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HAVY DEPARTULANT
BUREAU OF ORUNANGE
 WASHINGTOW 25, D, C.

(Re3) i 2 June 1944

MBELWORANDUHW

From: The Chief of the Bureau of Ordnance

To The Chief of Ordnance, War Department

Subj: alrcraft armor, Efficient Design of,

Ref.: (a) Watertown arsenal Laboratory Experimental Report Mo. Wal 710/506

aircraft armor
(b) NPG Report Wo, 2l-43 - Ballistic Testing of armor, Rev. 4
(c) WG Report Ho. 11-43

Encl: (a) Three (3) copies of ref, (b)
(B)

1, ©Page 7 of reference (a) under "Test Procedure" states: "Complete
penetration according to the traditional Wavy Limit criterion is attained
when a projectile passes through the plate and remains intact, Since a bal-
listic limit is not reached until commlete penetration occurs, ballistic limits
according to such a criterion as has been the davy's cannot be expected to be
determinable at obliquities of 20° or greater. Yet liavy ballistic limits on
such plates at such obliquities have frequently been reported."

2. The above statement is based on rc’erence (c), where referring to
a particular type of equation for armor pemneivation, it is stated that the
equation is subject to certain linitations, one of which is that the limit
velocity must be the Navy limit, which is the velocity at which the complete
projectile just passes through the plate and falls undeformed on the otner side.
The expression "Javy Limit" is not quite correct in this connection. The offi-
cial definitions of limit velocity and complete penetration are defined in
enclosure (4). It will be noted that on page 3, part two, the "Ballistic Limit®
is defined as, "that striking velocity of a projectile which will permit the
bullet to penetrate the plate and just fall behind it," without any reference
to a requirement that the projectile be undeformed. On the contrary, on page 6,
part two, of the enclosure, referring to the test of face-hardened armor, it is
stated, "a complete penetration on this type of armor is therefore considered
to be any througa hole in the plate which would allow the major portion of the
projectile to pass through the plate",

Jo - according to the definitions of "limit velocity" 22d "complete pene-
tration" of refereace (b), taere 1s no incous.ste..s, o reporting ballistic
linits at obliquities where the projectilec dresk ‘. Tile statement in rofer=
ence (a), quoted in paragraph 1, may cause cenfusion and misgivings on the part
of contractors suppling armor under davy spocifications. It is therefore re-
quested that the statement in reference \a) ve clarified, and that the clarify-
ing statement be distriduted to all holders of reference (a).

da &, 7. HUSSZY, JR.
CC: watertown arse.al

te
EEGu§V1th copy of ref., (a))
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Watertown arsenal Laboratory
Experimental Report Ho. WAL 710/506
Final Report on Prodlem B-3.1

AIRCEATT ARMOR e O o
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An Hmpirical Approach to the . VSO TE
A i & ﬁ" J B tomt R

Efficient Design oi-Armoxr for Aircrafg%;l JEC 3 1984iﬂ

Fooomgser - Lo Qfﬁ%

v L L

To collate, integrate ani analyze data concerning the dallistic
characteristics of sieel and lighter alloys and present the results in
a form suitable foer use by the designer and faoricator of aircrarlt armor.

SU-ARY

Known data concerning the ballistic caaracteristics of face-hardened
steel, rolled homogeneous steel, duralumin and Dovmetal have been
collated and analyzed. Wierever desirec dete lave bDeen scarce or non—
existent, firings have beeu condicted to supdly the necessary information,

Factors affecting tic wanner of faiiurc of armor have Deen reviewed
in an effort to expleain tie alternative superiority of different materials
uncer aifferent conditions of attack. It is appacent that, where tae
lower density of a uetorial allows its use in tiicker sections without
additional weight, diwmensional conditionc arise lavoring the apility of
guch a material to resist perferation. Taus auraluain waich is cnly
0.36 tinmes as Geiuse as cteel mey overmatch an atiacking projectile ukile
an equivalent weight oI stecl may be evermatched vy the same projectile.
Under such conditions it is possidle that tic cteel will require less
projectile energy to bring about failure, Tie asility of a material to
break up attacking projectiles is considered to be e potent factor in
promoting one material's superiority over ostuer maveriale.

Data have been tabalated and represeuted jraphicelly, and by various
superposition oI tllesc grapas estimates of tiic precise conditions under
wnich one matcrial surpasses otlers uve been nade., A graph onabling
the designer tec malte a substantiali” cccuratc deteriaination of the uwost
efficient feasible design ol aruor uas decu drav. in Figure 2lA.
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!7 o 4 : The reactions of the several materials to/ shock, high velocity
perforation and low temperatures have been digcussed.

As a result of thls study tae follown;g/ observations have been. mades
b ' l. Under no contemplated conditions will the use of rolled home- > ———

: geneeus steel or Dowasetal assure the maximum resistance (to perforation A o e 2
by small arms projectiles) per unit weight euployed. o\ﬂ"“ e e S

respect to tle anticipated line of fire is greater than 52°, 74 I
or when tie ratig of plate thickness (weighed) to projectile e
core dlameter is less than 0.6, the use of 24ST duralumin will

_ assure maximum res#istance {to perforation by small arms projectiles)
1 per wnit weight employed.

;‘:-_ < a, In general, wien the obliquity of emplacement wjth e'oﬁ%,l- \
Y : “

. i

3 - A
\ b, Under all otier conditions, the use of faco-hardened steel L PSR
armer will assure maxiium resistance to perforation, r ..

i

i 2. Under some conditions, the resistance (to shock) of rolled homo-
b~ geneous steel armor is superior to tbat of face-hardened steel.

, 3. Except in thc cese of attack by direct impact of high explosive
F projectiles, tae shock resistance of 2UST duralunin is equivalent te or
better than tiuat of stael,

-y - - "
-

4, Coincident with failure vy perforation oI aruor-piercing projectiles,
2UST duralumin exhibits a tendency toward spalling,

ﬁ 5. Low temperature enhances the reeistance to perforation of 2U3% !
duralumin, rolled homogeneous steel and face-hardened steel, BT

6. Altuough low temperatures nay affect deleteriously the shock i ]

resistance of stecl, thoy apparontly do not lowver tae shock resistance

of duralumin, S Sl

7. Inasaucia ac it is considered that resistance $o perforation is
of prime importance in any consideratian of aircraft armor, design may
well be based on observation 1,

8. The most strategic placemant of armaer will vary from time to

time with the tactics of the opponent and conteuwporar; design may best s °
be decided on the basis of study of the very latest intelligence reports =5

from the theaters of operations,

9, uUnder attack of progectiles of larger calider, or different
design or quali%y, the region of suporierity of 24ST duralumin over RN
face-hardened stesl may be expected te be extended, ®

~ .

J. . Sullivan
APPROVED: Jr. Eigineer

H, H. 2085IG
Colonel, Ord. Dept,
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PREFACS

In nearly every use of araor it is important tiat the maximum
protection be afforded dy tie miniuaun exmenditwe of naterial,

Peraaps in no otiaer application, nowever, is the object of getting

the greatest protection Ifroin the least weight of armor of aore importance
than in the design and fabrication of aircrarft armor. In tiae case of

an aircraft, an iacrease in weight which, in some other application might
be considered insignificant, may well affect its speed and maneuverability
so adversely as to cause it to lose some tactical advantage whkich it

might otherwise erjoy because of a favorable differential in these respects.

It is, therefore, of the utmost importance tiat cdesignerc and
fabricators of aircraft aruor ve apprised of the ballistic characteristics
of armor materials of various densities uncer variadle conditions of
attack so that they may more competently make decisions as to the proper
selection and installation of aircraft armor materials.

It is to this end, then, that an atteapt has ?egn made in this
work, authorized by tie Office, Ciief of Ordnance,{l) to collate,
integrate and analyze available data of tiese typos and to present the
recults of sucih analyces in a manner suitable for use by the designer
or fabricator of aircraft armor.

Wo.0. W10/4330(r) - iWta 470.5/5876(r) - W 0.0, 470.55, See Appendix E.
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INTRODUCTION

From time to time, and :rom several sources, there has arisen the
contention that, on tie oasii oI equal weights per wnit surface area of
armor employed, protection ecuivalent to that afforded by the traditional
use of steel migit be provided by materials of lighter alloy.

About a decade aso, ﬁbnda,(e) in a study of so-called Mullet-
resisting” alloys, found that, of seven non—ferrous materials investigated,
tae aluminum alloy, duralumin, on the basis of weignt for weight, offerec
greatest resistance to perforation by standard (cal, .25) Japanese
amnnunition.

Tests concucted at this arsenal(j) and at Aberdeen Proving Ground(u)
revealed that, when used as cowponents in coimosite armor asseublies,
aluninum alloy sheets exhibited resistance characteristics couparable
witih those of steel in tiae sane application,

In work conducted prior to 1538 at the ilaval Hesearch Laboratory(S)
it was found that if plots of corec linmit enerygy per unit plate tnickness
were run versus hardncss or versus ultimate tensile strengzth, a rough
proportionality indepcendent of large variations in plate deasity appeared.
The fact that this study showed the inertia of the plate material to be
of much less imortance than hardness or ultimaoie tonsile strength gave
much greater credence to the contention that itaere might be developed a
raterial of low Gensity waiclk: would have ballistic characteristics
comparable to tiose of stecl,

Subsequent tests by tae saue laboratory(s) esteblished that duralumin
at high obliquities cr at low incident velocities was superior, in

(2)"3ullet Resisting alloys." FKotura Zonda. Japan Nicikel Zeview. Volume
1, Humper 1, 4pril 1633,

(3)First to Fifth ncports of Tests on Couposite Plates. D. J. kartin,
Watertown Arserul Lovoratory Heports, Zos. W.A. 710/1k, W.a. 710/23,
W.a. T10/24, W.a. 710/28, V.A. T10/29. ipril, May 1534.

(M)One Zundred anc Seventy Fifth Partial Xeport orn Test of Thin Armor

Platg. 7First Report on Toet of Experimental Cowpositc Platos Com—

pournded of Armor. aberdeen Proving Growid. 2, 30 Fovember, 1, 11,

12 Deceaber 1933.

(D)Sacond Pertial Report on Light armor Iavestigeation., G, Irwin., XHaval

Recearch Laborztory. NaAL Zeport Yo. 0-1429, 3 Larch 1538.

(G)Eighth Partial Jeport oa Light «ruor Investigation. Tae Perforuance
of 3ullet Prooi Steel and aluainua alloys against Small Jaliber a.2,
Bullets . . . G. R. Irwin and C, 4. 4ingsbuary,. Haval Rescarch
Laboratory. u2L Report lo. 0-17WH. 22 iay 1341,
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resistance to perforation, to steel of equivalent weight per square foct,

Meanwhile, at this arsenal and at other test facilitiess there have
been conducted several isolated ballistic tests(7)~(22) of mat-rials of g
light alloy, but there has been apparently little correlation of the | )
results of this work, o

(7)Fourth Partial Report or Lisiit Armor Investigation. Laminated, S
Spaced and Compound Plates. G, Irwin, YNaval Research Laboratory. IR
NRL Report No, O-1LU®, 1U April 1938, i R

(8)Fifth Partial Report on Light Armor, The Effect of Yaw upon v
Penetration , . ., G, Irwin and R, A, Vebster, Navel Research ’
Laboratory. NRL Report Yo, 0-1540, 19 June 1939,
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Simultaneously, there have been conducted tesis (too nwmerous to
recite) of face-hardened anl rollec homogeneous ar:ior of taicknesses
feasible Tor use in aircrafy, but, generally, the results aave been of
interest onl; insofar as they have served to answer some immediate

problen and no greater correlation of these resul*s ssems to have bzen
made.

In this work an attempt h~s dDeen made to wiilize the data disclosed
by tuese several tests to tile end that tie rclative protection afforded
by the varioug materials may be estimatod.

\

Several studies(23/ dave indicated thad thie aluuinum alloy, duralunin,
has good ballistic eaaracteristics, and when a plot of energy per unit
plate tlhielmess (corrected for variations in densiiy) was run versus (21)
hardness, on the basis of data in & Haval Jezecarch Laboratory Repori, ‘<
it also aspeared tihat, at a siven .ardtess, eqiivalent weiguts per square
foot of Dowaetal and steel nigat ofrer comparavle resistance to perforation
by swuall aris projectiles.,
Rollec homogeneous avuwor of waich the uardaess range 340-380 3
nas been found ost satisfactory over o wide range of variation of plate
thickness and projectile caliver and design sas lately deen specified for
use as airerafit araor and face-hardeaed stecl nas traditicnally been used
in such applications,

The resistance afforded by non-nagietic steel armor eof gauges
characteristic of aircraft armor is so :uch lower than that provided by
zagnetie stecl aruor that a review of its valilstie enaracteristics has
becn eonsidered to o? of nc aid in the atvaimient of tae ends of this
study. Zarlier work\2%) Lac indicated tuat if nen—megnetic propertiss
are mandatory in an alrcrzf{t aracr rascricl, muach dore satisfaetory re-
sistance to perforation may bdo assurcd av of a duraluain
armor.

by tie oLJC»-A.lC

Thus, it taz tees Coelded, wistuout furs of aaviag neglected the
iavestigatiorn o7 any satorial welca might olrerd "V3°ta“t1ally adequats
protcetion Jrem projcctile impuet, to econfine iiis work teo tle study
end comparisen of tac tnllistic proeperties of face—hardcncd steel, rolled
nomogeseous stcel (3WO=320 37}, auralwain, ond Dewmictal.

), (), (5), (&),

(23)Sc¢ relercnces (2), (3
(d4)50u reference (9).
(25)a1rera-t araer, 3Ballictic Sicracteristics of o Lagncsiu: alloy,

Towmetal (Type 7S-). a 1o arsenal Laboratory

.-hcpur-.;,. 1wel Repory oo, Wal 710/205. 22 Coveder 1543, Tavle VI,
Fizure 7.
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Anyone who has conducted a search of the literature must admit of
nisgivings, at tie conclusion of his search, concerning the percentege
cf data which may have escapci review by his method.

In that respect the present work is in une way unique inasuauch as
many data extant may ha remained concealed from the investigator whose
rescurces of search heve oeen limited by inconsisbteacies in the scope of
uissemination of such information.

- At the same time, many data discovered had to be disregarded for

! lack of faith in the methods of test proccdure. JFor instance, studies ;
j at this arcenal(26) have indicated that as cbliquities of 20° end greater : i
i: it is virtually impossidle for csurrent small amis projectiles to perforate . - s
_ rolled homecgeneous or Iace-nardened steel arior plate and remain intact, : o

Complete n-metration ‘according to the traditional Javy Limit criterion

is attaincu waen a projectile passes througn the plate and remains

intact. 27, Since a ballistic limit is not reaclicd until complete pene-

tration occurs, ballistic limits according to sucl a critericn as has

been tae Javy's cannot te expected to be determinable at obliquities of wooes e
20° or creater., Yet Havy ballistic limits cn such plate at such obliquities b b -
have frequently been reported. PR

v,vva
o .

Since it was known that tae lavel Rusvarch Loboratoryr, in view of S
the high incidence of small arms projectile breakege, had nodified its Qf}“f'?ﬂ.
criterion of rzilure, 28) wien Jjudging the results of tests made wita e ee o remrmems
such projectiles, to a standard similar to that used in determining the
tztaal limit, 25) lately referred te as tic Protcetion Ballistic Limit,

- it was decided to limit the use of data concerning lUovy limits of face-
hardened araor to reports cmanating irou tiaatl source or Irca scurces known
te exloy o similer criterion.

’
. e .
PR
:

ol it e e g

o~y

Pp——

Urder such criterin, penetratien is adjudged complete when a frag- At
nent of the projectilc (or of tiae plate wet.rial) flies from the rear of e
the tect yplate witih o IForee sufficient to cause it to pierce a sheet = o o
of ligat gauge aluninuw: allor paraliel we and a siort distance behind RERSL
tie rear surface or t.c test plate, st |

7

(2°)Aruor Plate,  an analyses of Firings ef Caliber .H0 AP, Awaunition -
agalist aonogencous Aruer Flate. C. Zuner. Watortcwn Arsent
Luooratery Ixperinentul Report Ho. W.a., 716/46H, 26 Devember 1942

: (2 . s . o
. 7)l’he Fenetration of Honcgencous Lignt aracr Dy Jacketed Projectiles at
Hornzl Chliquity. U.QS, Javal Proving &round, Da"l e, Ve. -~ P
Teport wo. ie=b3, € July 1343, Paze 2,

(28) 5, rEfer

ence (22), pens 3.

(29)Aircraft armer.,  an analysis of Firings of Zolled Hoacgeneous Armor

. Sudmitted under Specirication AIOS—l. J. r. Sdliven, Watertewn @
arsenal Laporatory Sxperisental Report o, el 710/495. Fage 4 ot seq. o s

15 October 1943, < 9%,
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he data on rolled homogeneous plate were known to be determined on
the basis of similar criteria,

Since perforation of Dowmetal(jo) and 2487 luralumin(31) is effected
almost exelusively witlhiout projeectile breakage, tiae Havy limits of these
materials, literally determined, are substantially indistinguishable
from Lethal limits,

Thus eurves drawn on the basis of such data would mark the borderline
between protection and lack of protection Irom deatimdealing missiles,
and it is of vital importaonce that taey ve interprected in this light. It
is suggested that a substantial marzin of safety be introduced by tae

Py

designer translating these eurves into practice,

Data thus colleetcd Lave bcen separated according to plate material
into appendices », 3, G, and D, respeetively, covering infermation con-
eerning faco—harde&eu qt eel, Y'c»lleo. acmegencous steel, duralumln and
Dovmetal.

(Although thec ballistic ciharacteristics of several aluminum alloys

and magnesiwm alloys nave tecn listed in Appendiecs C and D, the comparison

of the ballistic cliaracteristics of duralunin and Dowmetal with those of
rolled lozogencous and face—hardened stecl has dDeen based on the results
of firings c¢f 2437 duralwmin and Downetal (#S) respectively, wihich have

cxhibited in tne past tiae best all rsound ballistic characteristics of taeir

respective types. The generic use of the terus "éuralunin! and "Dcwmetal®
waroushout this report should be interpreted in this light.)

Withinm each table thiesc data have been erranjea according to the
ascending crder oI tiie obliguity of ineidence dnd, i those cases where
the obliquity is comacz, in tie asecuding order of the ratio of plate
thiemmess (z2), in Teet, corrested te tihe thickness of steel of equivalent
weight per squarc foot (ul)*, ¢ projectile core dlameter (@), in fcat.

Aduitionnl characteristics listed in these tobles are: a ferm factor
(n/d3), in waich () is the weight of the projectile cere in pounds and

T Q a A\ o »
*Faetirs used in tihls roport serecnversion of (¢ to (eq) arc as fellows:

"

Fuec nerdencd and ralled homogincous stecl e = ¢
Daralw.in ¢y = .
2.8
Dow.ictal ¢y = L.
pr
(30) o .

Sce reference (25)

()1)Ballist“ Zirsornance o7 24ST Aluminws alloy Protcction against
aircraft ‘Projectiles. U.S. Favel Proving Sround, Dahlgren, Va.
Report Lo, 16-43%, Poace 2. 10 august 1643,

©
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r (d) is its diameter in feet; a measure of tle cmount of material (taking
I into account oblique emplacement) necessary to shield & unit area norinal
to the line of fire (glfd cos ©, waere © is the angle of obliquity b
(deviation from normal) of emplacement); and a measure of ballistic merit, N i
the Thompson Coefficient, (2)%=, - o

IR

Sy 1 ,.','.

Data sources have been symbolized in tilese tables but are explainec
in a note elsewhere in this report, %**

LB In Pigures 1 to Y of euch appendix, the Taompson Coefficients (F)
have been plotted versus the ratios of plate tiiciuess (e), corrected
to the thickness of steel of equivalent weight per unit surface area
(el), to the projectile core Giameter (&), with allowance for the greater )
area of obliquely installed material necessary te saield a unit area a, - :
normal to tiie line of fire (e1/d cos @)%*¥*, O, IR A

t In Figures 5 to 8 of each Appendix the limits of resistance to 4 ®
4 perforation (Vy or Vi, have been plotted against a similar axis, :

s The grapas of these plots ferm a basis for tlhe several figures in
i tie bedy cf the report.

Figure 1 has been érawn to provide a nemograsiuic metnod of ready i @
conversion from values of e1/d ccs €) or (e1/d) to actual thicknesses of ' [
the different materials under impact of cal. .30 A.P, k2 or cal. .50 &4,P. SR 3
lid prejectiles, ==

figure 14 attempts to depict graphically the differcnce in taickness
of tae difierent materials of equal weight whisl results from their variant S
densities. )

Figure 1B illustrates the necessity ol using o zreater arce eof arior
obliquely emplaced to protect a fixed urea normal to tiac line of fire.

Figure 10 sicws ow & variation in tie ratio c¢f plate thickness {c)
to prejectile cerc ciuncter (4) tends to influence the manner in waiich
plate failure willi occur,

- In Figures 2 to 5, (F) 15 sacwn as « functicn of (ej/d ces A) wud

4 @ - 3 . . . . A s . -

**In tiis report concideravicn ef tae variastion in dencitics of the
diflerent wuterials dictates the use nf the fellowing Inrzula: -
) g )
F=2 V2 ccs? 0

A cld2

AN with V¥, tae limi: nf resistance to perforuticn (in this studqy sub-

stantially the letiwd 1limit) end the cther s;mbels ws adove,

wexSeo Appendix F, Lluncticn ci abdreviatiens,

sexelr ocrder to shield an equivalent area nernmal to ta: line ef fire it is
neceesary %0 emnloy i raater areas o1 srnor tle i.cre obliquely this
armor is installed., Ihus at ©0°, twice tlc area oY urmor ic required
to protect tie sawe eresa norcal to the line of fire ac is required °
cf araor normally insselled., (See Figure 13).
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obliquity for each material, In Figures - 3o 9, obliquity (0°, 30°, ¥°,
50°) is held constant and (¥F) is shown us a function of (el/d cos ©) and
plate material,

Figures 10 to 13 aud 14 to 17 repeat the patteran of Figures 2 to 5
and 6 to 9 with the limit of resistance to perforation (Vy; ) substituted
for (F).

On the basis of Figures 10, 11, 12,and 13 (or with equal velidity
Figures 14, 15, 16, and 17) Figures 18, 19, 20, and 21 respectively, have
been drawn to represent the conditions witi respect to obliguity of enm-
placement and the ratio of plate thaickness (weighted) to projectile core
diameter necessary to provide protection ageinst lethal damage resulting
from projectile impact of various striking velocities, when differeat
armor materials are used.

By comparison of Figures 18 to 21 the conditions under which greater
or less protection from such damage can be expected from the use of the
different materials mnay be determined and these are shown from the view-
point of the use of the respective materials in Figures 22 to 25.

Censideration of Figures 18 to 25 indicates gqualitatively conditions

‘under which tie use of a particular material will provide maximum pro-

tection. These conditions are represented in Figure 214 and the axis
(e1/d cos ©) has been cubsctituted for (e;/é) in order to illustrate the
exact conditions under which the most efficient use of armor may be made.

On the basis of Figures 18 to 21, half-areas of vulneradbility to
be expected from the uge of the various materials under conditions where
the ratio of plate thickness (weighted) to projectile core diameter is
equal to 0,6, 0.8, 1.0 and 1.2 have been drawn in Figures 26, 27, 28 and
29 respectively.

In Figure 30 the area of vulnerability typical of the use of eac’
material as armor is chown as a function of the ratio of plate thickness
(weighted) to projectile core diameter (ey/d).

Relevant ballistic test results, beretofore wapublished have been
set forth in ballistic data sheets in the appropriate appendices.
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RESULTS aWD DISCUSSICi R
The pathway to a valid analysis of ballistic test data is often T e |
beset with the many pitfalls incidental to t.e variable nature of O R
ballistic testing. S e
. Generally spealting, the simmltaneous presence of so many inter- ::iﬂfffhfﬁ
related variables, many of waich are incapable of precise quantitative -t TaED

evaluation, renders fruitless any effort {o assess “hem independently on _ ®

the basis of empirical evidence.

PGP il

However, it is believed tuat the quasi-statistical nature of the
data in this report will tend to frustrate any wayward trends and that . am |
the results of this study will be substantially free from the bias of . N b
any such variables. N

o o rrﬁ‘r.v v

A, Resistance to Perforation

4 1, Zffects of Plate Hardness on Resistance to Perforation by Current -
;-.h RN S|
: Small Arms Projectiles . 9
. In the case of 2 given material, verhaps no other single L
[. characteristic, except thiclmess, has a greater cifect upon its ability(z ) X ot
q to withstand perforation than its hardness. & study, previously cited, Je " T
E of materials of various deansity, showed a remarikable correlation between PRSI
hardness and resistance to perferation indepencent of the densities of . @

tae materials involved.

= at first glance tnis might suggest that couparable optimum
i ballistic results may be obtained from equal tiicknesses of materials ol

wide desnity variation, wiich in turn would indicate the use of the ligatest - ;f;”;¢;
material, tius efrecting the greatest saving in weight. Indeed there miznt b @ .

be some valicdity teo such a taougat if the lighter alloy materials could
be mace ac hard as steel.

Unfortunately, however, there exists, in the case of each material,
and even in tae case of sach alloy of a single naterial a critical hardness
beyond wiaich no treatmect will carry it and loag vefore this critical 1
hardness is approacaed another critical uardness is reached wnich may not
be surpassed without introducing into the material characteristics of
brittleness which are serioucly deleterious to its vallistic dehavicer.

Since, in the cases of the naterials discusscd herein, tuere see€as
to be a rough proportienality botween this lattcr lizit ang tie density -
of tae material, it ig apoarent tnat liope of securing comparabls ballistic .
characterictics Iroa equivalent weigats of nmaterials of variant density
cannet lie in elevatiag the harcuecs of the ligater elleys to the level

(BZ)See reference (5). ’u;i‘..,.
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of that of steel but rather must proceed frpm some advantage which may
emanate from the incre&se in thickness without an increase in weight, T
allowable by tiae lower density of these alloys. It is in this light,then, — ]

-
o

that a consideration 6§ the mechanisms of perforation is relevant. . , y
2. liechanisms of Perforation of Armor g i

S

There are {wo extreme types oS mechanism by means of which armor }i};{;{f-;

- may be perforatec.\33) The more comaon type of perforation is accomplished h*".' 4

by the projectile!s plastically pushing aside the plate material in its : 4
path until a hole has been formed sufficieat to allovw its passage tharough : :
the plate. This mechanism, substantially, is characteristic of the per- ' ‘
foration, at normal incidence, of soft armor by sharp-nosed undermatching
non-deforming projectiles.

)~ i
.
®

The otier extreme is characterized by the plate's failure in shear
'along a nearly cylindrical surface perpendicular to the plane of the
5 plate surfaces, resulting in the relesse from tiae path of the projectile
§ of a nearly cylindrical plug, thus facilitating the projectile's progress
througn the plate, This mechanism is typical of the perforation at normal
’ incidence of a hard plate by a greatly overmatching flat-nesed projectile. r

A _sm B s 4 mv A as e

4 Variations in the design, composition, heat treatiment and hard-
s ness of the prcjectile, variations in the ceuposition, aeat treatment,

1 hardness and soundness of the armor, variations in the ratio of plate

thickness to projectile core diameter and variations in the obligquity of e
incidence will tend to produce various combinetions oi these two basic S e
mechanisms, tne initial stages of such failures occwrring by way of iy ‘
plastic deformation ana eventual failure eccurring in shear. i

In general, failure in shear will occur witia a smaller absorption
of projectile energy per unit volume displaced than in plastic failure. L
Thus, if conditions are otherwise the same, it migiat be expected taat a i“'-i;*“m
plate which would tend to fail plastigally would more greatly resist i il
perferation by a given projectile than one which tended to fail in shear. ' :

Figure la sacws tihe difference in thickness of equal weignts of
steel, duraluzmin and Dewmetal of equal surface area.

Figure 1C shows tie conditions with relation to plate thiclmess and =
projectile core diameter uncer waich shear failure and plastic failure
tend to occur,

Consideration of these two figures leads ociac to contend that under )
conditions wiere an equal weigat of two different naterials would result °
in the prejectiie's overmatcuing ene (and tims tending to produce a shear
failure) and undernatching tie other (ond thus texding to preduce plastic
failure) the resistance of the lower daensity neterial would be expected
to be muca greater. Iais migkt, indeed, be the case, if equivalent

(33)Hechanism of armor Feactration, Second Fartial Report. C. Zener anc
B. Petercon. Watertown Arsenal Laboratory Ixperimental Report No. - 0
WAL 710/492. 31 way 1943.
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piysical properties, especially hardness, could he obtained in the low
density materials. As previously mentioned, of course, the maximum _
hardness obtainable in the lighter alloys is considerabdbly below that =
of steel but, as it will develop later in this report if the steel is
sufiiciently overmatcied wihile the duralumin, of a reasonable hardness, R R
still is undermatched, the different mechanism of failure will enable T ﬂ}f}fj
the ligater alloy to vesist perforation at a higher velocity than steel ot o o ¢
can, in spite of ths hardness differential, POy
' 4

In the past, graphs of the lhoupson Coefficient (F) versus the T
ratio o1 plate tuickiaess to projectile core diaweter have been helpful '
_ in allowing an analysis of tie sechanisns characteristic of different I
= ratios of these twc measurements., In order to Facilitate a comparison T R

p of tie ballistic efficiencies of equivalent weigits of different .
t materials saielding a unit area normal to she line of fire, the (efd) S
axis has been adjusted in this report to (ey/d cos 8).

dana

e

Thus a plot of (F) values based oa verieratiens at normal
incidence erfected purely by a plastic pusiaing aside of material of
constant paysical propertics frow the pati of 2 aon-ceforming projectile )
might be expected to result in a Lorizontal pa;h vhere, at all values of i °
efd (or of e1/d ces ), (F) would be the same,\3¥

—
R

T
T I G UP N S S P CHy UTY

On the otiher hand, perforatiens at norial incidence eifected
predominantly oy feilure of the plate in shear nijht be expected to
ii produce (#) values tending t2 fall in a stesp curve sloping sharply

3

—
v A

downward as (efd) decreased.(3)

For the purpose of compering the types of failure charactericstic SR
of the different materials ai commen values of (e;/d ces ©), plots of R
(F) versus thuis paramctor have been Crawm in Figpwes 1 to 4 of each R
appendix waici have been superimpescd in varicus combinatien in Figures 2 S e oy =
to 9 of tne body of the repors, ® |

a. Face-Herdened Steel (Fizurs 2 and 4ppendix A, Fizures 1 to 4). P

Figurc 1 of Appendix & shews & trend of (F) values charac- po
toristic, at valucc o1f c¢1/d cos 8) less tian 0,8, of material which
fails in slear, 4Above tlis value, the trend is similar to that of L]

= <
rlastic failurec, :
The {actor of projectile orealzage in tie attack of face- :
hardaned plate hac done zuch to obscure tie mechanism of failure 4
of tiis type of arnor and it is outside tite sccpe of this study |
to determine the precise mechanisu dy viici tuis material falils. - L ,
.
(34) - . v = - - ~
3 Toic 3allistic Propertiec of i.ild Steel, Iacluding Preliginary Tests R
of armer Stecl and vral, iaticnal Delcase Rescarca Comrittee :
] = s O *h X $ o M B r
Project a~11ll: Progrece Report. 2C Loveudber 15k2. appendix a, page <7,
39 ) 1ni4. appeiCix 4, page 49. -
-13-
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However, visual examination of perforations of this material
indieatera hign tendency for it to {a 1 in shear even at high
values of (ef/d). It has been shown 36) that the release of

the plug formed by the failure of the naterial in saear becomes
more Aaifficult when the plate thiclmess (e) exceeds the diameter
of the projectile core (). This plug tends to have limiting di-
mensions of (d) x (d) and thus when (e) exceceds (d) the shearing
does not propagate to the rear surface of the plate and tais
final layer of material may either berd back or break out to
release the plug.

Wnatever the exact mechanism is, its erffect ugon the
anount of energy necessary to carry it te its conclusion is of
more importance, frea the viewpeint of this discussion.

Sudden changes in the directiva of tlhese graphs indi-
cate at least a cuaange in tae increwent or cdecrement oi energy
necessary to displace unit volumes of material in the prejec-
tile's patin and may be interpreted as iudicative of changes in
the predominant mechanism type.

Thus in tae case of face hardesed steel et normal in-
cidence, below values c¢f (el/d cos 8) 97 0,8, it is reasonable
to assume taat some mechanism takes place requiring censideradly
less energy per unit velume displaced to eifect verforation as

(e/d) decreases. st values of (cy/d cos 8) in excess of this

figure, the increwent rate of energy ver unit volume >f plate
material displaced required to ef{fect pericration appearu to be
considerably less than below tiac critical value and it may be
reascnable to cenclude taat tuis difference is abttridutable to
a change in the prodoeminant mechianism,

Similar caanges in treand ere noticcuble at ovliguities
aT 50° and W:°, but at o6° only a singlo cencral trenc is
apparent. Tals ic probably due to the fact thnt at ©0° eabliquity
the actual (efd) of the aighect (ej/d coe 6) veluc is less taan
unity and under such circumstances chear Jailure prebedly pre-
dominates in zll cuses.

b. Relled Homogeneous Steel. (Figures 3 and Appendix 3,

Fieares 1 to U),

At normal odliquity the dnta taltes tic course wiich night
be oxpected ¢f (F) values resultant froa predceainantly plastic
failure, rom cxperience it may be statcd that at values 0f(e/d)

(36)he chanier of Aruor Penwtraoticn, i

L1 3.;t111 Repert, €., Zener
and J. H. dollomen, Wwalertown Arseinal Latoratory axpcrlne:tal
epourt o, Wal T10/454., 3 September 1 UZ.
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less than those treated in Figure 1 of Appendix B, (F) falls
off rapidly in a manner similar to that of Figure 1 of
Appendix A, Such would be the course expected of (F) values
resulting from failure predeminantly in shear.

At oblicnities of 30° and 450 the trend, as (efd) in-
creases, is a gradual one from predominance in shear failure
to predominance in plastic failure.

The indications of these graphical trends as to the
predominating mechanism are borne out in a visual examination
of the perfcrations,

At €00 obliquity the data are too sparse to be con-
sidered significant,

c. Duralumin, (Fisure 4 and Appendix C, Ficures 1l-to 4),

At normal incldence and at all ebliguities, when
(el/d cos ) equals 0,6 or more, the trend of the data indicates

predcnirantly plastic failure,

&t FO° obliquity, at valueg of (el/d cos €) less than
0.6, the change in the trend ¢f the data may Ye interpreted
as indicative of predcminantly shear failure. This is to be
axpected because under those cireumstances (e/d) is actually
abyut C.9 and even this scfter material might be exvected to
fail in such a manner when it is cvermatchad, If allewance
fer the difference in dencity ¢f the twe materials is made,
it will be apparent that the sl-pes ¢f this section »f the
60¢ duralumin gragh and that of the entire §0° face-hardened

steel graph are quite similar end fer the same reascn,

d. Dowmetal (Fisure 5 ané Appondix D, Figures 1 te 4).

Since under nc eccnditicens of teosting were any cf the
Dowmetal plat.s overmatched, fallure of this matcrial cccurred
alwavs pred:minently plastically and graphs cf the resultant
data assume the anticizated course.

e. Ccorarisen of Materisls. (fimures § t- 9),

Considering only that serticn ef the gradvhs irn Figure 6
where they tend tec be horizentul, the freatuest efficiency at
norzal incidence results frem the use of face-hardencd stael,
follawved by duralumin, rolled ncmogenecnus steel and Dowmetal.
Tris is doubtless due to the ebility of the face-hardened aracr,
becausc nf its suverior hardness, te fructurc the projectile
and thus hirder itc efficient cperation of perfecraticn,
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% Duralumin apparently has sufficient hardness coupled with

b its greater thickness (2.8 times that of an equivalent weight
of steel) to enable it to provide a more serious obstacle
than rolled homogenenus steel to the projectile's progress,
Dowmetal, however, in spite of still greater thickness (L. L

S, times that of an equivalent weight of steal) apparently does

o not have sufficient hardness to enable it to exploit its
thickness adeguately.

At values of (ej/d ces @) less than 0.8 the tendency
of (F) values for durslumin and Dowmetal to remain unchanged
while (F) values of the twe sterl armors fall of ¢ sharply due
to their overmatchins the attacking projectiles while the
sterls are overmatched can be sesn in this fisure., At obli-
;; quities, the conditicns vhere stoel is evarmatched by the

attacking projectiles while the lighter allovs overmateh the
projectile occur at higher values of (e1/d cos €) and will
te seen to increase the freguency of situations where the
5 “use of the lighter alloyc will be of advantage.

5 At 30° obliquity (F'4 re 7) rolled homogzeneous plate
enjovs a temporary superio -y ever duraluzin.because its hard-

f ness 1s sufficient to causc a greater deflecticn of the pro-

s Jectils thus incrcasing the bending mement to a peint where

1 prcjectile failure will occzur, The hardress of duraiumin is
insufficient tc influence projectile breakage cven at obli-

Ki guity dut inasmuch as its nurdress is sreater than that of

Dowmetal it maintains a surcricrity cver that material even
though their mechanisme of failurc are similar and the
Dewmetal considerabdbly thicker.

s
4
{

Tke peint at whieh the lighteor alloys attain an e 2o o il
Il advantage over the steels occurs et u greater value cf H ° 4
(e1/d cos 9) at this -dligquity (30¢) thar at rorzal incidence, )
and as ~tlicuisy increases (Fipures § and 9) at even higher 2 XEC
values until at £C° duralumin has the advantage sver both L
types of steel tarcughout the entire range ¢f striking valocity ) '
lavectiguted,

The advantage geinud by the more faveretle vlastic
rechaniso »f fallire vhich flews from the thickness differ-
ential may Ye apuracistced frem an examination of Figure 9
wherein the duraluzin, failing in shear at ~values of o
(e1/d cos €) lower than (.6 hecause of its law actusl (e/d) ° 1
rutie, falls baluw Zowmvtal wvhich, because 9f its lower
density, still cverzatches the vrolectile at these values.,

3. Lizlts ef Rosistance tn Perferation

In Figures 5 to 8 of the apprepriate appendices, plots of the | °
limits of reelstance t: rerferation versus (e1/d cos €) have bezn run, :
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These are fundamental graphs and are presented to illustrate the fit of
the curves to the data, No especial refinements of curve fitting have
been attempted, These graphs, in various combination, have been frepre-
sented in Figures 10 to 17 of the Yody of thie report. It 1s to the
latter group of figures that attention may well be directed.

The presentation of data with (Vy) as a function of (ey/d cos 6)

is a logical one in an investigation of the efficient use of weight in
armering structures in that it facilitates a portrayal of the efficiency
(in terms of resistance to perforation) of equal weights of materials

of various density installed at various obliquities to the line of fire,
all of which are capable of shielding the same area normal to the line
of fire.

Thus a single unit of thickness of a given material installed
at 60° must offer resistance to penetration equal to that of two units
of the same material installed at normal incidence if it is to be con-
sidered equally efficient, since twice the area of armor installed at
60° obliquity is required tc protect the same area as is required of
armor installed normally, Likewise at any given angle of installaticen
a single unit of thickness of one materlal should offer resistance equal
to that afforded by two thickness units of a material half as dense 1if
it 48 to Ye adjudged equally efficient,

Such informatiocn should be invaluable to the designer who has a
given area ncrmal to the line ¢f fire for which he must provide pretec-
tion against a given projectils with a minimum extravagance of armor
weight.

Figzures 10 to 17 may be entered at the velecity against which
protection is required and the material and obliquity deterzined vhich
will provide this protection with the least experditure of weight, since
if the attacking projectile is knewn then so is (d), and (21/d cos €)
then becomeg virtually an expressisn of the weight aecessary to provide
protection tc a unit arez normal to the line of fire,

a. Yace-Hardened Steel, (Figure 10 and Appendix 4,
Fipures § to 8,)

These figures indicate that 1f face-hardened armor is
to be usced at one of the four odbliquities considered, raxizum
ef ficiency will te had from its use at normal incidence when
(e1/d cos ) equals 0,45 to 0.9, at 45° obliquity when
(6;/d cos @) equals C.9 to 1.42 and at 6C° odliquity when this

value exceeds 1.42.

VIF ORISR

PReiiiagiilf

L
- ". ". L
- .
e
e TR
e e
. b . '_1
. X " o
- . N -
o .‘
- . ;-. '.‘
; p
Soldos®
h( <
e
o
-
.............
. 4
SRl
e d
TR R
®
-]
.l
- E
L)
3
b
]
v -
. 4
.~ 3
. . 4
<
:
] -y
B
L 4
ORI S R
.
-
&
T
-
2]
P
1
,
®
= h
.. ° i
- .- 1
. "o i
) N 4
. .
. .9 ;
®
- k.
. o




FErr s
.....

OROTRRAL
Prrrery r;‘»',’r:’

. BRolled Homogeneous Steel, (Figure 11 and Appendix B,
Pigures 5 to 8.)

.
Viaa

These figures indicate that, if rolled homogeneous
steel is desired to be used at one of these obliguities, its
most efficient use will occur at normal incidence vhen
(el/d cos 6) is less than 0.7 and at 607 obliquity when this
measure is greater than 1,1, On the basig of these curves
it is impossible to determine whether maximum efficiency will
result from i%s ugse at 45° cbliquity or at 60° obliguity when
(e1/d cos 8) lies between 0.7 and 1.1,

¢. Duralumin and Dowmetal., (Figures 12 and 13 and

4ppendices C and D, Fizures § to 8.)

These curves indicate that generally the most efficient
use of the two light allcys may be made at 6C° obligquity, although
at extremely low values of (el/d cos C) more efficient use might
be expected from their normal emplacement.

4. VYNormal Incidence, (Figure 1L.)

If desizn consideraticns dictate the use ¢f an armor at
normal incidence 2 conslderatinn of these curves indicates,
that unless the vaiue of (e1/d ces 8) is loss than 0,62 (in
which situation dvralunin should he used) maximum efficioncy
will be rea’ized from the use of faco-hardrncd stcel,

2. Otliguity - 36°. (Figurc 15.)

If installaticn at this obliquity is contemplated, the
use of duraluzin wherc (c/d cos 8) is 1lcss than 0,67 and the

use ¢f faco-hardened vtecel where this value 15 gzrcater will
yield the maximum cfficiency.

£, Obiiquitr - 45°, (Figurce 16.)

At this odbligquity of inctallaticn, tac use of duraluzin
at veluce of (v1/d rus 9) up te 0.8 and the use of face-hardoned

stoel adeve this fieurc appuars to de zost cificient,

g. Cbliquity - 60°, (Figarc 17.)

At this cbliquity the uce of duralu=in at all values
of (clld cos 6) is vredbably zost officient although at x-
tremely low valucs of this Zcasurce thore exists gom¢ basis
for the use of Dowmetal,
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4, Pretection from Projectiles of Given Striking Velocity
Figures 18 to 25),

. ®
The fisures roviewed immediately above are perhaps relevant only SRS
when installation is contemplated at one of the four obliquities (09,
30°, 459, 60°) specifically investigated. The more usual situation en- NN A
= countered by the designer is apt te arise when protcction against a R
particular projectile at a given striking velocity (or range) is specified. g7 L]
®

It 18 to aid in a solution of such a problem that Figures 18 to 21
and Figures 22 to 25 have been plotted.

—

From Figures 18 to 21 the appropriate combination of plate thickness
and odliquity of emplacement to provide protection against a given pro-
[; Jectile at any striking velocity may be estimated for any of the four L
materials under investigaticn. In interpreting these curves the use of
Figure 1 may br expected tc de of help.

Figures 22 to 25 show the relative efficiencies of the different
' materials under ccnditions of varying cbliguity and weight per unit area ;
o protected, From a consideraticn ef these figurec it is obvious that ®
- maximum efficiency will never be realized from the usc of rolled hcmo-
f genecus stesl or Dowmetal, The curve at the left of Pigure 2% will be
i seen to indicate the line of cdemarcation betwcen the conditions ynder
3 which the use of duralumin is mos% efficient and those conditions under
hi vhich the use of faco-hardened stecl is most efficiert of all four materials
.

- -

under analysis., Roughly speaking, when the ctliquity of instellation is = [ ]
te be 52° or greater, or when the ratio 2f plate thickness (velghted) to '

projectilc core diameter (ey/d) ecuals 9.6 or less, the use of duralumin o
:: will produce the maximum protection per unit weight emplcyed, and under -}fj
5 all other conditions, this maximum efficiency will proceed from the use ASh e
‘. of face-hardened steel. O

These figures (22 to 2%) thus indicatc qualitativsly the conditions
under which the mnst af7iclent design >f alrcraft armor instgllations may
-, be made, .n order to represent these conditions guantitatively, Figure 21A
has been prevered,

M

In thie fimre the axis (¢;/d cos 6) has been sudstituted for the =
{ (e1/d) axes of Pigurcs 18 t5 25, Thig has becn done because (e1/d eos €)

in essence reprosents the wolskt of armor necessary to protect a unit area

normal to the line of fire, and takes into considcratisn the greater arca

of obliquely installed armor necessary to provide protection to an equiva-

lent area. °

(g

oy jiibeats
]

Thus where equivalent prutectisn (as reprcsented ty the curves for
different striking velc-ities) may be cbtalned from a lower value of
(e1/4 cos 8), more efficient use of srzor zay ve enjoyed by instolling it
at the indicated oblijuity., Figure 1 will prove to be very helpful in

tranclating the indicatisns of these curves into uanits of actual thjckness o
of the differont matcrials under impact of each of the two projectiles.
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7 Tae most striking indication of Figure 2la is that tae maxinum i 2
L efficiency over tiae entire raunge of odbligquity urom 0° to o0° will be oo
i] enjoyed from the use of duralumin at o0° obliquity. Taus, if tae only % e
) factor to be considered in thc design of aircraft awmior were weight, the . @ _
5 problen would be a simpls one. Mastall duralumin at 50° obliquity" B it
b e would be tiie panacean answer. A R LA
h ™ Y .t v
o aowever, armor is peraaps more oI a lusur, ilaan an essential oIk
'. according to cwrrent design piilosupny and, in any eveat, tiie designer sl
probably fiads aimself restricted to snall raanges of ovliguity of ] L
] installation with resaect to tie most probable line of fire. In suca
a situation ae may turn hogefully to Figure 214,
GJow if ae uust protect agaiast aorrforation at stiiking velecities
in excess of 210U ieet .er second and is restricted by otaer design -
: considerations witain a soecific ranze of ovliquities of installation e : o
3 may generally assure 2imsell aaxinua ¢fliciency oy installing tae appro-
f priate material at tae zigasst obliguity witaia tl.ut range. If, on tae
- otaer aand, imnact is anticipated at lower velocitics, ieximum efficiency
will generally »roceed fro. tae ewplaceient of amior nornal to tae line :
y of fire, altuaouga even at low velocities euluceacat at obliquities greater .
L. than 4%° aay be wore efflclent. . @
3
S In any eveat, tlese curves (used in connecvioa iita Figure 1) )
s will assist tuc dosigaer in estliating tlie protection to be ux.ected
frou tihe use ol various taiclmesscs of different eruer ucterials at R
various odliquities axc by Gobteruining thwat odliquity (vitain tae range et et
of allovable obiiguities) at wiice tuoc desivod prebecticn uway be provided L o
wita tie least expendiiure ol weigut,--that is, t..c lowest value of e
1 (el/d cos @)—-.¢ umyr more coufic ntly specily t..e .ost efTicieat obliquity hlu‘fi**
i of iruvellation, O heny
2 IS
ii Tie shange in tae efficiency of culique i.stallalien of arcor as e S
r tue licit striking velocivy dduinisucs Jay aave so.e explanation in toae . e
1 fellewing observaticus,
[
& Wit a giver uaterial, tae resistance to ocrforation o7 a given

projectila may, in ile Tirst analysis, de widected to be a function of

the tixickness of tic plate, or, in otier words, toc lungil ef tle path
tuat t.uae projectile nust travel te vasc tarougi: tae Hlate, -

Thuws, at cbliquity, we wijat expect tLe incrcuce in resistance
te perforation to reilect tiie increascd lensth wiich t.e projectile must
travel bucause of tle tilting ol tue plate. Iiaively, tiis increased
path nigat be cxpected to Lo inversely propertional to tiie cesine of the
angle of tilting, Zevever, in the cacae of current s.nall arns projectiles, -
wien tre plate is tulcker t.an toe ¢iancter of t. ¢ _rejcctile core, the
projectile uzen oblicue im.nct is uweilevcted away rron tio normal so taat
the cifective patl is greater t.n wodd Ye cexsected £ros a aorg censid-
eration of tle cozine function. Wie lengtis of tae sat thus increasec at
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a greater rate than tie area necessary to siield a unit area normal to tae
line of fire end an advantage ia using aruor at a aigier obliquity under
these circumstances might reasonably be anticipated. e

L

On tne other hand, wien the armor is overmatched by the prejectile, s
o g the plate tends to fail in shear and the release of a plug from the path e
G of tire projectile influences the deflection of the projectile towards tie
' normal thus effectually siortening its expected path through the plate
and introducing a reasonable expectancy of disadvantage in the use of
sucn material at obliquity.

v
N .

0
v e

-

However, when plate and projectile uatci there tends to be an v e
P initial deflection away rrom the nermal followed by a punching failure of :fnl L3
the platve viich deilecis the projectile toward the normal wita the cumula-

tive lengtlh ol the pata roughly equivalent to that indicated oy reference .
to the cosine fun t*on Taus, it develops, cdpliciity tends to have little o
effect upon protection per unit weiat emplorred vien (ul/d cos 6) approxi- ‘
mates unity.

It will bYe noticed tuat tiese curves have not been extended to . _
obliquities buyoud £0°, This restriction ias Deen dic in some part to tae - -
scarcity of data at those ebliguities, dut in no suell way has it been A
tie result ol a recognitlion tiat the area of araor necessary at such obli- Co
quities to provice a scween for a given arca noraal te the line ef fire is e
so great tiat tie thinness of armor necessary teo keep the cverall weight ek
constant is sucu as Lo reander cperative a law ¢ dizinisging returns as g
to tiie protection provided per unit weigat employed. e

5. arens of Vulncravility.

IT a jiven tiaicimess of armor aaturial is atteackod from various BRSNS
angles, it vill readily be eanticipated taet the neaver normel the angls S o
of attac.z, tihe Zrrater thc rangu from vhich ihe projectile may Ye propelled T
at a civen muzzle velocity and nerferats the plate, and tiae zore odliquoe z ®
the angle o attaclk isg, tue sacrter tiie effuctive range will become uatil
at a critical edlicaity even o point tlani: atijck would be repelled.

From a cersideration of vhe data in this report, a traaslatien
of tiic qualitative observation inte mucl nore quantitative ternc may be
macde,. r

Tals, ia Figures 25 ve 29, nall-arces of vu 1up-ﬂ)lll Sor cacl . g
0 tae four watericdls hove b
. t

eal drawm Tor coauiticns wiere tue ratio ef
plate taicimess (weagited) to prejectile core cinmctor is squel respuctively
ta 0.6, 0.8, 1.0 and 1.2. e may then ebscrve .ty the skape and extent

0l tuese aveas Jf vulierasility are effcctec v cuanges in thils ratio.

Tuese Jisvres i nlly shie wreas witldn which a caliber H0 eun
with auzzle velo-;.} of 0 Jeot o seccnt. 2ay 2o set up with respect
! A

to the positiosn ol th. avaor ata uroscl ealidver .50 AP, 42 proaectiles
wiich will perroratc aruor of various uateoials egiivalent in weight te °
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257M, J3H3T, 429" and JH1UM of steel respectively. With respect to PN
aircraft combat these areas would effectively represent cross sections e
of volumes of vulnerability inasmucu as tile aerial theater is virtually 2
a three ainensional proposition, ®

It will Do noticed that as the taickiness of tie armor increases
the areas of vulneradvility of the steels, especially those of face-
- hardecned steel, diainish at a muca greater rate tiaan those of the
ii lighter alloys. This trend is rcpresented graphically in Figure 30.

However, the shapes of the areas avc prooadly of greater signi- S
ficance from the standpoint of tactics. Taus a wide flat area would DR
X signify greater ianvulnerability from attack at normal incidence bdut o
- would allow a groater panorama oi lethal attack than a long narrow area. S AN
N The shape is, therelore, significant since attaci: nay frequently come A R
l; from angles other tlen the expected one cn waich Cesign has been tased,

-
v

6. Extrapclability of Trends Indicated by Ticse Deta

A question uay well be posed as to tae extrapolability of the
conclusions Grawm rIrom data based upon firings oux caliber .30 4.P, N2
anc. caliber .50 a.P, li2 projectile attaciz to situations whore attack
is expected irom nrojectiles of largur caliber or different design or
quality.

Zxanination of the methods by which tie different materials
defeated the attacking projectilass ic oelicved to e relevant to an
answer to tiis question, Ia the case of Dewaetal no prejectile iracture ; ®
has been cbserved during the tests conductec at this arsenal. In the g
case of duralunin,nrojectile breakage has deen so rare as to De con- 5
sidered negligidble. In tac case of rollea honoscreous steel, nrojectile
brealzage cas been vhie rile when tle test thliguity as been 20° or
greacor. In the case of face-aardenad stecl, tie recovery of an

. intact proj:ctile lLas heen extrencly rare wider any conditions, It
taus seems reasonablo teo atiridute the suporiority of face-hardened
steel over tie 1i;ator alloys in sene measise o tiie ability of the
steel to treak up tie prejectile and tias hiader its efficieat function
as a perferater.

-

1T, taerefore, ceaditions should, be translated into a sphere ’ P
wiere prejestile vocaizage ageinst ste .l is race, ac in tie cuwsc of
larger culibers, the steel oigint De expected o lose cong 6 its SUCCuss

in cverconing projectile attech and tie reglens w.cre duralumis is
S suporior to faco-herdencd rtecl ni, ht reasonadly te expectsa to be
cxtended,
Similarly, the chape of current small avis prejectiles is such Q.iu,
ac Yo prouste taeir delornstien anc Irecturc uadus obligue attack end '
an improvemunt iu deci nn or quelity enuld L. expected to dizinish the S
ability of stecl arzcr o withstand tiacir attaci: viercas the performance SN
of curaluain (cr Dewuctal), accompliched vithont the aid of projectile =

N
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breakege, may reasonably be expected to be unaffected by suchr changes.

Thus any extrapolation of the conclusions of this study should
be attended by o recoganition of the contention that in tihose situations
wherein the margin of superiority of face-hardened steel over duralumin
is slim, small caanges in the caliber, design or quality of the projec—
tile may be sufficient to obliterate tine difference,

B, Shock Properties

If resistance to perforation were the sole coasideration in tiae
selection and design of armor, this study migat well be concluded fortia-
with, dowever, tie behavior of armor under shack and high velocity
perforation are considerations not to be disregarded.

Data concerning these characteristics are, however, not abundant
and for this sectioa of tac report information will be drawn largely
from a recent reyoryﬁéz) of the Laval Proviag Ground witl which past
experience at this arsenal aas been consistent,

1, 20 mm, H.S. Projectiles

Tae high-explosive prejuctile, if it reacies the principal armor
prior to detonation, imparts to the aruor a shock consisting simultane-
ously of the effecct of the prejectile impact plus the ferces gencrated
by the detcnation of the explosive charge, Tac severity cf the efficct
of the latter is a function of the distance of tle explosion from the
surface of the plate.

Thus, if tiae time lag between impact and detonation is constant
and the position of tie explosive charge within tie prejoctile is fixed,

it might be expected that againcst a soiter material the projectile, uwpon
igpact, would penetrate more deeply prier to detcnation and atl tle time

of explosion thc ~harze would be cleser to tac plate surface and tic 20fcet

conscquently mcre severe. Similarly if the explosive charge is situatcd
nearcr the ncso ¢ tie prejectile thie erfect would be expected te be
Torc severe.

In order to comdat tic attack ef tiis tyns of projectile, then,
a zaterial rust be herd enough to resict penetration cf the prejectile
vet ductile encugn to witisiand the distertional effccts of the explosive
farce,

Thus, tests reported by tie Naval Provin: Grounc have shewn that
against attack with 20 mm. H.Z. projectilec at 20° adliquity rolled
howogeneous stecl 1t superisr to face-hardencd steel which, in turn, is
superier to 24ST duralumin. Tiese tests, however, simulate cenditions
waerc the arucr would te the Iirst substantial clstacle in the path of
the projectile. In cervice, this situation weuld rarely arice becauce
the skin ¢f the aircraft would ugually bg culficical te detonate tae
charge prisr to iapact ugcn tae principlzlarnor. Unaer conditions where
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explosion took place at a distance greater than a few inches from the Zo
plese, it is difficult te visuplize the resultant failurs of armer plate,

This same report indicates that against fragments of 5" anti- 7_‘0
aircralt shells, 2U4ST duralumin is equivalent to rolled homogeneous S
steel and slightly superior to face-hardened steel.

PR -~ JAOROIA I J vSARTrAEin

;; ;' 2, Jlmpact of Yawed Projectiles o
i iuch aircraft armor is installed in interior positions. attack i ‘_>Q 7
' of such armor then is seldom direct and projectiles freguently encounter i

L other obstacles vefore impacting the armor. As tie projectile defeats

& _ these primaiy obstacles, it is likely to bec tumbled and its impact against
' the armor is wililkely to te nose-on. This attitude of attack of the
projectile subjects tie plate to a couvination of penetration and shock

; and,because the yawed impact of the projectile effectually increases in ! o
one dimension tlie projectile diameter of the core, there is accentuated

any tendency of the plate to fail in saear.

Tae ability of armor materials to witastand this method of

- attack is, therefore, of relevance to & study of aircrart armor. - c
o . ®

kﬁ Tests at the Naval Proving Ground consistent wita observations .

L made at this arsenal indicate that under attack of yawed caliber .50

I a4 F, k2 projectiles, 2UST durlaumin is superior to both face-hardened

[ and rolled hawogeneous steel.

ﬁ ' C. High Velccity Perforation L

When a projectile passes tiaroush the platc at a velocity well in T T
excess ¢f the limit of recsistance to perforation, therce are set in motion Sy g
_ within the plate ferces which are conducive to tle release c¢f plate Y <a
' fragmonts coincident with the prcjectilels exit from the plate, if the
‘l plate is ef inferior structural quality. The size and shape of these
fragments are ofter such as to poscess more potentiel lethality than
the projectile itself.

[P e

- Ballistic specifications have been estadlicied Ier rolled homogerneous
' and face-hardened steel armor wviich largely eliminate the possibility ol
g the precurcment of gteel armor which will fail in ithis ranner. c]

3 24ST Duralumin (esee Figure 31) and Dewmetal, however have, in the

' ceurse of develorment tasts, chown a tendency %c Jail in tiais manner

upon cemplete poerforatian, It is difficult tec predict whother this

tendency could be eliminated so that ballistic specificatiens migat be '
established whica would aceure the procurement of lighter alley arior R
with charaateristics corparable to current stecl armor under conditions :

of high velocity perforutici.
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D, Effects of Low Temperatures Efi

During aerial combat the ambient temperatures are frequently i °
greatly less taan zero, Tae benavior of arimor vader impact at these b
low temperatures is, therefore, of interest in a consideration of ‘
aircraft armor,

G N R e
)

Relatively few ballistic tests of armor have been conducted at
low temperatures but those that aave been conducted uave indicated
3 that the decline in temperature enhances someviat tiie resistance to
! perforation of 2437 duralumiﬁ%s and steel, V39

! On the other hand, extensive tests have sihown that the impact .
properties of steel are reduced by decreasing teaderatures %) wb(ﬁrias R
the impect properties of duralumin cctually increase delow zero, 1 P
Impact properties anaye been siown to have a close correlation with :
F resistance to saock,‘\*2) Taus tue siock resistance of steel is some-
wkat decrcased by subd—-zero temperatures(u:’)) waile it may reasonably P Ay
be expected tiaat the siock resistance of duralunmin will not be affected o .
el deleterieusly b7 a reduction in temperatires iy -
o F e
(38)sce reference (21), T
<39)Tent'n Partial Report on light armor, ZEifects of Temperature on tie ERSTOE
Resistance to Imvact Zenetration and rardrness of Soft dJomegeneous o2
Araor and Face~dardened 3ullet Proof Stsel and a Description of a - <
New 3asic Feature of ILmact Penetration., G, D. Winzer. Naval ’;""’"
Research Laberatory, IRL Zeport io., C-1892. 22 June 1942, =¥
(“O)Tne Effect of Temperature on tiie Behaviour of Iron and JSteel in IO
the Wotched~3ar Imnact Test. 2. H. Greaves auc J. A, Jenes. e
Journal of tae Iron and dteel Institute. Volume 112, 13925, et
wo, 2. Page 123. s
4 (81)70 sfrect of Temperature cn tac 3eaaviour of .etals and Alloys
" in the lotchea=3ar Impzct Test. R, 4. Greaves a.d J. A, Jenes,
. Journal of tae Institute of metals, Volwie 3%. 1929, ie. 2.
3 Pagc 89,
» o
! (k2)Correlation of .etallurgical C.aracteristics of ,,. armor with -
. Their Ballistic Progerties at Semperatures of =H3°F. to -72°%.
{ «. durlich., iatertown arsenal wemerancum leport Lol ual 710/570.
{ . 15 Tecember 1543,
. . |
@ ()43)Develop‘..ent Test of 3/8" aircraft arior et lold ledperatures. e
! Armor Zest deport .o, aD-606, I.e Froving lenler, aberdeen
i Proving Grounc, June to anzusi 1943,
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B. General Considerations

Contreversy will always be rife as to tie relative importance of
superiority in resistance to perforation and superiority ia resistance
to shock where tihere is a difference in tihese two attributes. Tae
conclusions of this report will cvolve from tae coutention taat,
unless a materialls resistance to shock iz grievously inferior, the
prime consideration in tane selection of aircrait armor material sheuld
be its ability to resist perforation.

Consideration of taec most strategic placement of armor threughout
an aircraft has not veen made a part of this study decause it is felt
that such considerations are sensitive to tiie variable tactics of tae
enemy and more competeat information coacerning this phase of design
may be garnered from an up-to-tiie-minute survey oi intelligence reports
from tne appropriate theaters of operatioas,

F. Summary of Results and Discussion

From tie foregoing discussion the following ovseirvations may be
mades

1, Under no contemplated conditions will tae use of rolled homo-
geneous steel or Jowmetal assure the maximum resistaice (to perforation
by small arams projectiles) per unit weigiit emloyed.

a. In general, wien tie obliquity of emplacement wita
respect to tie anticipated line ef fire is greater than 52¢,
or wihen the ratio of plate thickness (weighed) to projectile
core diameter is less tlan 0,6, the use of 243T duralumin will
assure maxiaum resistance (to perforation by suall arms projectiles)
per Wit weigant employed.

b. Under all other conditions, tie use o. iace-hardened steel
armor will assure maximum resistance to perforation.

2. Under soue conditions, tue resistaice (to siock) of relled hemo=
geneous steel armor is superior to taat of face-aardened steel,

3. Sxcept in tue case of attack by direct immact of higa exslosive
projectiles, tie sioCii resistance of 43T auraicnia is equivalen. to or
better taan taat of steel,

4, Coincident with failure by perforation oi arior piercing pros
jectiles, 2M4ST duralumin exhaibits a tendency toward sgalling,

5. Lcw temperature erhauces tie resictance to perferation of 24sT
duralumin, rollecd homosencous stecl and face-nardered steel.

6. 4Altuoough lou temmoratures may affcet deleteriously tae chock
resistance of steel, taey ajjarantly do not lower tie shock resistance

of duralumin,
.v’l./ ’-.,'-|~'? . 1 .’,'""".'."I .
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7. Inasmuch as it is considered that resistance to perforatien is

of prime importance in any consideration of aircraft armer design may
well be based on observation 1,

8. The most strategic placement of armor will vary from time to
time with the tactics of the opponents and contemporzry design may best
¥ be decided on tiie basis of study of the very latest intelligence reports
AL from the theaters of operations,

9. Under attack of projectiles of larger caliber, or different
design or quality, the region of superiority of 24S? duralumin over
1 face-hardened steel nay be expected to be extendeds
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ILLUSTRATIONS OF THE USs OF FIGURZ 1.

4 few typical examples #f the manner in wnich the use of Figure l
& may prove helpful follow:

Example &, - Figure 18 of this report indicates that at U5°
obliquity protection against perforation by a projectile striking at
a velocity of 3000 feet per second may be provided by face-hardened
armor when (ey/d) l.1. If the expected projectile is a cal., .50 A.P.
¥2, what thickness of face-hardened steel is required at this obliquity? - |

Solution 4, — Locate the value 1.1 on the (ey/d) scale at the bottom ™
of Figure 1. Follow the vertical grid line wihich intersects this scale
§ at this point until it intersects the steel scale at the bottom of the
| figure. Ivaluate this intersection point, Result: 047" of face-
- hardenec steel is required.

e

."‘H ) :

Sxample B. - From Figure 214 of this report it appears that the most SR |
I efficient protection egaingt a projectile striking at a velocity of 2800 i @
feet per second, will be previded by tie use oi face-hardened steel at
30° odbliquity if other design considerations limit the obliquity of
installation to tize raage 0° to 30°, Tae thickness of this material
required is indiceted as equivelent to (ey/d cos @) of 1.6, If cal. .30 T
AP, M2 projectiles are expected at this velocity what is the actual el i
thickness of steel required? .

.ﬁr—v—-.

Solution 3. - Locate the point at which the (ey/d ces 8) = 1.6 curve
of Figure 1 intersects the 30° erdinate. Follew tiae vertical grid line 0 . 7~
through this point to its intersection of tne stecl scale at the tep S e
E of the figure. ZIvaluate this point, Result: 0.34" of face-hardened FRRIRERESAEAE
steel is required. -0

! Example C. - Waa% thickness of steel installed at 54° ebligquity is f_ : '{ fﬁ
- equivalent in weight to 13" of Dcwmetal at normal obliquity, if the same LY
s arca normal te the linz of fire must be suielded?

Il Solution C. - Lecate 1,5 on the Dowmetal scale at either the tep or i ® T
i bottem of Figure 1. Follow the vertical sric line wiaich passes througn
this valuc until it intersects the corresponding (elld) scale. Taus,
(el/d) = 1,4 on tie cal, .30 scale and C,8 on the cal. .50 scale. Since
X (e1/4) and (ey/d cos 8) are equal at 0° follow eituer the (ey/d cos 8) =
: 1.4 curve or the (ej/d cos ©) = 0.8 curve until it intersects the 54°
erdinate, From this point follow the vertical zrid line until it - 1
intersects the steel scale corresponding te the Dowvmetal scale originally ' 1
selectod. Zvaluate this peint. Result: 0.2" is the thickness of

steel wiic, when installed at 54° obliguity, will equal in weight 15"

of Dowmetal at normal incidence,if the same arca rormal to the line of
fire i35 to be shielded.
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| compaRISON OF ACTUAL THICKNESSES OF MATERIALS OF VARIOUS DENSITY NEEDED TO
YIELD EQUIVALENT VALUES OF 8,/d

m&.“%w MATERIALS OF VARIOUS DENSITY AND OBLIQUITY OF msnumoﬁ suT
vmumAmm NORMAL TO THE DIRECTION OF PROJECTILE INGIORNCE

.
3 N
X fﬂmecmz Muoumcumusm ornw_ .
. - - . . a2
-
FIBUMES 2 TO 5, THC THOMPSON COLFFICIENT (F) AS A FUNCTION OF OBLIQUITY (8 F TNC RATIO OF PLATE THICKNESS (@ ),
CCTCO TO THC THICKNESS OF STCEL OF CQUIVALENT WEIGHT pCS UNIT SURFACE AS “ TO THC PROJECTILE CORE OIAMETC
» VITH ALLOM( FOR THE GREATCS AMOUNT OF OBLIQUELY INSTALLEO MATCRIAL NECER ‘Y To SHICLO A UNIT ARCA NOARMAL TO
HE LINC OF FIRC (€/of cos@). FACC MARDENED STEEL, MOLLEO HOMOGENEOUS STEEL, DURALUMIN, DOWMETAL. WTN,630-5004

FIGURES © TO 9., THE THOMPSON COEFFICIENT (F) AS A FUNCTION OF PLATC MATESIAL 7 THE RATIO OF PLATC THICKNLSS 9
CY(O TO THE THICKNESS OF STECELL OF EQUIVALENT WEIGHT BELS UNIT SURFACE AREA s: |o THE PROJECTILL CORC  OIA

& WITN ALLOWANCC FOS THC SSCATCR AMOUNY OF OCLthLV INSTALLED MATERIAL NCC Y TC SHIELO A UNIT ARCA NORMAL |0
LINE or FIRC (@ /o Cos @), 0°, 30°, 45°, 60°. WTN.639-5008

nm . 10 T0 13, LIRIT OF RECSISTANCE To PERFORATION (Y, M. A FUNCTION OF OBLIQUITY &o) ( OF THE RATIO OF PLATC THICR=-
utn CORRECTED TO TNC THICKNINS OF STCEL OF CQUIVA WEIGHT PLS UNIT SURAFACE ARCA T0 THC PROJECTILE CORC OlIa-
nuu s WITH ALLOWANCE FOR TMC SSEATCS AMOUNT OF OBLIQUELY INRTALLED MATCSIAL NCCCESARY S sROTECT A WNIT uu NORMAL

T0 g L N of FIVE eA cool). FACE MARDENED STCCL, ROLLED MOMDBENCOUS STCEL, DURALUMIN, DOWMETAL. N-639-5007

FICUACS 14 TQ 17, LIMIT OF RCSISTANCE 10 PERFORATION (V) AS A FUNCTION OF PLATC MTCAIAL ANO OF TWC RATIO OF PLATC
THICKKCSS (8], COMECTCO To THC TMICKNERS of STCEL A FQUIVALENT WEIGHT PER UNIT SURFACE AACA ). To TNC prouce
TILE cone diaMgren { Wi T ALLOWANCE FORTHE GREATER AROUNT OF OBLIQUELY INSTALLED MaTCRIAL WEcTisaRY To pROTCCT
A UNIT ARCA NOAMAL Yo fME LINC oOF FIVE (g, Acose). 0°, 30°. 45°. vIN.6 2

8 1€ TO 21, RATIO OF PLATL THI CJ CORRECTED TO THICKNESS OF STCEL OF CQUIVALENT WCIGHT pER UNIT SURFACE
ARCA (@), TO PROVECTILE COSE OIAMCTCS ? énunv To RECSIST rtnro M OY CAL..30 APM2 OR CAL..50 APMZ  PROJEC-

TILCS OF VARIOUS RTIRICKING VELOCITICS 10us DESRCES oF olLlwlYV FACC HARDINED STEEL, MOLLED  MOMOGENCOUS
STCQL, DURALUMIN, DOWMETAL . (DOWMETAL cu-vn ALSO VALIO FOR 20MM tcl’ll.t PERFORATION) . WTN . 630-6000
IS AN _EMP®7 A FPIGH wiTH REEPEEY vlcnu APPQRORY PR YNIT WEISNY gNPLOY / y
OF _AINGR L] ; | ,
gxPgoTEe po BC ATTACKES WATH GA h 30 40 !3 E& !g " ug raesdTiLe ! i ! ; Vd

A

OF STECEL OF CQUIVALENT wCIGNT PCR UNIT SURFACE ARTA, TO PROJECTILE CORL OIAMLTCS o UNOER WwHICH EACH MaTCAIAL

Fieunes 22 10 23. CIMYM“‘ wiTH RCOPECT TO OBLIQUITY ‘.3 AND RaTIO OF ’LA!{:ETNIIO. CORRCCTED TO TWICKNERS
|
8 SUPCRIOR AND INFERIOS TQ OTHER MATCAIALR, FACC MARDENCD STLEL. ROLLED mMOMODG Y RTCEL, DURALUMIN, “6“"'"

SASLD ON FIBURCS 18 To 2t). . WTN, 6396001
LI0UNCS 36 TO 20, MALF—ARCAS OF YULNCRASILITY FOR OIFFCACNT MATCRIALS UNDCR DIFFCRONT RATIOS OF PLATC ;n glut » CORRCCTED
P ™) of srieL or t IVALENT wEIONT PCR UNIT SURFACC o+ 10 THC PROJCCTILL CORC OIaMCTCA o '36-°°' i
: 0, 1.2, (048ED ON CAL,.30 APH 2 AND CAL,.50 APR 2 FISHIN0S), n.638-5608
3 P
e - ¢
- p sver 3O EFFECT OF CHANGE N RATIO OF PLATE THICKNESS, ADJUSTED FOR DENSITY
< . VARIATIONS TO PROJECTILE CALISER {e, /d} ON VULNESABILITY AREAS —
FOR THE VASIOUS MATERIALS e
v
JGUAC 31. TYPICAL BACK CONDITION OF 24 ST OURALUMIN PLATC AFTCA TESTS wiln Cal. .30 APRD, CAL,,50 Apwl e
YAYLO AND UNYAVEO) AND 2000 M PROJECTILES. wIN 630-6004 g’y
[ 4
A ~FIGUACS | TO 4, FACE MARODNCD RTCEL, THC THOMPOM COLPFICIONT ’ lu A FUNCIION OF Tl RATIO OF PLAIC TwICH- iy
contcuo 10 m tmcmcu OF STCOL OF CQUIVALENT wCI@MT PCR UNIT 8CC ARCA I » 10 1#C PROJCETILE CORL Ola 5%
uuu ) viTh A ms ua AFOUNT OF OBLIGUELY INGTALLEO MaTCRIaL WECCRSARY TO 11 CLD & UMIT ABCA NoWL TO >
e Lied dr ring | cosg). . 4%, 00°, VN . 30-5000 O
e
:,'-‘
ap I1X A= FISUACR 5 T0 B, FACE MARGINCO RICEL. LINIT OF ACSIATANCE TO PCAFORAT 10N as v S
p.(‘?(ohuau(u“}h T(clto T0 Tt THICKNERS OF STECCL OF CQUIVALENT wCIGKT pPCR wuyzulu:(rnill y :;t'::ht').g: SE
JECTILE CORE O1amCY wils ALLOWANCE FOR ThC cnu:u AROUWNT OF OBLIGUELY INSTALLEO MaTERIA. neckofAby To Paot(CT r
A UNIT AREA NOSL TO MLIN(OI'IO((./dmI.) 0°, 30°%, 45°, 60", VN6 30500
\
JONIUA § ININNY ZAOY 1V U a0 i ;'.‘-

e S O T I
L5 BT 5 ks . T ._ \ .g.'... -~ -: SIS -‘° .
FEVRC YRR P VWA ORI Sy B R R A A RO A . S iee 2




-

1
1

W

oy

CEO9-GE9*NIA
oL

. ¢ [ ¢ L
009 ‘oSt ‘L0t ‘.0 ° €505 D, 0~ N4 40 INIT 3HL OF 0 ON YIuVY LINA ¥V 1331044¢
AYVSSIOIN, AV INILVW 037 ViSN| A73nd 1380 40 ._z:o:&zu:uzu\ux Y04 3ONVAOTIY wiia *( O) wILIwvig 3403 311 idan
Jud  3HL 0L ‘(D) vINY 30vauns 1 ine .wu.. 4I01IN LINIVAINDI 50 13345 40 SBINND Ins 3H1 01 03[33wn0> .w@ SSINND I ML
3LV 40 011VH 3HL 40 NOIIINAS v Sy (4) 1IN315134307 NOBewON) INL .~C u&:w WLIIWA0G "y OL | 834NDIJ ~'Q X 10N daV

| E09—6ES° NIA

....mS ‘eSP ‘90E ‘40 .Mtooob @) W14 40 3817 my 01 INWON VINY LiNn v 153)
Owe Ol «nmwuuz JYAYILWW QINIVISNI ATIN01TI00° 10 LNAOWY NI 1v3ND St
Ny op.»ﬂ £

-

04 IONWRONIY MLIA ‘(P ¥I4MYia 405 371173r0Ne
Y3¥Y 32viuns »t...s ¥2d IHDI3A IN3ITWVAINDI 40 W31 4O s
NDItYN 2 40 NOIIONNY v SV (W) NoI )

) =TTV} wz» 04 03123wy 0~ SSINNDINL ILvie 40
VUO4NId OL IONVISIRIN 4O {117 * 84 3dAL1) WidwALT °g oy JNNDI4 - Q XIONIdIY

€€09-6€9°NiA "009 ‘eSp ‘o0€ *40 .«u‘ooob ®) w14 40 Wi OL TVMION Y3V LiNn v 15310we Oy
AUVESIOIN IV INILYW a31IVieNI A13n8 199030 1NOOWY "¥31 V3w ux»\..ow IINVAOTIV x:nx* ¥ILINYIO 380D 3V11D3rOwd IMs
oL ‘{ ‘® ) v3uv 3oviuns 11N0 N34 1HOI3A INIIVAINDI 40 13318 40 SSINNDIML ML 01 0I134W0D ' ( D) SSINND 1M1 I4ve 40
O1iVd 311 40 NOILIONNS o SV (YA) woiivuosu3e o1 3onvisissy 40 11w17 *(1992) NINNIVUNG *8 01'S $3wND1 4 — o X100 dev

FE09~6E9°NAX . ‘Sp ¢ . ‘(®@s ‘
4 AUY88323N v iw3ivw a3t Ivisnt Aamd om0 SOF, 00 (@ 809 5/ %

W10 40 LNNOWY
~ONd ML 2.«0 Y3¥Y 3DVuNS 1inn g
31V 40 OV

3414 40 INIT IHL O) Tvieyon YIMY LINN Y 13310we
YILVINO IML ¥OJ IONVAOTIV miIm ¢ D) ¥ILIWYIg 3903 371103r

N; iH013A 13 wAaInd3 40 13358 40 S$INMOIML Ims 01 a2{73¥y0r .w@ SSINND 1My
4 40 NOILONNS v gy d) IN31d134300 NOBwOHL Ins° ( 1992 NIWnTvund  ‘y 01 1 s3une1) ='H X 10N3 daY

-

SEOI-GEI NIAGO9 ‘sSSP ‘40F “40 *(@s07 P @) 314 40 INIT INL 01 TV YUY LINn Y 1D310wd
a3 WiSNI A 13n81780°35 :.So:« ¥31v3y

0L ANVSSIOIN IVI¥ILiww
IML ¥OJ4 IJONVAOIIV MHiIA .M D) waimvio N 2
103

¥0Q 311193r0Md 3Hx OF ¢ 9 ) viuv

3v.uns 1180 AMBI3A INITIVAINDI 40 13318 40 SSINADIML Iny 1930800 ‘(9 ) 833NN 1ML I1vIe 40 O1 VN Sl
30 Wo11oMnd v 3v {B4) NotewaialY 1 TINVISISIN 40 LIMIT “TIUS 3n0G00MON 2 1IN 8 01 ¢ Samaars 2 8 XioN3dev
— 4

9€09-6€9°N1n i T ) )

o1 " Auv 23 V1ML 931 IvssNg >._u%_o.8mmuo.mw.moh«o¢u ﬂnuohm .m\ru.:u 30 INIY 311 0L TWMON VIV 1IN0 v 15350u4

HL 0} YNy

40 olivy uw- ,wo w._o:wm._..__.u._nﬁn«_ 1 ¥3d_1HDI3A IN3IVAINDY 40

JONVAOTIY Miim ¢ A) win 19 I¥03 3V14D3r0Oue
13318 40 98INND IMy IML 04 OUMUUPOO ddmv SSIND I vd
d) IN3 12144300 NOBJWOML IMy *33e SNOINIOOMON 0310y ‘v 0Lt $3wheiy |!w xh..o.wﬂhtu«

M e et e
PARETAS

..
LI
Ol ]
SEo

LU
a® .

3SN3dX3 mamuahop _u[ CI_SQ.QC.I.OU'ddu

Rl
+ " .

Ve



NI A S A I B S i e 4

T

ba, 7 g

mua._..s »:_u...;_nau

@13 o1t

L

Gﬂﬂﬂuz %.—._wzua ua_ttb 40 m.._d,_!u.—dl 40 S3ISSINMNDIHL TWNLOV 40 NOSIWVINOD

T 0014 S2UILT3POMA ZH dY 05 YD MLIM xu-.:._« LE0NN v %4 7
Ps% 40 : -
mm_DJl.__a .—zu.._l‘_._ﬁ__om QJuC ol DNOUNZ ALIENIQ SNOINVA 30 de.luhi 40 mumnuzxo_t.—. AYNLIVY 40 IQ&E(‘IO)
1l o'l i : '3 o 'S 'S N : T B 133.8
ob ~ nv e | o't 83 ._ 03 9 ol 9 i IViINE00
_ : : T ; j e tew) Ivunc
|
J./
«01
e0 2
ot J
LO v
e 5
T o = z 5 Tvuna
o1 g g v I'E = TviINEoC
i [1 3 i § ™1 T
" p ) ['T] av. VO Wil NOVi1V waawn
--ll_.L.F.t.i..T: SR ) il bt = S i : e
e o 7 I ips'a 30 i TViN3ILVA

g

WO jur

ISNSer g LN 1

e

- PR G SO S

P T S O Y




HY3IHS NI TIv2 04 170014

1371133r0ud

e
4
|
1
|

.| oNIN3IvVNw3aNn

m HEOI 1

37 _»uu o¢|

B

0'1sP/a ‘oz ge "

-+

< 3
O.Nuo.

i

UY3IHE NI

E R U F]

O

IS LER

S0 /3372,

I

3.0_-.

7] .__u._.!-ia wulq.._.__.uu_,wo___m“._oh.r.._

uzz@.ﬁ. 31Vd 40 OILVY NI NOILVIMVA

40 193443

.
'
2

. 7 | R | e |.l
JHA e Ot T 1
1T i 1N |
o "9%03, I
g0 e |
o1 ='a |
8z |
o _ >
U5 M ey

. & S92
i e

$0¢ 980D

.

. i i ;
Wi 271103roNd 40 roFoll.- PH1 0L 1VHUON VIUV LINA V SNIGIIME NI

CfaT 4 Aainer 08 eav

Aldl

PNOINVA 20| SIVINILVA 0 SIISINNDINL TVNLOV BI MOILVINVA

vy

& 5313010u4

e

-...,..ﬁ -.” i

e e —

ct:.o 1 .ﬂlu NI NOIIVINVA

V/ -uluf//]

s

ol W

A T
.-

B

S Sa

4.3 .
PR N
. e 8]
WL

R ATV R T
e v
Ce e e
gy -

Lo

LIPERE TP T STy
.

..
ot
4.

o o
atr "8 ala

LI
D P

R OV O
280

-
Alate>

)
Sa'atads®

-,
S ava

* P a® e e "

A
Ak

W

- <"
R W

Pl
& WLIPY. I

.

K
R i N



o .--..- [ cac g & RUBLICTS B e *R)

.
Je O R S A

.....

.....
.....

_— —= = = . " s
: : I : TR Y ) T q 1 g i .
! e i e e Lk S gk | s :
_ gacl ol T - - P10
T - - - AT i RS .. e pr--
'z : P o e B ; .o .
f i - ol 5 i ’ “ ' ﬂ
A O . ol R fnss S O i el
m FERE | “ _ »“._
- - ) .A. - A M — nl..m. e et S = iy S SN S I.kl
a > | 1 i | i x "
w - H - 1 - | b=
. = - ! 1 |
: NEE S B L s e o |
o ] | 1 :
- < f i | : i % ‘Aﬂ.
=t = g x| I S ! _ O S e o .
d & 3 ! ,1 _ !
3 =] i : . b
15 £ 2 _ i R WP ! | 2, R 1
. L2 W i ! ' ! {
B L - T T
© ~ i - d : : ! »
owl 1.l i 5 } ki
1 .-o ot
. a i o
¥ 1= wl i g
(&)
RN | 1 -
E HEE 1
Sl 3
4 = e e v
'}
£ :
: R RS ot W1
> ' 1
5 !
3 :
1
p
£
: T = - = - i s T T i N B S —
w... ' — .Il_1.|- ' : i 3
r 1 % TSy | ey % ey : oidia i H = - - - i PR {
et | g __ u \ * . e |
i i | * 4 i : _ ! | m_ . ereid b . f._..._
i ; ._ i J - ] ! q " A Ok
r fo= | CRa i e § SEarae— o i T T =1 _ M _
: y . b ! ' ' H b e LB i i
1 ! p 1 J by — 1 2 i o _
4 } : : : 5 ! ; . i .
i | i . g i :
h . W . | _ | ;
o o X o o @ “ @ o, < 31 o~ |w
= o = = g . . : d ) i
. - £ : L : i a. _
! >._..J._Q<KUZJD> 40 v3Hv J.(.Z.O.howm $SDMS JVYH NI 1334 3JHVNDS 30 WZO_.JJ_I ]
: R A A

——

e, T, e
P T -.--
S a2y 2’ o -

2o g




%

S

it e
2805w intDiki

!
-
o
i
£




26—av o4v

26-av o4y
GHLT-0—TuR
Gl 1-0—THR
GhlTO0—TN
GSh6—¥ odV
GHlT-0—TaR
Gl T-0—TaK
IHT—aV 9av
SHI—aQV odv
oGx/otL "v°n
alhl—v Hav
Gnl1-0—Tun
GHlIT-0—~TuN
GrLT-O0—T
G8H6~V OV
GHlT-0~TuK
GhlT-0—TER
2l4i-¥ pav
Gl T-0—TuN
GhlT-0—TaN
Chl TN
GnlT-0—TEN
CHlT—0—TEN
lRT-QV 94V
Gl T-0—THN
GHlT-0—TEN
Gl T—-0—TUN
GH. T-0—TEN

Bodnog ejeq

00¢ ‘61
00f *fl
0028l
006Gl
000°LL
oot ‘ol
00t ‘08
009°gl
00 ‘08
005°8l
30208
0008l
006 ‘9L
00¢ ‘Gl
202 408
000°69
00s ‘L.
0392l
Q0L * 95
006 ‘1&
006 19
J0L°19
039LG
30015
J0T449
006465
039* 1S
206 ‘1S
008465

q£

PO S EIRL RE S

e o °
.—- Y . . W §
970°T gT0°1 04e* 0se2°
g10°1 9101 042° 042’
gT10°1 910°'T 09e° 092°
266° 266 nae* T
H16° H16° 6¢° 168
w63 ° h68° £ge” £g¢”
133° 188° LLg: lle
6.3° 6.8° gl¢- gle
Glg* Glg* Glee YA
Glg° Glg* GlE Gle”
Glg* Gig* Gle: GlE
648° 648° 89¢ 89¢"°
L° 18.1° 002° 232’
3il° 9ll-* 2Le” A3
2hl° 2hl- 061° 261"
19 Gele q1¢e-” Gree”
lal: lal* 981" 981"
lal* L2l 981°* 9sT"*
gzl gal* 118 TTE"
2n9’ erg’ ale* Gle:
613° €13° G9e° 49e2°
r19° r19” £92° £9e°
809° $03° 0ye° 0ye”
764" 766° LT née”
€84 " £86° ou2” oL2-
ggn° 83h” Get” Gt
Gn3n” Ghan® wet” netr’
Gush® Gogt® ¢21° et
aen Gen® 9g1° 931°
3 599 V[T, v/1a s 9

Tl12
Geoe
0022
0012
ooz
1337
0602
0661
GoTt2
LGz
1012
G202
G331
et
6T
1591
Ge3t
Galt
AR
J22t
054 T
HMET
4net
591
6Lt
4801
566

4601
0201

Ty

da

§0T13091°dg 2H d¥ OG- -T1eD Puv g 4¥ 9L’ °T1%®D

I3 30o6dT] Jepun S8913[NG]1G) SNOLIBL 3¢ Pu2 $S8SSIUXDTYY SNOJIBL

5 I0WIy peuspley -e08g JO UOF3dI0;dod 23 A0UEISTSaY

1 G74VE

~r

~

TICE A

POP P ey W | 'thkﬁh

GeLT 0% °
Gut ot ”
2% T oy °
N3¢ 3¢
0T o ({7
GlLat 0G°
M DI
738 Ny *
qleT G *
GLat 0s°
Glat G "
Giat 06
et ne e
T )6
LT of *
Glat 06
ML 08
N0ET ot
Glat 06°
LT %
NET %
Mt 0s°
26T 24°
00L T 04 *
521 Ny°
I T . °
200 T 0: "
Qo T e
2T 3G
mwﬂh “1¥)

NN,/ SGPP U W T T




eNT—aY Hav
26—av Hav
26-ay Hav
26-QV Hav
Slhl-V pav
GHlT-0—THN
SHLT-0—TUN
GHlT0—THN
LRTaV 94v
InT—av a4v
9GH/eTL Vi
GHLT-0—THN
GHLT-0—THN
GHLT-0-T¥N
G8Hh6~Y HdV
olyl=v vav
GHLT~O—TEN
98hh—V £ ay
Gl T-0—TEN
GHLT-O-TEN
InT-ay Dav
gHT-aQv¥ o4y
gH1—C¥ 9av
260V £4V
26-av Hav
2lql=¥ nav
9Gh/OTL VA
96TL~¥ Hd¥
GHLT-O—TER
Gl T~0—THR
GHl(—0—TEN
IqT-av 94v
26—av H4v

304008 B}BC

001°3L
00¢ ‘Gl
o't
o02*Ll
Q0K 63
00869
001Gy
ent 1l
0012l
002°1L
20£ 489
Q0f*39
00239
033432
039°1L
936¢0L
006°0L
oo tal
00042L
00.L°1.
n0L¢l
0022l
o0oz2‘2el
00363
302 hl
ooe'tl
00604
00639
30LGL
Joh ‘4L
goi'el
003°23
300°23

I

[ o s, I ' )
_ il ]
| VY PR VN ; P4 = i . -
H2G°1T 7261 Gle* Gle- 129¢ i) GOLT ng*
126°T h2S8°1 GLE” cles 6262 ) 35T oL’
#26°1 1eG°1 Gle: Gle* 28¢2 o0 GGeT ns.*
#2G°1 h26°1T T2 Gle- 1662 ~0 G4e T ng "
96" 1T 964%° 1 89¢° 89¢° g0¢2 00 1% o
eln’1 A L ML ol¢e o© 93¢ T oL*
2lh 1 2lh°t 0£9° 0¢y° 0612 0% 2T 25°
69" 1 691° 1 9l¢” SIA G142 Lo 00ET of "
641" T 644" T G29° Ggo* gige o) Glax 9¢°
6GH° T 6Gh°1 Ge29° 629° g0t 50 Gl21 nG*
651°1 651" 1 Geg® Ge9® 1182 ) Glet 06"
851" 1 8GH"° 1 f29° f3y* 0622 02 02¢T %5
169° 1T 6 1 129° 2y° 0322 e 20¢t 75
62t 62t 2¢¢ 268" G912 02 T e
082°1 082°1 (% cte” 1022 »$ 65LT SV
792°1 792°1 1848 e G912 09 GoeT of "
ol Al & 2121 615" 615° G312 20 MET 04°
181°T 131°1 906° 435 ° 1322 e slet 81
LTt Lit 1 £06° £0G" GeTe ) 0L Tr DN
LiT'1 Lit T 10§ * nos* I3 ¢/ o0 20¢ 1 05"
19T°1T LIT°T 00§° -0056° 0¢22 50 -Gl2t 04
L9T°1 LT T 00§* nNoG°®  ==4312 o0 Glat 04"
LaT°1 Lat°t 004° 005" 4312 00 4021 o
L9T°T Ly1°1 004° 804" 112 00 4let 9 °
L9T1°1 LyT°T 00G* G26° n4ee a® HYlet b
13171 L91°1 00§° 0%y * 44912 o9 YA 04°
L1911 91"t oS’ 004 ° 11618 0 St 5421 04"
29T 1 29T°1 g6h” s6n” 0402 00 «L21 rs°
GEO°T Geo°t Gge* Gge° 1) & s oo T ¢’
G0t Qe0°T Gye’ 4ye* act12 o? LT ot *
201 L20°T ¢9e° £9e° .72 &8 2CT 0
910°1 310°1 Q42” cGe* | 00 G491 2% °
910°T 910°1 cse” 052" Gree >0 GaeT Vi
3 595 9/, /s T . Ty s el "L
(@, INOD) I EIEVE
¥ YICHT IV
RACARID:. TN, VUUOUIEN RO .




A | * w i
: “Mo ® Mo e ° ° ° ° °
F . g { ' . ! - .. '
" .” { 5 .» F e hoa ' PR ' i . [ | i
)
|
4!
GHIT—I—THN 200'tL ot 2 oth°2 129" 129° nGas 59 39T ng - “
95t /0TL "Y°A 00969 neL e hee'2 03°1T 0°T  8iS52 590 5L31 95" )
GHLT-0—TuN 026 ‘4. 9RI°T 256° 92" nGe* 6Le 0L 0ET o8
GhLT-0~TaN 2061 G401 716 ° 164 ° 10%° 0612 I M LT pIo ’
GhlT-0~THN 02499 L10°1 188° Ll Lig: 00922 oCt 20E T Sl
GHlT-0—TUN 0044y q410°1 6L.3° gl ® gl * i6T 0Jf MET Na®
9G4t /0Tl ‘YA 00T‘LL T10°1 GLy® GLE” Gie” 185 % 50 GL 21 N »
Gri1-0—mux plep MR 296° T8L° L oroh 238" 0381 o M n’
GHLT—O—THN 2202y 368° STV AR Ce® YLt o) pD It %
GHLT—0—THN 02248% %85 ° 63L° 161" 61 Gy 9t A1 PRI R ¢ ’
GHIT-0~THUX 22919 L5 enlt 261° coT” 20U T ot 0X¢ T 019 _
SRIT-0—TER 9264¢9 685" L2l 931° 381° LA 'Y N T i
GHLT—0—THN 005‘¢9 6eg” L2l 931° 331° G LT ~ 2% I: T )” " ’
GH.T—0—THN 20924 aql: 2n9’ qle° qle” 4T o Jk LT J5°
GRLT—0—TEN 20025 4tl-” 61y° 49¢° 32’ O1L T e} T %
Gl T—0—TEN 2092 6ol* nts* £32° €92° LT Ok 0.4/ EN 5" )
Gh)T-0-TEN 20L4¢5 SaclLe ang* 0ye° N52° n-1$ T ok 0.1 7t _
GRLT—Y—Tan 02.494 932 ° 764 ” RG2* nea” ST NAY MET ND3°
. -~ ¥
9gh6=v¥ 9dv Q00919 943°¢ 940°2 308° 3)4° +¢ 32 5) GSeT 1
LRT—q¥ odv I Y] ¢go"2 ¢cot2 olel o 204 Tne2 o) QaeT Y
HIT-qV DIV IOTY2L ¢eQ e £¢o%e c¥e” 075° ehla 59 44€T ). J
gh1—IV Ha¥ n01‘69 ¢e0°2 ¢en°2 ok ¥ onG* lige ok G561 ng *
glnl-V Hav 30819 1% o ¢e€a’z C85° )¢ 3222 o0 G4t T of *
GRlT—0—ax )80l 828°2 820°¢ 15° 614° a6lc 5D LT or* ’
961.~F 94V 2732°¢L Hc@°2 w202 36" g6+ )32 ) GaeT ng® .
GHIT-0-TEN 002°1l 896°1 896°1 74 ° f75° 0332 20 INT e |
QHl1—0-TaN 00469 R36°1 896°1 nG* nG* 02L2 50 VLT b1 % L
9GH /3Tl Y°M 0051y oGl 1 2611 GL® Gle Lizz 9 2121 0s° ﬁm
G3K6-Y 94V 02469 16671 1661 1% £8e” 82¢e %) G4e T oL ” -
GHLT-)—TaN 00L¢19 826°1 8261 THhe' 8¢ " r:1 % ~0 9051 € Voo
Lh1-av o4V 00¢ ‘6L 26T 26T clye YA 5292 n% GG 3zt P
S0dnog eyeq 7 g sou p/To \JaCH To 3 Ty 3 e BT \
(C.IX30) I ZTITVL ,

32 EE Aoty




Gh.T~0—THr
CH.ITO0-TdN
Gh/T-0—-THN
GhlT-O0—THaN
GhlT—0—Ta
CHLT-0-T¥H
GhlT—0—TuN
26—0¥ pav
9Gh /OTL VM
2G—0v¥ oav
Gh.lT-0—TuN
GhliT-0-TIN
GHLT-O~TvN
GhLT-0~TEl
26qv 8av
26—av oav
24—y Hav
GhlT-0~T¥N
GlT-0-TEN
GhlT-0-TIv
ShlT-0—TEK
9Gh /0Tl *¥v°A
GhlT—0—T¥
Ghlt-0—TEr
GHlT-0-T=N
GhlT-0-TEi
GhlIT-0-TvH
Ghlt-0-TEY
GHIT-O-T*N
GhlT~0—TN
. Ghlt-o-Ten
GhlT-0—TaN
SHLT-0-TEN

90dNnoC ©1eQ

. s M e . |
o ) ' e ° ) . ® . .
| . i e . =
i . 1 .. ¥ .. I . . R C =d 5 ,...
b PP 1 3 &
00L°T 2lnt LIg Llg° 0062 NS MET of * ’ =
20L°1 't 069" 069°  06%e  aof 0T 2 g
962°1 657° T 9l¢” 9l¢° Glee L0€ LT e .
< - BER T 162°1 2¢g. 2¢¢- ¢sq2 oS, "ET of * RO
004° 1 22t 616° 616° on92 20¢ 0§ 1 nG* i
0G¢ °1 LTt H06G* 706" 0052 208 mi ne* L
0a¢ *1 LT T #0G* £0G* 0642 o <Y 0c b B
i (g L91°1 006* 006° ccle fol1 Slet 0G* . -
Ing 1T l9t°1 006* 006 1892 a0f ¢l 05° B
I4E°T 19T 1 006° nng* el 'y Gl2t nG* ’ T
G611 G{o°1 G9e* cag* ke 20 20€T og” ]
G611 o1 Goc* Gge- o2 00t 26T oL .
9911 [20°1 ¢az- €9 0SH2 027 02T of ¢ ’ i
¢ltt 910°T 092 ° 03e” 0Ghe 208 00¢T of * "3
£LT°T 910°1 oce: oGe* GlGe 20% CaeT of :
¢lipoT 310°T 052 0Ge* o162 a0f GesT 65¢ - " ;
it 9T0°1 ece” oGe 8 0 208 A ng * _ 9
IRT°T 265° nGe* rGe* 0652 0§ g T of * u i
€GO 1 hi6°® 6<° Th¢ 0612 5N¢ 6198 oG ”
L10°1 183° YA LLge onne Nald €T G
LGT0°T 6l3° 9l¢* ql/¢* 06T N, KT 05" o
TI0°T Glg* Gl GlE” 1742 00¢ clet )G
206° 18: 7 e e * 2193 ¢ 'S €T b o
968° 9ll* 2¢¢- cfee 0G.LT 20€ 0n¢T 0G* >
893° €sl® L61” 6T cent o0¢ eI 0f.°
l1Goe chl® ohT* T o0l X bl % ¢ nee |
65g* lel” 931" 9RT" 44T 20t NLT 0% N 1
6£8° lels 9etT” 981" CELT o0f. o<t ot * U &
2rl° 2ha* Gl Gla* ChiY o0f NET nG* 1
Tl 619° G2 Gaz* 0Ten 00¢ 20¢ T oG o /3
60L" "19° f£o9° ¢o2- 02¢T el LT i oK
col- 209° 09c* e oo 20¢ et oG* ooy
989° H65° LA ®Ge* ~ORT 00f 00¢T oG* » )
EIEEEEIAT T/ 1 2 Ty 3 SIE 55 4
» e
(T13700) 1 7oevl o
v YIC IV . Yy
L
| 18 N ..n
- a® L. IR (SETRTEr. | STEAOMEE. Koo e, | e




-y Y TP T G |a.||.1l.-|‘|‘1.1....4.~v1.1 .1..141 J.u..-.w_.n..l.. A .M 4.1 A= e n. T i ...11
y . GE AT _ b
ho. ’ ® o ole o ® ® - ° K

ol : : o rot , e

L » ¥

»
1
Gl T—0—THN (0304 695° agh”. AN AN LET G A ‘o g
GhLT-O0—THN (QRYRYR; 156° 84" g21° Tk GE3T muw WQMM ww. ' ot
GRIT-0-THN  (99°6& 66" Lo 2T 0%t 9922 () KT 5 s
CHIT-0—THN €22n% 026 o9’ 61" LT BT 009 LT 2% ’ X
GhIT-O-TH  Con‘el G68°T L62°1 25§" A a2 0% T 2% s
Ghlt-o-TEN  COT°9.L It Gee°t Gye* Ga2 SE 08 R 26T ot * ’ g
Grit-o-TEaN  Cog'el n9n° T GEn°1 bye” CREN onse A4 T 7% P
GHLT-0-THN co2 1l an't 120°1 £ye” Cje° 432 e 8T 2% * - 3
GHLT-0—THX cog*al 9eH T J10°1 03e° 02’ 0952 Jan 0L T n' ’ :
GHLT-0—THR oom.mp con°t 266° n4e” n4e” 2TI% 4t MeT " }
GhlT-0-TEN  co% ‘2l 262°T 16" TS 138 0Tl %4a 5 % .
9GR/ITL “V'A €I8°19 8¢2°1 Glg*® Glg” 4le” TaLE osn gLt % ’ I
GH.T-0-THN con‘sl GoT°T 18L° 002° o3e” -2 oM ST D * P
GHLT-0—TuK 009°0L 160°1 .9ll: 266 28" Ime San 78T ¥ .
GHIT-0—T¥N €035 280° T 69.° L6t LhT* GE6T 04% LT o1 Ut R
GRrLT-0—THN cotT'el V50T anl’ 061" 051" %343 597 24T % ° R
GHLT-O-TEN SNEAVN L23°T lel 981" 931° 2352 oaf ML )" ok
GhLT—O—THN 03L%69 121 Lzl 981" 531" 368z eS5 LT 2% ’ .
GHLT-R—TEN 126484 AU6 2t §les Sle* 31 551 INET 05 * e
GhLT-0~Tl C0G*ey 98" 613° Gae’ s3e° IR T 554 LT NG " A
Ghl1—0—TaN C00°¢9 698" 719" gag’ ¢y2° GEhT 2G% I0¢ T b b %
GhLT-0—TEN £02°35 038° 209" 032° J52° 0:LT 5G9 LT 35 ¥
GhlT-0-T¥N C0G‘gH 169° an” Gat’ et G281 0aty T 0f.° .
Grlt-o-mm  €IL'Lh cg9° s’ et hat* 962 cGH 00€T % - Voo
GrlT-0-TEN €19 J89° ’34° et Ay 1931 ni% MNET (% o
Gril-0-TEN  C0G'1S 1,97 Loy’ 22" 072" 9341 o MET N - N
94n/OTL vy (32'GL £24°1 Lot T 226 ° 295° 8.62 2 2 Giet 5" ¥
94t /OTL YR (25°L3 2q1°1 Glg* 5% sle 3072 sk GLat N ,
9Gh/OTL "V R QoL oL 120°2 61T GLe 05.° 72 i1 4i21 O'N K
GRAT-O-TEN  036°¢L n9l T 82G°1 168" 158 G262 ot 0L T 3 L2 G
20Inog BIE(Q I 9 S02 P/To JAE Ts 9 T ) gv/u M Eh) .
1
»
(Gy3:20) 1 TI8Yd
Sl el
. 4




SO e (@ s ® ® .o c @ .
: I T AN R ﬁ.!... ! 4 ! e o BERLE )
[ ] '
. .
’
oo
o i
»
W
. . . .- .-.
~ ) - o
»
. -.
Sl T-0-THN IMEY 296°1 T8L° noe” 0oz* 0} 41 3y 0L T ol T
GrlT-0~TuN 006119 3¢G6°1 69L° L6t L6t Ge1¢ 2 0% 0Nt T X o
GhLT-0-TEN 2L ‘29 73h" T ehl” 061" 61" 220€ 003 031 oL° L
Sl 1-0-THN 006°19 45 0 ¢ Lzl 931" 981°* 0562 =93 00£ 1 g R
Sl 1-0—TIN 00119 €an°T 12l 981" 931° 4832 204 208 1 oL’ oo
SHLT-O—THN 0ot *LG 4gz°1 2h9° Giz* Gle* G2 2932 NET 04 e
GHLT-0-THN 20£ ‘¢S LLe: a8n”° Get* Gat* 4902 209 58T B} o
3oanog BB Fi 0 s¢o v/1c ®/Te Te ° T ) gela 190 v oo
, . (@ 2d00) 1 £16V0 " :
¥ WS Tase | :
T e m b i .
e




n ;
N .
[ .
7 » .
m
g ’
G
3 25
..nw »
2 .
1 -
m ._
. x t
3 ’ )
Ny
c B o
]
[ N
Y
E ._.
. |

. ..
g
. 50D L
. U8 N ‘-
. DI I
e
. 8,0 -
o0
. , .
5
» ) ) .




IR

..|.ﬂ - .. e et e o Lo Y L AMERE A ..‘ v; 144 11‘..1—!.4
L.. ] ® ._ ® i ._...“
N 4 . ’ " ....
¢ 7
£6r/0TL "v'h 00949 19.°1 25T 9l¢* alg* Gz W€ G5t 3
£6n/0TL “v°M 002* L9 7R T 8921 2t 2t¢e clge 0€ GGET 05 *
gonfotl “vor 00L*19 9Gf °1T 1T°T €a6° £oG* €2 00f Gla2t 0%* ® g
m?\oﬁ VM 208‘29 ¢61°1 £0°1 nGe* wee* 1002 00€ 149 0%
6H/OTL *V°R 092° LG 0TO°T GlLg* Gl€° Glg LT a0¢ Glet nG* C
gen/otL VoM 00T ‘84 898° 26l ¢gte g’ 6n€T o0f GGE T ol ® 4
€en/oTL VA 006° Ity £98° Inl* o€ R¢° OhET o0f Gl21 nG* i
gGt /oTL Y 00929 H8r'e Heg 2 00°1 09°1 anse o clet nG* ® ]
g /OTL v R 70£ 499 €93°1 oGl T- GlL* Gl H1a2 o2 Clz21 0% I
gah [OTL VA 208°H9 26 1 66T Geg* Ge9° geee 22 2t nee :
g&h/OTL VM 00% ‘99 2He 1aT°T G G 9¢ e ¥ A nee o 4
9lq/oT. VM o0t ‘ 89 €6 Glg* Gl Gl¢* a9nsT 002 Gl2t ol ]
9Sh/OTL V¥ Q0229 oLE 2 weee 00°T nd°T fole 00T Gl2t e ® :
9Gh /OTL VM 00509 LT ¢l GlL* Gl- ke o0T Glet e
ERJOTL ToM 00829 Eha*e Ah0*2 gls* slg° 9T ) ¢let 6G* ». }
mmiod VoA 000°G9 Gho*2 oo 1] % fo¢” oo o0 118 ¢ ng e X
€oR/oTL VoM 00666 06!°1 0¢l*1 06l 3¢ 022 00 ﬂﬁ. lole ]
£6H/0TL "W 000°29 826°1 AT ql¢® 9L¢" 230¢ o0 GEGT of* »
€6n/0TL VM 00h ‘H9 6" T 6Gh°1 Geg* G29°* Lite 00 clat ,q.
CoR/OTL VM 20L* 109 ele 1t 2let cTée £1¢” Ta8T o0 GEaT
€60 /0TL T A 000°09 Hl1°T HiT T £0G° €06 2231 29 6l2t »
CeR/OTL YoM 00t 66 €€0°T €f0°1 HGe* fee* hEaT %) el P
€6R/OTL VoK 004°s§ Ll3° Llg* Yi% alg® Tsi T oD clav %
€51 /0TL “w°N 005G 26.° 2C) " ggt- Gate 1261 20 Geg » i
Cen/OTL T M oo /G thl® hl® 61" €1€° DGR af GLet k
20anog eiuQ = 6 830 P/Ts ?/To To ) Ty 5 muul\' A\ 1
seTtri0afoxd 2W gv 0C° °*Tel v g¥ J¥ 0L° °T®0 L ....
Jo qoeduy J9pUn SOTAINDITQY SNOTJIBA 3B PUBR 8&SSLPOIU] GTITITA " GO
JO 197170 SMO2UdZFoWOT POTIOR JO UOTIBIGIISG O3 90uUU30 150y L . “
_ 4
I OIEVL ~ € TIGNTddY .ﬁ ;
p £ o
. - d
, - SO T . I “rr . e o ) o




LTI ST (i M A T e T e ey S

) s ‘e el e, T P o T g

H G g

G3TC~¥ "Y°M 00T*L¢ 909 °1 £38° Hhe® e #1222 09 GiTT nG*
981c-E "¥'M 006‘KG “H6T"T 1€6° 9Ge” 9%c* 8lce 09 Gl2t 0s°
1812-8 "v°M 00114 w11 2lg Ghe* G2 G9te 029 Glet oG
2812-¥ "Y'k 002‘lL9 219° 1T i 1 ol 06k * G+ 32 oGt ¢l2x 06*
£312—¥ ‘Y°A 00L‘99 819°T mMi°1 o6oh o6y” w237 oGt cler nG*
9gTe-¥ 'Y°M 001'G9 cin't ™HOT gGe* qc2* 26C2 oGy GGet €
18129 ‘v'AM 09% 69 80h "1 966" Ghe* Ghe* GG92 oGt GeET ol 9
9GhfoTL VM oot‘2l 121 Glg* GlE- e 2/92 St Gl2t 26"
#8724 YA 00096 lge°1 Glg* Gle- Cle- Gl oGty clet ne*
G812~ V°A 00149 6Tt f08" fhe* e Glee oGt Gl nG*
9871c-4 "V'M 20994 whe”° 166G 9Ge* 9ce° acy 2Ch cl2t o 0
1812-9 "Y'A 001‘eS 608° 216 e he” CasT oGt ale nG*
9GH [OTL *Y°M 009°85 £26°1 loT°1 G- G* sale a0k G2t 05"
9GhfoTL V°M og‘el ShHT T Glg* GLC* Gl¢e cane o clet %
90Inog ®3B([ K 8 800 V/Ta v/t To ° T 6 v e ‘T2

(@ Ir02) T TOVL - € YICT IV

R




aPPiliDIL B —~ Ballistic Data Sheet No. 1

Rolled Homcgeneous Plate 668-0, .245" x 283" x 36"

BHT 321-343 Reference Wa-R2187
Plate
Plate Rd. Striking
Obliguity lio, Velecity Results

| Cal. .30 AP M2 Firings:
I Y5e 27 2057 PP-SB
A Lgo 28 2lg2 PP-i3

yso 29 2760 it 2d. #20 - Disregard

452 30 2760 CP-?I? Exi% nole 1/LM x 5/16"

L5e 31 2660%'™  p-E xit hele 7/16" x 5/16"
| kse 32 585 PP-i3

U5° 33 265021 PP-iB

a e v o ee eep
arny 3allistic Liwit ~O5% ffs
TWavy Bailistic Limit 2£7% /s

al, .50 4P M2 Firings:

L5o 21 1895 C2-PT? Exit hole 1-1/8" x

Y50 22 1780 OP-PTP Exit hole 11/13" x "

L45e 2 1785 (P-PTP ixit hole 3/8" x 5/8"

h5e 2 1610 CP-PTP Exit anle 3/4M x 1/2"

e 25 154%%%  pp-Pun §

450 26 158022 CP-PTP 2xit acle 1/2" x 3/8"
a

Arzy 3allistic Linmis 1550 1/c
TNavy Ballistic Lizit 156C £/s

6o° 15 2350 P-PTP Zxit hole 2" x13/167
60° 10 2365 CP-PTP ZExit acle ?/8" NLTRL
60¢ 17 2085 CP-FTP Ixit hcle " x 3/L"
6o° 13 215Ha,n CP-CIP
60° 19 215" F-PIr E:it hcle 3" x 13/16"
60° ¥ 2105% Pp-13

“ar.y Ballistic Lizit 213 7/¢

Tuavy 3allisti: Licit 1%y Ifs

L J L 4 L 4 L J L J L J L J L J A L J L 4 A

-+

L

'r_-'. P

L Y T P

i 0
0 .

®
=
A 3
S I
. @
R

&



APPENDIX B - Ballistic Data Sheet Mo, 2

Rolled xomogeneous Plate 670-0, ,256" x 283" x 367 RTIEERE
BHY 341-363 Reference Wa-R2186 :
.......... AR
SO
Plate | °
Plate Rd, Striking ' g
Oblignity Yo, Velccity Results .
Cal, .30 AP M2 Firings: -
Y50 19 2597 CP-PTP Exit hcle 5/16" x 3/8" o 3
ke 20 2550%:%  CP-PT® Exit nole 7/16" x 5/16" o
0 21 2kos PP.-S3 ? '
L5 22 ah6b2 P?-iB ; :
L5e 23 2550%%  PP..3 N0 0
®Army Ballistic Linmit 2550 f/s pooes ol
Mavy Ballistic Limit ©35C /s i @
Cal, .50 AP M2 Firings:
Lse 2L 1553 (P-PTP Exit hole 3/16" x 3/8"
Lo 25 1495 CP-PTP Zxii hole 7/16" x 1/2" ear e o
50 26 JRIVECH CP-PTP Ixit hole }f2" x 1/2" . ®
L5e 27 1445 Hit Bd, 316 - Dicregard ]
450 28 14072  FP-Pun S :
Birmy Ballistic Liuit 1420 ffs ‘"}f{ifif
Plavy 3allistic Linit 1426 /< ___'.:..._‘
- B -4
60° 13 1875 PP- 3B o 0
60° 1 221y PP-Fun S L )
60° 15 23672,%  PP.L3 SR
o0° 16 2500 CE-PTP Exit hele /8" x /2" -
£0° 17 1ost CP-FTP 3xit hole 1/2" x 3/4" :
€ce 13 2ICEHD CP-PTP  Ixit hole /2" x 3/4" . 1
Earzy Sallistic Lizit 2378 /s g
Tgavy 3ellicsic Limit 2378 ffs
-9 p




2
APPAIDIX B - Ballistic Data Sheet ¥o0. 3 S ;——-*
Rolled sdcmogencous Plate 670-1, .34l x 283" x 36"
Bl 302-321 Refercnce WA-R2185 ERE e
Plate - . A
Plate ad. Striling .
Obliquity No, Velocity Results
Cal. .50 AP M2 Firings:
k5 12 2239" 0P-FPTD )
450 13 2275" IP-PYP  Exit nole 1/2% x 7/16" 'y
450 14 2065 CP-CIP-BD p e
50 15 1925 CP-F+1P :
hse 16 1826 CP-¥P P N
Yse 17 17208 CE-FPTP %5
Lse 18, 16802 PP-HB .
e
i‘Army Ballistic Limit 1700 £/s
Navy Rallistic Limit 2275 f/s
e
e
e

o R . o S OB el et ATl R . . . < o o N -t . - q o 5 2 . S e
el e el ta Cana e la ‘el =LA .PVRL ./, L. WU W T S DU VLI WA ST S L J M. 0 PN DT




APPENDIX B - Ballistic Data Sheet No, 4

Rolled Homogeneous Plate 668-1, .375" x 283" x 36

BHN363 Reference WA-R218k4
Plate
Plate Rd. Striking
Obliquity Jo, Velocity Results
Cal, ,50 &P M2 Firings:
50 1k 2179 CP-FPTP _
Ls5o 15 1ot CP-PTP Exit hole 1/2" x 7/16"
Y50 16 2229 CP-PTP Exit hole 13/16" x 7/16"
° iy, 2035 PP-Pun §
° 18 2002 PP-iB
Lo 19 2175 CP-FPTP
Y50 20 2100%'%  CP-PTP Exit hole 3/4M x 7/16"

450 2l 20502%  Pp-i{B

a 5 !
army Ballistic Limit ~ 2075 f/s
DJavy 3allistic Limit - 2075 f/s

P e

PR LT

...........

PR VI S WA AT WY S R DT W SO M W WA TR TR TR il Y Y e WOR] N RINY WA Y U SN Wl WERE VIR WA Wyt W WY o S O R SRRy




APPINDIA B - Ballistic Data Sheet Wo, 5 e

R
Rolled Homegeneous Plate 670-2, 490" x 283" x 367 ; o
BHY 341-3603 Reference Wa~-R2182 S
Plate 3 7 .“ =
Plate R4, Striking T. : ‘

‘ Obliquity o, Velocity Results
Cal. .50 AP M2 Firings:

' 45° 9 830%™ PP-MB -
8 Y50 10 2875 CP-PTP Exit hole 9/16" x &7 T e
[ L5e 11 2860%"  (P-PTP Exit hole 5/8" x 1/2" TEE
®army Ballistic Liuit 2845 £/s e
M¥avy 3allistic Limit 2845 f/s TS

-

T

*

et e, e e
.
® » v v [ v L) [ v v v ) L) v o
- - Ji—"_Y = L
......... Te e e e TN e e e e e T T e e e I e L
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S
R APPENDIX B - Ballistic Data Sheet Hc. 6

. Rolled Homogeneous Plate 668-2, 490" x 23" x 36"
BHY 331-341 Reference WA-R2183

Plate
Plate Rd. Striking .
Obligquity To. Velocity Results o

Cal, ,H0 AP M2 Firings:

. |
Py L_A_L'L'J.}..J .

450 12 2&70 PP-S3
k50 1 2k20 PF-S3 o e
k50 1 2625 PP-SB wiil
e 15 2850™ CP-PTP Exit hole 5/8" x 5/8" e

l50 16 27802 CP-FPTP T
Y50 17 28000 PP-Pun § PSR
Y5e 18 27302 PP-113 e,

farmy Ballistic Limit 2755 £/s
D¥avy Ballistic Limit 2825 f/s

.........

........................................
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