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ABSTRACT

The Transportation Technolagy Center at Sandia National
Laboratories has initiated a p. ogram to benchmark thermal and
structural codes that are available to the nuclear material
transportation community. The program consists of the
following five phrases: 1) code inventory and review,

2) development of a cask-like set of problems, 3) multiple
independent numerical analyses of the problems, 4) transfer oﬁ¢¢'
information, and 5) performance of experiments to obtain data
for comparison with the numerical analyses. This paper will
summarize the results obtained by the independent numerical

analyses.

The analyses indicate the variability that can be expected
both due to differences in user-controlled parameters and from
code-to-code differences. The results show that in purely
elastic analyses, differences can be attributed to user
controlled parameters. Model problems involving
elastic/plastic material behavior and large deformations,
however, have greater variability with significant differences
reported for implicit and explicit integration schemes in
finite element programs. This variability demonstrates the
need to obtain experimental data to properly benchmark codes
utilizing elastic/plastic material models and large deformation

capability.
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Introduction

The Transportation Technology Center at Sandia National
Laboratories (SNL/TTC) initiated a program in conjunction with
Battelle Pacific Northwest Laboratories (PNL) to benchmark
thermal and structural codes that are available to the nuclear
material transportation community. This program consists of
five phases. During the first phase, publicly available codes
were inventoried and reviewed. Following the review, a limited
number were selected for further evaluation. The second phase
involved the development of a series of cask-like impact
problems. The third phase involved the independent solution of
the problems by each laboratory. The fourth phase consists of
the transfer of information between the laboratories and the
nuclear material transportation community. In November 1982
the first Industry/Government Joint Thkermal and Structural
Codes Information Exchange was held. During this exchange, the
results of the code inventory and evaluation were presented and
the benchmark problems were defined.1 This exchange was
followed by a second exchange held in October 1984. During
this second meeting the numerical analyses of the benchmark
problems were presented and an experimeni.al program defined.
The fifth phase of the program will involve obtaining reliable

experimental data for comparison with the numerical analyses.

This report summarizes the results of the structural
benchmarking activity, while a companion report2 covers the
thermal benchmarking. The results that are presented include
solutions obtained by Sandia,3 PNL,4 GA Technologies5 and

the Century Research Center Corporation6

Background

The numerical analysis of structural problems is rapidly
expanding and hence there has been a substantial effort



directed at qualitatively evaluating and comparing available
codes. Representative papers include Fong (1982)7 and Dunder
and Belonogoff (1980).8 Fong compares eight finite element
codes based on documentation quality, desirable features, user
support and availability, element libraries, material
libraries, anrd procedure libraries. Dunder and Belonrogoff
discuss the factors that should be used in selescting codes.
These include service factors, evaluation criteria, program
capabilities, efficiency, user convenience and protection, and
developer reliability and responsiveness. These papers are of
greatest value in establishing evaluation criteria and

selecting codes for further evaluation.

There are also studies, of a more quantitative nature,
where multiple codes are used to analyze a given problem.
These include Crose and Fong (1984)9 and Ball, et al.,
(1974).10 In each of these papers finite element codes were
used to analyze a specific problem and the results were
compared. Since these papers present no experimental data,

they rely on "consensus™ solutions for statements of accuracy

or applicability.

In addition, there are also papers that address the
analycis of the impact of nuclear shipping casks.ll'lz'13
Yagawa, et al., (1984)11 present a set of two enéd impact
problems with plastic deformation and sliding interfaces.
Solutions for several codes are presented without experimental
confirmation. Adams, et al., (1984)12 survey the available
analytical techniques as well as existing cask designs.

Static, dynamic, one-dimensional, and two-dimensional analyses
of a steel clad lead cylinder end impact are presented. While
this paper provides an excellent survey of existing techniques,
it does not provide code specific information or experimental
information. Counts and Payne (1977)13 provided a review of

three codes and six end impact tests. The codes were used to
-2



determine the lead slump. While limited in scope, this paper

provides a methodology for code benchmarking.

Benchmark Problem Selection

In order to meet the objectives of this program, a
benchmark problem set was selected which would h.: cask-like in
nature, test the capabilities of the surveyed codes, and yet be
of sufficiently simple geometry that construction of models for

experimentation would be straightforward.

The problems chosen for the benchmarking program reflect
the regulations concerning the hypothetical accident condition
of free drop in 10 CFR 71. This regulation states: “Frece
Drop--A free drop through a distance of 30 feet onto a flat,
essentially unyielding horizontal surface, striking the surface
in a position for which maximum damage is expected." This
regulation specifies impact velocity and a target rigidity. but
leaves the orientation of the package to be determined.
Possible impact orientations are shown in Figure 1. Since the
cg over corner and arbitrary orientation impacts are inherently
three-dimensional, only the end and side impacts will be used
in this benchmarking program. This allows evaluation of the
various codes' material models and large strains capabilities

while maintaining relatively simple geometries.

To adequately model nuclear shipping casks, the codes
should include elastic and elastic/plastic material models,
sliding interfaces, and large deformation capability. These
geometric and materials constraints resulted in the problem set

shown in Figure 2.

The parameter values requested from the numerical analyses
of these problems were selected so that they could be readily

obtained experimentally. The values requested represent those
-3-
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that can be obtained using high-speed photometrics measurement,
such as impact duration and rebound velocity; those permanent
deformations fhat can be obtained by post-test measurement; and
time-dependent values of strain, which can be recorded using
strain gages. The time-dependent data are sensitive to the
measurement point, as will be shown in the numerical analyses.

While these problems are intended to examine realistic
physical pheuomena, thay are not all inclusive. As has been
previously mentioned, three-dimensional problems are not
addressed. The problems do not incorporate the separate
phenomena associated with impact limiters such as crushable
foam behavior, anisotropic material behavior as exhibited by
wood, or the buckling of fins. The selected problems also do
not attempt to simulate phenomena associated with ferritic
casks such as brittle fracture. Even with these exceptions,
the problems represent a reasonable first pass at testing the
ability of the codes to simulate realistic shipping casks.

Results

The solutions submitted utilized the codes summarized in
Table 1. The variety of codes allows comparisons of time
integration technique and type of code. 1In addition, three
independent users utilized the HONDO II code. This allows the
variation in the HONDO 11 solutions to be used as a measure of
the variability expected from the users as opposed to
variability between codes. The tabulated values are reported
for each solution as well as the mean and standard deviations

for all solutions and for the HONDO II solutions.



TABLE 1

Code Matrix

Code Type Time Integrati>n
HONDO 11 Finite Element Explicit
PISCES-2DELK Finite Difference Explicit
MANJUSRI-2D Finite Difference Explicit
MARC Finite Element Implicit
ANSYS Finite Element Implicit

Model problem A is shown in Figure 3. This model consists
of an elastic steel bar undergoing end impact. This problem is
the simplest of the problem set and also has an approximate
analytical solution14 based on Love's theory.15 The
approximation includes a term for radial displacement that is
dependent on Poisson's ratio, radial location, and axial
displacement gradients. The theory assumes that plane cross
sections remain plane and that axial displacement is a function
only of time and axial location. Based on this approximate
theory., a plot of axial compressive stress as a function of
distance from the impacting end at time T/4 is shown in
Figure 4. The format for this and all other plots are taken

from Reference 1.

The corresponding c¢ode scolutions for this problem, also at
time T/4, are shown in Figure 5 which plots axial compressive
stress as a function of distance from the impacting end. These
solutions coqute well with the analytical solution, though the
codes tend té average the stresses near the impacting end where
the analyticzl solution shows stresses oscillating rapidly

about the mean.

1
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The impact duration, T, and rebound velocities are given in
Table 2 with the mean, u, and standard deviation, o,
values. The small standard deviations indicate that all the
codes/users produce reasonably consistent results.

TABLE 2

Model A--End Impact of an Elastic Rod

Code/User Impact Duration (ms) Rebound Velocity (m/s)
Hondo I1/1 1.86 13.46
Hondo I1/2 1.86 13.77
Hondo II/3 1.86 13.1
MANJUSRI-2D 1.89 13.4
PISCES-2DELK 1.88 13.46
MARC 1.84 10.77
ANSYS 1.82 NR*
U Total 1.86 12.99
¢ Total 0.0235 1.11
L HONDO 1.86 13.44
S HONDO O 0.34

*Not reported

Model problem B is shown in Figure 6. This model consists
of an annular elastic/perfectly plastic steel cylinder
undergoing end impact. This problem tests the ability to solve
nonlinear problems involving the behavior associated with
plastic deformation. The hoop strain at the outer radius of
the impacting end is plotted as a function of time in Figure 7.
This plot shows that the introduction of plasticity results in
a substantial variation in the strains reported from the
various codes. The difference in the strains calculated using
HONDO II at 3 ms is 0.006. The corresponding difference using
all the codes is 0.018. Further, for the finite element codes
the implicit integration codes MARC and ANSYS predict an
average strain at 3 ms of less than one-half the explicit

~11-
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inteqration codes, indicating that the implicit integration
schemes generate stiffer systems. Since the HONDO II/3 and
ANSYS solutions utilized the same mesh, the difference must be
attributed to other causes, such as the greater time step size
generally utilized by implicit integration techniques. There
is no significant difference in the explicit integration
technigques between the finite element and the finite difference

solutions.

The tdbulated values for impact duration, rebound velocity,
and final axial deformation are shown in Table 3. The
variation between code type and integration technique for the
tabulated values was not significant. This indicates that the
impact duration, rebound velocity, and final axial deformation

are less sensitive to code and user differences than the

strains.
TABLE 3
Model B--End Impact of an Elastic/Perfectly
Plastic Annular Steel Cylinder
Impact Rebound Final Axial
Code/User Duration (ms) Velocity (m/s) Deformation (m)
HONDO I1i/1 3.99 3.7 0.0157
HONDO 11/2 3.30 4.14 0.015
HONDO I1/3 3.907 3.63 0.0137
MANJUSRI-2D 3.47 3.23 0.0173
PISCES-2DELK 3.42 3.07 0.014
MARC 3.96 4.32 0.0138
ANSYS 3.33 NR~* 0.0148
L Total 3.51 3.68 0.0149
o Total 0.22 0.49 0.00129
u HONDO 3.45 3.82 0.014s8

*Not reported

Model problem C is shown in Figure 8. This model consists
of an annular elastic steel cylinder undergoing side impact.
Plane strain is assumed in this problem. The horizontal stress
at the inside radius, point A, is plotted as a function of time
in Figure 9. While the figure indicates that the MARC solution

-14-
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predicts significantly lower stress than the other codes, this
is probably an erroneous conclusion. Differences result from
the effect of significant variations in the meshes used in the
analysis of the problem. The mesh used in the MARC code had
three elements through the thickness while the remaining codes
used six or seven elements through the thickness at the
impacting point. Figure 10 shows meshes used in the HONDO 11/2
and MARC analyses. The stresses reported for both of these
codes were averaged element stresses. The radial stress
gradient for the two innermost HONDO I1 elements at 0.4 ms is
35,800 MPa/m (132 ksis/in). Using this gradient to correct the
MARC solution from the average value at 0.203 m (8 in) to a
comparison value at 0.216 m (8.» in) increases the horizontal
stress from 586 MPa (85 ksi) to 1030 MPa (150 ksi). 1If this
same linear correction factor were used to correct to the inner
radius it would yield a value of 1500 MPa (217 ksi). These
values span the reported values and demonstrate the sensitivity

of the solution to the mesh used.

Shown in Figure 11 is the vertical stress at the outside
radius, point B, as a function of time. In this problem the
variation in maximum vertical stress is 34% MPa (50 ksi).
Since this variation is between two of the HONDO II solutions

the differences are considered to be user dependent.

The tabulated values of impact duration and average rebound
velocity are given in Table 4. The tabular data show no
significant code-to-code variability other than that previously

discussed.

This problem had high stress gradients due to the geometry
of the problem and hence a greater variability due to mesh size
and user interpretation was to be expected. This is supported
by the variability within the HONDO II solutions.

-17-
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TABLE 4

Model C--Side Impact of an Annular
Elastic Steel Cylinder

Code/User Impact Duration (ms) Rebound Velocity {(m/s)
HONDO I1I1/1 0.83 12.96
HONDO 11/2 0.77 13.2
HONDO 11/3 0.77 12.80
MANJUSRI-2D 0.83 12.0
PISCES-2DELK 0.79 13.4
MARC 0.69 9.14
ANSYS 0.727 NR*
U Total 0.772 12.25
J Total 0.0513 1.60
¥ HONDO 0.79 12.99
d HONDO 0.0346 0.20

*Not reported

Model prokblem D, shown in Figure 12, provides some measure
of the effect ¢f plasticity. The geometry, initial conditions,
and meshes duplicate model problem C with only the material
model changed. The horizontal strain at the inside radius,
point A, is plotted as a function of time in Figure 13. The
vertical strain at the outside radius, point B, is plotted as a
function of time in Figure 14. The meshes used for the finite
difference codes were only significantly different in the
vicinity of point B. The strains at 0.4 ms varied by a factor
of 2. Direct comparison with the finite difference solutions

are difficult due to the mesh differences.

The tabular data of impact duration, rebound velocity, and
the horizontal and vertical ovalizations are given in Table 5.
The horizontal ovalization is defined as the ratio of the
change in horizontal outside diameter to original diameter with

a similar definition for the vertical ovalization. These data

-20-
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demonstrate two characteristics of this problem. These are:

1) permanent deformations are low, indicating that the problem
is substantially elastic, and 2) the standard deviations of tne
horizontal and vertical ovalizations are 18 and 24 percent of
the mean indicating substantial variability in the plastic
portion of the problem. The variability of the impact duration
and rebound velocities are similar to those of the purely

elastic problenmn.

TABLE 5

Model D--Side Impact of an Annular
Elastic/Perfectly Plastic Steel Cylinder

Impact Rebound Horizontal Vertical

Duration Velocity Ovaliza- Ovaliza-

Code/User (ms) (m/s) tion (%) tion (%)
HONDO 11I/1 1.15 NR* 0.31 -0.93

HONDO I1/2 1.06 3.81 0.27 -0.8

HONDO I1/3 1.052 3.378 0.36 -0.746
MANJUSRI-2D 1.20 3.84 0.27 -0.93
PISCES-2DELK 1.19 3.6 0.321 -C.95
MARC 1.10 NR* 0.15 -1.17
ANSYS 0.9886 NR* 0.27 -0.695%
¥ Total 1.11 3.66 0.28 -0.89
o Total 0.068 0.21 0.066 0.16
L HONDO 1.09 3.68 0.31 -0.e3

S HONDO 0.055 0.26 0.045 0.090

*Not reported

Model problem E is shown in Figure 15. This model consists
of an elastic/perfectly plastic steel clad annular lead
cylinder. The lead and steel are attached at a single point at
the impacting end of the cylinder with frictionless surfaces
elsewhere. The model problem simulates a sliding interface.

Shown in Figure 16 is the axial compressive strain in the

lead at the impacting end as a function of time. The hoop
_24-
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strain in the cladding at the impacting end is shown as a
function of time in Figure 17. These plots show differences in
predicted strain in excess of 100 percent. Without further
test problems, it is unclear what portion of the difference is
due to plasticity and what portion is due to the sliding
interfaces. It should be noted that the implicit integration
scheme provided the lowest strains and hence the stiffest
system of the finite element codes. The meshes used for the
finite element codes were all similar and the meshes used in
the finite difference codes were identical, so that these did

not account for the observed differences.

The tabular data including impact duration, rebound

velocity., and axial deformations are given in Table 6.

TABLE 6

Model E--End Impact of an Elastic/Perfectly Plastic
Steel Clad Annular Lead Cylinder

Impact Rebound Axial Lead Axial Steel

Duration Velocity Deformation Deformation
Code/User (ms) {m/s) {(m) {m)
HONDO 11I/1 30.0 NR* 0.192 0.0184
HONDO 11/2 32.5 1.27 0.19 0.0178
HONDO II/3 30.2 0.804 0.198 0.018
MANJUSRI-2D 27 2 0.75 0.16 0.016
PISCES-2DELK 30.2 0.86 0.20 0.021
MARC NR* NR* NR* NR*
ANSYS 23.6 NR* 0.117 0.0328
L Total 28.6 0.97 0.18 0.021
o Total 3.11 0.24 0.033 0.006
L HONDO 30.9 1.08 0.193 0.0181
9 HONDO ! 1.39 0.34 0.004 0.0003

*Not reported

The tabular data and particularly the axial steel deformation
reflect a higher degree of variability than that seen in the
previous plastic analyses. This indicates that the axial steel
deformation in this problem is sensitive to code differences.
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Figure 17: Calculated hoop strain in the steel
cladding at the impacting end as a
function of time for model problem E
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In these data the ANSYS implicit intuegration scheme seems to
produce a stiffer system as seen in the low impact duration and
lead slump. The high steel slump results directly from the
stiffer lead behavior and is not due to a less stiff steel.

Conclusions

The following observations are made based on the results

from the model problems:

1. All of the codes provide good agreement with the
analytical solution of elastic model problem A.

2. The variability in elastic model problem C probably
results from user-controlled parameters such as mesh

size as opposed to code-to-code differences.

3. For the elastic/perfectly plastic model problems B and
E., the implicit integration schemes produce stiffer
systems than the explicit integration schemes.

4. The impact duration and rebound velocity are less
sensitive than the strains to code/user differences in
the elastic/perfectly plastic analyses.

5. The introduction of a sliding interface in model
problem E yields higher code-to-code variability in
the axial steel deformation than was seen in model

problem B.

These observations indicate that all of the codes provide
consistent answers to the elastic problems within the
variability introduced by user-controlled parameters. This
indicates that a high degree of confidence can be placed in
carefully run and interpreted elastic analyses. The
observations also indicate that the introduction of plasticity
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results in substantial variability due both to user-controlled
parameters and interpretation and to code-to-code variability.
This variability is most apparent in the calculated strains.
Finally, the observations indicate that inclusion of a sliding
inter’ace produces additional variability in the final axial
deformation of the steel.

The lack of a "consensus" solution in problems involving
plastic deformation and sliding interfaces demonstrates the
need to determine the effects of the user-controlled paraneters
and to obtain experimental data to complete the benchmarking of
the codes. The parameters, which remain to be fully
investigated, include mesh size, time step size, and
convergence criteria. The experiments required are outlined in

the following section.

Future Work

The primary objective in the proposed experiments is to
obtain data which can be used in benchmarking codes with
elastic/plastic material models and large deformation
capability. To attain this objective, the proposed experiments
will be scaled versions of model problems B and D. This will
allow both end and side impact to be examined.

A secondary objective of this.study will be the
verification of existing scaling laws.16 To meet this
objective, a range of scaling factors will be used in designing
the experiments. This will result in multiple versions of each

model with variation only in the geometric scaling factors.

The experimental phase of this program should provide
sufficient data to complete the benchmarking of structural
codes with elastic/plastic material models and large

deformation capability.
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