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I
ABSTRACT

Computational aids for the rapid assessment of potcntial hazards from

I blast waid fragments during the accidental detonation of stored munitions were

prepared. Four munitions, the RK82 500-lb bomb, the ýt17 750-lb bomb, the

g 1.107 155.-mm shell and the M437A2 175-mm shell, stored in module type open

barricaded pads, in above grouwd magazines and in standard earth covered

igloos were considered. Targets considered included personnel standing in

[ the open, frame structures, and uiarmored nilitary vehicles.

For the blast damage, this information is presented on a circular slide

[ •rule; for fragment damage, the information is presented in graphical form.

II:

i4w;

1; -

S.... ii±. . - - r ~



FOREWORD&
This fisial technical report, entitled "Explosion Effects Coxputation

Aids" was prepared, for the Department of Defense Explosives Safety Board

by General American Research Division of Genera. American Transportation

SCorporation, under Contract DA]iC-04-72-0012. The period of performance of

the contract was November 15, 1971 through June 30, 1972.

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

[ as the Technical Monitor for this contract. Mr. R. D. Perkins: DDESB, pro-

vided technical comment and criticism. Acknowledgement is made to Mr. Carl

k R. Rathmann of the GAPD staff for performing several of the calculations

reported here.
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SCHA:PTER 1

INTRODUCTION

When a stack of munitions detonates accidentally, two major effects

occur, (1) a strong blast wave is propagated and (2) a large number of

F m fragments are propelled away fran the stack. Compilation of available

explosion effects information to estimate risk of damage or injury from

i_ blast and fragmentation at various distances from the source to the target

led to the preparation of graphical and mechanical computation aids for

rapidly assessing the potential hazards from these effects.

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

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

Li 155-mm M107 projectiles, the 175-mm M437A2 projectiles, the Nm<82 500-lb bomb

and the M117 750-lb bomb. These munitions are normally stored within earth-

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

amounts ranging from several units up to 5G0,O00 lbuLi of expIos;ie wti UL.

Previous experimeatal studies on the accidental detonation of such stored

f munitions have established the mirnium intermagazine separation distances

to prevent communication of the explosions to adjacent magazines. The

j f Department of Defense Explosives Safety Boerd has further established

] quantity-distance relationships for safety to various other targets, such

I L as inhabited buildings and public highways. The need may arise for assessing

~ I the potential hazard to various targets which, for a variety of' roasons, may

not fall under the guidelines published by the DDESB. For example, aI B temporary munition storage area may be required in an area where houses

4 ~already exist or where a number of personnel. may normally be ±'ound duringj Uthe course of the dav. The computation aid, to be described in detail later,
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allows the rapid assessment of thu hazards to these polential targets and

of the effects of deviations from the reconunended quwAtity-distance.

Available data, both experimental and theoretical, were to be used iii

the preparation of the computation aids. Sufficient data on blast effects,

both on the nature of the blast generated by the stack and on the response

of the specified targets are available. This information was gathered and

reduced into a form suitable for a mechanical aid. A circular slide rule was

Sprepared to assess the blast damagoe. Less data were available for assessing

- fragment hazards, thus, the fragment hazard data is presented in graphical

form.

First the description of the munitions and munition storage pertinent

to the evaluation of these hazards are presented. Then a sulmmary of the data

Savailable on blast effects is given, together with a description of the

damage or injury levels associated with blast. The range-yield relations

foz such damage levels are given. Simplified, conservative relations suit-

[ able for representation on a mechanical computation aid are derived. The

form of this data is suitable for representation on a circular slide rule,

[ ihose description is given.

Basic single munition for field fragment data is presented in graph-

[ ical form. Approximate methods for estimating damaging fragment densities

from stacks of muritions are presented.
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FACTORS

The several factors that describe the munition storage, the weapon

[ characteristics, the: stack character-istics arid the mode of storage that are

pertinent to the blast and shock arid fragment phenomeýmna are givenl below.

[Four munitions were chosen for detailed study iii this project. Other

munitions and bulk explosives were givent cursory trea~ment.. The four munitions

are the 155-mmn and 175-mm shells and the 500-lb and '(50-lb bombs. Table 1

Ipresents the data on single rounds of these munitions. These four munitions

are in extensive use, have a large range of the parameter charge weight.

to metal weight, C/M, and have four different explosive fillers.

Tal 2 shows the equivalent TNT weight for each of the four explosives

WYM1970).

Table 2 EQUIIV.ALENT FACTORS FOR VARIOUS
EXPLOSIVES RELATlVE TO TNT

TNT 1.00

LH-6 1.25

Tritonal 1.13

I ComP. B 1.10

These mnunitions are normally stored in rectangular piles. The parameters

describing the stack are the number of munitions in the two horizontal

directions and the vertical direction, the total numbaer of munitions in the

stack, iuhe spacing between individup.l mwaitions and the orientation of the

muriitiorna wi%;hin the stacX.
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The normal stor-agce of tthe munitions ]s within one of three barricaded

structures. 'Te munitions may be surrounded by an earthen rcvetmyent sucs

that the line of sight from the top of the muiition stack to the top of the

earth mound is greater than 2" from the horizontal. This revetment is

normally on three 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 rear wall ; the front wall is concrete with sLeel doors. Typical

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

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

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

equivalent to the igloo dimensions.

5
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I CfHAI-TEFR 3
BLKST a'FECTS

I When the stack of munitions accidentally detonates, an intense heat 'owave

is propagates irLuo the area surro•nding the stack. The stack is roughly

cubical and the orientation of the stack is unknown. Blast effects Pre

approximated by determining the blast from a hemisphere of the sam: A!ffective

,ield. The effective yield is the total equivalent TNT yield re(,.Lued to

L acccui-t for the enei'y-v lost to the fragments. Because of the or~figuration

of the stack, the blast p-opagation is enhanced in certain di. *ctions; the

maicmum enhancement is evaluated and selected. The effect oW . barricade or

magazine may reduce the blast effects at a distance. Each of these effects

is discussed below.

3.1 Plast-Rae Parameters from a Hemispherical Charge

The blast-reane parameters from the detonation of P, hemisphere of TNT

C, are chosen as the starting point for the evaluation o1" blast from the stored

munitions. These parameters have been established by Kingery (1966) from

compilations of experimental data covering a wide range of explosi,;v . weight.

[ The parameters are peak overpressure, positive phase impulse and positive

phase duration of tae presst 'e profile. These are plotted in Figure 1 as

func..tions of the independent variable, X = R/W1/3 where R is the distance

from the center of the hemisphere in feet, and W iE tae charge weight in

pounds of TNT. Peak overpressure scales with the ambient absolute pressure,

f�p, and impulse as the 2/3 power of p in atmospheres of equal temperature,

provided the distance is scaleO inversely as the 1/3 power of p. Also plotted

is the dynamic overpressure impulse adapted frcm Richmond and Fletcher (1971)

for d hemispherical TM' source.

When a munition, such as those considered here, detonates, not all of

the energy released goes into the blast wave. A 4raetion of the explosive

energy is uased to break lp the case and to propel the fragments. Several

,�-6
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j estimates of the energy available to the blast wave based on theory and

experiment are reported in the literature. The most common estimate of

I the energy available to the blast wave is the modified Fano formula (.Mi •,

* 1970).

u. 6 + o .4 (1 M -I

where: Waff is the energy available for blast

C/M is the charge weight-to-metal-weight ratio.

Table 3 shows this ratio for the four munitions considered. The charge

r weight in the ratio C/M is taken as the equivalent TNT weight.

The detonation of charge which 'as a shape other than spherical or

I hemiapherical propagates a blast wave which ahows a more compleA spatial

structure. Experiments have been conductea on the detonation of rectangular

paralielopipeds (Adams, Sarmousakis and Sperraza, 1949); cylinders and disks

of explosive material (Wisotaki and Snyer, 1965; Fugelso, Fields and Byrne,

Joie). ior cuoes and cyi-naers with LyiL - IL tt'e peax ave-pressure versus

I range in the direction normal tc a force or to the axis of uhe cylinder

is enhanced relative to the same overpressaure-range curve for hemispherical

charge. In the overpressure range I < AP < 40 psi, the ratio between the

two curves ranges between 1.1 and 1.5, with a mean value of 1.2. Once

an increase in overpressure is established, this ampli.Ccatian pcrci'ts

"at least to ranges where the overpressure is about 1.0 psi., An experiment

on the detonation of a disk array of TY: shows the persistence of the ampldi-

fication factor to overpressure of 0.). psi (Fugelso, Fields and Byrne, 1971).

In other directions, the peak overpremoure range ciurves for the angles and

cylinders can be less than bemhiphezical cur,.es. In the extreme geometry of

: disk, tae maximum amplification iE about 1.5 in the same overpressure range.

13
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SAn earth revetment or barr-icade has a negligible effect on the propa-

gation of blast at large distances from the barricade (Wiedermann, 1971).

SIThe blast is reduced at the ground for a short distance beyond the revetment

6 (r - 5 h, where h is the height of the revetment), but the blast wave reforms

at longer distances.

! 3.2 Igloo Effects

When the stack is contained within an earth-covered igloo, the blast

wave at large range is reduced as a fraction of the blast energy is absorbed

rin breaking up the earth cover and in the energy of the fragmen',a of the

structure. A sequence of experiments (ANESB 1947, 1946a, 1946b) evalueted

the attenuation of the blast as a function of the earth cover-weight-to-

charge-weight ratio. Figure 2 shows the attenuation of the peak .:výr ;rezsure

as a function of this ratio. The att nuation factor is the ratio %>' meaýzired

overpressures at a fixed scaled distance. The 4pxpected peak overpressure

ratio, an effective charge weight can be defined by

AP coverec' W ff. 1/3 =k/I A o~pen) ' (-)--)/=

The range of this factor is quite small for the range of typical igloo s'ze 9na

eqclosive contents. For the purposes of preparing a computation aid, a

single value of k was chosen, rather then requiring the knowledge of the

cover-to-chaae ratio. The single value was chosen by considering a stano.'cY.

igloo 26 ft x 80 ft comlaetely filled with munitions with a total hatrge

weight of 20,0000 po•inds of TMT. For this configuration,

k 0.8

ak10
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The blast parameter from the detonation of a stored munition then is

repre:•ented by the blast from an equivalent hemisphere, where the equivalent

I yield is c&1.culated by

•~ whr stack M 1.2 W k F

where

W is the tota.3 charge weight of the stack in lb. of TNT,

C F is the mcitfied Fano formula using C/M,

Sk is an attenuation factor for the mode of storage

k 0 1.0, mUnitions stored in the open or contained within an earth

revetment or ia an above ground magazine

k - 0.8, mutntions stored within a standard steel arch, earth-

covered igloo.

II12
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DAMAGE CRITERIA

Three targets are selected for evaluation of potential damage from

blatL. They are statiding ptrsonuel i.- the open, frame structures and trucks.

4.1 Ueze to Frame Structures

I Dwnage to frame structures is c iused by failure of structural components

in response to the overpressure as a function of time. Some tests of the

damage of frame stru(ures by blast from various yield explos!ons have beer,

reported in the literature (Wilton,1970) vith %sbrstments of the damage.

Johnson (1967) generated an emplrical form~ula for relatlng t*e range at

I which sp'-.ified damaz levels occur, If R is the range at which a selected

Sdmage level occurs fo.- explosive yield W1, then the raras, A, &t which the

samce damage occurs for ,PIeld, W is

o. 0 4 35

The U. ge levels at 100 lb, T.', :..re &umrarized in Tab.6 .

Table 6.

DAMAGF LEVELS AT 10 lb T

a - P, psi R8nse (R), ft

Threshold Gla•a Br•,,•kIn4j 0.24 12,700

.1$T vamsge (1!,4,)UU

50% Demoe 3.0 11990

~~~0 F L~ 5.0 i. ..~... ,1*40
II
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Thio approach wu: severely criticized by 14estine i971), who suggested un

ltcrnuto approach, essentially fitting the , damage level through a

curve c the form:

where k, a, k and c are empirical constants.

This aorm is asymptotic to a peak overpressure criterion at large yield and

to an impulse criterion at small yields.

The limiting fcrms sugges.ed an alterratt procedure for determining the

isodasage curves in the R-W plane. A bilinear relation between peak over-

pressure and positive phase impulse was derived which provides an upper

bound in the range.

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

be satisfied t-o just break a structural element are.,

APa 4J, t :'-I
c x 2w

c <1
AP - "---- t < -

2Wt x 2w

For a single structural element AP is the overpressure at which the

element fails under an infinite duration step load and w is its natural

frequency. The parameter t is defined:

APt I

wh-r 1+ JS a lI.ltlve phase impu.lse

In the range 0.8 < AP < 40 psi, the follcwing approximation holds (taken

by least square fits to the YPngery TNT hemispuere curves):

!l4



MorePeak overpressure:

S=569.5 1-l711 psi

a ~where R . WI/3

More generally, we consider AP = f( ), but v', will use the power law

expression here to illustrate the technique:

I Positive phase impulse:

4 =67.12 Opeimsec

Positive phase duration:

where W yield in pounds TNT

f R range in feet

In terms of the blast parameter:

t xt = o.1184 W1/3 X

f The first form is the bound for u load whose duration is long compared

to the period of free vibration of the structure. It is dependent on a peak

valne of overpressure. The second form is a bound for a load whose duration

is short compared to the period of the structure and is an impulse criterion.

We have taken the lower bound of overpressure in both cases so that we will

obtain an upper bound for range in the yield-range plane. We can express

both forms in the yield-range plane by expressing P and t in terms of

I W and R, We take the smaller rane at fixed yield to establish the yield-

range ieodamage curve.

P 1.753a Rj w > w, (R)

SP 1.56o

S15



Swhere W1 (R) i: -1.T -:lT

Ww (W) = (.2368w) 14.14R11.14

[ Since the average frame structure has several structural components with

different values of AP for failure, we take definite values of AP as

represenzetive of the degree of najor structural damage to frame structure.

I These are generated from Wilton's (1970) assessment of damage to frame houses

by large yield blasts. Approximately 10% of his total damage is deducted,

[ since the plaster and glass damage are irnluded in this figure. For the

thrtshold of structural damage, 6P = 0.9 psi; for 50% structural damage, APc

3.0 psi; and for 90* structural damage, AP = 5.0 psi.

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

is for structures whose natural period is 160 maec/cycle, which is typical of

a wood rafter. Allo plotted are Wilton'L experimental -noints and Custard's

et. al. (1970) calculation of damage based an Sewell'- -on that the

' apulse exceeds a critical value with a critical pen.. tested structure

FI nstlotted v.1th an indioat.ad darnza l..vaI 1rno'1dina al, -1 ai~tAr fdamnlfa

and major structural damage. Johnson's empirical fit for- the 30% damage level

is also included. The World War II data on A-, B-, and C-level damage from

500-4•(0 lb. bombs on smaLV steel facories are also plotted (Kennedy, 1946).

I Westine (1971) reportm a fit of the type presented earlier in this section for

brick houses. For complete destruction, this is:

r 00)2221/6

This curve is also plc .ied. It agrees with the A-leval damage (or complete

I destiuction) data and also agrees with ýPý 12 pai for this type of structure

(Wolosevick, pri-ate cana•nication). Also included is the threshold for glass

br ea• uaich is taken as AP 0.25 psi.

[16 3 6
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The value of WI for these drmage levels occurs between l0C and 1000 Lb.

of TNT. A rea;o.iable approximation for the danage is riven by the over-

pressure criterion. The ranges at which danage is overestimated occur for

very small charges. The, htzard evaluation from munition storage normally

involves larger total charge weights, and the overestimate of range (which is

conservative) for sr-.1i charges is not considered important.

4.2 Injury 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

translation followed by striking an obutacle, denoted tertiary damage. The

former damage mechanism to lungs has been investigated by Bowen et. al. (1968)

and von Gierke (1968), and to ears by Hirsch (1966). The latter mechaiiism

has been investigated by Richmond et al. (1966, 1968) and Bowen et. al1. (1968).

Data on primary injury to personnel have been obtained by experi-

mentally determining overpressure-duration relationsbips for animals, and

extrapolating these to humans. The zelationship to same specified degree

of lung damnae fatallty is:

-i.o64%
SP - '4P(P (I + 6.76 t+

Table 5 shows the free field overpressure, AP C, aassociatd within various

levels of lethality at infinitely large durations (Bomen et.al. 1968).

18
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Table 5

coi.JCAd OVEtI-It•3LURES FOR LUNG DANMAGE TO H1PJANS;

Da-mage Peak Overpressare,
psi

Threshold 14.5

10% Lethality 17.5

50% Let ha ity 20.5

901 Letha-ity 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 samQe form as the

damage criteria for the frame structures and is also very close to the

empirical curve. For the human lung the fundamental frequency, w, is

bctween 100 and 1000 cps.

Eardrums are damaged in response to overpressure alone as the charac-

teristic period of the ear vibration is small compared to the duration of a

blast profile frcm one pound of TNT. Hirsch (1966) has established the

relationship between the overpressew.e and the probability of eardrum rupture

(Table 6).

Table 6

PROBABILITY OF EARDRUM RUPTURE

. ,..-,e. P " P RbB- • Ijtv nf F.ardrum I
pSi RuptuDre

2.4 hThreshold

2.8 10%

6.3 50%

12.2 90%

:L9



A

L Injurj to personnel by tertiary effects is related to the uaximum trans-

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

Sthe injury is caused when the body strikes an obstacle at maximim velocity.

The probability of lethality for body impact has been determined as a function

of the impact velocity. Lethality criteria have also been determined for im-

pact of the head against an obstacle. Table 7 shows the impact velocity

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

TABLE 7

LJETHALITY DUE TO CRITICAL fl.IPACT VELOCITY AD CRITICAL IMPJULSE
0 (V in ft/3ec and J in psi-msec)

Body Head
Lethality V J V J

Threshold 20 83.6 13 54.3

1 50% 26 1o8.6 18 75.2

99% 30 125.4 23 96.1

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

dynamic overpressure impulse. The maximum transle tional velocity is related

to this impulse by

where: J+ is the dynamic overpressLtre impulse

[ M ia the mass of tAe zoay

C is the dni4g coefficient of the target, assumed here to be ui±ity

[ A is the presented cross-section area of the body to the blast.

An approximation for the dynamic overpressure impulse for a hemispherical

TNT scorce, adapted from the reflected spherical soarce of Richmond and Fletcher

7 (1971) is

J., 266.4 -2.3201 w'/3 psi-msec

II 'o0



KI
I mEa(h ma-xidim•um translation velocity defines a critical level of the cr.Iamflc

overpressure impulse, J c When J+ > Jc the damage is assumed to occur and

Lthe equality defines a yield-range curve for that level of lethality. We

calculate J for a typical grown male adult, using a weight of 155 pounds and

an area of 8 square feet. See Table 7.

[ 4.3 Damage to Trucks

One source of blast damage to trucks results from overturning the vehicle.

II. If the blast overpressure and dynamic pressure time histories are known, the

turning of the vehicle can be calculated (Custard et.al. 1970). A second

Ssource of damage is the severe deforo'ation of structural components in response

to the overpressure.

For a vehicle subjected to broadside blast impulse, responding in rigid

[Irotation about an axis at the ground surface in the plane of the front and

rear wheels away fran the ex-losion source, overturning occurs when the

Li a .... ......'fc w imi. .. +.. exceeds the critical value, J given by

SJe (' amgdo04I~/2/CDA h,

where CD is a drag coefficient, g is gravitational acceleration, and

d =(h 2 +b2 /)1/ -h

If the mass af the vehicle is uniformly distributed over the superstructure

height, h, and width, b, h22

I m( (b" + hY)/12 + (d + h )-)
A a

where: 'A is the moment of inertia about the line through one front and

11rear wheel

b +h 2

I A ="+ + + heA 2 o do

m = as of the truck

b - vwif•bT the truck

h a height t the truck

A2.
ItM .wk "



do 2  2 h

gh height of center of gravity of the track
g

h = height of center of the blast jreseun.,I C

A = side area of truck presented to the blast .. e.

I The values of Jc for typical trucks range between 70 and 110 psi-masec

for incipient overturning (Custard et.al. 1970). Ethridge (1961) measured

the overturning and blast damage to jeeps and trucks side-on and face-on to

the air blast from a 100-ton TNT hemispherical burst. Lneipienlt overturning

occurred for 110 < Jc < 170 psi-maec. We take 9g psi-see as a typical

I threshold value. When the truck is just barely overturned, it is not likely

to be damaged severely and when it is righted, it can probably be drivei away.

I When the dynamic overpressure impulse exceeds the threshold, the truck will be

translated after overturning with increasing possibility of damage as tha

4. translation velocity increases. Tests of damage to parked trucks in response

to blast from nuclear burst shows that the threshold of overturning is between

- - &Z-- -=.. ezr ,i c-M,1gl. damae after overturning occurs when J_ is

greater than 500 psi-moec (Glasstonc, 1964). Ethridge's (1961) measbrements

of damage to blast overturned jeeps shows the severe damage limit between 250

and 350 psi-msec. We use a value of 300 psi-maec as the criterion for com-

[• plete destruction to a militaryr vehicle due to overturning.

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

'U and f und that uo overturning occurred. Vehii.bau wveie dJA d by• ......

distoition of structural ccmponents, such as hoods, frames,etc. This damage

I I, in relation to air blast is estimated in much the same mrener as damage to

!• r, frame structures. The cariteria for levels of damage in this mode is over-

pressure. Fro& bhtridge's experimental data, values of 6 psi for the threshold

[of drzage and 30 psi &a the level above which total damage occurs is selected.

1 22
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CHAPTER5

L BSUMMARY OF EQUATIONS TO ?E USED FOR PREPARATION OF THE SLIDE RULTE

The equation for vield-range to be used for preparation of a mechanical

Li computation aid are summarized in this chapter.

L The effective yield in pounds of TNT that is available to the air

blast is

[ WEff = 1.2W k I

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

I in lh of TNT. The total filler weight, W, is given by

Wi W I f

where n is the number of munitions in the stack• W1 I t " filler weight

[ in one munition and f is the explosive equivalence factor U, convert pounds

of filler explosive to pounds of TNT. F is the modified Fano fo.L wala to

Saccount for the fraction of explosive energy available for blast

.F- +.6 + 2+

! where C - W f

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

For thin-cased munitions or bulk explosives, F I

The factor k is defined

Ik 1.0, munitions stvred above ground, within earth

revstments or in above ground wagazines

k 0.8, munitions stored in standard steel and

a te h covered Igloos.

The reage-yield cur-ee for aaege to the selected targets are based on

Sthe fact that the oawge leivus can be related to either (i) values of the

23_



peal oveý .ressure or (2) the dynamic overp.'essure impulse. The peak over-

pressur;: is given by a function of the form

RA

where glA0is given by Kingery (1966).

L The 6.'namic overpresaure impulse is approximated by

-2.3201

T--266.4 (..L-) W ./ pi
w f 1/3 E?/

The positive phase impulse (although not used for estimation of damnges to

these particular targets) is

+ = -0.92337[ 67 k42 w~j./3 WEffli/ 3 Ps'

S "When the va•ues of either AF or J+are known for a given damage level, an

algebraic expression for W ne a function of R .is obtaJ.ned.

The damage levels easociated with each target are •inaxirized in Table 8.

-DAMAGE LEVELM FOR ýF4, EnTED TARGET

SI eayn na Over.r'ssure

lTar~nt Damage Leve-. Ove-ý,sressuxe' , ipulSe

._ ,•Fram Structure

Threshold Gles Breakage 0.25

ThresIhw•d Structure Demage 0. 90

50% Structural Damage 3.Ot)

41__ _ Total Damage _ __5.00



Table 8 (Continued)

Peak DynlazmiC Overpressure

Target Damage Level Overpressure, Impulse,
psi ')si-m6OC

Standingi.• Personnel

PEardrum Rupture

Threshold 2.4o

10% Rupture 2.80

50% Ripture 6.30

go% R14.tuxe 12.10

Lu.g Hemorrhage

Threshold 14.50

9o% Lethality T- 5/0H'50% Lethality 20.50

90% Lethality 25.50

99% LethalicY ;eq. 5o

Ii1  Tertiary Damage

C Body Impact

Threshold 84

50% L.t.a..ty 109

0% Lethality 125

Hera Impa~ct I
Thr, ihold 

54

50% Lethality 
75

99% Letha~lity 96

Track ThresaldJ~ W~rLin9n 90
300UTotal D.~UW 0-V.?tUr~d-n 6i

Total Crasbi.v 30
, ,-, ,_ _ _ 

_ _ _ _ _ _ __- 
.... ..... , , _ -- , ., , --.--
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CiuiAPTER 6

DWSCHIPTIOI OF TUE SLIDE RULE

As a part of this program, a circular slide rule type computer was

designed which presents to the user the information described above in a

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

r'esulting from blast effects of explosives stored in bombs or shells. It Js

Sillustrated in Figure 4. The back of the computer deals with probleMs reDLted

to blast effects resulting from detonation of bulk explosives and explosi-v.s

loaded in light-cased munitions where the casing factor is negligible. The

tback is illustrated in Figure 5.

The parameter which determines the effects of an explos..on of a staok

of wea6pons or a given amount of bulk explosives is the effective yield of the

F explosion In terms of pounds of TNT. This is determined on the 2*1iCLzC rlc

ii [by making one setting.

1 In the case of a stack of bombs or shells, one enters on the front c

the computer by setting the number of weapons on the proper scale in the

windov at the top (labelled A in Figure 4) or by setting the veight of the

explosive filler at the proper hairline at the top left of Lhe computer

I• (labelled B in Figre 4). This setting determines the effective yield, which

is given in the window den,'t& by C, aA4 deterLneos all other pertinentli
dmuge effects, so thrt once this setting is mde the top disc should not be

moved.

The effective yield stvin in this window takos into accolant the casing

facto~r, the TNT equivwateat of the paxt14zAw explosive being considered, and

1 
26
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5 a factor of 1.2 to correct for the mtxinrun directional effect since the blast

wave is not uiform in all directions. For example, one MK82 bomb contains

192 pounds of H6. Thus, setting the black hairline to 1 on the MK82 scale

yields:

"192 x .695 x 1.25 x 1.2 = 199.2

directional eifect

TNT equivalent of H6Kc easing factor

on the effective scale. In the case of weapons stored in earth covered igloos

(where the red hairline is used), a fatctr of 0.8 is also included to account

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

I on the MK82 scale yields 199.2 x 0M8 = 159.36 on the effective yield scale.

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

ments and igloo tests. All effvcts scales described belcw are coordinated

with the effective TNT yield in window C.

j iThe scales denoted by 1D in Figure 4 give the relationship between the

distance from the explosion and the peak overpressure occurring at that

distance and are based on Kingery (1966). This scale indicates the distances

at which glass breakage, threshold damage, 50 percent damsge and total damage

will occur to frame structures and threshold and total truck crushing damage

a tdue 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

lumg damage. These percentages refer to the degree of damage or to the portion

of the population effected.

I The scales denoted by E give the re.ationship between the distwace fram

the exploaion and the dynamic overpreusure imsxlse occurring at that distance.

The distances at which threshold, 50 &ad 99 percent of the population will

i ncur head and body i5.ajies and the distances at which threshold truck



k overturning and total truck damage till occur is also given on these scales.

The scale denoted by F in FiguLe 4 gives the intraline distances for

I barricaded and tnbarricaded weapons and is based on Table 5-6.3 in DOD publi-

cation 4145.27M, DOD Ammunition and Explosives Safety Standards, dated April,

1971. This table is based on the formulas D = 9Wl/3 for barricaded, weapons

and D = 18WI/3 for unbaxricadled weapons, where D = distauice in feet. This

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

intended as guides for the user -to in cate approximate distances •but the

DOD manual referenced above should be oonsu3tad for complianIce purposes.

The scales denoted by G in Figure 4, give the distances from the stack

of weapons to inhabited buildings, high.ays •nud passenger railroads, and are

based on Table 5-6.4 in DOD publication 4145.27M referenced above. If the

reading should fall in the red portion of the scale, fragment protection con-

siderations may override blast protection corsideratioas. To determine whether

this is the case, consult the table of minimum distances for the particular

j ..... er• 'C . .. (a4,'-+. v. below the window denoted G) if this minimum dis-

tance is greater than that indicated by the arrow, frasmen. prouection con- J
siderations 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 that

distance.

TThe back of the computer deals wil.h pxoA.-r ral2-t-cd to detona tion of

bulk exp.IO.sives or explosives in thin-cased w2nitions. Ut is essentia. Vy the

saw• as the front eyx.ept that one ernters by setting the hairline to the

weight of the eiplosives on the proper scale in the window at the top,

indicated by A in Figure 5. Once this setting Las asde, alU the information

M is road exactly as described for the frant of the computer except that for

!1



I
DOD distances (read in window G), those distances for 1 to 50 lbs. TNT may

be applied only when fragments and debris are completely confined. On this

side of the computer, the effective yield contains 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 shouli be multiplied to enter the TNT scale in window A (Figure 5).

The damage effects may then be read as before.

It is also possible to solve inverse type problems on the computer. For

I exnple, it can be used to determine the maximum number of weapons of a certain

type which may be stored in a stack a given distance from a building. This

L distance Js set on the scale denoted G in Figure 4, aza the number of weapons

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

I fragments will be the controlling factor.

I
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I CILAPTER 7

PFRAGMkOT HAZARDS

One objective of the contract is to determine the fragment hazards at

I large ranges due to accidental detonation of four selected munitions. The

fragm-',nt patterns from single munitions and stacks of these munitions are

A. considerc~d; 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

at fixed ranges as a function of the several parameters in the problem. We

do not have this situation, either from theory or experiment. Experimental

L correlation between various configurations, e.g., single munition and stacked

munitions of the same type, is not available, and theoretical correlations

j are as yet, poor. Predictions for single wiborricaded munitions and several

isolated experimental values for barricaded and uabarricaded stacks are

A l4-mited number of field tests of the detonation of stacked munitions

have been carried out in the past. Two of these, the Ayco, Idah~o (ANESB, 1947,

i U 1i946a, 194+6b) experiments and Eskcimo I conducted by the Niaval W~eapons Center

Ilk (Coder, 19'(1) had. large numbers of munitions within eart i-covered igloos.

In the former case, fragmenat data were gathered in the first four shots.

Experiments wvita Large astaca not containred in igloos were conducted at

Yuma (Kingery, 1911), and during the Big Papa experiments (Peterson, et a~l.,

1968). In the former, an unusual. sta~ck geozetry of 1 x 1.0 x 100 155-rn shells

warn unbar.ricade4. In the latter, mlxed ste~h of 150;-lb and 2,000-lb bombs

wasn barricaded by fni earth rey~tiaent. Unbarriceaded 2 x 3 and,



5 x 3 stacks of 750-lb bombs were detonated in an experiment conducted at

I 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 data on the frag&ment interaction process (Feinstein,

1970 and Nagaoka, 1971).

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

from single munitions. Close-in data foi the munitions, yielding fragment

distributions and initial fragment velocities as functions of the angular

coordinates centere( in the munitions are available; the best current source

is the JMEM manuals, (JMIM 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- have been made (Feiristein,1972; Zaker

et al.,1970). Withoi. ,r+ ý .. ,al verification of the far-field fragment

distributions use of any theoretical calcui. 4n is on shaky ground.

Calculation of the far-field fragmen÷ distr oution from unbarricaded

stacks is a moce -complex problem because the fragments collide, fraotare and

interact, thus PJterinLg their initial velocity and distribution. Applying

a simple multiplier, such as the number of munitions on the outer surface

layer of the stack, to single-munition data is probably inadequate, although

several such factors have beea suggested. No calculations 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 densitý

and terminal velocities are determined is better known. Damage levels can

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

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

1 33

~~~I I



from the n tuber density of fragments exceeding the damage criteria, and

the presentea area of the target. The probability of d',,iage from meny

fr-tgments can be calcujated from the probability of damage from a single

fragment.

I. To summarize, we have (1) theoretical calculations for far-field fragment

- densities from single, unbarricaded munitions, and (2) several measured far-

field fragment densities from stacked munitions in a variety of configurations.

Methods of extending the calculations to the stacked and/or barricaded ccln-

figurations lack verification. Parametric representation of fragment densities

Sfrom stacked and/or barricaded configurations is virtua-ly nonexi:stent.

Graphical and tabular presentations of the fra.ment densities calculation;

for a single munition are prepared. The approximations for passing from a

single monition to stacks are discussed and presented. Damage levels are

related to kinetic energy impact; these data are presented in tabular form

F[ also.
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CHAPTER

fINJURY AND DAMAGE CHITE•RIA

Data on the interactiun of fragments and blast with the targets have

been collected to determine damaee criteria. The primary emphasis for frag-

ment damage is on the personnel targets. Fragments injure personnel by

perforating them or, if large enough, by crushing them. Feinstein (1971)

gave a detailed suammary of the fragment mass-striking velocity relationship

for many mechanisms of injury. From these, a composite M-V curve using the

50-percent fatality criteria was proposed (Zaker et al., 1)70). This is shown

in Figure 6. Criteria for perforating the body are based on kinetic energy

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

where: M is the mass of the fragment

V is the terminal velocity
f

k is the constant related to some specified damage level.

IFeinateiri (1971) summarized values of k for several typee of perforation

injuries. This mode is dominant for fragments with ,,ass between 40 grams

{ and 2 lb. Table 9 lists values of k for selected injury levels. The

values are weighted averages of fragment-caused injury to vulnerable 1reas

. of the body, i.e., the thorax, nead, abdomen and limbs. In a similar mannez

the crushing =de is represented by a momentum criterion:

XMVf

Fragment damage to frame structures and vehicles is by perforation of

critical components. This modf of damage to frame strvctures is generally

inaignificant, as patibtl of the small holes that revr.lt are gen'mrally just

S35
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a nuisance type repa&.r. Again, energy criteria norma2ly describe those damage

mechanisms. This also applies to vehicles unless the fragment strikes an

important part of the engine, transmission or axle, etc.

Table 9

KENERGY LEVELO ASSOCIATED WITH PERSONNEL INJURY FROM FRAGMENTS

injury Level Energy, ft-lb

Threshold 1-
90% Injury (10% Fatal)

50% l.iury (50% Fstal) 58a

10%) Injury (90% Fatal) 85

Approximate fragment mass rwm~e vheze this nt im , is dominant is

ii7

n
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I CWAFrEYR 9

FRAGMENT I•ATA

9.1 Single- Mmition Fragment Denvity

The best data on fragnent densities from single munitions at large

ra.iges are the theoretical calculations of Feinstein and Zaker (Feinstein, 1972;

Zaker et.al. 1970). In this section are presented the results of Feinstein's

latest calculations of fraGment densities for the four single munitions. The

zm=unitions lie on the surface with the ado parallel to the surface. The frag-

merit density e t large range is calculated for an inatrropic target, i.e., a sphere

of unit cross-soction tangent to the surface. These densities are calculated

by integrating the ballivkati., tra;,jectories of the fiM ments using arena data

for the number of fragents in each mass interval, and initial fragment

( Velocitv as a function of the azimuth angle measured from1 the nose. This

denw1ty is relaed to the fragment density on the ground surface through the

'Isi

S(R) is the fragment density at R &ý the gx-mxd surface

is the an1* of i=ideece of the fragment trajectocy at imipact.

Consideation of the isotropic tArget gives a more realistic estimate of the

m fmbe - hazesf that !&It strik a standig target, whereaa the nmber

Sdenlty an the flat grnnd,, Q(R), gives an estimate for prone targets. The

=aLi15 ffgiont d•0ihij oc•c3r in the sidespm direction, i.e., norm

tot•a a.ig of th umia t. ieinsten cal=Utad the fra ent d itLes for

SUanaea An *St VWWO. ftwes 7 boI 1 bwq 4(R) a
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function of B for the four single munitions, when (Q.(R)) is the mraimum

sector average. The number densities for all fragments and for fragments

with terminal kinetic energy exceeding 58 foot-pound8 are shown.

The maximum sector-average fragment densities occur in the side spray

jI (direction in all cases except for the largest range for the MK82, where the

greatest fragment density occurs in the nose direction. The fragment

densities are shown for ranges greater -han that where the number of frag-

ments exceeds one per 600 square feet. (This is the DDESB standard range for

1-percent probability of a prone person being struck by a fragment.) Table

10 shows the range for a fragment density of I per 6C0 sq. ft. for all frag-

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

Table 10

RANGES AT WHICH FRAGMENIT DENSITIEES (SECTOR AVERAGES)
ARE 1 PER 600 SQ. FT. (AFTER FEINSTEIN 1972)

Range, Ft.

All. Fragments Fragments with

14107 ~ 4oo 310

M437jA2 450 84o

9.2 Stacked-imuition Fraaswnt Density

r Exte-slon of single-uwiition fragment distribution to the dispersal

from a stauck is a difficult problem. Limited theoretical and experimental

d ta are available. Feinstein and Nageoka (19T1) measured the dispersal

from sma il Inytders, ad deunatrated enhanecement of fragment density in

certain angular regions, They also measured the fragment patterns from

33



I small stacks of 750-lb bombs. No single multiplicative factor to convert

si;tgle-ruwiition fragment data to stacked-mun tion fragment data is avail-

able. The assumption that only the outer layer of munitions contributes to

the fragment pattern is reasonable and should give a bound to the fragment

II pattern.

For a row of cylinders in rectangular array with spacing c 'r/2, where

C r is the radius of the cylinder, the number density of fraguentý. normal to

4) the surface and close to the array is increased to approximately

Na = (0.6 (n - 1) + 1)N%

i r where:I! n is the number of cylinders on the face of the array (Figure l1a)

N1 is the number density of fragments for one cdlinder

Na is the number density for the array.

For closer spacing the coefficient 0.6 incrmaaes. N a is approximately inde-

pendent of the depth of the array.

made. Consider a stack n units high, m units wide on the side, and p units

I deep (Figure 11). The majority of fragments that are propagated to large

range are ejected from the side of the stack. The fragments ejected from

the top layer go essentially straight up, come straight down and remain

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

ji' large ranges and large stack Pizes ii

~(R) 8am %,JR)
.1 where:

%(R) is the nuwer density for tze stack in the side spray direction

Q.(R) is the fragapm•t density for one munition in the side spray

1--4
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dep n is the number of munitions in the surface layer on the sidesL-

3 is a constant.

![The constant 6 is dependent on inter-munition spacing said is slightly4

dependent on the number of runitions below the suerface layer. From the cylin-

Iwder data 0.6 < 0 4 2.4. From the small stack experiments on 750-ib

bombs, the choice a 1 is reasonable.

Figure 12 shows the comparison between the experimental fragment density

1from both a 2 x 3 x I and a 5 x 3 x I stack of M1l7 750-1b bombs and this

model. Three units are on the side nearest the fragment measurements in both

4 cases. Feinstein's calculatiin for one munition is mult-pliedby three. The

agreement is fairly good.

This model for calculating fragment densities is quite crude aid does

not exhibit dependence on any stack parameters save the number of munitioi ;

on the face of the stack. This fragment density estimate should be used

•I) with extreme caution.

The calculations for single munitions show an extremelv rapid fall-off

of fragment density with increasing range. Since there is a maximum fragment

size, there is a miiumL range beyond which no fragments will be found. Using

a simple multiplicative factor to determine the fragment density from a

stack again indicates rapid fall-off with range, and the same limiting range

beyond which there are no fragments.

9.3 R~Lf -Probability'

The probability of being injured by a fragment from a single munition

in (24er et.al., 1.970)

g P1 (R) • 1 - exp(-ql(R)A)

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

open in the far-fleld the presented aree in the maximum horizon-taJ cross-

U
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figure 12 CALCULATED FRAGMENT DENSITY FOR STACKED MUNITIONS

FROM THI SINGLE ,MUNITION MODEL.
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section area of the body and is approximately 4/1 squar feet. If L is

small. i.e., •(R) < < 1,

P (R) Q •_Q(10

Applying a simple wuJ.tiplicative formula for the fragment density from a

I stack

Qn(R) n Q

[ Thus,

P(R) =1 - (R - P 1(R) )n

- n Qi(r) ni) <<1

The presented area for critical damage to a vehicle is quite small.

Consider, for example, a readily breakable part of the engine, typically a

i distributor, iwhch has a presented ar" of approxaitely 0.2 square foot.

I

.I
II
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CkiAPTIER 10)

CRITIQUE OF FI1AGMLNT RiAZARD EVALUATION

The fragment density profiles presented in Chapter 10 are theoretic-.;

predictions based on single-munition arena data. Ex~perimental vurification

of the fragment deusities expected froi stacked munitions is very limited.

I ~There are litt~le experimental. and no theoretical. da~ta on thd effect of frag-

mnent hazards for munitions within a magazine or igloo. A certain percentage.

of fragments are ztopped or reta-rded by -the cover, and, in addition, fragments

I are generated try the brec.kup of the cover as a result of the detonation.

Since uo data were ava~ilable on this screening and fragment generation, no

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

lirationo.

The invteraction of fragments from adjacent munitions in a stack is alsoI not well determined, either theoretically or experimentally, although some

limited data allowed for a crude estimation of stacked-munition fragment

I densities uaing single-munition fr-agmnt data.

It is our recormmndation that these two problems be investigated on a

[ ~theoretical and exparimentaj. basis. The theoretical studies should be Under-

taker. to determine the parametric relationship of far-field fragmient densitiesI Ito single-munition fra nt p)redictions, and the stack and confinement para~-

ill meters.

It is further suggested that DDEBB conduct experim~enits designed to Cor-11 relate the single-munition far-fieMA fragments from munitions stacked in the

V open, behind barricadev and within igloo*. The total experimental plan

might contain the following el~ements-,

KU 49



44W

1. Far-field fragment data from a single munition, both horizontal

1. and vertical, in the open, behind a revetment and within an igloo.

2. Far-field fragment data from several selected stacks in the open.

3. Far-f ield fragment data from several selected stacks behind earth

v[revetments.

4. Far-field fragment data from several selected stacks within an

I igloo.

The sizes of the stacks need not be large, but must be designed to

obtain information on the stack, and the effects of its parameters on the

fragment data. If the number and types of stacks in Part 2 are judiciously

chosen, fewer experiments in Parts 3 and 4 will be needed to determine the

I effects of the barricades and covers. It is important that a single munition

be used throughout so that correlations between various configurations can

be established.

i I
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