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A FATIURE CIRTERION FOR BLAST LOADED CYLINDRICAL SHELLS

ABSTRACT

The results of an extensive experimental program to study the
plastic resﬁonse of thin-walled, unstiffened cylindrical shells to
external blast loading are presented. Empirical relations between
the shell and plast parameters that satisfy a failure criterion based

on a given level'of.plastic deformation are given.

A comparison of calculated and actual overpressure values for
159 ‘shells that had responses satisfying the failure criterion (permanent
deformation in the radial direction - 5 percent to 10 percent of the

original diameter) is made. The average deviation between these values
is 14 percent.
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I

1. INTRODUCTION

1.1l General Remarks

One of the major problems in the design of structures is that of determining
their useful life. - One would like to clearly define the limiting environ-
ﬁent that the structure can tolerate and if it falls, the reasons for
failure. There are meny theories of failure for stetic loadings. In

some instances the onset of ylelding would constitue an end to the use-
ful life of the structure. In other design conditions complete rupture

of & particular element would be the 1limiting case. There are also
theories for the failure of unstable structures and of structures that
must withstand fluctuating loads. '

"An important need at this time is a theory and criterion of failure
for structures such as aerospace vehicles that include as part of their
life expectancy an encounter with a nuclear environment that numbers
blast loading among its many effects. A toleration level to this type
of loading is required so that design judgments may be made as to whether
a given vehicle will survive or fail to survive a particuler encounter

of -this type.

The majority of these vehicles are primarily composed of elements
that may be approximated by cylindrical shells. Therefore an experimental
study of the response of cylindrical shells to external blast loading is
worthwhile in leading to the determination of relationships between
shell and blast parameters that will predict the deformation required

to satisfy a given failure criterion.

Before proceeding to a specific statement of the problem to be
investigated, a discussion of blast parameters will be presented.

1.2 Definition of Blast Parameters

As 8 result of a detonation of a chemical or nuclear explosive, & pressure

wave of finite amplitude is propagated into the surrounding medium. The

velocity of propsgation of the disturbances is greater than the velocity

of sound in the undisturbed medium. The pressure wave changes its form
15



and, in particular in air, the pressure front becomes steeper and steeper
until it is limited by viscosity and heat conductivity. When this
relatively stable form 1s reached the pressure rise occurs within a very
narrovw region which may be considered to. be a.perfect discontinuity.
‘Such a disturbance is termed & shock wave. For gases, the thickness

*
of the shock front is of the order of .the mean free path of & moleculehu

A simplified form of the pressure-time history of the shock at a
point in space is as shown in the top part of Figure 1.1. The pesk
over-pressure-p declines exponentially to the ambient pressure P,
(represented by the dashed horizontal line), in the time -AT (called
duration). In fact, the decline is to & value less than ambient (atmo-
spheric) as shown by the curve continuing below the dashed line. The
integral of the over-pressure with respect to time over the duration -AT
is termed the impulse -I and is indicated by the shaded aree. Thus, the
main blast parameters important for the problem studied here are over-

pressure, impulse and duration.

Major complications in studies of the dynamical response of targets
or structures to the trensient loads of air blast are the interactions,
e.g., diffraction effects, between the structure and the air blast,
which change considerably the subsequent flow characteristics of the
blast and hence the actual load imposed on the terget. This report
is restricted to reporting free air blast (absence of target) and termed
incident, and blast imposed on a semi-infinite rigid target by normal
(900) incidence of a blast wave-termed reflected. The true values of
peak pressure and impulse to which a target is subjected will fall
between these two limiting values.

A general law of similitude was proposed by Sachs37

to acecount for
the effect of changes in the ambient air pressure and temperature on
the peak overpressure and positive impulse of the blast. A special case
of thié law is Hopkinson}slaMAB for size scaling. It pertains only

to the propagation of air blast under sea-level atmospheric conditions.

1

* ‘
Reference numbers vefer to items listed in the Biblography on page 79.

16
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According to size scaling the peak overpressure end scaled impulse,
I/wl/3, are functions of the scaled distence, R/Wl/3, where R is the
‘distance to the center of the explosive and W is the welight of the
_explosive.

This type of blast wave.scaling is shown in Figure 1.1. If one
has an explosive of weight W (which is proportional to the cube of the
diameter d3) located at a distance, R, from a point in space, then there
will be an overpressure, p, an impﬁlse, I, and duration, ATat that
point. If one then takes a scaled explosive of weight, K3W, (which is
proportional to the cube of the scaled diameter, (Kd)3, located at a
scaled distance, KR, from a point in space) then there will be an
overpressure, p, as before but the duration will be K.A T and impulse
will be KI. ’

A plot of scaled air blast data.7 is given in Figure 1.2.. This
1s a plot of peak incident overpressure, Py» scaled duration, ATVW1/3,
scaled shock arrival time, T/Wl/’3, shock velocity, U, and peak particle
velocity, u, versus scaled distange, Z = R/Wl/3. Similear curves are

given for peak reflected pressure in Reference (16).

The curves discussed above pertain to explosive charges that are
suspended above the ground. If the charges are located close to or on
the ground, the portion of the shock wave striking the ground will be
reflected (the amount depending upon the composition of the ground)
and will then propagate through the previously heated air and therefore
at some point overtake the initial shock wave. These two shocks will
then combine and the target will be subjected to a blast wave that
would be the result of an explosive weight approximately twice the
initial magnitude. This factor termed the reflection factor, may very

from one to eight, but is generally closer to two. Therefore, free-
fféld blast overpressure measurements are usually taken at a few points
to establish the exact value of the reflection factor when the explosive
is detonated on or close to the ground. The explosive charge weights
given in subsequent tables of data include the reflection factor; i.e.,

they are effective weights.
18



FIG. 1.2-COMPILED FREE-AIR BLAST DATA
ON BARE SPHERICAL PENTOLITE
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1.3 Statement of the Problem

The general problem to be studied in this report is an experimental study
of the response of cylindrical shells to external blast loading.
Comparisons with theory will also be made,

An serospace vehicle may suffer failure or be "killed" by blast
loading in one of three different ways: deformetion of the outer skin
and subsequent crushing of internal components, failure of intermal
components due to high accelerations or the vehiclemay be overturned
on the firing pad with subsequent damege upon impact, i.e., crushing,
g-loading, or overturning.

This study will be limited to the case of deformation of the outer
skin. Therefore & right-circuler, thin-walled, unstiffened shell of
finite length will be used for the simulation. It will be assumed that
the heavy bulkheads and attachment rings between sections can be
gsimilated by considering the shell sections to have clamped ends and
that there are no pre-loads such as bending, compression or torsion.

As described in the Section 1.5, Previous Related Studies, the
simlation techniques used by other researchers in the past have not
been sble to reproduce the true blast effects, namely, very-high rise
time (measured in microseconds), an exponential decay of overpressure
with time and diffraction effects on the shell. Hence, the blast loading
can be best produced by using actual charges of high explosive.

It will be assumed that a given level of damage or deformation of
the shell will be representative of that required to "kill" a real
vehicle. Based on previous experience in determining the vulnerability
of actual missiles, the level of damage that will constitute a failure
criterion may be stated as follows: s radial permanent deformation
approximately 5 percent to 10 percent of the original diameter. This
range of deformation values is rather broad, but in keeping with the
accuracy of blast field work. The problem of accuracy will be discussed
in more detail in later portions of this report.

20



The specific problem may now be stated as follows:
Determine the relationshipe between the shell and blast

parameters that enable one to determine if failure has
occurrved, according to the failure eriterion chosen.

These relationships should be sufficiently general to be
adaptable to variation in the magnitudes of the deformation
defined by the failure criterion, and to changes in the

failure level.

1.4 Scope of the Study

The study consisted of an extended experimental program involving a
wide spectrum of shell geometries and explosive charge weights. The
shells were fabricated from steel and a number of different aluminum -
alloys. The shells were mounted so the ends are clamped to end caps
restrained from moving in order that bending and axial compressive
stresses may be neglected. The explosive charges were oriented so

there were two different loadings: asymmetric, which is of the most
interest, and axisymmetric. Relationships between certain shell parameters
(length, diameter, thickness and material) and the blast parameters of
overpressure and charge weight were determined that will predict the
deformation required to satisfy the failure criterion. The results were

compared with other published work.
The text of this report consists of five sections and three appendices.

Section 1 deals with introductory considerations, defines blast
parameters, states the problem, outlines the scope of the investigation,
presents a review of previous research on response of cylinders to blast

loading and defines structural scaling.

Section 2 describes the test specimens and related equipment and

discusses the experimental procedures involved.

The data obtalned are presented in Section 3 with some discussion
of "the shell-blast parameter relationships.

21



In Section 4 these parameter relationships are determined so that
they satisfy the failure criterion. A comparison of the calculated
and actual values as well as comparilsons with theoretical analyses are

given.

Section 5 contains a summary of the results of the investigation,
and the conclusions that can be drawn from these results. In addition,

suggestions for further research are given.

Photographs of firing areas and of the instrumentation are presented
in Appendix A, Miscellapeous tables of data are given in Appendix B.
A selected portfolio of deformstion pattern pictureé is produced in
Appendix C.

1.5 Previous Related Studies

The problem of shell response has been studied since at least 1828 when
the first papers were published. A very excellent bibliography by Nash3o
lists 1,455 publications through the end of 1953. Although a small
portion of these were concerned with the vibration of shells, most were

concerned with static shell problems.

The earliest studies on the response of cylindrical shells to
impulsive loading were reported by Mindlin and Bleich’? in 1952. The
author started the present study in 1959. Since 1960 the number of
researchers concerned with this problem has increased so that the
majority of the studies made were ccncurrent with this study.

The theoretical analyses will be reviewed first, followed by a
discussion of the experimental studies. The theoretiecal analyées will
be divided into elastic and plastic studies. The plastic analyses are
of major concern as the failure criterion is based on a plastic defor-

mation level.

It will be shown that the scope of this report is unique and
presents for the first time relatlonships between shell and blast
parameters that are based on the effects of a real blast against real,
three -dimensional cylindrical shells with clamped ends. Furthermore

the results are in reasoneble agreement with a failure criterion.
22



Theoretical Analyses - Elastic Studies. Bleich and DiMaggiolo

studied the axisymmetric case of infinite cylindrical shells under a
suddenly applied uniform radial pressure above the buckling load. It
was assumed that the deformation was inextensional and the shell
generators remained straight.

Radknowski, Humphreys, Bodner, Payton and Budia.nsky32 considered
the exisymmetric cases of a distributed impulse and a moving pressure
load and also the asymmetric case of a point impulse. Solutions were
based on linear membrane shell theory with a failure criterion based
on yield stress., |

Wood, O'Neill and Kovalh9 considered axisymmetric and asymmetric
loading with the addition of a static axial compressive load. The
analyses used were based on a linear theory and a buckling type of

failure,

DeHart and Basdekasl3 have studied the response of &aircraft and
missile structures to axisymmetric and asymmetric blast loading. A
linear-elastic approach was used since it was assumed that the typical
materials will tear before large plastic strains can occur. In some
instances a static analysis was considefed as & first approximation.
The cylindrical shells were stiffened by both rings and stringers.
Wah, Rastrelli, Basdekas and DeHarthB studied the axisymmetric and
asymmetric response of cylindrical shells with various end conditioms.
Linear-elastic theories were sgain used. DeHart, Rastrelli, Basdekas,
Minor and Pza,jpel.)‘L ha&e studied the response of missiles in various
configurations (on the transporter, in the launch position, etec.) and
considered rolling of the transporter and overturning of the missile
also. The failure of the ﬁissile itself was still based on elastic
13,45

considerations as &above

Mindlin and Bleich29 studied the response of an infinitely long,
elastic cylindrical shell to a step shock wave with a front parallel to
the shell exis. The motions were restricted to dilatational, translational

and inextension-flexural modes. The shell was submerged in an acoustic

23



fluid. A modal analysis was used with incipient elastic buckling as

the failure criterion. - Baron and Bleich9 refined the solution to include
extensional effects in g8ll modes.

‘ An elastic failure criterion is extremely conservative in determining
the vulnerebility of missiles. Therefore, plastic studies are needed to
correlate with the experimental data.

Theoretical Anslyses - Plastic Studies. Hodgeao presented an
analysis for e rigid-plastic shell losded for & short time with a pressure

greater then the static collapse load. The pressure was a uniform
radial step function. The shell was assumed to follow a simplified
yield condition and the plastic flow law, Hodge21 then extended this
analysis to cover an arbitrary dynamic locading shape. The deformations
were limited to & maximum of five times the thickness of the shell.
Hodgeze also studied the effect of variations of loading shape on shells.
The shells considered were a central portion, between ring stiffeners,

of a long shell. Sankarnaranayanan38 studied shells, clamped at one end
and free at the other, that were subjected to uniform lateral and
hydrostatic pressures.

Abrahamson and Goodiers, Abrahamson and Florenceh and Abrahamson2

studied the response of beams and circular rings, cylindrical shells and
plates to impulsive loadings. The cylindrical shells had free ends and
were subjected to uniform radisl impulse. It was assumed that there was
a slight imperfection in the uniformity of the initial velocity of the
shell elements and strain hardening takes place in the material. These
two assumptions. are necessary for buckling to ensue, The asymmetrically
loaded case was not studied. Some of the author?!s dataho were used as
the basis for estimating bounds on the strength of reentry vehicles in
another report by Abrahamson3. Lindberg studied shells that had a higher
radius -to-thickness ratio. The shell ends.were still considered free.

A modal analysis was used in determining the deformation patterns.

24



3 has studied the response of various shells (cylindrical,

conical, hemispherical) to blast loading from high explosives. A method

‘of predicting buckling based on & triangular pressure pulse and a "dynamic
‘load factor" was developed. The results in the form of predicted pressures,
do not agree vg;y well with the pressures predicted by the author'in an

earller report--.

Rosendor?f

Witmer, Herrmann, Leech and Pianh6<studied the response of plates
and shells to impulsive loads. They were concerned with scabbing and
fracture as well as deformation. It was proposed to use an approximate
energy method for predicting the final degree of deformation. The
energy method consisted of equating the total kinetic energy imparted
to the shell by the applied loading to the energy absorbed by the struc-
ture in reaching its final deformed state. One must know what shape
the deformation will take in order to determine the energy reguired or
else one can assume plausible patterns. It was suggested thaf static
properties be used to compute the absorbed energy. No details were
presented for computing this energy for cylindrical shells.

27

Leech, Pian, Witmer end Herrmsnn~  presented analyses to cover
two and three-dimensional structures. Specifically, beams rings and
shells {restricted to exisymmetric deformation) were treated. Numerical
methods were presented based on non-linear differential equations. The
materiel was treated as an elastic, perfectly plastic solid. A specific
yield condition and flow rule was assumed. Witmer, Balmer, leech and
PianhY further extended the analyses to include (a) elastic, (b) perfectly-
plastic, (c) elastic, strain-hardening, or (d) elastic, strain-hardening,
strain-rate sensitive material behavior and large structural deflectiqns
in a general numerical method. The method can still only handle
axisymmetrical response of shells with rotational symmetry. Pian31
presented general equations for the dynamic response of three-dimensional
shells of elastic-plastic material in teﬁsor form. It is shown that
the solution of the general shell problem involves exactly the sgﬁe basic
steps as that for two-dimensional structures. Pian remarked that the

finite difference formulation may bave to be modified when actual
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boundary conditions are taken into consideration. Balmer and Witm,er8

carried out an extensive detailed evaluation of the adequacy of the
élastic-plastic two-Gimensional analysis previously discussedh6 The
evaluation was based on experimental work with circular rings and. beams
performed by Picatinny Arsenal. The application of the analysis +o
finite cylindrical shells have.not been attempted except in very general

terms.

Greensponl7-l9 has studied theoretically the response of cylindrical
shells to blast loading., His results are very closely releted to this
report study and will therefore be left to a more detailed discussion
given in Section 4. Ihe plastic analysis by Greenspon is the only
complete analysis that includes both axisymmetric and asymmetric impulsive
loadings on shells of finite length.

Experimental Studies. Abrahamson and Goodier5 and Abrahamsonl’2

studied experimentally the résponse of cylindrical shells. The loading

was simulated by the use of sheet explosive placed over all or portions
of the shell surface. A layer of attenuator material was placed between
the shell and explosive to prevent spalling. The shells had free ends.
The plastic anelysis descrilbed earlier was used and it compared well
with the experimental data. Lindber328 studied the case of a finite;
very thin shell with clamped ends exposed to & uniform radisl impulse
over one-half of the shell surface. Loads were applied by detonating
explosive gaseous mixtures of oxygen, hydrogen and helium. The elastic
analysis predicted the number of lobes in the buckled pattern but not
the amplitudes. The impulses in these studies were very short, simulating
the energy deposition from X-rays rather than blast. There were no
diffraction effects and the boundary conditions were different from
those in the present problem.

DeHart and Basdekasl3 studied the response of shells to bending
loads. Wah, Rastrelli, Basdekas and DeHarth?
shells with various end conditions. The loading was obteined from the
detcnation of small qusntities (5 1bs. to 30 1bs.) of TNT. The shells

conducted tests on cylindrical
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were freely suspended on nylon ropes. Only one shell had rigid end

caps to simulate clemped ends. However, the permanent deformation was
only 0.25 inches for an original diameter of 12 inches and certeinly falls
well below the failure level specified for this study. The comparisons -
of computed and experimental deformations are considered good by these
authors where the computed values are given as a range * 10 percent wide

and the experimental values vary from the average of this band by 10
to 40 percent.

Wood, OfNeill and Kbvalh9 studied the buckling of cylindrical shells.
The loading was & combination of a dead-weight axial compression with
elther axisymmetric transient and oscillatory pressures or asymmetric
lateral transient pressures. A modified loudspeaker was used to drive
2 column of air and thus losd mylar shells. The rise times of the load-
ing were an order of nmagnitude greater than those obtained from blast

loadings. The boundary conditions were different from the preéent
problemn.

Laing26 studied the response of cylindrical shells to the blast

loading from a large charge weight (20 tons) of high explosive. Unfortu-
nately the shells suffered either no amount or excessive amounts of
deformation and the resulte were too sparse to determine the conditions
required to just cause failure. The experimental technique used was
similar to that of the author but the progrem was limited.

Rosendorf33’35’36

(eylindrical, conical, hemi-spherical) to blast loading from high
explosives. He presents data obtained from instrumented models. The
models, composed of & cylindrical portion with a hemisphere attached to
one end and a truncated cone with hemisphere attached to the other end,

has studied the response of various shells

were instrumented with pressure transducers and strain gages. In
addition some date on plastic response of uninstrumented shells is
presented36. A comparison of the deformetions of the cylindrical portions
with those predicted by the author't shows that the actual deformations
were higher. This was to be expected as there were no bulkheads at the
ends of the cylindrical portion and therefore the ends could not be

considered clamped.
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Sevinh3 studied the details of blast loadings on a series of five

horizontal cylindrical shells that were instrumented with pressure
transducers and strain gages. These shells were exposed to-the blast

. from 8 nuclear explosion. All deformations were elastic. The preséuré—
time histories were erratic giving random results. No quantative strain
results were presented because of their interpretation difficulties.

Deweyso has studied the loading on various geometric shapes (sphere,
cube, cylinder) by the use of pressure transducers mounted in rigid
models. Some data are given for the cylinder, but Dewey is not satisfied
with the availasble transducers and has suspended further testing.

This survey shows clearly the lack of extensive and systematic data
for the plastic response of finite shells to blast loading.

In addition to the sparsity of experimental data relevent to the
problem of the report, there are only the analyses of Greenspon that
have considered the response of a three -dimensional cylinder to impulsive
loading. These are the only analyses that are directly applicable to
this study.

1.6 Definition of Structural Scaling

As in many other branches of science, tests of suitably scaled models can
be substituted for full-scale experiments, and the response of the full=-
scale structures inferred from a knowledge of the model laws. Such
scaling has been applied by several investigators to the problem of
small deflection elastic response of structures to dynamic loads. We
wish to predict the plastic response of large structures to fransient
forces. A report by Baker, Ewing and Hanna6 reviewed the model laws

for blast loading from explosive charges and for the small-deflection
elastic respohse of étructures to such loading, discussed such laws

for large-deflection elastic response and for plastic response, and
presented the results of experiments conducted to confirm the modeling.
They concluded that the entire elastic-plastic response of a structure
to blast loading should scale geometrically, as described below..
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The same geometrical scaling which governs the shock transmission
process (See 1.2 Definition of Blast Parameters) also provides the
Proper modeling for structural response. to the transient pressgures
generated during the blast process. The effect of gravity and strain-
rate are assumed negligible. Perhaps the "geometrical" modeling can
be best described by imagining the following experiment. An energy
source of characteristic dimension, 4, 1s initiated a distance, R, from
an elastic structure of characteristic diﬁension, L, which produces a
transient pressure loading on the structure of amplitude, p, and
duration, AT,and causes the structure to respond in its natural modes
of vibration with periods Tl’ Tor === T T and cofresponding displace-
ment amplitudes Xl, X2, -—— Xh, ~e=, Strain-time histories of the
structurets response are charseterized by the periods Tn and correspanding
strain emplitudes e let the entire experiment be scaled gepmetrically
by a scale factor, K, making the energy source of characteristic dimension,
Kd, and locating the structure of characteristic dimension, KL, at a
distance, KR, from the source. Then, gdometrical modeling predicts theat
the pressure loading on the structure will be similar in form to that
obtained in the first experiment, with amplitude, p, and duration, K A T;
and that the structural response will also he similar in character, vith
the natural periods being Kﬁl, K%2, -—-KTn, ---, displacement amplitudes
KXl, KX, =-- KXn, ~w=, and strain amplitudeS'el, €py == €, —v-e The
blast scaling is shown graphically in Figure 1.1 and the corresponding
response in Figure 1.3.

2. PROCEIURE USED IN THE INVESTIGATION

2.1 Test Specimens and Equipment

Test Specimens. The thin-walled cylindrical shells were fabricated
from steel sheet and aluminum foil, sheet,and tubing. The steel shells
were cold formed from 1040 hot-rolled steel and were butt-welded along

& longitudinal seam, The properties of this material were determined
by tensile tests and are listed in Table 2.1. The aluminum shells
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TABLE 2.1

Shell Material Préperties

Material Modulus of | Yield Stress Ultimate Stress
. Elasticity So (psi) S, (psi)
E(psi)
Steel Sheetl - 1040 29,0x10 34,500 45,400
Alumimm Foil?~ 5052.H38 | 10.2x20° 37,000 12,000
1100-0 10,0x108 5,000 13,000
6 10,000 15,000

Alurdmum Tubing?= 6061-T6| 10.0x10

1 Obtained from Tensile Tests

2 Taken from Alcoa Aluminum Handbook, Aluminum Company of America, 1957
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were elther sections of 6061-T6 seamless drewn tubing or formed from
1100-0 or 5052-H38 foil. The foil shells were fastened along & longi-
.fudinal seam by soldér, 8 crimped seam, or by cloth-backed adhesive
tape. The material properties for the various aluminum alloys were

taken from the Alcos Aluminum Hendbook and are elso. listed in Teble 2.1.

The shell dimensions were chosen 80 that they were scaled models of
a variety of actual missiles structure. A scale factor was chosen s0
that the shell sizes would be convient for handling in the field. A
nunber of the shells were scale models of other shells in the series
to validate the structural response scaling. The dimensions of the _
shells tested are presented in Tsble 2.2, The shell Qlameters varied
from 3 to 24 inches, the lengths from'l to 75 inches, and the thiclknesses
from 0.003 to 0.136 inches. These dimensions provided shells that had .
length-to-diameter ratios of 0.3 to 25 and diameter-to~thickness ratios
of 60 to 2,000. -

A few representative shells were instrumented to measure details
of response. Baldwin-Lima-Hamilton FAB-25-35, 350~chm foll strain
gages were applled to the inside walls of the shells in a number of
locations to indicate both longitudingl and clrcumferential strains.
The strain gage pattern is shown in Figure 2.1.

The shells were fastened to heavy.end caps and thls assembly was
then fastened over a rigid tube. This tube prevented rotation of the
end caps about an axis perpendicular to the longitudinal axis of the
shell and therefore minimized bending in the shell. The tube also
prevented any exial load by restricting motion of the end caps’ in the
axial direction. A schematic of the shell and support tube assembly is
shown in Figure 2.2. o

Explosives. The blast loeding was provided by detonation charges
of high explosive ranging in weight from 1 pound to 500 tons. The
smaeller charges (up to 64 pounds) were cast spheres of Pentolite. The



. TABIE 2.2

fSheli Dimensions
Shell . Diameter Length ' Thickness S
‘ ‘ D/t . Material

No. D L t
(in.) (in.): (in.)

“1e2 3.0 6.0 0.019 2.0 158 . 1040
37 . 3.0 8.62 0,019 2.87 158 Steel Sheet
8-16 3.0 9.0  0.019 3.0 158 u
17-18 . 3.0 11.62 0,019 3.87° 158 "
19-20 3.6 - 14,62 0.019 L.87 158 "
21"'23 3.0 18.0 0.019 6.0 158 n
21"‘25 3 ao 2)400 0 0019 8 .0 158 ) u
26-27 3.0 8,62 0.035 2.87 86 "
28=31 3.0 9,0 0,035 3.0 86 u
32 3,0 18,0 0.035 6.0 86 ooon
33-38 6.0 18,0 0.019 3.0 . 316 n
3940 6.0 17.5 0.035 2,91 172 u
L1-Ll 6.0 18.0 0.035 3.0 172 oo
L5=46 6.0 17.5  0.076 2,91 79 .
L7 8.0 18,0 0.076 3.0 79 "
L8 12.0 36.0 0.035 3.0 343 f
Lh9-51  12.0 35.38 0,076 2,9 158 "

12.0 35,38 0,136 2.9k 88 "
53 2h.0 18.0 ‘0,035 2.0 686 n
sk 2li.0 L8.0 0.076 240 316 oo
55-58 24,0 47.287  0.136 1.98 176 n
59 . 3.0 6.0 0,003 2.0 1,000 - 5052-H38
60-67 3.0 9.0 0,003 3.0 1,000  Aluminum Foil
68 3,0 15.0 0.003 S.0 1,000 "
69-T1 3.0 640 0.004 2.0 750 "
72-73 3.0 9,0 0,00l 3.0 750 n
74 3.0 3.0 0,006 1.0 500 n
75 3.0 6.0 0.006 2.0 500 "
76-8L 3.0 9.0 0.006 3.0 500 "
85 3.0 15.0 0.006 5.0 500 .o
86 3.0 23.0 0.006 , 7.67 500 "
B7 3.0 24,0 0.006 8.0 500 "
88 3.0 30,0 0.006 10,0 500 "
8991 3.0 6.0 0.008 2.0 375 "
9294 3.0 9.0 0.008 3.0 375 "
95-96 - 3,0 9,0 0,010 3.0 300 n
97-104 3,0 9,0 0,012 3.0 250 ' "
105112 3,0 9.0 0,024 3.0 125 "o
112-120 6.0 18.0 0,003 3.0 2,000 "
121.122 6.0 18,0 0.00k 3.0 1,500 "
123-128 6.0 18,0 0.006 3.0 1,000 u
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TABIE 2.2 (Cont'd.)

Shell Diameter Length. Thickness .

No. D . L t ‘L/D D/t Material
(in.) (in,) {in,)

129-130 6.0 18,0 0.012° 3.0 500 5052-H38
131 6.0 18,0 0.02h © 3.0 250  Aluminum Foil
132-134 22,0 36,0 0,008 3.0 1,500 "
135 3.0 1.0 0.022 0,33 136 6061-T6
136 ‘3,0 2.0 0,022 0.67 136  Aluminum Tubing
137 « 3.0 3.0 - 0,022 1.0 136 "
138 3.0 6.C 0,022 . 2,0 136 n
139-145 3.0 9.0 0,022 3.0 136 n
W6 3.0 30.0 0,022 10.0 136 "
147 3.0 36.0 0,022 12.0 136 : "
148 3.0 40.0 0,022 13.3 136 .o
19 3.0 14,8.0 0.022 16.0 - 136 "
150 3.0 54,0 0.022 18,0 136 "
151 3.0 60.0 - 0,022 20,0 136 "
152 3.0 75.0 0,022 25.0 136 "
153-157 3.0 9.0 0.042 3.0 71 "
158«165 6.0 18,0 0.042 3.0 143 oo
166 6.0 18.0 ‘0,083 3.0 72 -
167 7.5 7.5 0.063 1.0 119 n
168 745 7.5 0,125 1.0 60 "
169 9.0 “ 2740 0.065 3.0 138 "
170 3.0 2.0 0.006 0.67 500 -1100-0
171 3.0 3.0 0,006 1.0 500 Aluminum Foil
172 3.0 5.0 0.006 1.67 500 "o
173 3.0 6.0 0.006 2,0 500 n
17h-181 3 00 90 0 O 0006 3 .O 500 L
182 3.0 12.0 0.006 L0 500 "
183-184 3.0 15.0 0.006 5.0 500 "
185 3.0 23,0 0,006 7.67 500 "
186-188 3.0 9.0 0.010 3.0 300 n
189-190 3.0 2.0 0.012 0.67 250 n
191-193 3.0 3.0 0,012 1.0 250 i
194-197 3.0 9.0 0,012, 3.0 250 "
198 6.0 9.0 . 0,006 1.5 1,000 Su
199 6.0 11.0 0,006 1.83 1,000 "
200 6.0 110 0.012 0.67 500 n
201 6.0 6.0 0,012 1.0 500 "
202 - 6,0 9,0 0,012 1.5 500 M
203~204 6.0 11,0 0,012 1,83 500 . ft
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larger charges were composed of cast blocks of Trinitrotoluene (TNT).
The blast parameters for equal weights of these two different explosives
are approximately equel end the explosives can be considered interchangable.

For field work l-pound and 8-pound charges are the most practical to
use. They are normally cast as spheres and therefore produce uniform,

reproducable spherical shock waves. These charge weights are easy to
handle in the field. )

Larger charge welghts are required to simulafe the very long durations
obtained from nuclear detonations. The overpressure of the shock wave
is independent of the charge weight but the duration varies directly as
the cube root of the charge weight. (See Figure 1.2) However, the larger
charges can be placed near the ground so that the shock wave will dbe
reflected and effect on the shells will be the same as if approximately
twice the charge weight had been detonated. '

Instrumentation. Instrumentation was chosen to record three types

of Information; megnitudes of the blast parameters, response-time history
of the sheli and final shell deformation patterns. Piezoelectric and
gelf -recording gages provide pressure-time histories from which the

other blast parameters cen be determined. Strain gages with appropiate
recording equipment provide response-time history of the shells. High-
speed motion pilcture cameras supplement these data by providing a

visual response-time history. Still cameras provide a visual record of
the finai shell deformation petterns. This instrumentation is shown

in Figures A.3 to A.9, Appendix A.

The piezoelectric gage is used for recording the incident pressure-
time history associated with blast waves. A blast gage array is shown
in Figures A.% and A.5. The two gages. are staggered so that the shock
arrives at each at a different time.‘ Thig gives a measure of the shock
velocity and thus another check on the effective charge weight. The

sensitive element of the gage 1s a stack of four wafer-shaped crystals
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(made of tourmaline or & synthetic piezoelectric material), approximately
.050 inches thick, with silver foil electrodes between crystals to collect
the charge. The crystals are usually.one inch or one-half inch in diameter.

A group of self-recording gages, used to record pressure-time histories
of the shock wave, were burled flush with the ground and at predetermined
distances from the explosive charge. These gages were designed by
Ballistic Research La.boratories23 to record relatively long duration
shock waves from large scale detonations. Figures A.6 and A.7 show a
gage with and without its cylindrical housing. The gage utilizes a
corrugated metal capsule as its pressure sensing element. Attached to
a center post on the capsule is a leaf-spring arm with en osmium tipped
stylus. The stylus rests on an aluminum glass disc which is attached to
a turntable. During operation the shock wave fills the corrugated
capsule and, in turn, deflects the stylus. The glass disc; -rotating at
a fixed rate, records the pressure deflection as a function of time.

The record is then photographically reproduced and the data obtained.
Because of the mechanical design, the gage has a frequency response of
only O to approximately 100 eps. '

The pressure recording equipment-iS'shoﬁn in Figure A.8. This is
a 16-channel unit with 8 dual-beam cathode-ray oscilloscopes. The
oscilloscopes are photographed by a streak camera.:- The equipment, built
by the Consolidated Electrodynamics Corporation has & meximum writing
speed of 400 in. per second and a frequency response of O to 100
kilocycles (ke.). .

The strain recording equipment is shown in Figure A.9. The wnit
on the right is a Consolidated Electrodynamics Corporation 50-channel
oscillograph recorder with galvonometers. The recorder has a writing
speed of 0.10 in. per second to 100 in. per second with a frequency
response of 0 to 200 cps. for the galvonometers.

The cameras used were 16-mm high speed (400-2,500 fremes/second)
100-Ffeet capacity cameras from Red Ieke Laeboratories. A typical field

arrangement is shown in Figures A.3.
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2.2 Experimental Procedure

Portions of this test were conducted at three qifferent areas: the
Spesutig Island Ranges of the Ballistic Research Laboratories; the

Yume Test Station, Yuma, Arizona; and the Suffield Experimentel Station,
Ralston, Alberta, Canada.

The general procedure for each of the areas was similar. The shell
and support tube assemblies were mounted on stands at a height of six
Teet to minimize ground effects. They were oriented with respect to
the charge so that the blast impinged on the shells either along a
line perpendicular to the longitudinal exis (lateral loading) or along an
extension of the longitudinal axis (longitudinal loading). A nose cone
was added to the shell for the longitudinel loading orientation’ to
minimize the disturbance of the flow. This is shown schematically in
Figure 2.3. The specific procedures at each of the three areas will be
given in the next three sections.

Ballistic Research Laboratories. Tests were conducted with both

‘ uninstruﬁented and instrumented shells at the Ballistic Research
Laboratories. The charge weights varied from 1 pound to 500 1lbs. The
smaller charges were supported above the ground (as shown in Appendix A4,

Figure A.l) to avoid ground reflection, while the larger charges were
stacked on small frangible tables over a thick plate of armour steel

t0 provide maximum reflection and minimum cratering.

A small growp of shells were then positioned about the explosiw}e charge
at various distances such that the blast parameter values would be below
those required to cause failure. The shells were then rep081tioned in
increments until failure (defined as permasnent radiel deformation of
approximately 5 percent to 10 percent of the original diameter) was
obtainead.

In the case of the shells instrumented to record response ~time
histories, a single shell was positioned and firings repeated until
acceptable records were obtained.
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Yuma Proving Ground. Tests were conducted with uninstrumented
shells only at the Yums Proving Ground. The welghts of the charges
‘were 1,000; 10,000 and 30,000 pounds.. The charges consisted of hemi-
spherical stacks of cast blocks of TNT on tables that ranged in height'

from six feet to thirteen feet. No armour steel was available, but

the desert floor had proven a very effective reflector in the past.

A group of 24 shells were exposed on nine of the ten firings of
Project Big Bird. For the early firings 3 each of 8 different shells
were positioned at 3 different radii to bracket the failure region. For
the later firings, as the data were processed and better estimates could
be made, only 2 each of each shell were positioned and more different
shells could be exposed. A typical field arrangement is shown in
Appendix A, Figure A.2.

Suffield Experimental Station. Tests were conducted with both
uninstrumented and instrumented shells at the Suffield Experimental
Station during two different firing programs. The first test firing
was conducted in 1960 with a charge weight of 20 tons. The second
test firing was conducted in 1964 with a charge weight of 500 tons.

The charges in each case were hemispherical stacks of cast TNT blocks
placed on a stablizing platform in direct contact with the ground.

One shell, instrumented with strain gages, waé exposed on the first
firing. Three each of 11 different shells (33 total) were positioned on
the second firing. Four of the shells were instrumented with strain
gages and photographed by high speed.motion cameras. (Appendix A,
Figure A.3.)

Safety Requirements. Special precautions had to be taken to insure

the safety of the operating personnel, the base perscmmnel, and the
inhabitants of the local communities. Safety required special handling
of the explosives, laying of the firing lines and capping of explosives
with a detonator by trained personnel.

Kl
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In addition meteorologlcal data were assessed to determine if
focussing conditions existed. Certain changes in temperature and wind
veloecity with altitude can cause shock. wave paths +0 bend and converge.
Where these paths converge the pressure can be said to focus and the
magnitude may be multiplied by one hundred. In such cases property
damage including breakage of windows with attendant flying glass may'l
occur. Numerous delays in firing programs ﬁere caused by such advefse

weather conditions,

3. EXPERIMENTAL RESULTS

3.1 Uninstrumented Shells

The data for the laterally-loaded shells, having approximately ;
failure deformation, have been plotted in Figures 3.1 through 3.4. The
data for the four different materials were plotted separately.. The
limited data for the longitudually loaded shells have not been plotted.
Values of the blast parameters were obtained for each case and are
listed in Table B.l, Appendix B. The table includes both the laterally-
loaded and longitudinally-loaded shells. ZFor the smaller charges, where
reflection was nqt.a problem, the values of the blast parameter were
taken from published data as listed in References 7 and 16. For the
larger charges, the blast instrumentation was used to determine the
reflection factor and then the values of the blast parameters were taken
as above. The explosive weights listed in Table B.l are effective weights,
i.e., the reflection factor has been taken into account.

A total of 204 data points were obtained from the series of 316
firings on 299 shells.

Iso-damage curves were drawn through those points that represent
the various combinations of incident pressure and incident impulse
for an equivalent deformation of a specific shell geometry (See points
3-4-5-8-9-10-11 -12 -13, 33 - 34% -35 - 36 - 37, etc.,
Figure 3.1). These curves form the boundaries between safe and failure

regimes.
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The iso-damage curves represent a separate family of curves for
each material. One curve shape was fitted to all the data for a
particular material. From these curves the varietion of required over-
Pressure values with respect to charge weight .can be determined for a
' gi?en shell material. As the exylosivé charge weight increases, moving
from lower right to upper left along an iso-damage curve, the values of
impulse increase; while the values of pressure decrease. For very
large charges, the curves for the two tempered aluminums (5052-H38,
Figure 3.2 and 6061-T6, Figure 3.3) approach asymptotically some minimum
values of pressure. However, the mild steel and untempered aluminum
(Figures 3.1 and 3.4) still show a considerable decrease in pressure for
these same welghts.

The variations of pressure.and impulse with changes in shell length,
diameter end thickness were also determined. A further discussion of
these parameters will be deferred to Section 4, which deals with develop-

ment of relations for the failure criterion.

As expected, the deformation patterns preduced by the two different
types of loading, (lateral or longitudinal) were quite different. There
were two basic deformation patterns for the asymmetric lateral loading.

The first pattern, which we call a collapse mode, is characterized by-a
single, transverse plastic hinge line. (See Figures C.l1 to C.3, Appendix c.)

If the loading conditions are made more severe, by decreasing the charge-
shell distance, the hinge line lengthens. At slightly higher levels of
loading, a small hinge will start on the back side, away from the charge.

A specialized case occurred where two parallel hinge lines” formed,
pushing the material between them in the outward radial direction. This
is the only case where this happened snd is shown in Figures C.4 and C.5,
Appendix C.

The second lateral loading pattern, which we will call & buckling
gggg)'is characterized by one or more longitudinal lobes. A single
lobe is shown in Figure C.6, Appendix C, and multiple lobes are shown in
Figures C.T and C.8, Appendix C. The lobes vary in depth eround the shell,
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The two lateral loading patterns'seem to be primarily a function
of the shell geometry. The."thicker" shells with lower D/t values deform
in a collapse mode while the "thinngr"-shells with higher D/t'values are
unstable and deform in & buckliing mode. However & few shells fall on
the borderline and can apparently go either way. One such shell is
shown in Figure C.9, Appendix C. Here we see & combination of one hinge
line and one lobe. These patterns will be discussed in more detall in
Section 4. ‘

In all the laterél loading cases the maximum deflection occurs
approximately in the center of the shell at the point closest to the
charge. However, there is deformation along the complete length of
the finite shell as shown by the sharp creases where the shell meetsjthe
end caps. For the shells of sufficient length to be considered infinite
this is not true and there is no deformation at the ends.

The deformation pattern for the longitudinael loading is axisymmetric.
The maximum deflectlion does not cccur at the mid-length of the shell but
closer to the forward endcap as shown in Figures C.10 and C.11, Appendix C.
A thin ring of high pressure propagates along the length of the shell.
As it deforms the forward portion of the shell, the air inside is compressed
toward the rear. This tends to further strengthen the aft portion, as
shown in Figure C.1l1l, Appendix.C, where the‘high pressure of the compressed
air has torn the aft portion of shell loose from the end cap and increased
the diemeter, while the forward portion has been torn loose and decreased
in diameter. The longitudinal loading orientation is the stronger of the
two. The values of blast parameters required to satisfy the failure
criterion will be established in the next section. '

One shell was tested statically to compare its deformation pattern
with those tested dynamically. This shell and support tube assembly
was mounted on V-blocks in & testing machine. A line load was applied
perpendicular to the center-line of the shell at the center with a 1/4
X b4-inch striker plate. The deformation pattern shown in Figure C.12,
Appendix C, is very similar to the dynamic collapse mode. The shell
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commenced to deform at & 3-1b, load and the load hed to be increased
continuously to increase the deformation. The load was increased to a
maximum value of 10-1b. and then removed. This requirement that the
load must be increased in order to increase the deformation agrees with
the dymsmic loading results. A more complete collection of deformation
pattern plctures is given in References 40 and Ul.

3.2 Instrumented Shells

Some difficulty was experienced in obtaining sufficient output from

the original 120-ohm strain geges. The records obtelned from the first
Suffield Experimentel Station firing were not read because of the combina-
tion of low output and very low loading level., The low loading level was
caused by improperly positioning the shell at too great a distance from
the explosive charge. -

The 350-ohm strain geges provided an adequate level of oﬁtput and
a series of tests were conducted at the Ballistic Research Laboratories
to check the system. The results are shown in Table B.2, Appendix B.
The reproducibility of the strain readings was quite gocd. Only peak

velues were read at this time.

The results from the second Suffield Experimental Station firing
are given in Taeble B.3, Appendix B. (The shell numbers refer to Table 2.2.)
The iso-damage curves were extrapolated incorrectly for this firing
and the shells experienced slightly higher than anticipated deflections
and the strain traces overlepped badly, with subsequent difficulty in
following the t;aceé. The recorder stopped momentarily (time length
unknown) when struck by the blast so that the elapsed time was unknown;
and because of this malfunctioning, time histories could not be ascertained.
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4. DEVELOPMENT OF RELATIONS;' FOR THE FAILURE CIRTERION

4,1 Discussion of Experimental Data

An examination of the experimental date indicates that geometrical model-
ing laws apply for the lerge deformations discussed in Section 1. The
scaling parameters are shown in Figure 4.1. The pressure will be the
same on both shells if the charge with the scaled shell is increased in
diameter by the scale factor K (weight increased by K3), and the shell-
charge distance is increased by the scale factor K. The scaled shell
will have the same strain as the original shell if all dimensions are -
Increased by the scale factor K. ‘

For example, refer to Figu;e 3.1. Point 3 on Figure 3.1 and in
Table B.1l, Appendix B represents a shell of given geometry (3-in. diameter,
9.0-in. length, 0.019-in. thickness) laterally.lbaded by a charge weight
of 1.1 1b at a distence of 2.5 ft. The deformation (in percent. of original
diameter and therefore equivalent to strain) should be the same for a
shell -charge combination with a scale factor of 2. Consider shell 39
(6-in. diameter, 18.0-in. length, 0.35-in. thickness) exposed to a charge
weight of 8.4 1b located at a distance of 5.8 f£t. The dimensions of
shell 39 are all approximately:Q times those of shell 3. The charge weight
is approximately 8 times (K3 =23 8) the original charge weight. The
incident pressures for the two shells (3 and 39) are 159 psi and 130 psi
respectively, showing fairly good agreement. The results for these two
shells and 11 other pairs are given in Table 4.1.

4.2 Development of Relations for the Failure Criterion

In Section 3 it-was shown that the iso-damsge curves formed a family for
each material. The date for each material can then be represented by one
curve with appropiate constants. In the preceeding section it was also
shown that the scaling laws are applicable and, therefore, the results
should leed to a method of extrapolation that would cover a wide spectrum
of shell-charge weight configurations.
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FIGURE 4. SHELL SCALING
PARAMETERS
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Shell Material Diameter Length Thickness Chg. Wi,

TABLE L.l

Comparison of Scaled Shells

Pressure

# No permanent deformation

52

" Noe D L t wWl/3_ Tncident Calculated
(ih.) (in.)  (in)  (@)Y3  py Pep
3 1040 Steel 3 S 0,019 £ 1,02 159 160
39 " 6 18  0.039 2,03 130 113
L " 3 9  0.019 2,03  82.L 83.3
40 o 6 18 0.035 140 91.3 7L.6
5 " 3 9 0,019 - LO 58,0 - 55.3
L1 n 6 18 0,035 743 63.6 55.6
10 n 3 9 0,019 - 23.0  Lo.2 337
L3 H 6§ ~ 18  0.03% 28,1 u.g 35.6
26 " 3 9  0.035 2,03 213 232
Lé " é 18 0,076 k.0 209* 276
27 " 3 9 0.035 1.0 1667 154
L7 T é 18 0,076 7¢3 174 20l
60  5052-H38 3 9 0,003 1,02 5.05 L.62
Aluminum .
12k " 6 18 0,006 2.03 5.1 3.97
62 " 3 9 0,003 7¢3 1.62 1,91
126 " 6 18 = 0,006 12.6 243 2.36
65 " 3 9  0.003 12.7 21,667 1.73
127 " 6 18 0.00% 275 - 2.05 2.17
139 6061-T6 3 9 | 0,022 1,02 85.2 88.0
Aluminum o,
159 " 6 18 0,042 2.03 57.5 58.8
Ul u 3 9  0.022 L9 29.6 3.3
161 u 6 18 0,0l2 9.5 25,0 31.2
3 " 3 9 0.022 13,0 40,2 276
163 L 6 18 0,042 28.k 29.5 28,7



From a practical standpoint, it is wmore convenient to work with
incident pressure and charge weight rather than incident pressure and
incident impulse. Only two of these three quantites are independent. -
‘ Thepefore the relationships between pressuie and charge weights, shell
diameters, lengths, and thicknesses need to be determined. The effects
of variations of incident pressure with charge welghts was determined
from the iso-damage curves as discussed in the last sectlon.

The effects of variation of shell length-to-diameter (L/D) on the
values of pressure has been found. The data for 6061-T6 aluminum shells
with wide variations in length-to-diameter values have been plotted in
Figure 4.2. Since the diameter was held éonstant, only length is indicated.
The region around L - 50 in. has been enlarged end replotted on & linear
scale In the upper right~hand corner to show that there is a smooth
change, as the minimum pressure is reached, at a length of apﬁroximately
52 in. or an L/D~ 17. For a value of L/D > 17 the pressure will remain
essentially constant and the shell may be considered infinite in length.
It is assumed that this value of L/D a 17 holds for all the materials
studied.

In like mapner, the effects of variations of diameter and thickness

on the values of pressure Were determined,

Using these relationships, a semi-graphical method was developed for
determining the critical incident pressure required to cause failure of
& cylindrical shell in the lateral loading 6rientation. The necessary
curves are shown in Figurss L4.3 to 4.6.. The solid lines indicate the
range of data and the dashed lines are extrapolations.

Figure 4.4 shows plots of the pressure ratio, Fw’ vs. charge-weight,
W. TFor a given shell configuration and material the pressure required
for failure will decrease with an increase in charge weight. If the
pressure required for a 1-pound charge is used as & stapdard, then
- <
FW Pw/pw 1

o)

3

where P, is the pressure required at weight = W and Py, is the pressure
1 e} .
"required at weight = 1 1b.
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The curves in Figures 4.5 and 4.6 are plots of the pressure ratios
Fp and Ft vs. Diameter, D, the Thickness, t, respectively. In Figure 4.5
the standard diameter is 1 inch and

F =>PDKPDO <1 .

where Pp 1s the pressure required at diasmeter = D and pDO is the pressure
required at diameter = 1 inch. The pressure required decreases as.the
diameter increases. In Figure 4.6 .the standard thickness is 0.0l ineh

for 3 materials and 0.02 inch for tim 1100-0 aluminum alloys and the values
of Ft mey be equal to, greater than, or less than one.

The curves in Figure 4.3 are plots of the pressure ratio, FL/D’ vs.
length-to-diameter ratio, L/D, for standerd values of charge weight,
diameter and thickness, and a unit atmospheric pressure. These curves
have the same shape as shown in Figure 4.2 but have been adjusted so
that the product of these four factors (FL/D, Fy» Fp Fy) and the ambient
pressure, Py will yield a critical pressure, Pap? that best fits the
data, If a different set of standard values had been chosen, the curves
of Figure 4.3 would have been shifted appropriately. The standard value
of thickness for the 1100-0 aluminum waspurposely set at 0.02 inch in
order to shift the FL/D curve to a more convenient position. The factors
FL/D’ Fw’ FD, and Ft are dimensionless pressgre ratios and P, is the
ambient pressure in psi so that

Por = PoFr/p T Fp By
for laterally loaded shells.

As an example, consider shell 112. It is 5052-H38 aluminum foil
with the following dimension: L = 18.0 inches, D = 6.0 inches and
t = 0.003 inch. The charge weight was 1.1 1bs. The ambient pressure
was 14.7 psi. Then

P, = 1.7, FL/D = 60, F = 0.98, F, = 0.21, F, = 0.20
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and

Pop = B, FL/D F. FD ?t
= (24.7)(5.08)(0.98)(0.21)(0.20)
Pop = 2.47 psi
The actual pressure was Py = 2.50 psi. Therefore the deviation of the %;i\\é
calculated value from the actual value is -1.2 percent. ’ X B

In the longitudinal orientation the skells require higher values
of pressure for failure deformation. The data available indicate that
the critical pressure may be determined by the following relationships:

Por = Per ¥

wheréf%r is the critical pressure for longitudinal loading,'pcr is the
critical pressure for laterasl loading, and ¢ is the mulitplying factor
~ 6.0 for steel,~ 2.0 for aluminum.

The curves in Figures 4.3 to 4.6 indicate the expected extrapolations
for these non-dimensicnal factors for changes of the shell parameters of
length, diameter and thickness and for changes of explosive charge weight.
These extrapolations are shown as dashed lines. However, the changes
in materials are represented as separate curves and therefore a separate
set of curves must be determined for each new materlal. This means that
some testing would be required for each material, but not to the extent
presented here for these four materials. IPFurther Investigation is required
to determine relationship between the blast parameters and the material

properties.

The relationships just stated have been based on an arbitrary, but
realistic, failure criterion that defines a certain amount of permanent
deformation. If the failure criterion should be changed and a different
amount of deformation selected the above relations could be easily adjusted. .
A few tests for each material would establish the ratio of pressure required |
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for the new criterion to the pressure already found. This ratio would

establish & multiplying factor to smend the relationships to satisfy the
new criterion. ‘ '

4,3 Comparison of Calculated and Actual Pressures

Critical pressures have been computed for all the shells using the above
relations and Figures 4.3 to 4.6. These values are 1listed along with the
actual pressures in Teble B.4, Appendix B. Percentage deviations between
the calculated and actual pressures have also been listed for those
shells that sustained approximately failure level permsnent deformations.
The average deviation for 159 points is 14 percent, with a spread of

% 40 percent (except for 4 points that were greater than 50 percent.)
Over 70 percent of these data had a deviation of less than 20 percent.

There are many sources of error that help to generate this spread
of £ 40 percent. Not all deformations fall within the defined 5 to 10
percent of the originel diameter. Some deformations are greater and
.some are less. Time and economy precluded the refiring of many of these
so that the required deformation levels might be obtained. In other
cases the required value of deformation was "straddled" by two firings
and, the one closest was used.

The nominal thickness of the steel sheet was quite good, but the
thickness variations of the drawn tubing and foil were approxinately
+ 10 percent. No check was made of the roundness of the finished shells.
In working with the foil shells, which were rolled by hand, deviations

ere expected.

A large source of error is in the values of the "actual" pressures
end impulses. The values should not vary on the average more than 5 to
10 percent from the true value but individual values could be off by
as much as 20 percent.

If a number of ‘identical" shells are placed equidistant from one
charge the deformaetion would vary + 20 percent from the average value.
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Considering these possible sources of error, the .agreement is quite
good, since there was an average deviation of 1k percent with over 70
percent of the points having a deviation of less than 20 percent.

L.4 Discussion of Theoretical Anelyses

‘The theoretical anslyses of Greeﬁspoan’l9

are the onlylcomplefg analyses
for the response of a three-dimensional shell exposed to blast loading.

In this section the analyses will be5discussed in some detaii and a ]
comparison with the experimental datauwill~be made in the following section:

If the energy absorbed by the shell is.plotted against the lateral
deflection in both the elastic and plastic regions, then there can be
& region of instability in the elastic region which corresponds to
snap buckling of the structure. If no instabilities occur in the elastic
region, when the structure becomes plastlic there could be a plastic
instability point. If this point does not exist, and the structure is
loaded further, then there should be a point at which a slight increase
in energy will correspond to a relatively large increase in deflection.

This should happen when the structure is ahout to collapse.

The initial kinetic energy can be determined in terms oflthe applied
impulse. It will be assumed that all the kinetic energy that is imparted
to the shell by the impulse goes into energy of deformation. The
final deformation will occur when the shell comes to rest so that the
final kinetic energy is zero.

As indicated in Section 3 there are two types of asymmetric deformation:

a collapse mode with a failure hinge and buckling mode with a number of

lobes. The problem is to determine which pattern will be produced before
the energy can be computed. Fortunately the experimental data along
with static elastic stress analysis indicate the following: if the

static buckling load is less than the static yield load the shell

should buckle under dynamic load, and if the yield loed is less than

the buckling load the shell showld collapse. The static analysis only
tells which pattern the shell will assume under dynﬁmic loading.
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A series of static buckling curves were obtained by Greenspon>
for the case of & nonuniform consine distribution of lateral pressure
‘where E'is-maximum static pressure and So is the yleld stress in tension.
.Assuming that the membrane theory holds ‘and using the VonMises yield
condition, a series of collapse curves were also obtained, These two
sets of curves, as shown in Figure k.7, may now be used to predict
vhether a shell will first collapse or yield.

The deformation energy (or work done by the internal forces) per

unit volume of an elastic-plastic body can be writtenl7
e =2
- [¢ Ko .
Vo = Jo Sidei T3 (1)
where . /
1 . 2
/2 [ 2 2 2 2 2 2 ]l
57 (Sx - Sy) .F(SY' 8,0 + (s, - S+ 6(Txy T Ty T Tax )
173 V% T % & = & 2 i ®x 2\ xy Ty T2x
and
B=e +e +e K = bulk modulus
X vy z
Assuming an incompressible material (® = 0) and a thin shell,Eguation (1)
becomes
%1
V = JVOL Jo Sidei dvolL (2)
1/2
_ 2 2 2]
Si = Eﬁx - sty + Sy + 3Txy R
o 1/2

e [ 2 +ee +e 2 + L ¥ ?]
173 1% xy ¥y  ¥lxy :
Strain equations for e ey, eZ can be written in terms of the

midsurface strains, the curvatures and twist. If all terms in the

strains which contain u and v are neglected (assuming that they are
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smal) compared to w and its derivatives), then the strain equations are

written as
Wwhere a =
X,e =
w =
T =
Assuming a

plastic stress-strain law can be

where

. :J;(Bw-)a_rbaw
-~
TS
y_28. a aea¢
"y © x 208 2 5 5556

meen radlus

cylindrical coordinates

displacement in radial direction _
radial distance from the midsurface to any element
within the shell thickness

Polssons ratio of 1/2, a general deformation type elastic-
written as

S
vy 1
S35 (x*E%
S
L Fi 1
Sy=-3—g;(ey+§ex)
¢ oLt |
Xy 3 ei Xy (h)

Ei E[i - w(ei)] )

Consider an elastic-linear, strain hardening, incompressible

material with

S
E=e—° (5)

O

where S_ 1is the yield stress in tension and e, is the yield steain in

tension.
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Then for the Elastic Case w(ei) =0 for e, <e_
: e
and for the Plastic Case wle,) = A1 - 2) for e, >e (6)
: i &y i o ‘
where as
A=1.-2-21 .
E dei

Substituting in the stress-strain laﬁ of Equation (6) the expression
for e, from Equation (2), end the strain values from Equation (3) in
Equation (2) and Integrating with respect to r,

V= Jo j {2 E(L - A)[tE(x,0)] + ——W§(x,¢5 adgdx . (7)

The bending strains are neglected in obtaining Equation (7).

Similar expressions can be obtained for perfectly plastic materials
(A = 1) in the plastic region and for elastic materisls (A = 0) in the
elastic region.

If a nev variable x' = x/L 1s defined and ¥ = wof(x',¢) then the

two integrals for the plastic and elastic cases can be combined as follows:

_ B - Mt Ii ﬁ" atxrap + BQ = Ml Ji Ji" Baxtas

2(1 -V ) 6(1 ~ v )

+

%EeotaL. ]-1 J«2rr {[(28 + %) EREY
7 Jo Jo 48

' 2
+ S_l‘gﬁgg_ur% sinh-l( 2B + 7)}_ [(7 - 25)«/%6- y + B

Yop: = 92
2
(4o - 7 1 . .- y -2B ;
e T (m— _,e)]}d’““’ ©)
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e ) o
i - (2T ) el el

w2 4 212 2 w2 2 272 2
e - (3 (e () (29 = B B
2 2/2.\2 w \2 2 2 2 2
+ (%) (%) (.Z;é) +2(1 - v)(—a?:—) (%) (gg) (2'f¢ .

The integrals are dimensionless gquantities which are funections of
the dimensionless ratios Wo/a, e/L, t/2a. Equation (8) has been programmed
on the U. S. Army Ballistic Research Laboratory computer. The de_formation
energy depends on a given shape £(x’ s@), the given parameters a/L and

t/2a and a series of values of wo/a.

To develop the impulse-energy relation, let I be the impulse per
unit mass applied to the shell. Then the impulse momentum relation for

an elemental mass dm can be written
% dm = T dm (9)

where w is the lateral velocity imparted to the mass by the impulse. If

U and v are neglected,
. w=T
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The kinetic energy imparted to the shell is

T = JA %— ptv:reaA = % IA ptIEdA : (10)
ﬁhere pt is the mass per unit-area and dA is an elementsal area. For a
variable impulse over the surface of the shell
I(x,¥) = I f(x¥) (11)
where y = ap.

Equating the initial kinetic energy to the energy of deformation absorbed
by the shell, the total impulse becomes

T = x,7)dA = V __ 2ot y)an 5

4.5 Comparison of Experimental Data with Theoretical Analyses

Collapse Mode. A few typical cases of collapse load determinations
will be worked out and compared with experimental values.

Assume 1. The shell is made of perfectly plastic material;
2. The radius of the shell is considerably smaller than the

length;
3. The deflection of the shell is much smaller than the
radius;
w .
b, O >»>e 2 -
‘/'g 02

With these assumptions the energy Equation (8) is greatly simplified.
The deflection pattern for collapse is shown in Figure 4.8 and from

geometrical considerations can be expressed as

' D 2
W(x,(é) = a cosp - Aé; - ]I;' -[Do - ﬂ% x] . (13)

Let x’ = x/L .
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Then

"D
w(x',9) = a cos ¢ - Qée— 1? (1 - EX']Q for o<x'< %
| | (14)

: .
w(x',¢) =2 cos ¢ - véé - 1?-[1 + 2x'1? for - %-< x‘ <0

where DO is the width of the hinge line. The deformation expressions in
Equgtion (14) are put in the simplified form of Equation (8). Then using
Equation (12) and assuming that

£(x,y) = £(x,8) = e

the reletion between the impulse and deformation can be written as

: . [P
I = otzp /T [ . (15)
t , /3 - _
where
STE R VA
- D F\D! ~F D D

D

P = sin’l T?

The total impulse may also be expressed in terms of the impulse per

unti aree, IA as follows:

L o
- -2
It = 2 Jo Jo IAg ad@gadx

I

) t
Sop ¢
IAzht/i //'?I._ . (16)

70



Equetion (16) predicts the impulse per unit area which will produce
a glven DO/D. Unfortunately the exact value of experimental impulse is
not known but values of incident impulse per unit area and reflected
impulse per unit area were determined. The actuasl impulse applied to
the shell will be somewhere between these two values. For eight steel
shells that were tested, Equation (16) specified values of impulse that
fall between the two experimental values in five cases and are slightly
higher than the reflected impulse in the other three cases. These values
are given in Table 4.2. Use of the more accurate relations should yield

even better results.

Buckling Mode. A typical case of buckling will be worked out and
compared with experimental data.

Assume a deflection pattern of the form

w(x’, ¢) = sin ﬁx'e~k¢cos ng 0 <‘¢ <
(16)
w(x’, ¢) = sin R GRS N n(em -¢) TW<$p<2nm .

The general Eguation (8) must mow be used. For an aluminum shell the
theory predicted that 5 lobes would be formed with Wo/a:w 0.5 and would
require an impulse of 21 psi-milliseconds. The experiment showed that
for an incident impulse of 21 psi-milliseconds and a reflected impulse
of 46.8 psi-msec, the deflection was wb/asw 0.5 with 5 lobes.

Post failure collapse and buckling curves are given in Figure 4.9
for typical cases. It can be seen from the curves that very thin, short
shells will buckle before they collapse and longer thicker shells will
collapse first.

It is felt that the comparison between the analyses of Greenspon
and the experimental data presented here is quite good. More exact
details of loading in terms of the actual values of the impulse that
load the shell will greatly aid the analyses.
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TABLIE L.2

Comparison of Theoretical and Experimental Values of Impulse for Shell

Uollapse
Shell Dimensions Impulse
(psi~-millisec)
length Diameter Thickness Exverimental

(in.) (in.) {in.) Theoreticalst |Incident [ Reflected
6.0 3.0 0,019 123 89 299
8.62 3.0 0.019 82 15.5 69.5
8.62 3.0 0.019 71.5 L8 160
11.62 3.0 0.019 71,5 1.5 56.1
11.62 3.0 0.019 71.5 25 83
18,0 3.0 0,019 123 68 | 1%
18.0 6.0 0,019 71.5 22 Y
17.5 6.0 0.035 13 & 200

# Reference (18)
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5. SUMMARY AND CONCLUSIONS

5.1 Statement of the Problem

ihe general problem tested in this report is an experimental investigation
of the response of cylindrical shells to blast loadirg. Comparisons '
with theory are also made.

It was assumed that a given level of deformation of the shell would
constitute failure. The level of deformdtion or faillure criterion chosen
was a radial permanent deformation approximately 5 to 10 percent of the
original diameter for thin-walled, right-circular, cylindrical shells
exposed to external blast from charges of high explosive.

The specific probim may now be stated as follows:

Determine the relationships between the shell and blast
perameters that will predict a deformation to determine whether
fallure has occurred according to a specified failure cfiterion.
The relationships should be sufficiently general to be adaptable
to variations in the magnitudes of the deformation defined by the

failure criterion.

5.2 Origin and Importance of the Problem
This problem was prompted by the need for a clearly defined failure .

ceriterion for a wide spectrum of aerospace vehicles, when exposed to
blast from a nuclear environment, that could be satisfied in terms of

the vehicle geometry and blast parameters. Since these vehicles are
predominantiy of a eylindrical shell configuration, a failure criterion
for simple she;ls would make & realistic first order approximation to

the actual structure. The failure criterion chosen was based on previous
experience in determining the vulnerability of actual missiles.

5.3 Procedure of the Imvestigation
Thin-walled cylindrical shells were fabricated from 1040 steel and
6061-T6, 5052-H38 and 1100-0 aluminum. The shell diameters varied from
3 to 24 inches, the lengths from 1 to 75 inches and the thicknesses

from 0.003 to 0.136 inches. The shells had length-to-diameter ratios of
0.3 to 25 and diameter-to-thickness ratios of 60 to 2,000. A few were
instrumented with strain geges. . '
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The shells were fastened to heavy end caps and mounted on stemds.
These stands were positioned gbout charges of high explosive ranging in
welght from 1 pound to 500 tons. The shells were oriented so that the
blast impinged on the shells either along a line perpendicular to the
longitudinal axis (lateral loading) or along an extension of the
longitudinal axis (longitudinal loading). A nose cone was added to the
shell for the longitudinal loading orientation to minimize the distrubance
of the flow.

The shells were positioned about the explosive charge at various
distances such that the blast paremeter values would be below those
required to cause failure. The shells were then repositioned in

increments until failure was obtained.

Tests were conducted at the U. §. Army Ballistic Research Laboratories,
&berdeen Proving Ground, Marylend; Yuma Proving Ground, Yuma, Arizona and
Suffield Experimentel Station, Ralston, Alberta, Canada.

5.4 Results

A total of 204 data points were obtained from 316 firings on 299 shells.,
The data were presented as iso-damage curves for each material. These
iso-damage curves represent the combinations of pressure and impulse that
cause failure of a given shell geometry as the charge weight changes.

These curves are boundaries between the safe and failure regimes.

Two distinct deformation patterns were observed for the lateral loading
orientation. For the collapse mode, a single plastic hinge line was

formed. For the buckling mode, one or more longitudinal lcbes were

formed. In each case the maximum deflection occurs approximately in
the center of the shell at the point closest to the explosive charge.

An axisymmetric type of buckling mode was produced by the longitudinal
loading. The maximum deflection does not occur at the mid-length of the
shell but eloser to the forward end cap. 'The shells were stronger in

the longitudinal loading orientation.
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It was found that shells may be considered infinite in length when
the length-to-diemeter ratio, L/Dsa 17. For greater values of L/D the
critical pressure, remains constant.

A sémi-graphical formulation of the failure criterion relating the
éritical incident blast pressure to shell perameters and charge weight
is presented. The comparison of calculated and actual pressures for
159 shells is given. The average deviation between these values is 14
percent with a spread of + 40O percent (eicept for 4 points that were
‘greater than 50 percent). Over 70 percent of these data had a deviation
of less than 20 percent.

The theoretical analyses of Greenspon are the only complete analyses
for both the asymmetric and axisymmetric response of three -dimensional
shells exposed to blast loading. An energy method is used to predict
the final degree of deformation. This method consists of eguating the
total kinetic energy imparted to the shell by the applied loading to
" the energy absorbed by the structure during deformation. The kinetie
energy can be determined in terms of the impulse generated by the charge
detonation. The energy absorbed by the shell will depend on its mode of

failure.

Eight typical cases of collapse-load determinations were worked out
and compared with experimental data. Unfortunately, the exact value of
experimental impulse is not known, but values of incident impuise per
unit aree and reflected impulse per unit area were determined. The
actual impulse applied to shell will be somewhere between these two
values. Simplified relations were used and the impulse values obtained
fell between the two experimental values in five cases and were slightly
higher than the reflected impulse in the other three cases. Use of the

more accurate theoretical expressions should yield even better correlation.

A typical case of buckling was worked.out and compared with experi-
mental data. Theory predicted an impulse of 21 psi-milliseconds compared
t0 an experimental value of incident impulse of 21 psi-milliseconds.
Theory and experiment agreed that the deformetion pattern would consist

of five lobes. .
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The theoretical anaslyses show good correlation with the experimental
data.

Some strain data were also obteined and is presented in two tables.
These were exploratory firings to check the system. The reproducibility
of the strain readings was quite good. There is no correlation of these
strain values with theory as the only theoretical analyses presently
available do not give details of elastic response for finite shells.

5.5 Conclusions

The scope of this report is unique and presents for the first time
relationships between shell and blast parameters that are based on the
effects of a real blast sgainst real, three-~dimensional cylindrical
shells with clamped ends. Furthermore, the results are in reasonable
agreement with a failure criterion. The relationships obtained should
provide vehicle designers with a reasonable failure criteria in a form
_that 1s very simple and immediatelyguseful.

The relationships are sufficiently flexible so that they could be
easily modified to satisfy other failure criteris based on permanent
deformation values. The relationship between blast parameters and

material properties remains to be determined.

The comparison with the theoretical analyses of Greenspon indicate
good agreement. More exact details of loading in terms of the actual
values of the impulse that load the shell will greatly aid the analyses.

5.6 Suggestions for Purther Research
It is felt that sufficient data exist so that extensive testing would

not be required to develop relations for other materials of interest

such as stainless steel and titanium. The author is planning to study
such materials. In addition, firings are presently being conducted
using a series of more realistic models. These include water or gas
filled shells, stiffened shells, pre-heated shells, pre-loaded shells
(torsion, compression, bending), freely supported shells, and composite
shells. The latter are constructed of concentric shells of dissimilar
materials, thicknessés and radii.
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Attempts were made to measure details of loading by determining the
pressure-time history of the impinging blast at a number of points on the
shell surface. A non-responding shell was iﬁstrumented with flush-mounted
pressure transducers. However, the transducers dld not function properly

and require further development.
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Blast Parameters for Shells

TABLE B.1

Impulse

Shell Explosive Explosive Pressure
" No. Weight Distance Incident Reflected: Incident Reflected
W R P; P. Ii Ir
(1bs.) (£t.) (psi) (psi-msec)

1 8.4 6.0 117. 662 28.8 112
2 389 29.0 60.3 198 89.0 299
3 1.1 2.5 159 1,070 15.5 69.5
4 8.4 7.0 82.4 331 26.9 95.8
5 - 64 16.0 58 185 48.8 160
6* 1.1 1.5*% 448 3,600 17.0 119
7* 8.3 3.0 463 3,680 35.5 254
8 389 33.8 39.7 112 83.2 250
9 900 45.0 36.7 109 103 310
10 2,200 60.0 40.2 150 - 140 423
11 22,800 130%* 41.5 157 310 937
12 54,500 6 215 25.2 81.0 350 969
13 1.4x10 800 14.5 - 950 -——-
14* 2,200 J0** 197 1,180 204 1,010
15 22,800 70%* 172 1,000 434 2,020
16 54,500 85 215 1, 300 608 3,100
17 1.1 3.0 118 625 14.5 56.1
18 8.4 8.0 60.3 199 25.4 83.2
19 1.1 3.5 82.4 331 13.4 47.9
20 8.3 9.0 44.8 129 21.6 72.7
21 8.4 10.0 36.0 97.0 22.8 67.3
22 389 46.0 19.8 46.3 68.4 190
23 900 §5.0 25.0 61.8 88.5 245
24 8.4 11.0 27.9 70.6 20.3 59.9
25 389 128** 2.9 5.95 23.4 50.4
26 8.4 4.5 213" 1,590 32.6 153

.27 64 10.0 166 1,160 60.8 268
28 389 23.9 96.7 419 98.5 380
29 2,200 44.0 84.5 400 170 618
30 22,800 90.0 99.0 490 369 1,460
31 54,500 130%* 83.0 387 498 1,790
32 8.4 5.4 172 1,240 31.1 138
33 8.4 10.0 36.0 97.0 22.8 67.3
34 389 44.0 21.8 320 69.4 182
35 900 70.0 14.4 33.8 72.6 186
36 54,500 315 10.9 28.0 256 , 627
37 1.4x106 1,060 8.50 -—- 740 -—
38¥ 1.4x10° 630 25.0 --- 1,150 -
39 8.4 5.8 130 706 29.6 116
40 64 13.0 91.3 419 64.0 200
41 389 28.0 63.6 213 92.0 307



. TABLE B.1 (Cont'd.)

Shell Explosive Explosive Pressure Impulse
No. Weight Distance Incident Reflected Incident Reflected
. W R p. P I, I
(1bs.) (£t.) Lpsi) T (Psi-msec)®
42 2,200 59.0 42.0 160 ©. - 142 433
43 22,800 130** 41,5 157 310 937
44 54,500 185 35.8 128 388 1,200
45 . 8.4 3.0 463 3,680 35.5 254
46 64 9.0** 209 1,600 64.0 304
47 389 6 18.0 174 1,205 119 489
48 1.4x10 960 10.0 .- 805 ---
49 389 25.0 83.7 - 338 _ 98.8 344
S50* 66 S.5** 544 4,260 - 71.9 566
51+ 389 9.0** 617 5,000 130 1,200
52 389 6 15.0 257 1,985 118 592
53 1.4x106 1,250 6.30 - 635 ---
54 1.4x10 690 20.5 --= 1,070 -—-
55 115 15.0 107 544 ' 68.5 266
56 389 25.0%* 83.7 338 98.8 . 344
S7* 389 11.0** 404 3,010 124 73.0
S8 78,000 245 24.5 62.5 390 1,090
59 389 . 178 1.87 3.75 17.5 32.3
60 1.0 12.5 5.05 10.4 4.6 10.8
61 8.4 35.0 3.04 6.17 7.55 14.7
62 389 . 200 1.62 3.20 16.1 28.6
63 11S 114 1.98 4.25 12,7 26.4
64 900 250 . 1.72 3.53 22.7 40.6
65 2,200 350** 1.66 .3.48 29.6 59.8
66 22, 800 810 1,53 3.23 60.5 126
67 54,500 1,150** 1.42 2.98 76.8 133
68 389 . 197 1.65 3.26 16.2 29.2
69 1.1 10.5 - 7.12 15.1 S$.62 13.4
70 8.6 26.0 4.84 10.0 9.41 21.2
71 115 70.0 4.08 8.24 20.2 45.1
72 8.4 35.0 3.08 6.17 7.10 15.3
73 115 90.0 2.75 5.59 15.9 34.1
74 1.1 7.0 16.6 39.7 8.27 21.3
75 1.1 8.0 12.5 28.4 7.33 18.3
76 1.0 8.0 12.1 27.8 7.3 19.0
77 . 8.5 20.0 7.94 17.2 12.0 30.2
78 115 58.0 5.48 12.6 23.8 54.2
79 389 106 4.26 7.94 29.2 65.7
80, 500 - 150 3.53 7.20 36.7 *79.8
81 2,200 245 2.62 5.75 41.3 87.8
82 22,800 500** 2.90 6.40 96.6 206
83 54,500 6 650** 3.06 6.65 133 286
84 1.4x10" 1,850 3.30 --- 425 -—--
8s 389 - 128%* 2.94 5.95 24.1 51.1
86 389 285** 1.06 2.19 11.6 18.2



) TABLE B.1 (Cont'd.)

Shell Explosive Explosive Pressure Impulse
No. Weight Distance Incident Reflected Incident Reflected
W R P: p I. 1
(1bs.) (ft.). Y psi) T tpsi-msecy
87 1.1 11.0 6.80 14.1 . 5.54 12.8
88 389 172 2.0 3.97 18.2 35.0
89 1.1 6.5 19.7 47.0 8.72 23.3
90 - 8.6 16.0 12.3 27.9 14.5 36.2
91 115 44.0 9.41 20.6 31.1 75.2
92 1.1 7.0 16.6 39.7 8.21 21.3
93 8.5 22.0 6.53 13.2 11.0 25.4
94 115 48.0 7.82 17.1 28.G 67.8
95 1.1 6.5 19.7 47.0 '8.72 23.3
96 8.2 18.0 9.40 20.6 12.8 31.0
47 1.0 6.0 22.1 54.4 9.4 26.0
98 8.4 15.0 13.5 33.8 15.4 40.6
99 115 35.0 15.3 34.6 37.4 97.0
100 389 59.6 11.5 25.9 51.1 131
101 900 70.0 14.4 33.8 72.6 186
102 2,200 110 10.3 26.8 86.4 211
103 22,800 - 270 8.20 20.3 170 400
104 54,500 350 8.79 21.7 233 $59
105 1.0 4.0 58.8 176 12.5 40.0
106 8.4 9.0 45.6 135.2 23.4 73.5
107 115 20.0 55.8 172 57.6 185
108 389 35.8 35.0 97.0 81.8 230
109 2,200 55.0 44.5 198 ‘ 150 464
110 - 22,800 125%* 45.0 173 318 971
111 54,500 150** 59.0 247 456 1,500
112 1.1 20.0 2.50 5.07 2.99 6.19
113 8.4 60.0 1.5 2.94 5.08 7.30
114 115 150 1.41 2.87 9.85 16.9
115 389 350 . 0.82 1.73 9.60 13.9
116* 389 180 1.84 37.0 17.5 . 32.8
117 2,200 575 . 0.91 1.88 18.2 35.1
118 22,800 1,200 0.94 1.98 41.8 80.9
119 54,500 1,800 0.84 1.74 49.4 72.2
120 22,800 300** 6.78 16.3 155 358
121 8.5 48.0 1.94 3.89 5.23 10.8
122 115 . 90.0 2.75 5.59 15.9 34,1
123 1.1 10.0 7.94 17.2 6.02 15.1
124 8.3 25.0 5.14 10.7 9.54 = 22.1
125 389 150 2.47 4.78 21.2 40.2
126 2,200 260 2.43 5.28 39.0 82.6
127 22,800 640 2.05 4.44 76.1 159
128 54,500 6 850 2.10 4.46 103 215
129 1.4x106 1,550 4.35 --- 508 ---
130* 1.4x10 880 12.0 ~—-- 865 -—-
22.7 71.0 338 923

131 54,500 - 225%*
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Shell Explosive Explosive Pressure Impulse
No. Weight Distance Incident Reflected Incident Reflected
W R P: P I. 1

| (Ibs.) (£t.) > (psi) T tpsi-msecy
132 1.1 12.5 5.32 10.7 4.95 11.2
133 8.5 48.0 1.97 3.90 5.27 11.0
134 115 95.0 2.55 5.15 15.1 32.2
135 1.1 2.5 177 1,030 ‘15.7 73.7
136 1.1 2.6 153 850 15.3 67.6
137 1.1 2.9 130 765 15.0 62.5
138 1.1 3.0 119 675 14.7 59.6
139 1.1 3.5 - 85.2 346 13.6 48.9
140 8.5 9.0 45.6 135 23.4 73.5
141 115 26.0 29.6 96.0 47.9 137
142 900 45.0 36.7 109 103 310
143 2,200 60.0 40.2 150 140 422
144 22,800 160 25.5 82.0 264 730
145 54,500 220 23.9 . 76.0 344 950
146 1.1 4.6 43.0 160 11.0 34.2
147 1.1 5.0 35.3 125 10.5 31.0
148 1.1 5.4 29.5 100 9.92 28.3
149 1.1 5.8 25.0 80.0 9.30 26.0
150 1.1 6.0 23.1 73.0 9.13 25.0
151 1.1 6.0 23.1 73.0 9.13 25.0
152 1.1 5.8 24,5 78.0 9.31 25.7
153 1.0 2.0 264 . 2,060 16.5 84
154 8.4 6.0 116 625 28.4 1.10
155 115 17.0 80.8 720 64.3 229
156 2,200 44.0 84.5 400 170 618
157 54,500 130 80.4 387 498 1,790
158 1.0 3.0 112 588 14.2 55.0
159 8.5 8.0 57.5 184 24.0 80.0
160 115 22.0 45.6 130 54.2 167

" 161 900 55.0 25.0 61.8 88.5 245
162 2,200 70.0 28.5 94,0 126 354
163 22,800 150 29.5 102 277 790
164 54,500 215 25.5 81.0 350 969
165 1.4x10 690 20.5 --- 1,070 -
166 1.1 1.8 346 2,330 17.3 116
167 389 25.0 83.7 338 98.8 344
168 389 16.0 218 1,660 118 562
169 1.4x10 640 24.0 - 1,130 ° ——-
170 1.0 8.0 12.4 27.9 7.55 ' 19.6
171 1.1 10.0 7.80 16.2 5.92 14.8
172 1.1 10.0 7.80 16.2 5.92 14.8
173 1.1 15.0 3.97 7.95 4.08 8.77
174 1.1 16.0 3.53 7.05 3.90 8.20
175 15.0 ~ 60.0 1.91 3.75 5.93 11.4
176 8.3 16.0 11.9 27.2 14.7 39.2



. TABLE B.1 (Cont'd)

*  Shells loaded longitudinally, all others loaded laterally.

**  No permanent deformation at this distance.

101

Shell Explosive Explosive Pressure Impulse

"~ No. Weight Distance Incident Reflected Incident Reflected

W R < P I, I
(bs) _(ft.) t (psi) T tpsi-nsec]

177 66 : 40.0 7.65 16.5 23.4 58.5
178 115 - 70.0 4.18 8.66 21.1 46.8
179 389 275 1.07 2.28 11.7 19.0
180 . 1.1 4.5 46.3 132 11.8 36.8
181+ 64 20.0 34.5 81.0 42,5 130
182 1.0 20.0 2.57 5.80 3.06 6.22
183 1.1 13.0 4,85 10.2 4.60 10.4
184 8.4 40.0 2.50 5.0 5.84 12,9
185 1.1 25.0 1.91 3.82 2.90 4.70
186 1.1 10.0 7.80 16.2 5.92 14.8
187 - 8.2 24.0 5.68 11.5 9.66 23.2
188 15.0 40.7 3.24 6.48 8.58 18.1
189 15.0 20.0** 11.5 25.7 17.7 44.7
190 389 .65.0 9.4 20.85 49.64 = 125,8
181 1.1 8,0%* 12.4 27.8 7.55 19.6
192 15.0 25.0%* 7.35 15.7 13.8 34.4
193 389 75.0 7.20 15.42 43.8 105.8
194 1.1 10.0 7.80 16.2 5.92 14.8
195 8.2 20.0 7.65 16.3 11.7 28.8
196 15.0 35.2 3.97 8.10 10.0 22.1
197 389 160%* 2.16 4.30 19.7 38.0
198 14.8 75.5 1.40 2.79 4.66 8.08
199 - 15.0 70.1 1.54 3.10 5.05 9.10
200 389 150** 2.32 4.73 21.2 42.3
201 389 160** 2.16 4.30 19.7 38.0
202 15.0 30.0 5.28 11.0 11.8 26.6
203 15.0 30.0 5.28 11.0 11.8 26.6
204 389 200 1.76 3.23 15.7 29.2



TABLE B.2

Strain Data for Shells at Ballistic Research Laboratories

* Round No. 106 107 109 110 111
Explosive Wt. (1b.) 1,06 1.06 1,07 8.19 8.19
Explosive Dist. (ft.) 3.75 3.75 3.5 8.0 8.0
Press. p;,(psi) 69.2 .69.2 . B2.4 58.8 58.8
Gage Position : Maximum Strain {(_ in/in)

1L | 603 551 611 -- -
1 1,635 (1,281 1,749 1,923 —
2L . 559 536 752 581 633
2c ; 750 752 1,112 656 8ok
3L 909 668 1,308 726 983
3c 1,065 663 - | - 6LU6 1,749  [1,5L3
LL . 577 57k 745 612 656
Le - 641 Sk 790 734 © 11,013

Shell Dimensions - Diameter - 3%, Iength - 9%, Thickness - ,019%

Material =« Steel

A
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TABIE B.3

Strain Data for Shells at Suffield Experimental Station

P e —

-— ——

Shell No. 37 48 165 169
Diameter.(D) 6.0 12,0 - 6.0 9.0
Length (L) {18.0 36.0 18.0 27.0
Thickness (t) | 0.035 0.035 0.042 0.065
Material Steel Steel | Aluminum Tubing { Aluminum Tubing
Pressure (pi) 8.50 10.0 20,5 24,0

—_ —a—

Gage Position Maximum Strain ( 4 in/in)
1L - 302 438 -
1C - 837 550 . h,493
2L Le2 897 692 1,L05
2c 227 761 | 1,k25 -
3L - 707 39 ] -
36 | - |1,505 2,970 | b8
g’ - 883 533 ~-
ue 427 | 2,030 2,159 1,360
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TABIE B.k4

Comparison of Actual and Calculated Pressures for Failure . Deformation -

Shell Incident Calculated

No. Pressure® Critical Pressure Devigtion Remarks

Py p o
(psi) (psE)

1 1.7 117 0
3 - 159 160 + 0.6
L 82.4 83.3 + 1.1
S 58 5503 L ho? .
&t L8 QhQIHHE - No Deformation
Yol 463 5003 + 8,0

8 3907 ’-12-)-3 + 6.8
9 36.7 36.7 0
10 10,2 33.7 -16,1
11 1.5 26.0 - No Deformation’
12 2502 2307 - 6.0 .
13 4.5 18.6 +22.1 .
1) 197 2o3itnt - No Deformation
15 172 Qs - No Deformation
16%¢ 215 157 - Excess Deformation
17 118 118 0
18 60.3 61.4 + 1,8
19 82.4 95.0 +15,.3
20 )41-1-8 )49011» +10.3
21 . 36.0 L40.0 ' +11,.1
22 17.4 20.L 417.2 .
23 25.0 18.5 -26,0
2L 27.9 30.2 + 8,2

25 2.9 15.4 - No Deformation
26 213 232 + 8,9 '
27 166 15, - No Deformation
28 96.7 113 +16,8

29 8L.5 . 93.5 ' +10.7
30 99.0 T2e2 : =27.1 .
31 82.0 65.8 - No Deformation
32 172 112 -3L.9
3L 21.8 19.8 ' - 9,2

35 b 17.9 +2L.h
36 10.9 11.6 + 61
37 8.50 9.00 + 5.6
38%% 25.0 54.0 +53.7
39 130 113 ] -13.1
Lo 91.3 74.6 =293
Ing 63.6 55.6 =12,6

104



TABLE B.l (Cont'd,)
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Shell Incident Calculated
No. Pressure® Critical Pressure Deviation Remarks
' Pi Pcrp %
(psi) (psi)
L2 42.0 46.1 + 9.8
L3 41.5 35.6 - No Deformation
hh 3508 320h C 905
LS L63 L16 -10.1
L6 . 209 276 - No Deformation
L7 174 204 +17.2
L8 10.0 12.6 +20,6
b9* 83.7 102 +21,9
50 Shi 800 - No Deformation
gt 617 612 - No Deformation
52 . 257 276 + 7.3 -
53 6030 9008 +3036
sk 20.5 ., 3h.1 +39.9
55 107 226 +52,7 _
g6 83.7 199 - No Deformation
S7¥# Lok 1,200 - No Deformation
58 2L.5 136 - No Deformation
59 - 1.87 2.16 +15.5
60 5.05 L.62 - 8.5
61 3.0L 2,92 - 1.0
62 1,62 1.91 +17.9
63 1.98 2.10 + 6,1
6l 1.72 1.80 U7
65 1.66 1.73 + L.2
66 1.53 1.60 + L6
67 1.h42 1.54 - No Deformation
68 1.65 1.60 - 340
69 7.12° 716 + L6
70 L.8L L.85 + 0,2
71 1,08 3.47 ~17.6
72 3.05 L.,21 +27.6
73 2.75 3,01 + 8.6
714- 16.6 1509 - )-3-.2
75 12.5 13.1 + 1.8
76 12-1 1105 - Soo
77 7.9L 7027 - 8.5
78 S.l8 5.26 - 4.0
79 L.26 L.76 +11.7
80 3.53 L.50 +27.5
81 2.62 L.33 +65.3
82 2.90 3.98 - No Deformation
83 3.06 3.87 - No Deformation
84 3.30 3.70 +10,8



TABLE B.4 (Cont'd.)

Shell Incident Calculated .
No. Pressure¥ Critical Pressure ~Deviation Remarks
Ps Pe %
(psi) (psi)
85 2.9k 3.98 ~ No Deformation
86 : 1.06 2.88 - No Deformation
87 6.80 6.75 - 0.7
88 2.0 2,02 + 1,0
89 1907 18o8 - ho?
90 12-3 12.2 L 0.8
91 9.1 8,72 - 7.9
92 16.6 16.5 - 0.6
93 6.53 10.6 +38.4
oL 7.82 7.60 - 2.9
95° 19.9 22.4 +12.1
96 9.0 4.5 5.2
97 22.1 29.0
98 13.5 18.1
99 15.3 13,3
100 11,5 11.8
101 kb 11,2
202 10.3 10.9
103 8.20 10.0
104 8.79 9.72 .
105 58.8 74.0°
106 45.6 L6.6
107 55.8 33.7
108 35.0 30.3
109 LhL.5 27.8
110 Ls.0 25.5 No Deformation
111 59.0 2L.9 - No Deformation
112 2.50 2.47 - 1.2
113 1.50 1.54 + 2,7
ll)-l 1-141 lo:u-l 9-1
115 0.82 1,03 +25 .6
116 1.8k 2,064t +12,0
117 0.91 0.94 + 3.3
118 0.9k 0.87 ~ 7.k
119, 0.84 0.85 + 1.2
120%* 6.78 1.9l - No Deformation
121 1.94 2.30 +15.6 '
122 2,75 1.65 ~6647
123 7.94 6.30 -20.7 ,
2L, - 5.1l 3.97 22,8
125 2.7 2.58 + L
126 2.113 2-36 om 2-9
127 2.05 2.17 + 5.9



TABLE B.l; (Cont'd.)

Shell Incident Calculated
No. Pressure® Critical Pressure Deviation Remarks
Pi Per : % :
(psi) (psi)
128 2,10 2.12 + 1,0
129 4.35 5.17 +16.1
130™% 12,0 10.3 -16.5
131 22,7 S 11 . = No Deformation
132 . 5.32 L.72 : =12,7
133 1.97 3.06 +35,6
13L 2455 2.19 ~16.1s
135 177 176 - 0.6
136 153 12 - 72
137 130 126 - 3.1
138 119 99.4 -16.5
139 85.2 88.0 + 343
0 U5.6 51.9 ' +13.8
L1 29.6 34.3 +15.6
U2 36.7 29,1 -20,.8
l).l.3 h0.2 2706 "31 oh
1kl 25,5 25.6 + 0.k
s 23.9 25.1 + 5,0
6 43.0 16,0 + 7.0
lh-? 3503 3709 + 7014
lhe 2905 3301 +12,2
1L 25.0 25.7 + 2,8
150 23.1 23.0 - OQ}J-
151 23.1 23.0 - 04
152 24,5 23,0 - 6.1
153 264 256 - 3.0
15k 116 149 +28.0
155 80.8 101 +25,0
156 8’405 80.8 d b—oh
157 80.4 73.0 - 9.2
158 112 9943 -11.3
159 57.5 58.8 * 243
160 Ls.6 38.6 -15.3
161 25.0 - 32.8 +31.2
162 28.5 31.2 + 9.5
143 29.5 28.7 - 2.7
164 : 25.2 28.4 +12,7
165 20.5 25.7 +20,1
166 346 306 =11.6
167\ 83-7 73 os -12.2
168 218 226 + 3,7
169 24.0 32.3 +25.7
- Excess Deformation

170 12.4 15.3
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Shell Incident Calculated
No. Pressure® Critical Pressure Deviation Remarks
%1 Pc ' pd .
(psi) (psig .
171 7.80 10.5 .- Excess Deformation
172 7.80 6.36 - Excess Deformation
173 3.97 5.32 +34,0
17L 3.53 3.62 + 2,5
175 1.91 1,89 : - 1.0
176 11.9 2,15 - Excess Deformation
177 7.65 1,53 - Excess Deformation
178 L.18 1.40 - Excess Deformation
179 1,07 1,08 + 0,9
180*%* 46.3 7.18%# - Excess Deformation
181%%* 3l.5 3,047 < Excess Deformation
182 2.57 2.71 + 900 . ’
183 L.85 2.16 - Excess Deformation
18L 2.50 1.30 - Excess Deformation
185 1.91 1.115 "2,401 )
185 7.80 6.19 =20.6
187 5.68 3.71 =3le7
188 3-2,-‘- 3.22 - 0'6
189 11.5 16.6 - No Deformation
190 9.110 9,60 + 2,1
191 12.4 21,8 - No Deformation
192 7.35 11.3 - No Deformation
193 7.20 6.60 - 8.3
194 7.80 7.50 - 3.8
195 7.65 L6 = Excess Deformation
196 3.97 3.90 - 1,8 :
197 2.16 2.25 - No Deformation
198 1.40 1,80 +28.6
199 1.5’4 lol‘s - 3.9
200 2.32 L.69 - No Deformation
201 2.16 L.09 - No Deformation
202 5.28 3.72 - Excess Deformation
203 5.28 3.05 - Excess Deformation
204 1,76 1,76 0.0
*  From Table B.l
#¢ Longitudinal Loading Orientation (all others are lateral
loading orientatiog§
saHt, Calculated Critical Pressures for Lateral Loading Orientation

have been multiplied by 6.0 for Steel, 2.0 for Aluminum
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APPENDIX C

TYPICAL DEFORMATION PATTERNS OF SHELLS
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Fig. C-2 Collapse Pattern - Shell No.
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Fig. C.3 Collapse Pattern - Shell No. 18
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%

Fig. C.4 Special Collapse Pattern - Shell No. 4 - Front View
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Fig. C.5 Special Collapse Pattern - Shell No. 4 - Side View
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Fig. C.6 Buckling Pattern - Shell No. 194
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Fig. C.7 Buckling Pattern - Shell No. 170
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Fig. C.8 Buckling Pattern - Shell No. 172
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Fig, C.12 Static Deformation Pattern
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