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PREFACE

This final report documents the results of a parametric study conducted

to determine the influence of pertinent parameters on the terradynamic impact

and penetration performance of candidate earth penetrators. The results of

the study are in the form of trajectory and loading environment histories

plus graphs which summlrize performance treads. The influence of media,

orientation (i.e., obliquity and angle of attack), velocity, penetrator
weight to cross sectional area ratio, and penetrator length to diameter ratio

were investigated.

The program was conducted by Avco Systems Divisiou under Contract DNAO01- 4

75-C-0181 for the Defense Nuclear Agency. The work was adminiLtercd under the

direction of Major T. Stung.
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1.0 SIUHARY

A Terradynaaic Impact and Penetration Parametric study has been conduc-

ted in which the thzee principal parameters, i.e., impact conditions, earth1!
penetrator configuration, And target media characteristics, were varied to

establish their effect on the psnetration events in question. The results of

the study are in the form of trajectory and loading environment histories

plus graphs which sumarize performance trends. Performance trends refer to

selected event characteristics such as:

* rigid body accelerations,

* penetration depths.

' local pressures and shears, and

9 ricochet characteristics.t A brief description of the computer codes used to conduct this study is
S~provided in Section 3.0.

A detailed discussion of the study and its results is provided in

Sections 4 and 5. in Section 5.0, summary curves and tables are provided .

which convey the basic trends and results of the study. The detailed tra-

jectory histories will be provided under separate cover to DNA.
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2.0 INTRODUCTION

The main objectives of this study are:

1. Determine if the differential force "nw was capable of correctly

accounting for variations in target media.

2. Establish, parametrically, a conceptual understanding of the loading

environments imposed on an earth pene trator from impact through

detonation.

The basic mission of an EP includes:

0 delivery to the surface of the target with a given set of impactI

conditions, i.e., velocity, obliquity, and angle of attack.

0 the impact phase during which peak structural design loads will

usually be experienced.

* the penetration phase.

0 detonation.I
In order to evaluate and develop o'n EP weapon system, the TI&P per-

formance characteristics must be well. defined. TI&P characteristics are

required for two important reasons. These are:

1. Impact Loading Environments

These are necessary to EP structural design, component survival, and

functioning.

2. EP Tetradynamic Performance

This information is required for overall system performance and
* effectiveness evaluation.

With a complete parametric data base (of which this study is only a

part) consisting of the two performance characteristics, other aspects associ-

ated with the development of an EP weapon system can be addressiu These

other aspects include:

* payload and component designation. * target selection.

* EP packaging studies. * target vulnerability.

* EP structural design. * EP effectiver-ess.

* component design.

8
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0 collateral damage.

* delivery system considerations.

SFor this study, the TI&P characteristics were established through the

2D and 3D Terradynamic Impact and Penetration Simulator Computer Codes de-

veloped at Avco Systems Division. These codes are described in detail in

Section 3.0.

* The parametric etudy was divided into six parts, each part being selec--

ted for the purpose of investigating certain EP performance phenomena. The

.,rts include the following series.

Series 1

To detvrmine the sensitivity of media variations which are represented -

by resistance-to-penetration phenomena used in the 2D and 3D codes.

Series 2

To determine the effects of ballistic parameter (i.e., projectile weight/

cross section area) and velocity on TI&P performance,

Series 3 j
To determine the effects of obliquity and angle of attack on TI&P

performance.

Series 4

To detunine the effects of L/D (i.e., EP length/diameter) on terra-

dynamic stability.

Series 5

To investigate the relationships between basic media engineering proper-

ties and resistance-to-penetration phenomena, and to predict the per-

formance of a specific impact event to be conducted at the Tonapa test:

site in New Mexico.

Series 6

To determine the ricochet performance characteristics of the Rk 82 and

Mk 84 bomb warheads.

The specific matrix of runs for these series are provided in Section 4.0

along with example results from each series. The complete parametric study

"results are provided under separate cover to DNA. The parametric study re-

sults are summarized and discussed in Section 5.0.

9



3.0 IMPACT AND PENETRATION SIMULATOR

Avco's approach to the analytical simulation (or prediction) of a terra-

dynamic impact and penetration event involves the use of a differential force

law. The derived forces or pressures (both normal and tangential) are inte-

grated over the surface of any specified body of revolution to establish re-

sulting loads. The equations of motion are written (1, 2, or 3 dimensional"

and are solved to obtain rigid bcdy acceleration, velocity, and trajectory

histories. The approach is basically the same as used in present aerodynamic

trajectory analysis problems, except for the specific form of the force law,

and the discontinuous nature of a typical impacted media.

Avco has developed these terradynamic trajectory programs for considera-
tion of the unique characteristics of typical target media and to incorporate

what we call Avco's General Resistance-to-Penetration Force Law. This force

law simply states the assumed form of several possible resistance-to-

penetration phenomena that can occur during a terradynamic impact event.

These phenomena include:

0 basic structural resistance to penetration.

0 equivalent fluid flow.
0 compressibility effects.

* surface effects.

The analytical form of this force law is:

Normal Pressure =d-- = • + 1/2 pV2CNin 4+ kVC-a(t- r)IdF

Shear Pressure = - =fc + 1/2 pV 2 Cr sin cns + fk V-t (t- r)
dA

where:

Basic structural resistance to penetration

p = Media density

V - Local absolute velocity vector

CN Normal equivalent flow coefficient

4 = Local incidence angle

10
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k - Relative acoustic impedance between impacted media and penetrator

a Exponential decay factor

(t-r) - Mathematical control on the timing of compressibility effects

fc - Coefficient of friction I
Cr = Shear equivalent flow coefficient.

The level of influence of these phenomena for any specific impact event is

controlled by the values of the functional arguments which can vary with

respect to time, velocity, or displacement.

Over the past several years, Avco has obtained values of these co-

efficients, empirically, for many representative media through laboratory and

ballistic tests. The procedures used are equivalent to obtaining the lift

drag coefficients of models in wind tunnels for the aerodynamic problem. The

pertinent laboratory tests included:

0 moisture content analysis.

0 sieve analysis.

* wave velocity measurements i.n the media.

0 static resistance to penetration tests.
0 penetrometer tests.

The ballistic tests included:

0 firing models and scale projectiles into instrumented media samples

at vary±ng impact velocities and impact angles, and measuring

velocity and displacement (angular and translational) histories.

0 firing instrumented full scale projectiles into hard (concrete)

targets and measuring acceleration and structural strain histories,

directly. These data were obtained through telemetry and recorded

on high speed magnetic tape systems.

• performing reverse ballistic testing in which the target media was

fired at instrumented EP's and distributed strain histories were

obtained by conventional "hard lined" instrumentatiorn systems.

The laboratory tests specifically yield the structural xesistance-to-

penetration terms, the degree of influence of compressibility effects, and a

first estimate of the influence of the equivalent flow terms.

Ii1



Through data reduction and analysis of the ballistic tests, specific

dynamic values of 7, fc, CN, and C, have been ubtained. This procedure has

allowed Avco to characterize many target media and to simulate the behavior

of many full scale projectiles impacting these media. Accurate simulations

of the terradynamic performance of several rocket configurations, artillery

rounds, EP's, etc., relative to trajectory, loads and critical ricochet angle

have been made and agree well with actual field tests over the past several

years.

This approach is relatively straightforward and, similar to aerodynamic
loads and trajectory analysis technilques, gives reasonably accurate engineer-
ing solutions to complex problems which otherwise would remain unsolved.

These codes were used exclusively to conduct the parametric study described

in this report. This technique which represents the only capability for

efficiently analyzing 3-D penetration problems is not without its limitations.

Compared with the finite-difference technique now available, the force law

approach cannot produce as much detail in a given calculation. But, it is

important to note that the current finite-difference calculations are limited

to axisymetric calculations and the cost is one to two orders of magnitude

greater than a corresponding force law calculation.

The limitations of the present force law technique are associated with

the simplification regarding media response, distributed pressures and shears

are based upon the character of the formulations presented above, the direction

and level of the assumed total velocity field (which is based solely upon

rigid body motion of the projectile) and whether a given location on the

projectile is in the shadow of the assumed parallel flow field or not. The

finite-difference approach models the response of the media and therefore

computes such phenomena as separation, compaction, etc.

12
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4.0 EARTH PENETRATOR PARAMETRIC STUDY

As discussed in Section 2.0, the terradynamic parametric study was

divided into six series, the purpose of and the specific conditions of which

are listed in Tables 1-6 and 7-12.

Two sets of tables are provided: the first set being the initial

proposed parametric study and the second (identified by "M" for modified)

set consisting of the deletions and additions to the final matrix of runs

to be conducted. Wherever possible, the original numbering system was

retained to identify specific cases.

The principal target media for which this study was conducted was a

particularly hard (i.e., high resistance-to-penetration) concrete. Concrete

resistance-to-penetration can vary by as much as 200 percent depending on

its age, basic unconfined compressive strength, and the type and size of the
rock aggregate employed in the mix. The resistance-to-penetration parameter
used in the general resistance-to-penetration force law (described in Section

3) is "7" and this parameter was assigned a value of 50,000 psi for the

majority of the study. To relate this value to some equivalent homogeneous

media of;known physical characteristics, some conversion technique is re-
quired. The "n" term is representative of the local applied pressure exerted

on the EP which causes media failure neglecting inertial effects. Any proven

model which has been formulated to calculate this pressure can be used to

relate the value of the "y" term to media physical properties. Such a method

is the so-called "Cavity Expansion Theory" (first used for the penetration
Z11 problem by J. N. Goodier of Stanford Research Institute). The basic terms

in the "Cavity Expansion Theory" are similar to Avco's force law and include:

* basic media resistance-to-penetration.

• inertial effects.

* apparent mass effects.

There is, therefore, a one to one correspondence between the two models in at

least the first terms.

13



TABLE 1

SERIES NO. 1 - PREL.

SENSITIVITY STUDY
- ii

Projectile Data

Nose Remarks Attack
Type Obliquity Angle

Problem 2D W/A D CRM Weight Velocity y a Material
Number 3D (psi) (in) (ib) (ft/sec) (deg) (deg) Property

1-1 2D 12.1 6.5 9.25 400 1500 0 0 Std o€ -5000 psi

1-2 2D 12.1 6.5 9.25 400 1500 0 3 Std o -5000 psi

1-3 2D 12.1 6.5 9.25 400 1500 0 0 Vary qj +50%

1-4 2D 12.1 6.5 9.28 400 1500 0 3 Vary yj +50%

1-5 2D 12.1 6.5 9.25 400 1500 0 0 Vary f +50%

1-6 2D 12.1 6.5 9.25 400 1500 0 3 Vary f +50%

i-7 2D 12.1 6.5 9.25 400 1500 0 0 Vary CT +50%
1-8 2D 12.1 6.5 9.25 400 1500 0 3 Vary CT -50%

1-9 2D 12.1 6.5 9.25 400 1500 0 0 Vary CN -50%

1-10 2D 12.1 6.5 9.25 400 1500 0 3 Vary CN +50%

1-10 2D 12.1 6.5 9.25 400 1500 0 0 Vary k +50%

1-12 2D 12.1 6.5 9.25 400 1500 0 3 Vary k +50%

1-13 2D 12.1 6.5 9.25 400 1500 0 0 Vary a +50%

fL

1-14 2D 12.1 6.5 9.25 4,00 1500 0 3 Vary a +50%

1-15
DELETED

1-16

1-17 2D 12.1 6.5 9.25 400 1500 20 0 Std uc - 5000 psi

1-18 2D 12.1 6.5 9.25 400 1500 20 3 Std fC -5000 psi

1-19 2D 12.1 6.5 9.25 4000 1500 20 0 Most Sensitive
Parameter

1-20 2D 12.1 6.5 9.25 400 1500 20 3 Determined Above
Varied 50%

•14
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TABLE 2

SERIES NO. 2 - PEEL.
VARIATIONS IN W/A AND VELOCITY

Projectile Data

Nose Remarks Attack
Obliquity Angle Material Property

Problem Type WI'A D CRM Weight Velocity Y a Standard Concrete
Number 2D or 3D (psi) (in) (ib) (ft/sec) (deg) (deg) 5000 psi

2-1 2D 12.1 6.5 9.25 400 500 0 0 Std

2-2 2D 12.1 6.5 9.25 400 1000 0 0 Std

2-3 3D 12.1 6.5 9.25 400 1500 0 0 Std

2-4 2D ý2.1 6.5 9.25 400 2000 0 0 Std

2-5 2D 12.1 6.5 9.25 400 2500 0 0 Std

2-6 3D 12.1 6.5 9.25 400 3000 0 0 Std

2-7 2D 6.0 6.5 9.25 200 1000 0 0 Std

2-8 2D 6.0 6.5 9.25 200 2000 0 0 Std

2-9 2D 6.0 6.5 9.25 200 3000 0 0 Std

2-10 2D 18.0 6.5 9.25 600 1000 0 0 Std

2-11 2D 18.0 6.5 9.25 600 :000 0 0 Std

2-12 2D 18.0 6.5 9.25 600 3000 0 0 Std

2-13 2D 24.0 6.5 9.25 800 1000 0 0 Std

2-14 2D 24.0 6.5 9.25 800 2000 0 0 Std

2-13 2D 24.0 6.5 9.25 800 3000 0 0 Std

2-16 2D 30.0 6.5 9.25 1000 1000 0 0 Std

2-17 2D 30.0 6.5 9.25 1000 2000 0 0 Std

2-18 2D 30.0 6.5 9.25 1000 3000 0 0 Std

2-19 2D 31.8 4.0 9.25 400 1000 0 C Std

2-20 2D 31.8 4.0 9.25 400 2000 0 0 Std

2-21 2D 31.8 4.0 9.25 400 3000 0 0 Std

2-22 2D 8.0 8.0 9.25 400 1000 0 0 Std

2-23 2D 8.0 8.U 9.25 400 2000 0 0 Std
2-23 2D 8.0 8.0 9.25 400 2000 0 0 Std

2-24 20 8.0 8.0 9.25 400 3000 0 0 Std

I
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TABLE 3

SERIES NO. 3 - PREL.
VARIATIONS IN OBLIQUITY AND ANGLE OF ATTACK

Projectile Data

Nose Remarks Attack
Type Obliquity Angle Material Property

Problem 2D W/A D Weight Velocity y a Standard Concrete
Number 3D (psi) (in) CRH (ib) (ft/sec) (deg) (deg) ac 5000 psi

3-1 3D 12.1 6.5 9,25 400 1500 0 0 Std

3-2 3D 12.1 6.5 9.25 400 1500 5 0 Std

3-3 3D 12.1 6.5 9.25 400 1500 10 0 Std

3-4 3D 12.1 6.5 9.25 400 1500 20 0 Std

3-5 3D 12.1 6.5 9.25 400 1500 30 0 Std

3-6 3D 12.1 6.5 9.25 400 1500 40 0 Std

3-7 3D 12.1 6.5 9.25 t00 1500 50 0 Std

3-8 3D 12.1 6.5 9.25 400 1500 60 0 Std

3-9 2D 12.1 6.5 9.25 400 1500 0 +1 Std

3-10 3D 12.1 6.5 9.25 400 1500 0 +2 Std

3-11 2D 12.1 6.5 9.25 400 1500 0 +3 Std

3-12 2D 12.1 6.5 9.25 400 1500 0 +5 Std

3-13 2D 12.1 6.5 9.25 400 1500 0 -1 Std
3-14 3D 12.1 6.5 9.25 400 1500 0 -2 Std

3-15 2D 12.1 6.5 9.25 400 1500 0 -3 Std
3-16 2D 12.1 6.5 9.25 400 1500 0 -5 Std
3-17 2D 12.1 6.5 9.25 400 1500 20 +1 Std

3-18 3D 12.1 6.5 9.25 400 1500 20 +2 Std

3-19 2D 12.1 6.5 9.25 400 1500 20 +3 Std

3-20 2D 12.1 6.5 9.25 400 1500 20 +5 Std

3-21 2D 12.1 6.5 9.25 400 1500 20 -1 Std

3-22 3D 12.1 6.5 9.23 400 1500 20 -2 Std

3-23 2D 12.1 6.5 9.25 400 1500 20 -3 Std

3-24 2D 12.1 6.5 9.25 400 1500 20 -5 Std

3-25 2D 12.1 6.5 9.25 400 500 0 0 Std

3-26 2D 12.1 6.5 9.25 400 500 5 0 Std

3-27 2D 12.1 6.5 9.25 400 500 10 0 Std
3-28 2D 12.1 6.5 9.25 40U 500 20 0 Std

3-29 2D 12.1 6.5 9.25 400 500 30 0 Sid

3-30 2D 12.1 6.5 9.25 400 500 40 0 Std

16
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TABLE 3 (Concl'd)

SERIES NO. 3

Projeetile Data I
Nose Remarks Attack

Pr Tyob e Obliquity Angle ,Aterial Property
Problem 2D W/A D CRM SLA Velocity a Standard Concrete41. Number 3D (psi) (in) Can.wisn (ft/vec) (do&) (deg) oc=5000 psi

3-31 20 12.1 6.5 9.25 400 2500 0 0 Std

3-32 20 12.I 6.5 With - Tip 400 2500 5 0 Z.td
3-33 20 12.1 6.5 Wit., Tip 400 2500 10 0 Std

3-34 20 12.1 6.5 With Tip 400 2500 20 0 Std

3-35 W0 12.1 6.5 With Tip 400 2500 30 0 Std

3-36 2D 12.1 6.5 Wi h Tip 400 2500 40 0 Std

3-37 20 12.1 6.5 With Tip 400 2500 so 0 Std

3-38 20 12.1 6.5 With Tip 400 2500 60 0 Std

3-39 30 12.1 6.5 Blunt Same L/D Wt " SLA 1500 0 0 Std

3-40 30 12.1 .6,5 slut Sawa L/U Wt " SIA 1500 0 +2 Std

3-41 3D 12". 1 6.5 Blunt Same L/D Wt "u SLA 1500 0 -2 Std

3--42 3D 12.1 6.5 Blunt Sam L/D Wt as SLA 1500 20 - Std

3-43 3D 12.1 6.5 Blunt! Same L/D Wt as SLA 1500 20 +2 Sta

3-44 3D 12.1 6.5 Blunt Saws L/D Ut as SLA 1500 20 -2 Std

3-45 30 12.1 6.3 Blunt Same L/D Wt " SLA 1500 10 0 Std

3-46 3M 12.1 6.5 Blunt Same L/D Wt as SLA 1500 40 0 Std

3-47 30 12.1 6.5 Blunt Saue L/D Wt as SLA 1500 60 a Std

3-48 2D 12.1 6.5 Biconic Same LID Ut as SLA 1500 0 0 Std

"3-49 20 12.1 G.5 Biconic Same L/D WL as SLA 1500 20 0 Std

13-50 2L) 12.1 6.5 Bicunic Same L/V Wt ami SLA 1500 20 +2 Std

3-51 2D 12.1 6.5 Biconic Same LMD Ut .u SLA 1500 20 -2 Std

3-52 2D 12.1 6.5 Biconic Sam L/D Wt as SIA 1500 40 0 Std

3-53 20 12.1 6.5 Biconic Same LID Wt as SLA 1500 60 0 Std

J-54 21) 12.1 6.5 9.25 SLA Canadian 400 lb 1000 0 C Std

3-55 20 12.1 6.5 9.25 SL4 Canadian 400 lb 1000 20 0 Std

3-56 20 12.1 6.5 9.25 SIA C.Anadian 400 lb 1000 40 0 Std

3-57 2D 12.1 6.5 9.25 SLA Canadian 400 lb 1000 0 0 Std

3-58 20 12.1 6.5 9.25 SLA Canadian 400 lb 1000 20 0 Std

3-59 2D 12.1 5.5 9.25 SLA Canadian 400 lb 1000 40 0 Std

3-60 20 24.0 6.5 9.25 800 500 20 f-2 Std

3-61 20 24.0 6.5 9.25 800 1000 20 +2 Std

3-62 20 24.0 6.5 9.25 800 1500 20 +2 Std

3-63 2D 24.0 6.5 9,25 goo 2000 20 +2 Std

3-64 20 24.0 6.5 9.25 800 S2500 20 +2 Std

. ...._. _."t.• - " .. .. -17



TABLE 4

SERIFS NO. 4 - PREL.
EFFECT OF L/D ON STABILITY

Projectile Data .

Nose Remarks Attack
Type Obliquity Angle

Problem 2D W/A D CRH Weight L/D Velocity a Materlal
Number 3D (psi) (in) (lb) (ft/sec) (deg) (deg) Property

4-1 2D 6.3 9.25 400 10 1500 10 +2 Till

4-2 2D 6.5 9.25 480 12 1500 10 +2 Till

4-3 2D 6.5 9.25 320 8 1500 10 +2 Till

4-4 21) 6.5 9.25 240 6 1500 10 +2 Till

4-5 2D 6.5 9.25 400 10 2500 10 +2 Till

4-6 2D 6.5 9.25 480 12 2500 10 +2 Till

4-7 2D 6.5 9.25 320 8 2500 10 +2 Till

4-8 2D 6.5 9.25 240 6 2500 10 +2 Till

4-9 2D 6.5 Blunt 400 10 1500 10 +2 Till

4-10 2D 6.5 Blunt 240 6 1500 10 +2 Till

4-11 2D 6.5 Blunt 400 10 2500 10 +2 Till

4-12 2D 6.5 Blunt 240 6 2500 10 +2 Till

4-13 DELETED

4-14

4-15

4-16
4-17 TO BE PLANNED AT A LATER DATE

4-18

4-19
4-20

II
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TABLE 5

SERIES NO. 5 - PREL.
MEDIA VARIATIONS

Projectile Data
Nos R k Attack

Type No m ar Obliquity Angle
Problem 2D W/A D C SA Velocity
Number 3D (psi) (in) Canadian (ft/sec) (do&) (dog) Material Property

5-1 2D 12.1 6.5 9.25 400 1500 0 0 ac - 5000 psi concrete

5-2 2D 12.1 6.5 9.25 400 1500 20 +2 oc - 5000 psi concrete

5-3 2D 12.1 6.5 9.25 400 2500 0 0 "€ - 5000 psi concrete

5-4 2D 12.1 6.5 9.25 400 1500 0 0 oc - 3000 psi concrete

5-5 2D 12.1 6.5 9.25 400 1500 20 +2 a, - 3000 pat concrete

5-6 20 12.1 6.5 9.25 400 2500 0 0 u, - 3000 psi concrete

5-7 2D 12.1 6.5 9.25 400 1500 0 0 "Asphalt"

5-8 2D 12.1 6.5 9.25 400 1500 20 +2 "Asphalt"

5-9 2D 12.1 6.5 9.25 400 2500 0 0 "Asphaltr"

5-10 20 12.1 6.5 9.25 400 1500 0 0 "Till"

5-11 2 1L2.1 6.5 9.25 400 1500 20 +2 "Till"

5-12 2D 12.1 6.5 9.25 400 2500 0 0 "Till"

5-13 20

5-14 2D

5-15 2D

5-16 2D

5-17 2D

5-18 2D

5-19 2D RESERVED FOR ATTEMPTED SINULATION OF SELECTED MOCK PENETRATION

5-20 20 TESTS TO BE CONDUCTED BY SLA IN SPRING OF FY75
5-2L 2D
5--21 20

5-22 20

5-23 2D

5-24 2D

5-25 2D

5-26 2D

5-27 20
5-28 2D

5-29 2D

5-30 2D

5-31 2D

5-32 2D

5-33 20

5-34 2D

5-35 2D RESERVED FOR SPECIL/. ORDER OF DR. BOB ROHANI, WESSD

5-36 2D

5-37 2D

5-38 20

5-39 2D

5-40 2D

19



TAILE 6

SERIES NO. 6 - PREL.
RICOChET PREDICTIONS

Projec~ile Data Attack
Type - Obliquity Angle Material Property

Problem 21) W/A D Nose Remarks Velocity y a Standard Concrete
Nwuwer 3D (psi) (0.n) (ft/sec) (deg) (.dog) c - 5000 psi

6-1 2D To Be Selected 1500 0 0 Std

6-2 2D To Be Selected 1500 20 0 Std

6-3 2D To Be Selected )500 40 0 Std

6-4 2D To Be Selected 1500 20 2 Std
6-5 2D To Be Selected 2500 0 0 Srd

6-6 2D To Be Selected 2500 20 2 Std

6-7 2D To Be Selected 1500 0 0 Std

6-8 2D To Be Selected 1500 20 0 Std

6-9 2D To Be Selected 1500 40 0 Std

6-10 2D To Be Selected 1500 20 2 Std

6-11 2D To Be Selected 2500 0 0 Std

6-12 2D To Be Selected 2500 20 2 Std

6-13 2D To Be Selected 1500 0 0 Std

6-14 2D To Be Selected 1500 20 0 Std

6-15 2D To Be Selected 1500 40 0 Std

6-i6 2D To Be Selected 1500 20 2 Std

6-17 2D To Be Selected 2500 0 0 Std

6-18 2D To Be Selected 2500 20 2 Std

6-19 2D To Be Selected 1500 0 0 Std
6-20 2D To Be Selected 1500 20 0 Std

6-21 2D To Be Selected 1500 40 0 Std

6-22 2D To Be Selected 1500 20 2 Std

6-23 2D To Be Selected 2500 0 0 Std
6-24 2D To Be Selected 2500 20 2 Std

20
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TABLE 7

K SERIES NO. 1 - FINAL
"SENSITIVITY STUDY

Projectile Data

SK 1 Nao" Rarl Attack

ap 
ObL4uity AnaleSPt'-blei ?D tWA D CAN Weight Velocity ), X aterial Run uney

Num.r 30 (psi) (ia) (lb) (ft/.c) (do&) (dag) Property Number Figure No.

1-1 20 12.1 6.5 9.2S 400 1.00 0 0 Std OV - 5000 psi 1-1-1 to 1-1-5 19.21

1-2 20 12.1 6.5 9.25 400 0 3 Std a - 5000 psi 1-2-1 to 1-2-5 20,12.23,24

1-3 20 1U.1 i.5 9.25 400 1500 0 0 Vary 1j +502 1-3-I to 1-3-5 19.21

1-4 2D W.1 *6.3 9.2s wo 15 0 0 3 Vary q +50% 1-4-1 to 1-4-5 20,22,23.24

1-$ 21 12,1 6.5 9.M5 400 1500 0 0 Vary f +50Z 1-5-1 to 1-5-5 19,21
1-6 2, 12.1 6.5 9.25 400 1500 0 3 Vary e +50% 1-6-1 to 1-6-5 2U,22,23,24

1-7 210 12.1 6.5 9.25 400 1500 0 0 Vary CT +50% 1-7-1 to 1-7-5 19,21

1-7 2D 12.1 6.5 9.25 400 1500 0 3 Vary CT -50% 1-8-1 to 1-8-5 20.22,23,24

1-9 2D 12.1 6.5 9.25 400 1500 0 0 Vary C1i -502 1-9-1 to 1-9-5 19,21

1-10 2D 12.1 6.5 9.2S 400 1500 0 3 Vary CNj +502 1-10-1 to 1-10-5 20.22,23,24

1-11 2D 12.1 6.5 9.25 400 1500 0 0 Vary k +50Z 1-11-1 to 1-11-5

1-12 2D 12.1 6.5 9.25 400 1500 0 3 Vary k +50% 1-12-1 to 1-12-5

1-13 20 12.1 6.5 9.25 400 1500 0 0 Vary "+50% 1-13-1 to 1-13-5

1-14 20 112.1 6.5 9.25 400 1500 0 3 Vary a' +502 I-l14-I to 1-14-5

1-15111

1-16

1-17 20D 12.1 6.5 9.25 400 1500 20 0 Std c -5000 psi 1-17-1 to 1-17-5 21

1-18 2D) 12.1 6.5 9.25 400 1500 20 3 Std "€ - 5000 psi 1-18-1 to 1-18-5 1^1

1-19 2D3 12.1 6.5 9.25 400 1500 20 0 Most Sensitive 1-19-1 to 1-19-5
Parameter

1-20 20 12.1 6.5 9.25 400 1500 20 3 Determined Above 1-20-1 to 1-20-5

Varied 50Z (found
to ba v)

1-2A 30 12.1 6.5 9.25 400 1500 180* 3 1-2.A-1 to 1-2A-10b

I Table
I 2AI j13 12.1 6.5 9.25 4C0 1500 180* 3 I-2AI-I to 1-2.Al-11 15

1-17A 3I 12.1 6.5 9.25 400 1500 200* 0 1-17A-I to 1-17A-10

1-18A 3D 12.1 6.5 9.25 400 1500 200* 3 1-18A-I to 1--IA-1O

*Mote: The 3-D code utilizes a different reference syasam than the 2-D coda. See Figure 17
and 1E and Tables 13 and 14.

21

V k



TABLE 8

SERIES NO. 2 - FINAL
VARIATIONS IN W/A AND VELOCITY

-1 Projectile Data

Rose Remarks Attack
Obliquity Angle Material Property

Problem Type W/A D Weight Velocity y a Standard Concrete iun Simary
Number 2D or 30 (p.1) (in) (ib) (ft/eec) (dog) (deg) 5000 psi Number Curve No.

2-1 20 12.1 6.5 9.25 400 500 0 0 Std 2-1-1 to 2-I-5

2-2 20 12.1 6.5 9.25 400 1000 0 0 Std 2-2-1 t- 2-2-5

2-3 3D 12.1 6.5 9.25 400 1500 0 0 Std 2-3-1 to 2-3-10 Table
16

2--4 20 12.1 6.5 9.25 400 2000 0 0 Std 2-4-1 to 2-4-5

2-5 20 12.1 6.5 9.25 400 2500 0 0 Std 2-5-1 to 2-5-5

2-6 30 12,1 6.5 9.25 400 3000 0 0 Std 2-6-1 to 2-6-25

-7 20 6.0 6.5 9.25 200 1000 0 0 Std 2-7-1 to 2-7-5 25
2-8 20 6.0 6.5 9.25 200 2000 0 0 SLtd 2-8-1 to 2-8-5

2-9 d 6.0 6.5 9.25 200 3000 0 0 Std 2-9-I to 2-9-5 26
2-10 20 18.0 6.5 9.25 600 1000 0 0 Std 2-10-1 to 2-10-5
2-Il 2D 18.0 6.5 9.25 600 2000 0 0 Std 2-11-1 to 2-11-5

2-12 20 18.0 6,5 9.25 600 .000 0 0 Std 2-12-1 to 2-12-5

2D 24.0 6.5 9.25 800 1000 0 0 Std 2-13-1 to 2-13-5

2D 24.0 6.5 9.25 800 2000 0 0 Std 2-14-1 to 2-14-5

2D 24.0 6.5 9.25 800 3000 0 0 Std 2-15-1 to 2-15-5

2D 30.0 6.5 9,25 1000 1000 0 0 Std 2-16-1 to 2-16-5

2D 30.0 6.5 7.25 1O00 2000 0 0 Std 2-17-1 to 2-1/-5

2D 30.0 6.5 9.25 1000 3000 0 0 SLtd 2-18-1 to 2-18-5

2-10 20 31.8 4.0 9.25 400 1000 0 0 St" 2-19-1 to 2-19-5

2-20 2D 31.8 4.0 9.25 400 2000 0 0 Std 2-20-1 to 2-20-5

2-21 20 31.8 4.0 9.25 400 3000 0 0 Std 2-21-1 to 2-21-5

2-22 21, 8.0 8.0 9.25 400 1000 0 0 Std 2-22-1 to 2-22-5

2-23 20 8.0 8.0 9.25 400 2000 0 0 Std 2-23-1 to 2-23-5

2-24 20 8.0 8.0 9.25 400 3000 0 0 Std 2-24-1 to 2-24-5

2-25 20 21.1 5.0 9.25 400 1000 0 0 Std 2-25-1 to 2-25-5
2-26 20 21,1 5.0 9.25 400 1500 0 0 St.1 2-26-1 to 2-26-5

2-27 2D 21.1 5.0 9.25 400 2000 0 0 Std 2-27-1 to ý-27-5

2-28 2D 21.1 5.0 9.25 400 3000 0 0 Std 2-28-1 to 2-28-5

2-29 2 12.1 6.5 0.5 400 500 0 0 Std 2-29-1 to 2-29-S 27

2-30 2D 12.1 6.5 0.5 400 1000 U 0 Std 2-30-It o 2-30-5 28

2-31 I 2D 12.1 6.5 0.5 40C 1500 0 0 Std 2-31-1 to 2-.1-5 29

2-32 20 12.1 6.5 0 5 400 2000 V 0 Std 2-32-1 to '-32-5

2-33 20 12.1 6.5 0.5 400 2500 0 0 Std 2-33-i to 2-33-5

z-34 20 12.1 6.5 0.5 400 3000 0 0 Std 2-34-1 o .- 34-5

2-35 20 18.0 6.5 0.5 600 101)0 0 0 Std 2-35-1 to 2-35-5

2-36 2D 18.0 6.5 0.5 600 2000 0 0 Std 2-36-1 to 2-36-5 27

2-37 20 18.0 6.5 0.5 600 3000 0 0 Std 2-37-1 to 2-37-5 30

2-38 20 30,0 6,5 0.5 1000 1000 0 0 Std 2-38-1 to 2-38-5 31

2-39 2D 30.0 6.5 0.5 1000 2000 0 0 Std 2-39-1 to 2-39-5

2-40 21) 30.0 6.5 0.5 1000 3000 0 0 Std 2-40-1 to 2-40-5

2-41 M 12.1 6.5 2,25 400 500 0 0 Std 2-41-i to 2-41-5 28

2-42 2D 12.1 6.S 2.25 400 1000 0 0 Std 2-42-1 to 2-42-5

21 12.1 6.5 2.25 400 1500 0 0 Std 2-43-1 to 2-43-5 33

22
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TABLE 8 (Concl'.¶)

P'rojectile Data

Nome Remarks Attack
Ubliquity Angle Material Property

Problem Type W/A D CR11 Weight Velocity Y a z~tandard Concrete RunSumr
Number 2D or 3D (pri) (in) (lb) (ft/sec) (deg) (de&) 5000 psi Number Curve No.
2-44 2D 12.1 6.5 2.25 40C, 2000 0 0 Std 2-44-1 to 2-44-5
2-45 20 12.1 6.5 2.25 400 2500 0 0 Std 2-45-1 to 2-45-5

2-46 2D 18.0 6.5 2.25 600 3000 0 0 Std 2-46-1 to 2-46-5

2-47 2D 18.0 6.5 2.25 600 2000 0 0 Std 2-48-1 to 2-47~-5

2-49 2D 18.0 6.5 2.25 600 3000 0 0 Std 2-49-1 to 2-49-5

2-50 2D 30.0 6.5 2.25 1000 1000 0 0 Std 2-50-1 to 2-50-5

2-51 20 30.0 6.5 2.25 1000 2000 0 0 Std 2-51-1 to 2-51-5

2-52 20 30.0 6.5 2,25 1000 3000 0 0 Std 2-52-1 to 2-52-5

2-53 2D 12.1 6.5 6.05 4000 3000 0 0 Std 2-53-1 to 2-52-5 2

2-53 20 12.1 6.5 6.0 400 1000 0 0 Std 2-54-1 to 2-54-5 34

2-54 20 12.1 6.5 6.0 400 1500 0 0 Std 2-54-1 to 2-55-5 3

2-56 20 17.1 6.5 6.0 400 2000 0 0 Std 2-56-1 to 2-56-S5

2-57 20 12.1 6.5 6.0 40'0 2500 0 0 Std 2-56-1 to 2-57-5
2-58 2D 12.1 6.5 6.0 400 3000 0 0 Std 2-57-1 to 2-58-53
2-58 20, 18.0 6.5 6.0 600 1000 0 0 std 2-59-1 to 2-59-S
2-60 20 18.0 6.5 6.0 600 2000 0 0 ltd 2-60-1 to 2-60-5

2-61 20 18.0 6.5 6.0 600 3000 0 0 Std 2-61-1 to 2-61-5

2-61 2D 30.0 6.5 6.0 1000 3000 0 0 Std 2-61-1 to 2-62-5

2-63 2D 30.0 6.5 6.0 1000 2000 0 0 Std 2-63-1 to 2-63-5

2-64 2D 30.0 I6.5 6.0 1000 3000 0 0 Std 2-63-1 to 2-64-5

334 2 001.5 . 00 30 0 0 Std 2-64-1I o26-

2-lA 20 12.1 6.5 Bln 43.3 500 0 0Sd2I-
2-2A 2D0 2. 6.5 IBcu 1036 0O0 0 0 ltd 2-2A¼ý to 2-2A-5

2-3A 2D 12.1 6.5 Blunt 43.36 1500 0 0 Std 2-31-1 to 2-3A-5

2-A 2D 12.1 6.5 IBlunt 43.36 2000 0 0 Std 2-4A-1 to 2-4A-5

2-B 20 12.1 6.5 Blunt 83.6.7 2500 0 0 Std 2-5A-1 to 2-5A8-5
2-6A 20 12.1 65 Blunt 86.71 1000 0 0 lt -6A-1 to 2-2A-5
2-3 20D 2. 6.5 Bu. 867 150 0 0Std 23- o23-

2-48 20 2.1 6.5 lun 671 20 0 0Sd2-81to24-

2-58 20 12.1 6.5 Blunt 86.71 2500 0 0 Std 2-58-1 to 2-).B-5

2-6B 2. 112.1 6.5 Blunt 86.71 1 000 0 0 Std 2-2B-1 to 2-6B-5

2-3B 2D 2.1 6.5 l/0- 8.1350 0 0St -B1 o23-

2-4B 20 12.1 6.5 Blunt 130.06 2000 0 0 Std 2-0C-1 to 2-4B-5

2-5B 20 12.1 6.5 Blunt 867 50 0 0 Std
4  

2-5B-1 t o 2-SB-5
2-6B 20 112.1 6.5 Blunt 130.06 1 00 0 Std 2-6B1 to 2-6B-5

2-30 20 2 1 6.5 lunt 300 1500ld23- o -05I
2-SC 20 12.1 6.5 Blunt 130.06 2500 0 0 SOd 2-IC-i to 2-1C-5

2-18 3D 12.1 6.5 2.25t 130.06 1000 0 0 Std 2-18-1 to 2-18-18

2-6C 2D 12.1 6.5 Blunt 130.Oo 3000 0 0 Std 2-6C-1 to 2-6C-5

23 ...



k3

TABLE 9

SERIES NO. 3 - FINAL
VARIATIONS IN OBLIQUITY AND ANGLE OF ATTACK

Projectile Data

~1C U/A ~ :Remark; Attack t 5
313D 12.1 6.5 9.25 400 1500 190 0 u~-5000 3-3-1 to 3-3-10 3

3-5 3D 12.1 6.5 9.25 400 1500 2105 0 0~-5000 3-2-1 to 3-2-10 3

3-6 3D .12.1 6.5 9.25 400 1500 220 0 U, - 5000 3-6-1 to 3-6-11 3

3-7 3D 12.1 6.5 9.25 400 1500l 230 0 0, 5000 3-7-1 to 3-7-103

3-5 30 12.1 6.5 9.25 400 1500 240 0 ., - 5000 3-8-1 to 3-S-12 3

3-6 to 3-11 DELE2TED10 20 0 00 -- 1t 361

3-12 3D0 12.1 6.5 f 9.25 400 150 23lO 0 j 5 o - 5000 3-12-1 to 3-712-

3-13 to 3-16 DELETED

31720 12.1 6.5 .5 400 1500 20 +1 ,,-5000 3-17-1 to 3-17-5

3-18 3D 12.1 6.5 9.25 400 1500 200 +2 -5000 3-18-1 to 3-18-10 40

3-192D 2.1 6.5 9.2 400 BOO 20 3 a 500 3-9-1to -195 4

3-19 20 12.1 6.5 9,25 400 1500 20 +35 ~ 5000 3-19-1 to 3-19-5 42

3-21 21J 12.1 6.5 9.25 400 1500 20 +51 5000 3-20-1 to 3-20-5 42

?-R3D 12.1 6.5 9.25 400 1500 200 -2 U,- 5000 3--22-l to 3-22-10 44

.3-23 2D 12,1 6.5 9.25 400 1500 20 -3 a:- 5000 3-23-1 to 3-23-5

ý-42D 12.1 6.5 9.25 400 1500 20 5s u - 5000 3-24-1 to 3-24-5

3-25 to 3-30 DELETED

3-31 20 12.1 6.5 9.25 400 2500 0 0 ac 5000 3-31-1 to 3-31-5

3-32 .0 12.1 6.5 with 400 250U 5 0 0,- 5000 3-32-1 to 3-32-5 45

3-33 2D 12.1 6.5 alightly 400 2500 10 0 o - 5000 3-33-1 to 3-33-5 46 1
3-34 20 12.1 6.5 conic 100 2500 20 0 C- 5000 3-34-1 to 3-34-5

3-35 20 12.1 6.5 tip 400 2500 30 0 0,- 5000 3-35-1 to 3-35-5

3-36 20 12.1 6.5 of 400 2500 40 0 0, - 5000 3-36-1 to 3-36-5

3-37 2D 12.1 6.5 450 400 2500 50 0 ,,- 5000 3-37-1 to 3-37-5

3-38 20 12.1 6.5 400 2500 60 0 -c 5000 3-38-1 to 3-38-5
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TABLE -10

SERIES NO. 4- FINAL

EFFECT OF L/D ON STABILITY

Projectile DataI

Nave Rumarks Attack
Type Obliquity Angle Material

Problemi 2D W/A D CR11 1./D Weight Velocity y Property Run Stinary
Number 3D (psi) (in) (ib) (ft/sec) (deg) (deg) Number Curve No.

4-1 2r Variable 6.5 9.25 10 400 1500 10 +2 Till 4-1-1 to 4-1-5 35

4-2 20 Variable 6.5 9.25 8 320 .1500 10 +2 Till 4-2-1 to 4-2-5 5

4-3 20 Variable 6.5 9.25 6 240 1500 10 +2 Till 4-3-1 to 4-3-5 57

4-4 2D Variable 6.5 9.25 4 160 1500 10 +2 Till 4-4-1 to 4-4-5 58

4-5 20 Va':J ble 6.5 9.25 10 400 2500 10 +2 Till 4-5-1 to 4-5-5 59

4-6 2D Variable 6.5 9.25 8 320 2500 10 +2 Till 4-'-1 to 4-6-5

4-7 2D Variable 6.5 9.25 6 240 2500 10 +2 Till 4-7-1 to 4-7-5

4-8 20 Variable 6.5 9.25 4 160 2500 10 +2 Till 4-8-1 to 4-8-S

4-9 20 Variable 6.5 Blunt a 320 1500 10 +2 Till 4-9-1 to 4-9-5

4-10 2D Variable 6.5 Blunt 4 160 1500 10 +2 Till 4-10-1 to 4-10-5

4-11 20 Variable 6.5 Blunt 8~30 2500 10 +2 Till 4-11-1 to 4-11-5

4-1t2 20 Variable 6.5 Blunt 4j 160 2500 10 +2 Till 4-12-1 to 4-12-5

N TABLti - 1

SERIES NO. 4 -FINAL

MEDIA VARIATIONS

Projectile Data_

1 Nose Remarka Attack
Probleme 21) W/D n CR11 Weight Velocity y a Mate'1Ia1 Run Summary

Number 30 (psi) (in) (lb) (ft/Ben) (deg) (deg) Property Number Curve No.

5-4 20D 2. 6.5 9.25 400 1500 3 0 u - 3000 psi 5-4-1 to 5-4-5cConrte

5-5 20 12.1 6.5 9.25 400 1500 20 +2 a, - 3000 psi 5-5-1 to 5-5-5 60

5-6 20 12.1 6.5 9.25 400 2500l 0 0 ac - 3000 psi 5-6-1 to 5-6-5 61

5-10 21) 12.1 6.5 9.25 400 1500 0 0 Till 5-10-1 to S-1D-S 60

5-11 Z0 12.1 -6.5 9.25 400 1500 20 +2 Till 5-11-1 to 5-11-5 61

5-12 ~2D 12.1 6.5 9.25 400 2500__ 0 0 Till__ 5-12-1 to 5-12-5 6

_____ - -TONAPA TEST PREDICTIONS -

53 2D 1. 6. 9.5 57 1640 0 0 Till 5-3A-1 to 5-3A-5
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_er_ _p_ lb (t/SERIES NO.6Fs A yrl rr Curve No6 - FIA

t00 55mrk 0 t aret

7,6• I, I18 ° 00 60 0 Target ayered Media 16"-SA to 6-5A-3 75 I"
F:. -A D8 0 700 65 0 Targa a~et dL -•xt -A3[ 7 "_6-1A DZ=1

6-•A 2D 82 500 700 70 0 Target Layered Media 6-2A-1 to 6-2A-3

6-3A 2D 82 500 700 30 0 Target Layered Media 6-.A-1 to 6-.A-3 71

6-4A 2D 82 500 700 40 0 Target Layered Media 6-7A-1 to 6-7A-3 72

6-8A 2D 84 2000 700 60 0 Target Layered MdCi 6-8A-1 to 6-iA-3 74

6-6A 20D 8 2000 700 65 0 Target Layered Media 6-iA-i to 6-iA-3 76

6-7,A 2D 84 2500 700 60 0 Target Layered Media 6-7A-1 to 6-72A-3

6-8.A 20 84 2000 700 65 0 Target Layered Media 6-83A-i to 6-83A-3

6-9.A 20 84 2000 700 40 0 Target Layrad Media 6-9.A-1 to 6-9,A-3 7

6-iSA 21 84 2000 700 75 0 Target Layered Media 6-IOA-1 to 6-IOA-3 74

6-41A 23 84 200 700 25 0 Target Layered Media 6-,1-i to 6-4 ,-1 06

6-5 3D 8 2 5000 700 240 0 Target Layered Media 6-52-i to 6-512A-
06-1A 2D 84 2000 700 25 0 Target Layered Media 6-13A-i to 6-13-31

""6-1A 2D 84 2000 700 240 0 Target Layered Media 6-14-1 to 6-14-6

6-15 2D 84 2000 700 30 0 Target Layered Media 6-15-i to 6-15A-3

6-24 32 82 500 700 245 + Target Layered Media 6-24-1 to 6--310

6-35 2D 82 500 700 50 +0 Target Layered Media 6--31 to 6-3513 71

6-51 20 82 500 700 60 +5 Target Layered Media 6-52-1 to 6-523 75

6-73 20 82 500 700 75 +0 Target Layered Media 6-71-1 to 6-7B-30

6-1B 20 82 2oo 700 30 +5 Target Layered Media 6-81-i to 6-81-3 72

6-2B 2D 82 500 700 40 +5 Target Layered Media 6-9B-1 to 6-2B-3 74

6-8B 2D 84 2000 700 50 +5 Target Layered Media 6-3B-1 to 6-3B-3 76

6-12B 2D 84 2000 700 60 +5 Target Layered Media 6-52-1 to 6-12-3 75

6-141 2D 8, 2000 700 70 +5 Target Layered Media 6-141- to 6-14B-3

6-ic 20 82 2000 700 30 +5 Target Layered Media 6-•iB- to 6-8B-3 72

6-9B 20 84 2000 700 40 +5 Target Layered Media 6-9B-1 to 6-2c-3 73

6-10C 20 82 500 700 50 -5 Target Layered Media 6-IOB-1 to 6-IO-3 76

6-S2 20 82 500 700 60 -5 T.rget Layered Media 6-Sc-i to 6-2BC-3
6-7c 20 82 500 700 70 -5 Target Layered Media 6-14B-i to 6-7c-3

6-1C 2D 82 500 700 30 -5 Target Layered Media 6-1C-1 to 6-8C-3 72

6-9C 20 82 000 o 700 40 -5 Target Layered Media 6-2C-1 to 6-9C-3 74

6-3c 2D 84 2000 700 50 -5 Target Layered Media 6-30C-1 to 6-3oC-3 76

6-12c 20 84 2000 '"00 60 -5 Target Layered Media 6-12C-1 to 6-92C-3I

6-14C 2D 84 2000 700 70 -5 Target Layered Media 6-14C-1 to 6-14C-3 7
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The equation of motion used to describe the terradynamic trajectory of

a penetrator based on the Cavity Expansion technique is:

A YrDr
03 +\21 +0

Tt 2 + ~ L4 3(f.)+2 ýdZ )J
The parameters in Eq. (1) are given in terms of target properties by the

following relations:

- 1 8 V3(2)

(la) 8 1/3 + ;1  f;+2 E (4

4 21 2 e 2
'03 -9 Lc (-3) .0f 8 r t t7 4

8p (-3fl (5)
p0

PO1- (6)

n~

po niia dnstyof target maeil lockedelasti

Y yied strngthof target material, psf

region, psf - 3G

Et strain-hardening modulus, corresponding to locked plastic region,

*Rohani. R..,Waterways Experiment Paper, S-73-58, June 1973.
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-i volumetric strain related to the elastic region of the pressure-

volumetric strain curve

ep - volumetric strain related to plastic region of the pressure-

volumetric strain curve
S= 3.1416 ' ;

fN - sin 0 + 1/3 cos 0

-=nose angle

The equation of motion using Avco's force law approach for one dimen-

sional motion is:

Vd 2  f
1-M Ii(1+• fc)+- 1/2pV2 (CN sin2 _- Cr sincos C) dA (10)

Equating similar terms:

2/3 p f V2  " 1/2pV2(CN sin2  + C.sin cos) (11)

Dd(2 z a
2/3 pp d6 - - modified nose shape (12)

P 2 dt 2  + increased mass

(13)

Referring to Eq. (i) boLm sides represent equivalent fluid flow terms. The

Cavity Expansion Theory offerb no direct or fundamental method of obtaining

the correct values of the requirei coefficients, consequently, empirical

evaluation of these are necessary unleq a conversion process can be derived

from, for example, trial. finite difference -alculationa.

The Cavity Expansion term represented by Eq. (12) is representative of

an equivalent mass of fluid entrapped by the nose of the pznetrator and de-

celerating with it.

The conversion here is direct; howevez, in the case of a irge sharp
nose penetrator, the term becomes negligible.

In the Cavity Expansion Theory sliding friction between the media aL:d

the projectile surface is not represented. Consequently, Eq. (13) becomes:

S= (14)

28 A
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The "t1" term used in Avco's force law approach is a measurable quantity
established by conducting static penetration tests. ",03" is the analytically

derived static resistance to penetration. Consequently, ",I" can be obtained

by evaluating the t"03It expression.

"To summarize, only two of the penetrability terms for Avco's force law

approach can be derived from the Cavity Expansion technique. These include

the apparent mass term, which already has been included, and the normal

pressure term associated with the media's static resistance-to-penetration.

The sliding or Coulomb friction term used in Avco's force law technique is

not currently present in the Cavity Expansion technique, and the equivalent

fluid flow terms used in both techniques must be arrived at empirically.

This conversion or equivalency technique can therefore be used to de-

scribe the strength characteristics of the concrete used in the parametric

study.

Performing the indicated operations suggested by Eq. (14) and assuming

that Young's modulus remains that of typical concrete, i.e., 3 x 106 psi,
the equivalent unconfined compressive strength is approximately 10,000 psi.

It is apparent that if the above procedure can be used to arrive at and

describe an equivalent strength media, it can also be used to find the

F approximate "q" term given the properties of the media. This technique has

been used in the past to aid in predicting penetration events into "un-

characterized" media and an example of this procedure and outcome is

described in Section 5.0 in which a prediction was made for the Tonapa
Test Series conducted in the Spring of 1975.

The following sections describe the results of the parametric studies

for Series 1.0 through 6.0.
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5.0 IMPACT AND PENETRATION PARAMETRIC STUDY RESULTS

In this section each series of runs is described and summeariz~ed to allow

the reader to quickly grasp the more significant aspects of the particular
area of investigation. Under conditions where a more in-depth review is

desired, the reader is referred to the detailed time histories of the event.

When specific runs are referred by run num~ber (i.e., 3.8, 3.60 etc.) the
variables are defined in the appropriate table of this report and the completeI

run data is available under separate cover through DNA.

5.1 SERIES 1 -- SENSITIVITY STUDY

The matrix of runs conducted for Series 1 is presented in Table 7. The

EP used in this study is shown in Figure 1. The EP weighs 400 pounds, is

60 inches long with a diameter of 6.5 inches. The nose shape is described by

the parameter "CER" which represents the ratio between the tangent ogive

radius and the EP diameter.

S The nominal media for this series is the "hard concrete" described in

Section 4.0 and variations from the nominal are given in percent. In each of

the series, there are generally two types of runs made; i.e., 2-D and 3-D. All

the impact conditions are described in a plaue and because none of the EP's

is spinning, no out of plane motion is incurred. Consequently, the impact

event can bq described in the 2-D plane of symmetry which they are. The pur-

pose of the 3-D runs is to provide three dimensional distribution plots of

the local pressures and shears.

Examples of the 2-D and 3-D plots for Runs 3.60 and 3.8 are presented in

Figures 2 through 6 and 7 through 16, respectively. The output formiat for

these plots is described in detail in Tables 13 and 14.

There are generally five separate graphs for each 2-D run consisting of:

* a pictorial description of the event. (See Figure 2.)

* the rigid body resulting loading environments. (See Figure 3.)

0 the basic trajectory data. (See Figure 4.)

0 the rigid body axial accelerations. (See Figure 5.)

* the rtgid body lateral accelerations. (See Figure 6.)
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0tNR03 TERRROYNRIIC PARAMETRIC STUDY PROBLEM 3.60
P,3.15 LsU.IS W111*2.S VILUS. XCOU.IO0 NUis.US

U.

Zig

-Is.

Figure? 2. ~ E Trjctr

-7.7..~. .32



Lii:7ý

ONR03 TERRADYNAMIC PARAMETRIC STUDY PROBLEM 3.60
3.34.1 L*SO.0O 6111K1111*O.O VtLxO. XC~a32.IG *MSO.U

FXP/106

39.

-10.10

TIME -MSEC,

Figure 3. Loads
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ONA03 TERRRDOYNRIIC PARAMETRIC STUDY PROBLEM 3.60

[i's. zlog

(I kCIIEs I

yELl 10'

IOCOREES)

(DEGREES)

6. 9.1 0- 2. 4 - -

TIME - ISEC
Figure 4. Trajectory data
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ON4A03 TERRADYNAMIC PARAMETRIC STUDY PROBLEM 3.60
8*346 LaliJi USWutO.S WILU. V=8.)80I0 akmNO.

GjZ 1/lo0

GZ3/1O'

TIME -MSEC

Fipa. 5. AxWa accv~mstion
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ONA03 TERRADYNRIIIC PARAMfETRIC STUDY PROBLEM 3.60

GX 1/101

GX2/ 10t

0X3/101
4. (G'51

64 S.' i6eis
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Figure 7. 13D) Trajectory
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DND3 TERRADYNAMIC PARAMETRIC 3D 3-8 ALPMA 0

P51180. aernz40.0 Ptfl12O.0 E@I~IOO

71. FXw100
[LOS)

FY/lO'
K~ (LOS)

FZ/106
0. (LOS)

411. MX/10 6
(lIN-LOS)

-66. x

MY0mlO
(IN-LOS)

.75.

MZWio'
fe- (IN-LOS I-us 6. 5. 10 20 46 56 .0 7.0 6.5 A

TIME- MSEC

Figure 8. (3C' Loads
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ONA03 TERRADYNAMIC PARAMETRIC 30 3-8 RLPHA 0
P11I111O.O 0101111t411.0 PHI1uO.O VELACIT~alI11M.

75. YAW. 100
(DEGREES)

PCH/101

(DEGREE~S)

YARrn10I IRAD/SEC)
-IS. x

PCRw101
(RAD/SEC)

I I R0R'.10 I
---(RAD/SEC)

-as.0. 86 3s50 45.0 6.6 7.0 3.0

TIME MSEC

Figure 9. (313) Rotational data

39



ONA03 TERRADYNAMIC PARAMETRIC 3D 3-8 ALPHA 0
P5I18O.O O1*11122dO.O P51180.0 VEL.OITY8111111.

.........

YWO

11INCHES)

.............. Yz 1 0 0

tI NC14ESI

-U. ALANIO'

11DEGRFES)

.50. x

ALLYm1O

(DEGREES)

TIME~~~N -M C (I/SEC) *
f.0 2. . .0 4.6 5.0 60. 7.0 0.0

Figure 10. (3D3) Translational data
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DNRO3 TERRADYNAMIC PARAMETRIC 30' 3-8 ALPHA 0
P5118.0-0 001H14404 pNIluO.0 VILOCITT.1U00. TIZg.60.

PzTAUA

U.j

pie *8/,s

IU

UWN alis

PmTAUA

N.5

DISTANCE FRMNS

II

11. (3D) Stressdata
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DNRO3 TERRRDYNRIIIC PARRAMETRIC 3D 3-8 ALPHA D
F611811.0 gU1.40.1 P11I180.O VIELOCIT~uSUOO. T NMot1.07

P:TAUA

W:IfAN

Parn "W11s1

DISANC Fa/IS NOS

Fiur 1a2s (3uD) Stesdt

42 )IS



I:,, -

ONR03 TERRAOYNRMIC PARAMETRIC 3D 3-8 ALPHA 0
Pal 130.0 OI"S240.@ F11120.0 VELOCIITY 1O0W. TINEal .U0

P=TAUA

R:51OIIAN

U.

pie Wes~g

U. P~~IN *igoff *Msae

I "

lh~~al sti •Ill$s

II

I

1.

DISTANCE FROM NOSE

Figure 13. (3D) Stres data
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DNA03 TERRADYNRIIIC PARAMETRIC 3D 3-8 ALPHA 0
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TABLE 13

PURPOSE: To give the output format for 2D plots.

GENERAL FORMAT: At the top of each Sraph directly under the main title
specific datv. on the penetrator characteristics and impact
conditions are included.

Symbol Characteristics Units

R Cylindrical radius inches

L Cylindrical length inches

GAMI Impact obliquity angle plus angle attack degrees

VEL Impact velocity of the penetrator, while it is inches/sec
zero when the angle of attack is not zero.

XCG Center of gravity acceleration ft/sec2

XW Weight of the penetrator pounds

1. Graph 1: Trajectory Schematic

The penetrator axis lies in the XZ plane. Velocity of the penetrator is
shown as an arrow from the center of gravity and point along the axis of
the penetrator, Alpha is the angle of attack which is defined as follows:

where y is obliquity angle measured from the normal of the target to the
axis of the penetrator as shown below:

Z

AXX

x
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TABLE 13 (Cont'd)

andO0' is definedaa

O'utan- A

therefore a is positive when y 0'

a is negative when y < 0'

2. Graph 2: The Loading History of the Penetration

Symbol Characteristics Units

FXP The lateral loads pounds

FZP The axial loads pounds

HCG The applied moment (or torque) acting about the in-pounds

center of gravity.

3. Graph 3: The Trajectory History of the Penetration

Symbol Characteristics Units

X The lateral displacement inches
Z The axial displacement inches
VEL The velocity at the center of gravity inches/sec

ALA The angle of attack amplitude radians

GAN The angle of obliquity degrees
(or!iatation of the penetrator measured from
the target normal)

4. Graph 4: The Axial Acceleration History of the Penetration

Symbol Characteristics Units

GZ1 ' ' The axial acceleration at point 1 9

GZ2 ' * ' The axial acceleration at point 2 g

GZ3 ' a ' The axial acceleration at point 3 9

and the three points are referred to the positions on the penetrator
selected by the user. (For this study at the cg).
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TABLE 13 (Concl'd)

SCG 0

32 11

5. Graph 5: The Lateral Acceleration History of the Penetration

Symbol Characteristics Units

GXI The lateral acceleration at point 1 g -

GX2 The lateral acceleration at point 2 9
GX3 The lateral accelearation at point 3 g

4i9
J 

I

*1
i,

M •r
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PURPOSE: To give thie output format for 3D plots:

GENMfAL FORMA: At the top of esich graph directly under the main title

SymbolChafractretc Unith

fliht athframe with respect to inartia frame.

VELOCTY Ipactvelocity ofthe penetrator, while it is in/sec
zrwhnthe angle of attack is not zero.

TIME Tme atwhich teplot is taken. sc

For urter rferncesee Figure 17.

1. Gaph : PnetrtorOrientation*. nZ ln adX ln

Velcit ofthepenetrator is not shown on this graph, but the definition
of bliuiy agleisa little different (by adding 1800) from the on'ý

2.Grp_2_heLodngHstr of the Penetrator

Symbol Characteristics Units

FThlaea.loads in X-direction pounds

FY! Th latra loads in Y-direction pounds

FZ & The axial loads in Z-direction pounds

NX (s' The shear-moment in X-direct ion in-pounds

my X ' The shear-moment in Y-direction in-pounds

MZ ' ' The bent-moment in Z-direct ion in-pounds

3. Graph 3: Rotational History of the Penetrator

Symbol. Characteristics Units

YAW Angular displacement with respect to local non- degrees
spinning frame of Z1.
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TABLE 14 (Cont'd)

Symbol Characteristics Units

PCH ' * ' Angular displacement with respect to local non- degrees
spinning frame of Z2 .

ROL 'A Angular displacement with respect to local non- degrees
spinning frame of Z3 .

YAR Rate of change of angular displacement with rad/sec
respect to Z1 along the direction of Z3 .

PCR 'X ' Rate of change of angular displacement with rad/sec
respect to Z2 along the direction of Z1 .

ROR '* ' Rate of change of angular displacement with rad/sec
"respect to Z3 along the direction of Z2 .

NOTE: All rotations were made using right-hand rule.

4. Graph 4: Translational History of the Penetrator

Symbol Characteristics Units

X ' • The lateral displacement in X-direction inches
Y * ' The lateral displacement in Y-direction inches

Z ' I The axial displacement in Z-direction inches

ALA 'T' The axial amplitude of angle of attack degrees

ALL 'X' The lateral amplitude of angle of attack degrees

VEL '* ' The resultant translational velocity ir./sec

5. Graph 5 to Graph 10: Stress History of the Penetrator

Symbol Characteristics Units

P Axial shear at a local surface psi

Q Lateral shear at a local surface psi

R Normal pressure at a local surface psi

P(0°) Axial shear at 00 psi

Q(00) ' . Lateral shear at 00 psi

R(0°) Wormal pressure at 00 psi
P(90 Atxial shear at 900 psi .1
Q(900 ) *' Lateral shear at 900 psi

R(900 ) Normal pressure at 900 psi
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TABLE 14 (Concl'd)

1800z P

2700 goR

000

For further reference see Fiue 8
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The 3-D graphical output format is similar to the 2-D except that the rota-

tional and translational trajectory data are separated (to avoid confusion)

and several additional graphs (the number depending upon the times during the

trajectory of interest) are generally provided to define the pressure and shear

distribution on the body.

The 3-D graphical displays include:

* a pictorial representation of the impact and penetration event. (See

Figure 7.)

0 the total rigid body applied loads and moments. (See Figure 8.)

(The center of gravity accelerations can be obtained through division

of these quanrtities by the EP weight or rotational inertias.)

S the rotational motion and rake histories. (See Figure 9.)

* the translational trajectory histories. (See Figure 10.)

* local pressure and shear distribution plots. (See Figures 11 through

16.) -

For specific definition of these displayed quantities, the reader is referred
to Tables 13 and 14.4

The 2-D output information is readily understood as to the manner of the

quantities in question. In order to understand the output quantities of a

3-D event, it is necessary to understand the reference frames in which the

data is provided. The 3-D data is specified in three separate reference

frames.

0 Inertial. .
* Local non-spinning.

These reference frames and the coordinate transformation sequence are pre-

sented and defined in Figures 17 and 18. Referring to these figures:

0 the translational state vectors are specified in the inertial refer-

ence frame X, Y, ar.4Z.

* the rotational state vectors are Eulerian rotational displacements

and rates. 5
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(Y3)

%3 ROTATIONAL SEQUENCE

(YY2

lyI YJ

wX VYZ Inertia frame (right handed coordinate system)
X & Y are in the la~ne of target surface

Y1Y2Y3 -Flight path frame (fixed In the body of projectile
but not spinning with it)

X1 X2X3  Body fixed frame (zpinnirg with It)

Figure 17. Reference coordinate systems
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Y3

(X3)

k.'a
*Z3 ROTATIONAL SEQUENCE -

Z3 3

(X2)

N -SGMAN

Z3~~~ ROATONLSEUEC
cLA

Y1 OD 7 JB --- TAUS

Z1

"•~l YI2Y3 -" Flight path frame

i X1 X2X3 -" Body fixed frame (spinning)
Zlz2z3 - Local non-spinning frame

Figure 18, Local non-spinning frames
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0 the resulting forces and moments are specified in the flight path

frame (V1 ,' 2  andY 3 ).

* the pressures and shears are defined in the local non-spinning refer-

ence frame (Z1 , Z2 , and Z3 ). (See Figure 18.)

In order to obtain the body fixed rotational vectors (w1, w2, and `3 )

which lie along the X1 , X2 , and X3 axis respectively in Figure 17, the follow-

ing relationships are provided:

(J3 = + &Cosy/

w2 = (sin-y sin 0/cosj6)/(sin 2 0 + cos )

O1 (= 0 + w2 sit' )/cosO

When studying the stress dirtribution data (i.e., Figures 11 through 16), it

should be noted that each of these graphs provides surface traction informa-

tion (lb/in2):

0 at a specific time during the penetration event.

a at specific locations around the periphery of the EP.

0 distributed along the length of the vehicle (the nosetip being the

zero station) and after stations along the abscissa.

* consisting of three components, SIGMAN - normal to the surface,

TAUB - perpendicular to the body longitudinal axis in the plane of

the surface, and TAUA - also in the plane of the surface directed aft.

Some discussion relative to the shape of these surface tractions distri-

butions is in order. The specific value of the pressure or shear is of course

the direct vectoral sum of the force law terms described in Section 3.0.

In the majority of runs conducted for this study, these terms consisted

of the media resistance terms (i.e., q and fyq ) and the equivalent fluid flow

terms (CNq, and Crq , where q is the dynamic pressure). Because of the shape

of these EPts (mostly sharp nosed) little compressibility effects were noted
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F

and only for high obliquity cases (i.e., 450 and above) were surface effects

introduced. As a result, the surface traction data appear, in general, as

steady-state conditions. This requires some explanation. Avco theorizes

that there are three penetration regions for a normal impact event into a

seti-infinite target half space.

1. Initial region -- where the presence of the free surface significantly

effects distributed suiface tractions.

influential.

3. The steady state region -- where the presence of free surfaces no

longer effects the surface tractions.

[ Little real test data is available which quantitatively describes the first

twro phases or the transition between Phases 1 and 3. In addition, these[ phases vary significantly depending upon target media, EP nose configuration,

and velocity. Fortunately, the resulting (integrated) loads experienced by

an EP during this phase of the vent do not appear to alter subsequent steady

state loading environments or penetration performance significantly. For the

majority of runs therefore, the steady-state (i.e., third phase) force law

theory was used. This accounts for the somewhat square appearance of the sur-

fact tractions distributions. Recently, finite difference calculations of

the initial phase of the penetration event have been made and these surface

tractions are more triangular in shape. In this parametric study, where the

initial phase of the penetration event significantly effects subsequent pene-

tration performance, the initial phase theory is used. The effect of this is

to produce surface traction distributions more similar to those predicted by

the finite difference techniques.

The detailed trajectory and loads history data for the Series 1, Sen~si-

tivity Study, was indicated in Runs 1.1.1 through 1.20.5 as defined in

Table 7. These data have been analyzed, reduced, and summarized in Figures 19

through 24 of this report.
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Angle of attack a 30
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Figure 24. Moment environment. az, 30
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Figures 19 and 20 show penetration depth effects caused by changes in

the Avco's Force Law coefficients (i.e.,CN ,C , f, and q ) and angle of

attack where:

CN - Normal pressure coefficient due to flow effects.

CN - Shear pressure coefficient due to flow effects.

17 Media structural resistance to penetration.

fc Media coefficient of friction (used as f r1).

Only two variations of these parameters were L ed, (i.e., 0.0 and 501

change from the nominal value), consequently only a straight line can be

drawn connecting the points. It is apparent from these figurs i, that ",l" has

th*t most significant effect on penetration depth achieved. The change in

depth caused by the 3 degree angle of attack was less than 10 percent as shown I
in Figure 20.

The variation in resulting rigid body g'a for the normal impact situation

caused by these parareter changes is presented in Figures 21 through 24. The

peak axial nominal value expected for this impact situation would be on the

order of 8000 g's. The maximum variation consists of an increase to 11,000

g'is, again because of the "q" change.

As the angle of attack varies from zero to three degrtes, the axial loads

will increase because of the addition of friction and shear along the cylin-

drical portion of the EP. (See Figure 22.) Side loads and moments are also

generated as indicated in Figures 23 aad 24. The variation of axial loading

environments caused by changes in obliquity is included in Figures 21 and 22.

Changes in the lateral loadz and moments caused by an obliquity of 20 degrees

is negligible compared to the effects of angle of attack. The minor differences

can be noted by referring to detailed trajectory history results presented in

the data of Volume I. The most sensitive parameter for these cases is again

"The largest variation occurs for the axial loading, again caused by ",'".

Less change occurs for t'ae lateral load and almost no change occurs for

the resulting moment. The reason for this is because in the case of the axial

loads, each component of the increasing load (i.e., normal and frictional

component) add thereby generating a a'elatively large overall increase. In
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the case of the lateral load and the moment, these components subtract and

result in a smaller in, rease.

Cases 1-2, 1-17, an% 1-18 were selected from Series 1 for 3-D runs to

determine the surface tractions data. Peak values of pressures and shears
were extracted from the basic data and are provided in Table 1.5. The varia-
tions in the peak levels are not significant. What is significant follows

from the integration of tnese distributions which causes significant lateral

loads and moments to be applied to the EP structure.,

5.2 SERIES 2 - VARIATIONS IN W/A AND VELOCITY b2

The purpose of parametric simulations defined by Series 2 is to establish

the effects on performance and loading environments caused by variations in

"W/A" (EP weight to cross sectional area ratio, a ballistic parameter), and

impact velocity. The runs selected to demonstrate these effects are presented

in Table 8. Two other variables are included in the study. These are EP

diameter and the parameter "CR1", "CRH" is defined as the ratio between the

ogive radius and the cylinder diameter of the EP. "CRH" therefore is a

measure of nose sleekness. Series 2 consisted of Runs 2.1.1 through 2.64.5

as defined in Table 8. The data summary curves for Series 2 are presented in

Figures 25 through 36.

For a "CRH'" of 9.25 and an EP diameter of 6.5 inches the relationship

between depth of penetration and "W/A" for velocity of 1000, 2000, and 3000

ft/sec is shown in Figure 25. The peak axial rigid body "g" loads for these

same variations are presented in Figure 26. The only significant trend noted

fox this series of runs is rulated to penetration performance trends as in-

fluenced by W/A. as opposed to velocity. As a result of the loading theory

(i.e., being relatively constant which in Avco's view is characteristic of 4

penetration events into hard targets), increasing velocity is a much more

effective way to improve penetration performance than equivalent linear

increases in W/A. At the same time, .ie rigid body loading environments, over

the velocity range of interest are not significantly altered by increases

in velocity.
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42 -

Projectile: CRH - 9.25, D "6.4", L = 60". Target: STD 5000" ps concrete

Velocity - 3000 ft/sec -,

34 - -

.26 r

. 2 2

S18 - - -Velocity 2000 ft/sec

- I.111

"10""

- . Velocity 1000 ft/sec -

12 16 20 24 28 32
W/A. lb/in2

Figure 25. Penetration performance: CRH - 9.25
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Figure 26. Axial acceleration: CRH =0.25
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Figure 35. Penetration performanc3: blunt nose
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Figures 27, 28, and 29 show how performance changes as a function of

"CRH" as all other par:\meters are held constant. There is a crossover in the

effects of "CRH". T'his is not a very signifinant anomaly, but the data does

imply tha). as "CLI{" varies from 9.25 to 6.0 to 2.5 to 0.5 the penetration

performance at first improves a little and then prcceeds to get worse as the

EP becomes fairly blunt. this effect is caused by the analytical formulation

of Avco'3 force Law and specifically by how bluntness (as controlled by "CRH")

is treated in each term of I e Force law; i.e.:

The Impact Shock Term - f (sin ), i.e., is a function of sin 0

Structural Resistance Term
Nory - Pressure # f (0)

Friction Terr - f (sin 0/•.-- 9)

Equivalent Fluid Flow Term I
Normal Pressure f (sin2 0)

Shear Pressure - f (Cos 2 0)

where "0" is the local sl-•e of the EP differential surface area. |

The overall implication of this effect is that a nose shape of iL ,er-

me#iate bluntness may be the best configuration for impacts into hard targets.

The peak loading environments for this variation in "CRH" are presented

in Figures 30 through 34. For "CRH's" of 0.5 and 2.25, twc peaks are given;

one associat'd wth -hock (or compressibility), and one which may be related
to rigid body g's. The distinction is made because ',:he shock loading is a

shnrt duration phenomena and would be of interest to the dynamic structural

design of the EP, while the rigid body loading would be of mo'e interest to

component inertial loading. The "Shock" effects are only prevalent for the

low "C1RH" values because of the "0" effect previously discussed. The penetra-

tion performance and loading environments for the "blunt" nosed EP are sum-

marized in Figures 35 and 36, respectively. The trends in penetration are as

. expected with respect to L/D, which basically representa a weight change only

(i.e., normal iu,,acts do not generate any side loads), and performance is

somewhat below similar weight designs with shaLper noses. Unlike the sharper
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nose design the loading environment shows significant increases with velocity.

This is because of the shock effect which is prevalent with blunt nosed projec-

tiles. Accurate simulation of blunt nose projectiles requires the consideration

of the effect of apparent mass. These phenomena appear to occur early in the

impact event (i.e., during the initial phase) and consist of a wedge being

entrapped on the nose of blunt projectiles. This wedge acts as an integral

part of the EP and can significantly effect subsequent performances. Refer-

ring to Figures of the Series 2-2A, the nose can be seen as a conical ex-

trusion to the ',asic configuration. The 3-D results for Runs 2-3, 2-6, and

2-18 were reviewed. The peak surface tractions have been obtained from this

data and are summarized in Table 16. The peak stresses are the n~ame for the

400 and 1000 pound EP (as they should be) with a fairly large increase in

stress going from the 1000 to the 3000 ft/sec case.

5.3 SERIES 3 - VARIATIONS IN OBLIQUITY AND ANGLE OF ATTACK

The penetration events simulated in Series 3 were selected to establish

the effects of obliquity and angle of attack on penetration performance, loads

accelerations, etc. The runs selected for this series are outlined in
Table 9. To avoid confusion and to separate different effects, these runs

are grouped as shown in the table. Series 3 consisted of Runs 3.1.1 through

3.64.5 as defined in Table 9.

FThe purpose of group 3A (i.e., Runs 3-1 through 3-8) is to determine

the effects of obliquity on the penetration parameters. These runs are sum-

marized in Figures 3/ through 39. The penetration depth (i.e., vertical dis-

placement) is aljo a desigiiator of ricochet performance. Although in the runs,

ricochet did not a- tally occur, the shallo'w depth achieved. at an obliquity

of 60 degree.s indicates that this type of impsct condition is marginal as far

as xicochet performance is concerned. The loading environments (rigid body

9 s) are summarized in Figure 38. It is apparent that the lateral loads in-

creape Eaaoothly up to 60 degrees, while only slight increases in axial loads

are indicated with a o'udden drop off at 50 degrees. This is because of surface
effects which is shown 1n the detailed stress histories. Peak surface stresses

remain pretty much the same over this obliquity range and are presented in
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DNA PARAMIETRIC STUDY -SERIES 3. PROBLEMS 1-8

0

Velocity- 1500 ft/aec

2 Target: STD 500 psi conicrete

zI
j0*

CLJ

ccJ

cc
-j

Figure 37. Penetration performance: obliquity
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DNA PARAMETRIC STUDY 5, 3. PROBLEMS 1-8

* Projectile: W/A 12.1 psL - 00, D u65.CRH *9.25
* ~impact velocty - 1500 ft/inc

U Target: STO 5000 psi concrete

- SG

0.0 10.0 10.0 30.0 40.0 10.0 60.0 70.0
GAMA - DEGREES

Figure 38. Loading environments (Rigid body g's)
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DNA PARAMETRIC STUDY -SERIES 3. PROBLEMS 1-8

Projectile: W/A =12.1 Psi, L 60", 0- 5.5", CR11 9.25, W - 400 lbj Taroit: Impact velocty a 100 ft/seC
Tre: STD 6W psi concrete

-. Tau B

U.1

U
ccJ
U.

0:

a 0.

GAMR D EGREES

elgure 39, Variation of surface tractions
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Figure 39. The integral of the stress distributions is the parameter of

importance.

Group 3B (i.e., Runs 3.17 through 3.24) represents an angle of attack

effect investigation with some changes in velocity and CEH. This data is

summarized in Figures 40 through 44. The effect of angle of attack on pene-

tration performance, axial and lateral rigid body accelerations, and surface

stress is shown in Figures 40 through 44 for both positive and negative

values of angle of attack, respectively.

It is apparent that penetration performance (i.e., trajectory depth) is

not significantly affected by angle of attack as is not the axial loading

environment. The lateral load however is significantly affected by angle of

attack (Figure 42) and this (as was verified by angle of attack impact tests)

has structural integrity implications relative to EP impact survival. A steep

gradient occurs between a - 0' and 10 because the angle of attack must first

overcome the e-ffects of obliquity, which produce a lateral load opposite to

that of positive angles of attack.

Cases 17, 19, and 2.0 were rerun with an increase in velocity to 2500

ft/sec. These runs arc designated 17A, 19A, and 20A and, referring to

Figures 40, 41 and 42 as expectud, a significant increase in penetration depth

w was achieved. These same cases were again run with a velocity of 1500 ft/sec
and 2500 ft/sec with a CRH of 2.25. Little change in terradynamic performance

occurs because of tiiis change. Figures 43 and 44 represent what changes occur

when the angle of attack switches from a nose down to nose up situation. For

thes shap oflquthe litatiral accelerao curvge howpevetratisn soewhatrmoother thanrs

Thi shp low bithe laturalaccelirttle change inopenetratisoneha performaner occurs

for the nose down angle of attack situation.

Cases 3.1through 3.8involved a slight modification in the configura-

tion and a change in impact velocity (i.e., 1500 to' 2500 ft/sec) as baseline

A conditions for determining the effects of obliquity. The configuration change

consisted of a small 45 degree angle tip over a length of 0.25 inch on the

A nose of the EP instead of a pure ogive shape all the way to the point. Runs

3.31.1 through 3.38.5 are sunmmarized in Figures 45 and 46. The overall ~*
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Figure 401. Penetration Derformance, positive attack angle
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Figure 41. Axial am'eleration: positive attack angle
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Figure 42. Lateral acceleration: positive attack angle
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PIrojelb: D-6.5". L-0". W',400 b
W/A - 12.1. CRH - 925
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Figure 43. Penetration performance: negative attack angle
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Figure 44. Axial and lateral acceleration: negative attack angle
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DNA PARAMETRIC STUDY SERIES 3. PROBLEMS 31-38

Proim-tile: W/A a 12.1 pi, L - 60. D 6.5" CRH 3.25. W 400 Ib

Target: STO 5000 pal concrete

id

L0 I

10-
6-J
Uj

Up

0.0 £0.0 30.0 )0.0 40.-0 -a. 60. 0 70.0
GRMA - DEGREES4

Figure 45. Penetration performance: (With nosa tip of 450)
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DNA PARAMETRIC STUDY SERIES 3. PROBLEMS 31-38

Pojo-ti.e: W/A 12.1 si, L - 00", D -6.5". CRH - 9.25.
* Impact velocity 2500 fttsec

I T'tget: STD 5000 psi concrete

Literal

UrU,

0
rm o /Axial

0 -GX
A- GZ

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0

GRMA - DEGREES

Figure 46. Loading environments: (With nose tip of 450)
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effect of the tip by itself is difficult to ascertain because of the signifi-

cant change in velocity, however its overall effect is expected to be *imall.

The effect of this increase in velocity is to delay the onset of ricoch.t by

approximately five degrees.

Cases 3.39 through 3.47 were deleted from the original matrix.

Cases 3.48 through 3.53 involve investigation into the performance of a

biconic EP configuration. This design is shown in Figure 47. The biconic

design represents a departure from the ogive nose type EP in that resulting

flow fields are induced to separate at the shoulder of the forward cone for a

period of time during the penetration event. There are two pertinent questions

to be asked dnd resolved relative to the performance of this type design:

* For how long a period during the event is separation induced?

* How much of the after flare remains in the void generated by the

wake? j
As a demonstratiou of the Importance of these phenomena, consider an approxi-

mate loads comparison between the biconic design in question and a design

wh1.'ch allows the forward cone to continue out to the full diameter of the flare.

Assuming that flow separation is induced at the shoulder of both designs so

that the entire aft flare and/or cylinder is in the wake, the load on the

cylinder cone configuration is approximately proportional to:

1 AC 0IR2

and on the biconic,

FAB ý P ,R 2

BC

where

FAC - resulting axial load on the cone cylinder design

FA13 - resulting axial load on the biconic

p M average norwal pressure

Ro a cylindrical radius

RBC - forward cone radius
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2 2
The ratio of resulting loads is therefore approximately R2/RBc or in this

case, 4. It is apparent that: if separation did occur at the shoulder; and

if the entire flare were within the wake; and if the flare remained so during

the entire penetration event, then the penetration performance would improve

by a factor of 4. Actual performance is somewhat below this optimistic figura.

At the present time, there is not sufficient data to define exactly the extent
of these possible effects. A limited number of scale model test shots were

conducted into a hard target in which an ogivu nosed EP was compared to a

biconic configuration where the ratio R2/.2Cm 2.4 The increase in penetra-

tion performance of the biconic was only 15 percent which was a reduction of

2,1 less than the area ratio factor. Assuming that this reduction factor re-

mained constant (a big assumption) then the biconic design would have a per-

formance increase on the order of 4/2.1 - 1.9 times better than the straight

cone EP design. It is Avco's opinion that the performance improvements
indicated by the above manner of doucOiUx Lr very optimistic for impact

situations into ha'd targets, Thi trend, however, is real and in conducting

Runa 3.48 through 3.53, a conservative assumption of the degree of wake ef-
fects was made. The summary curves for these casge are presented in Figures 48
through 53. The improved performance factor of this biconic design over the

standard ogive EP computes to be 1.08; i.e., Run 1.01 achieved a penetration

depth of 66 inches while the biconic :onfiguration went 71 inches.

The detailed trajectory data for Runs 3.60 through 3.64 is summarized in
Figures 51 and 52. These runs were conducted to provide more detailed data
on the effects of velocity and weight increases. As before, the must mignifi-

cant trend is the real improvement in penetration depth with velocity accom-

;anied by not too great an increase in rigid body loads.

5.4 SERIES 4 - EFFECT OF L/D ON STABILITY

Runs 3.17, 18, 20 and 22 were rerun in the 3-D format to provide surface

traction information. These data are presenced in Figures 3.17.1 through

3.22.10. The peak pressures are summarized in Table 17.

The purpose of the Series 4 parametric study is to determine the effects

of EP L/D (length to diame:ter ratio) on projectile stability. The target

ii 95
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150" ....

Projectile: W/A., 12,1, D ,6.5", biconlc nose

Target: STD 5000 pu concrete

.to'-- - -, ---
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I-2o
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Figuru 48. Penutratiion porfuormance: bconic noso
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I I 1 7 I 11 -II

Projectile: W/A - 12.1, D 6.5", biconic nose

Torget: STD 5000 psi c€ncratea I
" +20

a .00a

0,000

Lo -20

050203 0s 60 70
ObUquity, degrees

Figure 49. AxIal acceleration: biconkc nose
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Projectile: W/A - 12.1. D - 6.5". biconlc nose

Target: STO 5000 pal concrete

10,000

5,00-.-.-,- ----.

=5.000

A"- +20

a-.20

0 10 20 30 40 so 60 70

Obliquity, degrees

Flgurc 50. Lateral acceleration: biconic nose,
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Projectile: W/A 24 pi1, L , 60", D - 6.5", CRH , 9.25
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Angle of attack - 2-
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Filiur' 51. Penetration performance: velocity effects
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Pojectile: W/A - 24 psi, L 60". D - 6.5". CRH - 9.25
Weight - 800 b
Obliquity a 200
Anale of attak * 20

Target: STD 5000 psi concrei

6000 - - - - - -- -

5000- - -- - -

-4000 -

Ai
74
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0I

0 6. 1000 150 200 2500
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Fiur 62. Axidal and lateral acceleration: velocity effects
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media in this case £i a relatively standard &lay saM six (jgLAc1--l till).

This media has been ested etensively at Avcu tar rs~ibtance-to-pet'tat ýoa

caractoristicu. CoaS"qUOtly, thm re*ults et this study can be cmuaidered

quite accurate and relatablo to the real world.

The LID range considered vsriad from 4 to 10 wmere the 10 vle was m-

sociated with the standard agive 400 pound Li. The kA' wvwitt tar the ot er

EP's wa" decreased proportionwIly by the LID r.!tlo. Tb&.! aerik €•aw4ura-

tions of these EP's are shown in Figure 51. Blunt use@ O's 2 vcce &I" C4-

siderod iu this study and are shown 14 Figure %4. The deot&, trajector) tor

the ogive and blunt nose EP configurations is detailed in rwn 4.01.1 th•rouA

4.08.5 and 4.09.1 through 4.12.5 tospectivoLy and are sbteArim- La Fijturee

55 through 59. It is apparent that Lh 006tt bi.aiftcant r""t 09 i• 9"b ,tidy

is that the low L/D EP's are aot thaL W"11 1,464 StAble the U k1bkwr LID
EP's. There are basically two reasons which expiain thix result. They atr:

0 the center of gravity location;

• the penetrated media is till.

For EP's, as it is for all things that fly, the location of the "enter

of gravity (cg) with respect to the eofective center ot applie toorce is at

prime importance to its stability. An ait located cg will cause the projectilii

to be unstable while a forward cg will enhance its stability. Durina this

study, the center of gravity was assumed to remain at 53.5 percent of the

IP's overall length. This is slightly aft of tiw mid point. When dealinr

with actual EP designs, maintaining this cg location becomes more diztiLcut

as the EP becomes shorter. This is particularly true for ogive shaped LV"S

because the ogive shape itself does not provide as much volume up torward for

ballast. For this study therefore, placement of the cg was somewhat optimistic.

The fact that the penetrated media was till, aided in stabilizing the

EP's because of particular characteristics relative to its rasictance-t hi-

penetration. Till exhibits relatively high shear strength and friction. Thib

characteristic results in relatively high shear stress applied along the

length of EP when the EP develops angle of attack. Thi& shear stress is

stabilizing and contributes to a large degree to the stable flight patternms
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Figure 55. Penetration performance: CRH 9.25 and blunt nose
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Figure 56. Axial acceleration: CRH = 9.25
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107

6 w_, _____

\ 1



3000 - CRH -9.25

Target: till

2S,0L.... -q• '/'1ooft, -

2000

V Iwo

1000 -

0
0 2 4 6 8 10

LID

Figure 58. Lateral acceleration: CRH - 9.25
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of these EP's. This would not be the case in a media such u air, water, or

dry sand. In such media, these short EP's would probably be quite unstable.

5.5 SERIES 5 - MEDIA VARIATIONS

Series 5 was reduced in scope from the original matrix to include three

simulations iato a reduced strength concrete and three simulations into till

(i.e., the same media used in Series 4) and a prediction into welded tuff.

The matrix of runs selected for this study is given in Table 11. The data are

summarized in Figures 60 and 61. No significant conclusions were drawn from

this study except that, in the case of the concrete runs, this performance is

more typical of what would be expected in the field. As discussed before, the

baseline concrete resistance-to-penetration parameters used in this study was

selected conservatively high. The value of the trajectory data and the per-

formance trends provided during this study is dependent on the credibility of

the tools used to generate the information. As an indication of accuracy of

the results a pr-diction was to be made of an impact event into a welded tuff
target at the Tonapa test site and was to be made prior to an actual test.

This type of check was done once before into a soft target (i.e., the Watching

Hill Test Site in Canada) with remarkable success.*

The conditions of the proposed test shot included the use of the standard I
ogive nose SP, 400 pounds, 65 inches long and 6.5 inches in diameter to be
fired normally at 1500 ft/sec into a welded tuff target media. The media

properties data were provided by WES (Waterways Experiment Station) and are

summarized in Figure 62. Avco fitted the bilinear curve through the data pro-

vided and executed the conversion procedure described in Section 2.0 to estab-

lish the force law coefficients with which to make the required predictions.

The variation in tirget strength was used in the simulations. I
Two predictions were initially made, one at 1500 and one at 2000 ft/sec

with the 1500 ft/sec prediction submitted to DNA prior to the test. (This was

done in memo form and is included in Appendix A, dated June 9, 1975.) The

impact velocity however was 1640 ft/sec instead of 1500 ft/sec and the nose

of the EP achieved a depth of .1.0 feet.

•"Impact and Penotratlun Study, Contract DNA 001 -75-C-0181, Final Roport 1974.
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These impact conditions were resubmitted for a new estimate of predicted

depth with the result being 11.3 feet. The final prediction is based on Runs

5.1A.1 through 5.3A.5 summarized in Figures 63 through 65. It should be

pointed out, referring to Figure 65. that the sudden increase in axial g's is

caused by the separation of a 157 pound sabot used to accelerate the EP.

Figures 66 and 67 summarize the trend of penetration depths achiaved within

the range of 1500 to 2000 ft/soc. It is evident that the accuracy of the

simulator and the conversion techniques to establish the appropriate force

lav coefficients is quite good.

5.6 SERIES 6 - RICOCHET PREDICTIONS

The purpose of Series 6 was to establish the ricochet performance of two
operational b~abu. the Mk 82 and Hk 84, in a representative hard target.

The physical characteristics of these two warheads and their configurations

are shown in Figures 68 and 69.

The hard target is made up of four layers shown in Figure 70 along with

their engineering properties. Using the Cavity Expansion Theory conversion

procedure, the structural resistance term computes to be 35,545 psi, 2,536 psi,

747 psi and 431 psi, for the four layers, respectively. The matrix of runs

selected for this study is summarized in Table 12. The impact velocity of

700 ft/eec was specified by expected delivery conditions, with the obliquiLies I
chosen to establipa the ricochet angle to an accuracy of 5 degrees.

The detailed trajectory data was generated in Runs 6.1A.1 through 6,14C.3

and are defined in Table 12. The simulations which depicted ricocheL are

provided in Figures 71 through 76. Summary curves for the ricochet perform-

ance are provided in Figure 71 for the Mk 82 and Figure 72 for the Mk 84. It

is apparent from these curves that for the 0 degree aagle of attack case the

Mk 82 experiences ricochet at 55 degrees and the Mk 84 at 60 degrees. The

difference is attributed to the increased size of the Mk 84 over the Mk 82.

Referring to the summary curves (Figures 71 and 72) a t5 degree angle of

attack causes a change of approximately 10 degrees in the ricochet angle. A

reasonably smooth curve can be estimated and drawn between the apparent

ricochet points for the angle of attack cases.
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" -15opcf,l-1000
c1 - 1108psi, 1 -42 0

10 in, concrete c 2 - 1862 psi, 02 - 300

71 -35.545 psi

Y " 135 pcf, I - 150
o1 ,c 2 -72psi

12 in. crushed iock c1 - 24

72 - 2.536 psi

7 - 110 pcf, I - 100

36 in. improved soil c1 = c2 - 29 psi
" "1 0 350 I
73 - 747 psi

7' 110 pcf, l-100 
d

natural soil c 1  c2 15 psi
dense sand 01 02 -350

74 - 431 psi

The material constants are defined as follows:

3'- density where the Mohr-Coulomb failure surface is approximated by:

friction angle A

c" cohesion shear stress

shear moduluss hear strength 
i

C2  
1 T J

T e /•Normal stress

Figure 70. Mark 82 and 84 target duscription
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Referring to the loading environment curves, it should be pointed out

that after the onset of ricochet a severe anid potentially destructive loading

environment is applied to these warhead designs. This environment has been

designated "tail slap" anid is caused by excessive lateral loads being applied

to the tail section of the warhead after the nose has bounced clear of the

target. This type of loading has been observed to crush the back end of

similar projec~tiles anid could result in structural design integrity implica-

tions relative to the M~k 82 and 84. In the case of aft mounted fuzing systems

this could cause problems relative to fuze functioning.I
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APPENDIX A

9 June 1975
G500-75-DH-53

Major Todd Stong
Defense Nuclear Agericy
Washington, D.C.

Dear Todd,

Enclosed you will find Avco's terradynamic performance predictions
of the 1500 ft/sec Tonapa DEP Test. The structural resistance-to-penetration parameter " q i was based on a conversion process using
the Cavity Expansion Theory with the basic data being supplied by

WES. The inertial resistance-to-penetration was based on our own
estimates of the characteristics of Welded Tuff.

Referring to Figure A-3, the estimated penetration depth is a little over
9 feet.

Accelerations are obtained from Figure A-4. Initial peak acceleration is
on the order of 3700 g while Lhe launch sabot is still attached. The
slope to 4600 g is caused by the assumption that the sabot does not
detach instantaneously.

Relative to the ongoing "Impact and Penetration Technology Program,"
Tests 3 and 4 were conducted this week (i.v., June 27th and 28th) and
they both went well.

Test 3, which consisted of an impact velocity of 1500 ft/sec and an
angle of attack (a ) of 2 degrees produced stresses (based on strain
gage recdings) as expected in between those of a - 00 and 50. Test 4,
which consisted of an impact velocity of 1500 ft/sec and a - 100 produced
peak structural stresses of approximately 300,000 psi, again a nearly
linear extrapolation of the other tests.
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Now that the presture ih off (i.e., because of test setup requirements
and transducer dewelopment efforts) we can reproduce thc. data from the
four tests in hard copy for distribution to DNA and WES. This will be
accomplished within the next week.

Very truly yours&

Djxid Henderson

Senior Consultant Engineer

Enclosure

cc: Dr. Paul Hadala, Waterways Experimental Station, Vicksburg,
Mississippi

I
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