
PB212507
11111111111111111111111111111111111111111111111111

DESIGNING BLAST PATTERNS USING EMPlRICAL
FORMULAS. A COMPARISON OF CALCULATED PAT­
TERNS WITH PLANS USED IN QUARRYING LIME­
STONE AND DOLOMITE, WITH GEOLOGIC CONSID­
ERATIoNs

Josepll M. Pugliese

Bureau of Mines
Washington, D. C.

Sept ember 1972



[!CI S550J
Bureau of Mines Information Circular/1972

BuHines Ie 8550

PB 21.2 507

Designing Blast Patterns

Using Empirical Formulas

A Comparison of Calculated Patterns With Plans
Used in Quarrying Limestone and Dolomite,
With Geologic Considerations

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

us De""'I'''''''' of CommerCe
Springfi"l<l VA 12151

UNITED STATES DEPARTMENT OF THE INTERIOR



BIBLIOGRAPHIC OAT ..\fl. Report No. r· f;:...~cipicnt·s ACCess~1n No.
SHEET BuMines IC 8550 - ,t,} ,1) ';-0 .
4. Title and Subtitle Designing Blast Patterns Using Empirical 5. Report Date

Formulas. A Comparison of Calculated PatterrtS With Plans Saptember 1q72
Used in Quarrying Limestone and IJol"mite, With Geologic 6. Pctfolming Organiuuion Code

Considerations
7. Author(s) B. Performint; Organization Rept.

Joseph M. Pugliese :-lo.

9. Performing Organization Name aod Addtes8 10. Projecl/TaskiWork Unil No.
Twin Cities Mining Research Center
Bureau of Mines, USnI 11. Comract!Grant No.
P.O. Box 1660
Twin Cities, MN 55111

12. Sponsoring Agency Name and Address 13. Type of Report & Period
Office of Assistant Director--Mining Coveted Quarry blnst-

IBureau of Mines fng survey, 1971
U. S. Department of the Interior 14. Sponsoring Agency Code

Washingto~, DC 20240
15. Supplementary Notes

16. Abstract This work was done to provide quarry operators with an uncomplicated,
first approXimation m8"hod for designing blast patterns, considering geologic struc-
ture, and to show the· valid use of the technique by comparing drill and blsst pat-
tern dimensions used in the quarry with those determined by the presented method.
The author visited 12 limeston'a and dolomite quarries in Ohio (Adams, Crawford, and
Highland Counties), Wisconsin (Milwaukee J Racine, and WaukeSha Counties), and Minne-
sota (Fillmore, Olmsted, and Uabasha Counties); observed the blasting practices;
studied the major geologic features; and after discussion with the quarry manag~rs,

foremen) and blasters, compared the quarry blasting patterns with those as calcu-
lsted by the empirical formulae (after R.L. Ash), with geologic structural considera
tions. When geologic structure such a6 bedding, jointing, folding, and caves) as
well as explo~ive properties and field performance characteristics are accounted for
in a manner suggested by the research, the presented empirical formulae may be used
as a good first approximation. ,The included steps in planning a blast design and
generalized blast patterns should be of help to the quarry operator.

17. Key Words and Document Analysis. 110. Descriptors

Quarrying
Limestone
Dolomite (rock)
Explosive charges
Blasting
Explosion effects
Standards
Geologic structures

17b. Iden!iliers/Open-Ended Terms

Effect of geology on rock fragmentation by different energy sources

I
11c. COSATI Field/Group 081 Earth Sciences and Oceanography/Mining Eugineering
18. Distribution Statement Sold ;,y Sup. Docs. , GPO, for $.45, 19. Securhy Class (This 21. No. of Pages

Stock No. 2404-1145; available from NTIS in micro- Re~?~.t)••. :Il"l rT1 19
fiche only for $.95. 20. Security Class (This 22. Price

P''ij~c' AS" FlED
'4 NTlS·~5lllJ-71J' US COMM·n C 40:'!29·P7 I



BuMines Ie 8550

Information Circular 8550

Designing Blast Patterns

Using Empirical Formulas

A Comparison of Calculated Patterns With Plans
Used in Quarrying Limestone and Dolomite,
With Geologic Considerations

By Joseph M. Pu~liese

Twin Cities Mining Research Center. Minneapolis. Minn.

_

'.'0. &
~. -..... .-
. . r ...

.... 0
o •

,ie1

UNITED STATES DEPARTMENT OF THE INTERIOR
Rogers C. B. Morton, Secretary

BUREAU OF MINES
Elburt F. Osborn, Director



Tilis publication has been cataloged as follows:

Pugliese. Joseph M
Designing blast patterns using empirical formulas: a com­

parison of calculated patterns with plans used in quarrying
limestone and dolomite, with geologic considemtions.
[Washington] U.S. Dept. of the lnterior, Bureau of Mines (1972)

33 P' Hlus •• tables. (U.S. H...rcau of Mlnes. In(or;mHion circular
8550)

Includes bibliol!,caphy.

I. Blasting-Mathematical 1ll0001els. L U.S. Burel<u of M.ines.
II. Title. (Series)

TN23.U71 no. 8550 622.06173

U.s. Dept. of the Int. Library

For la1e by tho SnperJntondent oj J)ocllffionts. U.S- (JnVIJnlmllnt Prlntlng Office
WllShlJ1gton. D.C. 2()-tQ2 - PrIce -15 cent:!

Sioeit NUlDber 210t-ll4li
Catolo8 No. 128.27:8550



CONTENTS

Abstract...................... 1
Introduction..•...•......•.•.........•••..... " , .....••..•.•• ,..... 1
Acknowledgrnents. . • . . • . • . • • • • . . • . . • • • . • • • • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 2
Composition and origin of IDnestone and dolomite........................ 3
Definition of major geologic features in these rock types observed to

influence explosive ~)lasting............................................. 3
Production blast terminology............................................ 4
Empirical formulas that may be applied to drilling and blasting

pattern design..••.....••.•.•.....•.•.•.....•••.........• , .• . •• •• .••• • 6
Calculation of burden, B, from equation 1 ••••••••••••• , •.••• ,. •••.. 7
Calculation of spacing, $, from equation 2......... 7
Calculation of hole length, H, from equation 3..................... 8
Calculation of subdril1ing length, J, from equation 4.... ...•.•.••. 8
Calculation of collar distance, 1\ from equation 5................. 9

D~rect comparisons of blast plans calculated by the empirical formulas
with actual examples of blasting patterns used by the quarries
visited............................................................... 10

QUCLrry No.1 explosive blasting details....................... ••••• 11
Quarry No.2 explosive blasting details............................ 13
Quarry No.3 explosive blasting det.i1s................ ......••.•.. 15
Quarry No.4 explosive blasting details... •.•••. •.••••... .•...••..• Ii
Quarry No.5 explosive blasting details............................ 19
Quarry No. 6 explosive blasting details............................ 21
Quarry No.7 explosive blasting details............................ 22
Quarry No.8 explosive blasting details.................. .••.•••... 24
Quarry No.9 explosive blasting details..................... ....... 26
Quarry No. 10 explosive blasting details........................... 27
Quarry No. 11 explosive blasting details........................... 29
Quarry No. 12 explosive blasting details......... 31

Sunnnary. • . • . . • • • • • • . • . . • • • • • . • . . . • . • • • • • • . • • • • • . • • • . . • • • • • • • • • • • • • • • • • • • 31
References. . . . . • . . . . . . . . . • . . . . . . . • . • • . • . . . . • . • • • • • • . • • • •• •• • • • • • • • • • • . . . 33

ILLUSTRATIONS

1. Bench cross section view shOWing DI'J' B, 11, J, T, and L........ •••... 4
2. Generalized blasting patterns showing B, S, b, and s................ 5

TABLES

1. Calculation sheet-drill pattern dimensions for average and alterna-
tive blasting conditions.................... ....••...•.. ....•..•. 9

2. Blasting pattern dimensions for Ohio, Adams County, Quarry 10. 1... 11
3. Blasting pattern dimensions for Ohio, Highland County,

Quarry No.2..................................................... 12
4. Blasting pattern dimensions for Ohio, Crawford County,

Quarry No.3. . . . . • . . . . . . . . . • • . . . • . • • . • • . . . • • • . . • • • . . . . . . . • . • • . • • . 14



11

TABLES--Continued

5. Blasting pattern dimensions for Wisconsin, Waukesha County,
Quarry No.4... . . . . . . . •. . . . . . .. . ... . . . . . .. ... • .. . . . .. . .. . . . . . . . . .• 16

6. Blasting pattern dimensions for Wisconsin, Waukesha Ccunty,
Quarry No.5.. • . • . • . • • • • . • . . • . • • • • .. . • . • • • • • • • . • . • • . • • • • • • • • • • • • • • 18

7. Blasting pattern dimensions for wtsconsin, Wcrnkesha county,
Quarry No. 6 •••••.•••••••••••••••••••••••••••••••..•••.••.••.•.••• 20

8. Blasting pattern dimensions for Wisconsin, Milwaukee County,
Quarry No.7...... .. . . . . . . .. . .. . .. .. .. . . .. .. .. .. .. . .. .. .. .. .. .. .. . 22

9. Blasting pattern dimensions for Wisconsin, Milwaukee County,
<: .arry No.8 ••••..••.•.••...•..••••••....•••••••••••••••••••••• I • • 23

10. Blasting pattern dimensions for Wisconsin, Racine County,
Quarry No.9 ••• , •••••••.•••••••••••••••••••••••••• ' •••• • . • . •• • •• . 25

11. Blasting pat~ern d~enBions for Minnesota, Olmsted County,
Quarry No. 10..................................................... 27

12. Blasting pattern dtmcnsions for Minnesota, Fillmore County,
Quarry No. 11..................................................... 28

13. Blasting pattern dimensions for Minnesota. Wabasha County,
Quarry No. 12.............................. •••.••••••••••••••••••• 30



DESIGNING BLAST PATTERNS USING EMPIRICAL FORMULAS

A Comparison 01 Calculated Patterns With Plans Used ill Quarrying
Limestone and Dolomite, With Geologic Cons iderations

by

Joseph M. Pugliese 1

ABSTRACT

This work was done by the Bureau of Mines to provide qua.rry operators
with an uncomplicated, first-approximation method for designing blast
patterns, considering geologic structure, and to show the valid use of the
technique by comparing drill and blast pattern dimensions u~ed in the quarry
with those determined by the presented method. The author visited 12 lime~

stone and dolomite quarries in Ohio (Adams, Crawford, and Highland Counties),
Wisconsin (Milwaukee, Racine, and Waukesha Counties), and Minnesota (Fillmore,
Olmsted, and Wabasha Counties); observed the blasting practices; studied the
major geologic features; and after discussion with the quarry managers,
foremen, and blasters, compared the quarry blasting patterns with those as
calculated by the empirical formulas (after R. L. Ash), with geologic struc­
tural considerations. When geologic structure such as bedding, jointing,
folding, and caves, as well as explosive properties and field performance
characteristics are accounted for in a manner suggested by the research, the
presented empirical formulas may be used as a good first approximation. The
included steps in planning a blast design and generalized blast patterns
should be of help to the quarry operator. Design changes are recommended tor
these quarries where problems are oc~urring.

INTRODUCTION

The Bureau of Mines has been conducting field studies of explosive blast­
ing in rock for a number of years. Concerning the topic of this paper, a few
of the studies are reported here. Atchison and Pugliese (5),2 in their
comparative studies of explosives in limestone with tight jOints, found that
repeated blasting in an area opened the tight separations in the rock. Their
results reflected the effect of this joint opening. Nicholls and Duvall (13)
studied the effect a charge diameter has on explosive performance. A recent
study <1~) showed horizontal bedding without or with conspic1:ous jointing,
folds, faults, caves, and filled joints influence blasting and mining in lime­
stone and dolomite quarri~s. The quarry operators attempt to minimize

IGeophysicist.
2Underlined numbers in parentheses refer to itp.ms in the list of references

at the end of this report.

I
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detrimental geologic effects and maximize beneficial geologic effects. Outside
of the Bureau, other inve~tigation8 are noteworthy. Belland~) concluded
that geologic structural controls on rock fragmentation upon explosive
blasting do exist and t'.lat explosive bl~st patterns should be tie.signed to make
optimum use of geologic controls. Ash !d) has developed five basic empiric
r~tios for designing blasts. A0h and others (4) investigated further to
determine conditions for optimizing spacing of-simultaneously initiated
multiple explosive columns. Ash's recent study (g) demonstrates the. validity
oE his esrlier work on detenuining blasting relationships useful for estimat­
ing blast pattern dimensions. Grimshaw and Watt (hl) couIDlented on innovations
in the quarry blasting field being introduced to assis t the quax-ry operator in
producing stone with improved economy) safety) and efficiency. They note some
possible benefits to be associated with ~::;hallow face working which emphasize
the interdependence of the drilling) blasting) and matetials-nandling
operations.

While the author was conducting his study (J!!), he noted many quarry
operator.s were not cognizant of the work mentioned above. There was a lack
uf aw~reness of uncomplicated, first-approximation blast pattern design
criteri.a, includi.ng geologic considerations. In many instances, blast
patterns provid.tng satisfactory results had been developed on a trial and
error basis, which is costly in t~e and money. The author felt the need
for a report containing: Simplified formulas (after Ash)3 that may be used in
making first approximations of drilling and blasting patterns) with geologic
considerations; suggested sequence of steps in planning the blast design;
generalized hlasting pattern views that may be used; and direct comparisons
with patterns used in the quarry.

In collecting information for this report, the author visited 12 quarrie.'"
in Ohio (Adams, Crawford~ and Highland Counties)) Wisconsin (Milwaukee, Racine,
and Waukesha Counties») and Minnesota (Fillmore, Olmsted, and Wabasha Coun­
tie6)~ observed the blasting practices; studied the major geologic featurp:s;
and after discussion with the quarry l~anae~rs, foremen) and blaste~s, compared
the blast patterns calculated by empi~icAl formulas to quarry blasting
patterns producing satis factory resul ts J wi th geology cons ici "',re,~ in the blas t
designs. Design changes were recommenced fo~ those quart1es where problems
were occurring and where the calculations suggested a change.

In this report, explosive ingredients, properties, and field performance
characteristics are included only when necessary. The reader is referred to
Dick ~) and Yancik (15) if more extensive information is desired.
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3Use of these formulas is by the author's choice and docs not implyendorse ..
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(10, ll).
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COMPOSITION AND ORIGIN OF LlMES~ONE AND DOLCMITB

According to Bowles (1), limestone is composed mainly of calcium
carbonate (CaC03 ). The rock is known as a high-calcium limestone if the
magnesium carbonate content is small. The rock is called a magnesium or
dolomitic limestone if 10 percent or more of magaesium carbonate is present.
When the magnesium carbonnte content approaches 45 percent, the rock is known
as dolomite) the double clrbonate of calcium ano magnesium CaMg(C0

3
)2'

Limestone consists c·i1iefly c· :::ium ,·arbonate shells and skeletons of
organisms that inhabitecl oceans a ;:;e~.. '1ncounted generations of these
organisms lived and di~d to leave .~1~ and skeletal remains accumulated
on sea and lake floors. Such shell. are supplemented by chemically
precipitated calcium carbonate and, accor~~P3 to some geologists, chemically
precipitated magnesium carbonate. During later geologic ages, beds of other
material were deposited over the carbonates and thus caused pressures that
gradually consolidated the carbonates into limestone.. Limestones can contain
large amounts of Unpuritles such as clay and silica.

Opinions differ on the formation of dolomite. Some geologists
that dolomite was formed directly from precipitation of calcium and
carbonate while others hold that dolomite was formed from limestone
the replacement of some of the calcium by magnesium.

believe
magnesium
through

The indivio;!.'.tal limestone and dolomite layers range from a fraction of an
inch to -many feet in thickness. Massive strata of uniform texture indicate
relatively long periods of uniform conditions of scdiwentation. A bedding
plane is introduced when these conditions are temporarily changed, In
general) each bedding plane marks the termination of one deposit aud the
reginning of another.

DEFINITION OF MAJOR GEOLOGIC FEATURES IN THESE ROCK TYPES
OBSERVED TO INFLUENCE EXPLOSIVE BLASTING

The folloWing major geologic features were observed to affect explosive
blasting in limestone and dolomite quarries. The terminology used here is
that of the Dictionary of Geological Terms prepared by the American Geological
Institute (1).

Bedding is a collective ternl signifying existence of beds. A bed is the
smallest division of a stratified series and is marked by a reasonably well­
defined divisi.onal plane separating its neighbors above and below.
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Jointed bedding is composed of fractures (joints) in the rock, generally
vertical or transverse to bedding, along which no appreciable movement of roc~

has occurred. A joint set is a group of approximately parallel joints. If
clay and/or mud accumulate in an open joint, it will be considered as a filled
joint. The filled joint may have a few discontinuous open channels.

Folded bedding is marked by a bend in the strata. In this re~ort, bed­
ding is considered folded when this feature is present to a major extent
within the confines of and in relation to the blast or quarry area. Faulted
bedding is characterized by a fracture in the rock with a d~splacement of the
sides relative to onc another parallel to the fracture.

An unconformity is a surface of erosion or nondeposition, usually the
former, that 3eparates the younger strata from older rocks. A bed is uncon­
formable wh~~ it does not succeed the underlying strata in immediate order
of age.

A cave is a natural cavity, chamber, or series of chambers beneath the
surface of the earth. Such underground openings are usually produced by
solution of limestone and dolomite.

PRODUCTION BLAST TERMINOLOGY

The following list of blasting-pattern

Charge

i
".• f"""

....:.
T ' ,

L'," " -

L

H

Floor

J
I I.

dimension symbols will be used in
this report. The symbols
are the same as those used
by Ash (2-3). The bench
cross se~tIon view (fig. 1)

~tltlI"tl¢!lti!!J'/.aK and the plan view of gener­
alized blasting patterns
(fig. 2) should facilitate
understanding of the symbols.
The blasting patterns shown
in figure 2 can be used as a
first approximation. In
multirow blasting (fig. 2,
plans A-E), a row is consid­
ered as an array of two or
more holes such that a line
drawn through the hole
centers is perpendicular to
the final rock displacement
di~ection, indicated by the
arrow on each plan. In
plans F and G (fig. 2), the
one array of holes will be
considered as a row.

FIGURE 1. . Bench Cross Section View Show ing De' B, H,
J, T, and L (2·3).



5

BOX CUT, EXPANDING V
PLAN A

.3 .,J

t

BOX CUT,
EXPANDING FLAT BOnOMED V

PLAN B

~ \\Mal&!fii!5t.1dlF-7·1'!.J·....ejjl!i,di6
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i _4 .3

CORNER CUT, ECHE LON
PLAN C

CORNER CUT, ECHELON
PLAN D

.I'
T

"-B
.:L 04 oJ ~/.<

<l'
.S 04 .3 """'2

GORNER CUT, ECHELON
PLAN E

CORNER CUT, ECHE~ON
SINGLE ROW, PLAN F, S' B

CORNER GUT, ECHELON
51 NGLE ROW, PLAN G, S'1.48

FIGURE 2, • Generalized Blasting Patterns Showing B, S, b, and s (;D,
(Number5 indicate firing sequence,)
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D~ Diameter of t:he explosive 1n the borehole (in).

B Bnl:dcn, distan~e from a charge measured p,~rpenJicularly to the
nearest free face and in the dire(~ion that displacement will
most likely occur at the tlm':;!: of charge firing (ft).

S Spacing, riistance hetween tw~ holes such that the spacing is alway!;
measured perpendicular to its corresponding burden (ft).

H Hde hngtll (ft).

J Subdrilling length, depth hole is drilled below the established
quarry floor (ft).

T Collar distance, the portion of the borehole not containing
explosive (ft).

L Bench height (ft).

b Distance perpendicular to the original frte face. m~gsured between
two rows of holes (ft). See figure 2, plan A.

s Separation beLween adjacent holes in Brow (ft). See figure 2,
plan A.

The terms band s are used by quarry operators for convenience in describ­
ing such patterns as plan A, a square grid. These t~rms should not be con­
fused with burden and spacing. The word "explosives" is used as a colJective
term for Ilblas ting agents 11 and I'explosives. II

EMPIRICAL FORMULAS THAT MAY BE APPLIED TO
DRILLING AND BLASTING PATTERN DESIGN

Ash (1) has suggested five basic ratios for blasting design. The
standard blasting ratios are for vertical boreholes for all types of bench­
blasting in 20 different rock types with hole depths from 5 to 260 ft, hole
diameters from 1-5/8 to 10-5/8 in, and for all grades of explosives. Although
the ratios can be used as first approximations in blasting design) modifica­
tions to the ratios will be pointed out where major geologic features in~lu"

ence blasting results.

Ash's ratios will be shown as equations solving the unknown dimensions:

where B :c: KB De i 12; K. Burden ratio, (1)

S Ks B" Ks Spacing ratio, (2),

H K" B; K" Hole length ratio) (3)

J KJ B' KJ Subdrilling raLto) (4),



and KT ~ Collar distance ratio.
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(5)

Dc is expressed in inches, and all other dimensions arc in feeta

Calculation of Burden, B, From Equation 1

'I:;) use a certain explosive type with diameter, De' the burden, B, can be
calculated from equation 1. The following values for Ka are for rock with a
solid Jensity of around 2.7 gm/cc, a common value for limestone and dolomit~.

For ~alculating B, use:

Ka = 30 (average conditions--first approximation),

Ko 25 (for low~density explosives. such as AN~FO),

a..1.d K8 35 (for uense explosives, such as slurries and gelatin).

If the r0cK has a density much different from 2.7 gm/cc, further adjusoments
of KB can be made. A lower KB value could be used for rocks of density much
ereater th.lll 2.7, for example 3 ~ and a higher KB value could be used for rocks
of density much less than 2.7, for example 2.4.

Calculation of Spacing, 5, From Eyu~t~on ~

Ks = 1 ..8 . 2 for simultaneous initiation of 'tnles in the same row.
Staggered drill hole patterns should be preferred hetween rows within which
all charges are initiated simultaneously. Rock movement will generally be
perpendicular to t~e original free face.

According to As, and others (4), larger Ks values, for example Ks = 3 - 5,
could be used under favorable condItions for charges initiated together as
opposed to the comr,only accepted limit of 2. The charges would need to be
fired however at exactly the same time, otherwise spacing would have to be
reduced because of the lack of enhanced stress effects. In addition, the
length of the charges must be sufficiently long.

and

In regard to a minimum alB condition, a recent study (£) showed:

S '" (B H)l/a for 2B ;§ H < 48

S '" 2B for 4B " H.

(6)

(7)

Ks = 1. 8 .. 2 is satisfactory however although Ks :;ould possibly be reduced
further if alB is much less than 3.

According to (~), individual blasting conditions will limit the value of
the optimum spacing that might be used tn any given situation.

The above information should be kept in mind when calculating S by equa­
tion 2 for simultaneous initiation of holes in the same row.
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Ks ;::: 1 .. 1.2 for sequence oelays in the same row. The sq'_lare drill
pattern should be used for sequence timing in the same row and simultaneous
initiation laterally beo1een holes in adjacent rows. Rock movement will
generally be in a direction 45 degrees to the original open face, ~or eKample 1

the bOR cut, expanding V rock progresflion. The spacing ratio Ks =: 1 - 1.2
applies to the ratio of s, the separati0u between adjacent holes in a row,
to b, the perpendicular distance measured beowcen two rows of holes. In terms
of burden, b = 1.4 B. Equation 2 thus bec~aes;

s ~ Ks b ~ Ks (1.4 B),

where K, ~ 1 - 1.2.

Ks will need to be adjusted further between 1 and 2 to meet local use and
conditions, for example, period of delay between charges. When Kg is much
larger than 2, the spacing is so much larger than the burden that cratering
on the vertical face and large rock humps on the floor may result. When
Kg is mmaller than I, too close a separation of holes can cause premature
breaking between holes; this breaking results in finely broken rock in the
immediate vicinity of the holes, and boulders, slabs, and toe problems in the
burden area~ Premature breaking between holes can promote loss of explosive
detonation confinement with subsequent pressure drop in the borehole regions.
Often under this condition, the spacing should be slightly extended rather
than reducing the burden.

All these equations assume ideal energy balancing between charges (1) and
serve only as an approximation. The equations do not relieve the quarry oper­
ator from further experimenting to cope with the problems associated with bis
particular quarry conditions. For instance, there will be slight adjustments
to individual S's and DI s between holes and rows so that boreholes do not
intersect near vertical joint planes or mud seams.

Calculation of Hole Length. H. From Equation 3

In practice ~ ranges from 1.5 to 4 with a val~e of 2.6 being most fre­
quently used. Generally a blasthole should never be drilled to a depth less
than the burden; that is, ~ less than 1. Wnen ~ is less than 1, overbreak
and cratcring can develop. A ~ gre.atcr than 4 can cause bootlegging and
resultant toe problems when a single primer is used~ For multiple priming of
a charge in a hole, the hole depth can be larger than that predicted by the
average value of ~ == 2.6 and may even exceed ~ = 4. Ash cautions that there
is no definite value of ~ which can be applied easily without considering the
materials cratering properties, explosive characteristics) and primer location
(personal communication).

Calculation of Subdrilling Length, J, From Equation 4

K
J

should not be less than 0.2 with a value of 0.3 being ~referred to
insure a full face and even quarry floor. In quarries having a pronounced
parting as a quarry floor, however, no subdrilling may be necessary, that is,
KJ = O. In some cases, a -KJ is beneficial to prevent loss of explosion gas
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when the bedding at the toe is open. In extremely dense rock with no frac­
tures, a K

J
value of 0.4 to 0.45 can be used to eliminate humps and toes.

A KJ greater than 0.5 is generally conside'.-elL ~'l$l.sted drill footage.

Calculation of Collar Distance, T, From Equation 5

T is the length of borehole at the collar which is not loaded with expio­
sive. This zone is normally filled with stemming material. This stemmi~g

material helps confine the gase.B produced upon explosive detonation and thus
helps reduce airblast. The gases contained are then available to do further
work :I.n moving the rock. Kr::: 0.7 is a reasonable approximation for the
~ontrol of airblast and fly ruck and serious overbreak in the collar region.
In very solid rock, a value cf Kr less than 1 can cause some cratering with
backbreak and possible violence, particularly with collar priming.

These calculatj,..-· 1re summarized in table 1. Multiple priming may
allow 1). to exceed

TABLE 1. - '0-- .<ation sheet-drill pattern dimensions for average
and alternative blasting conditions

Quarry location Date

De ~ in; Cut Desired rock progression

B ~ KaD, /12 ft for Ka '" 30 (average)
B ~ KaD, /12 ft for K, '" (alternative)

EDr staggered pattern, simultaneous timing

s ~ Ksl\
S = KsB

ft for Ks '" 2 (average)
ft for Ks :::::::: 1.8 (alternative)

For square pattern, sequence timing

s ~ Ks b "" Ks (1.4 B)= ft for Ks '" 1 (average)
s = Ks b ~ Ks (1.4 B)= ft for K,; "" 1.2 (alternative)

lL = 1). B ft for K" "" 2.6 (average)------
H~K"B ft for K" '" (alternative)

H,., 1 n = K"B ft for K" '" 1. 5 (minimum)
H,., a x = KHB ft for ~ "" 4 (maximum)

J ~ KJB ft for KJ "" 0.3 (average)
J = KJB ft for KJ '" (alternative)

T = KTB ft for K, '" 0.7 (average)
T = KTB ft for K, '" (alternative)

L ""H -J ft (average or a1 terna tive)
LMi n "" H",n -J ft (minimum)
LMalC Rj I\.a.x -J ft (maximum)
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The author suggests the following sequence of steps in planning the blast
design:

1. A plan view showing the original face(s) and desired direction of
total rock movement should bE! made. Major geologic features such as hori­
zontal bedding without or with conspicuous jointing, folds, faults, uncon­
formities, caves, and filled joints should be taken into account (14). The
cut, corner or box, can disc he determined.

2. Given a certain explosive type with diameter, Do' and a given rock
type (density), the burden, B, can be calculated from equation 1.

3. The drill hole pattern that will obtain the desired rock progression,
for example, echelon, or proper direction of rock movement should be selected.
The charge weight or number of holes per d3lay will need to be considered
because of vibration problems ~).

4.

5.
At this
proceed
per row

Determine the spacing, S, from equation 2.

Indicate drill holes with the initiation sequence on the plan view.
point, the operator can obtain a good idea of how the blast will
and generally can determine the number of rows and Ill.IIl1ber of holes
that are needed.

6. Check the hole length, H, from equation 3, tC' sec if priming
restrictions are in order and if the shot is in good proportion.

7. Calculate subdrilling length, J, from equation 4, and collar
distance, T, f~om equation 5.

DIRECT COMPARISONS OF BLAST PLANS CALCULATED BY THE EMPIRICAL
FORMULAS WITH ACTUAL EXAMPLES OF BLASTING PATTERNS

USED BY TIlE QUARRIES VISITED

In tables 2 to 13, the millisecond delay notation is approximate because
of the considerable 3c~tter among firing times of delay electric blasting
caps. The blast pattern sketches are not exactly to scale. See tabular
values for dimensions.

De RoJ hole diameter for free flowing and packaged explosives. De< hole
diameter when cartridged explosives are used. If the hole contains a mix of
cartridged and free flowing/packaged explosives, D", is determined by what
explosive form predominates.
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TABLE 2. - Blasting pattern dim~nsions for Ohio. Adams

Box Desired rock progression

11

Co~nty. Quarry No.1

Expanding flat-bottomed V

Dimensions used Calculated drill K-values used
in quarry oattern dimensions

Hole diameter~ inches .. 2.5-2.75
De> inches ..•••.. , ...•. 1. 2:i-1. 5; 2.5-2.75 2.5
B, feet ......•••..•.••• 6 6 Ke = 30
Pattern ...........•.••. Staggered Staggered (~1.n B)
Timing •••••......•...•. Modified simultaneous Simultaneous
S, feet ..•..•.......... 9 11-12 Ks = 1.8-2
H, feet •............•.• 30-50 '9-16-24 K = 1.5-2.6-4

"J, feet •....... _...•..• 0 or 3 0 or 2 KJ - 0, 0.3
T, feet .......•....•... 5 4 K, = 0.7
L, feet ••.••........... 30-50 '9-16-24

- '7-14_22
Pla.n vie'N: 2 Except for Hand thus L, the calcu-

lated dimensions compare favorably
Ex.:unple - 3 rows with those used by the quarry.

I~
Since the AN-FO is not pneum.at i-

-·1 s cally loaded. Dc should be increased
for example to 4 in to obtain a

75 50 50 75 hieher delonation velocity. This
! increased D" would provide a calcu--

:>0 25 25 25 50 B lated L value which would compare
- to the actual ledge height rar.ge

25 0 0 0 0 25 T in the quarry. If the quarry llsed

= - - - == • larger Do: I B and S would need to
be increased. Nultiple priming
would allow a higher bench to be
used.

IMiuLmum value~avcrage condition value-maximum value.
2Numbers indicate millisecond delay.

Quarry No. 1 Explosive Blasting Details

Required is a box cut with a desired rock throw pr0gression as an expanding
flat-bottom V. Full column charges are loaded into the holes and bottom~prllued.

l{hen the holes are wet, they are bottom-loaded with 1-1/4-by a-in and 1-1/2- by
8-in sticks of 40-percent wei~lC strength water-resistant gelatin. The electric
hlasting cap is placed in a car':ridge of 6(J-percent weight strength gelatin. The
gelatin ]1<18 excellent water resistance and the smaller diameter charges will displace
less water than the 2-iu~diameter cartridges. Unless the rock is very easy to break
at the toe, enough cxplo;.ive might not be present to break the rock to the desired
quarry floor. The water does aid in letting more energy into the rock than dJcs air
which helps blastitlg foreman in this instance. As soon as the dry part of
the hole is reached) premixed, free r'unning AN-FO is poured into the hole. The holes
are otemmed about 5 £t and always less than the burden as a rule of thumb. Since the
drill holes are: of small diameter, ddll cuttings or <1/4-in fines are used \'1ith
excellent results. In thc last linE, the holes hav~ less stemming than the others
so that the confining pressure of detonation is lessened possibly to eliminate back
shattering and breaking.
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Holes are subdril1ed 3 ft unless the desired quarry floor is a predomi­
nant parting where no subdril1in~ is done~ If this predominant parting causes
severe lack of loading and detonation confinement, a negative J could be used.

The blasting foreman is experimenting with different blasting techniques.
At present, the quarry is using the same explosives and blast design to break
up the Peebles Dolomite, the Greenfield Dolomite, and the dolomite of the
Tymochtee Formation with fair results. Benches are separated by m~jor bedding
planes or unconformities. For exam_pIe, the Peebles Dolomite and overlying
Greenfield Dolomite are being blasted as separate benches. The top of the
Peebles is an unconformity. When the quarry operator blasts in the Greenfield
Dolomite, he does not subdrill and load explosives below the unconformity
since the rock breaks to the unconformity anyway.

Packaged AN-FO instead of free running AN-FO could be used La provide a
margin against water desensitizing the blasting agent.

TABLE 3. - Blasting pattorn dimensions for Ohio,
Highland County, Quarry No.2

Cut Box Desired rock progression Expanding flat-bott~wed V

Dimensions used Calculated dril::' K-values USE'.d

in (:lUarrv Dattern d~ensions

Hole diameter, inches. 3
D. , inch.es ..... , ..... 2' 3 2,5,
B, feet •.••.•....•... 6 6 Ke ~ 30
Pattern.............. Staggered Staggered (plan B)
Timing .....•.•......• Simultaneous Simultaneous
S, feet .............. 9 11-12 Ks ~ 1. 8-2
H, feet ... , ...•...... 23-25 9-16-24 Ke ~ 1.5-2.6-4
J, feet .......•.• , ... 1 2 KJ

~ 0.3
T, feet ........•.. , .. 5.5-7 4 K, ~ 0.7
L feet .... , ...••.... 22-24 7-14-22
Plan view: 1 The quarry uses 7 ft of atennning in

holes that are waterfilled and
Example - 4 rows need to be fully charged with

11 1-
gelatin. To calculate T for these

S holes, Ko could be assumed at 40
which would give a value of 6 ft

100 100 100 100 100 of stemming. If the ge1atin-
loaded holes are few, K. should

75 75 75 75 be ",,30 for calculating B of the
I overall production round. This-

50 50 50 50 50 H quarry pattern produces a some-

- what ragged box cut because the
25 25 25 25 , side holes do not line up.
~

lNumbcrs 1nd1cate m1lliseconu delay,
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Quarry No. 2 Explosive Blasting Details

In this quarry, IIdry" holes have around 5 ft of water in the bottom and
"we t ll holes have water to their collars. All Qf the. 3-in bo-reholes are
bottom-loaded with six 2- by 12-in sticks of·water resistant 60-percent
weight strength gelatin, the sixth stick loaded having an electric blasting
cap inserted in its bottom. In dry holes, packaged AN-PO prills aTe loaded
into the hole which is then stenuned with 5.5 to 7 it of drill cuttings. 'vet
holes are loaded to within 7 ft of the collar with the water~resistant

gelatin, and the remaining 7 ft of hole is stemmed. No toe is present after
the blast because of the many bedding planes in the Brassfield Limestone and
the bottom loading of hol~s with gelatin. Subdril1ing is at a minimum because
anyone of a large number of bedding planes can be used as a quarry floo~ and
no difficult toe problems will be encountered. The bottom priming of the
charge aids greatly in alleviating toe problems.

Fly rock produced from gelatin loading of holes is greater than that
produced by AN-FO loading because of the greater stress-producing capabilities
of gelatin and because of the presence of much water in the gelatin-loaded
holes. The water acts as a greater stress coupler than air. In one produc­
tion blast J the hole was bottom-loaded only with gelatin because a large shale
~one in the vicinity of the borehole had been blown out by the previous blast.
Full loading of the hole would have produced premature lack of explosive
detonation confinement with consequent possibility of fly rock violence and
airblast. Shale layers will sometimes blowout of the face when the bench is
composed of limestone and shale layers and when the holes are loaded to break
limestone.

If the packaged AN-FO cartridge breaks open, water can desensitize it.
If the water level in the Ildry" hole is s till above the bottom load of
gelatin, the subsequently loaded AN-FO may float in the water and bridge the
hole as additional AN-FO cartridges are loaded. 'ihis bridging will cause a
gap in the total explosive colWlUl. Since the rock is highly bedded J the
bedding planes serve as excellent channels for water migration. The quarry
operator blasts in such a direction that water will be flowing away from the
active face.



14

TABLE 4. - Blasting pattern dimensions for Ohio, Crawford County. Quarry No.3

Cut Box--- Desired rock progression Expanding flat-bottomed V

Dimensions used Calculated drill K-values used.
in Quarry pattern dimensions --

Hole diameter, inches .•.. 7.25
D, ' inches .•.••.••••••.•. 7.25 7.25
B, feet ..•••••••••••...• , 12 15 " = 25'-'9

Pectern ..••.••••••••••••• Staggered Staggered (plan H)
Timing .•.••.••••.••••.•.. Sequence-s Imultaneous Simultaneous
S, feet, ••••••••••••••••• 21 27-30 K" - 1.8-2
H, feet .•••..•.•....•...• 47 23-39-60 K" = 1.5-2.6-4
J, feet •••••.•••••••••••• 5 0 or 5 K, = 0, 0.3
T, feet ................... 12 11 K, = 0.7
L. feet .•••.•••••••••..••

I
42 23-39-50

- 18-:>4-55

PLan view: 1 Let K" = 25 since AN~FO is lIsed for a
very large portion of the borehole.

Example - 3 rm-l8 The quarry operator subdri11s eV(;!ll

though the quarry floor is a major
-·1 S 1- heddine plane because ,,raLer '?l.d mud

flow into the holc and raisf: the
175 150 125 100 100 125 150 , :lOrehole bottom level. The water

- table is high in the area. The
100 75 50 50 75 100 125 B operator could e:xpan~ his pattern

and still obtain satisfactory
75 50 25 25 50 75 100 ;::e~'ul ts.

=~"'-=~~--=-'5-.=~~~

Cut Corner Desired rock progression Echelon

K values used

Ks .- 1. 8-2
K" = 1.5-2.6-4
KJ =O.O.3
Kr = 0.7

21
47
5

12
42

Dimensions used
in Quarry

7.25
7.25

12
Staggel:ed
S~qucncc

Pattern ••.•...••..•••...•
Timing•••.•••••••• '" •..•
8. feet ....•.••.•..•....•
H. feet .•••••••••..••••••
.1) feet .••.•..••...••.•• ,
T. feet ••.••.••••••••••••
T., feet •......••...•..••.

Calculated drill
pattern dimensiOl~_s__+ _

7.25
7.25

15
Staggered (plan C)
Simultaneous

27-30
23-39-60
o or 5

11
23-39-60

:- -'-',,8.:-3"'4"'-,,5,,5'-__-'- __ ._------'----------- ---

Hole diameter, inches ..••
D~ > inches ••.•..•..•...••
1:\, feet •.••••.•••••••••••

Plan viet.,:}.

Example - 3 rows

~I s 1'-
300 250 200 175 150 125 l~f

200 175 15n 1)5 100 75 50 .1' " -::
175 1;0 125 100 75 50 2'5/ -;-
~~P-P~~~A?~"

L~l K~ ~ 25 since AN-FO is used for a
very large portion of the borehole.
The qU.2rry operator subdrills evcn
though the quarry floor is a major
bedding plane because water and mud
flow into the hole and raise the
borehole bottom l~vel. The water
table is high in the are.?. The
oper~tor could expand his pattern
and still obtain satisfactory
results.

l.Numbers ~ndLcate m1l11second delay.
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Quarry No. 3 Explosive Blasting Details

The rock being quarried is from t~e Delaware Limestone and COlUOlbus
Limestone. The two rock types are similar in ccmposition and are qual:ried
together.

The larger diameter air-flushed, 'rotary-drilled holes are used. With the
larger diameter holes, the burden and spacing can be increased with a decrease
in number of drill-ri.g setups R'1d drill footage. A major bedding plane is the
quarry floor. Even though the holes are subdril1ed below this bedding plane.
the rock below the bedding plane 1s not thrown out upon blasting. Bedding,
jointing, and a high water table create severe water problems. The bedding
and joint planes serve as excellent channels for water migration iuto the
boreholes. COffipounding the problem is surface mud that flows into the holes
;lfter a rain. Even though the major portion of overburden can be stri.pped
of~, pockets of nmd will exist in the vicinity of many borehole colla~s.

Plugging the hole at the surface helps keep the sU'1~facc mud out if there is
a minimum ~f overburden.

If the holes etand unused for a long time, they will fill with mud and
water g Subdrilli~~ allows some of the m~d to settle below the predete~ined

quarry floor depth. Before the holes are loaded with AN-FO, the hole depths
are remeasured, and if mud has built np into the holes, the holcE> are
redrilled or pumped out. The h~les are of a diameter too large for the
use of air pressure to force the mud and water out.

After the holes have been cleaned, they are loaded as follows:

First and third rows.--Three and one-half Ib of gelatin containin~ an
electric blasting cap and the bottom cnd of the downline of detonating fus~

arc placed into the borehole. The fuse is cut off at the collar and s~curec.

Next, 50 lb of bulk AN-FO is poured into the hole, and then a l/2-lb primer
is slid down the fuse line. Next, 100 lb of bulk AN-FO is poured into the
hole followed by another primer. The hole is loaded in this manner until the
explosive is 12 ft from the surface. The remainder of the hole is stemmeJ.
No trunkline is used.

Second row.--The loading is the same as above except that 50 Ib of gela~

tin is placed at the hole bottom rather than 3.5 1b to displace the muck
produced from the first and second rows of charges.

The quarry operators fight tIte water problems and use the inexpensive
AN-FO rather than using a slurry or gelatin in hole loading. The quarry
operators wish to use the inexpensive AN-FO which prool.tces .a large volume
of gas and consequently causes a heaving action of the highly bedded rock
and a good muck pile displacement. When AtJ-FO is used under wet conditions,
there must be sufficient water protection. Protection can be obtained
through the use of a factory-produced cartridged product or a polyethylene
borehole liner.
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TABLE 5. ~ Blasting pattern dimensions for Wisconsin,
Waukesha Cou~ty. Quar~~ No.4

Cut Box Desired rock progression Expanding V

- Dimensions drillused Calculated K-values used
in Quarrv pattern dimensions

Ho Ie. diame ter, inches. 3
D. , inches ..•..•.••.. 3 3
B, feet .....•••...... 7.5
b 1 feet ............. 8 10.5 Ke ~ 30,
Pattern.....•.•...... Square Square (plan A)
Timing•...••••.•....• Sequence Sequence
s,a feet ............. 10 10.5-12.5 Ks = 1-1. 2
H, feet ......•..•.... 24-28 11-19-30 K" ~ 1.5-2.&-4
J, feet ................. a 0 KJ

~ 0
T, feet ............... 6 5 KT

~ 0.7
L feet ............... 24-28 11-19-30

Plan Vi(.W':3

Example - it- rows

-I s I~

125 100 75 100 125

100 75 50 75 100
J

75 50 25 50 75 b

50 25 a 25 50

'b ~ 1.48 - 1.4 K.D, /12.
2S ~ Ksb = Ks (1.4 D).
3Numbers indicate millisecond delay.
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Quarry No. 4 Explosive Blasting Details

The water prevalent throughout the quarry greatly influences the explosive
loading technique in quarry No.4. The holes are bottom-loaded with a
75-percent weight strength water-resistant gelatin. Next, a special powder
(40 per~ent weight strength gelatin) is alternated with packaged AN-FO until
6 ft from the hole collar. The hole is stemmed the remaining 6 ft. The
charge columa is bottom and two- or three-point primed depending on the
wetness of the hole and the amount of AN-FO used.

In this quarry, the Niagara Dolomite faces are vertical joint planes
intersecting at nearly right angles. No subdrilling is necessary because
a major horizontal bedding plane is used as a quarry floor. Blast patterns
are planned such that these geologic features are the final in situ rock
surfaces after a production round because of the normal tenden,-:.y of the
rock to break to these surfaces.

Because neighboring property o~~ers complained about air and ground
Vibrations, the quarry operator uses 3-in holes instead of the previously
used 6-in holes, keeping the number of holes/delay the same. The charge
weight/delay is reduced and so are the air and ground vibrations. Since
going to the 3-in holes, he has had no complaint~ from neighbors. He has also
reduced the burden and spacing and thus created a closer blasting pattern
grid. Since the holes are closer together, there is a better chance of
drilling more holes in isolated rock blocks that are defined by intersecting
joints and bedding planes than was possible with the 6-in holes and larger
blasting pattern grid. With the closer grid, the quarry operator obtained
better rock fragmentation. He also feels the odd powder loading of the
holes, that is, gelatin alternated with AN-FO t gave better rock block
fragmentation than AN-FO alone. The gelatin provided a greater shattering
-:lction than if the holes were loaded only with AN-FO. The author feels the
overriding factor in rock-block fragmentation is the importance of drilling
a hole or holes into each rock block so that explosive is available to act
within the boundaries of the block. The author has seen rock that was
jointed and thick-bedded where rock blocks that were missed in drilling
were merely heaved out outo the quarry floor upon blasting. These blocks
r.~nained visibly intact unless an ill-defined parting caused the rock block
to separate at the parting upon impact on the quarry floor.
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TABLE 6. - Blasting pattern dimensions for Wisconsin,
li!~keBha County, Quarry No.5

Cu t _=E=o=x,- Desired rock progression Expanding flat-bottomed V

Dimensions used Calculated drill K-values used
in quarry pattern dime~sio~s

Hole diameter, inches. 3
D. ' inches ......•.•.• 2; 3 2.5
E, feet ............•. 6 6 K. ~ 30
Pattern•.•••...•.... , Staggered Staggered (plan E)
Timing .......•..•.... Modified simultaneous Simultaneous
S, feet .. '" ......... 9 11-12 Ks

~ 1. 8-2
H, feet .............. 12-30 9-16-24 Ku ~ 1.5-2.6-4
J, feet ...... " .•..... 0 0 KJ = 0
T, feet ..........•••. 4-5 4 K, = 0.7
L feet ....••........ 12-30 9-16-24

Plan view,l

Example - 3 rows

-, I s I~.
75 50 50 75 1. -

50 25 25 25 50 B

0 0 25 -25 0 0 t

lNumbers ind~cate m~11isecond delay.
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Quarry No .. 5 Explosive Blastil1g Deta~.ls

Eight to 10, 2- by 16-in. sticks of 50 percent weight strength, good
water-resistant, extra dynamite are loaded into the wet portion of the hole.
Free rl1uning dry blasting agent {AN..:FO) is used for the remainder of the
hole, and the top 4 or 5 ft cf hole is stemmed with drill cuttings. Since the
bench is low, the quarry OpfJrator only bottom primes. The quarry has been
mined i;t three small benchf".:s in Niagara Dolomite, their heights being 12 to
17 ft, 15 to 30 ft, and 3C ft. Two reasons for using small benches arc:
(1) the low and s table muck pile produced upon bIas ling can be dug by a
front-end loader rather than the cumbersome shovel and (2) fewer drill rods
and bits arc lost by becoming -jammed in joints. The quarry operator would
double prime the charge when the bench is 30 ft and higher to assure complete
charge-column detonation. Since a bedding plane defL\es the quarry floor,
no subdrilling is necessary.

If the quarry fnce appea~s fragmented trom a prev~ous blast, the quarry
operator will drill the first line of holes 8 to 10 ft from the face instead
of 6 ft. By this increase of burden for the f~~st line of holes, the expand­
ing gas produced upon charge detonation moves out the already defined blocks
with a minimum of throw.

Water dictates the use of BY' ,dynamite over AN.. FO. Watl~,· resistant
slurries without high strength additives are av~ilable however. These
slurries are nearly the same as AN-FO in strength and are less expensive
than the eKtra dynamite.
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'fABLE 7. B~asting pattern dimensions for Wisconsin, Waukesha County, QuaY~y Mo. 6

Cut ..s0rne.!..... Desired rock progression Echelon

K. 25

K, 1.8-2
I<" 1.5-2.. -4
K, 0
K, 0.7

-----------,-~n~i-m-2;1:1O"ns--u-s-e~d--,----~C~.~I-c-u~1-a~t-e~d,...,d~r~I~I·'l--o--~K~-~v~a~l,..ucsused

1~ 4~:rr ~ pa"ern4~:-·n610ns

13 ! 9.5
&tagsered Staggered (plan E)
Si~Jlcancou8 Simultaneous

11~lB 17-19
40 14-25-38
o 0

10 7
40 14-25-38

Hole diaroet~r, i~ches .••••
De' inches ••••••••••••••••
n, feet ..••••.••••••••••••
Pattern .••.•.•.•••••••••••
Timing ••••••••••••••••.•••
S. feet •••••••.••.••••.•••
H, feet •••••••••••••••.•••
J. feet •••••••••••.•••.•••
T, feet ••••.••••••••••••••
L, feet •••••••••••••••••••

plan view::l

Example - 11 rows

'{ 'I ~/.
~~ Ii 10 9 8 ; ;, 5 ;. ; i j'
I ~i 10 9 8 7 6 ; 4 j 2 i
~_f"~_~

The quarry was using AN~Fu .upplied in
sturdy, wax~sealed, spirsl~wound

cartridges. The cartridge eives the
AN-YO external water pro~ection

necause of the exclusive use of AN~FO,

K8 == 25 and B would be calculated at
9.5 ft. The quarry used a burden of
13 ft and c.xperienc.ed the difficulty
described in the explosive b1asiing
details sectlon.

Dimensions used
in (]uarrv

Calc'llated drill
pattern dimensions

K-values used

K, = 35

K, = 1.8-2

""
= 1.5-2.6-4

KJ
. 0

K, = 0.7

I
\

I,
detonalion.

Example ~ 11 rows

Hole diameter, inches..... 5
De> inches ••••.••••.••.•• , 11.5 4.5
H, feet................... 13 13
P~tte~................... Staggered Staggered (plan E)
Timing.................... Simultaneous Simultaneous
S) fe.et , 17-18 2')~26

1-\, feet................... 40 19..34-52
J, feet ••...•••••.•••• ,... 0 a
T, fe~t................... 10 9
"L-,--,f"e"e"t,-..,.,.~.~.~.~..~.~.~.,.,.'~'-'-'",''-.."'.-1. .,.;;4,,0'- t l,,9"'.-"34:!.-:c5,,2~___'__ _
Plan '!icw: 1 The problem mentioned before did not

occur when the quarry switched f~om

AN~FO to the more dense explosive and
kept the blasting pettern the same.
P~te how closely the calculated
b:;rden compares with that lI~'ed Lfl the
quarry wl1en Kr, ... 35 f'or the dense
slurry a~ s~ectal pu~pose powder.
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Quarry No.6 Explobivc Blasting Details

The Niagara Dolomite quarry had been using a dry blasting agent supplied
in sturdy, wax-cealed, spiral-woun~ cartridges. Because the first line of
holes was too far back from the face, the burden dimension was too large for
the use of AN-FO, and the rock did not fragment properly and move out from the
backface upon explosive detonation. The quarry has therefore abandoned the
exclusive use of cartridged AM-FO. A special purpose, water-resista~t,

cartridged explosive with a 70-P0rccnt cartridge strength and high detonation
velocity is used for bottom loading. This explosive is initiated by a primp.r
and has the bottom end of a detonat~ng fuse downlinE attached. So~k-loaded

explosive slurry is used in the wet portion of the borehole and cartridged
AN-FO is used in the dry portion of the hole. A primer lL slid down the fuse
line after several socks of slurry or cartridges of AN-FO are loaded. This
blurry is more generally '~sed than AN-FO because of the pred~ninance of
water in the holes. Ten ~eet of stemming are used. Because a major bedding
plane serves as the quarry floor, no subdrilling is required.

In view of the higher cost of ~he slurry and the special purpose
cartridged explosive) a larger diameter of AN-FO or a smaller pattern (with
AN-FO) could be tried.
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TABLE B. - Blasting pattern dimensions for Wisconsin,
Milw~lkee County, Quarry No.7

Cut Box Des ired rock progression Expanding V (one-sided)

Ks 1-1. 2
K

H
L 5-2. 6-l,

KJ 0.3
KT 0.7

K. 35

Some large blocks were seen in
the muck pile, possibly because
of the larger burden used by the
quarry. Blocks defined by joints
and bedding planeD can remain
unbroken if they do not contain
explosive.o

s

25B 125 100 75 50

Example - 1 row

-----------'--;D"i:-m-c-n:-s-':-·o-n-s-,-;;'c-'d-,!r--'c"a'l-c-l1'-l"a:-t;ce:-d-;-d-;-r-::7i 'l'l'''K:--''v:-a"l-:l1:':e"'s:-:l1"'s::"e::"dJ"
in uarr I pattern dimensions

Hole diameter, inches. 4 II

Do J inches........... 4 L 4
B, feet.............. 13 ! 11.5
Pattern.............. Single row Single row (planA)
Timing.. ..•••. •• .•. . • Sequence Sequence
5, feet ••.• 0 ••••••• 0. 18 16-19
H] feet.............. 28-33 1?~30-46
J, feet.............. 3 3
T, feet.............. 10 8
L, fcct ........ "-"'-"--".!.'-'..-l-__--'2'=5'--"'3"'~ .1- 1,"'4_-"-27""-..:4",3'----_--1- _

Plan view: 1

=-==========
t

INumbers indicate mill isecond delays.

Quarry No. 7 Explosive Blasting Details

Since little or no water was encountered in the earlier quarry operations,
dry blasting agents we~e used almost exclusively. As the Niagara Dolomite
quarry was deepened) the large amount of water encountered made a new explo­
sive loading technique desirable. The driJl pattern dimensions shown in
table 8 apply to the new technique. The hole is bottom-loaded with explosive
slurry in socks with the socks beine slit. The bottom charge is primed and
has the detonating fuse downline attached. Two more slit socks of explosive
slurry are lowered followed by a booster slid down the fuse line. Another
two slit 30cks of explosive slurry are loaded followed by another booster.
This loading technique is continued in the wet por.tion of the hole", Depth
measurements are made after each sock is loaded. H'hen the dry portion of
the holes has been reached, cartridged AN-FO is loaded Into the holes until
10 ft from the collar, and this remaining length of borehole is filled
with stermning. At the present pit level, explosive slurry is used almost
ex,:lusively.



Cut Corner
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TABLE 9. - Blasting pattern dimensions for Wisconsin,
Milwaukee County! Quarry No. ~

Desired rock progression Echelon

Dimensions used Calculated drill K-values used
in <luarrv .. oattern dlrnens ions

Hole diamete~ inches. 5.5) 6
D, • inches ............. 5.5, 6 5.75
B, feet ..•••••.....•. 12 14.5 KD ~ 30
Pattern .................. Single row Single row (plan F)
'riming ..................... Sequence Sequence
S. feet ....... " ........... " 15 14.5-17.5 Ks = 1-1. 2
H, feet ..................... 25-35 22-38-58 K" - 1.5-2.6-4
J, feet •.•••••••••••• 0-10 4 KJ = 0.3
T, feet ..................... 10 10 KT = 0.7
L feet ................. 25 I 18-34-54

i
Plan view: 1

Example - one row

20 19 17 15 13 11 9 7 5 3 I

Folding causes an uneven quarry
floor. Even though a K

J
greater than 0.5 is considered
to produce wasted drill footage,
the quarry operator is experi­
menting with large subdrilled
depths to provide leeway in
building back to a smooth

B floor. One-row blasting can­
not be used for higher benches
because the charge weight/delay
would be too great which would
cause air and ground vibration
disturbances to the nearby
community. Using several
millisecond delays within a
single hole could reduce
vibrations from large hole
blasting such as this.

See footnotes a t:-:e::;n::;d,.-:o::-fC;Cta:bMl:e-.--------L.-----------------
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Cut Box

TABLE 9. - Blasting pattern dimensions-for Wisconsin,
Milwaukee County, Quarry No. 8--Continued

Desired rock progression Expanding V

Hole diameter, inches.
De' inches •••.•••••••
B, feet ••••••.••••••.
b, feet ••.•••.•••••••
Pattern .•••• " •.•••••
Timing .
s, feet .•.••.••..••.•
II, feet •.••••••••••.•
J, feet .
T, feet ••••••••.•.•••
L feet .
Plan view: 2

Exa~pIe - 3 rows

Dimensions used
in auarrv

3
3

8
";Square
Sequence

10
25-35

0-10
5

25

, Calculated drill
I nattern dimensions

3
7.5

10.5
Square (plan A)
Sequence

10.5-12.5
11-19-30

2
5

9-17-28

K-values used

K" = 30

Ks 1-1, 2
K 1.5-2.6-4
K" D.3J
Kr 0.7

100 75 50

~ I s I~

75 100

75 50 25 50 75 b

50 25 o 25 50 f

1Numbers indicat~ sequence of charge detonation.
2Numbers indicate millisecond delay.

Quarry No. 8 Explosive Blasting Details

This quarry operation in Niagara Dolomite produces crushed limestone for
concrete and ~oad stone use. A special-purpose, cartridged, water-resistant
explosive with 70 percent cartridge strength and high detonation velocity is
used for bottom loading and is primed. The detonating fuse downline is
attached to this botto~ charge. Sock-loaded explosive slurry and cartridged
or free-running, premi)~d AN-FO are loaded a1ternately~ Two or ~ore p~imers

are used with the dry olasting agent always being primed. There has been no
trouble with detonation cutoff because of the priming practice. The operato~

allows time for the dry bl~sting agent to settle. The holes are always stemmed,
and the fuae is cut off at the collar of the hole. By using no trunkline J the
quarry ope~ators reduce air vibration which could affect some nearby houses.
If the bottom cap malfunctions J a cap can 1:.0 attached to the downline at the
collar of the hole and the charge can be initiated from the top. Rock frag­
mentation is better when the quarry uses the 3-in charges in the box cut
rather than the 5-1/2- or 6-in charges in the corner cut with the larger
burden and spacing. The geometry of the cuts, however, makes the charge
diameter or burden and spacing comparison difficult.
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TABLE 10. - Blasting pattern dimensions for Wisconsin,
Racine County. Quarry No.9

Cut Box Desired rock progression Expanding V

See footno~e at end of table.

Dimensions used Calculated drill K-values used
in quarrv pattern dimensions

Hole diameter) inches. ""5.5
Do, inches .••.•.••... 5.5 5.5
B, feet ......... .•.... 12 11.5 K. ~ 25
Pattern.....••..•...• SingJ.e row Single row (plan A)
'riming................... Sequenc.:e Sequence
s, feet .................... 15 J.6-J.9 Ks = 1-1. 2
H, feet ................ , . 20-50 17-30-46 K,; = 1.5-2.6-4
J, feet .............. 0-10 3 KJ = 0.3
T, feet .................... 11-12 8 KT = 0.7
L feet ............... 20-40 ll>-27-43

Plan view: 1 The quarry operator feels it
necessary to subdrill holes up

Exsmple - 1 row to 10 ft with heavy bottom load-

-I I~
ing of explosive slurry to

s prevent toe buildup. Others
contend that subdrilling this

75 50 25 0 0 25 50 75 I deeply is wasted drilling.
. . . -B

t

"
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TABLE 10. - Blasting pattern dimensions for lHsconsin,
Racine CountY2 Quarry No. 9--Continued

Cut Corner Desired rock progression Echelon

Dimensions used Calculated drill K-values used
in quarry pattern dimensions

Hole diameter) inches. ",5.5
De' inches ..•........ 5.5 5.5
B, feet •.......•....• 12 11.5 K, = 25
Pattern .•..•.•••..•.. Single row Single 1.-0W (plan F)
Timing ••••.•••••••••• Sequence Sequence
S, feet ............... 15 11.5-14 Ks = 1-1. 2
H, feet ••..••••• , .... 20-50 17-30-46 K" = 1.5-2.6-4
J , feet •.•.....•• , •.. 0-10 3 KJ = 0.3
T. feet •.......•.•... 11-12 8 Ky = 0.7
L, feet •.......•••.•. 20-40 14-27-43
Plan viet-1: l

Example - 1 row

~I S 1-
75 75 50 50 25 25 0 0

~
l. . B-
T

lNumbers lndlcate ffil111secono delay.

Quarry No. 9 Explosive Blasting Details

This quarry operation in Niagara Dolomite produces crushed rock for use
as aggregate. The holes are normally bottom-loaded with explosive slurry
after the deton~ting fuse downline containing the primer has been lowered
into the hole. The downline is cut off at th3 collar of the hole. No trunk­
line of detonating fuse is used because of the fear of air vibratio·n from
blasting affecting the nearby populated area. Free-running dry blasting
agent is poured into dry holes, and cartriuged AN-FO is used in wet holes.
When a marked bedding plane is encountered at the bottom of a borehole ,
however) no heavy bottom prillling with the explosive slurry is needed to pull
the toe; AN-FO is useu exclusively with a primer at the bottom. The holes
are stenwed for 11 to 12 ft. The quarry is experimenting with different
subdrilling depths so that the rolling (folded) quarry floor formed upon
blasting can be filled to produce a level floor at the desired depth.
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TABLE 11. - Blasting pattern dimensions for Minnesota,
Olmsted County, Quarry No. 10

Desired rock progression Expanding flat-bottomed VBox .
TJimens ions used Calculated drill K-values used

in Quarrv Ipattern dimensions
Hole diameter, inches. 3
D. ' inches .••••••.••• 2.5, 3 2.75
B, f~et .••• , •••••.••• 6-7 7 Ka = 30
Pattern, ••••••.•••••• St~ggcrcd Staggered (plan B)
Timing ••••••••••••••• Simultaneous-sequence Simultaneous
S fee_t •••••••••••••• 6-7 12.5-14 Ks = 1. B-2,
H, feet., •.•••••• 0 ••• 30 11-18-28 ~ = 1. 5-2. 6-4
J, feet ••••••••••••.. 0 0 KJ = 0
T, feet •.••••••••••.• 4-5 5 K, = 0.7
L feet ............... 30 11-1B-28
Plan view: 1 Upon blasting, the close spacing

of holes of thc same delay inter-
Example - 3 rows val caused premature breakage

-I I, between the~e holes which pro-
S duced boulders and slabs in the. burden area • The spacing between

50 50 50 50 ! the same delay periods should be

- expanded.
50 25 25 25 50 B. . . -

50 25 0 0 25 50 t

INumbers 1ndicate ffi1ll1second delay.

Quarry No. 10 Explosive Blasting Details

Rock being quarried is in the Oneota Dolomite member for concrete use.
Watex··t€:.sietant gelatin (2-1/2'" by 16-in) is loaded into the wet portion of
the borehole with an electric blasting cap for bottom initiation. AN-Fa is
pourej into the dry portion of the hole. If moderate water problems are
encot.ntered along the full length of borehole or if the rock is e.xtremely
hard and unbroken, the gelatin charges are alternated with the AN-FO in the
upperw~3t 12 ft. An electric blasting cap is used near the top of the powder
column to assure complete detonation of the column. Severe water problems
would dict~te the elimination of AN-FO. The holes are stemmed for 4 to 5 ft
with drill cuttings. No subdrilling is neCeSS81."Y because a bedding plane. is
used for the quarry floor. Good breakage in the toe are8 results from the
presence of the bedding plane and the bottom load of gelatin. On one occa­
sion, the free flowing AN-Fa appeared at the bottom of the face while being
poured into a borehole. In this ~ase, a large fracture produced by a previous
blast extended from the vertical free face to the borehole and provided a
migration channel for the AN-FO. Loading the AN-FO into a plastic liner or
using cartridged AN-FO for loading ~ould eliminate this loss of blasting
agent, but the problem of lack of confinement would still be present.
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TABLE 12. - Blasting pattern dimensions for Minnesota)
Fillmore County, Quarry No. 11

Cut _",B",o""x~ Desired rock progression Expanding V

Dimensions used Calculated drill K-values used
in quarry pattern dimensions

Hole d1ame.t.cr, inches. 4.75
De, inches •••.••••••• ' •• 75 4.75
B, feet ...•....•.•... 9 10 K" = 25
b, feet, .................. 9 14
Pattern .••••.•••••••. Square Square (plan A)
Timing..................... Simultaneous Sequenccl.
5, feet ........................ 7 14-17 Ks = 1-1. 2
H, feet ...................... 75 15-26-40 Ku = 1.5-2,6-4
J, feet ................ , ... 0 0 KJ = 0
T, feet ... ................. 10-12 7 KT = 0.7
L feet ....................... 75 15-26-40
Plan view: 2 A spacing less than the burden and

simultaneous initiation of holes
Example - 3 rmm in each row explain why large

/.F:Jle\jOints--:---.....
unbroken boulders were produced
upon blasting. The small spacing

_I s I~
and simultaneous initiation of
holes in each row caused pre-

· mature breaking between boles in
50 50 50 50 50 rows which reduced boreholeI pres-. · . - su!"e and expanding gas action in
25 25 25 25 25 b the rock; thus, boulders and

· - slabs resulted away from the
0 0 0 0 0 1 vicinity of the boreholes. The

~ excessive collar distance also
assured the operator of a blocky
shot. The quarry operator has
recently gone to a wider spacing
which is near that predicted by
the empirical formulas.

1 Sequence t imlng is used with plan A.
2Numbers indicate millisecond delay. In this view, b ~ Band s S.
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Quarry NOe 11 Explosive Blasting Details

The rock being quarried is in the Galena Limestone formation. The lower
three-fourths of the 75-ft bench is a massive Ifmestone, and the top one­
fourth is composed of thin-bedded limestone and shale. Caves are also present
in the upper part of the rock. Since no water is present, premixed AN-FO is
poured into the boreholes after a stick of dynamit~ and electric blasting cap
are placed in the hole bottom. (A stick of dynamite is generally considered
an inadequate primer for AN-FO.) Ten to 12 ft of stemming are placed at the
collar of the holes since the top portion of the rock is rubbly, and top
explosive loading would produce excessive fly rock. Because a bedding plane
is used as the quarry floor) no subdrilling is done.

The following problems were encountered;

1. When the quarry operator blasted in the thin limestone and shale
layers and caves were close to the borehole(s), the rock broke into the cave
before complete charge-detonation. Further rock breakage was reduced.

2. Large amounts of explosives were lost into caves when the explosive
was loaded into a borehole that intersected a cave.

3. A pinnacle of rock is separated from the main rock body by a cave
and filled joint. If the pinnacle contains no explusive and the main rock
body is blasted) this pinnacle can shift forward intact upon the basal
bedding plane.

4. When a borehole intersects a joint, the filled joint poses more
threat to loss of explosives or to reduced explosive detonation confinement
than does the tight joint.

The quarry operator and author propose the following possible reasons
for the above problems and suggestions for improvement:

L When holes are drilled near caves and loaded with explosives) stress
action Rnd expanding gases from explosive detonation break the rock at its
t'l1eakes t point into the caves. The reduced borehole pressure and less"ened
expanding gas action from explosive detonation limits f~rther rock breakage.
l~len possible, drilling holes for charge loading at a distance from known
caves has helped lessen this problem.

2. When a hole intersects a cave, explosives loaded into the hole can be
lost into the cave. Drilling into caves can be avoided when a consistent
cave-pattern is present and has been determined from previous drill holes.
l~e following procedure has prOVided satisfactory blasting results when a hole
is dt-illed through a cave and continued into the rock below: The down1ine,
or length of detonating cord sligh:"-ly longer than the borehole depth) is
low~'-red into the hole with the primer attached to Lhe downline bottom. The
bottom of the hole is loaded with explosives until the top of the charge
column is near the bottom of the cave. The hole is filled with sand or drill
cuttings, or steuulled, until the cave bottom l.S reached. The hole is plugged
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at the cave top) loade.d with explosives, and then stemmed. The downline should
have primers spaced up the hole to assure complete detonation of the charge.

3. If the large pinnacle contains no explosive, the pinnacle will not be
fragmen~ed and may be displaced intact by the movement of fragmented rock and
expansion of gases upon blasting in the main rock body. If the basal b~dding

~lanc is not well defined, no displacement of the rock pinnacle is possible.
Holes sbould be drilled into the pinnacle of rock and also into the solid rock
behind the pinnacle. The pinnacle wculd be blasted first, with the solid rock
behind the pinnacle blasted in delayed seqGence. This delayed sequence in
blastiug would a.llow the broken rock from the pinnacle to be displaced enough
to provide room for displacement of broken rock from the main rock body.

BoxCut ,

Dimeu.s ious used Calculate.d drill K-values used
in ouarrv oattern dimensions

Hole diameter, inche~. 3
D, , inches •••••...•.. 3 3
B, feet ••••••..•• , '" 6
b, feet. I •• & & •••••••• 6-7 6.5 K, ~ 25
Pat tern•.... & •••••••• Square Square (plan A)
Timing•• , •.•.•..•..•• Sequp.;ace Sequence
s, feet •..•... ' ••••.• 6-7 8.5-10 Ks ~ 1-1.2
H, feet ••..•....••••• 45-50 9-1~-24 K,. ~ 1.5-2.6-4
J, feet •...•.•.•••••• 0 0 KJ ~ a
T, feet •....••••..•.• 8 4 KT ~ 0.7
L fee t ............... 015- 50 9-16-24
Plan view: 1

Jxample - 4 rows

-,I s I~.
175 150 125 100 75 100 125 150 175.
150 125 100 7S 50 75 100 125 150 l. . -
125 100 75 50 25 50 75 100 125 b. . -100 75 50 25 0 25 50 75 100 r
~ --

4. The filled joints in this quarry cause more loss of explosive and
explosive detonation confinement than do the ti~lt joints. Drill rods and
bits jam easily in the filled joints. Because the filled joints contain large
amounts of Boft clay and a few ~all open channels, explosives can be lost
into the channels) and the clay provides less explosive detonation confinement
than does the solid rock bounding the tight joint. Filled joints are surveyed
and drill holes are spaced so a5 to avoid as much as possible having holes in
a production round intersect the filled joints.

TABLE 13. - Blasting pattern dimensions for Minnesota,
Wabasha County, Quarry No. 12

De~ired rock progression Expanding V

INumhe~s 1ndicatc m1111second delay.



31

guarry No. 12 Explosive Blasting Details

The rock is quarried from a 45 to 50 bench in the Prairie du Chien
Dolomite formation. The bench is composed of massive dolomite except for the
top 10 to 15 ft where the rock is thin-bedded. Quartz blocks aud joints
filled with clay are present in the formation. In drilling the rock, the
filled joints ~re avoided whenever possible for reasons presented in the dis­
cussion of Quar~y No. 11. Because of marked bedding near the top, slabs
sliding into the top portion of tha hole while the bottom portion of the hole
is being drilled cause the rods and bit to jam. The drill rods and bit also
bind in fractures present from previous blasts, espedally ne3r the face. To
recover the rods and bit) the drill hit has a cutting edge on top so that the
bit can be drilled back out of the hole.

Since no water is present) the 3~in hol~s are bottom primed with a stick
of dynamite and then loaded with free~running AN-FO. Eight feet of stemming
are used because of thp. thin-bedded rock r.ear the top surface. Any lesa steD­
ming produced too much fly rock which endangered the nearby ct"usher and shop.
The slabs near the top surface remain unbroken upon blasting and are shattered
by a 2-tou headache b~ll.

Several problems were encountered in blasting. The quartz blocks were
thrown out cmto the quarry floor unbroken. Use of 3-in holes in a high bench
with AN-FO charges produced a toe upon blasting. A lift shot was made to
break the toe that was partially buried under muck. A 2-ton headache ball and
shovel were used to further_ break and remove the rock that had formed the toe.
Even though a bedding plane is used as the quarry floor, - the operator may do
well to experiment with subdrilling as a replacement for lift blasting because
of the high C0St of this type of blasting. A high detonation pressure primer
for AN-FO should be used instead of a stick of dynamite. Explosive column
cutoff was experienced near the top of the holes because of the small diameter
boreholes, the high bench) the explosive beine only bottom primed; and the top
slabby section of rock. Since the column was only bottom primed] the roc1<
slabs near the top of the hole shifted across the small diameter borehole
before the whole column of explosive was completely detonated. The author
suggests that the explosive column be multiple-primed.

SUMMARY

The presented empirical formulas may be applied to drilling and blasting
pattern design as a good first apprOXimation. \~1en g~01ogic stl~lcture, such
as hedding, jointing, folding, and caves) as well as explosive properties and
field perfonnance cha-rBcteristics are accounted for in a tn'anner suggested hy
the research) the drill pattern dimensions as calculated by these formulas
compare favorably with actual examples of blasting patterns used in th2 quar­
ries visited. Based on the good correlation be·l,...ween actual blasting practices
and the calculated blasting design, design changes are suggested for those
quarr.ies where problems are occurring.

There were a number of poor blasting practices observed which should be
avoided or corrected. Some examples of these are as follows:
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L The burden dimension should never exceed the spacing dimension €,xcept
'\-Then presp~itting.

2.
for this
bench.

A number of quarries use a disproportionately high bench. Remedies
disparity are multiple priming, a larger charge diameter, or a lower

3. External protection must always be given to dry blasting agents when
using them in wet conditicns. This protection was not provided in many
instances.

4. Building out of a wet borehole with undersized cartridges laay enable
the operator to use the less expensive AN-PO for a major portion of the
boreholes, but toe problems may develop because of the lighter bottom loading.

5. In some instances, AN-FO was inadeq1lately primed. A high detonation
pressure prLmer should be used with AN-FO.



33

REFERENCES

1. American Geological Institute. Dictionary of Geological Terms. Double­
day and C~,pany, Inc" Garden City, N.Y., 1962, 545 pp.

2. Ash, R. L, Cratering and Its Application in Blasting. Unpublished
report for Dept. of Min. and Civil Engr., Univ. of Minn., Jul> 1970.

3. The Mechanics of Rock Breakage, Parts I through IV. Pit and
Quarry, v' 56, Nos. 2, 3, 4, snd 5, i963, pp. 98-100, 112; 118·123;
126-131; 109-111, 114-118,

4. Ash, R. L., C. J. Konya, and R. R. Rollins. Enhancement Effects From
Simultaneously Fired Rxplosive Charges. Soc. of Min. Eng, (AIME) ,
Trans., v. 244, December 1969, pp. 427-435.

5. Atchison, thomas C., and Joseph M. Pugliese. Comparative Studies of
Explosives in Limestone. BuMines Rept, of Inv. 6395, 1964, 25 pp.

6. Belland, J. M. Structure as a Control in Rock Fragmentation, Carol Lake
Iron Ore Deposits. Canadian Min. and Met. Bull., v. 59, No. 647, March
1966, pp, 323-328.

7. Bowles, Oliver. Limestone and Dolomite. BnMines Inf. Cire. 7738, 1956,
29 pp.

8. Dick, Richard A. Factors in Selecting and Applying Commercial Explosives
and Blasting Agents. BuMines Inf, Circ. 81,05, 1968, 30 pp.

9. Duvall, Wilbur I., Charles F. Johnson, Alfred V. C. Meyer, and James F.
Devine. Vibrations From Instantaneous and Millisecond Delayed Quarry
Blasts. BuM~~.es Rept. of Inv. 6151., 1963, 34 pp.

10. Gregory, C. E. Explosives for Engineers. University of Queensland
Press, St. Lucia, Queensland, Australia, 1966 j 145 pp.

11. Grimshaw, G. B., and R. Watt. The Current Scene in Quarry Blasting. Th~

Quarry Managers' Journal, v. 55, No.4, April 1971, pp. 119-129.

12. Langefors, U., aud B, Kihlstrom. The Modern Technique of Rock Blasting.
John Wiley & Sons, Inc., New York, 1963, 405 pp.

13. Nicholls, Harry R., and Wilbur 1, Duvall. Effect of Charge DiamGt~r on
Explosive Performance. BuMines Rept. of Inv. 6806, 1966, 22 pp.

14. Pugliese, Joseph M. The Effects of Geology on Explosive Blasting in
Limestone and Dolomite Quarries (abstract). The Geological Soc. of
America, Circ, 2, v. 2, No, 7, October 1970, p. 659.

15. Yancik, J. J. Monsanto Blasting Products AN!FO Manual: Its Explosive
Properties and Field Performance Characte~iBt1cB. Monsanto CompanYj
St. Louia, Mo., 1969, 37 pp,

u.s. GO\'hlNMENT PRnmHG OFFIc£,1sn o-47Z'190


