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STRUCTURAL ANALYSIS OF SHIPPING CASKS

VOL. 7. CASK TIE-DOWN DESIGN MANUAL

Abstract

Analytical techniques developed to evaluate the
more common types of tie-down used to secure a ship
ping cask to a vehicle bed during transport are pre
sented in this report. These frequently encountered
types include the rigid or bolted tie-down of casks
with rectangular and circular bases and the tension
member tie-down with four-member and loggers' ties.
The use of chocks to reinforce the frictional force

between the cask base and the vehicle bed is treated,

and various methods of attaching members to the cask
and vehicle bed are discussed.

1. INTRODUCTION

When a package containing radioactive or fissile material is shipped

from one location to another, the package is subject to regulations '

governing its structural integrity and shielding capability. One section

of these regulations covers performance standards for tie-down systems

used to secure the package to the transporting vehicle. If there is a

system of tie-down devices that is a structural part of the package, the

regulations require that the system be capable of withstanding a static

force applied to the center of gravity of the package that has a vertical

component of two times the weight of the package and its contents, a

horizontal component along the direction of travel of ten times the weight

of the package and its contents, and a horizontal component in the trans

verse direction of five times the weight of the package and its contents

without generating stress in any material of the package in excess of the

yield strength of that material.

If there is a structural part of the package not intended for use

as a tie-down device that does not comply with the above requirement but

that could be used to tie the package down, this part must be securely



covered, locked, or otherwise rendered inoperative for tie-down during

transport. Each tie-down device that is a structural part of the pack

age must be designed so that failure of the device under excessive load

would not impair the ability of the package to meet the other require

ments of the regulations.

The integrity of the tie-down system is important from the stand

point of safeguarding the general public from injury, protecting the

transporting vehicle and its contents, and insuring against damage to

the package and its contents. However, the wording of the regulations

leaves some doubt as to the extent of the designer's or shipper's respon

sibility in providing tie-down. Recognizing the general nature of the

regulations in that they cover shipping packages ranging from very small

cardboard boxes to multi-ton shielded casks and keeping in mind that the

interest of the regulations is to safeguard the general public, the tie-

down section of the regulations has been interpreted to require that an

adequate tie-down system be included in the design of shielded shipping

casks and that the adequacy of this system must be demonstrated by using

analytical or experimental methods.

In the course of examining shipping casks relative to their compli

ance with the regulations, analytical techniques and design equations

applicable to tie-down analysis have been developed. These techniques

and equations are presented in this report with the expectation that

they will be of some value to the cask designer. However, it is not

implied that the tie-down schemes and analytical techniques discussed

here are the only acceptable ones or that they are superior to other

schemes that might be used.



2. SUMMARY

Numerous schemes have been used to secure shipping casks to vehicle

beds, rail cars, or ship decks. Most are detail variations of two basic

schemes: the rigid or bolted tie-down and the tension member tie-down.

Although it has certain obvious disadvantages unless the cask is shipped

in the same vehicle routinely, the bolted tie-down is far superior to the

tension member tie-down from a load carrying standpoint, particularly

for large casks, and it offers the most promise for compliance with the

regulations. Analytical procedures were developed to evaluate the bolt

ing systems for casks with rectangular and circular bases secured

directly to a vehicle bed or to a subbase that is subsequently secured

to a bed.

In certain instances, it may be desirable to tie a cask down with

members such as cables, chains, or rigid rods. Procedures were developed

to analyze four-member and two-member or loggers' ties. When using a

four-member tie-down, caution must be exercised in designing the device

by which the member is attached to the cask to insure that this device

does not act as a punch upon impact from the free-fall conditions of the

regulations. Generally, a shipping skid or subbase will be required

for load distribution, and the possibility of attaching members to the

subbase should not be overlooked. Occasionally, a cask is shipped in a

cradle which also offers convenient points of attachment for members.

Chocks are generally used with tension member tie-downs to reinforce

the frictional force at the junction of the cask or subbase and the bed

of the vehicle, thereby insuring against movement of the cask relative

to the vehicle bed. These devices will carry considerable load, and

their use is considered good practice and necessary for all except very

small casks. Chocks may be welded, bolted, or nailed to the vehicle bed,

and procedures were developed to analyze these methods of attachment.



3. BOLTED TIE-DOWN

The physical situation of bolting the cask base directly to the bed

of a vehicle or to a subbase, which then becomes a part of the tie-down

system if the subbase is subsequently secured to the vehicle, is a common

occurrence. From a load carrying standpoint, the bolted attachment sys

tems are far superior for larger casks, and the bolting systems for casks

with rectangular and circular bases are considered in this chapter.

Rectangular Base

The configuration of a rectangular base bolted directly to the bed

of a vehicle can be examined analytically by considering the cask as a

cantilevered beam loaded as required by the regulations and as shown in

Fig. 1. The "beam" cross section resisting bending at the plane of

attachment consists of a strip of the mating surfaces loaded in compres

sion and a number of the bolts (not necessarily all of them) loaded in

tension. The assumptions used to derive the equations necessary to exam

ine this system are the same as those used in deriving the well-known

flexure formula. The derivation and assumptions for the flexure formula

can be found in any elementary text pertaining to strength of materials.

To obtain general equations for this system, it was assumed that the

mating surfaces are of dissimilar materials. The neutral axis of the

"beam" must first be located before the stresses can be determined. The

computations may be simplified with small reduction in accuracy by

neglecting the effect of the 2W vertical component on the location of

the neutral axis and by superimposing the stresses resulting from the

specified component loads.

By elementary statics, the sum of the forces normal to the Z axis

equal zero (directional subscripts are not used since these equations

are independent of direction). From this condition, Eq. 3.1 results.

ZFB +/Sw dA= °' (3a>
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Fig. 1. Loading, "Beam" Details, Stress Distribution, and Deformed
Section for Rectangular Base of Cask Bolted Directly to Vehicle Bed.

where

F = force in any bolt, lb,

S' = compressive stress in the "strip" (variable from 0 at the neu

tral axis to a maximum of S at a' = a), psi,

dA = differential area equal to L da'

where L = the length of the frame, in.



Letting

F = the force in the bolt most distant from the neutral axis, lb,
n

b = the distance from the neutral axis to the above bolt, in.,
n

b = the distance from the neutral axis to any bolt, in.,

A = the cross-sectional area of one bolt, in.2, and

S = the tensile stress in the most distant bolt, psi,
n

by similar triangles, as shown in Fig. 1(b), for compatible strains

assuming rigid flanges,

F Fr,n _ B
b b
n

F b

and fb = T" •
n

F

Then FD = t^- b . (3.2)
a D

Also by similar triangles,
n

S' S
w w

a' _ a
S

and S' = -2 a'

Therefore, r S L fa S La

J w a J o 2

Letting material w be the material with the numerically smaller

elastic modulus,

e' = strain in the material w at any point, in./in.,
w '

e = maximum strain in the material w, in./in.,
w '

e' = strain in the material T at any point, in./in.,

e = maximum strain in the material T, in./in.,

E = modulus of elasticity of the material w, lb/in.2,
w '

E = modulus of elasticity of the material T, lb/in.2

With reference to Fig. 1(c), it may be seen that by similar triangles

€dx _ dx
y r '



and

w a

b

a

b'

3" =>„KN

w

Substituting in Eq. 3.3 for S and equating Eq. 3.2 to Eq. 3.3, the

resulting equation is

S^A
T

Zb'

, \/E \a j
sJeb

\ n/ I /\ T

AZb' =^€-

La

2

Solving for a and making the substitution Zb' = Zb - Na where b is the

distance from the front of the frame to the bolt in question and N is

the number of b's summed, a judgment estimate as to which, if any, bolts

fall within the compression area must be made. It is noted that these

bolts are not included in N and should not be summed in the b summations.

Performing those operations,

and

AZb - ANa =

E L

a2 -2- + ANa
2ET

E La2
w

2ET '

- AZb = 0

By the quadratic equation,

-AN +

a =

A2N^ + 2

E L
w _uA

In the x direction,

x

-AN +
x

AZb

E L
w

A2N2 + 2 E
x ^

E L
w x

E L
w x

AZFV
,iA

(3.4)

(3.5)

(3.6)

(3.7)



In the y direction,

a =

y

I E L _

-AN + A2N2 + 2-^ AZb,
y y ET 3

E L
w y

1/2

(3.8)

A check must be made to see if the area outside the compression area

actually contains the N bolts estimated. If it does not, a new estimate

must be made and a and/or a must be recomputed. Summing moments,
y

M

Solving for S™,,

STAZb2 S LE
T i , T w

n n 1

Mb

ST =
n

n LE a3

(a')2 da . (3.9)

(3.10)

By superimposing the solution in the x and y directions, the maximum

bending stress in the most stressed bolt may be computed.

T max

lOWZb 5WZb
jnv_

b
nx

aY' b2
k XD -'IX

+

L E a J ny LEa
x w x

3Em £ bv+ •*£?
'ly

(3.11)

The direct tensile stress, S , in the bolts resulting from the 2W vertical

load is equally distributed among the total number of bolts, N , and may

be computed from Eq. 3.12.
OT.T

(3.12)^ _ 2W
D NTA •

The shearing stress, S , is also equally distributed.

_ RlOW)2 + (5W)2]1/2 11.18W
NTA N/ (3.13)

The maximum normal stress in the most distant bolt from the neutral axis

S = S + s
n T D

(3.14)

The maximum stress may be computed by using the following expression,

which is derived from Mohr's Circle of Stress.

i/2

S = T^ +
max 2

S \2

T1 + S 2
2 s

(3.15)



The value of S must be equal to or less than the yield stress of the
max

bolt material.

In summary, a rectangular bolted tie-down with mating surfaces of

dissimilar materials may be evaluated by

1. locating the x and y neutral axes from Eqs. 3.7 and 3.8, respectively;

2. computing the stresses S from Eq. 3.11, S from Eq. 3.12, and Sg

from Eq. 3.13;

3. computing the stress S from Eq. 3.14; and

4. computing the maximum stress S from Eq. 3.15.
K e max

If the mating surfaces are of the same materials, the ratio E /E becomes

unity and the same equations apply.

Circular Base

It is frequently advantageous to bolt a circular cask base to a skid

or subbase. This connection is then a part of the tie-down system if the

subbase is subsequently secured to the transporting vehicle, and as such,

the connection must conform to the regulations. This type of system will

also be analyzed as a cantilevered beam with the same assumptions and

subject to the same limitations applicable for the rectangular base. In

addition, this derivation is limited to mating surfaces with the same

modulus of elasticity. As shown in Fig. 2, the cross section of the

hypothetical "beam" at the plane of attachment consists of the bolts

loaded in tension and a strip, a, loaded in compression. It is obvious

that the stress should be computed at this plane. Since the geometry is

circular, it is a computational advantage to combine the 5W and 10W com

ponents vectorially.

= [(5W) 2 + (10W)2 1/2 = 11.18 W . (3.16)

The line of action of P has been taken as the x axis, which is rotated

from the direction of travel by an angle Ot.

cc = tan"1 yg = 26.6° . (3.17)
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Fig. 2. Tie-Down Computational Model of Cask With a Circular Base.

First, the neutral axis, shown as the y axis in Fig. 3, must be

located. By the laws os elementary mechanics, the sum of the forces

BOLTS IN ANY
PATTERN

ORNL DWG 69-4164
y

PLAN AT THE ATTACHMENT PLANE

SB

STRESS DIAGRAM

Fig. 3. Neutral Axis and Stress Distribution for Tie-Down of
Circular Base.
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acting on the attachment plane must be equal to zero.

fa

S dA - ZS' A = 0 ,
x B '

where

S' = the flexural stress in any bolt, psi,
B

A = cross-sectional area of the bolt, in.'

By similar triangles,
Sfib' SB(b - a)

and

Therefore,

Also,

SB b' (b - a)
n n

SB = I(bn - a)

SB = f<b " a) •

S - ^bX a •

Substituting Eqs. 3.19 and 3.20 in Eq. 3.18,

— 2ydX|-Z— (b -a) =0,

yXdX - AZ(b - a) = 0 .

By trigonometry,

y = r sin *

X = r(cos * - cos 6),

a = r(l - cos 0),

dX = -r sin <t> d<t> .

Thus,

2 (r sin <l>)r(cos <t> - cos 9)(-r sin <J>)d<))

(3.18)

(3.19)

(3.20)

(3.21)

-AZ[b - r(l - cos 8)] = 0 . (3.22)
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Expanding

2r3 I (-sin2 <t> cos $ + sin2 <t> cos 0)d* - AZb + ArN(l - cos 0)

Integrating,

2rJ
1 .. 3 , <J> cos 0 sin 20 cos 0- sinJ <t> + ~k AZb + ArN(l - cos 0)

If we let

and

2rJ sin3 0 , 9 cos
+

sin 20 cos

+ rN(l- cos 0) = Zb

sinJ 0
n =

cos 0 sin 20 cos

P = (1 - cos 0) ,

2r-
T) + rNP = Zb

(3.23)

(3.24)

(3.25)

(3.26)

Solutions of Eqs. 3.24 and 3.25 for a range of values of 0 are plotted

in Fig. 4 to assist in solving Eq. 3.26 by trial and error. After the

value of 0 has been determined, values of X, y, a, b , etc., can be

found by trigonometry.

0.07

0.06

0.010

0.009

0.008

0.007

0.006

< 0.05 -i 0.005

-J 0.04 ™ 0.004
S p-

0.03

0.02

0.01

0.003

0.002

0.001

0

ORNL OWG 69-4I6S
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ALE B /

0>

I / V
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/

e=3
^

0.45

0.40

0 35

0.30

0.25 1

0.20

0.15

0.10

0.05

0.00
0 5 10 15 20 25 30 35 40 45 50 55 60 65

8 (DEGREES)

Fig. 4. Solutions of Eqs. 3.24 and 3.25 for Range of Values of
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With the value of 0 determined, the moment of inertia of the section

resisting bending must be determined.

X2ydX + AZb2 . (3.27)
J o

Substituting,

1=2/ r2( cos <t> - cos 0)2r sin 4>(-r sin <l>)d<l> + AZb'

Expanding, integrating, and substituting limits,

I = 2r4
9 sin 40 2 cos 9 sin3 9 s J6 sin 20 + A£b2 (3.28)

The bending stress in the most distant bolt from the neutral axis

Mb PZb
c _ n _ n

bB ~ I " I *

The direct tensile stress distributed equally in all bolts

2W

ST NTA
The maximum normal stress

Sn = SB + ST

(3.29)

(3.30)

(3.31)

Neglecting friction, the shearing stress distributed equally in all

bolts
1 1 1 QT.T

(3.32)
= 11.18W

s N„A

From Mohr's Circle of Stress, the maximum stress in the most stressed

bolt

S = -T- +
max 2

S 2
s

i/2
(3.33)

In summary, a circular bolted tie-down may be evaluated by

1. determining the value of 0 by trial and error solution of Eq. 3.26

using Fig. 4 as an aid;

2. determining by trigonometry the linear dimension "a" and all of the

"b" dimensions;

3. solving for the moment of inertia by using Eq. 3.28; and

4. computing the stresses

S* from Eq. 3.29,
B

S from Eq. 3.30,
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Sn from Eq. 3.31,

S from Eq. 3.32, and
s M '

S from Eq. 3.33.
max

The maximum stress, S , in the most stressed bolt must be equal to or
max ^

less than the yield stress of the bolt material.
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4. TENSION MEMBER TIE-DOWN

Securing a cask to the transporting vehicle is often accomplished by

tying it down with tension members. There are many tying systems, and

the details of these systems vary over such a wide range that a discus

sion of each of them is beyond the scope of this document. Therefore,

only the most frequently used systems are treated here. These are the

four-member system and the two-member or loggers' tie. The analysis meth

ods developed for these systems are general in nature but necessarily

valid only for the specific systems defined.

Four-Member Tie-Down

The four-member system illustrated in Fig. 5 is probably the most

frequently used method of cask tie-down. In general, the system consists

-«.--

CASK BASE OR SUBASE

-MEMBER 2

PLAN

ELEVATION

ORNL DWG 69-4166

CASK

CHOCK

MEMBER 3J

Fig. 5. Four-Member Tie-Down.
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of four members capable of carrying significant loads in tension only

that are secured to the cask and vehicle bed at angles. The members

may be cables, chains, or rigid rods. Good practice dictates the use

of chocks, very small casks notwithstanding, to reinforce the frictional

force at the junction of the cask or subbase and the bed of the vehicle.

To analyze the four-member system and determine the stresses in the

members, a detailed force analysis must be made. This is most easily

accomplished by considering the component loads (10W, 5W, and 2W)

individually and superimposing the results. The dimensional and direc

tional notation used in these calculations is as shown in Fig. 5, and

the other terms are defined as follows.

W = weight of cask, lb,

T = tensile force in members 1 and 2 resulting from 10W load, lb,

T = tensile force in members 1 and 4 resulting from 5W load, lb,

T = tensile force in each member resulting from 2W load, lb,
T Z
1,2,3,4 = total tensile force in subscripted member, lb,

F = total force in the x direction resulting from 10W load, lb,

F = total force in the y direction resulting from 5W load, lb.

Considering only the 10W load, in the x direction, and summing

moments about the axis x = a,

ZM =0 with f+^ .

lOWZi - 2Z2T (cos 0 - cos d>) - 2aT (cos 0 sin <t>) = 0 .
x x

Solving for T ,

T = 5WZ1
x Z2(cos 0 cos <t>) + a(cos 0 sin $) ( • L)

Similarly, considering only the 5W load in the y direction and

summing moments about the axis y = b,

ZM = 0 with ^)
5WZX - 2Z2T ( sin 0 cos d>) - 2bT ( sin 0 sin <t>) = 0
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Solving for T ,

T = : 2:5WZi , : r . (4.2)
y Z2(sin 0 cos <t>) + b(sin 0 sin <t>)

Considering only the 2W net load in the Z direction and summing

vertical forces,

= 0 with t+ .
rt. '

ZF
ve

2W - 4T (sin <J>)
z

Solving for Tz>

The force in the most loaded member, which is member 1 in this

Tz =T~^—* • (4'3)z 2 sin <t>

case,

X =T+T+T„+T. , (4.4)
max

where T is the initial member tension that must be estimated or
l

measured. Except for its effect on the member, T. will be neglected.

It is noted that T can be in any member since the regulations do not
max

specify the directions of the forces but only the line of action.

Summing horizontal forces in the x direction,

ZF, =0 with -—+ .
hx

Solving for F ,
x

10W - F - 2T (cos 0 cos <t>) = 0
x x

F = 10W - 2T (cos 0 cos <D) . (4.5)
x x

Similarly, summing the horizontal forces in the y direction,

IF, = 0 with I + .
hy ♦

5W - F - 2T (sin 0 cos <fe) = 0 .
y y

Solving for F ,
y

F = 5W - 2T (sin 0 cos <t>) . (4.6)
y y

The forces F and F are composed of a frictional component and
x y

the resistance of the chock. The frictional component, Ff, is evaluated

from the following relationship,

F = llF , (4.7a)
f n
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where

ll = the coefficient of friction,

F = total force normal to the surfaces,
n '

with i+ by summation of vertical forces.

F = 2T (cos 0 sin <t>) + 2T (sin 0 sin <J>) + 2W + 4T sin <t> ,
n x y z

but by Eq. 4.3,

Therefore,

2W + 4T sin q> = 0
z

= 2 sin <t>(T cos 0 + T sin 0) (4.7b)
x y

and F,, = 2u sin 4>(T cos 0 + T sin 0) (4.7)
f x y '

To be conservative, it is recommended that the value of u be taken as

0.15 for a metal cask or skid on a metal vehicle bed if the vehicle

is enclosed or weather tight to such an extent that the bed is

not likely to become wet,

0.05 for a metal cask or skid on a metal bed in open vehicles, and

0.20 for a metal cask or skid on a wood bed.

The direction of impending motion and the direction of F is the direction

of the vectorial resultant of the 10W and 5W loads as measured from the

x axis as an angle p.

0=tan"1 -J =26.6°.

The loads applied to the chocks, F1 and F' may be evaluated from
x y

the expressions

(4.8a)

(4.8b)

F1 = F
X X -Ffx

and F1 = F -
y y Ffy

Equation 4.8a becomes

F' = F - (cos P)FJ, (4.9)
xx f

or F' = F - 0.894F£
xx f
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Similarly, in the y direction Eq. 4.8b becomes

F' = F - (sin P)F

or F' = F - 0.4478F£
y y f

(4.10)

The force analysis for the four-member tie-down is now complete and the

stresses in the members of the system can be determined.

The Loggers' Tie

The loggers' tie illustrated in Fig. 6 has been used for many years

to secure objects to vehicle beds. This scheme of tie-down generally
requires no specifically designed apparatus and can be applied to most
vehicle beds and casks. However, difficulties may be encountered in

obtaining commercially available members with adequate capacities to
secure large casks by this method, but adequate tie-downs of small and
moderately sized casks can be effected economically. Good practice
dictates that chocks be used to reinforce the frictional force at the

junction of the cask base or subbase and the bed of the transporting

vehicle.
ORNL DWG 69-4167

Fig. 6. The Loggers' Tie.
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Generally, the members used to effect the loggers' tie are of some

flexible material such as wire rope or chain. Any number of members can

be used, but normally only one or two are encountered, and it is not

necessary that the tie-down be symmetrical, but it usually is. The need

for equations to analyze multimember nonsymmetrical systems is not anti

cipated. The equations will therefore be based on the assumptions that

the system consists of one or two members and is symmetrical.

The magnitude of the external forces acting on the cask must be

determined before the stresses in the members can be evaluated. This is

most easily accomplished by considering the component loads (10W, 5W, and

2W) individually and superimposing the results. The notations used in

the computations are defined as follows.

W = weight of the cask, lb,

Tx = the tensile force in the least loaded (front) member, lb,

T = the tensile force in the most loaded (rear) member, lb,

T = the tensile force in the most loaded (rear) member resulting

from the 10W load, lb,

T = the tensile force in the members resulting from the 5W load, lb,

T = the tensile force in the members resulting from the 2W load, lb,

A = the separation of the subbase and vehicle bed at the rear mem

ber resulting from the 10W load, in.,

Ai = the separation of the subbase and vehicle bed at the front mem

ber resulting from the 10W load, in.

It is noted that the tensile forces T, T , T , and T do not include the
x y z

initial tension.

Assuming that the cask subbase and the bed of the vehicle are rigid,

2AAE

L sin 0 '

and Tl = 2kAE-
L sin

where

A = area of the member, in.2,

E = modulus of elasticity,

L = total length of member, in.

(4.11)

(4.11a)
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a a-,

axA
and Ai =

Therefore,
axT

Tx = . (4.12)
3.

Considering only the 10W load and taking moments about the y axis,

2a!2T (sin 0)
lOWZn 2aT (sin 0) = 0 ,

x a x

5WZ

T = pi T • (4'13>x . \ar
s in 0 —A- + a

la

Considering only the 5W load and taking moments about the x axis,

5WZ - 2bT (sin 0) ,
y

T =kT^T- <4-14>y b(sm 0)

Considering only the 2W vertical load and summing vertical forces,

2W - 4T (sin 0) = 0 ,

The tensile force in the most loaded (rear) member

X = t + T + T , (4.16)
x y z

and the tensile force in the least loaded (front) member

ai
T-, = — T + T + T . (4.17)1 a x y z
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Summing the forces in the x direction with—•-+ ,

10W - F = 0 ,
x

F = 10W; (4.18)
x

and summing the forces in the y direction,

F = 5W . (4.19)
y

The forces F and F are comprised of the frictional force at the junction
y X ,

of the cask base or subbase and the bed of the vehicle and the resistance

of the chocks. The frictional force, Ff, has a direction as measured from

the x axis of

P=tan-1 y§ =26.6° .
The frictional force

F = llN = |i(2T sin 0 + 2T ' sin 0) , (4.20)

where

N = the normal force, lb,

T T ' = forces in members including the initial or installation
t t

tension in the members, lb,

\i = coefficient of friction whose values are the same as defined
for the four-member system.

The initial or installation tension in the members must be estimated or

measured, and this value must be added to the tensile forces T and Tx.

If the expression

F > 11.18 W (4.21)

is satisfied, chocks are not required. However, this is not easily

accomplished for anything but small casks, and chocks are generally used

to reinforce this frictional force.
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Use of Chocks

Frequently, it is not practical to develop a frictional force

between the cask base and the vehicle bed that is of significant magni

tude to prevent motion of the cask relative to the bed, or stated

mathematically,

F > 0.894 F (see Eq. 4.9)

F > 0.478 F£ (see Eq. 4.10) .
y f

When this is the case, chocks are used to resist the impending motion.

Chocks may be welded, bolted, or nailed to the bed of the vehicle, as

illustrated in Fig. 7. The method of attachment must resist loads in the

ORNL DWG 69-4168

N

CASK BASE

S /—CHOCK

BED

(a) WELDED CHOCK

CHOCK

(b) BOLTED CHOCK

CHOCK

(c) NAILED CHOCK

Fig. 7. Methods of Securing Chocks to Vehicle Bed.



x direction of
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F' = F - 0.894F,, (4.9)
xx f

F' = F - 0.478F£ . (4.10)
y y f

In a properly designed system the attachment is free from significant

bending stresses. The limiting stress is shear at the level of attach

ment. When the chock is welded to the vehicle bed from both sides, as

shown in Fig. 7(a), it is only necessary to satisfy Eq. 4.22 in the x

direction,

F' < (shear yield stress of weld)(shear area of weld), (4.22)
X

and Eq. 4.23 in the y direction,

F' < (shear yield stress of weld)(shear area of weld), (4.23)

where the shear yield stress of the weld may be taken as 0.55 times the

tensile yield.

The bolted chock, as illustrated in Fig. 7(b), must have sufficient

bolt area, A„, to resist the shearing forces F' and F'.
B x y

F' < A„ (shear yield stress of bolts)
x — B

X N ltd2
= — (shear yield stress of bolts) (4.24)

and

F1 < A (shear yield stress of bolts)
y — B„

J N rtd^

= —^r— (shear yield stress of bolts), (4.25)

where N and N are the number of bolts associated with the x and y
x y

directions, respectively, and the shear yield stress of the bolts may

be taken as 0.55 times the tensile yield. There also must be sufficient

bearing areas to satisfy the following expressions.

F' < N (t2d) (compressive yield stress of chock material), (4.26)

F' < N (txd) (compressive yield stress of chock material), (4.27)

F' < N (t2d) (compressive yield stress of bed material), (4.28)
XXX

F' < N (t2d) (compressive yield stress of bed material), (4.29)
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where T > t , and d are as shown in Fig. 7.

A wooden chock nailed to a wooden bed of a vehicle is probably the

most frequently encountered and least easily calculable type of chock

arrangement used. If nails long enough to either penetrate the vehicle

bed completely or to penetrate it a distance of 2 in. are used, if no

splitting is detectable, and if Eqs. 4.30 and 4.31 are satisfied,3 this
type of chock attachment conforms to the regulations.

F' < N KD3/2 (4.30)
x — nx

and F' <N KD3/s , (4.31)
y - ny '

where

N = number of nails in x direction,
nx

N = number of nails in y direction,
ny

K = allowable lateral load constant for nails in different types
of wood given in Table 1,

D = diameter of nail given in Table 2.

When chocks are used with tension member tie-downs to reinforce the

frictional force between the cask base and the vehicle bed, the following

expressions must be satisfied to complete the force analysis necessary to

determine the stresses in the members.

F > F' - (cos p)F, (4.32)
x — x I

and c ^ r - \ a J.H h j j- f >F.„ >F' - (sin P)Ff , (4.33)

where

F' = load capacity of the chocks in the x direction evaluated by
x using Eqs. 4.22, 4.24, and 4.30;

F' = load capacity of the chocks in the y direction evaluated by
y using Eqs. 4.23, 4.25, and 4.31.

With these expressions satisfied, the stresses in the members of the

system can be determined.
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Table 1. Allowable Lateral Load Constant for Nails in Different
Species of Wood (from Ref. 3)

Hardwoods Softwoods

K for K for
Species •i a

nails Species •i anails

Ash Tupelo
Black 1250 Black 1250

Commercial White 1700 Water 1250
Aspen Yellow Poplar 900

Bigtooth 900 Baldeypress 1125
Quaking 900 Cedar

Basswood, American 900 Alaska 1125
Beech, American 1700 Atlantic White 900

Birch Northern White 900

Sweet 1700 Port-Orford 1125

Yellow 1700 Western Redcedar 900

Chestnut, Ame:rican 900 Douglas Fir
Cottonwood Coast Type 1375

Black 900 Rocky Mountain 1125
Eastern 900 Fir

Elm Balsam 900
American 1250 Commercial White 900

Rock 1700 Hemlock

Slippery 1250 Eastern 900

Hackberry 1250 Western 1125
Hickory Larch, Western 1375

Pecan 1700 Pine

True 1700 Eastern White 900

Magnolia, Sou thern 1250 Lodgepole 900

Maple Ponderosa 900

Black 1700 Red 1125
Red 1250 Southern Yellow 1375
Silver 1250 Sugar 900

Sugar 1700 Western White 900

Oak Redwood (old growth) 1125
Commercial Red 1700 Spruce
Commercial White 1700 , Englemann 900

Sweetgum 1250 Red 900

Sycamore, American 1250 Sitka 900

White 900

Driven perpendicular to the grain of the wood and loaded either
parallel or perpendicular to the grain.
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Table 2. Sizes of Bright, Common Wire Nails (from Ref. 3)

Length Diameter
D3/2

Penny Gage (in.) (in.) (in.)

2d 15 1 0.072 0.0193

4d 12. 5 1.5 0.098 0.0307

6d 11. 5 2 0.113 0.0380

8d 10. 25 2.5 0.131 0.0474

lOd 9 3 0.148 0.0570

12d 9 3.25 0.148 0.0570

16d 8 3.5 0.162 0.0652

20d 6 4 0.192 0.0841

30d 5 4.5 0.207 0.0942

40d 4 5 0.225 0.1068

50d 3 5.5 0.244 0.1205

60d 2 6 0.262 0.1342

Stresses in Members

In general, the members of the attachment system may be any two

force members such as wire rope, chains, rigid bars and rods, etc. Good

design practice generally dictates that the forces be applied axially.

Therefore, the only significant stress is a tensile stress resulting from

the force T . There are cases where bending will be present, and these
max

must be considered.

If the member is a rigid rod or bar with an axial load, Eq. 4.34

must be satisfied for compliance with the regulations.

T

Yield stress > S =-^ . (4.34)

Caution must be exercised if the member is rod with threaded ends or is

otherwise weakened for attachment to the cask or vehicle, and the net

area of the rod must be used for A in Eq. 4.34. For members with threaded

ends that are of ductile materials (ultimate stress of less than 100,000

psi), the net area of the threaded portion of the rod may be evaluated

by using the expression4
| 0.9743\2A= 0.785 OD - ^ , (4.35)

where

OD = the outside diameter of the thread, in.,

n = the number of threads per inch.
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For members with threaded ends that are of materials with an ultimate

stress in excess of 100,000 psi, the net area of the threaded portion of

the rod may be evaluated by using the expression4

. ,PD 0.163812 ,. ...
A = it — — , (4.36)2 —) •

where PD = the thread pitch diameter.

If a rigid member of high-strength material is used, care must be

exercised to evaluate the effect of stress concentrations. When the

loads are not applied axially, the bending stresses resulting from the

eccentricity, e, must be considered, and Eq. 4.37 must be satisfied for

compliance with the regulations.

T T e
Y. i j , _ IT13.X . IT13.X z z „ -. \

ield stress > = —— H — . (4.37)
— A I

The most frequently used member material is wire rope or cable.

Use of this type member requires some interpretation of the regulations

since wire rope does not have a yield point and the materials normally

encountered (plow steel and improved plow steel) do not have a well-

defined yield point. The ultimate elongation of these materials is only

17o, and the yield stress and ultimate stress are very nearly equal. The

manufacturers of wire rope generally publish values for "breaking strength"

and "safe working load" for their products. However, it is a violation

of the intent of the regulations to use the breaking strength as the

design criterion, and use of the safe working load and its factor of

safety of 5 represents poor economy. It is therefore recommended that

the yield strength for cable be established as 80% of the breaking

strength, T_. For a straight cable with no bends or attachment concentra-
rS

tions, Eq. 4.38 must be satisfied.

T < 0.8T,, . (4.38)
max — B v

Frequently, it is not convenient to install a cable without bends.

The cable is often looped around the cask or otherwise bent around a

radius. This practice causes bending stresses in the cable, and a reduc

tion in the capacity of the cable must be made. Equation 4.39a is valid

for the bending in an individual wire of a cable.
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s - Is-- rli) > (4-39a)
where d = the diameter of the individual wire. If this wire is bent

around a radius, r, the expression

1 M

r EI

is also valid and can be rearranged in the form

M = E
I ~ r

Equation 4.39a then becomes

(4.39b)

(4.39c)

S=^ , (4.39d)
2r

and the corresponding reduction in tensile load capacity

AT = SA =f-
2r

td^ \ itEd3n
8r

(4.39)

where n = the number of wires or strands in the cable. To ensure

compliance for a bent cable, Eq. 4.38 may be rewritten

rtEd3n \
T < 0.8 T .
max — B or

(4.40)

Chain has been used successfully to secure loads to vehicles for

many years, and it has many advantages such as ease of installation,

utility, and availability. As illustrated in Fig. 8, an analysis5 of

a link of "average" proportions reveals a maximum compressive stress

at the inside radius of

Max S = - 4.2 -SSf£
c A

and a maximum tensile stress at the outer radius of

T
« c o maxMax ST = 2 —— .
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.SECTION OF ZERO
BENDING MOMENT

ORNL DWG 69-4)69

MAX ST=2^22i
— ' A

MAX Sc=4.2-?2i
A

AREA=A

Fig. 8. Stress Analysis of a Chain Link of "Average" Proportions,
(from Ref. 5)

If compliance is based on the maximum compressive stress or the

Yield stress > Max S = -4.2 .
— c A

max
(4.41)

a chain system with excess capacity will result even though a literal

interpretation of the regulations would require such. This stress is

highly localized, and a more realistic situation is expressed as

Yield stress Max ST = 2-2SS
1 A

(4.42)

Difficulty will frequently be encountered in determining the yield

stress of chain material since manufacturers generally publish only the

values for the "safe working load," "proof load," and "ultimate or

breaking load" of the chain. When this is the case, a value of

T < 2.5(safe working load)

will insure compliance with the regulations.

Frequently, commercial fittings such as shackles, turnbuckles,

connecting links, hooks, etc., are used in conjunction with the rods,

cables, and chains to make up the tension member. These items have

complex geometries, and an analysis of each fitting would be laborious
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and unnecessary. Where the material of the fitting is unknown but where

the item is made by a reputable manufacturer, a load of

T < 2.5(safe working load)
max ~

is adequate to insure compliance with regulations. Where the material
is known and the ultimate load is given, the less conservative expression

T < yield stress ,-,,_. I_„ i„0j\
max — , (ultimate load)

ultimate stress

will insure compliance with the regulations.

Member Attachment Methods

(4.43)

There are numerous acceptable methods by which tie-down members may

be secured to the cask and vehicle bed, but to a certain extent, each

cask and vehicle presents a unique problem. Some general schemes that

appear promising are illustrated in Figs. 9 and 10. Attachments that are
ORNL DWG 69-4171

-SELF ALIGNING SEAT

(b) <c)

Fig. 9. Methods of Attaching Tie-Down Members to Cask Using Lugs
Welded Directly to the Cask.
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Fig. 10. Different Schemes for Attaching Tie-Down Members to Cask
and Vehicle Bed.

independent of the cask, such as those shown in Fig. 11, are potentially

superior during the free fall accident because it is unlikely that a

highly concentrated load attributable to the tie-down would result from

the impact. Attachment lugs welded directly to the cask, as shown in Fig.

10, will on impact effect a highly concentrated load that could result in

shell rupture for lead-shielded casks. However, there are instances when

a lug of this type is desirable, and acceptable designs for the use of

such a lug can be made by exercising caution to assure that the loads are

distributed over a sufficient area or that the lug will collapse on impact,
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CABLE

CASK

SECTION A-A

Fig. 11. Tie-Down Members Secured to Cask With Attachments Indepen
dent of the Cask.

It is recognized that there are many acceptable member attachment

schemes, some of which would require a significant amount of analytical

work to verify. It is not the intent of this document to establish

analytical procedures to cover all of these cases but to assist in eval

uating some of the more common cases, such as determining the stress in

lugs, in bolts securing lugs, and in chocks.

Luss

A rigorous curved beam analysis to determine the maximum stress in

a lug such as shown in Figs. 9(c), 10(c), and 10(d), is quite involved.

A satisfactory design would be indicated if the expression for the maxi

mum stress in the radius portion of the lug given in Eq. 4.44 were satis

fied and the combined bending, tensile, and shearing stresses in the lug

and weld or beam are in the acceptable range (less than the yield stress

of the lug material).
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3.75T
max

Yield stress > S
max

where

r t
o

r = the outside radius of the lug, in.,

t = thickness of the lug, in.

Equation 4.44 is valid for
r

4 >-£ > 2 ,
— r. —

l

where r. = the inside radius of the lug, in.

Bolts Securing Lugs

(4.44)

The bolts securing lugs, such as illustrated in Fig. 10(d) and

10(e) to vehicle beds should be investigated by using Eq. 3.6 to locate

the neutral axis of the lug. Equation 3.10 is modified to reflect a

different load and becomes

(T cos <t>)ZTb
L_n

LE a-

AZb2 +! w
1 En

where the terms are as defined for Eq. 3.10.

The direct tensile stress

where

= T sin »

T" Vb

N = the number of bolts,

A^ = the area of one bolt, in.2,

and the shearing stress
T cos <D

S= NBAB

(4.45)

(4.46)

(4.47)

Satisfaction of Eq. 4.48 demonstrates that the bolts conform to the

requirements of the regulations.

Yield stress > S
max

Sm + S'
T T

S„, + S' \2
T T

+ S 2
s

1/2

(4.48)
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NOMENCLATURE

A = cross-sectional area of one bolt or area of member, in.2

a = linear dimension, in.

b = linear dimension or distance from neutral axis to any bolt, in.

b = distance from neutral axis to most distant bolt, in.
n '

D = diameter of nail, in.

d = diameter of bolt, in.

E = modulus of elasticity, lb/in.2

E = modulus of elasticity of material T, lb/in.2

Ew = modulus of elasticity of material w, lb/in.2

e = eccentricity

F = force in any bolt, lb

F = total force normal to surface, lb
n '

F = total force in x direction resulting from 10W load, lb

F ' = load capacity of chocks in the x direction, lb

F = total force in the y direction resulting from 5W load, lb

F ' = load capacity of chocks in the y direction, lb

I = moment of inertia, in.4

K = allowable lateral load constant for nails in wood,

L = length of frame or total length of member, in.

M = moment, in.-lb

N = number

n = number

P = force resultant, lb

r = radius, in.

r. = inside radius of lug, in.
1 &'

r = outside radius of lug, in.

S = stress, psi

S = bending stress, psi

S ' = flexural stress in any bolt, psi

S = compressive stress, psi

S = direct tensile stress in bolts, psi

Sn = normal stress in the most distant bolt from the neutral axis, psi
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S = shearing stress, psi

S = direct tensile stress, psi

S ' = compressive stress in the "strip", psi
w

T = tensile force, lb

T = total tensile force in subscripted member, lb
1,2,3,4

T = breaking strength, lb
B

T. = initial tension in member, lb

T = tensile force in members resulting from 10W load, lb
x

T = tensile force in members resulting from 5W load, lb
y

T = tensile force in members resulting from 2W load, lb
z

t = thickness, in.

W = weight, lb

x = linear dimension or direction, in.

y = linear dimension or direction, in.

Z = linear dimension or direction, in.

a = angle

P = direction of frictional force measured from x axis, °

A = separation of subbase and vehicle bed at rear member
resulting from 10W load, in.

Ax = separation of subbase and vehicle bed at front member
resulting from 10W load,

£ = maximum strain in material T, in./in.

e ' = strain in material T at any point, in./in.

e^ = maximum strain in material w, in./in.
ew' = strain in material w at any point, in./in.

T) = a function

0 = angle

u = coefficient of friction

0 = angle
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