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Summary

Shock wave theory of blasting with a long cylindrical charge has been
described along the same lines as done in a series of previous papers by
the present author on the shock wave theory of blasting with concentrated
charge and its applications to practical problems.

Practical formulas have been of the first slab due to momentum given
summarized as follows: by a shock wave:
(1) Peak pressure p, of a cylindrical y % ’
shock wave at distance r from an axis 1"=(_g,{f')‘t‘
of a cylindrical charge whose radius is where g=gravity constant
Snthe A.=density of rock
a\" U=shock wave velocity
1:,=;m(—) . ’
& (6) Depth of a crater d;:
where pp=detonation pressure I
D="=reduced distance n=15 e 2
A where L=effective length of a
(2) Peak pressure p, on the free face: shock wave
pg-‘-"p_a(f'):.ﬂ (7) Coefficient of pressure decay n: Me-
d thod L
where d=depth to a charge or Eogl(J{{L) (___d_)}
burden to be blasted et WS J\ Brd )]
(3) Peak pressure p;-. at the second !qg( 1-”!€;ﬂi)

free face produced by the first slab:
where HR=radius of a crater

(half of the breadth of a trough
shape crater)

3‘11—2':334—»5':
where S;=tensile strength of rock

(4) Mean pressure p, of a shock wave (B3 Biitdensds fore: folltcrater:
entrapped within the first slab: \

s - 1.6 L ._‘E‘P_)ilh
p=po() 5 s=m(g;) o d=(

d 2
; Reduced burden D,»——d’-
(5) Velocity of outward movement V; o
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March 1957]

(9) Coefficient of pressure decay n: Me-
thod II.
()

log (-25—4)

(10) Time required {. for slab formation
due to a shock wave

2d,

=T
(11) Displacement of stemming z after
time ¢ from the moment of detonation
$=l,/$n=+ (-pi’f;”-) t

where z,—original length of a charge,
vp=volume of a charge,
M=mass of stemming

(12) Velocity of the second slab V.:

2 3
re(25) r-35)
(13) Velocity of the third slab Vi:
2¢ A
r=(55) (p—35)

(14) Time f, at which detonation products
begin to blow out of a borehole:

n=-

=i — ittt
F Pntn

where l,=total length of a bore

hole
l.=total length of a cylindrical
charge=z,

(15) Spacing S. between bore holes:
S.=zdy, x=8./d.=reduced spacing,

r=2 9--:—1 for n=15 z=14

i 4
(16) Length of sub-drilling /:

_4 (5 )"
=3 ( o) dr=(035d)

(17) Length of stemming near a mouth
of a bore hole L
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oSN
T=2 {1— 2 ( = ) }d_««(l.ﬁEd,)

(18) Loading factor for a cylindrical
charge

4. S: )"”
=5 cHs S DG
5 363‘10‘1!( -‘Jr)(Pn

_gram explosive
ton of rock
where 4.=loading density of an
explosive charge
(19) Loading factor for a concentrated
charge (coyote blasting)

F=4,05x10"n'(-£°—)( Se )”
- o

(20) Loading factor for a deck charge

! S
F=631x10 :-r( % )( pn)

(21) Number of slabs N:
e Pe —0n
N R

(22) Thickness of a slab I:
1

[=L!{__._._ - (P” )'_'
N an+l Se

(23) Number of bore holes B per 100m*
for cylindrical charges:
B='_2;56 ?:_maL ( §:_)"“
it P
(24) Number of bore holes B per 100m*®
for deck charges:

p 20810° (_53_)
(1354 Po

Introduction

For the benefit of the simplicity of the
theoretical treatment the theory of blast-
ing, of solid rocks may be divided into
two extreme cases, that is, the theory of
blasting with a concentrated charge and
theory of blasting with a cylindrical
charge. The former case has been dealt
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with in the previous" papers while the
present paper is an attempt to establish
a shock wave theory of blasting with a
cylindrical charge.

The definition of terms in blasting with
a cylindrical charge has been illustrated
in Fig. 1.

In the present theoretical treatment it
has been assumed that the length of a
cvlindrical charge is long enough compar-
ed with the burden and the detonation
velocity of the column of an explosive is
infinitely fast, that is, the wave front of
the shock wave produced by the detona-
tion of the charge forms a cylindrical
wave which propagates two-dimentional-
Iv except near the both ends of a columnar
charge.

§ 1. Outline of the theory

The blasting of a solid material by an
explosive charge may occur in the follow-
ing sequence:

(1) Detonation of an explosive charge
produces “crushed zone™ around it so far
as the intensity of shock wave is greater
than the compressive strength of the rock,
however, this range of crushing is limited
to the neighbourhood of a charge.

(2) Beyond the crushed zone there can
be no breaking by compression due to
shock wave, however, the shock wave is
reflected as a tension wave at a free face.
As the tensile strength of rock is much
smaller than compressive one, rock can
be broken by this tension wave, the range

1) Kumao Hino: Theory of blasting with con-
centrated charge: This Journal, 15, No. 4,
233~-249, (1954) and Kumao Hino: Fragme-
ntation of rock through blasting and shock
wave theory of blasting. Symposium on Rock
Mechanics, Quarterly of the Colorado School
of Mines, 51, No. 3, 191. (1956)
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Fig. 1. Definition of terms in blasting with:
a cylindrical charge
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Fig. 2. Propagation of a cylindrical shock
wave (section) and its reflection at a free face

of breaking extending from a free face
inwards to the crushed zone.

(3) Only a part of the total energy
of an explosive charge goes into a shock
wave and the gases from detonation at
high pressure expand doing work againt
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fragments of rock which have been pro-
duced by a shock wave. These fragments
are already in motion due to momentum
acquired from a shock wave and they get
more momentum from the expansion of
gases.
§ 2. Characteristics of a shock wave in
rock

Detonation pressure pp of an explosive
may be calculated by the hydrodynamical-
thermodynamical theory of detonation or
by some approximation formulas®.

Characteristics of a shock wave within
rock may be calculated” on the basis of
Riemann, Rankine-Hugoniot’s equations of
a [shock wave and an equation of state
of solid, however, a strong shock wave
may exist only within “a crushed zone”
and beyond this crushed zone the intensi-
ty of shock wave is weaker than com-
pressive strength of rock, moreover, the
intensity of shock wave decreases rapidly
due to two dimentional divergence of the
shock wave. Because of these circum-
stances in addition to the fact that com-
pressibility of solid rock is generally very
small, an acoustic approximation may be
able to explain fairly well the behaviours
of shock waves and this situation makes
further theoretical treatment much easier.
§ 3. Pressure decay due to distance

Qutside of a crushed zone we may as-
sume that the peak pressure p. of a shock
wave at a distance » from an axis of a
cylindrical charge, whose radius is “a”,
be represented by the following equation:

p,:p,,(-‘; )" ........................ (1)

2) Kumao Hino and T. Urakawa: Approxima-
te detonation pressure of industrial explo-
sives: This Journal, 7 No. 4. 242~250 (1555)
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l n
or ;;,.:pn( ) ) e
where : pp=detonation pressure

D=reduced distance=£~

The numerical value of » may be as-
sumed to be 1~2 while it should depend
on the nature of rock and an explosive.
§. 4. Breaking by a reflected tension

wave

4-]1. Formation of slabs by a tension

wave.

In Fig. 2. C is a section of an axis of
a cylindrical charge whose radius is “a’”.
The pressure at “a™ at the moment of
detonation of an explosive charge, whose
length is assumed to be infinite, may be
assumed to be equal with the detonation
pressure ppn. re indicates a radius of a
crushed zone and the peak pressure of a
shock wave at 7o may be assumed to be
the same with the compressive strength
of rock pe. At a free face 4 B which is
situated at a distance d from an axis of
a cylindrical charge the compressive
shoch wave reflects as a tension wave.
At a point H where the effective tension,
that is, the difference between the inten-

~ sity of a tension wave and that of the

remaining compression wave, exceeds
the tensile strength of rock, whose value
it much smaller than the compressive
strength, the first main fracture due to
tension takes place at JI and the portion
of rock between I and a free face is de-
fined as the first slab. If we describe the
peak pressure of a shock wave at a point
E on a free face, by p. then we have:

p‘—_*pn(‘—: ) 4....................(2)

To a first approximation the pressure
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of a shock wave at H where the first

main fracture due to tension takes place
may be described as follows:®

P:-:=IJJ‘—S.'

where S,=tensile stréngth of rock.

Then the mean pressure of shock wave

entrapped within the first slab is as fol-
lows:

_Patpre _ (a\" 8
pr=-P] —pp(d) 2 (4)

The outward velocity of the first slab
at a point £ on a free face may be re-
presented as follows:

: g=gravity constant
4d.=density of rock
U=velocity of a shock

wave

In this way the first slab £ H moves
outwards away from the axis of a cy-
lindrical charge and a new free face A
I B is produced. So far as the intensity
of the remaining compressive shock wave
exceeds the tensile strength of rock the
similar process repeats itself, thus pro-
ducing the second slab, the third slab and
80 On.

If we define the effective length of a
shock wave L to be a length of a shock
wave whose intensity exceeds the tensile
strength of rock then the depth of a
crater dr may be represented by the fol-
lowing equation.

L

&) Kumao Hino: Fragmentation of rock through
biasting: This Journal, 17, No. !. 2-11. (1958}
4) Kumao Hino: Velocity of rock fragments
and shape of shock wave: ibid, 17. No. =,

Ze~241. (19538)
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4-2. Estimation of decay constant ».
The method I.

In Fig. 2. at the periphery of a crater
A or B the outwards component of the
intensity of a shock wave vertical to a
free face may be assumed to be the same
with the tensile strength of rock.

Then we have:

: d
Sin a= =
1
S0y (BIN ) Sicrrnisssronsonsios (8)
or S:—-Pn( = )s(sin @) cvinen(8Y

oty ”"( ) Frd

o pcs) a9

2
R : g _Pﬂ LR
the“(d) H_( S: )

( . ) ........................... (10)

from (8) we have:

Iog{( )(5111 o:)'}

n= ot

,.
:'o‘;,( = )

e {( 5 )( )

( /}r“+d“‘) ..(11)

log

The following data have been obtained
for limestone (Joban Mining Co. Kokura
Quarry in Kyushu, Japan) ;
{y=length of bore hole drilled parallel
to a vertical free face=4.5 meter
l.=total length of a continuous car-
tridge=2.7 meter
IW=total weight of the charge=3.750kg
2a=diameter of a bore hole=34 centi-
meter, a=1.7cm
dy=burden for a full crater=1.5meter
R=half of breadth of a ditch-shaped



March 1957

crater.
R=AE in Fig. 2=200m
S:=tengile strength of rock assumed®
to be 55kg/cm®.
U=velocity of shock wave within rock
assumed ¥ to be 5,740m/sec.
d.=density of rock 2.63g/cm®
pn=detonation pressure of Ammon Gela-
tin (Shin Kiri Dynamite) assumed®’
to be 160 x10°kg/cm*
4d.=loading density 1.45g/cm®
The above case is often referred to in
the present paper and it may be described
in the following as the model case.
Then we have:
r=v/ K+d= 1/ 200%+150=250centi-
meter

(sin a):=(—:f_ )==(;§g)'=03m
160 x10* % 0,360
e

250
*'ﬂf(—z;-;- )
=1394=14
4-3. Reduced burden

Reduced distance or reduced burden for
a full crater is:

-

or Df=-—?io.-%—=88,2

This numerical value of reduced burden
is a constant for a pair of rock and ex-
plosive and is important in the design of
blasting. On the basis of this value we
can easily estimate the burden for a dif-
ferent radius of a cylindrical charge or
vice versa. For example if we use the
radius of a cylindrical charge a=5cm,
then the burden should be:

dy=Dsa=838x5=440cm

Kumao Hino v

It must be remembered that this im-
portant relation holds theoretically only
in the case of an infinitely long cylindri-
cal charge with a free face parallel to
the axis of a cylindrical charge. Similar
important similitude relation holds in the
case ofa spherical charge!’ while in the
case of a spherical charge radius “a” in-
dicates a radius of a spherical charge. In
practice intermediate cases may be often
realized. Roughly speaking when the
total length of a charge “l"” exceeds
the burden “d’ then the charge may be
assumed to be “cylindrical” while in the
case where the total length of a charge
¢ is shorter than a burden d it may be
assumed to be “spherical” because a shock
wave produced from a short cylindrical
charge changes its form from a cylindric-
al one into a spherical one as the distance
of propagation increases and this degree
of expansion may be expressed by the
relative dimension of the burden com-
pared with the total length of an explo-
sive charge.” In previous literatures on
blasting these two extreme cases of “a
concentrated charge” and “a cylindrical
charge” have been confused not only in
theoretical treatments but also in practic-
al applications and this important rela-

tion of “reduced burden D,=—i’ " which

is quite usefu? has been misused. If we
can carefully discriminate between these
two cases most of the data described in
previous publications on blasting may be
usefully analysed und be utilized from the
standpoint of the shock wave theory of

5) Kumao Hino: Concentrated type of no-cut
round of blasting: ibid, 16, No. 3, p. 49, Fig.

o, (1953)
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blasting.
4-4, Estimation of decay constant u.
The method 1.

Another approximate relation for a full
crater may be obtained as follows on the
basis of a hypothesis of a single reflec-
tion. In Fig. 2, the front of a reflected
tension wave J[fI must reach the axis of
a cylindrical charge (' to realize a full
crater, then, the intensity of a shock wave
should be equal with the tensile strength
of rock after having travelled over a dis-
tance 24 and we have the following rela-
tion for a full crater condition.

ro ,,,,( o ) .................. a3)

For a full crater we get the following
relation:

Reduced burden D,— fc.’.lr_

1
1 Pn \"n
=t Sr) ..................... a4

whose value is a constant for a pair of
rock and explosive irrespective of the
absolute values of burden d, or radius of
a cylindrical charge “a”.

From the equation (13) we may find the
value of u as follows:

!og( P,p )
4

n=-— -

a’o_g( 2:" )

or in the case above mentioned:
( 160 % 10° )
log| -

sneasvesevas (LD

55
SN
= T A

In the following calculations the value
of n may be assumed to be n=15

Once we have known the numerical
value of n then we may calculate the

Vol. 18 No. 1

pressure of a shock wave at the original
free face p,, number of slabs N, and ve-
locity of the first slab V; as follows:

" /17 A\
l‘i:‘;:})p( :) =160 » 10"( 150 )

=192kg/cm®
=P _192, 3534
S 20
2
~ .-1.%‘” :
2x980 . o A
o) 2 )
=1.298 x 164.5=213cm/sec.
4.5. Estimation of tensile strength of
rock from reduced burden
If we know the detonation pressure p»
of an explosive and the tensile strength
of rock S: then we can calculate the re-
duced burden D; by the eguation (14):
1.5
Pt 1 ( ?’*’_) ......... (14)

a o

N

v,

For the model case:

o ( 160 x10° )“‘“=35

2 \ 655
The above equation may be used to es-
timate practical tensile strength of rock
because, we can calculate the detonation
pressure pp at least approximately while
we can determine the value of Dy or d-
by blasting experiments, For example R.
Westwater® has given the following
values for diameters of holes and burdens
with Polar Ammon Gelignite for any
particular rocks of three degrees of
strength.
We have from (14):

¢) R. Westwater: Mine & Quarry Engineer-
ing: July 195, p. 285,
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Table !. Estimation of tensile strength from reduced burden

No. | Diameter of bore hole 2a
1 11 inch
2 1} inch

= Lt ;
S Reduced burden dy/a (Calculated)

Tensile strength S; (Calculated)

pp may be assumed to be 155 x10°%kg/cm®.
(reference (2)).

Calculated tensile strengths of three
kinds of rocks shown in Table 1. (the last
line) may be considered to be within
reasonable range,

§ 5. Work done by expansion of gases

The effects of expansion of gases pro-
duced by detonation of an explosive charge
may be divided into three phases that is
(1) movement of stemming (2) blowing
out through a bore hole (3) further ex-
pansion of gases which accelerates frag-
ments of rock in part while some of the
gaseous products expand through a bore
hole and spaces between fragments with-
out doing work of acceleration of frag-
In phase (1) the gases may be
assumed to be working within a closed
condition while in phases (2) and (3) we
must deal with a great amount of leak-
age of gases.

ments,

5-1, Movement of stemming

The time {. necessary to produce all pos-
sible slabs due to action of shock wave
may be represented by the following
equation:

s 2(1;

s U

i Cle)

for the model case:

Burden in ft.=dy

en
o

75,8 ' 96.0 | 115.3

21.8kg cm* Sé.6kg/em® 44.2kg/cm®
2 %150
=————=0,000522 sec
" 574000

=0.5 milli-second.
The weight of stemming W,
deeresessv e CLTD)
where a=radius of a bore hole

Ay AL M Seeinovoninenanens

I.=length of stemming

4.=density of stemming
or

W,=31415x1.7* x (450—270) % 2.6

=4250gram,

In this case we deal with one dimen-
tional motion of the stemming which is
assumed to form a rigid piston and an
expansion of gases,”” Let us use the fol-
lowing notations,

FE-=work done by gases at displace-
ment x of the stemming

l-=work done against the balanc-
ing pressure p, of stemming plus
atmospheric pressue.

C.=velocity of movable mass .M

L.=kinetic energy of the mass W/

Then, Eg=.‘lg+1;z o-o--......-......---(18)

[tz v n*
E.= ‘ pedv, =j = 2o Ay N
JUn Up

te*

" - ' k=1
~g{e) ] e

7) C. Ramsauer, Ann. d. Phys. 1923, p. 2550

_____
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where v=volume of gases. rp=initial
volume

k=index of polytropic expansion

_]‘=p,(r=—t'p) ot B i ' ..-(20}
M
ol p A e D) 2
L. 2 G (21)
Therefore :
Pn in 1_(_1‘9 )l’_l
1{‘—1 Tz
A
=PiCo o)t (o o (22)
‘max.= _%9;12 «(23)

The present problem is to find the values
of v. and p. at time #,, We dse the fol-
lowing notation:

df

p:(v=—vp) to a first approximation, then,

the equation (22) may be written as fol-
dz

lows:
a ) - )]

....................................... 24
where z,=length of a charge.

According to H. Jones® and A. R. Miller
the numerical values of k=) for TNT of

r=xaz, C:i= and we may neglect

PD‘B

1 ) smaller than
@

1136 (or density higher than 4,=0.88) is
about 3.0. Let us assume %=3. The equa-
tion (24) may be expressed as follows:

specific volume (v=

A ]

=dt
with k=3 we have:

2) H. Jones and A. R. Miller; The detonation
of solid explosives; Proc. Roval Soc. A. 194,
457, (1%48)
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T,

Tt
p” 2 (22 —2,7)

If we introduce a new variable: X'=z*

- 2
]

, then, a-dx=d—;: and we have:
N d.\

2 .'-Ieﬂl‘_ -
i x

Integration of the equation (27) gives:
1
. pp 1‘

M
At t'_—"ﬂ, r=ux,,

=df Goiieasnen 27)

Xi=t+const........ (28)

=0, then const,=0. or

For z,=270cm, p»=160x10%kg/cm*=160
x10°%g/cm?®, vp=31415x1.7*x270=

2450cm?

P e — R
M= 980 & t,=0.000522sec.

we have: ”"h,"” =90 x10°
o=1/72900-+24570

or z—x,=42cm
As the total length of the stemming is
180cm,, 42cm of stemming is blown out
at #=0.000522sec. At this moment the
volume of gases is vx,=1,=31415x1.7"x
312ecm*=2810cm® and the pressure of

gases
" T
Pe=ps=pn (—::—) ............... (31)
270 ]
or px,=pe=160x10° ( e ) —103x10°%g]

p
5-2. Blowing out through a bore hole.
At =t,=0.000522 sec. the velocity of

the middle point of the last slab which
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is the nearest to the crushed zone is as
follows :

V,.=( -42'%—) (3:,— ﬁ -S'r) ......... (32)

2% 980 % 1000 5
7| 2 X200 X IR0 oy i)
Va (2.63><574{}00 )(19“ 2 "55)
=1.298 % 55.5=72cm/sec.

or

At time ¢, the stemming is all blown
out of a bore hole and the gases begin to
expand freely out of this opening, that is,
out of a bore hole. The time ¢, may be
obtained from (29) as follows:

M . .
=4 Ny
e S 13,
Bl o Thi o savabassiasnoeisis( L)
o p sl )
or fh= 0

¥ 9805160 %109 2450 (190°—270%)

L e S
—-r “'3@ 10‘.)'— x 129600
=0,0012sec.

Therefore we may assume that just
after the shock wave has finished the
work of producing slabs the gases begin
to blow out of a bore hole. At this mo-
ment all of the slabs has been already set
in motion outwards due to the momen-
tum given by the shock wave and hence-
force the pressure of gases begin to be
reduced -quite rapidly because gases blow
out of a bore hole and also blow through
gaps between fragments formed from
slabs. Because of these circumstances the
effect of expansion of gases on blasting
seems to be quite smaller than has been
expected to be so far.

The rate of blowing out of a bore hole
may be estimated as follows:

If we neglect the increase of the volume
due to a crushed zone the volume of gases
at =1, is as follows:

11
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B=TERYN vuvesisesssnstorsrissnsnarees(30)
where /,=length of bore hole
or 1,=314x%1.7° % 450=4090cm"
pressure of gases at uy is:
/ k
;»,——_-p;,( i ) Ty P «+.(36)
Ty

270 \? :
or p,=160x10%x (—@) =238.3 x10%kg/cm®.

The rate of flowing through an opening
with a sectional area . is given by the
following equation.

_'l,bpﬂ.‘l =y _&_
=R
where #=066" and w,=specific volume
of gas
or Q=0.66x314x17"%

/383 T0° %1000 980 3750
} 4090
=1105kg/sec.

The total time of discharge 7' of gases
through a bore hole may be estimated by
the following thermodynamical equation.

r=1
7!= i : 21’3 oy _‘_ — L. :
(=1t 2. \Eithiags
Vgal( | ) P s
1

fork=14, 1'=0,0445sec, and for /=3, T'=
1.81sec.

As the velocities of the first and the
second slabs are higher than that of the
last (third) slab the areas of opening
formed by the first and the second slabs
are wider than that due to the last slab
and the gases expand into outer atmos-

9) J. Coraer; Theory of the Interior Ballistics

of Guns: New York, John Wiley & Sons, Inc.
p. 258, (Interior Ballastics of Leaking
Guns).

1950,
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phere running through these openings
while they may give some of their mo-
mentum to the fragments already pro-
duced and set in motion by a shock wave.
Moreover the expanding gases may go
into spaces formed among the first, the
second and the last slabs and the pres-
sure acting on fragments may be balanced
on both sides of each fragments and this
situation may reduce the amount of mo-
mentum given to the fragments from the
gases. At any rate the part played by
an expansion of gases in blasting of rock
may be much smaller than it has been
assumed to be so far.

We may estimate the velocity of the
whole mass of rock detached from the
ground as follows. The maximum avail-
able energy from an explosive charge is
as follows:

__ Pntp
e ] s (23)
- (160 x 10° x1000g/cm*) x 2450cm*
OF Eumax.= AWVg/cY
3-1

=1960 > 10"g/ /cm.
Total mass of rock broken

M= Rﬁ%ﬁt L Ve r(38)

Then the maximum velocity V of mass
M may be as follows:

Bl MV (39)
ar
e me.&'xz N
Vi BB ER 40
A ,_ 1960x10*x980
or V=14My —500 150 x 450 x 2.6

=1.046 x 10°cm/sec=10.5m/sec.

This may be the maximum additional
velocity of the mass of rock if there be
no leakage of gases through cracks and

[Vol. 18 No. 1

a bore hole.

5-3. Functions of stemming

Functions of stemming in blasting of
rock may divided into four phases.

(1) Stemming makes detonation of an
explosive charge more complete. Stronger
is the confinement, the more complete
becomes the detonation of an explosive
charge and the value of detonation pres-
sure pp approaches to the theoretical
value.

(2) Stemming increases the effective
length of shock wave produced by detona-
tion. The effective length L of a shock
wave may depends not only on an abso-
lute value of detonation pressure pn but
also on the duration of high pressure
which is governed also by the intensity
of “back pressure” which may be higher
with stronger stemming,

(3) Stemming increases initial pres-
sure of gases at the moment of the begin-
ning of work done against rock. Before
a shock wave produces slabs which reach
the position of an explosive charge the
high pressure gases cannot perform ef-
fective work of expansion against rock.
It takes time

e e

U

for a shock wave to produce full slabs
where d=burden, U=velocity of a shock
wave. During this time {, the pressure
of gases may be reduced to a lIower value
p» and the amount of pressure reduction
(pp—p») depends on the stemming, that
is, total weight of stemming and the
friction between the wall of a bore hole
and stemming. The latter may be des-
cribed by the following equations for
stemming :
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P=(¢*%,..(42) (Y. Shimomura!®?)
where P=resistance due to stemming
(’=constant
¢=Dbase of natural logarithm
HK=constant
‘=length of stemming

KWL

or P=P.a ' I. (43) (J. Taylor'®)

Fy=constant,
n=friction coefficient
d=diameter of bore hole

At about time {; the slabs formed by a
shock wave are in a movable condition
and the expansion of gases with an initial
pressure g, performs work of additional
acceleration of rock fragmentation.

(4) Usually at an earlier stage of ex-
pansion of gases stemming may be al-
ready all blown out of a bore hole. How-
ever there may be small contribution from
the stemming to the increase of work
done by expansion of gases.

The important functions of stemming
in blasting may be (1), (2), (3) and not
(4). The stages (1), (2) and (3) may be
realized within an extremely short period
of time, for example, within about half
millisecond as is shown by the following
relation.

e 2x1.5meter
5740meter/sec
0.5millisecond.

—0.000522 sec. or

Because of this extremely short period
of function even a small amount of stem-
ming may be extraordinarily effective in
blasting,

10) Y. Shimomura: Journal of the Mining In-
stituie of Japan..1942, Nov. p. £92.

11) J. Taylor: Mining Engineer, Vol. 96, 1938~
1939,

Kumao Hino
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§ 6. Simultaneous blasts and selection of

spacing Sc between two bore holes

In Fig. 4. spacing S¢ between two cy-
lindrical charges (' and (. is defined by:

(1) Crushed zone with radiug T L» producel

ihe First l

Froe face |

b 3 D I .-

.f ______ FrOIEEDS Pz compresilve stresgth

e ke - af Tetk
L=} B= & -
| of sxplasive
(2} The Piret alad s prodused at & fres fazs. The firet alsd
soTes outwards =itk welasity 'r"if&-’*"'ﬂ}:i'i"!.‘
—presrmme af shock wam - g
P GULTTE _ yrarmare o2 *A(2)

15335 v B e 4.5

ORL

{3) The second slab 1s prodused at a neely produced asssnd
The second slab soves outwards with velscity

-G -5 - i

El s
“EP-1n

fros fase,

(4) The tnird alab is produced at & nawly prodused thind
frae faze.

&!%%

Tha third slad mdves outwards with yelosity
ap, S i
V=GRl -Ex)

d

R — = = ey 4
4

—— = == PTREFUNG

Fig. 3.

€, = axis of the €, = axis
firat cylindrizal chargs ::e;";
L%
eylinici-
eal ahaTy>

:lf'-—— 5. 3 Ipazing » ey -.--J

Fig. 4. Selection of Spacing S-
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T e L D 44
where d,=burden of an individual charge.
The problem is to find the numerical
value of reduced spacing

A P e (45)

If the intensity of shock wave perpen-
dicular to a free face at a middle point
M between two charges is the same with
that at the point Dy, (or D.) which is
just above the axis of the first (or the
second) charge then it may be assumed
that the part of the solid between D (4
and D. C': be successfully blasted. At the
point [ or s the intensity of a shock
wave is:

Pe=pn ( :f' )‘| ..................... (46)

At the middle point M the two shock
wave from the two charges () and (.
arrive at the same time when both charges
are simultaneously detonated by use of
the same lengths of detonating fuses from
a single initiator. Then the outward
component of the resultant intensity of
the shock wave at the point M is:

e

n

fi ;_z

l'? _r: -+ (g df)-
For a successful simultaneous blasting

(47) should be equal with (46), then we
have:

ssscsasnsansanenns(47)

1 n_“ _]__‘__
or 1=2('_..-'1+ .J: ) 1_}_% .-.(49)
For an assumed value of »=15 we
have:

or :c=2' T |
T STBTA i . (50)

o Y=Ly i LN (51)
The formula (51) may be used for the
selection of spacing S, on condition that
an individual charge has a weight and a
burden just equal to produce a full crater
respectively.

§ 7. Blasting with two free faces.

7-1. Selection of two burdens

In Fig. 5. (1) a cylindrical charge with
its axis (' perpendicular to the plane of
the paper has two burdens d; and d: to be
blasted. If we select d, so as the charge
with its radius “a” can produce a full
crater against the first free face ED then
the intensity of a reflected tension wave
at ' may be assumed to be the same with
the tensile strength of rock S.. If we
select the second burden d: so as:

dis=2dy svsisainniivatil D)
then the reflected tension wave with re-
gard to the second free face EF has an
intensity equal to §; at the second free
face, that is, at F, therefore, fracture due
to tension does not occur.

Now the distance of propagation + of
a shock wave at which the intensity is
reduced to 2 half of the tensile strength
of rock is found as follows-

1 a \"* 4
2“3:—-?13(—'_,—) ............... (53)
while we have:

14
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Fig. 5. Blasting with two free faces

sors (oo

From the two equations (53) and (54)
we find:

v i =
2T — LT e TR (35)

In Fig. 5. each of the wave front MJ

and MK has an intensity equal to —1 S:

then a part of rock M J E A K may be
assumed to be broken by the cooperation
of two waves each of which has an inten-

sity -% S. although the degree of frag-

mentation may be different from that in
a full crater C A D.
7-2. Difference between free and tight
end.
As is illustrated in Fig. 5. (2) and (3)
loading factor, F that is weight of an
explosive charge per ton of rock broken,

Kumao Hino 15

is quite different between free end and
tight one. Burden d; has been selected
to be a full crater burden. Then the ratio
of loading factor for both cases are.

e
Ffree _ 2dixd
F tight 2"'__
I-Mlxd;

= lj =035 s (56)

where W=weight of charge per hole.

§ 8. A cylindrical charge of a limited
Iength

It has been assumed so far in the pre-
sent paper that a cylindrical charge has
an infinite length. Practically two end
effects must be taken into consideration.
They are (1) the selection of sub-drilling
I, in Fig. 1. and (2) selection of a length
of stemming [, near a mouth of a bore
hole supposing the stemming occupies
the remaining part of a bore hole Jeft
unloaded by 2 continuous charge whose
total length is /.

8-1. Selection of sub-drilling

The total length I. of a long cylindrical
charge may be divided into three parts,
that is, h, = and I3 as are illustrated in
Fig. 1. The parts & and 5 which cons-
titute two ends of a cylindrical charge
may be assumed to work as concentrated
charges rather than cylindrical ones in a
sense that the shock waves produced by
parts /; and [, are propagated as spheric-
al waves into three dimensions while a
shock wave produced by the part L is
propagated as a cylindrical wave into
two dimensions.

The upper limit of the sub-drilling may
be found if we assume that the part I,
with fits center of gravity on the grade
line E D must be of a sufficient quantity

il i S AT
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to blast a toe burden d,. If we describe
a corresponding radius of a spherical
charge by a; whose total volume is equal
to the volume represented by I then we
have the following relation.

3 O e (57)
or
34 i 5
= 4’— T AT T P D (58)
s 1
As I.=sub-dr:lhng—-—2 i
is
r:,-—-(Fg f,) 8 ceinidavedazicess (59)

As a cylindrical wave produced by the
main part L must be strong enough to
produce a full fracture along a main free
face, we have:

s
ds=d,, S,=pa(23-;-) ......... (60)

While for a concentrated charge [/, we
have:

S.-=pp( 2‘;; )= ..................... (61)

From the equations (59), (60) and (61)
we have:

_._4,._ _.S’_ t o)
li= 5 s e T o
or
4 55 \t =
"‘=§( 160x1@') d=0.35d; (63)
8-2. Selection of the length of stem-
ming I,

The length of stemming may be derived
if we assume that the part /, acts as a
spherical charge. To blast a burden d,
sucessfully against the first free face A
I the length [ should be:

8/ S\
l=l=2l= 4 ( p;-) T (64)

If we choose the burden (f..+%:1)

against the second free face 4 B so0 as it
becomes the double of d; then we may
assume the part C: F A B be successfully
blasted'> by the co-operation of two re-
flected tension waves from two free faces
AF and AB. Then the length of stem-
ming I, may be represented by:

1
I::=2f')‘— 2 [;
or
. 2[5 )5] .
1=2 P — P A
=21 3(” 1 (63)
or

—of1-2(_ 5\
iy 3( 160 x 10° ) 1

§ 9. Comparison between a cylindrical
charge and a concentrated charge,

9-1. Loading factor for a cylindrical

charge, Fig, 6-(1)

For blasting with cylindrical charges
as is illustrated in Fig, 6-(1) the volume
of rock broken I” per bore hole is as fol-
lows:

TS By st ssinmrsetoviicsss oI (67)

H=height of face
where
S.=spacing between bore holes
d,=burden for complete fracture
By the eqguation (51) S.=1.4d,, and by
(63) and (66)
H=l,—li+ly=1,—0.35d,+1.65d,
=l 13ds oeiiiaiiiannerinans(68)

For complete fracture over a burden d,
the approximate equation (13) S:=p,

1.5
(.,:, ) holds from which we have:

12) Kumao Hino: Theory and practice of
coyote blasting; This Journal, {7, 15&-171
(1925)

16
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Comparison between a cylindrical

Fig. &.
charge and a concentrated charge.

Let us assume that a total length of a
cylindrical charge [. is much longer than
1.3 d; in the equation (66).

Then we have:

x-=1.4z,( 3 )(%"’)”
4 ¢

Weight of charge W per hole is:
=g LAy -iriicansiciiiie (72)

where J.=loading density of an explosive

charge.

If we denote the denmsity of rock by 4.

we find the loading factor as follows:

loading factor

1=yg=2%x( 5

1,33
( f;) ........................... (73)

L71)

17
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If we use II' grams of explosive charge
for V4, tons of rock broken then the load-
ing factor (grams of explosive consumed
to break one ton of rock) F is expressed
by the following equation.

F=286x lO‘:r( 4. )

#

r

1.23
( S-‘—) ........................... (74)
po
11 y 1__4_3 __55 il 1L.m
or F=2.86x100x3.14 ( e (190 2 10=)

=122 grams of Ammon Gelatin (Shin Kiri

Dynamite) for one ton of limestone broken.

If we take cubic meters of rock to be
broken instead of tons of rock then the
loading factor F” is represented by the
following formula:

SI
Po
or F’'=122x2.63=321 grams of explosives
for one cubic meters of rock to be broken.
The formulas (74) or (75) may be used to
estimate “effective tensile strength S, of
rock” because we know numerical values
of “loading factors” through experience
for a given pair of an explosive and rock.
9-2. Loading factor for a concentrated
charge (coyote blasting) Fig. 6-(2)

The ideally concentrated charge is real-
ized in the so-called “coyote blasting".'*
The volume of rock broken per chamber
is:

F'=256x10% .4.( )m .(75)

If we assume that the concentrated
charge ba represented by a-sphere with
radius “a” the weight of explosive per

chamber is:
Il'= ‘;_':Tﬂ, d‘ ---------—---------o-(??)

By the same reasoning as is described
in § 6. the spacing S. is determined by the

ALt A
e b Bl o e o .
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following relations.'®
=T t!_f .

o+

(1-;—-“'1' e (79)
For a spherical charge
n=2, z=13 or S.=13d;...... (80)

The height of bank may be' represent-
ed by the following relation.

For a burden to be completely raised the
following relation must be realized.'®

:=pn( 2%! )i ..................... (82)
or
dr=—a- (-gi:—)é .................. (83)

Combining the equations (76), (77), (80),
(81) with (83) we find the loading factor
F as follows:

)l.n

13) In previous papers” and' the upward
component of resultant shock wave at a free
face at a middle point M has been assumed

o
)
to be ..pn( =

F=4.05x10":r( j )(_':;

or

nod
= while, strictly speak-

ing, it should be 2pn ( -:—)” (-'% T. This

difference makes the value of ¢ change from
1,54 into 1.29.
The equation (20) of reference” becomes:

]
ﬁ_ 2 pn)'hn (_n
( a )'““(‘s. a
and the equation (5) of reference and the
equation (1) of reference'® become.

& =D 'P":(I:-s %)
&= (5 ) {5 ) )

-)-1‘—:

St
That is, the coefficients are slightly changed
from (1+n) into (2+n)
14) Kumao Hino; Concentrated type of no-cut
round of blasting. This Journal, 16, No. 3,
173. (1955)
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_ gram explosive

ton of rack T (84)
= 1.45 o e
d }—4.05“0“”( 263 ( 160 % 10° )

=44 grams explosive per ton of rock

or F *=44 % 2.63=116 grams explosive per

cubic meters of rock.

The comparison between 9-1 and 9-2
shows that the consumption of an ex-
plosive in a concentrated charge (coyote
blasting) is nearly half of that in a
cylindrical charge.

9-3. Loading factor for deck charges

Fig. 6. (3)

The volume of rock to be broken per

bore hole is:

l’=$’,d(f,+4\'. d.+-;-z,+f.) ...(85)
where
N:=number of deck
dy=height of deck or vertical dis-
tance between two decks
.=spacing between bore holes
.=length of a short cylindrical
charge which may be assume to
act as a concentrated charge with
radius “a,"
l,=sub-drilling
l.=length of stemming near the
mouth of a bore hole.
dy may be assumed to be the same with
spacing S. to secure the complete frag-
mentation.

dy=8e=13dy .c0ocvsvrsrnsvrreirarnns(86)
% ras=ml.a* or

3 - i i &7
Cl‘—-( '4 e) B csvessssvassarsnsnnns ( )

To break a burden d; completely with
an individual charge the following rela-
tion must be realized,
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iy Po ! —_— g e
dr= 2 ( ST) ..................... (88) S:*“Pn( 2(?) ..................... (93)
hini DY axet ]
Lt -1,_ R (89) combining (92) with (93) we find:
2 R PR L (99)

Total weight of charges IF per bore hole
is as follows:

W =N oS ls svssciincinsioiions (90)

For a large number of N. we may

neglect ( -;— !¢+.?4t‘,«) against 1.3d, N, then

the combination of the equations (85),
(86), (87), (88), (89) with (90) gives the
loading factor F.

)l.h

ﬁ)( Se
-dr _}75
_gram explosive
ton of rock
145 ) (_ 55
2.63 160 x10°
_gg gram explosive
= ton of rock

F=631x107 (

or F=631x%x10°x (

.

R
The result shows that the deck charges
consume less explosive than a cylindrical
charge while they consume more explosi-
ve than coyote blasting.

9-4, Fragmentation in three cases

Fragmentation depends on the absolute
size of blasting round, therefore, we must
specify the height of a bank H and bit
gauge 2« which is available.

For example, suppose I7=20 meter, 2a
=25cm=10 inches.

9-4A. Cylindrical charges.

For a cylindrical charge the peak pre-
ssure of a shock wave at a free face is
as follows:

while d is determined by

19

or p,=2"x55=2.8 % 55=154Kg/cm®,
The number of slabs N may be esti-
mated by the following formula.®

L L -
N= S, s (95)

N=2"=210=28

ar

The thickness of a slab / may be des-
cribed as follows:

o

= P SR (96)
while from the equation (93):
1
d 1 (pn\is
L (b,:) RN, o
or
1
. § .3
d=—3 ( b ) .................. (95)
1
25 160x10° \i= 25
or d= 2x2( 55 ) = x1702=
1063cm.
Then
a : p_:_:
=t ( S‘) .................. (96)
1063
T — 23—-—-330

9-4B, Concentrated charge

For a coyote blasting the peak pressu-
re of a shock wave at a free face is as
follows:

a \2
Pn—'Pp( o ) ........................ (97)
while d is determined by:
S,=pp( ;d ). ........................ (98)
combined (97) with (98) we have:
p.g=2nS¢ =$Sg ........................ (%)
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or p.=A4S: 2, (_jﬂ)i
p‘=4x55kgicm3=2mkg!m= I: ir’ =t 2 ,Sr = s
The number of slabs N is: N 22 8
i & b
po \-_ 115a (_}m )-
‘\.3',";‘_:2':4 ierseandnsasasssyCLUN) ( S: ) ——— S, ..(108)
3

= 25 (160x10° \}
As the height of a bank H is double ot "=1‘1°"?x3 (_ 55 _‘) =97cm.

of the burden d the thickness of a slab The Tarden d ia:

! is as follows: y
ok 1.15a ( P )'=388cm ...... (109)

s, (101) £ Vi
I 2 i i e The results described above show that

or 1= 2000cm. —950cm. deck charges give the best fragmentation

2x4 (97cm) while coyote blast gives rather

9-4C. Deck charges larger fragments (250cm) and cylindrical

For a deck charge the peak pressure charges give the largest fragments (380
of a shock wave at a free face is as fol- cm).

lows: 9-4D. Number of bore holes in cylin-

e \? drical charges and deck charges.

J’d=Pn( dL) --------------------- (102) It must be noted that burdens are 388

while cm for deck charges, 1000cm for coyote

LB (—i—h)‘ui ..................... (87 E:Iasting and 1063cm for cylindrical

arges respectively.
Let us assume that the length of an It means that number of bore holes per

individual charge /. has been taken so as: cubic meters of rock to be broken is
drastically increased when the magni-

e R P bt s
T v (103) tude of burdens is decreased as is illus-
The condition (103) realizes the assump- trated in Fig. 7.
tion of a concentrated charge, then, we The number of bore holes B per unit
have: area of a horizontal face is for cylindri-
Ge=1050 c0erervercersrserersosnosnes(104) cal charges as follows:
1 1 1f2
The condition for a full fragmentation B Tl =T e
is: 1
” Se \T5)* 286/ S, \1-*
a: \" 1.16ag\~ et ( ) = ma )
. :=PD(_J )-_—]m( d )...(103) Po J a Po
.................................... (110)
From (102) and (105) we have: = 1.33
or B'= -2-?;_5)-(4 (—16_05?10’ ) =445x10-7
I AR S (106) = -

per square cm.

Ner of slabe & ib:
QR ofalaba Vi or B=10° B’'=0.45 bore holes for 100m?.

I e gl e ao7) Therefore one bore hole is needed for
e 100" 8]
The thickness [ of a slab is: 045 '
20
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In the case of deck charges

LB hn‘lhtlul-llﬂlllﬂli }3] 1 _1__“ 1 r_2
: Sd~ 13# ~ 13| 115a N

8 )41 t 233/ 8. )
( /) & (Pn) el 1
23x4 55 |

5 160x108 C-A*107 per :
square cm. o4
or B=10° B'=51 hore holes for 100m:. i
Therefore one bore hole is needed for Fi

100 I

51 —196m". Roughly speaking in the |

o4 burden far

13} syiisdrisel zaarges . #ezond rew

Ap R EG— t—é"

or B'=

case of deck charges we nesd =112

220
19.6
times more bore holes than in the case
of cylindrical charges,

Table 2. summarizes the results of dis-
cussion described above.

(Continued)

Blasting patterns for cylindrical
charges, coyote blasting and deck charges.

Fig. 7.

Table 2. Comparison between cylindrical charges and concentrated charges.

= |

Epg—

| Loading factor | Height of bank /=20m. 4
Types of | expl'f]‘;?"f;_, ' diameter of bore hole 2a- Z5em. .
blasting | cubic meter | Burden Spacing = Thickness of = Number of bore
‘ rock | dem S:=xd a slab lem © holes for 1000m? ’
Cylindrical | ‘ 5 |
(1) charge 321g/m 1062cm l.4dem 380 : 4.5 :
*y | Concentrated 3 a 5 ’I — :
(2) charge (coyote) ! 116 m 1000em 1.3decm 250

(3) | Deck charge 181g'm? 388em 1.3dem a7 ' 81
Note: detonation pressure of an explosive po=160%10% kg/em* '|
tensile strength of rock V¢=>55kg/cm® |
loading density of explosive de=1.45g/cm’ =
density of rock dp=2,63g/cm? II
I
1
]
/]
|
|

21



