
ag:ggg.i.g.k,
l

$$$$N1

7 ) J @ 4" S E G F $ epop,

?!0
4 js3?mpggg$

,4, -
1

. , n~y..n, ,,
f 4, i-- ,a

'

-y i 1 3 $o aw} >#. .

3

'

b % t
. g ;g:

-. iz = 3 y.

.

5|g
|.

,

!,a r. :: . =, gg ap.
.I 'd ..'

.

it GM "$ / 3 ,Y 1
..

1
ib

'

.
, de. . ' " $$ (i , " $i 'pq pi.

,. $, , ,f
~ <

P, _1 y i;9 '

7=, ,, g i
,

i

s[Rfff M
. g.a :ptg3;[ ,

.gu. .
.

m e _ _ . . , .
=-

'
~~

| d !' d

t .4|g %f,f
?* ;

{99 g
k ,|bhW ?

' #

ff : ?.
~ ' -

.:g : i . ;a s
.

4 m3 . x. c y : c

'

h
.

" --- = ( . |t -

;
' g,.;jJs',n l

| 7n ..

'
'

j m ,e..
' ' '.

,
! Y

-

'

?j - - g
.

1 >

ggg ggh, ,ggg~n+@ inn ~Od*4,iM, k+$kddNd$> E!i' k{}$ '._ggha{.k.{s,pdg_9N,

, .__-_ ..
MI AT% -,M ,E '-

-

.
4554 R PDR MS

^ 3[$$@@RRI R $@$$$dhkbs $h



m E R E M E ,65$d_y$a%dhfdh m@M%StBOW.M@*$@ya#MhWp$p$
w$p

_ _P p
p$n $ n$ @$ g p p p S W Whd.hM3v.MR.M.m%M EfMS
8MW

a@n$bO1
,

A 896$% awn m
M #

%~1Weg%awyam%n'qvd!%$gQ9|reet24WFMynxMa: NWWM)@m@M@w w RW M. F .yW % d w u m& ph gj#gg

w
, # - An MMS.u. M phn

wm e.
miwwqv hW 1 'u ws wn w g w skm

%.% L 141 gem hew 8fWeqtgnage4D#sihe!6pMW$p d
,

g[g '9%pjt
gg Jgg.# " '

gyJP!pyg 4 9 ~%KfsWpMu@d?%p%fnew& h(Fce%Af@eAs% % WPMifboQ v NW M9 n
n pf%g

h@4&@V
beawe when lk tentweeiipend" gM

% Mfi

99 Qweny y@6sepMWeen.WM**w*)p$M@#%w$$p#EW$n$ knew
4 M pM +M Q gp M QiWriMuww%YMc$$ gQ

M%
Ng%g

$gf ge g g gby paQ ?R%4sh 4ibdp %g%@p?fy eMeaNeiaW4mak4jdgi

.,djMNNf* %g p s mm w w m aann w a%wcwedecespig esoamenteanse eit; %mia%wkg4f&w w ws
Famysi k u nne m% a %s g@h m u s W S N e@ y k hh-N h$N h

.

h[pMMq fM
:

MilNWIBMutil 6 h MOhf5hD$DNi
eggggmmm%!5. gr queen 4,e.g$ e d ee m f =s % M wSphe

gdAge 5 me hs a9r ep 4
ap epw jewonenevosevmsw A M*eiv% einesj.Me*mm

@W@$[@$p$-@y#ij3MQ$jM .

@*nq#4sepC"/ ; MFdpunede(W*W%gg@%g$f*f!"q$@$u"8%p
aun w amalmE M 4eee8 *#*

enMMC OMMW *?*E**?'#887 W $yg4 y{g gy M45penist ppag w y g g*g g m gp p b 5atMaa9a* au~
- gg ggm e w ms

3 7 k=gd%g%~g+y~.ggggggg4fpg ,ye gkd gg g% sgg,.mw upu
gw% n.s% -

g4QQgQfgpt; g ; wg_Abggg.,. f,a y g g, gyskww y, - '_

,- _ ~k . M i @y *g
s,.m.n w ,.

,

Mm e w~ g mmay ~$ @7 , '

,;]$ j),
',

j' ^m$b'm93E
9 i dgMB f 5pW r p" ~ jM

~

04 . . ~ <(% 4 N
. , ,_

hk |j N kWNhfh fg{hh ,( ,, q%-,

MEEEIE5_$$fE$h.el)-____ - -
memmmmmwmw+wowsamm mamm ~v

I, - ms sc m -ns em wnm rx9i t ema ' mv m - e w w P W W "' ''
y'M* ~ T@ JMW'gF @ %i j ( ),

, WP?
> zg :

p. , s vn m r %%L & j@j;; j
g

]4 ey& p
n-__w~- ~ . py- e

g~&Wh ibh&|3 7 )u m m m m m m m e g $ g? h* y & k h e & g &g g $ g &ghh}b % ,7 g
"

ANN NfdM5NhNd$dfdbh|
M_h@NdtN@$N@ap$f_ppo$$ 90M_M_a$$_$M _p w%@M b$MMMbg_MMSM$gg$Sdd ' 7MS 5 MNhM N-m a nNOMb EdAd$w$MbdMMSgw % W w wux@ PM



_ . . _ _ _ . . . _ - . . _ _ _ . _ _ . . . _ . _ - . _ . _ _ . - . _ . . _ _ _ - - _ . . ._

1

NUREO/CR--4554
UCID-20674-
Vol 3, Rev,1

SCANS
(Shipping Cask Analysis System)
A Microcomputer Based '

Analysis? System for
Shipping Cask Design Review

Theory Manual (Lead Slump in Impact Analysis and
Verification ofImpact Analysis)

- Manuscript Completed: June 1941
Date Published: February 1992 -

Prepared by
R. C. Chon, T. Lo, G. C. Mok, M. C. Witte

Lawrence IJvermore 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, DC 20555 -
NRC FIN A0291

,

< - + , -- , . - ,. . ..,..---~.c-..-.., - - , .~.



-
_-

ABSTRACT

A computer system called SCANS (Shipping Cask Analysis System) has been developed for
the staff of the U.S. Nuclear Regulatory Commission to perform confinnatory licensing review
analyses. SCANS can handle problems associated with impact, heat transfer, thermal stress, and
pressure. A new rnethodology was developed to allow SCANS to analyze the lead slump behasior
oflead shielded casks during a postulated impact with an unyielding surface.

The methodolo;;y is an expansion of the existing lumped parameter impact analysis method.
In the new methodo:ogy, it is assumed that the lead and the steel cylinders are not bonded as
opposed to the existing bonded-lead assumption. The lead shield is allowed to slide freely relative
to the steel cylinders and interact with the steel cylinders only in the radial direction of the shipping
cask.

The interface pressure between the lead and the steel, the hoop stress in the steel shells, and
the reduction in shielding are among items that can be calculated. The adequacy of this lead slump
methodology is established by comparing results with those obtained from rigorous finite element
analyses and from cask impact tests.

The lead slump methodology described in this revision (Rev.1) of the report is an improved
version of the method documented in the original report. The main improvement is in the modeling
of the lead behavior. To minimize mathematical difficulty and development cost, the lead was
fonnerly treated as an clastic material with an effective modulus which was tuned to account for the
effect of plastic deformation occurring in a cask drop. Although this method gave satisfactory
results for 30-ft accident drops, it produced overconservative predictions for 1- to 4 ft normal
drops. Thus, the present revision of the method was undertaken to improve the range of
applicability of the method. In the improved method described in this report, the lead is trea'ed as j

an clastic-plastic material and the actual clastic plastic properties of lead are used instead.

,
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FOllEWOltD

Lawrence Livennore National Laboratory has developed a system of computer programs to
analyze radioactive material shipping casts. This system is called SCANS (Shipping Cask
Analysis System) and is developed on an IllM PC microcomputer for use by the staff of the U.S.
Nuclear Regulatory Commission to perfonn continnatory analyses in their licensing review. In its
current version, SCANS can handle pmblems associated with impact, heat transfer, thennat stress,
and pressure. This report documents a newly developed methodology which can assess the effects
oflead slump of a lead shielded shipping cask during impact with an unyielding horizootal suiface.
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EXECUTIVE SUMMARY

.

' Lawrence Livennore National Laboratory, under contract to the U.S. Nuclear Regulatory
Lommission (NRC), has developed a system of computer programs called Shipping Cask
Analysis System (SCANS) for the NRC staff to perfonn confinnatory licensing review analyses.
In its current version, SCANS can handle problems associated with impact, heat transfer, thennal
stress, and pressure. This report documents a newly developed metinlology which, having been
fully implemented in SCANS, can assess lead slump behavior oflead-shielded casks dunnp impact
with an essentially unyielding horizontal surface. Also presented in this repon are venfication
results for this lead slump analysis method and for SCANS' impact analysis capabilities.

The methodology is an expansion of the existing impact analysis method and consists of two
parts:

(1) The Grst part is essentially the same as the existing dynamic lumped-parameter impact
analysis, and is used to simulate the overall behavior of the cask. In this part of the impact
analysis, complete bonding between steel and lead is assumed because the lead slump is believed to
have insignincant effect on the overall behavior of the cask. The locations and corresponding
accelerations of lumped masses are calculated in this part of the impact analysis.

(2) The lead-steel interaction is a local behavior and is studied in the second part of the impact
analysis, in this analysis, no bonding between the lead and the steel cylinders is assumed. The
lead and steel shells can slide freely relative to each other.

In the first part of analysis, linear elastic behavior of the lead and the steel is assumed,
llowever, for the second analysis the lead is treated as an clastic-plastic medium.

In the lead slump analysis, kinematic relationships between the lead and the steel shells in the
radial and hoop directions are first established. The equilibrium equations and the stress-strain
relationships of the lead and the steel are then formulated. By a series of complicated
manipulations of these equations, the axial stresses of the lead and the steel can be expressed as
functions of axial strains. As in the case of impact analysis without lead slump, the equations of
motion can be solved by the central difference method.

The interface pressure between the lead and the steel, the hoop stress in the steel shells, au
the amount of shielding reduction at the opposite end ofimpact can be calculated in addition to a.'
other results available in the existing impact analysis without lead slump.

The lead slump methodology developed here for SCANS is a simplified approach.
However, as shown in this report, the method can produce results that compare closely wi'h those
of-a more sophisticated finite element computer program, NIKE. The amount of shielding
reduction or permanent lead slump predicted by the method also agrees with the results of an Oak
Ridge test.
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SCANS (Shipping Cask Analysis System)
Volume 3- Theory Manual

Lead Slump in Impact Analysis and Verification of Impact Analysis'

1.0 INTRODUCTION

1.1 Background

Lawrence Livermore National la.boratory has developed a system of computer programs to analyze
spent fuel shipping casks. This system is called SCANS (Shipping Cask ANa ysis System) and is
developed on an IBM-PC microcomputer. SCANS is intended for use by the staff of the U.S.
Nuclear Regulatory Commission to perfonn licensing-related confinnatory analyses. In its current
version, SCANS can handle problems associated with impact, heat transfer, thennal stress, and
pressure. Typical configuration of a laminated cask for various analyses using SCANS is shown

- m Fig.1-1.

The impact ponion of SCANS is composed of two computer modules, IMPASC (Impact Analysis
of Shipping Containers) and QUASC (Quasi-static Analysis of Shipping Containers). IMPASC
(Refs.1 and 2) is based on the dynamic lumped-parameter method anc is an explicit finite-element

L computer code. IMPASC includes one type of element-the beam element. The mass of the cask
is lumped at element ends and the beam element is assumed to have no mass. The cask is modeled,

L as an clastic composite material, but the impact limiter can have nonlinear force deflection curves.
I The impact limiter is not explicitly modeled in IMPASC as finite elements, but is in the form of

force-deflection curves simulating various possible initial cask impact angles with the horizontal
surface.

The cther SCANS module, QUASC (Ref. 2), is based on a quasi static method of impact analysis.,

QUASC treats casks as slender rigid beams in estimating the maximum impact force and the!

i associated "g" load during impact. Use of QUASC is not always recommended because of its
| simplifying assumptions described in Ref. 2 and in Chapter 6 of this report.
|

A third method ofimpact analysis is the dynamic finite element analysis. Because this method,|

; which is most useful for the analysis of detailed dynamic response, usually requires many accurate
L finite elements and the use of a mainframe computer,it is not implemented in SCANS. The
| lumped-parameter method described above, which ts sometimes considered to be a simplified finite

element approach, uses only a few elements. The dynamic finite element method and the two
impact analysis methods included in SCANS are desenbed in detail in Refs. I and 2. These impact
analysis methods can be summarized in a flow chart as shown in Fig.1-2.

| In the case of a lead shielded cask with lead laminated between two concentric steel shells, a
| perfect bonding between the lead in fill and d.e stee: shells of the cask is assumed in the current -

vetston ofIMPASC and QUASC. .While this assum tion is quite reasonable for calculatiug the
overall behavior of the cask during impact, the bondi;ng may not be strong enough to prevent the|

movement of the lead relative to the steel shells. For convenience, we will use the term " lead
f alump" to represent the behavior of lead movement relative to steel shells.

L

|

'This work was supponed by the United States Nuclear Regulatory Commission under a Memorandum of'

. Understanding with the United States Depanment of Energy.
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Two effects of lead slump are ofinterest in the design of spent fuel shipping casks. Severe lead
slump in the axial direction will result in a cavity at the opposite end of impact. This cavity will
reduce effectiveness of the shielding function of the lead. The other effect is the hoop stress in the
steel shells caused by the interface pressure between the lead and the steel shells during lead slump.
Large hoop suess is objectionable because of possible material failure or buckling of steel shells.

1.2 OllJECTiVE

A task under the framework of SCANS was staned in 1986. *ihe objective was to develop a lead
slump methodology for analyzing shipping casks with laminated cylindrical side walls. This
methodology will be applicable not only to the lead but also to any other shielding materials. This
lead slump methodology and the current impact analysis methods in which lead and steel are
assumed bonded provide the bounding cases of lead behavior for evaluating shipping casks. The
result of the lead slump analysis can be used to assess the integrity of the containment system of
spent fuel casks by evaluating the stress level and the buckling potential of steel shells. The work
on developing a buckling analysis capability in SCANS is documented in Vol. 6 of the theory
manual.

This report documents the lead slump work associated with unbonded lead, which has been
implemented in both the IMPASC and QUASC modules of SCANS. The output information
includes shell stresses (including hoop stress) and interface pressure due to lead slump during
impact.

The lead slump methodology developed here is a simplified method for confumatory analysis. It is
not intended to replace finite element analysis in calculating local stresses of a shippmg cask.

l
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2.0 GENERAL DESCRIPTION OF Tile METIIOD OF ANALYSIS

The lead slump methodology reported here is develo>ed under the framework of impact analysis
methods of the existing SCANS. We are expanding tie methodology implemented in the cxisting
IMPASC and QUASC modules to include lead slump effects. The basic principle and formulation
oflead slump for the two modules are identical. Therefore, we will detail the implementation of
this method only in the IMPASC module. Readers are urged to become familiar with the existing
dynamic lumped. parameter method documented in Ref. I because the method of handling large'

rigid body rotation and the explicit method ofintegration retnain unchanged.

We believe that the amount of lead slump has insignificant eff ect on the spatial motion (overall
behavior) of the cask. The existing impact analysis of bonded lead can still be used to calculate the
spatial locations of lumped mass points of a finite-element model.

The effects oflead slump, a local phenomenon, can be handled separately but concurrently with the
impact analysis. In the following section (Section 2.1), we will briefly review the impact analysis.
The lead slump analysis, or local impact analysis, will be described briefly in Section 2.2 and in
greater detailin the remaining chapters of this report.

2.1 Impact Analysis of n Cask with Honded Lead Assumption

The impact analysis of a shipping cask without considering lead slump is documented in Ref.1.
'Ite equation of motion has the following form:

[M] {R} = {F} - {P) , (2-1)

where [M] is the mass matrix of the lumped mass dynamic analysis model, (P) is the intemal force
vector of finite elements, and [F) is the external force vectors acting on lumped masses. The
extemal force includes the gravitational force and the reaction fon:e of the impact limiter. There are
three degrees of freedom at each lumped mass point. A dynamic analysis model with three lumped
mass mints is shown in Fig. 2-1 to illustrate various parts of Eq. (21). For a dynamic analysis

'

mode; with n lumped masses, [M], (X), (P), and (F) can be expressed as shown in Fig. 2-2.

kFor a typical beam element k, shown in Fig. 2-3,.the internal force vector [p ) has six
components, three a.t each end of the beam element:

k
Pix

k
Piy

k{p } = p$ (2-2),.,

k
Pjx

k
Pjy

k
Pje

, ,

-$-
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kThe notations are shown in Fi 7 21 These six components of (p ) can be expressed in terms of
four components of the genera n,. ,ed forces of the bearn element in local coordinates (Fig. 2-4):

P 4

-Rcosot - Vsina
-Rsina + Vcosa

k{p } = hi (2-3)< ,
i .

Rcosa + Vsina !

Rsina- Veosa
M

J
,

In the above formulation, R is the axial force, V is the shear force, and M and M are the endi J
moments of the be a element. These generalized forces R, V, Mj, and Mj can be calculated using
the following formulae (Ref. 3):

R = AE(L - L )/L, , (2-4)
.-

'

M' ~ 4+$ 2-$
'

i

= [EI/L(14)] (2-5)< *<

M. , 2-$ 4+$, pj j,,

V = (M + M VL , (2-6)i j
where

'

- A : = the cruss-sectional area of the beam,

E | = Young's modulus,

I = moment ofinertia of the beam cross section,>
, ,

.ly = originallength of the beam element,

4. L = current chord length of the beam element,

i = . chord deflections at the ends of the beam element,

& = 12E!/OA L2 = 24(1+v)(EI)/EA L2,
3 s

G = 'shearmodulus
y = Poisson's ratio, and

'

. Ai = cffective shear area of the beam cross section.

The impact limiter force-deflection curve is modeled by a piece wise linear function as shown in
Fig. 2 5,

Equation 2-1 can be solved by the method of central difference. This integration method is
documented in detailin Ref.1. -

-9
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2.2 Lead Steel Interaction

The loading on the cask during an oblique impact can be decomposed into axial and transverse
components. End on impact is a special case of oblique impact in which the transverse component
is nil. Side impact is another'saecial case of ?blique impact, Bending due to transverse impact
load is the dommant mode of fai ure; and no axial impact load is associated with side impact.

l
1

The axial component of loading can cause axial slumping of lead and create a cavity at the opposite
end of impact. l.cading in the axial direction i .o causes an interface pressun: to develop between
the lead and the steel shells due to axisymmetric slumping of the lead.

Compared to the axial component, the transverse impact load will have insignificant effects in
terms of cavity and interface pressure creation. A cavity forming between the steel shells and the
lead along the length of the cask is extremely unlikely because of the large flexibility of the lead and
the steel shells in the transverse direction.

Because the transverse impact load on lead slump is insignificant, it is not considered in calculating
the amoun oflead slump. Thus, lead slump because of the axial loading component becomes the
core of this lead slump methodology. Equations of motion oflead and steel in the axial direction
are developed to simulate local lead and steel behavior. These axial equations of motion are in
addition to those of impact analysis for bonded lead, which simulate the overall behavior of the
cask. The combined equations of motion can be expressed in the following form:

, ,

. . . , .
..

M o o X P F

s is , , , pg F[ ", (2-7)o M , ,,,,

M\, , $' d, d,. o o
, ,

where z is a local axial coordinate which moves along with the global coordinate X of the cask. In
other words, X represents the global location of lumped-mass points, and z represents the local
deformation of lead and steel shells in the axial direction in studying lead @mp effects. The
superscripts, S and L, represent steel and lead, respectively. Whereas the axial deformation as
calculated in global coordinate X is used to calculate axial stresses, it is replaced by zS and zL in
calculating impact with lead slump.

To study lead slump in the axial direction, the steel linings of the cask are assumed to be thin clastic
shells and the leed is modeled as a linear clastic and work hardening plastic medium. In this
ap 3 roach, the amount of lead slump is equal to the permanent plastic deformation of the lead
co umn.

Using the equilibrium equations, the kinematics, and the stress-strain laws of steel and lead, the
radial and the hoop strains of the lead can be expressed as the axial strains of the lead and the steel.

. In so doing, the mternal force term in the axial eqaations of motion of lead and steel can be
expressed as functions of axial deformations alone by eliminating all radial and hoop strains. The
beauty of this mathematical manipulation is that the intemal force term can be calculated easily in
the central difference method of integration because the axial deformation, which is the integration
variable, is the only information needed. The detail of the mathematical derivation is presented in
Chapters 3 and 4 of this report.

-12-
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The ma, lot lead slump effects that remain to be addrened are shear strest due to trans verse impact
force and nonnal stress due to the bending effect of this transverse force. Ilecause no bonding is

| nssumed betwee., the lead and the steel, the cask needs to be w.rsented by two steel be.uns and a
lead beam constrained to move together in the transverse c.usetion at every loint along the fulli

length of the cask. These beams have the same curvature but are allowed to r. ide relative to each
other in the axial direction.

i

Because these three beams are concentric and haw the ame neutral axis under bending, points on.

a plane section cut across these beams brfore bending will remain on a single plane efter bending.
Under thi.e situation, these three beams are acting like a single composite team whether bonded or
not. Figure 2 6 funher demonstrates the validity of a composite beam approach.

The shear stress disuibutions o.. these beams have the same shipe. Maximum shear stresses of
different values occur at the neutral axis of th';se beams. Ilowever, the beams all have zero shear
at the top and the bottom of their respective cross sections. Interface forces devt. lop between the
steel shells and the lead due to the transverse impact force, llowever, these interface forces are
cmall and can te ignored in evaluating lea.1 slump as described earlier in this chapter.

; In short, the lead slump problem durint, impact can be analyzed by considering axial and transverse
loads separately. A methodology h'as be .n developed to study lead slump effects due to axial
impact load. The reduction in sfueLiing at the opposita end of the cask impact will be estimated.
The interface pressure between the lead and the steel shells will also be calculated. The effects on
lead slump due to transverse impiet load will be i;nored, in the transverse direction, the cask will
be treated as a single composite beam. Tangentia (or transverse in. plane) shear stress and normal
stress in the steel shells due to bending can te calculated easily.

The effects oflead slump on steel shells will be more severe in an end-on impact than at any other
cask orientation. This is because during an end on impact. the inenial force is in the direction of

ected to be much less seven: than in the
lead flow. Lead slump in the secondary impact is also exI.mpact will not be included in SCANS.pr: mary impact. Thus, lead slump analysis for secondary

Details of the lead slump analysis are presented in the following two chapters. Boundary
conditions of steel shells are discussed in Chapter 5, and validation of the lead slump methodology
is presented in Chapter '

|
i.

L

#
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3,0 TilEORETIC/ L PREREQUISITES

3.1 Rinematics

3.1.1 Khttmatics of Thin Steel Shells

in the lumped parameter method ofimpact analysis the cask is divided into finite elements along
the cask ads. The primary step in the lead slump as alysis is to calculate the axial positions of the
steel and '4 cad of Individual cletr.cnts, z3 and zt, where r is the axial displacement, and the
superscripts S and L refer to steel and lead, respectively.

From out basic assumption of equal end displacements of inner and outer shells, we have the
following relationship for strains in the axial direedon:

t} = c' = c! , (3-1)

where the superscripts I and o itfer to inner and outer steel shells, respectively, and the subscript z
refers to the direction of strain,

lloop strains of inner and outer steel shells can be found from the displacements in the radial
direction, ut and u :o

cA = "I (3-2),

r

tj = (3-3),

r

'lhe radial strain is no rem, but can be condensed out in a thin shell theory. See Section 3.3.2 for
details. The axial strain is just the ratio of the change of the axiallength to the original length of the
steel shells.

3.1.2 Lead Kinematics

The lead is assumed to be an clntic medium. The axial stntin can be calculated as the ratio of the
change of the axiallength to the originallength of the lead in a particular element. The strains in
radial and hoop directions can be expressed in terms of radial displacements of the inner and outer
steel shells, ui and u :o

i
g du u - u' , n' - u

(3_4),dr r" - r' I'
Iy
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|

l

+"

th = "r = " 2r' (3-5),

where r is the radial position, and t is the thickness of the lead: |
!

>' =t'-r', (3-6)

t

t' = f(r' + r ) .
i

(3-7)
,

Expressing displacements in tenns of strains, the lead kinematic relationships (Eqs. 3 4 and 3 5)
can be rewntten as:>

u' = t' th + f t'ef , (3-8)

u' = r' th- f t' rf . (3-9) .

3.1.3 Strain Relationships Between Lead and Steel
,

Substituting Ec s. 3 8 and 3 9 for Eqs. 3 2 and 3 3, we obtain the relationships between the strains
in lead and stec:: |

rd = rI- f cf , (3-10)
r- r

- cj = rI+ cf . (3-11)
'

,

r r

.

i

!.tt
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3.2 Equilibrium Equations

3.2.1 Leadfgullibrium

Consider the equilibrium of a lead element subjected to a vinual displacement in the axial direction:

i(2ni h)(p')(Su') + (2nr h)(p')(-Su*) (3-12)

4 pI(Suf-Suf)= (of6cf) dv ,
,

where

h = length of the lead element,

u[ = axial displacement at the top of the lead element,

uf = axial displacement at the bottom of the lead element,

PI = axial force on the lead element,

ip = pressure on the inside surface of the lead element,

po = pressure on the outside surface of the lead element.
;

Since

Suf-Suf = h6cI, (3-13)

and from Eqs. 3 8 and 3 9,
'

Bu* = r'Sch + f t'Sch , (3-14)

Su' = r' sci- f t'Scf , (3-15)

.

-17-



_ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _

we obtain the following three equations for the lead from Eq. 312 because &[, &I, and &[ are4

i arbitrary variables:

(p'r' + p'r )Lg,_ (3-16).
2r'

4, _(p'r' - p'r')
(3,37) i,

t -

lp ,

o[= i , (3-18)
'

A ,

,

lwhere A is the cross sectional area of the lead.

3.2.2 Eaullibrium of Thin Steel Shells

'Ihe following simple equilibrium equations of circular cylinders under external or hitemal pressure
are applicable to the inner and outer steel shells:

1 |

o h =
E 'i (3-19) |,

t,
|

lo

oy = E 'o (3-20) ].

t,

Writing the above equations in another format, we have:

*I
-

p' = - o! , (3-21)
r

:

p' = h og. (3-22)
r

,
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3.3 Stress Strain Relationships

As descrOed in Chapter 2, the lead is treated as an clastic plastic medium. Its stress strain
relationships consist of three pans, namely, a yield condition to determine when the plastic flow
appears, and two sets of stress strain relationships for the clastic and plastic deformations,
respectively. For the clastic steel shells, only the elastic relationships are needed. Ilooke's law is
used for tFe elastic relationships. The von Mises cdterion of yielding is used for the yield
condition, and the Prandtl Reuss flow rule is used as the stress strain relationships for the plastic
deformation (P.cfs.10 and 11).

3.3.1 Elastic Stress Strain Relationships

Generalized liooke's law for a homogeneous isotopic medium can be written in the following.

form:

st) = (K - f Of,4) + 2Gcy . (3 23)

where K and G are the bulk and shear moduli of the material, respectively. K and G are related to
the Young's modulus E and the Poisson's ratio v of the matedal through the following
relationships:

E
h,* 3(1-2v) . (3-24)

E

G = 2(1+v) * (3 25)

Applying Eq. 3 23 to the lead of the cask, we have the following clastic stress strain relationships
forlead:

I E (1 -vd E
"

Et
' ~ ' '

t

'
c[= t

c[ + vt
, 1 + yd (1 - 2vt), (1 + yd (1 - 2vt), rI+ vt (1 + yd (1 - 2vt) ,

c'* , (3-26)
'

-

(
,

-

Et
* '

E (1-vt)
~ ~

E
'

t t

, 1 + yd (1 - 2vd, ' , (1 + yd (1 - 2vy,, 1 + vt) (1 - 2vt) ,( (

I' (1 + vt) 1 - 2Vg) ' , (1 + vd (1 - 2vy (1 + v )( vt).
'

where the subscript and superscript L denotes quantities of the lead.

The same stress-strain relationships (Eq. 3 26 through 3 28) are applicable to both the inner and
outer cylinders.

-19-
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Since the steel cylinders are assumed to be thin shells, the radial stress is equal to zero. By
condensing out the radial strain, fr,in the equations, we obtain the following equations for either
inneror outer shells:

' B ' f E '
i i

ch = 0+Vi 7 c, (3-29)
21 - vi j s 1 - vi si ,

r Ei Ej' r '

c,i (3-30)o[ = vi 0+ ,

2 2

( 1 - vi s ( 1 - vi j |

where the subscript and superscript i denote quantities of the inner shell.

3.3.2 Yield Condition of Lend

Applying the von Mises criterion of yielding, the yield condition of lead can be written as follows:

(of- of)* + (of - ch)* + (oh - c[)2 = 2(0 .)2 (331)
1

-
,

where O is the equivalent stress, which is related to the equ valent plastic strain th: 1.e.,L 8

10 =11(B), (332)

He same function H also relates the axial stress to the axial plastic strain in the results of a simple
tension test. For the present analysis, an exponential funcdon !s used; i.e.,

O ' = o, (th" + ch , (333)
l

where ofis the proportional stress limit; o and m are constants determined by curve fittingo

available stress strain curves from simple tension or compression test. The og o , and m valueso
^

used in SCANS for lead shield are 250 psi,8500 psi, and 0.503, respectively. -Figure 31
compares this lead stress strain curve of SCANS to some published curves (Refs 6 through 11).
The published data shows a considerable amount of scatter which is attributable to more than a few
effects. However, the dominant effect appears to be of the strain rate. De data show a general ,

trend that at a given strain higher stresses are associated with higher strain rates. The stress strain
curves at higher stress levels are from impact tests, while tne curves at lower stress levels are from
quarl static tests. Figure 3-1 also shows that the SCANS stress strain curve is located between
these two sets of data from impact and static tests. Thus using the SCANS curve for lead slump
analysis will produce predictions more conservative than using the impact data but not as
conservative as using the static data.
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3.3.3 Pinuk Stress. Strain Relationships oflead

In the plastic range, a strain increment de oflead is composed of an clastic component,(de)e, and a
plastic components, (de)p Using Hooke's law for the stress strain relationship of the clastic ,

defonnation and the Prandtl Reuss flow rule for the relationship of the plastic deformation, the i

clastic-plastic stress strain relationships for lead can be written as follows:

dof- dah- dof + dB .p = dcI , (3-34)t

doh b oI+ 20' d6'= dch ,h dof + E d (3-35)p
ELI. LM

def- dah + doi + de'adcI, (3-36)-
p

where Sf, SI, and SI are deviatoric stresses. A deviatoric stress is defined as the difference
between a normal stress and the mean hydrostatic sticas; e.g.,

Sh of- f (of + oI+ oI). (3-37)

As shown in Refs,12 and 13, if the yield condition (Eq. 3 31) is rewritten in an implicit i

differential form,it can be combined with the clastic plastic stress strain relationships (Eqs. 3 34 ;

through 3 36) to fonn a set of symmetricallinear matrix equations:

-g. . .. ,

1 h b. doi def (3-38)-
'

En EL EL 20'

1 b doh dch (3-39)=

Et En Et get

b h 1 do'* de'* (3-40)-

Eg, Is EL 20'

3S[-- 3SI 3S[ t--H' de# 0 (3-41).

20' 20' '' 20' . . . ..

'

'Ihis set of equations can be solved and rewritten into a form similar to Eqs. 3 26 through 3 28 for
the clastic stress strain relationships:

,
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dof = b g dc[ + b dch + b dcI , (3-42)i 12 i3

dah = b dc[ + b deh + b dcI , (3-43)2 22 23

dof = b : dc[ + b ;dth + b dcI , (3-44)3 3 33

dh = b : dc[ + b dch + b dc[ , (3-45)4 42 43

where the coefficients bli through b43 are elements of matrix B, which is the inverse of the
coefficient matrix of Eqs. 3 38 through 3 41. Equations 3 42 through 3 44 for clastic plastic
deformation are equivalent to Eqs. 3 26 through 3 28 for purely clastic deformation. The
coefficients of the clastic equations are constants, but those o: the clastic plastic equations vary
with the state of stress and thus require te-evaluation for different load levels.
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4.0 FORh1ULAT10N AND ANALYSIS OF LEAD SI,Uh1P

Chapter 3 describes all the equations goveming the radial coupling of the axial lumped mass
models of the lead shield and steel cask shells. These equations can be solved with the axial
equations of motion of the models to evaluate the lead slump effect. Since the r,olution involvesa

plastic defornution,it must be carried out in terms of small increments of the variables involved.:

The solution procedure used here follows the technique developed by hiarcalin Refs.12 and 13,4

which the reader may refer to for infonnation on the theoretical basis of the method. The present
tcport is only concerned with the application of the method to the present lead slump problem.

.

This chapter describes the major steps of this procedure and the equations used. To simplify this
der,cription, the resulting equations are only qualitatively described in functional fonn, and the

'

inctement of the variables used for the solution are simply represented by the variables themselves. !

Just as with the bonded lead, the equations of motion of cask impact involving lead slump can be
expressed in a general fomt

Iht){R) = {F)- {P} .

To solve these eq uations of motion by the central difference method, the intemal and external force
vectors (P) and 1F) must be calculated at every time step. The external forces can be handled the
same as without lead slump. For a free drop of a spent fuel cask, the external force includes the'

j gravitational force and the reaction force due to the defonned impact limiter. The internal force is
the force acting on the beam elements of the dynamic lumped mass model. At a lumped mass
point, the internal force vector (P) is the vector sum of element forces at that location. Details of
the central difference method are presented in Ref.1 and will not be elaborated herr.

,

The major task in the impact analysis with lead slump is the formulation of the intemal force vector
(P), which will be discussed in the following section (Section 4.1). The equations of motion in i

the axial direction are presented in Section 4.2. Section 4.3 describes solution procedure and the
,

back substitutions that are needed to solve the equations and recover various stresses and strains. ;
;

4.1 Element Internal Stresses or Forces ,

4.1.1 Expression of Radial and Hoon Strains of Lead in Terms of Axial Strains

The first step in calculating internal forces is to express radial and hoop strains of lead in temis of ;

axial strains of both steel and lead. This is done in a series of substitutions of the equations
presented in Chapter 3.

| Equation 3:1. ' lead equilibriuen equation) can be expressed as:
|
|

of = f (p', p*) . (4-1)3

(Note: Throughout the rest of this report, the "fs" will mean " function of.")

:

i

*24-

- - - - - - - - _ - . . . . - . - - . . _ _ _ _ _ . _ - . - _ . . - . .



.. .
. .

_ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ - _ _ _ _ _ . _

lSubstitutingp and o
equation, we have: po f the equilibrium equations of steel shells (Eqs.3 21 and 3 22)in the above

of = f (0 ,05) . (4-2)2 8

Substituting the hoop stresses of the steel stress strain arlations (Eq.3 29)in the above equation for
the inner and outer shells, we obtain:

of a f (CA, ej, c!) . (4-3)3

After substituting the hoop strains from the kinematic Eqs. 3-10 and 311. Eq. 4 3 becomes:

o[= f (cI, ch , c[) . (4-4)4

Through the same process, the hoop stress in lead can be obtained:

oI= f (ch , ch , c!) . (4-5)3

Assuming the stress condition in the lead to be within the yield limit, equating the left hand sides of
and 4, and Eqs. 3 27 and 4 5 will yield two equations with variabless -

, c , c , and c . Thus, we can solve these two equations simultaneously to obtain:

c[= f (CI, E!) , (4-fi)6e

ch = f ,(cI, c!) , (4-7)7

where the subscript e indicates that these equations hold only for clastic deformation. Similar
equations can be derived for elastic plastic deformation. Using Eqs. 3-42 and 3 43 in lieu of
Eqs,3-26 and 3 27, respectively, and te) eating the foregoing operation will produce the
fo: lowing set of equations for clasue plastic c eformations:

cI= f (cI, c!) , (4-8)6p

CI= f7p (cI, c!) , (4'9)

>
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where the subscript p denotes that the equations are for clastic plastic defornution. Like t; '
coefficients b t, etc., in Eqs. 3 26 and 3 27, f6p and (7p are stress dependent and must bei
reevaluated for different stress conditions.

4.1.2 Axial Stress and Axial Force in Lead

Usirg Fqs. 3 28,4-6. and 4 7, the axial stress in lead can be expressed as a function of axial
strain' * lead and steel for the case of pure clastic defonnation:

OI= fs.(CI . Cf) . (4-10) i

For clastic plastic defonnation, using Eq. 3 44,4 6, and 4 7 will result in a different equation;
i.e.,

okafsp(Ch,c!). (4-11)
,

Thus, the axial force in lead, ik is as follows:

PI= A'oI= f ,(cI , c[) . (4-12)9

or

Ik = A'oh = f9p (eh , c!) , (4 .13)

L iwhere A is the cross sectional area oflead. Again, the function f9p s stress dependent.

4.1.3 bial Stress and Axial Force in Steel Shells

!- From Eq. 3 29, the axial stress in the inner steel shell can be written as:

cisfo(ch,c[). (4-14) :l

After substituting the steel hoop strain of the kinematic equations (Eq. 310) in the above,
Eq.4-14 becomes:

,

o[ = f (c[, ch , c!) . (4-15)i3
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,

laserting into Eq. 4 15 ine expressions of radial and hoop strains in Eqs. 4 6 and 4 7, we obtain:
,

OA = f ,(th . c!) . (4-16)ii

|

The conesponding equation for clastic plastic case can be obtained using Eqs. 4 8 and 410 in lieu
of Eqs. 4 6 and 4 7, respectively; i.e.,

of=f;p(ch,c!). (4-17)t

Similarly, we get the axial stress in the outer steel shelh

0,'=f3,(c[,c!), (4-18)

o| = fi3p(c[,c!). (4-19)

Thus, we obtain the internal force on the steel shells, Pf, after considering the areas of inner and
louter steel shells, A and AO:

P! = A'o! + A o| = fu,(cI , c!) , (4-20)

or

| Pj = fup(cI, c!) . (4-21)
,

4.2 Equations of Motion

1 After the intemal forces actig on the lead and the steel are obtained (Eqs. 4 9 and 4-14), we can
| write the local axial equations of motion for lead and for steel as follows:
i

| [M )(Es) + {P!)(c , c!)= {F|} , (4-22)
8

I(M'l{i'} + {PI)(cI, c!) = {FI) , (4-23) .

j where [M] is the mass matrix and (F) is the external force vector. Equations 4 22 and 4 23 can be
solved explicitly as discussed in Ref.1.

As described in Chapter 2, the bonded lead impact analysis is sufficient to characterize the overall
behavior of the cask. Therefore, the solutions for bonded lead impact are again obtained at every
integration time step of Eqs. 415 and 416 in lead slump analysis. In other words, the spatial

,
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motion of the cask and the associated transverse shear force and bending moment are the same with
or without considering lead slump.

The effects of lead slump, which are local compared to the spatial motion of the cask, can be
'

obtained through the integration of Eqs. 4 22 and 4 23. The direct resuhs of the integration are the
axial deformanons of the lead and steel shells. Other lead slump results, such as the hoop stresses
and strains in the steel shells and the interface pressures, can be recovered in a series of back
substitutions using formulas presented in this chapter and in Chapter 3.

4.3 Solution and Dack Substitution Procedure '

He numerical .olution of the lead slump problem using the equations developed in this chapter and
Chapter 3 involves the following steps: '

l. Evaluate the intemal force P and the a, plied force F for the current time step and form the
equations of motion (Eqs. 4 22 and 4-25) for the lead and steel shells.

2. Use the central differetace method to conven Eqs. 4-22 and 4 23 into a set of algebraic
equations for the calculation of the axial displacements of the lead and steel shells at the next
time step imm the axial displacements at the current and previous time steps.

3. Fmm the calculated axial displacements, evaluate the change of the axial strains (cI and ef) of
the lead and steel shells.

4. Assuming clastic deformation, insert the change of axial strains into Eqs. 4 6 and 4 7 to
calculate the change of radial and circumfe:rntial strains of the lead.

5. Inserting the lead strains into Eqs. 4-4,4 5, and 4-10, find the change in lead stresses.

6. Use the calculated stresses and the von Mises yield critedon (Eq. 3 31) to determine whether
or not the yielding of the let.d has occurred.

7. If the lead yields, revise the calculations of Ste)s 4 and 5, replacing Eqs. 4 6,4 7, and 410
for clastic deformation with corresponding 3qs. 4 8,4 9. and 411 for elastic plastic
deformation. Use the stresses from Step 5 to evaluate the coefficients of the equations for
plastic deformation.

8. Insert the new lead stresses from Step 7 into the yield condition (Eq. 31) to confirm the
plastic state of the lead. Otherwise repeat Steps 4 through 7 until the equations used are
consistent with the state of deformation of the lead.

9. Once the stress and strain solution for the lead converges, other results can be obtained as
follows-

The change of equivalent strain and stress from Eqs. 3-0,3 32, and 3 33.*

The axial stress and force of steel shells from Ec s. 416 and 418 for clastic lead*

. deformation and from Eqs. 4 17 and 4 19 for clastic p astic deformation.

. The axict force of the lead from Eqs 412 or 4-13..

10. After the axial forces for the lead and steel shells (PI and Pf) are obtained, form the equations
of uotion (Eqs. 4-22 and 4-23) for the new time step.

I1. Repeat the operation of Steps 2 through 10 for each time step until the end of the cask impact.
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|
4.4 Houndary Conditions

One important aspect of the impact analysis with lead slum? that wa not discussed in the previous
section is the boundary conditions at both ends of the cas t where the radial displacement of the
steel shells is restrained due to the massive cask bottom and upper forging as shown in Fig.1 1.
The following local boundary conditions of the steel shells at one end of top and bottom elements
should be met: (1) rero radial displacement; and (2) zero angular mtation relative to the cask axis.

To meet the boundary conditions, the fore oing lead-slump analysis model must be modified to i

include the effect of non uniform radial di lacement of the steel shells. As de ?lcted in Fig. 41,
the lead slump model assumes the radial di placement to be uniform within eac i element, but the

,

displacement can be different for different elements. Thus a discontinuity of radial displacement !

can exist between two adjoining elements, and the possible effect of this discontinuity is nonnally
small compared to the main effect of lead slump and is ignored in the basic model. To incorporate
this secondary effect in the model without effecting a drastic change in the basic assumption and
approach of the lead slump analysis method, an average adjustment or correction to the radial
displacement of each element of the lead slump modelis used. The size of this adjustment depends
on the discontinuity of radial displacement between the adjoining elements. Since the basic lead
slump solution provides an estimate of this discontinuity, its results are used to obtain the
necessary displacement adjustment.

1

- To derive the equadons for the calculation of the adjustment, fonnulas given in Ref.14 are used.
'

The fonnulas to determine the radial displacement u and the edge rotation y of a cylinder when the
cylinder is subjected to an edge shear Vo or an edge moment Mo t one end (Fig. 4 2); i.e.,a

V*y=- e * cosAx , (4-24)
32DA

1

'

V* 4* (cosAx + sinAx) , (4-25)y= e
22DA

; y"
4* (sinAx - cosAx) , (4-26)y= e

22DA

hy= e e sax , (4-27)D
|
|
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Figure 41 Radial displacement of basic lead slump model.
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Figure 4 2 Bending and shear at the edge of a clamped cylindrical shell.
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where

x , ' 30 -y )*252

e

R ,22
. ,

Et /12(1.v2),3D=
E= Young's modulus,
y= Poisson's ratio, ;
R = sadius of the shell,

t = thickness of the shell,and

x= axial distance from the end where the boundary conditica is being ,

considered. !

If the ed;;c of the cylinder is displaced radially without a rotation as shown in Fig. 4 2, the edge i
shear anc moment snust be related as follows:

3V= 4DA u,, (4-28)

i

2M, e' - 2DA u, , (4-29)

where u is the radial displacement at the cylinder end. Equations 4 24 and 4 26 can be integratedo
over the element length A to give the average radial displacement produced by the applied shear and
moment in the element; i.e., for an end with an applied shear, ;

r

0 = AA Il+e4* (sin A A -cos A A)) , (4-30)
2 i

where u is the radial displacement at the end. ;o
t

For a fixed end, where the rotation vanishes and the shear is related to the moment according to |

Eqs.4 28 and 4 29

0= OA sin A l . (4-31) >

AA

t-

These equations for average displacement are used to obtain the necessary displacement adjustment
for simulating the effect of non uniform radial dis lacement. For Case 1 of the two cases shown t

- in Figure 4-3, where the element for which the di lacement conection is obtained is identified as
the ith element and is located between two adjoin ng elements, the (1 1) and (i+1)th elements, the
displacement correcdon u to be added to the basic lead slump solution is given as follows:c
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y

' -

1 1 + e.xa (,;, g g _ y,, x gy
u, = 7 (up + u - 2ui) (4-32)s ,

. .

i

where uj.: , uj , uu t are the radial displacement of the (1 1), i, and (1+1)th elements, respectively,
These displacenwnts are given by the basic lead slump solution.

Similarly, for the other case (Case 2) in Fig. 4 3, where the (1 1)th element is replaced by a fixed
boundary (u = 0 and y = 0), the displacement u can be obtained as follows:c

I

' '

1 1 + e'* A (sin Al - cos Al) e'*Isin Al
u, a 7 (upi - ui) - ui (4-33)-

A1 Al. ,

1

Usin g the corrected radial displacement of the element as u , the shear and moment at the fixed endo
of thLs element is obtained from Eqs. 4 28 and 4 29, respectively.

I

:

i

|

f

i
:

;

!-

t

|

|:

,
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Figure 4 3 Displacement adjustment for simulating the effect of nonuniform radial
displacement in the basic lead slump model.
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5.0 PERMANENT LEAD SLUMP

.

He maximurn permanent defomtation produced by an impact in the lead shield of a shipping cask
is important to the design of the cask because such a defonnation can produce a sufficiently wide
gap in the shield to damage the cask's capability for shielding radiation. In the present analysis.,
this change of the pemianent defonnation of the lead shield (LS: lead slump) can be calculateei as
the sum of the changes in pennanent axial defonnation of all lead elements of the analysis model;
i.e.,

L

d LS = (dchp) j ai (5-1)
',

i= 1

where the subscript i is used to identify the quantities of the ith lead element ; r[p is the plastic axial
strain of the lead eternent; and A is the current element length.

He equation for calculating the change of plastic strain at each time step is given by the Prandtl-
Reuss flow rule (Eq. 3 36); i.e.,

d c[p = (5-2)

Usin Eq. 5 2, the pemunent axial strain of a lead element can be determined after the stresses of
the e ement are found (Step 8 in Section 4.3).

i

In SCANS, the lead slump is calculated and accumulated at each solution time step. The total lead
slump is saved at speelfied time interval for plotting. Only the lead slump at the time of cask
rebound is arinted. The final lead slump can be smaller than the maximum valu * occurring during
the impact accause of possible ttversed plastic flow produced by the high circumferential stress of
the steel shells.

|

,

l

.

|
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6.0 VERIFICATION OF IMPACT ANALYSIS CAPAlllLITIES OF SCANS

The SCANS computer program's quasi static and dynamic analysis capabilities for impact study
have been verified using hand calculations and the results of another computer program, NIKE
(Ref.15). Available analysis and test data found in the literature have also been used. The results
of five sample problems used for the verification are summarized herein. Further details of the
input and output of these problems are given in Appendix B of this report. Additional sample
problems and results of the SCANS computer program can be found in Ref.16. 1

The results reported herein are for 30 ft drops of three sample casks, namely the rail cask, the ;

IF300 cask, and the Oak Ridge reduced scale l{allam cask. Figure 61 deplets the geometry of a
typical SCANS model for these casks. Figure 6-2 presents the force-deformation relations used <

for the impact limiters of these casks. The stiffness of the limiters varies over a wide range, from a
rather soft one for Problems 1 and 2 to a nearly rigid one for Problem 4.

The basic verification of the SCANS program was carried out with the rail cask, for which
SCANS results were compared to those of NIKE and of hand calculations. For the IF300 cask,
SCANS' output for impact acceleration was compared with that published in Ref.17. As for the
llallam cask, SCANS' prediction of the permanent slump of the unbonded lead shield was
compared with Oak Rid ge's test measurement (Ref.18). As demonstrated in the following
paragraphs, SCANS' resu: ts compare favorably with the others.

For the basic verification with the rail cask, hand-calculated results were obtained and compared
for all printed output of SCANS' quasi static analysis. The verified quasi static results were then
compared with those of SCANS' dynamic analysis. 4The hand calculations were facilitated using
the Lotus 12 3 spreadsheet computer proJ; ram. The formulas used for SCANS' quasi static
analysis were entered into a spreadsheet with appropriate input for im 3act conditions and cask
geometry and materials. Results were obtained for drops with the cask's .ongitud8nal axis oriented
at various angles from horizontal. The cases analyzed included a drop at an angle of 0 degrees (a
s'de drop), a drop at 90 degrees (an end drop), a drop at an angle where the cask's center of mass
is located vertically above the impact point (a C.O. drop), and five other drops at 15,30,45,60,
and 75 degrees (oblique drops).

Tables 61 and 6 2 present the results of this analys|s for the maximum limiter crush, impact
acceleration, and force. All other results, such as stresses, are not presented herein but can be
found in tabulated form in Appendix B. As seen in these tables, the hand calculated" results are
almost identical to those from SCANS' quasi static analysis. This close comparison of the two
sets of results, however,is expected since the formulas used for both calculations are identical.
The favorable comparison simply coufirms that the formulas have been correctly 8'iplemented in
SCANS. The compared results cover all the printed output of SCANS, namely, the maximum
impactlimiter crusht the maximum rigid body accelerations; the maximum impact fortes and stress
intensities in the cask shells and shie d; and the maximum stresses in the end caps and the closure
bolts.

In the tables just described, contsponding results from SCANS' dynamic analysis are also given.
he dynamic analysis result for a given quantity in the tables represents the maximum value of the
quanuty that is reached during the primary, or the first, impact of the cask. The dynamic analysis
of SCANS obtains results at each of all time steps, but only the maxima are equivaient and
comparable to the ouasi static analysis results. The data presented in the tables show that the
results of quasi static and dynamic analyses are indeed comparable for all but a few cases. The
exceptions are the oblique drops at an angle smaller than 45 degrees. For drops at a small angle,
relatively larger differences are observable between the two sets of results. His situation is mahily .

due to some simplified assumptions used in SCANS' quasi-static analysis. For all oblique
impacts, SCANS quasi static analysis assumes that only one of the two cask ende di be
impacting the ground at a given time. Thus the impact force is always only applied at w end. .

'
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. Figure 6 1 A typical SCANS model of shipping cask (dimensions are shown for the rail
cask of Sample Problems 1,2, and 3).
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Table 6-1 Comparison of SCANS resuhs for maximum impact limiter crush ami acceleration
; geneated by impact at vanous angles (Sample Problem 1).

Primary Max. Limiter Crush fin) Mat. Vertreal Acceleration (c) Mat. Rot. Accel.finisechec).

j. Impact
'

Angic Ouasi-static Lh1namh: Ouasi-o* Dynarnic Ouasi-c* Dynamic
(&g) Hand Cale SCANS SCANS Hand Calc SCANS SCANS Iland Calc SCANS SCANS

4

a
i O.0 46.1 46.1 492 14.6 14.6 15.6 0.0 00 0.0

'

15.0 47.7 47.7 41.4 7.1 7.1 11.5 -62.2 -621 83.8

30.0 55.4 55.4 46.9 8.4 8.4 6.9 -55.9 -55.9 -58.2

4 45.0 61.4 61.4 56.0 9.4 9.4 8.5 -39.7 -39.7 -53.6

60.0 64.7 64.7 67.6 10 0 10.0 10.4 -15.5 -15.5 -35.2,

75.0 64.9 62.9 68.9 10.0 10.0 10.7 11.9 11.9 29.6

90.0 65.2 65.2 71.4 10.0 10.0 11.1 0.0 0.0 0.0

C^ 65.2 65.2 71.4 10.0 10,0 11.1 -0.0 0.0 0.0

!
,

;

,

|

I

I
, ,. - . . _ . , . -. _ _ , . . . . .- , , . . . - _ . _ _ _. , s . _ _ .
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TAHLE 6 2 Compuison of SCANS results for maximum impai.t force / moment generated by
impact at various angles (Sample Problem !).

_

himary Max. Axial Impact Force (kip) . Max. Impact hioment (in kip) _
Impact
Angle Ounsi-static 12rnamig Ouasi static Dynamic
(deg) Iland Cale SCANS SCANS Iland Cale SCANS SCANS |,

|

0.0 0.0 0.0 0.8 5379.7 $379.7 5750.9

15.0 -411.? 411.4 116.4 4885.3 4885.3 7907.5

30.0 922.8 922.8 514.4 23878.0 23378.0 14405.8

45.0 1446.3 1446.3 1023.8 44836.7 -44836.7 32471.9

60.0 1867.6 1867.6 1756.4 63421.4 63421.4 58938.0

75.0 2090.0 2090.0 -2278.0 75498.6 -75498.6 84494.7

90.0 2173.7 2173.7 2379.4 0.0 0.0 0.0

C.O. 2022.6 2022.6 2214.0 71282.1 -71282.1 78(M3.1
.

I

e
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While this assumption holds for oblique impacts at a large angle, it may not be realistic for impacts
at a small ancle, where both ends can be impacting at the same tirre. SCANS' dynamic ana)ysis,
on the other fiand, does not make any assumption concerning impt.ct ends; instead, it follows the
development of an impact and describes the situation realistically, The dynamic analysis also
evaluates, while the quasi-static analysis ignores, the centrifugal forces associated with a rota:ing
cask. This difference in the treatment of the centrifugal force explains the relatively larger
discrepancies seen between the quasi static and dynamic results for the axial force in oblique
im; acts. Other than the foregoing differences between the dynamic and quasi static analyses for
oblique impacts, the results of the two analyses compare closely. This favorable comparison
provides some assurance that the dynamic analysis of SCANS has also been properly
implemented.

The favorable comparison of the quasi static and the dynamic analysis results can be viewed as a
mutual verification of these two capabilities of SCANS, since they are completely different in
solution method and programming. However, the user of the program should be informed that
other cases, in addition to the foregoing mes of small angle oblique impacts, may show quiter

j different results frcm SCANS' quasi-stine # wnamic analyses, This diffsace is not due to
iccorrect implementation of the methods ia M NS, but to the basic limitation of the quasi-static
analysis method. The quasi static analysis of impact is based on the assumption that the cask
behaves similarly to a rigid body during impact. The dynamic and the quasi static v.ipn would
agree only if this assumption holds, as in the cases where the impact duration is , !atively long
compared to the longest natural vibration period of the cask. Casks with relatively soft limiters

- usually meet this condition. Sample Problems 1-3 are such cases and their results can, therefore,
be used for the mutual verification of the two analysis options of SCANS For casks with very
stiff limiters, Ref. 6 has already shown that SCANS' quasi static and dynamic analyses can indeed
produce very different results. As e general rule, the quasi static analysis should not be used for
casks with stiff limiters and for obhque drops at small angles.

An end drop of the rail cask (St.mple Problem 3) has also been analyzed with the NIKE computer
orogram. The results are compared to SCANS'in Tables 6-3-1 and 6-4-2. The companson is '

made for casks with bonded and unbonded lead shields in the maximum limiter crush, the
maximum rigid-body acceleration and the maximum stresses. The results for the unbended shield
provide a detailed verification of SCANS' lead-slemp analysis method as presented in this report.
For both the bonded and unbonded shields, the comparison of NIKE's and SCANS' results is
reasonably good, considering the vast difference between the two computer programs and models.
The NIKE program is a well known, sophisticated, finite element, mainframe computer program
for general impact studies. It uses solid finite elements, compared to the beam element of SCANS.

As shown in Fig. 6-3, the NIKE computer model for the foregoing analysis is made of
axisymmetric solid elements. For each of the shells and shield of the cask 2 and 50 layers of the
elements are used in the radial and longitudinal directions, respectively. The solid elements are,

also used tc nodel the impact limiters. Elastic and plastic propenies of the impact limiters are
'

adjusted tc match the force-deformation relation of the impact limiters given in Fig. 6 2 for
SCANS model of Sample Problem 3. The NIKE stress results listed in Table 6-3-2 aie average
values over the radial thickness of the shells and shield. The stress is not uniform across the
thickness, especially in cross sections near the two cask ends, where the end effect described in
Section 4.4 of this report is expected to be prominent. In agreement with this expectation, a
bending effect is evident in the distribution of the NIKE stress results. However, this bending
effect is not included in all the stress results presented.

Comparing the results presented in Tables 6-31 and 6-3 2 for bonded and unbonded shields, the
effect of unbonded lead shield on the shell stresses can be easily recognized. As expected, without

,

i

the support of the steel shells in the axial direction, the unbonded lead shield shows much higher
axial stress and deformation than a bonded one. Because of the Poisson's effect in the shield
material, this higher axial deformation of the unbonded shield causes higher radial deformations iu

-41 -
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Table 6 31 Comparison of results for casks with bonded and unbonded lead shield obtained using
the NIKE and SCANS computer programs (Sample Problem 3,90-degree impact).

Elastic Properties Maximum Principal Stresses
of trad SNeld (psi) AxialLocation 22* from

I pKLEndMaximum Maximum Di

Younts Poisson's Limiter Vertical
Shield Modulus Ratio Analysis Crush Accel Inter leal Outer

Type (psi) Method (in) (g) Shell Dield Shell

Iknkd 25000 0.43 SCANS (Quasi-static) 25.9 38.2 5045 4 5045

SCANS (Dynamic) 26.5 M.6 6644 6 6644

NIKE(Dynamic) 26.0 43.0 7532 7 5225

Untxnbd 2$000 0.43 SCANS (Quasi-static) 25.9 38.2 30|39 1051 212(u

SCANS (Dynamic) 26.5 45.6 $3009 1127 24069

NIKE (Dynamic) 25.9 40.3 25435 1066 19400

Iknkxl 2220000 0.43 SCANS (Quasi-static) 25.9 38.2 4692 368 4692

SCANS (Dynamic) 26.5 45.5 6138 505 6438

NIKE(Dynamic) 26.3 42.0 7358 452 5590

Unbmded 2220000 0.43 SCANS (Quasi-statie) 25.9 38.2 3008 2457 4177

SCANS (Dynamic) 26.5 45.5 4114 3176 5734

NIKE(Dymamic) 26/4 41.8 4157 3049 4721

Note: The lead property values used to obtain the results in this table are for parametric study
only. The current SCANS program uses a different set of values for the properties and,
therefore, will not reproduce SCANS results shown herein,

|
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Table 6-3-2 Comparison of results for casks with bonded and unbonded lead shield as obtained using the NIKE -
and SCANS computer pmgrams (Sample Problem I,904egree impact).

__ _

Elsstic Properties . gMs. ;ntion 22' from Imcact End'

oflead Shield
Inrter Ste Lead Shield Outer Steel Shell

Young's Poisson's
Shield Modulus Ratio Analysis Axial Radial Radial Carc Axial Rahal Cire
Type (psi) Method Stress Stress :4 Stress Stress Stress Stress Stress

Banh) 25000 0 43 SCANS (Quasi-static) -5015 0 0 4 0 0 -5025 0 0

SCANS (Dynamic) -6644 0 0 4 0 0 -C614 0 0

NIKE(Dynamic) -7550 -18 440 -18 -12 -11 -5050 -17 175

Unbonded 25000 0.43 SCANS (Quasi-static, -12634 0 -30739 -2530 -1479 -1725 0 0 21201

SCANS (Dynamic) -12834 0 -33007 -2713 -1586 -1807 -1373 0 22696

NIKE (Dynamic) -7540 -615 -26019 -2255 -1189 -1487 -1385 -566 18015

Beruhi 2220000 0.43 SCANS (Quasi-static) -4692 0 0 -368 0 0 -4692 0 D

SCANS (Dynamic) -6438 0 0 -505 0 0 -6438 0 0

NIKE (Dynamic) -6193 5 1166 467 -22 -15 4715 -36 875

Unbonrhl '2220000 0.43 SCANS (Quasi-static) -3008 0 -265 -2530 -73 093 -2403 0 1774

SCANS (Dynamic) -4114 0 -395 -3267 -91 -1231 -3529 0 2205

NIKE(Dynamic) -4181 -24 -604 -3152 -103 -1262 -2362 85 2359

Note- De lead property values used to obtain the results in this table are for parametric study only. The current SCANS program uses a
different set of values for the properties and, therefore, will not reproduce the SCANS results shown herein-

-
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the inner and outer steel shells as well as in the shield. These higher radial deformations in tum
cause more prominent hoop stresses to develop in the shells. Finally, through the Poisson's effect
of the shell material, the axial stresses in the shells are also affected. The results in Table 6-3-1 and
6-3 2 are clastic solutions obtained using two greatly different values for the Young's modulus of

- the lead shield. Despite the large change in modulus value, the SCANS program is able to give
results comparable to NIKE's for both cases. Thus one can conclude that the SCANS model
developed in this report is adequate for the annlysis of the lead slump effect on the stresses in the
cask. This conclusion is valid even when the lead deforms plastically, as shown in the following
results of a study using the NIKE computer program.

Tables 6-41 and 6-4 2 present the results of this study, which were obtained for lead shields
having a bi linear stress-strain relation defm' ed by the yield stress and the Young's and plastic
moduli given in the tables. Results for lead slump, and stresses of the lead and steel shells at two
axial locations (22" and 44"), are given in the table for eight cases. These cases have greatly
different yield stresses and moduli. The yield stress varies from 250 to 4300 psi, the Young's
modulus from 2500 to 2,220,000 psi, and the plastic modulus from 500 to 25,000 psi Despite

*
these wide variations in lead properties, SCANS appears capable of producing results comparable
to NIKE's. Both sets of resu ts show the same general trends of change when the lead properties
vary; i.e., the magnitude of the lead slump, the radial stress of the lead shield, and the hoop stress

0 of the steel shells increase rapidly with decreasing moduli and yield stress of the lead shield. The
agreement between SCANS and NP.G results, however, appears to be closer for cases with purely
clastic than with clastic-plastic def armation. 'Ihis better perfonnance for el stic case is expected
because the clastic plastic defonnation is difficult for SCANS'sim91ifiw model to describe
accurately. In general, the comparison of SCANS and NIKE results 'm Tables 6-4-1 and 6-4 2
shows that the present SCANS lead-slump model provides reasonable results for confirmatory
evaluation of the lead-slump effect on shipping casks. Table 6-5 provides additional evidence for
this claim. The results presented in this table shows that the SCANS prediction for the lead slump
of the Hallam cask (Sample Problem 4) compares closely with the Oak Ridge test result.

t
I

:
:

.

i
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febte 6-4-1 Effeet of Electic, PtNtic Properties of Lead on flenlaus Lead stump and Principet stresses for Cesk ulth tHuanded )-

Leed shield (Casperleen of SCANS end NIKE reoutte for semple Problem 3, 90-desree Impact) - Continued ;;

..................................................................................'........................................:

-Elastic ProportiesJPlastIc Properties Perasnent Amlet Meeleum Principet stresses ' [
of Leed shield . of Lead shletd Anlet Locetion At Amlet Location' f

plealous plealsam Deform. (pol)'.................. ..................
,

. Young's Poleson's Plastic Yletd - Lleiter Verticet of Lead Listerste ----------------~----~ .

Lstodulus 'Retto leodulus~ 5 tress Crush 'Accet shletd - from
1 Case - Impact 2mer Lead Outer
. to (psi) (pel) : (pel) solution (in) ~ (s) (In) End (In) sheit. shletd ' shett
..... ........ ........ .. .. ... ..... ................ ....... ........ .... ... ........ ..... ...... .....

,

!,,

i
's s '20000 ' O.43 25000. 4300' scams (0-stetic) 25.9 38.2 0.00 22 3008 2457 4177

'

SCANS (Dynamic) -26.5 45.5 0.00 4114 3176 : 5734 [
NIKE (Dynamic) ~26.3 41.8 0.00 4157 3049 4721 |

t L ' bi, u
.? SCAus (0-stetic). 44 2732 2106 3706 k

'

i

SCANS (Dynamic) 3783 2738 5264 1

WIE -(Dynamic) 3937 2794 4135 $

?

'

J 2220000 0.43 25000 1250 SCAus (0-static) 25.9 3C.2 0.42 22' 16077 1778 13692
~SCAes (Dynamic) 26.5 45.5 0.37 14775 2960 15086 I

MIKE '(Dyneele) '26.2 41.5 0.54 22185 1741 18323 - (
|1

'-
SCAWS (0-stetic) 44 10412 1621 9852 i.I
SCAes (Dynamic) 10664 2005 11995 [
NIKE (Dynneic) 15978 1614 13767 |

[
'

!'
I. 2220000 0.43 25000 750 scams (0-static) 25.9 38.2 0.42 22 25681 1267 19268 t

SCAus (Dyneetc) 26.5 45.5 0.37 17276 2390 15079 I
NIKE (Dyrenic) 26.1 40.0 1.22 27756 1683 22789 s

I
.

scams (0-stetic) 44 20047 1177 15417 .

SCAWS (Dynamic) 12514 230T 11845
[NIKE (Dynamic) 25405 1242 23455 . {
.

s

i !
:

.

4 i = - - m # - 4
*
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Table 6-4-1 Crntinued

................................................................................................................................c

'M e o' Personent Amist Maalassa Principal Stresses
Elastic Properties Plastic Froperties

Amtet Location At Anfat Location
of Lead shletd of Lead Shield

Man tsun Maximurs Deform. (psi) |

j
....................................

Yomg's Poisson's Plastic Yield Limiter Verticat of Lead Distance ----.---.-.------..-..-...

Modulus 8stio Modulus Stress Crush Accel shield frera

IPoact Inner Lead Outer
Case

ID (psi) (psi) (psi) Solution (in) (g) (in) End (in) Shett Shield Shett

.... ........ ..... .. ........ ....... ................ ....... ........ ......... ........
..... ...... .....

K 2220000 0.43 25000 500 SCAMS (0-static) 25.9 38.2 1.16 22 30493 1045 22061

SCANS (Dynamic) 26.5 45.5 1.4T 28934 2002 22583

N!KE (Dynamic) 26.1 39.9 1.41 28314 1378 2322T

i 44 31716 639 23836
? SCANS (0-static)

31712 1557 23845SCANS (Dynamic)
28059 1129 21287NIKE (Dynamic)

E 2220000 0.43 25000 250 $ CANS (0-static) 25.9 38.2 1.49 22 35308 822 24857

$CAN1 (Dynamic) 26.5 45.5 1.91 32563 1837 24903

WIKE (Dynamic) 26.1 39.7 1.27 28498 1313 22762

44 38866 308 26832
SCAMS (0-static)

36659 1445 2T214$ CANS (Dynamic)
28109 939 21464NIKE (Dynamic)

M 2220000 0.43 2500 500 $ CANS (0 static) 25.9 38.2 1.50 22 38764 663 27321

SCAMS (Dynamic) 26.5 45.5 1.61 31110 1893 23821

| NIKE (Dynamic) 26.0 40.4 1.3T 28921 765 23734
'

44 26346 901 181T4
$ CANS (o-static)

34525 1546 25654SCANS (Dynamic)
27950 648 20589a1KE (Dynamic)

_ _ _ _ _ _ .
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Tabte 6-4 1 Concluded

................................................................. ..............................................................
Etestic Properties Stastic Properties ,Parmenent Axlet Manisam Prfreipet Stresses

of Lead Shield of Lead Shletd Azial Location At Asial Location
ge,ssue Mea 1maz Defore. (psi).................. ..................

Young's Poisson's Plastic field Lleiter Verticat of Lead Distance . . . . . - . ~ . . . - . . . . . - . . . . - . . . .

Modulus ' Ratio Mod.st us stress Crush Accet shield from

Isipact Irrer lead outer
Case'

| 'ID (psi) (psi) (psi) Solution (in) (g) (in) 'End (in) shell shleid shett

.... ........ ........ ........ ....... ................ ........ ........ ......... ........
..... ...... ......

L 2220000 C.43 500 250 scams (0-static) 25.9 38.2 1.93 22 45963 331 31637

SCAvs (Dynamic) 26.5 45.5 2,07 35303 1604 26555

NIKE (D m ic) 26.0 42.0 1.94 29897 348 23762

i 44 35866 308 26832
? SCANS._(0 static)

SCANS (Dynamic) 39548 1152 28949

NIKE (Dynamic) 25419 267 19865

C 25000 0.43 500 2500 SCANS (0-static) 25.9 38.2 0.00 22 30739 1051 21204

SCANS (Dynewelc) 26.5 45.6 0.00 33009 1127 24069

NIKE (Dynamic) 25.9 40.3 0.00 25435 1066 19400

SCANS (Q-static) 44 26346 901 18174

SCANS (Dynamic) 30C26 1032 22013

NIKE (Dynast.) 22154 965 16984

_ _ _ _ - .
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-Tatde 6-4-2 Etfect of Elastic, Ptostic Properties of Lead on Maalaus Leed-Sitsup Stresses for Ced uith tadsonded Lead shield -3

. (Campreisen of SCAmt and NIKE. reeutts for' semple Protden 3, 90-degree Impact) - Continued

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . - . . . . . . . . . - - - . . . . . . . . . . . . . - ~ . . . . - . . . . . . - . ~ . . . ~ . - . . . . . . .

Elastic Properties | Plastic Properties Amist' Stresses (pel) At Anlet Locellen' !

: of Leed Shield 'of Lead Shield Location.
' '

'

'' - '

- r

Ismer Steet Shett: Lead Shield Outer steet Shett.................. . . . . . . . . . . . . . . . ~ .

Young's Poisson's Plastic ,Vield Distance ~ - - ~ - - - - - ~ ~ - - - - * - ---- --------~--~ - - - - ~ . ~ - - - - - - - - ~ ~ ~ - * ~ . - - - -

-M * lus Ret 10 Modstus Stress- free Amlet Stress
Case- !spect Aalet Radiat Cite Asial mediat Circ - ------------ Radiet Cire

; 'ID (psi) (psi) (psi) ' Solution End (in) Stress Stress Stress Stress Stress stress Min. Men. Stress Stress i

3_ .... ........ ......... ........ ...... ................ ........ ...... . ...... ...... ...... ...... ...... ..... ..... ...... ......

,

N 2220000 0.43 25000 4300 scams (c-static) - 22 ' 3006 0 -265 -2530 -73 -993- -2403 0 0- 1774-

i

SCAmt (Dynamic) -4114 0 -395 -3267 -91 -1231 -3529 15 0 2205 .

NIKE (Dynamic) -4181 -24 -604 -3152 -103 -1260 2362 619 -85 2359
L,

1* . scams (0-static) ! 44 -2732 0 -263' -2169 -63 -848 -2191 0 0 1515 h
scams (Dynamic) -3783 0 -360 -2821 -83 -1115 -3266 67 0 1996 |

| NIKE (Dynamic) -3950 -14 -634 -2883 -89 -1166 -2139 639 70 1996
|
'

J '2220000 0.43 25000 1250 scams (0-static) 22 -8055 'O -16077 -2530 -753 -1680 -1358 0 0 12334 'I
i

; SCAmt (Dyneele) -8099 0 -14775 -3753 -793 -2202 -2699 1982 0 12387 ;''

NIKE- (Dyneelc), -6036 -528 -22713 -2811 -1070 1906 -1659 1422 -529 16664
:f

!
SCAmt (0-static) 44 -5998 0 -10412 -2169 -548 -1355 -1440 0 0 8412 f
SCAmt mynamic) -6658 0 -10664 -3393 -588 -1848 -2639 1372 0 9349 I
k!KE' (Dynamic) -5806 -398 -16376 -2460 -847 -1603 -1456 1426 -425- 12311 I'

>

I
I 2220000 0.43 25000 750 SCANS (0-static) 2? -11067 0 -25681 -2530 -1264 -1902 -8?S 1731 0 18450 I

'!scans (Dynamic) -8858 0 -17276 -3286 -896 -2057 -1423 2571 0 13656 }n!KE (Dynamic) -10194 -902 -28657 -2830 -1347 -2146 -1151 2754 -511 21638 I
I
t

scams (0-static) 44 -9041 0 -20047 -2169 -992 -1578 - -865 973 0 14552 3

scams (Dynamic) -6990 0 -12514 -2971 -664 -1735 -1562 1817 0 10283-

|!NIKE (Dynamic) -8026 -638 -26043 -2503 -1261 -1851 -1027 2744- -628 22429
r

!
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Tabte 6-4-2 continued

,

.......................................................................................................................................................
Elastic Properties Ptsstic Properties Axist Stresses (psi) At Asial Location

of Lead shleid - of Lead Shletd Loration - - - - - - - - - - - - - - - - ~ - - - - - - - - - - - - - - - - - - - - - - - - ~ ~ - - - - - - - - - - - - - - - - -
.................. .................. grmer Steet Shell Lead shield outer Steet Shett
Young's Poisson's Plastic field Distance- - - - - - - - ~ ~ ~ - - - - ~ - - - - - - ~ ~ - - - ~ ~ - - - - - - - - - - - - - ~ ~ - ~ ~ - ~ ~ ~ - -

Modulus Ratio Modulus stress frem Asiat stress
Case impact Amist Radiat Cire Anlat endial Cire --------~ ~ s edi e t CireID (psi) (psi) (psi) Solution End (in) Stress Stress Stress stress Stress Stress Min. Mas. Stress Stress.... ........ ......... ........ ...... ................ ........ ...... ...... ...... ...... ...... ...... ..... ..... ...... ......

K 2220000 0.43 25000 500 scams (0 static) 22 -125 73 0 -30493 -2530 -1486 -2012 -547 2510 0 21515
SCAWS (Dynamic) -11911 0 -23934 -3442 -1440 -2432 -1351 5132 0 21232
N1rE (Dynamic) -9335 -807 -29122 -2768 -1390 -2124 -1005 3047 -644 22222

L
? SCAWS (0-static) 44 -10551 0 -24832 -2169 -1213 -1689 -579 1755 0 17601

.5 Cams (Dynamic) -12155 0 -31712 -3115 -1558 -2321 -1113 5546 0 22732
WlEE (Dynamic) -9151 -738 -28797 -2548 -1419 -2021 -856 2927 -699 20431

E 2220000 0.43 25000 250 scams (0-static) 22 -14073 0 -35308 -2530 -1708 -2123 -276 3295 0 24581
SCANS (Dynamic) -12816 0 -32563 3447 -1610 -2547 -1290 5549 0 23413
NIEE (Dynamic) -9769 -823 -29321 -2704 -1391 -2103 -821 3892 -683 2196

SCANS (o atatic) 44 -12056 0 -29603 -2169 -1633 -1799 -292 2515 0 20640 ^
SCAits (Dynamic) -13651 0 -36659 -3235 -1790 -2480 -1256 6166 0 25959
NIKE .(Dynamic) -9665 - 735 -28844 -2357 -1418 -1927 - 76 9 3526 -700 20694

M 2220000 0.43 2500 500 SCANS (Q-static) 22 -15199 0 -38764 -2530 -1867 -2201 -542 3809 0 26779
scams (Dynamic) -12381 0 -31110 -3435 -1542 -2500 -1161 5549 0 22661
NIKE (Dynamic) -9955 -899 -29820 -2256 -1490 -1906 -984 4965 -723 22750

I $ CANS (0-static) 44 -12728 0 -31716 -2169 -1530 -1849 -5 76 2846 0 21987
! SCANS (Dynaefc) -12861 0 -34525 -3235 -1689 -2420 -1114 6041 0 24540

mitt (Dynamic) -10142 -764 -28714 -2077 -1428 -1775 -944 4726 -697 19645

t
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table 6-4-2 Contita$edl

f
.........................

......................................................... ~ ....................................................................Stresses (pel) At Anlet Location
AsiatElastic Properties Plastic Properties

---~~~~-

-------~~~----~~--------------------~--------------tShettLocation
of Lead Shield of Lead Shletd

Inner Steet Shett Lead Shield Outee Stee
.................. - - - ~ ~ - ~ - - - - ~ ~ - ~ ~ ~ ~ -.................. ~ ~ - - - ~ ~ - ~ - - - - - ~- - - ~ ~ ~ - ~ ~ ~ ~ - - - -

Yeung's Poisson's Plastic Yletd Distance Antal Stress
frcan -- --- ~~ ~ ~ t edi al Cire

Modulus Ratio Modulus Stress
impact Asist Radial Circ Aziat Radiat Circ

ID (psi) (psi) (psi) Solution Ermi (in) Stress Stress Stress Stress Stress Stress
Min. Man. Stress Stress

Case
...... ...... ...... . ~ . . ..... - ~ . . . ......

...... ...... ...................... ................ .......... ........ .........

L 2220000 0.43 500 250 ScAus (0-static) 22 -174T1 0 -45963 2530 -2199 -2366 -274 4954 0 31363

SCAWS (Dynamic) 13720 0 -35303 -3337 -1733 -2549 -1301 6247 0 25254

| utKE (Dynamic) -11057 -1064 -30963 -1690 -1542 -1736 - 775 5895 -725 22987

'

SCANS (0-static) 44 -149S8 0 -38866 -2169 -1861 -2014 -291 3981 0 26542

-14429 0 -39548 3071 -1919 -2483 -1261 6873 0 27688.

w
o. SCANS (Dynamic)

-11057 -777 -29196 -1647 -1379 -1507 -698 5830 -691 19167

NIKE (Dynamic)

C 25000 0.43 500 2500 SCANS (0-static) 22 -12634 0 -30739 -2530 -1479 -1725 0 2430 0 21204

SCAuS (Dynamic) -1283' 0 -33009 -2713 -1586 -1807 -1373 6900 0 22696

WIKE (Dynamic) -7540 -615 -26049. -2255 -1189 -148T -1385 3006 -566 18015

SCAwS (0-static) 44 -10959 0 -26346 -2169 -1268 -1479 0 1952 0 18174

-10820 0 -30026 -2476 -1444 -1669 -1328 6369 0 20685
SCANS (Dynamic)

NIKE (Dynamic) -7274 -559 22T43 -2076 -1111 -1371 -108T 2942 -524 15896

_
- -

__



Table 6 5 Comparison of results for permanent lead slump in unbonded lead shield generated
by 30-ft end drop (Sample Pmblem 4).

|
'

Total Permanent
Method of Lead Shield Slump
Pmdiction (in)

SCANS Dynamic Analysis 0.54

Oak Ridge Test (Ref.18) 0.7

Design Guide Formula (Ref.18) 0.62

The maximum limiter crush and acceleration results for the IF300 cask are given in Table 6-6.
These results show that SCANS' quasi static and dynamic analyses predict similar maximum
values for these quantities. The similarity of results from the two SCANS analyses is also
apparent in the results for the dynamic amplification factor, which show that the ratio of the

- dynamic to the quasi-static results for the maximum force / moment in the cask is near 1.0. The -
maximum value used for the calculation of the amplification factor given in Table 6-6 is the
absolute maximum force / moment generated in the cask by the impact. For the 0-degree impact, the
maximum moment at the center of the cask length is used. For the 90-degree impact, the maximum
force at the impact end of the cask is used. For both impacts, the ampli6 cation factor has a value
close to 1.0, mdicating nearly equal quasi static and dynamic solutions for the maximum
force / moment of these cases. For comparison, the results given in Ref.17 for the dynamic
amplification factor and for the maximum acceleration are also listed in Table 6-6. The results
compare closely with that of SCANS with only one exception: Ref.17 gives a relatively more
conservanve esumate of the amplification factor for the 90-degree impact. This disagreement is

,

probably due to the difference in analysis method and model. Reference 17 describes the reaction
of the impact limiter using an assumed applied force time history, whereas the SCANS program
models the impact limiter with a force-deformation relation. The effect of this difference in
modeling is further amplified by the flexibility of the IF300 cask. SCANS dynamic analysis
results indicate that for the impacts studied herein, tne IF300 cask behaves more like a flexible
body than a rigid body. Consequently, the discrepancies between the results of Ref.17 ai.J
SCANS are reasonable,

in sumraary, this chapter has presented evidence to demonstrate the reliability of the c uasi-static
and dynamic analysis methods of SCANS computer program. The analysis methods produce
msults that are not only consistent with each other, but are also comparable with other independent
analyses and tests. This chapter has also pointed out some possible limitations of the quasi-static
analysis method; its results should be carefully reviewed and confiumed with the dynamic analysis
for casks with stiff impact limiters and for drops at a small angle. By presenting the results of a
study using the NIKE computer program, this chapter has also provided some insight into the .
reason for the observed success of SCANS' method for lead slump analysis.

!-
t

I
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Table 6 6 Comparison of impact analysis results for IF300 cask (Sample Problem 5).

Maximum Maximum Maximum Dynamic
Impact Limiter Deform. (in) Imoact Force (kip)_ Imoact Accelerstion (c) Amo. Factor

Angle
SCANS SCANS SCANS SCANS SCANS SCANS Ref.17 SCANS Ref.17

(eg.) Q-static Dynamic Q-static Dynamic Q-static Dynamic

0.0 3.6 3.5 14310 14114 216.1 213! 214.0 1.08 1.C0

90.0 2.6 2.6 40140 39899 303.5 301.7 280.0 1.02 2.00

Notes: 1. SCANS' value for the dynamic amplification factor is the ratio of the dynamic
analysis result to the quasi static analysis result for the maximum force / moment
in the cask body.

2. This sample problem uses depleted uranium for radiation shield. A material file
for depleted uranium must be first created before running this sample pmblent

-52-
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A.1 SCANS Input for_ Sample Problems

Figures A-1-1 through A 5-2 are a copy of SCANS input pages for Sample Problems 1 through 5.
These pages contain all the required input values to define the basic geometry of the cask and the
force-deformation relation of the impact limiters. From these pages, the user can identify the exact
input values and reproduce the results presented in this repon for Sample Problems 1 through 5.
Only the pages that ate essential for the impact analyses are shown. These pages also contain some
default values that are automaticall
other but not the impact analyses. y created by the program and some input values that are used forInput values entered on other pages but not shown herein might
be required by the program, but they will have no effect on the results of the impact analyses.
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Figure A-1-1 SCANS input pages for basic geometry of Sample Problem 1. (Continued)
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Impact Limiter Deflection / Force Data 10:0001 Today ist 5/16/91
Impact Limiter Unloading Specification Page O- of 2h Last chgde 8/24/87

| Select the slope of the unloading path for impact limiters

C -- Unicading slope'is maximum slope of limiter curve
N -- No elastic recovery of impact limiter

(Approximated by unloading slope of 5 tines max slope of curve)
.U -- User specified unloading slope

Type of Impact Limiter Unloading..............(N)

Impact Limiter Deflection / Force Data ID 0001 Today ist 5/16/01
Bottom Impact !dmiter for 0 degree impact Page la of 2h Last chgd 11/17/88

Press F10 to copy Force / Deflection data from another impact angle

Impact angle is defined as follows: SIDE impact angle is 0.
END ON impact angle is 90.

.Do you wish to define a Deflection / Force curve for this angle.*r (Y/N).....,.[Y) ,

You must define at least 2 deflection / force pairs
Deflection 00 (in) ,o Torce 80 (kips) .0

Deflection-#1 (in)...(.3 ) Force il= (kips)...(10. ]
Deflection,82 (in)...(3. ] Force #2 (kips)...(100. )

.. in)...(0. ] Force #3 (kips)...[0. }Deflection f3 (
Deflection #4 '(in)...(0. ] Force #4- (kips)...[0. ]
Deflection f5 (in)...(0, ) Force f5 (kips)...[0, )
Deflection #6 (in)...(0, ) Force $6 (kips)...(0. ]
Deflection #7 (in)...[0, ) Torce #7 (kips) . . . (0. ]
Deflection 98~ (in)...(0. ] Force 88 (kips)...{0. ]
Deflection #9 (in)...{0.- ) -Force 89 (kips) , . . ( 0. ]

Deflection fl0 (in) . .' . ( 0. ] Force #10 (kips)...[0. }

Figure A-1-2 SCANS input pages for limiter force-deformation relation of Sample.
Problem 1~ The input for all impact angles are identical; therefore, only the.

page for 0-degree impact is shown herein.
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Figure A-2-1 SCANS input pages for basic geometry of Sample Pmblem 2. Other required
pages not shown herein are identical to those of Sample Problem 1 (Fig. A-1-1).
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Impact Limiter Deflection / Force Data ID:0002 Today ist 5/16/91
Impact Limiter Unioading specification Page 0 of 2h Last chgd: 8/24/87

Select the slope of the unloading path for impact limiters

C -- tinloading slope is maximum slope of limiter curve
N -- No elastic recovery of impact limiter

(Approximated by unloading slope of 5 times max slope of curve)
U -- User specified unloading slope

Type of impact Limiter Unicading..............(H)

Impact Limiter Deflection / Force Data I0:0002 Today ist 5/16/91

BottonImpactLimiterfor]degreeimpact Page la of 2h Last chqd 11/17/88

Press F10 to copy Force / Deflection data from another impact angle

Impact angle is defined as follows: SIDE impact angle is 0.
END oN impact angle is 90.

Do you wish to define a Deflection / Force curve for this angle ? (Y/N).......(Y)

You must define at least 2 deflection / force pairs
Deflection-80 (in) .0 Force 10 (kips) .0
Deflection il (in)...[.3 ) -- Force #1 (kips)...(10. ]
Deflection f2 (in)...[3. ] Force f2 (kips)...(100. }
Deflection 93 (in)...[0, ) Force 93 (kips)...[0. }
Deflection f4 (in)...(0. ) Force #4 (kips)...(0, )

- Deflection #5 (in)...[0. } Force 65 (kips)...(0. ] !

Deflection f6- (in)...(0. ] Force #6 (kips)...[0. ]
Deflection #7 (in)...(0. ] Force 87 (kips)...[0. ]
Deflection 88 (in)...(0. ] Force 88 (kips)...[0. ]
Deflection 89 (in)...[0. ] Force 89 (kips)...(0, .)
Deflection f1J (in)...[0. ] Force fl0 (kips)...(0, )

Figure A-2 2 SCANS input pages for limiter force-deformation relation of Sample
Problem 2. The input for all impact angles are identical; therefore, only the
page for 0-degree impact is shown herein.
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Basic Geometry Specifications ID30003 Today is: 5/16/91
General SAR Information Page 1 of 12 Last chgd 11/16/88

SAR title....[ Prob. 3, Rail Cask w/ Unboned Shield & Typical Limiter)

SAR docket. number..'..'.......( ) SAR' report number..... .( )

SAR docket start date.......(7/25/88 ) SAR report date.........( )

Add. info....( )

Add, info....( )

Add. info....( )

-Comp addr....( )
~

-Comp addr....(. )
.

. Comp addr....( )

,

Figure A 3-1 SCANS input pages for basic geometry of Sample Problem 3. All other input
pages for this problem and for Problem 1 are identical.
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Impact Limiter Deflection / Force Data 1D:0003 Today ist 5/16/91
Impact Limiter Unloading Specification Page 0 of 2h Last chgd 8/24/87

Select the slope of the unloading path for impact Aimiters

C -- Unloading slope is maximum slope of limiter cutve
' N -- No elastic recovery of impact limiter
| (Approximated by uploading slope of 5 times max slope of curve)

U -- User specified unloading slope

type of impact Limiter Unioading. . . . . . . . . . . . . . [N]

_

Impact Limiter Deflection / Force cata ID 0003 Today ist 5/16/91
Bottom Impact I.iuitar for 90 degree impact Page 19 of 2h Last chgdt11/17/88

Press F10 to copy Force / Deflection data f rom anothe's impact angle

Impact angle is defined as followst STDE impact angle is 9.
END ON impact angle is 90.

Do you wish to define a Deflection /Forco curve for this angle ? (Y/N).......(Y)

You must define at least I deflection / force pairs
Darlection 80 (in) .0 Force f0 (kips) .0
Deflection il (in)...(.65 ) Force il (kips)...[1680. ]
Deflection #2 (in)...[20. ) Force #3 (kips)...(2000. ]
Deflection #3 (in)...[25. ] Force #3 (kips)...(5610. ]
Deflection #4 (in)...[30. ] Force #4 (kips)...(17400. ]
Deflection 45 (in). 3(0. ] Force #5 (kips)...(0. }
Deflection #6 (17)...(0. ] Force $6 (kips)...(0. )

| Deflection 67 (in)...(0. ] Force #7 (kips)...]O. ]
DJflection (8 (in)o..(0. ] Force 88 (hips)...(0. }
Deflection 10 (in)...{0. ] Force'49 (kips)..,(0. )
Deflection $10 (in)...(0. ] Force fl0 (kips)...(0, j
_ _ .

Figr/re A 3 2 SCANS input pages for limiter force-deformation relation of Sample Problem 3.
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i

Impact Limiter Deflection / Force Data ID 0004 Today is 5/16/91

Impact Limiter Unloading Specification Page 0 of 2h last chgd 11/17/86

Select the slope of the unloading path for impact limiters
C -- Unloading slope is maximum slope of limiter curve
N -- No elastic recovery of impact limiter

(Approximated by unloading slope of 5 times max slope of curve)
U -- User specified unloading slope

Type of Impact Limiter Unloading. . . . . . . . . . . . . . [H]

Impact Limiter Deflection / Force Data ID:0004 Today is: 5/16/91
Bottom Impact Limiter for 90 degree impact Page lg of 2h Last chgd 8/13/88

Press F10 to copy Force / Deflection data from another impact angle

Impact angle is defined as follows: SIDE impact angle is 0.
END oN impact angle is 90.

Do you wish to define a Deflection / Force curve for this angle ? (Y/N).......(Y)
You must define at least 2 deflection / force pairs

Deflection 80 (in) .0 Force 40 (kips) .0

Deflection il (in)...(1. ) Force il (kips)...[258500. ) .

Deflection 82 (in)...T2. ] Force #2 (kips)...[517000. ]

Deflection #3 (in)...(0. ] Force 83 (kips)...[0. ]

Deflection f4 (in)...(0. ] Force f4 (kips)...(0. ]
Deflection #5 (in)...[0. ] Force f5 (kips)...(0. ]

Deflection 66 (in)...[0, ) Force #6 (kips)...(0. }

Deflection $7 (in)...(0. ] Force 87 (kips)...[0. ]

Deflection 88 (in)...[0. ] Force 88 (kips)...(0. ]

Deflection 89 (its) . . . ( 0. ] Force 89 (kips)...[0. ]
Deflection #10 (in)...[0, } Force #10 (kips)...[0. ]

:

Figure A-4-2 SCANS input pages for limiter force-deformation relation of Sample Problem 4.

l
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Basic Geometry Speel!! cations ID 0005 Today ist 5/16/91
Cask Cavity / Contents Specifications Page 3 of 12 Last chqds 9/18/87

Cavity inner radius (1n.)................................ 18.75 )
Cavity length (1n.)......................................((182.25 )

Gross weight of package (lbs)...........................,(131822. )
Weight of contents / internals (lbs)... .................(22472. ) ,

Maximum heat generation rate of contents (Stu/ min).......(4367. )

Initial cavity charge pressure (psia) . . . . . . . . . . . . . . . . . . . . [14. 7 )
Initial cavity charge temperature ( deg . r) . . . . . . . . . . . . . . . . ( 7 0. ]Haximum normal operating pressure (psia).................(400. }

Temperature defining stress free condition (deg.F).......(70. )

(Include the following to define 2-D finite-element mesh)
(Hesh divisions must be even)

Number of mesh divisions along cavity inner radius.......(6 )
Humber of mesh divisions along cavity half length........(8 )

-Basic Geometry Specifications 1D:0005 Today ist 5/16/91
Cask Component Configurations Page 4 of 12 Last chgd 11/17/88

Shell configuration................(L)
(S= solid, telaminated) -

Top end cap configuration..........(L)
(S= solid, L= laminated)

Bottom end cap configuration.......(L)
(S= solid, Lplaminated)

~

Is Top impact limiter present? (Y/N).......(Y)

Is Bottom impact limiter present? [Y/N].......(Y)

| Is Neutron shiel' / water jacket present? (Y/N) . . . . . . . (Y)

Figure A 5-1 SCANS input pages foi basic geometry of Sample Problem 5.

!=
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Basic Ceometry Specifications
.

Page $b of 12 Last ched: 9/02/87
ID 0J05 Today 1st 5/16/91

Cask Shell Specifications (IAMINATED)

Shell inner layer thickness (in. ) . . . . . . . . . . . . . . . . . ( . 5 )
Additional thickness at end cap interf ace (in.) .. . (0. )
Shell inner layer material name...................(0;Jie 1

shall shield layer thickness (in. ) . . . . . . . . . . . . . . . . . ; 4. )
Shell shield length (1n.).......................... 182.25 )
Shell shield layer material name. . . . . . . . . . . . . . . . . . . TCPANIUM)

Shell outer laye r thickness (in. ) . . . . . . . . . . . . . . . . . 1.5 )
Additional- thickness at and cap interf ace (in.) .. . O. )

!shell outer layer saterial name. . . . . . . . . . . . . . . . . . . ss216 )
,

(2nclude the following to define 2-D finite-element pesh)
(Mesh divisions must be even)

.

Number of mesh divisions throtr2h shall inner layer..........l:2
Nur.ber of mesh divisions through shell shield layer.......... L4

,

Nurber .)f mesh di'/isions through shell outer layer......... 1:2
.--

t:

panic Geometry Specifications 10:0005 Today ist 5/16/91
Cask ' Top End cap Specifications (IAMINA.TED) Page 6b of 12 Last chgd 9/02/87

End cap inner layer thickness (in) . . . . . . . . L 1.5 )
End cap inner layer material nama. . . . . . . . . . '.SS304 )

End cap shield laiar thickness (in. ) . . . . . . . ( 3. 75 )
End cap shield la/er radius (in . ) . . . . . . . . . . ( 20. )
End cap shield layer material name. . . . . . . . . (DURANIUM)

End cap outer layer thio',.ess (in.) ...... 11.25 )
End cap outer layer matenal name. . . . . . . . . . i ss304 )

'

(Include the following 'co define 2-D fini.te-element mesh)
(Mesh divisions must be even)

Number of mesh divisions through and cap inner layer........(2 )
Number of mesh divisions through and cap shield layer.......(4 )
Number of pesh divisions through end cap outer layer. . . . . . . . (2 )

,

|
'

Press F10 to copy data from othar and cap (if it is IAMINATED)

|
|

Figure A 51 SCANS input pages for basic geometry of Sample Problem 5. (Continued)
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Basic Geometry Specifications 10 000$ Today 1st t/16/91
Cask button End Cap Spect (1AMINATa.D) Page 7b of IP 14st chgd 9/02/87

End cap inner layer thickness (in)......... 1.5 )
End cap inner 2ayer materia.i name.......... SS304 )

End cap shield lap r thickt.24s (in.).......L3.75 )
End cap shield layer radius (in.).......... 20. )

Pme..........'DVidNIUM)End cap ahield layer oatarial 4

End ?.ap outer layer thickness (in. ) . . . . . . . L t .2 5 )
End top outer layer mater |al nams..........;SS304 )

(Include the following to d6 fine 2-D finite element mesh)
_

(Mesh divisions avst be even)
Number of mesh divisions through and cap inner layer. . . . . . . . (2 )
!Nmber of mesh divisions through end cap shield layer.......(4 )
hur.ber of mesh divisions through end cap outer layer........[2 )

Prose T10 to copy data f rom other end cap (if it is IAMINATED)

_.

N

Basic Geometry specifications 10:0005 Today 1st 5/16/91
Cask 1:npact Model Specifications Page 17 of 12 1Ast chyd?11/17/88

_ _ _ _ _

Number of elements for 1-D impact model.......(10)
TOP Impact limiter weight (1bs) . . . . . . . . . . . . . . . [ 3 8 4 6 ]
BOT N M 1mpact limiter weight (1bs)............(3846. J
(If omitted, weights are calculated based on volume-and density)

Define impact model with user specified ppopertias? (Y/N) . . . . . . . (N)
,

,

-

::
.

.

Figure A 51 SCANS input pages for basic geometry of Sample Problem 5. (Continued)
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APPENDIX H

Additional Comparison of SCANS Results

(Sample Problems 1 and 2)

1
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Appendix D presents verification results that are omitted in Chapter 6 of this report. De results are
for the Sample Problems 1 and 2 defined in Chapter 6. He casks used for the two problems differ
only in the end caps and in the impact limiter. As depicted in Pig. 61 of Chapter 6, all the casks
have the dimensions of a typical rali cask. The casks for Problem I have two identical solid end'

caps, but the cask for Problem 2 has two unequal laminated end caps of slightly different thickness
of the lead shield, ne same limiter force-defomwtlon relation is used for Problems I and 2.

Problem I was ernployed to verify all printed output of SCANS quasi static and dynamic analysis
options. Sup? ementing Problem 1, Problem 2 was used to check the calculation of stresses in thel ;

laminated enc, caps.-

The results of Problem 1 arcsented in this appendix include all the rnaximum stresses in the cask
body, the end caps, and t1e top closure bolts generated by a 30 ft drop. For the cask body, the
maximum axial force, shear force, and bending moment are also presented for various axial
locstions of the cask (Tables B 1 through B-4). The cask stresses are tabulated for a side drop
(Table B 5), a 45 degree oblique drop (Table B 6), an end drop (Table B 7), and a C.O. drop t

(Table B 8). The end cap and bolt stresse: are listed for both bottom and top impacts at four other
oblique angles in addition to the foregoing ones (Tables B 91 through B 12). The stresses in the,

laminated end caps of Sample Pmblem 2 are tabulated in Tables D 131 and B 13-2.

:
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table B.1

Cagerison of SCANS Results for Forces ard Moments in a C66k
Undergoing a 30 f t. Ilde Drop (tagte Problem 1)

Distance Manteue Aalet force (ktp) Maalaus sheer Force (kip) kan. Bending Moment (In kip)
from **.*************************** *************** ************** *************...***...........
legiset trd Gustl* static Dynamic Quest stette Dynamic Outsiastatic Dynamic

.,................ ......... .... ............. ......... .................. .........
(in) Nord Cate SCANS LCANS Nand Calc $ CANS $ CANS NeW Calc $CAN$ SCAN $
......... .............................. .............................. ..............................

0.0 0.0 0.0 0.5 1070.1 1010.1 1150.4 5377.7 53r9.7 5816.8
22.4 0.0 0.0 0.4 917.2 917.2 987.7 29323.1 29322.9 31578.7
44.8 0.0 0.0 0.2 611.5 611.5 661.0 W 25.5 46425.1 50074.0
67.1 0.0 0.0 0.1 305.7 305.7 331.8 56646.9 56646.5 61202.7
89.5 0.0 0.0 0.0 0.0 0.0 0.0 6010T.4 60106.9 M924.7

111.9 0.0 0.0 0.1 305.7 305.7 '331.8 56666.9 SM&6.5 61202.7
134.3 0.0 0.0 0.2 +611.5 611.5 661.0 46425.5 AM25.1 50074.5
156.6 0.0 0.0 0.4 917.2 917.2 987.7 29323.1 29322.9 3157d.7
179.0 0.0 0.0 0.5 1070.1 1070.1 1150.4 5379.7 5379.7 5816.8

;.-

+73

.- -. - - .- . _ _ - . - -



I
table D*2 I

Ccesperlson of $CAkt Results for f orces eM Moments in a Cask
undergoing a 30 f t. 45 Degree obitcpe prop ($esple Probles '1)

Distance Meatn a Aalet Force (tip) Nealoue sheer Force (kip) Mem. 8ecrling Manent (In klp)

from ******=*++******************** ****************************** **************o*********=**++.

Ispect tnd cueel* static Dynamic Quest static Dynamic cusslastatic Dynamic

.................. ......... .................. ......... .................. .........

(In) Nand Calc SCANS SCANS Nand Calc $CAN$ $CAN$ Mand C4(c $CAN$ $ CANS

......... .............................. .............................. ..............................

0 *1226.6 *1226.6 *895.9 951.6 951.6 962.9 +45683.1 45682.9 +33405.9

22.375 1154.7 *1154.7 +831.8 812.1 812.1 795.9 +24782.5 *24782.4 +15574.2

44.75 *1010.9 *1J10.9 709.T 555.7 555.7 493.1 10513.8 *10513.9 1019/ T

67.125 867.0 867.0 *$95.1 $44.3 344.3 266.0 1478.6 *1478.7 14920.2

89.5 *T23.2 *T23.2 509.5 178.0 178.0 113.2 3330.6 3330.4 15956.2

111.875 *S79.3 579.3 488.5 56.6 56.6 102.6 4921.2 4921.0 13T22.7

134.25 +435.5. 435.5 425.9 19.7 +19.7 155.8 4300.6 4500.3 M88.1

156.625 +291.6 291.6 321.1 *St.0 51.0 +155.0 2476.1 2475.9 4780.6

179 +219.T 219,7 258.0 55.4 55.4 *139.6 846.4 846.1 1195.2

74
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Table 0 3 |

|

Casvorison of scans teoutta for ierees w=e moments in a cesk i
Undergeltg a 30 f t. trol prep (teop'r 6*e6tes 1) j

i

Olstance mestaus Aalet Force (ktp) maalaus sheer force (kip) maa, tendirg Moment (twkipt
from ***** ..**********+-+=******** * * * * + + + + + + + + + + + + + + + + + + + + + + + + + + **************************+...

Ispact traf Queel+stette Dynamic. tweel'stelle Dynessle Ouestestetic- Dyne,Ie
,

.................. " ......... .....-............ ......... .................. ........

(in) Nand Calc $CAus SCAmt Nand Colt SCAkt TCAkt Mand Calc $CANC SCANE
'

......... .............................. .............................. ..............................

0.0 +1M3.5 +1M3.1 7022.3 0.0 0.0 0.0 0.0 0.0 0.0
22.4 +173S.4 *1735.4 1905.0 0.0 0.0 0.0 0.0 0.0 0.0
44.8 *1919.2 1519.2 41M9.8 0.0 0.0 0.0 0.0 0.0 0.0 .

- 67.1 +1303.1 1103.1 1433.3- 0.0 0.0 0.0 0.0 0.0 0.0
M5 +1006.9 +1066.9 1196.6 0.0 0.0 0.0 - *). 0 0.0 0.0

111.9 -470.7 870.7 960.0 0.0 0.0 0.0 -- 0.0 0.0 0.0
134.3 - -664.5 -654.5 +T22.3 0.0 0.0 0.0 - 0.0 0.0 - 0.0
156.6 +438.3 -434.3 +443.6 0.0 0.0 0.0 0.0 0.0 0.0
179.0 +350.2 +330.2 364.6 0.0 0.0 0.0 0.0 0.0 u.0

;

I

,

-15
.
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table 8*4

Cogertsen of SCANS tesults foe forces and moments in a Cask
Under9eing a 30 ft. C.O. Drop (sa mle Problem 1)

Distance mealsam Aalel Force (htp) monteus sheer Force (kip) nom, sending moment (in kip)
frem ****++++++++ ** ************** ~** + ++ -+ ++++++ ++++++++++++ *************+....+++++.......

Ispect End eues1*atetIc Dynaalc Oues(* static Dynamic OuesIaetatis Dynamie.
.................. . . . . . . . . . - ..................- - ......... .................. .........

(in) Nand C4LC SCANS SCAN $ Mand Ce|C SCAN $ SCAB 8 ' Mond Calc $ CANS SCANS

......... .............................. .............................. ..............................

0.0 1715.3 1715.3 1881.7 6 75.5 675.5 742.0 71282.1 71282.1 + 781N.4

22.4 +1414.8 +1614.7 1T72.6 635.9 635.9 698.8 56168.5 56168.6 61617.5
! 44.8 - -*1413.6 1413.6 1553.4 554.6 554.6 611.9 42827.3 42827.4 4M77.1

' 1212.4 1212.4 1333.4 -477.4 477.4 525.0' +31258.5 31258.6 34442.2=67.1 *

89.5 1011.3 1011.3 1113.3 398.2 398.1 438.1 21462.1 21442.2 23675.0

111.9- 810.1 +810.1 895.2 319.0 319.0-' 351.0 13438.0 13438.1 14889.7

134.3 609.0 609.0 +672.0 239.8 239.8 ' 264.4 +7186.3 71M.4 8030.5
154.6 407.8 - 407.8 450.0 160.6 160.6 179.5 *2707.0 + 2707.0 *3090.8
179.0 +307.2 +307.2 339.2 121.0 121.0 135.7- 0.0 0.0 115.0

-76
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Table 8 5

Comparison of SCAh5 tesults for Stress Intensity in e Cash
Urder9olne a 30 f t. Ilde Drop (temple Problee 1)

Stress Intensity (psi) Which Corres;a ds to
................................................................................ .................

Olstance Maslaus perding stress Minious seMirvj stress menisus &Nor
from .............................. .............................. .................... .........
Ispect Erd Chaas t.e tetic Dynnels Quest. static Dytwelt Quest static D p alc

.................. ......... .................. ......... .................. .........

(in) Mord Calc $ CAWS SCANS Hand Calc $ CANS SCAkt had Calc ECAWS TCAmt
......... .............................. .............................. ..............................

Irrer Steet Shett

0.0 291 291 315 291 291 314 4558 4558 4900
22.4 1588 1588 1710 1588 1584 1709 3907 3907 4207
44.8 2514 2514 2712 2514 2514 2711 2605 2605 2816
67.1 3069 3069 3314 3069 3069 3314 1:02 1302 1613
89.5 3255 3255 3515 3255 3255 3515 0 0 0

111.9 3069 3069 3314 3069 3069 3314 1302 1302 1413
134.3 2514 2514 2712 2514 2514 2711 2605 2605 2816
156.6 1568 1508 1710 1588 1588 1709 3907 3907 4207
179.0 291 291 315 291 291 314 4518 4558 4900

Lead shieltJ

0.0 27 27 29 27 27 29 390 390 419
22.4 148 148 159 148 148 159 334 334 360
44.8 234 234 253 234 234 253 223 223 241
67.1 286 266 3C'9 286 286 309 111 111 121
89.5 303 303 327 303 303 327 0 0 0

111.9 2S6 286 309 286 286 309 111 111 121
134.3 234 234 253 234 234 253 223 223 241
156.6 148 148 159 148 148 159 334 334 360
179.0 27 27 29 27 27 29 390 390 419

Outer Steel She||,

0.0 348 348 3 77 348 348 376 4558 4558 4900
22.4 1898 1898 2044 1898 1898 2043 3907 3907 4207
44.8 3004 3004 3241 3004 3004 3240 2605 2605 2816
67.1 3668 3668 3961 3668 3668 3960 1302 1302 1413
89.5 3890 3890 4201 3490 3890 4201 0 0 0

111.9 3668 3669 3961 3668 3669 3960 1302 1302 1414
134.3 3004 3004 3241 3004 3004 3240 2605 2605 2816
'56.6 1898 1898 2044 1898 1898 2041 3907 3907 4207
179.0 348 340 37T 348 348 376 4558 4558 4900

-77
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feW e 8*6

Camportsen of ECMS teoutte for Stress . intensity in a Cask
under9eing a 30 f t. t i Descoe ol>tlake Orte (Semple Pretaten 1)

Stress intensity (psi) Wth Corresponds to
.................................................... .............................................

Olstance 14eatsue sending stress stinlaus sending stress Maalaus $heer

from +....************************* ****************************** *********************.********

1spect End Guesf static Oynsmic Oussl*etatic Oplc Questestetic Dynamic

.................. ......... .................. ......... .................. .........

(in) Hand Calc SCMS $ CMS Nand Calc SCAWS SCAWS Mond Cote SCANS SCANS

......... .............................. .............................. ..............................

Inner steet shell

0.0 1167 1167 861 3780- 3780 2762 4259 4259 4177

22.4 112 112 356 2572 2571 1714 3671 3671 3462 '

44.8 507 - $07 646 1646 1646 996 2600 2600 2199

67.1 843 843 . 8 79 1003 1003 1081 1733 1733 1275

89.5 590 590 94 7 950 953 1069 1001 1081 699

111.9 350 350 859 883 M3 889 - M2 M2 446

134.3 231 231 654 697 697 630 471 471 466

156.6 176 176 410 445 445 355 379 379 del

170.0 188 188 277 280 280 191 332 332 596
9

Lead Shield

0.0 119 119 87 342 342 250 364 1 64 357

22.4 20 20 31 230 230 153 314 314 296

44.8 39 39 59 145 145 87 222 222 188

67.1 71 71 80 86 M 14 8 148 .148 109

89.5 49 49 87 83 83 97 92 $2- 60

.-111.9 28 28 78 78 78 81 57 37 38

134.3 18 18 - 59 61 61 57- 40 40 .$7

156.6 14 14 '36' 39 39 32 32- 32 57

179.0 16 16 24 24 24 17 28 28 51

outer stoet shett

0.0 1650 1650 1213 4262 4262 3115 4259 4299 4177

22.4 3 74 3 74 370 2833 2833- 1877 3671 3671 3462

44.8 .596 396 735 1757- 1757 1047 2600 2600 2199

67.1 838 828 1007 -1019 1019 1214 1733 1733 1275.

89.5 --595 555 - 1097 986 986 1222 1081 1081 '699'

111.9 298 hl 985 935 .935 1024 662 662. 444

134.3 185 185 740 742 - 742 715 471 - 471 _ 666

156.6 :150 150 - 441 471 471 392 379 .379 661 .

,

179.0 179~ 179 278 280 289 200 332 332 596

08
t
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Table 8 T ,

toeperiton of SCAnl Results for Stress intensity in e task
thier9eine a 30 f t. Sr.d Drep (semple Probles 1)

Stress intensity <(psi) ihich Cerroepense u
....................... ..................~.....a. .................................,........

Oletence healous Sendirg stress Ninleue Sending 8 trees mentanan sheer
fromj.

a."".*a".."""*"""* "".a~~~~~.-~.aa a. **a a a a a- a a n.a.......
- lopect trad tunel.stotle Dynnoic Questestetic Dyneelt tunel stette Syvinole

.............. ... ......... .... .......... ......... ..........a....... .........

(in) serud e,etc scams stAmt Mand catc scAmt SCAmt send cete scAmt scams
......... .............................. ... ......................... ..............................

<.

Imei ateel knott

0.0 1963 1963 2153 1963 1963 2153 1963 1963 2153 i

'22.4 iM8 ik8 2029 1M8 1848 2029 1848 1848 2029

44.8 1618 1618 1778 1614 1418 1778 1618 1618 1778

67.1 1384 1388 1526 1388 ,1388 1526 1388 1388 1536

89.5 1157 1157 1274 1157 ' 1157 1274 1157 1157 12F4

111.9- 92T 927 1022 927 927 1022 927 927 1872

134.3 A07 697 789 697 M7 769 69F 697 769

156.6 47_ A67 515 47 47 515 47 47 515

179.0 352 D2 388 352 352- 384 352 352 388

Lead Shield

0.0 168 - 168 iM 168 168 184 168 168 184

22.4 158 158 iTl 158 158 1 73 158 158 1 73

t.4.8 138 138 ist 138 138 152 138 138 152

67.1- 119 119 131 119 119 131 119 119 131

89.5 _ 99 V9 109 99 99 109 99 99 109

-111.9 79 79 87 79 79 87 79 79 87

134.3 60 60 66 60 60 66 60 60 66

15si.e - 40 40- 44 40 40 4 40 40 44

179.0 30 30 33 30 30 33 30 30 33

Outer Steel Shell

0.0 1963 1963 2153 1963 1963 2153 1963 1963 2153

22.4 1848 1848 2029 1848 1848 2029 1848 1848 2029

44.8 1618 1618 1778 1618 1618 17T8 1618 1618 1778

67.1 1588 1388 1526 1388 1388 1526 1388 1388 1526

89.5 '1157- 1157 1274 115T 1157 1274 1157 1157- 1274

111.9 92T 927 1022 92T 92T 1022 92T 92T 1022

134.3 697 677- 769 697 697 769 697 697 769

156.6 467 47 515 467 47 515 467 467 - $15

179.0- 352 352 388 352 352 388 352- 352 388

-79 ,
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fable 0 8

Comparison of SCAkl Results f or Stress Intensity in a Cask
undergoing a 30 f t. r.o. Drop (samle Problee 1)

Stress Intensity (psi) Which Correspr.rds to
..................................................................................................

Olstance naalaus tending Stress Minisus SerdirvJ Stress Monteue Shese

from ** .****** *****=******** *=* *** ***************** ** *- ** *** ***..**.... ..........

lepact Erd Gussi static Dyrwals Quest static Dymmic Quest static Dymmic
.................. ......... .................. = . . . . . . . . . .................. .........

(in) Nand Calc SCAWS SCAkt Hard Cats SCAmt stANS Mard Cole SCAkt 6tAks
......... .............................. .............................. ..............................

Inner Steet Shell

0.0 2033 2033 2232 5686 ,5666 6228 3408 3408 3742

22.4 1322 1322 1458 4761 4761 5216 3208 3208 3524

44.8 814 814 906 1824 3824 4192 2809 2809 3081

67.1 401 401 458 2984 2984 3275 2409 2409 2644

89.5 85 85 110 2239 2239 2463 2009 2009 2204

111.9 135 135 9 1590 1590 1754 1610 1610 1770

134.3 259 259 4 1038 1018 1148 1210 1210 1338

156.6 288 288 3 581 581 645 810 810 901

179.0 327 327 2 327 327 367 610 610 681

Lead Shield
.

0.0 203 203 223 516 516 565 291 291 320

22.4 136 136 150 430 430 472 274 274 301

44.8 87 87 97 345 345 378 240 240 263

67.1 47 47 53 268 268 294 206 206 226

89.5 to 16 19 200 200 220 177 172 188

111.9 6 6 1 142 142 156 138 138 151

134.3 19 19 0 92 92 101 103 103 114

156.6 23 23 0 51 51 56 69 69 TF

1 79.0 28 28 0 28 28 31 52 52 58

Outer Steel Shell

0.0 2786 2T86 3058 6439 6436 70}3 3408 3408 3742

22.4 1915 1015 2109 5154 5354 5866 3208 32C3 3524

44.8 1266 1266 1404 4217 4277 4960 2809 2809 3081

67.1 732 732 822 3314 3314 3637 2409 2409 2644

89.5 312 312 360 2466 2466 2712 2009 2009 204

111.9 7 7 24 1T32 1732 1911 1610 1610 1770

134.3 183 183 7 1114 1114 1232 1210 1210 1338

156.6 259 259 4 609 609 678 810 810 901

179.0 327 327 2 327 327 368 610 610 681

-80
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Table O+9 1

Ccuparisces of SCANS Results for Stresses in 80tters End Cap
Cenerated by a 30 ft. Drop onto the Cook tottcun (tasple Problem 1)

Mealsam Sending'$ trees (pel) Maalaus tending Stress (pel) Mealgun Sheer Stress (psi)
Primary At Center of ind Cap At Idee of End Cap At Edge of End Cap
lapset " . . . . . . " " " " " " " . " " " """."**a """"""" " " " " " " " " " " " " " . "

Angle Queelestetic' Dyneelc Oueel*stetic Dyneelc Quest * static Dyneels
.................. ......... .................. ......... .................. .........

(deg) Mand Cole SCANS SCAN 8 Nand Cole SCAus SCAus Hand Cole SCAmt SCAks
......... .............................. .............................. .............................., ,

.

0.0 0.0 0.0. 2.4 0.0 0.0 3.8 0.0 0.0 0.6
15.0 630.6 630.6 1380.1 977.7 977.7 2139.7- 152.1 152.1 332.8
30.0 :1442.4 1442.4 2964.1 *2236.3 +2234.4 +4595.5 347.9 347.9 714.9,

45.0 2287.2 2287.2. 3257.2 3544.0 +3544.0 5049.9 551.6 551.6 785.5
60.0 2969.5 2969.6- 3400.4 4603.9 4604.0 5271.9 716.2 716.2 820.1
75.0 3324.2- 3324.2 4085.7 5153.8 5153.8 6334.4 801.7 801.7 905.4 ,

90 0 3459.0 3459.0 3855.4 5362.8 . 5362.8 + 5977.3 834.2 834 2 929.8
C.O. 3218.5 3218.5- 3587.3 4909.9 +4909.9 5541.7 776.2 * 4.2 865.2

L
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Table 6 9 2

Camportsen of t'.AWS Results for Stresses in l e (nd Cap j

Generated by a 30 ft. Drop ente the Cast Detten (Sample Probles 1)
i

Menin a tending Stress (psi) Maalaus tending $ttees (psi) Menlaus sheer Strees (pel)
Primary At Centee of End Cap At Idpe of End Cap At Edge of Ind Cap- '

Impact " "** " " " " " " " "*" " " * " " " " " * " " " " " " " " " " " " " " " " . " .." ." " ".

Angle tims(* static Dynsolc Queel* static Dynamic Queel. static Dynamic
.................. ......... .................. ......... .................. .........

(des) Nand Calc SCANS SCANS Mand Calc scant SCAmt Nand Calc $ Caul $CAN$

......... .............................. .............................. ..............................

0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 - 0.0 0.0 '

15.0 82.5 82.5 1$9.0 0.0 0.0 0.0 7.8 - 7.8 15.0
'

30.0 188.7 . 188.7 335.4 0.9 0.0 - 0.0 17.8 17.8 31.7
45,0 299.2 299.2 401.9 0.0 0.0 0.0 28.3 28.3 38,0
40.0 388.5 388.5 34:.4 0.0 0.0 0.0 34.7 34.7 32.6

' 75.0' 434.9 434.9 443.2 0.0 0.0 0.0 41.1 41.1 41.9
90.0 452.5 452.6 504.4 0.0 0.0 0.0 42.8 42.8 47.7

- C.G. 421.0 421.1-- 469.9 0.0 0.0 0.0 39.8 39.8 44.4
,
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table 3 10 1 ,

'I
>

Comparison of SCANS ReestLtt for Stresses.in lotten End Cap ' ;

J,
Cerersted by a 30 tt. Drop onto the Cesk Top (lample Probten 1) *

~ Maalaus tending Stress (pel) Maalena tendine Stress (psi) Mealsun sheer Stress (pol)
Primary .' At Ce6ter of (nd Cap At Edge of (nd Cap At (dee of End Cap
lopect ' . " " " " * " " * " * " " * " + " " " " " " " " " " . " " " " . " " * " " " " " " " " . " " " " " "

Antle- tunel.stetic -Dynamic -Queel. static Dynamic Quest * static Dynamic
.................. ......... .................. ......... .................. .........

(dog) _ Nand Calc SCAN 8 $ CANS Nand Calc SCAN 8 SCAN $ Naruf Calt $ CANS SCANS
,

......... .............................. .............................. ..............................

0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.0 0.0 0.0
15.0 32.3 32.4 62.4 50.2 .50.2 96.7 7.8 7.8 1$.0
30.0 74.0 74.0 131.5 -.114.7 +114.7 203.9 17.8 17.8 31.7 |

45.0- 117.3 117.3 157.6 ' 141.9 181.9 244.3 28.3 28.3 38.0*

60.0 152.3 152.3 135.0 236.2 6.2 209.4 36.7 '36.7 32.6.

75.0 170.5 170.5 1T3.8 264.4 264.4 260.4 41.1 41.1 41.9
90.0 ' 177.4 1 77.4 197.8 . 275.1 275.1 . 306.6 42.8 42.8 47.7
C.O. 165.1 165.1 184.0 +255.9 256.0 *285.3 -39.8 -39.8. 44.4 -

i

i
?
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fable B 10 2
t

Comparison of SCANS tesults f or $ tresses in top Erd Cap
Generated by a 30 f t. Drop onto the task Top (Sample Problem il

Ma.zieun pending Stress (pel) Manisue tending Stress (psi) Maalaun Sheer Stress (psi)
Primar y At Center of Erd Cap At Edge of Erd Cap At Edge of End Cap
Ispect " " " " " * " " " " " " " " * " " " * " " " " " " " " " " * " " * " * " " " " " " " " * * " " " "

Angle Quest static Oynamic Quesl* static Dynamic Ouest stetic Oynamic
.................. ......... .................. ......... .................. .........

(deg) Nand Calc $ CAMS $CAN$ Hand Catt SCAW$ SCAN $ kand Calc SCAWS SCAWS

......... ....... ...................... .............................. ..............................

0.0 0.0 0.0 6.9 0.0 0.0 0.0 0.0 0.0 0.5
15.0 1651.4 1651.4 3613.9 0.0 0.0 0.0 126.6 126.6 2 77.1

30.0 3777.1 3 m .1 7761.7 0.0 0.0 0.0 289.6 289.6 595.1
45.0 5959.1 5989.2 8529.1 0.0 0.0 0.0 459.2 459.2 653.9
60.0 T m .9 T776.0 8704.1 '0.0 0.0 0.0 $96.2 596.2 682.7
75.0 -3704.6 8704.7 10698.7 0.0 0.0 0.0 667.4 667.4 820.3
90.0 9057.6 9057.7 10095.6 0.0 0.0 0.0 694.5 694.5 774.1
C.O. 8427.7 8427.8 9393.7 0.0 0.0 0.0 646.2 646.2 720.2

1
1
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- Couperison ef SC&h$ Reegita fer 1eraiie and Sheer 8%festes In
Top Cleeure telts Generated by e 30 tt. Drop ente the Conk botte !

(teeple Probten 1) i

Primary mantus tenette 8t'ess (psi) Moalaus th4er Stress (psi)
} Ispect "."*""""*""""+"+". """"u."+4"""""*""

Anste eusel. static -Dyneele euest. static Dynamic
.................. .......... .................. ......... --

(dog) Hand Colt $ CANS $CAkt Nand Cett SCAW8 SCAkl
.......... .............................. ...............................

Unifera diatrhtten of iensILe atreos among et| belts assumed

; 0.0 0 0 0 *M124 M1t4 13140

15.0: 0 '0 0 +125M - 12SM MGM-
30.0 0 0 0 +920T : 920T 25979

45.0 0 0 0 3524 3$24 ste$
M.0 0 0 0 3500 3SM 3041

5.0 0- 0 0 10M4 ,10M8 15315
i

90.0 0 0 0 0- 0 0

C.O. 0 0 0 Trot 7702 -8636

.Lineer distribution of tenslie stress amene ett bolts assumed

0.0 0 0 0

15.0 0 0 0

30.0 0 0 0

65.0 0 0 0.c

60.0 0 0 0

T5.0 0 0 0
'

90.0 0 0 0

C.G. 0 0 0
.

i,
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Table B 12

Conparisce of $CAkt Results for tenslie and Sheer Stresses in
Top closure Dotts Generated W e 30 f t. Drop onto the task icp

(Sanple Problee 1)

Primary Maxius fensite Stress (psi) Mealsua sheer stress (psi) -

tapact """"""""""""""" * " " * " " " " " " * " " * " " "

Angle Oussi static Dynamic Quest static Dynaalc
.................. ......... .................. .........

(deg) Hand Cate SCAks SCAWS Nord Cate SCANS SCAks

......... .............................. ..............................

Uniform distribution of tensile stress anone all botta esstaned

0.0 0 0 0 68124 68124 73240

15.0 13172 13172 28826 55465 $$464 575T2

30.0 30127 30128 61910 61633 61632 54487

45.0 47771 47772 68031 60580 605T8 61303

60.0 62023 62024 71022 51371 51370 62217

75.0 69431 69431 8)336 35488 35458 31530

90.0 72247 72247 80526 0 0 0

C.O. 67222 67223 74927 43002 43001 47236

Lineer distritwtlon of tensile stress among ett bolts assumod

0.0 0 0 0

15.0 17637 17637 38597

30.0 40340 40340 82895

45.0 63964 63965 91092

60.0 83047 83048 95097

75.0 92966 92967 114263

90.0 96736 72247 80526

C.G. 90009 90010 100325
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lebte 9 15*1

Caugiarleen of 'besedleg and theer Stresses f ar Lenineted tranceps et lesect trd
as Obtained'in tweet.etetic med Dynsole Analyste (temple Probles 2)

ilemalaus tendlag $ trees -(psi)
noaisue theer tttess (ps().... - ... ..........................~........................

;9femory At Conser-6f Cap At lege Neer Cesk Cavity Welt At idee heer Cask Cavity Well
?tepect **-**"a""*"""""""*"""~*""""*"""""*"""*"* * " * " " * * " " " " * " " " " * * *

' Angle euhtl'eletlC DyftEDIC @utel*stellt Dynonit Ousel.stellt Desels
gedcap . + - - - + + + + . * * * * * *****++++ * * * * . * * * * * * * * * * * * * ++++'**** ****************** *********

f(dog) Layer asselsett SCANS scams tesel talt SCAet SCAtt Hand Cett 6 CANS SCAtt
p ............... . . ....................... .. ...n..............................................................

0.0 Itueur (0.0 0.0 +40.5 0.0 0.0 62.8 0.0 0.0 21.4
shleid 0.0 0.0 1.4
ester _ r0.0 0.0 31.T 0.0 0,0 -49.2 0.0 0.0 21.4

15.0 inner 42.'I +4T2.3 -998.8 T32.2 T32.2 1554.9 249.0 249.0 $22.0
shleid 19.2 19.2 40.3
thster M .T .369.9 775.4 573.5 573.1 1302.2 249.0 249.0 $22.0

30.0 inner -110 2 44 +1072.4 2109.3 16T2.0 16T2.0 3270.2 568.6 548.6 11:2.1
shleid 43.9 43.9 85.8
Outer 546.4 844.6 1652.0 +1309.5 +1109.5 -2561.2 Hs.6 568.6 1112.1

45.0 inner *195R.4 --1709.0 2384.9 M49.5 M49.6 3619.9 901.0 901.0 1231.0
shielo H.5 M.5 95.0
(Aster IEEE.5 3338.5 1824.1 2075.1 20F5.1 2435.1 901.0 901.0 1231.0

60.0 lever *IF14.8 82141.8 2516.7 3440.0 3444,0 3801.8 1169.8 11M.9 13M.9 '
Shield' 90.2 90.2 102.4
Outer 1T37.4 1T37 .8 1971.1 2M4.2 De4.2 -3095.9 11M.8 1169.9 13M 9

75.0 . Inner- *2444.4 2484,.8- - 3821.7 3852.4 3352.4 4684.7 1310.1 1310.1 1595.2
thletd 101.1 101.1 122.9__

Outer 1944.1 1946. 1 23E.6 3012.2 +301T.2 36M.1 1310.1 1310.1 1$91.2
C.0 Irrer +2585.0 + 2585.1 1 ,-asst.0 4007.2 400T.8 4468.3 1362.9 1M2.9 1519.1

thletd 105.1 105.1 112.2
Outer 2024.6 20M.6 225T.2 3138.9 3138.9 ~3499.6 1362.9 1362.9 1519.5:

C.G. Inner. *2407.3 '*240T.3 * Mal.-9 3732.2 3T32.2 &161.1 1269.2 1269.2 1415.1
thletd 97.9 97.9 109.2
Outer 1885.4 1885.4 2102.1 2923.1 2923.1 +1259.0 1269.2 1269.2 1415.1
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table 8 13 2

Ccaterison of tording ord theer Stresses for Laminated trdcars at free frd
At (titeltwd in best. static wd Dynamic Analyses t$asple Probles 2)

Maalaue tending 8trett (pel) Maalaus Eheet Jtress (pal)
At Center of Cap At idte keer Cesk Cavity Well

..................................................................

Primary Queel* static Dynaste Quest.etatic Dynamic

lepect (rdcap """"""""" ""+"" . " " " " " + " * " * *"."."

Angle Leyee Mand Calc $ CANS $CAkl Hend Cole SCAhl $ CAWS y
....................................................................................

0.0 ttrwr 0.0 0.0 74.7 0.0 U.0 1.5

Shield 0.0 0.0 0.6
Outer 0.0 0.0 +20.4 0.0 0.0 1.4

15.0 Imer 849.3 849.3 +966.9 17.2 17.2 29.2

shield 6.6 6.6 5.3
Cuter *231.5 +231.5 1611.5 15.4 15.4 38.2

30.0 Irme 1939.2 1939.3 . 2067.3 39.3 39.3 ,62.5
shield 15.1 15.1 11.3

outer 528.6 528.7 3445.5 35.2 35.'2 81.6
45.0 inner 3073.0 3073.1 2468.7 62.3 62.3 74.6

*hleid 23.9 23.9 13.5,

DJter 837.6 +837.7 4114.5 $5.8 $5.8 97.4

60.0 inner '3989.8 3989.9 3558.7 80.8 ,80.8 72.1

shleid 31.1 31.1 27.74

Outer 1087.5 1067.7 970.1 72.4 !T2.6 64.6

75.D inner 4468.2 4468.3 45ft.1 90.5 ,90.5 9'4.0

shield 34.8 3 34.8 35.8
cuter 1217.9 1218.1 1251.5 81.1 i81.1 83.3

90.0 inner 4648.3 4648.5 51M.5 94.2 94.2 105.1
#

shield 36.2 36.2 40.4

Cuter 1267.0 1267.t 1413.3 M.3 84.3 94.1

C.G. Inner 4328.7 4328.9 4827.9 87.7 87.7 97.8
shield 33.7 33.7 37.6
Outer 115.9 1180.1 1316.1 78.5 78.5 87.6

i
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A computer system called SCANS (Shipping Cask Analysis System) has been developed for the staff of the U.S. Nuclear
Regulatary Commission to perform confirmatory licens;ng review analyses. SCANS can handle problems associated with
impact, heat transfer, thermal stress, an1 pressure. A new methodology was developed to allow SCANS to analyze the lead
slump behavior of lead shielded casks during a postulated iminct with an unyieldir.g surface.

The methodology is an expansion of the esisting lumped parameter impact analysis method. In the new methodology,it
is assumed that the lead and the steel cylinders cre not bonded as opposed to the exhting borxled-lead assumption. The lead shield

[ is allowed to slide freely relative to the stect cylinders and interact with the stec3 cylinders only in the radial direction of the
shipping cask.

'Ihe lead slump methodology described in this levision (Rev l) of the repoit is an improved version of the method
documented in the original report. 'Ihe rnain improvement is in the modeling of the lead behavior. To minimize mathematical
difficulty and development cost, the lead was formerly treated as an clastic material with an eifective modulus w hic h was tuned to
account for the effect of plastic deformation occurring in a cask drop. Although this method gave satisfactory sesults for 30-ft
accident drops,it prtxtuced overconservative predictions for 1. to 4 ft normal drops, Thus, the present revision of the method was
undertaken to improve the range of cpplicability of the meth(xi. In the improved method described in this report, the lead is
treated as an elastic plastic material r.nd the actual clasuc plastic properties of lead are used instead.
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