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Preface-

This report is the seventh monthly report of Division 2, NDRC, on Air
and Earth Shock, covering the period from January 25 to February 25, 1945.
These monthly reports are compilations of informal reports submitted in ad-
vance of formal reports. In no case is it to be presumed that the work 1is
complete or that the results reported are other than tentative.

The work described in this report is pertinent to the project designated
by the War Department Liaison Officer as OD-03, and to the projects designa-
ted by the Navy Department Liaison Officer as NO-22) and NO-267. The work
was performed under Contract OEMsr-260 with Princeton University and Contract
OEMsr-569 with the Woods Hole Oceanographic Institution.

Arrangement is by project rather than by contract in order that all
material pertinent to a particular phase of the work may appear together..
These monthly AES reports are intended to give in some detail the results

obtained during the preceding month by each of the contractors working on a
particular project.

This bound copy is intended for the use only of those individuals and
groups authorized to receive information about the activities of Division 2
in the entire field of Air and Farth Shock. It should not be shown to per-
sons who are concerned with only a limited part of the work. Loose=leaf
copies of the sections are available for distribution through liaison chan-

nels to those who have a legitimate interest in the results of work on indi-
vidual projects. ' ‘

Initial distribution of copies of the report

Nos., 1 to 17'to Liaison Office, OSRD;

Nos. 18 to 25 t6 Office of the Exeéutive Secretary, O3RD;
No. 26 to R. C. Tolman, Vice Chairman, NDRC;

No. 27 to J. P, Baxter, 111, Historian, OSRD;

Nos. 28 and 29 to E. B. Wilson, Jr., Chief, Division 2;
No. 30 to W. Bleakney, Deputy Chief, Division 2;

No. 31 to ll. P. White, Technical Aide, Division e

No. 32 to H. L, Bowman, Member, Division 2;

No. 33 to W. E. Lawson, Member, Division 2;

No. 3L to D. P, MacDougall, Member, Division 2;

No. 35 to S. A. Vincent, Member, Division 2;

No. 36 to J. von Neumann, Member, Division 2;

Nos. 37 and 38 to Division 2 Library, Princeton University;
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A, Wertheimer);

No. 39 to Office of Field Service, OSRD (J. E. Burchard);

No. LO to Ordnance Department Liaison Officer with NDRC;

Nos. 41 and L2 to Bureau of Ordnance, Research and Development Division;
No. ;3 to Aberdeen Proving Ground, Ballistic Research Iaboratory;

Nos. Ll to 48 to Liaison Office, OSRD, for transmittal to‘DLV1sion~2-
London Representative; H. P. Robertson; Road Research laboratory; Armament
" Research Department; Ministry of Home Security;

No. 49 to Army Ground Forces Liaison Officer with NDRC; |
Nos. 50 and 51 to Bureau of Ordnance (Lt. Comdr. S. Brunauer, :

No., 52 to David Taylor MbdelfBaéin.(Gomdr. J. Ormondroyd) ;

No. 53 to Picatinny Arsenal,. ‘Technical Group;
Nos. Sh to 57 to OrdnancefDepartment (Caly 1o &, Luke, Jo E. Levy,

No.
No.
No.
No.
No.

No;
NQ.
. No°

No.
No.

No.

No.
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No.

. Littleton, H. M.

58 to

59 to
60 to
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68 to
69 to
i e
71 to

Royal, Va.;

Jcean Area (Lt. Comdr. T. C.
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72 10

No. 73 to
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NO.,

LW to
75 to
76 to

77 and B to Jffice of Field Service,

79 to

. 80 Lo

No. 81 to W,

No. B2 1o
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Morse) ; |

Corps of Engineers (Lt. Col S. B. Smlth),

Engineer Board (Maj. C. A, Burress); |

B 0 Cross, Consultant, Division 2;

J. @, Klrkwood, Consultant, Division 2;

Néwmark, Consultant ‘Division 23

A. H. Taub, Consultant,iD1v131on 23 o iy

Th., von Karmé,n, Dlrec.tor i SClentlf:LC Adv:.sory Group ’ Hq " AAF
G. B. Kistiakowsky, Member, Division 8;

R. A. Connor, Chief, Division 83

Division 8 Files;

H. J. Fisher, Explosives Resegrch_Laboratory,;Bfucetgn;;;”,f'
Explosives Research Laboratory Files;

Mira Rees, Technical Aide, Applied Mathematics Panel;

Ma 5, :

James L. Bisch, Engineer Board Experiment wtation, PYort

R. D. Huntoon, Office of the Secretary of War;

J. B. ldeb)s
rla., s

Aberdeen Proving Ground (laj.
President AAF Board,
Joint Target Group;

Jrlando,
Proof Division, Eglin Field, Fla. (Lt. L. K. de Alva);
OSKD (Miss V.. V. Sides);

Tarset Analysis Section, Joint Intelligence Center, Pacific
Wilson)

Director, Air Technical Service Command, Wright Field (TSLSE-LI);
J, kennedy, Woods Hole Jceanographic Institution;

H. L. Beckwith, Princeton University.
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Division 2, NDRC ADVANCE RELEASE: This

Monthly Report AES=7 (OSRD-L 75L) information is tentative
February 25, 1945 and sub ject to revision.

e | Princeton University
Project OD-03 . W. Bleakney, cupervisor

AN EXPERIMENTAL DETERMINATION OF THE POINT OF CATCHUP OF THE RARE-

FACTION WAVE AND THE IMPULSE OF THE SHOCK WAVE IN A TUBE

by C. W. Lampson

Abstract
" Experiments are reported here which show that:

| () The impulse in the shock wave in a tube at the critical dis-
tance 1s very nearly proportional to the excess chamber pressure and
can be calculated by considerations of the energy in the shock wave. .

(ii) The length of expansion tube necessary ta allow the rarefac-

- tion wave to catch the shock front and to produce a peaked shock wave:

can be found from a knowledge of the various wave velocities and is

of the order of magnitude of fifteen times the compre881onrchamber
length at the higher shock Uressures.

1. Experimental setup

A series of experiments was made in order -to check some of the results

of a theoreticalianaiysis of the properties of the'éﬁbék'ane devéloped in

a tube from the bursting of a diapbragm. The main objectives were the de-

termination of (i) the p01nt of catcbuo of the rarefactlon.wave with the

shock front and (ii) the impulse of the chock wave at the point of catchup.

The setup con81sted of a standard ca JlD?:tlon tubel/.of 3=-in. diameter

with the compression chamber reduced to a lAngth of T— 7/16 in. by means of a

tightly fitting wooden plug which occupied the remainder of the original 2-ft
length. Sections of expansion tube were fitted in place to a total length of
approximately 1L ft. Quartz gauges were fitted into ports in the side of the
expansion chamber at distances from the diaphiregm of 6 2L 409 7 T8 T0an;

8 ft 10 in., and 9 ft 10 in., giving at “hese points the ratios of length of

e — — ——

1/' For = ﬂﬂacrlpt .on of the tuoﬁ see G. T, Reynolds, A Erellmlnary'
study of p¢ﬂ1~_5_:fﬁ waes foermed by burcting diaphragms in & tube, NDRC Re-

- —— —

port A-T 92 r(Ju];LD NO. 1") 771 i i L s B s e
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expansion chamber to compression chamber, L/L;, of 11.0, 12,65, 14.25, and
15.86, respectively. The outputs of the quartz gauges were led through
the customary padding condensers and preamplifiers to four Dullont 175&
oscillognaphs modified to have a common single sweep and photographed by
four Foth-Derby f/2.5 cameras.

The setup remained unchanged throughout the experiments except for the
removal of 2 ft of expansion tube from the end between shots designated in
Fig. 1 as (4) and (5) and a simultaneous reduction in sensitivity of the
oscillographs by a factor of 2. Duplicate shots were made at every chamber
pressure, but the results superimposed so perfectly'on.the;oscillograms
that only one of each pressure was measured and shown on the oscillogram
sheet (Fig. 1). Three timing shots were taken, of which only one is shownm.

Comparison of the three showed a negligible shift in sweep speed with time.

The déta for the seven shots shown in Fig. 1, togetheruWith.certain

derived quantities, are tabulated in Table I.

2. Definition of symbols used

Symbol  Unit Definition -

-9 ft/sec Velocity of sound

T 1b msec/in? ~ Impulse in shock wave -

L ft _ Length of expansion.chamber |
Lis . i Length df compression chamber
Ee 1bh/ins CompreSéionrchamber prassure -
P, 1b/in? Atmospheric pressure, hence initial pres-

sure of air in expansion tube

Pe 1b/in? Excess pressure in shock wave
Pes 1b/in. P P |

w - PC/PO~

y - (F. -+ PP,

3. General results

Examination of the records showed a severe vibration present in the

records from channel I (see Fig. 1) which greatly reduced the accuracy of

CONFIDENTIAL
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Table I. Data for seven shots. .

P, P

Shot W y T
. (1b/in?) (1b/in%)
0 timing shot —— frequency 1000 cycle/sec

B.9 . | 3607 3,85

1h,8 7 - 2.0 | 1.41 6.00
19.1 2.30 1.50 7.10
29.5 3.01 10.20

39.8 3.71 1.87 12.80
Lol ).36 2.00 14.70

NV FlWwWw] M -

the records, although the nmature of the pressure-time curve is evident
through the disturbance. This vibration has been observed before and 1s
associated with the mounting of the gauge in thé tube. Apparently this
cauge was improperly mounted in some way SO that the vibrations of the tube
associated with diaphragm breakage were transmitted to the gauge or to the
cable connecting the gauge to the preamplifier. The traces on channel 1V
at the higher pressures showed a flattening at the tOp of the record which
can not be real since a peaked record was obtained at a lower pressure. Lt
is believed that the preamplifier was being driven to cutoff on the peaks
since the reduction in sensitivity was made in the amplifiers of the oscll-—
lograph which followed the preamplifier. The channel-IV oscillograms were
discarded for impulse measurement for this reason and also because the re-
moval of the end section of the tube resulted in a reflected rarefaction

wave which reduced the area by an indetermimate amount.

i. Impulse measurements

The records were enlarged by a factor of 8 and traced on Kodatrace in
order that an accurate measurement of the impulse could be made. The value
of pressure for each trace was calculated from the known compression-chamber

pressure according to published curves.g/ Experiments have shown that the

——-—————————————"——_——'—-_-—_—_—__——_-_—

2/ See Fige 5 of Ref. 1.

W—“
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Channel: 1 II

Time Trace
Frequency =
1000 cycle/sec

(1)
PO = 8.9 lb

y = 127

11.0 12.64 14 25 15.86

Fig. 1. Oscillograms showing shock wave in tube as & function of chamber
pressure and distance from diaphragm.

Princeton University Station
CARTIARSIAAD Division 2 NDRC
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amplitude of a step-shock changes by a negligible amount. in traversing a

distance of the order of magnitude used in these experiments; thus this pro-
cedure is probably more reliable than a prior gauge calibration would be ex-
+ cept that the theoretical chaﬁber préssure-shock amplitude curve is used in

order to be consistent with the remainder of the analysis.

The results of the measurements of impulse on the respective traces are
shown in Table II.

Table II. Impulse at various chamber pressures and ratios of expansion-
chamber length to compression-chamber length.
e e e e e e
m | Lot b |l B s
ol¥: i /A0 s e T 11,28 | 15.56
1 8.9 0.607 | 1.27 3.95 5.65 gk 1 48 Lo 75
2 $lieD By 1.h1 6.00 8.58 8.8 8.59 s
3 19.1 1,30 ' 1,50 7.L0 11,20 "] 11,9 10.52 | 10.3
! 29.5 | 2.01 |"1.70 | 10,20 | 16,0 | 18.1 | 17.8 | 15.k
g 39.8 | 2.71 | 1.87 | 12.80 | 19.3 | 22.53 | 20.8 -
6 LS. L 3.36 2.00 14.70 22.5 28.1 i —

- | |

In Fig. 2 the quantity Iao/PoLc is plotted as a function of w- 1 (here
L is in pound seconds per square inch) together with a curve computed from
considerations of conservation of energy. The derivation of this curve will
be published separately. The ordimate in this plot Iao/PoLc is a dimension-
1e§s quantity the values for which are obtained by multiplying each impulse
in Table II by the factor ao/Pgle which is equal to 0.1195x 102 (in%/1b sec )

in this case.

The points that are known to be at the catchup distance are solid
circles. Other points are open circles, except that the less reliable val-

vues from channel I, which had gauge vibration, are marked as Open squares.

5. Determination of the point of catchup

The location of the point of catchup is slightly indefinite, chiefly

because the width of the gauge is an appreciable fraction of the initial

CONFIDENTIAL
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Fig. 2. Impulse in shock wave as a function of the compression-cham-
ber pressure in excess of atmospheric.

, calculated from considerations of conservation of energy

©, experimental points
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length of the flat top of the shock wave. It is obvious that when the length

in space of the flat part of the pressure~time curve is equal to the width of

the gauge the record will look essentially the same as it will at the true

point of catchup. The vibrations of the gauge also interfere somewhat with

the accuracy of determination of the point of catchup, although a line through

the mean of the oscillations gives a reasonably good fit to the true shape of
the curve.

An inspection of the records indicates that within the resolving power

of the gauges, the catchup points are as given in Table IIT.

Table IITI. Catchup points.
 Shot Catchup points when - | Pas

D T R SR Y 2 AR B p e R R— .

No. 1.0 | 12,65 1he25 15, 86 (Ib/in%) L
1 | no no | | 'l no fno 8-9 : 1'27
p | no’ Ao G ‘A e - 1.41
3 " no 1o no ? Y A
L | no ' no 8 yes 2_9.5 ; 1470
g 1-n0 2 .fyes e 32.5 J 1-87
6 no 1 ity ST === 9 2.00

The points of catchﬁp marked "yes" in the‘-téble are indi. catedl as circles
in Fig 3. The questionable point at that same chamber pressure 1s marked by

a ‘cross with a line dravm from it to the circle to indicate the region of

most uncertainty. The solid line is calculated from the known velocities of

the various waves involved, while the dashed line is derived from a calcula-

tion (@t two pressures). of the distance at which the flat part of the wave

has-the approximate width of the gauge. This line seems to fall quite well

within the region that ismarked as uncertain. One would infer from this that
as the size of the gauge was reduced, the length of expansion tube neces-

sary to produce a peaked wave would be at least closer to the computed curve.

R e s s s
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Undervater Explosives Research Lébératory

Projects 0D-03, NO-22L P, C, Cross, Supervisor

THE AIR=-BLAST PERFORMANCE OF SOME HIGH EXPLOSIVES

by W. D. Kennedyl/

Abstract

Available data from many sources on measurements of blast peak pressure
and positive impulse of seven high explosives have been compiled, and from
them, estimates of the over-—all average blast performance relative to one
another have been made, The conclusions from this survey are as follows,

1« The peak pressure and positive impulse in the blast from the seven
explosives, relative to those from Composition B (the comparison being on an
egpal—volume'basis) are:s

T Londve Relative Peak ‘ Relative Positive
= e Pressure Impulse
Torpex 2 1.11 1414

HBX . 1 006 ' 1 .09

liinol 2 ' 1,03 | T
Tritonal \ 1,01 1405
Composition B* | 1 0D | I

TNT 5 0,91 G R I 8

S& | _ = _
Throughout this report, RDX/TNT, 60/L0, is designated
"Composition B," | »

%%Applies to both Amatol 60/L0 and 50/50,

2, Estimates of the relative areas of blast damage are: 1,30, Torpex 2;
, BBXs 1414, Minol 2; 1.10, Tritonal; 1,00, Composition B; 0,83, TNT;
Amatol. :

TalZ
0,6L

J

3. The relative blast intensity was found to be independent of the
following variables:
(a) Distance from the charge,
(b) Charge/weight ratio,
(c) Aluminum grist size (over a wide range of size).

1/ The author is greatly indebted to lMrs. R. F. Arentzen for assistance
in compiling the data on which thils report is based,

- G CONFIDENTIAL
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Le The relative blast intensities of Minol and Tfitoﬁal were found to
increase as the aluminum content was increased from 20% to 25% or 30%.

'5¢ Overboostering bombs loaded with Minol 2,was found not to be neces—
sary, although small bare charges may require it,

1+ Inotroguction

The pedk:pressures and positive impulses in the air blast from bombs
and charges of all sizes with several explosive fillings have been measured
at four laboratories both in the United States and in:Britain. The purpose
of these tests was primarily to detewmlne which of the acceptable proposed
explosive compositions were to be preferred, using blast intensity as a
criterion; If is the purpose of this report to‘qummarize the major part of
the recent work in this field, and to obtain a numerical factor for each ex-
plosive which represonts 1ts'blast intensity:. relative to a corrﬁspondlng

quantity “of one of the othor explosives (chosen as a "s.andard") with which

ploslve- relntive peak:pressurb and rcletive posxtlve 1mpulse, Dlan
p051t1ve—1mpulgg intensity is ordlnarlly'uSLd as a measure of expected blast
damage radius, the merit of each of the explosives can be obtained in terms

of the estimated relative arcas of blast damage,

§ - - e

.

2. Relative peak Erégéures‘and Eositive impulses

The bfoc >dure used in thls study was as follows,

() The average bonb loadlng density for czach of the exp1051veg con—
sidcred was obtained., These "standard" loading o“n31t1us are given in K
Tabla>'T, towetzar with the usual compositions of the 3xp1051ves.

(b) The puak préssures and positive 1mpulsus of TNT rulﬂtlvﬂ to thosc
of Composition B were compiled from various sources, and werc QdJustod where
necessary, to takc into account the differences betweon the actual loading
densitics and the "standard" densitics of Tablc I. In order to délthis, the -
dependence of peak pressurc and positive impulse on charge weight was talken
to be:

0 O,
Pl/PE s ('W'l'/'\vz‘) 6 and Il/Iz " ('W'l,/‘\"fz) 67,

- & W
. L] L
da
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Tabile 14 Avcrage densitics and compositions of cxplosivcse
mplosive | (ST | A orate CusiiontSimn: (parseutony by ciiili
it - LA TNT Al Wax Cﬁloridc
Torpex 2° 1.71 ‘ - | L o | 18 | 0.7 | —
HBX 1,65 - LO 38 | 17 | ¢/ | o. 59/
Minol 2 1.6L | LO e o | 20 | -- oo
Tritonal, 80/20 1,65 s | - 80 E ~ ¢ G P ' -
Composition B 1.60 | —— 60 | 4O ! ol 1’09/ .
INT 1455 D B 100 | -- - —
Amatol, 60/LO |  1.56 | 60 | == | kO . - l s
Amatol, 50/50 | 1.5 50 |- | 50| — | - -

g/ Under actual loading conditions, compositions vary by a few percent
from the average values given herec,

b/ Recently, it has become the practice to add 0,5% calcium chloride
N to this composition, and to refer to the resulting mixture as Torpex 3. 1T
is thought that no appreciablc effect on the blast would be notcde

¢/ Not taken into account in percentages of other ingredicnts.

9/ D-2 desensitizing waXe
where P; is the pressurc determined at a fixed distance from wy; 1lb of explo—-

sive, and I, is the corresponding impulse, and so forth., These expressions

arc bascd-on average cxperimentally determined exponcnts n = 1.8 and m = 1,0

4 L _
L S B

Re . ° _/W-'JJ/B)m | i (é)

in

and

wherc P is the pcak pressure; I, the positive impulse; w, the weight of

charge; r, the distance from gauge to charge, and A, B, m, and n arc cmpirical

constants. . Since the corrcctions to "standard" densitics vrere small (of the

" order of a few percent), crrors in n or m have little cffcct on the corrcec-

tionS ®
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'*1LfC§7“*The‘éﬁérage_peakfpréssﬁre and positive:imputse of TNT relativeto
,thqsemqubompoéipidn”B“ﬁére foﬁnd,to be 0,91 in e%¢h case., Thus, wherever
only TNT and nbt'Composition-B was used 1n a sefi;s 6f éir—blast measure—
ments, the %éiue‘0.91 was used for the relatiﬁETEEéééﬁﬁé'Qﬁd“{ﬁﬁﬁiéénofméﬁf
relative to Composition B in the compilatione E L

(d) The. peak pressures and positive impulses, relative to those of
Composition B, for Torpex 2; HBX; lfinol 2; Tritonal, 80/20; TNT, Amatol,
60/L0 and 50/50, were,aéjusted-to values consistent with the "standard"

densities as described in (b). These data, together with references to

their sources, are given in Table ITI,

... (e) A table of all possible,comparisgns involving any two explosives
inithe:sgi“was'then:dbtained;tfforTQXample, Tovpex'2 CO-Minol 2, -Torpex 2 10
Tritonal, and so forth), and the standard deviations of the means were
determined assuming the errors in the data to bLe normally distributed, These
staﬁ@éfd-deviations of the mean fanged from a fraction of a percent to about
2% at mosts | '

(£) Small ‘arbitrary adjustments (of the order of 1%) to a few of the
mean relative peak pressures and positive impulses were then applied to make
the final table internally consistent. The final estimates are tabulated in »
“Table III;"It is estimated that the relative pressures"and-impulses'in
Table IIT are probably accurate to better than 2 or 3%.

»+ ' Estimates of the relative areas of blast damage for the various explo-
sives were obtained by squaring the relative impulsés of Table IilI. These
estimated relative areas of blast damage are tabulated in Table IV, and are

represented graphically relative to Composition B in Fig. 1.

3. The variation of relative pressures and impulses with distance

In any given series of trials, the pressure (or impulse) from the bomb
may have_been foﬁnéltQ decay with alstance at different rates for different
explosives; that ié;‘the relative peak pressures (or positive impulses) were .
not fdugd to be 1ndependent of distance in a limited number of experimcnts.
Howevér, examination of the results from a number of series of trials per-
formed by various investigators leads to the conclusion that these apﬁérent

differences in rates of decay arec not significant, and that, over a wide
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Table II, Peak pressure and positive impulse ratios-to Cemposition B, cortected to

"standard" loading densities.

Notes Where Comp. B.was not used, TNT was assigned the value 0,91 for
both pressure and impulse relative to Comp, B,

-‘ R E & .
| (9_) Bare (cardboard=cased) charges

(1) 60-1b . el — - e 1,91 | = |104 [ = 0.94 | 0.842
2 (2) 15-1b | 1.10 1,04 [1.01 | 1,03 [(0.591)] = | 1.16 [1,091,02 | 102 |09 [ —
(3) 12,4-1b | 113 | = [1.04 |° == — ~— 1.12 | — |0.97 -— — —_
—_— | — - 0.92 - 115 | == | = — 0.90 e
— — | (091)| == 113, | = - — (0.9) —
e 0,98 - | (0.9N)| =~ —_— | - - 1,02 (0.91)| =—
(b) High—caléacity and light~cased bombs
(6)° |10,000-3b | == | = | = - 0,90 084 | — | = | = — | 0,96 | 0,81
(7)° | 8,000 | == |e=c|e= | = .| = — {11l | == }1.09 - - | -
(8) | 4,000-1b | 1.26 | =— (1,00 | — 0.3 |08k | 1.10 | — 1,08 e 0.90 | 0.75
(9) 4,000-1b | = | — o ——— -_— - | 1,08 -— 1,08 — e —
(10) | L,000-1b | = - 11,06 1.08 | — i _— — "11.03 1.01 — -—
(1) h,OOO-;b- 12 | i9.00 — T 091) ] = | 1a% |'=— |1:04 — (0.,91) | —
(12), | 4,000-1b | == | = | =— 1,05 | 094 | = | = | = | == 1,09 | 0,93 | —
(13), | 85,0005 | — |=— | = O I - R T LT L e e
& T P b ' — —_— - e | - G - aner | 1405 — — -—
(11§)' -| L4,000-1b — —_— | - _— -— —— — — 11.06 - y 2= 0,75
(45) | 300080 f wm [ fae d st ot f o] ] - — | o.8¥
(8 ol OOy L, o Lo fowms, | e D] e e e L e ] e — |om
(1) | hiooosap | = e} o 5o ARWRTL SN te G AN S — | 0.72
(18) ! 4,000 | — " |— [ — | - PR TR SO G JPN - — | o.88
(19) | Various | — j=— |=— | — —  }0.85 - = - — — | 0.79
(20) i_3_50-1b Bt |— |— = [(0.91) l e, | BB | v i — o] —
, (c) Medium—éapacity and general-purpose bombs
(21) 4,000-1b | — l- ot Y e — e e B e — | 0,80
(22) ! 2,000-1b | 1.11 | = [1.04 — 0.93 |0.92% 1416 b | 4,00 — 0.90 | 0,78
(12) | 2,000- | 1,05 |— [1,00 | 0,97 |0.86 | =— | 1.0 | — [1.06 | 1.03 | 0.8 | —
,(23_),_ ) 1:_900'11’ o el R T e s S | e . (0.91) | 0.859/
(9) 500=1b | == | | - — — | - 1,18 -| == 1,18 e - —
(2L) i____500-1b 1,04 i 11,01 0.97 ((0.91) | 084 | 1,07 | — |0.99 0,97 1(0.91)| 0.81
(25) | S00-1b | 144 |= [1,07 | 1,03 |0.93 | — | 1.5 | — [1.a3 | 101 |owsu | -—
(20) 500=1b | 1,05 |e=— | = —  |(091) | - 112 | = | =— - (0.91)| -
(26), 500-1b | 18 h.o8 | — 0.98 — — | 1.4 10| — 1,02 — -
(27), | S00-1b | 1.4 {110 | — 1,02 o § e P ARt T1AR T we 1,07 i -
(28), 500=1b | = == | = -— — - - | =] e 1 | 0,91 | =
(29)[_' | Soo'jlb - = |- - o e 4 L ] — Z o
: (30) . | S00-1b | == = |e= | = - o o e — | - - - |0,82

(d) Lowecapacity mmitions

- (31) 60-1b - ' s e 1.25 1,22 o 0.91)| —
rocket |

a/ See listing at end of paper.
b/ Amatol, 50/50; values in this colum not marked are Amatol, 60/LO.
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Table I1l.' Relative Eeak'Eressures and;Eositive imEulses (egual volumes) .

Bach entry represents the peak pressure (or positive impulse) from the ex—
plosive at the left of the corresponding row divided by the peak pressure
(or positive impulse) from the explosive at the top of the corresponding
column, The values arc probably accuratec to better than 2 or 3%.

L 2T

' : . !
Explosive jTorpex 2 HBX lMinol 2 | Tritonal lComposition B i TNT |Amatol2

Relative Pealk Pressurc

Torpex 2 | 1,00 | 1,05 | 1,08 110 | 1.11 1,22 | 1431
HBX 0,95 | 1,00 | 1,02 105 | 1,06 1416 | 1425
Minol 2 0,93 | 0,98 | 1,00 1,02 1,03 1233 1 1509
Iritonal | 0,91 0,95 | 0,98 1,00 | 101 1611 1419
Compe B 0,90 | 0.94 | 0,97 0,99 | 1,00 11,10 | 1,418
TNT N 0,82 | 0,86 | 0,88 | 0,90 0,97 1,00 | 1,08
Amatol ' 0.6 0,80 | 0,32 0,84 0,85 l0.93 100
________**A———_———————————A——————*—————————————————-—————*—————————v——————_-

Relative Positive Impulsec

Torpex 2 1200 < 1 10U 1 1,07 1,09 114 1s25 | 1442

3X 0,96 | 1.00. 1.03 1 TO § 1,09 1,20 136
Minol 2 Oo9h 0097 1-00 ‘102 l #-OT 1018 ﬂiBh
Tritonal 0,92 | 0,96 | 0,98 1400 1:05 11416 | 1432
Comp, B 0,38 .92 | 0.2 095 | 1,00 110 | T.25
TNT o/ 0,80 1| 0,83 0.85 0,86: | 0.91 ' 1,00 14th
Amatol 0.70 0741 0.75 0,76 0,80 0,88 1400

a/ Amatol appliss to both Amatol, 60/LO and 50/50,

Table IV, Estimated rclative arcas of blast damage using the impulsc cri-
terion (egual volumes of oxplosives),

Bach entry represents the cstimated damage area from the cxplosive at sho
left of tue corresponding row divided by the estimated damage arce
explosive at the top of the corrcsponding column,

— - s — P —

. — - —— —— T —— — —— s s e —

ition B : TNT ‘Amatolg

Explosive

| liinol 2 {Tritonal | Compcs
Torpex 2 1400 1,08 1. A1 117 1430 Tall? 2602
HBX 0,93 100 1 7.06 -1 1,08 | 12 1.4k TecT
Minol 2 0,88 O,94 | 1,00 | 1,04 | Talldy | 1437 T80
Tritonal 0.83 029 | D96 1400 E Ts10 1.34 147l
Gomp, B 0,81 0.8, ; 0,88 | 0,91 1,00 F 1427 1 1456
TNT 14/ 0167 | 0069 , 0-72 t 0075 i 0183 i1.00 1¢BO
Amatol® | 0,50 | 0,54 | 0.56 | 0.57 0.6l 07T | 100

a/ Amatol applies to both Amatol, 60/LO and 50/50,
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range of distance, the relative pressures and impulses are essentially inde—
pendent of distance.,

Moreover, the exponent m in Eq, (2) == the expression for the decay of
positive impulse with distance =— appears to be unity, within the scatter of
the various determinations in which both bomb and gauge were relatively close
to the ground, Hence; the positive impulse wvaries as the two~thirds power
of the‘weight ofucharge and inversely as the distance from the charge, This

observation justifies the procedure of estimating areas of damage by squaring

relative impulses.,

lie Dependence of relative peak ressure and positive impulse on charge/weight

ratio

It has been suggested that the performance of some explosifés (notably
those containing aluminum) is'bettef relative to that of Composition B in MC
or GF ”bombs than in HC or LC bombs.  To test this hypothégis,.the:esults_
for each tyve of bomb, including bare or card—-cased charges, were averaged,
and the S£andard'deviations'of.the'means'wereestimated, aésuming_a normal

distribution of error within each type of charge. These averages, together

with their standard deviations, and, for comparison, the corresponding grand
average results from Table II, are tabulated in Table V,
In Table V, the following values -appear to be significantly different

from the mean:

- Relative Pressure | Relative ImEulse
Tritonal (Light cased) Torpex 2 (Light cased)

Minol 2 ("Bare™)
Amatol (Light cased)

Only two experimental data are included in the mean for the relative
peak pressure of light—cased Tritonal, and in this case, the valus is higher
than the mean for all bombs, DMoreover, the results from bare charges are in
good agreement with those from medium—cased bombs,
In the casc of the relative impulse of light-cased Torpex 2 which -
appears to be lower than that for both bare charges and low-capacity muni-
tions, the same remark applies: the data are not consistent, but do not in-
dicate necessarily a poorer performance in lightly—cased charges.
Bare charges of Minol 2 appear to give significantly lower blast

impulses relative to Composition B than do either high=capacity or lowecapacity

COgRFILDERTIAIL
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Table Vo, Relative Eeak pressures and_Eoéitive imEulsesz
dependence on charg-e{ welght ratio,

: -_—_-__—__‘“—'————-—-————_-_._—_—.__—_l_____
| | I | a/
Type Charge l Torpex 2 } HBX | Minol 2 | Tritonal | INT | Amatol

"Bare" or |- Be12 b0l 1608 s 15000 1(0,91) s
card—cased +,01 . +.,01 | 2401 u |

Light-cased |12 | == | 1,03 | 1,06 |-0:92 | 0.8
bormbs +,03 4,03 +,03 | ,03 +403

| |

Medjium-cased | 1.0 | 1,09 | 1,06 | 1,00 | 091 0,88
bombs 4401 +,02 401 .01 L X002 3402

Over-all average | 1,11 1,06 1.03 1.01 | 0,91 0,85

I : .

' MBare! op 1.13 | 1,09 | 1,01 1,02 | 0:92 0,8l
- carde~cased T 2401 1401 2,02 &,01

Light=cascd i v 140 et 1,06 1,05 0,93 0.7

bombs | 2,01 i +,01 +,02 + .01 Z 01

lMedium=cased ol 1 1012 | 1,090 | 1,06 0,90 - 0,81

- bombs X021 4,03 +,02 | 202 +,02 l 402

Oveﬁrhall average ! 1'.114 l 1409 i 1,07 o L0 0,91 1 0,80

a/ Amatol, 60/L0, and 50/ 50-, have been’ treated as one,

b

r

muinitions, In, view of the marked boostering effect with IMinol bare charges

(see’ Sec, 6), 1t seems probable that the discrepancy here is due to improper

detonation of gmall barxe charges,

Finally, the blast impulse performance .of Amatcl in light-cased bombs
appears to be inferior .to that in medium=cased bonb By
It can be concluded from the foregoing discussion that if the perform-

ances of some explosives differ, depending on the case-weight of the bomb,

1t 1s not borne out that aluminized erplosives in general are relatively

poorer in high—-capacity bombs, and moreover that in cascs where thlis appears
|

to occur, the data are not consistent, Therafore, the relative peak pres-—

sures and positive impulses are considered to be independent of chargey/veight
ratio,
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liinol containing.yarious. percentages of alumlnum. - Two series

..of. tnlals have-been carried.out- in Bwitain <im order to study the effect of
one series belng with 4,000-1b HC

bombs (Reference 15), the other with 500-lb1MC'bombs (Reference 32).
results are recapitulated in Table .VI,

. “yarying: the aluminum content of Mlnol

These

‘lean values from.Armament Reseerch

Department and Road Research Laboratory results are quoted from Reference 15,

and, for comparﬂson they are referred to lfinol 2 rather than to Composition B,

Table Vi,

Explosive

Comp B .

—— A e Wy B

Rclatlve Eressures and 1mEulses,as a function of the aluminum

Aluminum
{porcernt)

1, .000=1b HC

eontent of Minol, rclative to linol 2,

Minols

| ; (9 .
(Amatol,50/50)

A S Y.

ONU1 ) O O\ e

e | 500-1b MC
k Relative | Relative ! Relative
Density Peak | Positive | Density | Positive
' Presgure | Tmpulse Impulse
1.SSl 92‘7 9b06 = « o
1456 9. | 3 | 1,55 | 7342
- - 14571 795
1,60 '-88.1 80,4 - e
~- _ — 1.61 ?
1,61 97.3 | 88,7 - -
st S A 1.63 o
1065 _98-? :97p8 e Sk
e fiond T e .65 #9h02
1467 100,0 100,0" 1.62 -100,0
1.67 100,5 | 105,1 .18 102
b 1,69 101,0  [::105,2 1470 104.

A significant improvement in both peak pressure and positive impulse is

obtained by increasing the aluminum content of Minol from 20% to 28%.

data are in rough accord on this point.

(See Sec. L)

The

Note that there i1s no appreclable

difference in the performance of the various Hfinols relative to°®Amatol, 50/50,

in the two types of bomb,

(E) Tritonal containing various percentages of aluminume. =— Three

CONFIDENTTAL

the percentage of aluminum in Tritonal:

in 500-1b LiC bombs (Reference 28),

trials have teen carried out in order to test the

affect of varying
one series was performed in Britain

one at the Aberdeen Proving Ground in
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500-1b GP bombs (Reference 25), and one at the Underwater Explosives Research
Laboratoryfin amall (1,7-=1b) bare charges_(Referencg 5). The relative posi=

tive impulses are summarized in Table VII,

Table VII, Pesitive lmpulses relative to'CoEPos;tion B as a function of the
- aluminum content of Tritonal.

C-=1b GP Bombs

O MC Bombs 0 1¢7=1b Care Charges
it | s1at] 21at . Relative
Composition Densit _?;;i;zze | Density ?i}i;:;e Density Ton L
Composition B | “== (1.00) I e -(1,00) e 1 fo
TNT - X 0,90 1456 0.92 (1455) (0.91)
TNT/A1,85/15 . | 163 .| - . 14082 cam - 165 1302
TNT/A1,80/20 | 1.65 | 1134 1 147k | 01412 1.66 | 1,02
TNT/AL,75/25. -] ‘169 |: 1,173 - " — 1469 1,05
INT/AL,70/30 | 1.68 | 1,230 | = 1,08 | 1.75 | 1,05
TNT/A1,65/35 | 1,7k 14193 | == — — S
MY/ 0/0 1,1k . 1418 o P T -

The daﬁa of Table VII indicate that an improvement in blast impulse is
obtained as the aluminum:coﬁtent-is increased up to 25% or 30%, The amount
of iﬁpvaément obtained a£ the optimum concentration of aluminum, howé%er,'
differs considerably among the three sets of experiments, In the British
expéfimonts, it is found that the positive impulse from Tritonal, 70/30,'is
23% Vetter than that of Composition B, This implies a pcrformance for
Tritonal, 70/30, better by 8% than that given for Torpex 2 in Tablc III,- -
loreover, inspection of the original data in Refercnce 28 shows the mzasurc—
ments to be quite precise and the impulscs given by the two standards of -
comparison, Composition B and TNT, to be in accord with other results,

It might be inferred from the foregoing that mixtures of THT and
aluminum are capable of considerably better performance than that ordinarily
observed, if some as yet unknown variables werc more carcfully controlled,
Supporting this hypothesis is the known tendency of TNT/Aluminum mixes to

segregate,

6, The effcct of overboostering Minol 2

1t has been observed that the relative blast impulse from Minol 2 is

greater in bombs than it is in bare charges (sece Sece 4)., In order to

GO R P I DEN T A L




GON B L DR N T AsE - 20 -
O R R D L P S L Re A T
discover whether or not this was due to underboostering, two series of bare-
charge measurements. (References 2 and 3) were performed using booster "caps"
of Composition B on the Minol .charge, the cap amounting to about 13% of the
total charge weight. Other experiments pertinent to this point are those of
Aberdeen Prov1n¢ Ground with special overboostered 500-1b GP bombs (Refer—
ence- 2h) and with 4 ,000-1b LC bombs filled with Mlnol wlth various systems
of boostering (Reference 11), and British tests involving l;,000-1b HC bombs
with short exploders and a Composition B booster "cap" amounting to about
13% of the charge weight (Reference 1L)., The data from these tests are
tabulated in Table VIII as pressures and impulses relatlve to Composition B
and INT, Numbers in parentheses are estimated on the'ba51s of Table IIT,
The only appreciable effect of overboostering noticed is that of Refer—
ence 3 using 12,L4-1b bare charges, and, to a lesser extent, of Reference 2
using 45-1b bare charges. A part, at least, of this boostbrlng effect might
concéiv&bly have been due to special orlentatlon effects ;nvolv11g dlstortlon
of the pressure flelds around the charges In‘thls series, the ga1ves were
located off the side of the charges, The fact that the boosterlng effect had
largely vanished at the L5-1b scale, and that .the relative pressures and
1mpulses were found to be very near Ly those obtained with bombs may indicate

that the underboostering phenomenon 1s 11m1ted to charves of somewhat less
than hSAIb weight,

The conclusion is certainly that 1t 1s not necessary to pr0V1de special

boosterlng for Plnol in bombs, and that there 1s no advantage in doing so,

Te The cffect of aluminum grisv size on blast impulse

Many tests involving Torpex 2 and Minol 2 have been made, using aluminum
of various grist sizes, in both small bare charges and bombs, These tests
are in closc agreement. in showing that no detectabls differznces in blast
impulse are observed over the range of grist sizes 12 mesh-to-dust to 200
me sh=to-dust, It should be observed, however, that a considerablc fraction
of the aluminum passed a 200-mesh screen, and indce d, a 325-mesh screen,
even 1n the coarsest grist used, Tests with L5=1b bare charges of ,Torpex 2
using standard (100 mesh=-to~-dust) and a "coarse cut! (through 50 mesh on

150 mesh) indicated no significant difference between the two g 0 8 g 2

M
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Source

(2)
(3)

(i1)

_______4________________________T____________;_*'

(25)

____.___—_—_——-—-——--—————-———————---—-——-———-

Table VIII, Giffact of Gverboostoring Minol 2.

Numbers in parcenthescs arc cstimated on the basis of Table L5 O

Booster

Cap, 13%_Comp. B
Standard, 320 gm

Cap, 13% Comp, B
Standard, 160 gm

Auxiliarys

otandard
None

2=in, axial
Standard
None

Short-cxploder plus -
cap, 13/ Comp,.B

i Full=lcngth auxiliary
| booster

Nose
ourround

Standard

Standard
Standard
T100=-1b TNT

100-1b TNT |

60-1b Gomp 4B

Typc Charge

L5-1b, bare
| L5=1b, bare
| 12.L4-1b, bare

—

e e

l 1;000=1b HC bomb

500-1b GP bomb

1,000-1b IC bomb |

:

Compe B
(1,03)
(1.01)

Lal 3
1.04

(1,05)
(1.03)
(1,05)
(1.03)
[1.00)

(1.,01)

&

Prrino1’/ Fx

TNT

113
TelT

(1.24)
(1414)

1615
Te13
1:15
- A
1.13

. :
‘IMinqy/Ix
COITIP;.'B 4. TNT i
(1.06) | 1.1%
(1.02) 1412
1.13 (1.2h)
0.97 | (1.07)
(100h) I 1'1h
(1.04L) 1.14
(1.,05) { 1.15
(1.06) 1416
(1.06) 1.16
1.06 (9..96)
(101 1. 1.1

ot LZ o
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It has been concluded that the aluminum grist size has no effect on the

blast performance of these explosives over a wide range cf sigzes,

8. Other methods of obtaihing improved blast performance

Although the purpose of this report is to compare the blast performance
of several cxplosives with a VluW'tO assisting in the choice of the best ex—
plosive for bombs, it is not out of place to discuss here, briefly, a few
other means of improving blast performance.

(a) Large bombs, —— AgalnSU certain less-resistant targets, wherc
relat1Vuly'1OW'prussures but large impulses (that is, long durations) are
required, the use of large bombs such as 4,000-1b LC and larger should pro-
duce a blast damage area per unit weight of bomb. load consilderably in cxcess
of that obtained-with smaller bombs, (See Reforence 33.)

(b) Light cases. — For blast demolition purposes, where bombs arc
fuzed 1nstantanuous and where penetration of the target is ncither necessary
nor desirable,’ the case thickness can be rcducbd to the minimum necessary
for case of handling, with considerable galn in arca of damage per unit
weight of explosive, and with still greater. gain per unit weight of bomb
The usc of aluminum for bomb cascs has been proposed and tested by the

British (sce Reference 13) and marked increascs in blast impulse werc obw

tained &

(g) Fuzing, =- Where maximum blast damage is the gbal, air4burs§

rather than impact~burst affords a method of incroasing'blast'damwgo to some
less recsistant structures. Increases in the arcas of dumOllthH (as well as

of less severc damage) of the order of 50% to 70% are expoctod“by this means

(see Refercence 20),
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of some service high exp1051ves," Armament Research Denartment AJCo

7058 (ARD 113/hh); Sept. 19hh
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"Smalt charge alréblast measurementss * order of effectxveness of explo-
sives," by P, C. Cross, W. D. Eennedy, and D, F. Hornig, Division 8
NDRC. Progress Report ObRD—Bh? Apr. 194,

"Small charge airéblaét measurements: order of effectivzness of explo-
sives,;" by W, D. Kennedy, R. F, Arentzen, G. K, Fraenkcl, and Pe Cq
Cross, “includaed in Mvision 2 NDRC Iont%ly Report AES-1 iOSRD~h076),

Pe 11& Allg. 19}—1)-1

"The effect of additicn of various amounts of aluminum to THNT," included
in Division 8 NDRC Interim Report TFA=-10, June "1944. *
"lleasurements of blast from 10,000 1t bombs of various-fillings, L™
Aberdeen Proving Cround Reoort BRL h18 Oct. 1943, :

Nleasurements of blast from fifteen § ,000 1b H,C, bombs with various

fillings fired at Shoeburyness in the perlod 19th wov. 1943 to 16tﬁ
Feb- 19)—1}-1 L -A-l\-’l 6317 Apl" 19)-1}-1

"Bomb HeCs 44,000 1b, comparative blast performance Torpex 2, liinol 2,
RDX /Tt 60/Lo TNT, and Amatol 80/40," A,C, 6&3p Apr. 194k, Other re=
portss ARD 57/&&-

- —

"Bombs 43000 1b H;C, and 500 1b 1,C. like IIT filled RDX/TNT 60/L0, ‘
Torpex 2 Iinol 2," Armament Research Department, A.C, 5293 (ARD:uOB/hB)

Nov, 1943 Addendum.ﬁ Co 5293(a), May 19LL, Other reports: A,C,. 9193

"Bombs h CO0 1b, comparatlve blast performance of TNT/Al 80/20,
hlnol 2 anc RDX/TNT 60/LO," Armament Research Department, A.C. 6508
(ARD 67/uh,, hav 1941, Other reports: ARD 68/Ll; A.C, 6760.

1T e air bl ast from L, OOO lb L.Ce bombs of various loadings," by

R, G, Sachs and W. P. B*delman iberdeen Proving Ground R@portmfdJuup,
Aug, 194k,

P nd 4,000 1b» L,C, bombys loaded

hs and e Po Cidelman, fAberdeen
)
L

\
[
e

"Blast measurements on 2 OO U 1b
with various pr1051vms," by R,
Proving Ground Report BRL 509

(Tl e 'O
e DAC
Dec, 19

J




————— v

C O V F I D E N T I A L

—-—-—

_._,.(1,3)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(2L)

"The effect of air-=-burst on the blast from bombs and small

- D -

‘Mjeasurements of blast from 4,000 1b H. C, bombs with aluminum and thin -
steel cases filled 60/L0 RD&/TNT and Minol 2," Road Research Laboratory,
AyGe 1200 (MOS/MOB) Sept. 1944, Other reports- A G 70T R8s T28L,

"feasurement of blast from 12 h000~lb H.,C. bombs having various
systems of explodering," Road Research Laboratovy, A.C. TL91 (liOS/L12),

Nov, 19hh

"Bonbs HeC, h 000 1b Mark IV: static detonation trials of kinol with
alumlnum.content varying from.0-28% " Armament Research Department,
ARD 68/hh July 194k, Other reports. A.,C, 6768; A,C, 6506,

HBombs h 000 1b H.C

Armament Research Department, ARD 377/L3, Sept.
1943, Other repqrt

A C. 3993 (ARD 14L4/L3); A.C, LBT6,

"“easuremonts of blast pressures from three 4,000 1b H Co bombs fired
with tail initiation at Shoeburyness on the 1st and 2nd of June 194i,"
Road Research Laboratory, A.C. 6799 (FOS/BTS) July 194L,

"lleasurements of 'blast from 2,000 and 4,000 1b American demolition
bombs, fired at Shoeburyness in the perlod 16th lay 19hh - 1st June
1944, " Road Research Laboratory, A.C, 6809 (mos/376) July 19Li.

"Summary of data extrac+ed from American reports on the comparative
blast performance of aluminized and non—aluminized fill ings, “ A. L,
6Li39; Apre 195li. Only British results for '"various munlu*ons' used

here.

charges,
y Underwater Explosives Research Laboratory and ‘Stanolind 0il and Gas
Companj, Division 8 Progress Report OSQD—MZuo Datia 190l

"ieasurements of blast pressure from 4,000 1b M,C. bombs fired at
Shoeburyness in the period Dec. 1, 1942 - May 20, 1943," Road Research
Laboratory, A.C. 4275 (108/235) June 1943, bel reports: A.C, 1;320,

Hleasurement of the blast from 2,000 1b G,P, bombs of various loadings,"
Aberdeen Proving Ground Report BRL 473, June 194k,

"Measurements of blast pressure from.elght 1,000 1b American Lombs
fired at Shoeburyness in the period 20th - 29tn L.arch, 194u,” Road
Research Laboratory, i, C. 6691 (MOS/397), June 194L,

"Mleasurement of the blast and velocities of fragmpnts from experi-
mentally loaded 500 1lv G,P, bombs and 100 1lb G,P. bombs," by Re Ge
Sachs, dAberdeen Proving Ground Report BRL 432, Nbv, 19&3.

"The variation of peak pressure with distance for 500 1b:G,P. and

100 1b G,P, bombs," by W, P. Bidelman, Averdeen Proving Ground Report
BRL 482, \ug, 190l;. . |

CON T LTDENTI AL




P CONFI DENTTAL

W

(25) "Blast and fragment velocity measurements on 500 1b GsP, bombs of
various loadings," by R G. Sachs and W, P, Bidelman, Aberdeen Proving
Ground Report BRL 500, Nov, 194l '

(26) "Order of effectiveness of explosives, IV," by W, D, Kennedy, Re Fe
Arentzen, and C, 7, Tait, included in Division 2 NDRC lonthly Report
AES-6 (OSRD-L6LI), p. 1, Jan. 1945, The bombs used in these experi-

ments were from the same lot as those used for Ref, (27) .

(27) Preliminary result, Aberdeen Proving Ground, Private communication
from R, G, Sachs, Jan, 1, 1945,

(28) Mieasurements of blast from 500 1b i,C. bombs with TNT/A1l f£illings -~
containing various percentages of aluminum," Road Research Lahoratory,
A.C, 6886 (110S/396), Aug. 19LL, Other reports: A.C., 7073.

(29) "Bombs, M.Ce 500 1b, Mk, III =- RDX/TNT 60/L0, Zdnatol 55/L5, Amatol
60/L0, Amatol 50/50, Comparison of blast impulse measurements at
Willlersford by ARD and RRL," Armament Research Department, 1,C, 7072
(ARD 114/LL), Sept. 194k, Other reports: A.C. 6911. |

(30) "Bombs, 500 1b 1,C, ik, III , interim report on static detonation trials
with various fillings," Armament Research Department s A.C. 5852 (ARD
21/Ll), Feb, 194L. Other reports: ARD 403/43s ARD 23/LL.

(31) "Shell, H,E. 60 1b S.A.P. rocket, filled H.E. and magnesium/aluminum
powaer, Trials to determine blast and flame characteristics,"
Armarent Research Department, 4.C, T0LO (ARD 110744 ), Septe 194LL,

(32) "Bombs 500 1b 1,C, llark III £ illed i'inol mixtures containing O percent
- 28-percent alurinum powder (120 to dust)," Armament Research Depart—
ment, A.o. 5351 (ARD 23/LL4), Feb, 1944, Other reports: A.C. 5852
(ARD 21/Ly); ARD L03/L3, |

(33) "A modification of the impulse criterion for blast damage," by D. Ge
Christopherson, 4,0, 2790 (RC 3L9), Sept. 1942. |

t-l

CONFIDENTIA




Division 2, NDRC - ADVANCE RELEASE: This

Monthly Revort AES-7 (OSRD-L75L) information is. tentative
February 25, 19L5 . 3 and subJect to revision.
Project NO=267 : ' Princeton University

- W. Bleakney, Supervisor

. EFFECT OF BJRIED CHARGES ON CONCHETE SURFAGH SLABS

by'D. G. Kret31nger and A. H Taub

Abstract

Results of tests in which buried charges were detonated under
concrete slabs indicate that the thickness t of the slab divided by
the cube root of the charge weight w is a measure of the strength
of the slab, as is the reinforcing; the strength increases with both
of these quantities. .At a given depth of the charge the stronger
slabs suffer less damage. As the depth increases, the damage de- -

. creases. Tamping the charge increases the damage slightly.

Quantltatlve estimates are given.for_the limiting values :of

t/wl/3 for which complete destruction of the slab is achieved over
the crater area. It is argued that this type of damage will be
achieved when the fuze selected is the one that will create. the
greatest crater area in unsurfaced soil. The presence of concrete -

slabs of the thicknesses used here does not appre01ably'affect the P
diameters of craters produced by the buried charges. | fa

It is felt that these results may be scaled up and applied to
the problems involved in selecting bombs and fuzes in the attack -

of concrete airport runways, road embankments with retalnlng walls,
and concrete floors of heavy structures.

1«  -Entreduection

The purpose of the tests reported herein was to determine the el fect of.
different variables on damage to toncrete slabs in contact with the ﬂround
that is produced by buried charges. The charge variables studled were
weight, depth of burial, and method of burial. The slab variables were
thickness, reinforcing, and restraint. Another purpose was to determine

the influence of the vresence of a concrete slab on the cratering of a

charge in earth.

It is felt that these results may be scaled up and pplled to the prob-

lems 1nvolved in selecting bombs and fuzes in the attack of concrote alrport

runways, road embankments with retaining walls, and concrete floors of heavy

structures.
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g‘.&erimental procedure

The slabs used were square in plan area, having 6i-ft sides. Two

thicknesses were used, 2 in. and L in. Some of the slabs had precast cir-

cular holes 5 in, in diameter to simulate the hole made by a bomb in per-
forating a concrete slab.

Tests were made with and without sand bags to restrain two edges of

the slab. TIn the former case fourteen 75-1b bags were placed on each of
two edges of the slab.

Three degrees of reinforcing were used. The 2-in, slabs had either
no reinforcing or were reinforced with two mats of 2x 2-=in. No. 12 wire mesh N
one in each face. This amounted to about 194 1b of reinforcing per cubic
yard of concrete. The lL-in. slabs either had no relnforc:mg, or had two
mats of the type described for the 2-in. slabs, giving a relni'orcn.ng of
about 9?.1‘;:.: per cubic yard of concrete; or had two mats of lix ) x = Z 1ln. re-

inforcing, one in each face, giving a reinf orcing of about 194 1lb per cubic

yard of cdncrete !

The charges were built up from 3-1b Engineer blocks of TNT, which are
rectangular parallelepipeds 1-3/Lx 1-3/Lx 3% in. The sizes used welghed
2, 1, 13, 2, and L 1b. . The 1-1b charge was made by placing two of the
blocks end to end to obtain a charge 1-3/Lx 1-3/Lx 6% in. The 15-1b charge
was made by placing a 1-1b and a 3-1b charge next to each other with their
long axes parallel and the center of the 3-1b charge opposite the center of
the 1-1b one. . The 2-1b charge was obtained by placing two 1-1b charges
side by side, giving a charge 1-3/L4x 35x 63 in. The L-1b charge was ob-
tained by placing two 2-1b ones side by side, giving a charge 33x 33x 63 in.
The charges were detonated with Engineer caps; the larger charges were

boostered with 22-gm tetryl cylinders.

The charges were buried with their long axis in one of two
positions: parallel to or making an angle of 25° with the normal to the
slab. In.all cases the charge was approximately under the center of the
slab. The perpendicular distance between the center.of the chai‘ge and the
bottom of the slab is referred to as the depth of the charge._, When the
+charge axls was tilted with respect to the normal to the slab, the hole in
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Fig. 1. A damage: Slab is completely de-
stroyed and only a few isolated pieces of con-
crete remain.

&

Fig. 3. C damage: Slab has a hole blown in
it, with heavy cracks radiating to edges. Con-

crete pleces remain in place relatively. intacte.

Fig. 2. B damage: Slab is broken into
several large pleces, but they have not been
thrown clear of the crater.

Fige 4« D damage: Slab experiences heavy
radial cracking, some of the cracks extending

to edges of slab.
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the ground into which the charge was inserted was so tilted. In some cases
this hole was filled after the charge was inserted and the fill was compacted.

In tests where this was done the charge is said to be a tamped charge.

The charge depths used were determiﬁed in terms of fractions of the
udepths necessary to produce a maximum crater in free earth. Previous exper-
iments in the soil that was used (that in the vicinity of Princeton Univer-
sity Station =- undisturbed, dry, hard, Sassafras clay lecam) had shown that -
this depﬁﬁiis achieved when the depth L (ft) divided by the cube root of the
weight of charge w (1b) is 2.5, that is, L/w1/3 = 2.5. The depths that were
used. expressed in feet divided by 2.5 times the cube root of the weight of
the charge in pounds were chosen to be 0, 1/3, 1/2, 2/3, or 1. The depths
of the charges are referred to in the following by the value of this frac-
tion. For example, if w (1b) is the charge weight and the depth is listed
as 1/3, then the depth in feet is (1/3)(2L5w}/3).

Before the slabs were put in place small amounts of sand were used to
level minor inequalities in the ground and to provide a level bearing surface
for the slab. The slab and charge ¥ere put in place, and the charge was deto-
nated. The slab was then surveyed and the damagé was listed as A, B, G, D,
or intermediate. Thus B-A damage is intermediate between B and A and closer

to B. The definition of these categories is as follows:

A: The slab is completely destroyed and only a few isolated pileces
of concrete remain (see Fig., 1).

B: The slab is broken into several large pileces, but these have not
been thrown clear of the crater (see Fig. 2).

C: The slab has a hole blown in it, with heavy cracks radiating to

the edges. However, the concrete pieces remain 1n place and are
relatively intact (see Fig. 3).

D: The slab experiences heavy radial cracking, some of the cracks €X-=
tending to the edges of the slab (see Fig. lL).

The slab was then removed and the apparent crater underneath it was profiled.

Only the diameters of the apparent craters are reported here.

3. Results

The recsults of the seventy-two tests performed are listed in Table I.

In the first column of the table is listed the number of the test in order
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Damage to concrete surface slabs

Table I.

rodpced by buriéd charges.
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df‘its performance. The second glves the fractional depth of the charge as
described in Sec. 2. The third gives the thickness t (ft) of the slab
divided by the cube root of the weight W’(lb) of the charge. The fourth
gives the category of d&mage in accordance with the classifigation as just
described. In the next five columns plus and minus signs are used 1O de-
note the presence or absence of the quantity given at the head of the vari-
ous columns. In the reinforcing column the x sign is used in addition toO
denote the presence of very'heaﬁy'reinforcing. For example, the entries
in these célumns in the row giving the result of test 65 are to be read as
follows: ‘The slab used here had heavy‘reinforcing; the charge was not
tamped, restraining bags were on the slab; there was a precast hole in the
slaby and the charge was buried with its long axis making an angle of 25°
'Wlth the normal to the slab. The tenth column gives the slab thickness in
1nches, ‘the eleventh the weight of the charge in pounds; the twelfth the

apparent crater dlameter in feet divided by'the cube root. of the'welght of
the charge in pounds; and the thlrteenth the crater dlameter in feet.

(a) Crater diameters. Table I gives the arerage value Of'D/wl/ for

each group of tests in which the conditions of reinforcing, tamplng, and
restraint are the same for a glven.fractlonal depth of burilal of the charge,
as well as the average value of'D/w1/3 for aldl the tests 1n.wh10h only'the
fractional depth is fixed. The latter is called the grand average . The
grand averages are w1th1n.approx1mately 10 percent of the value of'D/wl/3
for free earth for the correspondlng values of the fractlonal depth. The
 1atter were obtained from the WéaponfData Sheet 381—/ by readlng the value
ofiD/wl/ ncorrespondlng to a value of L/w/ given by‘2.1f5.where £_1s the
frabfionalhdepth. The grand averages at fractiomal depths O.and 1 are
sllghily'above the free- earth.D/ﬁ;/g increased by 10 percent, and those
for fractional depths 1/3 and 1/2 are sllghtly'below-the frea- earth‘D/ﬁl/é
decreased by 10 percent. The average value of D/ﬁ'/ at fractional depth

2/3 is less than 10 percent smaller than the corresponding freeﬂearth'D/wl/%

There is no apparent systematic variation of the averages offD/wl/3

for fixed fractiondal charge depth and fixed conditions of reinforcing,

.

1/ "Weapon Data - Fire, Impact, Explosion," Division 2, NDRG (Con-
fidential).
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tamping, and restraint about the 'g*i'a'iﬁ'a‘vera‘g'e“' of :]r_):./wl/ 3 for fixed f_ractiona'.l
charge depth. .

Moreover, within the range tested here there ‘seems to be no systematic.
variatiomnr of D/wl/ for fixed charge depth with t /wl/ =

The data in Table I are on the whole con31stent with the conclusion
that the presence of a concrete slab does not alter the .crater diameter pro-
duced by a charge at a given depth below the surface of the ground by more
than 15 percent from that octalned in free earth when the same charge is
detomted at the same depth. Of course, the data in Table I apply only for
t/wl/a.ﬁ'o.h20, and it may be €xpected that for larger values of t/w/3 some
influence of the slab will be felt. Such influence 5111 be in the direction
of producing camouflets for smaller depths of burial when.slabs are present
- than when they are not. Some evidence for this was found in other tests,

which will be reported separately..

(b) Scale laws. THe ¥aty on crater diameters show*that as far as the ¥
phenomena in earth are comterned, the usual scale laws hold within the test—
to—test variations. This is to be expected if the thickness of ths slab

plays no important role, .for these laws are known to hold in free earth,

The slab thickness has been used in organlzlng the data in the quantity
t/wl/ . This variable has been chosen because it 1s a "nondimensional''t meas-
ure of the thickness and because data on.breachlng of. underground walls in-
dicate that it, together with the "nondimension2l™ distance between slab and
charge (1n'thls case L/w 1/3 ), is.-an 1mportant varidble in determining the be—

havior of the slab.

_, " R ol TR e 1 /8~
In tests 72 and 59, 24 and 63, 2L ard %1, the same values of t/W'/r and
of fractional depth were used, although different thicknesses and charge
weights were involved. The difference in damage to-the slab is adcdeounted for

by the difference in reinforcing, as will be discussed later.

These tests are considered to be a verification of the scaling lawe;
which are expected to hold in this case because it is felt. that at-these
small distances between charge and slab and for fixed conditions.of restraint
the forces of gravity are not lmportant. When they are important, scaling in

this manner does not take into account all factors.

ORI ENTIL AL

sows dpes el ot =0
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X "("b)'DaﬁH'g'e' “to slabs. Inspection of Table I shows that the degree of

1/3

tional depth, reinforcing, tamping, and restralnt The presence or absence

.damage can be influenced in a regular manner by the varlables t/w frac-

of a bomb hole and the slant of the charge seem to produce random changes.

For any fixed fractlonal depth of charge the damage remains constant
1/3 for fixed copditions of reinforcing, tamping, and
restraint. The value of t/wl/ at which this decrease starts, called the

limiting t/wl/ 3_, is smaller for moderately reinforced slabs than for unrein-

or decreases with t/w

forced ones and decreases still further for heavily reinforced slabs. Tamp-
ing the charge has a tendency to increase this value of t/wl/‘?’, as does in-

creasing the restraint. Of these two factors the restraint plays the more

important role.

As the fractlonal depth of charge 1nereases » the value of the limiting
t/wl/ > remains unchanged or decreases; that is, for a fixed t/wl/ ® the dam-

age will decrease as the fractional depth 1ncreases.

Thess results are all to be expected if one considers the quantities
t/wl/3 and the relni‘orcing as measur'es of the strength of the slab, and

fractional depth and tamping as measures of the strength of the charge.

Table IT gives the value of t/wl/ > for which damage less than A dam-
age may be expected for various fractional depths under different conditions

of reinforcing, tamping, and restraint.

Table II. Limiting values of t/wl/3 for A damage.

ﬁ—_—"-ﬂ—-——————ﬁ———_————'—-—Fl-—-——

1 5w1/ 3 | Llimiting \/7&1116 i ‘ Presence or Absence of':

j of t/wt/3 Reinforcing | Tamping | Restraint

1/2 333 | ’ ‘ - ;

2/3 26l v e | " 2

O Qi3 v + - I $

1/2 .26 ._ + - +

2/3 .26,4-0.333 + | _ é
-

O ; 0.105 + + - =

2/3 R K 7 . ‘ + | + _

¢ < 105 ' + i - S g

172 | 0.290 S ! + +

2/3 0-290 - _ + I 4 +

- 1/3 [ 0,132 | i = + i -

EELEFS ot s ]

'“"5 means that heavy reinforcing was present.
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. Application to airport runways
Although the tests did not simulate the conditions of restraint obtain-

ing in an airport runway, the results of tests conducted on a model airport
runway are in general agreement with those given here and will be reportec

sepat ately.

When an unsurfaced runway is attacked, bombs and fuzes are chosen to ob-
tain a maximum crater area per pound of bomb consistent with bomb-loading
characteristics of the planes used. This usually means small bombs (100-1b
GP to 500-1b GP) fuzed for 0,01 to 0.025 sec delay. These bombs are expected

to penetrate to a depth that will produce a2 maximum crater.

Most surfaced runways may be considered as being intermediate between an
unsurfaced one and one having a 9-in. layer of unreinforced concrete. A bomb
that is fuzed for maximum crater in free earth in attack on such a runway
will only achieve a smaller depth in penetrating into the concrete and then
the soil. If we assume that the fractional depth 1s 2/3, then the limiting
value of t/w1/3

we will obtain A damage; that 1s, for the smallest bomb we could use, the

18 approximately-%. Hence for charges greater than 27 1b,

100-1b GP, we will obtain A damage. This is also true when the surface con-

crete is 12-in. thick.

Tt is unlikely that fuzing for a longer delay will markedly increase the
penetration into the soil below the runway. Hence, we should expect that in
almost all cases A damage will be produced in the bombing of surfaced run-

ways.

Whether A damage is a desirable type of damage will, of course, depend
upon the repair facilities available. One can conczive of instances where
camouflets covered by relatively intact surfacing material would be harder 1o
repair than A damage. However, this is probably an academic question since
with present bombs and fuzes A damage will occur except where very deep pene-

trations are accidentally achieved.

The extent of the damage to the surface of the runway will be confined
to a circular area whose radius is slightly larger than the crater radius.
This radius in feet is approximately 2.Ow1/3 to 2.5w1/3 for soil conditions

normally'found in airfields.
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