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ABSTRACY

Computational alds for the rapid assessment of potential hazards rrom
blast and fragments during the accidental detonation of stored munitions werc

prepared. Four muitions, the MK82 500-1b bomb, the M117 T50-1b bomb, the

MLOT 155-mm shell and the ML3TA2 175-mm shell, stored in module type open

barricaded pads, in above ground magazines and in stendard earth covered

o 1

‘ i igloos were considered. Targets considered included personnel standing in

g‘ the open, frame structures, and wurmored nilitery vehicles.

N For the blast damage, this information is presented on a circular slide
: rule; for fragment damage, the information is presented in graphical form.
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FOREWORD

This final technical report, entitled "Explosion Effects Computation
Aids" was prepared for the Department of Defense Explosives Safely Board
by General American Research Division of Genera. Américan Transportation
Corporation, under Contract DAHC-0QL-72-0012. The pericd of performance of
the contract was November 15, 1971 through June 30, 1972.

LTC. J. D. Coder, USA served as Technicsl Coordinator and Dr. T. A. Zaker

as the Technical Monitor for this contract. Mr. R. D. Perkins, DDESE, pro-

vided technical comment and criticism. Acknowledgement is made to Mr. Cari
E. Rethmenn of the GARD staff for performing several of the calculatious

reported here.
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CHAPTER 1

INTRODUCTION

e P

When a stack of munitions detonates accidentally; two mejor effects
oceur, (1) a strong blast wave is propsgated and (2) a large number of

fragments are propelled away from the stack. Compilstion of aveilable

e

explosion effects information to estimate risk of damage or injury from

blass and fragmentation at various distances from the source to the target

!
“ o
=

led to the preparation of graphical and mechanicel computation aids for

T

rapidly assessing the potential hazards from these effects.

et B Nt

The targets are standing personnel in the open, frame structures and

trucks. Four munitions were considered in the detailed evaluation: the

155-mm MLO7 projectiles, the L175-mm ML3T7A2 projectiles, the MK82 500-1b bomb

and the ML17 750-1b bomb. These munitions eare normelly stored within earth-

© .

N

covered igloos, above ground magazines, or within earth revetments in .

amounts ranging from several uniis up Lo 500,000 1vs of expliosive welghi.

J e S
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Previous experime:;.bal studies on the accidental detonation of such stored

T

munitions have established the mininum intermagazine separation distances

to prevent commnication of the explosions to adjacent magazines, The

Department of Defense Explosives Safety Bocrd has further established

quantity-distance relationships for sefety to various other targets, such

L

i

&s inhabited buildings and public highways. The need muy arige for assessing

o)

the potentisl haszard to various targets which, for o variely of rcasons, way

nct fall under the guidelines published by the DDESB. For exsmple, a

temporary munition storage ares may be required in an area where houses

Ny
Ty
W

'7already exist or where a mmber of personnel may normally be found during

]

..... the course of the day. The coamputation aid, to be descrived in detail leater,
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allows the rapid assessment of the hazards to these potentisal targets and
o1 the effects of deviations from the recomwended quantity-distance.

Available data, both experimental and theoretical, were to be used in
the preparation of the computaticn aids. Sufficient data an blast effects,
both on the nature of the blast generated by the stack and on the respense
of the specified targets are available. This information was gathered and
reduced into a form suitable for a mechanical aid. A circular slide rule vas ?
prepared to assess the blast damage. Less data were available for assessing

fragment hazuards, thus, the fregment hazard data is presented in graphical

form.

First the description of the munitions and munition storage pertinent
to the evalusation of these hazards are presented. Then a summary of the data
available on blast effects is given, together with a description of the
damage or injury levels associated with blast. The range-~yield relations
for such damage levels are given. CSimplified, conservative relations suit-
able for representation on a mechanical computation aid are derived. The
form of this data is suitdble for representation on a circular slide rule,

vhose description is given,

Basic single munition for field fragment da%a is presented in graph-
icel form. Approximate methods for estimating damaging fragment densities

Trom stacks of muritions ere presented,
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CHAPTER 2

FACTORS

The several factors that describe the nunition storage, the weapon
characteristiecs, the stack characteristics and the mode of storage that are
pertinent to the klast and shock and fregment phenomene are given below.

Four munitions were chosen for detailed study in this project. Other
munitions and bulk explosives were given cursory treatment. The Tour munitions
are the 155-mm and 175-ma shells and the 500-1b and 750-1b bombs. Table 1
presenls the data on single rounds of these mvnitions. These four munitions
are in extensive wse, have a large range of the parameter charge weight
to metal weight, C/M, and have four different explosive fillers.

Tahle 2 shows the equivalent TNT weight for each of the four explosives
(IMEM 1970).

Teble 2 EQUIVALENT FACTORS FOR VARIQUS
EXPLOSIVES RELATIVE TO TNT

7 Exéloélv: ] i AVFactcr
THT 1.00
H-6 1.25
Tritonal 1.13
Comr. B - 7 1.10

These nunitions are normally stored in rectanguler piles. The parameters
describing the stack are the number of munitions in the two horizontal
directions and the verticsl direction, the total number of muniticns in the
stack, vhe spacing between individual munitions and the orientation of the

munitions wivhin the stack.

R O T
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The noarmal storage of the munitions is within one of three barricaded
structures. The munitions may be surrouaded by an earthen rcvetment sucha
that the line of sighl from the top of the munition stack 1o the top of the

earth mound is greater than 2°

from the horizontal. This revetment is

normally on threce sides, only the fourth side is open for access to the .
stack. The munitions may be stored within an earth covered, steel arch igloo.

The earth cover is at least two feet thick at the crown and covers th. top

sides and resr wall; the front wgll is conerete with s.cel doors. Typical

dimensions of such a structure are 26 feet wide and 60 to 80 feel long. The

munitions also may be stored in wbove ground magazines, which are structures

with concrete walls. Tyrpical plan dimensions of a magazine are approximately

equivalent to the iglco dimensions.
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CHAPTFR 3
BLAST EFFECTS
When the stack of munitions accidentelly detonates, an intense heat wave
is propagated invo the area surrounding the stack. The stack is roughly
cubical and the orientation of the stack is unknown., Blast effects rre

approximated by determining the blast from a hemisphere of the sam. >ffective

_r,‘

yield, The elfective yield is the tolal equivalent TNT yield repiced to
accoul:tt for the energy lost {o the fragments., DBecause of the corfiguration
t of the stack, the blast propagation is enhanced in certain 4i: «o*ions; the
T

maximum enhancement is evaluated and selected, The effect ol & barricade or

T R T T T T - ey - ==

E' magezine may reduce the blast effects at a distance. Each of these effects
is discussed helow.

3.1 HFlast-Bange Paremeters from s Hemispherical Charge

The blast-range parameters from the detonation of & hemisphere of TNT

me

are chosen as the starting point for the eveluation ot blast from the stored
munitions. These paremeters have been estublighed by Kingery (1966) from
carpllations of experimental data covering e wide range of explosive weight.
The raremeters are peak overpressure, pogsitive phase impulse and positive
phase duration of tae presgst e profile. These are plotted in Figure 1 as

functions of the independent variable, A = R/Wl/ 3 Where R is the distance

F

from the center of the hemisphere in feet, and W is tae charge weigh* in

pounds of TNT. Peak overpressure scales with the ambient absolu*e pressure,

' i— P, &nd impulse as the 2/3 power of p in atmospheres of equal temperature,
’ provided the distance is scaled inversely as the 1/3 power of p, Also plotted
K g is the dynamic overpressure impulse edapted from Richmond and Fletcher (1971)
g‘ for a hemiapherical TNY zource.
i E When & munition, such s those congidered here, detonates, not all of

the energy relessed goes into the blast wave. A *racfion of the explosive

energy is used to break up the case gnd to propel the fragments.  Several
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estimates of the energy available to the blast wave based on theory and
experiment are reported in the literature. The most common estimate of

the energy available to the blast wave is the modified Fano formula (JME4,

1970).
W
eff . ; 2 -1
W - 0.6 + 0.4 (1 +m)
where: Wape 18 the energy availsble for blast

C/M is the charge weight-to-metal-weight ratio.
Table 3 shows this ratic for the four munitions considered. The charge
weight in the ratio C/M is taken as the equivalent TNT weight.
The detonation of charge which has a shape other than spherical or
hemi spherical propagates a blast wave which shows & more comples spatial
structure, Experiments have been conducted on the detonation of rectangular
parallelopipeds (Adams, Sarmousakis and Sperraza, 1949); cylinders and digks

of explosive material (Wisotski and Snyer, 1569; Fugeiso, Fields and Byrne,

g71)

-t

. Yor cubes and cylinders with L/l = 1, tre peex overpressure versus
range in the direction normal tc a force or to the axis of vhe cylinder

ig enhanced relative to the same overpressure-range curve for hemispherical
charge, In the overpressure range 1 <AP < L0 psi, the ravio between the
two curves ranges between 1.1 and 1.5, with a mean value of 1.2. Once

an increage in oveipressure is establighed, this amplliiication proreirts

at least to ranges where the cverpressure is about 1.0 psli. An experiment
on the detonation of a disk arruy of TNI shows the persistence of the ampli-
fication factor to overvressure of 0.) psi (Fugelso, Fields end Byrme, 1971).
In other directions, the peak overpressure range curves for the angles and
cylinders can te leas than hemispherical curves. In the extreme geometry of

disk, tie meximum amplificatica ie about 1.5 in the same overpressure range.
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An earth revetment or baryicade has a negligibie effect oa the propa-
gation of blast at large distances from the barvicade (Wiedermann, 1971).
‘The blast is reduced at the ground for s short distance beyond the revetment
(r < 5L, where h is the height of the revetment), but tue blast wave reforms

at longer distances.
3.2 Igloo Effects

Whea the stack is coatained within an earth-covered igloo, the blast
wave at large range is reduced as & fraction of the blagt energy is absorbed
in breaking up the earth cover and in the energy of the fragmen.s of the
structure. A sequence of experimerts (ANESB 1547, 1946a, 10L6b) evalusted
the attenuation of the blast as & function of the earth cover-veight-to-
charge-veight ratio. Figure 2 shows the attenuation of the peak .ovsivressure
as & function of this ratio. The att _auation factor is the ratios o, meas.red
overpressures at a fixed scaled distance, Thée expected peak overpressure
without the 1gl00 16 iGushly 3 pai. For & given velus of the cov

ratio, an effective charge weight can be defined by

erf )l/ 3 W3

AP(covered )
AP(open )

The range of this factor is quite small for the range of typical igloo size sra

W
(

explogive contents. ¥or the purposes of preparing a camputation aid, a

single value of k was chosen, rather than requiring the knowledge of the
cover-to-charge ratio, The single value was chosen by considering a stanorl
igloo 26 £t x 80 £t completely filled with munitions with a total charge

welght of 200,000 pounds of TNT. For this configuration,

k = 0,8

.

- &

4 o



Ty

—_—T ST, o ]
N - '

~

1.0 i—" {
0-5'»-—-\.\\_
o8 T~
\'
0T WW |
0.l samaen ‘\'
e J7. 73

0.5 et E

4
O.4}— %
ost— g
.27 i
0.1 b— ‘
ool \g\\‘\\‘tL

] W e 200 ol n 3 A0 43
cOvVeER — CHARGE RATIO

Figure 2 sLAST PRESSURL REDUCTION rROM EARTH COVERED 16LOOS

AT x o+ 3




TR T TR T T T e — e g

L E T

Vit AT o mad s e

b o] e 0

The tlast parsmeter from the detonation of a stored munition then is

represented by the blast from an equivalent hemisphere, where the equivalent

é yield is calculated by
Hstack = l.2WkF

‘; where

¢ W is the total charge weight of the stack in 1lb, of TNT,

. F is the modified Fanc formuls using C/M,

g‘ k is an attenuation factor for the mode of atorage

‘ ks 1.0, munitions stored in the open or contained within an earth
&‘ revetment or in an above ground wagazine

k = 0,8, munitions stored within a standard steel arch, earth-

P -t

covered iglco.

AWy p—

e et

— . B




T T T T e

7

[ DS -

R

O b )

CHAPTER k4

DAMAGE CRITERIA

Three targets are selectad for evaluation of potential damage from
blast. They uare standing personnel {.. the open, frame structures and trucks.

L,1 Damage to Frame Structures

Damage to frame structures ls cuwsed by failure of structureal ccmponents
in response to the overpressure as a funclion of time., Some tests of the
damege of frame structures by blast from veriosus yield expleslions have been
reported in the literature (Wilton,1970) with ssssssments of the damage.
Johnson (1967) generated an empirical formula ror relaiing the range st

wrkich specified dameg?: levels occur. If R, is the range at which a selected

1
damage level occurs fo. explosive yleld &'1. ther. the rangs, R, &t which the
samc damage occurs for yield, W is
Q€
R oW )0.1}31
Nt
Rl ¥,

The dsmuge levels at 1c° 1b, TN, re supcarized in Tabix b,

Table &
DAMAGE LEVELS AT lC')6 lv TNT
Danege 4P, pai Ferge (R), ft
Threshkold Glass Breaking 0.25 12,700
i0% vamage G.$ | &,500
50% Damage h 3.0 1,990
90% Damage 5.0 1,kl0
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This upproach was severely criticized by Westine 1971}, who suggested «n
alternate approach, essentially fitting the sr . damage level through a
curve ¢ the form:

gt/ 3

e s

1/6

where k, a, v and ¢ are empirical constants.

This {~rm is asymptotic to a peak overpressure criterion st large yield and

to an impuwise criterion at small yields.

The limiting forms sugges.ed an alterrate procedure for determining the

isodamage curves in the R=W plane. A bilinear relation between peak over-
pressure and positive phase impuise was derived which provides an upper
bound in the range.

The twoe bounding forms for a pressure-duration relationship that must

be satisfled to just break a structural element are:

1
L PO
LF = A‘e tx 2w
Oor
[ 1
ap = But Y <%

For a single structural element APc is the overpressure at which the
element fails under en infinite duration step load and w is its natural
frequency. The parameter tx is definead:

APt = I

P - T
&

- o~V -
WAIGA T

the posilive phase impuise

-

4 -
+Lﬂ
In the range 0.8 < AP < 40 psi, the following approximetion holds (taken

by leest squsre fits to the F’ngery TNT hemisphere curves):

1k

_— —_an

—_— e B

7 i B, ok i A g B g
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Peak overpressure:

li

AF 569.5 ) -1 “rn‘lpsi
where A= R/'Nl/3
More generally, we consider AP = £{1), but ws will use the power law
expression here to illustrate the technique: .
Positive physe impuise:
I, = 67.k2 fo'92u3wl/3psi-msec
Positive phase duration:

t, = 1.188 P'3h73wl/3msec ‘
where W = yleld in pounds TNT
R = range in feet

In terms of the blast parameter:

t = 02184 W3 201879 50

The first form is the hound for & load whose duration is long compared
to the period of free vibration of the structure, It is dependent on a peak

value of overpressure, The second form is & bound for a load whose duration

is short compared to the period of the gtructure and is an impulse criterion,
We have taken the lowar bound of overpressure in both cases ac that we will
cbtain an upper bound for range in the yield-range plane. We cen express

both forms in the yield-range plane by expressing P and '\-.x in terms of |

W and R. We take the smaller ranze &t fixed yield to establish the yield- 1
|
range isodamage curve. |
P, 1.753 3 '
W= (m) R W >w (R) p
P 1.560 1
[ RITe) :
s
i
15
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where W (R) is:
W (®) = (.2368m)-lh'lhR-ll Jdk

Since the average freme structure has several structural components with
different values of APC for failure, we take definite values of I\PC as
represencetive of the degree of major structural damage to frame structure.
These are generated fram Wilton's (1970) mssessment of damage to frame houses
by large yield blasts. Approximately 10% of his total damage is deducted,
since the piaster and glass demage are included in this figure. For the
threshald of structural damege, APC = 0.9 psi; for 50% structural damage, APc
= 3.0 pei; and for 904 structural damage, 4P, = 5.0 psi.

These curves are plotted in figure 3. The example plotted in Figure 3

is for structures whose natural period is 160 mgec/cycle, which is tyrical of

a wood rafter. A4lgc plotted are Wilton's experimentsl woinis and Custard's

at, al, (1970) calculation of damage based cn Sewell'- 40 that the
impulse exceeds a criticel value with a criticel peri. - v tested structure
is plotted vith an indicated damzue level incluvding gl. Magtar damage

and major structural damage., Johnson's empirical fit for the 10% damsge level
is also included. The World War II data on A-, B-, and C-level damage from
500-4LC0 1b, bombs on small steel faclories are also plotted (Kennedy, 1946).
Westine {1971) reports a fit of the type pressnted sarlier in this section for
brick houses. For campleéete destruction, this is:

3/3
Q.o W'~

[+ Z20)2]H6

This curve is alasc plcited. It agrees with the A-leval damage {(or complete

R =

degtyuction) date and also egrees with Pc = 12 pel for this type of structure

(Wolosewick, private communicetion). Also included is the threshold for glass

breakage which is taken as APc = 0,25 psl.
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The value of W, for these damage levels occurs between 100 and 1000 ib.

1
of TNT. A reasoaable approximation for the damage ig @iven by the over-
pressurce criterion. The ranges ut which damage is overestimated occur for
very small charges. The hazard evaluation from munition storage uormally
involves larger total charge weights, and the overestimate cf range (vhich is

conservative) for sru.ll charges is not considered importaunt.

4,2 I1njury to Personnel

Personnel are affected by blast waves in two major modes: (1) by
damage to internal organs by overpressure, denoted primary damage; and (2) by
+ranslation followed by striking an obstacle, denoted tertiary damage. The
former damage m;chanism to lungs has been investigated by Bowen et. al. (1968)
and von Gierke (1968), and to ears by Hirsch (1966). The latter mechanism

Las been investigated by Richmond et al. (1966, 1968) and Bowen et.al. (1968).

Data on primary injury to personnel have been obtained by experi-
mentally determining overpressure-duration reletionahips for animals, and
extrapolating these to humans, The relationship to some specified degree
of lung damage fTatallty 1s:

8P = AP (1 +6.76 t+-1.061¢)

Table 5 shows the free field overpressure, APc , assoziated within various

levels of lethality at infinitely large durations (Bowen et.al. 1968).
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Table 5

CRITICAL OVERPRESGURES FOR LUNG DAMAGE 10 HUMANG

Damage Pegk Overpresszure,

psi
Threshold 14,9
10% Lethality 17.5
50% Lethality 20.5
90% Lethality 25.5

. —-—

99% Lethality 29.0

Von Gierke (1968) considered the human lung as a one-degree of freedom
system with damping. The derived relationship has the same form as the
damage criteria for the Irame structures and is also very close to the
empirical curve. For the human lung the fundamental frequency, w, is
botween 100 and 1000 cps.

Eardrums are dameged in response to overpressure alone as the charac-
teristic period of the ear vibration is smell compared to the durstion of a
blast profile frem one pound of TNT, Hirsch (1966) has established the
relationskip between the overpressure and the probability of emrdrum rupture

(Table 6).

Table 6
PROBABILITY OF EARDRUM RUPTURE
Free-Field Peak O orprescurs, Prohahility of Eardrum

pel Rupture
2.b Threshold
2.8 10%
£€.3 50%
12,2 9%

actlie, .
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Injury to personnel by tertiary effec’s is related to the maximum trans-

lation velocity that the body can attain during the blast. It is assumed that

} ! the injury is caused when the body strikes an obstacle at maximum velocity.
. LY
; The probability of lethality for body impact has been determined as a functicn
$ { of the impact velocity. Lethality criteris have also been cetermined for im-

l pact of the head sgainst an obstacle., Table 7 shows the impsact velocity

associated with several levels of lethality (Richmond et.al. 1966).

‘ TABLE 7

) LETHALITY DUE TO CRITICAL IMPACT VELCCITY AND CRITICAL IMPULSE
? ) (Vﬁ in f*4/3ec and J, in psi-msec)
u _

Body Head
., v J
{ Lethality Vm c Vm Jc
‘ Threshald 20 83.6 13 54.3
{ 50% 26 108.6 18 75.2
{, 9% 30 125.4 23 96.1

The acceleration of the body in response Lo the blast is given by the

[ dynamic overpressure impulse. The maximum transle “ional velocity is related
! {; to this impulse by
Ta T St T
[ { vhere: J+ is the dyneamic overpressgure impulge
[ 4 r M is the masy of the boay
} b Cy 8 the drug coefficient of the target, agsumed here to be uuity

A 18 the presented crosg-section area of the body to the blast.

An approximation for the dynamic overpressure impulse for a hemispherical

TNT gsource, adapted from the reflected spherical source of Richmond end Fletcher

~

(19m) is

oy pemm—
Ny s o]

I, = 266.4 ), -2.3201 Wl/3 psi-mgec
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Fach maximim trenslation velocity defines & critical level of the Zynamic
overpressure impulse, Jc. When J, 2> Jc, the damage is assumed to occur and
the equality defines a yield-range curve for that level of lethality., We
calculate Jc for a typical grown male adult, using a weight of 155 pounds and

an asrea of 8 square feet. See Tavle 7.

4.3 Damage to Trucks

One source of blast damage to trucks results from overturning the vehicle.
It the blast overpressure and dynamic pressure time histories are known, the
turning of the vehicle can be calculated (Custard et.al. 1970). A second
scurce of damsge is the severe defommwition of structural camponents in response
to the overpressure.

For a venicle subjected to broadside blast impulse, responding in rigid
rotation sbout an axis at the ground surface in the plane of the front and

rear wheels away from the explosion source, overturning occurs when the

dynaxmic sverpreseure immilee. T . exceeds the criticai value, J_, giver by
1/2
= /
Iy (2mgdoIA\ /CpA by

where CD ig a drag coefficient, g is gravitational acceleration, and
2 2,41/2
a = (u° +bd/k - h
o= (2 + B WYE Ly
If the mass of the vehicle is uniformly digtributed over the superstructure

height, h, and widith, b,

1 = m( ®F +n2)12 + (@ +8))
A ‘ c g
where: IA is the moment of inertim about the line through one front and
rear wheel

‘be + hz
A m‘(-—Tﬁm-—) + 4+ b,

masg of the truck

B =
" I

(=2
[}

width o the truck

b = helght of the truck
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b 2
= o - h
do 5 + hg g
hg = height of center of gravity ol the truc“
hc = height of center of t“he blast preseun:
g A = side area of truck presented to thc blast .ve.

The values of Jc for typical trucks range between 7O and 110 psi-~msec
for incipient overturning (Custard et.al. 1970). Ethridge (1%61) measured
the overturning and blast damage to jeeps and trucks side-on and face-on to
the air blast from & 100-ton TNT hemispherical burst. Incipient overturning
occurred for 110 < Jc < 170 psi-msec. We take 90 psi-sec as & typical
threshaold velue. When the truck is just barely overturned, it is not likely
to be damaged severely and when it is righted, it can probably be driver away.
When the dynanic overpressure impulse exceeds the threshold, the truck will be
translated after overturning with increasing possibility of damage &s the
translation velocity increases. Tests of damage to parked trucks in response

to tlast from ruclear burst shows that the threshald of overturning is between

T T ety e T v
a K e (. I

© gt i aat SR At PR SR T

-

£0 and 100 psi-moee 2nd complete damage after overturning cccurs when J_ is

greater than 500 pei-msec (Glasstone, 1964). FEthridge's (1961) meas.rements
of damage to blest overturned jeeps shows the severe damage limit between 230

and 350 psi-msec. We use a velue of 300 psi-msec as the criterion for cou-

g an

oine |

plete destruction to a military vehicle due to overturning.

Ethridge also measured dasage to jeeps and trucks face-on to the explosion

[N

-
)
ek

Tana o |

and f und that no overturning occurred. Venicies weie damaged YWy soverse

distortion of structural components, such as hoods, frames, etc. This demage
s E? in relation to alr blust is estimated in mich the same manner as damaege to
n frame structures. The criteria for levels of damage in this mode 18 over~

pressure. From Ethridge's exparimental data, values of 6 psi for the threshald

t E‘:’ of d-mage and 30 psi ea the level above which totel damage occurs is selected.
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CHAPTER 5

SUMMARY OF KQUATIONS TO B USED FOR PREPARATION OF THE SLIDE RULKE

h.4

The equation for yieid-range to be used for preparation of e mechanical

F e

computation aid are summarized in this chapter.

e#

The effective yield in pounds cof '[NT that is availsble to the air
blast is
wEff = 1l.2W k }

where W is the total filler weight of explosive in the munition expressed

R e -

in 1b. of TNT. The total filler weight, W, is given by

w=nwlf

where n is the number of munitions in the stack. W

1 1. *ha filler weight

in one munition snd f is the explosive equivalence factor te convert pounds

of filler explosive tc pounds of TRT. ¥ is the modified Fano fo.mula to

PR T LT PRI Y -
E._j !...». 4

account for the fraction of exploesive energy avallable for blast

0,
2

l+-67ﬁ

F=0.6 +

»
o

where C= Hlf

and M is the metal or case weight of the munition.

-~
oo e
. !

E ﬁ For thin-cased munitions or bulk explosives, F = 1
k! The factor k 1s defined
i e
! k = 1,0, nanitions stured above ground, within earth
p
~ revetments or in shove ground nmagazines
3!

al k = 0,8, munitione stored in stsndard steel and
L ] ﬁ sarth covered igloos.
The range-yield curves for damage to the selected tergats are based on

¥
] {; the fact that the Ammege ievels can Lo related to either (1) values of the
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pesk ove:pressure or (2) the dynamic overp.essure impulse. The peak over-

pressur:: 1s given by a function of the form

h

R
AP =8(_...._.._.7_. )psi
Woppl/3

s

«here &(A)is given by Kingery (1966).
The &ynamic overpressuwre impulse is spproximated by

_ R )-2.3201
J+:2'- { v “'rl/3 pel
Ef
Wppgt/3

The positive phase impulse {although not used for estimation of demages to
these particular targeta) is

7. b2l (8 -)0‘92337 /
I, o= bT.uz2h (o : Wo...i/3 p8i
+ hE;}/,% ECE

PSRN

i

When the values of either AP or J are known for a given damage level, an

algebraic expression for WEH' a8 & function of R is obtsduved.

T T —— A oy
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The dumage levels essoclated with each target are summaxized in Table 8,

pn

f» Table 8
! B DAMAGE LEVELJ FOR ELECTED TARGETS
‘ : Paal, Dynamic¢ Overpressure
Targat Dawage level. Gverpressure, Impulse,

i E ved s femsec
k ; - Frame Btructure
L § h’ Threshold Gless Bresskags 0.25

1 . Threshold Structure Demage 9.5¢
P '; ‘;’ 50% Structural Damege 3.00

biv 5 Total Damage 5.00
g 3 ¥




Table 8 (Continued)

}‘ Peak 1I);rm!unic Overpressure
{ Target Damage Level Overpxtessure, Imp\—xlse,‘
psi osi-meec
. Standing
l‘ Personnel
Eardrum Rupture
Threshold 2.ho
10% Rupture 2.80
50% Rupture 6.30
90% Rupture 12,.0
| Lung Hemorrhage
Threshold 1k.50
10% Lethelity 17.50
50% Lethality 20.50
90% Lethality 25.50
99% Lethalicy 29.50
. Tertiary Damnage
F 4{"; Body Impact
}? b Thresheld 8l
; Q 508 Lethality 109
k WW§ Lethality 125
‘ {’ Hegd lmpact
sg {w Threshold 5k
v 50% Lethality 75
| 99% Lethelity 96
Truck Tureshald Oeerturning %
Total Danege Overturcing 400
Threasicld mahinq 6
Yotol Crushing 30

NS 3.0 P
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CHAPTER 6

DESCRIPTION OF TiE SLIDE RULE

As a8 part of this program, &8 circular slide rule type computer was
designed which presents to the user the information descrit:ed sbove in u
convenient and compact form. The computer utilizes both sides of a 10-inch
disc and one slightly smaller movable disc on each side.

The front side of the computer deals with problems related to damage
vesulting from blast effects of explogives stored in bombs or shells. It Is
1llustrated in Figure 4, The beck of the corputer deals with problems reinted
to blast effects resulting from detonation of bulk explosives and explosives
losded in light-cased munitions where the casing factor is negligible. The
back 1s illuetrated in Figure 5.

The parameter which determines the effects of an explos.on of a stack
of weapons or a given amount of buik explosives is the effective yield of the
explosion in terms of pounds of THN'T. 7This is determined on ibe slide 1uje
by making one setting.

In the case of a stack of bombs or shells, one enters on the front cf
the computer by setiing the number of weapons on Lhe propar scale in the
windov at the top (lmbelled A in Figure 4) or by setting the weight of the
explosive filler at the proper hairline at the top left of ihe computer
(labelled B in Figure 4), This setting determines the effective yield, which
is given in ‘he window dennted by C, and determines all other psrtinent
domage effects, so thet once this setting is made the top disc should not dve
meved.

The effective yleld sih~wa in this window takes into eccount the casing

factor, the THT equivelent of the partizular explosive being considered, and




o o EOINEs R Saiiian ety <an ik et e (et

e
5
]
!
¥
£
i
|
L
3

1L %/ mrcrs co
!ii- 5’! mtmsr}nonwruom

PEYBUCTIONS
1- 6T NO. OF WiPONE TO POMEN HAIRINE AT TOP,
on
ST WEOHT OF HMOBVE MLIN TO FRCPIN HAILING, TCP LBFY.

1 BRL L P R are L NI U B URE P et [ L e T
o EShem aowml SuGe BN DAl B &RED e e

Ww
R PRI e Cer e

Lisitios ]
i Emerth

FIGURE 4, FRONT SIDE OF SLIDE RULE

7




_ T
.
L

8

T -
k!

s S' 9 0 4
b Y
ok

3 EXPLOSION
£4/ EFFECTS COMPUTER

; BLAST BEFECTS FROM BUAK EXPLOSIVES
; ARD UGHT-CASED MUNITIONS

T MY WRONT OF BAQTVES TO PROPER HANUINE AT TOF.

2-MAD DIETANCE AT WHICH SPMICIFED DAMAGE OCTURS ON
ROFER 3CALL. GENCOTES DEOME OF DiisGE O POLTION OF
POPRATON }

™5

- a'-;cnn “!“1, C 1

| ﬁ i
Li ’

}

F ~[§ !
4 ‘
{
. |
4 1
L 4

?

i

-‘" FIGURE &, BACK SIDF OF SLIDE RULE {
i
i




— T

rww

7 -4,‘

.4“

S

e 7 1Y

v REEERAR e a0

AR LB kol

1

e U T - R S Ly

a factor of 1.2 to correct for the maximum directional effect since the blast
wave is not uniform in all directions. For example, one MK82 bomb contains
192 pounds of H6. Thus, setting the black hairlipe to 1 oun the MK82 scale
yields:

192 x .695 x 1.25 x 1.2 = 199.2
1

directional eifect

TNT equivalent of H6

casing factor

on the effective scale. In the case of wespons stored in earth covered igloos
(where the red hairline is used), a factcr of 0.8 is also included to account

for the attenuation of the blast effects, Thus setting the red hairline to

1 on the MK82 scale yields 195.2 x 0.8 = 159.36 on the effective yield scale.

These factors are based on information presently available from blast measure-

ments and igloo tests. All effeots scales described belew are coordinated
with the effective TNT yield in window C.

The scales denoted by D in Figure 4 give the reletionship between the
distance from the explosion and the peak overpressure occurring at thet
distance and are based on Kingery (1966). This scale indicates the distances
at vwhich glass breakage, threshold damege, 50 percent dameage and totsl damage
will occur to frame structures and threshold and total truck crushing damage
due to a particular explosion. This scale also indicates the distances for
threshold, 10, 50, and 90 percent of personnel incurring ear damage, and the
distances for threshold, 10, 50, 90, and 99 percent of personnel incurring
lung damage. These percentages refer to the degree of damege or to the porticn
of the population affected,

The aceles dencted by E give the relationship between the distance from
tha ax;.ﬂ.ocionn and the dynamic overpressure impulse occurring at that distance.
The distances at which threshold, 50 and 99 percent of the population will
incur hesd and body injuries and the distences at which threshald truck

_ 23
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overturning and total truck damage will occur is also given on these scales.
The scale denoted by F in Figu-e 4 gives the intraline distances for
barriceied and uabarricaded weapons and is based on Table 5-6.3 in DOD publi-
cation L145.27M, DOD Ammunition and Explosives Safety Standards, dsted April,
16T71. This table is based on the formulas D = 9Wl/3 for barricaded weapons
and D = 18wl/3 for unberricaded weapons, wbere D = distance in fleet. This

scale, as well as the scales for DOD Distances (labelled G in Figure 4) are

intended as _guides for the user to inlicate aporoximate distances, but the

DOD manual referenced above should be consultzd for compliance purposes.

The scales denoted by G in Figure 4, give the distances from the stack
of wenpons to inhabited buildings, highways and passenger railroads, and are
based on Table 5-6.4 in DOD publication L1L5.2TM referenced above. If the
reading shouwld fall in the red portion of the scale, fragment protection con-
siderations mey override blast protection cornsiderations. To determine whether
this is the case, consult the table of minimum distances for the particular
weapon being coneddsred (directly below the window denoted G) if this minimum dis-
tance is greater than that indicated by the arrow, fragmeni proiection con-
8iderations will control.

The scales indicated by H in Figure 4 gives the relationship between
the distance from the explosion and the positive phase impulse at thet
distance.

The buck of the computer deals wiih probizms rslated %o detonation of
bulk expiosives or explosives in thin-cased munitions. It is essentially the
same as the front except that one erters by setting the hairline to the
weight of the explosives cn the proper scale in the window at the top,
indicated by A in Figure 5. Once this setting is mede, all $he informaticn

is read exactly as deseribed for the froat of the computer exeept that for

— aai L
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DOD distances (read in window G), those distances for 1 to 50 lbs. TNT mey
be applied only when fragments and debris are completely confined., On this
side of the computer, the effective yiela containg all adjustment facturs
described on page 29 with the exception of the case factor.

For explosives other than the four indicated, the table of TNT equivalents
(denoted by B in Figure 5) may be used to obtain a factor by‘which the weight
of explosive should be mdtiplied to enter the TNT scale in window A (Figure 5).
The damage effects may then be read as before.

It is algo possible to solve inverse Lype problems on the computer. For
exnnple, it can be used to determine the maximum mumber of weapons of a certain
type which may be stored in a stack a glven distance from a bullding. This
distance is set on the scale denoted G in Figure &4, and the number of weapons

is read on scale A. Here agein, one must determine whether blast effects or

fragments will be the controlling factor.

— e k.
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CHAPTER 7

FRAGMENT HAZARDS

One objective of the contract is to determine the f{ragment hazards at
large ranges due to accidental detonation of four selected munitions. The
fragment patterns from single munitions and stacks of these munitions are
considered; the munitions may be stored in the open, barricaded by earth
revetments and contained within standard earth-covered igloos.

To assess fragment hazards, it would be desirable to have either
theoretical predictions or experimental data which give fragment densities
st fixed ranges as & function of the several parameters in the problem., We
do not have this situation, either from theory or experiment. Experimental
correlation between various configurations, e.g., single munition and stacked
munitions of the same type, is not available, and thecretical correlations
are as yet, poor. Predictions for single unbsrricaded munitions and several
isolated experimental values for barricaded aud unbarricaded stacks are
vailahle

A limited number of field tests of the detonation of stacked munitions
have been carried out in the past. Two of these, the Arco, Jdaho (ANESB, 1947,
19h6a, 1946b) experiments and Eskimo I conducted by the Naval Weapons Center
(Coder, 1971) had large rumbers of munitions within eart i-covered igloos.

In the former case, fragment data were gathered in the first four shots.
Kxperiments with large stacks not contained in igloos were conducted at

Yuma (Kingery, 1971), and during the Big Papa experiments (Peterson, et al.,
1968). In the former, an unusual stack geometry of 1 x 10 x 100 155-mm shells

was unbarr.caded, In the latter, mixed stack of 7T50-1b and 2,000-1b bombs

was barricaded by an earth revetment. Unbarriceded 2 x 3 and

e .
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5 x 3 stacks of T50-1b bombs were detonated in an experiment conducted at
Naval Weapons Center (Feinstein and Nagaoka, 1971). Model studies of

fragmentation in stacks using paper cylinders coated with buckshot have been

conducted by IITRI to obtain date on the fragment interaction process (Feinstein,

1970 and Nagaoka, 1971).

There seems to be no experimental data on far-field fragnent distributions

from single munitions., Close-in data for the munitions, yielding fragment
distributions and initial fragment velocities as functions of the angular
coordinates centered in the muritions are available; the best current source
is the JMEM manuals, (JMEM 1970). A large number of reports deal with calcu-
lation of fragments near the munitions.

A limited number of theoretical calculations of far-field fragment
distributions from a single munitio~ heve been made (Feinstein,l972; Zaker
et al.,1970). Withou. cag riuc.%al verification of the far-field fragment
distributions use of any theoretical calcui. “om is on shaky ground.

Calculation of the far-field fragmert distr bution from unbarricaded
stacke is a more nomplex problem because the fragmenté collide. fracture and
interact, thus slfering thelr initial velocity and distribution. Applying
a simple multipligr, such as the number of munitions on the outer surface
layer of the stac&, to single-munition data is probably inadequate, aithcugh
several such factors have been suggested. No calculetione have been made of

fragments in the far-field from either single munitions or stacked munitions

The assessment of injury and damage criteria once the fragment density
and terminal velocities are determined is better known. Damage levels can

be related with some degree of relimbility to the product of the fragment

mass and its terminal velocity. The probability of damege can be computed

- A
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from the numper density of fragments exceeding the damage criteria, and

the presentea area of the target. The probability of davuage from meny
% fragments can be calculiated from the probability of damage from & single
fragment.
t' To swmnarize, we have (1) theoretical calculations for far-field fragment
. densities fron single, unbarricaded munitions, and (2) several measured far-
E field frageent densities from stacked munitions in a variety of configurations.
E Methods of extending the calculations to the stacked and/or barriciaded ccn-
figuraticons lack verification. Parametric representation of fragment densities
p { from stacked and/or barriceded configurations is virtua ly nonexistent.
Grephical and tabular presentations of the frasment densities caleculation:
! for a siagle munition are prepared. The approximations for passing from &
} single wunition to stacks are discussed and presented. Damage levels are
related to kinetic energy impact; these data are presented in tabulsr form

also.
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CHAPTER 8

INJURY AND DAMAGE CRITLRIA

Datg on the interection of fragments and blast with the targets have
been collected to determine damage criteria. The primary emphasis for frag-
ment demage is on the personnel tsrgets. Fragments injure personnel by
perforating them or, if learge enough, by crushing them. TFeinstein (1971)
gave a detalled summary of the fragment mass-striking velocity relationship
for many mechanisms of injury. From these, a composite M=V curve using the
S0-percant fatality criteria was propcosed (Zaker et al., 1770). This is shown
in Figure 6. Criteria for perforating the body are based on kinetic energy

of the projectile at impact, i.e., & damaging fragment is one that satisfies:

2
va

2

>k
where: M is the mass of the fregment

Vf is the terminal velocity

k is the constant related to some specifled damage level.
Feinatein (1971) summarized values of k for several typer of perforation
injuries. This mode is dominant for fragmentes with mass between 4O grams
and 2 1b. Table 9 lists values of k for selected injury levels. The
values are weighted averages of fragment-caused inJury to vulnersble areas
of the body, i.e., the thorax, nead, abdnmen and limbs, In a similar mannex

the crushing mode is represented by a momentum criterion:

MVe 2 Xy

Fregnent damege to frame structures and vehicles is by perforation of

critical components. This mode of damage to frame structures is generally

ipsignificant, as patchisg of the smnll holes that result sre generally Just
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a nuisance Lype repair. Again, energy criteria ncorma’ly describe those damage

mechanisms. This aleo applies to vehicles unless the fragment sivikes an

’ i important part of the engine, transmission or axlie, etc.
CE Table 9
h ,’ ENERGY LEVELS ASSOCIATED WITH PERSONNEL INJURY FROM FRAGMENTS
% ! injury Level Energy, ft-1lb
” Threshold 1
i 903 Injury (10% Fatal) %o
: ‘, 50% Intury (508 Fatal) | 58
X 10% Injury (90% Fatal) 85

Approximate fragment mess rsuge where this mechonism is dominant is

m<2i1lb.
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CHAPTER 9

FRAGMENT DATA

9.1 Single-Munition Fragment Deneity

The begt data on fragment densities from single munitions at large
rauges are the theoretical celculations of Feinstein and Zaker (Peinstein, 1972;
Zaker et.al, 1970). In this section are presented the results of Feinstein's
latest calculations of fregment densities for the four single wunitions. The
mnitions lie on the aurface with the axis parallel to the surface. The frag-
ment dengity et large range is calculsted for an ipotropic target, i.e.,a sphere
of unit cross-acction tengent to the surface, These densities are calculated
by integrating the baliishic trejectorieg of the fra; ments using arena data
for the mmber of fragments in each mass ivterval, and initiai fragment
velocity es & function of the azimuth angle messured from the nose. This

denagldy is related to the fragment dengity on the ground surface through the

et mdd o
o Yl WO s e

Q@R = ina

Qi(R) iz the fregment density at R for the jsctropic target

Q(R) is the fregment density at R s: the ground surface

%, is the angle of incidence of the fragment trajectory at lapact.
Conaideration of the jgotropic Surget gives o wore resllstic estimete of the
nunber of Lagzerds that mm a standing terget, wheress the mwber
density on the Plat groand, Q(R), givﬁ an estimate for prone targets. The
mascinmm w‘mitm ocear 1n the sldssprey direction, i.e., normal
%o the axle of the murd ilok, Pelnstein calculated the fragment densities for
oll angles and the stctor cwsages. Figares 7 through 10 show §Q, (R)} as &

- ety

N e g - e e = b
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function of R for the four single munitions, when {Qi(R)} is the maximum
sector average. The number densities for all fragments and for fragments
with terminal kinetic energy exceeding 58 foot-pounds are shown.

The maximum sector-average fragment densitlies occur in the side spray
direction in all cases except for the largest range Tor the MKB2, where the
greatest fragment density occurs in the nose direction. The fragment
densities are shown for ranges zZreater than that where the number of frag-
ments exceeds opne per 600 square feet. (This is the DDESPE standard range for
l-percent probability of a prone person being struck by a fragment.) Table

10 shows the reage for a fragment density of 1 per 6CC sq. ft. for all frag-

-ments, and for those with a kinetic energy greater than 58 foot~pounds.

Table 10

RANGFS AT WHICH FRAGMENT DENSITIES (SECTOR AVERAGES)
ARE 1 PER 600 5Q. FT. (AFTER FEINSTEIN 1972)

Range, Ft.
Munition
All Fregments Fragments with
KE > 58 fi-1b
MK82 825 670
M7 690 1060
M107 koo 810
ML 3TAZ 450 840

9.2 Btecked-Munition Fragment Density

| Extension of single-munition fragment distribution to the disperssl
from a satuck is a difficult problem. Limited theoretical and experimental
data ave availsble. Feinstein snd Nagacka {1971) messured the dispersal
from small cylinders, and demmtraﬁd enhancement of fragment density in

certain sogular reglons, They alse msesured the fragment patterns from




i
4 E
g - small stacks of TH0-1b bombs. No single multiplicative factor to convert
‘ E single-munition fragment data to stecked-munition rragment data is avail-
é Ej abie. The assumption that only the outer layer of munitions contributes to
% | the fragment pattern is reasonsble and should give a bound to the fragwent
% EE pattern.
.
'f For a row of cylinders in rectangular array with spacing ¢ ' »/2, where
R r is the radius of the cylinder, the number density of fragment. normal to
; {7 the surface and close to the array is increased to approximately
{ Na = (0.6 (n - 1) + l)Nl
where: :
t n is the number of cylinders on the face of the array (Figure 1lla) %
. Nl is the number density of fragments for one c;linder
f N, is the number density for the array. %
i E Ei For closer spacing the coefficient 0.6 incre=sses. Na is approximately inde- §
= é ;i pendent of the depth of the array. é
"‘% $ An cotinate for fragment density fivm a stack based on this data was i 1
N : made. Consider a stack n units high, m units wide on the side, and p units

deep (Figure 11). The majority of Iragments that are propagated to large
range are ejlected from the side of the stack., The fragments ejected from
the top laysr go essentially straight up, come straight down end remain

in the vicinity of the stack. The approximation to the ouaber density at

large ranges and large stack aizes irc

Qn(R] = @fnm Ql(n) , : l
where: j

Qn(R) is the number density for the stack in the side spray direction
% ‘% , QI(R) is the fragmeut density for one munition in the side sprey
 dtrection |

[ o el
1




——
EN A

B e s Sh L

.

1 m - Unite “igh
N~ Units Wide

L.

;-

Figure lla. STACKED MUNITION

e £ ot rre

Frogment Density Enhanced Near Stuck
n his Anguler Region. { These frogments
’h“ renges}

¥
. Figure 1D, SCHEMATIC FIGURE TO SHOW BASIS FOR APPROXIMATION
‘w‘ 1 OF FAR FIELD FRAGMENT DENSITY FROM A STACKED MUNITION.

S

v SN
ﬁ‘ - - " ko,
o




bR i

LAY

e A 7 4

——— S [ iaiaand re——

T A AN i e % b

!

o rainin m

SR . S —

mm is the number of munitions in the surface layer on the sides
3 is & constant.

The constant B is dependent on inter-munition spacing and is slightly
dependent on the number of munitions below the surface layer. From the cylin-
der data we expect 0.6 < B < 2.4, From the small stack experiments on 750-1b
bombs , the choice 8 2 1 1s reasonable.

Figure 12 shows the comparison between the experimental fragment density
from both a 2 x 3 x1 and a 5 x 3 x 1 stack of ML17 T50-1b bombs and this
model. Three units are on the side nearest the fragment measurements in poth
cases, Feinstein's calculatisn for one munition is mult.plied by three. The
agreement is fairly good.

This model for calculating fregment densities is guite crude and does
not exhibit dependence on any stack parameters save the number of munitiors
on the face of the stack., This fragment density estimate should be used
with extreme caution.

‘‘he calculations for single munitions show an extiemely rapid fall-off
of fragment density with increasing range. Since there is a maximum fragment
size, there is a maximun range beyond which no fragments will be found. Using
& simple multiplicative factor to determine the fraguent deosity from &
stack again indicates rapid fall-off with range, and the same limditing range
beyond which there are no fragments,

9.3 Damage Frobabiliiy'

The probabllity of being injured by(a fragmert from a single munition
is (zaker et.al., 1970)

PL(R) = 1 - exp(-q (R)A)

where A is the presented ares of the target. For personnel standing in the

open in the far-fleld the presented area in the maximwm horizontal cross-
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section area of the body and is approximately 4/3 squar  feet. If w(R) is

small i.e., Q(R) < < 1,

L
PI(R) =3 Ql(R)

Applying a simple wultiplicative formula for the fragment density from a

stack
Q (R} =n Q, (R)
Thus,
n
? (R) = 1 - (1 - Pl(R) )
=20 q(r) nQ, (R)& << 1

The presented ares for critical deamage to a vehicle is quite small.

Consider, for exsmple, & readily breakable part of the engine, typically a

distributor, wrich has a pregented areu of spproximately 0.2 square foot.
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CHAPTER 1C

CRITIQUE OF FRAGMENT HAZARD EVALUATLION

. . e
e

The fragment Censity profiles presented in Chapter 10 are theoreticuli

} : predictions based on single-munition arena data. Experimental verification
F— of the fragment, densities expected fror stacked munitions is very limited.
There are little experimental and no thecretical date on the effect of frag-
ment hazards for munitions within a magazine or igloo. A certsain percentage
of fragments are ctopped or retarded by the cover, and in addition, fragments

; are generated by the breciup of the cover as a result of the detonation.

attempt was made to present fragment densities for confined storage config-

i urations.

[ , Since no data were availeble on this screening and fragment generation, no
; The interactiocn of fragments from asdjacent munitions in a stack is also
lf‘ not well determined, either theoretically or experimentally, although some

L

i linited data ellowed for a crude estimation of gtecKed-munition fragment
densities uvaing single-munition fragment data,

It is ouwr recommendation that these two problems be investiguted on a
theoretical and exparimental basis. The thecretical studies should be under-
taker to determine the parametric relationship of far-field fregment densities
to single-munition fragment predictions, and the steck and confinement para-~
meters.

It is further suggested that DDEGB conduct experiments designed to cor-

i " prow
RN -

relate the single-munition far-fie)d fragments from munitions stacked in the

open, behind barricedes and within iglooce. The total experimental plan

might contain the following elewents:




l. Far-field fragment data from & single munition, bcth horizontal

% ‘é and vertical, in the open, tehind a revetment and within an igloc.
{ 2. Far-field fragnent data from several selected stacks in the open,
} o 3. Far-field fragment data from several selected stacks behind earth
? ‘ ; revetments.
P'E k. Far-field fragment data frem severol selected stacks within an .
; igloo.
E ; f The sizes of the stacks need not be large, but must be designed to
é : : obtain information on the stack, and the effects of its parametiers on the
? % l; fragment data, If the number and types of stacks in Part 2 are Judiciously
f chosen, fewsr experiments in Parts 3 and b will be needed to determine the
b § E effects of the barricades and covers. It is important that a single munition
E l§ be used throughout so that correlations between various configurations can
(¥

be established,
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