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ABSTRACT 

This paper summarizes a presentation made at the CI RE {Computer Use By 
Engineers) Symposium, October 1976, in Albuquerque, New Mexico. A full-
scale testing program involving impact tests of spent-nuclear-fuel shipping 
systems is described. This program is being conducted by Sandia Labora
tories for the Environmental Control Technology Division of the t - S. Energy 
Research and Development Administration. The paper describes the analytical 
and scale modeling techniques being employed to predict the response of the 
full-scale system in the very severe impact tes ts . The analytical techniques 
include lumped parameter modeling of the vehicle and cask system and finite 
modeling of isolated shipping casks. Some preliminary results from the 
mathematical analyses and scale model tests demonstrate close agreement 
between these two techniques. Scale models of the systems are also described 
and some results presented. 

This work was supported by the United States Energy Research and Development 
Administration. 
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IMPACT ANALYSIS OF SPENT NUCLEAR FUEL SHIPPING CASKS 

Introduction 

Sandia Laboratories will be conducting a series of full-scale crash tests involving lead-
shielded spent nuclear fuel shipping systems. ERDA and Sandia devised these tests to simulate 
extremely severe accident conditions involving both rail and highway ca r r i e r s of hazardous 
material packaging systems. 

Before conducting the tests , Sandia engineers are performing a number of analyses to pre
dict the response of the systems. These analyses s t ress two areas of interest: analyses of 
isolated casks impacting unyielding surfaces, and analyses of the transportation system and cask. 
In the first instance, the tests give insight into the generic behavior of lead shielded casks. In 
the second, the tests help predict the behavior of the complete system when it is subjected to the 
more realistic accident conditions of the proposed full-scale tes ts . 

This report, which summarizes the Computer Use By Engineers (CUBE) Symposium pre
sentation, describes the fu^-^cale tests and some of the analyses relating to them. Preliminary 
results of analytical studies using a lumped parameter code to model the cask and transportation 
system are presented and related to results of scale model tes ts . A technique of modeling cask 
side-impacts using a dynamic finite element code is discussed, and some results using this 
technique are presented and correlated to results of scale model tests . 

Full Scale Tests* 

The full-scale test program calls for three vehicle crashes involving out-of-service truck 
and rail spent fuel shipping casks. Economic reasons dictate the use of out-of-service systems 
dating back to the 1960's; structurally they are similar to present day units. The tests will be 
instrumented to measure the response of actual hardware under simulated accident conditions. 
The tes t s are : (I) t rac tor- t ra i ler crash into a solid concrete bar r ie r while carrying a spent fuel 
shipping cask, (2) high speed locomotive grade crossing impact with a t rac tor- t ra i ler carrying 
a large spent fuel shipping cask, and (3) high speed collision and fire involving a special ra i lcar 
carrying a spent fuel shipping cask. 

*The tests have conducted since the CUBE Symposium. Other reports describing the 
resul ts of the tests have been published. 



Test Number 1 

The first test will be the head-on collision at a nominal 97 km/hr (60 mph) of a t ractor-
trai ler with a spent fuel cask into an immovable barr ier , which represents a massive concrete 
bridge abutment or retaining wall. The lead-shielded cask weighs 20, 500 kg. A cluster of 
rocket motors will accelerate the transport system to test velocity. The truck transport will 
straddle a section of a standard railroad track; a trolley system connecting the tractor frame to 

the ra i ls will guide the truck. Figure 1 is a schematic of the test arrangement. The reinforced 
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concrete target, which has a mass of 6. 3 x 10 kg and is backed with a large amount of earth, is 
located in the Sandia Laboratories Environmental Test Area. 

-Reinforced Concrete 
Structure Backed 
With Earth 

Test Number 2 

Figure 1. Schematic Illustration of the Truck-Trailer Test 

The second full-scale test will involve the broadside impact of a locomotive, traveling at 
high speed, into a truck-mounted spent fuel cask positioned on a simulated grade crossing. The 
locomotive will impact the cask and trailer at a speed of between 113 and 129 km/hr. Figure 2 
is a schematic of the test arrangement. The locomotive is a 109-metric ton surplus military unit. 
It will impact a 24,000 kg lead-shielded cask mounted on the truck. 

Shipping Cask 109-Metric Ton Locomotive 
JL -MB L E E 

Figure 2. Schematic Illustration of the Grade Crossing Test 



Test Number 3 

The third test will subject a special railcar and s^ent fuel cask to a simulated derailment and 
impact into a massive concrete abutment at high speed. The railcar will be guided on a section 
of rai l leading to the target. Figure 3 illustrates the test configuration. 

Figure 3. Schematic Illustration of the Derailment Test 

4 
The special railcar system consists of a 6. 8 x 10 kg car carrying a 68,000 kg spent-fuel rail 
cask. The cask is carried inside a structural steel cage that is an integral part of the rai lcar 
frame. Rocket motors will propel this system. 

Scale Model Analysis 

A ser ies of rocket sled track tests using 1/8-scale models plays a prominent part in model
ing the dynamics and the cask damage to be encountered in the full-scale tests just described. 
The models* running on a single rai l , are accelerated by a pusher sled to a velocity slightly 
greater than the intended impact velocity and allowed to coast into the target and impact at the 
desired velocity. Models, which were constructed for each of the full scale tes ts , are described 
below, 

Truck-Trai ler Model 

Figure 4 is a photograph of the t ruck-trai ler system about to impact the model target. The 
system, which includes a model tractor, t ra i ler , cask, and tiedowns, has a mass of approxi
mately 59 kg. The cask was carefully designed to adequately duplicate the prototype. The 
t ractor and t rai ler model structures were designed to simulate the deformation behavior and 
energy absorption o* the prototype units. 

9 



Figure 4. Photograph of thu Model Truck-Trniler System 
at the Sled Track Facility 

Locomotive Model 

The grnde-crossing test of a locomotive impacting a stationary cask is also being analyzed 
with scale models. Figure 5 illustrates this model. The model locomotive includes structures 
that simulate the engine and alternator, constituting the main ports of the superstructure. The 
locomotive underframe was also modeled. Tests were run with the cask placed at different 
elevations. 

Figure 5. Photograph of Model Locomotive and Cask at 
the Sled Track Facility 

10 



Railcar Model 

Figure 6 illustrates the scale model railcar and iasK. Lacli principal member of the proto
type structure, as well as the cask, were modeled and several of these units were built. Ex
periments ;ire being conducted to determine the response of the full-scale systems. 

11 
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Figure 6. Photograph of the Model Railcar 

Analytical Models 

The full-scale tests are being analyzed by means of computer models. This includes work 
with a lumped-parameter computer program and dynamic finite element modeling. 

Lumped Parameter Mode Is 

...1 The response of the overall system in each cace is analyzed by means »f SHOCK", a one-
dimensional lumped parameter computer program. In this program the system is represented by-
discrete masses and couplings. The coupling definitions a re based on analytical estimates of the 
load-displacement behavior of the structure. Large permanent deformations are approximated 
by hysteresis-type couplings. These are piecewise linear couplings with provisions for different 
loading and unloading paths. 
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Figure 7 illustrates a loading curve for hysteresis Type I coupling. This type of coupling 
can be used either in compression or in tension. Up to six loading segments may be defined. A 
Type ."V hysteresis coupling, which has provisions for botli compression and tension loading, is 
also being used. The Type IV coupling is limited to two straight-line segments. I: . ion to a 
hysteresis coupling, linear springs are used. 

Displacement 

Figure 7. Loading Curve for a Hysteresis Type I Coupling 

\nalytical models for the three full-scale tests were constructed using the SHOCK Program. 
Figure 8 illustrates the model for the t rac tor- t re i ler impact. Here the system, including the t a r 
get v modeled with eight discrete masses and ten couplings. Mass 1, the target, is held fixed 
a ' ! < nining masses are given initial velocities equal to the test-impact velocity. In this 
r-. ::r 'L.g 3-4 represents the t ractor- t ra i ler kingpin connection and couplings 5-6 and 6-7 
d :\: " e cask tiedowns. Couplings 1-4 and 1-6 represent the interactions between the end of 
the t rai ler and the target and the cask and the target. These are giver appropriate amounts of 
travel without loading. The rest of the couplings represent frame elements. Preliminary 
results obtained with this model are presented in this paper. 

The rai lcar impact was modeled using the lumped-parameter technique and subsequently 
refined. Figure 9 illustrates the model for this system. Here masses 2-12 represent the ra i l -
car frame, mass 13 represents the filler unit, and masses 14-17 represent the cask. Runt) were 
made with both of these truck and rai lcar models, and results were compared with scale model 
tes t s . 
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Figure 9. Shock Model of the Railcar System 



Figure 10 illustrates a displacement time history (129 km/hr impact velocity) for the truck 
cask calculated from the SHOCK model. Data from films of a scale model test are superimposed 
on these resul ts . As can be seen, the two agree reasonably well. The late time difference indi
cates that the couplings which connect the front end of the t rai ler to the target and the cask to the 
target need some further calibration. This model will undergo some minor refinement prior to the 
full-scale test . 

1 1 1 I 1 1 1 1 1 1 1 

0 0.020 0.040 0.060 0.080 0.100 0.120 G. W0 0.160 0.16C 0.200 
TIME, SECONDS 

Figure 10. Displacement-Time History for the Truck Cask 
After Impact (129 Km/hr impact velocity) 

Figure 11 illustrates velocity-time results for the cask when the system is involved in a 97-
km/hr impact. These data were obtained with the truck lumped parameter model. Two cases 
representing extreme conditions are illustrated. In the worst condition, the kingpin connection 
and the cask tiedown were assumed to be weak and failure of these connections occurred early. 
The result was a very severe impact of the cask into the concrete. In the more favorable condition, 
these couplings were given values which were high but still reasonable. This condition should 
result in much more kinetic energy absorption by the t ractor and t rai ler structure and a lower 
Impact velocity of the cask onto the concrete. The two cases are expected to bound the real 
condition. 



100 

90 

80 

70 
.c 

J" 60 
>-" 
3 50 o 

* 4 0 
< o 

30 

20 

10 

0 

60 , UNFAVORABli 
/ 

, UNFAVORABli 
/ 

50 \ / ' 
FAVORABLE / 

x40 
s 

-

VE
LO

CI
TY

, 

I/* 

< 
°20 

10 -

0 1 1 i i 

CASK IMPACT 
NTO CONCRETE 

0.1 0.2 
Time, Seconds 

0.3 

Figure 11. Velocity-Time History for the Truck Cask 
After Impact 

Figure 12 illustrates displacement-time resul ts from the SHOCK code model for the ra i l -
car; and data from the scale model tes ts are superimposed. The SHOCK model of the railcar 
appears to be stiffer than the scale model, allowing less lateral cask movement. Agreement, 
however, is still reasonably good. Additional refinements will be made to the model prior to 
the full-scale test . 

Figure 13 illustrates the velocity-time history for the cask calculated with the lumped 
parameter model. The curve shows that the cask decelerates very uniformly within the cage 
structure. This agrees with what has been observed in scale model test films. This same 
technique, using the SHOCK code, was used to model the grade crossing tests in which the loco-

2 
motive impacts a large stationary cask. 
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Finite Element Models 

In order to understand better the generic behavior of casks subjected to severe impacts, 
some finite element modeling is being performed. To date, a side impact was aiialv ?:ed ' ith 
the HONDO 3 Program. (HONDO is a dynamic finite-element program which models large de
formations m two-dimensional or axisymmetric solids.) For the problem of a side impact, 
the code was modified to res t ra in node movement past a plane. The cask body was assumed to 
be in a state of plane strain and was given an initial velocity equal to the impact velocity. 

Figure 14 illustrates the mesh for a model cask. The cask cross section, including the 
outer and inner shells and the lead shielding, is modeled. 

Undeformed Mesh 

Z-Axis Cask Model 80 mph Impact (129 km/hr) 

Figure 14. Undeformed Cask Mesh for the HONDO Code 

Figure 15 illustrates the deformed mesh after a 129 km/hr (80 mph) impact. As can be 
seen, the cask is severely deformed. 

.00060018 

Cask Model 80 mph Impact (129 km/hr) 

Figure 15. Deformed Mesh for the Cask Calculated with HONDO 
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Figure 16 illustrates the scale model cross section after impact into a steel target at a 
centrifuge facility. As shown in the photograph, there is good qualitative agreement. It is im
portant to observe that there is very little separation of the lead from the shells This is impor
tant in veiw of the fact that this computer model does not have provisions for a sliding interface or 
separation of materials. 

Figure 16. photograph of Scale-Model Cask Cross Section 

A second problem, which is being investigated analytically is the severe end-on impact. 
This problem necessitates the use of a code with a sliding interface capability to handle lead mo
tion which can occur within the shells. This is commonly known as lead slumping. 

Figure 17 illustrates the impact end of a model cask tested at 129 km/hr (80 mph). As can 
be seen, there was significant bulging and straining of the outer shell. 

18 



r ^ * l 

Fixture 17. Impacted End of a Cask Model Tested at 129 km/hr (80 mph> 

Figure 18 illustrates the opposite end of the cask. Here lead slumping resulted in a gap in 
the shielding. The same HONDO code used to model the side impact was modified to handle a 
sliding interface in this impact configuration. The end impact problem will be treated as a 
axisymmetric axial impact with friction between the lead shielding material and the steel shells. 

Figure 18. Cross Section of a Model Cask Subjected to an End Impact 
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Conclusion 

Some of the scale modeling and analytical techniques being employed in analyses relating to 
spent nuclear fuel shipping casks subjected iu severe accident environments nave been described 
and some results presented. The results of the scale model tests agree well with the analytical 
predictions. 

The scale model studies have included models of vehicular structures, impact targets , and 
shipping cafcks. In addition to testing model casks in simulated accident conditions involving 
vehicles, model casks were impacted into unyielding targets at high velocities. These models 
were sectioned to reveal information regarding deformation modes and lead movement within the 
structure. 

Analytically, the transportation systems and casks were analyzed with the SHOCK computer 
code. This mathematical analysis was used to predict the influence of the transportation system 
and the rigid body dynamics of the cask in an accident situation. From this type of analysis, an 
estimate of the severity of a possible final cask impact into a hard target was obtained. Detailed 
deformation information of the cask in such an impact was obtained from a follow up model using 
the HONDO code. The HONDO code handled a side and end impact into an unyielding target. Com
parison of results from a side impact analysis compared \vell with scale model resul ts . 
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