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FOREWGRD

A

This pape~ was prepsred by the Technical Programs Division,
Departmer® ol Defense Explosives Safety Board, in response to the
need fov teclniques fox rapidly estimating blast and fragment hazards

for specifis amwmnition storage situations., The paper draws exten-
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sively upon wecvons effects data compiled by the Board staff and its
contractors, ex iniicatad by the literature cited. 1t is hoped that

' the paper will bde ¢f wvelue to vhose concerned with analyzing the

potential effects of aweiaontal explosicns of stored ammunition when

uowmal quancity-distance standards cannot be met.
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Captain, USN
Cheirman

Al ol f

Hey 19/%

ii




f
i

ey TR @ﬂl\";@?g‘i
.~y W AT B R MV A I ~ -

- e ——— e 48 A = e are

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 explosicns. The
progran 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 rucher well
understocd, 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
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 exemptioa

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

INTRODUCTION

This paper descrites a computer program for calculating expected
numbe: s of casualties ‘rom blast and fragments in a vopulation of
u-srotected persons, and damage .o typical unstrengthened residential
i ding: by “last, as functions of distance from hypothetical accidental
v , swons 0f cr igular stacks of mass-.letonating bombs and projectiles.
In 4at foll..: « plosive blast and fragmentation effects data which
form the basis 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 operation, and typical results
are described. A Fortran listing of the code is apoended, together with
a samrle output table for a particular case,
EXPLOSION SOURCE FUNCTIONS

Blast and fragment effects are calculated from the equations of
carves fitted to data on these effects as functions cf 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 durstion.
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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, messive structuves, which may be & 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 predictior, the

effective charge weight is obtained by adjusting the total net explosive

WKpN A R

weight by factors which account for the TNT equivalence of the explosive
and for the suppressing effect of metal case material and magazire earth
cover, if either or both are present, on explosive biast.l*
The case effect is accounted for by appiying a factor F which d2-
pends on the metal-to~charge weight ratio M/C in the following wayzz
F=0.6-0,4/(1 + 2M/C)

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

S sedi ey e

explosive weight in the weapon,

S e on

The effect of the earth crver of a magazine depends on thc cover-
to-charge ratio. ¥ - simplicity the single numerical value of 0.8, é
derived from test data for a standard igloo containing '00,000 1b of
explosive, is applied to the explosive weight in earth-covered storage.
Finally, a factor of 1.2 is applied to account for the anhancement of
blasc in the directions perpendicular to the faces of rectangulsr stacks.
This value has been found to be a suitable average for nearly cubical

stacks.l

*
Superscript numerals designate appended references
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With distance R 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 103(R/W1/3), due to
Ronesberg.3 Alternatively, a similar eighth-order £it given by
Kingary“ could be used.

The scaled dynamic overpressure impulse per unit area, ML ER
is represented as 4 one-term power-law function of scaled distance
adapted by Fugelso‘gg_gl.l from Richmond and Fletcher.” Finally, the
scaled positive phase duration, td/w1/3, is also expressed as a one-
tera power-law function of scaled distance develuped by Fugelso‘gg_g;.l

Fragment Density

Fragment densty (number per unit area) is calculated as a sujtable
multiple of that from the sidespray of a single wespon. The results of
Feinstein® 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 effectiveness tests, serve as the basis. The
3ingle-weapon density profiles so determined. for all fragments and for
fragme * of energy exceeding 58 ft-1b at impact, are represented by
pizcewise linear spproximations of the logarithm of fragment density as
& function of distance. The approximation for heavy fragments consists
of two straight lines; while for some weapons the approximation for all
fragments requires three segments., As will be moted later, the junction
points ir the piecewise linear representations are identified by the dis-

tances at which specified levels of fragment density occur from single wespons.
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In applications to stacks of weapons, the single-weapon density
profiles are multiplied by the number of units on the side or end of the
stack considered to be the controlling orientation. No distinction is made -
between weapons storad 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 froxu weapon stacks.’
INJURY AND DAMAGE FUNCTIONS
Personnel injury and building damage are computed from blast pressure
and impulse and from fragment density, all as funclions 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 Injury

Humar injury from blast may be one of three types: primary, due to
the overpressure 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.® 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 1- and 99-percent levels at 14.5 and 29.0 psi, respectively.

PN R it i Kl S e e o Lty e S ~§'
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Eardrum damage is the farthest-reaching primary effect of blast
on personnel. It is a function of overpressure only,1:5 and is cal-
culated from a lognormal ¢ itribution centered at 6.3 psi, with 10- and
90-percent ievels at 3.2 and 12.2 psi.

Secondary effects »f blast on personael, from impact by building
debris, will depend strongly on the extent of damage to structures, As
a result, the risk tc occupants can at best only be inferred qualitatively
from building daasege calculations. On the cther hand, displacement
{tertiacry) effects can be estimated for persons assumed t> be without
protection from the dynamic pressure imptxlse.1 Sericus head injury is
assumed to occur in 50 percent of cases of impact at 18 ft/sec. This
corresponds to an applied impulse of 75,2 psi-msec. The distribution
is normal, with 1- and 9%-percent ievels 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 exposures 2r 2 ft/sec (8.3 psi-msec), with a normal dis-
tribution having 1- and 99-percent levels at 1,25 and 15.35 psi-msec,
respectively.5

Fragment Iniucy

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

from formulas of the form
P =1 - exp(-qA)

where q is the fragment density and A is the exposed vuinerable area of
the individual. For calculations of severe injury probability, the density

of fragments of impact eneryy exceeding 58 ft-1b is used in the formula,
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with acea A = 6.2 ftz, corresponding to the area of a person facing the

explosion and taking no evasive action,” For calculations oi all fragment

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

of 8.0 ftz, the silhouette area of a standing man.? The former value of

E : A& is considered to be the area susceptible to serious injury by heavy
-3 fragments, while the latter velue includes body extremities as well.

E- Casualty Probabilities

Compound probabilities P, are calculated for severe or fatal injury,

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

displacement injury, and fragment in_ury in formulas of the type
B.=1- (1-21)(1—22)(1-23)

where Py, Pz, 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

L

s the explosion.

Buiiding Damage

."1‘,.-{ 204 .)‘:..

Damage to unstrengthened single-family dwellings in several exposures
to test explosions has been assessed quantitatively by Wilton.lo He found
E 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.
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COMPUTER PROGRAM

T

. 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 secti~ns of this paper.
The program generates tables of numbers of casualties and building damage
listed as functions of Jistance from 100 to 10,000 £t divided into
approximately 50 intervals,

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

a block daata 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: Prcebability 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 ncrmal distributions.

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

4 % later use.




Line 17:

Line 19:

Line 20:

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.

Total explosive weight, earth factor (1.0 or 0.8), number
of units on the end nf the stack, stack shape, and stack
length in unit diameters are vread in.

1f stack length is nonzero 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 21-28: Problem definition and table headings are written.

Lines 29-31: The modified Fano case factor? and the effective TNT

weight and its cube root are calculated.

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

Lines 34-27: Scaled distance, overpressure, duration and dynamic

overpressure impulse are caiculate ;. The function sub-

program for overpressure is based on a ninth-degree

polynomial fit,3

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

calculated from cumulative normal and lognormal distributions.
The errer function subprogram is based on a rational approx-

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

of Mathematicsl Functions.11

A e




Line 41:

Line 42:

Line 43:

“he probability of blowdown with slight injury is computed
based oa thrrshold and 50-percent levels suggested by
Richmond.?

The probability of ear injury (considered not a severe
lesion) is calculated from a cumulative normal distribution
with respect to the logarithm of overpressure.

The probability of primary blast injury is obtained by

compounding ear e=! lung injury probabilities,

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

than 58 f£t-1b, and the density (QA) of all fragments, 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 155mm projectile
with base down, shown in Figure 1, are typical. At the
distances X0, X},..., X4 supplied in input data, the fragment
density from a single weapon has values which are specified
to be multiples of 1/600) 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 &nd by

all fragments on the presented area of an individual facing

the explosion are calculated from Poisson statistics. The

ki, ey wl‘ﬂ&i%




former represents severe injury or death, while the latter
is an upper bound intended to represent all fragment injury,

however slight,

Lines 6N-61: Serious injuries per 100 population, and all injuries,

Line 62:

Line 63:

are calculated by compounding the appropriate probabilities.
Damage in percent of building value is calculated from a
cumulative normal distribution with respect to overpressure
centered at 3.8 psi. This comhines structural and super-
ficial demage, and is an excellent f£it of data compiled by
Wilton,l0

Results are written in formats specified at program execution
time (line 16)., The formats (1HO, F8.0, F9,2,2(3F10.2,
F10.0),F10,0) and (1HO,F8,0,4F10.3,F10.1,3F10.3,2F10.1)

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*%IF1X(X/i00.).

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

the program listing. Twc data csrds are required to generate each such

table.

in addition, the first data card of the deck must specify output

format for an entire job.

TT da s ke wkeet 205
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% The tabulated results may be used directly if desired, or they

23

3 may be plotted and used graphically. Curves of injury and damage for
) approximately 250,000 1b of tritonal in 750-1b bombs are shown in

£ : . Figure 2. The results of a number of cases may be cross-plotted to

£ B

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

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

z types of weapons at the 10 percent level of serious injury or fatality.
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PRUGRAM CASDAMCINPUT,OUTPUT,TAPF6ORINPUT, TAPESALS0UTPUT)
DIMENSION 98¢25,FMT(8)
Ql2(x) =» 10,a0{2,2(XeX2)/(3,0(X10X2))w8,/3,)/6,
: G25(X) 8 10,an¢ (XoX2) /(3 n{X20X3))e8,/3,3/6,
i 5 Q03{X) = 10, 20(S,a(XwX3) /{3 ,2{x0eX3))e3,)/0,
. GO4(X) = 10.«a(a.acx-xaa/cs.a(xouxap)-a./s.)/o.
' QQS(X) ] xo."( iX'X“)/(l.t(XB-X}))08./3.)/6.
SORT2 = SGQRY(2,S
$0J2 = SQRT2 281,874,653 . !
10 SOJ2T = SGRT2 aT,0%/2,327
SOLPE = SQRT2 nALOG(29,0/14,5)/4,653
SOLP2E 3 SGRT2 *ALOG(12,2/76,3) /1,282
SOPR &= 30RY2 %3,8/2,073
3PC 3 25,
15 OLXY ® 10,22(8,/8PC)¢! ,En7
READ(60,100) FMT
1 READCSC,101) WPN,WGRINEU,TES,X1,X2:X3,X0,X%X4
IF{EUF(60) NELO,) STOP
READ(69,102) WE,EF,BS,38,3n
¢0 IF(SWGT,0,) NS B §9aSWanEl
In B Wi
1o = B3
1€ 8 5,04,994EF
wRITE(S61,201) wPN,IW,TEQ,IB,1E,SS ;
28 WRITE(6s,202) ;
wR1TEC6,203) he
WRITL101,204)
WRITE (68 ,20%)
k1 wky B 1 2aNEnTEQAFFaLF
CRTW = ®EFen(l,/3,)
X s 300,
R X
e L 8 R/ICRTH
38 PR 3 PRF(2)
TO & 1,3884CRTwnZan0, 3473 :
XJ & 206,8349+CRTN/Z22a02,3208
PHD B (1 ,¢ERF((XJeT75,2)/8DJ2))/2, ]
PHTD 8 20,50(1,46,76/TDast, 064) E
49 PLG = (1 ,¢FRF(ALOG(PR/FMTN)/SDLP2)) /2,
PIG = (1,+ERF((XJu8,3)/79DJ2Y)} /2,
PER 8 (1 ,¢ERF{ALOG(PR/6,3)/3DLP2E)3/2,
PYI & § e(i,oPER)®(},"PLG)
gy aQ,
45 QA = @,
IF(X3,LE,0,) GO 70 3}
IF(R,LT,X2) O = BSaQ12(R)
IF(R,GEX2) 0 B 832Q23(R)
A = ¢
50 IF(R,GE,X3) 60 T0 3
IF(X4,67,0,) GO 10 S
QA = BSeQO3I{R)

PRI T R RS

Aafe

S st

o

G0 10 3
5 CONTINUE

- s5 JF(RLLT, XU QA = BINQOGCR)

4 SF(RGGE, X4) QA & BS*S43(R)

] 3 COMTINUE

5 15




60

%

70

7%

80

7 TSNS R

PFR 8 § @EXP(®6,22Q)
PAF &8 § J«aEXP(w8,0%0A)
PCIC = 100,28 =1 ,%PHD) % (},wPLG)%(1,oPFR))
PCTAC = !00.*!1,-Cl.-PIG)ﬁ(l,-PB!)a(x.-’AVJ)
PCTD = 100.«(1.0ER'((PR~3|°)/30P2))/20
“RITE(HY,FMT) R,1,ﬁHD.PLG.PFRoPCYC.PIG:P!I,PAF.FCTACoPCTD
RO » R
4 CONTINUE
X 8 DixgaX
R B 10nIFIX{X/10,)
1F (R LEL,RU) GO TO 4
1F59'57.19E4) G0 10 1§
GU YL 2

100 FURMAT (B8A30)

101 FURMAT (AB,6F20,0,2F6,0)

102 FURMAY (3?10,0.2A8.F10,0)

201 YURMAT (IM1,A8,110 ,94 LB HE ATFS,2,8M TNT £0,14 .,24K SIDE UNITS
1o EARTH COVERI2,14H, STACK SHAPE 2A8)

202 FURMAT €1H0,28X,16HPROBABILYITIES OF ,8X, THPERCENT, 9X, 16HPROBABILITE
1ES DF y8x, THPERCENT)

203 FURMAT ({H ,25X,22HSEVERE OR FATAL INJURY»SX s THSERINUS, 6X,22HANY |
{NJURY OR FATALITY,7X)3HANY 55X, THPERCENT)

204 FURMAT (1 28X o BHDIST+4X, GHSCALED»SX o UNNEAD, 6X s SHLUNG, 6%, SHHEAVY,
13%,6H anuav,Sx.6HGR00MD.5X,SHBLASY'6X0SHALknbxuOHINJURYoZXoBHBU!
2LOING)

205 FORMAT (iN 24X AHCFT) )SX,aHDIST,S5X, 6HINJURY, 3%, 8HCOLLAPSE, 2X, 9HFRA

LGMENTS, 2X, BHOR DEATH,2X, 6HIMPACT s 4X, BMINJURY » SX, IHFRAGMENTS, 2X» 8HD
2R DEATH,2X,HDAMAGE)
END

T gty R
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FUNCTION PRF{Z)
COMMUN/OV/0P(10) :
L = ALOG(2)
sUM s 0P(10)
s DO T w» 1,8 -
IN & o)
§ SUK = SUMRZLSOP(ING10)
PRF 8 EXP UMY
RETURN
! 10 END

FUNGTION SRF(X)
COMMUN/ER/A(S)
: AX = X
i IF(X,LT,0,) AX & oX
; ] UM B A(S)

DO 1 ! & t,s

IN B8 »}
, 1 3UN = SUMSAXGA(INGS)
! ERF 8 3 =i, /8UMeny
! 19 IF(Xa2LT.0,) ERF 8 oERF
RETURN
END

BLOCK DATA
COMMON/OV/0P(10)
COMMOM/ER/ALS)
CATA OP/,T703681E1,0,1663724E1,+,2516801,0,1137714,,3838805E=1,
S ) 05035198Ew! ,0,275697E01, ,55579608Fw2,»,5108014Ce3,,i 795508k wk/
DATA A/4,,,278393,,230389,,000¢072,,078108/
END
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COMPUTER PROGRAM FOR PREDICTING CASUALTIES
AND DAMAGE FROM ACCIDENTAL EXPLOSIONS

Tables of Results

Mumerical 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 bombs and
projectiles described in the input data.

Results are presented for aboveground stacks of the following
four weapons: 500-1b bomb Mark 82, H-6 loaded; 750-1b bomb M117,
tritonal loaded; 155-mm projectile M107, TNT loaded; and 175-mm
projectile M437A2, Composition B loaded. The stacks considered are
assumed to be bujlt up of weapons strapped to their normal shipping

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 divided by the cube rcot of the equivalent weight, in

pounds, of uncased TNT,

Preceding pagedplank 20- 26
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