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FOREWORD

Thl,. papt- was prepared by the Technical Programs Division,

Departmei.t ot Defense Explosives Safety Board, in response to the

need fcr tec.niqees for rapidly estimating b) ist and fragment hazards

for spec-ifl an,,,'.t.iton storage situations. The paper draws exten-

sively up-o we,,•unc effects data compiled by the Board staff and its

con•tractors, e% il,'4cat..d by the literature cited. It: is hoped that

the paper will ZN ef voble to those concerned with analyzing the

potential effects of a•ccictntal explosions of stored ammunition when

z:,o.al quanity-distance stau.iards cannot be met.

P. F. KLEIN
Captain, USN
Chairman

Oeay 19;5
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PREFACE

A computer program has been prepared in Fortran language for

calculating expected numbers of casualties by blast and fragment

injury in a population of unprotected persons, and damage to un-

strengthened residential buildings by blast from explosions. The

program generates tables of injury probability, percent casualties,

and percent building damage as functions of distance from block stacks

of mass-detonating bombs and projectiles described in the input data.

The program is based on simple representations of explosion effects

data current at the time of this publication. Although injury and

damage mechanisms due to explosive blast are considered r.cher well

understood, estimates of fragment effects are based on extrapolation

of single-weapon test data to large numbers of weapons and long distances

from the explosion source. The code, however, can be readily modified

by appropriate substitution of improved treatments of injury mechanisms

* •in the program, or better characterization of weapon properties in

4. input data, as they become available.

While the results do not reduce the need for strict compliance

with published explosives safety standards, they may be of assistance

in evaluating the protection afforded by the standards and in assessing

the risks connected with deviations from them when waiver or exemption

requests are evaluated or granted.
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COMUtER PROGRAM FOR PREDICTING CASUALTIES
AND DAMAGE FROM ACCIDENTAL EXPLOSIONS

INTRODUCTION

This paper describes a computer program for calculating expected

numbe-s of casualties room blast and fragments in a population of

u-irotected persons, and damage .o typical unstrengthened residential

I ding. by -last, as functions of distance from hypothetical accidental

o n - of icr igular stacks of mass- Jetonating bombs and projectiles.

In hat foll .• , plosive blast and fragmentation effects data which

form the basib ior calculations performed by the code are summarized.

Procedures utilized in the code for computing probabilities of human

injury or fatality from the combined effects of blast and fragments are

discussed. Input data format, program opelation, and typical results

are described. A Fortran listing of the code is appended, together with

a sample output table for a particular case.

XPLOSION SOURCE FUNCTIONS

Blast arid fragment effects are calculated from the equations of

carves fitted to data on these effects as functions of distance from

the source. Blast effects are referenced to a bare TNT hemisphere on a

flat ground surface.

"Blast Effects

Blast parameters which determine human injury and wood-frame house

damage are the overpressure, the impulse of the dynamic (blast wind)

pressure wave, aad to a minor degree explicitly, the wave duration.



I 
1

These parameters all depend on distance scaled by the cube root of the

weight of the equivalent TNT hemisphere. Damage to certain types of

buildings such as large, massive structuw:es, which may be a function

of the impulse of the overpressure wave, is rot treated, nor are close-

in (very high pressure) effects or the localized effects of small charges.

In the computer program for casualty and damage prediction, the

effective charge weight is obtained by adjusting the total net explosive

weight by factors which account for the TNT equivalence of the explosive

and for the suppressing effect of metal case material and magazine earth

cover, if either or both are present, on explosive blast.l*

The case effect is accounted for by applying a factor F which dB-

pends on the metal-to-charge weight ratio M/C in the following way 2 :

F = 0.6 . 0,4/(M & 2M/C)

In this expression, C is taken to be the TNT equivalent of the filler

explosive weight in the weapon.

The effect of the earth civer of a magazine depends o0 the cover-

to-charge ratio. T -simplicity the single numerical value of 0.8,

derived from test data for a standard igloo containing '00,000 lb of

explosive, is applied to the explosive weight in earth-covered storage.

Finally, a factor of 1.2 is applied to account for the enhancement of

blasc in the directions perpendicular to the faces of rectangular stacks.

This value has been found to be a suitable average for nearly cubical

stacks.
1

Superscript numerals designate appended references

2



With distance a scaled by the cube root of the weight W of the

effective TNT hemisphere, the peak overpressure p is calculated from

a ninth-order polynomial fit of its logarithm to log(R/WI/ 3 ), due to

Romesberg. 3 Alternatively, a similar eighth-order fit given by

Kingery could be used.

The scaled dynamic overpressure impulse per unit area, j/W113 ,

is representid as a one-term power-law function of scaled distance

adapted by Fugelso et al.l from Richmond and Fletcher. 5 Finally, the

scaled positive phase duration, td/W1 / 3 , is also expressed as a one-

term power-law function of scaled distance developed by Fugelso et al. 1

Frargent Densit.y

Fragment dens.ty (number per unit area) is calculated as a suitable

multiple of that from the sidespray of a single weapon. The results of

Feinstein6 for single weapons, obtained as a function of distance by

considering the effects of atmospheric drag and gravity on fragment

trajectories, using as initial data the velocities and weight distribu-

tions determined in weapon enfectiveness tests, serve as the basis. The

single-weapon density profiles so determined, for all fragments and for

frape * of energy exceeding 58 ft-lb at impact, are represented by

piecewise linear approximations of the logarithm of fragment density as

a function of distance. The approximation for heavy fragments consists

oi two straight lines, while for some weapons the approximation for all

fragments requires three segments. As will be noted later, the junction

points in the piecewise linear representations are identified by the dis-

tances at which specified levels of fragment density occur from single weapons.

3



In applications to stacks of weapons, the single-weapon density

profiles are multiplied by the nvmber of units on the side or end of the

stack considered to be the controlling orientation. No distinction is made

between weapons stored aboveground and under earth cover. Empirical rules

have, however, recently been suggested which might be incorporated into

the code to improve the treatment of fragments froa. weapon stacks. 7

INJURY AND DAMAGE FUNCTIONS

Personnel injury and building damage are computed from blast pressure

and impulse and from fragment density, all as functions of distance from

the explosion. Probabilities of injury exceeding each of two levels are

considered: severe injury or fatality, and injury of any severity, however

slight.

Blast Iniury

Human injury from blast may be one of three types: primary, due to

the overpresbure of the blast wave alone; secondary, from impact by debris

from damaged structures; and tertiary, by striking the ground surface or

a stationary object after acceleration by blast forces.

Damage to the lungs is taken to be indicative of primary blast injury

of a serious level. It is a function of blast overpressure alone, except

for a weak dependence on wave duration. 8 The probability of severe or

fatal injury is calculated from a cumulative lognormal distribution with

respect to the pressure (that is, from a standard error function of the

logarithm of pressure) centered at 20.5 psi for waves of very long duration,

with I- and 99-percent levels at 14.5 and 29.0 psi, respectively.

4



Eardrum damage is the farthast-reaching primary effect of blast

on personnel. it is a function of overpressure only,1, 5 and is cal-

culared from a lognormal c itribution centered at 6.3 psi, with 10- and

90-percent Ievels at 3.2 and 12.2 psi.

Secondary effects >f blast on personiel, from impact by building

debris, will depend strongly on the extent of damage to structures. As

a result, the risk to occupants can at best only be inferred qualitatively

from building daanage calculations. On the other hand, displacement

(tertiacy) effects can be estimated for persons assumed ti be without

protection from the dynamic pressure imptilse. 1 Serious head injury is

assumed to occur in 50 percent of cases ý'f impact at 18 ft/sec. This

corresponds to an applied impulse of 75.2 psi-msec. The distribution

is normal, with 1- and 99-percent levels at 54.3 and 96.1 psi-msec. A

marginal level of injury by this same mechanism is assumed to occur in

50 percent of exposuxez at 2 ft/sec (8.3 ps!-msec), with a normal dis-

tribution having I- and 99-percent levels at 1.25 and 15.35 psi-msec,

respectively. 5

Fragment Injur-y

The probability P cf a strike by one or more fragments is calculated

from formulas of the form
P = I - exp(-qA)

where q is the fragment density and A is the exposed vulnerable area of

the individual. For calculations of severe injury probability, the density

of fragments of impact energy exceeding 58 ft-lb is used in the formula,

5



with a-ea A = 6.2 ft 2  corresponding to the area of a person facing the

explosion and taking no evasive action. 5 For calculations oi all fragment

injury, however slight, the density of all fragments is used with an area

of 8.0 ft 2 , the silhouette area of a standing man. 9 The former value of

A is considered to be the area susceptible to serious injury by heavy

fragments, while the latter value includes body extremities as well.

Casualty Probabilities

Compound probabilities P. are calculated for severe or fatal inJury,

and for all injury, by combining the probabilities of direct blast injury,

displacement injury, and fragment injury in formulas of the type

PC = 1 (l-Pl)(l-P2 )(l-P3 )

where PI, P2 , and P3 are the probabilities of injury by the independent

mechanisms operating. The result, multiplied by 100, represents the

percentage of casualties in a population exposed at a given distance from

the explosion.

BuiIding Damage

Damage to unstrengthened single-family dwellings in several exposures

to test explosions has been assessed quantitatively by Wilton.I 0  He found

that the level of damage, expressed as a percentage of building value,

depends on overpressure alone. The results are well approximated by a

cumuiative normal distribution centered at 3.8 psi, with 15- and 85-percent

levels at 2.1 and 5.5 psi.

6



COMPUTER PROGRAM

In an effort to provide, in easily understood tabular form, overall

blast and fragment estimates for specific ammunition storage situations,

a computer program was prepared in Fortran language incorporating injury

and damage functions discussEd in the preceding sect!-ns of this paper.

The program generates tables of numbers of casualties and building damage

listed ss functions of distance from 100 to 10,000 ft divided into

approximately 50 intervals.

The code consists of a main program, two function subprograms, and

a block data subprogram. Significant steps in the main program, identified

by line numbers in the appended listing, are discussed below.

Line 2: Storage space is allocated for array variables containing

descriptive information regarding munition stack shape (SS)

and the format of numerical output (FMT).

Lines 3-7: Functions are defined which describe the logarithm of

fragment density as piecewise linear with respect to distance

from a single munition.

Lines 8-13: Probability units are defined for dynamic overpressure

impulse, for the overpressure, and for the logarithm of

overpressure, to be used later in calculating injury and

damage levels with assumed cumulative normal distributions.

Lines 14-15: A logarithmic increment of distance is defined fcr

later use.

T7



Line 17: Weapon name, gross weight, weight of exolosive per unit,

TNT equivalence of the filler, and characteristic fragment

distances from a single munition are read in.

Line 19: Total explosive weight, earth factor (1.0 or 0.8), number

of units on the end of the stack, stack shape, and stack

length in unit diameters are read in.

Line 20: If stack length is nonzeir, in input data, the stack is

assumed to be prismatic, and the actual total filler weight

is computed. Otherwise the value WE supplied in input data

is used.

Lines 21-2P: Problem definition and table heading,3 are written.

Lines 29-31: The mwdified Fano case factor 2 and the effective TNT

weight and its cube root are calculated.

Lines 32-33: Distance is initialized at 100 ft.

Lines 34-37: Scaled distance, overpressure, duration and dynamic

overpressure impulse are calculate;. The function sub-

program for overpressure is based on a ninth-degree

polynomial fit. 3

Lines 38-40: Probabilities of serious head and lung injury are

calculated from cumulative normal and lognormal distributions.

The error function subprogram is based on a rational approx-

imation given in Abramowitz and Stegun's (1964) NBS Handbook

of Mathematical Functions. 1,

8 C



Line 41: Ihe probability of blowdown with slight injury is computed

based oa threshold and 50-percent levels suggested by

Richmond. 5

"Line 42: The probability of ear injury (considered not a severe

lesion) is calculated from a cumulative normal distribution

with respect to the logarithm of overpressure.

Line 43: The probability of primary blast injury is obtained by

compounding ear a-ý lung injury probabilities.

Lines 44-56: The density (Q) of fragments of impact energy greater

than 58 ft-lb, and the density (QA) of all fragmentss are

calculated unless the fragment distance parameter X3 has

not been supplied as input. Q is defined as bilinear in

semilogarithmic coordinates, and QA as either bilinear or

trilinear, coinciding with Q at distances greater than X3.

The piecewise linear approximations for the 155amn projectile

with base down, shown in Figure 1, are typical. At the

distances XO, Xl,..., X4 supplied in input data, the fragment

density from a single weapon has values which are specified

to be multiples of Q/600)ft"2 by factors of 101/3 in the

arithmetic statement function definitions, lines 3-7.

"Lines 58-59: The probabilities of impact by heavy fragments and by

all fragments on the presented area of an individual facing

the explosion are calculated from Poisson statistics. The

9



former represents severe injury or death, while the latter

is an upper bound intended to represent all fragment injury,

however slight.

Lines 60-61: Serious injuries per 100 population, and all injuries,
I.

are calculated by compounding the appropriate probabilities.

Line 62: Damage in percent of building value is calculated from a

cumulative normal distribution with respect to overpressure

centered at 3.8 psi. This combines structural and super-

ficial damage, and is an excellent fit of data compiled by

"Wilton.1 0

Line 63: Results are written in formats specified at program execution

time (line 16). The formats (1HO, F8.0, F9.2,2(3F10.2,

FlO.0),FlO.O) and (IHO,F8.0,4FI0.3,FIO.l,3FI0.3,2FI0.l)

have been used for 2- and 3-place precision in output.

Lines 64-69: The running distance variable X Is increased by a

constant logarithmic increment, and R is the next lower

integer multiple of 10 ft, not exceeding the table range of

10,000 ft. A coarser table, with values of R being multiples

of 100 ft, is obtained if one replaces line 67 with the statement

R = 100*IFIX(XflOO.).

A sample table of output data at 2-place precision is appended with

the program listing. Two data cards are required to generate each such

table. In addition, the first data card of the deck must specify output

format for an entire job.

• .', +-•,+.•-.•'- i.•-'' +•++'+ -++,i< .+,, ++•• +]' +•• •"t +%+++•+"---:•••• • '++++++,'+•* +' + ++++ J-P'"•+••'+ •' + . • .... •... .10...... ..



The tabulated results may be used directly if desired, or they

may be plotted and used graphically. Curves of injury and damage for

approximately 250,000 lb of tritonal in 750-lb bombs are shown in

Figure 2. The results of a number of cases may be cross-plotted to
-1,

determine the relations between, say, explosive quantity and distance.

An example is given in Figure 3, where such curves are shown for two

types of weapons at the 10 percent level of serious injury or fatality.

gig"
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I PRUGRAM CA3DAMCINPUTeOUTPUTDTAPF6OU!NPUTDTAPE61aO1jTPUT)
DIMENSION SSC2)PFNTC6)

012C) x 0,*(2*X.X2)/ (3 ,* CtX2.X) ) .6/3.)/6.liajcx) a 100*.c (w2/3*X~X)sq3)6s Q00(X) a 10.**(5.*CX.X3)/C3.*CXOoX3)).3.)/6.
Q04(X) a 10.**C4.*CX.X4)/(3,*CXO.X4))u6.,3.)V60
943CX) a l0.e*C (XwX4)/(3s*CX4mXJ))w8 /3:)/69
30RT2 u SQRTCZ.)
3O0J2 a SORT2 *41.6/4e653

10SDJ2T a SORT2 *7.Ob/2.321
300P2 a 39RT2 *ALO)GCZ9*0114*S)/4o653
30LP2E x SORT2 *ALOGC12.2/693)/10282
SOP? N SORT? *390/2@073
3PC 2 5

15 I)~~~LXl a 0eC.SC*,.
READC6O,100) FMT

I REAO(6Q.101) WPIKuWGRvWEU#TE~vXl&X2rX3vX0#X4
IVCEOPC6O)*Nr*o,) STOP
READC60g102) 0WEEp,*SvSSw

io IFCSw6GT*O.) WS a 4S*SW*WEIJ

Id as8
It S*.4099.Ef

WRITEC6I,201) WPN*IW#TEO,!BIEoS3
25 ~wRITM6102O?)

WRITE (61#203)
wRT'-01 204)
NRITh.(61 .20s)
I., a 0,6.O*4/(1 ,,2,*CWSR.WEU)/C¶EO*WEU))

30 w&t. ' 1,2*WE*TEQ*FF*EF
CRTW W EF**.Ct./3.)

R X
2 L RICRTW

35 PR a ~p7CZ)
TO a 1.1S6*CRTW*Z**003473

-' J 3 2660449*CRTui/Z**293201
PHUl 8 C1.$ERFCCXJv?5,2)/3DJ2,),a.
PMTD a 20a5*C.,+6,16/TD**I.0b4)

*40 PLG a C1.*FRFCALOGCPR/FMTD)/SOLP2)fl*o
PIG K (1.*ERFCCXJm8*3)/SDJ2T))/2.
PLR 8 (1.*ERFCALOrGCPR/6.3)/SDLP2E))/l.
P6I a J..C1..PIER)*C1,.PLG)
9 00

IICXSLE.0.) 6O TO 3
IF(R.LTX2) 0 8 8S*Q12CR)
II CR*GE,XZ) G a dS*023CR)
(JA a 0

so 50 CR.GL.X3) GO TO 3
IFCX40GT.00) GO TO 5
9S a 83*903(R)
GL) TO 3

b CONTINJUE
55 IFCR*LToX4) GA a 63*004CM)

lfCR#GEX4) GA a B3*943(R)
3 CONTINUE

16



IAP 7~EP-,*A
60 PCTC a100*Ciu(I..PHD)*c1..,PLG)aC1,.PFR))

WRITE(61#FMT) RDZDPMD.PLGPFRDPCTCDPIG.PSIDPAFDPCTACPCTO
HO a R

65 4 CONTINUE
X a DI.XI*X
R a 10eXFIXCX/1O.)
1tCRPLE.QO) GO TO 4
IF' ' RT.1.EM) GO TO I70 GO TU 2

100 FORMAT C8AI0)
101 FORMAT CAS,6F10*o,2F6,o)
102 FORMAT C3F1O "0#2A$*P10,0)
201 vOHmAT CIMI*AS#Il0 #9H LS HE ATFS,2#SN TNT £9.14 24H9 SIDE UNITS7S Is LARTH COVER1ZIaH, STACK SHAPE 2A6)202 FORMAT (IHO,28XpI6mPROBAbILITIEa (JFDSXUTHPERCFNTD9XDI6HPROPA8!LITI

maS flFvSXvNPhRCfN~T)
203 FORMAT (IM ,25Y#22MSEVERE OR FATAL INJURY#5X#7HSERInus,6X*2ZI1ANY IINJURY OR FATALITY,?Xo31BANY#SX,7HPERCLNT)

80204 FORMAT CIH 4 LXDMHDlST#4XP6"SCALEOtSXt4HWEADobX#4MLUNG,6X,SNHEAVY,
1SX*Cti XNJURY,3 X#bNGROUNo~bX,SNBLA3T,6X,3MALL~bX,6HINJURYK 89460!
2LOING)

205 FORMAT (IN DIXIG4H(FT),SXD4NDlITSTDX.6INJURY,3xSHCOLL*PSE#2X,9"FRA
IC(M~.kTS,2X#SM0w DEATHD 2xI8NIMPACTDLJXFbM1NJURYD3X,9MFRAGMENTS,2WDSmn

as 2R DIkATM,2X,6HDAMAGE)
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FUNCTION~ PRF(Z)
COMMON/Ov/Op (10)
it. ALOG(Z)
SUMq Opcio)

5 Do 1 1 a 1.0

I SUM u UM*ZL*UPCIN,10)
PU9F a exp(SUM)
RE TURN

to END

FUNCTION ERF(X)
CONN~UNd/ER/A (5)
AX a x
£FCX*LT,0,) AX a w

5 SUM aA(S)
00 1 1 a 10a
IN a al

I SUM 8 SUN*AX#ACN*S)

11) £FCX2LTcO. ERF a *IRV
RETURN
END

BLOCK DATA
COeqMON/OV/OP (10)

DATA nPP*703681EI1u,1663724E5,w.2SIb4I1,.,1137714eISISIoSE.1.

DATA A/1,,.2?6393.9230369,.00097Z,.ol810a/
END
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COMPUTER PROGRAM FOR PREDICTING CASUALTIES
AND DAMAGE FROM ACCIDENTAL EXPLOSIONS

Tables of Results

Numerical results tabulated on succeeding pages were calculated

by means of a computer program described in Department of Defense

Explosives Safety Board Technical Paper 11, of which this is a

supplement. The program generates tables of injury probability,

percent casualties, and percent damage to residential buildings as

functions of distance from block stacks of mass-detonating bormbs and

projectiles described in the input data.

Results are presented for aboveground stacks of the following

four weapons: 500-lb bomb Mark 82, H-6 loanded; 750-lb bomb M117,

tritonal loaded; 155-rm projectile M107, TNT loaded; and 175-rum

projectile M437A2, Composition B loaded. The stacks considered are

assumed to be built up of weapons strapped to their normal shipping

I" pallets, and range from approximately 5,000 to 500,000 lb in net

explosive content. In these configurations, the bombs are stored with

axes horizontal, while the projectiles are stored with bases down.

The scaled distance listed in the second column of each table is in

units of feet di,!ided by the cube rcot of the equivalent weight, in

pounds, of uncased TNT.

Preceding papo Iank 4Zo,,;Nc
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