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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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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 value will vary in the same
gense with sensitivity unless a transformation function such as
reciprocal gap or logarithm of the reciprocal gap (15) 1is used.
Many different sensitivity tests (6,15,16,17,18,19,20,21) have
been developed, some oriented more toward ordering explosive
sensitivities with respect to loading conditions, and others
with respect to performance in explosive end items., Part of
the technique of VARICOMP lies in the appropriate choice of
sensltivity test.

5.7 The technique of making explosive sensitivity determina-
tions on a sample of explosive charges or items must accomodate
rather unusual restrictions which arise from the inherent nature
of explosives. These restrictions become evident from the
following tabulation of posasible results and inferences of a
sensitivity test.

An explosive item when subjected to a sensitivity
test will either be initiated (1n the desired
fashion), or be not initiated.

When the item is initiated, it 1s not possible to
determine how much less the dosage could have been
and still have caused 1initiation.

¥In some cases a mathematical transformation of the intensity
figure is used, the transformation belng an attempt to state
the sensitivity as a function of stimulus.
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When the i1tem 18 not initiated, it should not be
retested+-the item (if not destroyed) may have been
altered éa a consequence of the test., It can no longer
be considered to be from a true sample of the parent
population., It is therefore not permissible (or even
possible) to determine from a falled item the dosage*
that would have caused initiation.

Thus it can be seen that each item can be tested only once,
and that for each test it can be said only that the item fired
or did not fire., This type of testing is called Go/No-Go
testing. The statistical methods of treating data from such
tests are classed as the "Analysis of Attributes" (7,22,23).

5.8 It would seem that the alternative nature of the
possible results of a sensitivity test--fire or not fire--
would at least simplify the problem of identifying the outcome
of each test. Unfortunately, in some cases, there exists a
gray area that requires sophistication in the determination
of whether or not the ltem responded in the design mode as
differentiated from another mode of explosive action, The
cholce of criterion of fire can affect the interpretation of
the observed behavior and can also affect the final values
of sensitilvity deduced from the data (15,24), As a philo-
sophical digression, consider the possibility of errors in
the assessment of the data resulting from changes in the
observer!'a knowle@ge:

The assessment depends upon the acuteness of the
observer and upon his evaluation of what he observes.
His evaluation and judgement 1s based on his knowledge
and experience. But his knowledge and experience are
being amplified even as he 18 carrying out the test.
Is 1t possible that his knowledge can be so altered
during the test and by the test results that his basis
of Jjudgement changes materially during the test?

*IT 1t can be assumed that the subjection of an item to a
sensitivity test cannot convert that item from a "dud" to a
"fireable unit", then the failed item can be retested at a high
intensity level with the following possible results and infer-
ences therefrom:

Did Fire i
Did Not Fire -- No conclusive answer (The 1tem may
have been dudded by the first test).

-- Therefore was not a dud,

|
|
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While the above interaction probably 1s in most cases a second-
order effect, the possibility of its occurrence should not be
forgotten,

5.9 The factors which control the response of a particular
explosive to a particular firing input are manifold as men-
tioned in Paragraph 5.3. As a consequence, the statement of
the sensitivity of an explosive becomes meaningful only when
the kind of sensitivity under the specific test conditlons is
also specified., For instance, "gap test sensitivity" is not
a sufficient designation since there are, among others,

The small scale gap test (15)
The propellant sensitivity test (20)
The wax gap boostering sensitivity test (18)

A number of different sensitivity tests are useful in the
VARICOMP procedure, Depending upon the relative lmportance

of the factors which would differentlate the way the explosive
would respond under the different test conditions, it 1s
loglical to seek a correlation between results of different
sensitivity tests. In fact, the VARICOMP approach becomes
particularly effective when good correlations between appro-
priate sensitivity tests exlst, As a word of caution--

impact or drop sensitivity data should not be expected always
to be relevant in this general area of detonation transfer.

In general, however, the correlation between impact sensitivity
and gap sensitivity of many explosives is often good enough

to permit the use of the impact sensitivity test in a search
for likely candidates to consider in a VARICOMP program.

5.10 The sensitivity of an explosive 1s measured experi-
mentally by subjecting a number of explosive charges or items
to various dosages. In such a program there are unavoidable
differences in the items, each from the other; the amblent
environment varies throughout the course of the test; there
are unavoidable differences between the intended and the
achieved dosages of each successive trial., As & consequence
of these and other varilabilities there exists a certain band
or zone of dosages within which the ltems willl be found some-
times to respond and sometimes not to respond. The less the
variability, the narrower will be this zone of chance response.
In the limit (absolute control of charge, environment, and
dosage) 1t might be expected that there exists a slngle value
of dosage below which none would respond and above which all
would respond. Thls model 18 an over simplification 1n that the
initiation process 1s in itself random 1in nature,
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5.1l Finer detall can be resolved within the zone of
chance response, As shown qualitatively in Figure 5.11, there
i3 a level of dosage* at which one half of the population would
be expected to respond. This particular dosage 1s termed the
50-percent point,

For progressively less than the 50-percent point

the response asymptotically approaches zero.
Similarily above the 50-percent polnt as the dosages
are increased the response asymptotically approaches
a probability of 100 percent.

Because of this asymptotic behavior, concepts of a "no-fire
level” or an "all-fire level" are of dubious value. They

- lead to ambiguities, particularly when attempting to predict
population parameters from the sample parameters. In particular,
the term "all-fire level" implies that the devices are so
perfectly made that all will function--that there are no duds.
Actually, it 1s not possible to tell whether or not the
response-dosage relationship is truly asymptotic 1in the extreme,.
For instance, it 1is beyond human capabilities to differentiate
by any experiment between the dosage which will give 99,9990-
percent functioning and the one that will give 99.9995-percent
functioning.

5.12 The Statistical Distribution Function. There are
many equatlons which mlght be considered to express relationship
such as is shown in Figure 5.11.

5.12.1 The most generally encountered distribution
e normal, or Gausslan, whose probabllity density
function 1is:

\
[ x=-M\2
bi¥) = o7 e#pf 3 (L)
The Gaussian cumulative distribution function 1is:

P () il: b(¥) dy = ;T_Iﬁ' ‘[ex;» i-ll(a%&)i}.ix ]

- Or

¥Usually indicated mathematically by drawing a bar over the
symbol for the dosage.
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2.12.2 More recently the logistic distribution has
een studied and found of use in a number of explosive
systems (25), It is defined in cumulative form as

*
l ‘

Pln= 13 evp {82}

or in a form particularly useful for computation

4 Pe) ] . ,
LDT:tP_QM['—P(v)]—«*M

Expressed in the symbolism used in this report it
can be written as
\

o [ 2] 25

1-P0D ¥
| -0(/ l/ v
where F“ represents the mean, f y and ¥ = /B

12, In certain cases both Gaussian and loglstic

str buﬁions have been found not fully satisfactory
as a description of explosive systems, In general,
the observed sample responses at high dosages are less
than would be predicted by observations near the mean
firing levels, Simillarly, responses at low dosages
are greater than would be predicted., Work by Ash and
Lacugna (13) suggests that the following distribution
might be of particular value for those distributions
which appear to have much longer talls than the
Gaussian. The probability density function 1is:

b(¥) = ?—e%f)&-fs “‘%f“ i

¥Figher and Yates (26) discuss this type of distribution function
with :
- exp{az}
1 +egpiaz]

(S
P = s bm=‘1/16’61~ z
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where A and B are arbitrary constants. The cumulative
distribution function 1is:

X
P(w = fpméx.

5.13 In the above equations the symbols p »0,%, andi
represent population parameters:

M 1is the value of the stimulus, ¥ , at which
50 percent of the population will respond.

o,¥,and § are inversely proportional to the
slope of the cumulative distribution function
when the value of & 18 equal to Moo

The parameters,d, ¥, and § are measures of the variability of
the population. The bigger thelr values, the more varlable

is the population. Greek symbols m ,¢,v, and | are
reserved for the population parameters. The corresponding
sample properties are represented by % (the value of stimulus
at which 50-percent response was noted), and 4 and (the
measures of the observed sample varlability). In the case of
the Gaussian distribution, A 1is the "standard deviation”

(the square root of the sample variance).

%.14 All of the above distributlion functions relate
functioning probability to stimulus. As was mentioned in
Paragraphs 5.5 and 5.6, the stimulus is not necessarily the
same as the dosage. Experience has generally shown that

these two things are not the same, Some tranaformation
function has to be found to relate the physical varilable

to the stimulus (27). In a number of inatances the logarithmic
transform has been chosen as the most sulitable,

5.15 Statistical Model. The term "statistical model" 1s
used to refer to the mathematical relationships which descrilbe
the response of an explosive system to the environment belng
studied. The statistical model therefore 1s made up of

The probability distribution function,

The dosage-to-stimulus transform,
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The term "probability distribution function" as used herein
does not distinguish between the probability density function
(the bell-shaped curve such as Figure 3.1) and the cumulative
function (the sigmoidal curve such as in Figure 5.11). The
term is used to differentiate between distributions such as
Gaussian, logistiec, etec.

5,16 Probabilitg Spaces. By using speclalized coordinate
systems it is posslble to devise methods for plotting statisti-
cal information in a manner which will facilitate computations
and demonstrate relationships, The sigmoidal plot supresses the
detall above 98 percent and below 2 percent--the zones of
particular interest. It 1s also not amenable to eye-fitting
of observed data--it is much simpler to fit data with a _
straight line than with a compound curve. Probability graph
paper has been designed to display details of extreme proba-
bilities and to facilitate fitting of data. The vertical
coordinates are symmetrically arranged about a midpoint on
the vertical axis representing a probability of 50 percent,
The probability increases upward approaching,but not reaching,
100 percent; and similarly it approaches O percent as it
decreases downward from the midpoint. In graphical displays
of this form, the vertical coordinates are often presented in
units of probits, normits, or logits in addition to, or instead
of, the probability values .

The normit is based on a Gaussian distribution whose

mean, M i’ is zero, and whose standard deviation, ¢ ,
is unity. 1Its probability density function therefore
is: 3

b0 /1l=rl exh{- ¥}

The normit and the probit are cumulative response
units, and are of identical size. However, the
number of probits corresponding to a given percent
response 1is 5.0 greater than the number of normits.

The logit 1s related to the logistic distribution as
the normit 1s to be the Gsussian; the probability
density function being:

AR
p(x)-4AML >
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Note that in the case of the logistic function, ¥
is a measure of the variability but is not the
stanaard deviation. _

The Gausslan and logistic distributions are compared in
Table 5.16 and presented in a probability space (to illustrate
the forgoing concepts) in Figure 5.16.

5.17 Two methods willl ordinarlly be used to present
statistical information graphically in this report. Figure
5.17 shows the sensitivity of the same three typlical explosives
to 1llustrate the two methods of presentation,

§.18 For the purposes of this report, the Gaussian distri-
butions will be used throughout--it being left to the reader
to adapt the techniques as necessary, should some other distri-
bution function be indicated.

.19 In order to systematize the methods of presenting
knowledge and Judgement three basic steps must be taken:

Assumption of a statistical model for the response
of the explosive as a function of stimulus.

By experiment, determination of the sample properties,
In terms of the statistical model, estimation of the

limits for the population parameters, using the sample
properties as data,
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Table 5.16

COMPARISON OF GAUSSIAN
AND LOGISTIC DISTRIBUTIONS

u Gaussian Logistic (1) Logistic (2)
4.0 99.997 99.87 99.83
3.5 99.977 99.71 99.63
3.0 99.865 99.33 99.17
2.5 99.38 98.32 98.18
2.0 97.73 96,56 96.05
1.6 94 .52 93.51 92.77
1.2 88.49 88.10 87.15
0.8 78.81 79.14 78.18
0.4 65 .54 66.08 65.42
0.0 50,00 50.00 50.00
-0.4 34,46 33.92 34.58
-0.8 21,19 20,86 21.82
-1,2 11.51 11.90 12,85
"'106 5.48 6.)"'9 7.23
: |

"'2.5 0L62 1068 1082
-3.0 0.135 0.67 0.83
-3.5 0.023 0.29 0.37
-4.,0 0,003 0.13 0.17

\

:

Notes: | !
u 1s the normalized variable

The Gaussian distribution is computed for the case of
u=0and ¢ = 1,0
\

Logistic (1) is computed for U = 0 and ¢ = 0.6 (so that
the Gausslian and logistic distributions coincide at 15.87-
percent, 50-percent, and 84.13-percent responses)

|

Logistic (2) is computed for @ = 0 and 0 = 0.623 (so that

the Gaussian and loglstic distributions are tangent at 50-
percent response.
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6. THE VARICOMP METHOD

6.1 The basic approach and application of the VARICOMP
method 1s:

6.1.1 Given: Two explosive charges in a weapon system
separated by some demarcation such as a metallic or
plastic membrane, an air gap, or perhaps Just a surface
of physical contact between the two charges. The

T //////// /

DONOR — [INTERFACE — ACCEPTOR

i ///

FIGURE 6.1.1

THE EXPLOSIVE SYSTEM

demarcation 1s termed the interface. The donor 1is the
charge which 1s initiated externally and 1s the source
of detonation which is to be transferred across the
interface into the acceptor (Figure 6,1.1),

6.1.2 The Problem: What 1s the probability that
detonation will be transferred from the donor, across
the interface, into the acceptor? What is the
confidence that can be assoclated with the estimated
transfer probabllity?

6.1, The Approach: The exploslive system 1s tested
W the acceptor made from one or more explosive
compositions which are known to be less sensitive than
the design explosive. (Alternatively, the system can
be tested with the donor made from one or more
explosive compositions which are known to have less
output than the design explosive .) These trials,
termed Performance Tests, are to be carried out with
a minimum deviation from the configuration of the
weapon both as to the interface and the surrounds for
donor and acceptor. Here again the skill of the
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experimenter 1s drawn upon. In the interests of
economy of material and time, as 1little hardware as
possible would ordinarily be used other than that which
affects the detonation transfer. The performance tests
are used to determine how reliable the weapon will be,
even when loaded with the less sensitive (or less vig-
orous) explosives.

6©.1.4 The Answer: By knowing how reliable the weapon
is under the adverse conditions of the performance tests,
it should be possible to estimate how much more reliable
it would be under the standard conditions.

6.2 Plan of Action, Figure 6.2 shows the various segments
of the VARICOMP process, although not necessarily in the order
of accomplishment in a specific application. Some of these
steps have already been discussed and explained in detail.
Others will be amplified in ensuing sections, Enough back-
ground has now been given and terms defined to permit classifi-
cation of the various portions of the process before describlng
them. Capsule explanations of each step are glven in order to
prepare the reader for the detailed discussions that will follow.

1. Identify: Establish exactly the essentlal geometry
and materials of the components or explosive:
charges acting as donor and acceptor. Determine
the confinement of the explosive components and of
the interface. Determine the geometry and materials
of the interface. Determine tolerances, allowances,
and sources of variability that might affect the
detonatlion transfer.

2. Declde Goal. Is the problem to establish the
certainty with which the detonation will transfer,
or is it to establish the certainty that it will
not? How reliable (or safe)? With what confi-
dence?

3, Choose General Method. W1ll the explosive loading
be varied in the donor or in the acceptor? Here a
balance will have to be made for each of the follow-
ing factors:

How much variability 1s attainable compared to
what 1s needed?

Difficulty of loading and of testing.
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Availability of calibrated VARICOMP explosives.

Criterion technique--simplicity of response
assessment, i

Select VARICOMP Explosive Series. This goes hand-
in-hand with Step 3 and the general strategy of
tackling the whole problem.

Carry Out Calibration. Ordinarily this will have
been done previously. Explosives to be used in

a speciflc problem will already have been procured
and tested for sensitivity (or output). The data
from these tesats would usually be

Observed composition: Analysis and density
expressed in termg of thelr means and standard
deviations.

Observed sensitivity (or output): The mean
stimulus and the standard devlation of the
stimulus.

1+

AdJjusted sensitivity (or output): Corrections
made by curve fitting.

Does Calibration Test Configuration Resemble Step 1
Enough? How much of a guess? How much risk? How
much faith?

Mock-Up Calibration., This will be the consequence
of a no to question, Step 6. This type of testing
is likely to yield less information for effort

expended to obtain it than the case where the
answer to question, Step 6, is yes.

Select Performance Test Configuration. In all like-
1Thood, this will be controlled by the size of the
pocketbook and allowable lead time. The closer

this resemblesa the true weapon, the less chance of

invalidation of assumptions.

Select Data Collection Plan, A properly designed
experimental plan should take into account the
possible outcomes and should map out interpreta-
tions and further work to be done for each of the
outcomes. Changing of test plans and ground rules
in the middle of an experiment usually falla in

the category of "statistical hanky-panky" or "cook-
ing-the-data", Uncontrollable bias injected into
the program can lntroduce serious distortions. *
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9. Carry out Performance Test.

10, Data Reduction.

11, Estimate Transfer Probability.

12, Compute Confldence Limit.

6.3 Calibration Tests. The quantitative comparison of the
properties of the design explosive with the VARICOMP explosives
is done by calibration tests. Such data collected in previous
and current programs represent at least part of the organized
experience upon which engineering Jjudgement can be based, The
various tests represent yardsticks for comparing various
explosives., It 1s too much to hope that a single yardstick
will serve for all applications. The 1ideal situation is to
have as many explosives as possible measured on as many of the -
necessary yardsticks as possible and wilth as much experimental
determination of their inherent accuracy as possible.

6.4 Performance Tests, As has been previously stated,
the performance tests should be carried out with a minimum
deviation from the configuration of the weapon. In some cases,
the complete weapon might be tested, the only changes from the
standard weapon being different loading of the acceptor ( or
donor). It i1s more probable that some portion of the weapon
(a portion which, of course, will include completely the
transfer elements) will be selected. It will be necessary in
the final analyslis to decide whether or not enough of the
weapon hardware had been included in the setup so that there
is really no difference as far as the transfer of detonation
15 concerned. In many cases, the exact hardware and complete
charge cannot be used for the. performance tests (too expensive,
too much explosive)., If this is the case, some form of simu-
lated performance test will have to be devised. The experlence
and skill of the experlimenter will have to be drawn upon heavily.
Each point of difference will have to be assessed, The best
approach to the problem will be to adjust the differences so
that if any significant effect on the tranafer can be expected,
it will be in the direction of further penalty on the system,
The quantitative measure of such penaltlies cannot be hoped for
and therefore cannot be cranked into the reliability estimates.
They probably can be converted into extra peace-of-mind for the
experimenter.
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6.5 Performance Test, Criterion of Fire. Acceptors loaded
with different compositions may diifer in output as well as in
sensitivity. This could lead to confusion when Judging whether
or not 1n1tiation!took place. A reduced output of a desensitized
explosive may result from either of two conflicting reasons:

The diluent has reduced the total energy available.
For 1nstance, the reduced output of a fully initiated
explosive may be Jjudged as a partial detonation.

The accthor 1s being initiated marginally by the donor.
|
|
6.6 There arﬁ a number of assumptions of similarity
(analogy) upon which the validity of the VARICOMP process
depends, These assumptions are in turn dependent upon the
five listed in Paragraph 3.2 and will therefore be numbered
in contlnued sequence, The assumptions are that:

ASSUMPTIQN 6 The mechanism of initlation of the
! VARICOMP and design explosives in the
f calibration test is the same throughout
the range from the least to the most

sensitive, and that the calibration
test statistical model 1s applicable.

VARICOMP and design explosives in the
performance test 1s the same throughout
the range from the least to the most
sensitive, and that the performance
test statistical model 1s applicable.

\
ASSUMPTION T The mechanism of initilation of the
f

ASSUMPTION 8 There 1s a llinear transform between
i the two statistical models.

6.7 There are a number of methods which might be used
for collecting data in the performance test. These methods
refer to the scheme for selecting and sequencing the explo-
sives to be used in the test. Two of these methods will be
discussed* in detail:

The Bruceton up-and-down or stalr-step data collection
plan (7,22,29), (Section 9).

The run—den data collection plan (Section 10).
"These dlscussions, for simplicity and brevity, will be

restricted to performance testlng using variable acceptor
explosives, \
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Other schemes such as modified stair-step (30) and the Bartlett
plan (31) could be handled with appropriate modifications.
Because of the differences in the procedures and assumptions,
Section 11 is included to ald the experimenter in designing

the experimental program and in deciding Just what data
collection plan should be used. The final estimate of the
weapon system probability figures should be based on all
pertinent data. The VARICOMP test data will ordinarily not

be the sole source of information.

6.8 Inferential Methods. Graphical methods will be given
for relatIng performance and calibration test data and for
making estimates of detonation transfer probabillities. The
graphical method 1s not the only way to the answer, but it does
offer a valuable assistance 1in visualizing the reasoning process
and understanding the relationships. For the remainder of this
report it will be assumed that the calibration data are in
graphical form, The discussion will be concerned with the
methods of plotting the performance data and of obtaining final
answers by appropriate graphlcal and computational operations.

)
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7. THE CHOICE OF THE VARICOMP EXPLOSIVES

7.1 RDX, diluted to varying degrees with wax or with
calcium etearate,‘has been used to study detonator-to-lead
and lead-to-booster transfer reliabilities (5,32). Considerable
effort has been expended to develop procedures for making such
RDX mixtures. It 1s most important that any particular batch
of such mixtures (sometimes referred to as degraded RDX) be
homogeneous from the standpoint of sensitivity. It is also
highly desirable, though not quite as important, that these
mixtures be reproducible, batch-to-batch, As will be indicated,
the lack of batch-to-batch reproducibility will lead to an
increased within-batch calibration testing in order to realize
an equivalent precision from the VARICOMP process. For
explosive train applications the ordinary loading procedures
involve pressing into inert containers, or perhaps the formation
of pressed pellets. Therefore, in addition to the above require-
ments, the explosive mixes must be loadable.

1.2 The RDX/Calcium Stearate mixtures have been found to
be more useful than RDX/wax mixtures. They appear to be more
uniform within-batch and to be more reproducible batech-to-batch,
This may be because greater quantities, by weight, of the
calcium stearate have to be used to give the same desensitiza-
tion. As a consequence, the sensitivity of a mix could be
expected to be less subjJect to errors in composition., Varlous
stearate salts and various methods of compounding have been
tried. A chemical precipitation of calcium stearate onto RDX
suspended in water slurry has been found the most satisfactory.
The process (Appendix A) is adapted from the manufacturing
specifications for explosive CH-6., Batch sizes to date have
been 5 to 20 pounds. Pllot batches of considerably greater
quantity are being manufactured. These wlll be studled for
uniformity, loadability, ete. Table 7.2 shows a typlcal seriles
of such RDX/Calcium Stearate mixtures with indicatlions of how
their sensitivities to initiation by shock vary with composition,

7.3 There are certain generallized relationships character-
18tiT of the stearated-RDX's:

The sensiﬁtivities of the mixee area function both of
the composition and the density of the mixes.

At a given consolidation pressure, the greater the
prOportion of calcium stearate, the more nearly does
the density approach the TMD (Theoretical Maximum Density).
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Table 7.2

PROPERTIES OF THE RDX/CALCIUM STEARATE
BINARY EXPLOSIVE SYSTEM IN THE SMALL SCALE GAP TEST
WHEN LOADED AT 10 KPSI

Composition Density Sen51t1V1t§m ‘ Output*s
Mean
(% ca St) (#TMD ) * (Mils) (DBg)  (DBg) (Mils)
0.00 86.5 470 3.28 0.01 64
0.67 88.1 392 4,07 0.01 63
1.36 89.8 342 4,66 0.02 64
1.35 90.1 332 5.79 0.01 66
1.63 90.3 340 4,68 0.02 64
1.87 90.9 313 5 .04 0,02 65
2.57 91.9 306 5.14 0.01 61
2.66 91,6 299 5.25 0,01 65
3.69 92.8 297 5.28 0,02 64
3.76 92.4 283 5.48 0.03 63
4,97 '93.4 278 5.56 0,01 62
5.28 93.3 276 5.59 ~ 0.02 63
T AT 94 .4 261 5.84 0.01 61
6.94 94.2 262 5.82 0.02 61
11.06 96,0 245 6.11 0.02 57
10.81 95.9 250 6.03 0.02 59
13.96 96,2 239 6.22 0.01 55
13.99 96.5 237 6.25 0.02 54
14,32 95.7 230 6.38 0.05 53

*TMD means theoretical maximum density.
®#*Output measured by depth of dent 1n a steel block as
described in reference 28,

Note: The Decibang (DBg) is defined in Appendix C,
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The greater the proportion of calclum stearate, the
more varlatble 1s the sensitivity and the more difficult
1s the analysis.

7.4 Considerable difficulty has been encountered in the
analysis of what appears, on the surface, to be a simple two-
component system. Gross discrepancles have been discovered
between results obtained on supposedly the same mix from
different analyses (different analysts). The exercise of the
utmest care and good technique 1s necessary 1n order to obtain
reliable results. ! If 1t is necessary to analyze RDX/Calcium
Stearate mixtures, the analytical procedure 1n Appendix B is
recommended, 1

. In some circumstances it has been found that changes
in the density of an explosive charge wlll make a great change
in the charge sensitivity (15) even to the extent of masking
differences which can be attributed to composition (34). The
general trend is towards decreasing sensitivity with increasing
charge density. To a lesser degree, the output of an explosive
charge will also be affected by density. The output will
increase with density providing the ability of the charge to
be detonated and to support detonation will not be adversely
affected at the very low or very high densitles, Within the
limits of practical charge fabrication there may be instances
where, by changing the charge density, the VARICOMP procedure
could be applied. Variation of charge density could be used to
control acceptor %ensitivity or to control donor output.

|
|

I;é It will not be feasible to employ the RDX/balcium'
Stearate serles in all applications. Certalnly it should be
possible to establish an alternative series using different
conventional explosives., Table 7.6 indicates a group of
explosives, with their different sensitivities, that might be
sultable for a castable series, Some thought has been given
to the possibility of producing a serles of pure chemical com-
pounds which are molecular homologs (14, 35, 36), Such a series
might in addition be quite valuable in furthering knowledge of
the relationship between molecular structure and sensitivity,
Unfortunately, such a series may be expensive to establish,
since 1in many cases the pilot production synthesis process
must also be developed.
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Table 7.6

Typical Valuea of High-Explosive Sensitivitles

NOL NOL
Propellant Booster
Impact Sengitivity Test Sensitivity Test
Explosive (em) (inches) (inches)
HBX-3 87 1.41 ————

TNT 150 to 215 1.38 0.82
TRITONAL 87 to 104 1.26 0.58
BARATOL - 1.18 0.32
PENTOLITE 38 2.66 2,06
COMP B 82 2.01 1.39

Note: The above values were obtained from references 18, 38,

39, 40, and 41.
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.7 A VARICOMP seriles of explosives made by varying the
proportions in a mixture offers an advantage over one made from
a collection of different standard explosives. (This statement
18 made on the assumption that the mixture properties will vary
in a systematic fashion with the proportions of the components
of the mixture.) 'The advantage lies in the fact that the total
sample slze needed for measurement of the sensitivitiles should
be less for the variable proportion mixes than for a series of
different standard explosives. Data obtained on the individual
mixes of a binary mix system can be plotted agalnst the compo-
sition. Then a smooth curve fitted to the 50-percent firing
points would be expected to compensate partially for the
experimental error in determination of individual 50-percent
firing points, Similarly the individual observed standard
deviations might well be combined to give a better estimate of
a standard deviat%on characteristic of all the mixes,

I;S One drawback of mixtures such as RDX/Calcium Stearate,
which depend on desensitlzation of a sensitive high explosive by
the addition of an inert diluent, is that the more desensitized
mixes are less explosive in character: their outputs fall off;
thelr abilities to sustaln detonation diminish. It may therefore
be loglcal to use an insenslitive explosive as the diluent. With
this arrangement 1t would be expected that the members of the
serles would respond with more nearly the same dynamic performance.
Nitroguanidine is suggested as a possible insensitive component.
Nitroguanidine/RDX or Nitroguanidine/PETN binary mixtures might
nave good pressing or pelleting properties, A ternary mixture

of Nitroguanidine/RDX/TNT (suggested name: Cycloguanitol) might
elther be castable, or when granulated, suitable for press-
loading. A similar ternary mixture might be Nitroguanidine/
PETN/TNT. |

7.9 Explosives suitable for use in a VARICOMP series must
have the following properties:

Maximum within-batch homogenelty (composition, particle
size, sensitivity)

Good batch-to-batch reproducibility

Good mechanical durabllity (must not segregate as a
‘result of shipping vibration; screening; handling)

Non-hygroscopilc
Stable up to T0° Centigrade
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For press loading the explosive should be fine enough
to pass through a No, 35 screen, However, if the
explosive 18 extremely fine, problems may arise in
handling: excessive dusting, caking on loading tools,
“having too low a bulk density, etc.

Certain other requirements usually specified for high-performance
explosives, such as dimensional stabllity at high temperatures,
high energy content, and high detonation velocity, may be
abrogated in favor of the above requirements.,
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8. THE CALIBRATION TEST

8.1 Calibration of Explosives. The VARICOMP method 1is
an extrapolation

From the observable behavior of the VARICOMP
explosive(s)

To a prediction of the behavior of the design
explosivé

In the pérformance test system

Based on data which compare the VARICOMP explosive(s)
with the design explosive,
|

These comparative data are obtained from the calibration of
the explosives under consideration, The precision and accuracy
of the extrapolation is obviously enhanced as the extent and
accuracy of the calibration are increased. The ultimate goals
of the calibration are:

Identifidation of the distribution functions of
each of the explosives

Measurement of the statistical parameters of the
VARICOMP explosives., (It is assumed that this is
done for each batch or lot,)

Measurement of the statistical parameters of enough
different lots or batches of the design explosive
to yleld data representative of the expected pro-
duction process variabllity.

8,2 Calibration Tests, Sensitivity. There are a number of
sensItivity tests (see Appendix C) such as the small scale gap
test (15), the propellant sensitivity test (20), and the
boostering sensitivity test (18), which might be used to cali-
brate the sensitivity of the acceptor explosives, Although it
is desirable to use standard sensitivity tests for the calibra-
tion of the acceptor explosives, there will be in some instances
80 much difference between the weapon configuration and the
ordlnary test configuration that the sensitivity data may not
be relevant, In such cases, mock-up calibration tests might be
indicated, These would be compromise variants having as much
as possible the aTrangement of some standard sensitlvity test

\ 48
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but modified to represent the salient aspects of the weapon
system interfaces and donor-and-acceptor-surrounds. The mock-
up-calibration tests would be used to search for correlations
of the sensitivities of the VARICOMP explosive in the calibra-
tion and performance configurations. When the correlation is
considered to be sufficiently good, the doubt as to relevance
of sensitivity data to the weapon system can be discarded.

§4% Calibration Tests, Output. When the VARICOMP method
1s applied with only the design explosive in the acceptor but
with modification of the donor explosive, the donor explosives
might be calibrated by measuring the dent produced 1n a witness
plate (28), or perhaps by high-speed camera measurements. of
detonation parameters. Such calibrations will yleld contlnuous
data rather than the Go/No-Go data characterlstic of sensitivity
teating. Because continuous-data tests are congiderably more
efficient than Go/No-Go tests (they yield more information per
shot) 1t would seem sensible to carry out the VARICOMP proce-
dure using the degraded approach. Unfortunately, the main
point of uncertainty has not beeri reduced. It merely has been
moved to a different logation:

Variable Acceptor Sensitivity: Is the mechanlam of
Tnitlation 1n the calibration test the same as in the
weapon? Is the proper calibration dosage-to-weapon
acceptor stimulus transform being used?

Variable Donor Strength: Is the dent producing abllity
©of the donor a measure of its ability to initiate the
acceptor? Is the proper output-to-stimulus transform
being used? .

8.4 Small Diameter Systems. The calibration of explosives
(and, In Tact, the whole %KEIEGMP process) is most easily and
quickly carried out with the smaller dlameter explosive systems,
Because their charge diameters rarely exceed 0.25 inch, detona-
tor-to-lead transfer systems will require relatively small
quantities of explosives to carry out VARICOMP studies. The
practical explosive batch size (25 to 100 pounds of an RDX/
Calcium Stearate mix, for instance) appears to be large enough
80 that rather extended calibrations can be carried out with
an expenditure of only a minor portion of the batch. The cost
of the calibration can be amortized over a goodly number of
different systems, Calibration by the revised small scale gap
test would probably give relevant sensitivity data for detona-
tor-to-lead studies provided its characteristics (heavy
confinement, initiation by shock through condensed medium,
bare charges) are near enough to the system under study.

49



NavWeps Report T411

Table 8,4

THE CALIBRATION AND UTILIZATION OF
A VARICOMP EXPLOSIVE SERIES (CONJECTURE)

10 mixes at 50 pounds per mix

Calibration 200 small scale gap
test shots per batch

Detonatoréto-iead system,
(200 trials or less loaded
from the various batches)

Lead-to-booster system
(probably both mock-up-
calibration and performance
tests) :

50

Total: 500 pounds

Total: 10 pounds

From 0.1 to 0,5
pound per

system

From 5 to 20 pounds
per system
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Lead-to-booster studies represent a greater departure from the
conditions of the small scale gap test, In general, this 1l1s
because there 1s a donor-to-acceptor dlameter transition ratio
of 0,25 or less and because the acceptor is essentlally uncon-
fined (semi-infinite solid). Mock-up-calibration is therefore
more likely to be required for lead-to-booster studles. Yet,
even with mock-up-calibration tests as well as performance tests,
the total explosive requirements for lead-to-booster studies
should ordinarily use limited quantities of the explosives.
Strictly subjective guesses of the quantitlies of explosives that
might be used in small diameter VARICOMP experiments are given
in Table 8.4.

8.5 Large Scale Systems. One of the difficulties with
large scale system (booster-to-warhead) studies by the VARICOMP
method is the difficulty of maintaining charge uniformity. For
instance, at the Naval Ordnance Laboratory the limit for a
single melt of castable explosive is:about 100 pounds. A call-
bration by the Naval Ordnance Laboratory booster sensitivity
test requires about 0.5 pound of the explosive per trial.
Frequently, the performance test will use from 1 to 3 pounds
of the VARICOMP explosive per trial, Thus, it can be seen that
a relatively few experiments will expend the explosive from a
single melt. Bitter experlence has shown that there is some-
times much greater variability between successive melts of an
explosive than there is within a .melt. The calibration effort
must recognize the following limitatlions:

Too Few Trials -- Low preclsion.

Large Number of Trials -- Not enough explosive left
to do performance tests.

Batch-to-Batch Nonuniformity.

8.6 Extent of Calibration. The. choice of the magnitude of
the calibration effort (the number of shots per explosive) is
governed by the gain in precision versus the increase in cost as
the number of trials is increased. The galn in precision
(decrease in variability as evidenced by the decrease in the
standard deviation of the mean, A., and of the standard devia-
tion of the standard deviation, A, , is proportional to the square
root of the number of trials. Thus a determination of the sensi-
tivity based on a two hundred-shot Bruceton run would be expected
to be twice as precise as a fifty-shot determination. Another
way of looking at this relationship i1s to see that a two-fold
improvement in accuracy will cost four times as much. At this
point the advantage of the binary-mix system of VARICOMP explosives
becomes very attractive. If the followling assumptions are valid--

51




NavWeps Report T411

ASSUMPTION 9 The sensitivity 1s a continuous smoothly-
} varylng function of the composition

ASSUMPTION 10 The standard deviations of each of the
: mixes 18 not a function of the composition,
and 18 the same for all mixes

--then each of the determinations of the standard deviation (one
for each mix) can be considered as an individual estimate (repli-
cate determinations) of the standard deviation characteristic of
the system. The system standard deviation can be computed by
combining the individual variances of the sensitivities:

§ . [Lwdar Lni)a*
L ni-t) i1, N-J
Ly ’
where m; 1is phe effeétive sample slze* of the [ﬁ mix,

A; 1s the standard deviation of the i mix,

N 1is the total effective sample size,
| J 1s fhe number of mixes,

This having been done the system standard devliation of the mean,
3w , and the system standard deviation of the standard deviation,
5, » can be computed by

s

S, = |
ATaNn

|
From this it can bé seen that if ten mixes were tested with an
equal number of trials for each, the precision of the system
parameters, S, , and §, , is better than three-fold improved
over the precisions of the determinations for individual mixes,
Standard statistical procedures can be used to test the validity
of the above assumptions for specific collections of data.

"The term "effective sample size" 1s used to denote the fact
that for Bruceton data, mi 1s not the number of trials, but is
rather the number of fires or the number of falls, whichever is
least.

\
|
|
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8.7 Presentation of Data. Ordinarily the measured and
reported Bensitivity data for individual mixes are

¥, » the 50-percent point
A , the standard deviation
W , the effective sample size.

For fitted data the corrected 50-percent points, the system
standard deviation, $ , and the total sample size, N , would
be given. Figure 8.7 shows the observed sensitivities for a
typical RDX/Calcium Stearate series (Table 7.2). The

corrected (fitted) data are also indicated (Table 8.7).
Sometimes it will not be possible to adjust, or fit, the data
for a number of explosives. For instance, a series of standard
éxplosives would yleld individual means and standard deviations
that are essentlally independent--e.g., the standard deviation
of TNT is not necessarily characteristic of various cyclotols.
In such cases, only observed data would be given. Whether
smoothed or observed data are reported, the composition and
density, plus any other charge preparation or special con-
figuration information, should also be given for each sensi-
tivity figure,

8.8 Transformation to Probability Space. In order to
apply the VARICOMP process the data must be converted to
straight-line relationships of response versus stimulus. This
can be done by plotting them on appropriate probability graph
paper. For instance, the fitted data of Figure 8.7 are plotted
in this manner in Figure 8.8. Mathematically the equivalent
(and alternative) method 18 to generate the equations of the
line in the general form

R=A*+tB
where
A=Yy
d -
an b oo EﬂL'

Here R 1is the probability expressed in normits, and X and 4
(previously defined) are expressed in the units characteristic
of the stimulus.
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FIGURE 87 SENSITIVITY VERSUS COMPOSITION
FOR VARIOUS RDX/ CALCIUM STEARATE MIXTURES
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Table 8.7

FITTED VALUES OF THE SENSITIVITIES
OF VARIOUS RDX/CALCIUM STEARATE COMPOSITIONS

C, X, 50 Percent Point (DBg)
Composition
% Ca Stearate) 'Observed Fitted
0.67 4,07 4,24
1.35 4.79 4,71
1.36 4.66 b,72
1,63 4,68 4,84
1.87 5,04 4.93
2.57 5.14 5.15
2,66 5.25 5.17
3.69 5.28 5.39
3.76 5.48 5.40
4 .96 5.56 5.59
5.28 5.59 5.63
6.94 5.82 5.82
T A7 5.84 5.87
10.81 6.03 6.12
11.06 6.11 6.13
13.96 6.22 6.29
13.99 6.25 6.29
14,32 6.38 6.31

Values fitted according to
X = 1.553 log C + 4,150,
Composite standard deviation of the sample, S , is 0,087 DBg.

Composlte standard deviation of the mean, S, , is 0.02 DBg.
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8.9 When the sensitivity pilcture cannot be presented as
simply as above, because of batch-to-batch variation, limited
sample size, or suspected or detected inaccuracies of the test
method, it wlll be necessary to present additional information--
confldence intervals about the various parameters, statements
of experimental and inherent error in the determinations, qual-
1ficatlions, etc,

8.10 Centering of Calibration Tests. Ideally, the
calibration of the design explosive should be carried out by
some test plan which will have the greatest precision at the
level of performance which the design 1s expected to exhibit.
Thus, 1f a rellability figure 1s to be estimated at some level
(such as 99 percent) i1t would be desirable to establish, with
most precision, the stimulus which will cause thils response,

It is very difficult, if not prohibltive, to calibrate in this
fashion at the higher reliablilities. The practical alternative
is to find a compromise centering level which approaches, but may
not reach these reliabilities. Therefore, 1t would be best to
try for the least variability at a 70-, 80-, or even 90-percent
functioning level (30, 20, or even 10 percent for safety testing).
An example of off-center calibration is given in Paragraph 8.11,
The extrapolation from VARICOMP performance test data to the
response to be expected from the design explosive will be much
less tenuous when the deslign explosive sensitivity 1s extended
not from 50-percent response data but from 90-percent response
data. Certaln speelallzed stalr-step plans can be-used for
estimating other than 50-percent response data., However, the
more generally effective approach appears to be a carefully
planned run-down series. If both rellability and safety
estimates are to be made uslng the same callbratlon test data
for the design explosive, it may well be that the famlliar
Bruceton test plan will turn out to be the most efficient
approach, The centering of the callbration of the VARICOMP
explosives 1s optimum at the 50-percent level., This is

because the total sample slize of each VARICOMP explosive will
be relatively small. The observed responses will ordinarily
fall in the range of 5 percent to 95 percent and will, in
general, be centered about 50 percent. It 1s therefore sen-
slble to calibrate the VARICOMP explosives with greatest
precision at the expected level of performance.
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8.11 Example. As an example of handling the data a hypo-
thetIcal calibration of an explosive willl be analyzed using Probit
techniques. This ‘example will be used in the analysis of stair-
step performance test data in the next two sections so that the
details wlll be followed through step by step. (This type of
calculation is discussed in reference 23.)

The first step in the calibratlon of an explosive 1s to
decide the levels at which tests are to be made, the
total number of trials, and the way in which these trials
are to be alloted to the different test levels, As has
been pointed out in paragraphs 8.6 and 8.10 the total
number of trials should be large and the test levels
should be centered at or above the expected TO-percent
level. Since the welghting factor (given in Table E-1)
decreases for higher values of probability (response) it
is desirable to assign the higher levels a greater number
of trials than the lower levels in order to compensate
for this decrease. The test 18 then carried out and the
percent of fires observed at each level 1s recorded.
These values are then converted into probits or normits
using a table such as Table I, page 264, of reference 23.
(Table E~1 of this report could be used if no other is
available.)

For the present example 1t has been decided to make five-
hundred trials. The levels used for testing have stimull
with intensities ranging from 4 to 8, these levels being
chosen since previous experience indicates that the 50-
percent response will occur at a stimulus of about 4 or 5.
(Corresponding dosage levels might be 398, 316, 251, 200,
and 158 mils gap in a small scale gap test,) The number
of trials assigned to each of these levels ranges from

85 to 13% to compensate for the expected decrease 1ln the
weighting factor. These data together with the observed
number of fires and the response in percent, probits and
normits are glven in Table G8.11A,

For the calculations based on these data it is convenient

to form a table such as Table 8.11B, It is also convenlent
to change the 1lndependent variable from the stimulus x to
¥%- %o where +*, 18 one of the central values of x , In
the case| of this example x, was taken as 6. In Table 8.11B
are ente?ed the values at each testing level of the stimulus,
x , the adjusted stimulus, X-%X,, the response, Rp , in
normits, the number of trials, N , the weighting factor,w ,
obtained! from a table such as Table E-1, and the value

of the products Nw , Nw(x-¥,) , Nw(x-x)* , NwRy, andNwRy(x-%).
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The next step 1s t¢ find the sum of each column of these
products. (If a desk computer 1s available not all of
these columns need to be written down. The products are
obtained and summed in one operation.) The computation
proceeds as follows:

Compute the mean value of -y, [ZNW(V-V..)]/ZMW
*, x’“:{[in('t-'lg))/ZNur}+ %,
R, (ENWwRY) / N .

Compute a= LENw (x4 (ENw) -l ENw sy T
B = LE N R, (1-3,3) (E.Mu) ~ [N us (-, (€ MutRo)
Ay = (TR )T Nusl-x, 3]~ [T Murl- ) [ ENwiR (5 -%,))
C-= ZNu/ A
D= Y/ &N
= By /A
b = 8y/A

The best stralght line fit for the expected response is
then ‘

Rp '“‘("‘”"o3+k’

The computation of this equation can be checked by sub-
stituting the mean values of the variables. These should
satlsfy the equation, If they do not, some error has been
made in the computation. The equation for the lower limit
of the response at a specified confidence level 1s

Ry nm(x—yo} +h - t[t(y- "m)h 5 ]v

-3
where t 18 the Student's t (glven in Table E-2), In this
table F 1s the desired confidence level and n is the number
of degrees of freedom which 1s two less than the number of
trials.
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The straight line for the expected response can be
obtained aphically. However this is not recommended
for two reasons: first, it 1is difficult to give the
proper weights to the pointa in fitting by eye; second,
it would be impossible to obtain the estimate of the
lower limit by thls method.

The weilghts used in this example are based on the observed
responses rather than the expected responses as described
in reference 23. In using the method described there the
computation should be repeated using weights based upon
responses as predicted from the equation obtained above.
This 1teration would continue until there was no longer

an appreciable difference 1in the result obtalned.

Table 8.11A
Calibration Data for Design Explosive
No, of No, of Response

Dosage Stimulus Trials Fires Percent Probits Normits
] | T(N) (7,)
398 vy 8 36 424 4,81 -0.19
316 5 | 85 47 55 .3 5.13 0,13
251 6 ‘ 95 65 68.4 5.48 0.48
200 7 100 80 80.0 5.84 0.84
158 8 | 135 119 88.1 6.18 1.18

1 Table 8 11B

Computation of Design Explosive Response

Expected Value and Lower 95=Percent Confidence Limit

X N-%,
4 .2
5 -1
6 O
7 1
8 2

Ro N Nw  Mug(%ps) Nuwr(e-s)  NoRo  NwRo(x-%)
-0.19 85 0.536 45.56 -91.12 182,24 -8.656 17.312
0.13 85 0,600 51.00 -51.00 51.00 6.630 =-6.630
0.48 95 0.530 50,35 0.00 0.00 24,168 0.000
0.84 100 O.477 47.70 47.70 47.70 40,068 40.068
1.18 135 0,368 49,68 99.36 198.72 _58.622 117.244
244,29 4,94 479,66 120,832 167.994
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The mean value of yx-y, 1is 49 . 0,02
244,29

Therefore, the mean value of % 1is 6,02

The mean value of R, 1s 120,832 _ o 495
244 .29

A = (479.66)(244.29) - (4.94)% = 117151.7378

A= (167.994)(244,29) - (4.94)(120.832) = 4o442,3442
A) = (120.832)(479.66) - (4.94)(167.994) = 57128.3868
C = 244,.29/117151.7378 = 0.0021

D = 1/244.29 = 0,0041

The equation for the expected response 1s
Ry = 0.345 (% - %o) + 0.488 = 0.345x - 1.582,

To check this equation substitute the mean values
of % and R, given above

0.495 = (0.345)(6.02) - 1.582 = 0,4949 .
The check is satlisfactory.
The equation of the lower 1limit for the response at
g5=-percent confldence 1is
R,= 0.3451 - 1.582 - 1.65 [0.0021(x-6;02)2+0.0041] 1./2

The value of 1.65 is used for t since we wish to have
a statement at a 95-percent confidence level and we
have 500 trials.
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Q. UP-AND-DOWN PERFORMANCE TEST

9,1 Choice of Plan. The Bruceton test plan (4,7,22,29,30)
is the most generally used up-and-down data collection plan for
explosives testing. Other plans have been developed for
specific and specialized applications (Section 11). The
Bruceton test plan and analytic procedure will be the only
up-and-down method treated in detail.

9.2 Test Requirements and Objectives., The test method
requires that there be an array of equally spaced test levels
in the normalized probabllity space, from which can be chosen
any level at any time in the test sequence. It 1is the expecta-
tion that: ‘

At low levels few if any test subjects will respond.
At high ievels nearly all will respond.
At some &ery high level all will respond (no duds).

The purpose of the experiment is to deduce the test level at
which 50 percent of the population would respond. This
deduced level is not required to be any of the test levels.
and, in fact, is usually anything but. In addition to the
estimate of the level at which 50-percent response is to be
expected, it is also the purpose of the experiment to obtaln
an estimate of the variablllity of the test subjects--the
precision of the experiment.

9.3 A Sophistication. There is a very fundamental
difference between the performance test as used in the VARICOMP
method and the usual explosive sensitivity test.

In the usual sensitivity test, which would include

the callbration test of the VARICOMP method, the
explosive 1s kept the same and the stimulus intensity

is varled. The obJect of the test is to estimate

the response of the exploslve to any stlmulus intensity.
The results of a test might show, for example, that if
the stimulus intenslty were 3 units the response would
be 40 percent; 1f the stimulus were raised to 4 units
the response would be 55 percent; if the stimulus were
increased to 5 units the response might be 63 percent.
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The results of the test would give the response as
a function of the stimulus.

In the VARICOMP performance test, explosives of

different sensitivities are subjected to the same

stimulus and thelr responses given as a function

of their sensitivities., These sensitivities might
" be expressed as the stimull required for 50-percent

response or possibly by purely arbitrary units,

Flgure 9.3 shows the difference between the tests graphically.
The responses of the exploslves are represented by dilagonal
lines, A fixed stimulus 1is represented by a vertical line (EH,
Figure 9,3B).There are many different explosives and many
different stimulus intensities., These would be represented

by families of diagonal and vertical lines,

In the usual sensitivity test the varying intensity
could be consldered as a moving vertical line which
intersects a fixed diagonal line (Figure 9.3A). The
observed data give estimates of the positions of these
intersectiong. The fixed diagonal line is obtained
from observations with a variable vertical line
representing the variable intensity.

In the VARICOMP performance test the explosive is
varied: the diagonal 1line is the moving line (Fig-
ure 9.3B). The observed data give the intersectlons
of the moving diagonal line with the fixed vertical
line representing the fixed intensity. In this case
the vertical line 1s obtained using observations with
a variable diagonal line (variable explosive).

9.4 Bruceton Test Plan, Make up an array of test levels
ranging in order from the lowest to the highest probability of
responsge, Select, for the test on the initlal item, a test
level at which approximately 50-percent response 1s anticlpated.
Test the remaining items, one by one, at test levels which are
chosen on the baslis of the observed response of the immediately
preceeding item according to the following rules:

If the item responds, set the next test level one
step lower than the preceeding level, Customarily,
in a reliability test, a response ( a fire) is indi-
cated by x .

If the ltem does not respond, set the next test level
one step higher than the preceeding level. A non-
response in a reliability test (a fail) is indicated
by o .
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As 1t 1s applied to the varlable-sensltivity VARICOMP process,
the test level is the performance test conflguration loaded
with some particular VARICOMP exploslve. The hlgher proba-
bility test levels are those performance test devices loaded

- with the more sensgitive explosives; the lower levels are
those loaded withithe less sensitive explosives.

.5 Blasing the Data, A predetermined number of items
should be tested 1n the Bruceton plan, The total number of
trials should not be changed on the basis of results belng
obtained. For instance, an experimenter might be tempted by
the following reasoning: '

"Normally in a twenty-five-shot Bruceton run, the
number of test levels does not exceed four, If

81X or more levels are required there must be some
difference from normal circumstances. Probably

the material is more variable. In order to compen=-
sate for ‘the loss of efficilency because the step
size is too small for this varlability, increase
the Bruceton run to fifty shots.”

The experimenter is trapped. He 1s Injecting a personal
blas by accepting data when he thinks the variability ls low
enough and by insisting on additional testing when he thinks
the variability is too large., Thils particular practice willl
probably not bilas the 50-percent point estlimates but can be
expected to underestimate the standard deviations by rejectlng
those cases when the standard devlations are properly large.
There are many ways to distort the results at any point in
the data collection and reduction process. One of the best
general methods of avolding such trouble is to decide
beforehand %
How the ﬁest program shall be carried out, including
result-dependent sequencing of alternatlves,
The inteﬁpretation of the varlous possible outcomes,
The confidence levels that will be used for consistency
checks aqd final estimates.
9,6 Data Reduction, Estimate of Mean. The analysis of
Bruceton data can be carried out by the following stepwise

~procedures which ?an also be found in the literature (4,22,29,30):

i
|
|
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Assign consecutive integral numbers to the array of
regularly increasing test levels. The consecutlive
integers can be arranged in either increasing or
decreasing order,

Eliminate from further consideratlon any trlals which
were made before the first reversal in the sequence
of obgserved data, A reversal is defined as belng
either a response followed by a non-response or a
non-response followed by a response,

Beginning with the two trials which constitute the
first reversal, count the number of X's and O's at each
test level (i.e., for each VARICOMP explosive).

Determine whichever of the total number of X's or of
O's 18 the least. Let mg,Wm,,------ Wk denote the
frequencies of this lesser event at each of the levels
for which the event occurred where mp denotes the
frequencies at the lowest level and m, at the highest.

Compute the mean according to
- (A
x:g,f(m-m)[z - +A}
S_'W. i:o
0,

where Yo 18 the lowest level at which a test
18 recorded. (Associated with i:0 )

Y« 18 the next hlgher level, (Assoclated with\bn)
A 1s + 1/2 Af the lesser event 1s a non-response
and A 1is - 1/2 if the lesser event is a response,

.This process has developed a value, % , which is a measure of
the stimulus, % , delivered to the acceptor in the performance
test system, If this value of stimulus 1s substituted in the
design explosives calibration equation, the value for the
expected system reliability, Ry , wlll be found (designated as
point @ in Figure 9.6).

9.7 Data Reduction, Computation of Confidence Limits.
In order to place upper and lower limlts on the estimate 1t 1is
necessary to compute the standard deviation of the mean, 4m ,
which in turn is derived from 4. . Because of the particular
method of obtaining the data, the calculation of 4w requires
the use of correction term & , given in Figure 9,7A so that
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4

A \/—
N
where
take
N=1n

Lo

To obtain A » compute first

| (Lin,)
M = i
) N

120,k

If M>0.5 A can be obtained from Figure 9.7B or from the
expresslon

L= (4 -4 )(1e0I M + 0.064 ),

Special methods for computation of &4 when M 1is less than 0,5
can be found in the literature (4,22), The confidence interval
for the estimate of the population 1s then obtainable by
computing the limits according to % * tAw where t 13 the
Student's t . When the 1limit x - taw 18 converted into the
proper stimulus units (indicated by the x-coordinate of point
L of Figure 9,6) the corresponding pessimistic estimate of
the system reliability Ry (indicated as the R-coordinate of
point N of Figure 9,6) can be found graphically or by substi-
tution in the design explosive calibration equation. The method
of combining the confidences of this pessimistic estimate as
discussed in Paragraph 10,5 also applies in the present case.

9.8 This analysis depends upon the following conditions:

The levels are equally spaced.

The number of X3 and O's in the usable part of the test
is at least 50,
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The standard deviation, 4 , is at least one half the
diff'erence between two consecutive levels.

Even if these conditions do not hold, the Bruceton analysis
can cometlmes still be used with these varlations:

The effect of unequal spacing 1s discussed 1n Para-
graph 9,10, If the spacings must be congldered as
unequal the data must be analyzed by the Probit
method (23).

If the total sample size condition cannot be met,
less accurate, but still reasonable, estimates of

4 and 4 are obtalned, Alternate schemes for
analysis for smaller sample size estimates are given
in the AMP report (22).

When the step size 1s greater than 2 standard devia-
tions the AMP report should be consulted (22),

9.9 Example, Bruceton Method. This example 1s given,
independent of any physlcal system, to 1llustrate the approach
to testing, data collecting, and data reductlion. In thils
illustration a fire 1s considered as a response and a fail
as a non-response gince this is a rellability test.

9.9.1 For this example it is assumed that a series

of five VARICOMP explosives has been calibrated. This
calibration has shown that thelr sensitlvities can be
regarded as equally spaced*and that 1t 1s reasonable

to expect that when used in the ordnance design they
wlll cover the range of sensitivities from high to low
reliabilities., It has been decided that the test will
be made having twenty trials, the count to begin with
the first reversal. The first trial is made with
VARICOMP Explosive Four and results in a non-fire.

This 1s recorded by entering an o 1in Line Four of -

the record, Figure 9.9.1. Moving in the direction

of the more sensitive explosives, the next trial is
made with Explosive Three. This also gives a non-fire
80 an O 1is entered in Line Three of the record. The
next trial is with Exploslve Two and a fire is observed.
This is recorded as an X 1in Line Two of the record.
This giyea the first reversal. The previous trial

*Note that sensitivitles are equally spaced 1in the stimulus scale.
The distribution between stimulus and dosage (5.14 and 5,15)
should be kept in mind,
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(the one with Explosive Three) is the first trial of
the twenty to be made in the test. The next trial is
with Explosive Three, Thils 1s a fire: an x is entered
in Line Three. .The next trial 1s made wlth Explosive
Four, Testing 1s continued in this way until the
twenty trlals have been made., This completes the data
collection of the performance test.

[FIRST USED DATUM POINT

EXPL X 0
|
2 X X x| [x 4-0
3 | [o] Ix] jol Ix ol [o] x| [x 4 -4
4 o\ 0 x| |0 o| [x| [o]2-4
5 0 0 0-2
6
X = FIRE
0 = NON-FIRE
FIGURE 9.9.1

DATA FROM TYPICAL. BRUCETON TEST

9.9.2 Data Reduction., For the calculations based on
the data collected in this example it is assumed that
the calibration has given the following information:

The 50-percent points of VARICOMP Explosives One
to Five are 6, 8, 10, 12, and 14 in the intensity
units chosen in the stimulus scale (Figure 9.9.2A).

A five hundred-trial calibration of the design
explosive with stimulil having intensities from
4 to 8 gives the best straight line for the
prediction of 1ts response to be as given in
Paragraph 8,11

RD = 0'34‘57_—' \'582:
where R, is the response in the normits* and * 1is

the st%mulus intensity in the units chosen (Figure
9.9.2B).

The 95-percent lower confildence limit for the
response of the design explosive 1s

1
Ro =0.345y— 1-582 ~ 1.65 [0-002.1()(-6.02.)7“ +o.oo4|]/7‘;

*For the relationship between the normit and the cumulative normal
distribution function see reference 37, Table E-1 and Figure 5.16.
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Note that since the testing was concentrated

at stimulus levels which give 55- to 85-percent
response, the greatest precision (and the
closest approach of the lower limit hyperbola
to the straight line) is at 70 percent rather
than 50 percent, Paragraph 8.10 discusses the
reagsons for this off-center testing.

Before beginning the computation 1t 1s decided that

the expected rellability and the lower 95-percent
confidence limit of this reliabllity shall be computed.
The first step in the data reduction 18 to count the
number of fires and non-fires recorded 1in the test

for each of the VARICOMP explosives. In this example
the results are: for Explosive Two, four fires and
zero non-fires; for Explosive Three, four fires and
four non-fires; for Explosive Four, two fires and

four non-fires; for Explosive Five, no fires and two
non-fires, BSince the results of the twenty trlals are
equally divibed between fires and non-fires, either

may be used in the calculations, For this example,

the fires will be chosen, Table 9,9.2 shows a con-
venient way of forming the required sums and products,
In this table, m; is the number of fires (or non-fires)
and N 1is the total of all the values of M, . The mean
step number 1,2 corresponds to a hypothetical Explosive
Two-Point-Eight whose number 18 2.8, the mean explosive
number for the fires. A correctlon of 0,5 must be added
to the explosive number giving 3.3 as the mean explo-
slve number.F Had the non-fires been used thelr mean
explosive number would have been 3.8 and the correction
of 0,5 would be subtracted giving the same final result,
If the equation in Paragraph 9.6 were used to compute
the mean expposive number, the arithmetlic would he

%= 4+ (3-4)[F ()]
- 4;+(—G[oq] = 3.3

in agreement with that obtained above.

To convert the mean square deviation, M (given above
and in Paragraph 9.7), to a standard deviation use
Figure 9.7B. The result in this case is 0.95. The
standard deviation of the mean,Ah”would be
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Table 9.9.2

Calculations Used In Brueceton Data Reduction
(Based on Fires Observed in Figure 9.9.1)

Explosive ) - 2
ITitle Number iP* Ny LN i
Two 2 2 4 8 16
Three 3 1 4 4 4
Four 4 0 2 0 0

Sums 10 12 20

2
s 2
Find the correction term = (ZL“‘) = 127 = 14 .4

' 10
Find the mean step number = ._Elrt_ = 12 = 1.2
I, 10

Find the mean sguare deviation, M = Z}zki - correction term

2 i

= 20 - 14,4 = 0,56
10

*In this table U designates an arbltrary naming of the
explosives used in the test where (¢ = 0 18 assigned to the
lowest explosive at which a response occurred.,
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G is found by useé of Figure 9.7A, The values of the mean
and its standard deviation above are in terms of explosive
numbers as units and must be changed to the stimulus
intensity units, Making this change they become 10,6 for
the mean and 0.60 for the standard deviation of the mean,

The lower confidence 1limit for the value of % can be
found using Student's t distribution

X=X A,

where the value of t depends upon N and the degree of
confildence desired., For a one-slided 95-percent confidence
and N equal to 10, t is 1.8%, Thus the lower 95-percent
confidence 1limit for %X 18 9.52 in this example. Thils

is the X coordinate of the point Lt in Figure 9,9.3 and
the mean, 10,6, is the % coordinate of the point M .

A = 0.30.

9. Reliability Estimate. The estimates of design
reliability and its lower limit may be obtained graphi-
cally (Figure 9.9.3) or by substituting these values of
¥ in the equations for the expected reliability and its
lower 1limit. This gives an expected reliability of 2,08
normits with a lower limit of 1.42 normits. The esti-
mated reliability is therefore 98.1 percent with a lower
95-percent confidence limit of 92.2 percent.

9,10 Errors Due to Unequal Spacing of the VARICOMP Explosives.
A fundamental assumption in the analysis of data by the Bruceton
technique is that the stimulus steps are equally spaced**, This
condition will be satisfied 1f the VARICOMP explosives have equally
spaced 50-percent gsensitivity values and if the slopes of their
sensitivity lines are the same., That is, the lines representing
the VARICOMP explosives in Figures 9.3 and 9.9.2A must be equally
spaced and parallel. The 50-percent points of the VARICOMP explo-
sives will probably not be equally spaced because of uncontrollable
variations in their preparation, A statistical desk-top experi-
ment has been carried out by the Monte Carlo technique (Appendix D)
to investigate the effect of unequal spacing. This experiment
showed that, Aif the differences in the locationsof the 50-percent

*See, for instance, Mood "Introduction to the Theory of Statistics"
Table IV, Mc Graw-Hill Book Co., 1950, Also Table E-2 of this report.

f **Note that as previously stated, the stimulus 18 the transformed
dosage which normalizes the response of the system,
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points of a series of unequally spaced explosives with respect

to the locations of the 50-percent points of a serles of equally
spaced explosives 1s taken as normally distributed (mean equal

to zero, standard deviation equal to some fraction of the

spacing between explosives), the effect of unequal spacing would
be small for standard deviations less than one-tenth the explosive
spacing, The effect would be appreciable if the standard devia-
tion were larger than one-fifth the step size,

9.11 Errors Due to Variation In the Standard Deviations

of the VARTCOMP Explosives. The variatlon within any one oOf
the VARICOMP explosives 18 measured by the standard deviation

of i1ts sensitivity. This variation is inversely related to

the slope of the sensitivity line of the appropriate explosive.
It has been assumed that these lines are parallel, 1,e., the
standard deviations of the VARICOMP explosives are equal. This
seem8 to be & reasonable assumption for a series of similar
explosives such as RDX/Calcium Stearate in different proportions.
However, 1t might be that the standard deviation changes in some
systematic way with the composition. It might, for instance,
increase with increasing diluent, If the VARICOMP series were.
made up of unrelated explosives, a possibility whlch has already
been pointed out, the standard deviations might be unrelated.
Experience in sensitivity testing glves some indlication that
the standard deviation 1is a characteristic of the test system
rather than of the explosive. In Figure 9.9.3 the vertical
line through M represents the constant stimulus to which the
acceptor is subjected., The testing procedure measures the
response of the VARICOMP explosives to this constant stimulus.
In other words, it deals with the intersection of the vertical
line through M with the line of the VARICOMP explosive tested.
If, as shown 1ln Figure 9.11, the VARICOMP lines are not
parallel, the actual test levels will not be equally spaced

for the constant stimulus even though the 50-percent points

are equally spaced. The effect of parallelism errors will be
similar to the errors in the 50-percent points, The effect
will be smaller for explosives whose 50-percent points are
closest to the constant stimulus characteristic of the par-
ticular test--for instance, Explosives Three and Four of

Figure 9.11., If the slopes of the lines decrease steadlly

(the standard deviations increase) from the more to the less
sensitive explosives the effect 1s to make the steps closer
together with the less sensitive, and farther apart with the
more sensitive explosives. The result of thils would be to
predict a somewhat higher performance of the ordnance item

than the correct value (overestimate its reliability). The
error does not seem to be great, although not enough work has
been done to give an exact statement concerning 1ts magnitude.
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9.12 Errors Due to Small Sample Size, The point M in
Figure 9.9.3 1s determined by the mean obtained from the
Bruceton test results. The standard deviation of the mean,
which is the measure of the preclsion, varies inversely with
the square root of the number of trials in the test. Two
situations were studied and are presented in Table 9.12 to
gilve an indication of the magnitude of uncertainty which
can be expected as the sample size is changed.
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Table 9.12

Effect of Sample Size on the Estimate of
the Minimum Reliability, at 95-Percent Confildence
Predicted from Bruceton Data
Giving Observed Reliabillities of 99 Percent

Test I Test 11

Normit Space
Between Levels 0.25 1.00
(Vertical Spacing)

Number of Levels 8 y
Maximum Level +1.10 +1.40
(Normits)
inimum Level _ -0.65 -1.60

Single-Sided Lower Limit 95-Percent
Number of Confidence Estimate, at 95~Percent
Ttems Tested Confidence, of Reliability (in percent)
' Test I Test II
25 97.6 97.2
50 98.2 98.0
100 98.5 98.3
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10. RUN-DOWN PERFORMANCE TEST

10,1 Data Collectlion, Run-~down performance tests can be
made with one or with more than one VARICOMP explosive. The
number of explosives and the number of trials with each explo-
sive should be decided upon before the run-down phase of the
experimentation begins., It 1s often good strategy to run a
preliminary up-and-down type of test 1n order to select the
run-down test levels, Note that the stipulation of a prede-
termined number of trials at each level is in contradietion to
the Bruceton plan where only the total number of usable trials
is predetermined, ' The number of test levels and trials at each
level 1s not at the optlon of the experimenter. For the run-
down method the choice of explosive(s) from the serles should
be made with the objective of observing mixed responses (fires
and non-fires), The optimal choice will ordinarily be the
explosive(s) giving the closest to 50-percent response in the
performance test system,

'10.2 Acceptable Test Modifications, The stipulation of a
predetermined number of trials at predetermined test level(s)
can be set aside for certain legitimate reasons., For instance,
assume that a level 1s being studied wherein the performance
test results must exhibit a high percentage of functioning in
order for the design system to be rellable., If 1in the first
few trials some or all fall, indicating an unrellable system,
there 1s no point in expending any more time or material. At
this point a redesign, and/or a reevaluation of the goals is
in order. This approach has been used profitably in the past
whereln unreliable systems were quickly detected, often with
less than ten, or even less than five, trials.

10,3 Single Explosive, Data Collection and Reduction.
This Is the simplest posslble appllicatlon of the VARICOMP
method. The notation used here is explained in Table 10.3,

Let the performance test be carried out for N trials
with one VARICOMP exploslve, with the observation of
ny successes and M, faillures, where § 18 the sum of
M, and wn, .

Compute the observed probability of response, ,l&; , as
nx /N . This locates point M on the calibration
line of the VARICOMP explosive shown in Figure 10.,3.
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RESPONSE COORDINATE
STIMULUS CATEGORY
EXPLOSIVE EXPLOSIVE
R, R. X POPULATION
. R OBSERVED
. { EXPECTED OR
oo o™i oX MOST LIKELY)
ORD o i - SINGLE-SIDED
X LOWER-L IMIT
ESTIMATE
LRD LRi
COMPOSITE
Q 1 SINGLE-SIDED
MV g LOWER-LIMIT
ESTIMATE
NOTE: CONFIDENCE OF ESTIMATES MADE ON THE BASIS OF PERFORMANCE TEST
DATA ( SIGNIFIED BY LEADING SUBSCRIPT L--eg. LRD) 1S cp
NOTE : CONFIDENCE OF ESTIMATES MADE TO ALLOW FOR LIMITED CALIBRATION SIZE
AND /OR MULTIPLE BATCHES (SIGNIFIED BY AN UPPER CASE-SCRIPT R ) IS C¢
(4%, oRp)
- (oxnoRD )
LOWER LIMIT ESTIMATE
AT CONFIDENCE G
af
I ( X, Ry) 551
= Nz
2 85
[+ 4 %-_';
-
P g E: /' (oX10R)
BLS
(= (X, LR )
cOME
VPREZENE
e\ - ESTIMATE AT CONFIDENCE Cp,
L = STIMULUS
TABLE 10.3

THE SYSTEM OF NOTATION
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T |
© !
T
| OBSERVED:
; Mx FIRES OUT
: OF N TRAILS
i R o Mx
R OBSERVED PROBABILITY & o"'g ~ N
o B OF RESPONSE
| LR g 1S COMPUTED)
AT CONFIDENCE,
Cp,USING BI-
NOMIAL
R _ _LOWER LIMIT OF RESPONSE AT L STATISTICS
w/ LB CONFIDENCE Cp,
73]
=
) STIMULUS
o 7
wn
w
o |
: - OBSERVED STIMULUS DERIVED
; FROM THE INTERSECTION OF THE
LINE REPRESENTING THE
OBSERVED RESPONSE WITH THE
CALIBRATION LINE FOR EXPL.3
LOWER LIMIT OF STIMULUS DERIVED —~
z FROM THE INTERSECTION OF THE
- LINE REPRESENTING THE OBSERVED
RESPONSE WITH THE CALIBRATION
LINE FOR EXPL.3
X X
L )

FIGURE 10.3 TREATMENT OF SINGLE-VARICOMP EXPLOSIVE
RUN-DOWN PERFORMANCE TEST DATA
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Select a confidence level,Cp , which will be assoclated
with ,m; , the estimate of the lower limit of the
response of the performance test system when loaded
with the VARICOMP explosive.

Select a confidence level, C¢ , which will be assocl-
ated with estimates based on the callbration equation
for the design exploslve.

Compute the lower confidence 1limit, R, , for the
estimated probability of response, rR;, in the perform-
ance test system using blnominal sta%istics. Tabulated
values as in Table 2.4, can be found in standard books
on statistlcs. (Care must be exercilsed to identify
whether "one-tailed" or "two tailed" limits are
tabulated, and to decide which of these limits is
appropriate to the task in hand,) This lower confi-
dence limit, R,, 1s plotted at point L on the
calibration line in Figure 10.3. Corresponding to the
limit, R; , determine the value of the stimulus, [X ,
which is the estimate of the stimulus, sxx , derived
from the donor, the estimate being made at a confidence
Cp . The value of ¥ can be read from Figure 10,3,

or else by convertling «R{ into normits followed by
substitution into the VARICOMP explosive calibration
equation. In those cases where a saturated response

18 observed (all-fires or all-fails) oR: becomes
elther +oo or -~ when transformed to normits.

The lower limit, R;, for the all-fire case (the upper
limit yR, , for the all-fail case) is tabulated the
same as for mixed responses. The stimull assoclated
wlth such limits can be computed as described above.

10,4 Single Explosive, Rellability Estimate. The performance
test above has ylelded a value of stimulus, X , which is taken
to be the least intense stimulus which can be expected from the
donor at a confidence Cp . The expectation of response of the
deslgn system when exposed to the stimulus can be found from
the design explosive calibration equation., Again, this estimate
can be made elther graphically, as in Figure 10,4, or algebrai-
cally. When the observed stimulus, ¢¥ , 18 substituted 1in the
equation for the observed calibration of the desigh explosive,
an estimate of the most likely reliability, ,r, , wlll be
obtained (point @ in Figure 10.,4), When the lower limit of
the stimulus, . x , 1s substituted in the equation for the
lower 1limit of the design explosive the most pessimistic esti-
mate, R, , 1s obtained (point N 1in Figure 10.4).
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FIGURE 10.4 ESTIMATE OF RESPONSE OF A SYSTEM LOADED
WITH THE DESIGN EXPLOSIVE, BASED ON SINGLE-VARICOMP-
EXPLOSIVE RUN-DOWN PERFORMANCE TEST DATA
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10,5 Single Exploslve, Confldence of Rc»;elj,ef.-lbzll:nz%}.1 The
estimate Rp 18 a two-step conservatlive estimate, at 1is,
it 1s a minimum limit for the value of Ry , given the value
of x . But . X is 1in itself a lower limit for the estimate
of & . The computation of the confidence of the composite

estimate 1s not simple. The true confidence value can be
bracketed partially:

The total estimate of Wp 1s made up of two independent
sub-estimates, one Ry and the other X .

There are four possible situations for these estimates.
Either of the two estimates can be right or either of
them can be wrong, each independent of the other, The
probability of each estimate being right is glven by
its confidence level, The individual and joint
probabilities are listed in Table 10.,5. From this
table it can be seen that

The probability that the final Joint estimate 1is
wrong will be at least as great as Py (both
estimates wrong).

The probability that the final Joint estimate is
right will be at least as great as P, (both
estimates right).

In those situations wherein one estimate 1s
right and the other 1s wrong, it 1s not possible
to tell whether or not the Joint estimate 1is

right or wrong. The probability of this ambiguous
situation is PB.\- Pe - :

The derivation of the distribution of
"
P(R> R, |c,¥C.)

may require the use of Monte Carlo techniques. There 1s some
baslis for a suspicion that the above distribution function may
be influenced by the conditions of the test. For instance,

it may be altered by the relationship between the slopes of
the two calibration curves, In any case, 1t is proper to say
that the confidence of the comblned estimate falls between the
two 1limits C.-C, and(1-CHI-Cp)

¥This symbolism expressed in words 1s
The probabillity that the true reliabillity, R , 1s equal to
or greater than the joint conservative estimate.of the relia-

bility, 'R, , given the confidences, C, andC, , of the sub-
estimate.
: 89
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CONSERVATIVE ESTIMATE OF CONSERVATIVE ESTIMATE

RESPONSE OF DESIGN EXPLOSIVE
SITUATION GIVEN THE STIMULUS ' OF STIMULUS
CONDITION PROBABILITY CONDITION PROBABILITY
WITHIN LIMIT WITHIN LIMIT

©JERorwmy| S | XX

OUTSIDE LIMIT WITHIN LiMIT
B f -c, o= x}l
L
&X [R 5 < RD } P { ¢
WITHIN LIMIT OUTSIDE LIMIT
C , | Coe I-C
= < c
1x fR D RD} {X Lx 1
OUTSIDE LIMIT OUTSIDE LIMIT

=Ce <X | 1-c

HRo<R,)

P R ? LRD‘z Ps = (I-Cp) C

P[ R? X, |= P = Cp (I-Cc)

Pl R< m, )= Po - tI-coli - co

NOTE . THE SYMBOL, |R p DENOTES THE TRUE RESPONSE OF THE DESIGN EXPLOSIVE
FOR A SPECIFIC STIMULUS, x

TABLE 10.5 COMPOSITE CONFIDENCE OF COMBINED
3 ESTIMATES
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10.6 Multiple Explosive, Data Reduction, Probit Analysis.
If more than one VARICOMP explosive 1s used the results for
all of the explosives must be included. The determination of
the probability of the response for each explosive will have
a certaln precislon, This precision will depend upon the
expected probability of response for each particular explosive.
Note that thls 1s the expected probabillity and not the observed
probabllity., The separate observations or determinations
should be combined as a welghted average whereln the welghting
takes into account the individual precisions, and therefore the
individual expected probabilitles., The expected probabllities
cannot be determined until the stimulus which will cause them
has been found. But the computation of the stimulus depends
upon welighting of the data according to this expectation. The
technique of probit analysis as developed by Finney (23)
converges on the correct answer by using the observed data as
a first guess of the expected values. A provisional stimulus
1s found from which new expected probablilities will generate
new welghts for the observed data. This process is continued
in an iterative fashion until an answer 1s obtained.

10,7 Multiple Explosive, Data Reduction, Non-Iterative,
If the probabITlity of the system 1s distributed according to
the logistliec funetion, the one=-shot, non-iteratlve logit
analysis (25) gives efficient estimates with very little
computational effort. An equivalent method in the Gaussian
probability space, called the normit analysis (37), 1s somewhat
more complex. A simplified one-shot weighted average can be
used which borrows from the probit analysis by using the
welghting factor:

wg(g%)

where:
P 1s the observed probability of fire*

¥For a saturated level (where the trials are either all x's or
all O's ), the practice 1s to convert one of the trials to a
1/2 x and a 1/2 0 . For instance, 1f six out of six fired,
then m, would be 5.5 and m, would be 0,5.
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%4 1s the qbserved probability of non-fire

% 1s the drdinate of the probability density function
associated with b . (See Table V reference 23 and
Table E-1 of this report.)

This weighting factor, when rewritten in the notation of
Paragraph 10.3, becomes

a

R S o
T RO-R) Ny N,

The analysis whicﬁ will use this weightlng factor could be
carried out in the following sequence:

For each VARICOMP explosive compute the observed
probability, ,R; , and find the corresponding normit
values.

From the calibration equations compute the observed
stimuli,° . 5 corresponding to the normits Just
computed.

The weighted average of all of the stimull is computed
according to

L M
Zﬂ#ﬁ =1,

»l!

|
where J 1s the number of VARICOMP explosives used in
the performance test, Thils average 1s the estlmate
of the stimulus derivable from the donor through the
interface into the acceptor,

The substitution of the estimated stimulus value in the call-
bration equation for the design explosive wlll yileld an
estimate of the reliabllity of the performance test system
when loaded with the design exploslve.

10.8 Errors Due to Calibration Uncertainty. As was
mentToned previously the calibrations of the design and
VARICOMP explosives will be subjJect to errors--errors in
determination of the standard deviation (slope of the line)
and of the 50-percent point ( X -axls intercept). The
computation of the combined effect of these errors on the pre-
cision of the reliability estimate will be giVen for the case
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of a single VARICOMP exploslve used In a run-down performance
test. The followlng derivatlon of the procedure for computing
this effect is based on a generalized system. (All relia-
bilities are expressed in normits.)

Let the true callbration equation for the design
explosive be:

RD:“U*DB‘ (10.8.1)

Let the calibration equation, based on experiment,
have errors in slope, 4w , and in the 50-percent
point, AD .

el el

Let the true callbratlion equation for the VARICOMP
Exploslve A be:

m“‘“(*-ﬂ‘ (10.8.3)

Let the experimentally determined equation for the
VARICOMP Exploslive A be:

(s A'h\){x ""-A*A'\\] (10.8.4)

Note that the true slopes of the sensitivity lines
of the two explosives are taken equal, and that the
error in determination of the slopes is the same for
both.

The true value of stimulus, X , can be taken asgs zero without
loss of generality. Therefore,

Rp= -mD (10.8.1a)
and

Rac=-wh | (10.8.3a)
Since only the effect of callbration error 1s belng studled,
it can be assumed for the present that Ra and R, are equal.
The description of the observed stimulus for the VARICOMP
Explosive A can therefore be obtained by combining Equatilons
(10.8.3) and (10.8.4):

< - AN Aww + wAA r Al

° i Dwm

- (10.8.5)
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That 1s, any departure of the value of the observed stimulus,
oX , from the true value, X , must be due to the VARICOMP
explosive calibration errors am and A , When the above
observed value of stimulus 1s substituted 1n the calibration
equation for the design explosive, the value for the estimated
observed design reliabllity becomes

Ry 2 AR 2w +mAA + ALw = Dw - D Awm-mAD-ADAM , (10.8.6)
The reliabllity estimation error, £ » 1s given by’JZD —[Q b °
Therefore,

€ - AAAm+wAA«AAm DAwm-mAD =~ ADAw.  (10.8.7)

This equation expresaes a relationship which will hold for
each experiment in this system, To generalize for all
experiments this equation 1is more properly written

E; - wm( DA, -AD:) + Awn; (A=D) + 2w (4A-AD;). (10.8.7a)

The last term can be neglected since 1t is of the second order
and therefore small compared to the other terms. By squaring
and summing the remaining terms for all possible errors (for
cases L' 4o L=w ) and by dividing the sum by w , the variance
of Ry (neglecting performance test reliability) is found to be

Va =_7:€¢ _,+ (Vo + Vg ) * (A ~DYV,,
» n .‘_-_‘,?h

\

In Equation 10,8. 8 the sums of the cross products of the errors
ah , s> , and 4w have been omitted on the assumption that the
individual errors\are uncorrelated, For this reason these sums
are equal to zero, Equation 10,8, 8 gives the variance of the
reliabllity estimate due to calibration errors. If now the
varlance, Vp , of the determination of the VARICOMP explosive
response 1in the performance test 1s also included (that is if
.. 1s taken equal to the sum of ®, and aR, ) the complete
equation is % _

Ve, = Ve *mluy V) + (A-DY'V,,

(10.8.8)

{10.8.9)

These variances must be expressed in (logits)a, (normita)2
or simllar units énd not in. percentages.
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10.9 Example, Run-Down Method, Assume that there exists
a system for the study of which the design explosive and two
VARICOMP explosives, Explosive A and Explosive B, have been
calibrated (Figure 10,9). The calibration equation of the
design explosive 1g:*

Rp=0.3451.-1.582

with its lower limit, at 95-percent confldence, given by

V.
Ro= 0.345%- 1582 - 165 [ 0.0021( %-6.02)* +0.0041 |

The calibration of Explosive A 1is
Ra = 0.35 %~ 2.5
and of Explosive B 1is

RB=(115¥~30.
In the above equations the response is expressed in normits.

10.9.1 Single VARICOMP Explosive, Data Collection.

Five fires are observed 1n seven trlials with VARICOMP
Explosive A in the performance test, The observed
response 1s therefore Tl percent. The lower one-sided
95-percent confidence limit for the estimate of the

true response 1in this case 18 34 percent (from Table 2.4
or reference 42),.

10,9.,2 Single VARICOMP Explosive, Algebraic Data
Reduction. The calibration equaEions given above may
be used to obtain the reliability predictions. Since
the values of Ry, Rp and Ra in these equations are in
normits, the observed response and its lower limit

must be changed to these units, Thus 71l percent becomes
0.55 normits and 34 percent becomes =0.41 normits. The
values of * which correspond to the observed response
and to the lower 1limit of the estimate of the response
with the VARICOMP Explosive A are found to be 8.72 and
5.97 by substitution in the equation of the line for
this explosive, Substitutlion of the first of these
values of %X 1n the equation for the expected response

*This 1s the same design explosive as was used in the Bruceton
example, Paragraph 9.9.2 and Figure 9.9.2A.
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" of the design explosive gives 1.43 normits which 1s
equivalent to 92.4 percent as the expected rellability
of the ordnance design. Substitution of the lower limit
for the value of x 1in the equation for the lower limit
for the response of the design explosive glves a value
of 0,37 normits or 64.4 percent for thls lower limit.
The estimate of at least 6U4,4-percent reliabillty is
made at a confidence between 90.25 percent and 99.75
percent . *

A short cut can be taken if the responses of the
design explosive and the VARICOMP explosive can
be represented by parallel lines spaced a known
distance, say 1 normit, apart. In such a case
the final estimates could be obtained by adding
this amount to the values of the responses for
the VARICOMP explosive., If this technique were
ugsed 1n the above example, for Instance, the
expected reliability would be 1.55 normits or

94 percent with a lower 1limit of 0.59 normits or
72 percent, These results, which are based on
the assumption that the sampling error of the
design explosive can be neglected, are ln error,
Since the two explosives are not represented by
parallel lines the short method should not be used
here. In this case, the result would be too
optimistic because of the upward convergence of
the two calibration 1lines,

10.2.% Single VARICOMP Explosive, Graphical Data
eduction. he intersection of the [l-percent response
Tine oia, with the calibration line (point M of Figure
10.9.3) yields an observed stimulus, ,x , of 8.7. The
lower one=-sided 95-percent confidence limit for the
estimate of the true response of VARICOMP Explosive A,
LR » 18 34 percent, The intersection of the 34~per-
cent response line with the calibration line (point L
of Figure 10.,9.3) yields a stimulus, X , of 5.9.
Drawing vertical lines from these polnts to intersect
the band for the design explosive, the predictions of
92,4 percent (point ® of Figure 10.9.3) and 64.4
percent (point N of Figure 10,9.3) are obtained for
the expected reliability and its lower limit at greater
than 90-percent confidence,

¥Phese confidence levels are obtained from

Ce'Ce = 0,95 «» 0,95 = 0.9025
1= -CY(1-Ce) = 1 - (0.05)(0.05) = 0.9975
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10.9.4 Two VARICOMP Explosives, Data Collection,

For an example of collection and analysis of data when
using two VARICOMP explosives with the run-down scheme
it 1s assumed that the design tested in the previous
example has been modifled geometrically in an effort
to improve its reliability. The improved deslgn is to
be tested by making ten trials with the VARICOMP
Explosive A and five trials with VARICOMP Explosive B,

(The equations of the responses of the explosives are
given in Paragraph 10.9.) The results of the perform-
ance test, made according to the above plan, show all
ten trials with VARICOMP Explosive A as fires and two
of the five trials with VARICOMP Explosive B as fires.

10.9.5 Two VARICOMP Explosives, Data Reduction.

SIince the observed 100-percent response with VARICOMP
Explosive A cannot be expressed in normlts, the data
are treated as suggested in Paragraph 10.7. Calcu-
lations are made using 9.5 fires in ten trials wlth
this explosive., The computatlon follows the steps

in Paragraph 10,7 and is outlined in Table 10.9.5.
Substitution of the average value of oX in the equation
for the expected response of the-design exploslve gives
2,24 normits whieh is equivalent to 98.7 percent.
Figure 10.9.5 shows the plot of the observed data and
the expected response of the system with the deslgn
explosive,
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|
|
{ Table 10.9.5

Computation of the Average
Observed Stimulus Intensity

M. '

Number of Observed Response Stimulus ¥ from
xplosive Trials percent normits Calibration Curve
A 10; 95 1.64 11.8
B 5 40 -0.25 11.0
Explosive e W " s X
A 11.8 | 0.22 2,20 25.96
B 11.0 0.62 3.10 34,10

INneX = | 60.06

s Thw = 5.30
N

thz o Xpg = 11.33
w
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10,10 Small Sample Errors and Limitations, Single Explosive,
The observed response obtalned from a small number of trials
willl not be the true value for the probability of fire. First,
the sample will not be perfectly representative of the general
population (sampling error). Second, a sample of five, for
instance, can only show a percent response of 0, 20, 40, 60,
80, or 100 while the true value might be anything between
O and 100 percent. The amount of this uncertainty when one
VARICOMP explosive 18 used and no more than two non-fires occur
is shown in Table 2.4. This 1s the effect on the performance
of the ordnance 1tem with the VARICOMP explosive in place of
the deslgn explosive, The effect on the final estimate will
depend on the difference in sensitivity between the two explo-
sives, For Instance, with a VARICOMP explosive whose sensi-
tivity line 1s parallel to the design line and spaced 1 normit
less sensitive %measured on any vertical line), an observation
of no non-fires 1n five shots with the VARICOMP explosive
would indicate a weapon reliability of at least 86.9 percent
(Figure 10.10). An observation of no non-fires in ten trials
would indicate a reliability of at least 95,0 percent, If
the VARICOMP explosive 1s spaced 1,5 normits less sensitive than
the design explosive, minimum reliabilities for the above
observations would he ' 94.8 percent and 98.4 percent,
respectively (Figure 10.10). These are the highest reliabilities
that can be demonstrated for these sample sizes and spacings
regardless of how rellable the system might be.

10.11 Small Sample Errors and Limitations, More than
One Explosive, When more than one VARICOMP explosive 1s
used in the performance test the effect of the small sample
size will be a combination of the separate errors of this
sort for each exploslve. The Monte Carlo approach has bheen
used to estimate the magnitude of this effect in desk-top
tests, Four VARICOMP explosives were simulated, Their sensi-
tivities to a stimulus for which the design explosive was set
at a response of 97.5 percent were 93, 79.9, 55.6, and 28.8
percent,

Eight repllcates were performed in which ten trials
were made with each VARICOMP explosive, For those
cases 1in which all fires occurred the data were
corrected as described in Paragraph 10.7.

The computed standard deviation of the weapon relia-
bilitles in terms of normits was 0,185, Three
standard deviations below the central value gives a
predicted reliability of 92.0 percent (to be compared
with the assumed 97.5 percent response).
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A set of sixteen replicates was carriled out in which
five trials were made with each VARICOMP explosive,
The standard deviation of the predicted reliabilities
was 0,277 normits. Three standard deviations below
the central value glves a rellabllity prediction of
89.5 percent (to be compared with the assumed 97.5
percent response),

The magnitude of this effect will undoubtedly depend upon the
number of VARICOMP explosives used, on the spacing of their
sensitivities, and probably on other factors., The results
quoted above can therefore be taken only as an indication of
the effect of thi% uncertainty.
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11, COMPARISON OF VARIOUS DATA COLLECTION METHODS

11.1 Choice Between Stairstep and Run-down Methods. The
choiZe between the use ol a stairsfep or up-and-down procedure
and the use of a run-down procedure will depend upon one or
more of several factors. Each type of test has certain features
which may make its choice desirable. The analysis of any up-and-
down test, such as the Bruceton test, ordinarily assumes that
the test levels are equally spaced. This requires that the 50-
percent points of the VARICOMP explosives be equally spaced and
that the slopes of their sensitivity lines be equal. The slopes
of the lines need not be known. With the run-down method the
50-percent points do not need to be equally spaced nor do the
lines need to be parallel. However, both the 50-percent points
and the slopes of the VARICOMP lines must be known. The up-and-
down method requires the use of several VARICOMP explosives
arranged in a regular graded series of sensitivities. The run-
down method may use several explosives 1f thils appears desirable,
but it may be used with only one VARICOMP explosive., 1In an
up-and-down test the result of one trlal must be known before
the set-up for the next trial can be made, In a run-down test
the trials are made independently of each other. The set-ups
could all be made in advance and randomized. Such randomization
would not be possible with an up-and-down test. The up-and-down
test would therefore be subject to errors due to trends which
might occur in the loading of test items. The design of an
up-and-down test will concentrate the trials at a certain point,
For instance, the Bruceton test concentrates the trials near
the 50-percent point, - In the run-down test the levels used
are chosen entirely according to the Jjudgement of the experi-
menter. On the other hand, the run-down test can be designed
to center about some other point. As has been pointed out
in Paragraph 8.10, it 1s often desirable to calibrate the
design explosive with most of the trials (and therefore the
greatest precision) in the vicinity of the 70-, 80~, or 90~
percent point. The up-and-down methods require a serles of
several explosives equally spaced in sensitivity represented
by parallel lines in the calibration., If it 1s not possible or
desirable to use such a series of explosives the run-down method
should be used.

11.2 Other Stalrcase Testin% Methods. For most testing,
either in the callbration or performance tests, the best

method will be either a run-down or a Bruceton test, However,
there may be situations in whlch some one of the other stalrcase
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methods of sensitivity testing may be advantageous. This would
be the case, for instance, 1f a trial which resulted in a fire
was very much more expensive than one which resulted in a non-
fire. In thls situation, the single exploslion method as
described in reference 30 might be used to estimate the VARICOMP
exploaive number which would have a response of 10 percent in
much the same way as the Bruceton method estimates the explo-
slve having a 50-percent response, The result of a test carried
out by thls method would be plotted in the same way as the point
™M in Figure 9.9.3 except that 1t would be located on the
10-percent line rather than the 50-percent line. Other methods
descrilbed in this reference might be desirable in some cases.
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12, DESIGN OF EXPERIMENT

12,1 In the use of the VARICOMP procedure the rellability
of an ordnance ltem is evaluated using one or more of the
VARICOMP explosives. Then, in terms of the calibratlon tests,
an estimate 18 made of the 1increase in reliabillty which can
be expected when the design explosive 1s used 1n place of the
VARICOMP explosives.

12.2 The callbration test should be an extenslve test
which would determine very accurately the comparative sensi-
tivities of the VARICOMP explosives and the design explosives,
such as Tetryl, CH-6, and TNT. This callbration, like any
other calibration, would ordlinarily have been done before the
performance test program 1s formulated and by a different person,
The type of test used in the callibration should be one which
would give results applicable to as wilde a varlety of practical
systems as possible, The small scale gap test is worthy of
conslderation. However, since the interface between donor and
acceptor 1s a s0lid barriler in this test, 1t may not be exactly
applicable to a system in whieh the transfer mechanism depends
largely upon fragments striking the acceptor, There might also
be other conditions which affect its applicability. The person
using the VARICOMP method of evaluating a practical system
should be sufficiently well acquainted with the calibration
test to be able to declde whether or not the calibratlion is
applicable to his system.

12.3 If the experimenter decldes that the existing cali-
bration cannot be used with his system, a new callbration must
be made using a mock-up of his system., If several VARICOMP
explosives are used 1n the performance test, and i1f the best
stralght line through the points representing their responses
departs significantly from the vertical (Figure 12.3), this
may be an indication that the conditlons of the calibration
test differ significantly from those of the performance test,
It should be remembered that if 1t is necessary to discard the
extensive calibratlon much of the advantage of the VARICOMP
procedure will be lost. The error in the final reliability
estimate will be a combination of the error of the performance
test and the error of the callbration. If the precision linher-
ent in an extensive callibration must be abandoned this loss can
only be made up by a conslderable increase in the number of
trials 1n the performance test, To thls must be added the
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increased effort of recalibration with the mock-up tests. It
should also be remembered that the objections listed agalnst
changing the geometry of the ordnance item will probably apply

to the mock-up calibration tests. In some cases, in spite of

the above limitationg, it 1s possible to use the VARICOMP process
to demonstrate clearly that a system 1s adequately reliable or
that it 1is not reliable and therefore needs improvement,

12.4 The mechanism by which transfer of detonatlon takes
place may not be the same in the ordnance design as 1in the
calibration test. If the relatlve sensltivities of the
explosives considered are not affected by this dilfference,
the results of the calibration test are still applicable. It
might be that the effect of thils difference between the two
tests would be proportional to the sensitivities of the explo-
sives. In this case the best stralght line through the points
representing the responses of the VARICOMP explosives will
depart from the vertical. If the calibration and performance
tests are different there are several cholceces open to the
experimenter,

He can assume that the sensitivity of the design
explosive 1s affected by the difference between

the two tests in the same way as the VARICOMP explo-
sives. In this case he can extend the oblique line
which best represents the responses of the VARICOMP
explosives until 1t intersects the response line of
the design explosive.

If the departure of the line from the vertical is
not great he can lgnore 1t and proceed as described
before by using a vertical line,

If he is in doubt between these two cholces he can
make both estimates and accept the more pessimistic
of the two.

If none of these alternatlves 1s acceptable a new
calibration must be made using a test which more
nearly simulates the essentlal features of the
ordnance deslgn.

12,5 It is possible for the experimenter to use several
methods of measuring the desired rellabilities, and then to
combine the results of these investigations, thus obtaining the
final estimate., It should be fairly obvious that the rules for
obtaining these combined results should be firmly established
before the experimentation begins, If he walts until after
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the results are in, he could very easily find a way of combining
them 80 as to get almost any answer he wishes., The rules for
combining these results should take into consideration such
things as the expected precision of the methods used. It is
obviously impossible to make more than general statements of
this kind concerning the problem of combining the results of
several methods. The experimenter must make his own decisions
in the light of his own knowledge and Judgement.

12.6 The strategy of the VARICOMP method can be considered
as a methodical search for an explosive which can be used to
estimate the magnitude of the explosive drive, X , avallable
across the interface. The sought-for explosive, beilng less
sensitive than the design explosive, will exhibit a lower proba-
bility of fire. 1In fact, the explosive should be chosen so that
it will exhibit a mixed response--both fires and fails--in the
performance test, The greatest precision in the determination
of the response of the VARICOMP explosive to the stimulus and
the greatest efficliency in the extrapolation to the expected
reliability of the design explosive will be achieved when the
VARICOMP -explosive response to X 13 near 50 percent., An
illustrative example follows, in which the experimenter will fire
only six shots in the performance test. The most probable
observation, and the inference therefrom, wlll be explored as
a function of the explosive that might be chosen,

The design explosive, and ten VARICOMP explosives

are available to the experimenter. The true responses
of these exploaives to the stimulus, xx , are not known
to the experimenter. The experimenter knows the
relative sensitivities. These relative sensitivities
are expressed in terms of the normit spacing below the
design explosive, Let the true responses and relative
spacings be as given in Table 12.6. For computational
ease, the responses are given 1n probits rather than
normits.,

The explosive chosen as the VARICOMP material will
exhibit one of seven possible responses-~ 6/6, 5/6 ...
0/6. The probablility of each of these responses can

be computed from the blnomial distribution according to

_md X ey
P Tyt T
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Table 12.6

Relative Sensitivities of
a Serlies of Explosives

_ True Response To Relative Spacing Below
Explosive P 4 Deaign Explosive
percent probits (probits or normits)

a 99.9 8.0902 -

A 98 T.0537 1.0365

B 88 6.1750 1.9152

C 80 5.8416 2,2486

D 70 5.5244 2.5658

E 63 5.3319 2.7583

F 50 5.0000 3.0902

a 37 4,6681 3.4221

H 30 4,4756 3.6146

I 20 4.1584 3.9318

J 12 3.8250 4,2652
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where M 1s%the number of trials

X 1s§the number of successes

b 1s§the probablility of response

and %:"P-

Thus for explosive E (the probability of firing from
stimulus X being 63 percent) and for a great number
of six-shot trials,

6/6 would be observed 6.25 percent of the time,

5/6 would be observed 22.03 percent of the time,

4/6 would be observed 32,35 percent of the time,

3/6 would be observed 25.33 percent of the time,

2/6 would be observed 11,16 percent of the time,

1/6 would be observed 2.62 percent of the time,

0/6 wou?d be observed O.éélpercent of the time.
Whenever 6/6 responses are observed a lower limit
estimate of 60.67 percent (at 95-percent confidence)
would be made for the response of the VARICOMP explosive.
Similarly, 22.03 percent of the time (for the 5/6 case)
the corresponding estimate would be 41.81. For all

possible cases, and for a great number of six-shot runs,
the average minimum response would be computed as

(6.1:)(69.(.1) +(22.03)(4L.81) +(3z.35')(21.14) +(25.33)(15.13)
+ (116X 6,29) +(2.62) (0,85) + (0.26Y(0.0)

6:25 + 22.03 + 3135+ 2533 + 11.1b+2.62+0.26

which 1s 26,39 percent (4.3686 probits or -0.6314
normits).
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When the explosive spacing (in this case 2.7583 normits)
is added to the average minimum response of the VARICOMP,
the average minimum predlcted reliabllity of the design
explosive 1is obtalned--in this case 7.1269 probits or
98.33 percent.

Suppose this general procedure has been carried out
for explosive A through J for two weapon reliabilities--
99.9 percent when loaded with Explosive A and 98
percent with Explosive A (Figure 12.6). It is apparent
that the greatest efficiency of extrapolation will be
achieved when the VARICOMP explosive has been chosen
so that 1ts true response t¢ X 1s between 30 and 70
percent, Note that for six trials a reliability of
about 98.5 percent can be demonstrated in the case
shown as curve 1, About 225 shots would be required
with the system loaded with the 99.9-percent rellable
explosive in order to exhibit a 98.5-percent response.
Thus, the "power" ¢f the VARICOMP technique in this
particular case 1s géﬁ , or about 37.
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13. APPLICATIONS AND EXAMPLES

13.1 The first use of the VARICOMP procedure was in 1953 (5).
In this case, a detonator was expected to 1nitiate a tetryl
booster in a certain fuze system, A serles of several exploslves
less sensitive than tetryl was used in performance tests. Using
an acceptor of RDX/wax (96/4) one experimental initiator was
successful in detonating the acceptor in seventeen out of
twenty-five trials while another 1nitlator was successful 1n
five out of nine trials., Each initlator was successful 1in
initiating Comp A in one out of six trials, On the basis of
these results and a knowledge of the comparative sensitivities
of RDX/wax (96/4), Comp A,and tetryl, it was predicted that
these initiators would be successful in initlating a tetryl
booster at least 95 percent of the time, Reference 6 describes
briefly the idea of the VARICOMP procedure and then descrilbes
several varilations of a test which was used to callbrate a
serles of RDX/wax mixtures along with tetryl. The results of
this calibration were used in a VARICOMP performance test of a
certain fuze.(33). The performance test indicated a reliabil-
ity of well above 99 percent,

13.2 Another example of the use of the VARICOMP method 1s
the evaluation of the reliability of detonation transfer between
a booster and a main charge separated by a steel tube containing
several holes (Figure 13.2). This complication of design made
1t quite difficult to assess the reliability by geometric _
modification without tampering with the mechanism of transfer.
It was therefore decided to use a VARICOMP approach to the
problem. At this stage of the design development, the final
choice of the explosive to be used in the main charge had not
been made, Both Comp B and H-6 were being considered. The.
plan used in the test was to estimate the rellabllity of the
design with each of these explosives using TNT as the VARICOMP
explosive.

13.3 Since it was not considered desirable to make an
extenslive calibration test, it was declded to attempt to use a
less precise test, The lack of precision was compensated for
by taking the most pessimistic interpretation of the experi-
mental results which would be conslstent with the data. The
calibration was made using a variable barrier test with the
response of the explosive being expressed as a function of the
barrier through which it was initiated by a standard donor.
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Each explosive was tested at two levels of intensity represented
by barrier thickness. Twenty-five trials were made in each test
with Comp B, ten trials in each test with H-6, and six trials in
each test with TNT, Using an available table which gave two-
81ded 95-percent confidence limits for the probabillity in a
binominal distribution, a range was obtalned from each observed
response within which the true value could be expected to lie.
The observed data, together with this expected range for each
observed response, are given in Table 13.3.

Table 13.3

Calibration Data and Results

Explosive Barrier No. No, 95;?ggg?agnterval
(mils) Trials Fires |Observed ~“7 .. Upper

Comp B 306 25 4 16 4.6 35.2
_ 234 25 22 88 68.8 o7.5
H-6 205 10 0 0 0.0 30,8
165 10 10 100 69.2 100.0

TNT 38 6 0 0 0.0 45.9
18 6 5 83 35.9 99.6

(L]

The confidence intervals for the expected responses of Comp B
are plotted in Figure 13.3A as the vertical lines AR and CD.
The graph of the expected response could be any straight line
which cuts both A®8 and C¢b , The most pessimistic estimate
of the reliability of this explosive for different stimulus
intensities would consist of the broken line made up of

The part of the line DA which extends beyond A ’
The line segment AC ,
That part of BC which extends beyond ¢ .

Figure 13.3B shows the calibration results for the other design
explosive H-6, in a similar way except that only the line FG

can be drawn since the other confidence limits cannot be plotted.
The results for the calibration of the VARICOMP explosive, TNT,
are treated differently in one respect., The most pessimistic
prediction of the reliability of the design explosive in the
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ordnance item will be made by taking the highest acceptable
estimate of the response for TNT in the calibration since this
makes the difference between the TNT and the design explosive
the least. The line to be used is therefore the one passing
through L. . This 18 the upper rather than the lower, boundary
of the zone representing the possible predictions, Figure 13,3C
shows the calibration of TNT with this boundary. Again, as was
the case for H-6, only part of this boundary can be drawn since
the lower end of one of the ranges cannot be plotted.

13,4 For the performance test, ten trials were made in
which the performance of the ordnance design was observed with
TNT substituted for the design explosive, All ten of these
trials resulted in fires. The two=sided 95-percent confldence
1limits associated with this result are 69.2 percent and 100
.percent., Using the calibration graph for TNT the stimulus
intensity which corresponds to 69,2 percent response for TNT
is found to be that obtained with a barrier thickness of 43
mils as shown on the TNT line in Figure 13.4A (point T ). The
vertical line through thls point intersects the lower limit of
the response expected with H-6 at 99,95 percent (point v ).
The corresponding prediction with Comp B 1s 99.83 percent
(point U . The confidence associated with these predictions
is high, The lower l1limit which was used in the prediction for
Comp B, for instance, was obtained by combining the upper limit
of the response range for a 306-mil barrier with the lower
1imit for the range with 234-mil barrier. Since the results
of these tests would not be expected to be correlated in this
way, it seems reasonable to expect the lower 1limlt obtalned in
this fashion would be assoclated with a higher degree of confi-
dence than the 95-percent confidence of the ranges. A one-
sided limit would be more appropriate for the results of the
performance test slnce the final predlction 1s to be in the
form: "The reliability of the ordnance design is at least
as great as . , ,". Table 2.4 gives this one-sided 95-percent
confidence limit as 74,13 percent when all ten trials are
fires. Using this value the final prediction becomes: "The
reliability of the item is at least 99.85 percent with Comp B
and 99,96 percent with H-6. The complete VARICOMP process,
going from calibration and performance test data to the final
reliability estimate is shown as a composite graph in Figure 13.4B,

13,5 The estimate of the lower 1limit of the weapon rella-
bility 1s made on the basis of a chain of independent conservative
estimates:
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Warhead explosive calibration--two separate 95-percent
confidence estimates. TNT (VARICOMP explosive)--two
separate 95-percent confidence estimates.

Performance test--one separate 95-percent confidence
estimate,

Performan&e test configuration (Jjudged to be more
difficult| to initiate than the warhead system)--one
separate ¢ -percent confidence estlmate.

The computation of the combined confidences 1s much less acces-
sible in the present instance than as indicated in Paragraph 10.5.
However, it 1s difficult to belleve that the above clrcumstances
can lead to anything but a highly conservative estimate--probably
much higher than 95-percent confildence. '

13.6 A higher reliability is indicated for H-6 than for
Comp B even though; comparison of the 50-percent points shows
Comp B to be the more sensitive. The result 1is brought about
by the apparent difference in the variabllity of the two
explosives. An element of conservatism not pointed out in the
previous discussion is the use of a linear scale for the barrler
thickness as the measure of stimulus intensity. As has been
mentioned in Paragraph 5.14, there is considerable evildence
that the logarithm of the barrier thickness would fit the facts
better than the linear scale., The effect of making the change
from a linear to a logarithmic scale would be to accentuate
the difference between the TNT and the design explosives.
Thus, the final predictions would be much higher. They would,
in fact, be greater than 99.99999 percent for either H-6 or
Comp B as shown in Figure 13.6 which can be compared directly
with Figure 13.4A. It is also worth noting = that the design
reliability would be high even if two of the ten trials in the
performance test had been non-fires. In this case, the lower
95-percent confidence 1limit, given in Table 2.4, 1s 49.32
percent for TNT, The corresponding lower limits of design
reliability are 9%.8 percent for Comp B and 99.92 percent for
H-6. The linear scale was used for the stimulus in this case.
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APPENDIX A

PROCEDURE FOR PREPARING A 100-POUND
'BATCH OF DESENSITIZED RDX

Al Let X bé the numerical value of the desired percentage
of RDX 1n the final product,

|

A.2 Prepare%an RDX-water slurry by adding X pounds of
RDX (JAN-R-398 Tyge B, Class A) to 10X pounds of distilled
water at 70 to 80% Centigrade.

A,3 Preparefa sodilum stearate solution by disolving
2100-X5 pounde of sodium stearate (Technilcal Grade) in
1300-13X) pounds of distilled water at 70 to 80° Centigrade.

|

A4 Prepareia calcium chloride solution by dissolving
75-0.73X; pounds of calcium chloride (0-C-104, Class 1) in
1500-15X) pounds of distilled water at 70 to é0° Centigrade.

A.5 Add the éodium stearate solution to the RDX slurry
with rapid stirring.

A.6 With rabid stirring, add the calcium chloride to
the RDX-sodium stearate mixture (addition should take from
15 to 30 minutes).

A.7 Filter and wash with distilled water until the
effluent wash water is free of chloride ion. This can be
detected by testing the wash water with a sllver nitrate
solution. :

A.8 Dry the filtered and washed product at 70° Centigrade
on trays over steam colls,
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APPENDIX B

ANALYTIC PROCEDURE FOR RDX/CALCIUM STEARATE MIXES

) ]

B.1l

Procedure

B.l.1 Sample size should be set to yield approxi-
mately 0.3 gram of calcium stearate after the extraction
of the RDX. From the standpoint of safety an upper
limit of 3- to 5-gram sample size is recommended.

B.1.2 Standard dry powder sampling and sample
blending procedures should be employed.

B,1.3 Medium porosity sintered glass should be
thoroughly washed, soaked in boiling acetone, dried
and tared.

B,1l.4 Sample should be weighed in the tared sintered
glass crucible.

B.1.5 The weight loss by volatiles should be deter-
mined by weighing the sample and crucible after
vacuum drying for one hour at 70° Centigrade and
50-millimeters Hg absolute pressure.

B.1.6 The RDX should be extracted by 8 washings

of 20 milliliters each of boiling acetone. During
each washing the sample should be triturated continu-
ously with a tared glass stirring rod, in order to
break all lumps.

B.1.7 The calcium stearate residue, crucible, and
stirring rod should be vacuum dried for one hour at
700 Centigrade and 50-millimeters Hg absolute pressure.

B.1.8 The residue and glassware should be weighed after
being allowed to cool for 30 minutes in a desiccator.
The weight loss from the acetone extraction is taken
as the amount of RDX and the weight of the residue as
calcium stearate,
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Precautionary Notes

B.2.1 Particularly above about 8 percent of calcium
stearate the analysis becomes rather difficult and
subject to gross error due to poor analytic technique.
The error seems to be due to incomplete RDX extraction
which apparently is due to the tendency of the calcium
stearate to form a protective coating on the surface

of the RDX partlcles. The obvious approach of increasing
the amount of washing with hot acetone is not considered
advisable bec¢ause of the increased chance of loss of
celcium steafate.

B.2,2 Part1¢ularly when there seems to be an
unacceptably'high volatile content, (above 0.2 percent
should be viewed with susp1c1on) there may have not
been adequate washing of the mix during its manufacture.
In such cases the presence of calcium chloride should
be suspected since such a material would lead to
hygroscopicity of the mix.

B,2,3 At the present time a specific procedure has

not been developed for the quantitative determination
of the chloride ion. A number of approaches seem
promising., Perhaps the best one is to perform a
replicate analysis as above except for the inclusion

of an extra step between steps B.1.9 and B.l.6 which
would 1nclude a water wash followed by a vacuum

drying and reweighing of the residue and a guantitative
precipitation of chloride ion from the filtrate.

|
|
|
i
|
\
|
i
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APPENDIX C
STANDARD DETONATION SENSITIVITY TESTS

C.1 As a matter of convenience to the reader, three of
the sTandard sensitivity tests will be described to facilltate
an understanding and comparison of test conditlons.

C.2 The Small Scale Gap Test.

C.2.1 This test (15) is an arbitrary configuration
To study the transfer of detonation between small-
diameter charges loaded into heavy-walled containers.
The initiating shock (derived from a standardized
RDX-loaded donor) is varled by changing the thilckness
of lucite interposed between the donor and acceptor.
The acceptor charges are 1.5 inches long and 0,2 inch
in diameter, loaded into 1.0-inch diameter brass
cylinders. Usually the explosive 1s in powder form
and pressed into the acceptor at a pressure which
will give a desired charge denslty. The [lirlng 1is
normally done at room temperature, but has been
carried out at temperatures ranglng from -60° Centi-
grade to +120° Centigrade,* The general arrangement
and individual component configuration for the small
scale gap test are shown in Figures C.2.1A and
C.2.1B. The data are reported in units of DBg (Gap
Decibang) which 1s taken as the proper dosage-~to-
stimulus transform, The DBg is computed by:

reference gap in mlls
10 1log)observed gap in mils

and with a reference gap of 1,00 inch,

DBg

DBg

30 - 10 log{obaérved gap in mils}_

*The elevated temperatures were achieved by individual heating
of each acceptor by means of a disposable nichrome wire
heating jacket fashioned onto the acceptor body.
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Ce2.2 The small scale gap test 1s most closely
related to detonator-to-lead situations. Because
the charges are bare-ended, and because the attenu-
ation 1s achleved by a condensed medium rather than
by an alir gap, the input signal applied to the
acceptor 1s almost pure detonation shock, 1In
explosive trains the inert materials enclosing, or
immediately surrounding, the donor charge often
enter into the 1inltiation process by being a source
of high speed fragments. Thils difference may be
very 1important particularly in safety considerations
when fragments might occasionally cause initiation
over unexpﬁctedly large air gaps.

Ce2.3 The small scale gap test 1s not well sulted to
explosive loading by casting or by molding at elevated
temperatures. Although TNT and TNT bearing compositions
have been cast Into the acceptor bodiles, there 1is
strong reason to suspect that the crystal growth and
arrangement would be grossly different from larger
dlameter cast charges. Cylinders of pre-cast or pre-
molded material slipped Into the acceptor are dubious
representations of a reallstic system since some air
gap is to be expected between the cylindrical surfaces
of the explosive pellet and the acceptor body wall,
Such gaps, even 1f only a mil or 80, would be expected
to have significant effects on the way the explosive
would accept and sustain detonatlon and might ,therefore,
give data representative of uncontrolled experimental
conditions, As a stop-gap measure it might be possible
to fill the alrspace by coating the pellets with a
grease which would be much closer to explosive hydro-
dynamically than an air fillled vold.

NOL Booster Sensitivity Test.

C.3.1 This test (Figure C.3.1) has been in use for
abouf 15 years. The acceptor charge size was
selected to be large enough to suppress effects due
to failure diameter and to builld up to detonation,
The wax spacer was cast in the 1 5/8-inch dlameter
and machlned to length. The spacer lengths were
normally made 1in 0,05~inch steps, and where possible
in one piece for each test rather than stacked up to
the desired length.
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C.3.2 This test 1s sultable for those explosives
which when cast, pressed or molded will form a charge
which willl have sufficient mechanical strength to
support itself and the 1nitiator-booster-attenuator
assembly above it, The test hag been run in a modi-
fied form to test liquid assemblies, The test arrange-
ment is inverted with the test explosive belng poured
into a wax-coated and wax-sealed cardboard tube which
rests on the wax gap attenuators and which in turn
supports the steel wiltness plate, Presumably powders
or fragile pressed pellets might be tested in similar
fashion, -

C.4 Propellant Sensitivity Test. The propellant sensitivity
test 1s described 1n reference 20. The experimental set-up 1s
shown in Figure C.4.1. It 18 quite similar to the NOL booster
sensitivity test described in reference 18 and in Appendix C,3,
The wax spacer 18 replaced by a sulitable number of cellulose
acetate cards 0,010 inch thick. The acceptor propellant or
explosive is confined in a steel tube rather than being uncon-
fined as 1n the booster sensitivity test. The donor consists
of two tetryl pellets 1.0 inch thick with a diameter of 2.0
inches pressed to a density of 1.63 gm/cc. The welght of each
pellet would be about 84 grams., Although used principally to
determine the sensitivities of propellants 1t has also been used
to some extent to measure the sensitivities of high explosives,

1
i
|
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APPENDIX D

MONTE tARLO EXPERIMENT TO ASSESS ERRORS
DUE TD_UNEQUAL SPACING OF EXPLOSIVES

D,l] It was assumed that there was a series of explosives
whose 50-percent points differed from equal spacing by amounts
which were randomly distributed according to the ncrmal law,

A table of random numbers was used to determine a group of

such difference--amounts chosen from a population having a mean
of zero and a known standard deviation. These errors were then
added to the intended 50=-percent values for a set of VARICOMP
explosives to give a set of true 50-percent values, The
results which could be expected, if these explosives were used
for the steps of a Bruceton test, were then computed., The
difference between the mean thus obtained and that which would
be expected,had the steps been equally spaced, was noted.

This was done ten times for each of four different combinations
of step size and standard deviation of the random difference-
amounts. The standard deviation of these difference-amounts
was assigned values from one~twentieth to one~fifth of the
distance between steps. For each of the four groups the
standard deviation of the shift in the mean of the test caused
by the irregular spacing was computed. The smallest of these
was one-fifteenth and the largest slightly more than one-tenth
of a step. Although not enough work was done to be able to
make a very definite statement it would seem that the effect

of this type of error would be small if the standard deviation
of the difference-amounts of the 50-percent points of the
VARICOMP explosives was less than one-tenth of the difference
between two consecutive explosives. tHowever, it would be
appreciable if this standard deviation became as large as
one-fifth of the step size. A more extended investigation
would make it possible to make a more definite statement of

the magnitude of this effect.
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APPENDIX E
Table E-1

Relationship between Normit, Probability,
Ordinate, and Weighting Factor

w
(weighging factor

¥Relationship between normit and probit is:

Probit = normit + 5 .

137

| P % = 2 )
Normits* (Probability) (ordinate) 22 P. Q.
0 0.5000 0.399 0.1592 0.6366
0,1 0.5398 0.397 0,1576 0.6343
0.2 0.5793 0.391 0.1529 0.6274
0.3 0.6179 0.381 0.1455 0,6161
0.4 0.6554 0.368 0.1356 0.6005
0.5 0.6915 0.352 0.1240 0.,5810
0.6 0.7258 0.333 0.1110 0.5579
0.7 0.7580 0,312 0.0975 0.5316
0.8 0.7881 0.290 0.0839 0.5026
0,9 0.8159 0.266 0.0708 O.4714
1,0 0.8413 0.242 0,0586 0.4386
1.1 0.8643 0,218 0.0475 0.4047
1.2 0.8849 0.194 0.0377 0.3703
1.3 0.9032 0.171 0.0294 0.3359
1.4 0.9192 0.150 0.0224 0.3020
1.5 0.9332 0.130 0.0168 0.2691
1.6 0.9452 0.111 0.0123 0.2375
1.7 0.9554 0.0940 0.00885 0.2077
1,8 0.9641 0.0790 0.00623 0.1799
1.9 0.9713 0.0656 0.00431 0.,1544
2.0 0.9773 0.0540 0.00292 0.1311
2.1 0,9821 0.0440 0,00193 0.1103
2,2 0.9861 0.0355 0.00126 0,0918
2.3 0.9893 0.0283 0,00080 0.0756
2.4 0.9918 0.0224 0.00050 0.0617
2.5 0.9938 0.0175 0.00031 0.0498
2.6 0.9953 0,0136 0.00018 0.0398
2.% 0.9965 0.0104 0.00011 0.0314
2. 0.9974 0.,0079 0.00006 0.0246
2.9 0,9981 0.0060 0.00004 0.0190
3.0 0.9987 0.0044 0.00002 0.,0146
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Table E=-2

Cumulative "Student's" Distribution

0.75

1 1.000 3,078 6.314 31.821

2 0.816 1,886 2.920 6.965

3 0.765 1,638 2.353 4,541

4 0,741 1.533 2,132 3.7T47

5 0.727 1,476 2.015 3.365

6 0.718 1.440 1.943 3.143

T 0.711 1,415 1.895 2.998

8 0.706 1.397 1,860 2.896

9 0.703 1.383 1.833 2.821
10 0.700 1.372 1,812 2.764
11 0,697 1.363 1,796 2.718
12 0.695 1,356 1,782 2,681
13 0,694 1.350 1.771 2.650
14 0.692 1.345 1.761 2.624
15 0,691 1.341 1.753 2,602
16 0,690 1.337 1.746 2.583
1 0.689 1.333 1.740 2.567
1 0,688 1.330 1.734 2,552
19 0,688 1.328 1.729 2.539
20 0.687 1.325 1.725 2.528
21 0,686 1,323 1,721 2.518
22 0,686 1.321 1,717 2.508
23 0,685 1.319 1.714 2.500
24 0,685 1.318 1.711 2.492
25 0,684 1.316 1,708 2.485
26 0.684 1.315 1,706 2.479
2 0,684 1,314 1.703 2.473
2 0,683 1.313 1,701 2.467
29 0,683 1.31) 1.699 2.462
30 0.683 1.310 1.697 2.457
4o 0.681 1.303 1.684 2.423
60 0,679 1.296 1.671 2.390
120 0,677 1,289 1,658 2.358
=N 1,282 1.645 2.326

0.674
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