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ABSTRACT

The purpose of thié investigaﬁion was to determine the stress-strain
propérties of lead subjected to groés compressivé strains at strain
rates comparable to those experienced by lead shielding in shipping con-
tainers for radioactive maferials under accident conditions. A survey
of technical literature.related to the experimental determination of
dynamic stress-strain relationéhips for metals revealed a general lack of
documentation of the materials tested and that the strain rates used in
‘these investigations were pot generally in the range desired for the
purpose of this investigation. The needed data were therefore developed
in ah experimental test program.

Right circular cylinders of chemical lead with five different geom-
etries were impacted by free-falling steel cylinders of three different
weights dropped from various heights. The force was measured and
recorded as a function of time by using a resistance-strain-gage load
cell, amplifier, oscilloscope, and'a Polaroid camera. A computer pro-
gram was written to numerically iﬁtegraté the force-with-respect-tq-time
data ﬁo obtain velocity-with-respect-to-time and diéplacement-with—
respect-to-time data. From these data, a stress-strain curve was
plotted and an approximate equation fér this curve was written.

It was found that the empirical equation described the dynamic true
: stresé-strain curve for chemical lead and that the curve for this équa-
tion demonstfated reasonable agreement with the experimental data at
strains up to 0.5 inch per inch. It was concluded that the dynamic
stress-strain relationship for chemical lead expressed by thisieqﬁation
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can be applied in actual design problems with approximately the same
accuracy as is normally encountered when published material property

data are used. -
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1. INTRODUCTION

The increasing use of radioactive materials for power generation,
research, and ofher applications has necessitated the use of public
transportation systems and facilities for the shipment of these mate-
rials. To protect thgkgeneralApublic and safeguard the surrounding
real estate, the Féderal Government, through the United States Atomic
Energy Commission and the Department of Transportation, has establishea
regulations governing these shipments. Thesé regulations appear as -
Part 71 of Title 10 of the Code of Federal Regulations (l)*. A portion
of the regulations governs the design and performance of containers in
which radioactive materialé are shipped. To-insure that significant
quantities‘of radioactive material are not released and that radiation
dosés in excess of specified limits are not encountered even under acci-
dent conditions, it is required that a container maintain its effective-
ness during and after a specified hYpothetical accident. This accident
has four major conditions, which are outlined as follows.

1. The package must be subjected to a free drop througﬁ a distance
of 30 feet onto a flat essehtially unyiélding horizontal surface, strik-
ing the surface in a position in which maximum damage is expected.

2. The first condition is followed by a free drop through a dis-
tance of 40 inches, striking in a position in which maximum aamage is

expected the top end of a vertical cylindrical mild-steel bar mounted

*Numbers within parentheses in the text designate numbered
references given in the List of References.
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2
on an essentially unyielding horizontal surface. The bar shall be 6
inches in diameter, with the top horizontal and its edge rounded to a
radius.of not more than 1/4 inch, and of such a length as to cause maxi-
mum damage to the package but not less than 8 inches long. The long
axis of the bar shall be normal to the surface‘of the package.

3. Néxt, the package must be subjected to exposure for 30 minutes
within a sburce»of rédiént heaf having a temperature of 1,475°F and an
emissivity coefficient of 0.9 or equivalent.. Fér calculational pur-
poses, it shall be assumed that the package has an absorbtion coeffi-
cient of 0.8. The packége shall not be cooled artificially until after
the 30-minute test period has expired and the temperature at the center
of the package has begun to fall.

4. As the last condition, the package must be immerséd in water

for 24 hours to a depth of at least 3 feet.

1.1 Demonstrating Compliance With the Regulations

Prior to obtaining permission to ship radioactive material in é
particular package or container, the shipper must demonstrate to the
regulatory body'(the United States Atomic Energy Commission or the
Department of Transportation) that tﬁe container meets the provisions of
the regulations. Full-size and model containers have been subjected to
fhe speéified accident conditions to demonstrate their compliance with
the regulations. However, this practice is not desirable for economic
reasons, Aléo, itAis doubtful that many of the features of a shipping

container for radioactive material can be adequately modeled. More
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often, the shipper demonstrates compliance with the regulations with an
approximate analytical analysis of the container in question.

Shipping containers are of two general types: shielded containers
used to transport gamma and/or neutron emitting materials and unshielded
containers used to transport non-gamma and/or non-neutron emitters.

Most df the existingishielded containers employ lead as a shielding
material and are designed primarily for shielding against gamma radi-
ation. 1In general, these containers consist of an inner and outer shell
of sgeel or stainless steel with the space between the shells filled
with cast lead. An impact such as fequired by the first two conditions
of the hypothetical accident would result in significant deformation of
a shielded container and a reduction in the effectiveness of the shield-
ing. Also, the seal might fail and release radioactive material.

Analyses of shielded containers have generally resulted in ultra-
conservative design in that most of these analyses were based on mate-

rial properties determined by static tests. However, many materials

have impact properties which vary significantly from their static prop-

erties. Generally, the stress for a given strain will be higher under
impact conditions. Hence, if static properties are used to compute the
deformétion-resultiﬁg from the free-fall conditions of the hypothetical
accident, a deformation significantly larger than the true deformation
will be indicated. Since lead is freqﬁently used as the shielding mate-
rial in shipping casks, the determinﬁtion of its stress-strain prop-

erties under impact conditions is of importance.
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1.2 Determination of Stress-Strain Properties of Lead

Under Impact Conditions

The study repor ted here was undertaken to defermine the stress-
strain properties of lead under impact conditions, and the first step
taken was a review of the available technical literature on the subject.
‘"It was found that previous work on this subject did not fully fill the
needs of the problem being studied, and the decision to conduct an
experimental investigation was made. The composition, geometry, and
fabrication method of the test material were selected; and conventional
static tests were made on the material to verify.its static propefties
and to provide a basis for comparing materials of simila; but varying
compésition. Sixty-eight test specimens were.then impacted under simu-
lated accident conditions, and the force-time data were successfully -
“measured and recorded photographically. A computer program was written
té transform the test data into stress-strain da;a, and the results
were evaluated.

The findings of the 1itefature search are discussed in Section 2.
Development of the test program and apparatus is discussedvinvSection 3,
performance of the tests is described in Section 4, and transformation
-of the resulting test data and its evéluation are discussed in Sectiqn
5. A summary of the test procedures, the conclusions drawn from the
results of the tests, and recommendations for future work are presented

in Section 6.



2. REVIEW OF LITERATURE

The literature bertaining to the experimental determination of
dynamic stress-strain relationships for metals was surveyed for two
reésons. The first of thesé was to determine whether dynamic stréss—
strain data that could be used to improve the acéuracy of the approxi-
mate calculation associated with the impacts specifiedlin the first two
conditions of the hypotﬁetical accident had been' previously developed
and published. The second reason was to study the experimental tech-
niques and methods that have beeh used to obtain similar data.

Hard spheres were dropped on large specimens of ductile materials
in experimental investigations conducted by Tabor (2). It Qas assumed
tha; the concept of a constant dynamic yield pressure, or flow pressure
as it was also called, offers a feasonable repreéentation’of the actual

forces involved in a plastic impact. Tabor derived the expression
P=28h -3n) @
v 1 2

for dynamic yiéld pressure where

P = dynamic yield pressure,

m = hasé of the sphere,

g = gravitational acceleration,

v = volume of indentation,

| h = height from which the sphere was dropped, and
Ah2 = rebound height of the.sphereb
Tabor also empirically derived the expression
| P

g ="—i
K

y (2.2) -

5



where
Uy = yield stress of the material,
Ps = static yield pressure, and
K = a constant (called Tabor's constant) found by Tabor (2) to be

equivalent to 2.8 for most materials. .
Equation 2.2 is valid for low or quasi static velocities. From this
work, Tabor (2) found the ratio of P/PS to be 1.58 for lead. Using
this ratio, Equation 2.2, and a value of 2,000 pounds per square inch

for Uy in Equation 2.2; a dynamic yield pressure was computed as follows.

P

1

1.58p; = 1.58K0y (2.3)
"= 8,850 pounds per square inch.

A series of tests similar to those performed by Tabor was conducted
in earlier work by Vinﬁent 3). .Hard steel spheres were dropped on mas-
sive lead specimens in these tests. The diameters of the spheres used

"were 0.506 inch, 1.000 inch, and 1.500 inches; and the velocity of
approach varied from about zero to approximately 45 feet per second.

The equation for the dynamic flow pressure developed in this work was

P=1g—mD§ (2.4)
d
where
P = dynamic flow pressure,
m = mass of the sphere,
D = diameter of the sphere,
V = velocity at impact, and
d = diameter of the resulting dent in the lead.

Values of P in the range of 8,700 to 16,850 pounds per square inch were

reported.
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Similar experiments were conducted by Crook (4). These tests
différed from Tabor's (2) in that the specimen was attached to a long
lead bar suspended horizontally with a piezoelectric crystal between the
specimen and the bar. A freely swinging ball or cylinder was used to
impact the specimen. The crystal was calibrated and its. output fed to
an oscilloscope to record a force-time history of the impact. Crook
made simplifying assumpﬁions to interpret his test daté. The most
important of these was the assumption that the mean pressure over the
contact area remains constant throughout the plastié portion df the
impact. ADynamic flow pressures in the range of 12,800 to 13,900 pounds
per square inch were reported for velocities of approach of 23.25 feet
per second.

Dynamic tests in which lead specimens were impacted by hardened
steel spheres were conducted by Mok and Duffy (5,6), who also performed
static indentation teéts of spheres on lead. A series of simpie com-
pression tests with both a Hopkinson Bar apparatus and a static compres-
sion testing machine were made in conjunction with the sphére-on-lead
impact tests, and the results were compared. Spheres with diameters of
1/2.and 1 inch were used in the dynamic impact tests at velocitiés up to
approximaﬁely 17 feet per second.. Mok and Duffy found Tabor's constant
for lead, K, to bé 3.59 rather than the 2.8 value determined by Tabor.

The flow pressure was computed by using»the equation

P=;—a%mv2’3‘—g%, (2.5)
where
P = dynamic yield pressure, .
a = constant = 0.44 to 0.47,



m = mass of sphere,

<
il

velocity of sphere prior to impact,

d = diameter of the dent in the lead, and

]

D = diameter of sphere.
The flow pressure (dynamic yield pressure) was converted to stress by

using Tabor's (2) equation for static yield pressure in a dynamic sense,

P
Gy = % (2.2)

with K assigned the value of 3.59. Strain was computed by using the
-equation

d
€ ='5_D, (2.6)

which was also derived by Tabor. Stress was converted to true stress by

using the relationship

g, = true stress = Gy(l -€) . 2.7)
The equation p
o, = be™ (2.8)
where
b = 7,800 and
n = 0.432

for a strain rate of 150 inches per inch per second for strains up to
0.1 inch per inch was derived from the data resulting from the tests
made with the Hopkinson Bar apparatus. The results of the simple com-
pression tests and the ball tests are compared.in the plots illustrated

‘in Figure 2.1,
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Figure 2.1. Comparison of Results of Slmple Compression Tests and
Ball. Tests to Determine the Yield Stress of Lead Under Impact.

Sourcé: C. H. Mok and J. Duffy, "The Dynamic Stress-Strain Relation
of Metals As Determined From Impact Tests With a Hard Ball," Interna-
tional Journal of Mechanical Science (Pergamon Press Ltd., Oxford),

Vol. 7, pp. 355-371, 1964.




10
Experiments with Hopkinson Bar Apparatus were also conducted by

Gondusky and Duffy (7). Several specimens of commercial and high-purity
lead of various grain sizes and érystallographic orientations were
\loaded dynamically in compression by means of Hopkinson Bar apparatus.
These sbecimens Qere right cifcular cylinders 0.400 inch long with diam-
eters of 0.400 inch. The tests were conducted at strain rates in Fhe
range of from 1,100 to 1,200 inches per -inch per second. The results of

the tests conducted with commercial lead specimens are illustrated in

Figure 2.2.
-0
. rd
: )
-~ 3,000
F -
2 x)
< /
0
-l
g Q:
~ 2,000 q,
& )
q)" .
[9]
w ?9(
-
w
W 1:000%
> O STRAIN RATE =1,{10 sec™!
= X. ] " =4,450 sec™!
+ " n 1,490 sec™!
. 1
0 002 004 006 008 040 o042 044

TRUE STRAIN, €+ (inch/inch)

- Figure 2.2. Dynamic Compression Stress-Strain Curve for Commercial
Lead Specimens.

Source: J. M. Gondusky and J. Duffy, "The Dynamic Stress-Strain
Relationship of Lead and Its Dependence On Grain Structure,'" Technical
Report Number 53, Division of Engineering, Brown University, Providence,
Rhode Island, May 1967. :
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Experiments in which right circéular cylinders of lead were impacted
by a free-falling weight were performed By Slater, Johnsdn, and Aku (8).
The lead specimens were 1 inch long with diameters of 1 inch, and the
weight of the falling body was 22;5 pounds. Several drop heights were
used, and these ranged .from 2 to 12‘feet. - The free-falling weight did
not impact the specimen directly; instead, it impacted a plunger of sig-
nificant but unreported mass that rested on top of the specimen. The
output of a load cell was fed to anvoséilloscope to provide a force-time
record of each impact. >Similér1y; a capacitaﬁce fype of dispiaceﬁent
transducer waé»used in conjunctibn with the.dual-beam oscilioscope tb
supply a displacement-fimé history of the impacts.‘ These data enabled
the investigators to éonstruct strgss-strain curves directly, and the
results of their tests are illustrated in Figure 2.3.
In conjunction with their tesfs,~Slater, Johnson, apd'Aku proposed
the approximate equation |
o, = cs(l‘+ Cén)Kem : o 2.9)
where
o, = dynamic true stress,
o, = static true compressive stress,
C = constant with.mean value of 6.004,
& = average compressive engineering strain rate,
n = index with mean value of 2.02,
€ = compressive engineering strain at any instant, and
m = index with mean ?alue of 0.44. |
The investigators used Equation 2.9 to predict the results of theif

experiments to within 157 of the actual test results.
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Figure 2.3. Experimental Relation Between Dynamic True Compressive
Stress and Compressive Engineering Strain for Pure Lead at Ambient

Temperature.

Source: R. A. C. Slater, W. Johnson, and S. Y. Aku,

"Experiments in

the Fast Upsetting of Short Pure Lead Cylinders and a Tentative Anal-
ysis,'" International Journal of Mechanical Science (Pergamon Press Ltd.,

Oxford), Vol. 10, pp. 169-186, 1968.
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The literature survey revealed that a considerable amount of

investigative work has been done to deterﬁine the dynamic stréss-strain
properties of lead and that three unique experimental procedures have.
been used in this work. The results of the various investigationé
reported are also correlated within the limits of engineering accuracy.
However, the general lack of documentation of the materials tested
creates doubt as to what the actual test specimens were in many cases.

Also, the maximum strain and impact velocity were limited in most cases.

In no sequence of tests reported were strains in excess of 0.2 inch per

inch achieved.



3. DEVELOPMENT OF TEST PROGRAM AND APPARATUS

The strain rates used in the investigations of the dynamic
stress-strain properties of lead reported in the literature were not
generally in the range of those experienced in the 30-foot-free-fall
condition of the hypothetical accident. A considerable variation in the
results of.the investigations reported was also noted.‘bTherefore, it

was decided to develop the needed data in an experimental test program.

3.1 Test Philosophy

The general test philoéophy of impacting specimens with a free-
falling weight was selected as being‘most applicable to the problem. It
was felt that this approach offered thé most promising means of obtain-
ing the desired data within the limits of engineering accuracy at a min-
imum cost. It was also recognized that the successful conclusion of
this test program was contingent on being able to measure and record or
determine the force applied to the specimen, ﬁhe velocity of some point
_or points in the specimen, and the displacement of the specimen with
réspect to some common function such as time. Considerable difficulty
- and ‘expense ‘were anticipated if the velocity and displacement were to be
measured and recorded directly. In contrast, the techniques for mea-
suring and fecording force with respect té time are well developed,
universally accepted, and usable at reasonable costs. The other param-
eters, velocity and displacement, can be derived from the force-with-

respect-to-time data.

14
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Force may be converted to acceleration by Newton's Second Law.
Acceleration with respect to time may be converted to velocity with

respect to time by using the expression

‘ t=+t .
v, = v, - a dt, ‘ (3.1)
t=o0
where :
v, = velocity at a point in time,
v, = velocity at time equal to zero, and
a = acceleration.

Similarly, displacement with respect to time may be determined by using

the expression

’ t =t t =1t t=t ~t=¢t
= = -_— adt 3.2
Xt vtdt vodtJ/ [ ( )
t =0 . t =0 t=o0 t=o0

where Xt = the displacement at a point in time. Additional data, such
as stress, true stress, strain, and strain rate, can be determined from

these parameters through application of basic engineering disciplines.

3.2 Design of Test Facility and Instrumentation

The test facility shown in Figure 3.1 was desigqed, fabricated, and
installed at the Oak Ridge National Laboratory Drop-Tower. Three mild-
steel rods 1/2 inch in diameter were suspended the length of the tower
and aligned with respect to each other by spacers located at appropriate
intervals. This assembly served as a guide for the cylindricallweights
used to impact the specimens. The weights consisted of three righf cir-

cular mild-steel éylinders that weighed 6.94, 8.69, and 10.56 pounds.
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The maximum’drop height was 432 inches. A spring-loaded ball-detent
pin was modified to serve as an autématic release mechanism for the
weight to be dropped, and a heavy-duty fishing reel was installed to
“hoist the weight up to the drop position.

The load cell was designed as a cylinder 4 inches long with an out-
‘side diameter of 2 inches and an inside diameter of 1.8 inches and Qas
fabricated of Type 6061-T6 aluminum alloy. Bénded resistance strain
gages were cemented to the cell in a full bridge, as illustrated in
Figure 3.2. This arrangement effects an approximate two and six-tenths
gage output aﬁplification, as cbmpared'witﬁ a single éompressiop gage.
Self-compensating foil gages with 'a gage length of 1/8 inch were uged.
The output'of‘the Wheatstone bridge was fed to'a Tektronix Type 551
cathode ray pséilloscope after amplification by a Honeywell Model 130-2C
amplifier and bridge balance unit. The battery powered trace trigger
was selected to initiate the single-sweep scope trace; and a Polaroid
camera was uéed to record the force signal diéplayed on fhe scréen éf
the scope at a known sweep rate. A schematic diagram of this apparatus

is illustrated in Figure 3.2,

3.3 Instrument Calibration and Preliminary Test

The load cell, amplifier, and oscilloscope package were calibrated
to Fhe design capacity of the cell (12,000 pounds) by using a Baldwin
120,000-pound hydraulic compression testing machine. The qalibration
curve is illustrated in Figure 3.3.

A test was conducted to determine the effect of the guide rods on

the free-fall velocity of the weights. The apparatus schematically
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-{a) LOAD CELL

AMPLIFIER 6 VOLTS (DIRECT CURRENT)

120 ) GAGES TRIGGER

OSCILLOSCOPE

(b} INSTRUMENT SCHEMATIC

Figure 3.2. Load Cell and Schematic Diagram of the Instrumentation
Used in the Impact Tests. '
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Figure 3.3.

Load Cell Calibration Curve for Impact Tests.

24



20

‘illustrated in Figure 3.4 was used'to'conduct this test. A weight was
‘releasgd from a known elevation.r When the falling weight severed the
first small conductor, both traces of the dual-beam oscilloscope were
initiated. When the second and third-condﬁctors were severed, the
traces were interrupted. The traces were photographed,las preﬁiously
described. With the disténce betweenvthe second and third ébnductors
known and the time required for the weight to travel this distance
determined from the photographs, the velocity of the weight at the mid-

point between the conductors was computed by using the expression

veZX (3.3)
where
v = velocity;
X = distance, and .
t = time.

During this test, weights were released from nominal elevations of 10,
20, and 30 feet. The distance X was held constant at 17.5 inches. The
values of velocity determined in this manner deviated a maximum of 0.5%

from those computed with the well-known theoretical expression

v = (2gm?/3 - - (3.4)
where
g = gravitational constant taken as 32 feet per second per second,
and
h = the height or elevation from which the weight falls.

This small deviation indicated that the error introduced into the final
results by using the theoretical or ideal free-fall velocity was not

significant.
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Figure 3.4. Schematic Diagram of Apparatus Used to Measure Free-
Fall Velocity in Impact Tests, :
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3.4 Selection of Test Material and

Fabrication of Specimens

A survey of shipping cask deéign practice revealed that cast-in-
place chemical léad was generélly specified as the shielding material.
The American Society for Testing and Materialé Specification ASTM B29
was also frequently used to further specify the material. Chemical lead
conforming to ASTM B29 was therefore selected as the test material.

Right:circular cylinder impact test specimens with diameters of 1
and 1 1/4 inches and length-to—diameter_ratios of 1, 1.5, and 2 were
- cast in high-quality graphite molds. The ends were machined so that
they were parallel to each other and perpendicular to the center line
of each cylinder within 0.001 inch in 4 inches. The diameters did not
require machining.

Similar static tension and compreésion test specimens were also
fabricated from the same lot of material. Tensile and compressive
stress-strain tests were conducted to establish the actual static
properties of the impact test material, and the results of these tests

are illustrated in Figures 3.5 and 3.6.
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Figure 3.6. Quasi-Static True Stress-Strain Curves for Chemical
Lead Test Specimens in Tension.




4. PERFORMANCE OF IMPACT TESTS

Sixty-eight specimens were impact tested, and the force-time data
for each-impaét were successfully ﬁeaSured and photographically recorded
with the instrumentation described in Section 3.2 (pages 15-17). Cylin-
drical lead specimens with five different geometries were tested by
using weights of 6.94, 8.69, and 10.56 pounds dropped from several dif-
ferent elevations. Data were taken for the nominal specimen geometry,
weight, and drop height combinations given in Table 4.1. Specimens
before and after impact tests are shown for visual comparison in

Figures 4.1 and 4.2.

Table 4.1

Specimen Geometry, Weight, and Drop Height Combinations
' Used .in Impact Tests

—— rr— — .

Specimen Geometry Drop Height in Inches

Diameter Length for Weights of

(inches) (inches) . 6.94 Pounds 8.69 Pounds 10.56 Pounds
1.0 1.0 434.0 432.0
1.0 1.0 . 364.0 360.0 360.0
1.0 1.0 288.0 ‘ 288.0
1.0 1.0 207.0 207.0
1.0 1.0 120.0 _ : 120.0
1.0 1.5 : 431.5
1.0 1.5 359.5
1.0 1.5 240.5
1.0 1.5 120.0
1.0 2.0 359.0
1.0 2.0 240.0
1.25 1.25 359.8. . 120.0
1.25 2.50 430.5
1.25 2.50 ' 358.5
1.25 2.50 239.8

25
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The procedures used to conduct the impact tests for each of the 68
specimens were as follows. The weight release trip was set at thé
desired drop height, the release mechanism was connected to the selected
weight, the weight was hoisted above the safety stop, and the stop was
installed. A test specimen of the desired geOmefry was selected, and
its diameter and length were measured to the nearest thousandth of an
inch. The machined ends of the specimen were 1ubricéted with Garlock
"Luball" molybdenum disulfide high-pressure-lubricant to reduce fric-
tion between the weight, specimen, and load cell. The specimen was
then placed on the load cell and visually centered with the scribed
alignment rings on the top surface of the cell.

The desired sweep rate and force scaleAWere set on the oscilloscope.
~ Sweep rates of 0.2 and 0.5 millisecond per centiﬁeter and force scales
of 2080 and 3125 pounds per centimeter were used. The selection of the
sweep rate and force scale was a function of the drop height, weight
dropped, and the geometry of the speqimen. The trace trigger was set a
small distance, approximately 1/4 to 1/2 inch, above the top of the
specimeén. The oscilloscope screen illumination was turned to its maxi-
‘mum value, and the screen was photographed.

The weight was hoisted to within a few inches of the release trip
énd the safety stop was removed. The Polaroid camera was set for time
exposure with the scale illumination off and the shutter épen. Then the
weight was hoisted until the release mechanism contacted the trip,
releasing the weight. The free-falling weight first contacted the
trace trigger, initiating the single-sweep trace. The falling weight

then contacted the specimen and transmitted force to the load cell. As
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After concluding the impact tests, values of appliéd force were
scaled from the photographs for.a constant time increment of 0.1 milli-
second. The fime required for the impacts varied from a minimum of 1.3
to 2.5 milliseconds. Thus, between 13 and125 data points with non-zero
values were taken for each specimen. The maximum force recorded was

approkimately 12,000 pounds.



5. ~DATA TRANSFORMATION AND EVALUATION

The force-time data recorded during the impact tests were
transformed into stress-strain data by means of a computer program, and

the resulting data were evaluated analytically.

5.1 The Computer Program

A Fortran prbgram épplicable to the IBM 360 computer was written to
transform the force-time data read from Qhe Polaroid photographs into
stress-strain déta. The computer program was coded to separate and list
thé stress values for strains in increments of 0.025 inch per inch,
average the stresses and strains in these strain increments, and compute
the staﬁdard deviation of both average stress and average strain. The
étréss and strain values were sebarated and listed with respect to the
strain rate in increments of 20 .inches per inch per second and also with
respect to the average stréin rate. This computer program is given in
Appendix A.

The values of fofce scaled from the photographs made dur}ng the
impact tests were transferred to IBM data cards as were the test param-
eters or variables of drop height, weight dropped, initial diameter of
specimen, initial length of épecimen, ana the final deformed length of
the specimeﬁ. The first portion of the computer program.down to and
including Statement 650 fulfills the routine function of the input of
data, dimensioning of storage,'and zeroing the storage. The loops

formed at Statements 670 to. 700 convert the values of force applied to

31
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the load cell to acceleration ofAthe tqp of the specimen or the bottom
of the weight.
A free-body diagram of the weight, specimen, and load cell is
illustrated in Figure 5.1. Summation of the forces acting on the
specimen results in the expression

F 0, (5.1)

an T Tan T Tan T
where the subscripted letter I refers to the specimen identification
number and the subscripted letter J refers to the data point identifi-
cation number used in the computer program given in Appendix A.

It was assumed that the acceleration of the specimen with respect
to its length varied linearly from a>va1ue equal to the acceleration of
the weight at its top to zero at its bottom. It was also assumed that
the acceleration of the weight did not vary with respect to its length

and that the load cell remained stationary. Within the framework of

these assumptions, the equation of equilibrium becomes

M A

MAa,n - _E—éEAJL =Fa,n .2
where
Mﬁ = mass of the weight dropped,
A = acceleration in feet per second per second, and
M_ = mass of specimen.

)

Solving Equation 5.2 for A and substituting constants and test

(1,3)

parameters for mass results in the expression

F(I’J)BZ.O

A : = ’ . (5’3)
(1,J) _ T2 ’
"oy TP mcmP



33

' -‘_S—WEIGHT

— .,-—<

F(I,J)

— .

1]
Flt,a

Fe, 0

’ __SLOAD CELL
et

Fiz,0

Figure 5.1. Free-Body Diagram of Weight, Specimen, and Load Cell.
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where
W = weight of impacting weight in pounds,
D = initial diameter of specimen in inches,
C = initial length of specimen in inches, and
p = density of specimen.

Eduation 5.3 is equivalent to the Fortran equation in Statement 690 of
the computer program after constants.have been substituted.

The loops at Statements 710 to 730 in fhe computer program compute
~the initial velocity Vo’ which is defined as the-velocity when time and
force equal zero. It was assumed that the velocity of the top of the
specimen and the velocity of the bottom of the falling weight are the
same and that the velocity of the specimen variés linearly over its
length from a maximum at its top surface to zero at its bottom surface.
Theréfore, the initial velocity of the center of mass of the specimen is
one-half the initial velocity. The assumption that if the stress wave
has propagated the length of the specimen at this time, the resulting
external force applied to the bottom of the specimen is negligible is
dehonstrated in Appendix B. Within this framework, the principle of
conservation of momentum for this system may be stated in conventional

mathematical notation as follows.

Vo _
VéMQ = Von + 5 MS ) (5.4)
where
Vé = velocity of falling weight upon impact,
M.W = mass of weight;
Vo = initial velocity of weight and specimen at T = 0, and
M = mass‘of specimen.
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i/2

~ Dividing Equation 5.4 through by M., substituting (2gH) for vJ, and

solving for V0 results in the expression

1/2
Yoz = 28t gy )
o(1 2 ’
nD C P’
(1) (1)
L+t —gi——

(5.5)

where
g = gravitational acceleration,
H = drop height of weight in inches,
p = density of specimen, and

W, = weight of dropped weight in pounds.
Equatioﬁ 5.5 is equivalent to the Fortran equation in Statement 700 of
&he computer program given in Appeﬁdix A, |

The loops between Statements 770 and 970 in the computer program
convert the acéeleration-with-respect-to-time data to velocity-with-

respect-to-time data. From basic engineering mechanics it is known that

t=T
.. adt . (5.6)
t =0

Va,n = Vo ~

Since the function for acceleration with respect to time is unknown, the
integral cannot be evaluated. Hoﬁevef, the value of the acceleration at
speéific points in time is known, apd the integral can be evaluated by
approximate numerical integration techniques. Simpson's Rule of numer-
ical integration is such a technique.

The curve shown in Figure 5.2 was assumed to be a plot of accelera-
tion with respect to time with AT a constant. For.an acceleration-time
curve such és this, the appli@ation of Simpson's Rule results in the

expression
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AT

Va,n = Vo T3 {A<1,0> YAt 4 Aa
+ A(I,3) Foaee + A(I,J-l))

+ Z(A + A(I, J-Z)] . (5.7

(1,2) + A(I,4) PN
For the data taken in the impact tests, A(i,O) is always zero. This
method is limited in that J must be an even integer. However, when J is
an odd integer, this limitation can be overcome by computing the area of
theNfirst increment by the trapezoidal rule and applying Simpson's Rule
to the increments 1 to J. Since it was desirable from an accuracy stand-

point to compute the velocity at every data point, this technique was

followed. Equation 5.8 is valid for an odd number of increments.

AT A0 " 4@, | ar

Ve, = Vo) ) — 3‘["‘(1, 1yt Aa,

+ 4(A(I,2) + A(I,4) Foeee + A(I,J-l))

+ Z(A(I,3) + A(I,S) + .. + A(I,J-Z)H (5.8)
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However, Equation 5.8 is not valid for one increment, and the expression

AYN

Vi S V%@ "2 Aao T Aa,n

5.9)
must be used to evaluate the velocity at the first data point with a
non-zero value.

A series of three similar loops located between Statements 1010 and
lZlQ in the computer program, which is given in Appendix A, evaluates
the deformation éf the specimen with respect to time. Simpson's Rule is
used to ﬁumericaily integrate the expressions. The previously discusséd
limitations concerning increments are also applicable in this case, and

AT is again constant. The expression

Vo * V1, 1)

5 (5.10)

= AT

X(1,1)

for one increment where X = deformation of the specimen, the expression

AT

Xaﬂ>=3ﬁan+vug>+4%Ln+Aaﬂ>

+ A(I,S) + ... f A(I,J-l))

+ Z(A(I,Z) + A(I,4) + A(I,6) + e + A(I,J-Z)” (5.11)

for an even number of increments, and the expression

= AT

3 ["(I;l) )

+ 4(A

\Y + V -
X(I,J) o(I) 5 (I,l) + AT

(1,2) +AA(I,4) + e + A(I,J-l)) ,

+ Z(A(I,3) + A(I’S) o + A(I,J_z)ﬂ (5.12)

for an odd number of increments equal to three or more were used to

evaluate the deflection at any point in time.
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Deflection is converted to strain in the loop formed by Statement
1220 through Statement 1260 of the computer program, which is given in

Appendix A. The equation defining strain from elementary strength of

materials
(1,) ¢ :
(1) :
where
XE = strain in inches per inch,

X = deformation of specimen in inches, and

C initial length of specimen in inches;

was used to effect ﬁhis conversion.

Force is converted to engineering stress in the loop formed by
‘Statements 1280 through 1310 of the computer program. The basic
equation for engineering or apparent stress

F )
s - AL (5.14)
A

where
S = enginéeringAstress in pounds per square inch,
F = force in pounds, and
D = initial diameter of the specimen in inches;

is equivalent to the Fortran equation in Statement 1300.

The computation of true stress effected in the loop forﬁed by
Statements 1330 through 1360 in the computer program is slightly more
complicated since the actual cross-sectional area of the specimen with
respect to time is not known. Lead is essentially incompressible, and

the volume of the specimen at any point in time is approximately equal
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to the initial volume. The expression

xD5.\C,
—(I—ZQ = area; 1Copy(1 - XE'(I’J)A , (5.15)
where
D = diameter of specimen in inches,
C = initial length of specimen in inches,
X = deformation of specimen in inches, and

XE = strain in inches per inch;

may be solved for Area and the expression for true stress written.

(1,9
Fan!' " ®a,n
ST = (5.16)
(1)
4
where
ST = true stress in pounds per square inch and

F force in pounds.

The final deformation of the specimen is computed in the loop
formed by Statements 1380 thfough 1410 of the computer program, which
is given in Appendix A.

The remainder of the computer program is related to the output of
computed variables énd grouping of these variables to facilitate inter-
pretation of the dafé. Statementé 1410 through 1431 effect the prinéing
of all computed double~-subscripted variables and certain single-
sﬁbscripted test parameters.

The next three loops from Sﬁatements 1470 through 2530 group the

stress-strain data by strain increments of 0.025 inch per inch, average

the stress and strain over these strain increments, compute the standard
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deviation of average stress and average strain, and print this data.
The first of these loops performs these operations by using all the test
data from all 68 specimens. The second loop uses only that data which
accounts for a minimum of 907% of the available kinetic energy, and the
third loop uses only that data which accounts for a minimum of 95% of the
available kinetic energy. The percentage of the available kinetic energy
accounted for is based on the difference between the kinetic energy pos-
sessed by the system at time equal zero (when the velocity is equal to
the initial velocity) and the kinetic energy indicated by the computed
velocity at the last data point (point of maximum force). The Fortran
equation.in Statement 1920 of the computer program that combutes the per-
centage of kinetic energy accounted fdr is derived in Appendix B.

The next loop formed by Statements 2540 through 2670 of the computer
program groups the true stress and strain values with respect to the
strain rate computed in increments of 20 inches per inch per second. The
Fortran equation in Statement 2570 that computes strain rate is Aerivéd
in Appendix B. The loop formed by Statements 2690 through 3100 groups
the stress and strain values with respect to the average strain rate in
increments of.SS inches per inch per second. The equation in Statement
2700 that computes the average strain rate is derived in Appendix B.

The percentage difference between the measured (maximum) deflection
and the computed maximum deflection is determined in the loop formed by
Statements 3110 through 3140 of the computer program. The last portion
of the ﬁrogram, Statements 3150 through 3680, effects the printout of the
input force-time data and all single-subscripted variables and test

parameters. This portion of the output is also presented in Appendix A.
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5.2 Evaluation of Computer OQutput

The incrementally averaged stress-strain data are plotted in
Figure 5.3. It is noted that the curve plotted from data which accounts
for a minimum of 95% of the available kinetic energy exhibits the highest
value of stress for a given strain. Similarly, the curve plotted from
the data which'aééounts for a minimum of 90% of the available kinetic
energy has higﬂer values of true stress for a given strain than does the
curve plotted from the averaged.test data for all 68 of the specimens.

It is felt that the data group which accounts for the greatest
percentage of the available kinetic energy most hearly represents the
real dynamic stress-strain curve for lead. ThisISUppbsition cannof be
provéd but can be justified by the fact thét this group of data includes
51.5% of the specimens tested and exhibits a significantly lower devia-
tion. The maximum deyiatioh in stress is approximately 1,100 pounds per
square inch, and it occurs iﬁ the curve plotted from all the daéa at a
strain of 0.5 inch'pgr inch. This amounts.to a 207% deviation based on
the mean of the stress values at the point of maximum deviation.

Study of the computer printout of stress and strain values grouped
in ascending increments of strain rate shows that the true compressive
stress for a given strain is not significéntly dependent upon the strain'
rate within the limits of the impact test data. This is illustrated in
Figure 5.4.in which streés-straip.curves for fouf selected strain-rate
ranges are shown. The stress-strain data grouped in ascending order of
average strain rate shown in Figure 5.5 further demonstrate that lead is
not significantly rate sensitive withiﬁ the range of the impact test

data. However, comparison of all the experimental dynamic stress-strain
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data with static stress-strain data shows that lead is rate sensitive
with respect to static or quasi-static strain rates.

An equation of the general form

S, = f(e) (5.17)

describing the applied true compressive stress as a function of strain
would be of considerable value in evaluating the effects of the impact
conditions épecified in the hypothetical accident. Observation of the
true stfess-strain curvé plotted from the impact test data which
accounts for a minimum 6f 95% of the available kinétic energy illus-

trated in Figure 5.3 (page 42) indicates that an equation of the form

o, =be" +k, - (5.18)
where
O, = true compressive stress in pounds per square inch,
b = a constant,
€ = strain in inches per inch,
m = an index, and
k =

a constant;
possibly deséribes the experimental impact data adequately. There are
numerous accepted procedures for fitting experimental data to equations.-
The determination of the constants in Equation 5.18 may be accomplished
'by>using the following procedure (9).

The points (el,ctl) and (§2,ct2) are chosen at or near the extrem-
ities df the curve formed by the experimental data. The coordinate €50

which is the geometric mean. of the points €, and €, is computed from

1

the expression

e = [e))e . (5.19)
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The value oflct may be read from the plot of the curve illustrated in
3
Figure 5.3 (page 42). The points (el,otl), (62,0t2), and (es,ots) need
not be data points but must lie on the curve formed by the experimental
data. Equation 5.18 is rearranged in the form
o, —k = be , (5.20)

and the logaritlim of both sides is taken, resulting in the expression

log (ct — k) =m log € + log b . (5.21)
The points (el,otl), (€2,0t2), and (es,cts) are substituted in Equation

5.21, and the following three equations result.

log (otl — k) = m log €, + log b - (5.22)

log (0t2 - k) =m log €, + log b ' (5.23)

log (0, — k) =m log €_ + log b (5.24)
ts 3

Addition of Equations 5.22 and 5.23 results in the equation

Log (Otl = k)(0t2 - k) log €+ log €

_ 2
7 - m 5 )+ log br (5.25)

Division of Equation 5.25 by Equation 5.24 results in the equation

[log €, + log €
log (ctl - k)(ot2 - k) ) m\ 5 + log b 5.26)
2(log cta-— k) m log €, + log b
Substituting [(el)(ez)]l/z for € _, Equation 5.26 reduces to
log (otl - k)(ctz - k)
=1 (5.27)
2 log (ots - k) . ‘
or

log (ctl - k)(otz — k) = 2 log (ots - k) . (5.28)

Taking the logarithm of both sides of Equation 5.28 and solving for k

results in the equation
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2
o’tlot2 Ots ’

3
ag + g + O
ti tz ta

k =

(5.29)

from which k may be evaluated. A plot of o, — k versus € is made on
log-log paper, approximating a straight line having the equation

o, = be™ + k . (5.18)

The constants b and m may be evaluated from this graph where b is the
o intercept at € = 1 and m is the slope of the line, and the equation
for true stress may be written. This equation may'then be converted to-

an equation for engineering stress by using the relationship

O = T = Tz (be™ + 1) . (5.30)

Following the procedure just discussed; the points (0.0021, 718)
and (0.52, 5900) were selected from the curve plotted from the experi-
mental data accounting for a mini@um of 95% of the available kinetic
energy that is illustrated in Figure 5.3 (page 42). These points ful-
fill the requirement that they be near the e#tremities of the curve.
The value of Uts was then read from the curve as beiﬁg 3,500 pounds per
square inch. The éonstant k was ¢ompﬁted from Eqﬁation 5(29 and found
to be 20,980. The constants b and m were determined from the plot of
o, - k versus € shown in Figure 5.6. The value of the constantlb was
found to be 14,250, and the value of m was found to be -0.093. Hence,
the equétion

-0.093:

o, = 20,980 — 14,250e " (5.31)

describes the dynamic true stress-strain curve for lead. The curve of
this equation demonstrates reasonable agreement with the experimental

data at strains up to 0.5 inch per inch, as is shown in Figure 5.7.
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Similarly, the equation

20,980 - 14,250¢~0-093

% (1 - ¢€)

(5.32)

describes the dynamic engineering stress-strain curve for lead. The
curves for the true stress and the dynamic ehgineeriﬁg stress as a
function of engineering strain are illustrated in Figure 5.8.

The use of Equation 5.32 in some calculations will require diffi-
cult mathematical manipulations. When this is the case and a lower
level of computationél accuracy can be tolerated, an approxihate
straight-line equation having the general form

0, = mE + b (5.33)

may be used in lieu of Equation 5.32. The constants m, which is the
slope of the straight line, and b, which is the Oe intercept, in
Equation 5.33 were evaluated for the straight line illustrated in
Figurev5.8 to develop the equation

o, = 16,680 + 2,050 . (5.34)
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6. SUMMARY, CONCLUSIONS, AND RECOMMENDAT IONS

6.1 Summary

To summarize before drawing conclusions and making recommendations,
68 specimens were impact tested to determine dynamic stress-strain data
for chemical lead conforming to American Society for Testing and
Materials Specification B29. Force was measured and recorded as a
function of fime By using a load cell, oscilloscope, and photography
equipment. The force-time data were converted to acceleration-time
data and numeriéally integrated, and the IBM 360 computer was used to
obtain velocity as a function of time. A second integration yielded
displacement as a function of time. After converting force to stress
and true stress and converting displacement to strain, true stress-
strain curves were plotted. The equation |

-0.093

g, = 20,980 - 14,250¢ (5.31)

was written by using those dafa which indicated that at least 95% of
the available kinetic energy had been recorded. Equation 5.31 ade-
quately represents the experimental impact testldata up to a strain of
0.50 inch-pef inch. Beyond this value of strain, the small number of
data points makes the experimentai data somewhat suspect.

Reasonabie agreement between the empirical Equation 5.31 and
Equation 2.8 reported'by Mok and Duffy (6) is illustrated in Figure 6.1.
Thé lack of agreement between Equation 5.31 gnd Equation 2.9 derived by
Slater, Johnson, and Aku (8) is also illustréted in Figure 6.1. This
:1ack of agreément is not totally‘unexpected since the constanté‘in

52




53

7,000

6,000

04=20,980-14,250¢

-0.093 —

5,000

4,000

3,000

2,000}

TRUE COMPRESSIVE STRESS o3 (POUNDS/INCH?)

1,000

0 ‘04 0.2

03
ENGINEERING STRAIN, € (INCH/INCH)

04 0.5 06

Figure 6.1. Comparison of Plots of Empirical Equation 5.31,

Equation 2.8, and Equation 2.9.
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Equation 2.9 that are equivalent to b, k, and m in Equation 5.31 were
determined at significantly lower strain rates and somewhat lower
strains than given by the data from which Equation‘5.31 was developed.
Another factor entering into this 1aék of agreement is fhét the prop-
erties of the "pure" lead used by Slater, Johnson, and Aku (8) and
those of chemical lead may differ to some extent.

A comparison of curves plotted from experiméntal dynamic test data
with curves plotted from static test data on stress-strain properties of
lead very clearly demonstrates that the use of static data for design

calculations would result in an ultraconservative design.

6.2 Conclusions

The single objective of this experimental investigation was to
establish a usable stress-strain relationship for chemical lead conform-
ing to the American Society for Testing and Materials Specification B29
for gross deflections at or near the strain rates experienced in the
30-foot free-fall condition of the hypothetical accident specified in
the Code of Federal Regulations (1). With regard to this objective,
four general conclusions may be drawn. |

1. Equation 5.31 developéd empiric;lly adequately represents the
dynamic stress-strain relationship for chemical lead within the limits
of the impact test data. It is felt that this relationship can be
applied to real design problems with approximately the Same accuracy as

is normally encountered when published material property data are used.
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2. Chemical lead is nbt significantly strain;rate sensitive in the
‘range_of the strain rates encountered in the sPecified 30-foot free-fall
accident condition.

3. The experimental techniques utilizgd in the impact tests
performed in this investigation afforduén economical method of develop-
ing stress-strain or forqe-deflectién data for lead.

4. It is further concluded that the experimental techniques used
in this investigation can be successfully employed to determine stress-
strain relationships for other ductilé materials. However, it is recog-
nized that determination of stfess-strain relationships for materials
such as steel, stéinless steel, and éven aluminum will entail some diffi-
culties not encountered with lead. These difficulties may include sig-
nificant rebound of the impacting weight; a secondary impact, feflected
stress waves, and probably a shorter time duration for the impact

incident. A hardened alloy steel weight and load cell would be required.

6.3 Recommendations

In view of the lack of dependence of stress-strain properties of

lead on strain rate, it is recommended that the equation for true stress

o, = 20,980 - 14,250¢"0- 0% | (5.31)
the equation for engineering stress
_ (20,980 - 14,250¢70-993)

Oq ) (5.32)

developed by using Equation 5.31 and the relationship given by Equation
5.30, and the curves plotted from these equations illustrated in

Figure 5.8 (page 51) be used to compute the deflections and



6
accelerations of lead shielding in shipping casks which are being
evaluated to determine their compliance with the regulations (1):govern-
ing the 30-foot free-fall accident condition. When a lower level of
accuracy can be tolerated, the approximate Equation 5.34 may be used.

To furthgr assure the adequacy of Equation 5.31 and verify the
various analytical treatments of the impact condition, it is recommended
that another series of impact tests be conducted. In these tests, lead
cylinders should be dropped on a load cell and the force measured with .
respect to time. The lead cylinders dropped should have circumferential
scribe marks at appropriate intervals so that the final deformation éf
each cylinder with respect to position along its length can be deter-
mined. This information can be used to determine the adequacy of
Equation 5.31.

It is also recommended that the experimental techniques utilized
inbthe impact tests performed in this investigation be used to deter-
mine the dynamic stress-strain characteristics under the specified
30-foot free-fall accident condition of the cladding materials commonly
used on shipping casks for radioactive materials. These are ASTM Grade
A-516 steel and.AISC Type 304L stainless steel.

Finally, it is recommended that scale models of lead-filled ship-
ping casks complete with cladding be dropped in a fully instrumented
series of impact tests to develop and/or verify an adequate engineering
model which could be used to calculate the effecté of the 30Afoot free-
fall impact in future.evaluations of shipping casks for radiocactive

materials.
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APPENDIX A
DATA TRANSFORMATION COMPUTER PROGRAM

A Fortran program applicable to the IBM 360 computer was written to
transform the force-time data recorded during the impact tests of 68
specimens of éhemical_lead into stress-strain data. This program, which
is discussed in Section 5.1 of this document, is presented on the

following pages.
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XREFTN L oMyE3GyAe
C THIS PRCGRAM

TRANSFORMS FORCE-TIME DATA INTO STRESS-STRAIN RELATIONS

C FOR RIGHT CIRCULAR CYLINDERS IMPACTED BY A FREE FALLING BODY
C CODED BY JOHN FVANS NAK RIDGE NATIONAL LAB OCTOBER 196¢

OO0 DHOHOOHOOOO

1601
1G22
10C3
1G04

DIMENSION F(A8925)9A(6E25) ¢HIE3)W(H3)+D(58),C(68B)yB(H8B),VIES,25)

GLOSSARY OF NOTATION

T=SPCTIMEN IDENTIFICATION NUMBER

J=DATA POINT IDENTIFICATION NUMBER

NN= NUMBER OF DATA POINTS PEP SPECIMEN

F=FORCEZ IN POUNDS

A=ACCELERATION IN FEET/SEC./SEC.

H=ELEVATION IN INCHES

W=WEIGHT OF THE IMPACTING HAMMER IN POUNDS

D=SPCIMEN DIA, IN INCHES

C=SPECIMEN INITIAL LENGTH IN INCHES

B=SPECIMEN FINAL (DEFORMED) LENGTH IN INCHES

V=VELCCITY IN FEET/SEC.

VO= VELCCITY OF THE HAMMER AND SPECIMEN AT
=¢ IN FEET/SEC,

S=ENGINEERING STRESS IN POUNDS/SQ.INCH

ST=TRUE STRESS IN POUNDS/SQ.INCH

X=SPECIMEN DEFNRMATION IN INCHES

T=TIME IN SECONDS

XE=STRAIN IN INCHES/INCH

- XA=SPECIMEN ACTUAL (MECASURED) FINAL PEFORMATION

XEDOT=STRAIN RATE IMN INCHES/INCH/SEC
PED=PERCENTAGE ENERGY ACCOUNTED FNR
PXD=PERCENTAGE DEFORMATION ACCOUNTED FOR
AXENDT=AVERAGE STRAIN RATE

19S{68925)yNN(E8),VOUIEB) 9y X{68925) 9y XE(S8925)yST(58925)9XA(68)
2yPED(EB) 9 XEDOT(68,25) AXFDOT(68),PXD(58),7 (58, 25)
FORMAT(I2,F8, 1,6"”.1/(7=1b.1))

FORMAT(T7F1C,

3/7{7Fl¢.3))

FORMAT (TFLl242/(TF13.2))
FORMAT(TF1L.1/(7FLi.1))

1
26
3¢
4G
5n
6¢
T¢

M
v

90

106
115
12¢

130

140
150
l1é
17¢

182

196
200
210
220
230
240
250
250
27¢
285
281
282
290
390
315
320

19



C ZERDQ STORAGE

DD 1
H(I)
WY
ol

FEGISTERS FOR ALL

[=1,61%

SUBSCRIPTED VARTABLES

ot

2

C(I
B(1
NN (
voll
PFDA
AXED]
PXD{
XA (]

L
eNoNeoNe Yo

g
c Do T B B | I T T I [ |}
o o o o v (L4 || = -~ ]  OOD OO

o~ i NO e~ OO o

MNOOOOOMmpre QO
COe 8. 8 86 0 @ s« O «0O0O

XE(T,
XEONT(T,
T(I4J)=0.0

ST(1,J1=0.0

C READ IN TEST DATA

DO 2 I =1,5%8
READ i0Q1y NeylF(T,J)y J= 1,N)
NN(TI) =N '

RZAD
READ
READ
ET-4D
READ

DO 3
nn o4

1002,
1002,
1002,
1003,
100=%,

1= 1
J =

(D(T),1=1,58)

(CLT)sI=1+58)
(B{1),1=1,58)
(W(T1),1=1,38)

. (H(I),1=1,48)
C CONVERT EFORCE-TIME TO ACCELEPATION=TIME BY NEWTON SECOND LAW

168
LyNN(T)

230
3490
250
350
370
380
330

4Q0.

410
420
430
440
450
460
470
480

430 -

500
£10
£20
530
£40
550
€0
570

530 -

590
£00
610
620
€30
640
£50
£50
670
&30

29



C

4

5(’,J)'(F(IyJ)*B?.O)/(W(')—(D(Il*D(Yl*C(Il*O 151))

5 CONTINUYF
C CNMPUTE VLLQCITY AT T=0
1520 I I = 1,48
) O(T)~SODT(64 O*%(I)/1¢.Ol/(l 0+(D(I)*”(I)*C(I)*O 1A1)/W(I))
C COMPUTE VELOCTITY BY TNTEGRATING THE ACCERATION-TIMF rURVE RY STMPSONS
C TIME TNCREMENT IS CONSTANT AT ,0001 SEC.
cC J 1S ODD
Do < I = 1,68
7 FO = 0.0
FF = 0.0
DO B J=34NN(T),?2
Fo-= Fn + A{1,4-2)
FEo= FR +A(T,J-1)
3 VIIyJ)=vOo(I)-(0.,0001/3. 0)*(&(I,J)-A(I 1)44 ,0%FE+2,0%C0)
. 1l =-0.0001%A(1,1)/2.0
9 CONTINUE
J IS FEVEN
DN 12 1 =1969
10 £0 =0.0
EE =0.0
DO 11 J = Z,NN(I),2
i) = ED + A{T,J-1)
IF (J.E0.2) GO TO 11
£ = ff + A{T,4-2)
11 VT, N=v2I(]1)=-(0. OOOI/«.O)*(a(I,Jl+4 O*Fﬂ+? O*EE)
12 CONTINYF
C J IS ONE
nN 13 1 = 1,648 o
13 VIIs1)=VILI)=-2(T,1)%0.000172.0
C COMDUTE SPECIMEN DFFNRMATION RY INTSGRATING THE VELOCITY-TIMF CURVE RY
C SIMPSONS KULE = TIME INCREMENT IS CONSTANT AT 0001 S:EC.
C J 1S 90D
PO 16 1 = 1,52
14 FO = 0.0
F:o = 0.0

£90
700
710
720
730

740

750
760
770
780
790
800

. 810
£20
830
R3]
840
850
850

870
880
8990
00
910
Q20
930
940
950
960
970
980
Q90

1000

1010

1020

1030

€9



PO 15 J = 2,NN(T),2
FO = FO + VI14J4=-2)
Fr =FE ¢+ V(1,J-1)

15 X(19J)=0.0004%(VIIJ)=VI(I,1)44.0%FE42,0%F0)40.0006%{VO({II+V(]I,1))

14 CONTINUE :
C J IS EVEN
DD 19 1 = 1,48
17 0 = 0.0
EE = 0.0
1518 18 J= 29’\1"3(‘)92
Q0 = EQ + V(1,J-1)
IF (J.50.2) 6O TD 18
EF=FE+V(1,4-2)
13 X(19J)=0.0004%(VO(1)+V(1,J)+4,0%¥E0+2.0%EE)
19 CONTIMNUE

C J TS ONE
na 29 I= 1,68
21 X(To1)=(VO(II+V(T,1))%0.0006

€ COMPUTE STRAIN
PN 22 1=1,58
DN 21 J=1,NN(T)
21 XE(1,0)=X{1,J)7C(1)
22 CONTINUE
C COMPUTE ENGINEERING STRESS
N0 24 1=1,48
DN 22 J=1,NN(T)
23 S(I1,d)=(1.273%F(1,J)1)/7(DLI)*D(T))
24  CONTTINUS -
C COMPUTE TRUF STRESS
DO 26 T=1,48
DO 25 J=1,NN{I)
25  ST(I,4J)1=F(1,J)%(1.0-XE(T1,J))%1,273/(D(1)*D(T))
26  CONTINUE
C COMPUTE ACTUAL FINAL DEFO2MATION
DO 27 I=1,%8

1040
1050
1060
1070
1030
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1230
1290
1300
1210
1320
1330
1340
1350
1360
1370
1280

79



27 XA(I)=C(1)=-R(1) : 1390

DN 28 1=1,58. 1400

DN 22 J=1,NN(T) . : 1410

25 WRITE(S1G100S) T oo DT gCUTIN g HITIYgWIT)gVIToJ) o X{T o) gXA(I)oXE(T D), 1420
1 SUT o d by STUI W J)yA(T4J) o F(Tyd),yVALT) 1421

1005 FORMAT (274 92X9F5e392X s F0e392X9Fbel 12X 9F5.3932X oF6,292X9FBaT92X, 1430
1 Fbe392XgFBa392XoFRBa1 92Xy FBal 92X 9FGe292X9FB8e192XyFEe292X9FB.3) 1431

C GROUP TRUE STRFESS AND STRAIN RY INCREMENTS DF 0.025-AVERAGE STRESS 1440
C AND STRAIN QVFR THr [NCREMENT-COMPUTS THF STANDARD DEVIATINN OF STRESS 1450
C AND STRAIN ~ : _ 1460
100% FORMAT(3X1293X,T2,2X,FR01,3X4F643) , 1470
DO 33 K=1,23 ~ 1480

INDEX = Q ' , - 1490

SUMST = 0.0 1500
SUM2ST = 0.0 : 1510

SUMXE = 0,0 , , : ‘ 1520
SUM2XE = 0.0 _ 1520
6=(K-1)%0.,025 . 1540 -
£=K%¥0.025 ‘ . 1550

N0 30 1=1,68 . _ 1560

DD 29 J=1,NN(T) , ' 1570
IFCIXE(T90) eLT.E) L ANDGIXE(T9yJ)eGELG)) WRITE(S51,10%6) 1,4, "~ 1580

1 ST(I D)y XF(TI,0) : 1581
IFC(XE(T4J).GELF) +OR. (XE(I,J) JLT.G)) GN TO 29 ' 1530

C GROUP ST AND XF BY XE INCREMENTS OF 0.025 - AVERAGE ST AND XF OVER 1600
-C THE INCREMENT - COMPUTE THE STANDARD DEVIATION OF ST AND XE 1610
CINDEX = INDEX + 1 1620
SUMST = SUMST + ST(T1,J) : 1€30
SUMZST = SUM2ST + ST(T,,JV%ST(1,J) ’ - 1640

SUMXE = SUMXE + XF{1,J) ‘ 1650

: -~ SUM2XE = SUMZXE + XE(T,J)%XE(I,J) 1660
29 CONT INUF : - ' 1670
30 CONTINDE ' 1680
IF(INDEXLED.D) GO TO 32 . _ 1690

TF(INGEXFD,1) SDST

_ 0.0 1700
IF(INDEX.F0.1) SDXF

0.0 1710

<9



3

1007
22
33

IFCINDEX.EQ.1) GO TO 31

SDST =SORT((1./(INDEX=11)%(SUM2ST - SUMST®SUMST/INDEX))
SCXE =SQRT((1./(INDEX=1))#{SUMZXE = SUMXE%SUMXE/INDEX))
STAVG= SUMST/INDEX

XEAVG = SUMXE/INDEX

WRITE(51,1007) STAVG,XEAVG,SDST,SDXE

FORMAT (356X ,F10e192XyF104392X9F10.392X,F1044)

CONTINUE

CONT INUE

C ELIMINATE DATA WHICH DOES NOT ACCOUNT FDR AT LEAST 90.0 PERCENT OF THE

DO 39 K=1,28

INDE X 0.

SUMST 0.0

SUM2ST = 0.0

SUMXE = 0.0

SUM2XF = 0.0

G=(K-1)%0.025

E=K*0,025

DN 35 I=1,68

L=NN(T1)
PED(T)=(1,0-VII,L)%VII,L)%*12.0/(54.,0%H{1)))*100.0
IF{PEN(I).LT.90.0) GO TO 35

DO 34 J=1,NN(T)

TFU(XE(T 9J) oLTeE) o ANDSIXE(T9J) oGELG)) WRITE(S51,1006) I4J,
1 STUT )y ¥T(1,d)

IFCIXE(TI2J) eGF.F) LOR, (XE{T1,J) LLT.G)) GO TO 34

C GROWYP ST AND XE RY XE INCREYENTS 0OF 0.025 - AVERAGE ST AND XE 0OVER

C THE

34
35

INCREMENT - COMPYTE THE STANDARD DEVIATION OF ST AND XE
INDEX = INDEX + 1

SUMST = SUMST #+ ST(I,J)

SUM2ST = SUM2ST + ST(I,,J)*ST(I,J)

SUMXE = SUMXE + XE(1,J)

SUMZXE = SUMZXE + XZ(T,J)%XE(1,J)

CONTINUE

CONTINUE

1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1600
1910
1920
1920
1940
1950
1651
19¢0

1970 .

1980
1690
2000
2010
2020
2030
2040
2050

99



c

36

(Y]
.y

3R
32

CONTINUF

IF(INDEXL.EQ.Q) GO TO 38

IF(INDEX.FQ.1) SOXE = 0.0

IFCINDEX.FNL1) SDST = 0.0

IF{INDEX.FQ.1) GO TO 37 .

SOST =SQRT((1./(INDEX=1))%(SUM2ST - SUMST*SUMST/INDEX))
SOXF =SORT{(1«/(INDEX=1))%(SUM2XE - SUMXE*SUMXE/INDEX))

" STAVG= SUMST/INDEX

XEAVG = SUMXE/INDEX . /
WRITE(S1,1007) STAVG,XEAVG,SDST,SDXFE

CONTINUEL '

CONTINUE

ELIMINATE DATA WHICH DCFS MNOT ACCOUNT FOR AT LFAST 95,0 PERCENT QF THE

DO 45 K=1,28

INDEX = 0
SUMST = 0.0
SUM2ST = 0.0
SUMXE = 0.0
SuM2xe = 0,0
G=(K=-1)1*0.025
E=K¥Q.025

DO 42 1=1,68
L=NN(T)

IF(PED(TI).LT.95.03) GND TO 41
DD 40 J=1,NNI(T)
TFCOXE(T9J) LT F) o ANDL(XE(TyJ) e GELGY) WRITE(S1,1066) 1,4,

1 STUT 9 o XE(1yJ)

C GROUP ST AND X© BY XE£ INCREMENTS NF 0.025 - AVERAGE ST AND XE QVER
C THE INCREIMENT - COMPUTE THE STANDARD DiEVIATION OF ST AND XF

40

INDEX = TNDEX + 1

SUMST = SUMST + ST(1,J)

SUM2ST = SUM2ST + ST(I,J)%ST(1,J)
SUMXE = SUMXE + XE(I,4)

SUMZXE = SUMZXE + XE(T,J)#XE(1,J)
CONT INUE

2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2311
2320
2230
2340
2350
2360
2370

2380

2390
2400

L9



41
2

43

44

45 -

CONTINUE

CONTINUE
IF(CINDEX+%Qe0) GO TC 4
IF(INDEXsEQel) SCXE
IFCINDEX.EQs1) SDST
IFUINDEX.EQ.1) GC TC 42 , '

SOST =SQRT((1+/(INDEX=1))*{SUM2ST - SUMST*SUMST/INDEX))
SDXE =SQRT((1./{INDEX=1))%(SUM2XE - SUMXE#SUMXE/INDEX)):
STAVG= SUMST/INDEX

XEAVG = SUMXE/ INDEX

WRITE(51,1007) STAVG,XEAVG,SDST, SOXE

CONTINUE

CONTINUE

([}

4
0.0
C.0

C COMPUTE STRAIN RATE

46
47

DD 47 I=1,68

DO 4€ J=1,NN(T)
XEDCT(I4J)=(VIT,J)%12,)/7{C(I)=X{1+J))
CONTINUE

C GROUP CATA FNR STRAIN RATE BY INCREMENTS CF 2C.0 INCHES/INCH/SEC

48

49

DO 49 K=1,45

G=(K-1}%20,0

E=K¥20,0

DO 48 I=1,68

DO 48 J=1,NN(T)

IF((XEDOT(14J) eLToE)eANCL(XEDCT(1,J)+GELG)) WRITE(51,1008)1+J,
1 XEQOT(I4J)eST(IyJ}oXE(L4J)

1008 FORMAT (3Xy31292Xy1293XFBa343XyFEly2X,4FEa2)

CONTINUE

C COMPUTE AVERAGE STRAIN RATE

50

0O 5C I=1,68 :
AXECCT(I)=vO(I)*6,C/C (1)
NO 57 KK=1,56
GG=9.,0455.0%*KK
EE=64,0455,0%KK

DO 56 K=1,28

INDEX = 0

2410
2420
24320
2440
2450
24 ¢0
24170
2480
2450
25C0
2510
2520
2530
2540
2550
25¢€0
2570
2580
25S0
2600
2€10
2620
26320
2640
2€50
2651
2660
2¢170
2680
2690
2700
2710
2720
2730
2740
2750

89



SUMST = 0.0 | 2760

SUM2ST = 0.0 2770
SUMXF =.0.0 2780
SUM2XF = 0.0 ’ _ , 2790
G={K-1)*0.025 : - 2800
E=K*Q.025 S : - 2810

DO §3 1=1,68 _ ' ’ : 2820

DO 52 J= I,NN(I) ' 2830
TELIXFE(T ) oLToE) e ANDG{XE{T3J) eBEG)oAND . (AXEDOT(I) LLT.EE) JAND, 2840
1AXEDOT(1) .65 .GG) WRITS(51,1009) AXEDOT(I),ST(I,J)yXE(I,J) : 2841
1709 FORMAT(2XsF34292XyF10.142X,F7.3) 2850
IF(IXE(T )65 ,S) LOR,. {XE(I4J) LT.G)) GN TO 52 2860
TF{(AXEDNT{T)eGEEF) oOF o (AXEDOT(I).LT.GG)) 6O TO 51 ' 2870

C GROUP ST AND X[ RY XE INCREMENTS OF 0.025 - AVERAGE ST AND XF OQVER 2830
C THE INCREMENT - COMPUTE THFE STANDARD DEVIATION OF ST AND XE 2890
INDEX = INDEX + 1 2900
SUMST = SUMST + ST(T,J) o 2910
SUM2ST = SUM2ST + ST{T,J)%ST(1,J) 2920
SUMXE = SUMXE + XE(I,J) ' 2930
SUM2XE = SUMZXE + x&(!.J)*xL(I,J) : 2940

51 CONTINUF : 2950
52 CONTINUE _ : : 2960
53 CONTINUE ' } ‘ 2970
IF{INDEXL.ER.Q) 0 TO 55 2980
IFCINDEX.FQ.1) SDST = 0.0 2990
IF(INDEXFQ.1) SDXE = 0.0 . ' , 3000
IF{INDEXLEQL1) GO TO 54 2010 .

SNST =SORT({1./(INNEX-1))%{SUM2ST — SUMST%SUMST/INDEX)) : 3020

SDXF =SORT((1./({INDEX=1))%(SUM2XE - SUMXF*SUMXr/INEVX)) 3030

54 STAVG= SUMST/INDLX . . 3040
XEAVG = SUMXF/INDEX 3050
WRITE(51+1010) STAVG,XEAVG,SPNST,SDXE _ 3060

1010 FORAMAT(34X,F10. 1.2x.F10 392X9F10e392XyF10.4) ‘ 3070
55 = CONTINUF 32080

56 CONTINUE ' 3090

69
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CONTINUE
DO B9 I=1,48
L=NMN(T)
58 PXDUI)=((XL(T)=X(T,L))/XA(1))*100.0
893 CONTINUE
DN 61 1=1,68
D3 60 J=]1,NNI(T)
60 T(l,J)= J%0,0001"
61 CONTINUE
DO 67 1 =1,65,44

11=1+1
12=1+2
13=1+3 _
WRITF(51,1011) I ,I1 , 12 , I3
1011 FORMAT (21H1 SPECTIMEN NUMBER ,12,43X,16HSPFCIMEN NUMBER
1 1293X91AHSPECIMEN NUMBER 41243X,16HSPECIMEN NUMBER,1I2)

WRITE(S1,1012)
1012 FORMAT (1HO)
HWRITE(51,1013) ‘
1013 FORMAT ( 1H ¢7X,4HTIME 5X5HFORCE ,TXy4HTIME 45Xy SHFORCE 9 TXy4HTIME,
1 SX s SHFORCE ¢y 7Xy4HTIME 35X SHFORCE)
WRITE(51,1014)

1014 FORMAT (1H 38X 2HIN,BXp2HIN)SXy2HINyBX s ZHINAXy2HINy8XyZ2HIN99X,
1 ‘ 2HIN,8X,2HIN)
. WRITE(51,1015)
1015 FNRMAT (1H 44X THSECONDS 4 X 9y5HPOUNDS 94Xy THSECONDS 94Xy EHPOUNDS 9 4 Xy
1 THSELONDS ¢4 Xy 6HPOUNDS 94X s THSECONDS 94X, 5HPOUNDS)
WRITE(51,1012)
DO &6 J =1,25
WRITE({S51,10156)
1015 FORMAT(1H ,1X)
DD €5 K =1,4
TF (T{I+K-1,4).50.0.0) GO TD 65
IF(K,NELL) GO TO 62
WRITE(S51,1017) T{I+K=1,J), FLI+K~-1,J)

3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3241
3250
3260
3270
3280
3281

3290

3300
3301
3210
33220
3321
3330
3340
3350
3360
3370
3380
3390
3400

0L



1017 SNRMAT(1H+, 2X,F.4,3X,F7,1)
GO TN 85
62 TF(KJNELZ) G0 TD 63
WEITE(S1,1018) T(I+K=1,4), F(I+X=1,J)
1018 FORMAT(LH#, 26X, FR44y3X,F741)
6A TN 65
53 IF(KJNE.2) 60 77 54
© WRITE(R1,1019) T(I+K=1,J), F(I+K=1,J)
1019 FORMAT(LH+ 145X sF8.6,3X,F7,1)
60 TN 65
64  WATTE(51,1020) T(T+K-1,J), F(I+K=1,J)
1020 FOARMAT(1H+, ‘6X,F9.4 3XyF7.1)
65  CONTINUE
b6k CONTINUE
67 CONTINUE
WRITE(51,1021) :
1021 FORMAT [ 1HI, YHT 35X e lHDyTX 9 IHC 9 TX 3 IHBy TX y IHH, 7Xy IHW, 6X 4y 2HVO, 56X,
1 2HXA 4 X g SHAXEDNT ¢ 3X 4 3HPED 44X 9 3HPX D)
WRTTE(51,1022) |
1022 FORMAT(IH )
DO 66 I=1,34
68  WRITF(51,1023) I,D(I),C(I)yB(l),H(I),w(I),VO(I),XA(I),AXEDOT(I),

1 PED(I)PXD(I)
1023 FORMAT (XyI12423XyF5.393X9F5.393X9F5.393X9F56193X9F5.293X9F4.1,43X,
1 - F34393X9F54193XyF&al,43X,F5.1)

WRITE(S51,1021)
- DO 63 1=35,568
69 WRITE(51,1023) IyD(I)vC(I)93(1)9H(I),H(I),VO(I) XA(T),,AXEDOT( ),
1 PED(T),PXD(T)
CALL EXIT
SToOP
END

3410
3420

3430
3440
3450
3460
3470
3480
3490
3500
3510
3520
3530
3540
3550

3560.

3570
3571
3580
3590
3600
3610
3611
3620
3621
3630
3640
3650
3651
3¢50
3670
3680

TL



SPECIMEN NUMBER

TIME
IN
SECONDS

d.0001
0.0002
0.0¢03
D.0004
N.0005
G.0G06
€.0607
0.0008
C.0C10
0.0C11
G.0012
0.0013

. -FORCE
IN
POUNDS

125C.C
2500.0
3437,5
40562.5
4375.0C
4687.5
5312.5
5625.0G
£25C.0
6875.0
7187.5
7520.0
7500.0

1

SPECIMEN NUMBER

TIME
IN
SECONDS

0.G001
0.0002
0.0003
0.5004
C.O005
0.CCNY
G 2008
0.5009
0.C010
C.0011
Gd.0012
N.0013
C.0014

FORCE
IN
POUNDS

832.0
1664.0
2496,G
3328.,¢
3952.0
4160.0
4576.0
4992.0
5824.0
6240.0
6656.0
m72.0
7280.G
7280.5

2

SPEC IMEN NUMBER

TIME
- IN
SECONDS

0.0001
G.0002
C.C003
0.0004
0.0C05
0.0606
0.0007
£.0008
0.0010
t.0C11
0.0012
C.0013

0.C014

FORCE
IN
ROUNDS

624 .0
1456,.0C
2496.0
2912.¢C
3536.0C
3952.0
4368,0
4784.0
5408.0
6032.0
6364.8
6656.0
6780,.8
6864 ,C

3

SPECIMEN NUMBER 4

TIME
IN
SECONDS

¢.0001
0.0002
0.0003
00,0004
0.0005
0.0006
n,0007
0.0008
G.00009
¢.0010
N.0011
0.0012
C.0013
0.0014

FORCE
IN

- POUNDS

832.¢
1788.9

©2787.2

3411.2
3827.2

4160.0 .

4576.0
5200.0
5782.4
6198.4
6531,2
6780.8
6988.8

6988.8

ZL



SPECIMEN NUMBER 5

TIME
IN
SECONDS

D.0001
Q.0002
J.06G03
C.2004
Q2005
DOCCS
C.06G7
J.C008
N.ONN0
C.C0L0
N.C011

C.0N12

0.0013
C.0014

FORCE
IN
POUNDS

54C.0
1456.0
2288,.90
3203.2
3742.0
4160G.0
4576, 5
4992.0
5431,.0
593762
6489.6
6867.0
6948, 8
7¢72.40

SPEFCIMEN NUMBER

TIMz
IN
SECONDS

0.0¢0D1
0.0GG2
Ged0N3
N0004
D708
DeOTH

QG007
0.2008
Ge0CO0%
0,010
¢.0011
G.0012
N.,0013

FORCE
- IN
POUNDS

499,2
1456.0
2288.0
3030.8
3328.0
3619.2
38648,8
4499,6

' 49(8,8

5616.0
5782.4%
5865.6
5907.2

6

SPEC IMEN NUMBER

TIME
IN
SECONDS

0.030061
03002
0.0003
0.CGC4
C.0005

N.0005.

0.C007
N.C0CH
Q.0:0089
0.0010
N.0011
N.0012
0.0013
D.0014

FORCE
IN
POUNDS

624.C
1664.0
2579.2

v

3411.2

3868.8

4201.6

4576.0
5408.0
$824.0
6198.4
6364,8
6485.6
£572.8

SPECIMEN NUMBER

TIME
IN

SECONDS

0.0001
0.00N2
0.00G3
U.00G4
N.7005
0.0CC6
0.0C07
C.0008
0.0009
0.001C
0.0011
N.0012
0.0013
0.0C14

 FORCE

N
POUNDS

7G67.0
1664.0
2912.0
3660.8
4376.8
4284.8
4659,2
4992.0
5408.06
5607.2
6364.8
6531.2
6£56,0
6656.0

8

€L



SPECIMEN NUMBER 9 SPECIMEN NUMBFER 10 SPECIMEN NUMBER 11 SPECIMEN NUMBER 12

TIME FORCE TIME FORCE TIME FORCE TIME FORCE

IN IN "IN IN IN IN IN IN
SECONDS POUNDS SECOANDS POUNDS SECONDS POUNDS SECONDS . POUNDS
Ge0001 416.¢ G.2001 624.0 C.0001 540.8 0.C001 416.0
g.CNG2 1331.2 00002 1580.8 0.0002 158i:.8 040062 1081.6
G.7003 2080.¢ 0.0003 2496.0 f.0003 2371.2 0.G023 1539,2
D004 2704, 0 0. 0004 3036.8 t.00n4 2912, C.0UCOa 1830,.4
R.00:N05 3078.4 0.2005 . 3369.6 C.2C05 3161.6 D.COACS 2688 .0
2.00D0E 3328.0 0.0006 3536,0 D.0005 3328,0 0.0006 212146
CeCOGT 3411.7% CG.0207 3744,0 0.0007 3494.4 C.0007 228840
f.CO08 37C2.4 0.0u08 4335,2 0.00¢8 3827.2 0.0008 2662.4
0.87089 4C76.8 0.0009 4409.6 0.200G9 4243,2 D.0009 3036.8
c.coln 44%51,2 0.0010 4742.4 7.0019D 45746.C D.0010 3120.0
C.0011 4576, 0.0011 4950 .4 0.0011 4659.2 0.0011 3203.2
0.0012 4825.6 0.0012 5075.2 G.0012 4825.6 N.0012 3286.4
U.2013 49C8.8 0.C013 5324.8 0.0013 4908.8 0.0013 3328,0

J.C014 4950 .4 £.0014 5324.8 C.0014 4908,8 0.001¢4 3328.0
0.0015 4350 .4 ,

YL



SPECIMEN NUMBER 13 SPECIMEN NUMBER 14 SPECIMEN NUMBER 15 SPECIMEN NUMBER 16

TIME FORCE . TIME FORCE TIME FORCE TIME FORCE
IN IN IN IN IN IN IN IN
SECONDS POUNDS SECONDS  POUNDS SECONDS POUNDS ~ SECONDS POUNDS

0.0001 54C.8 - Le001 582.4 0.0001 416.0 0.6001 499.2

0.0002 1164.8 C.0002 1081.6 0.0002 1206.4 0.00¢2 1123.2
0.0003 158¢.8 G.00N3 15€4,.0 0.0003 1664.0 0.C2C3 1664.C
D.00C4 1747.2 G.0004 1705.56 2.0004 1996.8 0.0CC4 1830.4
G.CGNGS 2638.4 D.0005 1830.4 0.0005 2080.0 0.0005 1996.8
0.0006 2246 .4 0.0C06  1913.& C.0006 2288,0 0.0006 2163,2
0.0007 2496.0 Q. 0007 2288.0 c.0007 2620.8 . 0.0007 2537.6
D.0008 2787.2 . D.0008 2579.2 0.0008 3036.8 0.0008 2953,6
0.0009 2912.0 0.0009 2745.5 0.0DC9 3328.0 - 0.0009 3244.8
0.0C1C 307844 0.0010 2828,.8 G.N010 3494.4 0.001C 3411.2
0.0C11 3244,8 0.0011 3078.4 2.0011 3744.0 0.6011 3577.6
0.0012 3328.0 0.0012 3161.6 ¢.0G612 3952.0 0.0012 3744.0
0.0013 3369,.6 C.0013 32G3,2 0.0013 4160.0 0.0013 4035,2

0.0015 4492.8 0.0C15 4368,0

0.0016 4659,2 0.0016 4451,2

0.0017 4700,.8 0.0017 445].2

0.G0l8 4451.2

174



SPECIMEN NUMBER 17 SPECIMEN NUMBRTR 18 SPECIMEN NUMBER 19 SPECIMEN NUMBER 20

TIME FORCE TIME FORCE TIME FORCE TIME FORCE
N N - IN TN IN IN IN IN
SECONDS POUNDS SECONNS POUNDS SECONDS  POUNDS SECONDS POUNCS
Ge0N1 624 .0 NG 0001 76742 0.0001 459,2 0.0001 540,8
0.0002 1164.,8 - 0.0002 1456,.2 0.0002 1248.0 0.0002 956,8
C.00n3 1580.8 0.0003 1664.0 N.0OD3 1955,2 0.0003 1372.8
D.0004 1872.0 G D004 1747.2 £.0004 2246.4 C.0004 2038.4
DeROE 1955,2 0305 1996,.8 C.0005 2579.2 0.CO0S 2496 ,0
0.00C6 2412,.8 Ge3NING 2412.8 0.0006 3036,.8 N. 0006 2R28,8
Q.0007 266244 0.NGOT 2870.4 0.0007 3577.6 0.03007 3244,8
G.3008 3n36,8 0.0008 3078.4 C.0008 . 4160.0 0.0008 3577,6
0.0000° 3263,2 GeNCNY 3328,0 0.0009 4534 ,4 0.0009 4035,2
C 0010 3411,2 L0100 3526,0 Ge0010 4950 .4 0.001¢C 4576.0
0.0011 36460,8 0.0011 3785,.6 C.0011 §283.2 - C.0011 5033.6
0.0012 3052, C.0012 4(:35,2 © C.0012 5699, 2 N.0012 5408,0
0.Nr12 41560,.0 C.NC13 4160.0 0.0013 6115,2 0.0013 5824.0
0.0014 = 4284,8 0.0014 4368,0 0.0014 6281,.6 0.0014 6115.2
Q.0N15 4368,0 0.09215 4451,2 G.0015 6656,0 0.0015 6364,8
C.0016 $409.6 G.0716 4432,.8 C.0016 6739,2 C.0016 6656.0
0.0017 4431,2 Ge0017 4534 ,4 D.0017 6864 ,C 0.0017 6780.8
N.NC18 686440 C.C018 6905.6

0.0019 69C5,.5

9/



SPéCIMEN NUMBER 21 SPECIMEN NUMBER 22 SPEC IMEN NUMBER 23 SPECIMFEN NUMBER 24

TIME
IN
SECONDS

D.0001
C.0002
D.0023
J.00C4
G.0G00S
DeC206
0.0007
0.7008
J.0009
Q.0010
0.0011
Cefl012
0.,0013
0.0014
0.Cr15
N.0016
¢c.0019

FORCE
IN
POUNDS

- 499,2

1248.0
1664.0
2412.0
2579.2

2870.4

3244,38
3827.2
4243,2
47CC,. 8
5116.8
54912
582440
6115,2
640644
6614.4
6735.2
6780.8
6780.8

TIME
N
SECAONNS

G.0C01
n,0002
0.0003
0.0004
0.0005
0.0006
C.0007
G.0008

D.,0009

0.0010
D.0011
G.0012
(:.0013
¢.0016
0.0015
¢.3016
0.0017

FORCE
IN
POUNDS

812.5
1687.5
2125.6
2875.0
3187.5
3687,.5
4187.5
4812.5

- 5562.5

6312.5
6875.0

T437.5

80C0.0
8500 .0
9062.5
9250.0

9312.5

TIME
IN
SECONDS

6.0001
0.0002
0.0C03
0.0004
0.0005
0.0606
0.C007
G.0008
0.0009
0.0019
0.0011
n.0012
0.0013
0.0014
0.0015
0.0016
0.0017

FORCE
IN
POUNDS

1312.5

2500 40
300C .0
3250 .0
3812.5
4312.%
5000.0
5687.5
6312.5
T000.0
7500 .0
7875.0
8375.9
8875.¢
9125.0
9187.5

TIME
IN
SECONDS

0.G001
0.0002
0.0003
C.0004

Q. 0005

0.0006

0.0007

0.0C08
0.0009
0.0010
0.0011
0.0012
0.0013
0.0014
0.0N15
0.0016
9.0017
0.0018

FORCE
IN

POUNDS

625.0
1125.0
1875.0
2560.0
2637.5
3312.0
3875.0

4562.5

5125.0
5750.0
6250.0
6937.5
7250.0
7750.0
8062.5
8312.5
8500.0
8687.5

LL



SPEC IMEN NUMBFR 25

TIMF
™
SECONDS

Je3NC2
AN G
Cef 004
Del4LET
CeaCl8
D4 DNG0
£.o010
nL.0C011
(e3r12
2.0713
C.0C1l4
(.G 15

FORCE
IN
POUNDS

1283.0
1875,.%

255245

3250,
4275.¢
53500

8875,0
¢187.5

SPECTIMIN NUMBER 26

TIME
IN
SECONDS

T, N]
A,J002
G.0003
CIRATAIST S
(1430308

50006

(43016
DeT318

FORCE
™
POUNDS

312.5
1542.5
2187.5
2812.5
32%2.0
3875.0
4500,
5GO0 .0
£75C.7
66BT.5
7125.9
T687.5
B250,0
8&27,5
5125.%

SPECIMEN NUMBER 27

TIME
TN
SECONDS

C.0001
CJ20C2
0.00C3
G0 4

NS e1alsg )
G3007
N00C8
060000
G.2010
0L,CT11
72,0012
C.C013
g.0014
DGC15
DeCC16

FORCE
IN
POUNDS

937.5
1562.5
2006245
2625,%

- 2187.%

3878.,5
4562,.5
5187.5
56R7.5
£437.5
7125.0
7812.5
8l187.5
B8B562.5
B750 ¢
8875.%

TIME

IN
SECONDS

S 2001
D002
C.0N03
D.2004
D.300E
0.C006
C.0007
Cl.0C02R
N.GOGG
00Ul
0.0011
2.0012
0.0013
0.0014
0.0C15

SPECIMEN NUMBER 28

FORCE
IN
POUNDS

1125.0
1937,.0
2625.C
3312.5
3687.5
450C.C
5187.5
6CNC O
6812.5
T212.5
8375.0
g875,0
8520 .0
9€87.0
10125.0

8L



SPECIMEN NUMBER 29 SPECIMEN NUMBER 30 SPECIMEN NUMBER 31 SPECIMEN NUMBER 132

TIME FORCE TIME FORCE TIME . FORCE TIME FNRCE
N ™ ™ N . IN ™ IN IN
SECONDS POUNDS SECONNS P OUNDS SECONDS POUNDS SECONDS POUNDS
D001 875,40 750 .0 fLOnn1 625 .3 0.0n01 75C .0
3e0NC2 1657,5 1437.5 0.0002 . 158D,0 0.G002 1876.0
20003 250040 2259.0 G.N003 2312.°5 G0N0 2375.0
00006 3137.5 31062,5 00004 3062,.5 Cel04 3125.0
3875, 0 3687.5 5eN0G5 3562.5 - 0.00CS 3500,.0
- 4375,3 , 4375.0 g.0006 4125.0C C.00NG 4187.C
512540 NG DUDT 5609.0 C.0OBT 4687.5 N.00C7 5000.C
A0E2,.5 Ve G00R 5687.5 C.O00N8 5562,5 00008 5750,.0
6R7E .0 G000 T 6562453 760009 £187.5 50009 6375.0
T625.5 4420910 7437.5 Gefi010 6875,.) Ve 2010 7125.0
8500 0 5ed011 8312,5 0,001 7437,.5 0L.0011 7625,0
9280 ,0 9.0C12 $1827,5 CeGl12 7812,.5 - 0.0012 8125,0
2875, 4 G013 5875,.,0 0.0013 B187.5 0.0012 8437.,5

GGl 10250,0 GeiNl4 10312.5 Ne014

R562.5 D.0N14 850G.0
Te3015 10800, 0 G015 10625,.0 S ,

6L



SPECIMEN NUMBER 273

TIME
N
SECONDS

w.,fﬂl

D02
Q.%ﬁCB
JeTS
D GONDE
oanny

ot
.""aC:S
.

Ju>m4

.“.C 5. 1{?
r.oG12

aer Q‘

FORCE
N
POIIMDS

G37.°%
1500,

2375,

" 3552.5
375C.0

4278 ,0
5125.G
562540
£562,5
7437,5
76375
812¢.0
2250.0
B250.%

SPECIMEN NUMBER 34

TIME
TN
SECAONDS

N.20061
6,002
jeJUN3
Deulich
e 3INE
DeTUNA
DT
0,008
(\ l" J\:Q
GoaT31D
fe20311
Te012
Geit212
G.2014%
D.001%8

G.0C18

D.0717
N,3G18
Q.01
Q.1020
Nef0221

FORCE
IN
PUNDS

1187.5
25GC.C
3759.0
44137,5

4875,0

50C0.0
5187.5
5562.5
636245
£437.5
6812.5
7062.5
T7500.70
7812.,5
3187.5
8312.5
B87530.0
Q00T .0
9062.5
9125.5
9125.0

SPEC IMEN NUMBER

TIME
N
SECONDS

2.000C1
N.0002
J.3003

DJL004
GOI\JCCB
5.0006
QG007
9-6508

O.QCIO
N.0011
0.0012
N.CG13
Ljorr\llﬁ

00015
D.EC16
L0017
0.00G18
Q.0N19
G.G020
£.0021

FORCE
IN
POUNDS

837,.5
2250.0
350040
43062.5
4505.3
4687,
Q?Suo
5125.0
575G .0
€125.0
5437.5
6875,0
7187.5
TE25.0
T7752.8
8250 .0
8§312.5
8625.0
8875.0
8937,.,5
8937.5

35

SPECIMEN NUMBER 36

TIME
N
SECONDS

0.0701
C.00C02
0.2003
0.0004
0.0005
2.0006
C.00G7
C.0C08
0.00CS
0.0010
0.0011
0.0012
0.0013
0.0014
0.C0L5
0.0016
0.0017
0.0018
0.0319
0.0020
¢.0021

FORCE
IN
POUNDS

937.5
1687.5
2937.5
4000.0
4375.0
4562.5
4812.5
5CAC.0
5437.5
6C62.5
6375.0
5875.90
7312.5
T7500.0
7875.0
8C62.5
B250.0

8562.5.

8687.C
9C62.5
9C62.5

08



SPECIMEN NUMBFR 37 SPECIMEN‘NUMBER 38 SPECIMEN NUMBER 39 SPECIMEN NUMBER 40

TIME FORCE TIME " FNRCE- CTIME FORCE TIME FORCE

IN - IN IN ' IN IN IN IN N
SECONDS PNUNDS SECONDS POUNDS SECONDS POUNDS SECONDS POUNDS
0.0001 .937.5 0.0NG1 1250.9D S.NC01 1187.5 0.0001 8l12.5
N.0002  2312.5 GaCn02 - 2500.0 0.0002 2812.% e.0002 1312.5
D.C003 3625.0 2.2C03 2755.0 G.0003  3825.0 0.0003 2187.5
0.0004 4437.5  0.00¢s 4530.0C 0.0004 4375.0 C.0004 3125.0
0.0005 5312.5 0.00CC5 506245 0.3005 5437.5 0.0005 3500.0
0.0006" 575C.0 00006 5687.5 0.0006 5837.5 0.0006 4125.9
0.0007 6250.0 0,0C07 6312.5 . 0.00067 6562.5 c.0007 4250.0
23008 7187.5 0.0208 6%37.5 C.C008 7312.5 g.c008 4275.0
J.0C03 7812.5 J. 6009 806245 0.0009 7937.5 C.C009 4437,5
0.0¢C10 8562.0 Cel01D 875G.0 g.o010 8625.C 0.0012 4500.0
N.0011 912%.0 00011 9562.5 c.0011 9375.0 - 0.0011 4812.5
C.0012 3750.0 Q.0012 1¢125.0 c.0012 10187.5 0.0012 5C62.5
0.0C13 10312.5 D013 10625.0 J.0C13 10937.5 0.0013 5375.0
Ce0014 1675040 G.0014 11187.5 C.0N14 11250.0C 0.00G14 5625.0
0.0C15 11062.5 B.0015 11500.0 0.0015 11687.5 0.06015 5875.0
0.C016 11562.5 .0016 11812.5 0.00616 12062.5 L.CClAH €250.0

0.0017 . 11562.5 0.0017 11875.0 g.0017 12062.5 0.0017  6437.5
: . 0.0018 6562.5

0.0019 6687,5

0.0020 5875,0

0.0021 6937.5

- 0.0023 7000.0

' : 0.0024 7000.,0

0.0025 TCON .0

18



SPECIMEN NUMBER 41

TIME
IN
SECONDS

0.00G1
0.2C02
0.00C3
0004
B.0006
G.0D0T
D.00C8
D.0OCY9
0.G01G
N.0011
0.0C12
0.00:13
0.0C1l4
0.0015
0‘00(31 6
C.0017
0.0018

C.0020C
C.0021
0.0022
0.0023
0.0024
De0N25

FORCE
IN
POUNDS

625.0
1187.5
2875.0
3625.0
406245
4250.C

4312.5

4437.5
4562.5
475040
EONG, D
5375.0
5625.0
£GGJ.0
6250.0
6562.5
6625.0
5687.5
875C.0
6Bl12.5
$937.5
T62e5
7187.5
7187.5

SPECIMEN NUMBER 42

TIME
IN
SECONDS

Ge3001
(a2
G, 0003
C.0004
(. 0005
D.I006
0L07
0.2008
.00
0012
0.2011
0.0912
G.0013
D216
(.0015
0.,9016
D.92017
Q.0018

CeDN13

N,0020
{60021
Q.0N022
N,002212
0.0024
QefM:25

FORCE
IN
PQAUNNS

€2549
1259.¢C
1337.0
3062.5
3687.5
&062.5
4375.0
4500,0
456245
4625.0
4675.90
5125.7
5562.5
5875.0
6250.0
650G..0
€625.0
6750340
£937,.5
7062.5
7187.5
725C.0
T7250.C
7250.0
725C.C

SPECIMEN NUMBER 43

TIME
N
SECONDS

C.00G1
J.0002
C.0003
CeTi0C S
0 L,A0N5
J.0006
G.0007
0,008
0.L009
N.0010
N.0011

FORCE
IN
POUNDS

1500.0
2875.0
4937.¢
600% .0
6625.0
T362.5
7375.0
T753.0
8062.5
8437.5
B687.%
9003.0

SPEC IMEN NUMBER 44

TIME
IN

SECONDS

C.
O.
0.
G
O.
Do
O.
0.
Q.
O
0.
0.

0001
0302
0093
00C4
cens
ele] ey -]
00e7
0008
NCHS
0910
0911
eele

FORCE
IN
POUNDS

1875.0
3750.0
50C0.0
6000.0
6437.5
6875.0
7375.0C
7812.0
8125.0
8520.0
8€625.0

8812.5

(4]



SPEC IMEN NUMBER 45 SPECIMEN NUMBER 46 SPEC IMEN NUMBEPRP 47 SPECIMEN NUMBER 48

TImME FNORCE TIME FORCE TIME FNRCE TIME FORCE

IN IN TN IN IN IN IN IN
SECOND POUNDS SECONDS POUNDS SECONDS POUNDS - SECONDS POUNDS
N.C2C1 937.5 Co0,.3001 525.0 0.0001 875.0 2.000C1 625.0
22002 2687.5 D002 1257.0 D002 1625.0 Q.C0C2  1250.0
DeC0N3 4500400 Ve AIGCA 2125.0 0.0002 3125.°5 C. 0003 2500.0
DD004G 5750.0 G.000D4 3625.0 0.002¢4 4250,0 .0000 3687.5
DG0GS 650040 Q.3005 4500.0 G005 4875.0 G.0005 . 4562.5
GeN0GGAH 637549 G.00N¢ SCON.C C.00C06 5625.0 C.0nN6 5375.0
Q.0007 T187.% S B.02007 5687.5 0.8G0T SR75.0 c.0007 5562.5
G008 7625.0 5.0008 5812.5 0.0008 5937.5 0.0008R 5750.0
L.G009 7812.5 G.0009 6000.0 0.0009 6062.5 0.0009 5812.5
CeNT10 82500 {ie2017 - 612540 0.0010 6125,0 ¢.0Cl0 5937.5
D.0011 8375,0 n.QCGll - 6187,.5 - 0.0011 €187.5 0.0011 6062.5
¢.C012 8750.0 0.0012 6250.,0 0.0012 6312.5 ¢.0012 6187.5
D.0013 - B750.0 Ge3N13 £312.5 0.0013 650 .G 0.0013 5312.5
00,2014 6500.0 0.00C14 6625.0 0.0014 6437.5
0.0015 $625.C N.C015 6750.C 0.0015 €5€62.5

CeTiil6 6937.5 0.0016 6937.5 0.0016 5812.5

n.ne17 7062.5 D.0017 7312.5 c.0C17 6937.5

$.00138 7375,.0 - De001R 7375.0 c.nc18 737%.0

- 0.,2019 7437.5 ~ 0.C019 7437.5 ¢.0C19 7375.0

G.G020 7590.0 N.0029 T437.06 G.Co20 7375.0

0.0n21 15006.0 n.n00el 7375.0°

£8



SPECIMEN NUYMBER 46

TIME
IN
SECONDS

J.0001
N.3002
2.C003
DN.00C4
C.CO05
Q.00 6
D GOCT
2.00¢C8
0.0GG9a
0.0010
" J.0N11
N.0012
00,0013
CeCO14
J.C015
0.0016
G017
0.00N18
0.0019
0.0020

FORCE
IN
POUNDS

875.0
1750.0
25G0,.0
4375.0
5125.0
£937.5
6250 0
£562.5
6625,.0
6687.5
68l2.5
5875.0
1262.5
7250 .0
75000
T77I50.0
7812.5
8C62.5
8125.0
8125.0

 SPECIMEN NUMBER 50

TIME
IN
SECONDS

U 0001
0.0002
0.2003
D.0004%
C.GONE
(£ 1934 1]
00007
0602008
C.2089
D.0010
0. 0011
G.0Nn12
00513
G.3014
C.0015
.00n17
N.0018
0e0D019
0.0020

FORCE
IN
PDUNDS

937.5
1687.5
2812.5
4375,0
5125.0
5812.5
6250.0
6375.0
£5G0.6
6625.D
6750.0
6875.0
7062.5
7187.5
750C.0
76875
7937.°5
8125.0
8125.0
8125.0

SPECTMEN NUMBER %1

TIME
N
SECONDS

G.C006
J.0007
J.0008
0.0R1G

0.,0011

G.0D12
N.0013
G014
C.0015
0.0016
G.C017
o018
0.CQ19
Q.0020
0.0021

FORCE
IN
POUNDS

812.5
1937.5
3C62.5
3875.0
4250 .0
4525.0
4875.0

-5125.0

B500 .0
5812.C
6562.0
7125.0
75CD 0
7750 .0
8125%.0
8500 .0
8812.5
Q250,.0
9375.0
9375,0
9375.0

SPECIMEN NUMBER 52

TIME
IN
SECONDS

0.0001
0.0003
D.0004
C.0005
0.0006
00007
¢.0008
0.0009
0.0010
D.00Q11
0.0012
0.C013
0.0014
0.C015
G.CC16
N0.0017
N.0018
0.0019
0.0020
0.0021

FORCE
IN
PDUNDS

B75.0

1937.5
2875.0

3875.0
4375.0

4625.0
5000.0
5312.5

5687.5

6125.0
6500,.0
7125.0
756245
7812.¢C
825%0.0

8562.0

8R75.C
9187.0
9500.C
9562.0
9562.0

8



SPECIMEN NUMBRER 53 SPECIMEN NUMBER 54 SPECIMEN NUMBER 55 SPECIMEN NUMBER 56

TIME FORCE TIME‘ FORCE TIME FORCE TIME FORCE

IN IN TN IN IN INT IN IN
SECONDS PDUNDS SECONDS POUNDS SECONDS POUNDS SECONDS POUNDS
0,.,0001 75C.0 J.0001 375.0 N.G0OO1 150.0 0.0001 G37.5
0.c002 1625.0 Va2 687.5 Q.0002 1875.0 c.0002 1560.0
DG0G3 2625.,3 (C.0003 1500.0 C.0073 2687.5 00,0003 2875.0
Q. 0Nn04 3875.0 0.5004 2800.0 C.0004 3250.0 0.0004 3625.G
Q.CNCS 4437.5 0. CIN5 2875.0 C.C005 3562.5 0.0065 3750.9
Q.06 4687.5 . 0006 325C.0 N.C0GE 3687.5 0.0006 3875.0
Q43007 5125.0 D,3007 3312.5 0.C007 33837.5 0.0007 4125.0
G.0008 £312.5 APV 337549 D.0068 4253,0 ¢.0008 4312.5
C.G0E9 575G.0 o009 3500.0 0.0009 4437.5 - 0.00009 4562.5
G010 6250.0C S 0L.,0010 3625.G 0.CR1C  475C.0 C.0010 5000.0
Q.0011 6812.5 Se00C11 3812.5 0.0011 5187.5% G.0011 5375.0
0.CC12 T187.5 00012 3937.5 B.0012 - 5500.C 0.0012 5800.G
-(.0013 7562.5 00013  4375.0 C.0013 5625.0 0.0013 5687.5
0.2Cl4 80CG.0 040014 - 45Q00.90 N.0014 5812.5 .  0.0014 5875.0
0.0015 8250.0 - 0.0Ul5 4687.5 0.0C15 6000.0 0.0015 6125.0C
0.0016 8437.5 20016 4875.0 C.0016 6187.5 - D.0016 625C.0
0.0017 8875.9 0.,0017 50G0G.0 0.,0017 €375.0 C.0017 6437.5
a.n518 9C62.5 Je0018 50€&2.5 2.C018 6500.0 0.0018 6625.0
0.001¢9 9375.0 L1319 5125.90. 0.0019 6562.0 €.0519 6687.0
G.0020 9375.0 Ned20 5187.5 0.0029 6625.0 0.002C 6750.0
0.0021 8375.0 Ge0021 §250.0 0.0021 6625.0 0.0021 £750.0
' ¢.2022 - 5312.5 0.0022 6625.0 0.0022 6750.0
J.(0323 5375.9 '
G024 5375.0

0.002% 5375.0

S8



SPECIMEN NUMBEP 57 SPECIMEN NUMBFR 58 SPECIMEN NUMBER 59  SPECIMEN NUMBER 60

TIME FORCE TIME FORCE TIME FORCE TIME FORCE
N N IN O IN IN N IN IN
SECOMDS POUNDS SECONDS ~ POUNDS SECONDS POUNDS SECONDS POUNDS
2.0001 707.2 0.0001 832,¢ 0.1 707.2 0.0001 748.8
0.CC02 1747.C 1,002 2G89.C - 0.0002 1705.6 0.0502 1497.6
9.0003 26624 0.0003 3369,6 0.CG03 2704.0 0.0003 2662.4
10,0004 3411.2 D034  42B84,8 n.0004 2868.8 - 0.0004 3161.6
0.4005 3660,8 3.3005 5033, 6 0.00C5 4452.8 0.0005 3411.2
0.0006 3527.2 D006 5366.4 0.6006 5116.8  0.0006 3577.6
0.5N07 3952,0 c.o0n7 540840 0.06067 5324, 8 0.0007 3744.0
2.0008 4243.2 Gen008 5449 ,6 0.000R 5408, 0 C.000R 3827.2
3.0009 4492,8 3.0609 5491,2 0.0009 5449, 6 £.0009 351C.4
2.0010 4784,0 0.0010 5532,8 0.9010 5491,2 7.0010 1993,6
0.0011 52000 G.0D11 561640 0.0011 5532,8 0.0011,  4243.2
0.0012 5408, N.0N12 565746 D.ON12 5574 .4 0.0012  4409.6
0.0013 5574.4 0e7013 5782.4 0.0013 5740.8 6.0013 4659.2
0.0014% 5607, 2 0.0014 60G32.0 C.0014 5948 , 8 0.0014  4825.6
C.C015 603740 C.NG15 6198.4 0.0015 6032,0 0.0C15 4950.4
- C.Cn16 5281.5 0.0016 6323,2 9.0016 6323.2 ¢.0016 507542
00017 640644 0.0017 64064 0.0017 63648 0.0017 - 5116.8
0.0018 6489.6 0.0018 6572.8 0.0018 . 6448,0 0.0018 520C 40
G.6019 6531.2 0.0019 6572.8 0.0019 6489 .6 0.0C19 52410
0.0020 661444 0.0020 6572.8 0.3020 6489.6 0.0020 5283,2
0.0021 661444 0.0021 5324, 8
0.0022 661444 | ' 0.0022 5324.8
| C.0023 532448

0.0024 5324.8

98



SPECIMEN NUMBER 61 SPECIMEN NUMBER 62 SPEC IMEN NUMBER 63 SPECIMEN NUMBER 64

TIiMe . FNRCE TIME FORCE TIME FORCE TIME FORCE

IN IN IN IN IN IN IN IN
SECONDS POUMDS SECINDS POUNDS = SECONDS POUNDS SECONDS POUNDS
Cendel 332.8 N, IN01 1062.5 0.0081 937.5 0.6001 1331,2
C.0002 872,5 0,2002 2312.5 0.0G02 2687.5 0.0002 2787.2
G 0003 1580.8 Cod03N3 3750.0 0.0003 4312.5 0.0003 4160.0
06,0004 2412, 8 Q0004 5187.5 J.0006 5250 .0 0.0004 4409,6
3.0N005 2983,6 0.00005 5687.5 n.0C05 5812.0 0.0005 4742.4
C.OC06 0 3389,5 0e2NNG 65250.0 NNk 6250.0 0.0006 5033.6
L G.0N07 3577.6 00007 550040 0.0017 6437.5 0.0007 5158.4
N.GON8 36608 0eGiINA 6875.0 G.0008 &8T5 .0 C.0008 5740,8
0.00609 3785,5% FedNI9 718745 D009 7312.5 0.0009 5865.6
f.0010 3827.2 CL,0U10 7500.0 D.0010 7525.0 0.001¢ 6CT73,6
D.0011 39093,6 N.0N11 7875.8 0.0011 8962.5 0.0011 6240.6
G.7012 416040 0.03612 8125.0 N,2012 8250 .0 0.0012 63223,2
2.0013 4451,2 . DL0D13 8375,0 0.0013 8437.5 C.0013 6364.8
GeD014. 4659,2 Ne0014 8562,.5 0.5014 B750.0 0.0N1¢4 6364,.8
D015 4867.2 0.2015 R625,0 0.0N015 R875C .0 0.0015 £364.8
D.0016 50:23,5 ° 0.%016 8625.0 N.N016 8759, '
N.0018 . 5241.6
0,.,6019 '5324.8
0.0020 536&,0
D.0021 5408,
0.0N22 54018,0
D.2023 £449,5

J.0025  5532.8

L8



SPECIMEN NUMRZIR 5€

TIME
IN
SECOMDS

G.3001

006002
N.G003
D004
2.0006
g.0007
J«03000C8
2.C010
N.3011
0012
N,0013
N.C014
0.0015

FORCE
-IN
POUNDS

856, 8
2620.8
3868.8
4492.8
4784,0
5075.2
5200.0
5632.8
5782.4
5948,7
6156.8
6240.0
6281.6
6222.,0
6323.0

SPECTIMEN

TIME
IN
SECONDS

0.3001
00:”}02
(20353
CJD0GN4
Qe D5
(e 0GOS
a0 T .
$.0008
.N009
D.0010
D.0011
C.0%12
{a0N113
CeO14
J.uls
C.0016
1.,0017
0.2018
GC.N019
N.N0Q20

NUMBER &6

FORCE
_ N
POUNDS

998.4
1830.4
2620.8
2828.8
3336.8
3161.6
3244,3
3411.2
3619.2
3827.2
4035,2
4118.4
4243,2
4326.4
4409,6
4451,2
4492.8
4534 ,4
4576.0
457640

SPECIMEN NIUIMBER 67

TIME
IN
SECONDS

C.0001
0.C0002
0.0003
0.00C0C4
Q0605
0.72006
2.0007
G.0008
N.0009
N.C010
0.0C11
0.0012
- 0.0013
G.0N14
2.0015
0.0016
nN.017
1.00018
c.0C19
2.0020

FORCE
N
POUNDS

1372.3
2204 .8
2745.6
2995,2
3078.4
3203.2
3411.2
3577.6
3785.6
3993.6
4201.6
4284 .8
4326.4
4451,2
4534 .4
4617.6
4700 .8

4742.,4

4742.4

SPECTHMEN NUMBER 48

TIMF
TN

SECONDS

0. 0001
0.0002
0.0003
Q.0004
D.C005
N.C006
D.0007
0.0008
0.0009
0.0010
0.0011
0.G012
N.0013
0.0014
C.C015
J.0816
C.0017
0.0C18
0.0019
0.0020

FORCE
IN
POUNDS

546.8
1580.8
2371.2
2787.2
2995.2
3036.8
3203.2
3328.0
3619.2
3785.6
3952.0
4160.0
4284 ,8
4326.4
4451.2
4534 .4
4576.0
4617.6
4617.6
4617.6

88



o Jo - BEN o JUE IV LARUU IS I g

D

N.993
Ce902
o502
¢.962
N.990
D.0901
C.591
Ge994
T e99]
¢.291
.00}
0,993
J.991
0.992
0.392
0.993
0.991
:,003
714262

"(Ge892

((.993
0.391
N,982
£.991
6,992
7991
CeR93
(:9%3
0.992
(t.5913
[ s594&
f,993
2993
f,00]

c

0,352
0,951
N.93
T e 3G9
0,959
0.957
Ne954
N L9245
Ne 941
D349
G.951
N,G47
06045
Ge9858
{953
54960
N.9%0
Ne361

{34950

N,957
7,955
C.957
Ne955
N,069
Ne962
N,951
n,95¢
(14955
9,955
Ce956
U.953
0eQ4b
0.950
1.461

G o519
(o602
nL5NS
N.512

(A1 -Ta I

NeEh2
Hebhl3
Neh23
eb635
D711
t.718
NeT24
7 b45
{}+A58
Do b4
TebE2
JeB26&
0t.5269
D.534
Qe&l0
Neht3
Y
0 .459
D464
M e439
N4l
L4409
(A |
2,466
Nebbhl
N.4%1
60757

H

364,08
364.0
364,70
36405

288.3
283,70
28R, 0

207.0

207.06
207.70
1201, 0
1220.C
120,10
120.0
12C .5
120.C
122.0C
2070
207,72
207.C
288.0
298,¢
288.0
360.0
360.%
A67.0
432.10;
432.C
432.0
424,0
434,0
434,06
3589,5

17.44

'1“.44

1N.44
10.44
10,44
B.63
Beb3
B8.63
8.63
8.63
Be53
6.81
fe81
6.81
10.44

43,1
43,1
ABQ!

43.1

43,1
38 ..3
38.3
38.3
32.5
32.5
32.5
24.83
24 .8
24,7
24.9
Zk.g
24.9
24.9
32.8
32.7
32.8
38.6
38,6

38.6

43.1
43.1
43.1
47.2
47.2
47.2
47.1
47.1

471

42.8

XA

0.433
0.449
Deb4?2
Ne437
0.453
0.397
Je392
Ne394
0.328
54326
0.316
0.229
0.227
0.221
308
0e302
Ne305
04209
J.424
Ge&28
24419
0.507
D.512
J.507
D.504
Q507
N.519
0.554
D547
De55F%
Neb94
D483
36499
Ce704

AXEDOT

271.7
272.G
272.6
272.6
269.7
24C .4
261.1
243,5
207,.3
205.5
2hs5.1
158.G
157.2
155.5
187.0
155.8
156.C
155.7
20649
205.3
26 .8
262.2
242.7
239,2
268.3
271.7
259.7
2Ch 4
296.1
29640
294,77
297.3
175.9

PED

91.5
91.4
88.7
Ql.2
89,7
89,2
93.8
94.8
93,8
93.2
0.9
85.8
8l.5
78.3
ﬂ\‘.’ L ] 3
88.5
R5,.4
86.6
G2.4
93,6
94,4
92.3
G2.3
32.2
90.9
B7.4
91.9
82,6
Q"." .'3
89.32
89,9
91.3
92.1
59.8

PXD

—13.9
—2003
-2409
-23.1
-21.2
’2205
‘18.6
-1604
-28.1
-2604
-2606
-3900

=-33.3

'27.&
-3405
-28.5
-2504
-2308

-2900‘

-2908
-1700
°1503
‘23.8
'19;5
‘2%.2
—1704
-1903
-19.1
-2207
-2308
~-18.8

4.6

68



1

35
EX
37
3R
.39
4n
41
42
43
Gb
45
46
47
49
49
50
1
52

53 -

54
55
56
57
58
59
55
61
62
653
64
&%
66
67
3.

n
Je962
3.993
(e392
1991
Ge9%3
n,962
(14992
Ne8G4
1.2473
l1l.241
1.24N"
1.241
1.241
1.239
1,227
1.23¢%
c,5092
£.993
(e993
7,967
n,602
{.292
C.3%1
1.2412
H,002
(3,902
1.242

1.243

l.241
ledbl
$a992
Ge393
t.3Q2

o
1.451
1.465
S=1.8 |
D.949
n,.955
1.667
1.981
1.953
1.2%4
1.244
1.225
2 46D
2. 4R
2.472
2.457
2,487
l1e456
1.459
1.55¢8
1.973
1.456
1,457
1.455
2.474
2.456
1.966
1.971
1.237
1.214
1.234
1.223
1.456
1.437

B
Tel152
e 162
e 3BK
o e389
Ne3873
1.142
1.167
1.152
148417
{}«85873
e 847
1.812
1.815
1.727
1.711
1,738
N,683
Deb%2
Ne682
1.323
NeBGND
N, RA2
1.P88
1.933
1.220
1e310
1,842
N,32°%
{1,984
{({aQATA
1.083
1.06%
1 rq?

- ]

»
[§Y)
—
®

30 o n

(N}
S
Tt iEe oo B
]
LA

10.44
19.44
N4
13.4%4
10.44
17,44

§.81

$.81

6081
1t.44
15.44%
10.4¢
12,44
10,44
17.44

10,44

10.44
12,44
10.44
10,44
10,44
1%.44
10444
12.44
10.44
l'v’)o[‘fa
10.44
1iet4
1N.44
10.44
1%.44

17.44

va

42.8
4248
43,2
43,2
43,2
42,5
4245
4245
/fl oq
4.9
4149
41.3
41.3
41.3
45.3
45,3
45.9
4569
45.9
34.7
35.0
A8 .0
35.'.‘
33,8
33,8
34.7
34,7
34.8
34.8
26.6
24,56
24.8
24.8
24.8

XA
e hQQ
DeTD3
Ce5565
0.56'}
0,562
D804
t.814
0.831
D395
0.385
0380
D.648
30645
NebTH
De745
NeT27
D.771
D767
:\0876
Vel 4l

De565

Je5567
3522

De523

0eb46
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APPENDIX B
MATHEMATICAL JUSTIFICATIONS AND DERIVATION OF EQUATIONS

Demonstration of the validity of Equations 5.4 and 5.5 and the-
derivation of Fortraniequations in Statements 1920, 2570, and 2700 of

the computer program.are presented in this Appendix.

vValidity of Equations 5.4 and 5.5-

In the derivation of Equations 5.4 and 5.5, it was assumed that
the difference between the time, Ata, required‘for the velocity of the
free-falling weight and the velocity of the top of the specimen to
.become equal_and'the time, At required for the stress wave to propa-
gate the length of the specimen is negligible. Hence, the external
force that might be applied to the Bottom of the specimen is negligible.
The validity of this assumption is demonstrated as follows.

For this time interval, it was assumed that the stress in the spec-
imen has not exceeded the elastic limit and that the material oSeys
Hooke's Law. A linear velocity-time relationship was also assuméd. By

the principles of impulse and momentum, -

At
F' dt = Mﬁ(Vé - Vo) : (8.1)
o
where
F' = impulse force at any time,

t = time,

=
1]

mass of falling weight,
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Vé = velocity of failing weight just prior to contacting the
specimen, and
V. = veiocity at the time the velocity of the weiéht ana the veloc-
ity of the top of the specimen are equal.

Since the material of the specimen obeys Hooke's Law
F = EA = = (B.2)

where
F = average force applied to the specimen,
0 = maximum stress in the specimén during the time interval,
A = cross-sectional area of the‘specimen,

E = modulus of elasticity of the specimen, and

€ maximum strain in the specimen during the time interval.

Therefore, Equation B.l becomes

. .
o a EGA(Ata)
F dt = —
(o)
= M&(Vo - Vo) . | (B.3)

Since the deflection of the specimen, assuming a linear velocity-time

relationship,
gL Vo
X = V dt = Z—(Ata) (B.4)
o
where
V = velocity,
V_ = velocity at the time the velocity of the weight and the

velocity of the top of the specimen are equal, and
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Ata = time required for the velocity of the free-falling weight and
the velocity of the top of the specimen to become equal;

by the definition of strain

x Yo
€=7= -Z—L(Ata) : (B.5)
where
X = deflection of the specimen and ,
L = the initial length of‘the specimen.

Substituting for €, Equation B.3 becomes

EVOA(Ata)2 o
i = MW(V‘; - Vo) . (B.6)
Solving Equation B.6 for At,
4IM (V' 1/2
wl O
Ata = F V— - 1) . (B.7)
o
Substituting (2gh)1/2 for Vé
where
g = gravitational acceleration and
h = drop height of weight in inches,
and, from Equation 5.5 on page 35,
1/z2
1+ nD2Lp
8w
w
where
D = initial diameter of specimen,
L = initial length of specimen,
p = density of specimen, and
W _ = weight of ffee-falling weight;
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Equation B.7 becomes

‘Ta/2

At = - L. .

Simplifying,

At = ¥
L=

. \Ji/2
AIM 2L '
EA

212, /2.

Eg

(B.8)

The well-known equation for the velocity of a stress wave in an

elastic material

1/2
- |Eg - -
s
where
VS = the velocity of the stress wave and
A the time required for the stress wave to propagate the length

of the specimen,
may be solved for Ats to yield

/2

=
- (e
Ats - (Eg

Using Equations B.8 and B.10, the ratio

(B.10)

At
a

At
s

2L2p‘1/2 '
E

2g 172 (2)1/2 ' ' . .
L™p
Eg

n

1.41 . ' (B.11)
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From Equation B.10

where values of

L = 2.5 inches (maximum length of specimen tested),

p = 0.41 pounds per cubic inch,
"E = 2 x 10® pounds per square inch, and
g = 384 inches per second per second

. were used; the maximum value of

Ats = 0.0000577 seconds.

From the ratio expressed in Equation B.ll, the maximum value of

Ata = 0.0000814 seconds.

The diffefence between Ata and Ats is 0.0000237.seconds. From the
assumption of a linear velocity-time and stress-strain relationship, it
follows that the force-time relationship is also linear. Thus, the
force at this time may be computed.» The maximum force recorded for ény
specimen tested at the time of 0.0001 seconds was 1,614 pounds. By sim-
ilar triangles, the force applied to the bottom of the specimen at this

time would be approkimately 380 pounds, which is in fact negligible.

Derivation of Fortran Statements 1920, 2570, and 2700

The percentage of kinetic energy accounted for is computed by the
Fortran equation in Statement 1920 of the computer p;ogram. This per-
centage of the available kineéiC'energy accounted for is based on the
difference between the kinetic enérgy'possessed by the system at time

equaltzero (when the velocity is eqﬁal to the initial velocity) and the
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kinetic energy indicated by the computed velocity at the last data point
(point of maximum force). At time equal zero, the kinetic energy pos-

sessed by the system

KE = -;— M[vo(I)]2 (B.12)
where
KEo = kinetic energy at time equal zero, \
M = mass of the system, aﬁd
VO(I) = velocity of the system.

Without exception, the computer calculations indicated that after the
maximum force had been recorded and the velocity had in fact become
zero, the weight had a downward velocity and therefore possessed indi-

cated kinetic energy of

KE =%M[V ]2 ‘  (.13)

F (1,J")

where

indicated kinetic energy,

KEF

mass of the system, and

V(I gy = indicated velocity when the actual velocity is zero.
. s :

The quantity of kinetic energy that the data acquisition and transforma-
tion system accounts for is the difference between the quantities KEo

and KEF. Theréfore, the equation that is used to compute the percentage

of kinetic energy accounted for

2 2
oy 1™ - Weg, gy

[vo

PED(I) =

(100) (B.14)
12 |
D

is an arbritrary measure of the accuracy of the data acquisition and
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translation system. After substitution of constants, Equation B.14 is
equivalent to the Fortrarn equation in Statement 1920 of the computer
program, |

A compressive specimen, located on top of a rigid surface, that is
being deformed by a moving mass will undergo a displacement of Vt where
V = velocity and t = time.; Assﬁming a linear velocity profile, the
displacement, u, of any‘point a distance X above the rigid surface will
be

Ao S - C(B.15)

where L = the length of the specimen. It follows that the strain, €,

will be
_Qu _ Vt _
In turn, the strain rate will be
x _V
Ft—i' . (B.l7)

Equation B.17 is equivalent to the Fortran equation given in Statement

2570 of the computer program. This equation is as follows.

\Y
XEDOT 1y = g (f’i) (B.18)
- (1 ~ LY
where
XEDOT(I) = strain rate,

C(I) = initial length of specimen, and

X = deformation of specimen.

(1,J) P

The Fortran equation in Statement 2700 of the computer program com-
putes the average strain rate. The average strain rate may be defined

as the velocity or rate at which two points on a body approach -or
t '
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diverge from each other averaged over the entire deformation period
divided by the initial distance between these points. The ends of each
specimen tested were selected as the two points, and the equation for

average strain rate is

Vo
(D)
2 U2

AXEDOT = — (B.19)
I c
@ 0
where
AXEDOT(I) = ayerage strain rate,
VO(I) = initial velocity, and
C(I) = initial length of specimen.

Equation B.19 is equivalent to the Fortran equation in Statement 2700

of the computer program.
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