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USER'S GUIDE AND HISTORY OF ANFO AS A NUCLEAR WEAPONS
EFFECTS SIMULATION EXPLOSIVE.

Preface

This dncument has two purboses: ,1) to record the history of the use of '
ammonium nitrate/fuel o1l (ANFO) as an explosive'for use on Defense Nuclear

"‘Agency {DNA) sponsored 1arge‘séa1e military target response testing
~operations, and 2) to serve as a user's guide for persons faced with the task
of preparing ANFO explosive charges for use on future tests. ’

Section 1 deals primarily with the history of the use of ANFO. As the
Earl of Chesterfleld said back in the 18th century, 'Hisfory is only a
confused heap of facts." The ANFO fact§ are scatterad in many documents
reporting the results of tests, progress reports on the develnpment of ANFO as
a nuclear weapons effects simulation explosive, and undocumented incidents and
information pertaining to the subject avatlable in the 'corperate memory. "

. Out of this "confused heap of facts," we attemnt to make sense and an

understqndable story. More then that, though, we hope that the history itself
will serve partly as a user's guide. George Santayana said, "Those who cannot

remember the past are cdndemned to repeat i1t.*. In'tnis history there are many

lessons learned which shou\d serve as guides for future operations, and many
mistakes made and paths taken which shou1d not be dup11cated Hopefully, the
good and the bad will be self evident. : .

T¢ assure that the good 1s properly and completely presented for user
guidance, Sections 2 and 3 deal with the specifics of ANFO; Section 2 with the
physical and cnemical characteristics, Section 3 with the design and

" construction techniques for ANFO cherges in several geometries. Section 2 is '

‘perhaps the most erudite of all the secttons because explosives and explosions
by their very nature require highly technicalldiscussionS-of chemistry,

'.'hydrodynam1cs and thermodynamics to describe their prdpert1es ' But this

section, notwithstanding the detail--or maybe because of 1t--1s the one
generating the most unanswered quest!ons.

| Tl
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ANFQ has beeb used by the mining and excavating Industries since about
1956;-ten years before ‘the concept of using ANFQO for simulation purposes and
twenty years before i1t was accepted for laroge scale test operationé.' ANFO
properties relevant to uses by these industries are adequately documented.
However, the properties and charactecristics of ANFO in unconfined multt-ton
charges as used on DNA test operations have not been studied in any great
depth. With more than two dozen variables of ANFO physical and chemical
properties to consider, the task, indeed, is complex and formidable. Such
things as shock front and fireball anomalies--jets, spikes, protuberances--are
observed but no conclusive reasons are available to explain their occurrence.
Detonation pressures and velocities as computed using equation-of-state data
and as measured in fleld tests show wide ‘variations, again with no certain:
reason for the variations. Even equation-of-state formulations show
significant differences. Obviously, theée known uncertainties need further
tnvestigation in future research programs if we want to describe ANFO and 1ts
effects i1n a satisfactory manner. For now, the iInformatton in Section 2, a
distillation of avatlable 1nformation, will have to do.

Section 3 1s straightforward; 1t describes what has been done in the past.
in designing and constructing hemispherical, spherical, cylindrical, and other
charge'shapes. These procedures can be'continued into the future.

Section 4 presents data obtained on all the major large charge ANFO
shots. These data cover mainly airblast. ground shock, craters, and
detonation velocity; some data are presented as measured, others gre-feduced R
to staﬁdqrd conditions so that comparisons can be made readily between the |
results of different shots. ' A

" The last section of the report, Section 5, looks t6 the future. It
describés ways of tailoring ANFO charge configurations to meet specific
'objectives for air, underground, cr underwater tests. It 1s hoped that with
the 1nformation prov1ded in this report, the reader will be in position to
create new and 1nnovative uses to better meet the needs of the milttary. target
test1ng community '
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CONVERSTON FACTORS

"~ To Convert From ' to

Multiply By

atmospheres (standard) kilopascals (kPa) ,101;325
bar ‘ kilopascals (kPa) 100.000
bar atmosphere -;_0.9869
bar_' ) " : pounds/in2 (pst) _"14.50
calorie (thermochemical)  joule (J) ' 4188
cubic centimeter (cm3) cubic feet (ftq) 3.531 x 10'5
cubic feet (fta) cubic centimeter (cms) '  ~ 28,320.0
feet (ft) . centimeter (cm) " 30.48
feet/second (ft/sec) meters/sec (m/s) 0.3048
inch (in) " centimeters (cm) 2.540
kilograms (kg) . " pounds (1b) 2.2046
meters/second (m/s) feet/second 3.281
pounds (1b) k1lograms (kg) 0.4536

' pounds/ft3 grams/cm? 0.01602
pounds/inch? (pst) " k1lopascal (kPa) 6.894757

_ pounds/\nchzrsec (psi-sec) . kilopascals-sec (kPa-s) =~  6.894757
pounds (mass) {1b) . kilogram (kg) ' 0.4536
temperature ('C + 17.78) ~ temperature ('F) RN
temperature (‘F - 32) temperature ('C) 0.5556
temperature ('C + 213.16)  temperature Kelvin (K) -~ 1.0
“temperature ('F + 459.69) temperature Rankine (R) 1.0
ton (short 2,000 1b) © k1logram (kg) - 907,!847
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SECTION 1

A HISTORY OF THE USE OF ANFO FOR NUCLEAR WEAPON | : A
BLAST AND SHOCK SIMULATION ‘

1.1 BACKGROUND
On 6 October, 1976, a short br1ght flash, a long, loud bang, and a large ' '
gray mushroom cloud ushered in a new era for nuclear weapon blast and shock
wave simulation. A 628-ton domed cylindrical ANFO (ammonium nitrate-fuel oil)
charge was detonated at the White Sands Missile Range, New Mexico, as part of
Operation DICE THROH,'a test to determine the vulnerability of military o
" hardware and targets to nuclear weapon proportioned airblast and ground »
shock. Six foreign countries, 28 U.S. agencies, and all the U.S. military
services participated in this Operation which involved the largest single
explosive charge of ANF) ever detonated under controlled conditions. '

RN 7 TR

1.1.1 The Origins of a Concept - .
~ The start of this era came ten years, almost to the month, after the “
concept foriusing ANFO for nuclear weapon effects simulation first was -
conceived. In Augusi 1966, two NSWC (Naval Surface Weapons Center, formerly
Naval Ordnance Laboratory) scientists were discussing the general subject of
nuclear weapon blast simulation, and in particular, the forthcoming large-scale -
. field tests- (to which they had been invited as official observers), of a new ' ;
"simulation technique{ This new method used detonable gases as the explosion
source. ‘ One of .the men, L. D. Sadwin, had some experience with ANFO and
knowledge of its uses by the.mining‘industry, the other, J. Petes, was familiar .
with the Navy's and DNA's (Defense Nuclear Agency, formerly Defense Atomic -
- Support Agency) requirements ana epdeavors to Find an adequate replacement for oo
TNT, the then current explosive used for large-scale nuclear weapon blast ' .
simulation tests. They knew of the problems associéted with the use of TNT
and they were aware of the July 1966 attempt to detonate 20 tons of an oxygen- - ;
propane mixture in a hemisphorical balloon which test was aborted when the
balloon suffered: structural failure. '

v
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"Why not use ANFO?" they reasoned. “ANFO is inexpensive, relatively safe,
and cost-effective in terms of energy output - the very reasons that the
mining inddstry uses it in ever-increasing amount. It is readily available;
basically 'AN' is commercial fertilizer made by industry in millions of pounds
per day quantities, and the 'FO’' is ordinary #2 diesel oil, easily available
throughov*. the country. Also, the ANFO may have hydrodynamic advantages over
the dblock built TNT charges then being used on major military hardware tests.
Perhaps detonation front ard blast anomalies would be minimized in the ANFO
charges (as they were shown to be in the gas balloon simulation technique)
because of the greater homogeneity of the prilled explosive material compared
to the discontinuities encountered between TNT blocks.”

1.1.2 « « « And Questions
Their enthusiasm, however, was moderated by many questions, answers to

which were not immediately.available, nor indeed, were they to be found at all
later in the literature. Will ANFO detonate reliably with predictable blast ’
output in large unconfined piles? Mining industry experience was limited to
ANFO charges heavily confined in relatively small ciameter bore hales and most
loads were primed with dynamite placed every ten feet along the colummn length
to sustain detonation. Such confinement and multiple and time-sequenced
detonation points would never do for ANFO charges designed. to produce ideal
“airblast fields. For one, charge confinement was deemed inappropriate; the
confining case could produce fragments that could- jeopardize test targets
di'rectly, and depending on the size of the fragments, they could produce |
airblast anomalies through the bow waves associated with the fast moving
fragments. For another, singTe point initiation of the charges (as.used for

hemispherical and spherical TNT charges) was.considered necessary to assure a

constantly cdvancing symmetrical- detonation front so that the hlast field
could be predicted reliably. '

Would large ANFO charges in the hundreds of tons size be safe - chemically
and thermally stable over-a period of time, say a month - or would there be ,
' some reactions taking place generating heat or chemical products which would
lead to auto-detonation? The Texas City explosion in 1947 .was remembered in
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which twe shiploads of ammonium nitrate fertilizer caught fire for some
undetermined reason and detonated with disastrous results--hundreds killed,
thousands injured, and millions of dollars worth of damage. '

Would the fuél 0il settle out of the ANFO mixture during the days or weeks
it may take to construct the charge and fire it? The ﬁining industry seldom,
if ever, faced this problvm; they would mix the AN and FO on site just before
filling the bore holes, or would use prem1xed ANFO freshly delivered from a
"nearby manufacturer.

Assuming‘détonation of a large charge of ANFO, say 500 tons, would its

‘blast output be similar to that of a 500-ton TNT charge? It was realized that

the density of bulk ANFO was considerably less than‘that of TNT and thus, its

-detonation velocity and pressure would be less. This would.mean that the peak

airblast output of an ANFO charge should be less than for TNT, but at the
pressure levels of most concern to target studies, about 2000 to 3000 psi and
less, would the ANFO blast be adequate? This could not be answered at the
time. ' ‘

These questions and answers, pros and Eons, doubts andlcoﬁcerns--and
hopes--weré batted back and ferth by Petes and_Sadwiﬁ, and a little later,
with their colleagues. It was felt that before a real case could be madé to
the Navy and DNA for support to investigate the merits of the ANFO concept,

* some basic information on the detonability of unconfined ANFO would be
required. ' ' ' '

1.1. 3 Bootleg Tests

The Air-Ground Explosions Division of NSHC was heavily engaged in
experimental field work with military high explosives. _It was a relatively
simple, although unorthodox, matter to introduce several ANFO shots between
“authorized work at its remote Sfump Néck, Maryland Airblast Facility. J. F;‘
Pittman conducted these bootleg tests in mid-August 1966 with 8-1b, 20-1b,. and
64-1b charges of ANFO contained in thin plastic paint buckets and garbagé cans
which were ccnsidered to be essentially non-confining (Figure 1-1)
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The test results were encouraging. The charges detonated reliably;
repetitive shots with the same weight charges produced the same pressure-
distance curves in the range of pressures measured, from 5 to 100 psi. But
the outputs of the “ifrerent weight charges, as evaluated in terms of TNT
equivalence, were different. The 8-1b charges had a TNT eguivalence of about
0.47, the 20-1b charges 0.51, and the 64-1b charges abouf 0.75. This

- increasing output (or TNT equivalence) with increasing charge weight was

interpreted to mean that the critical size--the minimum diameter required to

attain a steady state detonation velocity through the explosive--was greater

than that realized in the small charges used; hence, the full explosive energy
of the charges was not realized. Of course, the 64-1b charges'may have

' attained full output, but this could not be estahlished from the data. The

hcpe was*that, iq fact, full output was not attained, that larger'ANFD'chargeg

would produce blast output mdre'nearly approaching that of TNT.

Data obtained by k. W. Yan Dolah in Bureau of Mines tests investigating
the sensitivity of ANFO showed that for 1500-1b charges, the TAT equivalence

of ANFO was 1.0 for pressures up to 10 psi (Reference 1). Larger charges thah‘

those fired in the bootlog program would have to be fired to check this out.
But larger charges could not be bootlegged; they would have to be tested under
- some authorized, funded, and planned program. The Navy and DNA were logical
places to seek the necessary support; both had compelling reasons for seeking
nuclear weapon blast and shock sirmulation technigques.

1.1.4 Navy Interests . . .
. The Navy -had but recently (1965) fielded at‘Kahoolaqé. Hawaii, Operation
“SAILOR HAT;’a three event airblast.program in which 500-tons of TNT were f1ired
on each event. Fully operational combatant ships and naval struc‘ures,
weapons, and equipment located oh”a floating platform (a converted aircraft
carrier hull) were subjected to long dufat16n btast waves with amplitudes up
to about 10 psi. These tests were designed to establish the vulnerability/-
sqrviVability of these navy ships and items and to provide guidelinés for
hardening in a nuclear weapon bjast environment. Much valuable information
was obtained on the tests, information not available through analysis or other
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simulation techniques. The Navy looked forward to doing more such teSts, but .
the costs were staggering; it was estimated that the cost of each 500-ton

‘charge was about $1,000,000. The Navy was in the market for a cpeaper'

explosion simulation source.

1.1.5 . . . And DNA Requirements , '

DNA, as a Department of Defense agency, had similar and broader reasons
for seeking nuclear weaponc blast and shock simulation technidqés; the use of
nuclear weapons and devices in the atmosphere was prohibited by the first test
moratorium of October 1558 and by its successor, the Muciear Test Ban Treaty
of 1963. Yet, the Department of Defense had the continuing requirement to:
obtain nuclear weapons effects data on military equipment and targets. _
Techniques to simulate airblast and ground shock of nucl” - weapon proportions

were obvious alternatives. DNA supported and encouraged the pursuit of many
such alternatives.

1.1.6 TNT For Simulation

Initially, interest was in the response‘of targets primarily to airblast.
In 1955, DNA initiated a joint program with DRES (Defence Research Establish-
ment, Suffield) Canada, to develop TNT as the explosion source for Tong
duration airblast waves. This program continued, expanded, and accelerated
CRES's earlier efforts investigating the properties of TNT:1n~variousAfonns
for ‘field applications. Using 12x12x4 inch blocks. of TNT weighing'33 ibs
each, chafge; were constructed on the ground in a hemispherical éhape with -
single point initiation occurriig at the ground in the center of the equatorial
p]ane.' This develooment culminated in 1964 on Operation SNOHBALﬁ when a '
500-ton hemispherical charge was detonated-succéssful?y'(Figurev1-2);‘ _

Additional 500-ton TNT hemispheres were fired on Oberation SAILO™ HAT fn 1965.

" As time went on, the interests of the military services extended to
subsurface facilities, structures, and targets; ground motion as well as
airblast became a matter of concern to the military scientific comunity
(Figure 1-3). -Analyses and progressively larger scaled expérinentation showed
that a spherical charge built on and tangent to the ground would produce
ajrblast, ground shock, and cratering energies in the same relative
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prbporiioﬁs_as a surface burst nuclear weapon. This relationship of effects
was deemed important so as to best satisfy, on a single shqt, the ‘requirements
of the military scientists and analysts interested in blast, craters, and
ground shock. Block built charges were now stacked in this geometry. A
number of such 500-ton charges were detonated on military test operations,
namely PRAIRE FLAT (1968), DIAL PACK (1970), and MIXED COMPANY (1972)

(Figure 1-4).

- 1.1.7  INT Problems

, As useful as the TNT block built charges were, they presented problems.
for one, as the Vietnam War continued, TNT was becoming availatle in ever

jéhorter supply; the World War II surplus was about exhausted and the TNT

manufacturing plants were nearing the end of their productive lives. For

another, the cost of processing the TNT 1nto'33-1b blocks and placing the
”Charge in the fleld réady for test was high--up to $1,000,000 for a 500-ton

charge.

A third problem surfaced eaf]y in the use of these large, block built
charges--the airblast front was plagued with large, unpredictable anomalies
(Figure 1-5). These manifest themselves generally as ahead running spikes,
Jets. and protuberances on the main shock front (Figure 1-6). Some of these

anomalies extended 1,000 ft from‘thé~explosion source and perturbed the

pressure field within a 30° sector mea;ured’from the or1g1d. Three such
major anomalies, not uncommon on some, of the tests, could adversely 1nf1uence
25% of the area in which targets were located and thus invalidate expensive

and important target response studies.

An extended. and detailed study of anomalles was initiated by a working
grbup of Amer1can.4Br1t1sh, and anadian'scﬁentists under the auspices of TTCP

’(The.TéchnicaI Coordinating Program) soon after J. M. Dewey of DRES, in 1965,

reported the occurrence of serious blast front perturbations on operation
SNOWBALL (Reference 2).- The report of the working group (Reference 3),
published in 1970, found that anomalies were, in fact, characteristic to

~explosions of so11d high explosives; evidence was found for jets, spikes, aqd'

pertdrbations;frpm charge sizes ranging from gram weights up to the 500-ton

_charges of immediate interest. They concluded that one - of the major reasons
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for the anomalies arises from the very unstable nature of the detonation
process as it progresses from explosive grain to explosive grain on a
microscale; this is particularly true for cast TNT with its relatively large
and irregular granular structure. In block built TNT charges, the '
instabilities are accentuated on a larger scale because of the significant
reduction in detonation velocity as it progresses across the somewhat
irregular interfaces between blocks.

The TTCP working group suggested ways to. reduce the number and severity of
the anomalies that were explosive dependent but offered little ﬁope for
eliminating them so long as the 12x12x4 inch block built construction was
used. (A1l the anomalies identified by the TTCP working group are not .
explosive oriented; some arise along paths of ground surface discontinuities,
e.g., roads and trench2s, and occur regardless of the high ekplosive used. 3
Significantly, they recommended the study of other explosive materlaIS for
nuclear weapon blast simulation--detonab]e gases, slurries, and ANFO.

1.1.8 Detonable Gases for Simulation
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DNA was already supporting efforts to determine the merits of detonable
gases; in 1965, project SLEDGE (Simulating Large Explosive Detonable Gas
Experiment) was initiated (Réference 4). Detonable gases had the promise of
attractive features: 1) if the'gas mixture was lighter than air, then a
balloon filled with the gases would permit conducting large scale, i.e.,

. multi-ton, blast tests at high altitudes to' help determine'the response of

in-flight missiles and aircra1i in a realistic environment; 2) the microscale
homogeneity of the gas mixture should be better than that of TNT, thus leading
to better detonation properties and, hence, better blast fields without

" serious anomalies as compared to TNT shots, and 3) the low density of the

detonable gas mixturc would match the density of the surrounding air better
than TNT, and thus, reduce the Taylor instabilities which were advanced as
another source of anomalies for TNT charges

The fact that detonable gases would produce peak pressures consfderab]y

_ lower in magni tude than those generated by TNT was of minimum concern. Most

military targets of interest were usually exposed at less than the 600 psi
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maximum expected from detonable gases. In foct; thisvlov'peak pressure had an
advantage: for surface bursts, with the gas charge resting on the ground;
cratering with its deleterious ejecta of crater material would be reduced or
even eliminate.

Analyses, sr1l11-scale experiments with oxygénémethane>ond oxygen-oropane B

mixtures, and a large test of a surface burst with 20-tons-of oxygen-propane

in a 125-ft diameter hemispherical balloon (Operation DISTANT PLAIN, Event 2a,

1966, Reference 5), ;howed that, indeed, the promises could be realized. On
none of the tests were anomalies observed. lhe'éb-ton surface test produced a
slight surface depression under the charge with'na crater ejecta, and a
lOOO-lb mixture of oxygen and methane could fly and be detonated.

However, serious operational problems faced the gas balloon .endeavor. The
very construction of large balloons, 100-ft in diameter and more, was itself a
challenge. which was only partially met; on one test with a 110-ft diameter
balloon, the balloon material failed, aborting the experiment. Additionally,
the cost of fabrication for a large balloon and filling it with the detonable
gases was estimated to oe rather high, perhaps $500,000 for a 380-ft diameter
balloon necessary to contain 500-tons of detonable gaseé. Handling and
filling the balloon were difficult. Long filling times were reqdiredffor
1ahge quantities of gases. The balloon was susceptible to wind damage during
the filling procedure even though an airfilled ballonet was used to achieve

some structural rigidity of the balloon while the slow oxygen and methane or
propane filling was taking place.

The most serious problem was the one concerned with safet&. Static

" charges could build up on the balloon material through wind action even though
- attempts were 'made to cover the balloon material with a conductive coating.

" The hazards of discnarging'static charges through arcing in an atmosphere of
detonable gases is, of course, well known. It was on 22 October 1966, while
observing the premature static discharge ignition of a 110-ft diameter balloon
filled with oxygen and about half of its quota of nethane. that gave Petes and
-Sadwin strengthened reasons for considering ANFO as a nuclear weapon blast
‘simulation source.

T
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1.2 ANFO DEVELOPMENT FOR AIRBLAST TESTS _

' Early in November 1966, Petes and Sadwin disclosed their thoughts on the
use of ANFO as a nuclear weapon blast simulant explosive to J. Kelso, DNA, anﬁ
Y. Park, NAVSEC (Naval Ships Engineering Center, then Naval Ships Systems
Command) (Reference 6). Many discussions were held. All the_ihfonnation-in
hand on ANFO was presented and discusﬁed; the merits of ANFO--its documented
Tow cost, about five cents per pound delivered to any continental test site;
the controlled and repeatable detonability of unconfined ANFO as demonstrated
in Pittman's tests; the ready availability of ANFO on the commercial market

from dozens of manufacturers; and, the safety and ease of handling as evidenced °

by its increased acceptance and use (approaching one million tons per year) by
the mining and quarrying industries.. The unresolved questions and doubts
originally and subsequently raised by Petes and Sadwin were reviewed also, so

that the technical and financial risks involved in exploring ANFO as a suitable.

blast simulation source could be put in perspective. Would large charges, -
500-tons, detonate reliably? Would self-heating of such large charges be a

- hazard? Would the known hygroscopicity of ANFO preclude its use for Navy

purposes in a sea or near sea envirorment? Would the fuel oil settle out of
the ANFO? Questions and more questionﬁ which had no ready answers. The
appafent merits of ANFO and the enthusiastic and persistent (ahd, perhaps,
overstated) salesmenship of the NSWC pérsonnel outweighed the doubts:> Kelso
and Park agreed to fund a small experimental study to determine the
feasibility of using ANFO. An official proposal was submitted by NSWC to
NAVSEC in March 1967 (Reference 7); reprdgrmnnéd.DNA funds were provided via
NAVSEC in December 1%67. | S -

The principal objectives of this new task were to determine the blast

'yield for hemispherical ANFO chargesfweighingAup'to 4000-1bs and to demon-
~ strate, on this scale, the predictability of the airblast field.: Depending on
~the re;ults of this task, a follow-on program would be recommended with the

géaltdf eventually constructing and testing up to 500-ton charges.
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1.2.1  Why Commercial ANFO?

At the very start of this project, the fundamental decision was made to
use commercially developed and available material, such as Gulf 011
Corporation* Spen-C-N-1 premixed ANFO and N-IV prilled AN. The project
- specifically avoided the attractive research task of developing a new AN-based
explosive or even exploring the many AN-based explosives described in the
literature and patent disclosures. Such‘ah investigation would be time
consuming, costly, and probably would have been counter-productive by
comproaising the demonstrated virtues of commercial ANFO--low cost, safety,
and ready availability. It was recognized that additives such as aluminum and
TNT would increase the blast output of AN-based mixtures but the greater
sensitivity of these mixtures militated against advocating their pursuit and
use. Water as an additive to make an AN slurry or gel was also discussed as
an alternative but'the idea was dismissed from further consideration because
of the obvious requirement for a case to contain the mixture; casing,
partiéular]y heavy casing, could result in deleterious fragment effects on the
blast field and the test targets. | ‘

The selection of ANFO and AN was made dith some trebidation: safety was of,

. paramount concern. After all, single quantities of up to 500 tons of ANFO
were envisioned tor test purposes; an accidental éxplonon was unthinkable.
Neither‘indqstry~nor the military had experience with sﬁch'large quantities.
Industry uses ANFO loaded into relatively small diameter (1* to 12*) columns
~set in a pat;érn of bore holes optimized for rock breakrup. Any one hole
could hold up to about 1,000 1bs of ANFO. The military|has.used AN in
relatively small, one-man deployable cratering and demo}ition charges (AN
.86;62,-d1nftfoto1uene 7.6%, noﬁ—explosive 1ngred1énts 5.8%), and in mixtures

" with TNT for use as the explosive fill for ammunigion. Amatol 80-20 contained

.80% AN and 20% TNT; amatol 50-50 had 50% AN and 50% TNT| (It is interesting
to note that just as a driving force for shggest1ng ANFQ as a nuclear blast
_ simulation source was the shortage of TNT in 1960-70, sg the amatols were

 introduced as a military explosive during World War I ia order to reduce the
demand for TNT which was then in short supply.)

" *Mention of propriethry items constitutes neither endorsement nor critt#ism,

C 3




Although AN is not classified under U.S. Department of Transportation
regulations as an explosive, but rather as an-bxidizér, AN can detonate and
- has detonated with catastrophic results (Reference 8). The most recent large
accident was the aforementioned Texas City, Texas explosion on 16 April 1947.
Two freighters loaded with comnmercial fertiiizef‘grade AN detonated at the

pier resulting in 454 deaths, 150 missing, 3,000 injured, and damage estimated

at $50,000,000. A fire in one of the ships has been attributed as the cause
of the resulting explosion. :

Twenty-six years'prior to the Texas City explosion another large AN -

‘accident took place in what, in retrospect, appears like bizarre circumstances.

- The Badesche Company manufactured AN-based ferti]i;er at its plant at Oppau,
Germany. 'Large masses of the material were stored;dutdoors where it was
subject to the ravages of weather. The AN would c@ke because of its
hygroscopicity and it could freeze. It had been the standard pracfice to
break up the caked AN with explosives. On 29 September 1921, this procedure
was used with disastrous results. An estimated 4;500 tons of AN detonated.

v More than 1,000 persons were killed, about 75% ofﬂthe houses fn'Oppau'were
leveled or made uninhabitable, and a-crater 400 feet in diameter and 90 feet
deep was formed. The blast was felt in Munich, 175 miles away. The hizarre
feature of this episode is that AN was considered to he so safe that .
explosives could be used to break it up, even though'as early as 1867 the.
properties of AN as an explosive 1ngredieht and 1ndeed, a§ an eiplosive, were
‘ recognized in a Swedish patent issued to Ohlsson qnd Norbein. On second

thought, perhaps it i5 not bizarre; even today industry finds it necessary to.

provide the following warning with the product, “We also stress that dynamite
or any other explosive must not be used to break up caked ammonium nitrate"
(Reference 9).

. The selected ANFO was available in 50-1b bags ready mixed in the
stoichiometric proportions of 94 to 6, by weight, of AN to FO respectively;
. prilled AN (Fijure 1-7), which could be'mfxgd with #2 diesel fuel oil at a
test site, was availablg fn bulk quantities and in 50-1b bags. This prilled
AN was developed in the 1940's specifically for use as.the basg material for
. ANFO explosives. Untreated AN is highly ﬁygroscopic ]eading_toAcaking and
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FIGURE 1-7. PRILLED AMMONIUM NITRATE; PRILL DIAMETER ABOUT 0.5 TO 2 fm.
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dissolution .in humid ok wet atmospheres. In fertilizer grade AN, the prills

~ are noruwally coated with a diatomacedus earth which inhibits water absorption.
. In AN designed for ANFO applications, the diatomaceous earth is replaced with
a surfactant which,'in addition to inhibiting water absorption, permits
uniform fuel oil absorptlon by the prill resulting in an intimate and
homogeneous ANFO mixture

_ Prill size or AN bulk density is a parameter which inf1uences ANFO

sensitivity and explosive output; the higher the prill density, the lower the
sensitivity.and £he butput. The use of high density prills such as used in
agricultural grade AN, results in an uneven cistribution of fuel 0i1 with most
of the oil being concentrated on the surface of the prill rather than being
uniformly distribured throughout the prill. This oil rich surface and the oil
poor inner pr111 material upset the stoichiometric balance of the ANFO on a
prill scale; this leads to low output. The AN used in both thz premixed and
field mixed ANFO had a bulk density of 0.88 g/cm3; a typical particle size
distribution is shown in Table 1-1..

TABLE 1-1 PARTICLE SIZE DISTRIBUTION OF A REPRESENTATIVE
: 50-L8 BAG OF PRILLED AMMONIUM NITRATE

Retaine¢d on

U.S5. Standard Sieve o * Percent
no | 13.5
#2 o .88
ns o - 8.6
6. o 8.2
#20 ' 18.3
#9350 2.9
Tray = ‘ - 10.2

ol

r

le




This type.of prill--with a surfactant and a bulk density of about 0.88
g/cna--was found by industry to be favorable for combining with fuel oil in
stoichiometric proportions. This resu1t§ in a balanced reaction with all the '
reactants being consumed. The reaction, ' '

3NH4N03 + (:H2 - 7H20 + C(J2 + 3N2

calls for 5.65% fuel oil. Analyses and exper - ts indicated that the optimum
or near optimum explosive output of ANFC is v i ned for a fuel of1 content of
from 5% to 7%. Thi s leeway in o0il content is fortunate because in practice it
is difficult to maintain a precise 5.65% oil content without strict quality
control. In fact, it is common practice to overfuel, f.e., approach the 7%
limit, because the ANFO output is affected less by overfueling than under-

’ fueling (Figure 1-8). This overfueling turns out to be an advantage for large

'~ charge simulation preparation; it compensates to some extent fo: the '

evaporation losses of FO that occur when the ambient temperature is high.

" Heat of Explosion

20 900 ;
o :
St/
| H
E.7oo H
ok ' ~ Density 0.85 glcc
‘§L600 §,:§ nsity g/
- : *:-L(: )
8 Lsoc, Sia
g -*> :. -
,8:-*00 (™ E 0
P q v
1 1 1 1 L1
2 4 6 8 10 12

Percent Fuel .Oil ‘

FIGURE 1-8. THEORETICAL ENERGY OF ANFO AS FUNCTION OF FUEL OIL CONTENT,
" (FROM:. Monsanto Blasting Products ANFO Manuai, August 1, 1979)
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1.2.2 - Phase I - Small Scale Tests
With the selection of the ANFO and AN material decided, the plans for

" testing ANFO charges in sizes up to 4000-1bs continued. Realizing that both

premixed and field mixed ANFO could be used but not having the experience or
the foresight to know which method would be most adaptable to military testing’
requirements in the 500-ton range, both techniques were used. Sadwin, Pittman
and a small field crew completed a 23-shot ANFO series in May 1968 in the

" Rattlesnake Flats area about 18 miles southwest of Hawthorne, Nevada

(Reference 10).

Chafges weighing 260-, 500-, 1000-, and 4000-1bs were fired. Again, with
nb guidance availabie, but to assure detonation of the ANFO, the charges were .
boostered with cast Pentolite cylinders weighing 8-, 15-, 24-; and 32-1bs
respectively. The boosters were placed at the center of the ground pléne of
the charges (Figure 1-9). A1l but one of the charges used loose, unbagged
.ANFO piled on the ground in roughly hemiéphefical shape. A thin corrugated
paper fence was used to retain the lower portion of the pile (Figure 1-10).

1/4" DIA.

AKELIE ROD L _ :
PAKELTEROD ~| stop prosi loz'romnou VELOCITY PROBES
* PENTOULITE
BOOSTER (T START PROBE
: SR . ANFO
" PRIMACORD NG - CORRUGATED PAPER

—

\\/ " PLYWOOD SHEET

FIGURE 1-9. SCHEMATIC DIAGRAM OF ANFO CHARGE ASSEMBLY IN PHASE 1 §TUDY.
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COMPLETED 1000 LB ANFO CHARGE IN PHASE I STUDY.

FIGURE 1-10.°



One 1000-1b charge was made by stacking the 50-1b bags of premiied ANFO in as
close to a hemispherical shape as possible,'(the 20 bagsrhequired made ‘this
stack resemble a cube more than a'hemisphere)L .Five charges used the ready
mixed ANFO; the other 2ighteen charges were made with fieid mixed ANFO with

the mixing ‘being done in a 4.5 cubic foot cement mixer (Figures 1-11 and 1-12).
The emphasis on field mixing stemmed from the thought that in the 500-ton

size, field mixing would be less expensive than buying ready mixed ANFO.

. Three 238-1b hemispherical TNT shots were fired as part of the test
program so that a basis would be available to judge'the performance of the
ANFO shots. The TNT shots also oermltted a check on the operation of the
airblast instrumentation.

The instrumentation used in the program was minimal but adequate.
Airblast was measured in the range from about 1.0 psi t0v30.0tpsi. A two
point probe was used to indicate detonation velocity within the charge. High
speed, (4,000 and 7,000 frames per second) cameras were used to observe the
explosion. And after each shot, crater size measurements were made.

1.2.3 ... And Results
The results of the test program 1ndicated that unconfined ANFO charges of
about 260-1bs are required before stable detonation and blast conditions could
be. achieved. This was evidenced by the scalability of the pressure -distance
data for charges weighing from 260 1bs to 4,000 1bs (Figure 1-13) and the
leveling off of the TNT equivalence of ANFO for charges weighing more than 260
1bs (Figure 1- 14). - These results confirmed ‘the suspicion (and hope), that the
smaller charges used in the earlier bootleg tests were not sufficiently large
in diameter or weight, to permit steady state conditions to be realized. The
new data indicated that ANFO had an average detonation velocity of 4200
meters/second and an average equivaleht weight, on'a pressure Basis. of 0.82
compared to TNT. The positive duration and impulse of the blast ane, .
although not stated in terms of equivalence,. appeared to be somewhat less.
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P.OURiNG ANFO INTO FORM FOR 1000 LB CHARGE.

FIGURE 1-12.
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The detonation velocity data was heartening; the literature gave the
detonation velocity of stoichiometric ANFO, in heavy, confining steel pipes,
as 4200 meters/second. The 0.82 TNT equivalence of ANFO, however, was a bit
disappointing--a higher output would have been desirable. This relatively low
output’is attributable in large part to the fact that ANFO 'is in stoichiometric
balance; it does not depend upon or utilize atmospheric oxygen in the explosion
process as does TNT. TNT is extremely oxygen deficient; for maximum output,
it depends on atmospheric oxygen to continue the combustion process. .This
afterburning leads to longer duration blast waves and'higher impulses. Some
thoughts again were given to the use of additives in the ANFO to increase '
output, but again, they were dismissed as being too costly, tive consuming,
and complicated.

The initial disappointment was soon mollified when it was considered that
on one hand, there is nothing sacred about the size or yield or type of
charges used on military tests; no matter which chemical explosive cource is
used and no matter how large a yield is realized, chemical explosions only
‘simulate in a limited range some of the effects of nuclear weapons. Through
knowledge of the explbsion processes of both nuclear and HE sources, analysts
can relate one to the other and utilize the simulated effects to advantage.
And on the other hand, because 'of this analytical ability, whether the HE
yield is 80. tons or 120 tons, test results can be interpreted as if the
environment were produced by 100 tons. As a matter of fact, for charges with
yields 18-20% different, at a given pressure level, the differences in
distances at which this pressure occurs are Tess than 7%. The converse is
almost true also,'at a given distance, the pressﬁre difference is about 7%.
This is less than the scatter in measured. data usually cbtained in field
operations. So the chemistry of ANFO was accepted along ‘with its reduced

blast output, i.e., its 0. 82 TNT equivalence.

The cratering performance of the 260 1b ANFOQ shotc'were compared to that
of the TNT control shots. The ANFO crater radius was 7% smaller than that for
TNT, its depth 9% greater, and its volume about 20% less. In light of the

. caliche material located about 1.5 ft below the surface, these comparisons
were considered satisfactony. '
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1.2.4 Phase II - Test Proposals

NSWC was ready to move on to the follow-on tests suggested in its March
1967 proposal --to demonstrate the merits of still larger charges and to
explore wayi to utilize the charges for tests at sea as part of the Navy's
hardening program. A Phase II ANFO prcposal was. submitted to NAV3EC in July
1968 (Reference 11). : "

It was probosed that the Phase 1l work consist of two 20 ton and one
100 ton ANFO shots with pressure-timé and high speed photographic instrumen-
tation providing the main measurements coverége. A one year program with six
weeks ‘in the field was contemplated. The estimated total cost for the program
was to be $115,000. It was pointedly noted that the cost of TNT alone for a
100 ton charge would be about $200,000. The proposal suggested that a Phase
II1 program wifh charges ueighing‘up to 500 tons would be necessary (after the
successful completion of Phase II) to adapt the ANFO simulation technique to '

sea trials for the Navy's ship hardening'program and to other DNA uses.

NAVSEC heartily endorsed the proposal in October 1968 with the statement,
"One important aspect of airblast hardening is testing and evaluation of equip-
ment. to determine if design spécifications have been met and to locate areas
of weakness. This may be accomp]ished‘for components by testing them in the
conical shock tube and for complete systems and sub-systems by exposing them
to simulated nuciear airblast from chemical enefgy explosion sources. bresently
used energy sodrces (TNT; detonable gases) are expensive, over-sensitive, incon-
venient, and impractical for §pec1a1ized purposes such as sea operations. The.
Navj, however, has recently experienced a breakthrough in this area with the
proposed utilization of ANFO--an_inexpensive, insensitive, and vefsati]e
explosive--for this purpose” (Referencele). They forwarded the proposal,tb '

. DNA for direct funding. Kelso, who, of course, had been following the program

of the ANFO endeavor, provided DNA funds for the task in Janqary 1969.

1.2.5 . . . ANFO Events I, II, and III :

A three shot program was undertaken with two 20 ton and one 100 ton ANFO
charges (Reference 13). The field program, under the direction of Sadwin, was
conducted at DRES, the site of the early TNT and detonable gas large-scale

. experiments and milita(y equipment tests. The initia].obje§t1Ves of the DRES
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ANFO program were to establish theAscalébility of ANFO charges from the
260-4000 1b range to the 2C-100 ton range, and to gain experience in handling,
mixing, and preparfng large charges with.the u]timéte goal of fie}diqg still
larger charges, up to the 500 ton size considered useful for military tests.

By this time, i.e, early 1969, the demonstrated and potential merits and
applications of ANFO were being recognized by an ever increasing number of
military scientists. More information on the explosion effects of ANFO was
being asked for than could be readily'provided by NSWC itself. Four other
U.S. agencies and DRES participated in the Phase Il ANFO test program to help
get this additional information.

DRES provided field support and made blastwave time-of-arrival, crater
size, and photographic measurements on each of the shots. BRL (Ballistics
Research Laboratories) made side-on and total head airblast measurements in

the high, i.e., up to about 1000 psi, and moderate pressure regions. U.S.G.S.

(U.S. Geological Survey) made cratering studies and NWC (Naval Weapons Center)
and NCEL (Naval Civil Engineering Laboratory) made measurements on above
ground and unqergfound structures, respectively. NSWC, in addition to
directing the over-ali operation, was in charge of charge design and
preparation, charge monitoring, e.g., determining the internal temperature,
011 content and prill size of the ANFO charge, and Tow pressure blast
measurements. - '

" The 'ANFO used on all three events was supplied by a Canadian source
Tocated in Calgary, Canadé.- A1l mixing and bagging was performé& on site
using techniques and equipment developed by and for tne mining industry. For
the first two events, the 20 ton shots, AN was delivered to a Suffield’
railroad siding in a 70 fon capacity hopper car.’ The AN was augered into a
mixing truck where the'?o was.introduéed in COrrect'and,mqtered proportions -
(Figure 1-15). The 7 ton-capacity mixing truck was driven to the GZ (ground
zero) area where, for Event I, the ANFO was augered -into a bagging unit
(Figure 1-16), and for Event II, the ANFO was augered directly into a
fiberglass hemispherical container. For Event IIrI, the 100 ton shot, it was
found more efficient to have tne AN brought to the GZ area in 22 ton capacity

tanker trucks, auger the AN into the mixing truck, and the ANFO directly into

the fiberglass contéiner (F?gure.l-17). In the mixing'opgrat{on the diesel
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fuel o1l was colored with a red dye so that a continuous visual check éouId be
" made of the fuel oil content of the ANFO; a change in color tone of the ANFO
would indicate a change in the FO proportion. The fuel oil content was

- periodically checked also by chemical analysis. For these three charges, the.
percentage of FO was found to vary from 5.85 to 5.95%, acéeptable limi;s to
provide a stoichiometric mixture of ANFO.

The 20 ton hemisphere for Event I was formed using the bagged ANFO
(Figure 1-18). Note the rather smooth hemispherical surface contour that was
formed by the pliant bags. This was considered to be an advantage over the
reentry cornered surface of TNT block built charges as depicted in Figure 1-2;
1eentry corners and planer surfaces were considered to be a possible cause for
bizst anomalies (Reference 3). Eight hundred 50-1b bags were used in this
charge. One hundred-fifty of these bags were opened and the loose ANFO used
to fill the interstices between the full bags. This was done to provide as
. homogeneous mass of explosive material as possible (Figure 1-19). It is
remembered that one postulated source of anomalies in TNT block charge
construction was the nonhomogeneity of the charge, particularly at the
interfaces between the blocks. The loose ANFO between the bags was aimed at
reducing charge construction induced blast anomalies. '

Event II used bulk ANFO contained in a thin fiberglass hemispherical
envelope open at the top to permit filling. This construction was used to
determine the merits of bulk loading. the effects of light containment, and
- the difference between field operations 1n terms of time, difficulty, and cost
_for bagged vs bulk ANFO charges. Event III, the 100 ton charge (Figure 1-20),
was built similarly to the Event Il charge; its primary objective was to
establish the scalability of large charges of ANFO. Each charge was Loosted
g by a 250-1b hemispherical TNT/pentolite charge piaoed at the bottom center of
the main charge and injtiated with 100 grain per foot primacord.

1.2.6 20 Ton and 100 Ton ANFQ Test Results -

Starting on 14 August and continuing on a'weokly basis through 28 August
1969, the three ANFO shots were fired. Prior to the first firing, there was
some speculation--even wqgering-;among_the test participants and observers as
to whether the charge would, in fact, succossfully detonate or would succeed
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instead only in spreading fertilizer over the DRES plains. DRES, for
instance, remembered that in the late 1950s in its general studies of
explosive materials, it had investigated briefly,thelproperties of AN-based
explosives; it could not reliably detonate the small charges used. Others

were aware of the heavy and multi-point boostering used by the mining 1ndustny

for ANFO confined in bore holes.

The first charge and the subsequent charges detonated successfully. ,
(Figure 1-21). Analysis of the test data by NSWC showed the reproducibility
and scalability of the explosion effects (Figure 1-22). The NSWC blast data.

averaged over the 1 to 200 psi range indicated that the average TNT equivalence.

for the 20-100 ton ANFO shots was 0.94 for both the bagged and bulk charges.

This is cons1derab1y higher than the 0 82 equivalence reported for the earlier
200-4000-1b shots. '

As noted in Reference 13, there are several reasons for this apparent'but
not necessarily real discrepancy. The earlier 0.82 equivalence was
established over a 1 to 30 psi range (using the only data available) and a
linear weighting method was used. Because the linear method gives undue

emphasis to the data at the higher pressures, and pressures up to 300 psi were -

recorded for the Phase II shots, a 1ogar1thm1c weighting scheme was used for
the Phase II data. Using a'common system for both the Phase I and 11 shots,

i.e., logarithmic averaging over the 1 to 30 psi range, the Phase I data g1ves N

an equivalent weight of 0.86, the Fhase II data 0.87.

As discussed by Sadwin and Swisdak.(Reference 13), equivalent weight
determinations may be inappropriate not only for ANFO but for any explosive.

~ comparisons unless a statisiicd]1y significant number of shots can be .fired.

For one, by quoting a singlé number, the illusion is given that (in the ANFO
example), the ANFO pressure-distance curve is parallel to that of the
refererce TNT curve. As Figure 1-22 shows, this is not so over the whole
pressure range of interest. Hence, depending on the pressure level of

-particular concern, different equivalencies can be calculated. This is

dramatically illustrated in Figure 1-23 for the Phase I NSWC data. For
another reason why equivalent weight‘numbers should be used'ﬁith some

‘ trgpidation,,equ1va1ent weights, as determined from pressure-distance
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comparisons, are extremely sensitive measures of the merits or yields of one
explosive compared to another. .As discussed earlier (Section 1.2.3) a 20%
difference in yield or eduivalency leads to about a 7% difference in pressure
at a given range. On a ;ingle shot or a small number of shots, this 7%
difference is hardly discernible because of the scatter in the data. (And it
is noted that in this Section of the report, full use is made of nominal
charge weights at times rather than exact weights. The results of either

calculations or measurements for a nominal 6-ton charge vs an 11 242 1b charge‘
" are hardly discernible and have little s1gn1ficance )

Detonation velocity, deduced from DRES photographic measurements and
ionization probes, indicated an average velocity of 4470 meters per second,
about 5% higher than that obtained in the earlier 260- to 4000-1b Phase I
Program. Crater measurements showed reproducibility in crater dimensions’
produced by the two 20 ton shots, and close agreement with the crater produced
by a 20 ton hemisphere of TNT fined in the same area. A comparison between
the 100 ton ANFO shot and a 100 ton TNT hemispherical charge indicated marked
differences in crater radii and depths but only a 15% difference in estimated
crater volumes; the TNT crater was wider, shallower, and had a larger volume.
A major'reason for these variations was attributed to'the geologic formation

underlaying'each shot; the TNT crater struck water while the ANFO one did not.

Photographic caverage of the explosions sho ed the presence of anomalies
essentially only in the bulk 1oaded fiberglass contained charges. The TTCP
working group studying anomalies had access to the Phase II ANFO results. In
its report (Reference 3) it concluded “An ANFO harge built with stacked bags

" produced no anomalies attributable to the charge material; houever, some

Type 5 anomalies attributable to charge construction were evident. (A Type 5
anomaly is one in which a fireball perturbation| affects the shock front.)
Some anomalies of all types were observed on the cased ANFO charges. these
we e considerably less in magnitude and extent than those observad on similar

- sized TNT charges."”

The measurements of the internal temperature of the chnrges showed that
there was no internally generated self-heat; only small variations in
temperature -occurred and these were associated with diurnal air3;emperaturg
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changes. The ANFO was shown to be a stabfe-mixtufe; there was no evidence of
the fuel o0il settling out of the mixture. '

The field operations provided the sought after experience in handifng
large ANFO charges (Reference 14). The ease of charge preparation was
demonstrated by the short span of time, fourteen days, required to prepare and
fire three shots. The costs of bagged ANFO and fiberglass contained bulk: ANFO
charges were about the same, with the cost of the container equalling the cost
of the additional manpower required for the bagging and stacking operations.

1.3 ANFO FOR SEA TRIALS OR GROUND MOTION TESTS?' .

The Phase II program was highly successful; speculation about the merits
of ANFO for airblast tests was eliminated thfbugh hard, scientific, and )
operational data. NSWC was ready to §o on tbithe Phase III program it had
recormended earlier--to adopt ANFO to sea trials for Navy te§ting of surface
ships and their components to airblast environments. But this Phase III
program was not to be. Circumstances and the rearrangement of Navy priorities
d1ctated another course. g o '

On one hand, the Navy was reviewing and reevaluating its ship hardening
program; until this was completed the requirements for testing surface ships
at sea could not be established.. On the other hand, as indicated earlier,
military interests were now'heavjly,invo]ved with underground structures as
targets for tests; DNA had supported the development of spherical TNT charges

to produce the required airblast, craters, and blast induced and direct ground

shock induced environments on missile silos, command and personnel shelters,
utilities, underground stores and other underground targets, as well as for
surface and air targets. A wealth of information was obtained on Operations
DISTANT PLAIN (1966-67), PRAIRIE FLAT (1968), and MINE SHAFT .(1968-69) to
guide design and determine survivability of thése térgets. Spherical charges
~ranging in size from 20 ton to 500 ton were used, and to meet the blast,
ground motion, crater size requifements, charges were fired atAdifferent
heights of burst from half buried to 85 ft altitude. A neﬁ>operat10n, DIAL
PACK, using a 500 ton TNT spherical charge tangent to the surface was in the
planning stage for 1970.
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Although Kelso supported Petes' suggestion that ANFO could readily be
built in spherical shape and be used instead of TNT for underground shock
effects, in truth, the ground shock effects of ANFO explosions had not been
thoroughly established on the ANFO tests.. The ground motion and underground
structures scientists and engineers were not ready to commit multi-miltlion
dollar operations to ANFO. They argued that the underground motion
investigations were difficult enough because of 'the variable soil and rock
propertles .wi thout switching to another, less powerful, less characterized
explos1on source. They argued, further, that data from the new source would
have to be compared and correlated with the large body of data available from
TNT operatiohs and a ready means for this correlation was not irmediately A

evident. Their views prevailed; before tests are comnitted to ANFO charges, o

the ground effects from such charges should be adequateiy studied and
demonstrated.

1.3.1 ANFO Deve1opment for Ground Motion Tests
Instigated by Kelso, NSHC starting in Septenber 1969, made several _
proposals and unofficial est1mates relative to the cost, construction, and use
of ANFO in spherical configurations. Since airblast was of continuing
interest to DNA, in November 1969, Petes at a TTCP meeting {n Santa Barbara,
. California (Reference 15), disclosed a new approach to airblast simulation:

use vertical, cylindrical charges of ANFO. It was reasoned that a cylindrical |

‘charge would be easier to build of bagged ANFO than either a hemisphere or a
sphere. Moreover; - the distribution of explosioh energies would not be wasted
with a cylindrical charge. In a test with a spherical or hemispherical
'charge. as much blast energy ‘goes where there are no targets as where there
are; cylindrical charges would give a larger proportion of -the blast where it
is needed--along the'grcund. And further, if a charge length to dfaﬁeterg
ratio of 1 to 1 were used, perhaps, the crater size with its deleterfous
“ejecta would be smaller than for the other charge geometries.

1.3.2  Cylindrical ANFO Charges? | ‘

This idea simmered for about a year. Operation DIAL PACK took place in
"July 1970 with the now predictable airblast results--extensive fireball and -
airblast anomalies which disrupted surface target studies. The simmering was-
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raised to'a<boil in the minds of NSHC'personnel when a new thought was added
to the idea-for'utilizing cylindrical ANFO charges: these charges could, it
was hoped, provide the underground explosives engineers with the ratio of
airblast,. ground shock, and crater energies necessary to simulate nuclear
weapon bursts, on one hand, and on the other, provide good blast fields for
the surface target investigators. It was rationalized that it was the ratios

~ that were. important not the absolute magnitudes of these. -energies. After

all, TNT in the spherical tangent-to-the-ground geometry provided only the
ratios ‘and not the magnitudes of nuclear weapon bursts. In a proposal

. prepared in November 1970, it was stated “We know from free field experiments

witn‘Cylindrical HE charges that airblast is‘enhanced in a mid-plane
perpendicular to the longitudinal axis of the charge over that which is

obtained from a spherical charge of the same weight at the same distance. The.

enhancement is a function of L/D (length/diameter). Thus, the simple way of
changing ground coupled energy for a given yield cylindrical‘charge applies to
changing the horizontal plane airblast output (peak pressure vs distance) from
a cylindrical charge--vary L/D.

We propose to concentrate on a limited range of L/D cylindrical charges,
perhaps 1/2 to 1/1 or 1.5/1. ' We believe that this range of L/D's will cover
the underground and surface target effects requirements and give sufficient
flexibility to get different airblast/ground shock/cratering relationships."”

The proposal outlined a program in which initial investigations of the L/D
relationship on cratering and ground. shock would be investigated using 8-1b
TNT or pentolite cylinders before .proceeding up to 10,000-1b ANFO charges.

'-Calculational efforts were deemed’ appropriate also and were proposed.

Simnering and boiling in one laboratory does not necessarily lead to an

.inmediately marketable dish; the time for cylindrical ANFO charges for large

scale test operations had not arrived as yet.
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1.3.3  CHEST ,

However, DNA continued its pursuit for the utilization of ANFO for ground
shock simulation through contractors and others better versed in underground
shock phenomena than NSWC. F. Sauer, PI (Physics International Company) had a
novel technique for simulating crater and direct-induced ground motions from a
nuclear weapon surface burst (Reference 16). This technique, with the acronym
CHEST (Cratering High Explosive Simulation Technique) is based on the
following assumption: if the velocity field from a source of chemical energy
can be made identical to the late-stage velocity field from a nuclear source,
then the ensuing cratering and far-field ground motions will be identical
also. The velocity fields can be made identical if a chemical eﬁergy source
can be made to generate the same boundary conditions on a region of space that
would be generated by a nuclear surface burst (Figure 1-24). ANFO was chosen
as the explosive to be used because it could meet the required boundary
conditions i.e., the work stresses in the test site soil, and because it was
easy to emplace and.its cost was low. | ’

A large scale test, MINE THROH was planned in which the crater and ground
motions generated by JOHNNY BOY, a 500 ton TNT equivalent shallow-buried
nuclear burst in alluvium, was to be dup11cated with this technique. In
pre-MINE THROW tests in 1970-1971, the technique was tried out on a small
scale. In one test for instance, a hole approximately 9.6 ft in diameter and
6.1 ft in depth was dug. This excavation was lined with a 2-ft thickness of
ANFO confained in 10 1b Bags and totaling about 6 tons. The excavation size

and ANFO quantity were selected on the basis of two dimensional combuter (ELK) .

. calculations whiqh provided contours of constant peak stress; for the purpose
of the experiment, the 55-kilobar stress contour was selected as the. one of
interest since it was expected that ANFO. would generate approximately that
pressure when réf]ectfng off the alluvium interface. |

The preliminary tests showed the feasibility of CHEST but it also

indicated some problems. The detonation pressure was considerably higher than

. expected; the measured pressures were on the order of 90 to 100 kilobars. If
" normal density ANFO were to be used on MINE THROH,'the initial excavation size

would be so small that not enough ANFO could be used as the explosive liner to
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NUCLEAR SURFACE BURST

PEAK STRESS CONTOURS
DEFINE P(1) AND

fq Pltidt AT EACH
POINT ALONG CONTOURS

(NOTE: j':’ P(tidt = TOTAL IMPULSE)

SELEZT PEAK STRESS CONTOUR
CORRESPONDING TO DETONATION -
PRESSURE OF EXPLOSIVE

SHAPE EXPLOSIVE CHARGE
TO REPRODUCE | ° P dt
ALONG CONTOUR

FIGURE 1-24. CRATERING HIGH EXPLOSIVE SIMULATION TECHNIQUE.
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generate the required impuise. Hence, PI embarked on a program to develop tow
dens1ty ANFO, one with a detonation pressure of about 55 kilobars (Reference 17).

By adding low-density polystyrene beads to the normal ANFO, they achieved
mixtures that exhibited stable detonations over the density range from 0.5 to
0,9 g/cm . A mixture with a density of 0.75 g/cm and a calculated
detonation pressure of 56 kilobars was selected for the MINE THROW II event
which was not conducted. '

1.3.4 ANFO Spheres
During this same time period, ANFO spheres were being investigated with

DNA support for use as a direct counterpart for the TNT spheres. In October_
1971, two 25 ton spherical ANFO charges were fired at DRES (Reference 18).
These charges, designated ANFO IV and ANFO V (and considered to be follow-on
to the 1969 three shot series at DRES) used bagged ANFO. One charge (ANFO 1V)
was constructed tangent to the ground, the other was half below-half above the
surface. Limited by a particularly'austere budget, it was not possible to
‘make as extensive a measurement effort as was possible for the three earlier oy
large ANFO shots, but airblast, crater size, and photographic measurements :]Ef::
were made. The test data were sufficient to provide judgment on the -
performance of spherical ANFO shots. Comparison could be made directly with
- ¢imilarly configured TNT charges fired at the same site. It was found that .
ANFO 1Y and V, with their 0.82 TNT equivalence, produced the saﬁe blast as - '7;-‘
20 ton TNT shots. Some blast anomalies were observed by DRES on ANFO IV, none R
on ANFO V. ‘It was conjectured that the anomalies stemmed from the somewhat L
asymmctrical construction of the charge, the rough outer surface created by .- RO
the bag construction, and the possibility of air pockets entrappéd in the ANFO “g

bags. In the 1969 series, the bags were contoured into-a reiatively smooth : R
" outer curve by butting the ends of the bags t09ether. on the 197 tests the
~outer bags touched only at the inside corners (Figure 1-25). The crater
obtained on ANFO V matched very closely the dimensions of the DISTANT PLAIR , e

crater produced by a 20 ton TNT spherical charge half buried while the ANFG IV - {:f“v
crater dimensions fell half way between those of DISTANT PLAIN 5A and 6A, , R
20 ton spherical TNT charges tangent to the surface; the ANFO IV crater had a o NG

volume of 16,540 ft3, the DISTANT PLAIN.5A crater 24,087 ft3, and the ' -
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DISTANT PLAIN 6A crater 7,064 ft3.' It is important to note that both

DISTANT PLAIN shots were fired in the same area at DRES, the ANFO IV shot in

another area. The difference in crater sizes for the similar TNT shots is an
& indication of the problems associated with crater (and ground motion)

| predictions: even small differences in geologic structure and materials can

lead to large differences in actual test results.

, These difficulties in ground motion and crater studies were stated by

D. S. Randalil, PI, after PI ran a four shot spherical ANFO test series in
November 1971 (Reference 19). Each charge consisted of 1200 Tbs of ANFO
contained in a hollowed out styrofoam cube resting on the surface. Two shots
were fired ovek,a silty playa material; the other two over a 10-ft Tayer of
clay above shale of unknown thickness. Each pair of ANFO shots was compared
to a 1000-1b TNT shot of similar geometry fired at each site. Craters " .
produced by the ANFO charges were neither consistently lérger nor smaller than
craters produced by TNT charges of the same yield. Essentially, this is the
same result as obtained at DRES in ANFO IV and V. Hence, Randall's statement
in November 1972, “"Craters produced by equal energy charges of different
exp]osfves are so strongly influenced by the characteristics of the. test.bed
that no general predictive relationship between charge mass and crater s1ze
can be generated at this time."

-.i - .(Incidentqlly, PI was well aware of the airblast and fireball anomaly
. problem; significantly they note that on their 1200-1b ANFO sphere tests, "The
- fireballs expanded spherically without any evidence cf anomalous behavior.")

The spherical ANFO tests conducted in October-November 1971 certainly did
~not provide data that could allay the concerns of the ground motion and '
cratering community. However, these data. in being comparedfwith TNT -results,
did tend to bring into sharper focus than in the past, the whole ground
effects problem i.e., the dependence.of effects on ground geology and the
difficulty of determining this ground geology with sufficient resolution to
permit accurate predictions. Unfortunately, ground characteristics are not as
easily defined as atmospheric characteristics. . Another Iarge scale military

" ~ test operation was in the plannlng stage. Nhat explosive to use on MIXET
' - COMPANY?
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NSWC, with the encouragement of Kelso, again submitted a proposal for
using a spherical ANFO'charge with a TNT equivalent yield of 500 tons. The
reasoning was as follows: First, most of the targets for MIXED COMPANY were
to be blast targets; the superior merits of ANFO over TNT for blast had been
demonstrated with hemispherical charges weighing up to 100 tons, and spherical
charges weighing up to 25 tons; it could be expected that the same superiority
would be maintained on a 500 ton shot; and so, airblast targets would be
subjected to a more predictable blast field than had been realized with TNT _
charges. (Remember DIAL PACK: Remember PRAIRIE FLAT. was the message.) And
second, with the state-of-the-ground motfon and cratering art being what it
was, predicting the ground effects of ANFO shots probably would be no worse
than for TNT shots. Besides, by measuring the ground effect. phenomena, e.g.,

' acceleration, displacement, crater dimensions, the observed response of

targets should be relatable to the effects inputs, and, so, the objectives of
the underground structure studies would be realized. '

Again, the ANFO arguments and proposal were not accepted. MIXED COMPANY,
fired in November 1972, used a 500 ton spherical TNT charge; and -again, the
now familiar airblast refrain--too many anomalies, too many airblast targets
subjected to undesirably high (or low) pressures with distorted profiles. And
the ground motion investigators again were finding that their predlct1ons were.

" not being realized adequately.

Persistance, as the study of almost any history of human events shows has
its merits. Or perhaps, it is frustration that leads to new challenges. In ’
any case, now, the ground motion scientists joined forces with the airb]aét
scientists in 'the search for a TNT replacement on military hardware tests

. dedicated to both sub-surface and surface target investigations.

1.3.5 HEST, DIHEST, etc.

During the years subsequent to the nuclear test treaty, the scientists'
interested in underground targets had not been at all idle in devisjng large

‘scale simulation methods for their specific needs. AFWL (Air Force Weapons

Laboratory), for 1nstance, had designed HEST (Hfgh'ExplosiVes Simulation
Technique) for simulating ground motions induced by airblast (F1gure'T 26).
Miles of exp1osive primacord wrapped on racks were arranged in the large area

‘cav1ty formed by the ground surface and an earth overburden. A traveling
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blast wave was generated which coupled its energy to the ground and thus
subjected the tafget, which was under the cavity, to ground stresses and
motions. For other test objectives, AFWL devised DIHEST (Direct Induced High
Explosive Technique) (Fiéure 1-27) for generating directly induced ground
shock. Many vertical holes filled with explosive were utilized to produce the
required ground effects field. For still other tests, HEST and DIHEST were
combined into a common system to generate both directly induced and airblast
induced ground shock.

:The previously described CHEST technique was still anothef method for
producing ground shock. And, of course, the spherical TNT charge was yet
another technique--and the one that found most applicetion. It enjoyed this
status because it could satisfy, basically, the requirements of both the

‘underground and surface target testing cormunities.

1.4  ANFC FOR DICE THROW? . .

' Now =z new military hardware test was in the planning stage--Operation DICE
THROW. = Aftur several meetings conducted by DNA in 1974, where target
vegiiremeni; >nd options for cnarge material and ccnfiguration were reviewed
Ly represeniacives of the DoD test community, the decision was made to
tentativcly pYan on using ANFO for the new test. And because of the
intriguitg possibility that cylindrical charges could satisfy ground motion

requirsrzats, ONA initiated an intensive program in 1975 to explore this

charge shape and its application to the ANFO explosive. A program very
similar to the one proposed by NSWC in November 1970 was started. The press

of time--9ILE THROW was scheduled for-l976--dictated<quick action. If the

ANFO cylindriceai charge: investigation did not prove successful DICE THROW
would have t9 revert to TNT; it took a lang lead time to process the 500 tons
requ1reu ‘

1.4.1 Pre-D1E THROW I- . : . ,
The program was multi-faceted with many agencies involved each in its own
field of exparionce and competence '(Table 1-2);‘ The‘genenal dbjectives of
this pre-JICE THROW effort was to design an ANFO charge that would provide a
one-to-ors correlation with the surface tangent sphere cOnfiguratibn (és'used

“on DIAL PACK 'and MIXED COMPANY) in cratering and blast efficiency and would
‘minimize biast anomalies (Reference 20) '
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TABLE 1-2z. ANFO CHARGE DEVELOPMENT PROGRAM PARTICIPANTS

~ AGENCY PROGRAM PHASE

PARTICIPATION

Air Force kéapons 1, 2, 3, 4
Laboratory (AFWL)

Ballistics Research 1,2, 3, 4
Laboratory (BRL) '

University of New ‘1, 2, 3, 4
Mexico Civil Engineering '
Research Facility (CERF)

General Electric 1, 2, 3, 4
Company TEMPO (DASIAC)

Defense Research 4
Establishment Suffield

(DRES)

Denver Research: 3, 4

Institute (DRI)

Defense Nubleaf Agency 1,2, 3, 4 -
(DNA)

" . Lawrence Livermore - 4
Laboratory (LLL) '

~Naval Surface Neapbns 3, 4
Center '(NSWC)

R&D Associates (RDA) 1,2,3,4

Stanford Research . 4
Institute (SRI)

71

Crater and Debris Measurements
Technical Inputs

Phases 1, 2, 3 Technical Supervision
Seismic Measurements

Ground-Motion Predictions

Airblast Calculations

Technical Photography

Technical Consultation
Airblast Measurements
Airblast Predictions

Phases 1, 2, 3 Technical Supervision,

ANFO Cherge Construction .
Crater and Debris Measurements
Ground-Motion Measurements
Airblast Measurements _
ANFO Detonation Diagnostics

Program Reporting

_Environmental! Impact Assessment

INT Charge Construction

Detonation Diagnostics
Technical Photography
Program Supervision and Coordination
ANFO Detonation Characterization
ANFO Detonation Diagnostics
Technical Inputs
Consultant on ANFO Use
ANFO Quality Control
Booster Manufacturer for ANFO
(including Testing)
‘Technical Conéuitant :

Stress Measurements

-
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TABLE 1-2.. ANFO CHARGE DEVELOPﬁENT»PROGRRﬂ PARTICIPANTS (continued)

T

AGENCY PROGRAM PHASE PARTICIPATION
Science Systems and . 4 ~ Stress Measurements
Software (SSS) ‘ Airblast Measurements
U.S. Geological Survey -4 Aerial Technical Photography
(USGS) : Cratering Consultant
- Waterways Experiment = - 4 Ground-Motion Measurements

Station (WES)

White Sands Missile 3,4
Range (WSMR) :
Williams Aircraft 4
Company

.72"'

Cratering Measurements

Soil Sampling and Testing
Timing and Firing

Construction Support
Program Coordination
Technical Photography

 Aerial Technical Photography
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1.4.2 Phase 1 \

A three phase experimental program was planned and started in January 1975
using 1 1b to 5 ton charges. This development plan executed under the
technical supervision of CERF (the Eric H. Wang Civil Engineering Facility,
now named NWMERI--New Mexico Engineering Research Institute), is shown in
Table 1-3. The immediate objective of the first phase with 1 1b charges was
to determine a suitable cylindrical charge geometry in terms of length to
diameter ratio. Plastic C-4 explosive was used for the charges because it
could be molded easily into the various geometries under consideration. '
Because axial symmetry of the hydrodynamic effects of the explosion is
required or, at least highly desirable, thought'had to be given as to the
location of the initiation point (or points, as it soon became eVident) for a
spher1ca1 charge single point detonation at the center of the charge provides
this symmetny. Figure 1-28 depicts the initiation sites used in the program.

The use of these small charges required rather a controlled environment so
that even small differences in explosion cratering effects could be related to
the differences in charge geometries and detonation points. The CERF field
‘facility provided this environment with a 14-ft diameter pit info which well
characterized commereial‘grade concrete sand was place& to_proVide a uniform
test bed for all tests (Reference 21). '

Concurrent with the experimental program, hydrodynamic calculations were
‘being made by C. Needham, AFWL, for predicting the blast effects of éylindrical'
charges. Swisdak, NSW, provided detailed information on the physical charac-
teristics of commercially available ANFO and AN prills to M. Finger, LLL
(Lawrence Livermore Laboratory) who nade equation-of—state .calculations to
characterize. the detonation properties of the ANFO. Thfs 1nformation provided
‘the basis for Needham's calculations. His work and data avai]ab]e from an -
early 1960 study py J. Wisotski (Denver Research Institute) showed that the -
blast propagating off the sides of a right circular cy]indrical charge is
adversely affected by the rarsfaction wave coming off the flat top of the

. charge. To prevent, or alleviate these perturbations, the later shots of the
‘ Phase I program used cylindrical geometries with hemispherical caps.
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11b - C4
Phase 1.

T o ANFO ' ‘
1000 16 . o f

5 ton :
_Phase 3 |

.- ...,”

Note: Not to scale.

© FIGURE 1-28. CHARGE GEGMETRIES:AND-DETONATION POINTS.
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"At the completion of the one-pound series, it was determined that for C4
charges a multiply-initiated, tangent-above, right circular cylinder with
length-to-diameter ratio of .84 (measured on the cylindrical section) uith
hemispherical cap appeared to best meet the desired cratering and fireball

, shock-expaﬁsion program objectives. In addition, it was observed that
apparent crater volumes exhibited a + 10-percent variation in reproducibility
in a well-controlled test bed. Based on other field data, it is believed that

" this variation may be as large as 20 percent in a natura] geologic medium. A
neminal 20-percent variation in apparent crater volume was accepted as the
uncertainty in determining cratering agreement fur the remainder of the
program” (Reference 20).

1.4.3 Phase 2 . , '

The second phase of the progfam with nominal 1000-1b TNT equivalent i
charges, was started and completed in March 1975. As part of this phase and
based on calculations and che earliei- phase results, a capped cylindrical ANFO
charge with an L/D ratjo of 0.84/1 and three point initiation was construéted.
Bulk ANFO was used and contained in a thin case; the cylindrical portion of
the charge was confined by a 1ight cardboard form, the cap within a hemis-
pherical styrofoam mold. Using the information developed cn the eartier ANFO

tests, i.e., ANFO I, II, and III, 1200-1bs of ANFO were used to give a 1000-1b
TNT equivalence. : : R

. .- - o ' .« agr et . T s v s oals
' e N P -
. .. . L0 » : S I R ot ‘ - N D
LA el LN N e o i PARE N o
e A P L P
ORI PRCARA S, L. . Lol ’

The shot was fired on 18 March. The cratering results essentially_dupli- ‘
cated on a scaled basis the results of the similarly configured 1-1b.C-4 charge. '
Significant differences were noted in the fireball charabteristfcs'of the AN?O
explosicn and fhe control tangent sphere 1000-1b TNT shot. The ANFO fireball
was short lived and largely white in color whereas the TNT fireball was.of long .

" duration and fiery red. Although these differences were noteworthy td'tﬁe
experimenters, they were observed and explained on the earlier ANFO I-V series;
they a}e attributablé to the oxygen balance of the ANFO as contrastgd to the
oxygen deficiency of TNT.. In an oxygen balanced explosive all the oxygen
feqqired to complete the combustion process is contained within the explosive
compound or mixture. In an oxygen deficient‘explosive. the deficiency leads to .
afterburning, i.e., the utilization of atmospheric, oxygen to continue and ‘

_ complete the detonation and combuscion processes. Hence, .the short, hot *
fireball for the ANFO explosion and the710nger._cooler fireball for TNT.
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The results of this phase of the program were indeed encouraging--a capped
cylindrical charge of ANFO would replicate the effects of a surface tangent
‘ sphére of TNT if proper account is taken of the intrinsic differences in the
'explosive characteristics, charge geometries, and initiation points.

The requirement for the number and type of initiation doints was studied
turther via hydrocodes by Needham. .re found that the larger the humber of
points, the quicker would the detonation fronts within the charge coalesce to.

form a smooth outer contour before the front exited the charge; the smoother
‘the front at this time, the more uniform would be the ensuing blast wave. So,
for the Phase 3 shots with 5 ton TNT equivalencies, five and seven point

- initiation systems were used (Figure 1-28). '

Multipoint initiation calls for special .attention; to obtain the required
smooth detonation front, all initiations have to take place simultaneously,
lest skewed mach wave interactions between the several detonation fronts
produce jetting within and outside the charge. Simultaneity was no mean feat,
but it was successfully accomplished with the use of quick acting detonators
and a well designed firing circuit. | | o

'1.4.4  Phase 3 .

' Phase 3 opérations started in the Spring of 1975 at the White Sands
Missi]e Range, the prospective site for the main DICE THROW event. ‘As
indicated in Figure 1-¢8, three ANFO capped cylindrical charges were fired as -
well as a contro] baseline-establishing TNT tangent spherical charge. Based
on the Phase z results, the fihst ANFO charge had an L/D ratio of 0.84/1, and
as suggested by the initiation studies of Needham, ‘five detonation points were

used. The design for the charge is shown in F1gure 1-29. The cylindrical .
port16n of the container was constructed from thin .sheets of fiberglass and
the hem1spherica1 cap was formed from thin nylon parachute fabric. A nominal

' 12,000-1bs of bulk ANFO was rained into the containment vessel to provide a
10,000-1b TNT equivalent yield. Relatively extensive instrumentation coverage
was used on the test. ' ’ :

B The ghound motion results, and the airblast measurements were satisfactory
and well within the norwal spread of data from single explosions. However,
the crater ‘volume was about 30% smaller than the TNT controI and h1gh speed

: photographs showed several airblast anoma11es.




Detonation velocity
pin line

FIGURE 1-29. CROSS SECTION OF BULK ANFO CAPPED CYLINDER (L/D 0,34/]),'
' PRE-DICE THRON I, EVENT 2, 6 TONS. : S
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A second capped cylinder was fired with an L/D ratio of 0.5/1. Again bulk

“ANFO was used to fill the form. This time, however, a heavy tarpaulin canvas

was used to shape the hemispherical cap. The nylon used on .the first shot of
this series was fiimsy so that a good hemispherical shape could not be attained;
this was suggested as a cause for some of the anomalies. The charge exploded
satisfactorily but because of the larger area - charge/ground contact with

this 0.5/1 L/D ratio, a substantially large- ater resulted on this shot than
on the control TNT surface 'tangent sphere or the previous L/D 0.84/1 ANFO
geometry. ‘'Also, blast anomalies we:e ﬁresent again.

In this iterative exberimental,search'for the most suitable ANFO shot
geometry, the third and last 12,000-1b ANFO charge had an L/D ratio of
0.75/1. Perhaps remembering past history where it was observed that even
1ightly cased ANFO charges produced more anomalies than bag built charges,"
this charge was constructed with bagged ANFO. Careful attention was paid to
bag placement so that a smooth periphery was obtained for the charge
(Figure 1-30) as on the 1970 ANFO I, II, and III series. In fact, because the
relatively small diameter (6.28-ft) of the charge made it difficult to place
the standard 50-1b bags of ANFO into a tight, bag-butted-against-bag,

" configuration, the ANFO was repackaged into 15-1b sizes in nylon bags. Nylon

was selected because the paper, canvas, and burlgp bags investigated absorbed
0il, some to the extent that the bags deteriorated and disintegrated. Changes
were made in the detonation scheme also. Seven-point initiation was used and

. instead of spherical boosters, cylindfical_p-4 boosfer; were arrayed along the

axis of the cylindriéal portion of the charge as shown in Figure 1-31.

A1l these changes-enew L/D, bagged ANFO, seven-point initiation--}esulted '

.:in a very”satisfactony charge performance and exp]oéionjeffects. Crater size‘

was close to the TNT standard crater, ground motions were well within the
accepted standard scatter, airblast measurements wére as predicted with Tittle
scatter and cignificantly, very few'anoma1jes were evident. - DNA and most of
the testing community were ready to move on to DICE. THROW, the 600 ton ANFO
event. But prudence dictated an intermediate scale test first; a second

. series of tests was planned, pre-DICE THROW II.
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" FIGURE 1-30.° COMPLETED BAGGED ANFO
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FIGURE T-3]; DESIGN OF BAGGED ANFO CAPPED CYLINDER (L/D 0. 75/1),
PRE DICE THROW I, EVENT 4.
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1.4.5 Pre-DICE THROW 11

Pre-DICE THROW II was arranged and conducted in August-Septenber 1975.
There were two shots, Event I, the control event for comparison purposes, a
100 ton block built TNT sphere tangent to the surface, and Event II, a 120 ton
ANFO charge scaled to the highly successful pre-DICE THROW, Phase 3, Event'4
shot. (As with all the ANFO tests after the 0.82 TNT equivaience had been
established, where direct comparisons are to be made between ANFO and TNT
effects, the ANFO weight is approximately 1.2 larger than the TNT yield.)

Pre-DICE THROW II was a crucial operation; on the performance of this ANFO
shot hinged the charge design selection for the main event, DICE THROW. The
operation took on the aura and magnitude of the main event itself. Site
selection was carefully made to meet the geologic requirements of the Air
Force MX program; an area -on the White Sands Missile Range, close to the
pre-DICE THROW I, Phase 2 site, was chosen. There were twenty-two prdject
agencies on the operation fielding twenty-eight different projects. Some
projects dealt with charge construction, initiation, and diagnostics, air and
" ground shock measurements, gage development cratering, ejecta, ground
_displacements, technical photography, and prediction techniqués for the
phenomonology of concern. Other'projécts were directly concerned