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ABSTRACT

A oons:m ?mam called SCANE (Shipping Cask ANalysis Systern) has been developed for
the staff of the U.S. Nuclear Regulatory Commussion to perform confirmatory licensing review
analyses. SCANS can handle problems associated with impact, heat transfer, thermal stress, and
pressure. A new methodology was dev to allow SCANS 1o analyze the lead slump behavior
of lead-shielded casks during a postulated t with an unyielding surface.

The methodology is an expansion of the existing lumped-parameter impact analysis method.
In the new methodology, it is assumed that the lead and the steel cylinders are not bonded as
opposed to the existing g:ndedlud assumption. The lead shield is allowed to slide freely relative
to :tkle 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 ing are among items that can be calculated. 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
formerly treated as an elastic material with an effective modulus which was tuned to account for the
effect of plastic deformation occurring in a cask drop. Although this method fave satisfactory
results for 30-ft accident drops, it produced overconservative predictions for 1- to 4-ft normal

s. Thus, the present revision of the method was undertaken to improve the range of
i blkth‘o: the method. In the improved method described in this repaort, the lead is treated as
an elastic-plastic material and the actual elastic-plastic properties of lead are used instead.
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EXECUTIVE SUMMARY

Lawrence Livermore National Laboratory, under contraci 1o the U.S. Nuclear chulalox
Commission (NRC), has developed a system of computer programs called Shipping Ca
ANalysis System (SCANS) for the NRC staff 10 perform confirmatory licensing review analyses.
In its current version, SCANS can handle problems associated with impact, heat transfer, thermal
stress, and pressure. This report documents a newly developed methodology which, having been
fully implemented in SCANS, can assess lead slump behavior of icad-shielded casks during impact
with an essentially unyielding horizontal surface  Also ;rcscmed in this report are verification
results for this lead slump analysis methad and for SCANS' impact analysis capabilities.

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

(1) The first 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 insignificant 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 img%ft
analysis. In this analysis, no bonding between the lead and the steel cylinders is assumed. The
lead and steel shells can slide freely relative 10 each other.

In the first part of analysis, linear elastic behavior of the lead and the steel is assumed.
However, for the second analysis the lead is treated as an elastic-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, ar ..
the amount of shielding reduction at the opposite end of impact 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 with those
of a more sophisticated finite element computer program, NIKE. The amount of shielding
{Ret(liuction or permanent lead slump predicted by the method also agrees with the results of an Oak

idge test.
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SCANS (Shipping Cask ANalysis System)
Volume 3--Theory Manual
Lead Slump in Impact Analysis and Verification of Impact Analysis*

LO INTRODUCTION

1.1  Background

Lawrence Livermore National Laboratory has devel & system of computer programs 1o analyze
zem fuel slﬁpp'mtacuks. This system is called SCANS (Shipping Cask ANalysis System) and 1s

veloped on an IBM-PC microcomputer. SCANS is intended for use by the staff of the U.S.
Nuclear Regulatory Commission to perform licensing-related confirmatory analyses. In its current
version, SCANS can handle problems associated with impact, heat ransfer, thermal stress, and
pre;;un;. l'I‘ypical configuration of a laminated cask for various analyses using SCANS is shown
mn Fig. 1-1.

The impact portion of SCANS is composed of two compuier modules, IMPASC (IMPact Analysis
of Shipping Containers) and QUASC (QUasi-siatic Analysis of Shipping Containers). IMPASC
(Refs. 1 2) is based on the dynamic luinped-parameter method and is an explicit finite-element
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
as an elastic composite matenal, but the impact limiter can have nonlinear force-deflection curves.
The impact limiter is not explicitly modeled in IMPASC as finite elements. but is in the form of
fc:ltﬂce-deﬂection curves simulating various possible initial cask impact angles with the horizonta!
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
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 of iu}pact 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
finite elements and the use of a mainframe computer, it is not implemented in SCANS. The
lumped-parameter method described above, which 15 sometimes considered 1o 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 described in detail in Refs. | 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 '« stee. shells of the cask is assumed in the current
version of ASC and QUASC. While this assumj tion is quite reasonable for calculating the
overall behavior of the cask during impact, the bondinig may not be strong enough to prevent the
movement of the lead relative to the steel shells. For convenience, we will use the 1erm "lead
slump" 10 represent the behavior of lead movement relative 1o steel shells.

*This work was supported by the United States Nuclear Regulatory Comimnission under 8 Memorandum of
Understanding with the United States Department of Energy.
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2.0 GENERAL DESCRIPTION OF THE METHOD OF ANALYSIS

The lead slump momodolginmpmw here is devel under the framework of impact analysis
methads of the existing § S. We are expanding the methodology impiemented in the Lxisting
IMPASC and QUASC modules 10 include lead slump effects. The basic principle and formulation
of lead slump for the two modules are identical. Therefore, we will detail the implementation of
this method only in the IMPASC module. Readers are ursed to become familiar with the existing
dynamic lumped parameter method documented in Ref. 1 because the method of handling large
rigid-body rotation and the explicit method of integration remain unchanged.

We believe that the amount of lead slump has insignificant efiect on the spatial motion (overall
behavior) of the cask. The existing impact analysis of bonded lead can still be used 1o calculate the
spatial locations of lumped mass points of a finite-element model.

The effects of lead 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 detail in the remaining chapters of this report.

2.1 Impact Analysis of a Cask with Bonded-Lead Assumption

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

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

where [M] is the mass matrix of the lumped mass dynamic analysis madel, (P) is the intemal force
vetor of finite elements, and (F) is the external force vectors acting on lumped masses. The
external force includes the gravitational force and the reaction force of the impact limiter. There are
three degrees of freedom at each lumped mass point. A dynamic analysis model with three lumped
mass points is shown in Fig. 2-1 to illustrate various parts of Eq. (2-1). For a dynamic analysis
model with n lumped masses, [M], (X}, (P}, and [F} can be expressed as shown in Fig. 2-2.

For a typical beam element k, shown in Fig. 2-3, the internal force vector {pK) has six
components, three zt each end of the beam element:

Pix
Pl
(P't= | pi |. (2-2)
Pix
Py

k
Pi6
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Figure 2-5 Force-deformation relatnonship or an impact limiter.



2.2 Lead-Steel Interaction

The loading on the cask during an oblique impact can be decomposed into axial and transverse

nents. End-on impact is a special case of oblique impact in which the transverse componeat
is nil. Side impact is another special case of ~blique impact. Bending due to transverse impact
load is the domanant mode of failure; and no axial impact load is associated with side impact.

The axial component of loading can cause axial slumping of lead and create a cm’ggal the opposite
end of impact. Loading in the axial direction i . > causes an interface pressure 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 amour: of lead slump. Thus, lead slump because of the axial loading component becomes the
core of this lead slump methodology. Equations of motion of lead 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 anal{sis 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
o M o 2 el B >.-=J w1, (2-7)
QLTRSS i o T B

where 2 is & 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 'ump 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 28 and z! in
calculating impact with lead slump.

Yo study lead shm? in the axial direction, the steel linings of the cask are assumed to be thin elastic

shells and the lead is modeled as a linear elastic and work-hardening plastic medium. In this

:ﬂ:mach. the amount of iead slump is equal to the permanent piastic deformation of the lead
umn

.

Unl::f the equilibrium equations, the kinematics, and the stress-strain laws of steel and lead, the
ratial and the strains of the lead can be expressed as the axial strains of the lead and the steel.
In so doing, the internal force term in the axial equations 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 internal force term can be calculated easily in
the central difference method of integration hecause 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.
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The major lead siump effects that remasn 1o be addressed are sheas stress due 10 Tans verse impact
force and normal stress due to the bending effect of this transverse force. Because no bonding is
assumed betwee., the lead and the sieel, the cask needs 1o be - Jesented by two steel beams and a
lead beam constrained to move together in the transverse Guvction at every point wlong the full
length of the cask. These beams have the same curvature but are allowed 10 slide relative 1o each
other in the axial direction.

Because these three beams are concentric and have the same neutal axis under bending, points on
a plane section cut across these beams before bending will remain on a single plane sfter bending
Under this situation, these three beams are acting like a single composite beam whether bonded or
not. Figure 2-6 further demonstrates the validity of a composite beam approach.

The shear stress distributions o these beams have the same shape. Maximum shear stresses of
different values occur at the neutral axis of these beams. However, the beams all have zero shear
at the top and the bottom of their respective cross sections. Interface forces develop between the
steel shells and the lead due 1o the ransverse impact force. However, these interface forces are
cmall and can be ignored in evaluating leas slump as described earlier in this chapter,

Ir short, the lead slump problem during, impact can be analyzed by considering axial and transverse
loads upwe’l{.' A mothodolmy has been developed to study lead slump effects due 1o axial
impact load. reduction in shiel ding a: the oppositz end of the cask impact will be estimated
The interface pressure between the and the steel shells will also be calculated. The effects on
lead slump due 1o transverse impict load will be ignored. In the transverse direction, the cask will
be treated as a e composite beam. Tangential (or transverse in-plane) shear stress and normal
stress in the steel shells due 1o bending can be calculated easily.

The effects of lead 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 inertial force is in the direction of
lead flow. Lead slump in the secondary imjpact is also expected 1o be much less severe than in the
pu.mary impact. Thus, lead slump analysis for secondary npact will noi be included in SCANS.

Details of the lead slump analysis are &munwd in the following two chapters. Boundary

ccnditions of steel shells are discussed in Chapter 5, and validation of the lead slump methodology
is presented in Chapter ¢

«13.
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Figure 2-6 Section property of bonded and unbonded composite beams.
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é"';-!;-r. (3-5) ‘
where 1 is the radial position, and 1 is the thickness of the lead:
ST ot (3-6)
o+ )
gl +r), (3-7)

Expressing displacements in terms of strains, the lead kinematic relationships (Eqs. 3-4 and 3.5)
can be rewritten as:

u°-r"e%+-§tL¢.L. (3-8)
verlteh-g e (3-9)
3.1.3 Stain Relationships Between Lead and Sicel
Substituting Eqs. 3-8 and 3-9 for Egs. 3 2 and 3-3, we obtain the relationships between the strains
in lead and steel:
L
d-¢¢—§L¢. (3-10)
r r
o
c:-;;t%*-f;-;é. (3-11)

-1



32 Equilibrium Equations

321 Lead Equilibrium
Consider the equilibrium of & lead element subjected 10 & virual displacement in the axial direction:

@reh)p )86 + Qreh)(p K- 8u°) (3-12)
oo’ - 8P = L (whaeh) dv ,

where

= length of the lead element,

= axial displacement at the 10p of the lead element,

= axial displacement at the bottom of the lead element,
= axial force on the lead element,

= pressure on the inside surface of the lead element,
= pressure on the outside surface of the lead element.

TERXRSHELT

Since
Bu) ~ 8u® = hae! (3-13)

M M &‘. 3" .nd 3"90

8u° = e + 5 ek, (3-14)

bu' = ok - 5 -8l , (3-15)
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arbitrary variables:

where AL is the cross-sectional area of the lead.

3.2.2 Equilibrium of Thin Steel Shells

(3-16)

(3-17)

(3-18)

The following simple equilibrium -q'u::ms of cm:uhr cylinders under external or intemal pressure

are applicable to the inner and outer

-
-

Oy = -

-

<
o

[3

of=

Writing the above equations in another format, we have.

-
L
!
o N
&

- )
]
|7
&
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\ Stress-Strain Kelationships
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Since the steel cylinders are assumed 1o be thin shells, the radial stress is equal to zero. By
condensing out the radial strain, €y, in the equations, we obtain the following equations for either
inner or outer shells:

E, B
B | — gy | — e, (3-29)
c‘ (l-%’)“ '( -V?Jt'
0= v, [—!l?]zh (-5-;):; (3-30)
| = v ] = Y

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

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

(@ -l + (0} ~ob’ + (gh-ob)’ = 204 , (3-31)

where 0L is the equivalent stress, which is related to the equ’valent plastic strain l:,'; ie.,

o =H @) . (3-32)

The same function H also relates the axial stress 1o the axial plastic strain in the results of a simple
tension test. For the present analysis, an exponential funcion s used; i.e.,

ot =a, @)"+ o} | (3-33)

where ¢h the proportional stress limit; 0, and m are constants determiged bv curve fitting
available stress-strain curves from simple tension or compression test. The o ©,, and m values
used in SCANS for lead shield are 220 psi, 8500 psi, and 0.503, respectively. Figure 3-1
compares this lead stress-strain curve of § S to some published curves (Refs. 6 through 11).
The published data shows a considerable amount of scatter which is attributable 1 more than a few
effects. However, the dominant effect appears to be of the strain rate. The 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 ievels are from
quasi-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.

«20-
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333 Plagic Suess-Suain Relsnonships of Lead

In the plastic range, & strain increment de of lead is composed of an elastic component, (de e, and &
plastic components, (de)p. Using Hooke's law for the stress-strain relationship of the elastic

deformation and the Prandtl-Reuss flow rule for the relationship of the plastic deformation, the
elastic-plastic stress-strain relationships for lead can be written as follows: ‘

L
Elfdd"%m'%dd’% dep = de} |, (3-34)
-&d&+éao§-%u‘;+-‘:—§ dey = de§ (3-15)
«Edof-&dahédo‘;«t-i% dek = det | (3-36)

where 8&', Sﬁ. and St are deviatoric stresses. A deviatoric stress is defined as the difference
between a normal stress and the mean hydrostatic stress; e.g.,

Sku ok~ 3 (o + o+ o) (3-37)

As shown in Refs. 12 and 13, if the yield condition (Eq. 3-31) is rewritten in an implicit
differential form, it can be combined with the elastic-plastic stress-strain relationships (Eqs. 3-34

through 3-36) to form a set of symmetrical linear matrix equations:

- L. % r - - &
v 38
é: ; E - g = do* dct (3-38)
v 38§
3 é‘: é - g ;;—: dok | = | aek (3-39)
. v sk
s & B & = do* det (3-40)
ask 38§ 3k , .
-ZOT -z;' -2-;‘_- -H J deg 0 . (3-41)

This set of equations can be solved and rewritten into a form similar to Eqs. 3-26 through 3-28 for
the elastic stress-strain relationships:
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4.0 FORMULATION AND ANALYSIS OF LEAD SLUMP

ter 3 describes all the equations governing the radial coupling of the axial lumped-mass

s of the lead shield and steel cask shells. These equations can be solved with the axial
uations of motion of the models to evaluate the lead sl effect. Since the solution involves
hl:ﬂc deformation, it must be carried out in terms of small increments of the vanables involved.
solution procedure used here follows the technique devel by Marcal in Refs. 12 and 13,
which the reader may refer to for information on the theoretical basis of the method. The present
repart 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
description, the resulting equations are only qualitatively described in functional form, and the
increment of the variables used for the solution are simply represented by the variables theinselves.

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

[MIX)} = {F) ~ {P) .

To solve these equations of motion by the central difference methad, the internal and external force
vectors (P} and [F) 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
gravitational force and the reaction force due to the deformed impact limiter. The internal force is
the force acting on the beam elements of the dynamic lvmped-mass model. At a lu “MAss

t, 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 here.

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

The first step in calculating internal forces is to express radial and hoop strains of lead in terms of
axial strains of both steel and lead. This is done in a series of substitutions of the enuations
presented in Chapter 3.
Equation 3 1 ‘lead equilibrium equation) can be expressed as:

o = 1,(p', p°). (4-1)

(Note: Throughout the rest of this report, the "f's” will mean "function of ")
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where the subscript p denotes that the equations are for elastic-plastic deformation. Like v
coefficients byy, etc,, in Eqs. 3.26 and 3.27, fgp and fyp are stress dependent and must be
reevaluated for stress conditions.

4.1.2 Axial Suess 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® ° and steel for the case of pure elastic deformation:

o = ek . e)) . (4-10)

}‘m elastic-plastic deformation, using Eq. 3-44, 4.6, and 4.7 will result in a different equation;
L.,

o = My, 6} . 6) (4=11)

Thus, the axial force in lead, P} is as follows:

Pr = Aot = f el L ed) (4=12)

Pw Aol = fy, (eh ,€}) (4-13)
where AL is the cross-sectional area of lead. Again, the function fgy is stress dependent.

4.1.3 Axial Stress and Axial Force in Steel Shells
From Eq. 3-29, the axial stress in the inner steel shell can be written as.

o) = fio(ep . €3) . (4~14)

After substituting the steel hoop strain of the kinematic equations (Eq. 3-10) in the above,
Eq. 4-14 becomes:

0‘:-[“(6:'.&6.!5) . (“'lS)



Inserting into Eq. 4-15 the expressions of radial and hoop strains in Eqs. 4-6 and 4.7, we obtain:

0 = £tk e}) (4-16)

;;qunion for elastic-plastic case can be obwined using Eqs. 4-8 and 4-10 in liey
-7, respectively; ie.,

The
of Eqs. 46 and 4
0, = fyn(eh , €}) . (4-17)

Similarly, we get the axial stress in the outcr steel shel):

of = £y ek, e)) (4=1%)
o, = f,,,(zf &) (4-19)
Thus, we obtain tbﬁ internal force on the steel shells, Pf. after considering the areas of inner and
outer steel shells, A! and A©:
Pf = A‘o; +A%0) = f,.,ltl; ' zf) ‘ (4-20)
or
Py = fyqp(eh  e}) . (4-21)

4.2 Equations of Motion

After the internal forces actl 4 on the lead and the steel are obtained (Eqs. 4-9 and 4-14), we can
write the local axial equations of imotion for lead and for steel as follows:

(M)} + (PIHed . ed) = (FD) (4-22)
(M%) + {Ph bel . €)= (FL} (4-23)
where [M] is the mass matrix and (F) is the external force vector. Equations 4-22 and 4-23 cai: 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. 4-15 and 4-16 in lead slump analysis. In other words, the spatial



motion ¢f the cask and the associated sransverse 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 results of the integration are the
axial deforma 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 Back-Substitution Procedure

The numerical solution of the lead slump problem using the equations developed in this chapter and
Chapter 3 involves the following steps:

1. Evaluate the internal force P and the applied force F for the current time step and form the
equations of motion (Eqs. 4-22 and 4-23) for the lead and steel shells.

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

3. From the calculated axial displacements, evaluate the change of the axial strains (e* and €}) of
the lead and steel shells.

4. Assuming elastic deformation, insert the change of axial strains into Eqs. 4-6 and 4.7 10
calculate the change of radial and circumferential strains of the lead.

5. Inserting the lead strains into Eqs. 4-4, 4.5, and 4-10, find the change in )zad stresses.

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

7. If the lead yields, revise the calculations of Steps 4 and §, replacing Eqs. 4-6, 4-7, and 4-10

for elastic deformation with com?ondin; s. 4.8, 4.9, and 4-1] for elastic -plastic
deformation. Use the stresses from Step 5 to evaluate the coefficients of the equations for

plastic deformation.

8. Insert tlie new lead suesses from Step 7 into the yield condition (Eq. 3-1) 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. g’{ﬁ' the stress and strain solution for the lead converges, other results can be obtained as
w§

* The change of equivalent strain and stress from Egs. 3-4J, 3-32, and 3-33.

* The axial stress and force of sieel shells from Eqs. 4-16 and 4-18 for elastic lead
deformation and from Eqs. 4-17 and 4-19 for elastic-plastic deformation.

* The axial force of the lead from Eqs. 4-12 or 4-13.

10. Adter the axial forces for the lead and steel shells (P% and P}) are obtained, form the equations
of + yotion (Eqs. 4-22 and 4-23) for the new time step.

11. Rupeat the operation of Steps 2 through 10 for each time step until the end of the cask impact.
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4.4 Boundary Conditions

One important aspect of the t analysis with lead slump that wes not discussed in the previous
section: is the boundary conditions at both ends of the cask where the radial displacement of the
steel shelis ‘s restrained due to the massive cask bottom and u:per l’ogkn; as shown in Fig. 1-1.
The following local boundary conditions of the steel shells at one end of 1op and bottom elements
should be met: (1) zero radial displacement; and (2) zero angular rotation relative to the cask axis.

To meet the boundary conditions, the foregoing lead-slump analysis model must be modified to
include the effect of non-uniform radial displacement of the sieel shells. As depicted in Fig. 4-1,
the 'ead slump model assumes the radial displacement to be uniform within each element, but the
displacement can be different for different elements. Thus a diwon:inuiz of radial displacement
can exist between two adjoining elements, and the possible effect of this discontinuity is normally
small com to the main effect of lead slump and is ignored in the basic model. To i
this ! effect in the model without effecting a drastic change in the basic assumption and
a h of the lead-slump analysis method, an average adjustment or correction to the radial
of each element of the lead-slump model is 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.

To derive the equations for the calculation of the adjustment, formulas given in Ref. 14 are used.
The formulas to determine the radial displacement u and the edge rotation y of a cylinder when the
cylinder is subjected to an edge shear Vi, or an edge moment M, at one end (Fig. 4-2); ie.,

v
y == ——°3- e ™ coshx , (4-24)
2DA

V= --9-2- e " (cosAx + sinAx) , (4-25)
2DA

y= -5- e ™ (sinAx - coshx) (4-26)

2042

v= BM{ ¢ Mcoshx , (4-27)
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where

i [ 31 ) ]“'.
I’t’

D= Ed/12(1v3),

E = Young's modulus,

v = Poisson's ratio,

R = iadius of the shell,

t = thickness of the shell, and

x = axial distance from the end where the boundary condition is being
considered.

::r of the cylinder is slmd ndmly without & rotation as shown in Fig. 4-2, the edge

st be
V, = 4DA’y, . (4-28)
M, = = 2DA%y, , (4-29)
whmuoununﬁﬂdsphmmmccyumend Equations 4-24 and 4-26 can be integrated
over the element length fvemuvmeudmmplmmempmdwodbymwwshwmd
mmmlnaudmm.o or an end with an applied shear,
0= -n-lne‘“ (sin A0 = cos AR)) , (4-30)

where u is the radial displacement at the end.

For a fixed end, where the rotation vanishes and the shear is related to the moment according to
Eqgs. 4-28 and 4-29

U '.ap .
o Al . 4-31
a ).D.c sin (4-31)

s for average displacement are used (o obtain the necessary di-fplmmem adjustment
tot g the effect of non-uniform radial displacement. For Case 1 of the two cases shown
4'3 where the element for which the displacement correction is obtained is identified as
thci element and is located between two adjoining elements, the (i-1) and (i+1)th elements, the
displacement correction 1 to be added to the basic lead-slump solution is given as follows:
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. ‘1‘(““ ¢ o = 30) [lu (sin A 0 oosu)] |

m (4-12)
where .| , U, U] are the radial t of the (i-1), i, and (i+1)th elements, respectively.
These are given by the lead-slump solution. -

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

+e™ (sinAf ~coshl o
¢ " (sin cos )]_we sinAl (@=39)

!
. (U = )
e e S [ AL Al

Using the correctod radial displacement of the element as u,, the shear and moment at the fixed end
b s ooy op ey oy g e ey e



Case 1 Case 2

Figure 4.3 Displacement adjustment for simulating the effect of nonuniform radial
displacement in the basic lead slump model
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50 PERMANENT LEAD SLUMP

mmmmmummmwbymmwnnmwmumm ing cask
himmwm&mdﬂwcukbmunsuchadefmﬂonumpudmam%e’tﬁlyiﬁc
ﬂhhiﬁﬂdndmmm s capability for shielding radiation. In the present analysis,
= change of the permanent deformation of the lead shield (LS lead slump) can be caloulaten as

: sum of the changes in permanent axial deformation of all lead elements of the analysis model,
L.,

n
dLs = Z(dz;,),n, (5-1)

=]

where the subscript i is used to identify the quantities uf the ith lead element ; et,, 18 the plastic axial
strain of the lead element; and { is the current element length

The equation for calculating the change of plastic strain at each time step is given by the Prandi)-
Reuss flow rule (Eq. 3-36); ie.,

3 st
dey, = 3 ;{: (5-2)
Using Eq. 5-2, the permanent axial strain of & lead element can be determined after the stresses of
the efcmt are found (Step 8 in Section 4.3), |
In SCANS, the lead slump is calculated and accumulated at each solution time step. The total lead
slump is suved ai spe-ified time interval for plotting. Only the lead slump at the time of cask

rebound is printed. The final lead slump can be smaller than the maximum valu- accurring during
z :l:dm use of possible reversed plastic flow produced by the high circumferential stress of
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6.0 VERIFICATION OF IMPACT ANALYSIS CAPABILITIES OF SCANS

The SCANS computer program's quasi-static and dynamic analysis capabilities for impact stud
have been verified u:i:& hand calculations and the results of another computer program, N
(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.

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 Hallam cask. Figure 6-1 depicts the geometry of a

al SCANS mode! for these casks. Figure 6-2 presents the force deformation relations used

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 resuits were compared to those of NIKE and of hand calculations. For the [F300 cask,
SCANS' output for m;pnct acceleration was compared with that published in Ref. 17, As for the
Hallam cask, SCANS' prediction of the permanent slump of the unbonded lead shield was

with Ouak Ri rc.'l test measurement (Ref. 18). As demonstrated in the following
paragraphs, SCANS' results 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' zuw'-mxic analysis. The verified quasi-static results were then

with those of SCANS' dynamic analysis. ‘The hand calculations were facilitated using
the Lotus 1-2-3 spreadsheet computer program. The formulas usod for SCANS' quasi-static
analvsis were entered inte a spreadsheet with appropriate input for immt conditions and cask
geometry and materials. Results were obtained for drops with the cask's longitud'nal axis onented
at various angles from horizontal. The cases analyzed included a drop at an angle of O degrees (a
'4e drop), a drop at %0 degrees (an end drop), a c{rop at an angle where the cask's center of mass
is located vertically above the impact point (a C.G. drop), and five other drops at 15, 30, 45, 60,
and 75 degrees (oblique drops).

Tables 6-1 and 6-2 present the results of this analysis 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 confirms that the formulas have been correctly ‘mpiemented in
SCANS. The compared resuits cover all the printed output of SCANS, namely, the maximum

limiter crush; the maximum rigid body accelerations; the maximum impact forces and stress
&mm in the cask shells and shield; and the maximum stresses in the end caps and the closure

1.

In the tabies just described, corresponding resulis from SCANS' dynamic analysis are also given.
The d analysis result for a given quantity in the tables represents the maximum value of the
quan C2 that is reached during the pri , 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 equivasent and
oo::‘:rmble to the guasi-static analysis results. 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. This situation is mainly
due to some simpliﬂed assumptions used in SCANS' %uasi-smic snalysis. For all oblique
impacts, SCANS' quasi-stetic analysis assumes that only one of the two cask ends +i'l be
impacting the ground at a given time, Thus the impact force is always only applied at ¢ end.
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Figure 6-2 Force-deformation relations of impact limiter for verification problems.
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Table 6-1 Companson of SCANS results for maximum impact hmiter crush and accelerabon
gene:ated by impact 3t vanous angies (Sampic Problem 1)
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Angle —Dwasisianc ==~ Dyveamx —Owassiaic 2=~ Dysamex —Owasisiats = Dynamic
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150 4717 477 414 71 71 1S 622 622 LER |
300 554 554 469 L2 LE 69 559 -55.9 582
459 614 614 560 94 94 L& 397 397 536
600 647 647 676 o 0o 104 155 -155 352
750 69 s 689 0o 100 07 ne 19 26
200 652 652 T4 100 120 iy 0oe a0 00

- 652 65.2 Tia 0o o 1l L0 20 09




TABLE 6.2 Comparison of SCANS results for maximum impat foroe/moment generated by
impact at various angles (Sample Problem |).

Impact

w MMNS m MMA NS m

Primary —Max, Axlal lmpact Foree (ki) e Max mpact Momenl Go-ip)

v.0 0.0 0.0 J.8 53797 53797 57509
15.0 4117 4114 116 4 -4885.3 -4885.3 7907.5
30.0 9228 9228 5144 238780  -238780 14405 8
450 -1446.3 <1446.3 <1023 .8 -44836.7 -44836.7 24N 9
60.0 -18€7.6 -1867.6 <1756.4 634214 63421 .4 -58938.0
75.0 2090.0 «2090.0 22780 754986 754986 844947
90.0 21737 21739 23794 0.0 0.0 0.0

CG. -2022.6 -2022.6 -2214.0 <71282.1 71282.1 780431




While this assumption holds for oblique impacts at a large angle, it may not be realistic for impacts
at a smau %whe:c hath ends can be impacting at the same time. SCANS' dynamic analysis,
on the other , @0es not make any assumption concerning impadt 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 & rotating
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
impacts. 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 ds a
mutual verification of these two capabilities of SCANS, since they are completely different in
soluton method and programming. However, the user of the program should be informed that
other cases, in addition to the foregoing . ses of small-angle oblique impacts, may show quite
different results from SCANS' quasi-sti - =" < snamic analyses. This diff- < ace is not due to
‘ccorrect implementation of the methods 11 .+ NS, but to the basic limitation of the quasi-static
< alysis method. The quasi-static analysis of iinpact is based on the assumption that the cask
behaves similarly to a rigid body during impact. The dynamic and the Quasi-static a=a’ yaes would
agree only if this assumption holds, as in the cases where the impact duration is - atively long
compaied 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 verificatior. of the two analysis options of SCANS. For casks wiih very
suff limiters, Ref. 6 has already shown that SCANS quasi-static and dynamic analyses can indeed
produce very different results. As » general rule, the quasi-static analysis should not be used for
casks with stiff limiters and for oblique drops at small angles.

An end dro_Phof the rail cask (Semple Problem 3) has also been analyzed with the NIKE co» -uter
nro . 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
vide a detailed verification of SCANS' lead-s!-mp-analysis method as presented in this report.

or both the bonded and unbonded shields, the .omparison of NIKE's and SCANS' results is
temm’télg good, considering the vast difference between the two computer programs and modcls.
The NIKE program is a well-known, sophisticated, finite element, mainframe computer program
for general impact studies. 1t uses solid finite elements, compared to the beam element of SCANS.

As shown in Fig. 6-3, the N'KE computer model fur 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 tr model the impact limiters. Elastic and ?lasu'c properties of the impact limiters are
adjusted t¢c match the force-deformation relation of the impact limiters given in Fig. 6-2 for
SéANS 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 prsented.

Comparing the results presented in Tables 6-3-1 and 6-3-2 for honded and unbonded shields, the
effect of unbonded lead shield on the shell stresses can be easily recognized. As expected, without
the support of the steel shells in the axial direction, the unbonded lead shield shows much higher
axial stress and deformation than @& bonded one. Because of the Poisson's effect in the shield
material, this higher axial deformation of the unbonded shield causes higher radial deformatiors in
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Table 6-3-1 son of resules for casks with bonded and unbonded lead shield obtained using
the and SCANS computer programs (Sample Problem 3, 90-degree impa-t).

Elasuc Pmm_ Maximum Principal Stresses
. oflead §' (psi) Axial Locauon 22" from
Maximum  Maximum Inipast Eod
Youn('s  Poisson's Limiter Verucal

Shield Modulus Ratio Analysis Crush Accel Inner leal  Outer
Type (psi) Method (in) ® Shell Chield  Shell
Banded 25000 043 SCANS (Quasi-static) 259 38.2 5045 4 5045
SCANS (Dynamic) 26.5 56 (L 6 ohid

NIKE (Dynamic) 26.0 43.0 7532 7 5225

Unbonded 25000 043 SCANS (Quasi-static) 259 382 303 1051 21204
SCANS (Dynamic) 26.5 456 53000 1127 24069

NIKE (Dynamic) 259 40.3 25435 1066 19400

Bonded 2220000 043 SCANS (Quasi-static) 259 38.2 4692 368 4692
SCANS (Dynamic) 26.5 455 6438 505 6438

NIKE (Nynamic) 26.3 42.0 7358 452 5590

Unbonded 2220000 043 SCANS (Quasi-static) 259 38.2 3008 2457 am
SCANS (Dynamic) 26.5 455 4114 3176 §734

NIKE (Dynamic) 26.3 418 4157 3049 an1

Note: The lead property values used to obtain the results in this table are for &:nmatm study
cnly. The current SCANS prgm uses a different set of values for the properties and,

therefore, will not reproduce S results shown herein,
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Figure 6-3 NIKE2D finite element model of a rail cask including i.npact limiters (dimensions
are in inches).
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Table &-4-1  Effect of Elastic, Piretic Properties of Lesd on Maxioum Lead Slump and Principal Stresses for Cask with Unbonded
Lesd Shield (Comperison of SCANS end NIKE results for Semple Problem 3, 90-degree impect) - Continued

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

Elastic Properties Plastic Properties Permanent Axisi Maximm Principal Stresses
of Lead Shield of Lead Shield Axist  Locetion At Axisl Location
------------------------------------ Maximm Moximm Deform, (psi)
Young's Poisson’s Plastic Yield Liniter vertical ©Of Lesd Gistenwe ---c---cmcrccommmccannnas
Modkl us Ratio Moduius Stress Crush Accel Shieid from
Case Impact 1rner Lend Outer
10 (pei) (psi} (psi? Sotution (im g} ('m) End (in) Shel! Shield Shel !
- - 120000 0.43 25000 4300 SCANS (S-static) 3.9 38.2 8.00 22 3008 257 L1rr
SCANS (Dynamic) 26.5 5.9 0.00 L1 3178 ST
NIKE (Dynamic) 26.3 4.8 c.00 4157 3049 an
SCANS (2-stetic) e 22 210¢ 3708
SCANS (Dynamic) 3783 273 5264
WIKE (Dynamic) 37 Faa 4135
4 2220009 0.43 25000 1250 SCANS (Q-static) 3.9 3.2 2.42 2 16077 e 13692
SCANS (Dynamic) 26.5 5.5 0.%7 1477S 2980 15086
NIKE (Dynamic) 26.2 1.5 0.5 22185 17 18323
SCANS (Q-stetic) fa 10612 162° o852
SCANS (Dynamic) 10664 2805 11988
NIKE (Dynamic) 15978 %14 13787
1 2220000 0.43 25000 750 SCANS (G-ste’ic) 3s.9 38.2 0.42 22 25681 1267 19268
SCANS (Dynamic) 26.5 5.5 0.37 1727 390 15079
NIKE (Dyremic) 26.1 40.0 1.22 27756 1483 2278%
SCANS (Q-stetic) . 2007 " 154617
SCARE (Dynsmic) 1251 307 11885

NIXE (Dyramic) 25405 1262 23485
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Tebie 6-4-2 Effect of Elastic, Plastic Properties of Lead on Maximum Lead-Siump Stresses for Cask with Unbonded Lesd Shield
(Compir ison of SCANS and MIKE resuits for Semple Problem 3, 90-degree Impact) - Continued

....................................................................... ],

Elastic Properties Plastic Properties Axisi Stresses (psi) At Axial Locetion
of Lesd Shield of Lead Shieid T e e L DT
Crassssssseasnases aon B e Inner Steel Shell Lesd Shield Outer Steel Shell
Young’s Poisson’s Plastic Yield L I I e
Mok us Retio Modulus Stress from Axial Stress
Case impact Axisl Radial Cire Axisl Ragial Cirg  ---srivcnicinses Radial
0 (pst) (psi) {psi) Selution End (in) Stress Stress Stress Stress Stress Stress "in. Max. Stress
N 2220000 0.43 29000 4300 SCANS (G-stetic) 22 -3008 L] - 265 -253¢ -73 -99% - 2403 e ¢
SCANS (Dynamic) 413 0 -395 -3267 - N 3529 " o
NIKE  (Dynamic) -418? -24 - 604 3152 w0 1260 2362 519 -85
i
F N
: SCANS (G-static) “ - e 263 - 43 -8 -2 [ 1
SCANS (Dymamic) -3783 - 360 -2821 -3 -5 -3266 &7 0
NIKE (Dynemic) -3950 - -634 - 2883 -89 “1%66 -21%9 6¥% 70
4 2220000 0.43 25000 1250 SCANS (0-static) 2 -8055 o -w0r7 -2530 -753  -1680 1358 L] a
SCANS (Dynamic) - BO99 0 WIS -3753 -753 -22m - 2699 1982 4
WIKE (Dynamic) -6036 -528 -22713 -2811 1070 -190s 1459 w2 -529
SCANS (Q-stetic} i -5998 0 10412 -2169 -548 1355 1440 o 0
SCANS "“ynamic) -6658 0 10464 -3393% -588 -1848 - 2639 1372 o
HIKE (Dynamic) -5806 -398 16376 - 2460 -847  -1803 - 1454 1%2e -&25
i 2220000 0.43 25000 750 SCANS (G-static) & 11087 o0 -25681 -2530 - 1264 -1902 -818 i ]
SCANS (Dynemic) -B8658 o 121 -3288 -8%6  -2057 1423 P Ta) 4]
WIKE  (Dynamic) - 10194 -902 - 28657 -28%0 1347 2% -1151 2754 -511
SCANS (O-static) & -9041 0 20047 -89 992 1578 845 993 0
SCANS {Dynamic) - 4990 0 -125% Sazal 664 1718 - 1582 w7 o
NIKE (Dymamic) -802¢6 -638 -26043 -2503  -1287 -85t - 1027 2744 628
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Table 6.5 (ku;\&mson of results for permanent lead slumip in unbonded lead shield generated
by 30-ft

end drop (Sample Problem 4).
Total Permanent
Method of Lead Shield Slump
Predicoon (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 [F300 cask are given in Table 6-6.
These results shov/ 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 ampiification 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 amplification factor has a value
close to 1.0, indicating 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
amplificarion 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
conservative estimate of the amplification factor for the 9&degme 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 ume 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, tue IF300 cask behaves more like a flexible
bod usun a nigid my. Consequently, the discrepancies between the results of Ref 17 a.
are reasonable.

In summary, this chapter has presented evidence to demonstrate the reliability of the quasi-static
and dynamic analysis methods of SCANS computer program. The analysis methods produce
results 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 be carefully reviewed and confirmed 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 am, this chapter has also provided some insight into the
reason for the observed success of SCANS' method for lead slump analysis.
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4 APPENDIX A




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 §.

ges contain ail 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 report for Sample Problems 1 through §
Only the pages that aie essential for the impact analyses are shown. These pages also contain some
default values that are automatically created by the prr:gnm and some input values that are used for
other but not the impact analyses. Input 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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Impact Limiter Deflection/Force Data ID:000) Today is: 85/16/9)
Inpact Limiter Unloading Specification Page 0 of 2h Last chgd: 8/24/87

Select the slope of the unloading path for impact limiters

€ == Unlcading slope is maximum slope of limiter curve
N == No elastic recovery of impact limiter

(Approximated by unloading slope of § tives max slope of curve)
U == User specified unloading slope

Type of Impact Limiter Unloading.......ccvaevs [N]

Impact Limiter Deflection/Force Data ID:0001 Today is: 5/16,°1
Bottom Impact limiter for 0 degree impact Page la of 2h Last chgd:11/17/88

AR RS TS LR AR e 4 TR
Press Fl0 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}.,...... (%]
You must define at least 2 deflection/force pairs
Deflection #0 (in) .0 Force #0 (kips) .0
Deflection #1 (in)...[.] Force #1 (kips)...[10.

Deflection #2 (in)...[3

5 Force #2 (kips)...[100.
Deflection #3 (in)...[0.

Force #3 (kips)...[0.

Deflection #4 (in)...[0. Force #4 (kips)...[0.
Deflection #5 (in)...[0. Force #5 (kips)...[0.
Deflection #6 (in)... (0. Force #6 (kips)...[0.

Deflection #7 (in)...[0,
Deflection #8 (in)...[0.
Deflection #9 (in)...[0.
Deflection #10 (in)...[0.

Force #7 (kips)...(0.
Force #8 (kips)...[0.
Force #9 (kips)... (0.
Force #10 (kips)... (0.

et St e S St i A e Vot e
Gt St St Bt Famt Sl il Bl el Wt

Figure A-1.2 SCANS input pages for limiter force-deformation relaton of Sample
Problem 1. The input for all impact angles are identical; therefore, only the
page for O-degree impact is shown herein.
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Basic Geometry Specifications ID:0003 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 ) BSAR report date......... ( ]
Add. info....[ ]

Add. infeo....[ ]

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 identcal.
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Impact Limiter Deflection/Force Data ID:1 0003 Today is: $/16/91
Impact Limiter Unloading Specification Page 0 of 2h Last chgd: 8/24/87
9 A

Select the slope of the unloading path for impact limiters

¢ == Unloading slope is maximup slope of limiter curve
N == No elastic recovery of impact limiter

{Approximated by urloading slope of & times max slope of curve)
U == User specified unicading slope

Type of lwpant Limiter Uniosding...cccivvviinn (N]

Impact Limiter Deflection/Fores Data ID:000) Today is: $5/16/91
BoCtom Impact fduwiter for 90 degree impact Page 1g of Zh last chgd:11/17/88
R ARSI A M e

Press Fl0 to copy Force/Deflection data from another impact angle

Impact angle is defined as follows: SIDE impact angle is @,
END ON impact angle is 90,

De you wish to define a Deflevtion/Force curve for this angle ? [Y/N)....... {y)

You must define at loast i deflectien/force pairs

Daflection #0 (in) 0 Force #0 (kips) .0

Deflection #1 (in)...[.65 Force #1 (kips)...[1680,
Daflection #2 (in)...[20. Force #2 (kips)...[2800,
Daflection #3 (in).. s, Force #3 (kips)...[5610,
Defleclion #4 (in)...[30. Force #4 (kips)...[17300,

Deflyccion 45 (in)..
Defiection #6 (iq)..
Deflaction #7 (in)...
Duflection €8 (in). ..
Deflection #2 (in)...
Deflection #10 (in)...

SRR B P VORSAELT MW SiA W EwsIt

Force 15 (kips)...(0.
force #& (kips)...[0D.
Force #7 (kips)...|0.
Force #68 (kips)...[0.
Force 49 (kips)...[O.
Force #10 (kips)...[0.

. -
D R i R it
OO CoOoOO0wWNN -
> & 8 & =

et Bt b St s ® vl Sl N Vo S

Bt Sl el sl il B St St Sl St

Figrre A-3-2 SCANS input pages for limiter force-deformation reiation of Sempie Protlem 3.
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Basic Geometey Specificet tons 19 o00e Tudey i S8 % Sanic Cecmetry Spectficetione 10006 Todey eSS0
Cask Top l-!'up Spacificet lons (SOLIDY Page 6s of 12 Last ched:1i1/19/e7 Ccask Sottas Ent Cap Specificetioms (SOLID] Page Ta of 11 Lest Oagdc i)/ anser
&‘cﬁum 1 73 BN . ] End cap thickness {ie 5. ... . 1.1% 1
tat cap waterisl neme. . (e 20 1) ') End cap meterial sase S e fEEN0e ]
iinctude the follew to define 2-D finite-sloment ssahi {inciude the fol to dulfine -0 finite-vlement mesh!
(Meosn divisions sust Le cwen) Menh divisions sost he even)
sosbtor of seah divisions through end cap. 141 Huster of sesh divislons theough end cap. . i4¢
fress FIP o oopy dats Trowm other end cap (AT it ls SOLID) Prass FIe to copy data “ros other ead cap 'if 1T is SOLIDY
Basic Ceomets, Specificet iens 1D 0004 in: S/in/: Sasic Covmmtry Specificet ions 10 sene Todey i SOI8/ S
Cael Closures Bolts Informst lon Page & of 12 last ched: 11/ /i%8) Cass lmpact Mode! Speci!icat loes Fage 12 of 11 Last ched 0180
Humber of ciosure bults ¢ - PR - B Nusbe:r of siesents for |-G tmpact mode! ey
TOP fmpart |limiter welght (lbe) L ]
Diamoter of closwce bolts {in ) MRES Ji ] MOTTON Inpact |ieiter weighe {1be) e '

tosure Sett clrcle radius fin 12

(1t omitted, weights are ceiculsrted based on volese snd donsity)

Befine iapact sodel «ith user spacified propect lon’ 1¥,/¥) (4]




Impact Limiter Deflection/Force ta €
mpact Limiter Unloading Specificati age f ant Bt
R e sy s = aas " -
elect the s pe f the ni iing path fo: npact ipiters
loading slope 18 maximum S.i0De ! AR £ ¢
N « NOo @lastic recovery f impact limiter
Approximated by unloadiny siope f 5§ time max t .
User specified nloading &il0pe
ype £ F t Limiter Ur ing Y
rce Ata B A l
leares npact ’ 16 ] rd La st f L.
o we T S BT KA pa——
Press § v 1 F e Def e B At # v e a rhe ppact » p
mpact angle 1s define s ! - I§8) mpact ¢
N N ANg 1 e )
J tOo Qefine a eflect rorce rve for thi AN €
You must detfine @& gast 2 deflection/force pail
' L A% 8 4 I e ¥ Kips
g .
LR I 1 Force ¢ Kif
$2 ir F } L L pE
LB \n) rorce % Kips
%4 T Force #4 Kips
i ) rce #° » S
f L L AT rorce ¢ Kips
f L Al Force ¥ Kl
Deflection #8 im Force #¢ Kips
Deflect n &% b 8 Force %9 KiDE
flection %1 B Y Force # kit
T AL s o e R T R LT T RS —
.
*"iﬁj.’t A-4.2 SCANS input pages for limiter rCe rma nrela f Samr Problem 4




Basic Geometry Specifications ID:000S Today is: 5/16/91

Cask Cavity/Contents Specifications Page 3 of 17 last chgd: 9/18/87
N R A AT ST 13 IR R ST T b 3 ———
Cavivty Inner TaAIE (In.)ivuvoivvronnnssnnss 46584 BNy SR (18,78 )

CEVAEY LANPER TR ) insonaarnrssdannnsnantnsansssssssgosss [182.28 ]
Gross weight of package (1bs).........:... Pe 4D EAREN S T 5 (131822, ]
Weight of contents / dnternals (1BS) ... «.vvvvvnvnvrnnnss [22472. ]
Maximum heat generation rate of contents (Btu/min)....... [4367. )
Initial cavity charge pressure (psia)............ § 4987918 %3 [14.7 ]
Initial cavit{ charge temperature (deg.F)....... ..o (70. ]
Maximum normal operating pressure (PSI1a8).........cevqas {400. )
Tenperature defining stress free condition (deg.F)....... [70. !
{Include the rollovlng to define 2-D finite-element mesh)

(Mesh divisions must be even)
Number of mesh divisions aleng cavity inner radius....... (& ]
Number of mesh divisions along cavity half length........ (8 ]
ST

Basic Geometry Specificatioans ID:000S Today is: $/16/81

Cask Component Configurations Page 4 of 12 Last chgd:11/17/88
A e T R e A L S S T
Shell configuration.........vcvnees (L}

[S=solid, L~laminated]

Top end cap configuration.........,. (L)
[S=s0lid, Ll=laminated]

Bottom end cap configuration....... [L)
[S=solid, L=laminated)

1s Top impact limiter present? & 74§ P, (Y]
1s Bottom impact limiter present? TRTMY o i i (¥}
Is Neutron shiel” / water jacket present? [Y/N)....... (¥]

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



Bagic Geometry Specifications 1010068 Today is: 8/16/9)

Cask Shell Specifications (LAMINATED) Page Sb of )& Last chad: 9/02/87
e ATIWA el 14T Rl W B IR SR £ et
Bheil inner layer thickness (in.) . ....ccovvvsiiiin [+8 )

Aditional thickness at end cap interface (in,)...[0, )

Shell inner layer material Name. . .. .. ..ovvvvsiniiy (8840 ]
Shell shield layer thickness (in.)...coovvvvvviiies 4 ]
Shell shield JeRGEh (A0 )i vvvuiirrinnnnnensiins (182,28 )
Shell shield layer material name...... $RABR O NN B [ DURANIUM)
Fhell outer layer thickness (in.) .. ovisvisiivrns [1.8 )

Additional thiokness at end cap interface (in.)...[0.
fhell outer layer material Name. ... ... viveivninn (88316 )
fInclude the following to define 2-0 finite~elament mesh)

(Mesh divisions must be even)
Number of mesh divisions throuzh shell inner Jayer.......... (2 )
Number o/ mesh divisions through shell shield layer.......... (4 )
Number .f mesh di' isions through shell outer layer.......... (2 )
TR T SR ST R Y
Besic Geometry Specifications ID: 0008 Today ie: $/16/9)

Cask Top End Cap Specificetions (LAMINATED) Page éb of 13 Last chgd: 9/02/87
R T T M Y A A XV UMM MAAEE S BT DAY | AP ML b 1N 1 S B R D PG T B USSR SR T AR SR N e N A T § S N
End cap inner layer thickness (in).........[(1.8 )

End cap inner layer material rame..........[88304 ]
End cap shield layer thickness (in.).......[3,78 ]
End cap shield lagser radius (in.)....... veo (804
End cap sh.eld layer material name......... [ DURANIUM )
End cap outer layer thic :ess (in.) .......[21.25 ]
:M c.’ outer l.y.t Iltﬂtall NAMG . & 5 v onen v (.'30‘ )
(Include the following co define 2+D finite~element mesh)
(Mesh divisions must be even)
Number of mesh divisions through end cap inner layer........[2 )
Number of mesh divisions through end cap shield layer....... (4]
Numbor of mesh divisions throuch end cap outer layer........[2 )

Press Fl0 to copy data from other end cap (if it is LAMINATED)

Figure A-8:1 SCANS input pages for basic geometry of Sample Problem 5. (Continued)
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Type of tmp ¥ Olection 80 giss. . § e i Feree #1 higmi . (ree :
Dutlaction 82 (hoy. . owen ] Foree $2  tRipwi . pesee. H
Beflection 03 (hed . 130 ' Foces 87 thigms (e H
Sxflection $¢ thes . yo. ) Forve B4 thipe:  to 3
Deflection 05 (ims . (% 1 Tovos 85  higes . je T
Deliect ion 8% ey _y» 1 Towew 6 hipmi (e H
Sefiection §7 (fes  (n. i Vowce BT wiges 1w H
Suflaction 98 (4w 8. 3 Farew $%  hipes . e 3
Befisction 0% (dw) . (0 [ Toece 0§  (hige) . e 5
Defiection $10 thed . . H Pocce 21w tutgms . 1o 2
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Teflection 86 (ing = ¥ Toccw #&  ‘hipw) _—
Boflection §7  ¢ims i 1 Fovew 47 inipey _ io
Baflection $% (i) . |» H Force 90 inipes 1o
Satlaction 99 ¢ e ) Forom 9% (hipms ge
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APPENDIX B

Additional Comparison of SCANS Results

(Sample Problems 1 and 2)
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Appendix B ts verification results that are omittsd in 6 of this report. The results are
'mun&mwtmzmmmm.pme. The casks used for the two problems differ
the impact limiter. As depicted in Fig. 6-1 of Chapter 6, all the casks
have the dimensions mﬂ rail cask. The casks for Problem | have two identical solid end
2 has two unequal laminated end caps of slightly different thickness

lead shield. The same limiter force-deformation relation is used for lems 1 and 2.

Problem 1 was employed to verify all printed output of SCANS quasi-static and dynamic analysis
options. Supplementing Problem 1, Problem 2 was used 10 check the calculation of stresses in the

caps.

The results of Problem 1 ted in this appendix include all the maximum stresses in the cask
body, the end caps, and tﬁ 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
locations 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.G. drop
(Table B-8). The end cap and bolt stresse: are listed for both bottom and top impacts at four other
obligue angles in addition to the foregoing ones (Tables B-9-1 through B-12). The stresses in the
laminated end caps of Sample Problem 2 are tabulated in Tables B-13-1 and B-13-2,




Table 81

Comparison of SCAKE Results for Forces s Moments (n & Cask
Uncergoing & 30 ft. Side Drop (Semple Probles 1)

Pistance Maximm Axiel Force (kip) Maximm Sheer force (kip) Wax. Bordding Moment (in-kip)
". I I L T PR R T T T LTI ™
Impect Erdd Guasi-steatic Dyrvmi ¢ Quasi-static Dy | ¢ Quas i -static Dynam i ¢
(im) Horwd Cale  SUANS SLANS Nard Cale  SCANS SCANE e Cale  SCANS SCANS
e.0 0.0 0.0 0.% Wwr.1 W 11504 Sm.T Iy 5816.8
2.4 0.0 0.0 0.4 nr.2 "ra2 war.y A 320 ssm.y
.8 0.0 0.0 0.2 81,5 6115 61,0 05,5 A6ARS . $007¢ .0
T 0.0 0.0 0.1 308.7 308.7 m.ae S6686.9 Soshs. 8 61202.7
8.5 0.0 0.9 0.0 0.0 0.0 0.0 60107 .4 60106.9 A4 7
“‘.’ 0.. °0° 'c‘ '”c' '“-’ 'n'-. uo’ “0. “m.’
133 0.0 0.0 0.2 4115 8118 ~661.0 S6L25.5  46k28 .1 50074 .8
‘“n‘ ‘t. .v‘ °o‘ "":! ""o' '“’0’ m.‘ m-' ,'.’.-'
im0 0.0 0.0 0.5 10701 <1070, “1150.4 Sm.T sy 5868



Teble ¥

Comparison of SCANS Results for Forces snd Maments in & Cask
Undergoing & 30 Ft. 45 Degree Obligue Drop (Sesple Problem 1)

Distance Max b Axiel Foree (kip) Haximm Shear Foree (kip) Max, Beriding Moment (in-kip)
from B T L L L L NIl llL N CRRERRE AR AR KRR RARR R AR
Iepect End  Quasi-statie Dyram | ¢ Guss i -static Dynamic Quasi-stetic Dyrami ¢
{in) Herd Cale  SCANS SCANS Narwd Cale  SCANS SCANS Wl Cale  SCANS SCANS
0 2266 12266 8.9 L AT T LN 962.9 456831 -45682.9  -BBADS.Y
AT NSLT N7 RN ] 82y e ™0 (2ATBR.S C24TRR .4 88762
“w.rs “1010.9  -1310.9 08,7 5887  858.7 s ~10513.8 10813, 10s7.7
T2 “867.0 -847.0 L LAV | 3443 266.0 A4TB.6  -TR.Y 14920.2
8.5 T (T2 $09.5 i7s.0 780 18.2 33506 3304 159%6.2
1.en SM.3 WS .5 56.6 §6.6 “102.% 2.2 a0 .
154.2% 435.5 4388 25,9 A8.7T W7 1558 4300.6 4300.3 588 .1
156.62% W6 W wma 1.0 %10 ~188.0 WUTe.Y TN 4780.6
ks J 2197 9.7 258.0 ~58.4 “85.4 “139.6 Bas .4 8461 1985.2



Tabie 83

Campar tson of SCANS Results for Forces and Moments (n & Cesk
Uriergoing & 30 Ft, End Drop (Semp @ ' “obles V)

Distance Maximm Axipl Foree (kip) ey imm Shesr foree (kip) Max, Berwding Mament (lackip)

"'. e R R e L LR R R R T

Iopact Ere Gunsistetic Dyrwic Qums i statie Dyrwasei ¢ Guasicstetic Dynamic

R SRBERNT e e EE R

LR R A A AL R R R R R ) rERERAM
tin) Nang Cale  SCANS SCANS Wl Cale  SCANS TCANS Warwd Cale  SCANE SChNS
LR A R R RN Y L L R R R R A A A AR A R R )

R T T Y

0.0 SRS B Y <2022.3 0.0 0.0 0.0 0.0 0.0 0.¢
2.4 ATISA TS “1908.0 0.0 0.0 c.0 0.0 0.0 0.0
.8 1812 W2 <1689 .8 v.n 0.0 0.0 0.0 0.0 0.0
67 +1303.1 -1308.% 16333 0.0 0.0 0.0 0.0 0.0 0.0
LB ] 1086.9 V0869 1196 .6 0.0 0.0 0.0 .0 0.0 0.0

ARR M J .7 -BM.7 “960.0 0.0 0.0 0.0 0.9 0.0 0.0
‘“o’ 8545 ~65 .5 'MJ 0.0 0.0 0.0 0.0 0.0 0.0
156.6 4383 6383 ~483.6 0.0 0.0 0.0 0.0 0.0 0.0
™o ~530.2 -3%0.2 36k .6 0.0 0.0 0.0 0.0 0.0 wo




Table B4

Compar ison of SCANS Results Tor forces ang Moments in & Cask
Undergoing & 30 Ft, C.6. brop (Sempie Probles 1)

Distance Maximam Axin! foree (Eip) Maximam Shear force (kip) Kax, Berviing Moment (in-kip)

". L L B e R

Impact Ered Guasi-static Dynami ¢ Quasi-static Dyramic Gues i -statie Dyrwmi ¢

R reREranee T R T R

tim Wored Calc  SCANS SCANY Harwd Cale  SCANS SLANS Werwd Calc  SCANS SCANS

sasBEnNnS L » )

0.0 SALAL TS BEELEAL % A7 675.5 oS 7%2.0 «TI282.1 -T12m2.1 ~T806.4
2.4 SRR BT TN § AT a3, 8.9 6%8.8 “56168.5 56168.6 “$1817.5
.8 16136 NN “1553.6 §56.6 5566 611.9 ~42827.3 42827 .4 47077 .1
7.1 AN2.6 124 “1453.6 ATT.6 477 $25.0 312585 -312%8.6 “3edh2 .2
.5 10913 10103 11133 we.2 8.2 4581 “216862.1 (2V82.2 ~23675.0
me -810.1 8101 0982 w.o 3190 3%51.0 “15438.0 -13438.1 <16889.7
153 “609.0 -609.0 <672.0 298 I8 266 .4 71863 TIBS4 <8030, 5
156.6 ~407.8 407,08 -450.0 160.6 1606 %5 2M7.0 -2707.0 +3090.8
1m0 -307.2 -%OV.2 3.2 121.0 1.0 1387 0.0 0.0 115.0
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l AT IR0 of SCANS Resuits for Stress termity ] ash
yemryg ., A ! ” " SERLe Frob e
Lress tere ity [+ which Corres areis
"
starce Hax i Berwiing Stress Rinimm Bawling Stress R imae 2 ae

from

mowmct Ere SR | catat Y S ARE AT ) Dy v Uuia s tat Dyraa i ¢
l Ml Cale 2LANS SCANS e sl SCANS SCANS Narwd (ol ANS “LANS

ver Stesl She

‘ '3y, & 90
2.4 $88 )l hL ‘88 L LA 3907 207
o B ' 14 dT 25 + 21" e 260" [ AL
t S O848 1314 L6V 314 ¥ 1 413

8. 1248 3513 ) 3259 3518
191.6 S089 5314 S 069 69 5314 302 413
.1 25% 27 2514 +30 711 608 2814
5 .¢ S8 ri 1588 [ 0% 1007 1907 4207
S Fa) 315 > L A 594 &5 58 & 90

ead Shiwle
¢ : ‘ y 27 a7 29 5o §9¢ &1
2.6 N} &8 159 &F 148 Ly 4 e p v
? &4 .8 54 a7 Fa ¥ YA 53 223 23 Y

&7 2 2B 309 o8¢ 286 508 " "

J Ay ¢ 503 0% ¥ 503 503 327

1.9 e Be 309 Fa." e, 508 1 1" é
5.3 Pa ¥ e Fad! 5 FA S 255 223 2 4
154.4 168 o8 5¢ 8 oh b1 334 3 360
¥ e’ 7 29 : 29 v 3" 19
]
) ter Stee ¢

548 ATN . 377 Lel AN q. &S5A 558 Y
ol . & 189E nye 2064 L ROE W X 1% ') 4 4207
b ok .8 3004 3004 1241 3004 3004 1241 2605 2605 2814
67 pr Sabht L 5668 St 5960 304 1302 1413

ay.s S8 By <O B 3% &0
1.5 Sobll Moy v S668 SEHOY S A l 302 &8
% Y004 004 3241 3004 3004 4 60" il 2814
6.0 TR L% 2044 nog CRO® %Y Y yO7 237
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Tabie 86

Compar ison of SCANS Resuits for Stress Intensity in & Cesk

Undergoing & 30 Ft.

------ L

Degree Obl igue Drig (Semple Prodies 1)

Stress Intenmily (pai) Whith Corresponds to

------------ AR AER IR R aE e,

Distance Maximas Berding Stress Kinime Berding Stress
'r. B T L L Ll L L L T L T T SEs s vERay et annn
lopact Dnd Guasf-static Dyrwmic Quasi-stetic Dyrwsic Quas | -
(im) Herd Cole  SCANS SCANS HWerwd Calc  SCANS SCANS Kawd Cale
Irwwr Steel Shell
n.0 1"wer 1167 881 im0 sre0 ez 259
2.6 "2 "2 356 »sn an 7% wn
.8 507 $o7 bhb 1646 1646 996 2600
7.1 BLY 843 &y 1003 1003 1081 1733
8.5 590 590 o7 50 U 1069 1081
M.y 50 350 859 453 [T A) L8y 662
1%.3 i )| P4 %) 654 o7 o7 &30 [Y4)
156.6 176 176 «10 (2%} 4 3% v
im0 1688 188 tigd 280 280 "™ 2
Lend Shield
0.0 1" 119 & 32 342 %0 3ok
2.4 20 20 n 230 %0 "3 M
.8 w w b1J 145 %5 & 222
6.1 4l n 80 Bs 86 " 148
8.5 4“9 4“9 87 83 L 4] v "
AR 28 28 78 ™ ) L1} 7
134.3 AL ) 18 59 61 61 57 0
15%6.6 1% \ 3% % w » 2
7.0 6 16 24 2% 26 17 "
Outer Steel Shell
0.0 1650 1650 1213 w262 L2862 s “259
2.4 3% 37 m 2853 2833 1877 67
[ ) e 39 758 175y 1757 1047 2600
7.1 a2 828 1007 1019 101% 12% 1733
8.5 55 555 1097 085 986 1222 1081
11,9 9 vd 985 93% 935 1026 662
%3 188 88 740 a2 742 718 an
156.6 150 150 ) (%4} an we V)
™m0 mwe e n 0 289 00 32

8-

.........

wn

1733
1081

an
me
132

Tk
£ 300

pesssEE

1081

wn
wm
n2

......... L I il T T

57
188
109

s7
57
51

“aun

2w
un
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596



Toble -7

Compar ison of SCANS Resuits for Stress Intensity 'n & Cask
Undergoing & 30 Ft. E2 Drap (Saeple Prables 1)

Stress Intermity (psi) Which Corresponss o

e B | T A —— Ashssnnnn

Uistance Nax i Borwding Stress Hindmas Barding Stress Mo e Shenr

'r.- I T PERRAARBMEAS AL LSNP AAAARETRERERE 00 AenAEe PSRRI BELIRRBENONIEES
Impect B Gussi-stetic Dyra i ¢ Guasi-static D yram i ¢ Guas | static Dyvwamic
(in) Wewl Tale  SCANS SCANS Warwd Cale  SCAms SCANS Kardd Cale  SCANS SCANS

........ . Rl T Tt B

....................... DT

Irewn Steel bnell

0.0 1963 1963 2153 1963 1964 "8y 1963 1963 2153
2.4 1840 1848 2029 AL AL 2029 1848 1848 2029
.8 1618 1618 1 68 618 \rrs 1618 1618 1
67 1588 1568 1526 1 e 1526 1588 1348 152
»N.5 187 1s? 127 nsr 157 1274 187 1187 N

"y ver ”r 022 r wr 1022 927 var w2

1.5 7 o7 o8 o7 o e® V7 97 69

156.¢ 67 “7r $15 “w? b7 $15 w67 o7 $15

1.0 82 el 388 »2 32 88 352 2 58
Lend Shield

0.0 168 168 184 168 168 18 168 168 184
2.4 158 158 " 1 158 7 158 158 \3
(k.8 15 138 152 158 15 152 138 138 152
7.1 "e 1e A} 3] ie "e m 119 "y m
8.5 w w 109 w Lo e Ld L 08

"Ly ”» ”» ar ™ lad a7 ” » a7
1543 ol 6h b &0 &0 &6 &0 60 68
150w &0 &8 (¥ &0 0 4 &0 4«0 [
1.0 30 30 b3} 30 30 33 30 30 3

Outar Steel Ghell

0.0 1963 1963 153 1963 1963 2153 1963 1963 2153
2.4 Thab AL 200 1848 1848 2029 1848 1848 2029
“h.b AL 1618 \rre is18 1618 1778 1612 1618 \rre
7.1 L 1308 1528 1588 1588 1526 1388 1388 1526
8.5 1187 1"“sr e 187 157 1274 1187 157 1274

1.9 ver wr oe2 var ser 1022 wer 927 1022
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Table 891

Comparison of STANS Results for Stresses in Bottom fnd Cap
Gererated by o 30 Ft. Drop onto the Cask Sottom (Semple Probles 1)

Maximm Bending Stress (psi)

Primacy At Center of End Cap
]"g FE NSRRI AR AR SRR A
Argle Quasi-static Dyram) ¢
(deg) Herd Calc  SCANS SCANS
0.0 0.0 6.0 2.4
15.0 630.6 46306 13801
30.0 1642.6 1642.4 2964 .1
45.0 2er.2 uer.2 3257.2
60.0 969.5  2969.6 34004
7.0 3324.2 M2 4085.7
90 0 3459.0 34%9.0 3855 .4
t.6. 218.5 3218 1587.3

Maximm Beriing Stress (psi)
At Edge of Erd Cap

SErnsbnnnn bbb rrsrenn SEEErrran

Guas i static

K-

0.0
.7
(22364
<5546.0
4604 .0
~5153.8
-5362.8
4989 .9

........

----------

Maximam Shear Stress (pei)
At Edge of End Cap

Quasi-static Dyrvm i ¢
SCANS SCANS

0.0 0.0 0.6
152.1 152.1 i52.8
MNr.e 5479 76,9
51,6 $51.6 7858
neé.z 7e.2 820.1
801.7 801.7 o868 .4
85,2 % 2 929.8
™e.2 N Bas5 .2
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Garerated by & 30 Ft, Drop onto the Cask Bottom

Table 8-9-2

Comperison of SCANS Results for Stresses in Top Eno Cap

Maximum Beneting Stress (psi)
At Cemter of Erd Cap

L L

Gume | -static Dy ¢
Hand Celc  SCANS SCANS
e.o 0.0 0.3
s 82.5 “159.0
8.7 188.7 <3854
.2 .2 -401.9
388.5 588.5 Mo
a3, 9 5.9 432
e 652.6 504 .4
«21.0 a1 “e.9

Haximem Bending Stress (pai)
At Edge of Erdd Cap

Qums i -static Dy ¢ Guasi-static
Hand Cale  SCANS SCANS Kot Cale  SCANS
0.0 0.0 0.0 0.0 0.0
0.0 9.0 0.0 7.8 7.8
0.9 0.0 0.0 17.8 17.8
0.0 0.0 0.0 2.3 28.3
0.0 0.0 0.0 3.7 ».7
0.0 0.0 0.0 1 1
0.0 0.0 0.0 42.8 “2.8
0.0 0.0 0.0 9.8 ».8

(bmpie Probles 1)

Maximm Shear Stress (psi)
At Edge of End Cap

T T
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R Raaae.
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32.6
e
7.7
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Tabie B-10-1

Compar ison of SCANS Residts for Stresses in Bottom End Cap
(Sempie Proiiem 1)

Gerrated by & 30 ft, Drep onto the Cask Top

Maximam Boriing Stress (pai)
At Cetter of Endd Cap

B sanns

R

Guns | -stetic
Wordd Cale  SCANS
0.0 0.0
2.3 32.4
7%.0 7.0
117.3 17.3
152.3 1523
170.% 170.5
1776 AT
165.1 165 .1

DUynamic

0
62,4
318
“157.¢6
135.0
173.8
197.8
184.0

Marimum Beriing Stress (pai)
At Edge of Erd Cap

T

R e SErenaen

Guasi-static
Wand Cale  SCANS
0.0 0.0
-50.2 +50.2
A% T 1Y
1819 9.9
6.2 - M2
BT I T Y
1o FRENEY 1, I8
<2559 -#56.0

Dyramic

Maximum Shasr Stress (pei)
At foge of End Cap

SR smresans

Quas i -static

B T

SCANS Wand Cale

Dynami ¢

R ) R

0.0

7.8
17.8
8.3
3.7
1
2.8
0.8

0.0
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2.3
3,7
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2.8
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n.e
38.0
3.6
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7.7
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Table §-10+3

arison of SCANS Results for Stresses

Generated by & 30 Fr, Drop onte the Cask Top

Maximam Berdiing Stress (pri)

At Conter of Irnd Ce At Fdge of e

0 T RRS AT ART

Dyl ¢ Quas“static
Harwd Cale SCANS SCANS Werwd Cale SCANE
0.§ 0 6.9 0
1651 .4 £51.4 1413.9 0.0 )
77T 3777 .1 g A 0.0 (
5989 .1 5989 .2 8529 .1 0
Trs.y rT7é.( 8904 0 0
S04 .6 BPO4 .7 D698 . 7 ) 0
Y57.6 087.7 10098 .6 0.0 0.0
827 827.8 yigi.?7
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Table §- 10

Compar ison of SCANSE Results for Tersile ot Bhosr Strenses 5
Top Closure Bolts Genersted by & 50 Ft. Dropg onte the Cask botto
(ampie Proviem 1)

Maxium Tormile Stress (pal) Marimam Shanr Stress (pai)
Quesi-static Dyrwsi ¢ Gussi-static Dyrami ¢
Hand Cale  SUANS SCANS Herd Cale  SCANS BLANS

Y SEssenann L I e

Uniform distribution of tersile stress smong oil bolts sssumed

0 0 0 SRR BB T340
0 0 0 18 BN G
0 ¢ 0 207 wor Faldal
0 0 0 ‘3524 R0 L
0 0 0 3580 3580 3041
0 0 0 10668 10648 15315
0 0 0 19 0 0
0 0 0 o gl LA D)

Linear distribution of tensile stress among all bolts sssumed
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Table §:1%:2

Comper (son of Benting el Shesr Stresses for Laminatod Endoaps ot free Era
As GBUaIned (1 Guasi-static sl Dynamic Anelyses (Senple Probies )

Kaximam Borwdirg Steess (pai) Maximan Bhear tress (psi)

At Conter of Lap At Edge Near Cask Cavity wall

Priwary Quasi-statie Dynae | ¢ Guasi-statie Dy ¢
|~‘ 'm INRRB s st hE s sesmsanen LT N L
Argle Layer Warwd Cale  SCANS SCANS Warwl Cale  SCANS SCANE
0.0 Lrewr 0.0 0.0 %7 0.0 v.0 1.5
Shield 0.0 0.0 0.6

uter 0.0 0.0 “20.4 0.0 0.0 1.4

15.0 Lrewr Biv.3 89,3 “Beb .Y 7.2 17.2 ”.2
Shiele 6.6 6.6 5.3

ter 2. IS 16115 5.4 5.4 n2

3.0 Irveer 19392 19393 2087 .3 0.3 w3 62.%
Shiele "a 151 1.3

Outer 5286 -SIB.7 54455 n.2 5.2 8.4

.0 | ewer 3730 MO7sA 24087 62.3 62.3 74,6
Thield n.y B 138

Outer “837.6 -837.7 41168 5.8 $5.0 7.4

0.0 Irner wev.e 39809 3558.7 0.8 M08 na
Shield na na n.?

ter <1087.% -1087.7 9701 .4 b Y b .6

.0 Irner hoB.2  wkeb.} 551 0.5 905 ¥3.0
Shield MNE M 5.8

Outer AT 12180 ABLS 8.1 na 8.3

0.0 Inner 2L B ) 51845 9.2 9.2 1081
Shield 3.2 3.2 0.4

outer ~1267.0 -1267.2 14133 MY 83 9.1

.6, 1rewr 4328.7 43209 “a27.9 8.7 ar.7 er.8
Shield n.y N 7.6

Duter A9 11809 15161 .S 70.% 8.4

B8-




BIBLIOGRAPHI

DATA

SHES

nWiIN Bt
e

Winp havior

OO BIMmene
i ulty and

account 1or iU

accident drops
undertaken u

#




- THIS DOCUMENT WAS PRINTED UBING RECYCLED PAPER




UREGTR-4554
Vol ) Bavw |

=

o

o

< 9O x

- 2 -

= .
o O™ 2
- 2 d
‘V‘..\ -
L0
. v o

-~ /
W =5
- = .
SS5= i3,

-l z
-~ .
- - =
20 =
- . E
=

= -

=S 2z

< > &

-

-

z

FESRUARY 192

SCANS SHIPPING CASK ANALYSIS SYSTEM): A MICROCOMPUTER BASED
ANAL YSIS SYSTEM FOR SHIPPING CASK DESIGN REVIEW




