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ABSTRACT

Based on the premise that there will always be a finite chance of a
Plowshare project failure, the implications of such a failure are examined.
It is suggested that the optimum reliability level will not necessarily be the
highest attainable, but rather that which results in minimum average project
cost. The type of performance guarantee that the U. S. should provide for
nuclear explosive services, the determination of nuclear yield, courses of
action to take in the event of failure, and methods to offset remedial costs
are discussed.

Introduction

In the midst of optimistic efforts to apply the unique capabilities of
Plowshare nuclear explosives for the betterment of human conditions, it is
disturbing to contemplate the possibility of a failure. Yet, no matter how
reliable Plowshare nuclear explosives are, there will always be a finite
chance of failure. It is the purpose of this paper to discuss a number of
implications arising from this possibility. These implications should be
recognized by the AEC and by potential users because they may have an im-
portant bearing on the design of the nuclear explosives, on the formulation
of operational plans, and on the structuring of agreements between the U. S.
government and commercial users of nuclear explosion services.

Reliability/Cost Relationships

There are reasons to believe that the most desirable level of reliabili-
ty will not be the highest attainable. Rather, the optimum reliability will
probably be that which results in a minimum average project* cost.

*The term project, or Plowshare project, refers to the nuclear explosion
service to be provided by the U. S.
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Reliability will affect costs in two contrasting ways. On the one hand,
the reliability goal for Plowshare projects will have a direct influence on the
cost of producing the nuclear explosive. That is, as the reliability goal is
upgraded, production costs will rise because of the need for tighter quality
control measures such as special manufacturing processes, meticulous in-
spections, and extensive testing.* In the interest of reducing production
costs, therefore, a lower reliability goal is desirable. On the other hand,
the less reliable the explosive is, the more frequently failures will occur,
and the higher will be the collective remedial costs incurred over an extend-
ed period. In the interest of reducing these long term remedial costs, there-
fore, a higher reliability is desirable.

The relationship of these two types of costs can be illustrated by in-
troducing the concept of expected remedial cost. Expected remedial cost is
defined as the product of the remedial cost incurred as a result of a Plow-
share nuclear explosive failure and the probability that the failure will occur.
It can also be considered as an average additional cost per project assuming
that the remedial costs of occasional failures are amortized over all pro-
jects. For example, suppose that a failure occurs in one out of a hundred
projects, and that it costs one million dollars to remedy the failure and suc-
cessfully complete the project; the expected remedial cost (per project)
would therefore be ten thousand dollars.

The basic project cost will consist of the production cost of the nu-
clear explosive along with all costs associated with its fielding. ** The sum
of the basic project cost and expected remedial cost represents an average
Plowshare project cost. These cost relationships are illustrated in Figure 1
over a range of failure probability. Note that there is an optimum reliability
for which average project cost will be a minimum.

Because sufficient information is not yet available, it is not presently
possible to draw these curves precisely, but preliminary evaluations indi-
cate that the optimum reliability will be on the order of 0.99.

Performance Guarantee

If a foreign government or a domestic commercial user enters into a
contract with the U. S. to secure a Plowshare nuclear explosion service, it
will undoubtedly expect the U. S. to guarantee the service according to some
pre-established criterion. This practice would be consistent with a long
standing tradition for major purchases in which a manufacturer or a service

*To achieve high reliability, research and development costs will also be
higher, but under present AEC policy such costs would not be included in
the cost of the nuclear explosive service.

:*Includes costs of transportation, security, control systems, A & F person-
nel, and other costs incurred in providing the nuclear explosion service.
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Expected
Remedial Cost

PROJECT FAILURE PROBABILITY

Basic Project Cost: Production Cost of nuclear explosive and fielding costs
consisting of transportation, security, control systems,
A & F personnel, and other costs incurred by the U.S.

Expected Remedial Cost: Product of the remedial cost which would be incurred
as a result of a nuclear explosive failure and the proba-
bility that the failure will occur.

Average Project Cost: Sum of the Basic Project Cost and Expected Remedial
Cost.

Figure 1. Cost-Reliability Relationships
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company guarantees that its product will perform within specifications or
that its service will conform to contract agreements. The guarantee that the
U. S. provides for its nuclear explosion service must, however, be in
accord with the policy statement in the Atomic Energy Act that n . . .the de-
velopment, use, and control of atomic energy shall be directed so as to pro-
mote world peace, improve the general welfare, increase the standard of
living, and strengthen free competition in private enterprise. . . " and with
the U. S. commitment in the Non-Proliferation Treaty that nuclear explo-
sion services will be provided on a nondiscriminatory basis.

The following options illustrate the range of performance guarantees
which might be considered:

1. best effort only with no guarantee of results,

2. guarantee of nominal yield within a specified tolerance range in
the selected location,

3. guarantee of the effect, such as crater or cavity size, tons of rock
broken, or gas-flow enhancement.

The first option, guaranteeing best effort only with no guarantee of
results, might be acceptable for certain experimental projects; but this
approach is probably not acceptable for general commercial or civil engi-
neering applications. Furthermore, such a guarantee might tend to impede
the use of Plowshare explosives since commercial users might be reluctant
to risk large amounts of capital on the basis of such a guarantee--particu-
larly when so little detailed information on the nuclear explosives will be
available because of classification constraints. Consequently, this type of
guarantee for commercial applications does not seem to be compatible with
the AEC's goal to promote peaceful uses of atomic energy.

The third option, guaranteeing the desired effect, would constitute a
very extensive responsibility which would require a great deal of detailed
investigation on the part of the U. S. for each application. This option
might promote the use of Plowshare by virtually guaranteeing a profitable
application, but it would require a great deal of control by the AEC over
details of utilization extending far beyond matters directly related to the
nuclear explosives. Because of this intrusion of government control into
matters of commercial applications which could be handled by the commer-
cial user, this option could prove adverse to free competition in private
enterprise and difficult to administer without discrimination. At any rate,
such a responsibility could rapidly become very unwieldy and probably
represents far greater involvement than would be warranted or desired by
the U. S. government.

The second option, guaranteeing nominal yield, seems to be the most
suitable basis for determining satisfactory performance. Unlike effects,
nuclear yield is predictable for a variety of applications and is a determinate
parameter which lends itself to the establishment of unambiguous perfor-
mance criteria. Therefore, this type of guarantee could more readily be
administered on a nondiscriminatory basis. Although precise measurement
is not necessarily easy, various practical means of yield determination have
been developed. Tolerance limits above and below nominal yield can be
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established to accommodate both expected yield variation and reasonable
measurement accuracy. For commercial applications tolerances somewhat
wider than those desirable for nuclear experiments will probably be accept-
able. Furthermore, even if another criterion were used to guarantee per-
formance, the AEC would probably still want to determine nuclear yield in
order to maintain a record of the performance of its nuclear explosives.

Determination of Nuclear Yield

It will be assumed hereafter that nominal yield within a specified
tolerance range in a selected location will be used to define project success.
Given such a specification it will presumably be necessary to measure nu-
clear yield on each shot to determine whether or not the yield is within the
specified range. Zero yield clearly constitutes a failure. Partial yield
(below the lower tolerance limit) could be considered a partial success rath-
er than a success or a failure. Too much yield (greater than the upper tol-
erance limit) may or may not be detrimental depending upon the application.

A variety of methods have been used to determine nuclear yield in past
nuclear experiments. These methods are of three general types: (1) reac-
tion history, (2) radiation chemistry, and (3) ground shock techniques. Each
method has distinct advantages and disadvantages. Selecting the best method
for commercial applications will require evaluation of the technical feasibil-
ity, accuracy, cost, and the value of the data to the AEC and to the user.

Reaction history techniques make use of real-time measurements of
phenomena which occur during a nuclear reaction, and they can be used with
both excavation and underground engineering applications. For the purpose
of yield determination these phenomenological measurements are compared
with corresponding ones already acquired by detonating similar devices of
known yield. Consequently, the overall accuracy achievable is highly depen-
dent on the amount of baseline data available from experiments in which
yield has been determined by other means. Because most devices detonate
at nominal yield, most of whatever data exists for a given device will be for
the nominal condition; and the reaction history method is, therefore, a use-
ful one to confirm nominality. However, in any case where yield is substan-
tially above or below nominal, the shortage of comparative baseline data
will reduce the accuracy of reaction history techniques. Because some of
these reactions take place in the submicrosecond time realm, high-frequency
and rather complex instrumentation is necessary and would thus add con-
siderable complexity and cost to the nuclear explosive, down-hole cabling,
surface instrumentation, and field operations.

In a typical underground detonation a large percentage of the detona-
tion products are trapped within vaporized and melted rock which solidifies
near the bottom of the chimney. Radiation chemistry analysis of this solid
debris or "glass melt" is generally considered to be the most accurate
method for determining fission yield (± five percent is often quoted). Fusion
yield can also be determined, although somewhat less accurately. However,
these techniques are costly since drill-back into the melt region, recovery
of samples, and extensive analysis are required. Analysis of gaseous sam-
ples can also be used to determine fission yield within 10 to 15 percent.
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The prospects for determining fusion yields through analysis of gas samples
are not yet clear, but researchers at LRL are hopeful and studies are con-
tinuing. An advantage of the gas technique is that it should add relatively
little to operational costs because it would be quite easy to emplace the nec-
essary tracer gases along with the nuclear explosive, and the necessary
chimney reentry is required anyway in all potential underground engineering
applications identified to date. For excavation applications, samples of
particulate debris can be readily collected and analyzed to determine yield.

A variety of ground shock techniques have been used on nuclear ex-
periments to determine yield. All of these techniques measure some charac-
teristic of the ground shock environment such as particle velocity, peak
pressure, or time-of-arrival. Certain techniques use transducers located
close to the nuclear device while others locate them at great distances. The
accuracies which can be achieved are highly dependent upon how well the
medium between the nuclear device and the transducer is known and upon its
homogeneity. Close-in measurements of particle velocity, time of arrival,
or peak pressure can be made in the emplacement hole. Accuracies of ±15
percent or better can be achieved in well known media. While somewhat
less complex than radiation chemistry or reaction history, employment of
these methods nevertheless will complicate emplacement operations, particu-
larly in deep holes.

Seismic measurements near the surface or at great distances are un-
doubtedly the simplest and least costly, but they are also the least accurate.
While reasonably accurate results (±10 to 25 percent) can be achieved in
well-calibrated areas such as NTS, greater uncertainties can be anticipated
in most Plowshare applications. A possible exception might be the develop-
ment of a type of natural resources "field1, in which a number of Plowshare
explosives would be used in the same geologic media. It is also worth noting
that although special seismic measurements are made in connection with NTS
experiments, seismic stations throughout the world regularly report their
determinations of the magnitude of seismic disturbances such as earthquakes
and nuclear detonations. While these measurements are not very accurate
indicators of nuclear yield, they do give the order of magnitude; and the in-
formation is essentially free.

Unlike ground shock techniques, many aspects of reaction history and
radiation chemistry techniques are classified. This is a significant disad-
vantage in that the AEC would be unable to reveal details of yield determina-
tion by these methods. Thus the user would have to accept the AEC's deter-
mination of yield without the opportunity for checking either the data or the
analysis. However, it might be acceptable to clear a few specialists in in-
dustry to provide a capability for independent analysis.

Weighing the foregoing considerations along with the importance of
minimizing cost and streamlining field operations, it seems that an attrac-
tive prospect might be to determine success or failure in a gross manner
with seismic techniques and to resolve any questions concerning partial
yield with radiation chemistry analysis of gas samples (or, if necessary,
solid samples) when the chimney is re-entered. However, all of the factors
mentioned above need to be considered in greater depth, for the methods
used may have considerable impact on operations, on fielding costs, and on
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agreements between the AEC and domestic or foreign commercial users of
nuclear explosion services.

Failure Contingencies

In the event of a failure, there are a number of alternative courses of
action that might be taken--among them, the following:

1. recover the explosive and repair or replace it,

2. destroy the explosive and emplace a new one,

3. emplace a new explosive near the dud so that the dud will be
destroyed when the new explosive is detonated,

4. disable or destroy the explosive and abandon the project.

Several factors will have to be considered in deciding upon a course of ac-
tion. If the nuclear explosive were recovered, possible safety and security
problems would be avoided, unnecessary contamination of the natural re-
source would be prevented, and the valuable explosive could be reclaimed.
However, recovery may be technically difficult or in some cases completely
impractical, and it would probably be very costly.

A command disable/destruct capability could be incorporated in the
nuclear explosive for only slight additional cost and with a reliability largely
independent of the rest of the system. There would, of course, be local
contamination resulting from the destruction of a dud device, and it would
be dispersed still further by detonating a replacement nuclear explosive.
This dispersion could have detrimental effects on the exploitation of under-
ground resources, and in excavation applications it could have substantial
safety and security consequences.

In the event of a failure of one among several explosives in a cratering
application, the problem appears to be particularly vexing. The HE of the
dud explosive may or may not have been detonated by the shock effects from
the adjacent nuclear explosive, and it might be difficult to determine which
is the case. If the HE has been sympathetically detonated, most of the re-
sulting contamination will probably be contained beneath the unexcavated
mound. The mound can then be excavated either by conventional means or
by emplacing and detonating one or more replacement nuclear explosives.
If conventional techniques are used, heavy equipment operators and other
personnel may be exposed to a contamination hazard as the excavation pro-
gresses. If nuclear explosives are used, the nuclear debris from the dud
explosive may be thrown out of the crater and deposited on or within the
crater lips. In either case, the contamination might be hazardous, and
cleanup operations could be troublesome and expensive.

If the HE of the dud explosive has not sympathetically detonated, it
may be possible to recover the explosive. This might be difficult, however,
because of the fractured and disarranged state of the overburden and because
the location of the explosive may have been shifted. If the remnant mound
is excavated by conventional means, the dud explosive might be encountered
unexpectedly, presenting some hazard to personnel. Effective measures
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could be taken in the design and utilization of the nuclear explosive to virtu-
ally eliminate any hazard of an accidental nuclear detonation; but the possi-
bility of an HE detonation, if the explosive is struck by excavation equip-
ment, would still remain. A solution to this potential problem might be to
develop an effective method for determining the precise location of a dud
explosive and thus preclude accidental contact.

The foregoing considerations raise a number of questions which have
yet to be investigated:

1. Under what conditions will it be technically feasible to recover a
dud nuclear explosive?

2. What will be the magnitude of recovery costs?

3. Under what conditions might it be acceptable to abandon a dud
explosive ?

4. In the case of multiples, what is the probability that the HE of a
dud nuclear explosive will be detonated (non-nuclearly) by the
adjacent nuclear detonations?

5. What will be the nature and magnitude of the radiological contami-
nation resulting from a sympathetic, one-point detonation in ex-
cavation or underground engineering applications?

6. How might the location of a dud explosive be shifted by adjacent
nuclear detonations, and how might the explosive be located?

7. Will the resultant levels of additional contamination from a dud
explosive be tolerable if replacement nuclear explosives are used
to excavate a remnant mound in excavation applications?

8. Could conventional excavation techniques be used to excavate a
remnant mound without subjecting equipment operators and other
personnel to undue radiological or HE hazards?

These and other questions will need to be answered before failure contingen-
cy plans can be formulated. The appropriate course of action chosen will
undoubtedly depend upon the applications, and remedial costs will be drasti-
cally affected by that choice.

It is expected that failure contingency provisions will have to be in-
cluded in Plowshare project agreements with both foreign and domestic
users. The potential costs of remedial actions will need to be estimated in
order to establish adequate funding provisions. Thus, both the probable
courses of action and the associated costs will need to be evaluated before
the U. S. enters into agreements to provide commercial nuclear explosion
services.

Success Insurance

When a failure occurs, the remedial costs may be very high. The
cost of supplying a new nuclear explosive and drilling or redrilling an em-
placement hole will add to whatever costs are incurred in recovering or
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disposing of the dud explosive. These remedial costs could easily be two to
four times the cost of a normal nuclear explosion service.

Present indications are that the U. S. will want to administer the com-
mercial use of a Plowshare explosive service on a fully reimbursable basis,
neither subsidizing domestic or foreign projects nor incurring losses on
them. Thus an arrangement whereby the U. S. simply sustains the loss
when a failure occurs is probably not acceptable. On the average, the fre-
quency at which failures occur and remedial costs accrue will be a function
of the failure probability of the nuclear explosive and its associated control
system. By using the concept of expected remedial cost discussed previous-
ly, occasional failures could be amortized over all projects. By increment-
ing the amount charged for a nuclear explosion service by the expected re-
medial cost, the A EC could provide a form of self-insurance.

The following example will illustrate this approach. Suppose the basic
explosion costs were $300, 000 (device cost plus fielding costs), and remedial
costs in the event of a failure were estimated at $1, 000, 000 (recovery, new
device, and fielding costs). If the failure probability was estimated at 10" ,
the Expected Remedial Cost (ERC) would be:

ERC = ($1,000,000) (10-2) = $10,000

Thus, the amount to be charged for the nuclear explosion service would be
$300,000 plus $10,000, or $310,000. This method could be employed by
using an average ERC for all projects or by using an individual adjustment
for each project. As remedial cost estimates or predicted reliabilities
changed, adjustments could be made accordingly in the price of the nuclear
explosion service.

Remuneration for Partial Project Success

It should be recognized that by the time Plowshare nuclear explosives
are being used regularly for commercial purposes, most of these explosives
will no longer be experimental devices but instead will be proven nuclear
explosives, produced in quantity, and with a considerable history of use.
Under such conditions the most likely yield by far should be nominal yield.
There would, however, be some small likelihood of zero yield, a still
smaller likelihood of partial yield, and there would remain a very small
chance for excessive yield up to the theoretical maximum.

Therefore, between a clear success and a clear failure lies a spectrum
of possible partial or excessive yield conditions which might be termed par-
tial successes. In the event a Plowshare explosive were to yield 50 kt, for
example, instead of an expected 200 kt, a foreign or domestic user might
be justified in expecting some kind of remuneration. Similar problems,
plus possibly excessive collateral damage, might result if an explosive were
to produce a yield well above the nominal range. The nature and amount of
remuneration which would be equitable would depend upon the application.
In some cases, 25 percent of nominal yield might be equivalent to a com-
plete failure; in others, it might simply mean a profit reduction or a dimin-
ished utility for the project. Such situations probably hold considerable
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potential for disputes between the U. S. Government and the user. The
possibilities should be discussed and basic agreement reached prior to con-
tract finalization. If disputes develop on such matters with foreign users,
arbitration by an international organization such as the International Atomic
Energy Agency (IAEA) may be appropriate.

In conclusion, the likelihood of a failure of a Plowshare nuclear explo-
sive will undoubtedly remain small, but there are a number of important
implications which arise from the possibility. Reliability implications can
be expected to influence the design of nuclear explosives, the formulation of
operational plans and the structuring of AEC/industry agreements. Several
of the questions which have yet to be resolved must await further develop-
ment of the nuclear explosives and the techniques for their use; however,
consideration of some questions could proceed now. Resolution of many of
these questions will require the joint efforts of both the AEC and potential
industrial users. In particular, industry could assist in (1) identifying and
evaluating alternative methods for recovering a dud nuclear explosive, (2)
estimating costs of remedial actions to be taken in the event a failure occurs,
and (3) formulating mutually acceptable failure contingencies in AEC/indus-
try agreements for commercial nuclear explosion services. Joint studies
on such matters and a continuing awareness of reliability implications by
both the AEC and industry will allow steps to be taken to minimize the con-
sequences of a possible failure and thereby contribute to the orderly pro-
gress of the Plowshare program.
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