NUREG/CR-3966
UCID-20639

Methods for Impact Analysis of
Shipping Containers

Manuscript Completed: October 1987
Date Published: November 1987

I'repared by
T. A. Nelson, R. C. Chun

Lawrence Livermore National Laboratory
7000 East Avenue
Livermore, CA 94550

Prepared for

Division of Safeguards and Transportation

Office of Nuclear Material Safety and Safeguards
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

NRC FIN No. A0291




ABSTRACT

This report reviews methods for performing impact stress analyses of
shipping containers used to transport spent fuel., Three methods are
discussed: quasi-static, dynamic lumped parameter and dynamic finite
element. These methods are used by industry for performing impact analyses
for Safety Analysis Reports.

The approach for each method is described inciuding assumptions and
limitations and modeling considerations. The effects of uncertainties in the
modeling and analyzing of casks are identified. Each of the methods uses
linear elastic structural analysis principles. Methods for interfacing impact
stresses with the design and load combinations criteria specified in
Regulatory Guides 7.6 and 7.8 are outlined. '

The quasi-static method is based on D'Alembert‘'s principle to substitute
equivalent static forces for inertial forces created by the impact. The
Tumped parameter method is based on using a discrete number of stiffness
elements and masses to represent the cask during impact. The dynamic finite
element method uses finite element techniques combined with time integration
to analyze the cask impact. Each of these methods can provide an acceptable
means, within certain limitations, for analyzing cask impact on unyielding
surfaces,
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FOREWORD

As part of their charter to Ticense spent fuel shipping casks, the U.S.
Nuclear Regulatory Commission must evaluate the structural adequacy of the
container under a series of postulated loading conditions. Industry has
several options available for performing analyses to ensure structural
adequacy under impact loading. The purpose of this report is to evaluate the
available options and describe acceptable methods for performing impact
analysis.

The authors would like to acknowledge the assistance of L.E. Fischer,
Lawrence Livermore National Laboratory. for his advice during the compilation
of this report.
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EXECUTIVE SUMMARY

To protect the public health and safety, designs of casks used to ship spent
nuciear fuel are required to be evaluated for impacts on unyielding surfaces
under conditions of normal transport and hypothetical accident conditions.
The conditions under which the casks must perform are specified in 10 CFR
71, Acceptable means for showing acceptable performance are delineated in
U.S. Nuclear Regulatory Commission (USNRC) Regulatory Guides 7.6 and 7.8.

Several different methods are used by the shipping cask industry to perform
impact analyses of casks. The purpose of this report is to review three
commonly used methods, evaluate their applicability, discuss appropriate
modeling techniques and describe assumptions and limitations of each method.
The results of the review are intended to assist the USNRC in evaluating the
appropriateness of licensee submittals,

The methods reviewed in this report are: quasi-static, dynamic Tumped
parameter, and dynamic finite element. Each method can be used to predict the
response of a cask to impact load under certain conditions., The dynamic
analysis methods can mere accurately predict cask response under impact
loading since this Joading produces dynamic response in the rask,

The quasi-static method is based on D'Alembert’s principie to substitute
equivalent static forces for inertial forces created by impact. This method
treats the cask as a slender rigid bar and cannot capture dynamic cask
response. Also, restrictive assumptions must be applied to capture secondary
impact., It is not recommended for analyzing oblique impact cases.

The dynamic Tumped parameter method combines simplicity in modeling with the
ability to capture dynamic cask response as a result of the rapid impact
load. [n addition, the method can be formulated to capture the rigid-body
rotatton which can occur as a result of oblique impact. Overall cask response
can be determined as well as the resulting major stresses. Stress recovery
assumptions can start to become restrictive if calculation of deteailed stress
states is attempted. A computer code employing a dynamic lumped parameter
method, called IMPASC {Impact Analysis of Shipping Casks), has been developed
by the Lawrence Livermore National Labcratory as part of an integrated
shipping cask apalysis system. In IMPASC, the cask is modeled as a series of
beams with masses lumped at the nodes. Currently, casks with lead shielding
are modeled with composite beam properties, which assumes that the lead is
bonded to the steel shells,

In order to obtain detailed stress reccvery or model nonlinear behavior, such
as lead slump, a dynamic finite element analysis should be used. In this
method, each component can be modeled separately and stresses in each element
can be calculated directly during the snalysis. While they can be expensive
and time consuming, dynamic finite element analysis methods can provide the
most accurate and detailed estimates of cask response to impact loads.
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1.0 INTRODUCTION
1.1 BACKSROUND

T protart the public heaith and safety, shipmenis of spent tuel are
required to be 1n accordance with the proyisions of 49 CFR 171-178 (Ref. 1)
and 10 CFR 71 (Ref. 2)_ ATl activities, which are related to the design,
fabrication and use of spent fuel casks are documented in a safety amnalysis
repors [SAR) and conducted under a quality ssurance program, bath of which
are reviewed apd approved by the U.S. Nuclear Regulatory Commission (NKL).
Regulations in 10 CFR 71, Sections .71 and .73 require that the design of i
spent fuei casks be evaluated for impacts an unyielding surfaces for normal K
transpart and hypothetical accident condiltions, |

!

Fagulatory Guides 7.6 (Ref, 3] and 7.8 (Ref, 4) provide acceptarce
crateria for clastic stress analysis Timits and toad combinations for the :
rantainment <ystem. Several different metnods of analysis are currently used l
by the thipping rask indusiry to evaluate speat fuel cask designs. A completei
description of the impact method wsed in anilyzing a cas< design is required
in the 5AR, This HURFG discusses three commonly used methods for performing |
analysis for spent fuel casks impacting onte unyielding surfaces. In

Fig. 1.1, a flow chart is presented showing the major elaments in each method
nf analysis,

A survey was performed to identify methods used by industry for
perforning impact analyses to evaluate the structural integrity of shipping
tasks, Informalion and methods were deterwined from industry reports, SARs
and communication with industry personnel. The acceptance rritpria of
Pagulate: ) Cuides 700 wnd 7.0 were revieweg Lo assure thet the tmpact analysis
methods selected for discussion would result in compliance with these
guides, A procedure was outlined for combining and post processing linear
elastic stress anaTysis resulis te permit the comparison of thase resylts with
the stress acceptance criteria specified in R.G. 7.6. Procedures were also
descriged for separgting stresses into membrane and bending compoments and
hto treir appropriate stress cateqgories. [hese general procedures will be
distussed in the following sectinng.

1.2 OBJECTIVE AMD SCOPE

The abjective of this work was to document methods far analyzing shipping
rentainers for the impact Tuads spectyfyed in 10 CFR 71, For each analytical
method, the report discusses appropriate technigues for modeling the structure
and the reasonableness of various assumptions that can be used to facilitate
the analysis,

The scape of the discussiva was as Tollows:

1. Impact analysis methods were identified which could reasonably, yet
tonservalively, prodict spent fuel cisk containment stresses “ar
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comparison with the elastic limits and criteria presented in
Regulatory Guides 7.6 and 7.8, Since only comtainment is considered,
stresses in internals were not included,

The analyses discussed herein presume elastic behavior such that
principles of superposition apply for the purpogses of combining
Toads. Buckling of the containment was not considered.

Modeling techriques including assumptions and approximations employed
for three basic types of analyses were evaluated.

The spent fuel cash rontents were tncluded only as inertial lpads and
noundary conditiens.

Brittle fracture effects were not considered.

Technigues for analyzing stresses in closures and their associated
bolting under impact were developed.

The interactior between shielding and containment materials (e.g.,
lead slump) under impact were discussed for certain cases,
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2.0 IMPACT ANALYSIS MEYHODS
7.1 DYRAMIC LUMPED PARAMETER

7.1.1 DESCRIPTION AND APPROACH

The dynamic Tumped parameter approach (s used to provide analyiical
results that account Far the dynamic recponse af the cask as we'l as the rigid
body motion assecisted with oblique impact. The cask gerometry is modeled in
ane dimension, This model consists of a series of Tumper mdasses connected by
springs, beam elemenls, or other specialized elements,

The primary purpcse of the lumped pargmeter model < to capture the
pverai respanse aof bhe cash,  Since this model is used inmoa dynamic analy:is,
it 15 superior to a quasi-static approach 1a that dynamic effects are
accounted for.  The basic dynamic amplification phenomencn can be 111ystrated
by means of & simpie, one-degree-of-frecdum system which might approximate an
end-an impact of a cask, The dynamic amp':fication factor (DAF1 15 equal fo
the dynamic deflection divided by the deflection caused by g statically
applied load of the same magnitude {Ref. 5). ‘we DAF 15 a function of the
rise time of the applied load, the duration of the lead, the shape of the
load, and the natural periad of the structure. To illustrate the effect of
rise time, Fig. 2.1 shows the mawimum DAF as a fumction of rise time for a
ramp Yoad, For an infinitesimal rise time, the maximum TAF is 2.0, Thus, the
maximum deflection, and the correspanding force wn the spring, 15 twice that
for a statically applied loadg,

The pffects of load duration and, to some extent, load shape are thown in
g, .o i LWl eduy SN0Wn 1n Lhe Tigure fAgye an and rnikesimal rase
time. As shown 1n the figure, Yoad duration, as compared to the natural
periad of the system, has a large effect pn the magnitude of the DAF. For a
Toad duration tess than ane half of the system period, the DAF is less Lhan
2.0 and can be Yess than 1.0,

In general, an mpact load experienced by a cask will show the effects of
both finite rize time and duration, An example for a4 trianguldr pulse s
shawn in Fig. 2.3, For this particular Toad shape, the maximum 38F would be
1.5,

When mudeling & three-dimensional structurse as o simple lumped-mass
system, simplifying assumptions need to be used, For end-on impact only,
multi-dimensiaonal effects may be avoided hy only allewing axial degrees of
fresdam in the models, For these models, the cask is discretized dntn a
nymber of elements. Each node dis assigned a mass and each element a spring
stifness.  In some compuler peograms (e.q, Ref. &), these sticfnesses are
calcuiated externally to the code. Plane sections of the cd<k are assumed to
remain plane and normal to the centerline of the cask. Thus, the lead
shielding is assumed to experience the same deflection as the <teel shells
which surrgund it, In effect, this mode] assumes perfect Sonding between the
Tead and stee) for the ax1al case. For beading, composite stiffness of
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Appendix A

Trternal Force Distribution in a Sleader 21919 Beem



The following derivation is presented to 11Tustrate how the force
d1stributions in a slender rigid beam are determined for use in a quasi--tatic
ana.ysis,

Figure R.1 shows a slender rigid beam subjected to an impact force, F.
Applying Newton's second law to the center of gravity of tne beam:

MY = Fsing (A=

MZ - Feosd A=)

16 = -F(L/2}cost (A=)
where

M - mass of beam = mL {A-<]

[ = mass moment of inertia of bheam about its center of gravity
- w2 - mne (A-+)
m ~» mass per unit length of beam - M/L (A~t]
Substituting (A-4) and (A-5) inta ‘A-1), (A-2) and (A-3},
i = Fsing/m
f = Fcost/mb
8 = —6Fcost/mit

Since the heam is assumed to be rigid, the longitudinal and normal
accelerations at point x {see Fig. A.l) can be expressed as:

x = X = Fsing/mL [A-

naels (x-U/2}8

FcosB / mL + [x - L/2)[-6FcosB/mLZ}

- 2Fcos® (2L - 3}/mL? {A-t)

From the equilibrium of the beam 1n the Tongitudinal divection (Fig. A.2 , the
ax1al farce R can Ge derived:

R - R+ [dR/dx)}dx} = (mdx) x
dR/dX w -mx = -Fsind /L

Integrating from the top end (free end} to point x,

A-1




Flg. A.l.

Coordinate systems for oblique drops of slender rigid beam.

A-2

Fig., A.Z2.

. :ﬁ*

& oA
< WL

Equiliorium of slender rigid beam in the longitudingl aurs
et om

A-3



X
R = [ (-Fsing/L) dx = Fsind (1 - x/L} (A-9)
L

Similarly, from the equilibrium of the beam in the lateral directior
1Fig. A.3), the shear force ¥ can be derived:

¥ - (¥ + (d¥/dx)dx} - (mdx] n
di/dx « -mn = ZFcosh [3x - 2Ly/L2
Integrating from the top end to point x,

x
v = | j2Fcose (3x - 2L}/LY) dx
L

- Frosd {2 - 4lx  LE)2 {A-10)
Integrating the a2bove formula, we car get an expression for the bend ng moment
‘-‘Ib:
X * 2 2,2
My = ] Vox - [ { Feosé (3x° - alx » L°)/L°} dx
L L
-
= Foos® (x3 - 21xZ « L2x/L2 (A-11] & 8
A T \\&*
Yy
NN
D ﬂ°?:;
au3
\(\eﬁ k"i&'

F-g. A.3. Egur rorium of slender r1gic 2eam in the ‘ateral direg-
e,

A-4 A-5
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