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various components of fortification systems (such as soil, wood, fabric, \
concrete, steel, plastic, etc.) in defeating small-arms munitions and }
fragrent-simulating prcjectiles. This report documents the design of the i
gun and presents the results of calibration tests (with nominal 3-g fragments) }
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PREFACE

The investigation reported herein was cornducted four the Office,
Chiefl of Engineers, U. 2. Army, by pers-nnel of the Doil Dynamics
Divisicn (8D5), Scils and Puverments Laboratory (3&FLj, L. 5. Arwy
Engineer waterways Experiment Station (WeES), as part of Project
LALG1102B52E, Task Cu, Work Unit 013, "Frugment and Projectile Dlene-

traticn Resistance of Soils."

ot

Thiu investigaticn wus conducted by Mr., Owain ¥, Butler during
the perica Lecember 1973-Jecenber 1374, with techanical csnsuitation
a.J directicn proviaded by Dr. Benzad Rohani. The high=velocily g4
was designes by Mr, willls J. Dyaes, firmerly of tne Constructicn
Services Divisicn, wLS., AsSsistance wiin tnhe exgerimential prograc
was provided vy Mr. Lez L. Steen anid Mr. Percy L. Collins of the ZDD.

Tne wirk was performed under tne general supervision of

Messrs, James F, lSale ani Richurd G, Ahivin, Chiefl and assistant Jnlief,

s&PL, respectiveliy, and Dr. John 5. Jacrkson, or,, Chnier, SDI.
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Mr. F. R. brown was Technical Directour,

L, was Jirecter of Wil Jduriug tne investigation.
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DEVELOPNENT OF A HIGH-VELOCITY POWDER GUN AND
ANALYSIS OF FRAGMENT PENETRATION TESTS I.ITO SAND

PART I: IJ4TRODUCTIO:

Background

1. The current analytical and experimental effort at the U. 8.
Army Engineer Waterways Experiment 3tation (WES, in penetration of
projectiles and fragments into earth materials and concrete stems from

& limited research effort initiasted in March 1970. keferernce 1

presents the results of the initial study, which ccusisted »f a litera-
ture review and a preliminary thecretical study of the effectiveness
of soll as a fortification material, 7The purpose of the study was
to investigate tne feasibility of uzing the theoretical princigples
of rupture mecnanics and the dynamic constitutive properties cof earth
materials to establish rational criteria for the design «f soil
barriers against the effects cf conventional explosicns, such as
high-velocity fragments and airtlast.

2. Zased on recummendations presented in Reference 1, a coupled

experimental and thecretical research prosram was initiated at WS in

i
i
1
3
:
i
i

August 1970 to study the penetration of high-velocity fragments intc .
soil targets. Using the existing WeS Fragment Sinulation Facility %
(FSF), WES engineers conducted an experimental program invclving
normal impact of right-circular cylirdrical fragments (steel and
brass) into controlled soil targets {lonse sand, dense sand, and

; clay) at impact velocities between 0.024 and 0.128 cm/usec (800 to

§ L200 fps). The theoretical portion of the program involved a review

of available projectile penetration equations and then an attermp:

; to reproduce the experimental results with a theoretical penetration

model based on the theory of dynamic cavity expansicn in an elastic-

plastic locking medium. In this model, the coefficients appearing

in the resulting penetration equations are defined explicitly in
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terms of the constitutive properties of the target and tiie mass and
geometry of the projectile, The penetration model was then used to
parametrically s.udy the sensitivity of maximum depth of penetration
predictions tc the descriptive constitutive congtants of the targets.

+t was concluded that the dynamic cavity expansion penetration model

can be used to establish rational criteria, based on the constitutive
properties of the soll, for predicting or bounding the penetration of
high=velocity fragments into soil targets. The results of this research
program are presentea in Reference 2.

2, Folilowing the experimental phase of the program reported in

Reference 2, it was considered desirable tc extend the capabllities
of the FCF to inciude impact velocities up to 0.274 cm/usec (9000 fps),
rence raking it capable of Jdetermining the characteristic shapes of

the impact velocity=-penetration curves cover the entire 0.03- to

0.27h-cm/bses fragment impact velocity range observed in the field.

L e e b

Figure 1 illus*.rates the penetr_tion depth-impact velocity behavior
{over the velocity range of interest) for a hypothetical fragment and
target material, There has been considerabl~ experimental study in
the low impact velocity range OA for penetration into soils, in which
an increasing penetration depth with increasing iopact velocity was
observed. The data presented in Reference 2 cover the velocity range

ABB'C. Curve ABC iliustrates the observed behavior of steel fragments

e b AT LRSS et S R PSS! T

penetrating sand, and curve AB'C illustrates the observed benavior
of steel fragments penetrating ciay and brass fragments penetrating i
sand and clay. While there have been penetration tests {primarily
intc sand; in the velocity range CODEFG, they have been conducted at
unly & few sclected impact velocities with a variety of fragment i
sizes and shapes, anc¢ thus it is not possible to deduce the shape of ‘
whe curve in this velocity range due to the extremely limited experi-

mental data base, It 1s clearly important with regard to the design

of soii fortifications tc define the penetration depth-impact velocity

curve 1in the velocity range CDEFG.

ekt hge” iyl o SN N . lentencye b v ) s feigark gl by g g TNy gy iy i~ - s iz GZeger



L, A high=-velocity gu: considered cupublie of producing such a
velocity range wus constructed, and in December 1973 the experimental
program describ.d {n this report was undertakern to calibrate and verify
the capabilities of the gun and to conduct & linited number of penetra=-

tion tests ints a selected scil target. The details of the penetration

depth-impact velccity curve as lilusirated in Figure 1 depend not only
on the target materiwsl but alsc on the fragment material, geometry, and
mass. Derse sund was cheosen as the target material for the test series
since it appears to offer the best resistance to penetraticn by high-
velocity fragment52 and exhibits the interesting effect illustrated by
curve ASC in Figure 1. FRight-circular cylindrical fragrents with the

same nass as those used in the study reportea in Eeflerence 2 were

selected with sume being of tue same type steel, 7Tnis factor snouid
allow the data of Reference ¢ to be extendea to higher impact velocities

to define the behevicr in the ran,e CLEFG.

Purpose and Scope

5. Thne purpose of this report ic tc Jocument the design and capa-
pilities of the high-velccity powder gun whicn is currently functional
in the WiS FSt and to present the results and an analysis of 27 fragment
penetration tests of small, right-circuwlar cylindrical fragments into
dense sand targets.

6. The design and capabilities of tne Wr3 high-velocity powder
gun facility are described in Part Ii.

!
i
;
:
!
|
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Part III describes the experi-

mental program and presents the data cbtained from the tests. fThe data

are analiyzed and discussed in Par%t IV. Conclusions and recommendations

are given in Part V.
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FART II: DESIGH AND CAPABILITIES OF THE WEC
HIGH-YELCCITY POWLER GUN FLCILITY

Fragment Simulation raciiity

7. The WeS FSF is described in Eeferences 2 and 3 and illustrated
in Figare 2. The facility consists of an underground firing range,
ccntoining the high-velccity powder gun and associated measurerernt
systems, and an adjacent outside support building, containing the
firing controi, electronic dava acquisition systems, ana eguipnent

necessary for nandloading cartr.l ‘ges and preparing powder caarges.

Hign=-Velzcity Pecwder Jun

J. Figures -5 show the nigh-velccity powder gun., For ease of

presentaticn and discussion, tne gun will be considered irn five com=-

gun

ponent systems consisting of: (a) tolt-acticn mechanisms, (b) firing
system, (o) pressure chamter, (d,) barre. (bore) and support system, and
() muzzle attacnments.

Bolt~action nmecnaniszs

9. Low-velocity (LVY) system. Two conveational bolt-aciion

mecnanisms were adapted for use in

the gun design (see Figwre 3). Thae
LWC Systems are shown irn Figures © and 7. The system shown in Figure 6
wiil be referred to as tne LV system and consists of & Wincnester

o}
Yodel 70 .45s-caliber magnum btolt-action mecnanism and an adapler

10 couple with the pressure chamber and barrel assewbliy. The adapiler
for the UV systen actually extends complete througnou- the pressure

1y
cniamber and mates directly with the barrel (bore). Fragments and sabots

(tc be aiscusced later in this chapter ) fit directly into the end of
standard .us53-caiiber magnum cartridge casings (see Figure 6). The
casings are fillea with the proper weignt of Herculec Red Dot Smokeless
Powcer to achieve the desired fragment velocity (velocity calibralion

discussed later in this chupter;, and combustion is initiatea with

|
{
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- meA
BOLY AZTION WECHAN SM

_PRESSURE CHAMBER ..
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SCLEND T FPRING CEV CE

Figure 3. High-velocity powder gun (bolt-action mechanism,
pressure chatbe., and barrel)

o
-

S{CTK ARSORBER Sv57TEM

BARREL

Figure 4., High-velocity powder gun (barrel and support and

shock absorber systems)
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BLAST DEFLECTOR
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: Figure 5. High-velocity powder gun (muzzle, vacuum pcrt, and
¥ blast deflector)
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Figure 6., LV system (Winchester Model 70 ..L58-caliber magnum ‘
bolt-action mechanism and coupling adapter) .

11




E I L okl N N}

N ey

B s o T o L

BOOSTER CHARGE o~ PAPER POWDER BAG

Moo LALipE R
(e ,.<.,) SABCT o AGMENT
b—  — - -

Teverreee

Figure 7. HV system (Remington Model 700 .222-caliber bolt-action
mechanism and coupling adapter)
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standard rifle primers. This system can produce impact velocities over
the range 0.05 to 0.122 cm/usec for fragments with mess of the order
of 3 g.®

10. Eigg:yelocitx,(ﬂvl system. Figure T shows the HV system
wvhich consists of a Remington Model 700 .222-caliber bolt-action

mechanism and an adapter to couple with the pressure chamber. With
this system, the gun becomes essentially a two-stage powder gun. The
booster charge consists of Red Dot powder confined in a .223-caliber
cartridge case by tissue wadding and ignited by & standard rifle
primer. High-velocity, high~temperature combusticn products are
forced through a nominal 0.635-cm=diam orifice in the coupling adapter
into the pressure chamber. The primary charge of Hodgdon H8T70 powder
(a very slow burning spherical powder) is contained in the pressure
chamber in & paper powder bag (see Figure 7) and is ignited by the
stream of combustion products from the booster charge. For this
system, the sabot and fragment are placed directly in the rear of

the barrel of the gun with a special placement tocl. The pressure-
time histories in the chamber with this system are discussed later

in this chapter. Impact velocities attainabie with this system
extend from 0.076 to 0.213 cm/usec.

Firing system and safety considerations

1l. Firing is initiated by a firing control switch in the
support dbuilding. This activates a solenoid device which is mounted
on a stage which in turn is attached below the bolt-action
mechanisms (see Figures 3, 6, and 7). The solenoid ram impacts
the trigger with sufficient force to fire the round. Safety considera-
tions in the firing sequence are simple and straightforward and
consist of four essential concepts: (a) all downrange activities
such as target preparation, placement of velocity screens, and align-
ment are completed prior to lcading the gun; (b) a safety interlock

plug located in the outer chamber of the firing range is pulled

* All fragmen’ velocities given in this repcrt are for nominal 3-g

fragments. .he velocity range 1s expected to shift upwards with
decreasing fragment mass and downwards with increasing mass.

[
(o

e e & — e 4t oo Sl biaail

v balehkas Ly

IESTRYs 4

b d .




before entering the inner chamber with the round; (c¢) the safety of
the bclt-action mechanism is kept "on" during the loading operation;
{d) the in=erlock plug is replaced only after closing the inner steel
door,

Pressure chamber

1. The pressure chamber is shown in Figure 3 and in section
view in Figure 8. The chamber is constructed of AISI 4lL0 steel (oil
quenched)} with an elongation to failure in & gage length of S cm of
1€ percent and an external diameter of 11,43 cm.* During the
so=-called pyrcstatic phase, in which the pressure and temgerature
increase but the sabot and frocgrent do not move, and the so=called
propdlsive phase, in whicn the lip of the sabot is sheared (using
tne HV syszem) and the fragment begins ts move, the chamblir must
witnstani pressures possibly as nigh as 0.00L¢ Mbar ancd temperatures
as hign as 2500 K. The active volume of the cnamber is about L4l cmj.
A riezoe. eciric pressure transducer is mounted in the wall of the
pressure chamber and is coupled tce an Csciilisscope in the support

puilding by a Kistler Model S87D Piezotron Coupler for monitoring

bl

N K
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sr

ot

of gre
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<3 in ihe active volume olf the chamber.

¢

Witn reference to Digure ¢, “ne barrel attacnes at the top ard the

'

bolt-action mechan.sm alspter courling attaches et the bottiom.

*

Barrel arnd sJdpport systen

13. The barrel is 252 c¢m ir length, €.35 om in external
diameter, ani 1.163 cm ir bore Jdiameter. The sabst and fragment
travel approximately 5 cm in freebore and then enter a rifling of
one turrn in 122 cm. Figure 4 shows the barrel and support system,

Jun reccll is absorbed by two EFDY.H shock absorvers.

» This design should have a facter of safery greater than 3 with re-

spect tc tensile failure across section AB (section perpendicular to
exis; shown in Figure &), asswning « maximum chamber pressure of
0.50+¢ ¥rar. A prior chamter constr.octed of ETD 150 steel with an
elongaticn to failure of 10 percent and an external diameter or
20.1€ om failed catastrophically at section AB at a chamber pressure
cf 0.0044 Mbar. Since this pressure had been ejualed or exceeded
prior tc the fallure case, the failure may have been a fatigue
failure,
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Muzzle attachments

1L, Figure 5 :shows the gun muzzle with the blast deflector and
vacuum fitting in place. HNot shown is a sabot stripper which attaches
t> the btlast deflector through the central hole. The vacuum fitting
screws into the end of the barrel (forming & 2.5-cm extension) and has
a port for connection to a vacuum pump and a small recess around the
opesing into which plastic discs are placed to form a seal. With the
HV system, the sabots form a seal at the opposite end of the barrel
and the entire bore can be evacuated. The blast deflector is located

238 cm from the muzzle,

Chamber Pressure Measurementis

15. The purpcse of monitoring chamber pressure was primarily

to avoid exceeding design stresses of the chamber during the preliminary
testing and calibration of the gun. Also, the pressure-time records
give an indication of the overall efficiency of the gun,; for example,
one of the early decisions based on pressure-time records was to switch
T w very slow burning pcwder in order tc maximize the total impulse
wille Keeping the maximum pressire below design limits. Figure 9 is a
pressure-time reccrl for a test with 530 grains cf H3TC pewder, mexiuum
chamter pressure of about 0.0034 Mbar, and a velccity at station 1 (see

Figure 10) cf 9.21ibL3 cm/usec.

Velocity Measurements

1€. Velocity is determined by a time-of-fligh* measurement over
a knowrn distance. Two systems are used for the time-of-flight measure-
ments which consist of "triggers" to start and stop counters. The
triggers are Cehler Research photoelectric screens and paper screens,
and the counters are Oehler Modei 20 Digital Chronograpns {which record

time in microseconds). The counters start when the fragments interrupt

1€
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STATION 2 STATION 1

PHOTQELECTRIC | 05CH |
SCREENS * * PAFPER SCREENS
- D
FRAGMENT
|__122 CM I 183cM | 122.cm
! . 1

a. GUN CALIBRATION AND DETERMINATION OF THE
VELQCITY LOSS CHARACTERISTICS OF FRAGMENT IN AIR

STATION |

g

-~ O

FRAGMENT

PAPER SCREENS
TARGET l 122 Cm

b. IMPACT VELOCITY DETERMINATION

Figure 10, Setup for velocity determinations
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the light path in the photoelectric screens cr physically break a con-
ducting path consisting of a continucus metallic strip painted on the
puaper screens, The paper screens are considered more reliable at
higher velcoccities.

17. Figure 10 illustrates the geometry of the test setups used
for the velocity caljbration of the gun and impact velocity determina-
tion. The average velocity over the fixed distance between the two
sets of screens is assigned to the midpoints, giving velocities Vl and
V2 at stations 1 and 2, respectively (Figure 10a). A number of tests
were conducted with both the LV and the FV systems varying the powder
charge weignts. Figures 11 and 12 are plots of the velocity Vl at
station 1 (122 cm from muzzle) versus powder charge weight for the LV
and HV systems, respectively, Also shown in Figure 12 are data for
a limited number of tests with the bore evacuated, and the general
result is an increase in Vl for a given charge weight. The velocity
appears tc increase with decreasing chamber pressure as would be ex-
pected although the limited number of tests and limited capacity of
"

the vacuumn pump prevent definitive conclusions. An example of the
trend is shown by the following data:

v

Charge Weight Bore Pressure 1

grains of H870 torrs cm/ usec
L7s 760 0.1935
475 630 0.1992
L75 150 0.2095

It is difficult with the present techniques to obtain a good seal at the

~~~~~ h

muzzle end, and thus the effect of bore pressure cannot be thoroughly
studied.

18. The test setup with the target in place is shown in Figure 10b.
In this case, only the velocity Vl is determined, while what 1is needed
is the target impact velocity, which is the velocity at a distance d
from staticn 1 (typically 122 cm). To obtain the impact velocity, an

adjustment must be made to the measured Vl to account for the velocity

loss in sair over the distance d . Equations 1 and 2 express the

19
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3 results of observations of velocities Vl and V2 at stations 1 and 2
E {separated by 305 cm)
&V =V, -V, = 0.0L3Y, (1) 4
d g
- — n (1 -
vV o= vl BOSAV Vl\l 0.00014k4d) (2)

AV = yelocity loss for fragment in 305 cm of air, cm/usec 3
Vl = velocity ¢f fragrment at station 1, cm/usec
5 = velocity of fragment at station 2, cm/usec
V = impact velocity, cm/usec
d

= Jdistance frow station 1 tc larget, cm

Sabots and Fragrments

iG. CSabots are devices whicnh carry tne fragments <own the gun

re and make it possible to use fragments not cylindrical in shape

and gmaller in maxioun dlmension than lue bore aiameter. higures ©
and 7 show the types ol sabctis and fragmernts usea in +this study. The

sabCts were construct

(44

4 ¢f lexan (polycarbonate; and machined to form

& tight fit in the bere in crder to contain the nigh-pressure coh=
busticn products as the sabsot snd fragrment are accelerated. In order

to facilitate the separation of tne sabits from the fraguents after
“ney emerge from the muzzle, the sebois were siotted at 30-deg intervals
arcuni the circumferernce. Sabot separaticn presernted some difficulity,

ana future programs should devote more effort to sacoiry. ;
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PART IIl1: EXPERIMENTAL PROGRAM

Description of Test Program

20. The experimental program consisted of 27 fragment pene-
tration tests into dense sand targets. Data collected from each
test consisted of impact velocity, depth of penetration, initial
and {inal fragment dimensions, initial and final fragment masses,
sand target density, and grain-size analyses before and after the
penetration event. Two series of tests were conaucted, both into
dense sand targets., In Lhe first series, steel fragrments were fired
using the LV system, and in the second series, brass fragments and
two types of steel fragments were fired using the HV system.

Dense sand targets

21, A fine sand, known locally as Cook's Bayou sand, was used
for the targets. This sand is well documented and was used as a
iarget material, in both loose and dense states, in an extensive
series of penetration tests reported in Reference 2. The material
is classified as SP in tne Unified Soil Classification System, and

the gradation curve is shown in Figure 13. The targets were con-

structed in plywocod boxes of known volume (a cube with 30.4B-cm sides)

by placing the sand into the box in 10-cm layers. Following the
placement of each layer, the box was lifted about 5 cm off the flocr
and dropped. This procedure was repeated 19 times per layer. The
boxes were slightly overbuilt and the excess screeded off. This

procedure ccnsistently produrced targets with densities in the range

e:
1.66 to 1.76 g/cm3. The front of the box (impact sidc) contained a
10- by 10-cm cutout in the plywood covered by &« thin layer of
cardboard, and the top was left open.
rragments

22. Rightecircular cylindrical fragments were used in the
study. Pertinent properties for the three fragzent materials used

in the study are listed in the tabulation below.

e b s g

PRV ISP YN

sttt B Sl b JL.....JJ».A..AMM4MJM

117 itk il ot

ROV REPC . WP i,




uaiect e (PL 2 ol sieste R AT A

SR g PTINERE TR COTRRKIT ST ATHY € N DRG0 ) 0 e Rt 1 s s e e

i W

o ——————

{
!
r
! :
!
; " -
i SRS T : ; - ' T e - ,
] b g -4 s .- Aﬁ.l H H . . o x
i F———t—+ — 4 A .- + S 4= - .- — o O
: mn T . . f H . + . o %
i SR S S SR T SRS TR T SIS S A SR SRR O
- T ? 17 ’ _ T =~
; oL | o ) m ! -
Q3 , , | ? | -
. Wmnll - l.lﬂJT q..\*..ﬁu _T. . - W
: : 4
! =4 U I TR S - m -
, 123 T\ﬂ.(p T ﬁ _ A
mtl ; : e B et SRR SR I g
. ; oow
— B TR ! SEES I Sep R R +———— PO ) ,
! mw... R s SR p.f# bogeos 0y w t - 4° S5 o |
| JEDUSIN CHURNCIRN SO (R0 S PRGN (VRO RS (R . 3
) N S S . . - . .. .- » . * e ] ¥ 20
{ wm DUNIRD G . % v P - . . N . [«
! e bt 18 oo
S _ ! _ royo ! 1 x @
.\.4 ' . ; : ) ! ! _ ! N 15
i sm . H _ , i | ' | M ()
. 22 t 1 0 1 * M N - ﬂ - 1 N M %)
% Ul ol : b i , o
- - . O Y S
; I can s ! M ' L b N P —
; L —4-—4-— -4 1 . . ..f... . ;Ilw\.4:.*. .
k L1 NS SEDU SO S ._u O R PP w
g § g 2 3 8 2 8 =g 27" 5
- S5Viv AB g3ANIS IN3OB3d =

9

EERIT DT AR 1

i Ty
s 3 54N
b gbnde

S

N
R

LT e Lk



Static

Yield L‘—"é-
Length Diam Mass Densigy itre;g;: "D 2

Metal Lyom D, om M, g _g/om Y BHN® g/cm

Steel (SAE 1020) 0.80 0.787 3.00 T.71 0.0035 160 6.17
Steel (AISI C-1141) 0.78 0.78 2.87 T.70 0.0068 252 6.01
Brass (ASTM B-16) 0.78 0.78 3.00 8.05 0.0026 110 6.28

* Brinell Hardness Number.
Stress-strain diagrams for the two steels are shown in Figure 14 (uncon-
fined compression tests).
Recovery of fragments
23.

Typically four targets were prepared and penetraticon tests con-
ducted before the fragments were recovered and penetration depths measured.
Following the tests, a commercial-type vacuum cleaner was used to exca-
vete the sand from the targets down to the depth or the fragments. Great
care was exercised not to disturb the fragment or any of the comminuted
sand along the penetration track. The penetration depth was measured

by inserting a small rod from the front of the target along the track

until it encountered the rear of the fragment. To the depth as measured

by the rod vas added the measured final fragment lengtn to give the

reported penetration depth. Following the depth measurements, the

fragments were recovered and paper cups used to obtain the comminuted

sand along the track for later grain-size analysis.

Test Results

2k, Thne test results are presented in Tables 1 and 2 and include

the impact velocity V , penetration depth P, target density,

frontal area enlargement coefficient CA , and reduced mass coefficient

CM + The coefficients CA and CM define the enlargement of the frontal
area of the fragment due to plastic deformation and the loss of mass

due to erosion, respectively.

24
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>

f
c, = = (3)
i
M
f
Cy = W (k)
i
where
Af = frontal area of fragment after penetration event®
Ai = initial frontal area
M. = mass of projectile after penetration event

-
o
"

initial mass

The test numbers identify the fragment materials as SS (soft steel,
g, = .0035 Mbar), HS (hard steel, g, = .0068 Mbar), and B (brass);
the target material as DS (dense sand); and give a LV or HV series
rumber. Thus, SS-DS-LVZ indicates a penetration test into dense sand
with a soft steel fragment that is the second test in the series of
tests using the LV system. The test results are plotted in

Figures 15-17. Results of the grain-size analyses will be presented

and discussed in rFart IV.

bl The frontal area following the test is determined from a mean diameter

determination (the result of several dial caliper measurements).
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PART IV: ANALYSIS AND DISCUSSION OF EXPERIMENTAL PROGRAM

Projectile Penetration Depth, Deformation, and Mass Loss

Analysis of results

25. It is evident from Figures 16 and 17 and the data in Tables 1
and 2 that in none of the penetration tests conducted did the fragment
penetrate as a rigld body of constant mass. In all cases, the fragments
de formed, and in all but three cases, mass was lcost during the event,
Figures 18420 illustrate the typical appearance (with a magnification
factor of 3) of the fragments following penetration intc the dense sald.

It was concluded in Reference 2 that, in the rigid peneitration range in

|
3
3
]
:
]
i

which the fragments undergo only elastic deformations ani nc mass 10¢S,

the depth of penetration is independent of the yield strength of the

Wi A U

material composing the Ire.ment and that penetratiorn deptn increases
continuously with increasing impact velocity. 7The data presented in
Reference 2 indicate that the rigid penetraticn range for steel frag-

ments (same material as the HS fragments in the study repcrted here)

IRRY I SEA N,

terminates at impact velocities of 0.0762 to 0.091lk cm/usec (2500 to

3000 fps) in dense sand. Thus, the range of impact velocities in this

ade

study is sbove the rigia penetration runge.

wund

26. The penetration depth versus impact velccity data of 4
Figure 15 for all three fragmernt materials are contained within & .
horizontal band abcut 4 c¢m in width. Penetration depths achieved by
the 55 fragments appear to be slightly smaller over the investigatecd
impact velocity renge tnan tnose for the HS fragments. For compariscn
purposes only, vest-fit straight lines tc the date for tne SS and HS
fragments are shown in Figure 21. The data for the SS fragments are
scattered sbout a constant penetration depth of sbout $.& cm. The
fit for the HS fragments indicates greater penetration depths, but
the slight irncrease in penetration depth with increasing impact
velocity should be viewed with caution due to tne small number of

data points.

29




IMPACT SIDE OR
TEST NO. VELOCITY, CM/ nSEC REAR VIEW FRONTAL VIEW
$5-05-L V1 0.0576
$3-C5-L\3 G.1167
85-D5-HV2 0.1449
£5-0S-HV6

Figure 1§.

5E fragments following

penetration intoc dense sand
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IMPACT SIDE OR
TEST NO, VELOCITY, CM/ LSEC REAR VIEW FRONTAL VIEW

L r e e e Sy M wanm—. NRTRT dro-d B

a. 55-CS-HVB 0.1786
!
S
. b, S5.C5=V1D 0.1958 !
i
. 1
i
4 l
1
!
i Qe HIT AND PENETRATEC .
¢ 35-05-Lv8 0.0962 On LATERAL SURFACE !
i
|
i
!
!
d. 55-DS-LV5 0.0728 HIT SABOT STRIPPER :
e HS-DS-HVIA 0.1348 $4BOT FAILED

TO SEPARATE

i

Figure 19. SS fragments (a and b) and nontypical SS and KS fragments
(c-e) following penetration into dense sand
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IMPACT SIDE OR
TEST NO. VILOCITY, CM/ .SEC REAR VIEW FRONTAL VIEW

HS-DS-HV13 0.0878

HS-BS-HV12 0.1194 |
HS5-DS-HV11 0.1481 ;-

HS-CL-HVIE C.1648

H5-DS-HV16 0.1946

Figure 20. H3 fragments foilowing penetration intc dense sand
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27. Figure 22 comparea the data from Reference 2 for dense sand
penetraticn with data from the tests in tials study for HS fragments.
Except for the data point for test No, HS-DS-HV13 (impact velocity of
0.0878 cm/Msec), the data from the tests in this study correlate quite
well with the higher velocity data from Reference 2 and thus aprear to
form a logical extension for the dense sand penetration of this type

steel (HS) fragment to impact velocities of 0,20 cm/usec (6500 fps).

The drop in penetraticn depth at impact velocities between 0.09 and
0.11 cm/usec in the data from Reference 2 is neither confirmed ncr
refuted by the present test results, since the variance of the cne

data point below 0,11 cm/uWsec could be explained simply by data scatter

{
!

or, 8s can be seen in Figure 20, by the fact that the axis of the
fragment was probably not perpendicular to the impact surface at

impact and during penetration, It is demonstrated in Reference 4

sasswaabak Wl 2 ot

that, for long rod penetretion, it is theoretically pcssible to have

e decrease in penetration depth with incredasing impact velocity. It
is interesting to note that the general shape of the penetration
versus impact veloclity curve (say a best-fit curve to the data) of

Figure 22 closely resembles th: curves of Reference 4 for cases in

PPV W RPN

which the strength of the target is less than the strength of the
fragment.

28. Only two penetration tests were conducted with brass
fragments. The penetration depth for test No. B-DS-HV19 agrees with
the dats for brass penetration into dense sand of Reference 2. An
impact velocity of 0.18 cm/usec represents about the maximum impact
velocity for which a recognizable piece of brass fragments of the
type used in this test program can be reccvered. This fact is
evident from the very small value of C, = 0.16 for test Ne., B-DS-HV20.

M
Phenomenclogical discussion

29. Following impact, plane shock waves propagate into the target
and fragment with magnitudes which depend on the impact velocity and
the msterial properties of the target and fragment. The plane shocks

are quickly distorted and attenuated due to rarefaction waves from

3k
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lateral and rear surfaces of the fragment and from the "free" surface
of the target. The rarefaction waves from the lateral fragment surface
will generate tensile stresses in the fragment which, if the dynamic
yield strength of the fragment materisl is exceeded, will tend to
cauge plastic deformations and lateral materisal flow (radial flow).
It is this mechanism which produces the familiar, characteristic
mushroom shapes shown in Figures 18-20.

30, Thus, as impact velocity increases above a critical velocity
(the impact velocity for which stresses in the fragment exceed the
yield stress), plastic flow will occur and continue until stresses fall
below the yield stress (which itself may have changed during the event).
At high izpact velocities, the frontal area will not only increase
but the fragnment will lose mass as the "mushrooming' material separates.
For impact and penetration intu sand, mass is also lost due tc the
abrasive action of the sand grains cr. the fragment, and this effect
should increase in importance as the impact velccity increases and
as the yield strength and hardness of the material composing the
fragment decrease.

31. In general, the penetration depth depends directly on <he
fragment mass and inversely on the presented frontal area (perhaps
to some power), The diagrams in Figure 23 illustrate in secticn view
the geormetries of the recovered fregments for increasing ilmpact
velocity. It is hypothesized that the diagrams can also be acn-
sidered as a time sequence of events in the penetration process for
an impact velocity Ve 2 v, (see Figure 23f), where the dashed
lines in Figure 23d represent incipient separaticn of the "mushrucming'
material. Figure 24 presents hypothetical plots of CA and CM versus
impact veiocity. CA remains constant at 1.C until VC is exceeded
and then increases in some monotonic manner until a velocity Vs is
reached, at which point the separation indicated in Figures 23d and
23e occurs and a sudden drop in C, occurs. At some low velozity

A
(not necessarily VC }, mass begins to be lost due tc ervsion and
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continues throughout the impact velocity range. This loss is indicated

by the negative slopes in Figure 24b. The sudden drop in CM at V5

again corresponds to the separation indicated in Figures 23d and 23e.

32, For a number of tests, a magnet was used to recover steel
from the comminuted sand samples. Typical appearance of the recovered
steel is shown in Figure 25 for both the HS and SS fragment tects. }
The recovered steel from both type projectiles contained rather large
curved platelike pieces indicative of the mechanism proposed in
Figure 23d. 1In general, the pieces of the SS fragments were larger
than those of the HS fragments, as would be expected due to the lower
yield strength and greater ductility of the 8S material. Also, the

edges of the HS fragments were drawn thinner and had a more Jjagged,
striated appearance (this effect might be indicative of strain hardening;
see Figure 14b). Very small pieces of the fragments such as might result
from the abrasive action of the sand were present following tests with
both types of steel.

33. Evidences of high temperatures during the penetration process
were the "charred" appearance of the fragments, recrystallization, and a
noticeable elevation in temperature of large volumes of the target.
Alsc present in the recovered pieces of the HS fragments were grayish-
black spherules (<1 mm in diameter) which could have been formed only
by complete melting. An X-ray diffractogram revealed that the spherules
contained a-iron and quartz. Also, the diffractogram contained a brosd

maximum, characteristic of an amorphous solid, at a position near that

; idi : o ablik Aeen it
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iypically observed for the glass of the specimen slides. Indeed, the
broad maximum may have been due to the giass slide as the small amount
0f material caused the prepared specimen to be transparent in places.

However, an intriguing possibility is that the maximum could be an in-

JREDRPEY SN R T R

dicution of the presence of elemental silicon in an amorphous form.
This possibility is suggested by the presence of iron oxide on some
of the pieces of the steel fragments., Thus, it is possible that

the penetration process provided the extreme reducing environment
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Figure 25. Posttest recovered steel from comminuted
sand surrounding fragment track

rnecessary fcr the reaction FeBOh + Z51i+3Fe + 28102 tc occocur in the

2 Further analyses with larger quantities of the

reverse direction.
spherule material are necessary to define conclusively its composition

and establish a cinimum velocity for formaetion of the spherules.

Sand Comminution and Grein-Size Analyses

3L, Ccmminu-ion (crushing) of sand grains has commonly been obe-

3

served in standard laboratory testing of sands. Application of con-
fining pressures (isotroric compression) above a threshcld value results
in a shift of the grain-size distributicn (gradation) curve of a test
sample. At & given confining pressure, applicaticn of shearing stresses
results in a further and relatively larger upward shift in the grain-

size distribution curve. Similar shifts in gradetion curves have been

observed for dynamic laboratory tests on sands, and sand commirution
has been observed in fragment penetration tests and considered in
analyses of penetration tests into sand.8—12 For a given fragment, a
minimum impact velocity exists below which sand comminution does not
oceur to a significant extent.a’lo Thompsonll has observed the forma-
ticn c¢f "sand cones" on the noses of projectiles with blunt, hemispher-

ical, and cgivel nose geometries. The sand cone is formed of compacted,

1
i
:
i

39



comminuted sand which adheres to the fragment and moves through the
target media as part of the fragment once it has fcrmed. The comminu-
tion process is undoubdbtedly very complex for the fragment penetration
case (consisting of comminution caused by the initial shock wave, abra-
sion between grains caused by shearing motions as the sand is pushed
aside, abrasicn caused by contact between individua. girains ana the
fragment itself, etc.).

35. A grain-size analysis for the Cook's Bayou sand (parent
material) used for the dense sand targets was presented in Figure 13.
Figures 26-28 present grain-size analyses for the ccmminuted sand

material obtained from the fragment tracks following the tests.
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each test (for each grain size) are indicated by different symbols.
The sampling technique was changed following test No. SS-DS-LV8,* and

cealani

i

E.

E Each figure contains the curve for the parent material, and the data for
%

t thus the data for the S5 fragments tests are presented in two separate

: figures (Figures 26 and 27). Figure 28 shows the data for the HS

: tests.

36. The shifting of the gradation curves from the parent mate-
rial curve {8 obvious in Figures 26-28. 1In order to illustrate more
explicitly the effect of impact velocity on grain-size distribution,
the percent finer by mass data for three selected grain sizes (0.25,

- 0.125, and 0.074 mm) are plotted in Figures 29 and 30 for the SS and HS

fragment tests, respectively. The points on the percent finer axis for

TR T TTIS L S 4 MATE N W (P RVARERUNTY W WA T ALY PATC N I Teel SO
Fa e e e n -

2ero impact velocity are for the parent material. Both figurec indicate

- large increases in percent finer by mass for all three grain sizes

over the velocity range. A large jump in the percent finer by mass
values is evident in Figure 30 at an impact velocity of about
0.10 cm/usec. It is interesting and significant to note that this is

T

about the velccity at which the dramatic decrease in penetration depth ;
occurs in the composite data plot in Figure 22 and also about the :
velocity at which a significant increase in the frontal enlargement i
coefficient is observed (Reference 2 and Figure 16). The data in ;
Figures 29 and 30 do not confirm but are consistent with the concept :
that comminution does not occur below a minimum impact velocity. It

is tempting, but would be too much a matter of conjecture at this

peint, to interpret each of the increases and decreases in the percent

finer versus impact velocity data in Figures 29 and 30 in terms of

the mechanism proposed in Figures 23 and 24 and the CA and CM data

" For the SS tests with the LV system, material was collected only from
around the terminal position of the fragments and the samples averaged
about 20 g in mass. For the remainder of the SS tests and all the HS
tests (with the HV system), &an attempt was made to recover all the
comminuted material along the fragment track, and the samples averaged
about 100 g in mass.
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in Figures 16 and 17. If such an interpretation coculd be substantiated
by further and mcre refined penetration tests and grain-size analyses,
it would represent a significant advancement in the understanding of
the energy exchange mechanisms operating during the impact and pene-
tration process,

37. Some evidence of sand cone formation was present on a few cf
the reccvered fragments, but in none of the cases was a '"complete" sand
cone observed or recovered as discussed by T'nompsonll for larger
dlameter projectiles. It is possible that the complex mass loss and
frontal enlargement mechanisms, proposed earlier for the small blunt
fragments used in these tests, prevented the formation of other than
temporary sand cones (small fragments of compacted, comminuted sand
were cbserved along some of the fragment tracks). The grain-size
data are representative of some type of average gradation along the
length of the fragment tracks. The actual grain sizes do not abruptly
terminate at 0.05 mm as the figures might suggest, since in several
cases in excess of 0.5 g of material passed a No. 300 (0.05-mm) sieve
and as much as 0.1 g passed a No. 325 (C.Olb-mm) sieve. Mechanical

sieving is nct a reliable technique for determination of grain sizes

smaller than a Ho. 200 sieve size, and it was observed that even after an

hour of sieving, in some cases, the separation process was not complete,

Correlation of Phenomenclogical Observations with
Dynamic Yield Strengths of Fragment Materials and
Energy Partitioning Considerations

(BV)

28. Taylorl has demcnstrated that the profile of a cylindrical
rod following impact with a rigid boundary can be related to the dynamic
yield strength of the material composing the rod. In a more recent
study, Wilkins,lu based on the method proposed by Taylor, simulated the
impact of rods, of several materisl types and length-to-diameter ratiocs
varying from 1 to 15, into a rigid boundary with an elastic-plastic

finite difference computer code. He alsc conducted experimental impact
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tests and demonstrated that the observed rod profile after impact for a
given impact velocity can be duplicated in the code caiculations by
varying the yleld strength parameter; then, using the yield s:rength
parameter for which the profile has been duplicated, the profiles
following impact at different impact velocities can alsc be duplicated,
The yield strengths deduced by this procedure agree guite well with

previously published values determined by plane shock wave experimentsls’l6

and rod penetraticn t,est.s.l’r Butlerla has demonstrated that measurements
of fragment deformations, following penetration into an explosive
simalant material, can be used tc deduce the dynamic yield strength of

a fragrment by using the data to deduce the critical impact velocity

for deformation and then using graphical impedance matching techniques

tc deternine itne impact pressure,

3%. The pressure ard particle velccities in the fragment and
target at ipmpact can be estimated by sizple methods such as graphical
impedance matcnhing ¢r by using the method of characteristics to solve
tae bounaary vealuie problem existing at impact (both methods are based
cr & one-dimensicnal nyarcdynamic analogy <f the fragment impact).™
rsus reiative density relations for

gnents ana sand targets, Using tnese relations, a computer
code tased on the metncd cf craracteristics was used to sclve the
one-dimensiornal anaiog/ <f the fragment-target impact to cbtain the 3
lLp&ct pressure-impact veloctiiy and particie velocity-impact velocitvy 3
reiaticons shown in Figure 32,
«J. D2ased cr tne deta presented in Reference 2 and irn Figure 16,
critica. impact veliocitles for deformaticn of +the HS and 35S fragments
were estimated tc be C,06 and 0,042 cm/usec, respectively. From ;
rigure 22, tne code calcwiations for tnese impact velccities give
1% and .. kbars for the dynamic strengtns of the HE and SS materials,
respeliively. The dynamic stirengih vaiue of 1l kbars for the SS fragment

material (SAE 1020 steel) correlates quite well with dynamic yield

L e

* The articie bty Duvall in Reference 12 discusses tnhe validity of the
orne-dimernsional hy<rodynamic approximaticn,
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strength values of 12.8 and 10.4 kbars for two thicknesses of SAE 1020
steel reported in Reference 15. There are no dynamic strength aata
available for the HS fragment material (AISI C-1141). The dynamic
strength value of 18 kbars for the HS material is comparable to a
value of 16 kbars reported for SAE 4340 steel of similar hardness

but slightly larger static yield strengt.'n;l5 however, the value for
the HS material is larger by a factor of two than reported values

for SAE 1040 ateel. Applicaticn of the factor of 1.45 for the ratic
cf dynamic to static yield strengths, which is an average of the

value of 1.0 reported for SAE 1040 st.ee]."6 and the value 1.1 reported

for SAE L3k0 steel,lS to the uniaxial strain static yield value for
the HS material (0.0117 mbar) gives 17 kbars for the dynamic yield
strength, which 1s in pood agreement with the value of 18 kbars deter-
nined in this study.

L1, Additicnal credence to the inpact pressures computed by
the characteristics code is given by experimental data such as pre-
sented in Reference 20, which show that observed initial pressures
following impacts of rods and discs are in good agreement with

thcse predicted by one-dimensional thecory. However, the pressure

is observed experimerntally to drop off immediately with distance into
the targe+t instead of exhibiting a constant pressure region for some

distance into the target as is predicted by one-dimensicnal hydro-
dynamic theory. :

L2, With the particle velccities caiculated for the fragment
and target at impact {(see Figure 32), it was pcssibie to calculate
the initisl energy partitioning et the time wheén the shock wave
reaches the rear of the fragment as a Iunction of impact velocity

. . . . 22
based on the one-dimensional considerations of

Gault and Heitowit.

The regults of these calculations are given in the fcllowing tabulaticn,

in wnich the values are noromalized to the initial prolectile kinetic

energies and expressed as & percentage:

bt om a2 Ao L e .:MMWM
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Energy Value, percent

Impact Velocity Y _cm/usec KEP AEP KET AE'I‘
0.03048 8u.3 0.7 7.5 7.5
0.091luu 79.3 1.2 9.75 9.7%
0.1524 75.6 T 11.35 11.3°
0.21366 T2.2 2.3 12.25 12.25

In the tabulatiorn, KEP is the residual fragment kinetic erergy, AEP
i{s the increase in fragment internal energy, KET is the kinetic energy
izparted Lo the target matlerial, and lL, is the increase in internal
energ cf the zarge: materiel. Wnile the above results are valid only
fcr the initial energy partition at impact, they quaiitatively confirm
many I the phercmernclogical observations of the experimental program,
For example, the increasing rpercentage of energy transferred to the
targe. as Xinetic energy witn increasing impact velocity 1is consistent
with he increasing guantity of target ejlecta and cratering observed,
Tne increasing percentage of energy ‘transferrec to the target as
internal energy witn increasing imgact velocity is consistent with

and e:c corenination observed as the impact
velcoity increases. Alsc, the otserved elevated temperatures in the
target av the higher ilmpact velocities are ccnsistent with the

incredasing r { energy transferred tc internal energy of

[44]
o]
o
[{M
25
ot
1
w
O

3

tne fragroent ani target, he increasing percentage of energy trans-
Jerrea tc interrnal energy of the fragment raises the termperature and
serves as a driving mechanism for the raterial flow discussed earlier,

Murzner Jdiscussion of the detaills of the energy partiticon is beyond the

b

2

scope of tniz repsri. Reflerernces 9, 22, and z3 liscuss the initial
and Late-tire encrgy partitioning and present tne process inveived in

3 -

greater letail f:»r fragment lmpact.

Correlation of Experimental Results with
Penetration Model Predictions

- . Do . \ . s
+3. Fonani  correlaled his experimental results with the preadic-

tions of an analytical penetration model. Thne model is based cn the

4G
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dynemic cavity expansion penatratich theory of Ross and Hanagud end
has been extended by WES tc treat arbitrsry fragment nose ghapes, tC
treat layered targets, and to use a complete pressure-density relation

. 24,25
for the targe*.,” '’

He concluded that the WiS penetration mcdel could
Le used to predict ¢r reasonably bcuind the penetisticn depths of high-
velocity fragments into scil targets, Jn this basis, the penctretion
model was used in an attemot to aupiicate the experimental resuits of
Figures 15 and 22 and to investigate the feasibility of bcounding tne
penetration depths,

LL. For the peaetraticn model ceiculeticns, the initial target
densities of Tables 1 and z, the pressure versus reletive density
rexation of Figure 31 for sand, and the values of Young's uzcdulus,
strain~hardening moduius, ard yeld strengih reccmzended by Fchani
(Table 7, Rerereuce 2) for the dense sand targets were used to charecter=-
ize the turgets. The fraguents were characstericed by their mass, pre-
sented Slrontal ares, and a fanction describing their nose shape. ror
an upper-pound calculation, it seemed appropriate to use the initl
mass Mi end tne initial frontai area Ai 3y for the Lower-Lound
calculation, it was sssamed that all deformatlon end mass lces would

cccwr at the instant <f impact, and tiie final mess Mf end fingl

frontal area Af were used fcr the calculaticon., Asswning o hemi-
spherical nose gnepe results in a nigner upper-ltcund estimate than
that cobtained by assumirg & blunt ncse sharze. For the lower-bound
estimates, the assumprtion of & nemispherical nise 1s consistent with

the cbecerved deformed shape of Lihe reccvered fregnentz. Ccorrelations

¢f the experimental values with tihe caliculated pernetraticn model ugper-
and lower-bcouna estimates Iir each test are presented in Figures 2

and 34,

Lo

45, 1In all cases, the exgperimental penetraticn depths froo
these tests (Tables 1 and 2) are bounded by the peretrution medel

upper- and lower-bound estimates, Ian fact, in most of the cases ine

50
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experimental value is approximated by the mean of the upper~ and
lower=bound estimates. This trend is indicative of the fact that
the physical mechanisms actually occurring (perhaps as proposed in
Figure 23) are intermediste to the extreme assumptions used to make
the upper- and lower-bound estimates. The data from Reference 2 in
Figure 34 are not bounded by the upper-bound penetration model
calculations. It was demonstrated in a parameter study in
Reference 2, however, that the dense sand penetration vaiues could
be bounded by a different (and perhaps better) selection of target

material properties for use in the mcdel calculations.
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PART V: CONCLUSIONS AND RECOMMENDATIONS
Conclusions

46, This report documents the design and capabilities of the WES high-
velocity powder gun. The powder gun has been calibrated (with nominal 3-g
fragments) over the velccity range 0.05 to 0.222 cm/usec {1650 to 7280 fps).
With improvement of the bore evacustion system, it is considered feasible to
attain 0.244 cm/psec as an upper limit, A lower limit of 0.0% cm/usec is con-
sidered pcssible with faster burning pcwders. The gun is versatile and easy
to> use and has many potential applicaticns for study of the effectiveness of
varicus ccoponents of fortification systems (such as soil, wood, fabric, con-
crete, steel, plas-tic, etc.) in defeating small-arms munitiors and fragment-
simulating prcjectiles. The firing rate (number of tes.s per day) is limited
only by required target preparsation time.

47. The results 27 Z7 penetraticn tests <¢f cylindricael fragments
intc dense sand targets are presented, The following conclusions and ob=-

servalions d4re paseld on tnese results:

a. Dense sand is an effective medium for stopping high-veiocity
projectiles cor fragments.
. The penetraticn depth attained by high-velocity projectiles

or fragments in dense sand is not a menotonically increas-
ing function of impact velocity but tends to remain
constant after a critical impact velccity® (which depends
cn the strength and hardness cf the fragment material)

is exceeded. The critica> inmpac® velccity increases as
the strength of the fragment material increases. The
cverall shape of the penetration depth versus impact
velocity curve depends in a very complex manner on the
detgils of f{ragment defcrmation and mass loss during
penetration, which in turn depend on the fragment material
properties.

o With reference tc Figure 1, the data of this report and
Reference 2 demonstrate that the beheavior indicated by
curve CDE does nct cccur for the steel and brass fragments
tested, Although the desired maximun impact velocity of
0.274 cm/usec (9000 fps) was not achieved in this study,
tne cbservations of penetration depth and fragment mass
loss and deformation (at impact velocities up to

* Velocity at whicn deformetion of the fragment is initiated.
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0.2 cm/usec) suggest that the constant penetration depth
represented by curve CLF in Figure 1 is an upper bound
for the penetration depths which would be observed at
higher impact velocities (> 0.2 cm/usec).

j

The fragment penetration process results in comminution
or crushing of the sand greins. This is reflected in

ar. upward shift of the gradation curves, with increasing
impact velocity, relative to the gradation curve of the
parent material.

e, The percent finer by mass data for the HS fragments
(Figure 29) indicate a Jump in value at about the same
impact velccity as the critical velocity for the HS
material discussed in subparagraph ATQ_above. This
increase indicates a Jump in the energy being trans-
ferred to the comminution process at this velocity.

. A one-dimensional analogy of the fragment penetraticn
process 1s & valuablie aid in elucidating the phenome=-
nology of penetration. Also, the one-dimensicnal
analogy gives relisble values for the impact pressures
and particle velorities.

- Tne WES penetretion model cen be used tc bound tne
penetralicr. depths of small projectiles and fragments
in dense sand.

necommendaticns

48, It is reccmmended that the vacuum systen of the high-velocity
powder gun be improved and that the feasibility of using faster burning
powders be investigated in order to extend the useful velocity range of
the gun for f{ragment impact and penetraticn studies. A high-speead
camera shouid be used if possible in future tests o study methods

f improving sabot and fragment separation.

L9, All future penetration tests into soils, particularly sands,
snould incorporate posttest grain-size analyses into the test program.
Fragment deformation and mass loss measurements should be continued
metnodiceaily in all future tests also. Radiographs of the targets prior

tc fragment recovery should be obtained if feasible in future testing

Programs .
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- 50. It is desirable that a test program be undertaxen to verify :
the shape of the penetration curve in Figure 21 with carefully conh-
~rclled tests in a singie test series over the velocity range 0.03
‘.‘

to 0.21 cm/usec.
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Table 1
Penetration Test Results with LV System

Frontal Ares

EERE. N, PEEE S

A T P LA LG Sl ¢ ¢ A BT T SN HEnah AL P

T STy NN I TUIRN 09 11 P e

NPT

5225?% Jmeect | penetration ?&i?g‘fi?’iﬁi ?Ei‘ég‘iiﬁ‘is :
Test No. g/cm V, cm/usec P, cm A M é
SS-DS-LV1  1.70 0.0976 8.L8 1.95 0.97 :
SS-DS-LV2 1.71 0.0980 7.68 2.15 0.99 L
$S-DS-LV3  1.69 0.1167 8.40 2.35 0.99 ;
SS-DS-LVL  1.65 0.113k4 9.22 2.31 1.00 i j
SS-DS-LVS  1.72 0.0729 8.57 1.20 6.96 3
SS-DS-LV6 -- -- -- -- - .
SS=DS=LVT 1.67 0.095k 8.88 1.29 0.97
SS-DS-LV8 1.7k 0.0962 §.38 (hit on side) 0.87
58
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Table 2
Penetrution Test Regults with HV System 3

Frontal Area

Target Enlargement  Reduced Mass

Densigy ViTgifzy Pen;:;:;ion Coeféicient Coeféicient ]

Test No. g/cm V, cn/usec P, cn A M 3
SS-DS-HV1  1.69 0.1121 9.2k 2,26 1.00 : f;
55-DS-HV2  1.76 0.1kl 7.68 1.k 0.73 P ]
SS-DS-HV3  1.78 0.1339 9.78 2.69 0.91 |
SS-DS=-HVL 1.78 0.1624 6.85 1.50 0.60
SS-DS=HV5 1.75 0.1072 8.1k 2,22 1.00 E
SS-DS-HVE  1.76 0.1505 9.40 3.29 0.91 3
SS-DS~HVT 1.75 0.1707 T.45 2.8L 0.98
SS-DS-HVE 1.75 0.1786 §.33 2.18 0.61

SS-DS-HV9 1.75 0.1836 £.53 2.00 0.50

SS-DS-HV10  1.75 0.1958 §.81 3.57 0.84
HS=DS-HV11 1.72 0.1483 8.67 2,27 0,91

HS-DS=-HV1i2 1.76 0.1194 9.58 1.82 0.96
HS-DS-HV13 1.75 0.0870 9.63 1.34 0.98
HS=-DS-HV1L* 1.75 0.13L8 10.50 - --
HS-L.3=HV15 1.72 0.1648 10.57 1.36 0.75
HS=DS-HV16  1.74 0.194¢ 10.L4 1.80 0.55
SS-DS-EV1T 1.7k 0.1626 10.01 2,23 0.069
HS-DS-HV1S  1.75 0.1079 11.30 1.43 0.58

B-IG-HV19 1.75 0.1169 10.67 1.52 0.63

B-DS=HVZ20 1.76 0.1802 9.37 - 0.16

* Sabot falled to separate,

14
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