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TABLE 2-5
TYPICAL DYNAMIC PROPERTIES
P,~P
0.002 P,~P_ e,(R-P) 'y
Material Static Curve Py of fset P, €, y Yy =
y
Uranium NLC 73,000 90,000 0.029 17,000 493, 0.233
Cast (Computed) .
302 SS Goldsmith 41,350 53,800 0.01675 12,450 208 0.301
Fig. 250 Fcy = 35,000 (304SS)
P, = 40,000 + 825,000
€
P, - 40,000
€, =
825,000
0.24 Carbon Goldsmith 35,000 45,000 0.020 10,000 200
Stl Fig. 372
Ni-Cr Stl Goldsmith 220,000 228.000 0.024 8,000 192 0.036
Fig. 118
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2.7.1.1 End Drop

The dynamic analysis required for the cask and its parts, in the flat
drop attitude, can be based on the concept of simple cylinders which behave
as solid rods impacting squarely upon a rigid surface at the velocity of the
specified free fall distance of 30 feet. This velocity is 44 ft/sec.

Values for stress, strain, K-E and G loadings can be derived for the
individual masses and for the cask as a whole.

MODEL FOR ANALYSIS

S, = Outer S.S. shell
S, = Inner S.S. shell
Uy = Uranium cylinder

These are considered separate cylinders

§ Vo e

ols qwh S, and S, weights include parts of
v d
S 1781 %2 | S % (Y 5 the head weight

S, = SS plate - acting as striking
S3 Sy S3
T T T T T T TR S plate under S,, Uy and S,

S, = part of S.S. plate stressed by

impact from container, etc

Area Weight
S, 86.3 in? 5125 1b (includes 860 lb-outer closure)
S, 36.8 in? 2260 1b (includes 270 lb-inner closure)
U 250.9 in.? 32,400 1b
§ =
374 in.? 39,785 1b
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S, 378.5 in.? 990 1b
S, 248.5 in.? 5,249 1b (1919 container, 1800 contents)
Total 46,024 1b

Initial and maximum stresses developed by striking a rigid mass are

calculated for uranium and steel, derived from
bv,’ = ¢(P, - Py) as previously shown

P, uranium = 90,000 psi
P, stainless steel = 53,800 psi

For cylinders S,, U, and S;, the assumption of striking a rigid mass
is conservative. Actually, they strike against an intermediate mass S,,

with some consequential reduction in stress.

S,, on its under-surface, does strike a rigid mass, and counts S; U,
and S; .only as added load, considered as an equivalent weight of steel,

added to the height of S, as a cylinder.

Stress differentials at the interfaces with S, are considered
localized and quickly find equilibrium, producing a local increase in
stress intensity in S, to match a reduced stress in U,.
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Total force developed at impacting face F = P, (area)

For s, F, = 86.3 in? x 53,800 psi = 4,640,000 1b
S, F, = 36.8 in? x 53,800 psi = 1,975,000 1b
U Fg = 250.9 in? x 90,000 psi = 22,581,000 1b

G's Developed G = F/wt

S,  4,640,000/5125 = 905 G
s, 1,975,000/2260 = 875 G
U,  22,581,000/32,400 = 697 G
S, 29,196,000/39,785 = 735 G for bottom of cask

2.7.1.2. Side Drop

Simultaneous impact on the tail and the plywood impact limiter section
after releése from a 30-ft height induced the side loading of the cask
analogous to that of a simply supported beam, This loading, from a bending
standpoint, is the most severe loading condition. All the kinetic energy
is absorbed by the impact deformation and beam deflection.

The cask model 1s made up of 69 disk elements with the appropriate
section properties. Side drop geometry is described in Figure 2-3,

All extreme yielding was below 35% by a good margin in the case of the

stainless steel (Ref. computer code DEC 15-002, side drop 02) and below 8%
for uranium (side drop only).
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Resistance of Cask to Deformation

§#

4 7| vzFermsrron &
6p = (W6 ) o CAP T

1
6 = cos=* {(R - A)/R} ' i Wz ,
W=2R sine

A = y - GAP (if positive) otherwise A = 0

Resistance Function per Code

Force = 2 * R * gine * sigma * Dx
Del = Y-G (if positive)

Theta - A cos ((R - del)/R)

The maximum value of 'del' is saved to be compared to previous value

to see if unloading is taking place.
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Solid Section

Since type 304 stainless steel lacks a pronounced yleld stress, the
actual stress-strain curve shown on Figure 2-4 was employed for the moment
curvature codes. The standard assumption was made that the strain

distribution remains linear.

Voib B>

e

~b X

NA

e(y) = ¢ xy

R

F-a_bf-oe(y)xB(y) dy = 0

R
M -_j"y x o (e(y) x B(y) dy
0

A computer subroutine was used to evaluate the integral in the above
moment expression. The stress-strain curve was approximated by the
straight line segments shown on Figure 2-5. Linear interpolation was used
between the circled points.
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2.7.1.3 Calculation of Mass Point Properties

Point 1t - Total Impact Plate 4.75 in. + 3 in. ss

910013

NC

GADR-55
Volume 11

YA .
2
Y340 475 ;f? AL 3'
l 2 |
z26 N
-3
2L

< 3{. >
W= /4 (27.13% *# 4,75 * 2,83 + (312 - 27,26-2) * 3 % 0,3

+ (33" - 31%) 3 x 0.1

n/4

989.4 196.1 + 38.4) = 961 1b

M=w/g = 961/384 = 2,50 1b sec?/in,

I (SS only) E= 27.7 x 10* psi

w/4 (R; - R;) - w/4 (15.5% - 13.63%) = 18,227 in.*
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FIG. 2-5
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Point 2
DV ss Ss AL 3
nsf—sif
19.5" —> o
3,12 ——>
e 3312 —i
W = 3u/4 (18.52 * 0.6 + 19.52 - 18.52) 0.3 + 31.12% - 19.52) 0.3

+ (33.12%2 - 31.16%) 0.1]

3n/4 [205.35 + 11.4 + 176.46 + 12.85] = 957 1b

2-78

M = w/g = 957/384 = 2,49 1b sgc’/in.
E = 27.7 x 10®% psi
I - (SS only)
1= n/64 {(31.12% - 19.5%) + (19.5 -~ 18.5%)} = 40,289 in."
Point 3
1125 DV s —T
/.3 sS bu | ss | AL 3
veid voID _i_
< Py ﬁ
3 i 22..15¢
z6.28—5
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w = q/4 (18.52 * (1,125 * 0.6 + 1.3 * 0.3) + (22.75-% - 18.5-2) 2.43 * 0.3
+ (26.,25-2 - 22,75%) ¥ 3 *¥ 0.6 + (31.15-2 - 26.25-2) ¥ 3 % 0.3

(33.15 = 31.,152) ®* 3 ¥ 1) = ¢/4 (1092.7) = 858.2 1b
m=w/g = 838.2/384 = 2.23 1lb sec?/in.
I = q/64 {(31.15" - 26.25%) + 26.25% - 22.75%) + (22.75~- 18.5"%)

/64 {824,391} = 40,467 in.*

Point 4
1
Volb sc|l=ss| ov | =< ;i
< 16.75E Aqi
< eol —3 .4
< 2£25° >
B 245°

we= 3n/4 {(182 - 16.752) 0.3 + (20.25% - 18.0%) 0.3
+ (26.25% - 20.25%) 0.6 + (31.15% - 26.25%) 0.3}

= 3u/4 (290.628) = 685 1b

M =w/g = 685/384 = 1.78 1b sec?/in.
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I = 7/64 (31.15% - 18.0%) = 41,064 in.*

Points 5 - 66

910013 yp
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W= 3n/b4 {16.6252 * 0.046 + (17.6252 - 16.6252%) 0.287

+ (19% - 17.75%) 0.287

+ (26 - 19%) 0.683 + (282 - 262) 0.287} = 664 1b

I = n/64 {(28% = 26%) + (26* = 19%) + (19%) - 17.75%} =

2-80
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Points 67-69

We 3% g % 142 % 0287 « 530 1b

M =w/g = 530/384 « 1.38 1b sec?/in.2

I=q/4 14% =« 30,172 in.*

2.7.1.4 Code Input Plastic Curvature vs. Moment

(Curve Points)
Point 1

M = 60.E6 ¢F =0

Point 2

M = 95.E6
¢P = 0.003 - 95 EG/27.TE6 30/72

= 0.00296
Point 3

M = 122.E6
¢F = 0.0079 - 122 E6/27.7 E6 (30,172)

= 0.0782
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Point 4

M = 142E6

¢P = 0.0149 - 142E6/27.7 (30,172)

= 0001“79
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2.7.1.5 Unequal Sectioned Cask ( M vs &)
T / m\?, TEN<ION
~ A7
ST WA AFEAS
2 % 1/ Fa : y
s
FPEP CORE
Var v 3

#h - VA unEQ TEMAow

COrFPRESSION
APEAS

R
(o]
M-f (y = y) xo (e(y) x B{y) dy
-R
(o]

F = _jL o (e(y) x B(y) dy = 0
~R
o

ey) =¢ x (y-Y)

Maximum strain: side drop unequal case

p’ 2‘83
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2.848 x 107 % [(28/2) + 3_]- 4.84% < 8%

Code input plastic curvature vs moment
Point 1

M= 48,0 x 10% ¢F = 0.0

Point 2

M=71.5 x 10*

¢F = 0.0021 - 71.5 x 10%/(21,500 x 27.7 x 10%)
= 0.00198

Point 3

M = 8905 x10‘
¢F = 0.0053 - 89.5 x 10%/(21,500 x 27.7 x 10%)
« 0.00515

Point 4

M= 105 x 10®
¢F = 0.010 - 105 x 10%/(21,500 x 27.7 x 10%)

= 0.00982
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2.7.1.6 Inner Closure & Cask Bulkhead 30~ft Side Drop (Solid Section)

Results of Computer Analysis

Maximum Load Factors:
Uranium shield, inner closure: 2017 g
4340 alloy steel outer closure: 1133 g

Uranium shield, inner closure:

o, = 26,100 psi < Sy = 48,000 psi € 300°F
4340 alloy steel outer closure: bolts take load

Og = u1,?25 psi
bolt

Max. strain:

Element 15 plastic curve = 2.032 x 10-?
03A side drop code (solid)

Strain = 2,033 x 10-* x 14 = 2,.8% < 8%

€
¢ ==
RO

2.7.1.7 Unequal Tension Compression 30-ft Side Drop
Results of Computer Analysis

Max Load Factors

Uranium shield, inner closure = 2094 g

4340 alloy steel outer closure = 1351 g
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Max Stress
Uranium shield, inner closure:

o, = 27,100 psi < § = 48 ksi at 300 ;F

L340 alloy steel outer closure

Hold down bolts take load in shear:

¢ = 49,035 psi

sbolts

Max Strain
Element 15 plastic curvature - 3.925 x 10?
Strain: 3.925 x 10-? (2872 + 3) = 6.7% < 8%

(Neutral axis averages 3 in. below centerline)

¢ = —

R
o

02A side drop code 3.92 x 10-?

2.7.1.8. Cask Side Drop Equation Derivation

The development of the side drop equations used in the computer code
is presented in the following writeup.
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The cask is divided into 69 lumped masses joined by a line beam with
the appropriate representative section properties, i.e,, the initial cask
drop velocity is that realized when dropped 30 ft height, making a
simultaneous head and tail ground strike. As the cask has a plywood impact
limiter of larger diameter than the body proper only the head and tail
section make initial ground contact. Then as the beam deflects additional
base reactive forces are imparted to the beam as shown ih the line element

sketched below,

The beam element force and the dynamic equilibrium of each mass
element is generated in terms of the bending moment at the mass point. A
second ¢éentral difference is used to approximate the curvature of the beam
segments. The bending moment is related to the curvature through a

one-dimensional yield criteria and associated flow rule.
CENERAL ODEVELOPHENT

OERIVATICA OF DYNANMIC PESFONZE ofF EEAM

U~ A AN A
U/

-1 k'{’ k’rﬂ -
V4 /717 7l7 J?/ o

BASE REACTIVE FORCE AT TIME ¢t

> X

Beam element (between masses) forces
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Dynamic Equilibrium of Mass r

™o

l

| ) |
\\// l gf+:

/]

C,.)/ ‘ y
r

~

”

The curvature at point r is approximated by the second central

difference for interior points.

(,d_zx) - - ,_1_ (yr+1 - Zyr + yr_1) C'\‘/B

dx? Ax? r-2 r r+i

The Moment m is Defined

d?’y _ EI

M = El e =~ (y -2y, * ¥Y._q) (1)
r dx? axt r r=1
Interior Nodes' Dynamic Equilibrium
O = By
vrl r o (2)
» Ax
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Substituting the shear expression in the above ylelds:
(h 1 -2 mr + mr+;) .
. - N DP= =
m ryr : +C Yo * K Yp = 0.8
Ax
At the first node
g
O—1) 0
T T v,
<y
Ky g
my
Then for Node 1
my =V, ,*CF *ky=me (3)

Substituting as before but with the moment on one side only of the mass,

T 7§
n,y -5 +C,¥, + k,y = m,¢g v //—‘\\
Ax ' £-LL ‘ \\~/7
T N
and in similar fashion, the last mass ! 1\
34 ky
ey
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equation is defined:
m2 1 .
mzy,-“wyzwyn-mzz | (%)

The second difference scheme and predidting algorithm are indicated
below (see Ref. 2-14) for the At time stations:

y(s"'?) - 2§$) - y(s-1 )4, y(s) M._z (5)
and

(s) _ _(s-1)
9(3) y y « y(s) 8t (6)

At 2

Substituting Eq. (6) into Eq. (2) gives the following:

m 2m +m
mg-kyd -c(y8) - yle )y o T2 F (g
y(s) - At

(mp + ¢ At/2)

To start assume (Ref. 2-14, p. 6)
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As y(Z) is not known the first value is assumed and then Eq. (7) may
be solved for a corrected Y(Z). This process is repeated until no change

is noted in y(Z).

2.7.1.9 Determination of Stress During Elasto-Plastic Straining

Considering the elastic strain

dee = D-! dg D = elastic constant matrix

If yield is reached
F(Uo Epnk) =0
where ¢ = relevant stress comp,
sp = accumulated plastic strain, and
k = strain hardening parameter.

Plastic straining may occur and the total strain changes are given as:

de = dee + dep

For added generality the plastic potential to which the normally
principles is applicable,

Q(o, cp. ko) =0

where F = Q
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During plastic deformation by the normality rule:

- . 9Q/3x
de = d ES =dL a°*as= ~gj: ;} - lﬂl
P o0 ' * M
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and is a vector defined at any stress state. During plastic deformation
F =0 and

dF = (3F/30)T do + 9F/3k dk + {3F/3 ep}T de, = 0

If a = aF{aF .and A = :l EE dk + (3F/3¢ )T de ]
: ar | ak P P

dF may be defined: dF = al do - A dx = 0 so that

de = D-! dg + d) a

Premultiplying the aforementioned de expression by aTD and eliminating
d¢ by dF = 0, the following is obtained

al de = A dr + dr B

where d = Da, E = AT d d=0D 5, now the plastic multiplier is:

substituting di in the de expression and rearranging

do = (D-D de = D d
g = ( p) € e, de

where
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dd (D de = dx d)

In the do expression above, the stresses are uniquely determined

during any iteration in which known finite changes or strain are imposed.

Isotropic hardening assumes a uniform expansion of the initial
yield surface, assumingpaFlae = 0 with k defined dE = de . Then for the

P
deu

isotropic work hardening A = l_ M dk = H' where H' is the scope

dx dk
of the curve relating the uniaxial stress and the corresponding plastic

strain,

d dk a = ABS(M)/M
A+ B H' + 8 . with dT = Da, D = H = EI

dx =

B=2a d, 8=pa
. HABS(OOM
H' + H

di d = H ABS(M)/M

g o _HM _ HE

H - H* 1 = H%¥/H

H=EI

4
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2.7.1.10 Corner Drop-Bottom Corner

In the corner drop calculations the assumption is made that the ungula
developed at the impact position represents the total compressive effects at a
focal point, rather than the actual nonlinear distribution of strain throughout
the whole impacting mass, both elastic and plastic. It allows calculation of
maximum stress values, etc., without regard for actual'distribution of stress

and strain at noncritical values.

The calculated ungula is a2 greater volume than will
actually result from impact, for this reason.

3
v(ungula) - E r® [sin & - sin” § _ 6 cose) '
b 3
h 3 3
= = 0.1152 r® o= 14° - 2744

b
o = (0.1152)27484[ ] = 317( )
Assume center of impaet 2 in, from edge, at R = 12 in.
Total weight impacting on SS bottom plate = 46024 1b
KE = (4602%4)(360 in.) = 16,600,000 in. 1b
Mean flow stress for SS. (Approximately)
P = 53,800 psi
KE _ 16,600,000
P 53,800

= 308 in.?

This is the calculated ungula volume

. Vol =317[ ]=308 [ ]e3%.0.972

N7
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0.9848*
3

Let 8 = 100°, then [0.9848° - - (1.745)(-0.1736)] = 0.970

and 6 = 1.745 radians
X =r cosé = 14(0.1736) = 2.43 in.
ber+x =14 + 2,43 = 16.43 in.
h = b (0.1153) = 1.895 in.

2 615.
Contact area A, = approx. M +o2rx = 2.7
2 2

A, = 307.9 + 68 = 375.9 in,?

+ 28 (2.43)

Fax = WPy = (375.9)(53,800) = 20,200,000 1b

. 20,200,000
46,024

- F/wt =« 438 G vertically,

Component along axis:

(438 G)(cos 6.57°) = 438 (0.99343) = 435 G

Bottom Plug Bolt Stresses:

I8diax3"” Ty (1428%x3 = SO
1§ dia x5 Ty 12 x 5 = loY

%" 5" = 23.6
j/S&dnm L4 (5® x1! ____37.2“3*.28({': 10-57 Las
k‘v?:uc&ﬁ*neg/

Souued
Y5-13 Tidb.
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Component of deceleration along axis of cask in corner drop is 435G.
Impact force on bottom plug is:
F = WeG = (10.57) (435) = 4600 1b
Each socket head cap screw has a tensile yield strength of:
20,400 1b (high strength steel - 130,000 psi yield)
4,700 1b (stainless steel - 30,000 psi yield)

Minimum strength: 4 x 4,700 = 18,800 1lb
18,800 _ ., _ 2 og

4,600

Margin:

2.7.2 Puncture

This cask has uranium as'shielding between the inner and outer shells. .,
Therefore, piercing of the outer shell with potential loss of shielding in

the fire case cannot occur.

Instead, a shallow indent appears on the stainless steel outer shell
where the edge of the 6-in. diameter pin partly cute into it. This is
clearly shown in report KY-546 by Clifford, Ref. 2-15. Actually, the pin

is more damaged than the cask.

Energy is, however, absorbed in the three concentric shells of the
cask in bending, with the possible formation of a2 plastic hinge.

The approximate distribution of moments among the shells can be made,
assuming elastic deflections and an extreme fiber stress of 30,000 psi for
both wranium and stainless steel inner and outer shells, with the same
deflections, of course. Relative values follow:

34,24 25,300 in. 1b 1 in. SS outer shell
- 59% 43,500 in. 1b 3-1/2 in. uranium
6.8% 5,030 in. 1b 5/8-in. inner shell
100% 73,830 in. 1b
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Reference 2-16 in the Handbook of the Engineering Sciences - Vol. I -
"The Basic Sciences" (pg. 1302-1307) gives the plastic region diagram in a
beam when the midsection is just completely plastic.

For the uranium cylinder

S N ) a =&
'; = ’3 /4
ELAST(C ELAcT/C r= 9257
Dl W= z=58"
%—

The plastic volume = 4 x volume of shaded ungula

-4 (3)(rg -r}) H-= 4(2)(132 - 9.57) 55
3 3

= 11,520 in.?
Each plastic cubic inch has been elongated 0.2% to reach a terminal
stress of 30,000 psi (yield point for uranium).

The energy absorbed is

30,000
2

U =

(11,520) (0.002) = 345,600 in. 1lb
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The total energy of the 40-in., fall is

Utot = (46,500 1b) 40 in. = 1,860,000 in. 1lb

The difference must be absorbed in bending of the "plastic hinge."

UB = 1,860,000 - 345,600 = 1,514,400 in. 1b

Determination of plastic section modulus

IEE ‘ -1r. b= WOTH E%J_L

-_ h A RECTANGULAR ' '

/(//;7 l’ secTion o

o J: f

N :
-4 - Tkse

eﬁa{

Elastic Plastic
% h (2 h (h 3
Mo == x = (= h) b M =g x- (=b) oM =2 M
2 2 3 P Y o P >
- bh? -0 bh?
Y 76 Yy

For the circular section of the uranium cylinder

(r* - r*)
11 (re=ry) zp= 2 o ¢

i E
'} 4 r,

and

\_/ 2-99
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8 e b
(ro "1)

N
]

nlw
|

r
0

- 3m (3 - 9-57) | qg60
8 13

The plastic moment at the midplane is

= (30,000)(1860) = 55,800,000 in. 1b
U, = Mé :

B
/%;éo
1,574,400 = 55,800,000 (6) — || —7

_ 1,514,400

= 0.0271 radians = "1.56°
55,800,000 :

Estimated Actual Angle of Bend and Elongation

We are now justified in assuming that the actual conditions,
showing loadings on all three shells, would reduce their common
angle of bend to

For the outer fibers of the outer shell this gives —3] k%-&
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ro = W §= re-= (14)(0.925) (0.01745) = 0.226 in.

Consider this to be the measured elongation over a 2-in. gage
length tension test piece.

0.226
2

= 11.3% elongation

Stainless steel has 40f elongation o.k. No Rupture
Uranium elongation 13/14 in. (11.3) = 10.5% elong. at R = 13 in.
10.5/14 in, (11.3) = 8.5% elong. at R = 10.5 in.

9.5/14 in. (11.3) = 7.7% elong. at R = 9.5

2.7.3. Summary of Damage - 30 ft Bottom Drop

The HONDO runs simulate a cask bottom impact on immovable ground by
assigning the 30-ft free fall z-velocity to.all nodes, except nodes 1
through 11 on the bottom surface, which are given zero velocity from time
boint 0 and on. (HONDO model geometry described in Section 2.7.5). From
these initial veloecity conditions the dyamic response of the cask is
determined by the code, and selected displacements, velocities,
accelerations, and stresses printed out at specified time intervals.

The computed answers are based on idealized material properties that
conservatively substitute the actual material properties within strain and
strain-rate ranges experienced in all regions of the cask.

V-V°+at

S=5 +Vte+tats
° 2
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" 32 ft/sec? = 384 in./sec? Vo =0

[+
[]

S =30 ft = 360 in. for 1/2 a t2 = 360
or
t 2 x 350 _ 1.3693 sec
384 -
V=0 (384) (1.3693) = 525.8 in./sec

9 1"001
3
Ne

GADR-65
Volume 11

Initial z-velocity = -525.8 in./sec for all nodes except nodes 1 - 11.
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2.7.4 Materials Data for HONDO Input

The following material characteristics at applicable temperatures are

required input:
1. Mass density.

2. Stress as a function of strain up to a permanent set of approxima-
tely 0.5% (which correspond to approx. one inch compression of the

cask.
3. Yield strength as a function of strain rate.

The stress-strain function is idealized into straight lines and

o’ Et ’ and.B. A stress-strain curve for
the 0.2% Mo-uranium alloy lid shield material was not available from the
supplier until after the analysis was made. The idealized curve used in
the HONDO input was therefore based on estimates derived from several
available sources of information regarding pure uranium and uranium alloys
with varying amounts of molybdenum. The idealized curve is conservative in
that u; < oy. All HONDO runs made produced stresses in the lid shield that

were lover than o) (¢! = 30,700 psi for 300°F and € = 10-°.

expressed by parameters E, v, t

The strain rate sensitivity for the cast 304 stainless steel is based
on a 3571 1b/in.? increase in yield strength peh'decade increase in strain
rate (Ref. 2-27). The cask steel temp. is 250°F + 300°F which corresponds
to t121°C + 149°C, The actual strain rate sensitivities at these tempera-
tures are probably lower than at room temperature. (Ref. 2-22). The strain
rate (&) for a normal tensile test is ~10-*, For strain rates below 10-*°
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the 304 steel yield strength is assumed constant and equal to the value at
é = 10-30

For the uranium-moly alloys the strain rate sensitivity was assumed
similar to the one depicted on Fig. 17, Ref. 2-23 for purge a-uranium-
extrapolated downward to & = 10-6, In the range above & the yield strength
is assumed governed by the power equation: (Ref. 2-24, p. 18)

« \1/P
t = ¢ 1 +(.|e—l)
y o]

D

where t = the yield strength at ¢ = 10-* (~zero rate. ¢ = 10-* in./in./sec .
corresponds to a doubling of length in 10* sec = 278 h, which is a very low

rate of strain.)

The "to" value read from the idealized stress-strain curve is based an

€ = 10-’0

Because of uncertainty regarding the validity or the strain rate
sensitivity data, the HONDO run will be repeated with strain rate parameters
p and D input as zero (gives strain rate insensitive behavior per Ref. 2-24,
pg. 71). The model which produces the highest stresses in the 1id will be
used for analysis of the 1lid.

The required materials input data are tabulated in Section 2.7 .4.

To clarify the results obtained in the HONDO analysis a further
discussion of materials data and procedures is provided in Section 2.7.4.
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Material Identification Nos. 1 & 5

(Cask shells, container shell, inner closure, top member).

250°F

304 Stainless Steel ----=-- + at

350°F

ASTM A 351 SR CF-8, ASME Code Sect. III Designation: SA-351, CF-8

p = 0.290 1b/in.®
g = 980.665 cm/sec.? ~980.665 (0.3937 in./cm) = 386.0.88 in./sec

0.290
368.088

= 0.0007511 1b/sec?/in."

Mass density = .
g

27.4 x 10* psi € 250°F

E = 37.7 x 10° psi € 300°F
B 172 Ckst) e e e e e s e e e e o+ m e e -

4.

- — b e e et e ® s S s o E———————— e om P

sA —3 s/ CE-8. 3/54& SEEVETH DOTA

o e — —— - —r———— ————— a0 ————p———— . = o = o

16 — . —
. e L L X P ———— —remmmmm— T —
00, g..o soo -m G_‘_qo_ 6_0_0__ TRaR (%) - - -
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o 250°C = 23.7 ksi g

oy Y 250°F _ 23.7 | | Lus

Oy 300°F = 22.5 ksi Oy yooor  20+7

(o] [+]

y 400F = 20.7 ksi %y 250°F = 22.5 _ , os7
Oy 4OOF 20.7

Idealized stress-strain curves are drawn upon Fig. 3.03112 (from
Ref. 2-7) below, using E-values and oy-ratios from preceding page.

250 F
380 °F
© / l TYPE 304 260°F
40 — ‘—J' ‘-i
: ] {
=t |
20 ] - ! soor | €300°F
i 0.004  0.008  0.012  0.016

STRAIN « I¥ PER IV

FIC 3.63112 STRESS - STRAIN CURVES AT R00A AND
ELEVATED TEMPERATURES {33)

By scaling graph:

For 250°F (E = 27.4 x 10‘ psi): to = 29,500 psi

For 300°F (E = 27.? X 10‘ psi): to = 28,400 psi

Hardening modulus in both cases:
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E Ag 7368
t B e =
AE 0.018

= 409,300 psi

Strain rate sensitivity: Ac¢ = 3571 1lb/in.? per decade increase in e
for ¢ > 10-%. (Ref. 2-27)
29,500 psi € 250°F

t =t = for é = 10-?
28,400 i € 300°F

t, =ty * [3571] [log,, (10 &)1 for & 2 10-%

2.7.4.2 Material ldentification No. 2 (Uranium Shield, Lid)

0.2% Mo Uranium Alloy (Cast) € 300°F

Density per supplier's data:

p = 18.81 g/cm?®

p = 18.81 g/cm* ~(18.81) (0.03613) = 0.67961 1b/in.?

Mass density = 06_7991- = 0.0017602 1b sec?/in."

386.088
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v = 0.21 compared with v = 0.25 for pure uranium.

B
- .._-_....-.1.‘.17:.&} 23.30 el psE

"~ Svoce o4 —
e . . g - - wee em—— e .-./........ - . . . e - ——-em .- .. vatﬁmte. .
.- S U .. : IR Y /., ; 3[‘
 Sgield— —T —.4/54_0.;[* —— f
. e A .. STRESS - STRRIN CURVE
30 000 < | / , / o

mmmem - PER  -SUPPLIER S - DATH - -

- zo aoo L= S R .'_--..-.....V._._...._A./._:._..A......- v m——— -
40 000 - e -

| . — & - -
R RIS, |, L S, T, - 4 g0 G- - - JOO8 — o .

0.2% Mo-uranium alloy (cast) lid shield material € TO°F in tension.

Strain rate ¢ = 10-%,
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Adjustment for 300°F Temperature

T0°F ~21°C ~294 K., Read: E,, = 29.0 x 10 psi

Ref. 2-23 3009F ~149°C = 422 K. Read: E,,, = 26.2 x 10% psi
70°F ~21°C. Read: °y1e1d = 48 ksi.
c = 100 ksi
Ref. 2-23 ult
300°F ~21°C. Read: o , ), = 48 ksi.
Ouit - 78 ksi
AdJjusted Data:
42
o, = (41,500) — = 36,300 psi
48
o = (75,900) T8 . 59,200 psi -
u ’ _— —J—_&
100
E = (23.31 x 10%) 25:2 . 21,1 k 10° pst

29 .0
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The stress-strain curve below was constructed on the basis of the

adjusted values of oy; 0y and E.

40 000
9;:'(7

‘300004

L
i

(rst)

"3&3007’—- —_——

//2— E== 2// xlo p:c
s wltimele
= 54200 pgf

YA

e ——

Supplier

E =

|

- o 000
T

W (psé)

o _.__7_._-.__..._". |

|
.aoz. .Mf cm e, 006 - . 008,
s Stress-Strain Curve AcCjusted for 300°F Temperature

10-‘ .
CSTIESS = STRRIN CULVE
- (800 °F w 7'54/3/0.0)
E-.- 2””0 /’“ . AR

—n T = ~
£4200p3C

-/

g

JZZED?ZIZdEb 971!2£$¢’7Z%%V

0.2% Mo-uranium Alloy (Cast) € 300°F in Tension

/ Y AR L C4RvE usEd w HowDo.

R e MNPYT oo e e .
P, / - . _— -

N S

/ e

.oaz .004 .aoé .- . sO08.. .
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Strain Rate € = 10-%.

- ]
Et 1.35 f ?0 psi
to = 28,000 psi

o§ = to + (Et) (e) = 28,000 (1,350,000) (0.002)
= 28,000 + 2700 = 30,700 psi

o} = 30,700 psi exceeds stresses experienced in 1lid.

Slope of Et line is acceptable for the 30-ft drop analysis since
stresses in the 1id never reach the idealized static (é = 10-?) yield

strength o;.

Strain Rate Sensitivity Constants P&D

Refer to Ref. 2-23 and use to = g at ;'- 10-* (by extrapolation).

extrapolation).

Analysis of Fig. 17, Ref. 2-23:

e o ammmie e o ee e am e aem ,.h““m”‘Q‘(ps;)" . R

e it e & — - . .. SCARLED .

..-?el?e‘_-d-llﬁ/‘_-—- 1 } . @.v A4 scn/.;):
.;/l"’ - é ..€ ... A= ,31
T - o | — ] A 4 { B=.99
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173 (B-A) = 1/3 (0.99 - 0.31) = 0.22667

A + 1/3 (B-R) = 0.31 + 0.22667 = 0.53667

A+ 2/3 (B-A) = 0.31 + 0.45334 = 0.76334

Log 1.6881 = 0.2274 ~(0.2274) (1.36) = 0.31 = A
0,p-¢ = 1688 psi

Log 2.u8y‘- 0.3946 ~(0.3946)(1.36) = 0.53667 = A + 1/3 (B-R)
0y0-5 = 2481 psi

Log 3.6415 = 0.56128 ~(0.56128)(1.36) = 0.76334 = & + 2/3 (B-A)
0104 = 3642 psi

Log 5.345 = 0.7279% ~(0.72794) (1.36) = 0.99 = B
910-% = 5345 psi

Power law (Ref. 2-24):
_ . .
b, = t°[1 . (.lﬂ)”p] or |&] = D(_"- 1)"
D to
for |&| > 10-*

4 & = -‘ . .‘
Taking to ty for ¢ = 10 : to 1688 psi

2-112
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P

(2): 10-* =D p

)

()

(3): 10-* - 0(5_3“2- 1)p
)

2481
A 10-! = 1688
) 3642

1688

p
- [2:%6981 P _ (0.4058) P
1.1576

-1 = p log (0.4058)
-1
-0.3917

(1): o5 . pf 2481 _ ,)2.553
' 1688

p= = 2,553

lo-f (0.4698) 2.553 _ 0.1453
D

10-%
0.1453

D= = 6.882 x 10-%
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(3)

(2):

For HONDO analysis use average values:

10 | (1.576)

3642 _

—_1

p
5345 _ :
1688

-1 « p log (0.5343)

-1
p-

= 3.6738
=-0.2722 '

10-% =« D (1.576)3'6738

19 3-6738 _ 4 7110

D

10-*
1.7110

D =

= 5.,8412 x 10-*

p=1/2 [2.553 + 3.6738] = 3.113

1688 _ [1.1576
2.1665

910013 NC

GADR~-55
Volume Il

)P - (0.5343) P

D=1/2 [6.882 + 5.8412) 10-° = 6,362 x 10-*

For 0.2% Mo-uranium alloy €300°F: idealized

ty = 28,000 psi for ¢ = 10-?

t P
HE D[_".- ]
£, .
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. -
3.113
10-* [6.362 x 10-3] | 23:000 _
. [,
‘ T13.113
'5.718 = | 28900 _ . 3113
t:O -

Log 15.718 = 3.113 Log x = 1.1964

1.1964
3.113

Log x = = 0.3843

_ 28,000 _

%o

X 1 = 2.4228

28,000 _ 2 y4o0g ¢, = 28,000
t 3.4228

)]

. 103 1/3.11
€ =10-%:¢t = (8180) [1 + = (8180) [1.552]
y : 6.362 x 10-%

= 8180 ksi

O lm

ty = to 1 +(

= 12,695 psi

10" 1/3.113
& =10-* : t_ = (8180) |1 + = (8180) [2.156]
y : 6.362 x 10-%

= 17.640 psi
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Me

10- 1/3.113
= 10-? : ty = (8180) {1 + : = (8180) [3.423]

A 6.362 x 10-% J

= 27,800 psi

r 10-2 1/3.113
g = 10-%2 : t_= (8180) {1 + = (8180) [3.423]
y 6.362 x 10-% :

: J

= 49,707 psi

2.7.4.3 Material Identification No. 3 (Uranium Shield, C&linder)

0.2% Mo Uranium Alloy (Cast) €250°F

Pure Cast Uranium : p = 18.9 g/cm?
Densities per Ref, 2-25,

2% Mo-Uranium Alloy: p = 18.4 g/cm®
0.2% Mo-Uranium Alloy: p = 18.9 - 1/10 (18.9 - 18.4) = 18.85 g/cm?

p = 18.85 g/cm® ~(18.85)(0.3613) = 0.68105 1b/in.?

0.68105
386.088

Mass density = = 0.0017640 1b.sec? in."

For Poiqson's ratio use: v = 0.21

Stress-Strain Data

The cask items of this material are primarily subject to compression‘
loading. The stress-strain constants will therefore be based on the com-
pressioh curve in Fig. 2-6. The average curve from Ref. 2-23, which is for
pure uranium at room iemperature. has been adjusted ror 0.2% Mo addition and
250°F temperature and shown together with E and Et lines for $tra1n range of
up to 0.5% permanent set.
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Ref. 2-25 E = [25 - 1/10 (25 - 21)] x 10°¢

82 = 24,6 x 10¢ psi
For 0.2% Mo-uranium alloy at room temperature.
Reduction of E for 250°F temperature:

For 70°F ~21°C ~294 K. Read: E,, = 29.0 x 10® psi

For 250°F ~121°C -394 K. Read: E,,, = 26.8 x 10 psi

E = [24.6 x 10%] EE;E-- 22.73 x 10* psi

29.0

Reduction of ¢ for 250°F temperature:

yield

709F ~21°C. Read: = 48 ksi

°yield

250°F ~121°C. Read: = 43 ksi

°yield

Factor = Ei = 0.8958

48

Increase of ¢ for 0.2% Mo addition:

yield

Pure uranium: °y1e1d = 25 ksi
0.2% Mo-uranium alloy: °yie1d = 55 ksi
o,zz Mo-uraniium alloy: O ield 25 + 1/10 (55-25) =28 ksi
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Factor = EE = 1,12
25 :
Total Adadjustment factor = (0.8958)(1.12) = 1.0033
By scaling and adjusting points on the curve in Section 2.7.4.2, the
following points are arrived at:
€ = 0.002 permanent set = g = °y1eld = (73,000). (1.0033)
= 73,241 psi
€ = 0.005 permanent set = ¢ = (82,105) (1.0033)
= 82,376 psi
\ Using E = 22.73 x 10* psi together with the two stress values above,

the stress-strain curve'detail in Section 2.7.4.3 was drawn.

HONDO input values are scaled from this graph:

to = 64,200 psi

E, = 3.15 x 10 psi

t, for the strain rate sensitive case is determined from equation;

. 1/p
t =t 1+ lfl
y o D

( 103 1/3.113
64,000 = ¢t 1 + )
°r - \6

0362 X 10-5

\\// 2-118



= to [1 + 2.4228]

to = 18,756 psi

“é‘ (psi)
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c3freb)

.

——/ B _"" T o
R f:;'_‘/"' T T

N - — - - - - - —— — - =
- —— - ——— — —_—— -

1 _eor o0z . 0

Figure 2-6

Detail of Stress-Strain Curve for 0.2%
in compression.

E = 22.73 x 10* psi

2-119

Mo-Uranium Alloy (Cast) €250°F



910013 xg

GADR-5%
Volume II

°yield = 73,2"? psi

By scaling graph:

to = 64,200 psi

E =9« 31,500

t € 0.01
2.7T.4.4 Material ldentification No. U4 (Inner Closure Top_ Membrane)

= 3.15 x 10° psi

Identical to material identification No. 5 except for the use of an
arbitrary small E value. This was done in order to simulate the weight
effect of the 1lid membrane without taking advantage of any stiffness that in '
the solution could unrealistically benefit the uranium shield.

Material Identification No. 6 (Top Head of Cask)

4340 Low Alloy Steel. Heat treated to minimum 150,000 psi yield €300°F.
Composition = 0.4C, 1.8 Ni, 0.8 Cr, 0.25 Mo.

150 ksi yield €300°F requires an F__ = approximately 175 psi at room

tu
temperature (Ref. 2-7).

p = 0.285 1b/in.*

Mass density = £ « 2285 . 0.0007382 1b/sect/in.

g 386.088

E= 29,0 x 10* psi €300°F.
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Stress-Strain Data

The 0.002 yield point for 175 ksi material will be ~165 ksi.
By comparison with low alloy steel SA-533 (1/2 Mo):

82.5 ksi €100°F

o -
yleld 76.0 ksi €300°F
4340 yield point €300°F = 12:2 (165)
82.5

= 152 ksi ~150 o.K.

Although the curve is flat at room temperature, there will be some
slope at 300°F.
E = 1 34000 _ 5 o5 4 q0¢ psi
2 0.01221

. _-...qo / . ™ 7 . - —- 5-—-_'..--

=o€ ("/w)

e — o - — - - ‘ 3 - : Ea..

* ]
s .

% Stresses in the bulkhead never reached t_ in any of the HONDO runs. Con-
sequently, the Et value had no effect on tﬁe computer answers,
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e, = 0.002 + % = 0.002 + —122:000
E 29.0 x 10¢

= 0,002 + 0.00524 = 0.00724

to-Eel'ég.ox10‘€,

?50,000 =t <+ (eT ->€r) Et = to + (0.00724 - €,) (2.22 x 10¢)

t
150,000 = t_ + (0.00724 - ° (2.22 x 10%)
29.0 x 10¢ ‘

150,000 = to + 16,076 - 0.07655 to

to - ?"5,000 psi . .
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Strain Rate Sensitivity is minimal for 4340 material €300°F (Ref. 2-22).

Materials Data from Ref. 2-T:

Fe10. 4C)- 1. A0 -C. 8CF 0. Mo |
r«m-u'n:s]
S V
- Arﬁ
/ 200 &St
ol =
g 140 K51
120}
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1/
]
e €00z €.004 C.006 6.008 .00
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cooe 1206
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.y el 1
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TABLE 2-6

SUMMARY OF MATERIALS DATA FOR HOMDO INPUT

t
(p81)
Strain Strain
Rate Rate In=
Mat'1 D::::ty Sensitive Sensitive
Ident. Temp. 1b sec? E  Case _ ,Case _ E
Item No. Mat'l (*F) (—-TET'- (10* pst) v (e =10 ") (e =10*) (10* asl) p D x 10® Notes
Cask shells " 304 SS 250 0.0007511 27.4 0.3 29,500 29,500 0.4093 +--Note 3~-+ 9
container cast
shell
Uranium 2 0.2% Mo-U 300 0.0017602 21.1 0.2t 8,180 28,000 1.35 3.113  6.362 L]
shield, alloy cast 5
1id ’ 6
Uranjum 3 0.2% Mo-U 250 0.0017640 22.73 0.2t 18,756 64,200 3.15 3.113 6.362 L]
shield, alloy cast 7
cylinder
Primary L] 308 SS 300 0.000751% Aribtrary 0.3 28,400 28,000 0.4093 ¢-~Note 3--+ 5
closure, top (low E) 9
membrane
Prim. closure 5 304 sS 300 0.0007511 27.1 0.3 28,400 28,800 0.4093 +--Note 3--+ 5
plate, top 9
end of cask
shells
Top head 6 4340 low 300 0.00073082 29.0 0.3 MNote 8 145,000 2.22 - ¢--Note 8--+ 5
of cask alloy steel ) 6
F . =175 9
t¥ysi
NOTES:

t. Symbols per Ref, 2-2M,

2, B = 1.0 for all materials. . . -

3. 30088«t =t + [3571)(108,,) (10® €)] for ¢ 2 10 * {n strain rate sensitive case.

N, Strain rat; sengltlvlty governed by pover law (Ref. 2-2% for materials No. 2 and 3.

5. Top end of cask is insulated by plywood. Design temp. = 300°F.

6. Stress-strain constrainta bsaed on tensile data.

7. Stress-strain constants based on compression data.

8. Strain rate sensitivity is negligible for material No. 6 @ 300°F (Ref, 2-22).

9. Stress-strain functions for this materfal are similar for tension and compression within range considered (permanent
set $ 0.5%).
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2.7.5 Cask Model for HONDO Analysis. Figure 2-7 on the following pages
describes the computer model with node and element numbers which were

produced by a mesh generation program.

2-126



NC

GADR-55
Volume II

910013

.u_. _m
___u.".
___.____:

|
1
H
i
1
.
1
'
1
:

_
_
_
|- ._..uu\ws«m&&-u.\:l'

o

eV —Nsasg e | ;
I s o KR N I A N
RN P e Rt 2SS A o2
; N B | e 71V R .I*.
; L Stk e ’ QI [112 Seb ob 4 n
§10°99% »2 — |~ —|— —|—— “|L ez | 462 | 96z | 562 | #8Z | €€z | 7¢¢ | 9¢° S0z
DUE HF=Z (577 (27 (777 Y77 IR [ £ 773 a7 77 % For
_’ b8 | Sz | 4vd | Mz | skz | b¥t | Sh2 |2z | w2 | 0sz | Cuz _ 902
obsee -Nunw._ £ 36| ¢ # (114 Giv 73 7 PR Ty vib F7.13 .
’ Je9% | 65z | ¥52 | 4sz 192 | 452 | bor | €52 | 338 | /92 | 05% .gﬂh. 202
96902 <Z 5 o e R -5 553 75 o5 b 494 4o
90690 R»_ 43 ohﬂv 92 _33 3-_; _:.vumr 59z | 9 €9 T2 | /9 xb
04L740Z »Z ) SH I 4eh ] N T 77 DT B T R T2 N
RS emw_v au.: osz | 6uz :u.; ‘iz | oz |'suz | buz | €z | s .I*I -807
» 4 — : 9 »
il Imv_ T T TR i s | set| eirt| @] 25| sen ww “n | 407
06/ 60T *Z o 7] yF$7) C177) R T 7 ,
_ /¢ | o shwt avtl aeg |iser | sor 669 | 29 ™) _ op9 ' X2
' 59,602 e l———3515, -’ ¥ r 77 [ AR S TR T T AR | [ T 1 nmm_ L 01z
) .l'lh&h\.s.—."w . : m 1. ¥$¢2
o $90°8 -mtea— . oy | 2 Lue
oo b ——Xg75%) , . | ; |
N
P _ Coy _:_ R R T Ganini) z
_ "hmts%\m w | swassvamies | 2| s 27475
o L :

— ) -
(757 221 = "{7). TF=sT Aorry moy oFek
L - \TTIHANIOE oL - TFQOH OQNIH

i ] ' .

L= 319VL

2-127



§10013 NC

GADR-55
Volume II
TABLE 2-8
BOTTOM 30-FT DROP HONDO MODEL
ELEMENT MATERIALS SUMMARY
Element Type
From To Item Material (Identification)
1 206 Cask shells 304 SS €250°F 1
207 231 Top end of cask 304 SS €300°F - 5
shells :
232 280 Bulkhead top end 4340 low alloy steel 6
281 302 Primary closure plate 304SS €300°F 5
303 358 Uranium shield, 1lid 0.2% Mo-U alloy 2
359 370 Primary closure, top 304 SS (Low E) y
membrane
371 464 Container shell 304 SS €250°F 1
465 474 Container shell, top end 304 SS €300°F 5
475 628 Uranium shield, cylinder 0.2% Mo-U alloy 3
629 648 Bulkhead top end B340 low alloy steel 6
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2.7.6 Conclusions of HONDO Analysis

2.7.6.1. Summary of HONDO Analysis

The two HONDO runs made (for strain rate sensitive and strain rate
insensitive material behavior) were based on an assumed perfectly vertical
bottom impact after a 30-ft drop.

Any impact at an angle with the vertical sufficiently small to prevent
the cask from falling on its side after the initial contact (that is with
the projected C.G. being within the bottom support circle) will be very
similar to the perfectly vertical case. In fact, an impact at a slight
angle will probably result in more energy absorption through plastic flow
[in compression with no tendency to cracking] of the impacted corner and
consequently a lower G-loading of the container lid structure. The per-
fectly vertical case analyzed should therefore conservatively cover all
impacts with the projected C.G. within the bottom support circle.

A drop at a larger angle with the vertical will be less severe on the
initial impact because part of the fall energy is being converted into
rotation of the cask. The eventual side impact of the cask would be less
severe than a perfect side impact after a 30-ft drop. In conclusion the
perfectly vertical impact and the perfectly horizontal idpact cases will

conservatively cover any case in between.

The following computer generated plots are presented on the following

pages:

1. Computer model with node and element numbers (result of a mesh

generation program).
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2. Plots from time of impact of selected stresses, displacements, and
displacement gradients (L + AL/L) vs. time for the strain rate
sensitive and strain rate insensitive case (HONDO plot).

It is evident from the plots that absolute values of all critical
stresses are maximum for the strain rate sensitive case. Absolute values of

all critical displacements are maximum for the strain rate insensitive case.

Vertical displacements of top bulkhead lower surface and container lid
upper surface vs. time are virtually identical. Similarly, the bottom
surface of the uranium shield in the containerllid and the top surface of
the 1id itself are moving at the same rate. Thus, there appears to be no
problem of interference among these parts by closing of the initial gaps
between them.

The maximum absolute principal stresses in the top end of the cask have
been extracted from the HONDO output and listed below. As expected some
yielding will take place in the cylindrical stainless steel portion of the
cask and container shells. However, stresses in the container 1lid and
bulkhead are below the yield strengths of the materials at 300°F. Distor-
tion of the structure supporting the seals should therefore be negligible,
assuring that no leakage past the seals develops as a result of the drop.
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MAXIMUM ABSOLUTE STRESS SUMMARY PER C.P.O.
(STRAIN RATE SENSITIVE CASE) (RUN NO. BOT-12)

Max. or Min.

Time Predominant Principal Yield Strength

(10-* Stress Stress at Temp. (psi)
Component Element No. sec) Type(s) (psi)
4340 stl 232(Bot. CL) 12.0 Radial & Hoop. 38,970 150,000
Bulkhead (300°F)
0.2% Mo-U 347 (Top CL) 13.5 Radial & Hoop -29,030 36,300
Alloy 303 (Bot. CL) 13.5 Radial & Hoop 28,850 (300°F)
Shield,
Lid
Top End of 205 (Inner 12.0 Axial Compr. -53,140 ¥30, 300
Container Cyl.) (250°F)
Top End of 468 Cylinder 19.0 Axial Tens. ¥#50,990 ¥29,200
Container Below (300°F)

Flange

Container 281 (Bot. CL) 13.0 Rad & Hoop 27,860 ¥29,200
Lid Housing (300°F)

*oy ~ to + Et (0,002) = 29,500 + (409,300)(0.002) = 30,300 psi €250°F

oy - to + Et (0.002) = 28,400 + (409,300)(0.002) = 29,200 psi €300°F

¥%yltimate tensile strength = 64,300 psi at 300°F

(0.90 (UTS) = (0.90) (64,300

57,870 psi
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Bolts

The 1/2-in. -bolts for the container 1id and the 1-1/4 in. bolts for the
cask cover head are designed for side and drop cases, and are not critical
for the bottom drop conditions, where the lids are being forced by inertia
downward toward the seals.
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Drop Conditions at Low Temperature (-40°F)

Protection against brittle fracture at temperatures down to =40°F is
provided through the selection of proper materials for the structural parts

of the alternate closure system.

The container 1lid housing (304 stainless steel SA-240) with its bolts
(high alloy steel per ATM 5735), and the outer 1lid bolts (SA-453, Grade 660)
are all of austenitic stainless steel material for which no impact testing

is required (see Ref. 2-2).

For the outer 1id HY-140(T) material typical data from Ref. 2-7
indicate an energy absorption of at least 15 ft 1lb at -40°F.

The 0.2% Mo-uranium alloy lid shield material has been impact tested
and found to exhibit acceptable toughness at -40°F., Documentation of the
charpy V-notch testing of this and other alloys of depleted uranium is
provided in Ref., 2-21.
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Figure 2-8

AXIAL STRESS IN ELEMENT 205, STRAIN RATE SENSITIVE CASE
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Figure 2-9

RADIAL STRESS IN ELEMENT 232, STRAIN RATE SENSITIVE CASE

i N

n—:‘f ‘ [\AA A ,

L IR T

- | V\*VV
. N

TIME <~ <104 SECONDS

2-142

“2/-L0S OV MANY OQNON LI



910013 NC

GADR-55
- Revision 0
Figure 2-10
HOOP STRESS IN ELEMENT 303. STRAIN RATE SENSITIVE CASE
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SHEAR STRESS IN ELEMENT 318. STRAIN RATE SENSITIVE CASE
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Figure 2-12

RADIAL STRESS IN ELEMENT 347. STRAIN RATE SENSITIVE CASE
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Figure 2-13

HOOP STRESS IN ELEMENT 468. STRAIN RATE SENSITIVE CASE
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Figure 2-14

z DISPLACEMENT OF NODE 396. STRAIN RATE SENSITIVE CASE
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Figure 2-15

1 DISPLACEMENT OF NODE 406 (Z=203.015).
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Figure 2-16
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Z DISPLACEMENT OF NODE 422, STRAIN RATE SENSITIVE CASE
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Figuré 2-17

Z DISPLACEMENT OF NODE 496 (Z=200,500-). STRAIN RATE SENSITIVE CASE
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Figure 2-18

Z DISPLACEMENT OF NODE 508 (Z=200.500+).
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Figure 2-19

Z DISPLACEMENT OF NODE 585 (Z=204.900). STRAIN RATE SENSITIVE CASE
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Figure 2-20

Z DISPLACEMENT AT TOP CENTER OF UPPER BULKHEAD. STRAIN RATE SENSITIVE (ASE
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Figure 2-21

AXIAL DISPLACEMENT GRADIENT IN ELEMENT 205. STRAIN RATE SENSITIVE CASE
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F 2-22

AXIAL STRESS IN ELEMENT 205, STRAIN RATE INSENSITIVE CASE
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Figure 2-23
RADIAL STRESS IN ELEMENT 232, STRAIN RATE INSENSITIVE CASE
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HOOP STRESS IN ELEMENT 303. STRAIN RATE INSENSITIVE CASE
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Figure 2-25
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SHEAR STRESS IN ELEMENT 318. STRAIN RATE INSENSITIVE CASE
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Figure 2-26

RADIAL STRESS IN ELEMENT 347. STRAIN RATE INSENSITIVE CASE
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HOOP STRESS IN ELEMENT 468. STRAIN RATE INSENSITIVE CASE
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Figure 2-29

Z DISPLACEMENT OF NODE 406 (7=205.015). STRAIN RATE INSENSITIVE CASE
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Figure 2-31

Z DISPLACEMENT OF NODE 496 (Z=200.500-). STRAIN RATE INSENSITIVE CASE
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Figure 2-32

Z DISPLACEMENT OF NODE 509 (Z=200,500+). STRAIN RATE INSENSITIVE CASE
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Figure 2-33

Z DISPLACEMENT OF NODE 585 (Z=204.800). STRAIN RATE INSENSITIVE CASE
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~ Figure 2-35

AXIAL DISPLACEMENT GRADIENT IN ELEMENT 205. STRAIN RATE INSENSITIVE CASE
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2.7.6.2 Discussion of HONDO Analysis

As stated in Section 2.7.6.1, the critical stresses are maximum for the
strain rate sensitive case. For comparison with the stress summary in

Section 2.7.6.1, Table 2-10 is provided for the strain rate insensitive case

HONDO run.

Z-displacements depicted on Figures 2-14 through 2-20 and Figures 2-28
through 2-34 vary between approximately 0.7 in. and 1.3 in. for the time

span considered.

Corresponding range of elongation based on a cask length of ~200 in.,:

0.7 ¢ (13

200 200
or

0.35% < ¢ < 0.65%

which corresponds well to the 0.5% range used for construction of stress-
strain diagrams in the materials data for HONDO input Section 2.7.4.

Materials

In order to clarify the validity of the materials data used, an
additional HONDO run was made in December 1978 (Run No. BOT-08). The model
for this run is identical to the original strain rate sensitive case model
(Run No, BOT-02) with the éxception of the 1id uranium shield, for which
strain rate insensitive behavior was input.
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TABLE 2-10
MAX. ABSOLUTE STRESS SUMMARY PER C.P.O.
(STRAIN RATE SENSITIVE CASE. (RUN NO. BOT-03)

Max. or Min.
Time Predominant Principal Yield Strength

(10-* Stress Stress at Temp. (psi)

Component Element No. sec.) Type(s) (psi)
4340 stl. 232 (Bot. CL) 12.5 Rad & Hoop 23,520 150,000
Bulkhead ‘ - {300°F)
0.2% Mo~U 347 (Top CL) 13.0 Rad & Hoop -18,110 36,300
Al loy 303 (Bot. CL) 13.5 Rad & Hoop 15,650 (300°F)
Shield,
Lid
Top end 205 (Inner 12.0  Axial Compr. -=30,980 30,300
of Cask Cyl.) (250°F)
Top End of 468 Cylinder 23.0 Axial Tens. 30,830 29,200
Container Below . (300°F)

Flange
Container 28t (Bot. CL) 13.0 Rad & Hoop 18,260 29,200
Lid Housing : (300°F)
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As expected the stress and strain histories of all points outside of the
lid are virtually identical for the two models. For the critical points (top
and bottom centerline) of the 1id shield results from Run No. BOT-08 are
summarized in Table 2-11 (compare with Table 2-10).

TABLE 2-11
MAXIMUM ABSOLUTE STRESS SUMMARY PER C.P.0 (RUN NO. BOT-08)
(STRAIN RATE SENSITIVE CASE, EXCEPT FOR LID SHIELD)

Max. or Min,
Time Predominant "Principal Yield Strength

(10-* Stress Stress at Temp. (psi)
Component Element No. seéc.) Type(s) (psi) )
0.2% Mo-U 347 (Top CL) 13.0 Rad & Hoop -28,930 36,300
Alloy 303 (Bot CL) 13.5 Rad & Hoop 29,660 (300°F)

Shield Lid

Plots of the hoop stress in element 303 and the radial stress in
element 347 vs. time for Run No. BOT-08 are shown on Figure 2-24 and 2-26
(compare with Figures 2-10 and 2-12.) '

It is seen that for all three enveloping models (strain rate
insensitive case, strain rate sensitive case, and strain rate sensitive with
insensitive shield case) the maximum absolute stress in the uranium alloy
1id shield will be below static (¢ = 10*) yield strength at 300°F.

Run BOT-08 vertical displacements of bulkhead and 1lid are virtually
identical to those depicted on Figures 2-15 and 2-19. The comments in
Section 2.7.6.1 regarding possible interference are therefore still

applicable.
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For the strain rate sensitive case depicted on Figure 2-10 for elem,
303 there may theoretically be some plastic strain in the shiéld since a
yield strength of 8180 psi is assumed at an extreme low strain rate of 10-%.
However, as shown below by a conservative calculation, the amount of plastic

strain will be negligible.

For ¢ < 8180 psi: elastic strain regardless of strain rate.

Time span during which 8180 psi < ¢ < 26,190 psi: T =6 x 10-* sec
(Ref.: Figure 2-10 and Section 2.7.6.1).

Plastic strain may occur during this time span, provided the strain

rate ¢ < 10-%.
Ir é exceeds 10-? the material will not yield at stresses below 28,000
psi (Ref. Table 2-5).

T2 .
Total plastic strain ¢ = ’ (e) dT
T,

where T, = time when ¢ first exceeds 8180 psi,
T, = time when ¢ drops below 8180 psi, and

€ = strain rate.

Consequently, for e < 10-%:

T
€ < (10—')_}"‘z dt = (10-?) (T)
T

= (10-*) (6 x 10-*) = 6 x 10-? in./in.

~ 6 x 10-*% = 0.00006%
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This amount of plastic strain is minute compared with the tested
failure strain of the material and will not affect the integrity of the
shield.

Properties input for the uranium shield, cylinder, material (material
identication No. 3) are irrelevant for the analysis of the top head and 1lid
of the cask. This is because the uranium cylinder is slip-fitted between
the inner and outer container shells, and there is a2 0.15 in. gap between
the top of the shield and the stainless steel cavity containing it. The
pressure wave from the ground impact will therefore travel through the
stainless steel shells (Material No. 1) unaffected by the uranium shield.
In other words: the HONbO stress-strain history of the cask closure system
would have been the same regardless of what properties had been input for

material no., 3.

The principal tension stress of 50,990 psi shown for element 468 in
Table 2-8 is according to the computer output derived from the following

stress components:

-4,530 psi (radial stress)

~50,850 psi (axial tension stress)

-26,120 psi (hoop tension stress)
2,741 psi (shear stress)

Q aq
L} ]

a
A N

Clearly the maximum principal stress in element 468 is oriented very close
to the axial direction of the cask.

Ultimate tensile strength of material no. 1 is 70,000 psi min. at room
temperature. According to the "International Nickel Company Stainless
Steel Data Book, Sect. 2, Bulletin A (1963 Edition)," pg. 9, the
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nominal UTS veries from 78,000 psi @70°F to 55,000 psi @1000°F. Conserva-
tively assuming & linear variation even at the lower end of the range from
70°F to 1000°F this corresponds to 78,000 - 55,000/1000 - 70 = 24.73 psi/°F.
UTS at 300°F = 70,000 - (300-70)(24.73) = 70,000 - 5700 = 64,300 psi.

2.7.7 Evealuation of FSV-1 Configurations F and G

2.7.7.1 DISCUSSION

The complete structurel evaluation of Model FSV-1 in Configuretions E,
F and G is presented in other parts of Section 2.0. This evaluation is
applicable to Configurations F and G when used for the.transport of

irradiated hardware.
2.7.7.2 Evaluation

The 12-in. thick closure plug for the burial canister provides supple-
mental shielding for both the normal conditions of transport &nd the
hypothetical accident conditions. During the normal conditions of
transport, there are no forces which would move this closure plug from its
instelled position. The hypothetical accident condition most likely to
apply forces tending to move the closure plug is the 30-ft drop onto an
essentially unyielding surface. Neither & drop on the impact limiter nor a
drop on the side would apply forces which would move the closure plug from
its installed position. The drop from 30 ft onto the bottom end of the cask
could apply & deceleration force of up to 905 times the force of gravity
(9505 g). The burial canister rests on the bottom of the cask cavity and the
closure plug is supported on a shoulder at the open end of buriel canister
as shown on GADR-55-2-12 and GADR-55-2-13. As & result of the drop, the
closure plug, which weighs 654 1lb, will apply a force of 592,000 lb to the
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burial canister. The shoulder contact area between the burial canister and
the closure plug is 11.2 in.? and the burial canister wall has an area of
12.4 in.?* Therefore, ihe stress at the shoulder is:

592,000
11.2

= 52,857 1b/in.?

and in the wall is:

592,000
12.4

= 47,742 1b/in.?

The carbon steels used for these components of the burial canister have
yield strengths of 30,000 to 35,000 1b/in.? and ultimate strengths of

55,000 to 60,000 1lb/in.2, As a result of these stresses which are above
yield for the materials involved, there will be some deformation until the
avajilable energy is expended. This deformation will be contained within the
"cask cavity and thus the displaced positioﬁ of the closure plug will be such
that its shielding effectiveness will be maintained.

The base plate of the burial canister as shown on GADR 55-2-12 and
GADR 55-2-13 also provides supplemental shielding for both the normal
conditions‘of transport and the hypothetical accident conditions. Only
during the 30-ft drop onto the closure end of the cask would there be forces
which would tend to move the base plate from its installed location.
Because of the plywood impact limiter, the axial decelerating will not
exceed 107 times the force of gravity (107 g). As a result of this
deceleration, the base plate which weighs 165 1b, will apply a force of
17,655 1b to the buriai canister wall. This wall has an area of 12.4 in,?
. and the stress in the wall vill be:

2-175



¥Yiools NG

~ GADR-55
Volume II

17,655
—1-;-—u— = 1,424 1b/in.?

This stress is well below the 30,000 to 35,000 1b/in.? yield strength of the
material and, therefore, the base plate will remain in place and provide the

necessary shielding.
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2.8 APPENDIX

2.8.1. Discussion .

In an effort to obtain a preliminary indication of the ductility
properties of uranium at subzero temperatures, & series of drop test was
scheduled and conducted et Netionel Lead Company’s Albany branch. Samples
of unalloyed depleted urenium were tested along with various samples of low

alloys to serve &s & basis for comparison.

Various diemeters of as cast depleted uranium round bar were used;
however, each round bar was cut to length such that the length to diameter
ratio was 8 to 1 - this being epproximately the same as the L/D ratio of the
depleted uranium in Model FSV-1 in Configuretions E, F and G.

Most drops were conducted from a height of 29 feet, 3 inches onto
essentially unyielding surfaces of either steel or concrete. Two samples,
also from & height of 29 feet 3 inches, were\dtopped on a sharp edged
fulcrum. Temperature at the top of drop of all samples ranged between -55°F

to -60°F.

Results of these preliminery drop test indicated that the unalloyed
depleted uranium exhibited good ductility properties at low temperatures.
Furthermore, it wasn’t until the third 29 feet 3 inches drop of a test
specimen that ductility failure occurred. A 1-3/16" diem by 9-1/2 inch long
unalloyed depleted uranium round bar was dropped on & concrete impact
surfece with no visible feilure resulting. The same test specimen was then
dropped from the same height of 29 feet 3 inches and at the same temperature
of -60°F on & steel plate. This time a slight bend in the bar was noted.

On the third test, the specimen was dropped on the sharp edge of a steel
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angle. Along with e greater bend in the bar, it was noted that a small
crack developed opposite the side of impact.
2.8.2 Results

See Teble 2-12 on following page for the results of these tests.

2.8.3 Low Tempersture 1/8 Scale Uranium Shell Impact Tests

2.8.3.1 Purpose of Tests

Experimentel knowledge is required of the effects of impact loads as
used in casks with uranium shielding and having relatively large L/D ratios.

The experimental test specimen was subjected to several puncture tests to

determine the amount of deformation end to observe the surface condition of

the urenium in the impacted aress.
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TABLE 2-12
RESULTS
Test Specimen Material Diameter Attitude Impacting Test
No. Drop No. (As-Cast) (in.) at Impact Surface Results
1 1 U-2% Mo 1-1/4 Horizontal Concrete No failure
2 1 Unalloyed 1-3/16 Horizontal Concrete No failure
3 1 Unalloyed 1=3/16 Horizontal Concrete No failure
4 1 U-1% Mo, 1% Nb 0.6 Horizontal Concrete No fallure
5 1 U-1% Mo, 1§ W 0.6 45° Corner Concrete No failure
Drop
6 1 U-1% Nb, 1§ W 0.6 45¢ Corner Concrete No failure
Drop
7 1 U-1% Ta, 1§ W 0.6 Horizontal Concrete No failure
8 1 Unalloyed 0.6 Horizontal Concrete No failure
9 1 Unalloyed 0.6 Horizontal <Concrete No failure
10 2 Unalloyed 1-3/16 Horizontal Stl Plate Slight Bend
11 2 Unalloyed 1-3/16 Horizontal Stl Plate Slight Bend
12 2 U-2% Mo 1-1/4 Horizontal Stl Plate No failure
13 2 U-1% Mo, 1% W 0.6 Horizontal Stl Plate No failure
14 2 Unalloyed 0.6 Horizontal Stl Plate Slight Bend
15 3 Unalloyed 1-3/16 Horizontal 90° Corner Bent &
: | Cracked
16 3 Unalloyed 1-3/16 Slight Angle 90¢ Corner Bent

Corner Drop

Test Conditions

Height of drop
Temperature of specimens
Material Condition
Material Configuration

29!3"
-55°F to -60°F
As cast

Round bars, L/D = 8:1
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2.8.3.2 Material Used

An as cast 0.2% - 0.3% molybdenum-uranium cylindrical shell, 1/8 the
size of the actual shielding in the shipping cask, was used for this series
of tests,

Comparative dimensions and weights:

1/8 Scale Cylindrical Full Size Uranium
Shell Shielding
Outside diameter 3=1/74n ) -
Inside diameter 2-3/8" 19"
Length 24~3/8n 194"
Weight 64 1b 32,800 1b

2.8.3.3 Test Procedures

Tests were conducted using the indoor drop test facilities of NLC,
Wilmington branch. A

An iron-constantan thermocouple was attached to the outer surface of
the uranium cylindrical shell. The thermocouple extension leads were
connected to a calibrated pyrometer indicator.

The test specimen was then submerged in a2 solution of acetone and
dry-ice until it reached a temperature of approximately -60°F. With the
thermocouple still attached, the uranium was connected to a quick release
mechanism which, in turn, was attached to an overhead crane. The entire
assembly was moved over the impact area which consisted of a 3/4 inch wide
carbon steel fulcrum 4 inch deep and 12 inch long welded to a 12 inch x 12
inch x 374 inch carbon steel base plate. This weldment was resting on a
steel anvil pad supported by a concrete foundation. With the use of a
scaled line and plumb bob, the test specimen was raiséd to a height of 40
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inches over the fulcrum. Its long axis was positioned level and perpen-
dicular to the long axis of the fulcrum so that the center of gravity of the
shell would impact against the fulcrum.

When the pyrometer indicator measured a surface temperature of =-40°F
the solenoid on the release mechanism was actuated, pul;ed a release pin and

allowed the test specimen to free fall on the fulcrum.

This same test was conducted at 60 inches, 80 inches, 100 inches and
120 inches. Measurements were taken after each test of the outside
diameter, inside diameter, length and angle of bend.

2.8.3.4 Results

Results of all free fall fulcrum tests proved negative. The test
specimen experienced no dimensional changes or deformations.

The 120 inches drop test had a rebound after impact of 31-1/4 inches
above the fulcrum--the test specimen remained level during the rebound.
Although no damage occurred to the uranium, the 3/4 inch fulcrum received an

indentation approximately 1/4 inch deep.

2.8.4. Uranium Weld Joint Study

2.8.4.1 Discussion

Successful completion of side puncture tests on a uranium casting scale
model has prompted a review of impact condition analyses and has also
allowed consideration of a type of joint for the uranium sections which

permits a greatly reduced depth of welding.
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The previous calculations for side wall puncture assumed the onset of
plastic hinge deformation at 30,000 psi, and required that 83% of the
kinetic energy of the 40 in. drop had to be absorbed by this mechanism. The
new drop tests proved that more than double this height of drop did not
produce any measurable permanent set. Obviously, justification of this
performance requires that the calculated instantaneous peak bending stresses

be allowed to reach ror—higher values and still be elastic.

" The effects of this new performance are now investigated in regard to

accident conditions, and include the behavior of the redesigned joints under

such loadings.

According to the tests, separately reported, a drop height of 120 in.,
with a rebound of 31-1/4 in., can be credited, conservatively, with kinetic
energy proportional only to a drop of 120 - 31-1/4 = 88-3/4 in. This means
that energy 2.22 times the specified Rb in. dkop was successful absorbed

elastically.

2.8.4.2 Puncture Side Wall - 88-3/4 in. drop analysis.

The stainless steel outer shell, as the member directly exposed to
penetration by the steel piston, is not critical. The piston merely cuts
partly into the wall, due to the back-up effects of the uranium cylinder.

The uranium cylinder (as tested) is taken as a model, but calculations

are now made on a full size cylinder analyzed as a séparate body in an

elastic drop up to 88-3/4 1in.
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Vol. = (531-284) in.? (190 in,) = 46,930 in.® total
Wt = 46,930 (0.683) = 32,000 1b total

I = 0.0491 (26" - 19*) = 16,041 in.*

Z = 16,041/713 = 1235 in.?

- ¥ 32,000 95 460,000 in. 1b
2 2 2
3 3
el 16,000 (95)* _ o (3co in.
8EI 8(29) 10¢ (16,041)
M
« © . 760,000 | 615 pst
z 1235
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From Marks Handbook, sixth edition, page 5-44;

2 2 2
n E E_X for uniform load
c

U = __
cantilever o oF

for tube section

¢ = D/2
2 2 2 2 2 2 @2 .
" Usant. " (2)2 4 (0 +d%) STV _D° +d S5V ror 172 veam 1gth.
: 8 16 D? 2E 16D2 E
2 2 2
UB = 2__:_2_ §_! for full length beam as above

8p? E

. 262 + 192 s*(46,930) _ 674 + 361 2 1615 _ 310 s?
8 x 262 29 (10°¢) 8 (676) 10¢ 10¢

Now S = 615 psi for 1G load

_ 310 (615)2

)] = 117 in. 1b Note: U_ a S? a (G's)?
B 10¢ B
Height
Line G's S psi § in. (G's)? UB in. 1b Drop
1 1 615. 0.00369 1 117
2 50 30, 750 0.1845 2500 ‘ 292,500
3 10k.5 64,300 0. 386 10,920 1,280,000 40
[} 156. 96,000 0.575 24,280 2,840,000 88-75
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The stress of 96,000 psi is reached "instantaneously" and only at the
top mid point of the beam. This peak is quite consistent with nominal
properties of unalloyed cast uranium., Static compression, stress-strain
curves for cast, unalloyed depleted uranium are shown in Figure 2-36.

The specification is limited to the values of Line 3. The joints
are actually at positions B and the moment and stress is reduced

to 4/9,
c
]
{ : 1
]
: : g
\ \
| { :
] _1 1
A B ' B A
- é
Me (273 wt)(2/30) y 4
—_— = = 49 .°, Sg=—Sg =~ (64,300)
M (We)(2) 9 9
- 28,600 psi

2.8.4.3 Results

Since the "solid" cylinder of the tests (equivalent to full depth
penetration weld) has withstood at its midsection 96,000 psi, it would be
theoretically possible to reduce the depth of an outside weld for position
B so that Z for the weld area is only

_ 28,600
96,000

\_ 2-185
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Figure 2-36.

106,000 PS)

. -7 015 .030 -TX1 .98
N,

E "=  crmc coupAzasiN STRESS ~STRAIN CURVES

UINALIOYED DERLETED URANIUM

“AG CAST" FOR SHELDING- =N+ LC: FEB.M70
] : BacKoS
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to find the i.d. which corresponds to this Z value, let

Z5, " 368 = 0.098 (26% - d*) = 0.00378 [457,000 - d“]
2 26
av - 1725 = 368 _ 359 000

0.00378

26 - 24.5
2

d = 24,5 in. LS.t = = 3/4-in. weld reg'd min.

To be quite conservetive, it is desirable to double this depth of

weld, using 2 layers of 3/4-in. penetration welds (in offset
relationship), providing continuous beam strength in an outer
annulus 1-1/2 in. thick out of a total of 3-1/2-in. wall. The
inner 2 in; would be machined with interlocking steps' (four of
1/2-in. each) providing concentric' shear rings and effective
shielding pattern as illustrated.
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