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ABSTRACT 
Transport casks used to move spent nuclear fuel between storage 

locations must be designed for accidental drops which may occur 
during cask handling. The potential for damage is especially signifi- 
cant for side drops, where deformations of the cask inner cavity are 
likely to be the most severe. 

There are various analytical methods available to evaluate the de- 
celeration and deformation of a cask for a postulated side drop, but 
very little test data exists to support them. The accuracy of any meth- 
od must therefore be inferred by a comparison of its results with 
those of the other methods. To select the most appropriate method 
for a given case, the analyst must not only consider the level of accu- 
racy desired, but also the time and resources required to achieve the 
desired result. 

In this study, three techniques to determine the damage to a cask 
resulting from a side drop were compared the classical closed-form 
method, the finite element static equivalent method, and the finite 
element dynamic method. In addition, the effect of the dynamic 
yield stress chosen for the lead shielding was examined, along with 
other analytical parameters. 

Several lessons were learned that may be of use to other practic- 
ing engineers in their future high energy impact analyses. Three re- 
late to the comparison of solution techniques. First, the closed-form 
solution agrees reasonably well with the finite element methods, 
even though it neglects geometric features such as the cask ends and 
center cavity. Second, the static equivalent finite element method 
provides an upper bound to the damage predicted by the more costly 
dynamic method. Third, at higher impact energies the static equiva- 
lent solution becomes more difficult and time consuming, at which 
point the dynamic method becomes more attractive. 

INTRODUCTION 
Transport casks are used to move spent nuclear fuel between stor- 

age locations at government laboratories such as the Idaho National 
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Engineering Laboratory (INEL). These casks are designed to protect 
personnel handling the fuel from radiological doses, to provide con- 
tainment for the fuel and to protect against the occurrence of critical- 
ity in the event of an accident during handling. 

From a safety perspective, the transport cask must be designed 
for accidental drops which may occur during cask handling. The 
cask must be assessed for the large deceleration forces occurring in 
the impact to assure that it contains the fuel. Damage to the fuel 
caused by these deceleration forces must also be evaluated for a pos- 
sible resulting criticality. The fuel could be further damaged if the 
cask body deformations are large enough that the inner shell com- 
presses the fuel. This is especially an issue for a side drop event, 
where deformations of the cask inner cavity are likely to be the larg- 
est. Although the focus of this report is a side drop event, the results 
have implications for other drop orientations as well. 

The accurate calculation of damage to a transport cask from a 
postulated accident is a non-trivial task. The analyst must make sev- 
eral decisions at the outset that will affect not only his time to 
completion and the accuracy of the results, but also his ability to esti- 
mate that accuracy. Examples are the properties of the cask materi- 
als at very high strain rates; whether to perform a simple hand cal- 
culation or an involved finite element (FE) analysis; whether to per- 
form an equivalent static or full dynamic FE analysis; and what level 
of model refinement is appropriate. 

The purpose of this paper is to transmit to other engineers some 
lessons learned regarding these issues in this difficult type of analy- 
sis. It is hoped that these suggestions will help other analysts and 
designers more quickly and accurately determine the safe lift heights 
of their casks. 

PROBLEM DESCRIPTION 

Cask Description 
The subject of this evaluation is a cylindrical cask with hemi- 

spherical heads. The overall height of the outer shell is 74.625 in. 
(1895.5 mm), with a diameter of 35 in. (889 mm) and thickness of 
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0.375 in. (9.5 mm). The height and diameter of the inner shell (also 
stainless steel) are 52.625 in. (1336.7 mm), and 12.75 in. (323.9 
mm), with a thickness of 0.25 in. (6.4 mm). Both inner and outer 
shells are 304 stainless steel (A240). The volume between the two 
shells is filled with chemically pure lead. 

Two accident scenarios were considered, both resulting in a side 
impact of the cask onto a very stiff surface. The first was a drop of 
of 5.25 feet through air and an additional 35 feet through water, im- 
pacting at 381.6 in./s (9.7 d s ) .  The second was a fall of 28.75 feet 
through air, resulting in an impact velocity of 516.3 i d s  (13.1 d s ) .  
These two accident scenarios will henceforth be referred to as the 
low energy impact and the high energy impact, respectively. 

The performance of the cask was analytically evaluated to deter- 
mine first, whether the cask would rupture and release its contents 
into the environment; and second, whether the inner cylinder would 
collapse, crushing the fuel assemblies contained inside. 

Method and AssumDtions 

The cask was analyzed via the finite element method. Construc- 
tion of the geometry and subsequent meshing was performed with 
the I-DEAS Master Series 1 . 3 ~  software package (Ref. 1). The 
models were then ported to the Abaqus Version 5.4 (Ref. 2) general 
purpose finite element package for solution. Solutions were per- 
formed on a DEC Alpha AXP workstation (Model 4720,628 Mb 
memory, 24 Gb disk), in the OSFl V3.0 operating environment. 

To take advantage of the symmetry of the cask, one quarter was 
modeled with axial and lateral planes of symmetry taken through the 
center of the inner cask volume. 

Finite element models with three increasing levels of refinement 
were developed. The steel cylinders and heads (both inner and out- 
er) were represented by linear thin shell elements, while the lead 
shielding was represented by linear continuum elements. The sur- 
face against which the cask would impact was defined as a rigid 
plane perpendicular to the axial plane of symmetry, tangent to the 
outer shell. See Figure 2 for clarification. 

Materials 

Material properties utilized in the models are given in Table 1. 
Both the steel and lead were treated as perfectly plastic beyond first 
yield. Since the dynamic yield stress of lead was one of the parame- 
ters of the study, a range of values is given in the table. 

TABLE 1 : CASK MATERIAL PROPERTIES 

I I 304 Stainless Steel I Chem. Pure Lead I 
Young’s Modulus 2 8 . 3 ~ 1 0 ~  psi 2 . ~ 1 ~ 1 0 6  psi 
Poisson’s Ratio 0.290 

Dynamic Yield 3.0~10~ psi 2.0 - 8.0 x103 psi 

Mass Density 
Ult. Tensile Strain 

_ I ‘  d * - _ -  

FIGURE 1: ILLUSTRATION OF ASSUMED DEFORMED 
SHAPE 

COMPARISON OF FINITE ELEMENT AND CLOSED- 
FORM RESULTS 

Deformation Mode and Maanitude 
The Cask Designers Guide (Ref. 3) presents the following equa- 

tions for determining the energy absorbed in a side drop event. 

(1) 

(2) 

E P b  = R2hpb(8 - -Sin28) 1 
2 

E,, = RtJo,[sin8(2 - cos8) - 81 
Where 

Epb= energy absorbed by the lead shielding, in-Ib. 
E,,, = energy absorbed in the outer shell, in-lb. 
R = outer cylinder radius, in. 
L= cylinder length, in. 

yield stress of lead, psi. 
a, = yield stress of steel, psi. 
t, = outer shell thickness, in. 

Figure 1 illustrates the assumed shape of the deformed cask. Note 
that the effect of an inner cavity is not included. The equation given 
in Ref. 3 for the energy absorbed in the steel end plates is not mean- 
ingful for the hemispherical ends of the cask under consideration. 
Therefore, this contribution to the energy absorption is neglected 
herein. 

Setting the total energy absorbed equal to the cask’s kinetic ener- 
gy at impact, equations (1) and (2) may by used to determine 8 in 
Fig. 1. Then the crush depth, contact area, impact force, and cask 
deceleration may be determined from the following equations. 

d = R(1 - cos8) (3) 

A = 2RLsin8 (4) 

F = a,& ( 5 )  

a = - -  
W 

Where 
d = crush depth, in. 
A = contact area, inz 
F = impact force, lbf. 
a = impact deceleration, g 
W = cask weight, lbf. 
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I 
FIGURE 2: DISPLACED SHAPE 

For the high energy impact described above, this procedure pre- 
dicts a crush depth of 1.41 inches, and an average acceleration of 
3498 for c p b  = 8000 psi. 

In comparison, Figure 2 shows the final shape of the medium re- 
finement model (described below) after the high energy impact. 
Figure 3 illustrates the deformation mode on the right side compared 
with the undeformed shape on the left. The dashed circles indicate 
the ovalization of the damaged cask. The final “crush depth” for this 
case is 1.56 inches. The average acceleration of the cask over the 
impact duration is 270.58. These results are comparable with those 
obtained via the Cask Designers Guide method. Further compari- 
sons are made below. 

EFFECT OF DYNAMIC YIELD STRESS OF LEAD 
The static yield stress of lead is 1400 psi. However, as with all 

materials, it becomes stiffer as the rate of loading increases. At very 
high load rates, such as those seen in an impact, lead supports itself 
and other components much more than would be indicated by its 
static strength alone. However, the additional stiffness also in- 
creases impact acceleration, which may result in damage to the cask 
contents. The engineer investigating a cask drop scenario would 
want accurate dynamic yield data, but unfortunately, lead has not 
been the subject of extensive laboratory investigation. Ref. 3 reports 
a representative flow stress to be about 8000 psi, but goes on to rec- 
ommend that a value of 5000 psi be used where displacement of the 
lead is a concern. 

Given the wide range of permissible values, and the high conse- 
quence of an erroneous result, it was desired to determine how sensi- 
tive the analysis was to this parameter. Three solutions of the low 
energy event were performed using a range of lead yield stress val- 
ues from 2000 psi to 8000 psi. 

Figures 4 and 5 show the variation in cask acceleration and crush 
depth as a function of the dynamic yield strength of the lead. Solid 
lines represent the theoretical values by the hand calculation meth- 
od, while the points give values from the three finite element runs. 
It may be seen that while the acceleration increases almost linearly 
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FIGURE 3: DEFORMATION MODE AT CASK CENTER- 
PLANE 

with yield strength, the crush depth falls off logarithmically. In addi- 
tion, the finite element method consistently produced a smaller 
crush depth and slightly higher deceleration. 

EQUIVALENT STATIC VS. DYNAMIC SOLUTION 
A static equivalent analysis is performed by applying a large uni- 

form volumetric force (mass x acceleration) to the model. As the 
solution ramps up to the defined load, the total internal strain energy 
in the model will pass through the cask’s calculated maximum kinet- 
ic energy. At this point the model may be said to have converted all 
its kinetic energy to strain energy, which corresponds to the final 
state. This method employs only the equations of static equilibrium, 
and is computationally efficient. 

To perform a dynamic analysis, the model is given an initial ve- 
locity and allowed to impact the rigid surface, The solution may be 
halted at the first minimum of the kinetic energy, which corresponds 
to the initiation of the first rebound of the cask. This method em- 
ploys the equations of motion and momentum, and thus may be ex- 
pected to yield a more accurate solution in complex cases. It is, how- 
ever, computationally more expensive and time consuming. 

There is then a trade-off between the higher accuracy of the dy- 
namic method and the lower cost of the static equivalent method. 
To learn more about the appropriate circumstances to choose the dy- 
namic method over the static equivalent method, three cases were 
run using the medium refinement model described below. These 
were a static equivalent case to high energy, and dynamic impacts 
of both low and high energy as defined above. A plot of the inner 
cask closure vs. the total strain energy for the two methods is shown 
in Figure 6. The static equivalent method yields an upper bound to 
the global deformation of the model, apparently because it fails to 
account for dynamic crushing of the material in the contact zone. As 
the impact velocity increases, this phenomenon becomes more sig- 
nificant. 

It may also be seen that the static equivalent solution does not at- 
tain the internal energy associated with the high energy impact. The 
static solution became unstable at about 80% of the target energy 
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FIGURE 5: CASK CRUSH DEPTH VS. DYNAMIC YIELD 
STRESS 
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level and failed to complete. It is suspected that the lack of inertial 
terms in the static solution denied it the numerical stability needed 
to approach the high energy levels. 
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Given these results, it is suggested that the analyst choose the stat- 
ic equivalent method for cases where it is conservative to 
overpredict global deformation and underpredict local deformation 
of the contact zone; and where impact energy is fairly low. In other 
cases, the dynamic solution method is more appropriate. 
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The accuracy of a finite element mesh depends on its refinement. 
In general, a coarse mesh will overestimate stresses and underesti- 
mate displacements. As the mesh is refined, its results should as- 
ymptotically approach the "exact" solution. However, wanton re- 
finement, as will shortly be demonstrated, can lead to prohibitive run 
times and costs, and unreasonable disk space and physical memory 
requirements. 

FIGURE 6: CLOSURE VS ENERGY FOR STATIC AND 
DYNAMIC SOLUTIONS 

To estimate the model's convergence, three different models of 
the quarter cask were prepared. The first consisted of 2097 elements 
(8355 DOF), the second 3136 elements (11637 DOF) and the third 
8136 elements (28,548 DOF), designated models C, D, and E, re- 
spectively. Since ovalization as well as crushing modes were ex- 
pected, care was taken to ensure fairly even refinement throughout 
the cask volume. 

Figure 7 compares the closure history of the inner cask cylinder 
for the three meshes during dynamic impact. Table 3 lists the very 
slight change in closure with respect to mesh refinement. 
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TABLE 3: CASK CRUSH DEPTH AND CLOSURE 
VS. MESH REFINEMENT (381.6 IN/SEC) 

Model Crush Change Inner Cav- Change in Increase 
Depth incrush ity Closure in DOF’s 
(in.) Depth Closure 

C 1.011 - 0.634 - - 
D 0.986 -2.47% 0.629 -0.8% 39.3% 

E 11.003 I 1.72% 10.667 I 6.0% 1145.3% 

At first glance, the decrease in crush depth and closure from Mod- 
el C to Model D seems reversed from what would be expected, since 
finite element models in general tend to “soften” as the mesh is re- 
fined. This behavior is an artifact of the refinement of the contact 
zone between the cask and the rigid surface. In a coarsely modelled 
contact, the distance between the outermost contacting node and its 
non-contacting neighbor is large. This results in relatively more de- 
formation before the neighbor node (and consequently more cask 
surface) touches the rigid surface. Therefore contact forces tend to 
be concentrated in a smaller volume over longer periods in the coars- 
er model, overcoming its tendency toward stiffer behavior. 

Table 3 shows that, due to the opposing effects of general mesh 
refinement and contact zone refinement, the coarsest model pro- 
duced a result within 5% of that given by a model almost 3-112 times 
larger. Table 4 illustrates the increase in computational cost for that 
5% difference. The coarsest model solved in 16 hours, while the fine 
model took 329 hours, or 14 days of uninterrupted computing. 

TABLE 4: RUN TIME VS. REFINEMENT 
(381.6 IN/SEC) 

Increase 

Anyone familiar with computers understands that the likelihood 
of getting 14 days of continuous compute time, without power out- 
ages, disk failures, or system crashes, is vanishingly small. It is ob- 
vious that there is no benefit in refining a model to that level. 

However, without at least two data points, the analyst has no way 
of knowing how close to the “real” answer he is, nor of understand- 
ing nonintuitive modelling effects, such as the contact zone stiffen- 
ing described above, that may control the final result. It is therefore 
recommended that the analyst create at least two models. The first 
should be sized for easy manageability and quick solution time (ten 
hours or less). The second should represent about a 50% increase 
in size and solution time. If the solution increment is not within the 
desired error bounds, then further refinement may be justified. 

CONCLUSIONS 
To summarize our conclusions and suggestions, 

1.  Closed form estimates of cask deformation and acceleration 
tend to be slightly conservative compared to finite element 

dynamic analysis. Generally, hand calculation results corres- 
pond well with those obtained from the finite element analy- 
sis. The hand calculation method does not, however, provide 
a means to determine the deformation of the cask inner cav- 
ity, which affects the damage done to the cask contents. 

The dynamic yield stress chosen for the lead fill material 
very strongly affects the results, which reveals the impor- 
tance of selecting an accurate value for this parameter. Since 
there is currently a broad range of values allowed, further 
research is recommended to obtain dynamic yield vs. strain 
rate data specific to lead. 

In a finite element analysis, the static (pseuddynamic) 
solution method economically and quickly yields an upper 
bound to the cask damage for lower energy impacts,but may 
not prove numerically stable enough to converge at very 
high energy levels. 

Dynamic solution, while computationally more expensive, 
provides a less conservative prediction of damage, especially 
at higher energy levels, and is numerically more stable at 
high energy than the static method. 

Selection of model refinement remains more an art than sci- 
ence, and can significantly influence the final result. It is 
recommended that the analyst start with a coarse model and 
refine it at least once. The incremental change in the solu- 
tion can then be used to determine whether further refine- 
ments are necessary. 
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