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and Personnel Injury by Protective Walls

by:
C. E, HMcKIGH?T
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Abstract & Introduction

This paper deals with the details of calculating the provability oI detonation
occurrence in an explosive {acceptor) system or personnel injury resulting froa
detonation of an adjacent explosive system (donor) when the donor is separated Tror
the acceptor or personnel by an intervening protective wall.

The capacity of a wall to confine explosions can be measured by the probability
of occurrence of the secondary explosion or personnel injury at the opposite side
of the wall. In all cases of flying fragments, either steel or concrete, botn
large and small, knowledge of the fragment size, velocity, acceptor distance-ilrom-
wall, acceptor size and acceptor sensitivity lead to a calculated provadility of
propagation.

The theory upon which the fragment probability rests is pased on determining
the mass~velocity distribution of the fragments and calculating how many could
cause a detonation by virtue of their mass and velocity, if impact occurs. Waen
the fragments are large, like spalls and chunks of a wall, the level of kinetic
energy or momentum of the chunks is used to determine if they could cause detonation.
Having determined the number of "potent" fragments, the mwber of them that can ove
expected to result in impact, the distances and acceptor sizes can ve uszd to cali-
culate a probability of detonation or damage to personnel due to fragments.

As & less important cause of damage, blast from the doncr may reach the acceptew

or personnel. Since blast is continuous, and not discrete, as in the case of frag-
ments, the "explosion pressure” at the acceptor is a measure ol the capacity o the
walls for safety. If the donor explosive weight, walil nheisght and daistances Jrom
the wall are known, the "explosion pressure” at the acceptor or psrsonnsl area is
calculable. The pressure being continuous, the drovability is unity that the
acceptor will "feel" the pressure. Therefore, from the pressure sensitivity o* the
acceptor, or the pressure tolerance of personnzl, an assessment of "safe” or "un-
safe" can be made.

The final assessmeni in all cases is "safe"” or "unsafe"” to the acceptor rs-
gardless of how much damage would occur to the wall. The degree of protection to
be afforded the acceptor must be specified in each case. Having decided upon an
acceptable level of safety, the design of protective walls can proceed with a
great deal of insight into the question of whether the thickness, height or mini-
rum permitted distances are realistic.
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Probability of Detonation Propegation

In an explosive systém failure to prevent detonation propagation may take )
place in various ways summarized for convenience in Table 1.

TABLE 1

Modes of Failure in Explosive System

Donor Effect Mechanism Input to Acceptor (Output
: from Mechanism)
1. Blast A. Direct Blast
B. Walls
1. Leakage Blast, reduced
2. Shear (punching) Secondary missiles
3. Spelling Secondary missiles
4, Collapse Secondary missiles
2. Primary A. Direct - Primary missiles
Missiles B. Walls
1. Perforation ] Secondary missiles
Slowed primary missiles
2. Spalling Secondary missiles

3. Miscellaneous

The presence of unknown effects renders the situation typical for the use of
probability as a means of comparing safety design calculations and of terminating
or evaluating a safety design of structures to handle large amounts of explosive.

It is ocur basic assumption that a donor detonation has occurred. An inter-
action with the acceptor mist occur by way of at least one of the mechanisms.
Following impact, the acceptor sensitivity to missiles or blast must be such that
the impact results in detonation. Thus if P4-and Pg are the probabilities of impact
and sufficient impact respectively, these being independent events, the propability
of detonation by way of any one mechanism alone is

= (P; x Pg)p

where n refers to the mode of failure in gquestion. For all modes together, the
probability is that of a mtually exclusive set of events. The overall probability
of detonation is, P, (see Nomenclature List)

P, =£PDu - Interactions ‘
(By Bglgy * (By Pglpy + (By Bops + (P Bg)y,

(B; Bglyyt (Py Pglyp

S) M1
interactions.
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The interactions are the corrections to be applied for the fact that since
any one node may cause detonation, the overall probability of detonation is less
than the simple sum of probabilities of all possible events. It is sufficient to
consider this term zero since its maximum for any pair of events cannot be greater
than the greater of the two. A zero value is conservative.

The probability of impact due to blast is considered 1.0 in every case in
which blast occurs as an input to the acceptor. This occurs only in two cases;
blast without walls, and leakege around walls. The proovability of detonation due
to blast when impact is certain depends upon the vblast sensitivity of the acceptor.
This is determined by using various weignt and distances between a donor explosive
and many acceptors. The number of goes and no-goes at each distance-weight com-
bination is recorded and-a superficial probability of detonation is computed from
the percentage of goes. This much of the procedure is subject to check by experi-
mentation at a relatively reasonable cost.

To estavlish the probability region of interest to safety calculations the
experimental, superficialprobabillities are correlated simultaneously with distance
and weight using a suitable multiple regression function. In this way tihe locus
of provabilities in the region of 10-2 to 10=%) are located in distance-weight
coordinates. These values would be impossible to verify, except at great cost
because of the large number of trials that would be required. Nevertheless they
reflect actual sensitivity experience and represent an objective approach to safety
determination. For the blast sensitivity of the example used in this paper, the
standard normal probability function was used in log-log coordinates with a trans-
formation of the distance .parameter. The distance transformation was required to
make the desired function reflect the experimental fact that the probabilities do
not increase or decrease indefinitely with distance.

The, case B2, shear failure resulting in punching, is a case of secondary
missile damage. Analytical studies have shown the method if the weight and velocity
of a punched~-out piece of the donor and wall dimensions are lnown. As this piece
leaves the wall it may go in any direction from the center, thus "searching" an area
that can be calculated by assuming an 80° cone from the point of punching. The area
of the base of this cone will be designated the search area, Ag. The provability
for impact of any one punched-out piece is the ratio of the acceptor area to the
search area. The plece is visualized as breaking into halves, thirds, quarters,
etc. each in turn. Large pieces can cause detonation by a glancing hit, this is
allowed for by increasing the acceptor areca to include itself and the space
occupied by the punched-out piece on all sides around the acceptor.

The' probable number of effective hits is then

N = Ny Apg, Ny (2 dm + da)?




111

The probability of at least one hit is then the probability of missile impact,

Pipp = 1 = ¥

The sensitivity of acceptors to large missile like chunks of concrete can be
based on kinetic energy or on a related function in an approximate but satisfactory
manner. As with blast sensitivity one plots the kinetic energy at which various
welghts and velocities have caused detonations, fits a suitable regression curve
to the go-no-go data and extrapolates to the region of low probability. A function
that has been used 1is: ’

1
log log Pgpp/100 = log K.E. © const.

For each of the above described pieces the probability based on sensitivity
is found. Since the weight of halves is half that of the original piece, the
sensitivity becomes less dangerous, but the number of missiles becomes greater,
causing an increase in Pjpp. The meximum (P; x PS)32 is taken as the value for
probability of detonation due to failure mode B2.

Likewise for spalling and collapse, analytical methods permit the prediction
of the kind of secondary missiles that are generated due to blast from the donor.
A probability of impact in each case and the probability of detonation based on
sensitivity are then found and their products taken. In this way all the proba-
bilities of detonation, either by missile or blast, associated with blast impact
to the wall are found.

If the donor is cased it can produce primary missiles striking against the
well. A wall may be perforated by the largest missiles. If so, the velocity
versus size distribution is found by calculating the residual velocity of the missile
for a selection of perforating weights. From fragment collection studies on the
donor one finds the mumber of missiles having weights equal to or greater than the
smallest perforating piece.

Experimental data from firing fragments of various sizes at various velocities
into acceptors gives a missile sensitivily curve that is conveniently taken as
representing a detonating probability of 1.0 (of course, if the data are known to
be the 50% points widely used in vulnerability studies a probability of 0.50
could pe used instead of 1.0). When using a fixed value for the sensitivity
probability, only those missiles having the required weight or velocity are con-
sidered ip getting the impact probability. Since detonation, .if impact occurs,
may be considered certain in safety calculations for these selected missiles,

Py = 1.0

. "+ The number of missiles of any given weight which proceed from thevdonor is
found from fragment collection experiments to be predictable if the dimensions of
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the donor are known. The missiles are somewhat more direction than an even
spherical distribution; the probability of any one impacting the accepntor is

the presented area of the acceptor per unit spherical surfacec area of sphere
around the donor, corrected for directional effect. The result is that the pro-
bable number of missiles impacting the acceptor is,

N = 0.1H, Ap
az
where the factor 0.1 is to correct for directional effects, Ny is the number of
missiles which could cause detonation if impact takes place, Ay is acceptor pre-
sented area and 4 is distance from acceptor to donor.

To find Ny, the residual velocity from the wall and weight of the perforating
missiles is compared to the sensitivity curves. Their intersection defines <the
smallest "effective" missile. The fragment velocity studies then permit calcula-
ting Ny, the number of missiles having weight equal to or greater than that of the
ninimum effective missile. N is the expected number of impacts. The chance. ol
only one impact is, as before, {see Figure 1).
= 1N

Py

Spalling due to missiles is handled like spalling due to blast. Thus all

probabilities of impact and of detonation due to sensitivity are found. A set
of possible values is shown in Table 2, the table of coumbined and overall probabil

TARLE 2

Overall Probability

Missiles Impact Prob. Sensit. Prob. Corbined (product)
Perforation "Pyp -005 Pgn 1.0 (P;Pg)isp  0.C035
Spalling Pitp - Py © (P{Pio 0

Blast
Leakege Pjp1 1.0 Pay -03 (P, Pb) .03
Punching Pigp .02 Pspe .50 (P )12 .10
Spalling Pip3  .002 Pgp3 - 3o s)n .0006
Collapse Pipl +30 Psply - ( 3P ﬂ)ng, .120

P, = 0.2556

The overall probability of detonation, with probability interaction
consexrvatively taken as zero, is 25%. This would be considered unsafe. The
designer must now pick on the high probabilities and redesign so as to increase
the safety of the explosive system, or declare its impossibility. In the later
case he has ample proof for his position.

ity.
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This analysis points out that not only must every mode of failure ovo cafe,
but all must be safe enough with a margin to allow for additivity.

Typical figures in Table 2 indicate that spalling is unimportant. This ic

believed to be the situation in many cases, but it should be cconsiders=d at tne.
start of every new problen.

It should be pointed out that the attempt at safety calculations invelving
propellants and explosives in a state of development may be defeated by the liack
of sensitivity data, i.e. by a state of complete ignorance as to whether a new
high energy composition might be detonable. A method has been devised to test
small samples for the ability to detonate if burning starts. In this procedure a
transition pressure is found for any propsllant which correlates with the deton-
ability of conventional high explosives. Propellants and explosives can tius be
elassified as mass-detonating or nct using th=s procedure in cne of the reiersnces.

The probability calculation represents a balance between the following .
parameters and any parameters which may be subsidiaxy to these:

Acceptor: Wall: Donoxr:

Area Thickness Distance
Distance Height Case

Case taterial
Material and VW, Explosive output
Sensitivity Blast

Blast liissile

ilissile Velocity

Chunks '

Depending upon the relative magnitude of these parameters, the various modes of
failure assume greater or less impmortance. Thus the effect of some fiftezn or
twenty factors is evaluated objectively in one figure, the overall probability of
detonation, Pg. )

A major advantage of reducing the tangible effects to an ovjective Tigure ic
that the tangible considerations can be handled as a matter of routine, leaving
the intangivle factors to be reduced by Jjudgement of those who are most exmerienced
in the industry. An additional adventage is that when large uncertainties az=
shown to exist due to lack of data, a proper justification and aliocation of funds
for large programs can be prepared.

Personnel protection follows tne principle given here with the additicnal
restriction that the probabpilities should be reduced to the equivalent of zero oy
designing so that the calculated number of missiles, punchings, and spalls ave
less than one (i.e. effectively zero); and designing blast resistant shelters to
protect against blast and leakage.
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NOMENCLATURE
Ap = présented area of acceptor, sq. ft.
App, = lethal area of acceptor, sq. ft.
Ag = area searched by missiles after puncﬁing, sq. ft.
d = distance f_rom source of missile to acceptor, ft.
dp = diameter of missile due to punching, ft.
d, = diameter of rm‘md acceptor, ft.
e = base of natural logarithms.
K.E. = kinetic energy of large missile at acceptor, ft.-1bs.

N = probable nuiber of impacts

Nx = nmurber of missiles having weight and velocity suitable for causing

detonation if an impact occurs.

P = probability of impact or detonability or both associated with a given

mechanism of transfe:r or mode of wall failure.

Subscripts to P:

i = impact; S = sensitivity (detonability); M = missile donor effect;
B = blast donor effect; n = 1,2, etc. acceptor effect tabulated below;
D = detonation.
Probability of Impact  Sensitivity Cormbined
Probability
(Detonability)
‘General case Pin Pop (PiPs)
Specified mechanisms
Missiles: perforation  Pyp Poqa (PsPshn
spalling Piup - Pap (PiPg)yp
Blast: leakage  Pip1 Psp1 (PsPg)y
’ punching . Pypo PSBZ (PiPS)m
spalling Pip3 Pgap3 (B;Pg) B3
collapse Pinl Pggl (P;Pg)

i~

P SO



115

Acceptor sensitivity
1000
Wall Wall apsent,
present, striking velocity =
Weight of thickness: residual velocity
largest nissile vto2r o1 o'
28.5 oz "5/ ‘,5 ?
N
o
g
45
o
9
Q
3
@ Weight and velocity
A of minimum effective
L nissile for 1' wall I~
0 [Rzero perforation
[¢] 10,000
Velocity of :isgile at acceptor, Ips
Tllustiative Numerical Quantities ¥
Missile weignt Nuwiber of effective Probavle number Probability of
et missiles, Ny, oi' hits for each  dctonation fox
ounces heavier than m wvail, ¥ each wall, P:pp
28.5 1 €.0053 0.005
1k.0 15 - 0.08661 0.57
6.2 184 1.06 0.65
1.6 1,800 10.4 1
0.0 26, 500 - -

* Actual quantities depend on all parameters in the explosive system.

Figure 1. Nomenclature and relationships for perforation of
. : wall by missiles from donor explosive.
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