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ABSTRACT

Blasting phenomena are affected by many factors.
Previous investigators have studied many of these factors,
however, the influence of charge length and explosive
detonation velocity have apparently not been thoroughly
examined.

It was found by this investigation that the detona-
tion pressure of a commercial explosive is closely con-
trolled by the detonation velocity. The detonation
velocity, in turn, will largely determine the necessary
blast geometry that can be successfully employed. Re-
lationships were derived between the detonation velocity,
in relation to the rock energy propagation velocity, and
blast geometry for both bottom and collar primed blasts.

The resultant force magnitude and direction at a
point in the medium was found to be influenced by the
charge length and the velocity ratio. A graphical analy-
sis of the forces in the medium indicated that the direc~
tion of the resultant forces along the reflected pulse
front is not perpendicular to this wave front.

Observed blasting phenomena appear to substantiate

the theoretical invéstigation.



ii

STATEMENT OF THE PROBLEM

This investigation was conducted to determine the
importance of charge length and explosive velocity on
blast dimensioning. The theoretical investigation was
restricted to single, vertical blast~holes in a homo-
geneous, isotropic material. A study of field blasting
practices was conducted to enable the correlation of
theoretical considerations with blasting techniques as

are used when blasting under actual field conditions.
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CHAPTER 1
INTRODUCTION

In an effort to aid in the solution of certain
unexplained phenonema observed during actual field blast-
ing a thorough search was conducted of all available
literature on the subject. However, very little infor-
mation was found that related the length of an explosive
charge to bench geometry, a condition that exists for all
blasting in the field. The assumption used by many inves-
tigators was that the charge has a spherical shape. This
assumption serves to limit the number of variables in-
volved when an analysis is to be made, but, it oversimpli-
fies the actual conditions and does not satisfactorily
explain éffects as observed,

Some of the more important contributions toward a
solution of the problem of bench geometry were presented
by Hino (12, p. 122)., Hino determined, by an analysis
of the interaction of shock waves generated from a point
charge, a relationship between the maximum height of
bench (L) that can be used for a particular burden di-
mension. The burden (B) is generally considered the
distance from the explosive charge to the nearest free
face., From the analysis he deduced that the bench
height could be as much as twice the burden dimension.
This conclusion, however, does not exist for many actual

field conditions. Other investigators generally overlook



the relationship of bench geometry and evaluate results
based on only one free surfacee

In relating blast effects and bench geometry another
investigator, Pearse (24, p. 22), and Hino (12, p- 3)
independently proposed equations relating the burden di-
mension to the tensile strength of the rock (St) and to
the detonation pressure of the explosive (PM)e Their
reasoning was based on the fact that most rocks are weak-
est under tensile stressing. Their approach to the prob-
lem was entirely different. Hino assumed that the rock
iIs broken predominantly by tensile slabbing from a wave
reflected from a free face (Figure 2). Pearse assumed
that rock i1s broken by radial expansion from the initial
compressive pulse (Figure 1), and that the explosive
detonation velocity has an infinite value. Curiously,

the form for both equations can be expressed by the same

simple relation’®. 1% £
Fq
B=Kd, 5, @
where: de - diameter of explosive charge

K - constant dependent on explosive type
and amount

Hino, K = 1.0
Pearse, K= 0.7 to 1.0
O - absorption constant dependent on roc

type

Hino, p>= 0.5 for point charges, 0.67 for
" cylindrical charges

Pearse, Q = 0.5

www.manaraa.com



(Refer to Appendix A for a definition of the symbols.)
The similarity of the two equations is remarkable, even
though they are based on different basic assumptions. It
should be noted that only one free face was considered 1iIn
both derivations.

Another theory, proposed by Livingston (18), attempt-
ed to explain rock breakage by explosive loading in terms
of the rate of energy transfer in the rock. Experimental-
ly he found that rock breakage patterns changed regularly
when the burden for a particular amount and type of explo-
sive was uniformly varied. Livingston was able to classi-
fy four major breakage ranges, each of which was charac-
terized by a distinct response to explosive action. The
basis for his theory was the shape of the crater formed
by the detonation of a particular type and amount of ex-
plosive at various depths below a reflection boundary (14).
The charge shape must be maintained as nearly spherical
as possible to insure the formation of a spherically di-
verging pressure wave. Relationships between the type of
rock and the amount of explosive used can then be estab-
lished and used as an aid in blast design (5).

An expression proposed by Kochanowsky (16, p- 864),
based on blasting with point charges, related the charge
size to the burden dimension as follows:

W = CB2 + C"B3 @)

www.manaraa.com



The "C* relates to the strength of the rock while the "C'"
is applicable to the force necessary to move the broken
rock a certain distance. Geometric relationships of the
blast design are considered in the two terms of the equa-
tion. Langefors (17, p. 220) proposed an expression that
was very similar to that of Kochanowsky.

An expression proposed by O. Anderson (1, p. 116),
is as follows:

B = (al) (3)
The expression was derived emperically from field obser-
vations but considers neither the rock characteristics
nor those of the explosive. Any changes in either the
rock or the explosive types should not necessitate any
corresponding changes in the blast design according to
the expression.

The aforementioned studies, as well as work done by
many others, all appear to indicate that relationships
determined to date do not explain the phenomena observed
visually, or photographically, of many actual blasts. It
becomes apparent that the effects of explosive charge
length, explosive and rock emergy-propagation velocities,
and bench geometry have not yet been evaluated., It would
seem advantageous, then, to investigate those relation-
ships and their relative importance in the blasting pro-

cess,



CHAPTER 11
BLASTING MECHANISMS

In order to investigate the overall blasting process
it is necessary to isolate and study each basic mechanism
separately. In this manner the relative importance of
each may be ascertained. It would be necessary in the
first analysis to determine the energy potential of an
explosive, and then investigate its physical action on
the material being blasted. For simplicity the material
being blasted would be assumed to be homogeneous and
isotropic, i.e., massive and having a uniform density with
no stratification, jointing, or similar structural dis-

continuities,
Hydrodynamic and Thermodynamic Theories of Detonation

A characteristic of many explosives is that they
detonate, which is a process whereby energy is released.
The potential work ability of an explosive can be related
to the propagation of the detonation wave through the ex-
plosive, which is characterized by several properties:

1. a rapid rise in pressure at the detonation front, 2,
the formation of very high pressures (13), and 3. a su-
personic velocity of wave propagation (6, p. 177); An

expression relating the detonation velocity (Ve) and the

sonic velocity (VC) of the explosive is as follows (8, p.61):



In a compressive wave the streaming velocity VS is in
the direction of movement of the wave front while it is
opposite to the direction of movement iIn the case of a
rarefraction wave.

The hydrodynamic theory, which utilizes principles
of the conservation of mass, momentum, and energy across
the detonation front, has been used to determine rela-
tionships between various blasting parameters. The three
following fundamental equations have been derived by use

of this theory (23, 32, 34):

v pd - r
Vo _/\6 / p \2 ®)
-V 7]
v «, < Vo -V (6)
d -V (Vo -v> @
where: V_ - of undetonated explosive
cc/gm,
v - mof gaseous products in the
cc/gm,

Pq

Initial explosive pressure,

m
|

Total energy content.

The above equations, however, cannot be utilized unless
the equation of state of the products and the energy
equation of the reaction is known. The necessary thermo-
dynamic considerations lead to the following relationships

(32, p. 87):
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8+1 (nR °k)
Ve = 1-009 @)
O\
R 'l
v, =<’“ 5 ) ©
where: 2r - 1:88
c
v
c - Specific heats of gaseous products at constant
volume,
n - Number of moles of gaseous products per Kg.

of explosive,
R - gas constant,
°K - Temperature,
~ - Explosive density.
In the above equations, however, the covolume (<) is
considered to be constant. Similar expressions have been
developed by Clark (7, p- 39) but for which the covolume
was not considered to be constant, the covolume being de-
fined as the volume occupied by non-gaseous products. At
the high temperatures and pressures existing during detona-
tion the volume of the gas molecules constitutes a sub-
stantial portion of the total volume so i1t should be con-
sidered. The covolume may be expressed in terms of the
instantaneous density (12, p. 65) as follows:
d.= ol0- a£0 o)
When equations 5, 6, 8, 9, and 10 are combined a general
equation for the detonation pressure iIn terms of the de-
tonation velocity and the initial explosive density can
be obtained (12, p. 65,) or,
(ID

In the above expression the initial pressure has been

www.manaraa.com



neglected.

Actual experimental measurement of this pressure 1is
very difficult since available materials are not capable
of withstanding the intensity of the high pressures in-

volved (13).

Explosive Energy Transmission Through Rock

The very short rise time of the explosive pressure
during detonation creates a pressure front in the rock
that travels at a velocity dependent on the properties of
the rock. Particles ahead of the pressure wave are not
disturbed, while those behind the pressure front are set
into complex harmonic motion.

IT the material is homogeneous and isotropic, the
pressure wave from a single point charge will be spher-
ical. Each particle along the wave front is displaced
radially from the shot point by the pressure. The mag-
nitude of the displacement along the wave front is the
same for all particles. The displacement, however, varies
from point to point, producing tangential tension along the
compressive wave front. Figure 1 illustrates schematically
the particle motion along the wave front that diverges
from a point charge.

Near the borehole the generated compressive stress
usually exceeds the compressive strength of the rock, and
the rock is crushed. Because of the rapid attenuation of

the peak stress rock breakage by compression is limited

www.manaraa.com
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Figure 1. Schematic Representation of Particle Displacement by lressure Pulse.
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to a small region surrounding the borehole. At some
distance from the borehole the pressure just equals the
compressive strength of the rock and the crushing action
ceases. The rock particles beyond this zone are set into
motion by the compressive wave and behave elastically,
except for viscous and internal frictional effects. The
motion is not intense enough to cause any further compres-
sive crushing. However, the radial tensile stress, by
exceeding the tensile strength of the rock, causes radial
tension cracks to form and propagate outward from the
borehole.

The magnitude and direction of the total stress at
any point in the rock 1is determined by the amplitude and
pulse shape of the individual stress waves that interact
(29). Rock breakage will be most likely to occur where
a high level of stress has developed (30). Strain pulse
shapes have been recorded experimentally by several in-
vestigators (9, 10, 11, 22), and it has been found that
they are functions of the rock characteristics, the a-
mount and type of explosive, and the travel distance. As
rock often behaves inelasticly during blasting the stress
pulse shape 1i1s not necessarily similar to that of the
strain pulse. According to Hino (12, p. 53), the stress
pulse decay can be described by the following equation:

Pr = Ke *“ E (12)
The constant K is dependent on the amount and type of

explosive, while b is dependent on the rock type. The

www.manaraa.com
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constant b was found to have a magnitude near 30, while
K ranged from 500 to 1000 in value.

The pressure amplitude of a spherical wave diverging
from a point source in a perfectly elastic medium is in-
versely proportional to the travel distance (15, p. 167).
As rock is never perfectly elastic, particularly at the
level of stress encountered in blasting, the pressure
amplitude in the rock will decrease more rapidly with
increasing distance than in the case of a perfectly elas-

tic medium. The pressure in the material at different

travel distances is generally expressed as follows:

P = —%
r p.<

The theoretical work of Sharpe (31) indicated that
the above pressure-distance relationship is valid but
that the absorption coefficient will decrease with
increasing travel distance. However, the variation of
wave travel distances in rock blasting is small, so the
absorption coefficient would not be expected to decrease
substantially. In this respect, Pickett (27, p. 72) de-
termined the value of the absorption coefficient for shale
and limestone to vary from 1.6 to 3.4, with an average
value of 2.2. The value for the constant K was between
2.4 X 106 and 22 X 106. Duval (9, p- 315) found that the
magnitude of the absorption coefficient ranged from 1.6
to 2.5 for various rock types and explosives. A slightly

different expression had been proposed by Hino (12, p. 31)

www.manaraa.com
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for the rock pressure at increasing travel distances:

= 7 (2) as

For a solution it would not be necessary to experimentally
determine the constant K, simplifying calculations. The
absorption constant determined by Hino was found to be

1.8 when 407. du Pont Gelex was detonated 1in granite.
However, the detonation pressure of the explosive must be

determined in order to utilize the expression.

Effect of Single Free Face-Point Charge

The introduction of a free face or a density discon-
tinuity disrupts passage of a compressive wave. Upon
coming in contact with a discontinuity a portinn of the
original energy of the compressive wave is reflected back
into the original material, while part of the energy is
refracted into the second medium. The ratio of the in-
tensity of the initial wave to that of the reflected wave
depends on the characteristic impedence difference of the
two materials and on the angle of incidence of the im-
pinging compressive wave (15, p. 147).

The characteristic impedence of a material is de-
fined as the ratio of the pressure in the medium to the
associated particle velocity (15, p. 135). For plane waves
the characteristic Impedance iIs a constant,

Z = ? Ve (15)
while In the case of spherically diverging waves it

becomes a function of the travel distance, as follows:

www.manaraa.com
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z = Wx (16)

€ Ve (1*w2x2)»

In rock blasting the usual free face is that between
rock and air, In which case the characteristic i1Impedance
ratio Is on the order of 10 to 1. Since the difference
in the characteristic 1mpedence of the two materials is
so large, the ratio of the iIncident and the reflected
pressures approaches minus one (15, p. 147), regardless
of the angle of iIncidence. Thus, a coefficient of re-
flection for a rock to air boundary of minus one can be
used as a fTirst approximation. The minus sign iIn the
ratio indicates that a tensile wave is produced by the
reflection of a compressive wave at the free face.

The tensile wave travels back i1nto the rock mass
superimposing its particle motion onto that of the com-
pressive wave. At a specific distance from the boundary
the resultant tensile stress iIn the rock exceeds the
tensile strength of the rock, and failure will result.
The first slab formed will have imparted to i1t a velocity
equal to twice the particle velocity of the entrapped
tensile wave. Tehsile slabbing will again occur 1f the
tensile strength of the rock iIs again exceeded, forming
another free face, so that the process continues to
repeat i1tself until the reflected tensile pulse no longer
exceeds the tensile strength of the rock. The number and
thickness of slabs that are formed is dependent on the mag-
nitude and shape of the initial stress pulse, and calcula-
tions have been developed for this determination by Hino

www.manaraa.com
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(12, p0 24). Figure 2 illustrates the steps involved 1in

multiple slabbing.

Effect of Multiple Free Faces - Point Charge

Tensile waves formed by the reflection of an inci-
dent compressive wave from two or more free faces will
collide in the rock, resulting in large localized tensile
stresses (30). Very pronounced cracks will form by the
interaction of these tensile waves, beginning at the
corner of the rock and progressing back into the rock mass,
as is shown by Figure 3. The direction of the crack pro-
duced by the interaction of the reflected waves formed
by initiation of a point charge is a function of the re-
spective travel distances of the various reflected waves.
A study of the equations of the reflected wave surfaces
shows that, as can be seen in Figure._3,

Tan, Q =(%) an

For a vertical plane the angle of the fracture will be
at 45 degrees when the vertical height of the bench (L)
is equal to the horizontal burden (B) distance. A similar
relationship exists for the horizontal plane when a charge
is placed equidistant from two perpendicular vertical
free faces. The development of this fracture along the
intersection of two vertical free faces is also shown in
Plate 7, (see Appendix D).

IT the slabbing process from one free face reaches

the charge position before that from the other free face,

www.manaraa.com
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Figure 2. Mechanism of Multiple Slabbing
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Figure 3. Fracture Formation by Interaction of Tensile Waves.
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the gases will be relieved in the direction of the first
free face, Once the gases have escaped from the charge-
hole no further pressure can be exerted on the rock. The
slabbing action ceases when the pressure in the borehole
is relieved. Unless the reflected pulses from ell free
faces arrive back at the borehole at the same time non-
uniform fragmentation will result.

Cratering will always occur in the direction of re-
lief taken by the detonation products. Thus, the verti-
cal height to horizontal burden ratio for a point charge
in a bench blast must be equal to one to prevent the
formation of non-uniform stressing, which could result in

boulders or overbreak, or both.

Effect of Multiple Free Faces - Cylindrical Charne

In order for the geometry of point charge to be
balanced to give uniformily broken rock, the arrival time
of the compressive wave at all free faces must be equal.
It would be expected that the same principle would hold
true when*a cylindrical charge is employed. The rock
must be stressed iIn a uniform manner If maximum beneficial
utilization of the explosive energy is to be attained.
Thus, when using a cylindrical explosive charge the
detonation velocity of the explosive itself, in respect
to the rock"s longitudinal wave velocity, would become
a very important parameter.

Thewshape-of the wave front in the rock that results

from the initiation of a column of explosive depends

www.manaraa.com
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largely on the explosive reaction rate. If the explosive
velocity is greater than the longitudinal wave velocity
of the surrounding rock, the resulting wave front will be
shaped as a truncated cone. The angle of the cone a-

round the borehole can be determined as follows (28,p62):
‘7

. by
Sin 8 = = (18)
e
If the explosive velocity is equal to or less than the
wave velocity of the rock, the resulting wave front will
be spherical. The only difference between the two is in
the distribution of the pressure amplitudes along the wave

front, Figure 4 illustrates three different cases,



a
Ve/Vr= /2

Figure 4.
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Ve/Vr = | Ve/Vr=2

Distribution of Pressure Wave Fronts in Rock (Bottom Priced).
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CHAPTER 111

INFLUENCE OF CHARGE LENGTH AND VELOCITY RATIO

ON BLAST DIMENSIONING

When blasting with cylindrical charges, the individual
blasting mechanisms such as tensile slabbing will occur
as that described for blasting with point charges. How-
ever, the introduction of a cylindrical charge alters the
relative importance of each in terms of the overall blast-
ing process. The rate of energy propagation through the
explosive and through the rock, when different, will mod-

ify the state of stress that 1i1s generated in the rock.

The Dependency of Detonation Pressure on Density and Velocity

It has been shown that the magnitude of the stresses
produced in the rock from an explosive is dependent on
the pressure developed during detonation. The detonation
pressure of a large number of commercial explosives has
been calculated by Hino (12) using Equation 11, the coef-
ficients of which were determined by H. Jones. This equa-
tion related the detonation pressure of an explosive to
the explosive detonation velocity and density. In Figures
5, 6, and 7 different combinations of the three explosive
parameters are related graphically. From Figure 5 it can
be observed that for commercial explosives there appears
topbesnogdastinety relationship between explosive density

and explosive detonation pressure. This would be expected
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Figure 5,

Density - Detonation Pressure Relationshipe for Commercial Explosives.
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since various nonreactive additives are often included in
the composition of commercial explosives to give certain
specific characteristics for particular blasting applica-
tions. The explosive density, therefore, can be consider-
ably altered from the ideal by the addition of inert or
low order ingredients whose density is much different
than that of the included explosive compound. Figure 6
shows the relationship between detonation velocity and
detonation pressure for many commercial explosives. As
can be seen the relationship when plotted on a log-log
scale is nearly linear. It Is suggested then, that the
detonation velocity should be used as the preferred iIndex
for detonation pressure. The equation for the relation-
ship shown by Figure 6, relating the detonation pressure

to the reaction velocity, 1is as fTollows:

Pd = 3.285 x 1CT4 (Ve)2*28 (19)

where: P~ is 1n pounds per square inch,
V is in feet per second.
Figure 7 illustrates the relationship between the
explosive density and the detonation velocity for many
commercial explosives. There appears to be no distinct

relationship for converting one to the other.
Influence of Initiator Position

It _has _been shown that the explosive detonation

velocity largely determines the detonation pressure of an

www.manaraa.com



25

explosive and that it strongly influences the shape of the
wave front in the rock. Another factor that would control
blasting effects is the position of the primer in an explo-
sive column and the direction of initiation. The two most
commonly used primer locations in practice are collar prim-
ing and bottom priming.

To avoid stress unbalance and prevent a premature loss
of energy the pressure wave iIn the rock should reach the
vertical and the horizontal free face at the same Instant,
or it must reach the base of the vertical free face Tirst!
This 1is because the bottom of a bench (floor level) offers

the most resistance to breakage and movement.

Bottom Friming

When an explosive charge is initiated at the bottom,
it is desired that the pressure wave 1in the rock reach the
base of the vertical free face either before, or at the
same time as it reaches the horizontal free face at the
bench top. If¥ this condition, herein termed time-stress
balancing, is to be satisfied, the bench height must equal
or exceed the horizontal burden dimension. Therefore, a
minimum height-to-burden ratio must exist. IT the height-
to-burden ratio is less than this minimum, the pressure
wave will reach the horizontal free face at the bench top
first. Cratering from premature stressing at the collar
would then be expected to occur.

An expression for the minimum height-to-burden ratio
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for bench blasts having two mutually perpendicular free
faces has been derived (see the Appendix). Charge length,
charge initiation position, and the velocity of the ex-
plosive detonation wave and that of the shock wave through
the medium to be blasted are considered, For bottom
priming the relationship is as follows:

‘ v v 2\%
L_I(;__e}), _e il
B"-B-(1 V)+Vr(1+[B ) -

r

o9 |

(20)

The minimum height-to-burden ratios (L/B), for various
stemming ratios (T/B) and subdrilling ratios (J/B), are
plotted against the velocity ratio (Ve/Vr) as shown in
Figure 8. Figure 18 illustrates the terminology. An
analysis of the minimum L/B equation and Figure 8 indi-
cates that the several following relationships would
exist for bottom primed cylindrical charges:

1. The minimum L/B value increases with an
increasing Ve/Vr ratio, when T/B & L/B.

2. The minimum L/B ratio decreases for a con-
stant Ve/Vr value for an increasing T/B.

3. The minimum L/B value is a constant, re-
gardless of T/B when Ve/Vr equals 1 at
specific values of J/B.
4, The minimum L/B ratio decreases as J/B
increases, for any set of values of Ve/Vr
and T/B.
5. The slope of the minimum L/B vs., Ve/Vr
curve increases as J/B increases, and de-
creases as T/B increases,
Careful consideration of the practical meaning of the
relationships indicated by Equation 20 reveals that sever-

al limitations must be applied. The subdrilling ratio, as
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Figure 8. Minimum L/B Ratio for Bottom Priming.
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well as the stemming ratio, is controlled by the character
istics of the rock being blasted. The exact amount of
these two parameters cannot be determined simply by using
Equation 20. However, L/B must always be greater than

T/B when J/B equals zero, i1.e., L/B~T/B for J/B = O.
Otherwise, the amount of stemming that is necessary to
balance the shot should equal or exceed the total hole
depth. The expression shows that the maximum T/B value
that can be employed would be one, a situation that is
analogous to the use of a point charge when L/B equals one

The effect of J/B on the minimum L/B depends on
Ve/Vr. The slope of the relationship for the minimum L/B
vs. Ve/Vr, at any specific T/B value, 1increases as J/B
increases. The point of intersection of the line with the
vertical axis decreases with iIncreasing J/B.

When Ve/Vr is less than one, the minimum L/B value,
as predicted by Equation 20, becomes less than one. How-
ever, 1iIn this 1iInstance the rate of travel of the pressure
wave in the rock leads the detonation wave in the explo-
sive, as is shown by Figure 4a. Pressure waves from the
bottom of the explosive charge, 1.e., from the point of
initiation, will reach the horizontal surface Tfirst,
introducing immediate tensile slabbing and cratering at
that face. The pressure waves from the ascending detona-
tion wave of the charge will continously impinge with in-
creasing intensity on the horizontal surface that is al-

ready under tensile stress. The resisting vertical
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burden on the upper portien of the charge will be rapidly
decreased and a violent blast will occur with damaging
overbreak., This mechanism explains observed effects from
low velocity explosives when used in rock having a higher
longitudinal wave velocity. To prevent violence and over-
break the L/B value must then never be less than one.
Therefore, practical limits for using Equation 20 would

be when Ve/Vr is equél to or greater than oné. Flate 8,
in Appendix D, shows the sequence of breakage of a bot-

tom primed, well balanced blast,

Collar FPrimed

As for bottom priming, the pressure wave from an
explosive charge initiated at the collar, or top, should
reach the base of the vertical free face earlier than, or
at least at the same time, it reaches the horizontal free
face to insure balanced stressing. The time required for
it to reach the horizontal free face would be constant for
a fixed amount of stemming. The time required for the
pressure pulse to reach the base of the vertical free face
will increase as the bench height increases for a comstant
burden dimension and stemming ratio. Thus, a maximum L/B
ratio must exist for collar priming. If L/B increases
beyond the maximum value, air blast, flyrock and over-
break, coupled with toe formation at the base of the ledge
éoula result, |

An expression for the maximum L/B ratio to insure
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balanced stressing for collar priming has been derived
from considerations similar to those for bottom priming

(see Appendix B). The relationship follows:

v \' 2 1%
L_TI e |_ & J J
=5 [1+Vr] v ll +(B) ] -5 (21)

This equation is similar, except for a change 1in
the signs, to that obtained for determining the minimum
L/B ratio for bottom priming. An analysis of the physi-
cal meaning of Equation 21 reveals pronounced differences
between the two priming locations as to the blasting tech
niques that must be employed.

The relationships that exist for collar priming are
summarized below:

1. The maximum L/B ratio increases as Ve/Vr
increases, at specific T/B and J/B ratios.

2. The maximum L/B ratio increases as T/B
increases, and decreases as J/B iIncreases,
for a given Ve/Vr.

3. The slope of the maximum L/B ratio for each
specific Ve/Vr value decreases as J/B iIn-
creases for a constant T/B ratio.

The features of Equation 21 are illustrated by Figure 9.
Definite practical limits exist for the maximum L/B
ratio equation, which can be determined by considering the
practical limits for a blast design. The stemming ratio,
as is the case of bottom priming, should never exceed L/B
when J/B = 0. Thus, that portion of Figure 9 which indi-

cates a L/B ratio less than the stemming ratio should not

be used for design purposes.
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Figure 9. Maximum L/B Ratio for Collar Priming.
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As J/B increases for a constant T/B ratio, the maximum
L/B ratio decreases until it is the same as T/B* This
point marks the lower limit for the L/B value.

IT T/B is less than one for collar priming, the max-
imum L/B ratio would always be either zero or negative 1in
value. This means that for this situation it IS Impossi-
ble for the pressure wave to reach the base of the verti-
cal free face before or at the same time it reaches the
horizontal free face. Thus, T/B should be greater than
one. However, when T/B becomes greater than one, insuffi-
cient energy is imparted to the rock at the top of the
bench for adequate fracturing and large slabs are likely
to form in this area. If T/3 is less than one, the blast
will again be unbalanced, with the inevitable result be-
ing top cratering. Air blast, overbreak, and flyrock
could be expected. Plate 9 shows the breakage sequence

of a blast that was collar primed (Appendix D).

Effect of Charge Length on Stress Distribution

In most investigations on blast design the explosive
charge has been assumed to be concentrated at a single
point. The nature of the stresses iIn the rock generated
by a diverging pressure pulse has been discussed in CHAP-
TER. Il1. When a cylindrical charge is employed, however,
the stresses in the rock resulting from detonation at

different points along the explosive charge will interact
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with one another. The interaction of different stress
pulses in the rock will result in a total stress distri-
bution that would be expected to differ from that of a
point charge. Both the direction and magnitude of the
forces at different points in the rock will be affected.
Thus, a blast must be designed so that the magnitude and
direction of the forces at different points in the rock
will be such that maximum utilization of the energy can
be attained (2, p- 311).

By studying the stress distribution in rock around
a cylindrical charge it can be seen that the distribution
is largely dependent on the velocity ratio. The resultant
stress at any point in the rock is equal to the vector sum
of the stresses generated from each point along the charge
length. The energy level at any point in the rock is de-
pendent on the position of the point and the rate that
energy flows through that point. The rate at which energy
is delivered to a point is dependent on the detonation
pressure of the explosive and the energy propagation
rate of the rock, while the rate of energy transfer away
from the rock is dependent solely on the energy propaga-
tion rate of the rock. Thus, the explosive velocity and
the rock energy propagation characteristics largely de-
termine the state of stress at any particular point in
the rock.

A graphical method of analysis provides a convenient

method for iInvestigating the changes in the total force at
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any point in the rock. The method used for this investi-
gation considers, by resolution, the individual forces
from different points along the éharge length and the ten-
sile force along the reflected wave front. The total re-
sultant force in the rock at any point can then be deter-
mined. The pulse length is considered to be equal to
twice the burden dimension, while its shape is assumed

to be triangular. The decay of the pressure in the rock
due to divergence of the wave and energy losses by ab-
sorption is assumed to be proportional to the inverse
square of the travel distance, It is also assumed that
there is perfect force-coupling between the explosive

and the rock. Since tensile breakage will occur along
the reflected wave front the analysis is restricted to
the variations of the total force at different points
along this front.

The analysis shows that the magnitude and direction
of the total force at a given time is dependent on the
position of the point in the rock, the charge length,
and the velocity ratio. Figures 10, 11, and 12 show the
direction and relative magnitude of the total force along
the reflected wave front for different velocity ratios
when the explosive charge is bottom primed and there is
no subdrilling. The important feature that should be
noted .is that the direction of the total force varies
from horizontal at the free face to nearly vertically

downward at the base of the blast-hole. This indicates
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Compressive

Figure 10. Force Distribution Along Reflected Wave

Front, for Ve/Vr - «.
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Explosive

Figure 11. Force Distribution Along Reflected Wave

Front, for V-e/Vvr = 1
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that rock breakage by tension at the base of the blast-hole
would be unlikely, since the tensile wave cannot cause rock
breakage unless the overall stress is tensional along the
wave Tfront and is directed so that movement of the rock 1is
not preventedo As the velocity ratio increases, the forces
at the base of the bench become even more steeply inclined.
This is to be expected since at any one instant a greater
portion of the total energy of the charge would have been
imparted into the rock when rising higher velocity explosives.
To prevent the formation of a toe, or bootleg, the
horizontal component of the total tensile stress at the
base of the bench must exceed the tensile strength of the
rock. It appears, however, that iIn the absence of subdrill-
ing the predominant direction of the stresses in this area
is nearly vertically downward. The direction of the total
force along the reflected wave front at the base of the
bench is horizontal at the free face but becomes inclined
downward as the wave front proceeds back into the rock.
At a specific distance from the free face the horizontal
component of the tensile stress becomes too weak to cause

breakage, and a toe will then begin to form. This effect

has been noted from field observations, where the toe
formed is located nearest, the blast-hole, not at the out-
side portion of the burden. Subdrilling, therefore,
serves to increase the magnitude of the horizontally di-

rected component of stress at the base of the ledge.
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The resisting burden on the explosive iIn the upper
portion of a cylindrical charge is much less than the
initial burden dimension, since tensile stressing has
broken much of the rock at the base of the bench before
the pressure pulse from the upper portion of the charge
has had time to act. Thus, the slab velocity of the rock
broken from those areas where the burden has been reduced
would be expected to be greater than that of the slabs
broken first. Petkof (26) found experimentally that the
velocity of the Tirst formed slabs increases iIn a step-
wise fTashion. The slabs formed nearest the blast-hole
would have a greater velocity than those formed from the
original free face, which would then collide with the

latter causing a stepwise increase in their velocity.
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CHAPTER 1V

FIELD BLASTING TECHNIQUES

The effect of rock discontinuities such as jointing
and stratification planes was not considered in the theo-
retical analysis. It should be understood, however, that
the theoretical conclusions must be modified for blasting
under actual field conditions. In order to substantiate
the theoretical work the following two separate studies
were conducted: 1. A series of test blasts were made to
determine the iInfluence of geologic structure and effect
of two mutually perpendicular free faces on blast results,
and 2. An intensive study was made of many field blasting
practices so that a correlation could be made between the

theoretical work and actual field techniques.

Experimental Investigation

Two blasts were made at the Missouri School of Mines
Experimental Quarry. The blasts were designed to inves-
tigate the blast effects that might occur when using dif-
ferent L/B ratios. The influence of structural planes of
weakness, such as joints, seams, and stratification planes,
was noted.

The rock at the school quarry is a soft, nearly hori-
zontal dolomite of the Jefferson formation, characterized

by pronounced stratification planes and vertical joints.
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The physical properties of the rock were reported by
Yancik (33, p- 5).

The diameter of the blast-holes for both test blasts
was 1% inches, and in both cases the explosive used was
Atlas 60% Extra Dynamite in It X 8 inch cartridges. The
blasts were intentionally underloaded so that complete
rock breakage and ejection would not occur. In this man-
ner it would be possible to observe the nature and distri-
bution of the cracks and tensile slabs formed.

Figure 13 shows the details of Test Blast Number 1,
where L/B = 1, T/B = 0.875, J/B = 0, and Ve/Vr = 1.05.
According to theoretical considerations, this blast should
produce uniform stressing in the rock, and the degree of
cratering at both free faces should be the same. Plates
1 and 2 i1llustrate the blast site before and after intia-
tion of the blast, while Plate 3 is a close-up photograph
of the cracks that were formed on the horizontal free face.
Several 1iImportant features are shown by the photographs.
Two pronounced horizontal bedding planes and vertical
joints are evident on the vertical free face. Since the
amount of explosive energy for the blast was low, little
cratering action could be expected at either free face.

As can be seen from the photographs, no cratering was
visible on the horizontal free face, indicating a balanced
stress distribution throughout the rock. Small amounts

of tensile slabbing occurred on the vertical free face
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figure 13. Design Details of Test Number 1.

Test Number 1 Before Blasting
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Plate 2. Test Number 1 After Blasting.

Plate 3. Fractures Formed by Test Number 1
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directly below the two stratification planes, being the

result of the iInteraction of tensile stress waves that
were reflected from the vertical free face and the horizon-
tal stratification planes. The stemming material was not
ejected from the blast-hole by the explosive, indicating
that the gaseous pressure was probably relieved along the
stratification planes. It can be noted by Plate 3 that
the cracks formed on the horizontal free face were para-
llel to the jointing pattern of the rock.

The L/B ratio for Test Number 2 was 0.667, as shown
in Figure 14 and Plate 4, with all other conditions being
the same as for the Tirst blast. Cratering could be ex-
pected to occur at the horizontal free face, while only a
minor amount would be expected on the vertical free face.
The results of this blast are shown by Plates 5 and 6. As
can be seen, pronounced cratering occured at the horizontal
free face while there was a complete lack of tensile break-
age on the vertical free face. Thus, the unbalanced state
of stress that existed in the rock resulted in premature
stress relief iIn the direction of the horizontal free face.
Since the direction of relief was parallel to the blast-
hole the explosive action expelled the stemming material
(wet sand). The majority of the cracks formed were para-
llel to the jointing pattern in the rock as before.

The two experiments showed the importance of the
positioning of free faces in controlling the resultant

blastgeffectsspyWhen L/B is less than one, cratering can be
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Plate 4. Test Number 2 Before Blasting.
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Plate 5. Test Number 2 After Blasting.

Plate 6. Crater Formed i1in Horizontal Free

om, Test Number 2
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expected at the horizontal free face. When L/B exceeds
one, and T/B is larger than one, cratering can be expected
to occur at the vertical free face. The results clearly

substantiated theroetical predictions.

Correlative Survey of Blasting Practices

A study was made of Tfield blasting practices, when
vertical cylindrical blast-holes are used, so that actual
field techniques could be determined. All types of oper-
ations except coal strippings were studied. The latter
were omitted because of their unusual conditions. Infor-
mation was obtained from many technical periodicals, a
publication of the American Cyanimid Company, and data
accumulated by Professor R. L. Ash of the Missouri
School of Mines. The blast specifications reported in
publications were most likely for blasts that were con-
sidered as successful.

The theoretical conclusions derived from this iIn-
vestigation involved both the stemming and subdrilling
ratio; although a quantitative determination of these
ratios was not undertaken. However, a determination of
typical values used in industry would be of v&lue. The
mean, mode and median values for the two ratios were
determined by standard statistical methods.

Figure 15 shows the frequency of usage of different
stemming ratiosy with 0.652 being the value of the mode,

or. that most commonly used in industry. The arithmetic
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mean value was determined to be 0.735 while the median was
found to be 0.683. Table 1 shows the distribution of the
stemming ratio values with a group interval of 0.1. The

arithmetic mean was calculated by use of the following e-

quation: N
1=\
N —
Thus, k = 6x0.245 + 12x0.345 + 18x0.445 s 18x0.545 + 25x0.645
152
19x0.745 * 13x0.845 + 6x0.945 + 14x1.045 f 7x1.145
152

¢ 7x1.245 + 3X1-3451592X1-445 + 2x1.545 _ O

The median group was determined by dividing the total num-
ber of cases by two, and then determining in which group
this value fTalls. The existence of a uniform distribution

of data within each group was assumed, and thus, the exact

medium could be determined by proportioning. Thus,
1-1ll-7
2 2 76
The median value 1is in the 0.645 group and was determined as
follows:
Md = 0.595 = H x .1
= 0.595 .088
= 0.683

The modal group is 0.645, and the exact modal vdlue was

found by interpolation, with the following equation:

— (23)
£1 + 2
J y — lower limit of the modal group,
f _ frequency of the group belov the modal group,

f "« frequency of the group hbove the modal group,
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TABLE 1

FREQUENCY DISTRIBUTION OF STEMMING
RATI0: FIELD PRACTICES

Stemming Ratio Mid Point Frequency
Group
.20 - -29 0.245 6
30 - 39 0.345 12
.40 - .49 0.445 18
.50 - .59 0.545 18
60 - 69 0.645 25
.70 - .79 0.745 19
80 - 89 0.845 13
.90 - .99 0.945 6
1.00 - 1.09 1.045 14
1.10 - 1.19 1.145 7
1.20 - 1.29 1.245 7
1.30 - 1.39 1.345 3
1.40 - 1.49 1.445 2
1.50 1.59 1.545 2
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i - group interval.
Thus, Mq = 0.60 18" 919 x (0.1)
= 0.60 0.052
= 0.652

In order for time-stress balancing to be achieved,
the stemming ratio for a homogeneous, isotropic material
should be one. However, the introduction of horizontal
stratification planes in rock will tend to decrease the
amount of energy that will reach the horizontal free fTace.
IT the rock in the vicinity of the collar of the blast-
hole is to be broken, the stemming ratio must be decreased,
as is evidenced by the data on fTield practices.

a. frequency plot of the subdrilling ratio as used in
industry is shown by Figure 16. It was found that the
median, mode, and mean values were close or ranging from
0.243 for the mode to 0.294 for the mean. Table Il shows
the distribution of subdrilling ratios with a group inter-
val of O0.1.

The variation of L/B with Ve/Vr was investigated for
bench heights from 5 to 260 feet, the results of which are
illustrated by Figure 17. The longitudinal wave velocity
was estimated according to the values shown in Table I1I.
The minimum L/B line shown on Figure 17 was drawn using
the modal values obtained for the subdrilling ratio and
the stemming ratio. In no case was a L/B value less than
the minimum value as predicted from theoretical consider-

ations.
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TABLE 11

FREQUENCY DISTRIBUTION OF SUBDRILLING
RATI0: FIELD PRACTICES

Subdrilling Ratio Mid Point Frequency
Group

.0 - 0.09 0.045 15
0.1 - 0.19 0.145 18
0.2 - 0.29 0.245 27
0.3 - 0.39 0.345 26
0.4 - 0.49 0.445 25
0.5 - 0.59 0.545 2
0.6 - 0.69 0.645 6
0.7 - 0.79 0.745 2
0.8 - 0.89 0.845 0

www.manharaa.com




54

TABLE 111

SPEED OF TRANSMISSION OF LONGITUDINAL WAVES IN ROCKS*

Rock Type Speed; ft/sec

leneous Rocks

Granite 13,400
Quartz Monozite 13,100
Diabase 21,300
Andesite 12,800

Sedimentary Rocks

Limestone 12,000
Sandstone 8,200
Caliche 6,000
Rock Asphalt 5,000
Gypsum 9, 800

Metamorohic Rocks

Marble 14,000
Quartzite 19,000
Mica Schist 12,000

"After Feele, 1918, Mining Engineers” Handbook, John Wiley

and Sons, Section 10a, p. 37.
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Figure 17 L/B vs. Ve/Vr: Field Practices
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The introduction of planes of weakness such as bed-
ding planes and joints will necessitate corresponding
modifications in the dimensions of the blast. Rock will
break easier in definite directions according to its struc-
ture, and the explosive energy must be distributed to accom-
modate differing resistances to breakage offered by the
rock. Thus, theoretical considerations should be modified

to suit the particular conditions of a given blast.

www.manharaa.com




57

CHAPTER V

SUMMARY AND CONCLUSIONS

The purpose of this investigation was to determine

the following:

1. The importance of the explosive charge
length on blasting effects when using
vertical blast-holes,

and 2. The dependency of blast results on the
detonation velocity of an explosive.

A literature search revealed that previous work on
blasting was based on the assumption that the charge was
concentrated at a single point, or that the detonation
velocity of the explosive had an infinite value when a
cylindrical charge was considered. Neither of these
two assumptions are compatible with actual field blast-
ing.

Mechanisms of iImpulsive energy transfer through rock
were studied. Of particular interest were the effect of
the pressure pulse on the medium through which it traveled,
the characteristics of the pressure pulse and how they
change with increasing travel distance, and the effects
of density discontinuities iIn the rock on energy distri-
bution patterns.

Stress distribution iIn rock iIs dependent on the
detonation velocity and the detonation pressure of an ex-

plosive. The detonation pressure, on the other hand,

appears to be primarily a function of the explosive
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detonation velocity, and to a lesser degree, the explo-
sive"s density* Therefore, it would appear to be more
desirable to relate the work potential of explosives 1in
terms of their detonation velocities, rather than on the
basis of densities, as is customarily practiced.

The position at which a cylindrical explosive charge
is initiated and the direction of initiation largely deter-
mine the resulting generated stress-distribution patterns
in rock. The nature of the ensuing blast would then be
dependent on the primer position, all other factors being
the same. In this respect, the influence on the stress
distribution in rock was investigated for both collar
priming and bottom priming. It was found that the velo-
city of the explosive, in relation to the velocity of
wave propagation through the rock, largely determines the
degree of time-stress balancing attained during blasting
for any set of blast dimensions. IT time-stress balancing
is not achieved, adverse blast effects could result. Bot-
tom primed blasts having a velocity ratio of less than
one would often be violent. It Is suggested that this
effect could be expected because considerable prestressing
and possible fracturing of rock occurs on the horizontal
free face before the entire column of explosive has had
time to react.

The charge length, and to a lesser degree the velo-
city ratio, determines the direction of the forces im-

parted into different positions in the rock. The forces
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in the rock should be directed such that maximum utili-
zation of the explosive energy can be realized.

A correlation of many field blasting practices appeared
to validate the theoretical considerations. Therefore, from
the results of this investigation the following conclusions
are indicated:

1. A minimum height-to-burden ratio exists when
bottom priming is employed, while a maximum
height-to-burden ratio exists when a charge is
collar primed. These ratios are both dependent
on the velocity ratio. In no case should the
burden dimension exceed the bench height.

2. IT time-stress balancing is to be achieved, the
stemming ratio should not exceed a value of one
in the case of bottom priming, while it should
never be less than one when collar priming is
used. The magnitude of the forces in the rock
around the collar will be unequally distributed
unless the stemming ratio is one, regardless of
the primer position. However, 1in the event of
density discontinuites, the stemming ratio in
both cases should be less than one to insure that
sufficient energy is imparted to the rock around
the collar of the blast-hole to cause satisfac-
tory fragmentation. Because of this necessity to
overcome energy losses those blasts that are col-
lar primed may be more violent than those that
are bottom primed.
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The direction of the forces at different points
in rock is largely dependent on the charge length,
and to a lesser degree the velocity ratio, How-
ever, the direction of the forces must be such
that rock breakage and movement can occur., The

necessity of subdrilling when blasting in mas-

sive rock can be explained on the basis of force

directions in the lower portion of the bench.
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CHAPTER VI

PROPOSED AREAS FOR FUTURE INVESTIGATION

The conclusions reached from this investigation,
although indicative of the importance of several factors
involved in blasting, are only preliminary. In those
areas that are not completely understood, such as the na-
ture of explosive energy propagation through rock, the
use of qualified assumptions was necessary. It would be
of great value both to scientific researchers and to
industry i1If a more complete knowledge of blasting pro-
cesses could be acquired.

The effects of air spaces between an explosive and
the walls of the blast-hole has been investigated (3).
However, more research is needed to study the effect of
the time delay in energy transmission across this gap
and the subsequent stress patterns developed in the
rock. The charge design itself should be further in-
vestigated to determine effects of air gaps between
charges in the column (19).

Preliminary investigations indicate that the stresses
generated from a cylindrical charge have a definite direc-
tional pattern. This directional effect, however, was not
considered in this investigation because of a lack of ac-
curate information. Blasting results may be strongly in-
fluenced by the directivity of the forces imparted to the

rock. The directivity appears to be dependent on the
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direction of detonation, and it is quite likely influenced
by the mechanism of energy transfer from an explosive into
the rock.

The validity of the theory of tensile slabbing has
been well established both in the laboratory and by field
observations. However, the importance of this mechanism
in the fragmentation range desired during blasting, 1in
relation to other modes of rock breakage, has not been
thoroughly defined. It is possible that other forms of
rock breakage may also be very important in bench blast-
ing. It would be of value to determine exactly how the
rock located just above the quarry floor 1is broken, and
what effect the lateral restraint present below the quar-
ry Floor exerts on the breakage process. The effect of
transverse stresses on rock breakage should also be in-
vestigated.

No attempt has been made in this investigation to
define the proper burden dimension that can be applied
to a given amount and type of explosive. Many factors
are involved iIn such a determination, and the iIntensive
research on the importance of these factors being conduct-
ed at the present time should be continued. It appears
that the charge length is more important than previously
considered, therefore, it iIs suggested that future iInves-
tigations should be designed to determine the composite
effects of bench height, the force distribution resulting

from detonation of cylindrical charges, and static load-
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ing on the results of blasting.

Geologic structures strongly influence the nature of
energy transmission through rock. Density discontinuities
disrupt the passage of pressure waves, causing them to be
reflected and refracted. The 1iInteractions of incident,
reflected, and refracted waves, and the resulting effects
on blasting, should be iInvestigated to enable the correla-

tion of field observations and theoretical studies.
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APPENDIXES

A. Table of Symbols

B. Derivation of Time-Stress Balancing
Relationships

C. Graphical Method for Determining the
Magnitude and Direction of the Re-
sultant Forces at Different Points in
a Medium from Detonation of a Cylindri-
cal Charge

D. Sequence Photographs of Field Bench Blasts

Using Large Diameter Vertical Blast-holes
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A. Table of Symbols

covolume of gas at temperature and pressure of
detonation.

covolume of gas at standard temperature and pressure,
constant relating covolume and density,

constant, for stress fTall-time, and dependent of rock
type.

burden dimension, or the distance between the charge
and the nearest free face and measured in the direc-
tion of most probable displacement, in feet.

energy absorption constant of rock for increasing

travel distance.

nk

C
v

1+

constant, dependent of energy required to break rock.
constant, dependent on the rock density.

specific heat of gaseous products at constant volume.
diameter of explosive charge, 1inches.

total energy content.

subdrilling, depth in feet, of the blast-hole below
the quarry fTloor level.

constant, dependent on explosive amount and type.
temperature, degrees Kelvin.

bench, or ledge height, 1in feet.

number of moles of gaseous products per Kg of ex-
plosive.

explosive detonation pressure, psi.
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initial explosive pressure, psi.

pressure generated at different points in the rock,
psi.

gas constant.

density of explosive at any temperature and pressure
gm/cc.

density of explosive at standard temperature and pres-
sure gm/cc.

tensile strength of rock, psi.

stemming, in feet, that portion of a blast-hole be-
tween the hole collar and the explosive charge, and
is generally filled with some inert confining material.
angle between resultant wave front and blast-hole
when Ve/Vr 1.

specific volume of gaseous products in the detona-
tion head, cc/gm.

specific volume of undetonated explosive, cc/gm.
sonic wave velocity of a material, fTt/sec.
detonation velocity, ft/sec.

longitudinal wave velocity of rock, ft/sec.

velocity of gaseous products behind detonation head,
ft/sec.

constant, dependent on the wave length of the pulse,
travel distance, fTt.

2
characteristic impedance of a material, Ib/ft sec.
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B. Derivation of Time-Stress Balancing Relationships

The detonation wave in an cylindrical explosive tra-
vels through the charge at a rate characteristic of the
explosive type. The rock surrounding the charge is sub-
jected to an intense pressure from the detonation which,
in turn, causes a compressive wave to propagate outward
through the rock in all directions. When the compressive
wave reaches a free face, a reflected tensile wave is
generated that travels back into the rock. Rock breakage
in tension could then occur, resulting in cratering action.
It Is considered as desirable to have the cratering action
uniform on all free fac6s, to prevent premature pressure
relief in any one particular direction. When blasting with
a cylindrical charge, i1t is impossible for the compression-
al wave from the entire charge to reach the total area of
all free faces at the same time iInstant. Thus, a blast
must be designed such that the first arrival of the com-
pressional wave at the free faces will be at a location
where the least undesirable blast effects will occur.

When blasting with vertical cylindrical charges, the posi-
tion in the rock that offers the most resistance to move-
ment is along the base of a bench, or the toe. It is
assumed then, that it is at that position where the com-

pressional wave should arrive Tirst.

Bottom Priming

Thewmdetonation wave in the explosive travels up the
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charge when bottom priming is employed. The distribution
of the stresses in the rock depends on the velocity ratio,
and this distribution determines the relative arrival
times of the compressive wave at each free face. IT time-
stress balancing is to be achieved, the first arrival
must be at the base of the bench; the compressional pulse
that fTirst reaches this position usually originates from
the bottom of the blast-hole. The travel time, then,
from the bottom of the charge to the base of the bench
must be equal to, or less than, the least travel time to
the horizontal free face. This travel time would be (see
Figure 18),
t. - 24)
1 vr

The least travel time to the top of the bench is de-
pendent on the velocity ratio. When this ratio is greater
than one, the first pressure pulse to reach the horizontal
free face at the top of the bench would be that from deto-
nation at the top of the charge. In this case the travel
distance in the rock would be equal to the stemming. The
total travel time would equal the sum of the time required
for the detonation wave to traverse the charge length and
the travel time required for the compression wave in the
rock to travel a distance equal to the stemming. The total

travel time in the vertical direction can then be expressed

as:

t-pc+1—L_VT*‘J’\-;— (25)
2 Ve Vr ”

Since t2 must be greater than tj, the limiting condition
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Figure 18. Vertical Bench Section Illustrating Blast

Geometry.

o AJLb
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for time-stress balancing is when t = t2» Thus,

(B2 + y2)» _ L -T + J T
V 13 V V (26)
r e r

Solving for L and dividing through by B yields

L 1 J
B B B, @0

which 1s the desired solution.

When the velocity ratio is less than one, the first
compressional wave to reach the top of the bench results
from detonation at the base of the charge (see Figure 4a).
The compressional wave travels through the rock at the
rate of compressive energy propagation of the rock for a
distance equal to the hole depth. Thus, the shortest

travel time to the top of the bench 1is

. H L +
N » 28
c3 Vr T ( )

while the shortest travel time to the base of the bench

is as expressed in Equation 24. Equating the two travel

times as before gives

(B2 * J2)» L + J
vr - (29)

which when solved for L and dividing through by B yields

(30)
It should be noted that neither the detonation velocity
of the explosive nor the stemming ratio is considered in
Equation 30. Thus, when the velocity ratio is less than

one, the minimum L/B ratio is independent of the velocity
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of the explosive and is equal to one when J/B equals O.
When the velocity ratio equals one, Equation 27

reduces to Equation 30, as would be expected.

Collar Priming

When a cylindrical charge is collar primed, the
detonation wave proceeds down the explosive charge genera
ting a compressive pulse in the rock that travels outward
in all directions. The generated compressive pulse will
first reach the vertical free face at a point directly
out from the point of initiation. The Ffirst generated
refleeted-tensile-wave will form at this position, re-
sulting in the formation of a tensile fracture that will
propagate both up the free face to the top of the bench
and down it to the base of the free face. However, since
the magnitude of the stresses along the compressive pulse
front decays very rapidly wath travel distance, the com-
ponent of the pulse from the upper portion of the charge
is small at the base of the free face. The rock at the
base of the bench then, would be more likely broken by
the stresses developed from the detonation of the explo-
sive at the lower portion on the blast-hole. Thus, as a
limiting condition It can be assumed that the detonation
of the explosive at the bottom of the blast-hole 1is
responsible for rock breakage at the base of the bench.

Time-stress balancing demands that the rock at the

basevof "thevertical free face be broken prior to, or
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simultaneously with, that at the top of the bench. The
travel distance to the top of the bench is equal to the
stemming, and the travel time iIn this direction is then
equal to
t4 = (31)

Assuming as the limiting condition that the rock at
the base of the bench is broken by the explosive at the
bottom of the blast-hole, the travel time from the point

of initiation to the base of the bench then equals

t (B2 + J2) ~
" Ve + Vr (32)

Equating the two travel times, solving for L and dividing

by B yields

J
B (33)

rJ r

The L/B ratio for collar priming as described in the
above equation is the maximum value that can be used for

time-stress balancing. Beyond this maximum value stress-
ing and possible fracturing will occur at the top of the

bench before i1t occurs at the base, which could result in

cratering, overbreak, and flyrock at the top of the bench.
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C. Graphical Method for Determining the Magnitude and
Direction of the Resultant Forces at Different
Points in a Medium From Detonation

of a Cylindrical Charge

The detonation of an explosive in a material forms
a pressure wave that diverges outward into the medium.
The maximum force in the medium, which is along the wave
front, decays approximately as the inverse square of the
travel distance in rock-like materials. The amplitude of
a force delivered to a point in the material then depends
on the distance of the point from the explosive charge.
The pulse shape, however, determines how the magnitude of
the force will decrease as the pulse travels past the point
It appears that the pulse shape in rock very nearly approx-
imates a triangle, and that the pulse length does not in-
crease substantially for the travel distance ranges en-
countered in blasting. As the pulse passes a point in the
rock the magnitude of the force will decrease according
to the shape of the pulse. As an explosive has a definite
detonation velocity there is a time lag between the instant
of initiation at one end of the charge and detonation of
the explosive at the other end. Each point along the explo
sive charge, as each detonates, contributes to the force
field In the medium around the charge. Thus, not only the
travel distance and the pulse shape, but also the explosive

velocity and charge length should be considered when deter-
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mining the total force magnitude and direction at a point
in the medium that results from detonation of a cylindri-
cal charge.

The magnitude and direction of the forces at different
points in the medium were determined, to the first approx-
imation, by assuming that the charge length was composed
of a continuous series of discrete point charges, from each
of which diverged a spherical pulse of equal intensity in
all directions.

as tensile breakage would occur along the reflected
wave front, the magnitude and direction of the forces along
this wave front were of particular interest. The analysis
has thus been confined to investigating changes of magni-
tude and direction of the forces along the reflected wave
front.

The convention adopted iIn this analysis was that the
direction of the forces along a compressional wave front
were perpendicular to the front and outward from the charge
position. The forces along the reflected wave front were
also assumed to be perpendicular to the wave front. The
direction in which they act was determined by considering
the boundary conditions at the free face. The sum of the
stresses parallel to the free face must be equal to zero
at the boundary since a fluid, such as ailr, cannot support
a shearing stress. Thus, the forces along the reflected
wave front would then act in a direction opposite the di-

rection of divergence of the wave.
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In the analysis the charge length was divided into
a discrete number of point charges, from which the distri-
bution of the wave fronts in the material was constructed
for different velocity ratios (see Figure-4). A free face,
parallel to the charge length, was located such that the
reflected pulse from the point of initiation just reached
the base of the blast-hole, as shown iIn Figure 19. Since
only a discrete number of points along the explosive charge
was considered, it was necessary to study solely the forces
at points where the reflected wave was intersected by com-
pressional fronts. In this way the resultant forces, as
determined from the analysis, at different points in the
material could be compared.

IT tensile slabbing, or breakage, is to proceed back
to the blast-hole the pulse length must at least be equal
to twice the burden dimension, and this length was used
in the analysis.

The total force at a point in the materials, at any
time instant, 1is the vector sum of all the forces from dif-
ferent points along the explosive charge, and as such can
be determined graphically. A force diagram, indicating

the directions but not the magnitudes, was constructed for

for each point in the material studied. The direction of
the force from each point along the explosive charge that
had reached the point in the material at the specific

time iInstant and the direction of the force of the tensile

wave were_considered
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Figure 19. Simplified Distribution of Pressure

Wave Fronts: Bottom Primed - Ve/Vr * 1.
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The magnitude of each force was then determined by
considering the travel distance and the pulse shape. A
plot showing the rate of decay of the peak pressure (a-
Icng the wave front) with increasing travel distance Iis
shown in Figure 20. From this plot the peak pressure of
the pulses from different points along the explosive
charge, at the time iInstant of the analysis, was determined.
It was found that the plot could be most conveniently used
by overlaying it on Figure 19, such that the zero travel
distance point was directly above the point iIn the explosive
and that the point, in the material being studied was over-
lain by the distance scale. The peak pressure, or force,
mes located where the wave front from the point in the
charge intersects the overlain curve. when the point in
the rock was behind the wave front, the force component
due to the pressure wave was found by constructing the wave
shape (pulse length = 2B). The Tforce, resulting from
detonation of the point in the charge, that was acting on
the point in the material at that time instant was then
found by measuring the height of the triangle above the
point in the material. This operation is shown in Figure
21.

The above outlined procedure was then repeated for
the same point in the medium for each point charge along
the charge length. In a similar manner the magnitude of

the forces at other points in the medium was then deter-

mined .
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Figure 21. Graphical Determination of Force Magnitude

at a point in Rock.
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Using the force diagram and the magnitude of each
force, the resultant magnitude and direction of the to-
tal resultant force was determined by constructing a

force polygon, using standard mechanics techniques.
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D. Sequence Photographs of Bench Blasts Using

Large Diameter Vertical Blast-holes

In order to illustrate certain blasting phenomena
described by this thesis visual observation of selected
blasts made by industry are included.

The Tfirst set of photographs (Plate 7) shows the
formation of a corner fracture shortly after initiation
of a collar primed blast. The increase in fly-rock velo-
city in the upper and middle portions of the vertical
face can be easily seen. The characteristic effects
from bottom primed blasts are illustrated by Plate 8.

The interaction of force components is readily detect-
able, and the bulging of the burden in hemispherical
shapes in front of the blast-holes is clearly indicated.
The movement of broken rock near the floor level before
that from the upper portion of the bench face can also be
observed. The Absence of flyrock and lack of release of
explosive gaseous products in the stemming regions are
apparent from the photographs. On the other hand, Plate
9 shows the effects from collar priming for a relatively
shallow bench. It should be noted that there 1is an al-
most immediate release of gaseous products along with the
discharge of stemming at the time of charge initiation.
Stressing in the collar region preceeds that iIn the lower
portions of the bench, the action of which is more clearly

detected for larger bench heights as shown by Plate 7,
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as is the characteristic early release of stemming and

explosive gaseous products.
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CORNER FRACTURE FORMATION
QUARRY FACE BEFORE INITIATION
COURTESY OF ATLAS POWDER COMPANY

Plate 7a
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300 ms. AFTER INITIATION

Plate 7b
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600 ms. AFTER INITIATION

Plate 7e
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900 ms. AFTER INITIATION

Plate 7d
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BLASTING SEQUENCE FOR BOTTOM PRIMING
QUARRY FACE BEFORE INITIATION
COURTESY OF ATLAS POWDER COMPANY

Plate 8a
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300 ms. AFTER INITIATION

Plate 8b
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600 ms. AFTER INITIATION

Plate 8c
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900 ms. AFTER INITIATION

Plate 8d
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BLASTING SEQUENCE FOR COLLAR PRIMING
QUARRY FACE BEFORE INITIATION
COURTESY OF ATLAS POWDER COMPANY

Plate 9a
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300 ms. AFTER INITIATION

Plate 9b
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600 ms. AFTER INITIATION

Plate 9c
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900 ms. AFTER INITIATION

Plate 9d
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