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of Homogeneous and Face-Hardened Amor at S*:riking Volocities of 3000
ft/sec and Above," and by the Navy Department =2 W0=il, *Structural De-
fense, Testing Facilitles.® g

The work was performed under Division 2 Contract ORUSr-260 with
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CONFIDENTIAL
FINAL REPORT GY CONCRETE PENETRATION

_Abstract

This report summarizes the work on concrete penetration and per-
foration which has been done by the Princeton group during the war.
The first cection outlines ths state of knowledge on this subject at
the beginning of our work ty reprinting H. P. Robertson's original
summary of his initial report on Terminal ballistics of January 1941,
There fnollows a listing of our principal reports on concrete sinco
that time with brief notes describing the contents of each reporta

Succeeding sections deacribe the gonoral aspects of the problem
and outline an approximate thecry of concretec penctration which re-
presents the best recommondation that can bo mado in the present
statc of our knowlcdgue. It is shown in the Appendix how this theory
is an outgrowth of pravious work on thic subject, Formulae arc do- .
rived for computing the. resisting force during pcnetration, the re=
maining volocity as a function of dopth during penotration, and times
of perictration, .Sciectod data on the offocts of .projectile ‘nose -
shape and mass, and of concrete propertics are analyzed to illustrate
‘the application of the proposad theory. - Suggostions arc made cone .
corning further work on the subjoct of concrete penctration, -. -

. .

L. INTRODUGTION: SEVIZ AMD BIRLIOGRAFHY
) Sinco the latter part of 192;0 msearch has boe~~ ~cn:m.tcd at Princcton
on concrete penotration by, bonbs and projectilcs. Tho resoarch’ was -initi~
ated by the Committoe on Passive Protection Against Bombing (PPAB). This
Corumittee was formed by the National Academy of Sciences for the pumose of
carrying out’ resoarch on protection against be.abing for the Office ot the
Chief of Engineers, U,S, Army, On July 1, 1943, the name of the croup was
changed to Committsc on Fortification Design (CFD), ,and tho formal connec-
tion with tho Corps of Engincors was terminated as of Octobor 31, 19lil.
From the beginning this work was vory closély integrated with Sho research
program of Division 2, NDRC, in the fleld of terminal ballistics,

The amnotated bibliography which follows is intonded to sorve both as
a historical rcview of tho work since 1900 and 22 a list of the prineipal
references for the purposes of the remainder of this report. Omly the moro
important itcms have bhcon included, The state of knowiedze on the tcrminal
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ballistics of concrete and carih as of 1940 i3 covered by H. P, Rotertson's
summary of his ropert on Terminal ballistics reprinted in the first item of
the Ribliography, Attention 1s Hramn to the fect that this mport. gontains
cxiensive bibliographical references to 011'11 ir work.

Bib lio, phy
'l‘he abbreviations PPAB and CFD refer, respectively, to the Committce on
Passive Protection Against Bombhg (July 1, 19!40 ~ June 30, - 19143) and ‘its
successor, tha Comittoo on Forba.tication Dosign (July 1, 19h3 - Octodber 31
194k}, The reports of" these Comitteea were made toi the Chief of ‘Engineors,
United States. Army, and their diatribution lies in’ the handa of thc Offica of
the Chiof of. Engineers, United Stata& Jthq', Washington, D.C. -

1. Temi'ml .,allistics, by H. P. Robertson, PPAB Interim Report January
1941, Unclessified. : : ,

The author'a original smary of this initial PPAB report is as follcws:
The genoral problem confronting tho Committne can bo broken down into several
subordinate problom, osch of which may bo attacked more er ises: independent-
-y of.the othors, ' This intcrim roport doals with the prosent state of know-
ledge. concerning one such aspoct: namely, the ability of a given material,
such a» éarth or concrete, to withstand the impact of a - bomh, insafar as
this:ability ia att.rih:t‘able to tho .Locain..ﬂd. ‘,r aorties, such as. strength or
density, of the matorial, ¥ ) )

Part I doals with theories and data on t.he penetration of an inert bomd
into an unlimited deformable .80iid or semisolid matorial. The dcpth of
penatration may be eapectcd to dopend “upon

. a. Pnoﬁrtiea of the bomb: weipht ¥,
o [+ -4, shape;
. b. S% conditions: velocity Vo
. angle o cldence, yaw;

Ce erties of tho target materials
a%roW (such as comprossive
strongth’ or hardness), donsity,
porosity,

Sinec the lattor cloments (c) are ultimamly responsible for the re-
sistancy R to penetration, it is most app*opriate to base the investigation
on The lumdamental eque_tion of motion, )

(1.1) o wdix ok
O . ’

O wr TNDENTIAL

[EO—
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In 111 the theorics considersd R may be taken as the product d-f of two
factors, thc first #(x) dcpending on the depth X of penetration already
achicved, and the othex £(v) on the velocity v of the projectile at that
stagc. In the majority of the investigaticms found in the literaturo,
this assumption is furthor specialized (See, 2) by takingd as a constant
provortional to the cross-sectional area A of tho bomb, The resistancc
1y, thon by written

R=AL),

and the sectional resiStance f£(v) may be interpreted as the encrgy noces-’
sary to displaca unit voiume of target material by a projsctile moving
with.velocity v; in the.units adopted in the report £(v) is measurcd in
pounds per square inch, amd one of the problems encountered is that of
identifying f with some significant stress parameter of the med:um. It

is shown that such a resistance leads to a maximum dopth of penetration x4
of the form : o : . o '

(2.1). . xy=PF(v,),. S
where P = W/A is the sectional prsssure of the bomb, and F(vo) is a func-

-tion of the striking.velocily v,, which can bo obtained by integration from
thd scctional resistance f£(v). ‘ o o S

The principal séétional—pgg;sure formulae, associated with the names- -

of ‘Euler, Poncelat, and de Giorgl, are discussed in the remaining parts-of:
Sec. 2.. Bulor (Sec, 2a) assumod the' resistance to be a constant, whenco

(2..’7') .

S e
i Sl ACHE SN

.much éf the rocont German work .(Pores) on aireraid protection is based upon
the use of this formula, Values of the strength paramecler f =, for var-
ious substances and f{rom various sources, are collected in Note 1 at tho

ond of the report; most of them are, however, quite uscloss, because of in-

adoquato data or specification,

The second formula considared (Sec., 2b) is based upon tha theory R
developed by Poncelet, supplemented by the admirable experimental program
cf the Metz Cummittee (1835). Poncelet's assumpticns may be interpreted
to moan that the projecillo must not only supply cnergy to disrupt the
cohesion of the material (as in the Euler hypothesis), but also cnergy to
rcmove the detritus from its path; the resistance is then..

R = Aa + tv°),

whore the Mshatter strength"™ a is a measure of the cohesive force, corros-
ponding to Euler's coefficient py and the c-nstant b appearing in the in-
ertial term is proportional to the density w' of the target material. ~The
resulting penetration formula is  ~ -

ORI SN ST s 77 DU, DY .. bt
u“
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soAan vy, = E . - -’ b \
..L...V) ‘ ..1 - ﬁ'g' loge 1 + zvilo

The Piobert-orin-Didion vaiues-of-a anmd b, £+ varjous media, are given in

vac original and in English units in Not. 2, and the relation of b to the -
density of the medium is liscussed in Note 3. Mugh of the modern ®ork‘cn )
penetration cmploys a special caso of Poncclet's formula, due to Pétry (1910),

in which b/a is given a definito mmerical value, the same for all media;.

Fétry's formula hias boen transeribed here in the form

(2.13") xy = KPlogy, (1 + v2 /215,000),

where the striking velocity v, 18 in fect per second. Values of the parsme
eter K fer various materials are listed in Note L. ] 4

The last of the sectional-pressure formulaeg discussed in detail is that
of Nobile ac Glorgi (Sec. 3c). De Giorgi reduced scattered penetration data
in accordance with the general formula (2.4) and summarized tho cesulting
F(v_ ) in tabular form; his Feviluas, roduced to standard English units, are
givén in Note S, - A L.

-~ The sectitnal«pressure formulae of Bulcr, Ponéélet, Petry, and do Glorgd,
for concrete or $imilar ‘media, aro. compared.graphiceily in Plates I and Il
in Plate I on adjusting the strongth parameters to bring the curves.Znto .
agroomont at’ around v_ = 900 ft/soc, and In Platc II with the original para-
metar values, Tho apBlication .of ‘the scctional-pressure formulac of Buler,
Petry, and do-Glorgi to Aberdeen Proving Ground data on the penctratied of - .
projectiles 1:d ‘bombs into carth is:piven graphically. in.Plate IV, . . :

o}\\

In Scc.-3 situations are considetud i, which the resistance cncountewed
by the projectile may be expected to depend un.ihe deyuh X of penetration,
The first of those, discusased in Sec. Ja, is the case of Shallow penetration,
in which the actuval shape of"th®'nose of the.bomb may be expected to play-a
not ‘inconsidersble role. - ‘The most natural: modification of the expression
for the resistance, traceable back to Morin (1836), leads to the penetration
fomla L . . . .. LI . R . * s. e . . .

(3.1) Vlxy) = W),

where V(x*) is the actual volume swept cut by the projectilc on penetrating
to a depth x,, and F(v_) is the velocity functidn previously introduced;
this result }s illustrfted graphically in'Plate III for the hypothetical
case of a conical-nosed projectile piercing a thin plate. :

The secon.. nonsectional pressure theory consilecred is that of Viescr
(1935), who professes to derive the penetration formula
: . re ~1/3
X = 'y Zel

i

o ey e -
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frem known elastostatic resulis, where Eo is the striking ererzy of the
vomh and & is the compressive strength of the target material, Although
there is little or no theoretical or empirical justification for this
formula, Vieser's many papers on the subject have had gonsiderable in-
fluence on recent German literature on air-raid protection, and i* has
therelore been thouzht desirable to include in Sec, 3b an account and an
atterpted interpretation of his formula.

Part ¥ corcludes with.a brief discussion of the dqviatiuns from the
theoretical formula to be expected because of oblique incidence, yaw, and
the distortion of the bomb case,

In Part II rupture of the-target, by spalling from the front face or
scabbing frem the back face, is discusced, with emphasis on the latter
aspect, The formulae

(Sb) 'sg=§m{

(5.6) 5 = KT,

propased by de Giorgi and by Heidinger, respectively, for the scabbing
depth sl caused by aprojectile of weight W and velocity v are subjected
t

to a critical examination. JThe formula
7 o2 = x W

is proposed in the report, as an alternative which seems more plausibla
on theoretical grourds. Bubt it is tc be conclunded that thereare at
present ‘insufficieni Jata available to al.ow a reliable trestment of
scabbing,

Part III is devoted to the quest. an-of perforatien of -a tarset of
given material and thickness e; in Con, € to the case In which scabbing
is inconsiderable, perforation beins aculeve? v pure stop-by-step
penetration, and in Sec. 7 to ‘the case ln which scabbing may plsv a more
important role, In the former, applicatiom is made to the probicz of
determining the "limit velocity" vq of the pla*s-=that is, thc velocity
Just sufficient to cause perioration. The for...u'a

.. 2 n
(6.8) . v =“"'""'Z§ x —d-%- % {In of 3)
m

is derived on the Poncelet hypothesis, and compared w ith various perfora-
tion formulae. The penetration cycle is discussed in Note 6, and the re-
sults illustrated graphically in Plato IIi, Section 7 contains an ox-
rosition, following N, de Giorgi, of a method by which the combined effect
nf phﬂct-a* ion plus scabbine may be datermined from the separate penetra-
tion ani =cabbing formulae,

CClr IDENTTYY
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he Tinzl Fart IV reviews briefly *he conclusions that may be drawr Iron
the investizavion, with particular reference to the deperndence of penetration
o .
a, ‘ielcht and size of bomo,
. b. Striking velooity,
ce Physical properiticz of d
the target.

(a) The data available in thc literatura seem to warrant the cxpectation
t“a* for similar bombs the denth of nenctration (2.4) is proportional to the
ct*oral pressure P of the borb with a coe’fic;ﬂnt b(v rnich depends on
tho sur141n~ velocity, that is,

(2.1) - xg = PF{v ).
This implies a resistance
ﬁ = Af(v)

proportional ‘o the cross-sectional area A of the .omb. .

{t) Again, the available data seem to warras.t the expectation that the
sectional resistance £{v) deercascs as the velocity of the bomb decreases.
It is considered significany that the empirical de Giorgi formula agrecs
closely with a formula cf the Poncelet. typc .Plate I), and it is according-
ly sugzested that the assumption : .

. s *h2-
o8 ' + = ! ’

(2.3) t{v) = a bv? , F(v) ?S_lo“ <+ v

be cntertained az a working hyponhcsis. '

{¢)  Tha nved for ~ more adequate corrcla‘ion rf lewcnts crtcrinp into
the penetration process with ascertainablc physical propcrtins of the tar-
got material is stressed, X theoratical armument faverinz a cectional re-
sistancc F(v) of the form (2,8) is advanced, In briecf, it is armuld that
the actual mechanisri of resistarte involves both the ovs"coninr of cohasion
and the overconing of the inertial reaction of the resniling dutrltusi-'Tfis
contended Uizt tho fwe terms a and bve cntering into £(v) ahove do, in
fact, rcoresent those two clements, and it is suggested that it may t¢ prof-
itnblc to dectermine to what ex ent they alenc may be able to actount for the
obscrvcd phenonena, uorcnepociflcally, and more tentatively, it is sumprst.
ed that the jmrmer may Le related to the hardness of the targe’ material,
nd thwt the coefficient b in the latter may be ropresented (43 in cox-
tarior ballistics) as the density of the imatorial, modified by a suitable
"drag coefficient.! MNotes 8 report'ballistic and hardness tests which
my b2 relevint to the dotermination of the "shatter streagth® a.

The report concludes with a Olossary of symbols uscd, and a Eiblioge
rirhy of the princzpal references consulted in its pruparation.
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2. PPAB #inal report for tho yoar onding June 30, 1941, Part T. Con=
fidential.

This report contains the small-caliber penctration data of the first
Princeton "Concrote Propertics Survoy," tho objoct of which was to obtnin
sxzerizmental information on the effect of concrete properties on penctra-
tion rcsistancce The thon curront theories of° concrcte prnetration arc
discussed ard the data aro enalysod in torms of the classical Poncelcd
thoery. The first -evidenco suggesting tho exiatonce of the goalg affect -
for conercte ponetration is prosented and discussod on page 48 of this
report. .

3. Ponetration of projoctiles in concrote, by Re 4. Both, PPAB Interim
Report Nceo 3, Novombor 1941. Unclassificd.

This report suggests tho use of an cmpirical poactration formula for
concroto of tho forwr s = KDV*a®; vhore s _--is the noso corroctod penetra~ °

tion in calibers, D is tho calibor dénsity of the nondeforming projectile,

Y is the striking velocity, g is the calibor, and K, «, and & are constants.

Tho facter & represonts tho eeale cffocts
Le AP Somb test—-comment, by R. A, Deih, PPAB Interim Revort ko, 9,
 April 1942. Unzlassified.

Bibliography, data, and discussion of “ests with I2<in, AP projec~
tiles, weighing 1000 1b, °striking heavily reinforced. corcrete slabs. of -
three tiricknesses (36, 60, and 81 in.) at 1000 ft/sec and 2C° obliquity,
_Caliber ,LS penetration data obtained on unreinforced 1-ft cubes ui the
same concrete are also giver and an attern® i: nado o evaluate the scale
effect according to the type of formula suggested in reference 3. This
invoives. a surgested method ‘of makinr allowance for the density of rein-
forcing’ steol on penetration,

Se A'brief Summary of Yechnt data dn penetration in concrate at various °,
scales, Uy it, A, Beth, PPAB Interim Report No, 18, Junme 1942, Unclassilled,

A summary review of penetration data’at caliber .45, 37-=m, 7S5-rm,
155-mm, 12ein,, and 16=-in, scales, The data are analyzed and correlated
in termz of empirical formilae of the form sugpested in reference 3,
Scale-effect graphs are given, Some data on sticking, scabbing, and pere
foration of concrate by inert projoctiles are given,

6. Penetration and explosion tests on concrete slabs—-Report I: Data,
by R. A. Beth and J, G, Stipe, Jr,, PPAB Interim Report No, 20, January
1542, Unclassified.

3 L)
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Th1s rcport ‘contains eomplete.datay ihd. same preliminary analysas in the
form of graphs of extensive tests om 19 reinforced concrete slabs ab eal-
ibers o45 nd .59, I7-mm, 75-mm, 3-in,, and 155-mm scules. Penetrations,
p-riorations, obllouitwns, and explosions aré included,

7. ™eonciration und exmlosion tests on concrete slebse—Report II: Crater
Profiles,- b LG Stipe, Jr., PPAB Interir Popert No. 21, January 1943, tn-

clasgsili "'J

¥leveon largce nrints of measured crater profile drawings which arc rcpro-
cuced ab smaller size in reference 6. :

2. Resistance of laminsted concrpte slabs tq;perforatzcn, by R. J- thscn,
PPAB Interim Memorandum No. M-, May 19k43. Unc13351fied.

; chort on tests made at 37-mr scale to find the reduction in perforation
limit velocity produced by pouring concroto slabs in sucr=ssive layers rather .
thun monolithic21ly, A lowering of limit velocity by not more than 5 porcent
per construction joint was found,

9. Terminal ballistics and explosive effeets, APPGn@ix to the PPAS final reo
port for the yeur ending June 30, 19&3. Rcstricted. '

This -report contains a descr: iption oF iea ‘nal-ba¢11~+*c nhvncnena with
concreto. steel, armor, and other target - materials, logetner with a compila-
tion .ol considerable quantitative information on these subjects in the form
of *1blea, grarhs, and nomograms, It was originally writien to aasist the
Corps of Zngincers in the preparation of a new fortifications mamual.

10, Conerete pronertics survey, by R, A, Beth, J. O, Sﬁipe. Jr., Me E. DoReus,
and Jdo T. Pittrnger, CFD Interin Report No. 27, July 19hY, Unclassified,

Thic senort concists of thrbe separately bound parts: "Effect of
eancrote properties on penetration resistance,” "Appendix A—=Proparation
and phj*lcal tcsts of ‘econerete," and "\ppundix B-Pcnctraticn iata.

In order to anlorn the effect of various concr°tc propcrtics on penctra-
*iam reeirtanse 1SL 1-ft cube targets representing about 75 differsnt con-
cretes were made and tested for penctration resistance using nondeformine
nardonedesteel caliber .50 modelescale projectiles, Tests werc nade 1t
normal incidence with striking velocities from 600 to 2000 ft/sec. The
cariicr Conerdte Propertics Survey data reported. in reference 2 werc neither
3~ oxtonsive nor so aceurate as these newer data and should therefore be

: t e N T LEL
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regarded as preliminary or auxiliar:: ¢a the data of this repart, Sunmary
tables of the data and a discussion and analysis of th. results arw con-
taired in the first part of the report; the two appendices contain com-
plete descriptions and original dzta on the parts of the work indicaled by
their titles, :

11, . Ballistic tests on conerete slavs, by J. G. Stipe, Jr., Y4, E. DeReus,
Jo T, Pittenger, and R, J, Hansen, CFD Interim Report No. 28, Junc 19LL.
Unclassified, '

The separately bourd "Appendix A—eTables of data" contains full tabu-
latiore of all original ballistic and concrete data,

Perforaticn, scabbing, and penetration tests were made on 133 concrete
slabs in this companion ‘program to the work ¢{ reference 10, The same
caliber .50 projectiles were used and slabs from 3 to 18 calibers thick
were tested., These small-scale tests were planned to supplement the in-
formation at larger acales in reference 6, particularly with respact to
the effect of slab thickness, concrete strength, aggregate gradation and )
size, various schemes of reinforcement, scab plates, and obliquity of inci-

. dence, - The following relations were found: e/d = 1.23 + 1,07z and

8/d = 2,28 + 1,13z, where e/d and s/d represent the thickness (calibers) g
that can be perforated and scabbed, respectively, and z is the penetratio.. -
depth (calibers) into massive concrete of the same characteristics at the '
nerforation or scabhing limit valcsity. These relationr show good arree-

ment with the data except at obliquiting -r:ve 400,

12, . Repoated fire and edze fire effects on small concretc slabs, by

To Go Stipe, Jr., CFD Interim Memorandum No. M=12, July 19LL. Unclassified,

The numher of rounds required for perforation of reinforcer! conerete
slabs by rencated fire attacl with caliber ,50 modecl-scalc nrejest.iles was
testod for two thicknesses of concrete, two rcinforecing schemas, and for
different distances from the slab cdge. Tables of taliistic data and many
observed erater profilec drawings are included,

13. Composite slabs, by Jo G. Stipe, Jr.; CFD Interim Memorandum No. Y-13,
June 17LlL. Unclassified, :
4 mcthod of estimating the perforation proof thickness of slabs com-

pesed of conerete and steel, soil and concrete, and of the throe materials
is proposed,

CONFIDENTIAL
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il Penetration Ltheary: Estﬁhateéi&ff%éiécity and time durinc senetration,
by R. A, Beth, Division 2, IDRC Monthly Repott OTR-7 (OSRD=720), February

19h0,  Confidentiai,

Thi= paper sumnarizes the theory of the variation of the res;stlng force

& uuring projectile penetration for three cases: (1) R is « eonsfans (the
Tobins-Euler btheory), (2) R is a function of the remaining velocity v oaly
(sectional-pressure theorfes), and (3) K is a function of the penetration-
depth x only (sectinnal-energy theories), The functional form of R is §ot
krowr, but, there are reasons for believing that the actual curve for R will
fall tetween those predicted by cases (2) and (3),. A knowledge of R would
b3 a step toward sclviig prodblems of fuze and projectile.design and The de-
sign of compogite targets,

15. . Concrete penetration, by R. A. Beth, NDRC Report A-319 (OSRD-l;356), March
1945, Confidential.

An attempt is made to revive the Poncelet hypothesis by postulating a
force law of the form R = a(x) + for concrete penetration, and a{x) and
b are evaluated from caliber .50 penetration data in reference 10 and some
additional data on the effect of projectile mass and nose shape given in an
apperdix, calculations of resisting force, time, and remaining velocity dur-
ing penetration are made, The theoretical conggquences f a further gencr-
alization of the Poncelat force law, R = a(x)v¢" + b(x) , in which the
first term is able to take account of tha concrete scale offect, are worked
out in an appendix., Later developments along this line are described in the
appondix and taxt of the present report,

16, An clectromametic method for measuring projoctile tclocity during
penetration, by K, A, Beth, and E, J. Schaefer, ¥DRC Rerors A=-329 (nsap-£17%),

Jura 1945, Confidential,

Tho mcthod consists in magnetizing the projectile and recordin+ the
clectronotive force induced in suitably disposed coils duriny -deseloration
in a ronmagnetic and nonconducting target material like concretc by means of
A cathoje-ray oscillograph equibped with a lincar time sW2upe  The renort
cutlines thc *heory and desien of the ceils, the equipment used, and de- -
scrives preliminary oxparimental work including tht methods of gtabilizing
the mammctic moment, of the projectiles against the cffects of impacs.

17. Penetratien thcorv: Separable férce lawg and the time of ptneiration,
hr R A, Beth, IDRC Report A=333 (OSRD-%258), June 31945, Confidential,

This report considers tho consequencas of assuming a scparable foree
Tawe o the form R = cegi{x).f(v) as an alternative to the cteneralizod Pencelnt
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force law 2. referance 15, Oeneral formlae are given for penetration as
a function of striking velocity, remaining velocity as s function of denth
during penetration, and for time of penetratiom. A mmber of special
¢1ses are tabulated, including ail of the classical theories of peretra-
tion, A separable forco law for parforation leads to & relation between
limit, striking, and residual velocities of the form .

F(vgp) = F(v,) = F(v.),
which is indepsnient of the projectile mass and the target strepgth under
cerbain plausitle assumptions.

18. . Ballistic testﬁ on concrete slabs, II:. Effect of nose shape, by
J. G, Stipe, Jr., Division 2, NDRC Memo. A-1121 (OSRD-6638).

This report contains unamlyzed data on a continuation of thec work of"

reference 11, Perforation, soabbing, penatration, and ricochet tests were
made with caliber ,50 projectiles of various nose shapes at normal inci-
dence and obliquities up to 60" on Ll reinforced concrete slabs from 3 to
18 calibers thick,

CONFIDENTIAL . .
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I, THE PROELE! OF CONCRETE PENETRATIONY.

in attempting a ratiaﬁa‘ apﬁfdﬁch to +he'compiicatcd pvrblemb connected
with ‘the interaction cf a projectile and target it is important to distin-
guish between penetration and parforation, and to analyze the effect of
obliquity by comparison with the corr*;ponding case or ~orma1 incidanece..

e
- mer

In a striot sense. the tenm genetration is reserved for the entry of a
projsctile into 2 target without passing through it. Penetration into a
nasgive tareet or imply; massive penetration is often uscd when we wish t.
emphasi e the fact’ tha , there is no. yielding . rupturé of material at the
vack face of the targat. ..

The term perforation is used specifically when the projectile passas
completely through the target slab or plate with a finite residual velocity
upor emergzen~e from the back face, The lowest striking velocity v, for
whick the projectile will just perforate the target is called the limit
velocity Ve

In the transition region between massive penetration and- perforation the

prosence of the back face permite a progress.vely arzater penetration than
would be obtaired with i ¢ giver striking Telccity ir. 1 massive targct.

For a rational approach it is also donirable to consider first only
insrt and nondeforming projectiles, The effects of an erplosiva projectile
deper’ on the stage during the penetrat.on cyclea at which the prejectile
letonates, For maximum effect the detonation should take hlaco atter the
miXimum inert penetration depth has been reached, II wils is determined bty
2 time [ e setting, the instant when the deceierating force becomes .
sufficiont to initiate the fuze, and the time to maximm inort penotration
thercaftor nued to be estimated. Both of these neaded items of information
depend on an understanding of the phenomena of 1nert penetration.

With parﬂot mater_als like concrete a stael prujectile almrst never

troaks

'S, “hile against hard armor there is a eompetitiou betwean the plate

i/ “viwe complete discussion 1s given in Hﬁf R 1nc1ﬁalng diagrams,
chetncraphs, and grapha.
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ana the projectils which, especially. at hich striking velocities or
ebligquities, often results,in projectlile deformation or rupture, Even
acainst concrete Lhe talliziic cap or windshield with which many scrvice -
projectiles are provided, is crushed and swept sway, Thin-shullcq.HE
projectiles or GP bombs may alsg be deformed or ruptured avain _concrete,
especially as the striking velccity is incr~ased. ~

Thus, for the problem of céncrete penetration, the aim has been to.
find -first the laws-governing the penetration of an inert, uncapred,
nondeforming projectile of conventional form penetrating a massive.ponf .
crete target without yaw-in a direction normal to the targct face (zero
obliquity) This has becn considered the primary problcm and the phenomena
of oblique penetration, of normal and oblique perforation, of projectile
deformation and exploaion, and so forth, are to be eluc1dated with refer-
ence to :

Most practical  problems on concreto,penqtration‘invoivc onc or more of
the-facturs of prrforatior, obliquity, deformation, cxplosion,.and soifofth.
In time of war tho secming urgency-of  finding direct answers to spacific
practiéal.problcma.tendsvto-uorkiagainst;theaattcmpt,tq-pursuc a. lozical
éetmence of experimentation. -Unless interrelations. among. various parts
of the problem, #such as:these Ccseri™d. ave tept.clearly.in mind in plan-
ning ‘tests it nsy easily become impossible te correlate the results fom
different prograun.because-too-mnnytyariablesgwerd-oh&ngad from. onc test
to another, Such ad hoc experimentation: is, -in tho:end, very wasteful
and time-consuming because it prevents the attainment.of. a quantitative
over-all view which would provide immediate answers to mary peactical
problems without the expense and delay involvad in moking further tests,
For this reason the Princeton group has made every attempt to plan con-
crete penctration and perforaticn tests 80 that the interrelations be-
tween various experimental programs may bc cxploited to shed light on the
poneral “*oblem.z

Tor a given projectxle and concrete target the maximum pcnctratlons
are not "“ounrfinnal to the strlklrg kinotic energy,” a8 they would be if the

< e ppﬁ-].l in Rcf. o,
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torse rosisting the projectilc at cach instant were constant and lhe sam:
for all penetrations. This suggests that the resisting force dentnds eon
Zapth vr velocity or both during nenctration.

Experiments furthermore show that a "scale offectt oxists for pene-
trations into comorcte. This may be described as follows, Congider similar
projectiles (same shape and’ same calibur'density)‘striking'a given conerete
target at a given velocity Vo) +hen it is found that the maximum caliber
penetra! .ons 2, are not. constant but increase in a regular way with the
caliber of the p.ojectiies, is phenomenon suggests that the rcsisting
force per unit area of the projectilé must depend on the caliber d.

Th> physical origin or ‘cause of the scale effect is not qndcrstood.
Amohg t..e suggestions that have been made are the following:
- "~ {a) The resisting pressurc may be a function of a purc number
ratic s/d, where 8 1s a characteristic length nssociated with the
structurs of the concrete, such as an aggregate sizec rarameter. The
lergth s should probably be defined to take dve account of the rel-
ative proportions of various aggregatc sizes present in the concrete.
In a general way this suggestion is in agreement with the observed
fact that inereasing the fineness modulus of the aggregate vsed tends
to inercaso the penctration resistance of concrote, The phv=<z:al
mecharism underlying this suggusi- .. snould demcnd on the dlfference
in crshing st: .ngth between the aggrecate particles and the inter-
atitisl cement in some way. If this is the case, then the scale offect
should be grrater for weak than for strong coheretes, This has not
been observed, but perhaps sufficicntly accurate data 350 Lot yet
available, .

(b) The resisting pressure moy be a function of the actual
depth % in the conerelc target rather than of thc caliber depth z.
This would imply an inhomogeneity with depth in the target in the
sensc that the deeper layers should te less resistant to pcnetration.é/'

VAR TER: SN U

4 fee vn, 33, 3L in Hef, 10,
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{¢) The resisting pressurc may depend on the time rate of in-

formation of the target wavorial, This would imply that the resiste
ance should increasg with 2 quantity like v/4 vhieh has th: dimensions _¥‘
of a rate of strain,

t=
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I1I, RECCLMENDED APPROXDMATE PENETRATION THEORY

Timz and space do not now permit a full discussion of all aspzcts of the
theory of concrete penectrationy for this reference is made t~ oravious re-
portg. Instcad oniy the besi golution that ¢an be reecommended at the pre=-
sent stacc of the work will be described, A critical discussion of thc most
reeont. nravioue thooretical report and the path that has led Lo tie present

recommendation’ is eiven in the Appendix. - -

Ve base the recommended penctration theory on the !bilowing 1s5sumptions
for a nondeforming projectile of conventional form penetrating a massive cone
crcte target without yaw in a direction normal to the target facc (zoro
obliquity): '

Assumption I, The forcc per unit arca resisting the forward motion

of the projectile in the target can be represented to a very good .
approeximition by 2 separable force law
R = ceg(z)ef(v), (1) '

where 7 is the depth of nose penetration measured in calibers and v
is the remaining velocity at encn instant,

Assumption IT, The depth depondence of R can be approximated by

= 2/2 for 0 < 2 < 2,00 calibers.

gl{z) ¢ - = (2)
. 1= 100 for z > 2.00 calibers.,

This assumption is an attempt to take account of the enixy of the

pointed nosc of the projectile into the target and the effuct that

the escape of target material during.crater fc.mation may have on R.
Assumption III, The velocity dependence of R can be approximated by
2

flv) =v"7, (3)

wherc @ is a constant, Doth the fractional cxponent nccded for fite

tingg the data and the fact that £{v) then gocs to zero with v are un-

%/ S Ret. 17 for a gencral treatment of this case.

IR - 15 -
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sstisfictory frem a prysicil point of view. Thesg defects are
associtced with our basic lack of knowledge concerning ithe physical

cruscs of the veilocity depandenee of B,

Assurption IV, Tho constant ¢ is inveracly properticnil te

Knd?, (W)

where K is the "penetrability" of the'concr-etc,n i3 a nosc shape

factor £ar the prejectilc, d is the caliber, and g4 a numerical cxpo=
nent. Tne form of the assumed sc2le-effect dependence on d iz agiin un=
satisfactory, but until we attain a.botter nwnderstanding of the under-
lying physical phenomena (sec end of Part II) it scems difficult to

taprove this fonaulatlion.

Assumption V. An oxcellent representation of concrete penetration
data at all scales is oktained by assigning the values .

o = 1,80 and 4= 0,20,

or
2"'z=ﬂ= 0.20. (5)

According to these five assumptions the law of force for concrets pen-

etration bacome .
‘ 2) v 0.29 .
R= 5*% (% x conste (6)‘
1/

e rquation of rotion can be integrated by scparation of the variahles =
Usine a hybrid system of unitsé/ that is convenient for practical numere

ical eomputatjors, the resulting pepetration formula can Yo nut in 4R form

1
| 6(z,) = knd®+20 py 13 (M

_6/ "he numerical values of¢ and gziven in Assumption V wer: fourd from
conercte penetration data  without 4ssuming 2 =x=s4, The fict that they
lead to a foree law in which tothn the velocity dcpendence and the seale
depandence can be combined in the factor (v/d)6 rmay be significant in con-
reetinr. with the problim of the cause of the scale effect 1s discussed at

Lo cond oaf Pare II,

_?_/ The Aetnils of. the integration are not repeated here, Thuy aru
amply aovored in previeus reports, espocially Rafe. 1 2nd 27,

%/ fampare p. 11 in Ref, 17,

e e m s B 7 e e————— s
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2 " W " ;g
a2,y = 41 glz) dz "ﬂ/h for 022y g 2400 ealikers

1 >0 ) T w’ o - - B3 thens
L-- al 1.00 fOl Zl Prd -'00 CGl.» con

z, = firal maxlmum nose penctration (ealibers) of thc rraiastiley,

1 purc sunber i

= "gopetrability" of the cenercta,  Units are sugh 1o 4o make
5(z,) a p.rc number

* = nosc factor for the projectilc, a purc number

4 = caliber or maximum diameter of the preojectile (in,}

D = ratio of weight of prejectile (1b) £o the cube #f the caliber

4 (in.), "cslloer density" of the projcetile (lb/ina)

vy = v°/1000 striking velocity of the projectilo (103 ft/sec).,

In these units the reaisting force per unit maximum cross-gectional arca

cf the projectile, Eq. (6), is

' 0020
R= ZQ%ﬁggg (g) g(z) lb/in?, (3)

where V is the instantaneous remaining velceity of the projectile 4n thou=
sands of fact per second, and 4 4s in imches, The relation between ¥ and

2 during penctration is given .
1.80
&Sﬁ, W) - (#)

The timo g (menc) from the instant of impact 4o any depth 2 during

panetration may be computed frem

!-z

—— , Q a pure m\r'OCI‘, A (1n\

x [ QQ ] 1/1, 80 function of 7 a~d 7y

where x (ft) 1s the naso venetration [x = ud/12]. The tntal time of vence
vraulcn, o4 msec, can be determined from

v

-l

2/ Compate Eq, 15 anda Fig. 2 in Ref. *7.
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2
v M1
‘071 _1 | dz___,  _ a pure mmbeT, &' (44
R F oy ]M/s0 PEetion of sy oy

Jo ! tT u\zl'i
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where Xy (ft) is the maximum nose penetration [:ti = zid/12]. lhe right-
hand sides of Egqs. (10) and ((41) are universal funciiens for concrele,
independent of the target and projsctile parameters K, n, d, and ._12. Thus,
by numerical evaluation of the integrals, a graphj-‘gl can be made for
finding values of Voc/xl and Vo"i/"x' Then the determination of gor oy

is reduced to simple slide-rule operations for any particular case,

1n/ Analogous to Fig. 11 in Ref, 15,




I7, DATA EVALUATIORS

This nucline it sufficient Lo indicate the scope 61 the recommended sclnu-
-ion Baaed on the Aosumptions T Auroush V. It remains to show how K and e
© e evaluoted. )

if (z ) ic plotted apainst V1 30£br a ziven set cf obgerved data

(same rr*'nctilp o’ the sare roncrctp tar;eu), ‘the points =ill Le found to
fall on or near A vtrainht iine through the oriszin, The slope is equal to
knd®+%0 o according 1o Ea. (T)s . Both Eqse (7) and (ﬁ) can be conveniently
roprnsenteu ~3 guraight lines if speczal graph paper. is prepared on which
the abscissa distances are p*oportional to V1 -80 and are labeled with values
of V and uis which the ordinates are proportional to G(z) and labeled ith
values of 3.12/

Usually the weights of the otherwise aimilar proiectiles used in obtain-
ing a given set of data vary somewhat, Por mmerical calculation it is
thereforc better to eompute nvl .80 separately for each shot. In combining
the data from a number of "Hota in evaluating K and nit is surgested that an
appropriate waighting of the data is obtained by summing the values of
G(zi) and the values of DVi ao. Thus the deeper penetrations will have a
pronortionately greater influence on the computed results.

This principel was used in recomputing the saliber 50 nc.a=vhape data

~civen in a previous :epcrt.lg/ The resv'+: are listed in Table I vhere KR
}: 3(317

e v 12)
. d ) S:_D"o.

was computed from

The nose fuctort is defined to be unity for a 1,800-caliter =adlus tanpent
orive nose, With reference to this the 'value of = for the other nose shapes
used was conputnd by simple division. These values of 7 arv plotted againat
sher tose hweicht (calibera) in Fige 1« For a tangent ogiva of % calibers
calivg, n is easlly shown to be

;&/ This-is a parbiculsr appltcltten ot the principles describded -on
e aad fn Tige 2 of Ref, 17, , Vot :

12/ Soe Appendix C in Refy 15.. _
T TTTITIAT ‘-20;-.*
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h = "/5 - Oo-ég' caliberSQ (1?)

The straight line drawn on the figure is
R= 0072 + 00250 ho (1’.‘)

Tt is dashed from h = O to h = 0,50 because, strictly speskins, & tangent

ozive is impossible with h less than 0,50. This straignt line is closely

related to the similar straight line obtained from the same data in a pre-

vious report,-:-'y but the values have been recomputed in accordance with
Table I, Evaluation of7 from caliber .50 nose shape data.

MR SURPONR Y

L == bl R ’
Ogival Nose !

These? Nome Radius| Holeht e [zotey) d .203v1.ao S

n N - -
No. (calibers) |(callbers) Shots ‘
BIB 3= 7| 1.2 1,118 | 10 |L0.18 9.0h2  |lnblo¥ |1.000
B3B 3~ 7 Flat ) 9 25.32 7.852 3,265 |0.726
st tp |t | 6 |mar) s g/t
B3B13-17|  Flat 0 6 |19.68 .58 |3.5L7 0,713
meeo-2lh| 1,50 1118 | 6 ]18.19 Lty |l116% 11,000
B3B20~2}; 3,10 1.688 7T {29.57 64290 Le701 {1,242

a/ The underlined value is the penetrability K ‘for the concrete sinco
7n= 1,000 by definition for the projectile with n = 1,50,
Eqs, (7) and (1:.). More data on the effect of nose shape are neecded: it is
imnortant that K, d, and D ve held constant in obtaining comparative data
on the effect of two nose siapes on penetration. Until better information
is secured it is felt that the relation given by Eq. (1L) should be used as
a basis for estimatingn even at larger calibders,

Table II lists such est,inatcs" of » for some »f the projectiles on which
axtensive data are available, In estimating nfor nontangent :nd composite
ogives, the actual nose height from tip to bourrelet was not used lirectlyy,
but h was adjusted to correspond to a best-fit tangent ogive approximating

the actual nose shape as shown on the projectilc drawings, The values of

13/ fee pps 18-20, 25 in Ref,15. The script ris used in thiz repert
I RN IR fr~= the E of :I-Cfo 1’,‘.
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q, dO.EG, and ndO.ZO are also listed for each nrojectile in Table II. These
zive a representative picture of the kind of variations involved in the nose

ard scale effects,

Table 'II, Nose and scale factors for selected projectil s,

} . ! o ""' E—— —
; Caliber | Estinated Scale |
Irojectile } RerData e 4 h Estguted Factor !‘ndo’zn
. ! erenc i (iri,) | (calTbers) = 4020
Cal .50 E~6 ; 10, 11,15 | 0.L905 | 1,118 1,000 | 0,870 | 0.870
yames | 6 [Lus3 | L6 o012 | 1,07 | .09
37~mm M7k 6 |1.LS3 1123 | 1,000 | 1.018 | 1.079
75-mmn M61 6 2945 | 1.00L 0,971 | 1.2l | 1,205
3-in. M79 { 6 2,995 | 1.92 1.018 | 1.253 | ‘1.268
- * . o ! . ) [
155-mm M122 6 . 64092 1,098 . | 0,995 1 1435 | 1..28

; The effect of projectile mass on penetration is *niquely detarmined by
Assumptions I, II, and III. The principal available data are analyzed in
Table III, The results shown in the last column suggest that the values of
K as computed from data for similar projectiles of different mass on the
same concrete may {end to increase with D, However, the best set of data
(37-mmn) with' the largest numves of siiots shows practically no effect of this
sort, Irisofar as this trend .s real these data indicate the degree of
approximation involved in Assumptiors I, II, and III, It may be that the
theory would be improved by adding a Poncelet-type inertia term to the
velocity~dependence assumptlion but the present data ara felt to be insuf-
ficient for the evaluation of cuch a term 2% fispines dit2, holdly K,

n, and d constant, are needed, B

1L/ GSee the Appendix of this report and Apvendix B in Ref. 15,

B

B RN e ata. ke ake ve e @ ah ik 5P, b vl S o & = ?.“.-.-— -
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Table TII, Penetrability determined {rom data for sinmilar "r~1ectiles

vi differenl wass on the same concree

= ! ' . — 5
: j Average ! l ;
Data ' .aunber ) L. ;
Refff-gTarget ; Projectile g:i:i:; ngt ) G(zl) FLDV&'SO ;ndo‘eoz K
anes ! D 3 o so ! * ’ !
: ) . .
; Sl N R U T
15 3338-12l0a1 .50 Hollew 0,361 | L4 {14,211 3,493 | 0.B79iL.676
15 ”398-19' Cal ,50 E-6 0.717 | ' 5 21,7h ! £.287 1+ .8701L.218
L 15 [3388-12{02) .60 Carvoloy( 1.0Ws | 5%/ l22.18 5] 5,101/ | .570]u.5012
15 {B383.12{Cal ,50 Carboloy| 1.0LL4 | 38 52.92 111,052 ! »37015.277
: . . . i . . o . .
6 |8lay LB{37-m 80 ], 0538 1h% (60,136 122,061 | 1.001{2,352
6 !Slab LB|37-nm 7Y | .623 | k(77360 {29892 | L.077(2.399
‘ : o * ! i
6 'Slab éB{155~mm W112 : 378 1 b 116,505 | L.225° | L.h2Ri2,752
6 !Slab 6B{15S-mm M112 W30 | 2 115050 | 2,630 | 1.428]2,903
T i‘ . ilead filled i o i ' - :

a8/ Omitting three doubtful shots included in the

next line,

8ome scale-affect data aré analvzed in Table IV.. The agreement totween
the values of penetrability K as lerived for the same concrete f{rom penectra=-
tion data chtalned with different calibers d indicates the degree tc which
the scale-effect factor a0 20 -is able to represanl tie facts, | untortunately

both’ D and n» factors are involved in £11 of the svailabl.

data., Scale=

effect data in which &, n, and D are held strictly constant are greatly

neaded,

Nevertheless the agreement secured is felt to Justify the,uéo of

the present formulation until better information decomes available.

o systematic analysis

the penetracili

wnizh

the mork shievdd, B2 ecarried cut,

rarn~ 7

the practical oystem of units e

7 ¥ has yot doen made,- A

of the effect of varions cencizl: properties on

coneidnrabtle amount of data in

&)
1y e 3ad Dowere held constant is availablc for this purposo==

L5/

and

A number of tymical values of ¥ in the

1< e 50 are smovm in Tables I, III, and IV,
uggested in conncecticon with Eq. {7) leads to

It will e noted that

vrnient rumerical values of K without the use of awkward powers of ton,

L A T .-

o 7o Qlder -lava are piven ain Refe 7,

N




Table .V. Penetrability determined from data for projectiles
Q ifforont ca r on tho samc conc_x;e__g.
(Data irom Ref. 6)

nd2*% = 1,091 for >7-mm W80 projectilo.
7a2°20 = 1,428 for 155-rm 11112 projectile.

a/ Combined 155-mm data from Table III,

t_)/ Sraph of 155~mm data for this case suggests possivility of systorrt.
in penetration measurcrents with ¢vanrit (see pn, 17, 18 in Ref, 5).

Le error

Average | yper N 89
Caliber 2 "\‘Dv" X
| Target | Projecti?fe Yy n;it.y S?oxots 20(z4) o X
(1%7in3)
Slab 6A 37-m 0.55% 12 62,409 20.115 2.345
Siat €A | 155-mm .370 3 112,08 3.260 | 2.810
Stab 6B | 37-m | ussh | 8 139,127 ; 12,624 | 2.8L2
Sav 68 | 155-m | . ot | Datess?i 1.5 | 2.22
Slab 6C 37-mn «538 11 52,633 16,334 2,946
Siab €0 | 155°m a1 | b laess | oussy | 2.sa?
Slab 6 |  37-m .538 10 | 76373 | 18.037 | 2.866
Slab 6 | 155-mm 390 b 11200 3.776 | 2.633
Stab 10 | 37-um .59 10 !nioue | 1g.215 | 2,638
" Slab 10 | 155-im s | b jus 2,955 | 2.681
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V. CONCLUDING SUGGESTIONS.

Further work on the problems of concrete =nenetration and perforation

shenld  be pursued along some or all of the fqllowing lines,
(a) The.most promising direction for futare £indamental work on pen—
“etration lies in fiiiing and exploiting experifentaY #ethods of
observing the phencrona during the panetration cycle. A prouising
electromagnetic method of recording projectile vciécity as a function
of time during penetration in a concrete target was s‘xgge_sted and
described in a previous report.‘-l-b/ - It should be -possible to -devise
‘other metficds or to adapt those that are being used in the study of
"armor penetration. Measurements of the total time of penetratiom or
of residusl velocities after perforat:.on wrmld also be very useful,

‘rarticularly in assaying tha acouracy of.any proposed theory,

The important thing in this type of vork is to go beyond the traditional
nessurement of only stril:ing velocity and penetration.: The latter may lead
to certain empirical formulations, but does not reach the heart of tne
problam thus lesaving us with on.ljr the vapuest qualitatlve notinne when a new
form of problem presents itgelf, . .

© - (b) The analysis of existing concrete data should be continued

* along the lines illustrated in the previous Part. A study of the

- effoct of concrete propertias on K has alreadv ‘hecr: Wugresteu. An
ana.lysis -ot the acouracey of he p v.:trat,ion fow:m]a F.i. (7), ehould

C L TerTI e
-

‘e aa - C SHATE AT LY

‘be made by statisty. s al me't. ids,.

On the basis -of the-imdroved krawledge :of- narmal. pemt.ration, existing
'ata on odrtorauon and on the effacts ‘of, obliquity for both pche'trhtion

and perforation §hou1d be evaluated again.lz/

Graphs for practical applicaticns _shouid e vrepared to aid the de~
sisrerc of wespons and fortifications.: '

16/ See Ref, 15, .
17/ See Refs. L, 6, 11, and 18,
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\3) The analysis of existing data will aiso serve to ermpihacitc

the nead for additional observations on certain points: (Lo need for

batt r nose~affeoct, iass-eifect, and scale~effect data has already }_
been mentioned, On the whole a thorough knowledge of existing data

including its defects is desirable in order tc plan further tesis

fur maximum effectiveness and value,

URCLASSIFIED
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APPENDIX
Poncelet-Type Force Lawc for Concrete Psnetration

In a previous report on conerete penetrationgg/ a feroe lam of the
generalized Poncelet form - . _*'
R = a{x) + tv° . (A-1)
~was postulated, Caliber ,50 data wcre used to evaluate a(x) and b and a

very good fit was achieved, Larger-caliber data were not considered..

However, these results and their extension to larger calibers do nop
seem to be completely satisfactory., It is falt that the following
difficulties may be directly attributed to the streng increase of the bv2
term with v in the force law, Eq, (A-1):

(a) Figure 10, page 31 in Ref. 15, shows that the crushing re=
sistance a(x) has a maximun at about 3 calibers penetration and then
decreases to about 50 percent of its maximum value at 15 calibers. ,;isj
There are reasons connected with the curing of the concrete-/ for a ‘
possible decrease of crushins resistance with depth in concrete, but
it is hard to believe that the decrease is really as fgreat as ‘is

Slivwn b7 this curve, - i

(b) The theory of Ref, 15 gives a basis for coqpu*inr the
change in the penctration ewre: (3t-iking caliber energy, DV , a8 a
function of maxlmum penetration) with tho caliver density D of the
. projectile, For large D the computations lead to a downward or ;
negative curvature of the penetration curve as is 1llustrated by the . ;
computed curve for the tungaten carbide pv'wjectiles»*n 'Fig. ‘8, page
27 of Ref. 15, ' If this were true, the penetraticn woudd incraase.
more rapidly than the strikidg~éderdy vmder sertain circumstances.

The tungsten carbide data which seem to support thie are rather

weak s i3 chown by tho "Remarks" in the data sheet.g—/ The data

for larper calibers tend to deviate from this computed ciliber-
dersity dependence in a way which suggests that the penetration curve

netually  Aoas not tend to curve dovmward for larger D values,

; RS e, \1. "‘; in P"}.f“. 10.
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The computations for the effeet ¢ vyjoetile nass .

penetration on the basis of Eqe (1) ir - . awievard and
numericai differentiuiions and integra- .r:. Thile this
ment 1gainst t..e possible correctness ... .z assurplion,

if an equally good representation of e (3. ag date emuld T
of a simpler or more manageable apprg; .. ©'cn to the forc

_ It is not felt that the theoretica. ... ., Jo7 ="
inertia term, bvz, in Bq, (1) is sufficien .1~ strons, part.
trojcotile is being rapidly docelerated, t- ' vercome the cc. -
culties enmmerated in (a) and (b) above,

In Appendix B of Ref. 15 the theoretic>! consegquences o
force law of the form '

2N

R=a(x) v?" + d{x

are worked out. It is sugrestod that this mwr he rade to or
vrfoct by writing the first term in the form a(z) - (v/d)zan
calider of tho projectila and 8 = x/d calitors, Valucs of 3 .
of 0.10 to 0,12 may bo doduced from ponetration daty of Jdiff
on tho same concrote, It is surprising and probably sienifi. .
such a valua of A, soloctnd on tho hasta =f ke Al . rved 3eai.

things happeni
) ”
(1) The inertia term, b(x)¥“, is no lonper needed to
for the effact of changes in préjcctilc‘ mass, and then (L

(1) tho coafficient, i{z), riscs to x maui~.. .. sbout
caliders, and then romains sensibly corel: ' . Tl

is much more plausible than the | o Licesn= Sbove o=

computcd on the bagls of Eqe (A=,

Thase observations lead dirccti.- to the theoory recermer | i

sent reoort which corresvonds to Sy, 1 4-2) with the lact tes on
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