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EFFECT OF DIRECT-CURRENT FIRING LEVELS
ON DETONATOR DELAY TIMES

by

Karl R, Becker1 and J, Edmund Hay 2

ABSTRACT

Detonators representing a sampling of various domestic commercial delay
detonators were fired at various direct-current (dc) firing levels. Results
of firings using well-below-recommended firing levels showed marked increases
in delay times above the nominal values. There was also a marked increase in
variation, to the extent that out-of-sequence firings would be essentially
assured in any typical blasting round at these low firing levels. Within the
range of recommended levels the effects of current increases were not consid-
ered to be of great importance relative to other overriding effects, such as
the significant difference noted in average values of detonators from differ-
ent lots having the same nominal delay. This effect, when combined with the
normal variation noted among members from the same lot, would cause out-of-
sequence firings with detonators from a neighboring delay period.

Where comparisons with results from another study were possible, it was
found that both studies observed quite similar variations in delay times about
the average values, and a lower probability of out-of-sequence firings for the
shorter delay period groups. The criterion of the previous study for assess—
ing the likelihood of observing out-of-sequence firings, when applied to the
Bureau of Mines data, properly identified two neighboring delay period groups
where out-of-sequence firings would occur.

INTRODUCTION

The accuracy and precision of delay times for delay detonators are impor-
tant factors in multiple-shot blasting from the standpoint of blasting effi-
ciency and safety. The time interval between shothole firings can affect
blasting efficiency-—-for example, fragmentation of the rock and muckpile
characteristics--as well as safety--for example, flyrock production, air and
ground vibrations, and misfires from cutoffs.

lSupervisory research physicist.

2Research supervisor.

Both authors are with the Pittsburgh Research Center, Bureau of Mines,
Pittsburgh, Pa.




Winzer3 determined the average delay times and variations for various
dowestic commercial millisecond (MS) series delay detonators. He concluded
that sufficient errors existed to cause problems with poor fragmentation, as
well as errors that might possibly make it difficult in complying with the
Federal Regulations“ on vibration control, which specify the maximum weight
of explosives that can be detonated within any 8-ms period, given the distance
of the blast from the nearest buildings. While the nominal intervals between
members of MS delay series are a minimum of 25 ms, Winzer® indicated in a sec-
ond study that the probability for observing "no crowding” (time intervals of
the required 8 ms or greater throughout the complete blast) was low for many
typical blast designs.

The Mine Safe:zy and Health Administration (MSHA) and the Bureau of Mines
are interested in any possible effects of delay time errors on safety. There-
fore, to augment this body of informatioun, Bureau of Mines personnel performad
an experiment to gain information on the effects of firing currents on the
accuracy and precision of delay times. While the work was not designed spe-
cifically to repeat or verify Winzer's findings, it was felt that some of the
data might serve this end as well.

BACKGROUND

Two types of power sources recommended® for firing electric detonators
are blasting machines and power lines. Most modern blasting machines zre
capacitor discharge (CD) types, and, providing they are in good operating
condition, their current output does not depend upon human physical factors,
as do the manually operated direct-current (dc) generators (for example, the
rackbar and key-twist units).

Recommendations for minimum, as well as maximum, firing currents are
also supplied by the manufacturers of detonators. Typical minimum values
recommendend by Atlas Powder Co.’ for their detonators are 0.5 A dc or ac for
single-cap firings and 1.5 A and 2.0 A, respectively, per series for dc and
ac parallel-series arrangements in multiple-shot blasting. Ten amperes is a
typical maximum recommended current, especially for parallel circuits, to pre-
vent a condition known as arcing that can damage detonators or cause them to
malfunction,.

3Winzer, S. R. The Firing Times of MS Delay Blasting Caps and Their Effect
on Blasting Performance. Martin Marietta Laboratories, Baltimore, Md.,
June 12, 1978, 36 pp.

“U.S. Code of Federal Regulations. Title 30--Mineral Resources; Chapter VII--
Office of Surface Mining Reclamation and Enforcement, Dept. of the Interior;
Subchapter B—-Initial Program Regulations, Part 715--General Performance
Standards; Sec. 715.19(e)(2)(v)—-Use of Explosives——Blasting Procedures.

SWinzer, S. R., W. Furth, and A. Ritter. Initiator Firing Times and Their
Relationship to Blasting Performance. Pres. at 20th U.S. Symp. on Rock
Mechanics, Austin, Tex., June 4-6, 1979, 10 pp.; available from
S. R. Winzer, Martin Marietta Laboratories, Baltimore, Md.

bAtlas Powder Co. Handbook of Electric Blasting. Dallas, Tex., rev. ed.,
1976, 93 pp.

Work cited in footnote 6.




Other companies make similar, but not necessarily identical, recommenda-
tions. One reason for this is that the current sensitivities of different
companies' detonators are nonuniform, varying, according to unpublished Bureau
of Mines data, by a factor greater than 2.0. The companies fully recognize
this and account for these differences in their recommendations for minimum
firing levels and/or recommended design of the blasting circuit (given the
total number of rounds). However, this nonuniformity represents, at least, a
complication in the arrangement of detonators in the blasting circuit as well
as a complication in the use of, or design of, new accessories for determining
the condition of the blasting circuit for safe blasting.

EXPERIMENTAL PROCEDURES AND TECHNIQUES

The various current inputs applied to the detonators in this series of
tests were curreuts in the range 0.5 to 0.7 A dc~-well below recommended fir-
ing levels for multishot blasting circuits; 1.0 A de; 3.0 A dc; and discharges
from a 20-shot permissible blasting machine (Femco model SF-25-20)8 using two
different load values to yield peak currents of about 2.4 and 5.8 A.

The steady state dc firing levels were supplied by a Hewlett-Packard regu-—
lated power supply (model 6271B), and the firing levels were verified by using
a digital ammeter. The condition of the blasting machine was checked once
each day by using the REO BT-300 blasting machine tester, and also by oscillo-
scopic records of current profiles. The peak current values of 2.4 and 5.8 A
were calculated using Ohm's law; however, these values were substantiated by
the current profile records to within *0.2 A.

The following delay detonators were surveyed:

1. Periods 1-6 of the Du Pont coal mine delay series, with nominal delay
times of 25, 100, 175, 250, 325, and 400 ms.

2. Three nonconsecutive members (periods 1, 5, and 11) of the Hercules
Superdet delay series, having respective delays of 0.9, 3.7, and 10.0 sec.

3. Five members of the Atlas Rockmaster delay series (periods 1, 5, 15,
20, and 36), having respective delays of 8, 100, 500, 1,000, and 3,000 ms.

The detonators tested were all recently purchased and were fired in the tem~
perature range of about 15.5° to 21° C (60° to 70° F).

The technique used for obtaining the delay time measurements was simple,
but time consuming. The detonators were fired one at a time using an ioniza-
tion probe (twisted pair) attached to the base charge end of the detomator to
sense the time of explosion. The probe consisted simply of two short lengths
(6 to 8 in) of 28 AWG enameled copper twisted together in tight turns for a
distance of 1 inch or less. These probes, properly made and attached to the
detonator, previously had been found to respond without detectable error for

8Reference to specific trade names is made for identification only and does
not imply endorsement by the Bureau of Mines.




measurements on a MS time scale. Upon explosion, these enameled insulated
wires short out and discharge a capacitor, yielding a pulse for the
measurement.

For a test, the detonator, with probe attached, was placed on top of a
1-5/8-inch~-thick p:ine board. A similar board, weighted with a 4- by 4- by
l-inch-thick steel plate, was placed on top of the detonator. The particular
current pulse that initiated the detonator was also used to trigger the sweep
of an oscilloscope. The rise times of these pulses were, at worst, about
0.1 ms. Upon explosion of the base charge, the ionization probe shorted out,
discharging a capacitor in a resistance-capacitance circuit whose output sig-
nal, in turn, was used to trigger a pulse generator whose output signal, in
turn, was applied o the input of the scope. The pulse generator was used to
provide a pulse of suitable duration for the sweep time used.

One major source of error in the measurements is from scaling distances
on the oscillograms from sweep calibrations and delay-time measurements. With
care and using a magnifying lens as well as a finely divided ruler, these
errors are believed to have been kept within *#2 pct. Another possible source
of error is from variations in temperature. While these trials were performed
indoors in a heated room kept at about 19° C (266° F), it was found necessary,
for fume abatement, to assist the exhaust system occasionally by opening a
door to the outside, which reduced the temperature to 15° C (59° F). The det-
onators, however, were not stored in this room; they were stored in another
room at a temperature of about 20° C and brought in individually just prior
to the tests. But it is possible to conceive of an occasional error of about
3 pct, based on Winzer's data on temperature effects.

RESULTS AND DISCUSSION

Results of delay time measurements for Du Pont, Hercules, and Atlas delay
series detonators are presented in tables 1, 3, and 4, respectively. Note
that the data for the Du Pont detonators are for six consecutive (adjacent)
members of the delay series having a constant delay interval of 75 ms. As
such, more information may be obtained for the Du Pont detonators than for
the Hercules and Atlas detonators, where isolated, nonconsecutive delay peri-
ods were chosen essentially as a "spot check.”

The initial objective was to observe the effect of firing levels, or any
other effects that might present themselves, on delay times and to determine
if differences noted were statistically significant and had possible adverse
effects on blastirg. A secondary objective was to compare, where possible,
aspects of these data with those from Winzer's studies.

Du Pont Detonators

The data in table 1 for the Du Pont detonators exhibit several fairly
consistent features. In all cases the major effects of firing level on varia-
tion (standard deviation or spread), as well as the largest increases in delay
times over those listed as nominal, are at the lower firing levels, especially
at levels below the manufacturer's recommendations. In all but a few cases
the average measured delay times exceeded the nominal values; this was less
significant, generally, as the current was increased for each group.




TABLE 1. - Delay time measurements for Du Pont coal mine
delay series detonators, ms

Firing current, A | Nominal delay | Average! delay | High value | Low value s2

0.57-0.64 dCeeass 25 3>268 >500 178 >126

1.0 dCeceonennnes 25 46.2 50.8 42,4 2.4
2.4 peakeeeeeans 25 39.3 52,2 30.3 6.5
3.0 dCevecnsscens 25 39.4 44,2 33.6 3.4
5.8 peakesvesecoes 25 32.9 37.6 26.8 3.8
1.0 dCeveeenocnne 100 125.2 131.7 120.2 6.1
2.4 peakeessveses 100 109.7 113.3 106.2 2.3
5.8 peakesesscees 100 98.9 104.5 93.0 3.4
10 dCeeeeecocone 175 208.6 219.5 187.6 10.4
2.4 peakesseesnes 175 187.0 194.0 167.3 7.6
3.0 dCevesvssonse 175 192. 4 198.2 189.0 3.0
5.8 peakeeseesscee 175 173.0 188.6 163.2 8.7
l1e0 dCeveveennonans 250 251.7 264.2 234.6 10.0
2.4 peakeeveooees 250 249.9 275.3 205.9 17.7
5.8 peakesecssess 250 248.7 273.4 227.8 15.3
07 dCevvvenennens 325 5427.6 463.0 330.9 44,6
1O dCovvesevenes 325 367.2 400.4 296.1 27.4
2.4 peakeeseescos 325 371.8 395.9 335.5 22.4
5.8 peakesecosess 325 367.9 383.3 345,1 13.1
le0 dceeonreocans 400 423.6 449,9 381.6 22.6
2.4 peakesesscsas 400 422.9 453.4 380.4 20.2
3.0 dCeesvvsoanns 400 414.0 437.4 380.9 20.1
5.8 peakececssves 400 408.6 437.0 380.4 15.4

lAverage of 10 trials unless noted otherwise.
2S5 = estimate of standard deviation of individual observations.

36 trials.

“Peak indicates peak current using a CD type blasting machine.

59 trials.

For example, for the nominal 25-ms detonators the average delay time was
2268 ms when fired at 0.57 to 0.64 A; it dropped sharply to 46 ms, still
almost double the nominal value, when fired at 1.0 A, and was still higher
than the nominal value--at 32 to 39 ms--when fired at the recommended levels.
A similar, but not so marked, result was obtained for the nominal 325-ms det-

onators.

Average delay time was 427.6 ms when fired at 0.7 A dc¢ (below the

minimum recommended level) but was about 370 ms when fired at all the recom-
mended levels, showing no further effect of current, though highly inaccurate
(above the nominal value).




While some of <he firing levels selected are well below those recommended
by Du Pont, these levels were chosen to show what may occur if, for example, a
faulty blasting machine is used.

While in most cases average delay times decreased as current levels were
increased from 1.0 A dc to the 5.8-A peak (capacitor discharge), results of
statistical tests for equivalence of averages indicated that the only statis-—
tically significant differences justified were among the nominal 25-, 100-,
and 175-ms detonators. This means that any effect of current at recommended
firing levels for the shorter delay periods should affect only the zero time
of the blast, provided the effect translates all delay values equally without
sufficient increase in variability. (Further discussion on blasting effects
is presented later.)

In addition, although the greatest amount of variation (standard devia-
tion) was for the 25— and 325-ms detonators fired at current levels below
1.0 A, there is only a weak tendency, not a strong, consistent trend, towards
less variation at firing currents in the range of recommended levels. (This
is also discussed later in more detail.)

The inaccuracy of the nominal 325-ms detonators is not due solely to the
effects of firing levels. This group of detonators produced average delay
times about 45 ms zbove the nominal value (when fired at recommended levels),
hence it crowded the nominal 400-ms delay time set of firings to the extent
that some of the nominal 325-ms detonators exhibited longer delay times than
some of the nominal 400-ms detonators. (See table 1 data for 1.0, 2.4, and
5.8 A for each set.) There are other examples that are not reflected in the
table (since the table shows only the highest, lowest, and average values),
such that 10 firings of the nominal 325-ms detonators had delay times longer
than some of the firings of the 400-ms detonators, with eight of these occur-
ring at 2.4 and 5.8 A. These out-of-order firings occurred despite a nominal
interval of 75 ms, but since the detonators in this range studied by Winzerd
had a nominal interval of only 50 ms (350 ms and 400 ms), it would still
intuitively appear that his conclusion—-~that there is only a low probability
of observing "no crowding” or out-of-sequence firing--is valid.

We tested this concept further by firing a separate group of nominal
325-ms detonators (having a different Du Pont lot designation on the carton)
together with repeat firings of the detonators used in our first series of
tests. Results (table 2) clearly showed marked differences between the two
lots of 325-ms detonators. The average delay times were only about 320 ms
for the new set (Du Pont lot 14Ju79-21152) but again were about 370 ms for
the lot previously tested (Du Pont lot 21Ap78-3107). Sufficient crosschecks
were made in the test sequence and current levels so as to demonstrate that
this was indeed an effect of lot differences rather than of curreant level or
firing date. The effect shown in table 2 is of sufficient magnitude to affect
blasting.

IWork cited in footnote 5.




TABLE 2. - Comparison of average delay times and standard deviations obtained
from two different lots of Du Pont coal mine 325-ms detonators

Detonator identification 2.4-A peak 5.8-A peak
Bureau key No. Du Pont No. Average S, ms Average S, ms
delay, ms delay, ms

C_2147Eooocoooooooo.o 21AP78"3107¢0.-0..0 1371'8 2204 236709 13'1
C_2126ooooott|'oooooo 14Ju79‘2115210000'c 3320.2 18.0 1321'4 1409

lFired on Dec. 29, 1980.
2Fired on Mar. 19, 1980.
3Fired on Dec. 9, 1980.

Hercules Detonators

Data from the Hercules Superdet trials (table 3) show no statistically
significant differences in average values for firing levels ranging from
1.0 A dc to the 5.8-A peak current pulse applied from the blasting machine.
However, at much-below-recommended firing levels (0.30 to 0.35 A dc¢) for the
nominal 3.7-sec detonator, the average delay time was about 4.63 sec, markedly
higher than actual delay times of about 3.8 sec at all recommended levels.
Hercules detonators had previously been found to have maximum no-fire currents
ranging from 0.240 to 0.260 A, about half that of the Du Pont detonators;
hence, lower currents were applied in these tests to demonstrate this effect.

TABLE 3. - Delay time measurements for Hercules Superdet delay
series detonators, sec

Firing current, A | Nominal | Averagel! | High Low 2
delay delay value | value

le0 dcesecsonnnsnss 0.9 1.08 1.23 | 1.01 0.065
2.4 peak3.,..i0uu.ns .9 1.13 1.32 | 1.01 .079
5.8 peakscsecoevse .9 1.10 1.38 | 1.01 .105
0.30-0.35 dCevssee 3.7 44,63 6.45 | 3.81 1.23
leO dCeerneoncnnee 3.7 3.79 3.99 | 3.67 .102
2.4 peaKeseeessans 3.7 3.77 3.88 [ 3.63 .096
3.0 dCeveseccanans 3.7 3.76 3.90 | 3.65 .089
5.8 peakicesecoens 3.7 3.80 3.93 { 3.64 .102
1.0 dCeecsonnnanee 10.0 9.89 10.14 | 9.49 .22
2.4 peakeseseeecns 10.0 9.86 10.04 | 9.68 .13
5.8 peakecessseens 10.0 9.70 10.16 | 8.04 .64

lAverage of 10 trials unless noted otherwise.

23 is estimate of standard deviation of individual
observations.

3peak indicates peak current using a CD type blasting machine.

“Average of 4 trials.

On a MS time scale, the average values here can be expected to, and do
depart more, from the nominal values than was the case for the Du Pont deto-
nators; but the departures on a percentage basis are generally less. Hence,
the accuracy here is at least as good as for the Du Pont detonators. Comments
on precision are given later.




Atlas Detonators

Results from the Atlas Rockmaster trials (table 4) also exhibit no sig-
nificant differences in average firing times, except at current levels of
1.0 A dc or less. Here again, at marginal current levels (0.35 to 0.40 A dc),
the measured delay times were (for two trials) in excess of 500 ms for the
nominal 100-ms delay detonators. At 0.5 A dc for the same group of detonators
the average value (for four trials) was 136.1 ms, and variation was also much
higher than normal. At higher current levels the delay times averaged about
102 ms, very close to the nominal value. Maximum no-fire currents, previously
observed for Atlas Rockmaster detonators, are about 0.330 A.

TABLE 4. - Delay time measurements for Atlas Rockmaster MS delay
series detonators, ms

Firing current, A Nominal | Average! | High Low s2
delay delay value value

1.0 dc.‘...l...l'.... 8 12.4 14.7 10.3 104
2‘4 peak3llllOIC...¢' 8 7.4 8'8 5.2 1'2
5'8 peak...l.ll...ll. 8 7'9 9.5 6.0 103
0035_0-40 d(:ll".'... 100 L’)SOO - - -
0.50 dCevssvesrnocnns 100 5136.1 154.1 119.8 | 14.7
1.0 dCevevensssnssons 100 102.9 107.7 97.8 4.5
2.4 peak...ﬂl........ 100 102‘5 10706 95.5 4-0
5.8 peak"'"'...‘..l. 100 lol‘l 109.7 90.8 6‘0
1.0 dCeeveensasosnces 500 518.8 538.4 496.7 | 12.7
2'4 peak..'wl.'...ll. 500 520.6 541.8 487.1 10.8
5'8 peak...-l......... 500 519.8 541'7 496.5 13l4
5.8 peakecsseccscenns 1,000 1,030 1,060 1,000 23
1.0 dCeveenrecoscnnsee 3,000 3,110 3,190 3,030 60
2.4 peakecesecsooccee 3,000 3,110 3,180 3,050 52
5.8 peakecesreocececnces 3,000 3,100 3,140 3,040 33

lpAverage of 10 trials unless noted otherwise.

25 is estimate of standard deviation of individual observations.
3Peak indicates peak current using a CD type blasting machine.
“Average of 2 trials.

SAverage of 4 trials.

Relative Precision of Data

To gain some perspective on the relative precision of these three brands
of detonators, table 5 shows ratios of the standard deviations to correspond-
ing average values for the various sets of data. Each S/t x 100 value is the
standard deviation expressed in terms of percentage of average value. These
data indicate that:

1. Significantly poorer precision in delay times is observed at cur-
rent levels below 1.0 A for all three brands of delay detonators. These




trials were for demonstration purposes only, and the S/t x 100 value of 26.5
obtained for the Hercules detonators should not be construed as indicating
that Hercules detonators are less precise below 1.0 A than the other brands;
this high value was obtained because these detonators were fired closer to
their minimum firing currents than the one example each shown for Du Pont and

Atlas detonators.

2. No significant, consistent effect of current input on precision is
found in the recommended ranges; however, the lowest delay period tested in
-each company's delay series exhibited poorer precision than its higher delay

period counterparts.

3. When these percentages (ratios) for each company's detonators are
averaged over all firing levels and delay periods, grand average values of
5.8, 4.5, and 5.5 are obtained, respectively, for Du Pont, Hercules, and Atlas

detonators.,
various companies' detonators.

This is not interpreted as a significant difference among the

TABLE 5. - Comparison of S/t! values among Du Pont, Hercules,

and Atlas detonators

Nominal delay, ms S/t x 100
Below 1 A | 1 A dc | 2.4~A peak | 5.8-A Peak
Du Pont detonators:
A NT 5.2 16.5 11.5
100seeceeennsesscssenconcona NT 4.9 2.0 3.4
175 eeesseeasssnssnsnonsnsoe NT 5.0 4.1 5.0
T 0 NT 4.0 7.1 6.1
K T 210.4 7.5 6.0 3.6
400ceeessccscssonssscsosses NT 5.3 4.8 3.6
Averaged..iieeeeinnens - 5.3 6.7 5.5
Hercules detonators:
9000 ceeceocssansncoscsansns NT 6.0 7.0 9.5
3,70000e0esesesnscscensnccana 226.5 2.7 2.5 2.7
10,000, ceecaveescessearsesscasnse NT 2.2 1.3 6.6
Average ieereececncens - 3.6 3.6 6.3
Atlas detonators:

. NT 11.3 16.2 16.4
100eesusesessacsncsascoones 210.8 bob 3.9 5.9
500ccecescsvosscasvescesanss NT 2.4 2.1 2.6

1,000cceeeeevssvscccasosnesss NT - - 2.1
3,0000ceseeevcecccsssscsscons NT 1.9 1.7 1.1
AVerage ..ueeseconeons ~ 5.0 6.0 5.6

NT No trace.

13 = estimate of standard deviation; t = average delay time.
2These values were omitted in calculating the grand averages.

3Grand average 5.8.
“Grand average 4.5.
5Grand average 5.5.
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Table 6 is a similar comparison, except between the Bureau's and Winzer's
data where comparisons for the same nominal delay times were available.
Winzer's data were from Du Pont's MS delay series detonators, whereas the
Bureau study used Du Pont's coal mine delays; however, where nominal delay
times are the same, both detonators use the same inner geometry and explo-
sive train. Both establishments used the same designation Atlas delay series
(Atlas Rockmaster MS series) detonators. For the Hercules trials, the Bureau
used the Superdet delay series detonators while Winzer used the Millidet
series; it is assumed that the detonator's geometry and explosive trains
were identical for the one available comparison for the 900-ms detonators.

TABLE 6. — Comparison of s/t! values between Bureau of Mines
and Winzer's detonator trials

S/t x 100
Nominal delay, ms BuMines data (n=10) | Winzer's data,
2.4 A | 5.8 A current unknown
Du Pont detonators:

25 esrecsscsscscsen 16.5 11.5 15.8
100cesececcasonsasso 2.0 3.4 5.0
175c0cacassscccvases 4.1 5.0 3.1
2500 eescoanessnences 7.1 6.1 3.4
400cesonassessssossns 4.8 3.6 4.6

Average.eeeeees 6.9 5.9 6.4
Hercules detomnators:
900.eeonvessonnsones 6.0 9.5 9.6
Atlas detonators:

Beveorsossassnncss 16.2 16.4 24.5
100seeorsoseseassnns 3.9 5.9 5.1
500¢ceorosasssonsses 2.1 2.6 4,0

AVEerage.ceesees 7.4 8.3 11.2

1g = estimate of standard deviation; t = average daily time.

While one might interpret a lower variation for the Bureau's data for
Atlas detonators, the comparison in table 6 exhibits remarkable agreement in
individual and especially in average values, particularly for the more numer-
ous data for Du Pont detonators. Thus, the distribution of individual values
about the mean (variation) is taken to be the same for both sets of data.

Crowding

Despite the observed tendency for lower S/t x 100 values as the delay
period increases, this should not be taken as an indication of less of a ten-
dency for out-of-sequence firings for the longer delay periods, because the
absolute magnitudes of departures from the mean value have a bearing on
“crowding” as well. This is clarified better in the following paragraphs.
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Winzerl® found a critical parameter arising out of an analytical solution
for probability of success to be

tn+l

n T

1/2

t
2 2
[Sn + Sn+1]
The various quantities cited are identified in table 7. This parameter
appears in the probability equations, and the term "success” can be defined
as essentially a 100-pct probability that "no crowding” of given magnitude
(for example, intervals of less than 8 ms, or out-of-order firings) will occur
for a given set of different delay detonators used in a blasting round. To
assure high probability of success for many typical blasting rounds, the value
of this critical parameter should be at least 3.0.

TABLE 7. - Winzer's crowding criterion applied to Bureau of Mines
data for Du Pont detonators

Nominal delay interval, ms Winzer's indexl
1.0 A dc 2.4--A peak 5.8-A peak
25-100cesssssve:secoosanae 22.8 18.0 23.8
100-175¢iteeeecersoncacans 11.6 16.6 14.3
175-250ccasseacscsencnncss 4.0 3.9 6.5
2503250 ctesstnenrecnnenae 5.0 6.4 9.5
3254000 e eesssecsesscansne 2.1 1.2 1.9

1 ,- -
(tn+l - tn) - (1) S 3 for high probability of success for

observing no crowding or out-of-sequence
(32 +g2) 172 g g q
n+1 n) errors.

NOTES.——(1) En+1 and Eﬂ are average delay times for period n+l
and period n detonators, respectively.

(2) t is highest delay time value observed among period n
detonators minus lowest delay time value observed
among period n + 1 detonators.

(3) S,4+; and S are estimates of the population standard
deviations of individual observations.

While other, more simplified parameters (or indices) can be constructed
to indicate relative crowding tendencies, the parameter given above does con-
tain all the essential elements (see table 7) that have a bearing on crowding,
all normalized by the standard deviation, so that not too much weight is
placed on high and low values.

10Work cited in footnote 5.
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Note that the quantity (t, ., - En) - (1) would equal twice the nominal
interval if all detonators in the two delay period groups exploded at their
exact nominal values. While greater values for this expression would indicate
an even greater departure from crowding for these two delay groups, it might
not be desirable in the sense that a very high t_ ,, might cause crowding dif-
ficulties between the ntl and nt+2 delay period groups.

Table 7 shows this parameter applied to Bureau of Mines data for Du Pont
detonators. The table gives index values for each pair of adjacent delay
period groups at several current firing levels. These data can be summarized
as follows:

1. No consistent trend is observed, indicating less crowding tendency as
current levels were increased from 1.0 to 5.8 amp.

2. The tendency for crowding increases substantially as the delay period
increases.

3. Using the criterion that these values should be 3 or greater for high
probability of success, the only indices less than 3 were the three values (at
three current levels) for the nominal 325- to 400-ms sets, and as mentioned
earlier these were the data sets for which 10 examples of out—of-order firings
were observed.

Hence, while the exact value of the criterion of 3 or greater may be ques-
tioned, this criterion served very well to indicate problems in this case.

Had the nominal delay interval been only 25 ms between the nominal 175-ms
detonator used in this study and the next highest delay period, as was the
case in Winzer's srtudy using the MS series detonators, then one could, assum-—
ing everying else being equal, conceive of possible serious crowding problems
between 175- and 200-ms detonators. The index values would be one-third those
obtained in table 7 (because the interval would be one-third as great), and
the resulting values (of only 1.3, 1.3, and 2.2) would indicate a low proba-
bility for no out-of-sequence firings. It should, however, be pointed out
that, while the criterion does appear to serve as a good indicator of possible
crowding problems, the conclusions here are restricted to the case where 10
each of the nominal 325- and 400-ms detonators are used, and one cannot indis-
criminately apply these conclusions to any or all blasting round designs con-
taining a lesser number of these detonators.

In addition, while there were fewer indications of serious crowding in
this study because the nominal interval was 75 ms, these data do essentially
substantiate the results from the Winzer study in that serious crowding prob-
lems appear to exist, and they are more likely to be observed for detonators
having longer delay periods.

SUMMARY AND CONCLUSIONS

The effect of inadvertently applying to detonators levels of firing cur-
rent that are well below recommended levels would be to increase the average
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delay times markedly above the nominal value, and more importantly, to
increase the variation between members of the same nominal group to a point
where out-of-sequence firings would be rampant. The consequences of this on
efficient and safe blasting could be quite serious. The results of this study
clearly demonstrated the importance of blasting circuit arrangements and cir-
cuit resistance measurements of sufficient accuracy to assure recommended cur~
rent levels. 1In addition, it must be assured that firing sources, for example,
blasting machines, be in peak operation condition to guarantee proper current
levels.

Though average delay times and variations thereof tended to increase as
the current was decreased, within recommended levels, the effect was not
believed to represent a cause for concern relative to overriding effects
observed; that is, a lack of precision that, when combined with lot-to-lot
differences in accuracy, would result in out-of-sequence firings with detona-
tors from an adjacent period.

Where comparisons were possible, it was observed that variations about
average values in this study were quite similar to those observed in another
study conducted by Winzer, providing a basis for greater confidence for sub-
stantiating one another's observations where they appear similar. Among these
were that the likelihood for observing out-of-sequence firing was less for
detonators in the lower end of the millisecond range. Since out-of-sequence
firings were observed in this study for detonators having a nominal interval
of 75 ms, it appears reasonable to concur that Winzer is correct in the con-
clusion (based upon MS delay series detonators having some delay intervals of
only 50 and 25 ms) that the probability of success (no crowding to less than
an 8-ms separation) for some typical blasts is low.

Most of the conclusions given were based on Bureau of Mines results with
Du Pont detonators. Although data from Hercules and Atlas detonators were
much more restricted, it would appear that the observations made for Du Pont
detonators would apply to them as well, since variations observed were gener-
ally similar.
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