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1/
FURTHER STUDIES ON SYMPATHETIC DETONATION-

by

2/ - 3/ 4/
R. W. Van Dolah,- F. C. Gibson,- and J. N. Murphy-

ABSTRACT

A second investigation into sympathetic detonation of ammonium

nitrate (AN) and ammonium nitrate-fuel oil (ANFO) was conducted to

define the scaling law for safe separation from detonating ANFO. Both

missile- and non-missile-producing ANFO donors weighing up to 5,400

pounds were employed with equal sized- acceptors. The usual cube root

scaling law was not confirmed; exponents for the relationship

S = f(W) were for AN 0.51 with non-missile donors and 0.61 for missile-

producing donors. For ANFO an exponent of 0.80 was indicated in the

missile-producing case. ANFO in polyethylene bags appeared somewhat

more easily initiated than bulk ANFO. The efficacy of barricades in

protecting AN charges was investigated. Sympathetic detonation dis-

0 +4 1__tances were reduced to 1/3 to 1/7 hen --Ne sand-filled barricades

were employed. The investigation was extended to boxed dynamite with

1/ The previous investigation has been published as Bureau of Mines
Report of Investigations 6746, Sympathetic Detonation of Ammonium
Nitrate and Ammonium Nitrate-Fuel Oil, by R. W. Van Dolah, F. C.
Gibson, and J. N. Murphy.

2/ Research Director, Explosives Research Center, Bureau of Mines,
Pittsburgh, Pa.

3/ Project coordinator, explosives physics, Explosives Research
Center, Bureau of Mines, Pittsburgh, Pa.

4/ Electrical engineer, explosives physics, Explosives Research
Center, Bureau of Mines, Pittsburgh, Pa.

Work on manuscript completed January 1966.
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both types of donors. With 1,600 pound missile-producing donors and

an equivalent weight of dynamite, initiation would be expected in

50 percent of the trials at 167 feet, the corresponding value in the

non-missile case was 67 feet. The data developed in this program of

sympathetic detonation will allow the development of a rational set

of safe separation distances for e#ba/**ee,#ed AN, ANFO, and

explosives.

INTRODUCTION

Concern over the proper location of mixing plants for the

preparation of ammonium nitrate-fuel oil (ANFO), particularly with

regard to the safe separation distance of raw ammonium nitrate from

the mixed blasting agent, stimulated an investigation of sympathetic

detonation distances for these materials. The results of the earlier

investigation, conducted in the Fall of 1964, have been published.

Charges as large as 1,600 pounds were employed as both donors

(deliberately initiated) and acceptors; a multipoint initiation and

cylindrical symmetry were used in an attempt to simulate the core of

much larger donor charges. Smaller charges were employed to examine

2

the validity of the usually-assumed scaling law which relates distance

for sympathetic detonation (S) to the cube root of the explosive

weight (W), or

S = KW
1/3

.
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In the absence of valid data on AN and ANFO, the American Table

5l
of Distances for Storage of Explosives (1>- (ATD) was frequently

5/ Underlined numbers in parentheses refer to items in the list of

references at the end of this report.

employed to establish safe separation distances. These distances were

felt by many to be unnecessarily conservative because of the much

lower sensitivity of ANFO and especially of AN, compared to high

explosives for which the table was originally developed. The first

investigation (it will be convenient to refer to it as Phase 1 and

to the present investigation as Phase 2) showed that unexpectedly large

separation distances were necessary, particularly when metal-ended

(fragment-producing) donors were employed, although the distances,

especially for raw AN, were substantially less than those given in

the ATD. Thus the ATD recommends a separation of 86 feet for 1,600

pounds when the stores afd rrot barricaded, but the results of Phase 1

21
would suggest that AN would not initiatd at a distance of about,@f feet

from that sized ANFO donor even when it produced high-velocity missiles.

The corresponding distance for an ANFO acceptor was  feet, surpris-
ingly close to the recommended separation distance for high explosives.

These results were interpreted in terms of a growth to detonation from

!

threshold initiation conditions--this growth being facilitated by the

5

3

»4+
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large charges employed. Further, some of the contradictory data

obtained by others in earlier investigations were believed to have

resulted from the use of small acceptor charges.

The Phase 1 data appeared to lend support to the scaling law

but left an uncertainty as to its real validity in extrapolation to

very large charges. Further substantiation cpuld come only with a

study of even larger charges as the small charge data was most sus-

pect. Further, the distances given in the ATD are for barricaded

stores with the general recommendation to double the separation dis-

tances for unbarricaded situations. As most of the accident data

that led to the development of the ATD had involved barricaded stores,

the validity of this factor of 2 remained in doubt, particularly in

missile-producing cases. The separation distances were about 50 per-

A+u-ekf- €U-kt,IC

cent larger for AN and three-fold larger for ANFO when(4.484Ae-

pedie*donors were employed, than those for Ii**aie#«©pfvMe*Ti -
ended donors.

Two questions became obvious. Just how efficacious are barri-

cades? A single trial in Phase 1 suggested that a simple barricade

might be very efficient in preventing sympathetic detonation. The

shot, fired at half the distance at which initiations were consistently

obtained, failed to initiate AN protected by only a 10-inch thick

sand-filled barricade. Are the unbarricaded distances (twice barri-

caded distances) in the ATD adequate for high explosives, such as

4

.
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typical dynamites? Earlier work with large donors and small acceptors

(50 pounds) had led to a table in the du Pont Blasters' Handbook (g) of

safe separation distances for dynamite and Nitramon. The Phase 1 re-

sults suggested a need to reexamine this question with large acceptors

as well as large donors.

Plans were laid for a second field study at the same site used

for Phase 1. This site, located in the Chequamegon National Forest

approximately 20 miles west of Ashland, Wisconsin, afforded the dual

advantages of remoteness from neighbors who might be disturbed by the

noise and blast effects from the shots and yet in reasonable proximity

to the Barksdale plant of E. I. du Pont de Nemours & Company. A use

permit for the operation was obtained from the Forest Service, U,  ,
Department of Agriculture. 1 Fire lanes were cut around the site to

prevent the spread of fire, but intermittent rains and the absence of

vegetation in the firing area minimized the hazard of fire.f Whfough

the generous donations of funds and materials by many interested

companies, a cooperative agreement with the Manufacturing Chemists'
,

Association, Inc., was extended. As before, a separate contract was

established by the Manufacturing Chemists' Association with E. I.

du Pont de Nemours & Company to provide materials and manpower so

that the Bureau's efforts could be largely devoted to the planning and

instrumenting of the shots. With a longer lead time, more extensive

and elaborate instrumentation could be organized than was possible in

the Phase 1 effort.



A program was developed to determine the sympathetic detonation

distances for (1) 60 x 60-inch charges, weighing nominally 5,400

pounds, of both AN and ANFO; (2) barricaded charges of 40 x 40-inch

and 60 x 60-inch AN and 40 x 40-inch ANFO; (3) 1,600 pounds of boxed

40 percent extra dynamite; and (4) 1,800 pounds of bagged ANFO. The

latter two weights of material gave nearly cubical piles having about

the face area of 40-inch diameter cylindrical charges. ANFO donors

equal in size to the acceptors (40 x 40-inch in the dynamite and

bagged ANFO cases), and having either metal ends or reinforced-

polyethylene ends were employed except for the barricade shots for

which only metal-ended donoFs were used. A total of 59 shots were

fired during a period of 36 days in the field.

EXPERIMENTAL PROCEDURES

Design

Since the number of shots in experiments of this size is neces-

sarily limited, the Bruceton up-and-down method (4) was again employed.

In this experimental design, the separation distance is either increased

or decreased on an incremental scale, depending on whether the result

of the preceding trial was a detonation or a failure. Thus, once a

reversal is found the trials are made in the vicinity of the median

where the probability of either an initiation or a failure is

50 percent.

6
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A normal distribution is a basic assumption of the Bruceton

method, and other related investigations have suggested that a log-

arithmic scale rather than a linear scale is to be preferred. Thus

a scale of separation distances was employed in Phase 1 in which the

log interval was 0.12, representing two times the estimated standard

deviation (0'). This estimate was based on other gap test results.

The standard deviation estimated from the consolidated and normalized

results from Phase 1 was 0.05 log units. Although the interval of

0.12 log units is slightly more than the recommended 2 G , as estimated

from Phase 1, a similar interval was chosen for Phase 2 so that the

results would be closely comparable. The up-and-down method in any

case does not give a good estimate of the standard deviation. The

distance scales for both the 40-inch and 60-inch donors are given

in table 1.

Instrumentation

The instrumentation used in the Phase 2 investigation was similar

to that employed in Phase 1; however, the physical separation between

the firing site and the instrument van was about double that used in the

earlier work because of the larger charge sizes. Also, more instrumdnt

channels were used to provide as much quantitative data as possible,

although the most important information desired was a positive deter-

mination of whether the acceptor did or did not detonate sympathetic-

ally. The result was obvious for the cases of very long standoffs that



1.60

1.72

1.84

1.96

2.08

2.20

2.32

2.44

2.56

2.68

2.80

2.92

3.04

3.16

3.28

3.40

Loglo

40 inches

Table 1.-Separation distances used in up-and-down

technique for 40" and 60" donors

Gap Interval

(inches)

40

53

69

91

120

159

209

276

363

479

631

831

1097

1446

1906

2512

Donor Size

Loglo

1.78

1.90

2.02

2.14

2.26

2.38

2.50

2.62

2.74

2.86

2.98

3.10

3.22

3.34

60 inches

8

Gap Interval

(inches)

60

79

104.

138

182

239316. 
416

549

724.

955.

1259

1660

2188
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resulted from the use of the larger charges. In such cases when

the acceptor did not initiate, large fragments of the char*e container

and plywood end closure would be found together with a ltrge quantity

of prills. One extreme case of a 60-inch acceptor shot at- 182 feet

with a metal-ended donor can be seen in figure 1. Where the donor

and acceptor craters were close or overlapped, or when the dynamite

acceptor was deliberately destroyed, as will be described, decisions

based on interpretation of the instrument records were essential.

A view of the charge site, from an observation point 800 feet

away, is shown in figure 2(a) and a view of the operations base,

taken from the communications tower, is shown in figure 2(b). A

40-foot bus was used as a workshop and service center, and a four-

wheel, full trailer housed the instrument, communications and firing

systems. Power was supplied by two 7.5 kw gasoline-driven generators

mounted on a trailer.

Instrumentation in the van included five dual-channel oscillo-.

5/
scopes equipped with Polaroid- cameras and six 10-mc counter chrono-

graphs. The interior of the van is shown in figure 3. The oscilloscopes

6/ Reference to trade names is for information only and endorsement by

the Bureau of Mines is not implied.

were used mainly with continuous detonation velocity probes, as

described below. The chronographs provided time intervals for determining

9
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FIGURE 3. - View inside instrument van.
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the velocity of the fragments across the gap between the charges and

for measuring detonation velocity using conventional ionization probes

placed at intervals in the charges; they were also used to set the

high-speed camera to a predetermined framing rate.

The continuous detonation probes were constructed from 0.023-

inch o.d. aluminum tubing having a wall thickness of 0.0015, through

which was threaded No. 40 insulated resistance wire. In dany cases

a concentric probe arrangement, showed schematically in figure 4, was

used. The inner circuit provided a continuous pressure-sensitive

probe; the outer circuit was ionization-sensitive. These continuous

probes were usually placed both on- and off-axis in acceptor charges

to provide information on the initiation and growth of detonation.

The ionization switches used with the counter chronographs were pairs

of insulated wlres that were placed along the axis of the donors to

provide a precise measurement of steady-state detonation velocity.

Expendable pressure gages were used on the downstream end of the

acceptors to indicate detonation. Foil switches, consisting simply of

two aluminum foil conductors separated by paper, were used to measure

the time of flight of the fragments across the gap separating the

charges or across selected increments of the gap. They were also used

to determine the time of movement of the barricades and the acceptor

charges and in some cases to synchronize the oscilloscopes.



Shunted and sealed

with printed circuit
board paint

Small bore

aluminum tubing

Enameled resistance

wire( ionization element

FIGURE 4.

Ground
lead

Skip wound
nylon insulation

Bare resistance

wire ( pressure element)

Schematic of concentric probe for

measuring detonation velocities.
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Twenty coaxial cables for signal lines extended from the charge
. 3

15

site to the trailer about 1,200 feet away. In addition, 24 color-coded

conductors were used for powering the transducers on the charges and

for synchronization of the BRL blast gages. The distribution of lines

is shown schematically in figure 5. All of the lines from the charge,

both for signals and for power, terminated on a patch panel at which

each line was shunted and kept floating while the charges were being

prepared and instrumented. The panel was closed by a transparent

door, provided with a padlock. After the charges were prepared, but

before the detonator was attached, the instrumentation was checked,

then the lines reshunted while the detonator was attad to a long tri
5/

line of Primacord-extending to the donor. Firing was accomplished by

an automatic timer which provided the necessary synchronization.

Communications facilities included two base stations--one for

communications to the site during charge preparation, and a second for

communications to the du Pont plant at Barksdale, at which a similar

station was established. The radio link greatly facilitated ordering

materials and supplies and allowed exchange of messages. The second

station also communicated with guards and cameramen who were equipped

with walkie-talkies. The guards were stationed around the periphery

of the site before and during each shot to maintain security. Two-way

mobile radio was provided in a vehicle and was used mainly to

synchronize sound level measurements that were made at a point 13 miles

.
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from the site. These measurements were made with a General Radio

Sound Level Meter Type 1551A equipped with a'.Type 1556A Impact Noise

5/
Analyzer.- For further convenience an intercom was installed between

the trailer and the bus workshop. Two closed-circuit television

cameras were provided--with one camera located at about 300 feet and

the other 800 feet from the charge. A monitor in the trailer could

be switched from one camera to the other in order to provide either

close-up or distant views of the charge site after it had been cleared

of personnel.

As nonelectric backup to the instrumentation, the D'Autriche

method for detonation velocity was employed on the downstream half of

each acceptor charge. In the case of the dynamite charges, the D'Autriche

was used for verifying the direction of detonation. With the midpoint

of the Primacord on the center of the plate, the location of the mark

showed whether the charge had been initiated by the donor impact or

by the destruct charge at the rear. In many cases, unrealistic veloci-

ties were obtained because point initiation gave rise to a phase velocity

due to the curvature of the expanding detonation front.

Standard 16-mm motion pictures were taken of the charge prepara-

tion and shots to provide a documentary film. In addition, high-speed

5/
photography was provided by a full-frame 16-mm Fastax- camera and a

5/
Dynafax- continuous-writing framing camera capable of speeds to 26,000

frames/sec. The Fastax was generally employed at about 2,000 frames/sec

,
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and the Dynafax at 20,000 frames/sec. The high-speed cameras were

synchronized automatically to the event from the trailer. In contrast

to the Phase 1 work where the charge assemblies had to be shifted to

new work areas, a bulldozer was employed in thls program to backfill

craters and provide a level surface on which the charges could be

placed. Thus, a single vantage point overlooking the charges could

be maintained.

Four self-recording air blast gages were obtained from the

Ballistic Research Laboratories at Aberdeen Proving Ground, Maryland,

which would provide pressure-time histories of the blasts. The gages

had a range of sensitivities that permitted them to be located within

a few hundred feet of the charges. Data were reduced by a semi-

automatic technique at the Ballistic Research Laboratories.

AN and ANFO Charges

All of the donors and AN acceptors and most of the ANFO acceptors ™-

were contained in cylindrical, laminated-fiber, enne&§ forms. The

40-inch diameter size could be procured directly but the 60-inch

containers had to be fabricated by splitting a 40-inch tube and inserting

a gusset. The primer ends of the donors and the downstream ends of the

acceptor charges were closed with plywood. The acceptor containers

extended beyond the closure to provide an overhang in order to protect

instruments and leads from blast and fragments during the delay to

initiation. The 40-inch acceptors contained a column of AN or ANFO
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40 inches long but were a total of 80 inches; the 60-inch charges had

a 24-inch overhang. The charges were placed on wooden platforms that

were aligned and located at the same elevation. When large separa-

tion distances were involved a transit was used to locate the charges.

As in the Phase 1 experiments,' both polyethylene sheet with glass

fiber tape reinforcing and 16-gage steel plate were employed as donor

ends in order to provide two types of initiating stimuli--one which is

relatively missile-free and the other composed of fragments from the

1/16-inch thick metal plate. All acceptors had reinforced polyethylene

faces as illustrated in figure 6.

The donors were initiated by the same multipoint primer system

used in Phase 1. Forty-five RDX primers weighing 40 grams were

symmetrically placed inside the plywood end closure. These were

connected to equal lengths of Primacord, the opposite ends of which

were bundled around a 1-pound cast high explosive primer. The cast

primer was connected to a 400-foot length of Primacord, to provide an

adequate safety distance for installing the electric detonator just

prior to firing. The same number of RDX primers was used in the

60-inch donors as in the 40-inch size, the spacing was merely in-

creased. The primer system is shown in figure 7.

The AN prills were from the same source as those used in Phase 1

and the ANFO mixture prepared from these prills had again the

95 ammonium nitrate/5 fuel oil ratio. AN samples from six randomly

distributed shots were taken and analyzed for prill size and moisture:
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Seventy-five percent of the prills passed through 10 mesh (2.0 mm)

and were retained on 12 mesh (1.68 mm); an average of 0.9 percent

passed 20 mesh (0.84 mm). Comparable data for the AN in Phase 1 were

80 percent and 0.7 percent--indicating that the AN prills had essen-

tially the same size distribution as before. The moisture content of

the prills used in the Phase 2 program, determined by heating in a

vacuum over activated alumina, was somewhat greater--an average of

0.29 percent as compared to 0.05 percent in Phase 1. However, this

difference is probably not significant to these experiments.

A few shots were made employing acceptors of the same ANFO in

polyethylene bags each containing 50 pounds. Thirty-six bags

(1,800 pounds) were stacked as shown in figure 8. The face exposed

to the donor was 38 inches high, 45 inches wide; the pile with two

tiers of bags was 41 inches deep. The bags were banded to a plywood

base to inhibit breakup of the pile during the initiation process.

Dynamite

Two series of experiments were performed on a 40 percent extra

dynamite contained in standard fiberboard boxes. Thirty-two boxes were

stacked in a 4x4x2 arrangement to make a pile 45 inches wide, 38 inches

high, and 36 inches deep. A typical charge is shown in figure 9. The

boxes each contained 50 pounds of 2x8-inch cartridges and were placed

so that the crimped ends were toward the donor. A file of dynamite

sticks, from which crimps had been removed, was inserted near the

center of the stack to provide a continuous column into which a con-

tinuous detonation velocity probe was inserted. A destruct system,
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consisting of a Primacord line with appropriate millisecond delays

was connected from the upstream end of the donor to the downstream end

of the acceptor to prevent dangerous contamination of the site in those

cases in which the acceptor failed to be sympathetically initiated.

The length of Primacord and delay times were chosen to provide ample

time--usually 20-25 milliseconds--between the arrival of the blast and

fragments from the donor and the functioning of the destruct charge ;

for synpathetic detonation to occur required, after impact, 0.1 msec.

or less. The Primacord line was buriedto prevent #ts being cut by
1*VILL/LA &+44#*bAA U+0*4#ff 11*4*XMIC'te€ le-

fragments. The boxes were stacked on a plywood base and wire bands
A

were used to secure the two stacks in each pile. Thus the integrity

of the pile could be maintained for a sufficiently long time to allow

the delayed destruct system to initiate the entire pile reliably.

The dynamite had a detonation velocity of 3.6 mm,sec as measured

in the 2-inch cartridges. Its air-gap sensitivity was determined using

a halved-cartridge gap test (j). Initiations were obtained at 53 inches

and failures at 61 inches.

Barricades

The efficacy of sand-filled barricades was studied employing both

40- and 60-inch AN acceptors and 40-inch ANFO acceptors. ANFO donors

of the same size as the acceptors were used in all cases. The barri-

cades were constructed of 6-inch plywood without metal fasteners,

.IL

8
Gt-

49
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employing instead horizontal and vertical 2-inch by 4-inch stringers

held in place with wooden spacers, dowels, and wedges. For the

40-inch charge trials the barricades were 4x8 feet with 10 inches

between inside faces. For the 60-inch trials the barrier was

50 percent larger in each dimension. Thus, the thickness of the

barricade was scaled to 1/4 the charge diameter. Similarly the

distance between opposing faces of the barricade and the acceptor was

maintained at 1/2 the charge diameter. A 40-inch shot, ready for

firing, is shown in figure 10 and the preparation of a 60-inch shot

is illustrated in figure 11. Sandy soil from the site was used to

fill the barricades.

26

RESULTS

Results obtained from the four basic experiments--the 60-inch

trials with both AN and ANFO, the comparison shots with dynamite, the

barricade shots, and those involving bagged ANFO--are shown diagram-

matically in figures 12, 13, 14, and 15. Individual shot results ane

given as well as S50 values, i.e., those distances at which initiations \25

are expected to occur in 50 percent of the trials. A new tecn,-5404 U.UUJ C
*Adis designed to accommodate small numbers of trials, rather than-the
usual method of treating Bruceton up-and-down data (4). The up-and-

down series from Phase 1 were similarly treated by the new method.

The S
50

values from both Phase 1 and Phase 2 are summarized in table 2.
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Forty-inch AN charges separated a total
of 5-2/3 feet with a 10-inch barrier.

Two failures in three shots occurred at

this distance.
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AN- 60- by 60-inch

5400 Ib

Donor

ANFO - 60- by 60-inch
5400 Ib '

Metal end

SERIES MI

Acceptor
ANFO 60- by 60- inch

5400 Ib

Donor

AN FO - 60- by 60-inch
5400 I b

Metal end

FIGURE 12.

A

A

PE

1-
-Metal

or

PE

s 4

A

Acceptor

A

d

'A A'

\S hot
Ga p\ No. 5 8 12 26 34 42

240" Y 6Y 6Y6 S50 = 276-inches
316 NNN = 23-feetIA- * A

\Shot 6 10 21 29 32 45
Gap\ No.

417 " Y Y Y S50 = 479- inches
550 N N N = 40-feet

\Shot 13 20303738 5054
Ga p\ No.

955" Y

1259 Y Y

1660 Y N Y 550 = 1840-inches
2188 N = 153-feet

Up-and-down results for 60-inch diameter
AN and ANFO acceptors.

)
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SERIES N

Donor

A

AB

r
Barricade

Metal PE

J. Al

-S --I

Acceptor
AN - 40- bv 40-inch

1600 Ib
10-inch barrier

Donor

ANFO

SERI ES Y

40- by 40-inch

1600lb

Acceptor

AN - 60- by 60-inch
5400 Ib

15-inch barrier

Donor

ANFO

/SERIES PI

Acceptor
ANFO

Donor

ANFO

- 60- by 60-inch
5400 I b

- 40- by 40-Inch
1600 I b

10-inch barrier

40- by 40-inch
1600 I b

FIGURE 13.
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A

A

I T - T
d   1.2d

'AA' 'BB'
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2.1 d-

\Shot 7 11 15 19 43 49

Gap\No. /+
53 " )(YY6 6 < S50= 70-inches 
69 N N Y =5.8-feet

X + 0

63 '

\Shot
23 27 34 51Gap\No.

79" Y Y

105 N N

\Shot 9 17 35 40 46
Gap\No.

91 Y 0
120 N N

159 NAF
209 N 

Up-and-down results for 40- and 60-inch
diameter AN and 40-inch ANFO barricaded

acceptors.

S50 = 92-inches
= 7.7-feet

S5O = 94-inches
= 7.8- feet
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SERIES Y[[

4

Acceptor
Dynamite -

Donor

A

8

*NMetal \ST
or g

PE

S

38- by 45- by 35-inch
1600 I b

Donor

ANFO - 40- by 40-inch
1600 I b

Polyethylene end

SERIES VI[I

Acceptor
Dynamite

Donor
ANFO

Metal end

Acce ptor 0
'A A' ' BB'

B

\Shot 14 16 24 28 33 39 44 48
Gap\No.
276" Y

363 -

479 Y

631 Y Y
S50= 800-inches

832 N Y N = 67- feet

1097 N

\Shot
18 22 25 36 41 47

Gap\ No.
38- by 45- by 35- inch 1446" Y
1600 I b

1906 N YY
-'6%-

2512 NN
40- by 40-inch
1600 lb

FIGURE 14. - Up-and-down results for dynamite acceptors.

S 50=2000-inches
= 167-feet
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SERIES X

Acceptor
ANFO 'bags

FA FB

Metal 0i-/ or
Donor PE

LA  MA' 68'S  LB

\Shot 53 55 57
38- by 41- by 45-inch

Gap\No.
209" Y

1800 Ib
Y

Donor

AN FO + 40- by 40-inch
1600 I b

Polyethylene end

SERIES X

Acceptor
A N FO bags -

Donor

ANFO -

Metal end

38- by 41- by 45-inch
1800 Ib

40- by 40-Inch
1600 Ib

276
550 = 326-inches

363 N = 27- feet

Shot
Gap No.

52 56 58 59

631" Y

832 Y

1097 Y
S50 =1300-inches

1446 N 108-feet

FIGURE 15. - Up- and-down resu 1ts for bagged ANFO.
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V
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Table 2.-Estimated distances for 50 percent initiations(gra)

Donor size,
inches

40x40

40x40

20x20

40x40

40x40

40x40

20x20

40x40

60x60

60x60

60x60

40x40

60x60

40x40

40x40

40x40

40x40

40x40

Donor end

Phase 1

1/ PE
2/ M

M

M

M

PE

PE

M

Phase 2

1/

2/ E
5/ M
- M-B

M-B

M-B

PE

M

PE

M

1/ Polyethylene reinforced by glass fiber tape

2/ 16 gage steel plate

3/ Heated to 180'F

3/ Acceptor had 16 gage steel face

f/ 16 gage steel plate with barricade

6/ Bagged ANFO

Acceptor

AN

AN

AN

3ANFO
- AN

ANFO

AN
4/
- AN-M

AN

AN

ANFO

AN

AN

ANFO

Dynamite

6/Dynamite
- B-ANFO

B-ANFO

S50'
feet

12.5

19

12.5

58

25

19

2.5

15

23

40

153

5.8

7.7

7.8

67

167

27

108



The data show that the metal-ended donors were much more effec-

tive than the plastic-ended ones, causing initiation over about 2 to

4 times the distances. The relative distances for the different

acceptor materials are seen to fall generally in accord with their

usually accepted relative sensitivities (AN < ANFO < dynamite) as

shown in table 3. The results for bagged ANFO were unexpectedly

different from those for bulk ANFO, but it must be appreciated that

the small number of trials and the rather large intervals used in

the up-and-down procedure did not allow highly precise determinations

of S50'

Table 3.

Size donor,
inches

40

40

40

40

60

60

4.qj-3 8.Ir
-Relative sensitivities of the fourl acceptors

as indicated by estimated $50 alues

AN

ANFO

B-ANFO 1/

Dynamite
AN

ANFO

1/ Bagged ANFO.

12.5

19

27

67

23

S50

Polyethylene,
feet

19

58

108

167

40

153

Metal,
feet

The S
50

estimates for the two 60-inch AN series were found to be

about 2 times the corresponding 40-inch values obtained in Phase 1.

The single 60-inch ANFO series (metal-ended donors) gave an S50
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estimate about 2.5 times the corresponding 40-inch value from Phase 1.

The cube root scaling law would predict increases of only 50 percent

(1.5 times). The comparisons of metal- and polyethylene-ended donors

and 40- and 60-inch charges are shown in table 4.

The sand-filled barricades were found to be extremely effective

in reducing the sympathetic detonation distances to about 1/3 to *66 7
the corresponding unbarricaded distances as given in table 5. The

distances at which the acceptors were initiated placed them within

the limits of the craters from the donors.

Detonation velocities in a number of donors were obtained by

counter chronograph measurements with axial probes. A summary of the

data is given in table 6. The continuaus probe data shows greater

variability than the data from the counter chronographs. Particularly

the continuous probe data for the 60-inch charges is unexplainably low.

The data for the 40-inch charges appear to show a slight overdriving of

the velocity over the first portion of the charge by the primer system.

The best data to compare diameter effects is that obtained from the

counter chronographs over the second half of the charges. Here the

velocities for the 40-inch diameter donors averaged 4.5 mm/u sec and

those for the 60-inch donors averaged 4.7 mmusec, indicating that

the limiting diameters had heen nearly reached in the 40-inch charges

and that the detonation was nearly ideal in both cases. The results for

the 40-inch charges are probably more representative of the true detona-

tion velocity than those reported from the Phase 1 investigation, wherein



40x40

60x60

40x40

60x60

12.5

23

19

40

S50'
feet

Table 4.-Comparison of estimated S results between 40- and 60-inch

sizes and between polye2Rylene-and metal-ended donors

Size,
inches

40x40

40x40

60x60

40x40

40x40

40x40

40x40

PE

M

PE

PE

M

M

Donor

end

PE

M

67

167

27

108

AN

ANFO

36

60" M
-"·= ratio - ratio
40'' PE

1.8 3181.72.1

PE 19 - 3.1

M 58  2.6M 153

Bagged ANFO

Dynamite

4.0

12.5



av. 4.5

4.63

4.42

4.1

4.5

4.4

4.8

4.8

Continuous

probe

M

M

M

Table 5.-Comparison of estimated S values for the barricaded
50

and unbarricaded cases

Size donor,
inches

40

60

40

AN

AN

ANFO

S50,
Unbarricaded (U),

feet

19

40

58

5.8

7.7

7.8

/ 50'
Lkfbarricaded (B),

,-3- feet

Table 6.-Summary of detonation velocities in 40- and 60-inch
ANFO donors (mm/>,sec)

40-inch

4.8

4.8

Counter chronograph
1st half 2nd half

4.6

4.6

4.2

av. 4.8 av. 4.5

4.3

4.23

4.3

4.43

4.28

Continuous

probe

av. 4.3

60-inch

U/B

3.3

5.2

7.4

37

Counter chronograph
1st half 2nd half

4.5

4.6

4.8

4.7

4.5

4.6

4.6

av. 4.6 av. 4.7

4.7

4.7

4.5

4.7

4.6

4.9

4.9



av. 1.8

2.4

2.5

1.9

1.5

1.2

1.4

38

axial continuous probes suggested ·a rate of 5.4 mm* sec and probes on

the periphery of the charges gave only 4.3 mm» sec.

Terminal velocities of detonation in the AN, ANFO, and dynamite

acceptors are summarized in table 7. The velocities in the 40-inch AN

acceptors varied from 1.2 to 2.5 mm/2 sec for an average of 1.8 mny) sec.

These may be compared to 1.3 to 4.1 mm* sec obtained in Phase 1. The

60-inch AN acceptors gave velocities over the range of 1.2 to 3.8

mm/usec with an average of 2.4 mm/Usec. The velocity of detonation

in the 60-inch ANFO acceptors ranged from 3.5 mm*sec to 4.3 mm*sec,

never quite equaling the velocities obtained in the ANFO donors of the

same size.

40-inch

Table 7.

AN

-Terminal detonation velocities in

AN, ANFO, and dynamite acceptors

(mm/usec)
l

60-inch

1.2

3.6

1.9

3.8

1.4

2.3

2.8

av. 2.4

40-inch

3.0

ANFO

4.3

4.0

3.5

3.8

60-inch

av. 3.9

Dynamite

4.4

3.8

4.8

4.4

3.8

4.9

av. 4.4

The detonation velocities measured in the dynamite acceptors were

consistently. higher than the velocity measured on 2-inch cartridges.
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The file of cartridges in the acceptor was in the center of the

stacked boxes, forming the core of a very much larger charge. The

average rate of 4.4 mm/»sec thus probably represents a good estimate

of the ideal detonation velocity of the dynamite used.

Shock or fragment velocities across the gap were determined by

foil switches used with counter chronographs; these extended the data

obtained from the Phase 1 work to much larger gaps. A composite graph

is shown, figure 16, of gap distances versus elapsed time across the

gap. An average velocity is observed that ranges from 3.2 mm»sec to

somewhat less than 1.8 mm/usec for the longest standoff distances

OIl ;"

employed. A maximum velocity of 5.3 mm/usec was found very [ilose - i.1
4, Kt **CZ

to the dono*s in Phase 1. Scattert about 100 fe-tl may represent
A

the region in which the switches on the acceptor charges are no longer

influenced by the shocks but only by the fragments that may have

random velocities.

Selected frames from a sequence of photographs obtained with the

Fastax framing camera are shown in figure 17, which illustrates the

initiation of a 60-inch ANFO acceptor at a separation of 105 feet front

a metal-ended donor. A camera framing rate was 2,500 frames/sec pro-

viding an interframe time of 0.4 millisecond; however, since alternate

frames are shown in the figure the interframe time is 0.8 millisecond.

In frame 1, the donor has been initiated; frames 2 through 5 show the

.
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growth of the donor products cloud and fragments that are directed

toward the acceptor. In frames 6 and 7, the acceptor is obscured by

the shock and by frame 8 the acceptor has detonated. The interactions

of the shocks from the donor and from the acceptor are clearly visible

in frame 9.

The peak overpressure profiles for donor and acceptor charges

were recorded using BRL self-recording time-resolved pressure gages.

In Phase 2, the data were obtained for 1,600- and 5,400-pound charges

with the gages located normal to the common axis of the donor and

acceptor charges. The arrangement for a given shot usually consisted

of three gages, rated at 50, 25, 10, or 5 psi, located between

100-250 feet from the charges.

Figure 18 shows two typical pressure profiles obtained with the

BRL gages. In (a) the charge was a 5,400-pound ANFO donor and the

peak pressure was 28.7 psi, in good agreement with an expected pressure

of 25.5 psi from TNT. The duration is also similar to a TNT wave. 44

gPAJSL-L 47 &6*464 64**CiI@.4 144 NA.4#24.4 +*r 4
In (b) khe ch*rges werttl, 600-pound ANDU dongr.sandie,Acceptor 2*-hh-

¢f=gskeD A·441
*a*e-f17Pk=press,une-a:,.bout„uthe s.ame--9=._wn1'1 lbe_exneg5»cl=ikBem=4*

The peak overpressure data, shown in figure 19, are for all shots

in which the acceptor charge failed to detonate or where the acceptor

was ANFO and the charge separation was sufficient to permit the pressure

wave at the recording station to have two distinct pressure pulses.

Actual distances to the charge were used to compute scaled distances.
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As in the results from the Phase 1 work, there is a good correlation

(gp o
with TNT air blast data (5):1 Peak sound pressure levels, measured

about 1-1/2 miles from the firing site, varied over a wide range with

only poor correlation with the size of charge. For the 40-inch charges

SPL's ranged from 111 to 124 db with an average of 116 db, while the

60-inch charges gave only slightly increased levels of 113 to 127 db.

The highest level recorded, 127 db, was for a 60-inch barricaded AN

shot. Type of acceptor charge showed some correlation with SPL

values. Thus the average for shots with AN acceptors was 115 db

compared to 122 db for shots with ANFO. Dynamite shots varied over

the wide range of 103 db to 124 db, with an average of 110 db or

about 5 db less than the average for 40-inch AN and ANFO charges. Large

separation distances giving time-separated shots were probably

responsible for this difference. Terrain and locally variable winds

undoubtedly played the most important role. Significantly no complaints

were received from neighbors.

DISCUSSION AND CONCLUSIONS

The basic data resulting from both experimental phases, the S50

values, immediately reveal two rather startling conclusions. First,

unbarricaded stores are sympathetically initiated over surprisingly

great distances and the distances do not appear to scale to the cube

root of the charge weight. Secondly, the barricades are extremely
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4
4>

effective and the distances for sympathetic detonation employing the

barricades of the design used in this study are surprisingly small.

The factor of 2 in the separation distances, usually recommended for p

barricaded and unbarricaded stores, is seriously in error; a factor

of 6 would appear to be more realistic4 0.4%
The failure of the cube root scaling law was shown by the ratios

of separation distances for the 60-inch charges to the 40-inch charges.

These were consistently about 2 to 2-1/2 instead of the 1-1/2 ratio

required by the cube root scaling (law. The internal consistency of

the data suggested a deeper study of the results. Examination of the

American Table of Distances revealed that a constant scaling law is

not employed in the Table. Figure 20 is a log-log plot of the recom-

mended separation distances for barricaded magazines. The slope of

the line gives the exponent in the equation S = f(W), which is 0.33,

corresponding to the cube root of the charge weight up to 40,000 pounds.

Beyond 40,000 pounds the exponent increases up to a maximum of 0.76 for

the 200,000 to 300,000 pound range. Presumably, accident data on which

the American Table of Distances was originally based revealed the neces-

sity for greater separation distances for the very large stores of

explosives than would be suggested by the cube root scaling law.

Similar plots of the data derived from this study and from Phase 1 are

given in figure 21. Only the barricaded ammonium nitrate data falls

at all close to the cube root scaling law; an exponent of 0.27 is

suggested. The results for unbarricaded ammonium nitrate with

J9

.
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polyethylene-ended donors gave an exponent of 0.51; metal-ended donors,

an exponent of 0.61. The data for ANFO with metal-ended donors yield

an exponent of 0.80, which is in reasonable agreement with 0.76, the

largdst exponent in the American Table of Distances plot.

The basic design of the experiment, it may be recalled, sought

to simulate or model a very much larger charge by the axial alignment

of the donor and acceptor and the near-plane wave initiation of the

donor. The larger exponents found in this investigation would tend

to support the conclusion that such a simulation was in fact achieved.

The increase in required distances for large stores, suggested by

larger exponents, may not be unreasonable if one considers the com-

plexities of the initiation process. It is generally agreed that

initiation under these circumstances is largely controlled by the

impact of particles or fragments from the container or from the explo-

sive itself--that pure air blast, free of particulate material, is

relatively inefficient in effecting sympathetic detonation. The

initiating ability of the particles and fragments will be largely a

function of their velocity for any giveh size or mass. This velocity,

as was shown in Phase 1 and substantiated by data in this investiga-

tion, increases in the early stages of flight as a result of accelera-

ILLAkE/,MA
tion by the high-pressure .&@6. products and is maintained at a high

value over a considerable distance. The probability that a second

charge will be initiated is, of course, a function of its size, being

related to the probability of its being hit by fragments of sufficient



pattern density and of sufficient velocity. Thus there exists a

rather complicated relationship between donor and acceptor sizes and

sympathetic detonation distances, and the fact that the relationship

involves something higher than the 1/3 power, characteristic of air

50

blast alone, does not appear to be unreasonable.

( ro- 14)
Table 3 showed a relative ordering of the explosive materials

4
in terms of their sensitivities. Thus, for donors with a given face

material, there was a consistent change from AN to ANFO to dynamite.

Interestingly enough, the dynamite with polyethylene-faced donors gave

about the same S
50

as ANFO with metal-faced donors, and ANFO with

polyethylene-ended donors gave the same S5 as AN with metal-ended

donors. These comparisons illustrate the extreme importance of

missiles in the initiation of sympathetic detonation, yet the missile

1

problem can be easily controlled by barricades.

The results for the bagged ANFO charges were unexpected; the S50

values were found to be about 50 percent greater than for the bulk

material EEntained in the cylinder. Study of some of the Fastax

pictures taken of these shots and review of the oscillograms obtained

with continuous probes in the charges suggest an explanation. The

cause probably lies in the interplay between the initiation mechanism

and the physical character of the two kinds of acceptor charges. In

the case of the bulk charge, a reasonably flat and uniform surface is

presented to the shock and fragments; no large voids exist in the mass
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of material. In contrast, large voids are present in the pile of

bagged material; these provide potential paths for penetration of

fragments into the center of the pile. Under conditions of marginal

initiation, the confinement of the incipient reaction centers by the

surrounding pile mass would facilitate a deflagration-to-detonation

transition. The importance of such a transition in the initiation

process was discussed at some length in the report covering Phase 1.

Oscillograms from continuous detonatiqn probes clearly illustrate the

internal initiation of detonation and the general instability of the

detonation. In figure 22, two oscillograms are presented. Two probes

were employed in each case, one on the axis and one off the axis. The

polarity of the signal from the axial probe was reversed so that it

gave an increasing signal with the progress of the detonation wave«

while the off-axis probe gave a decreasing signal. The two traces

in (a) show the rapid development of a relatively stable detonation

in a 60-inch ANFO donor initiated by the plane wave system. In (b),

the results of two similar probes in a pile of bagged ANFO are shown.

Here, in contrast, the two traces show a great deal of irregularity

with initiation within the pile, as evidenced by the rapid change in

signal. Ultimately a relatively steady detonation, having a velocity

of about 4 mm/ksec, is indicated.

.
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All of the distances given in this report are for an estimated

50 percent probability of initiation. To convert these distances to

safe separation distances requires an estimate of the probability

function. This estimate is frequently made using multiples of the

standard deviation of the population. De estimate of the standard

deviation is Efpremely difficult'when one employs the up-and-down

method, and the estimate must be considered to be especially inaccurate

when only small numbers of trials are involved. The up-and-down

method deliberately concentrates the test around the median to give

an efficient estimate of the median. At the same time the method

necessarily sacrifices accuracy in estimating standard deviation.

There is no efficient way of estimating standard deviations, short

of conducting a very large number of trials. But to make the best

estimate possible, as in Phase 1, the up-and-down results from all the

series were normalized to a set of artificial levels and the standard

deviation for the population was estimated. The method of making this

e,st imate is shown in Appendix'. The value of 0.043 log units is in
fair agreement with the value of 0.048 obtained in the Phase 1 estimates.

This is somewhat lower than the 0.06 log units that was assumed for the

standard deviation in the initial design of the experiment. It would

appear that the gap interval of 0.12 log units may be somewhat more

than the recommended 20', if these two estimates are valid. If so,

this suggests some additional· uncertainty in the estimated S50 values
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derived in the individual up-and-down series. However the safety

factors usually applied to such data should provide reasonable pro-

tection. A 40-percent increase in S5 values was recommended following

the Phase 1 study; it would appear that this is still a good safety

factor, being at least 3* or perhaps 4 <f removed from the median
1 ,

value, corresponding to a probability of the order of 1 in 1,000.

For a 1,600-pound store corresponding to the 40-inch charges in

this study, the American Table of Distances recommends the separation

of 43 feet barricaded, or 86 feet unbarricaded, using the factor of 2.

In Phase 2, one initiation was obtained at 69 feet with dynamite with

a donor having a polyethylene end, and two initiations were obtained

at about 159 feet with a metal-ended donor. On the other hand,

barricades reduced the initiation distance for ANFO to about 1/7 the

unbarricaded distance. If this factor of 7 were the same for dynamite

(and it might be larger), the unbarricaded data suggests a considerable

safety factor in the American Table of Distances for barricaded stores

of dynamite.

Attention was drawn in the report on Phase 1 to the table of

separation distances given in the du Pont Blasters' Handbook (2).

Thus, for 1,600 pounds of dynamite, a separation distance of about

64 feet reportedly should give 100 percent failures but, as noted

above, one initiation out of three was obtained at 69 feet. The

corresponding comparisons for the data given for Nitramonll and
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5/
Nitramex- are difficult to make because the data were obtained with

the blasting agents contained in metal cans, but the suggested safe dis-

tance of 13 to 14 feet would seem to be clearly too small on the basis

of the results obtained in both Phase 1 and Phase 2.

Finally, the data would seem to be adequate to allow for the

development of a series of tables for safe separation of ammonium

nitrate, ammonium nitrate-fuel oil, and dynamite. For the latter

there appears to be no need to revise the existing American Table of

Distances for barricaded stores; but a change should be made in the

recommendation for unbarricaded stores. The data could only be

improved significantly by many trials with still larger charges. This

is clearly ·impossible without a very large budget. In the two field

programs, Phase 1 and Phase 2, about a half-million pounds of AN,

ANFO, and dynamite were shot, together with nearly 50,000 feet of

5/
Primacord.- The summary of the materials used is given in Appendix II.

To increase the charge size to 80 inches would mean employing acceptor

and donor charges of 12,000 pounds each. Besides the cost, such charges

impose severe limitations on site selection. Thus, it is believed that

the solution is to make the best use of existing data to develop tables

of distances. It is clear that such tables can be developed with much

more confidence now than before these two studies were undertaken.
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APPENDIX P'

ESTIMATE OF STANDARD DEVIATION OF UP-AND-DOWN RESULTS

In order to increase the number of results that could be employed

in estimating the standard deviation, all of the usable up-and-down

results were normalized to a common series of intervals as shown in

table 1. For each series level, b was chosen as the lowest level at

59

which all trials gave positive results. The computations, following

1/
the original version-, are given in the table as well. Calculation

of the median value was necessary to convert graphically the statistic

M to an estimated standard deviation. The more commonly used formulas are

unsatisfactory for M<O.3. The estimate of 0.43 is in reasonable agreement

with the value of 0.48 log units estimated for the results in Phase 1.
10

J/ Statistical Analysis of a New Procedure in Sensitivity Experiments,

Statistical Research Group, Princeton Univ. AMP Report No. 101.1R,

SRG-P No. 40. Available in microfilm from Office of Technical Services,

U. S. Dept. of Commerce, Washington, D. C.
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Level

a

b

C

d

e

Series I

Yyy

NNN

Series I[

Yyy

NNN

Y

SeriesI[[

Estimate of the mean

Y Y

YNY

N

"'2: APPENDIX 1 (Cont'd)
TABLE 1. - Normalized Up-and-Down Results.

,

Series S Seriesy Serie€[

Yyy

NNY

YY

NN

N

Y

NN

N

Eni 1 1m = d - d -·N+ i ·' where N = E n

/18 1 h
= d-d L-23 + 37

= d - 1.28 d

2/ See work cited in footnote 1.

Y

Series*Q

YY

NYN

N

Serie*III SeriesIX

Y

NYY

NN

Y

€Y€N n i ni ni

From graph No.

Y

N

S eriesX

Y

N

4 0

19 0 0 2 0 0

6 18 18 1 18 18

055000

0 1 23 18 18

29 24

Estimate of the standard deviation

M = NCE ni2) - (E ni2)2
2

N

23(18) - (18)2
2

(23)

414 -324

529

90
- = 0.17
529

N

Y

a = .36 d = 0.043 log units

0

2



Material

AN

ANFO

Acceptor

Donor

Bagged

Dynamite

Total

Primacord

APPENDIX <

*01>1*\, Materials Used

Phase 1

73,300 pounds

15,500

69,300

84,800

158,100 pounds

r .20,000 feet

Phase 2

91,300 pounds

48,400

176,800

12,600

237,800

22,400

351,500 pounds

--30,000 feet

Total

61

164,600 pounds

63,900

246,100

12,600

322,600

22,400

509,600 pounds

,- 50,000 feet
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