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PREFACE
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and detonating the explosive charges, and N. Smith for typing the manuscript.
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Conversion factors for U.S. customary
to metric (SI) units of measurement.

To Convert From To Multiply By
angstrom metora (m) 1,000 000 X E ~10
atmosphers (normal) kilo panon! (kPa) 1,01328 XE«+2
bar kilo pamonl (kPa) 1,000 000 X E +2
bam meter® (m¥) 1,000 000 X E -26
British tharmal unit (thermochemioal) Joule {J) 1,084 380 X E 43
oalorie (thermochemical) Joule {J) 4. 184 000

oal (tlm'mo«:hon'nlmtl)/am2
ourle

degree (ungle)
degree Fahrenholt
alaatron volt

org

erg/sacond

foot

foot-pound -force
gallon (U, 8, liquid)
nch

Jerk

Joula/kilogram (4/kg) (radiation dose
absorbed)

kilotons

kip (1000 lbf)
kip/tnch? (ke))
Ktap

mioron

mil

mile (international)

ounce

pound -force (tbe avolrdupols)
pound -foroe inch

pound -foroe/inoh
puund-h:cr:sa/tuot3
pound-foroa/lnuha (pai)
pound-mass (Ilbm avolrdupois)
prmnd-mnln--font2 (moment of inortia)

pt:\ur\cl-m:un/fcmta

rad (radiation dose nbsorbed)
roentgen

shake
slug
torr (mm Hg, 0*C)

mogsa juule/ma (MJ/ma)

*glga becquarel (GBg)
radian (rad)
degree kelvin (K)
Joule ()

Joule (J)

watt (W)
metsr (m)

Joula (1)

mmx'3 (ms)

mater (m)

Joule (J)

Gray (dy)
terajoules
newton {N)
kilo pascal (kPa)

newton~n nond/m'
(N-a/mg)

meter (m)

meter (m)

metar (m)

kilogram (kg)
nowtonh (N)
newton-motor (Nem)
nowton/motar (N/m)
kilo pusoal (kPa)
kilo pascal (kPa)
kilogram (k)

kilogram -mewra
(kg «m*)

kllogrnra\/metnra
(kg /m*)
saciray (Qy)
coulomb /kilogram
(C/kg)
nooond (s)
kllogram (kg)
kilo pancal (kPa)

4.184 000 X E -2
3,700 000 X E +1
1,748 38 X E -2
few (E°0 4 400,87)/1,8
1,60219 XE -19
1,000 000 X E <7
1,000 00 X E -7
3,048 000 X B -1
1,385 818

3,788 412X E 3
2,540 000 X E =2
1,000 000 X E 40

1,000 000

4,188

4,448 222X E 43
6.804 787X E +8

1,000 000 X B +2
1.000 000X E -0
2,840 000X E -8
1,600 D44 X E +3
2.834 PO2X E -2
4,448 222

1,120 848 X E =1
1.701 288X K 42
4,788 028 X E -
. 404 767

4,638 P24 X E -

4. 214 011X E -3

1.801 A48 X E +1
1,000 000X E -2

2.6 700X F ~4
L, 000 000 X E -8
1,460 300X E 41
1,333 22 X E -1

e
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*'ho beuquerel (Bq) s the 81 unit of radloactivity; 1 Bq = 1 ovent/a,
**The Oray (Qy) Is the 81 unit of absorbed radiation.

A more comploto Unting of conversions may be found In "Metrlc Practico Guide E '80-74, "

American Boclety for Testing und Mator{als,
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1. SUMMARY

Recent work on earth penetrating devices!™® has focused on the
terradynamics of the target material and on the structural response of
the penetrator. Test results>=6 show that large bending strains can
be produced in the penetrator casing when i a3 impacted at an angle of
attack of only a few degrees. When these strains exceed the yield
A strain, local weakening of the cross section leads to breakup of the f

5. : penetrator; thus it is desirable to keep che penetrator response elastic.
o Because this 1esponse is sensitive to both impact velocity V and angle
of attack a, & tradeoff in these two impact parameters can be made in

: the design of an earth penetrator. The primary objective of our work g
| was to determine this tradeoff in the form of critical impact curves for
:{ ; representative penetrator structures., A second objective was to demon=-
g B strate that an explosive loading technique can be used to simulate
; angle-of-attack impacts in the laboratory.

lﬁ A Construction of critical impact curves requires knowledge of both

the structural response of the penetrator and the response of the target
material (terradynamic response). In this work these two responses were
treated independently, then combined by matching the terradynamic loads 3
1 with the loads applied to the penetrator structure. 3

Structural response was calculated with a mathematical model based ;

on elastic Timoshenko beam theory with axial thrust. This model allows |

efficient calculation of the elastic response of penetrators under com-~ s

-ﬁ bined axial and lateral loading. The peak response stress was calculated %
: for a range of load rise times and axial and lateral load amplitudes.

Terradynamic response and the assoclated loads that are applied to ;
the penetrator structure are not easily determined. However, avallable
experimental data and computer code calculations show that the loads b
have three characteristics. First, the shape of the resultant load

b
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history rises lineraly to a peak, followed by a constant value where

the rise time is the nose length divided by the impact velocity. Second,
the peak loading force is proportional to impact velocity. Third, hased
on comparison of calculated structural response and of response measured
in an angle-of-attack reverse ballistics test, the angle between the
resultant force and the penetrator axis is three times the angle of
attack.

With these three load characteristics, the peak stress calculated
as a function of load rise time and amplitudes can be expressed in
terms of the impact velocity and angle of attack. We then can construct
critical impact curves that show the combinations of V and o that
produce a given level of peak strain, or factor of safety, in the structure.
The principal advantage of critical impact curves is that they characterize
the response over a range of impact conditions. For example, critical
impact curves for four structures are shown in Figure 1.* These curves
can be used to select the penetrator material, on the basis of yield stress,
for a gilven range of V and o within which the penetrator must function,
They can also be used to interpret results of experiments or interpret more
detailed load and structural response calculations (e.g., a finite element
code prediction). For example, the appropriate values of V and o can
be selected to minimize the tests or code calculations needed to define

the curve.

The critical impact curves are perhaps most useful for making design
tradeoffs among candidate penetrator structures. For example, the curves
for Structure B (deep penetrator) and for Structure C (shallow penetrator)
pass through a similar region in the V=-o plane. Both these penetrators
can be made stronger by increasing only the wall thickness (from that of
Structure C to that of Structure A) or by decreasing the length (from
that of Structure B to that of Structure A). For small angles of attack,

*

P1000 is the average pressure over the frontal area of the penetrator

at an impact velocity of 1000 ft/sec and is a characteristic of the
target material,
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however, the velocity range can be extended more by increasing wall

thickness than by decreasing length. Similar conclusions can be drawn by

comparing curves for Structures B and C with that of Structure D.

To meet the second objective of this work, demonstration of a
technique for simulating angle-of=-attack impacts, we used an exlsting
exploesive simulation device, This device produces resultant axial and

' lateral time~varying loads similar to those occurring in angle-of-attack
impacts, but not the detailed load distribution. The controlled flow of
high pressure gases from a confined explosion is used to load a piston
that, in turn, loads & penetrator initially at rest. Since we simulate
only the damage~producing portion of the load, which extends up to and :
slightly beyond the maximum load, the kinetic energy impacted to the

penetrator 1s much less than that required in ballistics tests; thus,
simulator tests can be performed conveniently in the laboratory. This
technique also allows hard-wired measurement of the structural response
of the penetrator.

Several penetrator structures were tested in nominally 1/4 scale.
For example, the model typical of deep earth penetrator structures (thick-
walled model) 1is made of AISI 1020 steel, 18 9 inches (22.9 cm) long, and
has a 0.875-inch~dlameter (2,22-cm-diameter) cylindrical cavity over the

b T T T 4 = oo e = 1 o = .

aft two-thirds of its length., The load produced on this penetrator at
an angle of attack was simulated by tilting the model penetrator through
an angle of 19°30' with respect to the penetrator axis. The peak axial

f compressive strain was 0.022 percent. The peak total (axial plus bending)

Rt Y

compressive strain was about 0.042 percent. This bending response is

- similar to that observed in angle-of-attack reverse ballisticse tests
performed by AVCO. " {

These and other test results show that the load simulator can apply
to model penetrators loads similar to those occurring in angle~of-attack
impacts. The tests alsu indicate that the loader could be built in a

larger size to test full-scale penetrators.
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2. INTRODUCTION AND DETAILED SUMMARY

BACKGROUND

Earth penetrating devices have potential for use as tactical
i weapons. Such a device would have a projectile shape and sufficient
impact velocity to enter soil, soft fbck, or concrete and travel into

the target before a charge in the penetrator is detonated.

A variety of penetrator structures have been proposed for different
impact conditions. For deep penetration into hard targets, penetrators
with a radius-to-thickness ratio of about 3 and a length-to~diameter
ratio of about 10 have been used.! A thick wall was chosen to withstand
the impact sttress, and a long slender shape was chogen to minimize
broaching. For shallow penetration (as little as one penetrator length)

into soft targets, a radlus~to-thickness ratio of about 10 and a
length~- to-diameter ratio of 3 to 6 have been proposed.

Determining the feasibility of deploying an earth penetrating
weapon requires investigation into three areas assoclated with impact

and penetration., First, the early-time impact response of the casing

must be understood so that it can be designed to stay intact and allow
penetration of the target. Second, the response of the internal

components must be understood so that they can be made to function after

the impact. Third, the terradynamics, or motion of the penetrator
through the target media, must be understood so that the system can be

- e i 2 s e F Lt e ke i s

designed to penetrate to the required depth for detonation.

Most of the previous work on earth penetrators has focused on

! terradynamice.!=3 These investigations have demonstrated experi-

mentally that solid or thick-walled projectiles can travel tens of

R e L e




feet in soll and soft rock. In addition they have yielded analytical
techniques for calculating the forces on a rigid penetrator and the
resulting motion of the penetrator and the target for a rigid pene-
trator under normal impact,3~%

Both calculated impact loads” and measured acceleration response?
show that the resultant force-history for normal impact consists of two
distinct parts, as Figure 2 illustrates!: an approximately linear tise
to a peak over the time tr required for the structure to penetrate to
its full diameter, and & very gradual decay associated with the rigid
body deceleration of the structure. For & nominal full-scale structure
[6 inches (15.24 cm) in dlameter, 60 inches (152.4 cm) long, and :
welghing 400 pounds (181 kg)] impacting sandstone at 1500 ft/sec

v (457 m/sec), the loading rise time is about 1 msec and the peak force i
1s about 500,000 pounds (224 kN)."

Less work has been done on determining the response of penetrator
structures or internal equipment. 1In particular, we need to know the
loads that produce damage in a penetrator casing and how these loads
depend on the structural or loading parameters that are at the disposal
of a designer, Nevertheless, existing results from tests on deep=

g 1 penetrator structures have ldentified some of the important parameters.
- In reverse ballistic tests performed by AVCO,° relatively low strains
were produced in a simple penetrator structure under a normal impact
with a rock simulant; however, under an angle-of-attack impact, much
larger strains were produced by the bending induced in the penetrator.

3 In ballistic tests performed on scale model penetrators by Martin

Marietta Aerospace Company,® the penetrator structure failed in
angle-of-attack impacts; these tests results also indicate that large

strains and failure were caused by bending. ;

SR T R TR YT

These observed failures in penetrators under angle-of-attack impacts i
are postulated to occur as follows. The axial component of the load
produces a compressive stress along the entire length of the penetrator.
The lateral component of the load produces bending stresses whose

magnitudes in tension and compression are equal at a given axial
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location, Thus the total stress of greatest amplitude is compressive
and produces local ylelding of the penetrator wall, The weakened

cross section at this location then allows continued deformation and

et el

ultimately fracture under the large tensile strains at this location.

Thus, incipient yielding in compression defines the onset of a divergent
instability. The response that leads to yielding, that is, the elastic
response, therefore determines if failure occurs. Thus the analyeis

need predict only the elastic response and the critical response para- ;
meter is the maximum total compressive stress. i

Also, observed maximum compressive strains and failures in pene- :
trator structures occur at distances greater than one diameter from the i i
penetrator nose.>=® The stress distribution over the cross section at : 4
these locations depends only on the resultant forces applied to the end 5 o
of the structure, Thus failure depends only on the resultant axial and : ¥
latersal loading forces with the appropriate time-~history, and not on the
details of the pressure load distribution on the penetrator nose. We o
will see that this observation allows ue to use a relatively simple -

# experimental technique and response analysis,

OBJECTIVES AND APPROACH

The primary objectives of this work were to develop a simple analysis

that accounts for penetrator bending induced by angle-of-attack impacts
and to determine the effect of structural and loading parameters on the
ﬁ survivability of a penetrator casing on impact. These results can then
% ‘ be used to (1) identify those parameters to which the damage producing

f ; loads are sensitive, e.g., impact velocity and angle of attack;

; (2) provide a means of arriving at an optimum structural design within

the parzmeter ranges dictated by system requirements; and (3) select

ﬁ ! specific configurations and loads for testing and for more detailed

b i calculations.
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A secondary objective was to demonstrate the capability of an
explosive load simulator, already developed on a separate DNA contract,®
for loading a scale model penetrator-like structure with a resultant
load simulating an impact load. These experimental results were used
to validate the analysis developed here. Also, by developing and demon~-
strating the usefulness of this device in small scale, we have made the
concept readily available for testing full-scale penetrater structures,

The analytical approach to predicting penetrator response is based
on elastic Timoshenko beam theory with axial chrust. This engineering
theory treuts the loading and response in terms of the resultant

i longitudinal force, transverse force, and bending moment at any cross

’ section along the structure. The nose, aft mass, and payload are
modeled as rigid masses. A one-dimensional finite difference character-
igtic grid along the length of the structure can then be used in the
numerical solution of the governing equations. This procedure 1s an

effleient way to calculate the elastic response of penetrators, allowing
: a broad range of loading and structural parameters to be examined at a
low cost. It is not intended to replace more elaborate finite element

and finite difference codes, but rather to supplement code calculations

in the design stage when a number of configurations are being considered
and structural detalls are yet to be determined,

The impact loads developed and their dependence on the impact
conditlons are not well understood, especially under angle-of-attack
impacts. Therefore, the load 1s treated as a parameter; that is, we
calculate the response for a range of loading parameters as well as for
the parameters that describe the penetrator casing. The loads are re-
lated to the impact conditions through available experimental and
analytical load data.

*Contract No. DNAQO1~75-C=0257
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The experimental approach makes use of an existing explosive
simulation device that produces resultant axial and lateral time-varying
loads similar to those occurring in angle-of-attack impacts, but not the
deteiled load distribution., The device uses the controlled flow of
high pressure gases from a confined explosion to produce loads on a
penetrator initially at rest. This technique allows hard-wired measure=-
ment of the structural response of the penetrator and avoids the high
velocities required to produce loads by target impact (we simulate only
the damage~producing portion of the load that extends up to and slightly
beyond the maximum load).

The experiments are summarized first. Then we describe the develop-
ment of the analysis, comparison of predicted and measured responses,
and the application of the analysis to determining critical impact

curves.,

EXPERIMENTS

Figure 3 18 a sectioned ussembly drawing of the loading fixture.
As shown, it 18 a configuration for simulating normal impact loads on
1/4-scale model penetrators. High-pressure gaseous explosive products
flow through the orifices and transmit the load to the penetrator
through the plston. The rise time, duration, and decay time can be
varied by using different size spacings and vent holes.

To simulate the load on a penetrator that impacts at an angle of
attack, the piston 1s designed to produce a combined axial and lateral
loading and to measure the load applied to the penetrator. The com-
bined loading is produced by tilting the penetrator through an angle 6
with respect to the piston axis. During the loading the penetrator is
allowed to slide relative to the piston. The resultant vertical force
history is measured with a load cell inside the piston; the resultant
horizontal force history 1s deduced from the measured motion of the

penetrator.

18
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All the model structures tested have a 1,50-inch (3,8l1~em) outer

diameter and & hemispherical front end, rather than a pointed nose,

to allow the desired load to be applied more easily and accurately,
! The model typical of deep earth penetrator structures (thick-walled
E model) is made of AISI 1020 steel, is 9 inches (22,9 cm) long, and has
! a 0.875-inch~diameter (2,22-~cm~diameter) cylindrical cavity over the
aft two-thirds of its length. Each model is instrumented with eight
axial strain gages, four at the front station about 2 inches from the
nose and four at the aft station at about the midlength. At each

station the gages are uniformly spaced around the circumference and

oriented so that the gages measure only strain in the axial direction.

Figure 4 shows the load cell and strain records from Test 64 of
the thick~walled model. The initial angle of tilt 6 was 19°30°'
(0.340 rad). In this test the peak load, Figure 3(a), was 15,000 pounds _
(66.7 kN). The peak axial compressive strain, Gages 5 and 7, Figure 3(b), : i

was 0,022 percent. The bending strain reduced the strain at Gage 6 but

added to the strain at Gage 8 to produce a peak compressive strain of

Prmee AT

about 0,042 percent. This bending response is similar to that observed
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in angle-of-attack reverse ballisties tests performed by AVCO.®° At

higher load levels, yielding would first occur in the vicinity of Gage 8,

followed by a reduction in bending stiffness, buckling, and fracture of

the penetrator structure.

These and other test results show that the locad simulator can apply
. to model penetrators loads similar to those occurring in angle-of-attack
; _ impacts., The structural response of the penetrator has been accurately
&_ measured, using hard-wired strain gages. The tests indicate that the

E ‘ loader could also be bullt in a larger size to test full-scale
:

penetrators.

ANALYSIS OF PENETRATOR RESPONSE

In the analysis, the central portion of the penetrator 1s modeled
by elastic Timoshenko beam theory including thrust. This formulation

includes the two dominant response mechanisms governing angle~of-attack

20
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impacts: axial compression and bending under lateral loads. The front
portion of the solid nose and the solid aft end are modeled as rigid
masses. Loading of this structure is specified by the magnitude, time

history, and orientation of a resultant impact force through a fixed
point in the front mass.

The response predicted by the analysis was first compared with the
penetrator strains measured in the simulator experiments., The measured
loads were used as input for the analyses. To account for the small
uncertainty in the point of application of the resultant loading force
in the simulator experiments (due to deformation of the face of the
leoading piston), upper and lower bounds on the response were calculated
for extreme locations of the point of load application for each experi-
ment, Thus, these comparisons not only provided a check on the analysis,

but also aided in the understanding of the simulator loading technique.

For the thick-walled penetrator of Test 64, Figure 5 shows the
upper and lower bounds on calculated strains along with the strain
measured at strain Gage 8. The error bands on each of the predicted
strains correspond to the uncertainty in the horizontal force and in the
angle of Inclination. The total strain calculated for the two extreme

points of load application bound the initial peak measured in the
experiment,

The analysis was then used to Investigate the effects of the ratio
of lateral to axial load, pulse shape, rise time, end masses, and lateral
payload inetrtia. We discuss here only the effect of rise time. This
eifect was studied by applying loads with the different rise times shown
in Figure 6(a) and with a ratio of lateral to axlal load of 0.2. As
discussed in Section 5, this corresponds to an angle of attack of about
3.8 degrees. The structure was a simple steel tube with length-to-diameter
ratioc 2/d = 6 and radius-to-thickness ratio a/h = 4,

The bending and axial stress histories at Statlon £ = x/& = 0.4828,
normalized with respect to the normal stress Vg at the loaded end of
the tube are shown in Figure 6(b).
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The largest bending stress (ob/os = +1,51) is produced by the
loading of zero rise time (step input). In order of increasing loading
i rise times, the peak bending stresses cb/cs produced are 1.48, 1.40,
1.31, and 1.20. As the rise time increases further, the peak stress
i at this location approaches the steady-state value of °b/°s = 0.793.

Furthermore, the time at which the peak occurs increases with rise time.

For the axial stress, the peak stress at a given location is 5
determined by whether the loading rise time 1s less than or greater : S
than the time at which a reflected tensile stress wave from the aft . ]

free end arrives at the location. For loading curves with rise times ; ks

of less than one transit time, the maximum axial stress produced is

i ca/c9 = -1,00, For the loading curves with rise times of more than one :
trangit time, the maximum stress is ca/cs = =0,617. The steady-state § ﬁL
. value at this location is ca/os = ~0,517. ' '“

Thus, we conclude that the largest effects due to increasing the
loading rise time are the increase in the times at which peak bending : ;ﬁ
occurs and the variation in axial stress for loading rise times near : ?:
one transit time. The variatiun in loading rise time has less effect *%
on the peak bending stress and on the peak axial stress for rise times JT
larger than two transit times. b

CRITICAL IMPACT CURVES

s : In this section we apply the analysis to some of the penetrator

i . structures of interest, These structures range from deep penetrators ‘
J ; (large %/d, small a/h) to shallow penetrators (small %/d, large a/h).
} ; Calculations were also made for penetrators with intermediate values of 3

3 . 2/d and a/h so that we could see how these ratios affect response.

q For design purposes the most useful information is the relationship
i between the impacc parameters and the response parameters. This re~

lationship can be used to make design tradeoffs between the penetrator

L structure and the impact conditions. For example, for a given penetrator 1

and 8 given target, a tradeoff can be made between impact velocity and ]
angle of attack.,
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This impact-response relationship, including both terradynamics
and structural response, 1s complex and not understood for many impact
conditions, However, some insight can be gained by introducing an
appropriate set of parameters that describe the loading on the pene~
trator. The impact=load relationship (determined only from terradynamics)
and the load-response relationship (determined entirely by structural
response) can be treated separately and combined to produce the impact-
response relationship sought.

The load~damage relationship can be determined readily using the
analysis described above; such a relationship for a simple tube was
shown in Figure 6, In contrast, the terradynamic impact=load relation=-
ship 1s not as well understood, Therefore, we make two reasonable
assumptions, based on currently avallable information, to obtaln an
impact-load relationship that allows this procedure to be illustrated
and shows the nature of the impact~response relationship. Ftom available
theoretical and experimental results, we first make the approximation
that the axial loading force F 1is proportional to the impact velocity
V., For normal impacts this relationship has been verified for soil

* Second, we assume

targets and also appears to hold for rock targets.
that the lateral load is proportional+ to the angle of attack «a,

over the range of o of interest. This assumption is consistent with
a comparison between predicted strain and strain measured in angle-of-

attack reverse ballistics tests performed by AVCO.

With this impact-load relationship we transform the load-response
relationship into the critical impact curves shown in Figure 1 for four
penetrator structures, These curves are plots of combinations of im-
pact velocity V and augle of attack o for which the peak compressive
stress in the penetrator 1s constant. Thus, the curves give the tradeoff

between impact velocity and angle of attack. The specific curves drawn

W
P. F. Hadala, private communication, January 1977.

+More precisely, we assume that tan-ln = Ju where n = FI/FA' as
discussed fn Section 5. ‘
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assume that the critical stress Omax is ten times the "pressure'
P1000 - FlOOO/A at a 1000 fps (305 m/sec) normal impact. Structure B
is similar to that already used for deep penetration into hard targets.
Structure C is similar to that proposed for shallow penetration.
Structures A and D were analyzed to show the effects of changing &/d
or a/h.

The critical impact curves can be used to select the penetrator
material, on the basis of yleld stress, for a given range of V and «
within which the penetrator must function. For example, if for
Structure B and a given target, the maximum imﬁact valocity 18 to be
2000 ft/sec and the maximum angle of attamck 1s to be 3 degrees, a
material with a yleld strength of at least 10 PlOOO is needed. invé
similar way the critical load curves could be used to select targets
for which & given system (l.e., specified cy. Vv, and o) could be uged.

Critical impact curves can also be used to interpret results of
experiments of more detalled load and structural response calculations
(e.g,, & finite element code prediction). A particulatr experiment or
detalled calculation gives a single point on a critical impact curve,
Although such a data point 1s probably more accurate than the curves
calculated with the beam-mass model used here, more points are needed
to determine the shape of the curve. The curves calculated with the
beam-mass model can be used to determine this shape. Thus the appro-
priate values of V and u can be selected to minimize the data points
needed to define the curve. For example, for Structure B small incre=
mente in o« and larger increments in V should be made to efficiently

define the omax/P1000 = 10 curve for amall «,

The critical load curves are perhaps most useful for making design
tradeoffs among candidate penetrator structures. For example, the
curves for Structure B (deep penetrator) and for Structure C (Shallow
penetrator) pass through a similar region in the V~u plane and Inter-
sect at V = 1500 ft/sec and o = 5.7 degrees. However, the curve for
Structure B is steeper and, for small angles of attack, this structure

can withstand greater impact velocities. Both these penetrators can be
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made stronger by increasing only the wall thickness (from that of
Structure C to that of Structure A) or decreassing the length (from that
of Structure B to that of Structure A), Note that either of these
changes reduces the payload volume. Also, for small angles of attack,
the velocity range can be extended more by increasing wall thickness

than by decreasing length. Similar conclusions can be drawn by comparing

curves for Structures B and C with that of Structure D,

The method developed here for characterizing the strength of
penetrator structures has been applied to four idealized structures.
The principal advantage of this procedure is that it characterizes the
response over a range of ilmpact conditions, It can be applied to more
complex structures than those analyzed here to plan and interpret
experiments and detalled calculations and to compare the performance of
different structures for a particular application.

REPORT ORGANIZATION

The remainder of this report is divided into four sections.
Section 3 describes the experiments on 1/4-scale model penetrator-like
structures and the measured response. Section 4 presents the develop-
ment of the mathematical analysis, comparison of predicted response
with measured response, and the effect of certain parameters, such as
loading rise time, on the predicted response. Section 5 presents
eritical impact curves, that is, combinations of impact velocity and
angle of attack that produce the same peak stress in a given structure.
Structures analyzed have radius-to-thickness ratios ranging from 2.0 to

10.0 and length-to-diameter ratios ranging from 3.6 to 8.0.
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3. SIMULATOR EXPERIMENTS

The primary objective of the experimental work described here was
to evaluate a concept for economical testing of penetrator structures.
To make such an evaluation the test fixture was designed for loading

nominal 1/4-ccale model penetrators; the resulting design can be
fabricated in full scale for testing actual penetrator structures. A ; -

gecondary objective was to provide experimental data for comparison with : ﬁf
the analysis, ‘

The load simulator design is based on two basic principles. First,

damage to the penetrator occurs during or shortly after the load reaches ; J
its peak amplitude; therefore, only this portion of the load history ' }?
need be gimulated, The change in momentum of the penetrator during this E
time is small compared to the total momentum of a penetrator on impact.
Therefore by applying only this early time portion of the load to a
penetrator initially at rest, the response of interest is simulated but
the resulting momentum transmitted to the structure is much less than

the initial momentum required in ballistic or reverse ballistic tests.
This allows simulator tests to be performed in the laboratory. Second,
observed maximum compressive strains and fallures in penetrator structures \
occur at distances greater than one diameter from the penetrator nose, ;“
The stress distribution over the cross section at these locations i
depends only on the resultant forces applied to the end of the structure,
Thus the load simulator was designed to produce the resultant axial and iy
lateral loading forces with the appropriate time~history, and not the By
details of the pressure load distribution on the penetrator nose.

The remainder of this section covers three aspects of the load

simulation tests: the design and construction of the test fixture, the

1/4-scale model structures that were tested, and some typical results of
the tests.
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TEST FIXTURE

Operation

Figure 7 is a sectioned assembly drawing of the fixture in con-
figuration for simulating normal impact loads on 1/4-scale model pene-
trators. The fixture operates as follows: high=-pressure gaseous
explosive products are produced in the explosive chamber by detonation
of a solid explosive, The gas flows through an orifice plate and into
a cylinder containing a piston that is in contact with the penetrator.
The load is transmitted to the penetrator through the piston (the details
of this interface are discussed later). The fixture was designed so that
the rise time of the pressure load could be varied by using different
initial plston displacements or different orifice areas. The duration
of the nearly constant load plateau can be varied by using vent holes at
different locations along the cylinder, and the decay time can be varied
by using different size vent holes.

To ald in the design of the fixture, the pulse produced by a given
geometry was predicted by using the GASLEAK computer code,® which models
the flow of gases in a series of chambers connected by orifices., The
theoretical model of the flow assumes that (1) the duration of the
loading pulse is long compared with the transit time of pressure waves
in each chamber (quasi-steady flow), (2) negligible heat 1s transferred
from the hot gas to the surrounding cylinder (adiabatic flow), and
(3) the hot detonatlon products behave as a perfect gas, Experience in
other similar applications has shown excellent agreement between the

theorteically predicted pressure pulse and the experimentally measured
pulse,

Construction

The device 18 constructed on a stack of alloy steel rings and
circular plates clamped together by elght tie rods. The explosive
chamber is formed by a thick annulus that fits between the base plate

and the orifice plate. The cross-sectional area of ench of the six
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orifices may be varled by inserting plugs drilled with the proper size
hole into the recesses on the lower side of the orifice plate. The
cylinder in which the piston travels is formed by the vent ring and
the cylinder plate. The initial volume of the piston chamber is
controlled by a spacing washer between the piston and orifice plate,
which sets the initial pistou displacement.

The vent ring has three pairs of vent holes, each pair at a
different axial location. These holes vent the piston chamber to the
atmosphere as the plston passes. The slze of the vent area may be
varied with threaded plugs that reduce the area of the vent holes or
close thc holes completely. The axial location of the holes is set
by the thickness of the spacing ring. Two pressure gages are mounted
diametrically opposed in the vent ring to measure the chamber pressure,
After the pulse is produced, the piston decelerates by impacting the
energy=-absorbing aluminum honeycomb.

Experimental Setup

To simulate the load on a penetrator that impacts at an angle of
attack, the piston is designed to produce a combined axial and lateral
loading and to measure the load applied to the penetrator. The combined
loading is produced by tilting the penetrator through an angle 6 with
respect to the plston axis, as shown in the sectioned drawing of the
piston in Figure 8. The angle 9 may be varied from zere to 20°
(0.35 rad). As discussed in Section 3, this corresponds to an angle
of attack of about 3.7 degrees. In structural response tests, the
vertical force F, 1s measured with a plezoelectric load cell*

(Kistler 906A). Two discs arc placed between the penetrator and the
load cell, and the interface between the discs 18 lubricated with a

¥
As discussed later, a load cell was not used in the long-rod calibration
tests,
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high-pressure solid lubricant (Dow Corning Molykote 321R) to minimize
*

the horizontal frictional force. When the load is applied, sliding

occurs between the two discs, and the veitical force F,, and a hori-

v

zontal frictional force FH are applied to the penetrator.

The ratio of the applied loads FH/FV can be determined from the
motion of the penetrator. With the assumption that this ratio is
constant during application of the loading.+ the load ratio is related
to the angle A between the path of the center of mass of the pene-
trator and the vertical axis of the simulator as follows:

;ﬂ = tan B
\
The angle B was measured using high speed photography; the largest
value of B measured was about 9 degrees. Figure 9 shows the assembled
device with a 1/4-scale model penetrator in position for a normel impact
simulation, Before the experiment, the model is held in place by low=-
strength, machined Styrofoam rings that fit inside the top end plate

and the cylinder plate. In angular impact tests, the initial angle 6
between the axis of the penetrator and the axils of the simulator is
measured with a vernier protractor. After the load simulation, the
penetrator leaves the device and is stopped by an external energy

absorber (aluminum honeycomb or Styrofoam) located in a 5-foot-long

(1.52-m-1ong) safety shroud. The shroud ensures contaimment of the
) model penetrator after the simulation. Figure 10 shows the device with
the safety shroud in place for testing.
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*
For impact at an angle of attack, the component of the friction force
lateral to the penetrator acts in the opposite direction from the ;
lateral force we wish to simulate. '

3 +Thia assumption was examined in a series of tests in which the load
3 duration was shortened by means of a mechanical stop placed above the

; pilston., The tests indicate that the load ratio variation during the
: impact simulation is within measurement etror.

R P S
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o In some experiments high speed movies were taken to measure the
angle B. In these experiments the camera (Hycam Model 410004) was
placed 3 feet (91 cm) from the simulator and photographed 12 inches
(30 cm) of penetrator travel at the nominal rate of 10,000 frames per
B ' second (a safety shroud that allows a large field of view was used

4 ' rather than the shroud shown in Figure 10). The center of mass of the

). penetrator was marked with a bullseye to allow its path to be photo-
- graphed after the load simulation. To provide a reference for tracing

o the motion of the model penetrator, a grid was placed on the top of

ﬁé the simulator, filmed, and removed before the experiment.

After the experiment the motion of the center of mass of the model
was determined by using a Telereadex film analyzer. A frame of the film
showing the reference grid was first projected onto a table and traced

onto a sheet of paper. Subsequent frames wetre projected onto the traced

grid, The position of the center of mass in several frames was marked
on the grid. Typlcally, the path of motion was about 15 inches (38 cm)
long on the projection screen. The tangent of the angle R between

the path of the center of mass and a vertical grid line was then

measured directly. Accuracy of measurement was about 0,01 radians,

iy ' MODEL STRUCTURES

Two general types of structures were used in the experiments.
b First, we used a calibration rod long enough that waves reflected from
its free end did not reach the piston during the load rise time. Then,

3 we tested several shorter structures typical of penetrators.

Calibration Rod

. In the calibration experiments (Tests 12 through 30) we used an
o AISI-1020 steel rod 1.5 dnches (3.81 cm) in diameter and 30 inches ;
| (76.2 cm) long. To simulate a normal impact, we placed this long rod ]
perpendicular to the top face of the piston with the rod-piston interface

5 conditions shown in Figure 11(a). The 3/4~inch-diameter (1.90-cm-dlumeter)

& steel disc applied the load to tlic central areca of the rod so that any
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eccentricity of the loading would be reduced, The lead sheet smoothed
any surface lrregularities. Strain measured near the front end of the
long rod was used as a check on the load.

The calibration rod is instrumented with eight strain gages
(Micro~Measurements Type EP-08-250GB~120) to measure the rod strain in
the axial direction. The locations of the gages are shown in Figure 1l1(b).
The four gages at each axial station are evenly spaced around the rod.

Penetrator Models

Figure 12 is a general schematic drawing of four of the penetrator
models used in the experiments. The models have a 1.50=inch (3.8l-cm)
outer diaﬁeter and have a hemispherical front end rather than a pointed
nose to allow the desired load to be applied more easily and accurately,
Each model is Instrumented with eilght strain gages to measure strain in
the axial direction. The details of each model are given in Table 1.

The solid steel model is 9 inches (22.9 cm) long and 1s made of AISI
1020 steel. It is the simplest model since it has a uniform cross section
(except at the loaded hemispherical end)., The solid aluminum model is
geometrically identical to the solid steel model but is made of 6061-T6
aluminum., It was only used to check the behavior of the pilston sliding
plate when a lightweight model was tested.,

1

Two of the models have cavities (indicated by the dashed lines in
Figure 12), Both are made of AISI 1020 steel. "%he thick-walled model
is 9 inches (22.9 cm) long with & 0,.875-inch-diameter (2.22-cm=diameter)
and a 6-inch-long (15.24-cm~long) cylindrical cavity. The radius-to=
thickness ratio of the cylindrical portion of this model 18 typical of
deep earth penetrator structures. The thin-walled model is 6.625 inches
(16.8 cm) long with a 1.305~-inch=~diemeter (3.43-cm-diameter) and a
4,7-inch-long (11.94-cm-long) cavity. The radius~to-thickness ratio of
this model is typical of proposed shallow penetrator structures.
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Table 1 |
MODEL PENETRATOR STRUCTURES !
Strain Gage ; o
Cavity Locationsb ; 3
| Length Length Diam., Front Aft : b
} Mass [%r]8 [2¢) [I.D.] [8F] [sal ;
i Model Abbr. (gm) (em) _(cm) (em)  (cm) (cm) ? ii
| Solid 1020 steel §8 2030 22.86 -- - 3.81 11.43
Thick-walled TkW 1535 22.86 15.24 2.22 3.81 11.43 ‘ ?
i 1020 steel 5 P
% Thin~walled TnW 620 16.83 11.94 3.43 6.10 10.45 : \f
! 1020 steel i i
! Solid 6061-T6 SAL 683 22.86  -- - - -
§ aluminum 3
£ K
2 § Tapered 6061-T6 TAL 759 19.05 -— - 5.08 9.53
3 aluminum )
? i 8Letters in brackets refer to schematic drawing of model penetrator in ;
3 5 Figure 12. ]
% bDiatance measured from front of model atructure. b
S
i ;
\ :
i 1
: 8|
.




In four tests a tapered solid aluminum model was used to provide
data for future analysis of tapered structures. The loaded end is a
1.50-inch~diameter (3.8l-cm~diameter) hemisphere similar to the other
models, The body tapers outward to 1.875-inch~diameter (4.76~cm=-diameter)
at the aft end. The overall length is 7.50 inches (19.0 cm).

EXPERIMENTAL RESULTS

The details of each test and the responses measured are given in
Appendix A (Tables A-1 through A=4), The strain responses measured in
Tests 64 and 66 are compared with the predicted responses in Section 4.

The test results reflect the development and refinement of the i
simulation technique, For example, initial tests with the long rod
indicated that any slight deviation in the perpendicularity of the rod
and the piston face caused the load to be applied eccentrically at the
edge of the rod. This effect varied from test to test, causing irregular
bending strains. A small-diameter interface disc was placed between the
rod and the piston to reduce this effect. Although this reduced the
bending, significant undesired bending strains still occutred. The
problem was resolved in the later models by using a hemispherical loaded
end., Other parts of the simulation technique added during the test pro-
gram included: a load cell for measuring the applied vertical load and
high speed photography for determining the ratio of the applied hori-
zontal force to the applied vertical force.

In the tests with angular loading, two opposing strain gages at
each of the two stations were aligned in the plane of bending. The
other two gages at each station were in the neutral plane in which no
bending occurs. In the figures that follow, the four gages from each
station are grouped together as indicated in Figure 4: the strain
gage record from each station that contains the compressive slde of
bending is displayed in the upper right~hand corner of the group of
four records from that station. 7The gage record containing the tensile
side of bending is in the lower left-hand corner of the group., The

other two records in each group show only the axial strain., (Note

42

; P " ' i HAy e NS TUTTR R VY TR TR TINOE O T, AT EEAEN 2 b b S Y T Y i A
g G R G b e R el it il L PRI RN LT

-, S - T G O e DN R o L1 O o o i g Sl
e e T i femee es ez e lgofelimoamr SleEE Ll Ssdioe et = stalhay B S g cos g R I e e e
[ = e sy e S =

it Lk

A AT e S P




it

L2 oais e 254

= EEPR

i

that the gage numbers of the gages in the bending plane varied from
test to test,) When all elght strain gage records are shown, the front
station is the top group of four, and the aft station is the lower group.

Long Rod

Figure 13 shows the chamber pressure and front station strain
records from Test 16, In this test the long calibration rod was loaded
axially. The nonuniformity of the strains due to the eccentrically
applied load discussed previously can be seen by comparing the magnitudes
and shapes of the four strain records, The average peak strain of 0.020
percent corresponds to an axlal force of 10,600 pounds (47.1 kN). The
peak pressure cortesponds to an axial force of 11,300 pounds (50.3 kN).
The difference in the two force levels 1s caused by the inertia of the
piston,

Solid Steel Model

Flgure 14 shows the pressure, load cell, and strain gage data
recorded in Test 37 in which the 9-inch=-long (22.9~cm~long) solid steel
model was normal to the pilston face. The results of this test show
several characteristics typical of the model tests. As the load is
applied to the model, the hemiapherical end indents the sliding disc A g
on the pilston, causing plastic deformation of the disc. This deformation {
and the inertia of the pilston account for the difference between the '
rise time shown on the pressure record and that shown on the load cell |
record. The load cell record shows that the load rises, gradually levels, ]
and then drops off, The simulation load comprises the load rise and 4
leveling off and ends as the load begins to drop, As will be discussed y
in Section 4, the peak penetrator response occurs shortly after the load
reaches its peak; therefore, the duration of the simulation is adequate. 1
The unilformity of the axial strain at each station is attributed to the i
hemlspherical end. This test and similar ones show that the circum-
ferential variation in measured strain due to axial loads is about 4

3 percent.
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!
i Figure 15 shows the results of Test 34. In this test the axis of
I the solid steel model was tilted 5 degrees (0.09 rad) with respect to
‘ the axis of the piston, and the explosive charge mass was the same as :
| that of Test 37. The bending strain due to the resulting transverse f
} load can be seen most clearly in the records from Gages 6 and 8 at the
‘ aft station. Gages 5 and 7 were on the neutral plane of bending and

therefore recorded only the axial strain of the rod; the peak axial

gstrain of 0.015 percent is comparable to that for normal leasding

(Figure 15). The record from Gage 8 shows that in this case the super-

posed compressive axial strain and the tensile b