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ABSTRACT

The purpose of this investigation was to determine the energy
absorption characteristics of plastically deformed inclined struts under
impact loading. This information is needed to provide a usable method
by which designers and analysts of shipping casks for radioactive or
fissile materials can determine the energy absorption capabilities of
external longitudinal fins on cylindrical casks under specified impact
conditions. A survey of technical literature related to experimental
determination of the dynamic plastic behavior of struts revealed no
information directly applicable to the immediate problem, especially in
the impéct velocity ranges desired, and an experimental program was con-
ducted to obtain the needed data.

Mild-steel struts with rectangular cross sections were impacted by
free-falling weights dropped from known heights. These struts or fin
specimens were inclined at five different angles to simulate different
angles of impact that fins on a shipping cask could experience under
certain accident conditions. The resisting force of the deforming strut
was measured and recorded as a function of time by using load cells
instrumented with resistance strain gage bridges, signal conditioning
equipment, an oscilloscope, and a Polaroid camera. The acceleration of
the impacting weight was measured and recorded as a function of time
during the latter portion of the testing program by using an accelerom-
eter attached to the drop hammer, appropriate signal conditioning equip-

ment, the oscilloscope, and the camera.
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A digital computer program was prepared to numerically integrate
the force-time and acceleration-time data recorded during the tests to
obtain deformation-time data. The force-displacement relationships were 2L
then integrated to obtain values of absorbed energy with respect to
deformation or time. The results for various fin specimen geometries
and impact angles are presented graphically, and these curves may be
used to compute the energy absorption capacity of a longitudinal fin on
a shipping cask as a function of its geometry and the percentage of
deformation it is expected to experience as well as the peak force to
which the fin would be subjected during the impact resulting from a

30-foot free drop onto an essentially unyielding horizontal surface.

-



TABLE OF CONTENTS

s SECTION
1. INTRODUCTION . . « « « « ¢« + o o o o o o o o o s s o =
2. LITERATURE REVIEW. . . +« « ¢ « ¢« ¢ ¢ o o o o o o o o =
3. DEVELOPMENT OF EXPERIMENTAL PROGRAM AND APPARATUS.

Experimental Program Philosophy. . . . . . . . . . .

Experimental Equipment and Instrumentation . . . . . .

Instrument Calibration and Preliminary Tests . . . . .
Design and Fabrication of Test Specimens . . . . . . . . .
4. TPERFORMANCE OF TESTS . . . « « « « o o o « o &
5. DATA TRANSFORMATION AND EVALUATION . . . . . . . . . . .
: The Computer Program . . . . .« « o « « & « o « &+ + =
L Evaluation of Test Results
. 6. CONCLUSIONS AND RECOMMENDATIONS. . . « . « « « o « « « o .+ =
Conclusions. . . . « .+ « ¢« « ¢« o o « + o .«
RecommendationsS. « « « o « « o o o o« o+ o o o
LIST OF REFERENCES . « ¢ ¢ & « ¢ « ¢ o o o o o o o o« o & o s o o
APPENDIXES
A. LOAD CELL CALIBRATION CURVES . . .« .« .+ « « « o « &« « ¢ + o &
B. DATA TRANSFORMATION COMPUTER PROGRAM . . . . . . . . . .
C. EXAMPLE PROBLEM. . . . . . « « « +« « « &
VITA . S T T
L3

vii

PAGE

10

15

19

23

27

27

28

49

50

51

55

57

62

77

80



FIGURE

2.1.

3.1.

3.2.

3.3.

3.4,

3.5.

3.6.

4.2.

LIST OF FIGURES

General Configuration of Some Beams Tested Under
Conditions of Gross Deformation.
The Oak Ridge National Laboratory Drop Tower. . . . . . .
Equipment Used in Impact Tests at the Qak Ridge National
Laboratory Drop TOWEY . . + v « o « o & o o o « o .
Load Cell and Schematic Diagram of Instrumentation Used
to Measure Force-Time Relationships During the Impact
Tests . . v v v v i e e e e e e e e e e e e e e
Schematic Diagram of Instrumentation Used to Measure
Acceleration-Time Relationships During the Impact Tests
Schematic Diagram of Instrumentation Used to Measure
Free-Fall Velocity in the Preliminary Tests
Cross Section of Cylindrical Cask With Radial Fins
Impacting a Horizontal Surface.
Dimensions of Fin Specimen Configurations Tested.
Force-Time Photograph Taken During Impact Test of a 6-
Inch-High Fin Specimen 1/2 Inch Thick With a Zero-
Degree Angle of Inclination .
Force-Time Photograph Taken During Impact Test.of a 3.5-
Inch-High Fin Specimen 1/2 Inch Thick With a Zero-

Degree Angle of Inclination . . . . . . . . . .

viii

PAGE

11

13

14

16

18

19

21

24

24

Ta

*,



FIGURE

4.3.

4.4,

5.1.

5.2.

5.3.

5.4.

¥

]

ix

Force-Time and Acceleration-Time Photograph Taken During
Impact Test of an 8-Inch-High Fin Specimen 1/2 Inch

Thick With a 30-Degree Angle of Inclination .

Force-Time and Acceleration-Time Photograph Taken During
Impact Test of a 4-Inch-High Fin Specimen 3/8 Inch
Thick With a 40-Degree Angle of Inclination .

The Absorbed Energy Derived From Load Cell Test Data
Divided by the Plastic Moment as a Function of the .
Percentage of Deformation Experienced by Impacted
Specimens With a Zero-Degree Angle of Inclination . .

The Absorbed Energy Derived From Load Cell Test Data
Divided by the Plastic Moment as a Function of the
Percentage of Deformation Experienced by Impactéd

Specimens With a 10-Degree Angle of Inclination
The Absorbed Energy Derived From Load Cell Test Data
Divided by the Plastic Moment as a Functionkof the
Percentage of Deformation Experienced by Impacted
Specimens With a 20-Degree Angle of Inclination .
The Absorbed Energy Derived From Load Cell Test Data
Divided by the Plastic Moment as a Function of the
Percentage of Deformation Experienced by Impacted

Specimens With a 30-Degree Angle of Inclination

PAGE

26

26

29

30

31

32



FIGURE ‘ PAGE
5.5. The Absorbed Energy Derived From Load Cell Test Data
Divided by the Plastic Moment as a Function of the
Percentage of Deformation Experienced by Impacted
Specimens With a 40-Degree Angle of Inclination . . . . . 33
5.6. The Absorbed Energy Derived From Accelerometer Test
Data Divided by the Plastic Moment as a Function of
the Percentage of Deformation Experienced by Impacted
Specimens With a 20-Degree Angle of Inclination . . . . . 35
5.7. The Absorbed Energy Derived From Accglerometer Test
Data Divided by the Plastic Moment as a Function of
the Percentage of Deformation Experienced by Impacted
Specimens With a 30-Degree Angle of Inclination . . . . . 36
5.8. The Absorbed Energy Derived From Accelerometer Test .
Data Divided by the Plastic Moment as a Function of *

the Percentage of Deformation Experienced by Impacted

Specimens With a 40-Degree Angle of Inclination . . . . . 37
5.9. Typical Fin Specimens With Angles of Inclination of 0,
10, 20, 30, and 40 Degrees Before and After Tmpact. . . . 39

5.10. The Peak Force Derived From Load Cell Test Data as a
Function of Specimen Height Divided by Thickness for
Impacted Specimens With a Zero-Degree Angle of

Inclination . . . v v v v 4 e e e e e e e e e e e e .. 42



x1i
PAGE

FIGURE
The Peak Force Derived From Load Cell Test Data as a

5.11.
Function of Specimen Height Divided by Thickness for

Impacted Specimens With a 10-Degree Angle of
e e« 4 v .. 43

Inclination
The Peak Force Derived From Load Cell Test Data as a

5.12.
Function of Specimen Height Divided by Thickness for

Impacted Specimens With a 20-Degree Angle of
e e e e .. b4

. - - . . -

Inclination .
The Peak Force Derived From Load Cell Test Data as a

5.13.
Function of Specimen Height Divided by Thickness for

Impacted Specimens With a 30-Degree Angle of
s

: Inclination
5.14. The Peak Force Derived From Load Cell Test Data as a

i
B

Function of Specimen Height Divided by Thickness for

Impacted Specimens With a 40-Degree Angle of
.o . .. 4b

Inclination .
Calibration Curve for the Load Cell With a Maximum
. . . . 58

A.1l.
Capacity of 16,000 Pounds

Calibration Curve for the Load Cell With a Maximum
59

. 3

A.2,
Capacity of 32,000 Pounds

A.3. Calibration Curve for the Load Cell With a Maximum
Capacity of 120,000 Pounds. . . . . . . . . . .« . . . 60

Calibration Curve for the Load Cell With a Maximum
<+ . . . 61

% AL,
Capacity of 300,000 Pounds.

.



1. INTRODUCTION

The increasing industrial and medical use of radioisotopes and the
substantial increase in the number of nuclear power plants placed in
operation during the past decade have caused a great increase in the
quantity of radioactive materials that must be transported from one
location to another. Future generations of nuclear power reactors are
projected to include fast breeder reactors, thermal reactors, and
pressurized-water reactors similar to units currently in operation. The
amount of spent fuel from these power plants is predicted to reach pos-
sibly 4,000 tons by the year 1980. Spent fuel assemblies withdrawn from
these reactors must Be transported from the reactor sites to a central-
ized fuel reprocessing facility for reclamation of the fissionable mate-
rials., The reclaimed materials will then be used to fabricate new fuel
assemblies that will be transported back to the reactor sites. Such
highly radioactive materials will necessarily have to be transported in
packages or éhipping casks whose primary functions are the provision of
shielding to protect property and persons from the emissions of the
radioactive materials and the protection of these materials,

When a package containing radioactive or fissile material is shipped
from one location to another, the package is subject to regulations gov-
erning its structural integrity and its shielding and heét dissipating
capabilities. The governing regulations are set forth in Chaptef 0529

of the United States Atomic Energy Commission Manual (1)* and in Title

*Numbers within parentheses in the text designate numbered
references given in the List of References.

1
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10, Part 71, of the Code of Federal Regulations (2). Conformance of the
shipping package or cask with the regulations must be demonstrated by
test, experimental, or analytical methods to the United States Atomic
Energy Commission or the Department of Transportation or both before a
license is issued authorizing the use of a cask for the shipment of
specified radioactive or fissile materials.

As well as stipulating general standards and structural standards
for packaging and standards for normal conditions of transport, these
regulations require that the effectiveness of the shipping cask be main-
tained within specified limits during and after prescribed hypothetical
accident conditions. The first condition of the hypothetical accident
is that the shipping cask be subjected to a free drop through a distance
of 30 feet onto a flat essentially unyielding horizontal surface, strik-
ing the surface in a position in which maximum damage is expected. Con-
formance of a shipping cask to this hypothetical accident condition
could be literally demonstrated by subjecting a full-size or a reduced-
size scale model of the cask to the prescribed condition. This has been
done in the past, but this method of demonstrating compliance is limited
because of the expense involved. The more usual practice is to show
conformance by analytical means.

Many shipping casks have external fins or ribs welded to the outer
shell for additional structural strength or for heat transfer purposes.
An impact such as that required by the first condition of the hypothet-
ical accident will result in gross deformation of these fins. A theoret-
ical analysis to determine the energy absorbed by the fins during this

gross deformation would be very difficult. Analyses based upon static
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material properties normally result in ultraconservative design because
the stress for a given strain will generally be much higher under impact
conditions. Thus, a/reliable method for determining the energy absorp-
tion properties of external fins on shipping casks would be of great
help to the cask designer and analyst.

The investigation reported here was undertaken to determine the
energy absorption characteristics of plastically deformed inclined
struts under specified impact loadiné conditions. The first step taken
in this investigation was a review of the technical literature to obtain
information on prior work related to the gross deformation of struts
under impact loading. None of the published results of work done in
this field was directly applicable to this particular problem, and the
decision was made to conduct an experimental program. An impact test
program was developed, and the geometry and fabrication method for the
test specimens were selected. The struts tested had various thicknesses,
heights, and angles of inclination relative to the line of impact; but
their length was maintained constant at 2 inches. These struts were
designed to simulate sections of typical longitudinal fins on shipping
casks. Force-time and acceleration-time relationships were obtained and
recorded during the tests, a computer program was written to transform
the test data to energy-deformation relationships, and the results were
evaluated.

The results of the literature survey are presented in Section 2.
Development of the experimental program, test apparatus, and specimens
tested are discussed in Section 3. Performance of the actual tests is

described in Section 4, and the transformation of the resulting test
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data and its evaluation are discussed in Section 5. A summary of the

procedures used in this experimental program, the conclusions drawn

from its results, and recommendations for future work are presented in

Section 6.
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2. LITERATURE REVIEW

A search of published literature was conducted to find information
on the gross deformation and energy absorption characteristics of struts
under impact loading and to study established approaches to investiga-
tions conducted to determine these characteristics. The search revealed
no published information directly applicable to the im@ediate problem of
developing a usable and reliable method for determining the energy
absorption properties of external fins on shipping casks and only a rel-
atively small amount of information that would bg of help in planning an
experimental program to develop the desired method. Most of the pub-
lished results of studies dealt with impact loading and impulse loading
of beams to produce pure bending or of columns under pure compression.
Impact loading of a radial fin on a shipping cask involves combined com-
préssive and bending loads, and this makes the problem much more
difficult.

A study conducted by Abrahamson and Goodier (3) dealt with the
flexural buckling of rods as these rods, traveling in an axial direction,
impacted a flat steel surface. These investigators developed a simple
theoretical model in which buckling is treated as a pertubation of the
motion associated with axial compression, and linear strain hardening
corresponding to a constant strain-hardening modulus is assumed. The
rod is assumed to buckle under uniform axial strain. This model pre-
dicted the time scale and wavelengths observed during the tests reason-

ably well. The results indicated a linear relationship between the
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decrease in the length of a rod specimen and the ratio of kinetic energy
of the specimen to the elastic strain energy it can absorb.
An account is given by Rawlings (4) of his investigation of the -
energy absorption of dynamically and statically loaded beams undergoing
gross deformation. The general configuration of some of these beams is
illustrated in Figure 2.1. Beam configurations with three different
included angles were tested; these angles were 60, 90, and 120 degrees.
The force values measured during dynamic loading averaged approximateiy
12 percent more than the values measured during static loading. This
is lower than might have been expected, and Rawlings concluded that the
severe degree of cold working in the manufacture of the material and
fabrication of the specimens reduced the strain rate sensitivity

considerably. -

|

Figure 2.1. General Configuration of Some Beams Tested Under
Conditions of Gross Deformation.

Work reported by Parkes (5) involved analytical and experimental o
studies of the plastic deformation of mild-steel cantilever beam speci-

mens struck transversely at their tips. The experiments involved both
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high-velocity (970 to 1,580 feet pér second) and low-velocity (6.4 to 18
feet per second) strikers impacting the tips of mild-steel cantilevers.
The cantilevers impacted had a constant cross section of 1/4 inch by 1/4
inch, but their length varied from 2 to 12 inches. The results of these
experiments showed that a cantilever struck by a heavy striker with a
low velocity will remain straight, deforming through an angle at the
root that is independent of the length.. This is similar to the type of
failure expected in the quasi-static mode. The results also showed that
a cantilever struck by a light striker wi;h a high velocity will suffer
a local deformation near its tip that is independent of the length and a
rotation at its root that is inversely proportional to the length.

The analysis based on the concept of an ideal rigid-plastic mate-
rial preéented by Parkes (5) satisfactorily predicted the deformation of
sections of mild steel cantilevers that were remote from the point of
impact. For comparatively slow impacts, use in the analysis of a
dynamic plastic moment 50 percent greater than the static plastic moment
gave satisfactory agreement with the experimental results. The analysis
predicted qualitatively the occurrence and behavior of the local defor-
mation at the tip of the impacted cantilevers, but the quantitative
agreement between the analytical prediction of the shape of this defor-
mation and the high-velocity test results was poor. Parkes concluded
that prediction of local damage is dependent upon an accurate definition
of the conditions of striking.

Experimental tests of cantilever beams with tip masses under both
impact and impulsive loadings were conducted by Bodner and Symonds (6)

to evaluate the assumptions of dynamic rigid-plastic theory. These
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investigators reported that the results of their tests pointed to a
strain rate effect as the principal cause of discrepancy between exper-
imental results and simple rigid-plastic theory. -

However, the geometrical effects caused by large deformations were
neglected in the formulation of the problem presented by Parkes (5) and
by Bodner and Symonds (6). This is equivalent to the assumption that
the displacements are infinitesimally small, but rigid, ideally plastic
theory is applicable only if the plastic strains are much larger than
the elastic strains. The results of work performed by Ting (7) show
that neglect of geometry changes caused by large deformations is also
responsible for part of the discrepancies between experimental results
and simple rigid-plastic theory. The analytical studies performed by
Ting indicate that approximately one-half of these discrepancies, a max-
imum of 14 percent, reported by Parkes (5) are the result of geometricai
changes in the test specimens caused by large deformations. It is gen-
erally believed that the remaining discrepancies are primarily the
result of strain rate effects.

Because of the review of this report published by Ting (7), the
energy absorption characteristics of a plastically deformed strut or
shipping cask fin are considered in this investigation to be a linear
function of the length of the fin along the cask. That is, 20 inches of
a fin along the length of a shipping cask will absorb 20 times the

energy that 1 inch of the same fin will absorb.



3. DEVELOPMENT OF EXPERIMENTAL PROGRAM AND APPARATUS

The literature review revealed no results that would enable the
designer of a shipping cask to determine the energy absofption capabil-
ities of external longitudinal fins undergoing gross deformation.
Therefore, the decision was made to develop the needed information by
experimental methods. The philosophy for the experimental program was
developed, the experimental equipment and instrumentation were selected,
the instruments were calibrated, and the test specimens were designed

and fabricated.

3.1 Experimental Program Philosophy

The general approach that was adopted for the experimental program
involved dropping a hammer of known weight from a predetermined height
onto a specimen and recording the force-time relationsﬂip experienced by
the specimen throughout the duration of the resultihg impact. Force
with respect to time can be converted to acceleration with respect to
time by Newton's Second Law of Motion. This acceleration-time relation-
ship can bevconverted to a velocity-time relationship by using the fol-

lowing equation.

t=t
v, =V, - a dt, (3.1)
t=0
where
Ve = velocity at a point in time,
v, = initial velocity at time equal zero,
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t = time, and
a = acceleration. |
Similarly, the velocity-time relationship can be used to determine the -

deformation~-time relationship by using the expression

t=t t=t t=t ~t=t
Xt = v, dt = v, dt -f f a dt , (3.2)
t=o t=0 t=0 / t=0

where Xt = the displacement at a point in time. Knowing the force-time
and deformation-time relationships, the energy absorbed can be calcu-

lated from the expression

X
U = P dx , (3.3)
o)
where -
U = energy absorbed for a specific amount of deformation, ‘:
X = deformation, and .
P = applied force.

At the end of the impact duration, at which time the velocity has
become zero, the calculated absorbed energy should be equal to the
kinetic enefgy of the impacting hammer at time equal zero. This gives

a time at which the experimental data can be verified.

3.2 Experimental Equipment and Instrumentation

The impact tests were conducted at the Oak Ridge National
Laboratory Drop Tower shown in Figure 3.1. This structural steel tower .
is 40 feet high and its drop base is comprised of a surface of armor

plate embedded in steel-reinforced concrete. Two 3-by-3-inch angles
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3/16 inch thick were attached to the tower vertically to guide the
impact hammer during its free fall. The basic structure of this hammer
originally weighed 94 pounds. However, the addition of some bracing
became necessary during the performance of the tests, and the weight of
the hammer was increased to 99 pounds. This basic hammer weight could
be increased in 2l-pound increments by the addition of steel blocks to
the hammer, and a maximum weight of approximately 500 pounds could be
obtained. The guide rails, weights, impact hammer, and the other equip-
ment used in the impact tests are shown in Figure 3.2.

Three load cells were designed to provide different ranges of sensi-
tivity from O to 300,000 pounds necessary to cover the fin geometries of
interest. The three cells were cylinders 8 inches long with an outside
diameter of 6 inches. The inside diameters of these cells were 5.9
inches, 5.5 inches, and 4.5 inches. The load cell with the smallest
maximum capacity (16,000 pounds) was damaged during the course of the
tests, and a replacement cell was made that had an inside diameter of
5.8 inches. These load cells were fabricated of mild steel. Bonded
resistance strain gages were secured to the periphery of the load cells
with epoxy resin and wired into é full Wheatstone bridge arrangement, as
illustrated in Figure 3.3. This arrangement afforded a 5.2 amplifica-
tion of the output signal, as compared with the output of a single
strain gage.

A 12-volt automotive battery was used as a power source for the
Wheatstone bridge, which was connected to a bridge balancing unit. The
output of the bridge was fed to one channel of a dual-beam Tektronix

Type 565 oscilloscope with a Type 3A3 dual trace differential amplifier.
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A battery powered mechanical trigger was used to initiate the single
sweep on the oscilloscope, and the trace was recorded on film by using
a Polaroid Land camera attachment on the oscilloscope.

The equipment desbribed was used throughout all of the tests to
obtain impact force-time relationships. During the latter half of these
tests, acceleration-time relationships were also obtained by attaching
a piezoelectric accelerometer to the hammer and feeding its output sig-
nal through a charge amplifier and a low-pass filter to the second chan-
nel of the oscilloscope. With the incorporation of this instrumentation,
as illustrated in Figure 3.4, a force-time relationship and an
acceleration-time relationship were recorded simultaneously for each
impact. The low-pass filter was required because the high frequencies
experienced during the impacts caused the éignél from the accelerometer

to be completely obscured by the high-frequency noise.

3.3 Instrument Calibration and Preliminary Tests

The load cells were calibrated by using a Baldwin 120, 000-pound
hydraulic compression testing machine. Two of the original three load
celis were loaded to capacity (16,000 pounds and 120,000 pounds) during
calibration, while the third cell with a 300,000-pound capacity was
loaded only to the capacity of the testing machine. Based on the linear-
ity of the calibrated portion, it Qas assumed that the response of this
large cell continued to be linear throughout its range. The replacement
cell with a capacity of 32,000 pounds was aléo loaded to its capacity
and calibrated before being placed in service, The calibration curves

for these load cells are given in Appendix A.
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Preliminary tests were performed to determine the significance of
the frictional force developed between the guides and the hammer during
the free fall of the hammer, A schematic diagram of the test éetup is
illustrated in Figure 3.5. Three fine wires were tautly fastened in the
path of the falling hammer, and each of these wires had an electrical
potential of 6 volts applied to it. Breaking of the first wire by the
falling hammer provided the signal to initiate the sweep on the oscillo-
scope. Breaking of the second wire and the third wire by the falling
hammer provided signals evidenced on the oscilloscope. With the dis-
tance between the second and third wires known (10 inches) and the time
required to travel that distance fecorded by the oscilloscope, the
average velocity of the hammer traveling that distance was calculated

from the expression

v =% (3.4)
where
v = velocity in feet per second,
x = distance in feet,’and
t = time in seconds.

During these preliminary tests, the hammer was released from heights of
10, 20, and 30 feet. The distance between the second and third wires
was held constant at 10 inches. The values of velocity determined in
this manner were compared with theoretical values calculated by'using
the expression

v = (g2, (3.5)

where
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g = gravitational constant of 32.2 feet per second, and
. h = height from which the hammer was dropped or the vertical
S ~distance through which the hammer fell in feet.

Thé greatest deviation between the free-fall velocities calculated by
using Equation 3.4 and the theoretical velocities calculated by using
Equation 3.5 was less than 2 percent. This value was considered rela-
tively small, and theoretical velocity values were used in the calcula-

tions made in this investigation.

3.4 Design and Fabrication of Test Specimens

Consider the cross section of a cylindrical cask with longitudinal
fins along its axis impacting a horizontal level surface, as is illu-
- strated in Figure 3.6, It is obvious that only one fin may have an
angle of inclination of zero degrees, while the angle of inclination of
N adjacent fins will vary according to the position of the fins around the
circumference of the cask. The decision was made to test fin specimens

at five different angles of inclination; O, 10, 20, 30, and 40 degrees.

Figure 3.6. Cross Section of Cylindrical Cask With Radial Fins
Impacting a Horizontal Surface.
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Angles of inclination greater than 40 degrees are not feasible because
under normal circumstances, the body of the cask will have contacted the
impact surface before angles of inclination greater than 40 degrees can
be realized.

Many designs for shipping casks specify hot-rolled mild steel as
the material used for the outer shell of the cask. The Ameri?ig Society
for Testing and Materials Specification ASTM A 285, Grade C, Fire Box
Quality, defines a common material of this type that was selected for
the test specimens. This material has a yield strength of 30,000 pounds
per square inch.

As a result of the findings presented by Ting (7) that were dis-
cussed in Section 2, the energy absorption characteristics of longitudi-
nal fins on shipping casks are considered a linear function of the
length of the fin in this investigation. Thus, the decision was made to
fabricate all of the test specimens with the same length. This decision
permitted the use of a common set of test fixtures and made transforma-
tion of the test data somewhat easier.

Five specimens of each configuration illustrated in Figure 3.7 were
fabricated. The weight capacity of the hammer hoist dictated the length
of a specimen that could be accommodated and deformed significantly in
the impact tests. After consideration was given to the more rigid spec-
imens, a length of 2 inches was selected for all of the specimens that
were fabricated. As illustrated in Figure 3.7, the base of the specimen
is perpendicular to the fin only for those specimens whose angle of
inclination is zero degrees. The non-perpendicularity of the other

specimens does not simulate the actual configuration of a fin on a
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shipping cask, but this concession was made for the sake of simplicity
in the test fixtures. It was felt that this concession would not mate-
rially affect the experimental results.

The fin specimens were fabricated in a manner intended to produce
five identical specimens of each size. Two plates 12 inches long of the
appropriate thickness and width were welded together at the desired
angle. One inch was cut off of each end of the weldment to eliminate
possible defects in the areas where the weld beads were initiated and
terminated. The remaining 10-inch-long weldment was then cut into five
2-.inch-long sections to provide the five identical test specimens of

that particular configuration.



4. PERFORMANCE OF TESTS

Impact tests were conducted on 275 specimens of shipping cask fins.
In each test, a fin specimen of the desired geometry wés Securely
clamped to the top of the load cell and the appropriate sweep rate and
vertical scale were set on the oscilloscope. These settings were a
function of the drop height, weight dropped, specimen geometry, and sen-
sitivity of the load cell. The mechanical trigger was set a small dis-
tance above the top of the fin specimen. This distance was dependent
upon the sweep rate setting of the oscilloscope. The distance decreased
as the sweep rate was increased.

The hammer with an appropriate amount of added weight was raised to
the desired drop height. The oscilloscope screen illumination was
turned to its maximum value and the screen grid was photographed. The
illumination was then turned off, the camera was set for time exposure,
and the hammer was released. The free-falling hammer closed the con-
tacts on the mechanical trigger, initiating a single sweep on the oscil-
loscope. Impact of the hammer on the fin specimen transmitted a force
to the load cell. This force caused the strain gage bridge associated
with the 1oad’cé11 to produce an output voltage proportional to the
applied force. The voltage, which changed rapidly with time, was dis-
played on the oscilloscope screen and recorded by the scope camera.
Typical impact force-time photographs are shown in Figures 4.1 and 4.2.

After 157 fin specimens had been impact tested, the decision was
made to measure and record the acceleration-time relationships of the
hammer during the tests because some ringing, which caused difficulties,

23
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Force (20,500 1b./cm.)

Time (1 msec./cm.)

Figure 4.1. Force-Time Photograph Taken During Impact Test of a
6-Inch-High Fin Specimen 1/2 Inch Thick With a Zero-Degree Angle of
Inclination.

Force (20,500 1b./cm.)

Time (1 msec./cm.)

Figure 4.2. Force-Time Photograph Taken During Impact Test of a
3.5-Inch-High Fin Specimen 1/2 Inch Thick With a Zero-Degree Angle of
Inclination.
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had appeared in the load cell signal. An accelerometer was attached to
the hammer and its output signal was'transmitted to the oscilloscope
through a charge amplifier and low-pass filter,'aé deSéribed.in Subsec-
tion 3.2. Thus, the impact force-time relationship and the acceleration-
time relationship for each of the remaining 118 finksbecimené tested
were recorded simultaneously. Typical photographs of these oscilloscope
recordings are shown in Figures 4.3 and 4.4,

The geometry of the fin specimen tested, hammer weight, load cell
sensitivity, and the oscilloscope settings were récorded for each impact
test conducted. Each impacted specimen was removed from the load cell,
identified by number, and its deformed height was measured and recorded
as a basis for determination of permanent deformation. Each impact data
photograph was removed from the oscilloscope camera and numbered appro-
priately. From the trace or traces on each photograph, coordinates of
points along the curves were read, recorded, and converted to force or
acceleration values as a function of time by applying the instrumenta-
tion settings and calibration values. The acceleration-time data
recorded in this manner were analyzed by applying the methods discussed
in Subsection 3.1 that were used to analyze the force-time data except
that the force-to-acceleration computation was not required. The
results obtained should be theoretically identical té those obtained by

using the force-time data.
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Acceleration
(10 G's/cm.)

Force
(1,475 1b./cm.)

Time (5 msec./cm.)

Figure 4.3, Force-Time and Acceleration-Time Photograph Taken
During Impact Test of an 8-Inch-High Fin Specimen 1/2 Inch Thick With a
30-Degree Angle of Inclination.

Acceleration
(10 G's/cm.)

Force
(1,475 1b./cm.)

Time (5 msec./cm.)

Figure 4.4, Force-Time and Acceleration-Time Photograph Taken
During Impact Test of a 4-Inch-High Fin Specimen 3/8 Inch Thick With a
40-Degree Angle of Inclination.



5. DATA TRANSFORMATION AND EVALUATION

The force-time and acceleration-time data recorded during the
impact tests of the fin specimens were transformed into absorbed energy-
deformation data by means of a computer program prepared for this pur-
pose. The numerical data were used as input for a computer plotting
program to provide a graphical representation of the transformed test

data, which were then evaluated.

5.1 The'Computér Program

A Fortran program applicable to the IBM 360 computer at Oak Ridge
National Laboratory was prepared to transform the force-time and
acceleration-time data obtained manually from the oscilloscope photo-
graphs into absorbed energy and deformation data. This data transforma-
tion computer program listing is presented in Appendix B along with the
output data for the first ten specimens that were tested.

The values of force or acceleration and the corresponding time
obtained from the photographs made during each impact test were trans-
ferred to IBM data cards as were the test parameters or variables, which
included the drop height, weight of hammer dropped, initial height,
thickness, and angle of inclination of the specimen, and the final mea-
sured deformed height of the specimen. These cards were inserted in the
computer for performance of the necessary data transformation calcula-
tions. The computational steps in the computer program listing are
explained by comment cards that were inserted in appropriate locationms.
The computer output included a printed copy of the final computational

27
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results and a deck of IBM cards that served as input data cards for an
existing computer plotting program. The output of this plotting program

is presented and discussed in Subsection 5.2.

5.2 Evaluation of Test Results

The output of the computer plotting program generated after trans-
formation of the data obtained during the impact tests is presented
graphically. The sets of éurves shown in Figures 5.1 through 5.5 were
derived from the force-time data obtained from the load cells during the
impact tests, and the heights (H) of the specimens tested are given for
their respective curves. These curves are plots of the absorbed energy
divided by the plastic moment of each specimen tested versus the verti-
cal deformation of the specimen multiplied by 100 and divided by the
original height of the specimen. This abscissa dimension is essentially
the percentage of total deformation possible. The plastic moment values

used were calculated from the expression

M=o ‘22—2) , 5.1)
where
MP = static plastic moment of specimen,
cy = yield stress of specimen material = 30,000 pounds per square
inch,
b = length of specimen = 2 inches, and

t

il

thickness of specimen in inches.
Therefore, the static plastic moment

Mp = 15,000t2 inch-pounds . (5.2)
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Figure 5.1. The Absorbed Energy Derived From Load Cell Test Data
Divided by the Plastic Moment as a Function of the Percentage of Defor-
mation Experienced by Impacted Specimens With a Zero-Degree Angle of
Inclination. ‘
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Figure 5.2. The Absorbed Energy Derived From Load Cell Test Data
Divided by the Plastic Moment as a Function of the Percentage of Defor-
mation Experienced by Impacted Specimens With a 10-Degree Angle of
Inclination.
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Figure 5.4. The Absorbed Energy Derived From Load Cell Test Data
Divided by the Plastic Moment as a Function of the Percentage of Defor-
mation Experienced by Impacted Specimens With a 30-Degree Angle of
Inclination.
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The sets of curves shown in Figures 5.6 through 5.8 were derived
from the acceleration-time data obtained from the accelerometer during
the impact tests. These curves are also plots of the absorbed energy
divided by the plastic moment of each specimen tested versus the percent-
age of deformation experienced by the impacted specimen. The curves
derived from the accelerometer data and those derived from the load cell
data should theofetically be identical. However, careful analysis of
these curves indicates ;hat those derived from the accelerometer data
show approximately 10 percent less energy absorption than those derived
from the load cell data. Although not large, this discrepancy remained
fairly constant, and it may be the result of a calibration error. The
accelerometer was not calibrated by using the instrumentation used dur-
ing performance of the tests. The calibration data received from the
manufacturer were used in the analysis.

There is a vast difference between the energy absorption capabil-
ities of the stiff (angles of inclination of 0 and 10 degrees) specimens
and the less stiff (angles of inclination of 20, 30, and 40 degrees)
specimens. The reason for this vast difference is that all of the spec-
imens with zero-degree angles of inclination and most of the specimens
with 10-degree angles of inclination failed in a double-hinge mode sim-
ilar to the buckling type of failure expected of a column restrained at
one end, whereas most of the specimens with 20-degree angles of inclina-
tion and all of the specimens with 30- and 40-degree angles of inclina-
tion failed in a single-hinge mode. Six of the 61 specimens with 10-
degree angles of inclination failed in a single-hinge mode,.while 12 of

the 79 specimens with 20-degree angles of inclination failed in a
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Figure 5.6. The Absorbed Energy Derived From Accelerometer Test
Data Divided by the Plastic Moment as a Function of the Percentage of
Deformation Experienced by Impacted Specimens With a 20-Degree Angle of
Inclination.
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double~hinge mode. This indicates that the transition poimt between
single- and double-hinge modes of failure lies between 10 and 20 degrees
of inclination.

The typical modes of failure experienced by the test specimens are
shown in Figure 5.9. Shown at the top of this photograph are three
impact tested specimens that originally had angles of inclination of
zero degrees, The left-hand group of three specimens in the second row
is comprised of specimens with 10-degree angles of inclination, and the
right-hand group is comprised of specimens with 20-degree angles of
inclination. Specimens with 30-degree angles of inclination are shown
in the left-hand group of three specimens in the bottom row, and spec-
imens with 40-degree angles of inclination are shown in the right-hand
group in the bottom row. In each of these groups of three specimens
except the first at the top of the photograph, the first specimen shown
has not been impact tested and the other two have been tested.

The time durations of the impact events for specimens which failed
in a double-hinge mode ran from 2.6 to 22.2 milliseconds, with the
majority running from 7 to 15 milliseconds. The durations of impact
events for specimens which failed in a single-hinge mode were much
longer with some being up to 154 milliseconds. Although the impact dura-
tions of single-hinge failures were much longer, they were much less
violent than those of the double-hinge failures.

The printed computer output fbr‘each specimen téstéd afforded a
means by which the calculated deformation could be compared with the
final measured deformation. It also allowed the absorbed energy calcu-

lated from the experimental data to be compared with the energy of the
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falling hammer at the time of initial impact. The printed computer
output for the first ten specimens tested is given in Appendix B. The
deviations between the calculated values of deformation and the measured
values of final deformation shown in this output are typical for the
specimens that failed in a double-hinge mode. These deviations were up
to 30 percent from the measured values. Larger deviations were observed
for specimens that failed in a single-hinge mode. These deviations are
at least partially due éo the elastic springback of the specimens when
the energy had been dissipated and the load removed, especially for
those specimens which failed in a single-hinge mode.

The differences between the energy which was applied to the spec-
imens and the absorbed energy accounted fér in the test data were very
small, being in the order of 2 to 3 percent. This was true for spec-

" imens experiencing either type of failure mode, single or double hihge.
A relatively small amount of energy was dissipated by friction in the
horizontal motion between the hammer and the top of the specimens as the
collapse occurred. The horizontal motions were small for double-hinge
failures where the forces between the hammer and the specimens were
large, and the horizontal motions were relatively large for single-hinge
failures where the forces between the hammer and the specimens were
small. Therefore, the energies absorbed by this friction remained rel-
atively small.

The range of data scatter is indicated by the fine vertical lines
invthe graphical presentation of the computer output. The maximum devi-
ation from the median curves shown in Figures 5.1 through 5.5 (pages 29

through 33) is less than 20 percent with only three exceptions. The

B
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curves shown in these five computer plots were derived from load cell
data. The curves derived from the acclerometer data, shown in Figures
5.6 through 5.8 (pages 35 through 37), are well within the data band
derived from the load cell data. This correlation between the load cell
data and accelerometer data provides a degree of assurance that the
results presented are within acceptable engineering accuracy.

Analysis of the curves shown in Figures 5:1 through 5.5 (péges 29
through 33) shows that the energy absorption’capabilities of a specimen
are dependent upon the square of the thickness of the specimen. This is
evidenced by the fact that when the energy absorbed by the specimen was
divided by its plastic moment value, which is basically a constant multi-
plied by the square of the thickness of the specimen, and the value
obtained was plotted against the percentage of deformation resulting
from the impact; the result for the specimens tested was a set of curves
dependent upon specimen height alone. For deformations of 10 percent or
less, the results were almost independent of the height of the specimen,
This is especially true for the specimens with angles of inclination of
0, 10, and 20 degrees. For larger deformations, it is evident that the
specimens with greater heights absorbed less energy for the same percent-
age of deformation experienced by the specimens with lesser heights.

The computer output for the peak force experienced by the specimens
during impact as a function of their height divided by their thickness
is represented graphically in Figures 5.10 through 5.14. More data
scatter is observable for the specimens with a double-hinge mode of
failure than for those with a single-hinge mode. Buckling is the pri-

mary mode in double-hinge failures, while bending is the primary mode in
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Figure 5.10. The Peak Force Derived From Load Cell Test Data as a
Function of Specimen Height Divided by Thickness for Impacted Specimens
With a Zero-Degree Angle of Inclination.
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single-hinge failures. When presented as is done in Figures 5.10
through 5.14, experimental buckling data typically has significant scat-
ter, while experimental bending data is typically more well behaved.

The peak force information was derived solely from the load cell
data recorded_during the impact tests. A low-pass filter was necessary
to remove high-frequency noise from the accelerometer output signal.
This filter attenuated the sharp peak acceleration value that actually
occurred in the first part of the impact event, énd this attenuation may
be noted on the typical oscilloscope photographs shown in Figures 4.3
and 4.4 ( page 26). Therefore, the peak force values obtained from the
accelerometer data were not valid. This attenuation characteristic did
not materially affectvthe energy absorption information derived from the
accelerometer data because energy values were obtained by double integra-
tion of the acceleration-time data curve.

The peak force wvalues recorded during the impact tests were lin-
early dependent upon the height and thickness of the specimens tested,
as may be observed in Figures 5.10 through 5.14 (pages 42 through 46).
These curves are very similar to critical load curves for columns with
different length-to-radius-of-gyration ratios. Actually, the height-
thickness ratios of the specimens used are essentially height-to-radius-
of-gyration ratios since

be3\1/2

)1/2 '

=15t = tC (5.3)

-

o

where

k = radius of gyration,

[}
1

moment of inertia,
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A = area in square inches,

b = length of specimen = 2 inches,
t = thickness of specimen in inches, and
C = a constant.

It was observed many times throughout the impact tests that the
peak force value for a given specimen geometry was not dependent on the
input energy of the hammer as long as the specimen was plastically
deformed. The input energy could be doubled by either doubling the
weight of the hammer or the drop height, but the peak force would remain
essentially constant. The increased energy was absorbed by more defor-

mation that occurred over a longer duration.



6. CONCLUSIONS AND RECOMMENDATIONS

To summarize before drawing conclusions and making recommendations,
275 specimens of shipping cask fins of different geometries were impact
tested to determine the energy absorption capabilities of external longi-
tudinal fins undergoing gross deformation. It was assumed that the
energy absorption characteristics of thedé fins are linear with length,
and the length (longitudinal distance of fin along the cask body) of
each fin specimen was held constant at 2 inches. The heights (measured
from the outside surface of the cask to the fin tip) of the specimens
tested varied from 3.5 and 4 to 10 inches in 2-inch increments, and the
thicknesses of the specimens varied from 1/4 to 3/4 inch in 1/8-inch
increments. The specimens tested had five different angleé of inclina-
tion: O, 10, 20, 30, and 40 degrees.

The force experienced by each impacted specimen was measured and
recorded as a function of time by using load cells, signal conditioning
equipment, an oscilloscope, and photography equipment. Acceleration as
a function of time was also measured and recorded during the latter por-
tion of the impact testing by using an accelérometer attached to the
hammer in conjunction with appropriate signal conditioning equipment,
the oscilloscope, and photography equipmétit, The force-time and
acceleration-time data were transformed into absorbed energy-deformation
data by means.of a computer program prepared for this purpose, and the

results of the impact tésts wete evaluated.
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6.1 Conclusions

The objective of this investigation was to determine the energy
absorption characteristics of plastically deformed fin specimens and
present the resulting information in a form readily usable by a shipping
cask designer or analyst for calculation of the energy absorption charac-
teristics of external fins along the longitudinal axis of a cylindrical
cask subjected to the 30-foot free-fall condition of the hypothetical
accident specified in the regulations (1,2) governing shipping casks for
radioactive and fissile materials. Curves are presented in Figures 5.1
through 5.5 (pages 29 through 33) in Subsection 5.2 that will enable a
cask designer or analyst to compute the energy absorption capacity of a
longitudinal fin on a shipping cask as a function of its geometry and
the percentage of deformation it is expected to experience during an .e
impact.

The energy absorption capacity of a fin specimen was shown to be
dependent upon the square of its thickness. The greater the height of
the specimen, the less the energy that was absorbed for the same percent-
age of deformation once that deformation had proceeded into a gross
range (10 percent or greater). The fact that the data obtained by two
independent methods during the latter portion of the experimental pro-
gram reduced to similar curves representing the energy absorbed versus
the percentage of deformation experienced by the specimens provides a
degree of confidence in the results.

The curves shown in Figures 5.10 through 5.14 (pages 42 through 46)
in Subsection 5.2 are plots of the peak force experienced by specimens -

during impact versus their heights divided by their thicknesses. With
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the weight of a shipping cask known, the peak acceleration that would be
experienced by a cask subjected to the 30-foot free-fall condition of
the hypothetical accident can be computed by using the:information pre-
sented in Figures 5.10 through 5.14 (pages 42 through 46). The peak
force values observed during the impact tests were linearly dependent on
the height and thickness of the specimens tested, and the plots are sim-
ilar to critical load curves for columns. The peak force experienced by
the specimens did not appear to be a function of the impact energy of
the hammer as long as plastic deformation was attained. The intended
use of these energy absorption and peak force curves presented in Sub-
section 5.2 is demonstrated in the example problem given in Appendix C.

The techniques employed during the performance of the impact tests
proved to be relatively economical and effective in determining the
energy absorption and peak force data for longitudinal fins on shipping
casks. These techniques would also be applicable in experimental pro-
grams intended to determine the energy absorption capabilities of spec-
imens of other geometries or the dynamic stress-strain relationships of

ductile materials.

6.2 Recommendations

It is recommended that the curves shown in Figures 5.1 through 5.5
(pages 29 through 33) be used to determine the energy absorption capa-
bilities of external fins along the longitudinal axis of cylindrical
shipping casks being evaluated to determine compliance with the regula-
tions (1,2) governing structural integrity during the 30-foot free-drop

hypothetical accident condition. The curves shown in Figures 5.10
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through 5.14 (pages 42 through 46) may be used to determine the peak
forces to which the cask fins would be subjected under the same accident
condition.

Considerably more impact testing should be done with regard to the
energy absorption characteristics of cask fins to adequately provide all
of the information on this subject presently needed by designers and
analysts of shipping casks for radioactive and fissile materials.
Inquiries have already been received relative to data for fin geometries
much larger than those tested. These large geometries include fin thick-
nesses up to 1 1/4 inches and heights up to 18 inches. Extrapolation of
the results presented here to fin geometries grossly different from those
evaluated could give erroneous information. A test program should be
conducted to substantiate the assumption that the energy absorption
characteristics of longitudinal fins wvary linearly with their length.

It is recommended that fin specimens of materials other than that
tested in this investigation be evaluated, with special interest being
directed to specimens fabricated of a 300-series stainless steel. Tests
should also be conducted to evaluate the energy absorption characteris-
tics of circumferential fins. The need for these two types of investiga-
tions is very real inasmuch as inquiries have been received‘as to
whether the results of this investigation will be applicable to these
particular situations. The results of this investigation should not be
applied to circumferential fins or fins of other materials without
further investigation. A study should be undertaken to develop an ana-
lytical approach for direct computation of the energy absorbed by a cask

fin during impact as a function of its deformation, and the results
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obtained by using this analytical method could then be correlated with
the experimental resulté presented here.

Finally, it is recommended that the energy absorption characteris-
tics of pre-bent fins be evaluated. This type of fin geometry would
tend to reduce the extremely high peak forces that are experienced when
a straight fin is dynamically deformed at no anglé or a shallow angle of
impact incli;étion. The pre-bent type of fin sﬁd@ld absorb nearly as
much energy as the straight fin under these circumstances since the

double~-hinge mode would still be the effective mode of failure.
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APPENDIX A
LOAD CELL CALIBRATION CURVES

The.load cells used in the experimental program had maximum
capacities of 16,000, 32,000, 120,000, and 300,000 pounds. These cells
were calibrated by using a Baldwin 120,000-pound hydraulic compression
testing machine, as discussed in Subsection 3.3, and the calibration

curyves for the load cells are illustrated in Figures A.l through A.4.
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Figure A.1. Calibration Curve for the Load Cell With a Maximum

Capacity of 16,000 Pounds.
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Figure A.2. Calibration Curve for the Load Cell With a Maximum
Capacity of 32,000 Pounds.
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APPENDIX B

LN

DATA TRANSFORMATION COMPUTER PROGRAM

A Fortran program applicable to the IBM 360 computer at Oak Ridge
National Laboratory was prepared to transform the force-time and
acceleration-time data recorded during the impact tests into absorbed
energy-deformation data. This program, which is discussed in Subsection

5.1, is presented on the following pages.
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C THIS PROGRAM TRANSFORMS FORCE-TIME DATA INTO ABSORBED ENERGY-TIME
C RELAT IONSHIPS FGOR FIN SPECIMENS IMPACTED BY A FREE FALLING WEIGHT.
C CODED BY F C DAVIS CAK RIDGE NATL LAB DECEMBER 1569

OO0 OOO00OO0O0

GLOSSARY OF NOTATION

[=SPECIMEN IDENTIFICATION NUMBER

J=DATA POINT IDENTIFICATION NUMBER

NN=NUMBER OF DATA POINTS PER SPECIMEN

F=FORCE IN POUNDS

A=ACCELERATION IN FT/SEC/SEC

EL=ELEVATION IN INCHES

W=WEIGHT OF IMPACY HAMMER IN POUNGES

VO=VELOCITY OF HAMMER AT T=0 SEC IN FEET/SEC
V=VELOCITY AT ANY POINT IN TIME IN FEET/SEC

T=TIME AFTER IMPACT IN SEC '

TK=SPECIMEN THICKNESS IN INCHES

H=SPECIMEN FEIGHT IN INCHES

ANG=SPECIMEN ANGLE IN DEGREES

D=VERTICAL CIMENSION AFTER IMPACT IN INCHES (MEASURED)
X=ACTUAL VERTICAL DEFCORMATION IN INCHES

UI=ENERGY COF HAMMER AT IMPACT IN IN-LBS

U=ENERGY ABSORBED AT ANY POINT IN TIME IN IN-LBS
MP=PLASTIC MOMENT OF SPECIMEN CROSS SECTION IN IN-LBS
UMP=ABSORBED ENERGY / PLASTIC MOMENT

DEF=CALCULATED DEFORMATION AT ANY POINT IN TINE TN INCHES
PDEF=CALCULATED DEFORMATION / ORIGINAL FEIGHT X 100 .
NS=NUMBER OF SPECIMENS

INO=INITIAL SPECIMEN NUMBER FOR GROUP BEING COMPUTED

DIMENSION F(25450),A(25,50),EL(25),W(25),V0(25),V(25,50),4NN{(25),
1IT(25,45C),TK(25)4H({25) s ANG(25),D(25)4X(25) 4UI(25),U(25,50) 4MP(25),

2UMP (25,

1CHY1 FORMAT
1602 FORMAT
1063 FORMAY
1004 FORMAT
1005 FORMAT
1006 FORMAT

5C),DEF(25,50),PDEF(25,50)
(12,F18.145F10.1/(F20.145F10.1))
(12,F18.5,5F10.5/(F20.545F10.5))
(7F10.1/(7F10.1))
(7F10.2/(7F10.2))
(7F10.3/(7F10.31))

(15)
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C ZERC STCRAGE REGISTERS FOR ALL SUBSCRIPTED VARIABLES 250

DO 1 1= 925 26C
EL{I)=0, 370
W(I)=0-0 280
VOo(Il)=£.0 : ) 290
NN(T)=0.C 400
TK{I)=0.0 410
H{T)=C.0 420
ANG(I)=C.0 43§
D(1)=0.C 440
X(1)=0.0 450
ur{ij=c.0 460

1 MP(I)=C.C 470
DO 2 I=1,25 48¢C

DQ 2 J=1,50 49G
F(I143¥=0.0 SGO
A(1,J)=C.0 510
V(l,Jd)=C.0 ' 526
T(1+J1=0.0 520
UlI.J)=C.0 540
UMP(T,J)=0,0 : 550
DEF(1,J3=0.0 560

2 PDEF(1,J)=0.0 570
C READ IN TEST DATA 586
REAC 1006,4NS 590

READ 1006, INO 600

DO 2 I=14NS ' 610

REAC 1GQ14No(F{1,J),J=1,N) 620
REAC 10C2,N4{T(I4Jd)4J=1,N) 630

3 NN(T)=N 640
READ 1002, (EL(I)41I=1,4NS) 650

READ 10C3,(W(1),1I=1,NS) 6690

READ 10C4,(H(1),1=1,NS) 670
REAC 1CC5,(D(1),1I=14NS) 680

READ 1C0S5,(TK(I),I=1,NS) 69C

REAC 1CC4,(ANG(I),I=1,4NS) 720
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C CONVERT FORCE-TIME DATA TO ACCELERATION-TIME DATA
DO 5 1I=14NS
DC 4 J=1,NN(I)
4 A(T4J)=(F(I,J)%32.0)/W(T)
5 CONTINUE
C COMPUTE VELQGCITY OF HAMMER AT IMPACT WHERE T=C
DO 6 I=1,NS
6 VO(I)=SQRT(64.0%EL(1)/12.0)
C COMPUTE VELOCITY-TIME DATA BY INTERGATING THE ACCEL-TIME CURVE
DO 9 I=1,NS
SUMA=0.C
DO 8 J=1,NN(1)
IF (J.EQ.1) GO TO 7
SUMA = SUMA+((T(I,J)-T(I,J-1)I*(A(T,J-1)+A(I,J)))/2.0
7 VI(I,J)=VC(I)-SUMA
8 IF (V(14J)eLECLG) NN(T)=y-1
9 CONTINUE
C COMPUTE DEFORMATION-TIME DATA BY INTEGRATING THE VELCCITY-TIME CURVE
DO 12 I=1,NS
SUMv=0.C
DO 11 J=1,NN(T)
It (J.EQ.1) GO TO 10
SUMV = SUMVH((T(I,Jd)=T(I,J=-1)0%(V(T,J=-20+V(T,4)))/2.0
10 DEF(1+J)=SUMV*12,0
B=(H(IY*COS(ANG(I}/57.3))1-DEF(I,J)
IF (NN(I).EQ.(J-1)) GO TO 11
C CALCULATE PERCENTAGE DEFORMATION
i1 PDEF(14J)=DEF(1,J)*100.C/H(T1)
12 CONTINUE
C CALCULATE ACTUAL FINAL DEFORMATION FROM MEASUREMENTS
DO 12 I=1,NS
13 X(I¥=(H(I)*COS(ANG(I)/57.2))-D(1)}
C CALCULATE ENERGY OF HAMMER AT IMPACT
DC 14 I=1,4NS
14 UT(I)=EL(T)=W(T)

710
720
130
740
750
760
T7¢C
780
790
800
81n
820
830
840
850
860
8780
88&G
89¢C
900
91C
|20
930
G40
950
960
970
S8C
990
1C00
1010
ic2n
1020
ic40
1050
1060
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C COMPUTE ABSCRBED ENERGY FROM FORCE-DEFORMATION DATA
DO 16 1I=1,NS
SUME=C .0
DC 15 J=1,NN(T)
IF (J.EQ.1) GO 7O 15
SUME = SUME+((DEF(I14J)=DEF(I,J=-1))%(F(1,J)4F(1,0-1)))/2.0
15 U(l,J)=SUME
16 CONTINUE
C CALCULATE PLASTIC MOMENT FOR FIN SPECIMENS, WIDTH OF SECTICN = 2IN
C AND YEILD STRESS = 30,000 PSI
DO 17 I=1,NS
17 MP(T1)=15000 ,%TK(I)*TK(]I)
C COMPUTE RATIQ ABSORBED ENERGY / PLASTIC MOMENT
DO 19 I=1,NS
DO 18 J=1,NN(I)
i8 UMP(T,4¥=U(T,J)/MP(1])
19 CONTINUE
C COMPUTE SPECTIMEN IDENTIFICATION NUMBER
pe 22 1=1,1¢C
20 ISPEC=INC+]I
WRITE (51,1007)
1007 FORMAT ( 1HT JINX G 1HT 14X 2HHT 34Xy 2HTHK 33Xy 2HANG 44X 2HWT 44X 4 3HELE,
15X 4 4HTIME,4X s SHFORCEy 5X y 2HDEF 45X 9 4HMEASy 4 X4 5SHCAL Uy 5X,4HU IN)
WRITE {51,1008)
1008 FNRMAT ( 1H 414Xy 4H(IN) 42Xy 4H(IN) 42Xy SH(DEG) 92X 44H(LBY 33X 44H(IN),
13Xy 5H{SEC) 35X &4H(LBY s 5X o 4HOIND) 44X o 4HCINY 33Xy TH(IN=-LB) 42Xy TH(IN-LB)
2) '
WRITE (51,1009)
1009 FORMAT (1H )
DO 21 J=1,NN(T)
21 WRITE (51,1C010) ISPEC H(T),TK(T)JANG(I) 4W(T)LEL(T)T(I,J),F(TI,J},
IDEF(T,J) o X{T)U(T,3),UT(T)
1010 FORMAT (10X 12 923X3F3ely2X9F4.2333X4F2,093XsF4.092X3F4.C33XsF5.4,3X,
IF74093X9F5e392XsF5.232X4FT7.042X,F7.0)
22 CONTINUE
STOP

1070
108C
109¢C
i1ce
1110
1120
1130
1140
1150
1160
1170
1180
lig9cC
1200
1210
1220
1230
1240
1250
1260
1270
128C
1281
1290
1300
1301

1302
1210
1220
133¢
1240
1241
1350
1251
1260
1270

g
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FORCE DEF

ot pmd ot pd foed b ped pd ok fd b o fod b b b pod fod fod fd b b pod pod pod fd fod eed peb ped

HY THK ANG WT ELE TIME MEAS caL v U IN
(INY  (IN) (DEG) (LB) (IN) (SEC) (L8) (IN) (INk  (IN-LB) (IN-LB)
6.0 . 750 C. 474 354, .0 15375C. C.0 2.625 O. 167915.
6.0 <750 D . 474, 354, .C002 143500. C.102 2.625 15147. 167915.
6.0 « 750 0. 474, 354, 0004 12325¢C. 0.199 2.625 28605, 167915.
6.0 «75GC C. 474, 354, 0006 G2250C. 0.292 2.625 3G6113. 167915,
6.0 «75¢C O 474, 354, .0008 820G0. 0.382 2625 = | 46950C. 167915,
6.C «75C AN 474, 354. 0012 g20¢c0. 0.554 2.625 61035. 167915.
6.C .75C 0. 474, 354, L0014 71758. C.636 2.625 67337. 167915.
6.0 .75¢C C. 474, 354, .CCl6 71750. C.716 2.625 72047, 167915,
6.0 750 C. 474, 354, .0018 66625, 0.793 2625 78394. 167915,
6.0 « 750 0. 474, 354. . 0020 €150C. 0.868 2.625 832C7. 167915,
6.0 . 750 0. 474, 354, 0022 £6625. C.941 2.625 87887 167915.
6.C «75C . 474, 354, 0024, €15C0. 1.612 2.625 92434, 167915,
6.0 750 C. 474, 354, G026 56375, 1.081 2.625 965G0C. 167915,
6.0 «750 0. 474, 354, .0028 5125C. 1.148 2.625 100114, ‘167915,
6.0 « 750 0. 474, 254, L003C 56375. 1.214 2.625 103624, 167915,
6.0 750 D 474, 3254, .0032 51250. 1.277 2.625 107061, 167915.
6.0 <750 0. 474, 354, L0034 46125. 1.2329 2.625  11008C. 167915,
6.0 750 D 474, 35¢4., 0036 41000, 1.400 2,625 112716. 167915,
6.0 « 750 0. 474, 354, 0046 41000. 1.682 2.625 124296. 167915.
6.9 «750 D. 474, 354, .0048 25875. 1.735 2.625 126316, 167915.
6.0 . 750 C. 474, 254, .0C 50 25875. 1.786 2.625 128158. 167915,
6.0 « 750 C. 474, 354, <0052 30750. 1.836 2.625 129831. 167915,
6.0 . 750 0. 474, 354, <0054 25625. 1.886 2.625 131218, 167915.
6.0 750 Ce. 474, 354, .C056 25625, 1.924 2.625 . 132457, 167915,
6.0 750 C. 474, 354, .0058 20560, 1.982 2.625 133554, 167915.
6.0 750 C. 474, 354, 074 20500, 2.338 2.625 14C857. 167915.
6.0 « 750 O 474, 254, 0076 15375. 2.379 2.625 141603, 167915,
€.C « 750 C. 474, 354. .0078 15375, 2.420 2.625 142234, 167915,
6.0 «75C C. 474, 254, .0080 10250. 2.461 2625 142754, 167915,
6.0 «75C C. 474, 354, .0082 C. 2.501 2.625. 142961. 167915.

L9



NN MNNOONNNOMNNMNNNRNONDNOONDNMNDNRNNDNONND NN ON
coocoroccr0cr0cCcrrrcc0c0r0crrcccrr 00 OO0
¢ 6 6 6 & 9 & 0 & 8 6 & 8 6 6 & & 5 s 8 e 6 8 6 o+ o &

QODOODDDOODDDIIDODODDODDOODDADD

THK
(INY

«75C
« 753
+ 750
«75C
750
.75C
« 750
« 750
. 750
.75C
«75¢C
« 750
'750
« 158
« 7150
« 750
<750
« 750
. 750
« 715G
. 75C
<750
<758
« 750
<750
«75C
«75C
« 750

a0
* e

L]

DD ODIODDDDIDDDODIDIDDOIDDDDIDID

. . » L L] L] * L] L] * [ ] L) * e [ ) L[] L] . L] . . [ * L] *®

WT
(LB)

474.
474,
474,
474,
474,
474 L ]
474,
474,
474,
474,
474,
474,
474,
474 L]
474,
474,
474,
474,
474,
474,
474,
474,
474,
474,
474,
474,
474,
474,

ELE
(IN)

254,
3540
354,
354,
254,
354,
354,
354,
254,
254,
254,
254,
3540
254,
254,
354,
354,
354,
354,
354,
354.
354,
254,
354,
354,
354,
354,
254,

Y

TIME
(SEC)

.C .
0G4
.00C8
.0212
0016
.0020
.N024
.0028
0032
0036
.C04C

<0044

.C048
.0052
.0C56
L0072
«NC76
«0092
0066
.C100C
«C104
.C1C8
0112
«Cl16
.Ql2¢C
.C1l24

FORCE
(LB})

15500C.
125C590.
94200C.
9225G.
71750.
€2550.
5740C.
5125C.
47150,
47150,
45100,
451C0.
43050,
45100,
43050,
28950,
28950,
26900.
36900,
328Q¢C.
30750.
2874Q0,
22550.
164C0.
820¢C.
6150.
0.

DEF
(IN)

0.0

0.20C
c.382
0.553
C.712
C.860
0.999
1.120
1.252
i.270
1.480
1.585
1.682
1.776
1.863
1.944
2.020
2.156
24216
2.41G
2446
2.479
2.5C7
2.522
2.554
2.572
2.592
2.610

MEAS
(IN}

2.000
2.0C0
2.C00
2.7C0
2.000
2.C000
2.00C
2.000
2.C00
2.0C0
2.000
2.000
2.700
2.000
2.000
2.000
2.000
2.000
2,000
2.000
2.000
2.C00
2.000
2.000
2.0G0
2.000
2.2C0

2.0C0

CAL U
(IN-LB)

C.
271944,
48056,
63934,
17433,
88520,
97938.

105846,
112546.
118283.
123488,
1283¢CC.
132738.
136821.
14C652,
144232,
147325,
152622.
154926,
162C78.
163355,
le4382,
165224,
165858.
166283,
166526.
166659,
166714,

U IN
(IN-LB)

167915,
167915.
167915.
167915,
167915,
167915,
167915,
167915.
167915,
167915.
167915.
167915.
167915,
167915,
167915.
167915,
167915,
167915.
167915,
167915,
167915,
167915,
167915,
167915,
167915,
167915,
167915,
167915,
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SUILEVIRUY]

/

O3 S 10 LY LB LW WL LWL LWL WW LW LWL LWL L LWL WL

HT THK ANG WT ELE TIME FORCE DEF MEAS CAL U U IN
(INY  (IN) (DEG) (LB) (IN) (SECH (LB} (IN) (IN) (IN-LB) (IN~-LB)
6.0 « 750 Do 474, 354, «C 1£375¢C. 0.0 2.563 C. 167915,
6.0 750 0. 474, 354. .C0C4 106600, 0.2C0 2.563 26061. 167915.

«75C C. 474, 354, .0bos G2250. 0.386 2.5€3 44487, ie7915.
6.0 . 750 O. 474, 354, 0012 15850, G.559 2.563 560664, 167915.
6.0 «750 C. 474, 354, L0016 €7650. g.722 2.563 707832, 167915.
6.0 « 750 C. 474, 354. .0020 €15006. 0.877 24563 80760, 167915.
6.0 « 750 0. 474, 354, 0024 £5350. 1.022 2.563° 89320. 167915.
6.0 750 0. 474, 354. .0C28 5125QC. 1,163 2.563 96744, 167915,
6.0 « 750 0. 474, 354, .0032 4715G. 1.295 2.563 16327¢C. 167915.
6.0 «75G O. 474, 354, 0036 41000, 1.422 2563 :10885C. 167915.
6.0 «75C 0. 474, 254, 0044 410CC. 1.659 2.563 118561, 167915.
6. . 75C e 474, 254, .0048 26G9C0. 1.769 2.563 122868. 167915.
6.0 « 750 c. 474, 354. .LC52 24850. 1.875 2.563 126662, 167915,
6.0 « 750 O 474, 354, 0056 2865C. 1.976 2.563 120389, 167915.
6.9 . 750 0. 474, 354, .0n60 205C0. 2.073 2.562 133264. 167915,
6.0 <750 . 474, 354. .CC64 1435C, 2.166 2.563 124895, 167915,
6.0 «750C 0. 474, 354, .0068 164CG. 2.258 2.563 1363032, 167915,
6.0 750 n, 474, 354, G072 2255GC. 2.347 2.562 128041. 167915.
6.0 « 150 G. 474, 254, 0CT6 205CC. 2434 2.563 . -1399CG5. 167915.
6.0 + 750 0. 474, 254, L0080 2c500. 2.518 2.563. 141625. 167915,
6.0 « 750 0. 474, 354, 0084 164C0. 2.599. 2.563 143126, 167915,
6.C « 759 n, 474, 354, .CC88 16400. 2.678 2.563 144423, 167915,
6.0 «75C C. 474, 354, .0092 143250, 2.755 2.563 145607. 167915,
6.C « 750 0. 474, 354, «0096 1640C0. 2.830 2.563 146761, 167915,
6.G «750 0. 474, 354, «0100 20500, 2.903 2.563 148105. 167915,
6.0 <750 0. 474, 254, .C104 1€400C. 2.974 2.563 1494C6. 167915,
6.0 . 7150 C. 474, 354, .0108 16400, 3.042 2563 150524. 167915.
6.0 750 0. 474, 354, .0112 14350. 2.168 2.562 151541, 167915,
6.0 «750 0. 474, 254, «0120 14350. 2.234 24563 . 2153357, 167915,
6.0 « 750 C. 474, 254, .0124 12300. 3.295 2.563 154164. 167915.
6.0 «75C O 474, 354, 0136 12200. 34467 2.563 156279. 167515.
6.C « 750 6. 474. . 254, 01406 14350. 3.521 2.563 156999, 167915,
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474,

354,
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254,
354.
3540
254,
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254,
354,
254,

.Cla4a
.0148
.C152
.C156
.016¢C
.C164
.0168
.C172
0176
.0180

1640C.,
1845C,
16400.
12300,
82006,
615G.
4100,
4100,
OO

3,573
3.622
3.671
2.717
32.761
2.803
2.844
3.884
2,923
3.962

2.563
2.563
2.563
2.563
25632
2.563
2.563
2.563
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158624,
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161606,
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.750
. 750
«750
. 750
«75GC
« 756
. 75C
«75C
750
«75C
750
«750
« 750
750
«750C
«750
.750
« 750
. 750
750
. 750
+ 750
750
750
750
« 750
750
« 750
« 750
.75C
. I5C

ANG
(DEG)

O.
O
c.
C.
0.
0.
C.
C.
0.
o.
0.
C.
c.
N
0.
O.
0.
-0.

e’
o.
OC
c.
O.
0.
n.
0.
0.
0.
C.
0.
C.
G.

WT
(LB}

474,

4740
474,
474,
474,
474,
474,
474,
474,
474,
4740
474,
474.
474,
474,
474,
474,
474.
474,
474.
474,
474,
474,
474
474,
474.
474,
474,
474,
474,
474,
474,

ELE
(IN)

354,
354,
254,
354,
354,
354,
254,
254,
354,
254,
354.
254,
354,
354,
354,
354,
254,
354,
354,
354,
354,
354,
254,
354,
354,
354,
354,
354.
354,
354,
354,
354,

TIME
( SEC)

.C

D004
.0008
0012
.0C16
.C020
<0024

.0028

.0032
.L032¢
.004C
0044
.0048
.0052
.0056
0060
0064
.C072
0076
.0080
.0084
.0088
.0092
«N0G6
.01GC
.0104
.0108
.0112
.0116
.0120
0124

FORCE
(LB)

1353¢0.
123C00.
1C6600.
102500,
G2250.
8200C0.
728CC.
€S7C0.
65600.
57400.
5320¢C.
5125¢C.
512¢0.
49200.
4715C.
49200.
47150.
47150,
451C00.
41C00.
38950C.
228GC0.
2870C.
26650.
22550,
164C0.
1¢25¢0.
6150.
4100.
4100.
2C50.
C.

DEF
(IN)

MEAS
(IN)

1.750
1.75C
1.7590
1.750
1.750
1.750
1.750
1.75C
1.750

1.750

1.750
1.750
1.755"
1.750
1.750
1.750
1.750
1.750
1.750
1.750
1.750
1.750
1.750
1.750
1.750
1.750
1.750
1.750
1.750
1.750
1.750

CAL U
(IN-LB)

0.
25865,
47041,
64829,
80142.
92792,
10327C.
112225.
120057.
126662,
132187.
137041,
141456,
145452,
148977.
152202,
155126.
157697.
159933,
161771,
162263,
164425,

165288.

165961.
166475,
166827.
167039.
167158.
167228.
l67281.
16732C.

167332,

U IN
(IN-LB)

167915,
167915.
167915,
167915,
167915,
167915,
167915,
167915.
167915.
167915,
167915.
167915.
167915,
167915.
167915.
167915,
167915.
167915.
167915.
167915,
167915,
167915,
167915.
167915.
167915,
167915.
167915,
167915,
167915,
167915,
167915.
167915.

1L
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L ] L ] L ] L] * . L)

THK
(IN)

<750
. 750
«750
750
. 750
« 750
750
« 750
«750
«75C
« 756
. 750
750
. 750
« 750
. 750
« 750
«15C
<750
. 752
«750
« 750
. 75C
. 750
<7590
« 750
«75GC
.750
« 750
750
. 750
« 750

ANG
{DEG)

e ]

L] . L] L[] » L] L[] L] L] . L ]

DDODODDODOO

(A

WT
(LB)

474.
474,
474,
474,
474,
474.
474,
474,
474.
474,
474,
474.
474,
474,
474,
474,
474,
474,
474,
474,
474,
474,
474,
474,
474,
474.
474
474,
474,
474,
474,
474,

ELE
(IN)

351.
251.
351.
351.
251.

351.
251.
351.
351.
351.
351.
351.
251.
251.
251.
351.
351,
351,
351.
351.
251,

251..

251.
251,
351.
251.
351,
351.
251.
351.
351.
351.

TIME
(SEC)

.O

.C01C
.002n
.0C3¢C
«0C4C
.0050
0060
.CC70
.0C8C
.NC90
.0100
.0110
.C122
.C130
.0140
150
016G
.017C
2180
0190
.023¢C
0240
.025¢
260
0276
.0290
. 0200
.C31¢
.03220
.0320
.024C

FORCE
(LB)

1253C0.
820020,
22550,
1é400.
14350,
14350,
12346,
10250.
g820¢C.
g2C0.
14350.
18450,
1435Q0.
10280.
2G65G0.
1640G0C.
16400,
14350,
14350.
12300,
12208,
14250.
12200,
1435¢C,
12200.
1825¢C.
g200C.
€15¢C.
6150,
410GC.
205G,
C.

DEF
(IN)

c.0

C.475
C.886
1.267
1.624
1.989
2.322
2.666
2.992
3.310
3.621
2.920
4.,2C6
4.48C
4.744
4,993
5.229
5.451
5.662
5.861
6.557
6.705
6.843
6.970
7.086
7.193
7.261
T.282
T.468
T«549
T.627
T.7C4%

MEAS
(IN)

6.000
6.000
6.CC0
6.000
6.002
6.000C
6.00C
6.000
6.000
6.000
6.000

.00
6.00¢
6.000
6.0200
6.0C0
6.0090
6.000
6.C00
6,700
6.060
6.0C0
6.000
6.000
6.000
6.000
6.000
6.000
6.002
6.00N
6.000
6.C00

CAL U
(IN-LB)

0.
51649.
72092.
gC514.
86157.
91251.
95831.
89595,

162598.
105209.
1¢871cC.
112619,
11831¢C.
121686,
125732.
130236,
134196,
137618,
1406328,
1422932,
151852,
153822,
155668,
1573¢61.
1589:C.
160108,
161012,
161667,
162196.
162612.
162852,
1629321.

U IN
(IN-LB)

166493,
166493,
166493,
166493,
166492,
166492,
166493,
166493,
1664932,
166493,
166493,
166493,
1664932,
166493.
166493,
1664923,
166493,
166493,
166493,
166493,
166493,
166493,
166493,
166493,
166492,
166493,
166493,
166493,
166493,
166493,
166492,
1664932,

cL
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HT THK ANG WT ELE TIME FORCE DEF MEAS CAL U U IN
(INY (INY} (DEGY (LB} (IN) ( SEC) (L8) S (IN) (IN) (IN-LB) (IN-LB)
9.0 «750 0. 304, 251. 0 122250, 0.0 1.750 G 1C6780C.
9.0 « 750 0. 204, 351. .0010 7175G. C.455 1.750 46601. 106780,
9.0 <750 Ce. 304. 351. .No2¢C 45100, c.808 1.750 67226. 106780.
S.0 .75C 0. 304, 351. .0020 30750. 1.160 1.750 78206. 106780,
9.0 L7150 C. 3N4. 351. .0040 2665G. 1.350 1.750 85483, 1G6780C.
9.0 « 150 c. 204, 251, <0050 2255C. 1.566 1750 90807. 10678C.
9.0 . 750 0. 204, 351. 0060 21525. 1.7532 1.750 94927, 106780,
9.0 « 759 0. 204, 251. 0070 205CC. 1.913 1.750 98284. 10678C.
9.0 . 750 0. 304, 351. .Q080 19475, 2.047 1.75¢ 100960, 10678G.
9.0 « 750 0. 304, 351. .0Co0 18450. 2.156 1.750 102032, 166780,
9.0 . 750 c. 3n4, 351. «01C60 12300. 2.244 1.75C 104379. 106780.
9.0 «750 0. 304, 251, 0110 2050. 2.317 1.75¢C 104905. 106780,
9.C

<750 c. 304. 351. .N120 C. 2.385 1.750 104975. 106780.

£ it

€L
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THK
(IN)

.5C0
« 500
« 500
«500
«5C0
«50¢C
.500
«500
«50¢
.500
«500
« 500
0500
500
«5C0
«5CC
. 500
«5C0

ANG
(DEG)

00
c.
0.
C’o
C’o
Ve

C.

O.
O.
O'
G.
0.
OI
0.
C.
0.
O.

WT
(L)

178.
178.
178.
178.
178.
178.
178.
178.
178.
178.
178.
178.
175,
178.
178,
178,
178.
178.
178.

ELE
(IN)

352.
352.
352.
352.
352.
352.
352 .
352.
352.
352.
352.
352.
352.
352.
252.
352.
352.
252.
352.

TIME
(SEC)

.C

.0010
0030
.0040
.0C59
.C06C
.0070
.CC8C
.009¢C
.C1CO
0110
.012C
0130
«0140
G150
.C16C
0170
.018C

FORCE
(LB}

C.
2075C.
18025.
1475G.
123¢C¢C.
1475C.
11475,
18650,

82GC.
697C.
€150.
6570.
125G0.
15575.
14350,
123006.
127CC.
13500.
131G0.

DEF
(IN)

0.0

¢.503
C.964
1.280
1.765
2.120
24646
2.746
3.024
3.284
3.529
3.759
3.971
4,157
4.310
4434
4,529
4,597
4.636

MEAS
(IN)

3.437
3.437
3.437
3.437
34437
3.437
3427
3.437
2,437
3.437
24437
3.427
3.437
3.4327
34437
3.437
3.437
3.437
2.437

CAL U

(IN-LB)

C.
77329,
18969.
25794.
20990.
25792.
4C071.
43362.
46014.
47984,
49588,
51099.
52272,
55969.
58269.
56911.
61103,
6199C.,
62512.

U IN

(IN-LB)

62656,
62656,
62656,
62656,
62656,
62656.
62656,
62656,
62656,
62656,
62656,
62656,
62656,
62656,
62656,
62656.
62656,
62656,
62656,

7L
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HT
(IN)

8.0
80
8.0

e ]

.
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THK
(IN)

L 500
« 500
L 500
«50C
.5CC
«500
«5GC
500
.500
«5CQ
.500
500
500
« NG
«5GC
«5CN

THK
(IN)

500
« 500
+ 500
<570
sen

500
570

ANG
(DEG)

DDIODODOADOODDDDIDDDD

. * L [ ) ) L[] L] L L[] L] L] L * L] L] [

ANG
(DEG)

DODAODOMD

WT
(LB}

157.
157.
157.
157.
157.
157.
157,
157.
157.
157.
157.
157.

157.

157.
157.
157.

WT
(LB)

157,
157.
157.
157.
157.
157.
157.

ELE
(IN)

352.
352.
352.
352,
352.
3252
352.
352.
352.
352.
352.
352.
352.
252.
252.
252.

ELE
LIN)

354,
254,
254,
354,
254,

254,

354,

TIME
(SEC)

«C

.C01C
JN020
.0C3¢C
.005¢
.0C6C
0670
.CC80
.0Cc9oC
.01GC
.C110
.0120
.0130
.Glat
.0150

TIME
( SEC)

.C

0010
0020
.0020
0040
650
.006C

FORCE
(L)

3G75C.
20N75C.
16675,
18625.
15175.
1435¢C.
1270C.
120650,
8720.
451C.
9020.
492C.
9850,
g20¢C.
6660,

FORCE
(LB)

7695C.
554C4,
25900.
2565C.
236CC.
2155C.
1845¢C.

DEF
(IN)

0.0
0.482
0.854
1.247
1.551
1.812
2.024
2.221
2.278
2.509
2.619
2.714
2.791
2.851
2.891
2.911

DEF
(IN)

Cc.0

C.440
0.744
00954
1.097

1.182.

1.215

T

MEAS
(IN)

2.250
2.250
2.250
2.259
2.250
2.25C
2.250
2250
2.250C
2.250

2.250

2.250
2+250
2.250

2.25%

MEAS
(IN)

1.25G .
1.250

1.250

1.25¢C

1.250

1.250

1.25C

gy

CAL U
(IN=-LB)

0.
14832,
25891.
23414,
39142,
42467,
46747,

- 49284,

" 51114,

5237S.
52111,
52752.
54290,
547332,

. 155093,
- 55241,

CAL U
(IN-LB)

C.
29149,
42015.

© 49486,

52995.
54909,
55564.

L

U IN
(IN~-LB)

55264.
55264.
55264,
55264.
55264.
55264.
55264.
55264,
55264,
55264.
55264.
55264.
55264.
55264.
55264,
55264.

U IN
(IN-LB)

55578,
55578,
55578.
55578,
55578.
55578.
55578

1Y



1 HT THK ANG WT ELE TIME FORCE DEF MEAS CAL U U IN

(INY  (IN) (DEG) (LB) (IN) (SEC) (LB) (IN) (IN) (IN-LB) (IN-LB)
ic 6.0 500 O 157. 354. .G €6660. c.C 1.000 . 55578.
e 6.0 «5CC Co 157. 354, 0004 862GC. C.194 1,000 14798, 55578.
1c 6.0 «5C0 D 157, 254, .CC08 E6660, 0.357 1.000 27309, 55578.
1¢ 6.0 5GC C. 157. 354, .0012 626CC. 0.493 1.000 26167. 55578.
ic 6.0 .500 0. 157. 354, .CC16 48200, 0.606 1,000 42446 . 55578.
10 6.0 500 0. 157. 354, .0G20 21800C. C.699 l1.c000 46188, 55578.
10 6.0 500 C. 157. 354, «NG24 287C0C. 0.779 l.000 48602. 55578
10 6.0 500 . i57. 354, .0028 277CC. 0.847 1.200 5053C. 55578,
in 6.0 « 500 . 157, 254, .C0322 26660, 2.905 1.0C0 52094. 55578.
e 6.0 «500 Ne 157. 3254, +0G36 22600, 0.952 l1.000 53283. 55578,
10 6.0 500 0. 157. 254, .0C40 22570. 0.992 1.000 54157. 55578.

9/
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APPENDIX C
EXAMPLE PROBLEM

 An example problem is presented here to demonstrate the intended

use of the results of this investigation in the analysis of cylindrical

E rwo\?

shi plng casks for radloactlve materlals that have external longltudlnal

fln; w1th respect to the 30- foot free- drop‘hypothetlcal acc1dent condl-

tion. The curves shown in Flgures 5.1 through 5.5 (pages 29 through 33)

may be used to determine the energy absorption capability of the longi-
tudinal fins along the cask body, and the curves shown in Figures 5.10
through 5.14 (pages 42 through 46) may be used to determine the peak
force to which these fins would be subjected during their collapse
resulting from the 30—foot free drop and impact of the cask upon an
essentially unyielding horizontal surface.

The cylindrical shipping cask of this example problem has mild-
steel fins along its longitudinal axis that are 8 inches high (measured
from the outer surface of the cask to the fin tip) and 1/2 inch thick.
The length of each fin along the cask body is 60 inches. The cask will
free fall through a vertical distance of 30 feet to impact an essentially
unyielding horizontal surface on its side, The circumferential spacing
of the fins around the cask body is such that upon initial impact, two
fins will strike the’horizontal surface at a 10-degree angle of inclina-
tion and deform 45 percent and two other fins will strike the surface at
a 30-degree angle and deform 15 percent before the cask body contacts

the essentially unyielding horizontal surface,

77




78
The static plastic moment of each of these fins is determined from

the expression

Mp:oyb—zf R (5.1)
where
Oy = yield stress of fin material = 30,000 pounds per square inch,
b = length of fin = 60 inches, and

t
Il

thickness of fin = 1/2 inch.

Mp = 112,500 inch-pounds

Figure 5.2 (page 30) is used and the curve for specimens with a
height H = 8 inches is selected to determine the value of the absorbed
energy divided by the static plastic moment for specimens impacted with
a 10-degree angle of inclination. At a deformation of 45 percent, this
value for 8-inch-high specimens is read as 16. The value of 16 multi-
plied by the static plastic moment value of 112,500 inch-pounds calcu-
lated by using Equation 5.1 gives the amount of energy that would be
absorbed by one fin striking the horizontal surface at a 10-degree angle
of inclination and deforming 45 percent. This energy is 1,800,000 inch-
pounds.

Figure 5.4 (page 32) is used and the curve for specimens with a
height H = 8 inches is selected to determine the value of absorbed
energy divided by the static plastic moment for specimens impacted with
a 30-degree angle of inclination. At a deformation of 15 percent, this
value for 8-inch-high specimens is read as 1.1. The value of 1.1 multi-
plied by the static plastic moment value of 112,500 inch-pounds that was

calculated by using Equation 5.1 gives approximately 124,000 inch-pounds



.,

*y

79
of energy abeorbed by one cask fin impacting the horizontal surface at
a 30-degree angle of inclination and deforming 15 percent.
The total energy absorbed by the cask fins of this example problem
during the impact resulting from the 30-foot free drop onto an essen-
tlally unyleldlng horizontal surface would be

wr

»««2(1 800,000) + 2(124 oo”‘3 = 3,850, ooow‘

‘%%

nch-pounds

i

%;;i‘?ﬁ

The p ak force experienced by the shlpplng

w task of this example

problem would occur shortly after ;he 1n1t1a1 1m§act of the two fins
striking the horizontal surface at a 10-degree angle of inclination.

The height-to-thickness ratio of the cask fins in this problem is 16,
and the peak force expected to be experienced by the fins impacting at

a 10-degree angle of inclination is read from the curve in Figure 5.11
(page 43) as approximately 37,500 pounds per linear inch of fin. When
this value is multiplied by the fin length (60 inches) and the result is
doubled to account for both the fins impacting at a 10-degree angle, the
resulting peak force value is 4,500,000 pounds. The peak force the cask

would experience as a result of the collapse of the two fins impacting

the horizontal surface at a 30-degree angle of inclination would occur

later in the impact event and be of much less magnitude and significance.
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