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ABSTRACT: VARICOMP is a method for determining the detonation-
transfer probabilities of an explosive train by substitution of
explosive?s) of varied sensitivities or energies for the design
explosive. These substituted--VARICOMP--explosives (whose
responsgse or output probabllity distribution functions have been
callbrated relative to the design explosive) are used to measure
the explosive drive inherent in the design system., Methods of
calibrating explosives and carrying out VARICOMP performance
tests are given along with statistical procedures for combining
performance test and calibration data. These procedures are the
basis for predictions, at high confidence levels, of very high
reliability (or safety) of an explosive system based on a
relatively small number of tests carried out on the explosive
system. Computational ailds and a number of illustrative examples
are included, ‘
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The problem of prediction of high reliability or high safety
for weapon systems has become of critical importance., These
systems have beeh developed to such a high state of deatructive
capability and with such a high cost per weapon that it is
imperative that malfunctioning be eliminated. At the same

time they have become 80 complex that eesentially perfect per-
formance must be assured for the components of the system to
assure that the Fyatem is safe and rellable.

This report summarizes an effort that has been carried out at

the Naval Ordnance Laboratory that would lead to a satisfactory ]
method for prediction of high reliabilities of (or safeties s
from) detonation transfer in explosive train systems.

w;

The work leading up to this report has been going on for a
number of years carried out under several Tasks. Thils 1lncluded
early testing of the concepts using standard military explosives
on several weapons; efforts to develop a serles of explosive
mixtures of graded sensitivities whose manufacture, compositions,
and sensitivities could be well controlled; and a standardized
test procedure for calibrating the explosives as well as
development of the concepts of the VARICOMP procedure itself.
Most recently the work has been supported by WEPTASK RUME3Eol2/
212 1/F008/10004, Properties of Explosives and NOL-409, Guided
Missile Fuze Explosive Traln Research,.

It is believed that this work should prove of interest 1in the
fields of explosives sensltivity, reliability and safety
estimation, and applied statistics. Establlished concepts and
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procedures in each of these flelds may have been given vlolent
adjustments to meet the exigencies of combining them into a
single test procedure. This report is by no means considered
a final word for this approach to safety and reliability
estimation, It is to be hoped that it will stimulate improve-
ments in this important area.

Numerous acknowledgements are in order. The most important,
but by no means the only, criticisms, comments and discussions
came from Mr, R. H. F. Stresau, Mr, W. Slie, Mr, M. Rowan, and
Mr. A. M. Corbin of this Laboratory. Valuable discussions also
came from personnel at the Naval Ordnance Laboratory, Corona,
California and Bulova Research and Development, Inc., who have
applied the method in assessing fuze traln reliabilities,.

W. D. COLEMAN
Captain, USN
Commander

JS};RONSON
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VARICOMP

A METHOD FOR DETERMINING
DETONATION-TRANSFER PROBABILITIES

1. INTRQDUCTION

1.1 Modern weaponry, because of the extreme complexity of
weapon systems and the lethal potential they carry, imposes
very high reliabilitg requirements on the components of the
system for ring and imposes very high safety requirements
otherwise. The difficulty of attaining such high performance
capabilities is obvious, and much effort has been expended
toward achieving them.

1,2 It 1s imperative that verification of the performance
capabilities of each system become. part of its design (1,2,3).
Such verification introduces additional problems for the
weaponeer. Brute force testing of the whole weapon, or of its
components, to establish the weapon system's reliablility and
safety 18 usually not feasible. The reliabllity and safety
characteristics of the components that make up the system

must therefore be determined by overtesting and combined in

order to estimate the system's overall performance, Even

such determinations pose serious difficulties, especially in
the case of consumed one-shot items which cannot be repeatedly
exercised to establish probability characteristics, e.g.,

warheads

explosive trains
explosive components
propulsion systems
chemlcal power packs.

Suitable combined experimental-statistical technliques must be

used to provide the required demonstrations,

1.3 In perhaps all weapon systems, some form of exploslive
action is employed. In many cases (for instance, fuzes and
safety-and-arming mechanisms) the explosive actlon involves the
transfer of detonation from one explosive component to another
such as:

Detonator — Lead —» Relay — Booster -— Warhead.
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The important point in reliability and safety estimates for

the system is verification of whether or not the detonation '
will progress along the chain., This report presents the
VARICOMP procedure for evaluating the probability of transfer
of detonation across explosive interfaces; thus yilelding data
necessary for predicting explosive component reliabilities.

In the past, penalty testing (overtesting) by geometrical
modification has been the experimental approach to evaluation
of detonation transfer probabilities (4). The novelty of the
VARICOMP procedure of evaluation lies in the ideas of penalty
testing by alteration of explosive loading (VARIation of
explosive COMPoaition) rather than by geometrical modification.

4

1.4 The VARICOMP procedure 1s a combined experimental and
analytical method for estimating very high detonation transfer
reliability (or safety) at a high level of confidence on the
basis of relatively scanty direct experimental evidence. It
depends upon a systematic synthesis of previous experience and
current experimentation to develop trends applicable to the
system under study. The VARICOMP method 1s not a magic
incantation, nor is it a cook-book procedure for ascertaining
detonation transfer probabilities. It 18 not even an across-
the-board best way of finding the answer. It 1s to be expected
that each time VARICOMP 1s applied, novel and unique differences
from previous applications will be found. The cleverness and
ingenuity of the experimenter can be greatly supplemented but B
not supplanted by VARICOMP., 1Its limitations and potentialitiles
have not yet been ifully explored because of 1ts recent develop-
ment. So far, it can be said that each time VARICOMP has been
utilized, it appedrs to have answered more questlions than it
has raised. i

3

1.5 The first use of this approach at the Naval Ordnance
Laboratory occurred in late 1952 and early 1953 (5) in a program
which compared the abilities of a number of different detonators
to initlate charges of booster-like conflgurations, the charges
belng made of different sensitivity explosives. The condept of
tallor-making explosives for use in such studies was explored
rather fully (6) at about the same time. This technique of
assessing the detonation transfer probabilities of a weapon
system has been applied a8 number of times.* The term VARICOMP
was first applied to the process in 1959.

*This technique has been used, for instance,at NOL in

establishing detonation transfer reliabilities in the TALOS
safety-and-arming mechanism and warhead, the experimental

EX-38 warhead, and the SHADOW explosive train. It has been *
further used by the Navy and Army to establish detonation

transfer in explosive trains for a number of guided missiles,

| -
i

2
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1.6 The assumptions, concepts, and apglication of the
VARICOMP method will be given here along with such tools as

sensltivity data and specialized statistical procedures needed
to apply the method to practical cases. (It is assumed that
the user will have available the necessary statistical experi-
ence to find and utilize the more conventional techniques as
found in any standard statistical reference (7)). Attempts

~willl be made to gulde potential users of this process by the

inclusion of suitable references, examples, and admonitions,
The discussion here willl cover in Sections 2, 3, and 4 the
problem, the approach, and the philosophy of explosive penalty
testing; in Section 5 the statlistical aspects of explosive
sensitivity; in Sections 6 and 7 the VARICOMP explosives and
experimentation; in Sections 8, 9, 10, and 11 various VARICOMP
calibration and performance tests; in Section 12 problems
associated with design of the VARICOMP experiment; and in
Section 13 application and examples. Speciflc information
found important to utilization of the VARICOMP process but not

. necessary to the understanding thereof is given 1n a series of

Appendices,

1. In order to facllitate referral, Figures and Tables
have been given the same number as the paragraph in which they
are first mentioned. In addition, they are bound in a physical
location as close as possible to the paragraph of this same
number, :
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2. ' THE PROBLEM AND THE APPROACH

2.1 A weapon system will accomplish its intended purpose
only if it functions as intended at the place and instant
intended. Prediction of the weapon system performance can
be carried out in part by evaluating the following probabilities:

Weapon Reliability -- The probability that the
weapon will function where and when intended.

Weapon Safety -- The probabllity that the weapon
will not function except where and when intended.

(The safety is cuatomarily reported as the comple-
mentary function -- the Probability of Unsafe Action).

Note that the above probabllitles are independent of any
predictions, except dud rate, involving how well the weapon
performs, such as limited ylelds, kill probabilities, or
functioning on unsuitable targets.

2.2 Most weapon systems are compleX, requiring the concate-
nation of many factors for proper functioning. The Weapon
Reliability probabllity figure can be computed by the malti-
plicative combination* of the individual probabilitles of the
series elements. For instance, the explosive train pictured in
the frontisplece 18 composed of a number of components. Each
of these components will exhibit a certaln performance with
probabllity of individual action:

b, Detonator bridgewire will be intact.

P, Detonator flash charge will be in contact with
briqgewire.

P, Flash charge will initiate base charge.

P* Detonator base charge will give at least
specification minimum output.

|
Ps Rotor will be lined up within tolerance.

P. Leaq will respond to detonator output of
speclification quality.

| .
*This implies that each of the series elements functions independ-
ently of the others upon receipt of the proper firing impulse.

n

[

[ J
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bl Lead will give specification output.

P Relay lead will respond to lead output of
%  gpecification quality.

Po Relay output will give specification output.

pm Booster will respond to relay lead output of
specification quality.

Pu Booster will give specification output.

Pn Warhead will respond to booster output of
specification quality.

The probability that the warhead will be initiated as a result
of delivery of the proper firing signal into the explosive traln
is:

Ll

P*::;TF Py = by b P

2. Because of this multiplicative combination of the
1ndividual reliabilities, the reliabllity of the entire system
w11l be less than the reliability of the least reliable of any
of the components. Even where all of the components are of
similar reETabIIIty, the system reliablility will be found to
decrease serliously as the number of components increases. In
order to estimate this increased individual reliability imposed
by the required reliabllity of the complete chain, the following
reasoning can be used:

Take

5

P= 1l b,

=l

-

where
P 1s the system reliability
b; 1s the reliability of the \* component
w 18 the number of individual components.

Assume

by = by Py= P = P :"'%.
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Table 2.4

95-PERCENT CONFIDENCE SINGLE-SIDED ESTIMATE

OF THE LOWER LIMIT OF RELIABILITY FOR
N TRIALS WITH ZERO, ONE, OR TWO FAILURES

N

R, Estimated Lower Limit of Reliability,

Number of ? for

Trials ~ [No Failures One Fallure Two Fallures

5 2 54.94 34.25 18.94

6 | 60.67 41.81 27 .14

7 | 65.18 47.92 34,11

8 \ 68.79 52,95 40,00

9 | 71.71 57 .06 45.02

10 | 74.13 60.56 49.32

12 77.92 66.11 56.18

14 80.74 70.35 61.44

16 82.94 73.60 65.57

18 84 .67 76.23 68.97

20 86.10 78.38 71.77

50 94,18 90.88 87.96

100 97.05 95.34 93.85

200 98.51 97 .65 96,88

500 99.40 99.06 98.74

1000 99.70 99.53 99.37

2000 99.85 99.76 99.69

5000 99,94 99.91 99,87

10,000 99.97 99.95 99 .94

> 10,000 N N-1 N-2

L
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If

wg ¢ 0.1

% W
P=pt=(1-4) =I-ng =«

ng - 1-P = Q
q = R/ w,

then

This can be interpreted: "In order to achieve a system faillure
rate no greater than Q for a serles of w equally reliable
components, each component failure rate must not exceed Q/n ."
Experience has shown (2) that a certain small portion of the
componente cannot achieve the necessary high reliability.
These components "use up"” so much of the avallable margin that
a more realistic value of 1 might be given by:

Q¢ 4 « Jg;

1900n 10 W

2.4 The indirect demonstration of very high reliabilities
for an element, by testing to failure or by penalty testing,
1s difficult. The demonstration of high reliability by direct,
brute-force testing 1s usually prohibitive. This is true because
a very large number of successful tests must be carried out to
give sufficient authority to a statement of high reliability,
Table 2.4 and Figure 2.4 1llustrate just how large a sample size
would be needed to permit the following typical statistical
statement: ‘

"On the basis of no fallures out of N trials,
the population from which the sample 1is drawn
can be said, at 95-percent confildence, to be

at least R reliable".

Note that the statement is made in the approved style with the
usual statistical qualification "at 95-percent confidence". In
other words, for this sample (size N) the minimum reliability

18 considered provIisIonally to be . Only after many, many
samples had been tested, or else after the whole population had
been expended, would it be possible to tell whether or not the
reliabllity of the population was truly equal to or greater than
P . Lacking such omnisclence, the experimenter knows that he
runs a 1/20 risk of overestimating the true population proba-
bility when using the above procedure.

*The error of this estimate 1s less than (Mr)’/l.
7
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2. If reliability prediction by direct demonstration is
not feasible, then the answer must be obtalned by some other
approach. One such approach is by the synthesis of relevant
data such as past experlence, penalty testlng results, or
colinear studies to give a quantitative basls for statistical
inference. Such a process, though usually not formalized is
what 18 meant by the phrase "engineering judgement"” The
relevant data, then, are taken from similar devices or situa-
tions . to augment the limited information that can be obtained
by direct experimentation. Such similarity data must be
handled skillfully in order to prevent invalidation of
inferences because of the dissimilaritles that do exist.

2.6 Penalty testing (overtesting, testing-to-destruction)
is an exact source of relevant data only when the conditions
of the penalty test differ in intensity but not in kind from
the natural environment. This 1s an ideal which, for detonation
transfer systems, may be very difficult to attalin, It .is

‘possible to use data which are gathered from systems whose

conditions are not exactly the same but are analogous. Provided
the analogles do apply, penalty testling offers a method for
obtainipng data which will permit higher probability estimates
for a given sample size than would be posaible by direct testing.

2.7 Figure 2.7 is a symbolic presentation of the concept
of penalty testling as it might apply to a mechanical system sub-
Jected to adverse environmental stresses, 1t shows to some
extent the statistical nature of the problem, Four designs,

A, B, C, and D, are shown as having different capabilities for
reslisting the adverse environment. Because of the unavoidable
and inherent differences between individual items of a sample
taken from the parent population, the "strengths" (abilities of
the design to resist an adverse environment) are shown as being
distributed about a characteristic central value. In this
example, design A has a fallure response to relatively low
intensities of the adverse environments., Design B 1s somewhat
more resistive. Designs C and D are still more reslstive,

They show about the same central values of fallure response to
adverse environment.: However, the response of design C 1s

much more scattered than that of design D and is, 1n fact,
marginal whereas design D is clearly reliable,

2.8 The environment intensity with which the design must
cope 18 also random in nature and is therefore shown as being
distributed about a central (average) value, Whether or not
a particular design is sufficlently rellable depends upon how
mich more durable the design actually is than the environment.

9
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DESIGN D, RELIABLE

DESIGN C, MARGINAL

DESIGN B, MARGINAL

DESIGN A, UNACCEPTABLE

INTENSITY ——— =
OF ADVERSE ENVIRONMENT

f = RELATIVE FREQUENCY

PROBABILITY DENSITY FUNCTION DESCRIBING THE ADVERSE STRESS
ENVIRONMENT THAT THE DESIGNS WILL ENCOUNTER IN USE,

= PROBABILITY DENSITY FUNCTION DESCRIBING THE FAILURE RESPONSE
OF VARIOUS MECHANICAL DESIGNS TO THE ADVERSE STRESS ENVIRONMENT.

FIGURE 2.7 SYMBOLIC REPRESENTATION OF

THE ABILITY OF VARIOUS MECHANICAL DESIGNS
TO WITHSTAND AN ADVERSE STRESS ENVIRONMENT

M
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it will meet. In the case of designs A, B, and D, the position
of the mean (50-percent response) intensities has a major effect
on the reliability. It 1s evident that design A will not be able
to cope with the expected environment., About 10 percent of these
items would be expected to fall. Deslgn B would be considered
marginal because a slight increase in stress and/or decrease in
design capability would lead to fallures., Design D could be
consldered to be adequately reliable. Deslgn C, on the other
hand, 1s marginal even though 1ts average capabllity 1s equal to
that of design D, Some of the worst items of design C are no
better than the worst of design B,

2.9 Penalty testing, as it would be applied to explosive
systems and in particular to detonation-transfer studles,
appears to be different in nature from the mechanical concepts
indicated above, Yet +thie difference can be resolved by
proper definition of terms and goals as in Table 2.9.

2.10 From Table 2.9 it can be seen that detonatlion-
transfer safety and detonation-transfer reliability are comple-
mentary in concept and in testing approach. However, the safety
tests and the reliability tests often differ in matters of
interpretation of evidence, particularly in the case of margin-
ality. Arter a marginal explosive safety test, there will often
be enough witnessing of the explosive vigor and action from the
appearance of the 1nert parts that marglnality can be deduced.
In fact, 1t i1s often possible to deduce the cause of marginallty.
On the other hand, the uproar and damage produced by imperfect
functioning of a marginally reliable system may not be dis-
tinguishable from the performance of a fully rellable system,

2.11 The general method of penalty testing, mechanical or
explosIve, response or non-response, 1s:

Find the severity of conditions that will induce
gsystem failure,

Find the severity of conditions which will
ordinarily be encountered by the system,

Take the separation between the severity of
eonditions which the system can resist and

the severlity that actually exists to be the
measure of the conservatism inherent in the
system design.

11
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It can be seen that penalty testing 1s but a new name for a
time-honored approach to engineering problems. The structural
engineer uses penalty testing to find failure levels for the
materials he will specify. He finds out how much more durable
the material is than 1s necessary for the intended application.
That 1s, he designs so that the structure will be able to
withstand much greater static and dynamic loads than it will
ever experience. The capabllity of the structure 1s a measure
of how conservatively designed (over-designed) the structure is,
It 1s in some fashion a measure of how rellable the design 1is.

2.12 Specifically, penalty testing can be applied to
explosive systems to evaluate quantitatively their safeties
and reliabilitles:

Safety.* A true probabllity of response (usually very
Jow) which 18 less than some gpecified value for a
given stimulus,

Reliabllity.* A true probabllity of response (usually
very high) which 1s greater than some specified value
for a given stimulus.

In order to facilitate treatment of the material in this report,
reliability concepts wlll be considered primarlly, with the
understanding that complementary safety concepts will ordinarily
apply in similar fashion.

¥R confidence limit must also be specified (usually quite high)
to allow the estimates to incorporate the correctlion necessary
to compensate for component manufacturing varlations and
possible errors in the penalty testing determinations.

13
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DESIGN
CONFIGURATION

Y

EXPLOSIVE @
Z 15+ MIL ' %
// BARRIER t &
| a Sha

/ EX?PLOSIVE a,

30-MIL
% BARRIER

)

Moy
oz

BARRIER f

Y

A

 EXPLOSIVE Q,
6O-MIL a =
BARRIER f

L —

rangiir

S

SHOCK INTENSITY NEEDED TO FIRE THE LEAD WHEN LOADED
WITH EXPLOSIVE @

SHOCK INTENSITY AVAILABLE TO THE LEAD FROM THE DETONATOR
ACTING THROUGH A 15-MIL BARRIER

SHOCK INTENSITY AVAILABLE TO THE LEAD FROM THE DETONATOR
ACTING THROUGH A 30-MIL BARRIER

SHOCK INTENSITY AVAILABLE TO THE LEAD FROM THE DETONATOR
ACTING THROUGH A 45- MIL BARRIER

SHOCK INTENSITY AVAILABLE TO THE LEAD FROM THE DETONATOR
ACTING THROUGH A 60-MIL BARRIER

f - RELATIVE FREQUENCY
§ - RELATIVE SHOCK INTENSITY
|

FIGURE 3.1 EXPLOSIVE PENALTY TESTING BY .
VARIATION OF BARRIER THICKNESS

| a
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3. PHILOSOPHY OF EXPLOSIVE PENALTY TESTING

3.1 The basic idea of penalty testing 1s in some ways
analogous to handicapping as it 1s used in sporting events,
although for a different reason. A handicap is imposed 1in
an attempt to make an equal match between otherwise unequal
contestants., The magnitude of the handicap is & measure of
how much better one contestant is expected to be than another
on the basis of past experience. If an explosive transfer 1s
penalized by some alteration in the system, the amount of
penalization should give a measure of how much the original
system would outperform the penalized system., For instance,
in Figure 3.1 a typical detonator-to-lead arrangement is
shown in which the lead is separated from the detonator by
a metal barrier (design A). Penalization of the detonator-
to-lead transfer can be accomplished geometrically by
thickening the barrier as in designs B, C, and D. 1If in
designs B, C, and D detonation transfer occurs as shown and
it can be assumed that the increase of the barrier thickness
in no way enhances the transfer but in fact degrades 1it, then
it can be seen that the detonator has considerable reserve
in the design configuration. It will be shown later how to
measure the magnitude of this apparent reserve and convert
it into a reliablility estimate,

3.2 The generalized assumptions underlying the methods
of penalty testing are:

ASSUMPTION 1 A response is caused by an environment.

ASSUMPTION 2 The environment exists in various
intenslitles or dosages.

ASSUMPTION 3 The experimenter can control, or at
least measure, the dosages.

ASSUMPTION 4 The test environment can be related
" meaningfully to the actual weapon
syastem environment.

ASSUMPTION 5 The probability of response 1is a
, monotonically increasing function
of the dosage.

These statements may appear a bit obvious or trivial. Yet the
validity of the penalty testing approach depends upon the verity
of each of thenm, 15
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3.3 It now becomes obvious that penalty testing 1s not a
way oI getting something for nothing. The above 1listed assump-
tions are tenable 6n1y if the technology, knowledge, and
previous experience bear them out. The last sentence of
Paragraph 2.6 i

|
. . . penalty testing offers a method for
obtalning/data which will permit higher proba-
bility esfimates for a given sample size than
would be possible by direct testing . . ."

is impliecitly augménted by the phrase
|
", . . because of the previous existence of
a large body of relevant information,"

AU Considera‘le experience with the penalty testing of
explosive systems by geometrical modification has been amassed
by using such techniques as misalignment of train and inter-
position of barrie#s. In many cases this has been an effective
approach. ' However, in some instances, erroneous results have
been obtailned because the modification of the geometry of the
explosive system has violated one or more of the baslc
assumptions, as indicated by the followlng examples,

3.4.1 A traditional method for demonstrating the
reliability of a rotor-arming fuze train (Figure 3.4.1)
is to determine how much angular misalignment, e ,
can be introduced before detonation transfer failures
occur, Certainly, the value of ® (the angle at which
the detothor will initlate the lead in 50 percent of
the trials) will be a measure of how reliable the
system will be 1n terms of the mechanical alignment
errors to /be expected in the arming process, However,
the anglelé i1s so strongly dependent upon the physi-
cal alignment of the charges that there may be little
difference between © for a rotor lead which has fully
reliable sensitivity and the ® for a rotor lead which
is marginally sensitive. The work done by Stresau and
Starr %8)1on transfer between misaligned explosive
columns loaded into heavy-walled containers is an
illustration of this effect.

3.4.2 A different type of irrelevant effect has been
recorded where a partially aligned train was reliable
but a fully aligned train falled because the explosive
components could be dislodged rather than initiated
by the exploasive action,

16
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3.4,3 Variable ailr gaps introduced between the donor

and acceptor charges to measure reliabllity can lead

to erroneous conclusions because maximum reliability
can occur at intermediate values of air spacing. For
both lesser and greater air spacings the reliabllity
may fall off sharply. This has usually been observed
with cased donor charges., This stand-off effect 1s
therefore attributed to the fact that the donor case
forms fragments (9,10,11). During the transit across
the ailr gap, the fragments are accelerated by the
detonation process. An optimum gap can be found
wherein the fragments have enhanced the initiatlon
process, Beyond this optimum gap the initiating pulse
has been attenuazted to such an extent that initilation
becomes more difficult. In such cases, the assumption
of monotonic increase of the shock attentuation (and
therefore of the penalty)with increasing gap is invali-
dated. Before this nonmonotonic tendency of air gaps
was recognized, variable air gap penalty testing was
frequently used to evaluate explosive systems. In one
instance, a deslgn which had been accepted on the basis
of such data, exhibited a 40-percent dud rate in the
pillot lot.

f DETONATOR
ﬂa’
L ROTOR
= ROTOR LEAD @ @
IN-LINE 45-DEGREE ' 90-DEGREE
( ARMED) OUT-OF ~-LINE OUT- OF-LINE

(SAFED)

FIGURE 3.4.1 ROTOR-ALIGNMENT ARMING SYSTEM

17
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DESIGN
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%// SHOCK INTENSITY NEEDED TO FIRE THE LEAD WHEN LOADED WITH
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SHOCK INTENSITY NEEDED TO FIRE THE LEAD WHEN LOADED WITH
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FIGURE 4.2 EXPLOSIVE PENALTY TESTING BY

VARIATION OF ACCEPTOR SENSITIVITY
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\
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I
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4, EXPLOSIVE PENALTY TESTING BY VARICOMP

4,1 The discussion so far has been limited to penaliza-
tion of detonation transfer by geometrical modifications. The
effect of such changes 1s to reduce the shock strength which
has arrived at the acceptor. The reduction has been accom-
plished by out-of-line, barrier, or gap modifications. Another
method of penalization of a detonation transfer (another way to
reduce the probability of transfer) would be to modify the
explosive in a way that would make it more difficult for
detonation transfer to take place. Two methods of VARIation

of explosives COMPosition can be used to penalize a detonation
transfer:

The donor charges can be made from explosives

of different output. Output varlation can be
accomplished by changing charge density, quantity,
or formulation,

The acceptor charges can be made from explosives

of different initiabilities (sensitivities)., The
sensitivities can be varied by varying charge density
or formulation.

4,2 Figure 4.2 illustrates the VARICOMP method for
evaluation of a detonator-to-lead transfer., The example
has been chosen intentionally so that the design confilguration
18 identical with the design configuration of Figure 3.1.
A careful comparison of these two examples will delineate
gsome of the similaritles and some of the differences between
the two methods of detonation-transfer penalty testing:

Geometrical Modification
VARICOMP.

In the example shown in Figure 4.2 the design configuration

is loaded with Explosive « ., Penalization in the test is
accomplished by the use of successively less sensltlive
explosives--Explosive ¢ , Explosive v , and Explosive 8 .-
as a method of imposing increasing penalty. Note that 1ln thls
case the magnitude of the shock arriving at the lead 1s the
same in all configurations, whereas in Figure 3.1 the magnitude
of the shock was varied while the explosive target (lead%
sensitivity was held constant (Explosive « )., One version of
VARICOMP, namely, variation of donor explosive, is very gimilar
to Figure 3.1 in that the shock strength is varied whille the
acceptor senslitivity is held constant.

19
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5. THE STATISTICAL ASPECTS OF EXPLOSIVE SENSITIVITY

5.1 8ince thls report deals with the transfer of
detonation from one explosive charge to another it 1is
appropriate to describe the detonatlon process and how it
is established., Detonation in s0lid explosives i3 a steady,
high-speed reaction sweeping through the material as a wave,
As this wave passes each point in the charge there occurs:

First, the passage of an intense compressional shock.

Next, after an adequate induction time* the reaction
of the compressed explosive. This reaction is
accomplished in a fraction of a microsecond with

the formation of gaseous detonation products which are
at very high temperatures and pressures.

Finally, the expanslon and further recombination of
the Ee¥oqation products. (The work from the detonation
1s obtained during this stage of the process.)

The detonation wave progresses at 7000 to 8000 meters per
second; the detonation pressures obtained are on the order
of 200,000 to 300,000 atmospheres; the maximum temperatures
of the gases are on the order of 3500 to 4000° Centigrade.

5.2 A detonation wave in an explosive 1s normally self-
sustalning. A detonation wave entering an explosive must be
reestablished in the new charge even though it had been stable
at all points up to the interface. (Any transition across an
interface 1s considered entering a new charge.,) The reestab-
lishment of detonation 1s accomplished by starting a chemical
reaction in the explosive with an external stimulus. If
conditions are right, detonation will result. A stimulus which
would start the reaction would normally be a heat pulse, a shock,
or both,

Heat Stimulus,., Initiation by a heat pulse would occur
Trom exposure to a wire bridge or a heat bath at a
high enough temperature, Explosives are classified

as primary or secondary on the basis of their response
to such a stimulus. Reaction of a primary explosive
initiated by heat grows rapldly to a detonation.

*The induction time may vary from a fraction of a microsecond
for a material like RDX to several microseconds for other less
sensitive explosives,

20
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Reaction of a secondary explosive initiated by heat
would be burning without detonation., Detonation
would occur only if pressures could build up to
develop the shock that must preceed the detonation,
(By praetical tests the primary explosives are also
much more sensitive than the secondary explosives
to shocks.) Since this initiation mechanism will
not generally yleld detonation in secondary explo-
sives (high explosives) 1t will not be considered
further.

Shoeck Stimulus. Shock or impact on the charge
surface will send a shock wave into the explosive,
If the shock 18 intense enough the explosive behind
the shock will start reacting rapidly, the energy
released will feed the shock, and the reaction will
grow to detonatlion. If the shock 1s weak, little

or no reaction will occur behind it and the shock
wave will die out without producing detonation, All
intermedlate degrees of reaction might occur for
intermedlate intensitles of shock.

Numerous references to this subject are avallable. The most
pertinent are: A discussion on the 1initiation and growth of
explosion in solids under the leadership of F, P, Bowden,
F.R.S. (12), the Gilbert B. L, Smith Memorial Conference on
Explosive Sensitivity (13), and the Third Detonation
Symposium (14).

5.3 The intensity of the shock stimulus needed to initlate
detonation in an explosive charge is a function of many factors.
These include, among others:

Type of exploslve

Impurities present and their distribution within
the charge

Diluents present in the charge

State of the explosive (cast, pressed, particle size)
Denaity of the charge

Ambient conditions

Confinement

Method of appllication of the stimulus,
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Each of these factors 1n its place might be important in affect-
ing the response of the explosive to a stimulus, If precise
control of these various factors could be maintained, then
presumably, a quantitative relationship of explosive response
to 1initiaving stimulus could be described. This control is

not possible, Further, in detonation transfer considerations
the quantitative response of the explosive 1is not needed but
only knowledge of whether or not the charge detonated, The
problem of characterizing the response of the charge is thus
simplified to the determination, by a statistical experiment,
of the percentage of detonations that will occur for stimuli of
various intensities,

5.4 The sensitivity or, more precisely, the order of
sensitivity, of explosives can be characterized by a sensi-
tivity test., (A number of such tests will be indicated later,)
Explosive compounds can be found that fall almost anywhere
on the sensitivity scale from spontaneous explosion to
practically non-explodable. With the proper precautions and
procedures common explosives are insensitive enough to be
handled (compounded, loaded, stored, deployed, and launched)
with little risk, Yet they are sensitive enough to be initia-
table with nominal magnitudes of stimull. Sensltive explosive
compositions can be desenslitized by adding homogeneously dis-
tributed diluents, These diluents are soft inert materials
such as waxes. The desensitizing process 1is:

Coating of the explosilve grains

Providing heat sinks to absorb energy that would
otherwise initlate the exploslve

Filling interstitial voids, thus distributing the
heat of compression more uniformly so that the hot-
spots are less hot.

- In the reverse direction, insensitive explosive compositilons
can be sensitlzed by the addition of small amounts of some
sensitive explosive,

5.5 1In previous paragraphs of this sectlion, the explosion
process has been described as belng caused by some form of
external stimulus. Because the 1lnitlation process takes place
at the molecular level 1lnaccessible to direct sensing by
instruments and observation, the nature, amount, and character
of the stimulus can only be inferred. It cannot be measured,
What can be measured (and usually also controlled) is the dosage.
The dosage 1s deflned as the intensity of an environment which
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can initlate explosive action, Note that dosage 1s measurable
while stimulus is not. Yet, as willl be brought out later, the
statistical techniques of VARICOMP are based on the predictions
of performance as related to stimulus rather than dosage.

5.6 The sensitivity of an explosive is therefore determined
in terms of the physical variable--the dosage--which is the
measurable parameter in the experimental method. It 1is custom-
ary to report the sensitivity as the intenslty* of the parameter
at which 50-percent response is observed. As a consequence, 1in
cases such as drop sensitivity, electrical pulse sensitivity,
bullet sensitivity, etc., the larger the 50-percent response
intensity, the less sensltive the explosive, (It might be said
that these are "explosive insensitivity figures" .) In other
tests, wherein a standard input signal 1s moderated by a
variable attenuator and the size of the attenuator is the
physical variable, the numerical va