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Abstract 
This report daacribas atraetaral saslyaii of a Mgh-apaad hnnact t i t — l a a locoaaotfra 
aad a tractor-trailir syatii carryiag a ancliar spit-faal aMaajtng on* . Tha anslym 
indudad beta •ntlwnatical aad payaid icali snsiaag of ths iy>iai Tna ranort 
thaa dncriasa taa ral-acab tart tialaclid at part of taa pragmas. Tha i j i i im 
royoaatMdaKrib»diad»tafl,aBdaMai|iriiiaiiaiadi>itiiMata«aaalyiaiaadtaa 
actual hardwara mp nasi aa obisrrad in tha Mt-aeaU «art. 
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A Study and Full-Seal* Teat of a High-
Valocity Grada-Croaaing Simulated 

Accident of a Locomotive and a 
Nuclear-Spent-Fuel Shipping Caak 

Introduction 
This report pmmti the analysis and results of • 

full-scale grade-crossing n'muletod accident involving 
a locomotive and a nuclear-spont-fuol •hipping caak, 
the fourth in a series of transportation taata conducted 
by Sendia National Laboratories. Reference 1 de­
scribes the rationale and purposes of the testa. The 
first two taeta provided infonawtion on the iteponee of 
a tractor-trailer eyiteai impacting a rigid barrier at 
two different velocities.' The third teet involved a 
railcar and caak system imparting • rigid barrier at 
high velocity.* In this, the final teet to be reported, • 
tractor-trailer system wee placed acrow a simulated 
grade croeeing and impacted by a rocket propelled 
locomotive traveling at 130 iue/h (81 mph). The eys-
tera wae carefully monitored with instrumentation 
and many high-apssd ramaraa. 

A» with the previoua transportation-system taeta, 
mathematical and scale modeling studies were made 
before the full-scale teet Thee* etudiea predicted the 
reepome of the system, and the full-scale teet aerved 
aa a confirmatory test The preunt report deecribei 
the analyses (mathematical and acale modeling) and 
the full-acale grade-crossing teet Results of the ana-
ryaw are compared with the actual respoasi of the 
full-seals system. 

Accident Scenario and 
Hardware 

The ennario chnaen for thia particular teet waa to 
impact a tractor-trailer system stalled at a grade 
crowing by a locomotive traveling at 129 km/h 
(80 mph). The cask waa centered over and perpendic­
ular to the tracks and mounted on the aame shipping 
trailer that waa need during its time in service. 
Figure 1 la a schsmatii- of the teat configuration. The 
road grade of the crossing waa eonaUuttad to be 6% 
on each tide to represent a standard design. 

Available hardware included a locomotive weigh­
ing 108 metric tons (M0.000 lb), a shipping caek 
weighing UM metric tone (66/100 lb) and a three-axle 
trailer wlgklag 6.9 metric tone USfiOO lb). Also avail­
able waa a need gasoline tractor to be attached to the 
trailer. 

Flew* 1. Sea—tic of TsetCowllfiatlen 



Figure 2 illustrate* the cask's construction. T in 
design utiliMd lead shielding and 304 stainless rteel 
material*. The ouUr shell n i ZM cm ( I in.) thick; the 
imidt (hell was 1.9 cm (0.75 in.) thick. A 21.3-cm 
(8.37-in.) layer of lead shielding W M used between tin 
ibtlb; the head and bottom bad a •lightly thinner 
layer. Tht haad waa I M U in plan with eight 2.54-cm 
(1-In.) bolu. Tha cask waa Uad down to tha trails 
itructura with haavy tUal banda and four 3.2-cm 
(1.25-in.) bolu at each connection. 

Figure*. Schwaitic of tat Shipping Cask 

Tha locomotiva for tba taat waa a uaad military' 
lurplua unit. IU itructural conatruction features are 
briefly deacribed at pertinent to the anetyiie. The 
available unit followed typical locomotive coaotruc-
tfon in that the roain itructural membariconeiated of 
two maaeive I-beam* running the full length of the 
vehicle. On the teat unit the I-beama were 50 cm 
(20 in.) tall with flangea 1.0 cm (0.7S in.) thick and 
30.5 cm (12 in.) wide. The web portion of the beam 
waa 1.27 cm (0.5 in.) thick. The ende of the I-beeme 
were covered with 1.9 cm (0.75 in.) thick atael plate to 
form a bumper ayatem above the coupler* on both 
enda of the vehicle. Near tha ende of the vehicle, the 
I-beam atructure waa reinforced with a croaa I-beam 
placed 99 cm (39 in.) behind the end plate. The top of 
the I-beam waa covered with' a 0.5 cm (0.2 in.)-ateel 
decking. The lower I-beam flangea were alao heavily 
reinforced with eteel plate on the bottom. Theae fea-
turea will become more apparent when the acaloaaodel 
k described. Photograph* of the eyetam and addition­
al information are included in the aaction describing 
the full-acale teat. 

The impact relationehip between the locomotive 
and the cask (aee Figure 1) waa ouch that the top of tha 
locomotive frame waa M.3 cm (8 in.) below the center-
lin* of the cask. With this configuration, the coupler 
dear* tha bottom of the trailer frame. The geometric 
relationehip just deacribed occurs when the hardware, 
as manufactured, is used with a 6% grade in the 

crossing. This geometric relationship waa used in the 
analyse* aa well as in the full-scale test. 

Mathematical Analysis 
Introduction 

Analysing a locomotive impacting a shipping cask 
is a very complicated, even intractable problem to 
handle mathematically. Some simplifying assump­
tions have to be made. The approach that one ha* to 
take ie to simplify the problem down to its moet basic 
structures using sound engineering judgment*. In this 
case it ie reasonable to assume that for the impact 
situation the important structures are the locomotive 
undorframe and the cask. The maas of tha locomotive 
is alao important in that the locomotive momentum 
provides the driving force. 

A grade crossing accident with the same velocity 
and cask but using a heavier 188-metric-ton locomo-
tive has previously been analysed by Dennis.4 He used 
a combination of lumped-parameter and static 
finite-element modeling. Hie result* indicated that an 
impact between a locontotive and a cask placed on it* 
normal eMppiag trailer would not breach tha cask, on 
tha basis that the calculated cask defonmrtJon* were 
small. Denni* alao concluded that tha trailer structure 
waa ineigaiflcent in the inspect except that it support­
ed tha cask at a given elevation. He calculated that the 
trailer atructure would be crushed and forced under 
th* cask with negligible cask motion. He also calculat­
ed that tha tie downs would be broken and that the 
locomotive underfraaM would impact the cask 0.034 * 
after it contacted the aid* of the trailer. 

Th* work of Demi* i* ueed a* a basis for a 
finite slemsnt analyai* where only the maw of the 
locomotive, the locomotive underframe, and the rnae* 
of the cask are coneidered; the trailer structure is 
ignored. Th* relatively aoft locomotive aupentructure 
and cask appurtenance* are neglected. 

In the past, finite-alement solutions for end-
impact relrulatinn* have proven feasible and have 
provided reason ebl* result*.* An end-on impact i* 
two-dimensional (2D) in that the cask atructure can 
be modeled a* an axieymaetric body. The problem of 
analyzing a shipping cask impacted by a locomotive 
underfreme, on th* other hand,!* a much more com-
plex thre* dimensional (3D) problem. At the tune of 
the teat, a 3D large-deformation, finite element solu­
tion wa* impractical in terms of computer time and 
possibly man-hour* required to Mt it up. C. M. Stone* 



attempted • 3D w>lutioD where be assumed the under-
frame was an infinitely rifid structure and gave tbt 
cask an initial velocity into it. Ht used tha oomputer 
program WULPF* and a CDC 6800 maehint. Tha 
computer run timw were excessive, on tha ordar of 
15 h of computation ti»»a for <1 M of raal tima. Tba 
rigid-frame aaaumption turnad out to ba impractical 
and tha problam could not ba run to completion. Ploia 
of tha deformed math for early timaa in tha impact, 
however, did appaar spproximetely cornet in shape. 

Bacauaa of thaaa difficulties, wa raaortad to a 2D 
calculation to obtain an approximate aolution. With a 
2D calculation, simplifying assumptions can ba mada 
and aoma paramatric atudiaa run to obtain a feeling 
for tha aolution sensitivity to tha various assumptions. 
In thia way it is powibla to obtain a raaaonabia ap­
proximation to tha atructural raaponaa of tba system. 

A 2D ffnite-alamant aolution made with the 
HONDO1 computer coda was uaad in tha present 
study to predict tlw cask rssponee. HONDO is a large 
displacement dynamic finite alamant progrem which 
usas a finite diffaranca techniqua to solve tha aqua­
tions of motk» in tima steps. An analysis of this typa 
was dona by Dennis* bafora wa ran tha full-scale teat 
In that work Dennis concluded that the under frame 
would buckle before the cask was seriously deformed, 
but because of mathematical instabilities occurring at 
large element deformations, the analysis could not be 
carried out very far. Since then, the HONDO code hat 
been modified to iixlude a 4-point Gauss integration 
technique as an option. Thia modification adds mxv 
stability U. the finite element calculations, and large-
deformation solutions can ba carried out further. The 
problem has been independently redone using the 
HONDO code. This section describes tha finite 
clamant modeling that was done for thia independent 
formulation. 

For a batter understanding of the assumptions, we 
will review the construction of tha front part of the 
underframa in mora detail. As discussed previously, 
the underframe consists of two large I-beams covered 
with a 1.8-cm (0.75-in.)-steel plate on the front end. 
The I-beams also have stiffening plates under the 
bottom flange. These features can readily ba seen ia 
Figure 3, a schematic of the imrterfiaaaa front end 
view. The width of the nnderframe measured from the 
outside edges of the I-beam flanges ia 188 cm (74-m.). 
The area under the I-beams, called the coupler hous­
ing, is not significant to tba problem except that in 
this analysis it is used as vertical support for the upper 
portion of the undarframe In the actual locomotive, 
the top of the I-beams is covered with steal plating 
0.5 cm (0.187 in.) thick and skip waldid to tha straw-
ture. The underframa, with a width of 188 cm (74 in.), 

impacts only tba central portion of the cask, which has 
an overall length of 406 cm (180 in.). 

Figures. Schematic of the Locomotive Undername 

The first step in the analysis was to determine 
whether the cask could be bowed by the impact; that 
is, whether the cask would tend to wrap itself around 
the underframe. By using simple hand calculations 
baaed on the estimated yield strength of the under­
frame, we determined that the under frame could not 
deliver enough force to bend the cask body. This 
meant that damage to the cask would be hmited to 
where contact occurs between cask and underframa. A 
HONDO finite element model was then constructed 
to estimate tha deformation response of the cask. 

Figure 4 schematically illustrates the 2D plane 
strain modal ôonatructed to analyse this problem. 
(Appendix A ia a detailed description of the modal). 
Because tha modal is 2D, tha I-beam flanges are 
enumid solid through the width of the locomotive 
frame as indicated in thia figure, resulting in some 
rnniirvatiam The model was constructed on tha basis 
of the width of the undarframe; therefore, to give the 
cask the proper inertia, the lead material was made 
artificially heavy. The calculated lead density to 
tchieve thia was 188 x 104 kg/m* (1.04 nVm.*). Tha 
total weight of the locomotive was taken at 
1134 metric tons (250.000 lb). Because the plane 
strain calculation ia done on the beam of a unit thick­
ness, the density used for tha locomotive mass was 
bated on tha width of the under frame and the area 
allotted to the locomotive mam in the model (Figure 
4). The material dinaety talnilatsd for tlm locomotive 
mass was 1.245 x 105 kg/m* (4J m/m.*). A very high 
stiffness was also assigned to thia malarial The 
I-beam web material properties were ralrulatid by 
determining that frontal area ef the webs rspraasntsd 
1.35% of the area. Based on this, the yield strength of 
tha material was eet at 0-0136 tietes the yield strength 
of tha asild steal. The aaseWns for tha web ana was 
calculated by using this seam ratia Thai material wen 
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alio given a vary low Poiaaon'a ratio to simulate a 
bucklinf or cruahinf babavior, which would be the 
failura rood* for a relatively thin wab. Tha rational* 
for spreading tha wab loading across tha antira width 
of tha undarfranw waa that tha 1.9 cm (0.76 in.)-thiclc 
plata at tha front would aarva aa a load apraadar. 

•TAiNiiaa_. y^tiao-

LOCOMOTIVI 
MAM 
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MAM 
l-MAM WIM 

\ COUHM 
\ HOUMM 

Flfure 4. Geometry of the Finita-EltiMnt Modal 

Fifura 6 illuatrataa tha finite-element maah for 
tha modal generated with tha profram QMESH.' Tha 
locomotiva portion waa given an initial valoctty of 
129 km/h (80 mph) in tha diraction of tha atationary 
cask. Tha underframe waa aupportad in tha vertical 
diraction aa ihown in Figure 5. Thia ia conaarvativa, 
bacauaa tha undarframa will daflact downward lae* 
than i> poaeible in tha real atructura. Thia boundary 
condition waa impoaad bacauaa tha banding stiffneea 
of the undarframa could not be modeled vary accu­
rately, and a choice waa therefore made to uee thia 
conaervative assumption. The area repreeenting the 
coupler houaing waa given the aame material proper-
tic* aa the I-beam web material 

Flffure a". The Finite-Element Mesh 

Caak cooling fine are vary aignificant in terma of 
energy abaorption and caak deformation. Thia ia espe­
cially true of thia daaign bacauaa the fine were de­
signed quite large and cloaely spaced. On thia cask, the 
fine ware 7.30 cm (2.875 in.) deep, 0.71 cm (0.28 in.) 
thick, and along tha impact portion of tha caak they 
ware placed at 3.8 cm (1.5 in) centers. Adding (smear­
ing) the fin area to tha shell thickneea resulted in an 
addition of 1.63 cm (0.644 in) to the 2.54 cm 
(1 in.)-thick basic shell. In the finite-element model, 
the shell thickness waa aaeumed to be 3.81 cm (1.5 in.). 
Thus tha fin material waa smeared to the basic shell, 
witn some reduction in thickness for an added conser­
vatism. Thia aeeumption ia conaervative not only be­
cause the area haa 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 assuming that the fin area is 
smeared onto the basic shell. 

RMUltS 
The results are discussed in terms of the deforma­

tion* calculated for the caak under the assumptions 
previously described. 

Figure 6 iUuaUatas tha reeutte from tha HONDO 
calculations for a 129 km/h (BO mph) impact. This 
figure indicates eeparate times in tha same finite-
element solution measured from tha time of contact. 
Aa illustrated here, at 153 ma, tha calculations indicat­
ed that tha caak had eignificantly cruahed the corner 
of tha underframe, while sustaining only a relatively 
mild deformation (there ia a alight ovaling of the inner 
cavity). Proceeding with the calculation* to 300 ms 
produced tha results shown at the bottom of the 
figure. Here the cask haa almost separated from the 
underframe and haa sustained its maiinwm deforma-
tiona. These results indicated that the inner cross 
sectional area waa reduced by 5%. 

To test the solution sensitivity to the web stiff­
ness, the stiffness waa doubled in a later run. This 
change made only a very minor difference in cask 
deformation. 

DtocuMion 
The finite-element analysis indicated that in the 

worst caae the caak would sustain a deformation that 
reduces the inner cross-sectional area of the caak by 
5% in the area of impact. If the underfirame impact* 
only about half the caak length, and if the cross-
sectional area ia reduced by about 5% in thia area, in 
the worst caae the interior volume of the caak might be 
reduced by about 2-1/2%. Because water-filled casks 
are normally shipped with a void volume of about 
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10%, this amount of deformation should not cauw 
over-pressurization possibly leading to caak failure. 
Failure by other mechaniems alto appears very unlike­
ly. 

The analytic praeented above U very coneervative 
for the following reaione. In reality, the front end of 
the underframe deflect* downward when the caek 
impact occuri (the impact is off-center). This down­
ward deflection of the underframe results in a lete 
damaging condition to the caek. Aleo, the assumption 
that the I-beam flange* are solid through the under-
frame thickness gives the frame much added stiffness. 
Further, the assumption 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 conservatisms, the analysis 
indicates that the cask will not be breached by the 
impact. 

Seal* Model Test 
Introduction 

As in the studies of References 2 and 3, scale 
models were designed and tested before conducting 
the full-scale teat, 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 teat results are prssented here. The mod­
els discussed in this section were designed by 
A. W. Dennis, H. R. Yoshimura, and D. R. Stenbtrg. 
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 construct what is usually termed an "ade­
quate model." Thie means that the model ia simplified 
compared to the prototype; only the structural fea­
tures pertinent to the problem are included in detail. 
For this study, the front end of the locomotive under­
frame as well a* the shipping caak were modeled in 
considerable detail. Other parts of the structure were 
modeled 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 engineering judgments and the earlier 
work of Dennis,' which indicated that the pertinent 
parameters were the stiffness of the locomotive under-
/rame, 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. 

I* ' -1. 
Flaw* • . Dsfonasd Finite. 
Tiaws ia the lapsct 

» • u 
Kliiint lasth for Diffimat 
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Figure 7 ii • photograph of tbt catk model. Much 
detail wu included in thi» model to obtain at accurate 
a reaponu at poetibie. The roodel included detailed 
inner and cuter ttainlett-tteel thella, the external fir*, 
and the head and bolting tyttem. Lead we* caat into 
the annular region between the ahell* at well at into 
the hollow volume in the head. The model weighed 
50 kg 010 lb); it wat attached to the model trailer with 
a scaled tie down tyitern. 

The locomotive model ahown in Figure* 8 and 9 
wat detigned with a detailed front-end itructuie, 
where the impact would occur. Th» rett of the model 
wat ttmpliffed with the total matt adjutted by meant 
of tteel plate ballatt to tcale correctly. The tupentruc-
ture included a tbeet-metal cover and timplified mod-
tit of the alternator and engine at illuttraUd in 
Figure 8, which alao ahowa the rail thoet that allowed 
the model to run on the track. Figure 10 illuatratet the 
feature* of the front part of the underframe with the 
cab removed. The axial and croet I-beama were band-
conetructed to very accurately model the full-tcale 
unit*. The front plate that covert the ende of the axial 
I-beemi wat alao very carefully modeled. 

IIIfimffllHMIIHIIHIifHHimfHI******* 

|iTi^Mi'iyiTij'i'i'ij'i'|iij|i|i| ij 11 n|in|ini|<|iij) I'l'm'rr; 

Figure 7. Photograph of the Scale-Model Cask 

/ 

Figure *. Photograph of the Scale-Model Locomotive With the Sheet-Metal Cover Removed 
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Figure t . Photograph of tat 5 11 promptly* 

Flour* 10. Clomp Photofraph of tin Model Locomotive 
Underframe 

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

The scale-model test was successful achieving an 
impact velocity of 126 km/h (78 mph). (Film test data 
are included 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 
impacted the cask, causing the underframe I-beams to 
buckle. 

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 illustrates the locomotive underframe and 
superstructure after impact The rounded deforma­
tion left by the cask in the superstructure is clearly 
seen. Note that the cask risen ry stripped the super­
structure from the frame. Trie 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). 
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Fi f im 11. Phot4«r*ph of the S o l * Modtl at the T w l Track 

"•:.•*•;•• 

Fi«im 12. PoMteU 1 
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Figure 13 shows tht cwk after impact. The local 
indentation! and crushed tint coincided with tht un­
dername axial memban. Measurements on tht caak 
indicated that tht indentations to tht outer thell 
averaged between left and right were 0.254 cm (0.1 in.) 
at their deepest point. Tht left indentation waa about 
10 % deeper. Measurement! made of the inaidt diame­
ter c f tht caak indicated that it waa not distorted at 
any point Tht caak head remained firmly in place. 
Figure* C-1 through C-5 of Appendix C illustrate daU 
obtained from the high-speed films. Included art tht 
velocity-time curve for tht locomotive, dieolacement-
time and velocity-time curves for the cask, and a plot 
of the cask rotation about its own axil (as viewed from 
one end) vs time. 

Discussion 
The data indicate that the locomotive slows down 

considerably during impact and that • 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 tht 
cask wart quite small. Thus, tht plot for tht total cask 
velocity as a function of timt it almost identical to tht 
plot of tht horiiontal caak velocity vs time. Tht scale-
modtl data predicted that tht cask will obtain He 
maximum boriaontal velocity in about 0.066 s, which 
corresponds to 0.44 a for the prototype, since events 
occur fatter in the model by the scalt factor. At this 
time (0.066 a) tht cask's horisontal displacement was 
about 1 m (39.4 in.). 

Figure 13. Poattaal Photograph of the Modal Caak 

The plot of cask rotation vs time (Figure C-5) 
indicates that the off-center blow caused the caak to 
spin at a high rate. The value of angular velocity 
corresponds to the slope of the curve in Figure C-5. 
The cask spin reached it! maximum value of about 
1300 rpm at about 0.006 s. 

In summary, tht scale-model teat indicated that 
an impact cT 130 km/h (80 mph) between a moving 
locomotive and a stalled shipping system results in 
some localised external deformation to the shipping 
caak but dose not impair its containment ability. The 
test indicated that the interior cavity of the cask 
would not be distorted. It also indicated that extensive 
damage would occur to the locomotive and that the 
impact would buckle the locomotive underframe che­
ating a raatp that would allow the caak to move up into 
the superstructure. 

FuN-Scate Tost 
The full-scale test was run at a Sandia National 

Ubc*etories'track fadlky in Albuquerque. NM. The 
teat scenario described previously was successfully 
accomplished. 8U Urn wdwi motors accelerated tht 
locomotive to speed impacting it into the tractor-
trailer system at 130 km/h (81 mph). This section 
deecribeethelMardwareaBdinetrumtBUtion that wart 
used, and the response of the system. 
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TMt Hardware and 
hMtrumantation 

Figure 14 shows tbt CMk and tractor-trailer eya-
urn in the test orientation at UM track facility, with 
the cask ctntarad diractiy over and parpandicular to 
tha tracki. It* elevation was determined by tha atari-
dard trailar height and tha 6% f rada on both aidaa of 
tha track. Tha box adjacant to tha caak haad houaad 
tha talamatry package uaad for data tranamiaaion. Tha 
trailar and tiedowns wara thoaa that were uaad whila 
the system waa in aarvica. Tha trailar waa attachad to a 
gasoline tractor obtainad for ua* on thia teat. 

Figure 15 ahowa tha locomotive uaed in the teat. 
It* b ate frame construction haa baan daacribad previ-
ouely. Figure 16, a achamatic of a lenfthwiae section of 
tha locomotive, provide* aoma information on the 
euperatructure. The auparatructura near the front end 
contains miscellaneous pieces of hardware, cabinet*, 
and control panel*. The significant superstructure 
items include tha alternator and the engine, which are 
located behind tha engineer's cab with some space 
allowed between a* indicated in Figure 16. The impact 
relationship between the locomotive and the shipping 
system is seen in Figure 17 which is a photograph of 
the locomotive pushed up against the trailer. 

Fl#are14. Photograph of the Full-Seals Shipping System at the Test Track 

Figure IS. Photograph of the Fiill-Scsl* Locomotive at t 
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ENOMf Elt'S CAB' ALTERNATOR 
Fl tMrkl * . SchMMtic of Locoaotiv* Croi* {taction 
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This full-teal* hardware was monitored by 
18 hifh-ipMd (framing rates of 400 to MOO fps) 
csmeres placed at different locations. In addition to 
tha high-speed photography, th* responss of tht caak 
was monitorad by strata gage* and sccelsrometers. A 
uriaa of seven strain gages for reading aiial ttrain 
were placed on tha caak opposite tba impact aide. Four 
piesorssietivo accelsrometers war* also located on tha 
cask; these ware placed on the back side of the cask 
with one centered directly opposite the impact and 
one centered on the top aide of the cask. Tba other two 
were near the ends of th* cask opposite the impact 
tide. The accelerometers were uniaxial and were 
aligned horizontally in the direction of the locomotive 
motion. The locomotive was instrumented with an 
accelerometer on the frame 1.8 m (6 ft) from the front 
end; this accelerometar operated through its own te­
lemetry pack. Aaide from the telemetry systems, 
quantitative data were obtained from the high-spud 
films by means of a film analyser that i<*oduced 
digitised data of th* cask and locomotive motions. 
Data acquired from tha full-teal* teat are included in 
Appendix D. 

System R M P O M * 
Th* system response is described with reference 

to* time frame where sero time is the instant when the 
front end of the locomotive contacts tha aide of tha 
trailer. The right and left sides are at viewed from a 
position on the locomotive looking forward. 

The general response was aa follows: 
1. Tht locomotive crushed and pushed the trailer 

structure under tha cask; the cask remained 
stationery. 

2. The underframe impacted the side of the caak 
at 30 ma, imparting a spin to it and two inden­
tations to the outer shelL Tha locomotive un­
derframe I-beams were buckled and the front 
plat* severely bent backwards. 

3. The cask impacted the superstructure 60 ms 
after the initial contact. The front cask-trailer 
tiedown broke at 60 me; tha rear one broke at 
80 ms. 

4. The caak plowed through about 3 m (10 ft) of 
th* superstructure while spinning. It remained 
fairly perpendicular to the locomotive through 
tha first 260 ass and then started routing 
clockwise aa viewed from the top. 

5. The trailer completely wrapped itself around 
tha locomotive by 260 ms. 

6. Tha caak remained with the locomotive 
through the first 600 ma, then continued mov­
ing upward to a height several feet above the 
locomotive. It fall on tha right side of the tracks 
in dose to an end-on condition, hitting the 
ground at about 1.7 a. It first hit the ground 
about 46 m (160 ft) from tha impact point. It 
then tumbled an additional 15m (SO ft) before 
coming to net in the middle of the tracks. 
(Figure D-18, in Appendix D, indketes the 
location of the hardware after tha test.) 

Tha impact can best be described by using series 
of photographs from the high-speed (Urns. Views from 
both sides arid from above ars used. Figuree 18 and 19 
illustrate the view from the right from th* instant of 
impact through 850 ma (at regular intervale through 
180 ms and then skipping to a shot at 860 ms), TH* 
trailer-tractor connection was broken very early but 
the tractor remained almost undisturbed. At 180 ms 
the trailer almost completely wrapped itself around 
th* locomotive, and the cask was hidden in the debris 
(Figure 19). Figure* 20 and 21 show the view from the 
left. In this series, th* cask remain* visible longer and 
it* 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 revealed how the 
trailer structure was pushed out from under the cask 
while playing a relatively minor role in the impact of 
the cask with the underframe. Figure 23 shows two 
photographs aleo taken from above but slightly later: 
these indicate that at 260 ma the caak was well into the 
superstructure and had begun to rotate clockwise. 
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Fltunlt. Rifht-SideVi»wofth»TullSc»leTeitto850mt 
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F l t w a l l . Uft-Sid* View of the Full-Scale T o t to 275 nit 
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Fitvra 23. Top Vim of the Full-Seal* Twt to 250 
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Film data for the cask and locomotive wore ob­
tained for the tint 0.31 of the impact. After thii the 
structures became obscured by debri*. The film data 
include displacement-time and velocity-time plota for 
the cask and locomotive, as well aa a plot of caik 
rotation vi time. The cask-underframe impact gave a 
rotational velocity of about 160 rpm to the cask. (This 
value can be obtained by takinf 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 bom- 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 cuk 
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 traces. The canter 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 value of about 90 g's. 
These data were filtered to 800 Hz. Further filtering 
would bring down the peak values somewhat, but 
there would probably still be wide disagreement be­
tween the two readings. This is probably the result of 
local phenomena at the accelerometer installation 
points. Some doubt is also cast on the validity of these 
data because they were uniaxial accelerometers and 
the impact quickly imparted a 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 acceleration data from 
displacement film data is not an accurate procedure 
because successive differentiation is involved; howev­
er, the data of Figure 24 are presented aa 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. 

Figure 24. Accefcratkn-Time History for the Cask From 
Film Data 
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Figure 26 shows the condition of the caek after the 
impact; the impact produced two indantationa at loca­
tion! corrwponding to tha undarframa I>baaina. Here, 
the cooling fini ware cruahad and tha outer caak shall 
waa deflected inward. At their deepest point*, tha 
indentations averaged about 2.6 cm (1 in.) between 
the left and rifht aide with the left aide about 10% 
deeper. The I-beam flanges produced the deep por­
tions of the dents. The inside diameter of the caak was 
measured at many locations from one end to the other. 
These measurements produced no indications of de­
formations to the inside cavity. 

The fuel element* inside the caak were almost 
undamaged. Figure 26 is a photograph of the element* 
after removal from the cask. A visual inspection did 
not reveal any damage. Measurement* on the fuel 
bundle indicated that the elements had bowed about 
0.6 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 waa undamaged. 

Figure 27, a side view o r the locomotive after 
impact, shows severe damage to the front part of the 
superstructure. However, the deformation did not 
reach the hard component* (alternator and angina). 
The caak crushed through tha engineer's cab, leaving 
the rounded indentation in tha superstructure seen in 
this figure. Figure 28 is an and view of the structure 
taken from an elevated height; this view clearly illus­
trates tha wrapped-around condition of the trailer and 
extensive structural deformation*. Figure 29 chows 
the condition of the impact end of the locomotive 
underframe. The buckled I-beam flange can clearly be 
seen just above the front plate. The manner in which 
the top of the front plate waa severely bent back wards 
by the caak can also be clearly observed here. Mea­
surements indicated that the top 7.5 in. of the front 
bumper plate were bent backward* through an angle 
of about 55*. 

Figure tS. Posttwt Photograph of the Full-Seal* Cask 

I 
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Comparison of Analyses 
to tha Results of the 
Full-Scale Test 

The Cull scale teat was analysed by mathematical 
and physical scale modeling, both valuable analytical 
took. Thia section diacuaaM results obtained by both 
technique! in lifht of the obeerved results of the 
full-Kale test First, aome comments about the mathe­
matical analysis. 

Itetfwmatic* Analysis 
The mathematical analysie that uaed a very sim­

plified 2D model produced conservative results when 
compared to results of the full-scsle test The defor­
mations calculated with the finite-element model 
(Figure 6) are much more severe than those observed 
(Figure 28). The model did, however, indicate that the 
cask would not be breeched by the impact. It also 
correctly predicted that the cask would buckle the 
comer of the iinderframe and the roll into the super­
structure. 

Seal* Modsl 
The scale model provided very detailed informa­

tion on the response of the system. Before considering 
the results simply in terms of final damage to the cask, 
wa will make a mora detailed comparison by consider­
ing the cask's displacement and velocity after the 
impact These comparisons are made first in terms of 
horiaontal rnmpnnsnU and then in terms of vertical 
components Final cask damage is then compared. 

Figure Wis a plot of horiaontal cask displacement 
vs time both for the full-scale cask and the model. (To 
obtain a direct comparison for plotting against the 
prototype, we multiplied the model times and dis­
placements by the scale factor of 8.) Thia plot indi­
cates that the model predicted less cask displacement 
than was observed in the full-scale test although 
again the agreement in early times (lees than 0.06 s)Js 
quite good. Figure 31 is a plot of the horiaontal 
velocity of the cask aa a function of taase. Thia plot also 
shows good agreement in early tisse with the full-scale 
cask auslnating much quicker, but eventually level­
ing off in velocity. 

In the vertical direction the lull-scale cask exhib-
Hed much more dlsplaceaseot sad velocity than in the 
model, although there was good agreement at early 
times. This comparison is seen in Figures 32 and 33. 
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At 300 me, which it at far a* the tuU-tcale catk could 
be followed, the modal predicted • vertical dleplaee-
ment that WM about 60% low. The predicted vertical 

velocity wa» off by an even freater amount (Figure 33) 
at thi» tame time in the impact. 

Ftfure27. PoitteW Side View of the Locomotive 

Figure 21. Porttett End View Locomotive 
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Figure 34 show* th* potttwt condition of both th* 
full-Kile and model cask*. H*r* the p N t similarity in 
damage sustained by the caaki i* cl»arly ob**rv*d. 
Both cask* auatained indentation* in the area where 
the underframe I-beam* made contact with the cask. 
The horizontal impression* made by the I-beam 
flange* can clearly be Men in both the model and the 
prototype. The** flanfe indentation* produced the 
deepest part* of the damaged area. In the model ca*k 
the left and right indentation* averaged about 
0.254 cm (0.1 in.) in depth at their d**p**t point. The 
left side w u about 10% deeper. The full-*cale ca*k 
had a corresponding deformation of 2.54 cm (1 in.), 
with the left aide alio about 10% deeper. Internal 
measurements of both cask* did not reveal any inter­
nal cavity deformation. 

Beside* comparing the cask damage, we now com­
pare the post test condition of the model underframe 
to the full-scale by examining Figure* 12 and 29. Here 
it i* seen that the deformation pattern of the front 
bumper plate and the underframe I-beam* » very 
similar. Measurements on the hardware indicated 
that the upper portion of the full-scale bumper plate 
was 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 model was given a spin 8.66 time* higher 
(1300 rpm v* 150 rpm) than the full-scale cask and 
close to the theoretical scale factor value of 8.0. 
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Flaws 34. Companion of Putl-Scale Mid Model Casks in Posttsst Condition 

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, yielded 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 differences, 
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 

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 area. 
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 
differences not only in the horizontal direction be­
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 I m dictate that because of gravi­
ty effects* th* model cask ihould hava exhibited tba 
greater vertical displacement. Differences in tha su­
perstructure alao eauaad a difference in tha rataa at 
which tha modal and full-scale locomotivai alowad 
down. 

Tha differences in Miparatructuraa batwaan modal 
and prototypa, howavaf, did not affect caak damage. 
The raaaon for thia it that the only significant dafor-
mationa auatainad by tha caak were inflicted by the 
locomotive underframe. Thia part of tba atructure aa 
well aa the caak were very accurately modeled, with 
excellent agreement in caak damage between modal 
and prototype (Figure 34). The model caak auatained a 
maximum indentation depth of 0.254 cm (0.1 in.). 
Thii then indicate* that the full-acale maximum 
depth ihould have been 2 cm (0.8 in.) instead of 
2.54 cm (1 in.) aa measured. On tha surface thia repre­
sent* a 20% error; however, because tba modal impact 
velocity was 3.7% low, representing about an 8% 
difference in locomotive kinetic energy, the error be­
comes law. 

Tha agreement U than considered to be excellent 
especially, because the correlation is for a parameter 
that is vary difficult to predict with any accuracy. 
Evan though vary complex mechanics were involved in 
tha test, tha damaga pattern observed in the model 
gave an excellent indication of what to expect in tha 
full-scale test. 

Conclusions 
The problem of analyzing a locomotive-cask im­

pact is very difficult to handle analytically. A finite-
element program capable of handling 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
able engineering judgment; but if the assumptions are 
conservative it is fairly certain that the response, in 
terms of cask damage in thia case, is bounded. If the 
solution indicates only moderate cask deformations, 
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 calculations) results presented here took 
about 8000 seconds of computer time on a CDC 7600 
machine. 

In this case, finite-element results gave good indi­
cations of th* 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 hardware and can be done fairly inexpen­
sively. In many situations, especially when trying to 
estimate a response, this approach makes the most 
sensa. 

Tha next step in an analytical analysis is to use a 
3D finite-element model, which is roughly an order of 
magnitude more difficult than using a 2D model. At 
the time that the full-scale teat was conducted, such 
an analysis was beyond the state of the art; however, 
recent advance* in software and computers indicate 
great promiee.1* Reported computer run times of this 
type of problem are now a* much aa two orders of 
magnitude faster than those encountered only a few 
years ago* These times are for what is generally 
known as Class VI machines with optimised software. 
Even with this capability, some simplifying assump­
tions must be made. The modeling of buckling and 
crushing phenomena of complicated shapes is still 
beyond the state of tha art The problem of modeling a 
locomotive to impact a caak is still not straightfor­
ward, but it is iscommended that more 3D analyses be 
attempted. The state of the art may be at such a point 
that 3D large-deformation finite-element modeling is 
beginning to be feasible. Some effort in thia 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 aa the work reported in References 2 and 3 
indicate* that thia technique gives excellent results for 
the impact analysis of lead-shielded shipping casks in 
situations of severe impact (large deformation). It has 
been demonstrated that simplified models of vehicle 
structures such as tractor-trailer rigs,* railroad cars,1 

and locomotive underframea can give excellent re­
sult*. The scale used in these studies has been one-
eighth, but larger scale* can be constructed to include 
more detail and provide greater resolution. The cost of 
the model* has been reasonable, and larger scales can 
probably be constructed with a relatively 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 reliability in resulta is desirable, or when it i* 
desirable to confirm an analytical solution. A simple 
analytical solution should always be attempted to 
obtain some feeling for the problem. 
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Tt» analyses and testing of the preeent study have 
demonstrated that a typical lead-shielded, steel, 
ipant-fual cask it vary ruggad awd aUa to withstand 
great impact forces. In thia caaa tha major impact was 
appliad by a locomotiva underframe, with tha driving 
force provided by tha maas of tha locomotiva. Tha 
force delivered to tha caak, however, wai limitad by 
the buckling or cruah force of tha locomotiva under-
frame. Adding mora driving man by tha addition of 
railroad can, for example, would not have affected the 
results. 

The question of how much force we* applied to 
the cask may be of some interest. The force-time curve 
must contain a sharp spike because of the buckling 
phenomenon encountered; it is characteristic that 
during crush a structure such as this produces a spike 
with the force than coming down to a much lower 
level. An average crush level can be estimated by 
simple means as in Appendix E. Tha results indicate 
that an approximate average force of about 6.66 x 10* 
N (1.5 x 10* lb) waa applied while the cask was in 
contact with tha underframe. 

The results of thia study have further verified that 
current engineering analytical techniques can predict 
the structural response of shipping casks subjected to 
very complicated and severe accident environment*. 
The degree of accuracy achieved with these analyses 
has been very high. These same techniques can be 
applied to the design of new equipment or to answer 
questions about hypothetical accident environment*. 
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APPENDIX A 
Details of the Finite-Element Model 
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Thin appendix describes in some detail the 
finite-element model mad to analyxa the impact of the 
locomotiva with tha caik. The HONDO finite-element 
program was ueed for the analyiie, a* mentioned in the 
text. The geometric configuration of the modal ie 
illustrated in Figure 4 of the text Tha analysis waa 
plane strain, and it waa done on the baaia of a per-unit 
thickneea. 

Becauae the cask U wider than the underframe, 
tome adjustment* had to be made to the material 
property data. One waa 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 waa calculated aa fol­
lows. The cross-sectional area of the outer stainless-
steel shell waa calculated aa 686.8 cm* (108.0 in.'), and 
the inner one 239.35 cm* (37.1 in.'). The total weight 
for a 188 cm (74 in.) length was than calculated as 
1464.1 kg (3221 lb). Because the total weight of the 
cask was 25464.5 kg (56,000 lb), the necessary weight 
of the lead in this taction was then calculated as 23M0 
kg (52,778 lb). The lead volume in a 188-cra (74-in.) 
section was calculated aa 824597.1 cm' (50,320 in'). 
This dictated that, to include the full weight of the 
cask in the 74-in. taction, the lead should be given a 
weight density of 288.1 x 102 kg/m' (1.04 lb/in.'). This 
is the value that was used in the model. 

Because the model waa 2D, the I-beam webs had 
to be assumed as solid through the width of the 
underframe. Therefore the stiffness of the webs was 
distributed through the underframe width. This waa 

Material 
o.kg/m* 

(lb m/in.') 
E.mPa 
(lb/in.*) 

Locomotive 
mass 

1296.x 10* 
(4.5) 

3102.3 x H? 
(450 x 10*) 

Locomotive 
underframe 

83.1 x 10* 
(0.3) 

206.8 x 10* 
(30 x 10*) 

I-beam 
web material 

1.11 x 10* 
(0.004) 

3.10 x 10* 
(0.45 x 10*) 

Stainless Steel 
(cask shells) 

31.1 x 10* 
(0.3) 

199.9 x 10* 
(29 x 10*) 

Lead 
Shielding 
(Material) 

288.1 x 10* 
(1.04) 

13.8 x 10* 
(2 x 10«) 
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done by multiplying the yield strength and modulus of 
the steel web material by the fraction of the frontal 
underframa 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 waa 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
late the web behavior in the underframe. Also, the 
material was given a very low value of Poiaaon'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 lb) 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 to the locomotive (tee 
Figure 7) had to represent 1533.6 kg (3374 lb m). 
A very high elastic modulus waa also given to this 
material to that this portion of the finite-element 
model represented a very dense and rig id mas* driving 
tha underframe into the cask. 

The I-beam flanges ware modeled as solid steel 
extending through the width of tha underframe. The 
front plate (see Figure 7) was modeled in a similar 
manner. 

Tha elastic-plastic material model available in the 
HONDO program was used to model the behavior of 
each of the materuus. The input parameters for the 
materials include the weight density of the material, p; 
Young's modulus, E; Poisson's ratio, n; yield stress, t^ 
and the plastic modulus, E,. The following values were 
uted for the various materials. 

t^mPa 
(lb/in.') 

E,.mPa 
(lb/in.1) 

3447 
(500 x 10s) 

3447 
(500 x 10*) 

241.3 
(35 x 1(f) 

1103 
(160 x Vf) 

3.27 
(0.475 x 10*) 

31 
(45 x 10*) 

241.3 
(35 x 10*) 

2068.2 
(300x10*) 

17.23 
(2.5 x 10") 

17.02 
(2.47 x 10*) 
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Î THfJiU'T OUTER SHELL 





mil. MMLIW^lMI IU(M_ 



gCJHOTinSF 





t. WHO • * * OTftpacT * ! • WIXH* C U W I . 

I^^flfewii^ifp 

vs t 

1 - J k N -
• M M 

* • • • j 
L».o»M»,*tit% 





WHIM ITIM* T.MjulDlt MVWVU 
'VaKUff,' 

I B f ""MBS- " — « * « W -

JjM. 

WM&&C&ffft 

t - m i . n i i i T 
• • 



» ^ x > • D 
D • 

'—.»*.#• 

J 1 

mnt. «jaar* mnt. r«D3W-000 *l Swg S** 4 ' H 1 M N M M I I M M l H I K K N I i L 

r«D3W-000 



>>-yrv. 

^ 

t 
tLT4-

n A i 

% 

L M. - * j P 

j 

SSaEESHEBJE: 

H i 

EK ENSMC 
MOB. 

q^-c 



NOTES* 

*m tmcA 2O03MICA. 

SOt tCC 

4 . M M U HNCTS PC* MMOOI. 
» C A I C * C I C H T > 7.JJ*" 

WOO) « » t»DiA . NOltS, 
RCWSCD NOft 4 , HDUCE0 

Ma* scxwfi WTTM its 

STCMIM i i } ^ fang 

; i l I ' 1 1 I 
•I ' ' I ' i :jfl 

/ / "J •-7»P> IW / — I I—» 

IF* 
L-" 

U*WMT 

jxr*" 

[=SE 
!W7TiMUwm.tMft 

6 1 = 



(. MkTOMU MOT STCIL.UIW UMMII, 
W . M OC»0(MN) •» . 

U M C CMtOMNTC M M i l f " 

MoHfrOOO 

ncfLHcn noa tenon 
KTCM41 MTH Jt»CM •ncn connH» MMW 
STENKM # 3 S i ( M U 

KCT A»A 
KMI-IMU. 



NOTE*: 
1. M A T « R I A L : « T » f L S M « * T , * - j O W CMtftON 

M.M. OR C.R., aO(p-W3)*A. 
2. ZINC O M O M A T K P R I M E R P K R 

SO»iU>i / i O » l Z O I . 
ft. A l - U H M D RADl I -.126 R M i N 
4 . L O C A T 6 .MS A/* ttlVCTS 

APPROM. A * t M O W M . 

n«ow»>-oae RfrPttftMU^SWIjPUMARA. <fct {\£*. 
REPLACED N a 8 SCREWS 
MTEM3) WITH .125 DIA 
RIVETS 
OOWUET 9651 1URL1/ 
STENBER6 *5Zl{MfiL) « a ( * l A 

I P * . ••-""" JJ-



EB 

• f t * 

L & •*" I ' I t t T 

meMUKn-XTE 

K££.££ - ' E c s n t s i 1 ibiuM L̂Â i 
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APPENDIX E 
Calculation of Horizontal Force Delivered to the 

Cask 
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In thii appendix tbt avaraga horixontal force de­
livered to the caik by the locomotive undtrframe it 
calculated. Tht purpoM of tot calculation it not to 
obtain a prtciee force-time hiatory, but to estimate tnt 
average forct applied to the cask during the abort tinw 
that tbt undtrframe wat in contact cawing tha two 
indtnUtiom rtporttd. Tbt calculation will bt done 
thrtt different wayt tor comparieon. First, tbt vtlocity 
chant* given tbt catfc during tha almost 90-ou contact 
with tbt corntr of tbt undtrframt will bt uatd. Sac-
ond, tbt angular vtlocity imparttd to tbt catk will bt 
utad, again with a contact tint of 90 ma. Third, tht 
obttrvtd damagt to tht undtrframe will bt uttd to 
roughly attimatt tha font. Tht 30-mt contact timt 
wat obtaintd from tht finitt tltmtnt analytit prt-
ttntad in tht report. 

Tht vtlocity changt, Av, impartad to tht catk 
during tht timt interval from 0.030 to 0.060 t at 
obttrvtd in Figura D-5 it 7.6 m/t (26 ft/s). Assuming 
tht forct to bt content, wa calculate tha forct Itval by 
using tht following formula: 

p F d t - m A v (E-l) 

when 
F-force 
m — matt of the catk 

Av — vtlocity change 
t 1-0.0301 
t*« 0.060 > 

The force it then given by 

F-*4 (E-2) 
t,—t, 

Thii equation rivet a value of 6.44 x 10* N (1.449 z 10* 
lb) when a ctek mat* of 25.400 kg (1741 tlugt) it utad. 

The force can also be ettimated from the spin 
imparted to the cask. At mentioned previoutly, this 
value wat about 150 revolutiont/minute or 15.7 rad/t. 
For thit calculation the following formula over the 
tame time frame can be uted: 

p M d t - I w (E-3) 

where 
M — moment or torque applied to the catk 
I — matt movement of inertia of the catk 
u — angular velocity of the catk 

In thit calculation a moment arm, R, bat to be as-
tumed to estimate tht force. Btcauee the comer of the 

undtrfraat impacted tha catk 20.32 cm (8 in.) below 
center, thit value will bt uttd for R. The moment, M, 
will than bt replaced by F R in Equation (E-3), and 
tht tiprtttion for tht forct becomes 

F - ——— (E-4) 
R(t,-t,» 

Tbt moment of inertia of tht catk about itt longitudi­
nal axil now rtttdt to bt calculated. This it dont by 
treating tbt catk at a thick-wall cylindtr of uniform 
density. Tha txprattion for I it 

l - i m ( R * , + Rf) (E-5) 

where 
R. - outeidt radius of cask 
Ri — inside radius of catk 
n w mass of cask 

If wa text R, as 44.9 cm (17.68 in.), R, at 19.05 cm 
(7.5 in.), and tht matt of tht cask used previously, the 
moment of inertia of the cask, I, is 6067 kg-m* (2227 
tlug-ft1). Using these value* and Equation (E-4) we 
calculats,tbe force as 7.82 x 10* N (1.75 x 10* lb). This 
value is slightly higher but still very much in tht tame 
range- It it vary dependent on the value of R chosen; 
however, tnt off-canter distance between the top of 
the undtrframe and the center of the cask seems a 
reasonable number to use. 

Tht forct level delivered to the cask can also be 
roughly estimated by considering the damage sus­
tained by th* underframe (Figure 29). The upper 21.6 
cm <&5 in.) of the I-beame wat deformed plastically 
and tht front bumper plate was permanently bent 
back. It is assumed that the force level causing this 
damage is dost to tht total force delivered to the cask. 
The damaged area in the I-beams includes the upper 
flange and tha top 19.05 cm (7.5 in.) of the webs. If 
both tides are considered, these two T-shaped areas 
add up to 227.4 cm* (35.25 in.'). Multiplying these 
areas by the yield stress of 241.3 mPa (35,000 lb/in.') 
gives a force level of 5.48 x 10* N (1.233 x 10* lb). 
Simple hand calculations, not included here, indicate 
that the plastic deformation of the front bumper 
added about 4.44 z 10*N (1 x 10* lb) to the force level 
delivered to the cask. This brings the force level 
estimated by this technique to 5.91 x 10* N (1.33 x 10* 
lb). Thiois probably a low estimate because there are 
other structural components that contributed second­
ary forces. 
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Tha forct dalivarad to tha caik In tha vertical Inviawoftbaabovacalculationa.waaatimatothat 
direction it not ctWtilatad hara, but bat bttn tttimat- tht avafafa fore* dalivatad to tht caik by tha undat­
ed to ba Uat than oM-third of tha horiaontal eoapo- frama during tht 90 ma cl contact waa about 6.67 xl(f 
ntnt Whan thia iivactoriallyaddad to tnahoriaontal N (1.5 x 10* lb), 
compooant, tht raaulting vactor aum ia only vary 
•lightly highar than tba horiiontal compootnt. 
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