cask velocity vs time. The scale-
model data predicted that the cask will obtain its
maximum horisontal velocity in about 0.058 s, which
correaponds to 0.44 s for the prototype, since svents
occur faster in the mordel by the scale factor. At this
tima (0.055 s) the casiz’s horizontal displacement was
about 1 m {39.4 in.),

s
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The plot of cask rotation vs time (Figure C-5)
indicates that the off-centsr blow caused the cask to
spin at a high rats. The value of angular velocity
corresponds to the slope of the curve in Figure C-5.
The cask spin reached its maximum value of about
1300 rpm at about 0,008 ».

In summasry, the scale-modal test indicated that
an impact ¢ 130 km/h (80 mph) between a moving
locomotive and a stalled shipping system results in
some localised external deformation to the shipping
cask but doss not impair its containment ability. The
test indicated that the interior cavity of the cask
would not be distorted. It aleo indicated that extensive
damage would occur to the locomotive and that the
impact would buckle the Jocomotive underframe cre-
ating a ramp that would allow the cask to move up into
the superstructure.

Full-Scale Test

The full-scale test was run at a Sandia National
Laboratories’ track facility in Albuquerque, NM. The
tast scenario described previously was successfully
accomplished. Six large rocket motors acoslerated the
locomotive to speed it into the tractor-
mmumk—mm mph). This section
describes the

15



Test Hardware and
jnstrumentation

Figure 14 shows the cask and tractor-trailer sys-
tem in the test orientation at the track facility, with
the cask centersd directly over and perpendicular 1o
the tracks. Its elevation was determined by the stan-
dard trailer haight and the 5% grade on both sides of
the track. The box adjacent to the cask head housed
the telemetry package used for dats transmission. The
teailer and tisdowns were those that were used while
the system waa in service. The trailer was attached 1o a
gasoline tractor obtained for use on this test.

Figure 15 shows the locomotive used in the test.
Its b isic frame construction has been described previ-
ously, Figure 16, a schematic of a lungthwise section of
the locomotive, provides some information on the
superstructure, The superstructure near the front end
contains miscellansous pieces of hardware, cabinets,
and control panels. The significant superatructure
itemss include the alternator and the sngine, which are
located behind the enginesr's cab with some space
allowed between as indicated in Figure 16. The impact
relationship betwesn the Jocomotive and the shipping
system is seen in Figure 17 which is a photograph of
the locomotive pushed up againat the trailer.

16

Figure 18. Photograph of the Full-Scale Locomotive at




ENGINEER'S CAR ALTERNATOR
Figurs 18, Schematic of Locomotive Cross Section
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This full-scale hardware was monitored by
18 high-speed (framing ratse of 400 to 2500 fpe)
camaeras placed at different locations. In addition to
the high-speed photography, the response of the cask
was monitorsd by strain gages and scoslerometers. A

cask; thess were placed on the back side of the cask
with one centered directly opposite the impact and
ona centersd on the top side of tha cask. The other two
were near the ende of the cask opposite the impact
side. The accalerometers were unisxial and were
aligned horizontally in the direction of the Jocomotive
motion, The locomotive was instrumented with an
accelerometer on the frame 1.8 m (8 ft) from the front
end; this accelerometer operated through its own te-
lemetry pack. Aside from the telemetry systems,
quantitative data wers obtained from the high-speed
filma by means of a film analyser that produced
digitized data of the cask and locomotive motions.
Data acquired from the full-scale test are included in
Appendix D.

System Response

The system responss ls described with reference
to a tims frame where sero time ia the instant when the
front end of the locomotive contacts the side of the
trailer. The right and left sides are as viewed from e
position on the Jocomotive looking forward.

The general responss was aa follows:

1. Tha locomotive crushed and pushed the trailer
structure under the cask; the cask remained
stationery.

2. The underframe impactad the side of the cask
at 30 ma, imparting a spin to it and two inden-
tationa to the outer shell. The locomotive un-
derframe I-bsams were buckled and the front
plate seversly bent backwards.

3. The cask impactsd the supsrstructure 50 me
after the initial contact. The front cask-trailer
tiedown broke at 60 me; the rear one broke at
80 ms.

18

4. The cask plowed through ahout 3 m (10 ft) of
the superstructurs while spinning. It remained
fairly perpendicular to the locomotive through
the first 250 me and then started rotating
clockwiss aa viewed from the top.

5. The traller completely wrapped itaelf around
tha locomotive by 250 ma.

8. The cask remained with the locomotive
through the first 600 ms, then continued mov-
ing upward to a height several feet above the
locomsotive. It fell on the right side of the tracks
in close to an end-on condition, hitting the
ground at about 1.7 s. It first hit the ground
about 48 m (150 fi) from the impact point. It
then tumbled an additional 15 m (50 ft) before
coming to rest in the middle of the tracks.
(Figure D-18, in Appendix D, indicates the
location of the hardware after the test.)

The impact can best be described by using series
of photographs from the high-spesd filma. Views from
both sides and from above are used. Figures 18 and 19
illustrate tha view from the right from the instant of
impact through 850 ma (at regular intervals through
180 ma and then skipping to a shot at 850 ms). The
trailer-tractor connection was broken very early but
the tractor remained almost undisturbed. At 180 ms
the trailer almost completely wrapped itaelfl around
the locomotive, and the cask was hidden in the debris
(Figure 19). Figures 20 and 21 show the view from the
lsft. In this series, tha cask remains visible longer and
its motion into the superstructure can be better ob-
served. The way in which the trailer wrapped itself
around the locomotive can be clearly observed.
Figure 22 shows two photographs taken from the
overhead camera. This camera view reveaied how the
trailer structurs was pushed out from under the cask
while playing a reletively minor role in the impact of
the cask with the underframs. Figurs 23 shows two
photographs also taken from above but slightly later:
these indicate that at 260 ms the cask was well into the
supststructure and had begun to rotste clockwise.
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Figure 21. Left-Side View of the Full-Scale Test to 275 ms
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Film data for the cask and locomotive =are ob-
tained for the first 0.3 s of the impact. After this the
structures became obscured by dsbris. The film data
include displacement-time and velocity-time plots for
the cask and locomotive, as well as a plot of cask
rotation vs time. The cask-underframe ixnpact gave a
rotational velocity of about 160 rpm to the cask. (This
value can be obtained by taking the slope of
Figure D-7 at t = 0.0405). The impact caused the
locomotive to pitch very little (3°) downward, al-
though the front end pitched more. The downward
force imparted to the locomotive by the cask caused
the track rails to bow slightly at the point of impact,
but the locomotive remained on the track. The cask
attained a total velocity (vector sum of vertical and
horizontal) of about 80 km/h (50 mph). Its velocity
direction was nearly horizontal. (Although the cask
moved vertically, the vertical component was small
compared to the horizontal.)

Appendix D also includes some accelerometer and
strain-gage data. Only two accelerometers produced
credible tzaces. The center accelerometer directly op-
posite the impact point produced a peak reading of
about 200 g's, and the accelerometer near the right end
of the cask indicated a peak valus of about 80g's.
These data were filtered to 800 Hz. Further filtering
would bring down the peak values somewhat, but
there would probably still be wide disagreemant be-
tween the two readings. This is probably the result of
local phenomena at the accelsrometer installation
points. Some doubt is also cast on the validity of thess
data because they were uniaxial accelerometers and
the impact quickly imparted & high rate of spin to the
cask, thus causing the instruments to be out of align-
ment. The strain-gage readings indicated that the
cask tended to assume a bowed shape, with strains
highest at the center and tapering off toward the ends.
The peak strain reading produced was 100 x 10°,
which is below the yield strain for the material.

Digitized film data for the cask motion were also
used to obtain an estimate of what we will term the

“rigid body” motion of the cask. This was done by
following the central mark on the left end of the cask.
This produced the g-time plot of Figure 24, which
indicates a peak level of about 33 g's for the rigid body
motion of the cask. Obtaining acceloration data from
displacement filim data is not an accurate procedure
because successive differentiation is involved; howev-
er, the data of Figure 24 are presented as a rough
approximation of the rigid-body acceleration of the
cask. A check has been made by integrating this curve
to see if the velocity change indicated by Figure D-4 is
obtained for the time interval up to 0.10 s. The agree-
ment was within 1%, and while this is not a positive
check, it is a good indication that the data of Figure 24
are reasonable.

L | J - 3
300 o0z 004 ooe 008 w10 oM
TRAE (o)

Figure 24. Acceleration-Time History for the Cask From
Film Data
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Figurs 25 shows the condition of the cask after the
impact; the impact producsd two indentations at loca-
tions corresponding to the underframe I-beams. Here,
the cooling fins were crushed and the outer cask shell
was deflected inward, At their despest points, the
indentations averaged about 2.5 cm (1 in.) between
the left and right side with the left side about 10%
deeper. The I-bsam flanges produced the desp por-
tions of the dents. The inside diameter of the cask was
measurad at many locations from one end to the other.
These measurements produced no indications of de-
formations to the inside cavity.

The fise]l elements inside the cask were almost
undamaged, Figure 26 is a photograph of the elements
after removal from the cask. A visual inspection did
not reveal any damage. Measurements on the fuel
bundle indicated that the elements had bowed about
0.5 cm (0.2 in.) between the support points that exist-
ed at both ends and at the center. No fuel cladding was
broken, and the support bracket was undamaged.

Figurs 27, a side view o' the locomotive after
impact, shows severs damage to the front part of the
supsrstructure. However, the deformation did not
reach the hard components (alternator and engine).
The cask crushed through the enginesr's cab, laaving
the rounded indentation in the superstructure ssen in
this figure. Figure 28 is an end view of the structure
taken from an elevated height; this view clearly illus-
trates the wrapped-around condition of the traiter and
extensive structural deformations. Figure 29 thows
the condition of the impact end of the locomotive
underframe. The buckled I-beans flange can clearly be
seen just above the front plate. The manner in which
the top of the front plate was severely bent back wards
by the cask can also be clearly observed here. Mea-
surements indicated that the top 7.5 in. of the front
bumper plate were bent backwards through an angle
of about 55°.
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Figure 28. Posttest Photograph of the Fusl Bundle

Comparison of Analyses
to the Resuits of the

Full-Scale Test

mfulluuhustwnamlyudbymnthomucal

techniques in light of the observed results of the
full-scale test. First, some comments about the mathe-
matical analysis.

Mathematicai

The mathematical analysis that used a very sim-
plified 2D model produced conservative results when
compared to results of the full-scale test. The defor-
mations calculated with the finits-slement model
(Figure 6) are much more severs than those observad
(Figure 25). The model did, however, indicats Lhat the
cask would not be brsached by the impact. It also
correctly predicted that tha cask would buckle the
corner of the underframe and the roll into the super-
structure.

Scale Model

tion on the responss of the system. Befors considering
the results simply in terms of final damage to the cask,
mwilln-ha-andcuihdoo-pui-onbywmidu-
ing the cask’s displacemsent and velocity after the
impact. Thess comparisons are made first in terms of
horisontal components and then in terms of vertical
components. Final cask damage is then compared.

Figure 30 is a plot of horisontal cask displacement
vs time both for the full-scale cask and the model. (To
obtain a direct compaerison for plotting againet the
prototype, we multiplied the model times and dis-
placements by the scale factor of 8.) This plot indi-
cates that the model predicted less cask displaceinent
than was observed in the full-scale test, although
again the agresment in early tinses (loss than 0.06 s) is
quite good. Figurs 31 is a plot of the horisontal
velocity of the cask as a function of timee. This plot also
shows good agresment in sarly time with the full-scale
cank accelersting much quicker, but eventually level-
ing off in velocity.

In the vertical dirsction the full-scale cask exhib-
ited much more displacement and velocity then in the
modal, although thers was good agresment at early
times. This comparison is seen in Figures 32 and 33.
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At 300 ma, which ie as far aa the full-scale cask could velocity was off by an even greater amount (Figure 33)
be followed, the mods] predicted a vertical displace- at this same time in the impact.
ment that was about 60% low, The predicted vertical

R T : f e

Figure 28. Posttest End View of the Locomotive
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Figure 34 shows the posttest condition of both the
full-scale and model casks. Hers the great similarity in
damage sustained by the casks ia clearly observed.
Both casks sustained indentations in the area where
the underframe 1-beams made contact with the cask.
The horizontal impressions made by the Il-beam
flanges can clearly be seen in both the model and the
prototype. These flange indentations produced the
deepest parts of the damaged area. In the model cask
the left and right indentations averaged about
0.254 em (0.1 in.) in depth at their despest point. The
left side was about 10% deeper. The full-scale cask
had a corresponding deformation of 2.54 cm (1 in.),
with the lJeft side also about 10% deeper. Internal
measurements of both casks did not reveal any inter-
nal cavity deformation.
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Figure 33. Cask Vertical Valocity vs Time for the Mode)
and Full. System

Beaides comparing the cask damage, we now com-
pare the post test condition of the model underframe
to the full-scale by examining Figures 12 and 29, Here
it is seep that the deformation pattern of the front
bumper plate and the underframe I-beams is very
similar. Messurements on the hardware indicated
that the upper portion of the full-scale bumper plate
waa bent back through an angle of about 55°; the same
measurement on the model indicated an angle of 50°.
The maximum spin imparted to the cask scaled very
well. The mode] was given a spin 8.66 times higher
(1300 rpm vs 150 rpm) than the full-scale cask and
close to the theoretical scale factor value of 8.0.




Discussion of Results

The mathematical analysis served the purpose of
bounding the problem very well. Results indicated
that the locomotive underframe would yield and that
the cask would sustain some deformation, but not
large enough to jeopardize the containment capability
of the cask. The model, because of various factors, was
conservative, as verified by the full-scale test. The
finite-element calculations, however, did provide very
good estimates of the results of the accident scenario.
The model, designed to be conservative, yiekded fairly
conservative results.

The results comparing the scale-model cask dis-
placement and velocities showed great differences be-
tween the model and the prototype. The differ
however, occurred after the underframe impact and at
the point where the cask encountered the superstruc-
ture. The full-scale superstructure proved stiffer, as
evidenced by the greater displacement and velocity
given the cask. These differences can be explained by

Figure 34. Comparison of Full-Scale and Model in Posttest Condition

the fact that the scale-model design ignored all hard-
ware in front of the engine and alternator (Figure 8)
and provided only a sheet-metal cover in this ares.
The hardware located in this area in the full-scale
locomotive (Figure 16) proved significant enough to
cause differences between the cask’s displacement-
time and velocity-time curves because the cask never
reached the engine-alternator. This hardware caused
dnﬁmmumtonlymthehomounldmctmbe-
cause of increased stiffness but also in the vertical
direction because of a ramping effect. This is readily
seen by examining the crushed superstructure, The
model superstructure (Figure 12) was completely
stripped clean of the underframe without providing
much of a ramp effect. On the other hand, the full-
scale superstructure (Figure 27) provided much more
of a ramp because this structure was not stripped off
the underframe like the model; it remained attached
to the underframe while being crushed below the cask
and provided an upward force. The result was that the
full-scale cask was given more vertical displacement,
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‘even though scaling laws dictate that becauss of gravi-

ty effects’ the model cask should have exhibited the
greater vertical displacement. Differences in the su-
perstructurs aleo caused a difference in the rates at
which the model and full-scale locomotives slowsd
down,

The differsnces in supststructures betwssn modsel
and prototype, howsver, did not affect cask damage.
The resson for this is that the only significant defor-
mations sustained by the cask were inflicted by the
locomotive underframe. This part of the structure as
well as the cask were very accurately modeled, with
excellent agreement in cask damage betwesn model
and prototype (Figure 34). The model cask sustained &
maximum indentation depth of 0.254 cm (0.1 in.).
This then indicates that the full-scale maximum
depth should have been 2 em (0.8 in.) instead of
2.54 cm (1 in.) as measured. On the surface this repre-
sents a 20% error; however, because the model impact
valocity was 3.7% low, representing about an 8%
differsncs in locomotive kinetic snergy, the error be-
comes less,

The agresment {s then considersd to be excellent
sspecially, because the correlation is for a parameter
that is very difficult to predict with any accuracy.
Even though very complex machanics werse involved in
the test, the damage pattern obssrved in the model
gave an excellent indication of what to expect in the
full-scale test.

Conclusions
The problem of analyzing ¢ locomotive-cask im-
pact is very difficult to handle analytically. A finite-
element program capable of handiing large plastic
deformations is needed. In the present study a 3D
impact problem was simplified into a 2D problem by
making several assumptions. This requires consider-
nbken;imrin;jud‘mnt;bmiftbauumpﬁoum
conservative it is fairly certain that the response, in
termaormkdnmmmthuuu,uboundod If the
dicates only moderate cask deformationa,
then it is fairly certain that the cask will not be
breached because the solution is an upper bound on
damage. Finite-element calculations of the 2D type
are well within the state of the art and are not difficult
to do once the model characteristics are determined.
The amount of computer time is also not too high; for
example, the calculational results presented here took
about 8000 seconds of computer time on a CDC 7600
machine,
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In this case, finite-element results gave good indi-
cations of the cask response and somewhat overpre-
dicted the cask deformation, as expected. The utility
of such calculations is that such an analysis does not
require any hardwars and can be done fairly inexpen-
sively. In many situations, especially when trying to
estimate g respones, this approach makes the most
sense.

The next step in an analytical analysis is to use a
3D finite-slement model, which is roughly an otder of
magnitude more difficult than using a 2D model. At
the time that the full-scale test was conducted, such
an analysis was beyond the state of the art; however,
recent advances in software and computers indicate
groat promise.* Reported computer run times of this
type of problem are now as much as two orders of
magnitude faster than those encountered only a few
years ago.' These times are for what is generally
known sa Class VI machines with optimised software.
Even with this capability, some simplifying assump-
tions must be made. The modeling of buckling and
crushing of complicated shapes is still
beyond the state of the art. The problem of modeling a
locomotive to impact a cask is still not straightfor-
ward, but it is recommended that more 3D analyses be
attempted. The state of the art may be at such a point
that 3D large-deformation finite-slement modeling is
beginning to be feasible. Some effort in this area
should be expended to evaluate its utility and feasibil-
ity.

Physical scale modeling has long been a reliable
analytical tool in many areas. The present study as
well as the work reported in References 2 and 3
indicates that this technique gives excellent results for
the impact analysis of lead-shislded shipping casks in
situations of severs impact (large deformation). It has
besn demonstrated that simplified models of vehicle
structures such as tractor-trailer rigs? railroad cars,?
and locomotive underframes can give excellent re-
sults. The scale used in these studiea has been one-
eighth, but larger acales can be constructed to include
movre detail and provide greater resolution. The cost of
the models has been reasonable, and larger scales can
probably be conet d with a relstively small in-
crease in cost.

In view of previous results and the results of the
current study, scale modeling is recommended as the
means of analyzing complex accident situations where
a high refiability in results is desirable, or when it is
desirable to confirm an analytical solution. A simple
analytical solution should always be attempted to
obtain some feeling for the problem.




‘The analysss and teating of the present study have
demonatrated that a typical lead-shiskded, stesl,
spent-fusl cask is very rugged and able to withstand
great impact forces, In this case the major impact was
applied by a Jocomotive underframe, with the driving
force provided by the mass of the Jocomotivs. The
force deliversd to the cask, however, was limited by
the buckling or crush force of the locomotive under-
frame. Adding more driving mass by the addition of
railroad cars, for example, would not have affected the
results,

The question of how much force was applied to
the cask may be of some interest. The force-time curve
must contain a sharp spike because of the buckling
phenomenon encountersd; it is characteristic that
during crush a structure such as this produces a spike
with the force then coming down to a much Jower
hvel.Aunmmcruhhwlunbouﬁmaudby
simple msans as in Appendix E. The results indicate
that an approximate average force of about 6.66 x 10°
N (1.5 x 10° 1b) was applied while the cask was in
contact with the underframe,

The results of this study have further verified that
current snginesring analytical techniques can predict
the structural response of shipping casks subjected to
very complicated and severe accident environments.
The degree of accuracy achieved with these analyses
has been very high. Thess same techniques can be
applied to the design of new squipment or to anewsr
questions about hypothetical accident environmentas.
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This appendix describes in some detail the
finite-slement model used to analyze the impact of the
locomotive with the cask, The HONDO finite-slement
program was used for the analysis, as mentioned in the
text. The geometric configuration of the model is
illustrated in Figure 4 of the text. The analysis was
plane strain, and it was done on the basis of a per-unit
thickness.

Because the cask is wider than the underframe,
some adjustments had to be made to the material
property data. One was to increase the density of the
lead material in the cask so that the full mass of the
cask would be acting on the underframe. The analysis
was done on the basis of the 188 cm (74 in.) under-
frame.

The artificial lead density was calculated as fol-
lows. The croas-sectional area of the outer stainless-
atoel shell was calculated as 606.8 cm® (108.0 in.%), and
the inner one 238.35 cm® (37.1 in.%). The total weight
for a 188 cm (74 in,) length was then calculated as
1464.1 kg (3221 Ib), Because the total weight of the
cask was 25454.5 kg (56,000 Ib), the necetsary weight
of the lead in this section was then calculated as 22090
kg (52,778 ib), The lead volume in » 188-cm (74-in.)
section was calculated as 824507.1 cm® (50,320 in’).
This dictated that, to include the full weight of the
cask in the 74-in. section, the lead should be given a
weight deneity of 288.1 x 102 kg/m? (1.04 }b/in."). This
is the value that was used in the model.

Because the model was 2D, the 1-beam webs had
to be sssumed aa solid through the width of the
underframe. Therefore the stiffness of the webs was

done by multiplying the yisld strength and modulus of
the stes] web material by the fraction of the frontal
underframae area actually covered by the webs. By
taking the web height of 50.8 cm (20 in.) and the web
width of 1.27 cm (0.5 in.), it was calculated that the
web cross sections were only 1.35% of the total frontal
area. The modulus and yield stress of the steel under-
frame material were multiplied by this factor to simu-
Iate the web behavior in the underframe. Also, the
material was given a very low value of Poisson’s ratio
to better simulate the buckling behavior that was
anticipated. The locomotive portion of the model was
given a density that would equal 113.6 metric tons
(250,000 1b) to correspond to the locomotive mass.
Because the analysis was done on a unit thickness
basis (when the width of the locomotive is considered),
the area corresponding (o the locomotive (see
Figure 7) had to represent 1533.6 kg (3374 Ib m).
A very high elastic modulus was also given to this
material so that this portion of the finite-element
model represented a very denss and rigid mass driving
the underframe into the cask.

The [-bsam flanges were modeled as solid stee)
oxtaiding through the width of the underfeams. The
front plate (see Figure 7) was modeled in a similar
manner.

The elastic-plastic material model available in the
HONDO program was used to mode] the behavior of
oach of the materisle. The input parameters for the
materials include the weight density of the material, p;
Young’s modulus, E; Poiason’s ratio, x; vield stress, ,;
and the plsatic modulus, E,. The following values were

distributed through the underframe width. This was used for the various materials.
p, kg/m® E, mPa t,, mPa E,, mPa

Material (b m/in.?) (Ib/in?) s (Ib/in.}) (Ib/in.?)
Locomotive 1296. x 10? 31023x10° 03 3447 3447
mass 4.5 450 x 10% (500x10° (500 x 10%)
Locomotive 83.1x10 2068x10° 03 241.3 1103
underframe ©3) (30 x 109 @35x10%) (160 x 10%
I-beam 111 x 10° 310x10° 001 327 3}
web material (0.004) {0.45 x 109 ©475310% (“45x10")
Stainless Steel  31.1 x 10° 1999x10° 0.3 241.3 2088.2
{cask shella) 0.3) 29x 10% (35 x 10%) {300 x 10%)
Lead 288.1 x 10° 138x10° 042 17.23 17.02
Shielding (1.04) (2x10% 25 x 10" 247 x 10%)
(Material)
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APPENDIX B
Construction Details for the Scale Models
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APPENDIX C
Data From the Scale-Model Test
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APPENDIX D
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APPENDIX E

Calculation of Horizontal Force Delivered to the
Cask
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In this appendix the average horizsontal force de-
livered to the cask by the locomotive underframe is
calculated. The purpose of the calculation is not to
obtain a precise force-time history, but to sstimate the
average force applisd to the cask during the short time
that the underframe was in contact causing the two
indentations reported. The calculation will be dons
three differsnt ways for comparison. First, the velocity
change given the cask during ths almost 30-ms contact
with the corner of the underframe will be ueed. Sec-
ond, the angulur velocity imparted to the cask will be
used, again with a contact time of 30 ma. Third, the
observed damage to the undecframs will be used to
roughly estimate the foros. The 30-ms contact time
was obtained from the finite-slement analysis pre-
sented in the report.

The velocity change, Av, imparted to tha cask
during the time interval from 0.050 to 0.060 s as
observed in Figure D-5 is 7.6 m/s (25 ft/s), Aseuming
the force to be constant, we calculate the force Jevel by
using the following formula:

Eth S (B-1)

where
F = force
m = mass of the cask
Av = velocity change
t'=00303
t*=0.060 s

The force is then given by

I‘,_‘mAv E-2
et (E-2)

This equation gives a value of 6.44 x 10° N (1.449 x 10°
1b) when a cask roass of 25,400 kg (1741 slugs) is used.

The force can also be estimated from the spin
imparted to the cask. As mentioned previously, this
value was about 150 revolutions/minute or 15.7 rad/s.
For this calculation the following formula over the
same time frame can be veod:

EMdt -l (E-3)

where

M = moment or torque applied to the cask
1= mass movement of inertia of the cask
= angular velocity of the cask
In this calculation a moment arm, R, has to be as-
sumed to estimate the force. Becauss the corner of the
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underframe impacted the cask 20.32 cm (8 in.) below
center, this value will be used for R. The moment, M,
will then be replaced by F R in Equation (E-3), and
the expression for the force becomes

I
F R—t) (E-4)

The moment of inertia of the cask about its longitudi-
nal axis now needs to be calculated. This is done by
troating the cask as a thick-wall cylinder of uniform
density. The expression for I is

1= %n (R + R) E5)

where
R, = outside radius of cask
R; = ineide radius of cask
m = mass of cask

If we taks R, a8 44.9 cm (17.68 in.), R; as 19.05cm
(7.5 in.), and the mass of the cask used previously, the
moment of inertia of the cask, I, is 8087 kg-m® (2227
slug-rt?). Using thess values and Equation (E-4) we
calculate,the force as 7.82 x 10* N (1.75 x 10* Ib), This
value is slightly higher but still very much in the same
range. It is very dependent on the value of R chosen;
howsver, the off-center distance between the top of
the underframe and the center of the cask seems a
reasonable number to use.

‘The force level delivered to the cask can also be
roughly estimated by considering the damage sus-
tained by the underframse (Figure 29). The upper 21.6
cm (8.5 in.) of the I-bsams was deformed plastically
and the front bumper plate was permanently bent
back. It is sssumed thet the force level causing this
damage is close to the total force delivered to the cask.
The damaged area in the I-beams includes the upper
flange and the top 19.05 em (7.5 in.) of the webe. If
bot.hndumconuduod.thuetwo'l‘lhpodm
add up to 227.4 em® (35.25 in?). Multiplying these
aresa by the yield stress of 241.3 mPa (35,000 1b/in.?)
gives a force level of 5.48 x 10° N (1.233 x 10* Ib).
Simple hand calculations, not included here, indicate
that the plastic deformation of the front bumper
added about 4.44 = 10* N (1 x 10° 1b) to the force level
deliversd to the cask. This brings the force level
estimated by this technique to 5.91 x 10° N (1.33 x 10*
1b). 'I‘hl..-pmbdﬂylhwat:mnubonwthoum

ltmctun.lconpomnhthteontnbuuducond
ary forces.




s i

The force deliversd to the cask in the vertical
direction is not calculated here, but has besn estimat-
od to be less than one-third of the horisontal compo-
nent. When this is vectorially added to the horisontal
component, the resuiting vector sum is only very
slightly higher than the horizontal component.

In view of the above calculations, we estimate that
the average force delivered to the cask by the under-
frame during the 30 ms of contact was about 6.67 x 10°

N (1.5 x 10° Ib).
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