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PREFACE

This investigation was sponsored by the Defense Nuclear Agency
under Subtask Y99QAXSB21l, "Penetration," Work Unit 20, "Penetration
Support."” This study was conducted by perscnnel of the Structures
Laboratory (SL), U. S. Army Engineer Waterways Experiment Station (WES),
during October 1978 through May 1979, under the general supervision of
Mr. Bryant Mather, acting Chief, SL, and Dr. J. G. Jackson, Jr., Chief,
Geomechanics Division (GD), SL. Mr. R. S. Bernard formulated the
theory, and Mr. D. C. Creighton developed and implemented the computer
analysis, both under the technical guidance and direction of Dr. B. Rohani,
GD. Messrs. Bernard and Creighton prepared this report.

COL John L. Cannon, CE, and COL Nelson P, Conover, CE, were Command-
ers and Directors of WES during the periad of research and report prepara-

tion. Mr. F. R. Brown was Technical Director.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units cf measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain
feet 0.30L8 metres
inches 0.0254 metres
feet per second 0.3048 metres per second
pounds (force) per foot 14.5939 newvtons per metre
pounds (force) per square inch 6894.757 pascals S
pounds (mass) 0.453592%  kilograms
pounds (mass) per cubic foot 16.01846 kilograms per cubic metre
pounds (mass) per inch 17.85797 kilograms per metre
pounds (mass)-square inches 0.0002926  kilograms-square metres
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PROJECTILE PENETRATION IN SOIL AND ROCK:

ANALYSIS FOR NON-NORMAL IMPACT

CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

In recent years, due to growth of the experimental data base,
development of empirical formulas, and implementation of new theoretical
and computational techniques, it has become possible to predict the
approximate motion of stable earth penetrators after normal impact in
many types of geological targets {(Reference 1-L}., Results of some non=-
normal (yawed/oblique) impact tests have also been predicted success-
fully, although the data base is small compared to that for normal impact
(References 5 through 7).

Previous analyses by the U. S. Army Engineer Waterways Experiment
Station (WES) of non-normal impact have used the Cavity Expansion Theory
(CET) for rock, and an empirical rormulation similar to Young's equation
for soil (References 5 and 8). These analyses were considered prelimi-
nary when they were first developed, and it was hoped that more credible

analyses would arise in the future.

1.2 PURPOSE AND SCOPE

The present investigation concerns the development of a generalized
analysis for oblique/yawed impact and penetration in soil and rock {or
rock-like) targets, based on the modification of previous analyses and
the interpretation of recent test data. The obJectives are (a) to
obtain external load-time histories surficiently accurate for structural
response calculations and (b} to calculate postimpact trajectories well
enough to predict the terradynamic performance and stability of a given
projectile.

The two-dimensional (2-D) penetration theory, including equation of
motion, stress distribution, and free-surface and wake separation=-

reattachment effects, was developed. The penetration theory was computer

-1
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coded into PENCO2D to make comparison calculations with experimental
data from both reverse ballistic and conventional penetration tests.
Using PENCO2D, the effects of initial impact conditions, projectile
geometry, and soil penetrability were examined in a brief parameter

study.
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CHAPTER 2

PENETRATION ANALYSIS FOR MOTION IN TWO DIMENSIONS

2.1 PROJECTILE MOTION IN TWC DIMENSIONS

Consider a rigid, deeply buried projectile (no free-surface effects),
whose motion lies in the XZ-plane,1 as shown in Figure 2.1. The rota-
tion is described by the angular velocity ) , and the translation by
X . 1 Z , the X- and Z-velocity components of the center of gravity
(CG).Z’3 For analysis, it is convenient to express the CG velocity in
terms of its lateral and axial (x- and z~) components v, and v, o

respectively:b
V. =2Xcos 8 -2 sin @ (2.1)

cos 9§ (2.2)

e

V = X sin 6 +
z

For purely axial motion (Vx =0, 6 =0), the stress distribution on
the projectile is symmetric, and the net force is in the axial direc-
tion, producing no pitch (turning) moment. The introduction of rotation
(8 # 0) or lateral motion (Vx # 0) destroys this symmetry, and it is
necessary to specify the asymmetric stress distribution in order to
calculate the resulting force and moment.

Suppose that the compressive resisting stress o 1is always normal
to the projectile surface {no tangential stresses). On any surface area

element dA , the x- and z-components of o are, respectively,

The XZ-coordinate system is fixed in the target (Fipure 2.1).

A dot above any quantity indicates differentiation with respect to
time.

For convenience, symbols and abbreviations used in this report are
I listed and defined in the Notation, Appendix C.

The xz-coordinate system is fixed on the projectile axis, with its
origin at the CG (Fipure 2.1). Equations 2.1 and 2.2 represent
the projections of the absolute velocity vector along the x- and
z-axes,

iR




o, = 0 cos n cos y 2.3)

o, =0 sin n (2.4)
&
where
v = azimuthal angle (Figure »,2)
tan n = plope of prolectile surface at a given point, with respect
to axis of symmetry (Figurea 2.1 and 2.3)
The lateral and axial force components (Flgure 2.2) acting on surface
element dA are, resecctively,
dF_ = g dA (2.5)
X x
dF_ =~ JA (2.6) :
2 % g

where dA is the differential clement of surface area. The lateral

and axial net force components acting on the entire projectile are then

- N
Fo= =l o, dA 7)
Fo= =/ a_ dA (2.8)
\
where the integral i{s cvaluated over the entire prolectile aurface.
The translationnl (CG) equations of motion are
MX = F‘ con 0 + F_ afn 0 (:.9)
Moo= -F‘ atn 0 + F_ con 0 (o010
where M i the projectile masa and X and 00 ave the components of ‘
acceleration fn the X- and U-directiona, reapectively. 'The prolectile .
fa assumed to be rigid, so the rotational equation of motion i=n ‘
“ t
0= [ 2 aF - [ x ¥, (ea11) |

10
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{a the tranaverne mazr moment of {nertia about the G, 6
the anpular acceleration, and x and 2

where [ ia

nre the lateral and axial

distances, respectively, from the G (Figure 2.1). The right-hand aide

of Fquation 2.11 ia the total moment exerted on the projectile about

ita CG, and the integraln are evaluated over the entire avea of the
proJectile aurface.

N

@ OTREXS DISTRINMITION FOR
ROCK AND CONCHETE

For penetration {nto concrete and intact rock (Appendix A), the

net force on the pruolectile can be caleulated approximately from the
following normal stresa distribution:

i
1JW30W *}vﬂw) T “‘;(\

(2

= uneenfined comprearfive strength of intact target materinl oo~
p = target mara denaity

<
i

abaolute loeal velocity of a glven point on projectile surtace
{Figure 2. 3)

vn outward normal component of v (Figare S0 D)

Pefined in terms of V‘ o Vo p v and 2, the quantitien v and

v Ri'e
n

N YA
=V + 20) SRR
v [7. (Vx () l (a11)

11 necenaary, minor corvectionz to Y enn be made for the quality
off the rock or for the maximum ngereeate 2ize in the conerete

(Appendix AY. Ay set of unita can be uzed in FBquat fon 010 bat

they muat be dimensionally compatible (eog., alugn, feet,
aeconday,
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v, " Vz sin n + (Vx + 28) cos n cos ¥ {2.14)

It is assumed that a given surface element must have a net motion into
the target material to produce a resisting stress; hence, ¢ vanishes

vhen Vo < 0 in Fquation 2.12.

2.3 STRESS DISTRIBUTION FOR SOIL
For penetration into soil (Appendix B), the net force on the \
projectile can be calculated approximately from the following normal

stress distribution:6

S2 v n -

9= (2.15)

(
0.625 u /"_n*g.lgv 5 'nys9yzt
Sr v S PV '
P

wvhere

= 1.96 * 10° 1b/ft, constant'
6 ,.2 2,7

6.25 x 10" 1b"™-sec”/ft

1.56 x 10° 1b/1t3, constant

Young's S-number (Appendix B), soil penetrability index

local cylindrical radius at a given point on the projectile

surface

Z = vertical depth of a given point on the projectile surface,
measured from the target surface

s, constant

0N < o«
L I |

e ]
3
[ ]

The expressions for v and v, are 8till given by Fquations 2.13 and
2.1k, respectively; and the requirement that Va >0 for g >0 applies

in soil as well as in rock or concrete.
The quantities u , B8 , and y are constantsa, independent of soil

6 Any set of dimensionally compatible units can be used in Fquation 2,15,
7 as long as all quantities are converted to those units,
A table of factors for converting U. S, customary units of measurement
to metric (SI) units is presented on page 6.

- nn e e
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type and projectile characteristics. Thus, the only parameter charac-
terizing the soil is Young's empirical S-number, which can be obtained
for a given target from previous penetration data or from correlation ;
vith geological descriptions (Table B.1l).

2.4 WAKE SEPARATION AND REATTACHMENT

Flash X-ray photographs and two-dimensional (2-D) finite-difference
calculations have shown that loss of contact between target and projec-

tile occurs somewhere on the nose, while reattachment may or may not

occur on the aftbody. The current analysis is not sophisticated enough
to predict the actual onset of separation. Nevertheless, it is neces-
sary to include a simple model for the kinematics of wake separation,
especially when 2-D projectile motion in soil is investigated.

It is assumed that there is a minimum angle of approach, or wake

IR A R S :‘-‘?

separation angle, ¢min required between the target and the projectile

5

Bo

contact surface (Figure 2.4) in order for contact to be maintained.

For a given surface element, the local angle of approach ¢ 1is deter-

O e as

*

mined by the instantaneous orientation8 of the projectile such that

T

v
n

sin ¢ = 7~ (2.16)

where V 1is the CG velocity and Vn is its outward component normal
to the projectile surface, given by

LA DG TG UL

V. =V,sinn+ V cos ncos ¢ (2.17)

Thus, separation occurs whenever ¢ :-¢min s, i.e., whenever the local
angle of approach is less than the wake separation angle.9 ¥

Separation is only part of the problem; reattachment may or may

8 The rotational velocity 8 1is not considered in formulatirg the

criterion for wake separation. This quantity does, however, play
9 a strong role in wake reattachment.

For the case of no yaw (no angle of attack), Equation 2.16 reduces
to sin ¢ = sin n .,

13
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not occur, depending on the relative motion of the wake and the aftbody
downstream of the separation point. It is expected that the wake separa-
tion angle ‘min will generally be small (<1C degrees), in which case
the angle of attack a required to maintain contact will also be small.
In any case, reattachment will be analyzed based on three assumptions:

1. Constant axial velocity (Vz)

2. Constant angular velocity (8)

3. Constant angle of attack (a)

Obviously, these three quantities change as the projectile penetrates
into the target. Nevertheless, if the quantities do not vary rapidly,
the quasistatic approximation is adequate.

The cavity formed by the wake is a gently curved cylindrical tube
of increasing radius (with time), and the projectile rotates inside
this tube as it travels forward. The curved axis of the cavity is
fixed in the target, and aftbody reattachment occurs wherever the
projectile rotates into the cavity wall (Figure 2.5).

Disregarding any stresses that may oppose the radial expansion of
the cavity, conservation of mass and incompressibility in the target

requires that

r r_ = constant (2.18)
¢ e

wvhere rc is the local cylindrical wake-cavity radius. Evaluating
Equation 2.18 at the separation point, it then follows that

' s
r T, *T, v, tan ¢ . (2.19)

vwhere ro is the projectile radius at the separation point. For small

values of ¢min
n= °min (Figure 2.4). Furthermore, for straight- and tapered-aftbody

projectiles, r, is approximately the radius at the base of the nose,

, ro is approximately the radius corresponding to

Denoting axial distance aft of the nose tip by ¢ , time deriva-

tives can be related to Vz and ¢ by the transformation

1k

s N a2k s

e "~ vaem e

5 S e e A
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and Equation 2.19 reduces to

drc
T T T tan ®in (2.21)
for which the solution is
2
J So) tam e s T 2T (2.22)

vhere C _is the value of § at the separation point. For [ < C .
the cavity radius is the same as the projectile radius, since no 1oss
of contact has occurred.

Using Equation 2.20 again, the differential equation for the
latersl displacement & of a point on the projectile axis, relative
to the cavity centerline (Figure 2.5), is

a8 _ .y 48 :
& - Vzdg -ty ¢ (2.23)
Treating Vz and 8 as constants, the solution for 4§ is
24
E-z,) AR (2.24)

The initial displacement 50 =7 sin a is the displacement due to the
angle of attack a (treated here as a constant),lo so Equation 2.2h is

replaced by

10 It is assumed that small attack angles do not significantly change

the cavity geometry. Thus, if 6 = 0 , the cavity centerline will
be straight; but if in addition a # O , the projectile axis will
be skewed relative to the cavity, producing displacements 6 =

; sin a between the projectile axis and the cavity centerline

15

Best Availabie o,

4

I

A A ek e ea

SOy




1 28
6§ = 2 (C - Co) Vz + 7 sina (2.25)

where

v
z

v ¥
a = -tan"t (-—’£> (2.26) '

At any point on the projectile surface aft of the separation point, the

eriterion for no contact isll

1 28 ‘f 2 _ 2 L] kL3
5 (c - zo) vz + 4 sina - rp cos ¢ < LA sin” v , IV
(2.27)
1. 28 2 2 2 T e Y
r, cos -3 (. - Co) v~ %8lnacx \lrc - sin” v ., -39 <3

Hence, if ¢ :-omin and Equation 2.27 are satisfied, there is no con-
tact, and ¢ = 0 ,

The foregoing analysis is only a rough method of accounting for
wake separation and reattachment using a single input parameter, the
vake separation angle ‘min . Nevertheless, this analysis does make
it possible to assess the relative effects of separation and reattach-

ment on projectile stability, as will be shown in Chapter 3.

2.5 FREE-SURFACE EFFECT

In brittle materials, such as rock and concrete, a crater is always
formed during (or just after) impact. Postimpact inspections in rock
(Reference 9) indicate that these craters may be as much as 10 projec=

tile diameters across at the target surface. The crater width decreases }

11 Figure 2.6 presents a rear axial view of the projectile and cavity

cross sections at an arbitrary location aft of the separation point.
The figure is valid only for small displacements, f.e. § << .

g ——— -
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rapidly with depth, however, approaching a value equal to (or slightly
less than) the projectile diameter after a few calibers of penetration.
The same phenomenon occurs in soil, though to a lesser extent than in
rock, since soils are more ductile than brittle in behavior.

For normal impact or for near-normal impact with slight yaw, it is
not necessary to account for the cratering phenomenon (i.e., free-
surface effect) in calculating the loads on the projectile with the
current analysis. On the other hand, for oblique impact with no initial
yaw, the free-surface effect is probably one of the dominant mechanisms
creating an unbalanced lateral force on the projectile, especially in
rock and concrete. Thus, for analyzing non-normal impact in general,
the presence of the free surface should be acknowledged, even if only
by a crude representation of its effect.

The influence of the free surface is modeled herein with an on-off
stress criterion, governed by the location of a given projectile surface
element dA with respect to the free surface (Figure 2.7). Whenever
the radial distance from the projectile axis (through JA) to the free
surface is less than some prescribed value rg ,12 then the stress on

dA 1is set equal to zero. Quantitatively, this condition is expressed
by setting o = 0 whenever

o]
ZCG +2cos 8 <r, sin @ cos ¢ (2.28)
vwhere ZCG is the vertical distance from the free surface to the CG.
Assuming ry to be directly proportional to the local projectile radius
rp , Equation 2.28 is replaced by the stipulation that o = 0 whenever

2.29
ZCG + 2z cos 6 < krp sin 8 cos ¢ ( 9)

where the free-surface parameter is

12 ry 1s the maximum perpendicular distance from projectile axis,

through dA , to target surface for which stress relief due to the
free surface can occur.
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r A}
k= _;3_ = constant (2.30)
P

This model for the free-surface effect produces a stress distribu-
tion that may be partially or completely turned off on the top side
(=*/2 < y < #/2) of the projectile, depending on the geometry, depth,
and orientation with respect to the target surface. The deeper the
penetration and the more vertical the orientation, the smaller the
influence of the free surface on the lateral loads.
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Figure 2.2 Three-dimensional view of projectile.
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Figure 2.7 Projectile orientation with respect
to free surface.
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CHAPTER 3

CALCULATIONS AND FXPERIMENTAL DATA

3.1 BACKGROUND

Detailed information concerning non-normal impact effects is scarce,
mainly because additional parameters that go beyond those important for
normal impact are involved. In the latter case, the important quantities
are the wveight, size, and geometry of the projectile; the impact veloc-
ity; the final depth; and the axial deceleration record. For non-normal
tests, however, the additional important parameters are the moment of
inertia and CG of the projectile, the lateral comporents of the impact
velocity, the 2- or 3-D trajJectory (including projectile orientation),
and the lateral components in the deceleration record.

Usually, the only way to obtain all this Information is by con-
ducting a reverse ballistic test (RBT). Still, if the projectile
parameters are known, much insight can be gained Frém knowing only the
impact conditions and the final position, particularly with regard to
stability.

" In this chapter, comparisons will be made between cn]culutions1 and
teat results for RBT's and conventional penctration testa. The main pur-
pose will be to investignte the general credibility of the analysis and
the parameters used therein. Although the data are too few to A;hieve
the degree of verification that can be obtained for normal impact, there
are st{ll enough benchmarks available to check for unreasonable predic-
tions. With this done, some credence can be given to the parameter

study in Chapter 4,

3.2 REVERSE BALLTSTIC TESTS IN SANDSTONE

Tn 1977, Sandia Laboratories conducted four DNA-sponsored RBTU''a (n

aandstone. A completc deascription of the tests la given in Reference 10,

> The PENCO2D computer code, which solves the penetration problem in two

dimensiona, using the analynis pregsented In Chapter 2, was used for
all calculationa reported herein.
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and the processed data are presented in References 11 and 12, Two of
the tests (Nos. 2 and 3) were done at a 3-degree attack angle, and one
(No. h) at 20 degrees obliquity (no angle of attack). The impact veloc-
ity was approximately 1500 ft/o in each case., Nominal target properties

are

o = 130 1b/rt3

Y = 3400 pai
Rock quality Jdesignation (RQD) = 100

A scale draving of the projectile {8 ahown i{n Figure 3.1; the projlectile

3
parameters are”

length (L) = 18.15 in
Weight (W) = 9.h8 1b
Diameter (D) = 1.9 in
Calider radiua head (CRH) = 6,00 (beveled tip)

I ® 21,9 1b=in®

For each case, the load distributfons on the prolectile, calculated

using the PENCOOD computer code (with ocutput modificationa), have been
used as input to a dynamic atructural-response code (WHAMY) ly

T. Belytnchko.3 Predictions were generated for accelerometer and strain-
gage outputa, samples of which are compared with teant results in

Figures 3.2 through 3.7. In the WHAMG calculationa, the accelerometers
indieated In Figurea 3.0 and 3,3 were located on the axia, 16.3% Inches

from the nore tip. The atrain gage wan on the cutatide

»

" The unita ahowm were chosen tor conventence of expreasion, In cal-
culationa they muat be converted te a compatible nyntem {(e.g., aluga,
feet, aeconda),

Personal communfeation, received March 1979, from T. Relytachko, Ine., 3
Chicago, 111,, to R, Rernard, Geomechanics Diviaston, Stracturea 3
Laboratory. \
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bottom (¢ = ), 9.6 inches from the nose tip. !
For the 3-degree attack angle calculation, there is clearly a
phase difference between the calculated and measured lateral accelern-
tions (Figure 3.2), the cause of which is not yet understood. Also, the
initial positive peaks in the calculated results are somewhat low, but

the later negative peaks are in fair agreement with the test data.
Better agreement exists for the axinl decelerations (Figure 3.3). Fair
agreement is obtained for the strain gage output (Figure 3.4}, although
the initial negative strains are somewhat underpredicted.

For the 20-degree obliquity calculation, the calculated results are
in much better agreement with the test data (Figures 3.5 through 3.7),
although the phase-difference problem is still apparent in the lateral
acceleration (Figure 3.5) data and the strain gage cutput (Figure 3.7).

In using the PENCO2D computer code to generate the input for

Belytschko's WHAMS calculations, the free-surface parameter was get at

e Ay ¥ T -] A TN <

k = 8 , and the wnke separation angle was set at °min = 0 ., These
values were chosen after examining the effect of varying k and ¢min
in WES predictions for total lateral force and pitch moment (Figures

3.8 through 3.13).h

tration-crater measurements in sandstone (Reference 9), and the ¢min = 0

The value k = 8 i3 reasonable in light of pene-

value is reasonable, since the wnke separation angle should be small in
hard targets.

In order to examine the effects of attack angle and obliquity on
lateral load and pitch moment in the WES theory, a series of c¢alculations
has been made using the 3= and 20-degree RBT's as bazeline cagses. The
results are shown in detail in Figures 3.1l through 3.17 and summarized
in Figures 3.18 and 3.19. A similar series of calculations was made,
varying the target strength for the 3-degrece KRT. The results, shown
in Figures 3.20 and 3.2, indicate that the {nitial peaks in the lateral
force (at 0.12 ms) are much more dependent on strength than are the

later peaks (at 0.7 to 0.8 ms). The reason for the simtlarity in the

Variation of k thas no discernible effect on the 3-degree RBT
calculation.

N
1




later peaks can be seen by examination of the lateral force distribution
(per unit length) at 0.7 ms (Figure 3.22). The amplitude of the force
distribution is a strong function of the atrength, but the positive and

negative contridut{ons are guch that there is little difference in the
net lateral force at 0.7 ms.

3.3 FULL-SCALE PENETRATION TESTS IN SOIL

Sandia Laboratories haa conducted at least four full-gcale soil
penetration tests that are suitable as benchmarks for the WES 2-D pene-
tration theory. Two of these tests, Nos. R800915 and R800916 (Refer-
ence 13), were conducted in the Pedro dry lake site on Tonopah Test
Range (TTR). The other tests, Nos. RU5U025-22 and RU5L025-23 (Refer-
ence 14), took place in the Antelope dry lake site on TTR. Pertinent
information for all four tests is summarized in Table 3.1, and Young's
S-number profile (Reference 1U) for the Antelope site is given in
Table 3.2.

Using the information given in Tables 3.1 and 3.2 as input,
calculations have been made for the penetrator trajectories. The re-
sults are compared with the Sandia test data in Figures 3.23 through
3.27.

Calculations for tests R800915 and R800916, presented respectively
in Figures 3.23 and 3.2h, show the effects of varying the wake separa-
tion angle. Here the experimental results are inconsistent. The tests
vere identical except for a 20 percent difference in impact velocity,
yet there was a 500 percent diffTerence in lateral (horizontal) displace-
ment.5 One of the reasons for the discrepancy may have been a differ-
ence in the amount of wake geparation in the two teats. Separation
alone, however, is not enough to account for the difference, since even
the calculation for Omin = 0 predicts 8 feoet of lateral displacement

for test R800015., In theme calculations the free-surface parameter was

-
’ The average vertical penetration resistance apparently was the same,
because the depths can be calculated with same S-number.
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set at k = 0 , due to its lack of influence on near-vertical impact
problems.

Test RL54025-23 is a good example for assessing the effects of the
free.-surface parameter independent of the wake separation angle effects.
Here the initial obliquity is large, and k and Omin both influence
the calculated trajectory (Figures 3.25 and 3.26). PFor this test the
best simulation of the observed trajectory is obtained for k = 4 and
¢min = 0 .6 Nevertheless, it is clear from the calculations that the
wake separation angle has a much stronger influence than the free-
surface parameter, even for large obliquity.

Test RU5L025-22 was conducted with a shorter projectile (L/D = 8)
than the other three tests (L/D = 10). In this case, the penetrator
impacted at 30 degrees and rotated 80 degrees before coming to rest 13.5
feet below the target surface, With the free-surface parameter set at
k = 4 , calculations made for different values of the wake separation
angle (Figure 3.27) indicate that a value of $rin = L4 degrees best
reproduces the observed final position of the penetrator.

In other (normal impact) tests! in the Antelope site, Sandia has
found L/D = 10 to be significantly more stable than L/D = 8 (Refer-
ence 14). For comparison of the two projectiles in this study, calcula-
tions were made for the shorter projectile {from test R4S5L025-22) using
the S-number and impact conditions of test R800916, setting k = 0 , and
varying $rin * The results (Figures 3.28-3.31) indicate that the
stability of either projectile is strongly dependent on the value

selected for the wake separation angle,

67To simulate the test conditions (Table 3.1), the calculation was
7 started with the nose tip at 2 = 8 inches .
8 = 2 degrees, a < 0.5 degrees,
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Table 3.2.

S-number profile for TTR
Antelope Dry Lake site.®

Depth, ft
From  To_
0 27
27 35
35 50
50 80
8o 85
85 109
109 1710
170 @

S-number

205
5.5

11.5
13-5

8 Prom Reference 1.
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Figure 3.8 Calculated lateral force for different values :
of free-surface parameter, Sandia/DNA RBT, i
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free-surface parameter, Sandia/DNA RBT, 20-
degree obliquity.
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Figure 3.22

Calculated lateral
force distribution
for different values
of target strength,
Sandia/DNA RBT, 3-
degree attack angle.

SE9ENQ
—an—= e ACTUAL TRAJECTORY
e CALCULATEO TRAIECTOMIES, 8 26

LATERAL FORCE PER UNIT LENGTH, 104 LBViN

T -

TAROLY STRENGTH, B
............ 2,000
- — 4,000
w—— O
-munusne 19.000
ki Twag = Q.7 W
!
Sy
\\v«
> e re e 4
+ ™ -
i
N H '
\\ ‘
-,
!
e )
N [
N\ l'
\ TR
t
[ ]
¢
23
NOTR: SMKE DUC TO FLAREO
JECTION ON AFTROOY
1 1 L 1 )
- . 12 . [

) 28
- !
°
-
-
™ P
-
[ o
2 2
H
v
£t
-
a >
L]
[
r
[
&
. ol
3
'
-0

+
T

It
T

NOTE: WMPACT VELOCITY w 1208 PT.13

DISTANCE FROM NOSE TI®, N

Figure 3.23 Effect of wake

L] o

a0 L]
HORIZONTAL POSITION, F YT

1 L A
0

b1

separation
dmin
on calculated
trajectories,
Sandia Test

angle

R800915.

FPLATARINC T ST S T

e

o




weer % L -

-0 ; 1
agesng ‘ ¢
= ACTUM. TRAJECTORY :
e CM.CULATED TRAJECTOMES s = 0 t
. ¢ " + + - [
Lol « I
g b
i -:-
I ¥
4 oy * 8 080 :
[ o )
,
NOTE! PACT VELOCITY utem) FY/8
0 i\ L L b —d
-ae [ ) -9 [ J 0

&0
NORIZONTFAL PONMTYION, FT

Figure 3.24 Effect of wake separation
~ angle 4, on calculated
trajectories, Sandia Test

R800916.
-20 LEGEND
=== == ACTUAL TRAJECTORY
e CALCULATED TRAJECTORIES, @, =0
Lo + —t + ! —
3
w
@ 20 k=8
J -
—
S r'
-
@ 40 |-
w
>
80 1 L 1 1 i 1 1 § i
-20 o 20 40 60 80 100 120 140 i

HORI2ZONTAL POSITION, FT

Figure 3.25 Effect of free-surface parameter k on calculated
trajectories, Sandia Test RL5L4025-23,

L2 ) \@Y\‘)\G

ha: SPORSY




: - . ————
w——— e CPICSE T W
! — Ay 0
¥
4
]
3
?
¢ -20 r LEGEND
§ ememe= . ACTUAL TRAJECTORY
f‘_ ———— CALCULATED TRAJECTORIES, k20
¢ Puin = 2 DEG
{ Y + ; ' ' ' g
f.- 3
; b} !
[l
‘ Q 20
i 2 —_ 172
! S o T
N =
1 : 40 |~
2 o
I >
t P 1 L 1 i i 1 { ]
: -20 ° 20 40 0 80 00 120 140

Lt N

HORIZONTAL POSITION, T

Flgure 3.26 Effect of wake separation angle

$nin
trajectories, Sandia Test R45k025.B3"

R

Wl APPRORATE PO T AND
OMENTATION AFTER TEST

e CALCULATRO TRAJECTOMES, d e 4

VERTICAL $PTH, Py

a0 j-

a0 L] e 40 L] “w L J g (L]
HOMILONTAL mORITION, PT

Figure 3.27 Effect of wake geparation
angle $min ©On calculsted
traJectories, Sandia Test
Rb54025-22,

43

on calculated

| N




Py 1 1 1 i 3
~ae [ ] ae L J [ ] [}
MO EONTAL FOSITION, 27

Figure 3.28 Comparison of calculated tra-

Jectories for Sandia pene-
trators, ’min = ] degree.

-0 .
SROEC T &
UIA . OIS )
e ROGOIB2E [REY
—— MPO0SYS o 0
. + + —
-
0
-
-
Ry Vot eTy
Iy (LYY
3 veo
2 O * 8 O8C
M ay * %0 088 -
1YY
y )
» H
-
wl L
P X 1 A ' )
-ee . . . CJ

®
MOMEBRTAL PONTION, FY

-

A LT

Figure 3.29 Comparison of calculated tra-
Jectories for Sandia pene-
trators, ‘min = 2 degrees,

by

* b e




e nin o ——

W (B g o

provs

BRI XL S TN

2o el |

B2

i TS T

Ed

20 -
PI,EC TR
IO ASRR. LR S
wen o v L 8] L B ¥ )
— RO LI X ]
1] - 4 -4
»
-
s O e eT
t s
3 (1] )
G, * ¢ OO0
i aq VAP OB
fut
>
-
Y
.
[N
'Y A A A i)
s . L (4

[ L]
NOMMgENTAL PONTYICN, FY

Figure 3.30 Comparison of calculated tra-

Jectories for Sandia pene-
trators, .min = L degrees,

-840 o
PROIEC T &
L] am
A MM [ BN Y
e oot ve L I N
° —
»
-
.l
¥
LY
>
Vot e Ty
srae
LR\
LN o a8 0L
4y A OO
”0 i i A pu 1
-de L] a0 " 0

«0
HORIZONTAL POBITION, F Y

Figure 3,31 Comparison of calculated tra-
Jectories for Sandia pene~
trators, Omin = § degrees.

Ls

B




CHAPTER &

[P

PARAMETER STUDY FOR SOIL PENETRATION

L.1 BACKGROUND

The PENCOZD computer code predicts trajectories that seem reasonable
in light of existing non-normal soil penetration data (Chapter 3),
although inconsistencies in the test results leave unresolved the gues-
tion of wake separation and its quantitative effect on stability. Un-
certainties notwithstanding, enough benchmarks do exist so that some
credence can be given to a study of the effects of varying the projectile
parameters, the impact conditions, and the target penetrability. .
A baseline projectile, target, and set of impact conditions are
specified in this chapter, and calculations are presented in which indi-~
vidual parameters have been varied one at a time. In some cases the
variation of a given quantity independent of other quantities may be un-
realistic in a practical sense (e.g., changing the projectile length
without affecting the moment of inertia). However, the objective in
such instances is to show the influence of a particular paramster in the
calculation itself. 1In a practical design-parameter study (Seetion 4.6),
coupled parameters (e.g., weight, length, and mass moment of inertia)

have to be varied together.

4.2 BASELINE CONDITIONS

The projectile chosen for this study is similar to the one used in
Sandia Test RU54025-23 (L/D = 8) and represents a marginally stable
design, according to Sandia's experience. The pertinent projectile

quantities are
W = 300 1
D=6 in
L = 48 in
CRH = 6.0

CG location (go; = 26.4 in from nose tip :
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I=bh x10" 1b-in?

Aftbody taper angle ’aft =0
The baseline impact conditions are
V° = 1500 ft/sec
a = I degrees
Bo = L degrees

The baseline target properties are

*nin = 2 degrees

All of the above parameters will be varied except k and ¢min » Whose
effects have already been demonstrated in Chapter 3. Aside from the
individual quantity or quantities being varied, the input will be the
same as the baseline conditions.l

Figures L.1, 4.2, and 4.3 show the trajectory, external forces, and
pitch moment, respectively, calculated for the baseline conditions,
Since the baseline calculation uses a constant wake separation angle
(°min = 2 degrees), the penetration path is curved, rather than straight,
and there is some residual oscillation in the pitch moment as aftbody

contact alternately increases and decreases,

4.3 VARIATION OF TARGET PENETRABILITY

AND IMPACT CONDITIONS

Figure 4.4 indicates the degree to which the target S-number in-
fluences the trajectory. The main effect seems to be an increase in
the total path length with increasing S . Although the horizontal dis-

placement increases with S , there seems to be little variation in the

1 The baseline calculation will appear in all comparisons of trajectories

except Figure 4.7, and will be represented by a solid curve (e.g.,
Figure 4.1).

L7




overall path shape. The same thing can be said for the impact velocity
(Figure 4.5). _

The initial attack angle has a mild ei'fect on the trajectory (Fig- :
ure 4.6), aside from a marked increase in path curvature and horizontal

displacement between O and 2 degrees. The O-degree case goes straight
in because there is no angle of attack (or obliquity) to initiate rota-

tion. Large obliquities (co = 0, 8, 2 60 degrees) can produce ricochet 5
(Flgure 4.7), although lesser obliquities seem to have a gentle effect
2

on path curvature. ;

4.4 INDEPENDENT VARIATION OF PROJECTILE
PARAMETERS FOR STRAIGHT AFTBODY

o AN —

Figures 4.8, 4.9, and 4.10 show the effects of varying the weight,
diameter, and nose shape, respectively. Treated as independent param-
eters, none of these variables has much effect other than changing the
path length. The horizontal displacement increases with path length,
but the shape of the trajectory changes only slightly.

It might be argued that the mass moment of inertia alone should
have a big influence on the trajectory. This is not the case, however,
as can be seen in Figure 4.11. Although the mass moment of inertia has
a moderately stabilizing effect, it is overshadowed by aftbody separation,
which allows the projectile to rotate with little opposition during most
of the event (see Figure L.3).

Figure 4.12 shows the consequences of treating the projectile length
as an independent parameter, keeping the geometric position of the CG
constant (CCG/L = 0.55). A reduction in projectile length has a stabi-
lizing effect, due to reductions in the moment arm and the total (lateral)
loaded area on either side of the CG. This is the least realistic of
all the foregoing trajectory comparisons because a physical change in
length changes all other parameters (Section L4.6).

The most important single parameter is the geometric CG location

2 The initial obliquity required for ricochet would be smaller if a
larger value has been chosen for ¢min 3
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CCG/L , 88 is indicated in Figure 4,13, If the CG is far enough forward
(CCG/L = 0.45), the negative moment (after CG entry into the target)
outweighs the initisl positive moment, and a rotation reversal occurs.
If the CG is far enough aft (cCG/L = 0.65), the initial positive moment

is so great that the projectile ends up going sideways.

L.5 VARIATION OF AFTBODY FLARE

Figure 4.1h shows trajectories calculated for different values of
the aftbody flare angle ¢aft . In each calculation the aftbody merges
with the ogive nose section at the point of tangency, where n = ¢aft .
An illustration for ¢aft =2 3 degrees 1is shown in Figure k4.15.

Ir ¢ =
aft min
the penetrator goes almost straight in. On the other hend, if

, there i3 no loss of contact with the target, and

, the trajectory is straighter than the baseline case
= 0) but it is still noticeably curved. Flare

0 < ¢8.ft < ¢min
(straight aftbody, Sart

angles greater than ¢min reduce the final depth, due to increased base
dismeter (decreased W/A).

From this comparison, the optimum flare angle appears to be a value
less than the wake separation angle, producing a slightly curved trajec-
tory but leaving the depth essentislly unaffected. The flare must be
installed without shifting the CG toward the tail.

4.6 VARIATION OF COUPLED PROJECTILE PARAMETERS

The projectile parameters that were varied independently in Sec-
tion 4.4 are coupled to one another in practice. As far as stability is
concerned, the most important coupling occurs among weight, length, CG
location, and mass moment of inertia. A serious parameter study should
consider the simultaneous variation of these quantities.

A simple but fairly realistic way of accounting for the change in
v, CCG ,and I with L 1is to add or subtract cylindrical aftbody

sections of constant linear density3 from the baseline projectile, while

3 Constant weight/unit length = 300 1b/48 in = 6.25 1b/in.

L9




agsuming I = ML2 . Figure 4.16 shows trajectories for projectiles
vhose properties were varied in this way.
According to the calculations, if the projectile is short enougn
_ (L/D < 5), the CG will lie in an unstable position, ultimately producing
- sidevays motion.h Othervise, the effect of the changing parameters is
little more than an increase in path length with projectile length.

i See also Figure 4,13,
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CHAPTER 5

CONCLUSIONS

An empirical theory has been developed for analyzing impact and
penetration in soil and rock. Calculations with this theory reproduce
penetration data for normal impact at least as well as other empirical
analyses (e.g., Young's equation). The extension from one- to two-
dimensional motion was obtained by extrapolation, with simple models
postulated for the free-surface and wake separation effects. The entire
non-normal analysis was then incorporated into the PENCO2D computer code.
Benchmarks for the theory consist of strain and acceleration data from
RBT's in sandstone, and trajectory data from conventional penetration
tests into soil.

Projectile acceleration and strain predictions,1 generated from WES-
calculated external loads, agree fairly well with the RBT data. There is,
however, a tendency to underpredict the lateral loads for yawed impact
somewhat. There is also an unexplained phase difference between the cal-
culated and observed lateral accelerations for both yawed and non-yawed
oblique impact. On the other hand, the calculated variationa of maximum
lateral force and pitch moment with initial obliquity and attack angle
are quite reasonable (essentially linear). In any case, the recommended
values for the wake separation angle and free-surface parameter, respec-
tively, are ‘min =0 and k = 8 for rock and rocklike materials;2

Comparisons of calculated and observed penetrator trajectories in
soil are inconclusive, since the test data are not consistent. Concern-
ing terradynamic stability, however, the most important target parameter

is the wvake separation angle,3 vhereas the most important projectile

WHAMS code (dynamic structural response) calculations made by

T. Belytschko, with PENCO2D calculations as input.

These values gave reasonsble external load predictions for the RBT's.
At this point, it is impessidle to specify the most likely values of
the free-surface parameter and the wake separation angle. A reasonable
guess for the respective ranges of values, however, is 0 < k < 3

and 0 <94, < 8 degrees .
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parameter is the CG location.h Aftbody flare also has a beneficial
effect, if the CG is not shifted toward the tail and the base diameter
iz not increased enough to significantly reduce the final depth.

One phenomenon not predicted by the present theory is the marked

improvement in projectile stability achieved by going from L/D =8 to
L/D = 10 , which vas observed in tests conducted by Sandia Laboratories
(Reference 14). WES calculations indicate a gradual improvement in
stability with projectile length (see Figure L4.16). If L/D = 8 does
represent a critical value for projectile stability, this would indicate
that some basic mechanism is missing in the theory, either in the wake
geparation analysis or in the stress equations.

One mechanism conspicuocusly absent in the present wake separation
analysis is the resistance of the target to the {(cylindrical) expansion
of the wake cavity, which would lead ultimately to the rebound/collapse
of the cavity on the aftbody. The probable variation of ‘min with
velocity, depth, nose shape, and target penetrability (S-number) is also
neglected. Finally, the stress equations may be underpredicting the
effects of lateral motion. Future work should consider these problems
and any others that might bear on the stability question.

4 The latter conclusion was also drawn from the preliminary analysis

(Reference 8).

60

»

R S NP IR, i



P AR TSN TR R

o~

o ISR gnery e s SRt R LA ST A

REFERENCES

1. C. W. Young; "The Development of Empirical Equations for Pre-
dicting Depth of an Earth-Penetrating Projectile"; Development Report
No. SC-DR-67-60, May 1967; Sandia Laboratories, Albuquerque, N. M.

2. C. W. Young; "Depth Prediction for Earth-Penetrating Projec-
tiles"; Journal, Soil Mechanics and Foundations Division, American
Society of Civil Engineers, Vol 95, No. SM3, May 1969; pp 803-817.

3. C. W. Young; "Empirical Equations for Predicting Penetration
Performance in lLayered Earth Materials for Complex Penetrator Configura-
tions"; Development Report No. SC-DR-72-0523, Dec 1972; Sandia Labora-
tories, Albuquerque, N. M.

4. R. S. Bernard; "Depth and Motion Prediction for Earth Penetra-
tors"; Technical Report S-78-4, Jun 1978; U. S. Army Engineer Waterways
Experiment Station, CE, Vicksburg, Miss.

5. R. S. Bernard and D. C. Creighton; "Non-Normal Impact and
Penetration: Analysis for Hard Targets and Small Angles of Attack";
Technical Report S-78-14, Sep 1978; U. S. Army Engineer Waterways
Experiment Station, CE, Vicksburg, Miss.

6. Y. M. Ito and others; "Analysis of 0.284-Scale RBT for 3°
Yawed Impact"; Informal Report, Contract DNA 001-76-C-0383, Oct 1978;
California Research and Technology, Inc., Woodland Hills, Calif.

7. D. Henderson and E. J. Giara, Jr.; "Eartb Penetrator Technology
Program"; Draft Report DNA 4571, Jan 1978; Avco Systems Division,
Wilmington, Mass.

8. R. S. Bernard; "Earth-Penetrator Trajectories in Soil: Prelimi-
nary Analysis and Parameter Study'; Letter Report to Defense Nuclear
Agency, Oct 1978; U. S. Army Engineer Waterways Experiment Station, CE,
Vicksburg, Miss.

9. C. W. Livingston and F. L. Smith; "Bomb Penetration Project";
Apr 1951; Colorado School of Mines and Research Foundation, Inc.,
Golden, Colo.

10. W. R. Kampfe; "DNA 1/3-Scale Pershing Penetrator Tests";
Letter Report to Defense Nuclear Agency dated Oct 1977; Sandia Labora-
tories, Albuquerque, N. M.,

11. D. C. Creighton; "Correlation of Reverse Ballistic Test Data”;
Letter Report to Defense Nuclear Agency, Dec 1977; U. S. Army Engineer
Waterways Experiment Station, CE, Vicksburg, Miss.

12. D. C. Creighton; "Correlation of Additional Reverse Ballistic
Test Data"; Letter Report to Defense Nuclear Agency, Aug 1978; U. S.
Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss.

13. C. W. Young; "Results of December 1977 Davis Gun Tests at TTR";
Memorandum dated 13 Jan 1978; Sandia Laboratories, Albuquerque, N. M,

61

-

L




14, C. W. Young; "Status Report on High Velocity Penetration
Program"; Report No. SAND 76-0291, Sep 1976; Sandia Laboratories,
Albuquerque, N, M.

15. R. S. Bernard and S. V. Hanagud; "Development of a Projectile
Penetration Theory, Report 1"; Technical Report S-75~9, Jun 1975; U. S.
Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss.

16. R. S. Bernard; "Development of a Projectile Penetration Theory,
Report 2"; Technical Report S-75-9, Feb 1976; U. S. Army Engineer Water-
ways Experiment Station, CE, Vicksburg, Miss.

17. R. 8. Bernard and D. C. Creighton; "ProJectile Penetration in
Earth Materials: Theory and Computer Analysis"; Technical Report
S-76-13, Nov 1976; U. S. Army Engineer Waterways Experiment Statiom, CE,
Vicksburg, Miss.

18. J. A. Canfield and I. G. Clator; "Development of a Scaling Law
and Techniques to Investigate Penetration in Concrete"; Technical Report
2057, Aug 19663 U. S. Naval Weapons Laboratory, Dahlgren, Va.

19. W. J. Patterson, Sandia Laboratories, Albuquerque, N. M.,

;
{
z,
E

o P -

Untitled Letter Report to: R. S. Bernard, Soil Dynamics Division, U. S. ) Y.
Army Engineer Waterways Experiment Station, CE, Vicksbturg, Miss.; ‘ ; .
26 Aug 1976.

20. D. U. Deere; "Technical Description of Rock Cores for Engineer-
ing Purposes”; Rock Mechanics and Engineering Geology, 1964, Vol. 1,
No. 1, pp 16-22; International Society of Rock Mechanics, Springer-
Veriag, N. Y.

21. D. J. Dunn; "Bomb Penetration of Earth-Covered Concrete
Targets"; Proceedings of the Seminar on the Attack of Earth, Stone, and
Concrete Barriers by HE Projectiles (15-16 May 197h), Part 1, Report
BRL-R-1872, Apr 1976; U. S. Ballistic Research Laboratories, Aberdeen
Proving Ground, Md.

22. R. S. Bernard; "Empirical Analysis of Projectile Penetration
in Rock"; Miscellaneous Paper S-77-16, Nov 1977; U. S. Army Engineer
Waterways Experiment Station, CE, Vicksburg, Miss. .

23. W. J. Patterson; "Projectile Penetration of In Situ Poack";
Report No. SLA-73-9831, Nov 1973; Sandia Laboratories, Albuquerque, N. M.

24, S. W. Butters and others; "Field, Laboratory and Modeling
Studies on Mount Helen Welded Tuff for Earth Penetrator Test Evaluation";
Report No. TR 75-9, Aug 1976; Terra Tek, Inc., Salt Lake City, Utah.

25. D. K. Butler and others; "Constitutive Property Investigations ;
in Support of Full-Scale Penetration Tests in Dakota Sandstone, San :
Ysidro, New Mexico"; Technical Report S-77-3, Apr 1977; U. S. Army Y
Engineer Waterways Experiment Station, CE, Vicksburg, Miss. :

26. W. J. Patterson; "Physical Properties and Classification of ,
Seven Types of Rock Targets"; Report No. SC-TM-68-621, Sep 1968; Sandia .
Laboratories, Albuquerque, N. M. k

62 \€3 (:;c>¥)§f




i s e e it e

27. C. W. Young and G. M. Ozanne; "Compilation of Low Velocity

Penetration Data"; Report No. SC-RR-306A, Jun 1966; Sandia Laboratories,
Albuquerque, N. M.

¥
b
S §
Yo

13

!

X

i

4

63

3

ey gy T e

i
T e e i, LA

eyt A W K-

TR

ahts TS B AT a

= e e
f

-~




APPENDIX A

PENETRATION THEORY FOR ROCK AND CONCRETE

A.l EMPIRICAL THEORY FOR NORMAL IMPACT

Early penetration analyses at WES (References 15 through 17) relied
heavily on the Cavity Expansion Theory (CET), whereby the coefficients
a and b and the function f£(V) 4in the resisting stress

o=a+b (V) (A.1)

could be obtained explicitly in terms of the demnsity, strength, and
elastic moduli of the target. Examination of venetration data from
several sources, however, has failed to show a consistent correlation
between penetrability arnd standard engineering properties, especially
for soil. Although the most consistently accurate predictions have
been obtained for concrete, additional factors such as aggregate size
may overshadow elastic effects.

In the long run, a "fundamental"” theory like the CET requires
empirical modification in order to be of general use as a predictive
tool. An empirical approach from the outset seems better, thus keeping
the functional relations among the parameters as simple as possible.

For concrete and rock, a stress equation of the form
o =a+ bV (a.2)

does seem adequate for correlating penetration data obtained with a
given projectile/target combination. In general, however, the coeffi-
cients a and b will vary with the characteristics of the projectile
and the target. Based on penetration tests in concrete (Reference 18)
and intact rock (Reference 19), the following empirical formula is pro-

posed for the stress distribution on the pro,jectilel

1 All dimensional quantities must be expressed in compatible units;

e.g., slugs, feet, and seconds.
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o = 1,580 (4 + 3v/eY) Yoin n (A.3)

Relating Equation A.3 to A.2, 1t Is clear that a = 6,328 Y Vsin n
and that b = 4. 7hG vpY sin n . When Fquation A.3 ia substituted into
Fquations O b and 0.8, the equation of motion (Hquation 2,10, 0 = 0)

for a fully embedded projectile becomen

o]
. D‘
MZ = -,;"—ﬁ-r:-(hv + VT (AN)

where D {s the maximum dimmeter and Nrc {g the nose performance

coefficient In rock and concrete, given for ogives by
| 2 1/h
- 0.8 i (CRH .
N, = 0.863 [Ti—)——wml —1 (A.5)

nnd for conen by

05 .
Nom e (A.6)

re
Vnin n
¢

with e represent.ing the cone half-angle and CRU representing the

radfun of curvature of the tangent ogive {n calibers (multiplea of D).

Diﬂrrpnrdlng the changing croas nection during the nosc-embedment

prnccﬂn. th r(nnl-depth ‘nolution to Fquntivn Al dn

, hoN rv M 0 R 3 . .
4 - = 1n 1 ‘Y VO Y (A1)

mnx
Lt} I‘

where V0 fa the impact velocity.
glven in Fquatton AT, there {a nt

In ~ock thin

In addition to the parametern

leant one more parmameter that (nfluences peneteability,

quantity {n the Kock qQuality Deafegnation {RQD), introduced by Deere

(Reference 0),  The RQD, an index for the degree of in sttu fracturing

Q1§
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in a given site, is obtained using a modified core-logging procedure:

All solid pleces of core that are 4 inches long or
longer are added up, and this length is called the mod-
ified core recovery. The modified core recovery is di-
vided by the total length of core run, and the quotient
maultiplied by 100 percent is the value of the RQD.

In concrete, the maximum size of coarse aggregate Dag apparently has a

mild effect on penetrability (Reference 21), via the ratio Dag/D .
Letting Y represent the intact unconfined strength for rock and

concrete, the effective strengths for penetration can be calculated from

Y = (1‘8‘102 (A.8)
3D 0.2
Y, =Y. (—-ﬁi‘-ﬁ) (A.9)

Thus, to calculate penetration in less-than-intact rock (RQD < 100), the
quantity Yr should replace Y in Equations A.3, A.4, A.7, and 2.12.
Likewise, when the maximum aggregate size is specified for a given
concrete, Yc should replace Y in the same equations.2

Figure A.l shows a comparison of Equation A.7 with nondimension~
alized penetration data for rock and concrete. The concrete data were
obtained for a case in which D/Dag =3 ; i.e., Yc =Y . Primarily,
the figure shows the degree to which Equation A.T is able to collapse
the data to a single curve. There is some residual scatter, but this
correlation represents an improvement over previous attempts (References
b and 22) 3 Thble A 1 presents the data in dimensional form, whereas
Table A.2 gives the target properties and projectile parameters.

A.2 EXTRAPOLATION TO NON-NORMAL IMPACT

Equation A.3 was obtained by starting with Equation A.2 and

2 In structural concrete, Dag usually varies from 0.75 to 1.5 inches.

3 The RQD is always assumed to be 100 for concrete.
The improvement comes from the addition of a nose-shape effect and the

reduction of the RQD effect initially used in References 4 and 22.
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adjusting coefficients until a good data fit was achieved for combined

rock and concrete penetration data (Figure A.l) taken from References ;
18, 19, and 23.h Previcus experience with these materials had shown 4
that a and b should be proportional to Y and oY , respectively; }

the /EI;-;;proportionality {nose~shape effect) was drawn from Young's
observations of soil penetration and was présumed to hold true for
harder targets. With the addition of the RQD effect on the apparent
strength, the correlation shown in Figure A.1 was achieved.

The form of Equation A.3 is such that it can readily be extrapo-
lated to the case of nonaxial motion. Recognizing that for axial
motion {

v !
sin n = & (A.10) ‘
vhere Vn = component of V normal to projectile surface, it is reason~
able to replace V and Vn » respectively, by the local velocity v
- 8N1& 148 normal component vn'.S Thus, for 2~ or 3~dimensional motion,
the expression for the compressive normal stress on the projectile

surface is

v
o = 1.582 (br + 3v5T) \J 2 (A.11)

where
v * absolute local velocity relative to fixed target

v, * component of . v. noimal- te projectile surface

In order for a stress to act on a given projectile surface element,

there must be contact with the target (Section 2.4) and net motion into

LRy

the target (vn > 0). Otherwise, it is presumed that o = 0 .

§
¥
! I3
; .

z !

5 Additional material property information is given in References 2L-26, §
For purely axial motion, V and Vnp are ldentical with v and Vo s 2
regspectively. In extrapolating to a local definition of stress for [
nonaxial motion, the most direct route is to use the local velocity. 3

4
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Table A.l. Penetration data for rock and concrete,
Impact Penetration
Velocity Depth
Test Source Target Material fps in
Canfield and Clator Concrete 1005 8.0
Canfield and Clator Concrete 1025 9.0
Canfield and Clator Concrete 1250 10.0
Canfield and Clator Concrete 1485 14.5
Canfield and Clator Concrete 1775 16.5
Canfield and Clator Concrete 1975 23.5
Canfield and Clator Concrete 2020 19.5
Canfield and Clator Concrete 2325 26.0
Canfield and Clator Concrete 2350 24,0
Canfield and Clator Concrete 2430 27.5
Canfield and Clator Concrete 2535 29.0
Canfield and Clator Concrete 2655 29.5
Sandia/DNA Welded Tuff 1220 87
Sandia/DNA Welded Tuff 1350 102
Sandia/DNA Welded Tuff 1560 1k2
Sandia/DNA Welded Tuff 1640 132
Sandia/DNA- — ———— - Welded Tuff S 1650 132
Sandia/DNA Sandstone 1ks5 1ko
Sandia/DNA Sandstone 150% 146
Sandia No. 120-7T Welded Agglomerate 1065 156
Sandia No. 120-112 Sandstone 82 122
Sandia No. 120-103 Sandctone 880 120%
Sandia No. 120-106 Granite 860 150

& In this test the sandstone was covered by 30 inches of soil, so the

total depth of penetration is 150 inches.

However, the penetration

resistance of the soll is negligible compared with that of the rock.
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APPENDIX B

A L Rl way s —ea

PENETRATION THEORY FOR SOIL i

B.1 EMPIRICAL THEORY FOR NORMAL IMPACT

To date, Young's equation (References 1-3) has been the most con-
sistently successful formula for calculating penetration depths in soil.
Rather than using standard engineering properties to describe the
target, Young lumps the penetrability into a single empirical variable,
represented by S . In U. S. customary units,l Young's equation is

0.0031 § N A7/A (v, - 100) , V_ > 200 ft/s

“nax 2v 2
0.53 3 N, A/A ta (1 + Tocfb’o’b') s V, < 200 ft/s
where
Zmax = final depth, ft
W = projectile weight, 1b
A= % D2 = maximum cross-sectional area, sq in
v, = impact velocity, f£t/s
Ns = nose performance coefficient in soil, dimensionless

S = soil penetrability index, dimensionless

The S—number can be obtained directly from previous penetration
data for a given target, or it can be estimated from data for geologi-
cally simiIar targets (Table B.1). ~ Whatever the case, Young's equation
represents a scaling relation between the projectile characteristics
(size, weight, geometry), the impact velocity, and the maximum depth of
penetration. ;

Since Young's equation gives only the final depth, it cannot be
used to calculate the instantaneous resisting force, only the average

resisting force. This is not a drawback for normel impact, since the

1 Young's equation is not dimensionally homogeneous. All quantities
must be specified in the units given. ;
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axial resisting force is often a step-pulse (i.e., uniform, except for
some oscillation) in a given layer. On the other hand, for non-normal
impact, both the axial and lateral forces must be known if the 2- and
3-D motion is to be calculated. Since Young's equation gives no indica-
tion of the lateral forces, a more detailed analysis is needed.

In Reference 4 a projectile equation of motion was developed for
normal impact and penetration in soil, based on data originally used
by Young. Postulating that the axial force should (a) have the form of
a step-pulse and (b) exhibit linear dependence on velocity, it was
found that an equation of the form

av
-M il + bV + cZ (B.1)

would satisfy both these criteria, provided that
b« vMc (B.2)

The explicit appearance of the projectile mass in the veloeity coeffi-
cient b was puzzling but absolutely necessary to generate a step-
pulse resisting force. Moreover, it brought the mass dependence of the
meximum depth into agreement with Young. Physically, however, the mass
should occur only on the left side of Equation B.l, with parameters such
as diameter, nose shape, and S—number appearing in the coefficients a ,
b,and c .

The mass dependence of the coefficient b is now thought to be a
size effect in disguise. This is reasonable since many of the larger
projectiles used by Young had masses roughly proportional to D3 .2
Consequently, an alternative to Equation B.2 is

2 The deep earth penetrators, built and tested by Sandia Laboratories,
had L/D ratios of about 10 to maintain stability. For many of these
projectiles the weight {in pounds) can be related to the maximum
diameter (in inches) Wy

3

W=1.3D" + 30%
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In either case, the approximate solution for the final depth Zmax is

2
1 2 { 2 2
Z e = [-(a + 3 bvo) + (a *+3 bvo) + MeV_ ] (B.b)

and the dependence of a and ¢ upon S and D is the same as in

Reference 4:

| ae2 (B.5)
2
; cx Q-é- (B-é)
: S
which insures that for low-velocity, shallow penetration,
s
Zmax “D . (B.7)

in accordance with Young's equation. When the nose performance coeffi-
cient "s is added, the coefficients a , b, and ¢ can be expressed

in terms of three "universal' constants uw , 8, Y :

« B0
a = =y (B.8)

With these expressions for a , b, and ¢ , it follows from Equa-

tion B.lU that
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zm‘x -« — (B.11) :
D i
vhere ,
1<nc<2.5 (B.12)

and Young's nose performance coefficient in soil is approximated by

b (cRi)2 /4 %
N, =~ 0.632[ cgﬂ. l] , ogives (B.13) ‘,_'
N =~ 0548 ,» cones (B.1h)

8 Vsin Na

The values of the constants u , B8 , and y have been obtained.
The ratio of B8/y was adjusted until step~pulse deceleration curves
wvere achieved. The values of u and y vwere then determined by
fitting Equation B.4 to shallow penetration data (Reference 27) for
projectiles with the same weight and diameter3 in the Main Lake area of
Tonopah Test Range (TTR). The values for the three constantah are

w = 1.96 x 10° 1b/ft

8 = 6.25 x 108 162s2/2¢7

Y = 1.36 X.lOS lb/f“.t3

5

Figure B.1 compares Equation B.4 with normalized” deep- and

;‘3 W = 22h pounds, D = 4.4 inches .
Equations B.l, B.l4, B.8-B.10, B.1l5, and B.16 are dimensionally
homogeneous. Any set of dimensionally compatible units may be used ;
therein, as long as all quantities are converted to the same system ¢

of units. ‘
Normalized using Equation B.4. Amount of scatter in normalized data ;

indicates degree of validity as scaling relation.

v
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shallow-penetration data for TTR Main Lake., The same data are given in
original form in Reference 2, where Young gives the S-number profile as
S=5.2 from 0 to 8 feet and S = 2.5 from 8 to 25 feet. Equation B.k4
agrees best with the shallow data using S = 4.3 and with the deep
data using S = 3 .,

Equation B.4 appears to do about as well as Young's equation in
extrapolating and interpolating soil penetration data, but as a formula
for depth prediction, it offers no advantage over the latter. On the
other hand, the underlying equation of motion (Equation B.l) contains
some additional information concerning the explicit relation between
the axial resisting force and the velocity, depth, diameter, and
geometry of the projectile.

The analysis of nonaxial motion requires that the stress distribu-
tion be specified on the projectile. In the present context, any stress
distribution is potentially correct if it generates Equation B.lL with
the values of a , b, and ¢ given by Equations B.8-B.10. The
simplest distribution that accomplishes this, giving approximately the
right dependence of Ns on projectile geometry, is a compressive normal

stress defined as follows:

a’oé6§§E 31nn+2.—é&! Brp 3inn+2'-22—!-z-sinn (B'ls)
o 7 “_, . s

local cylindrical radius of projectile
n = local le between projectile surface and axis of symmetry
o (Ffaure 2.1

Z2 = vertical depth from target surface to point on projectile
surface (Figure 2.7)

e}
[ ]

B.2 EXTRAPOLATION TO NON-NORMAL IMPACT

Nowv that the stress distribution is defined by Equation 3.15, the
extrapolation procedure for soil is the same as for rock and concrete
(Appendix A). Thus, for 2- or 3-D motion, the function sin n is re-
placed by vn/v ,and V by v , so that

T
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As in Appendix A, it is assumed that for a stress to act on a given
) projectile surface element there must be contact with the target (Sec- ;
tion 2.4) and net motion into the target (vn > 0), otherwise o =0 .

18 E}{;




Table B.1l. Typical S-numbers for natural earth materials.? )

S : Materials

1-2 Frozen silt or clay, saturated, very hard. Rock, weathered,
low strength, fractured. Sea or freshwater ice more than
10 feet thick.

2-3 Massive ‘gypsite deposits.b Well-cemented coarse sand and
gravel. Caliche, dry. Frozen, moist silt or clay.

4-6 Sea or freshwater ice from 1 to 3 feet thick. Medium dense,
medium to coarse sand, no cementation, wet or dry. Hard,
dry, dense silt or clay.® Desert alluvium.

8-12 Very loose, fine sand, excluding topsoil., Moist, stiff clay
or silt, medium dense, less than about 50 percent sand.

10-15 Moist topsoil, loose, with some clay or silt. Moist, medium
stiff clay, medium dense, with some sand.

2030 loose, moist topsoil with humus material, mostly sand and
gilt. Moist to wet clay, soft, low shear strength.

4o-50 Very loose, dry, sandy topsoil (Eglin AFB). Saturated, very

soft clay and silts, with very low shear strengths and
high plasticity.d wWet lateritic clays.

Taken from Reference 3.

White Sands Missile Range, New Mexico.

Tonopah Test Range, Nevads, drj lake playas.

Great Salt Lake Pesert and bday mud at Skaggs Island.
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Figure B.1 Comparison of calcvlated penetration depths with data from

. TIR Main Lake area.
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APPENDIX C

NOTATION

Empirical force coefficients
Maximum cross-sectional area of projectile

Tangent-ogive radius of curvature, in calibers ("caliber
radius head")

Differential element of surface area on projectile

Differential force components in the body-fixed lateral and
axial (x- and z-) directions, respectively

Maximum projectile diameter
Maximum coarse aggregate size
Function of velocity

Net force components in the body-fixed lateral and axial
(x- and z-) directions, respectively

Cravitational acceleration (32.2 ft/se)
Trensverse mass moment of inertia about CG
Free-surface parameter, rs/rp
Projectile length

Projectile mass, W/g

Exponent

Nose performance coefficient in rock and concrete
Noge performance coefficient in soil

Cylindrical radius of wake cavity

Cylindrical radius of projJectile at separation point

Local eylindrical radius on projectile surface at a given
point

Maximum perpendicular distance from projecfile axis,

through dA , to target surface, for which stress relief
can occur due to free-surface effect
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RQD

CG

2
max

Rock quality designation

Soil penetrability index

Timel

Absolute local velocity of any point on projectile surface
Outwvard normal component of local velocity

Local velocity components in body-fixed lateral and axial
(x- and 2z-) directions, respectively

Projectile CG velocity
Outvard normal component of CG velocity

Impact velocity

Components of CG velocity in body-fixed lateral and axial
(x- and z-) directions, respectively

Projectile weight
Lateral (body-fixed) position in projectile
Horizontal position in target

Components of acceleration in the X- and Z-directions,
respectively

Unconfined compressive strength of intact rock or concrete
Concrete strength, corrected for aggregate size
Rock strength, corrected for RQD

Axial (body-fixed) position in projectile, measured forward
from CG

Vertical position (depth) in target, measured downward
from target surface

»
Vertical position (depth) of CG, measured downward from E
target surface J
Maximum (final) depth of penetration of nose tip i
Sy

1 A dot over any quantity indicates differentiation with respect to

time,

pest pvalld
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aft

min

Angle of attack

Initial angle of attack

Constant, 6.25 x 106 1b2-32/m7
Constant, 1.56 x 10° 1b/ft>

Lateral displacement of point on projectile axis, relative
to wvake cavity

Initial displacement of point on projectile axis
Axial distance aft of the nose tip
Axial distance from nose tip to scparation point
Axial distance from nose tip to CG

Local angle between projectile axis and line tangent to
projeciile surface

Cone half-angle

Obliquity angle, measured counterclockwise from target-fixed
Z-axis to projectile~fixed z-axis

Angular velocity

Angular acceleration

Initial obliquity angle

Constant, 1.96 x 105 1b/ e

Mass density of rock or concrete

Local compressive normal stress on projectile surface

Components of local compressive normal stress in body-fixed
lateral and axial (x~ and z-) directions, respectively

Local angle of approach between projectile surface element
and target, based on CG velocity components

Aftbody flare angle

Angle of approach at which separation occurs (wake separa-
tion angle)

Azimuthal angle on projectile
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