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CHAPTER 1

THE DETONATION PROCESS

1.1 Introduction

According to Persson(l)

sEteady state detonation along a
cylindrical charge can be regarded as a self propagating process
in which the axial compressive effect of the shock front
discontinuity changes the state of the explosive s0 that
exotherﬁic reaction sets in with the requisite velocity.

This reaction in homogeneous liquid explosives such as
nitroglycerin is completed in a time interval of the order of

10”12 (1),

seconds In high explosives, such as RDX and PETN 1t is
completed in about 1lusec . In composite explosives containing
AN the reaction times are considerably longer. The significance

of this will be demonstrated later.

1.2 sShock waves

Compressional waves of small intensity are propagated in
gases ak the velocity of the sound. Let us suppose that a column
of gas is set in motion by a piston which is accelerated into it.
Let us also consider that the velocity of the piston is a
staircaée function of time. Each step transmits a small
compressional wave which advances through the gas already set 1in
forward motion and heated by the previocus wav;s. Since the
. velocity of the wave is larger at elevated temperatures, the new

(2)

wave overtakes the previous Therefore the velocity, pressure

and temperaturz gradients in the front of the wave grow steeper



with time. If there 1s no dissipative mechanism (e.g. heat
diffusion) the gradients become 1nf1nite(2).

This type of wave, in which a discontinuity has developed 1is
known as a shock wave. The area of pressure rise 1s called the
shock front. ng front advances with a speed higher than the
sound speed. The shock velocity depends on the conditions behind.
If the pistons continues accelerating so does the front. If the
piston maintains a constant velocity, the €ront maintains a
constant velocity as well. If the piston decelerates a wave of
rarefaction is formed ahead of it. Finally this wave overtakes
and weakens the shock front.

It follows that the velocity of the front is determined by

the conditions behind the front. The wave does not maintain

itself. Rather it depends on the support provided by the piston.

1.3 Detonation waves

However from our experience we know that steady detonation

waves exist. In thigrcase the role of the piston is played by the
reaction taking place in the detonation wave.

Let us consider a plane detonation wave which has been
established in an explosive (Figure 1). The wave £ront advances
into the unconsumed explosive with a constant velocity D and it is
followed by the reaction zone. If an observer is moving with the
'velocity D of such a front, the wave will appear to him/her as in
Figure 1. Undetonated explosive flows into the shock front AA°
with constant velocity ﬁ = =D. Its pressure, temperature and

0

density and internal energy per unit mass are Py, Ty, P,, E; at

all points to the right of AA'. The wave front is considered to



be a discontinuity in comparison to the changes

3.

cccurring behind

it. Therefore at AA' these values change to values P, T, P,
EZ' These values change at some later stage.

'The apparent velocity of the mass leaving the front 1is -
(D-Up) where Up is the particle velocity (mass velocity) i1in the

zone between AA', BB',

If we consider a region of flow surrounded by a tube of

sectional area and two planes, omne

just before

relative to the fixed coordinates.

unit

the detonation

front and one right after it, the mass flowing in must egual the

mass flowing out ( conservation of mass ). The mass flowing in
per unit time is aID dt. The mass flowing out is az(D-Up)dt.
Therefore

pID = .Dz(l?vup) (1)

Furthermore the difference in momentum should be equal to
the impulse of the net force. Thus:

f,Ddt D - plndt(n-up) = {P,~P,)dt
or P,-P, = plnup (2)

P1 is very small compared to the detonation pressure.

Therefore it can be ignored and equation (2)

P2 = pIDUp

From egquation (1}, one can obtain:

U =
P

According to Cook{3)

(1-2,/p,)D

Up/D and Pl/pz

functions of the original density. Thus:

Uu_= f(p,)D
P 1 P,

1-__

where 1): pz

fir

can be written as

(3)

(4)

are slowly variable

(5)

Therefore equation (3) can be written as:

_ 2
P2 = plf(pl)D

For most cases (explosives having a

density between 0.

(6)

] -



1.4g9/¢cc}) 1t is sufficiently accurate to assume f(:l ) = 4.0,
Under this &spproximation, the detonation pressure in atmospheres

when the velocity of detonation is given in meters per second, 1is

given by the following equation(a):
P, = 0.00987 p p%/4 (7)
This is a relationship of great practical value. It allows

the estimation of the detonation pressure when only the detonation
velocity and the initial density are Kknown. It is worth
mentioning that the detonation velocity can be measured accurately
in ;he laboratory.

'~ Apart from equations (1) and (2) other equations are used in
the theory of detcnation. Many of these fall outside the area of
interest of these notes. They are mentioned in the following to
assist the reader in further studies.

The conservation of energy 1is expressed by the following
equation:

E,- By = 3 (B+P ) (V,~V)) (e)

This is known ac¢ the Rankine-Hugoniot equation.

A fourth equation is the equation of state of the reaction
products of the explosive.

The above four basic equations are not enough to calculate
the five unknown quantities behind the detonation front (energy,
density, detonation velocity, pressure and particle velocity). A
fifth condition is necessary. This 1is the Chapman- Jouéuet
hypothesis stating that the detonation velocity equals the 1local
sound speed plus the particle velocity at the detonation state.
Therefore:

D=C+ U . . (9)

P
Equations (1,,(2),(8),(9) and the equation of state of the



detonation products are essential for the calculation of the

detonation parameters in the thermohydrodynamic codes.

1.4 The Detonation Head Hodel(3'4’

Practical explosives are used normally in the form of
~cylindrical charges. Cook's detonation head model illustrates the
sequence of events taking place. Figure 2 shows the detonation
head formation in a cylindrical unconfined charge. With strong
_priming a detonation wave travels out from the primer and along
the charge. This 1is responsible for the promotion of the
'necessary exothermic detonatioh reactions within the explosive
charge. At the back of the primer the high pressure gases expand
into the surrounding air. As this exXpansion takes place it
permits a release wave or a rarefaction wave to travel down the
charge behind the detonation front. This always 1lags the
defonation front for reasons which were explained earlier. In a
similar manner at the sides of the charge immediately after the
detonation wave the gases expand into the atmosphere. Again two
release waves are travelling into the charge. The detonation
. front, rear release wave and side release waves define a region
called the detonation head. The detonation head 1is a region
associated with high pressure and high density. The shape of the
_detonation head depends on the geometry of the charge and changes
as it travels out from the initiation source. This is due to the
approximately constant relationship between the releace wave
velocity and the detcnation velocity. Initially the shape is that
of a section of a truncated cone with curved f£front and rear

surfaces. Further away from the initiation the length of the



detonatiorn head grows so that it 1s contreolled from the side
release waves which meet on the axis ¢of the charge forming a cone.
It has been found (X ray radiography) that the length of the cone
when the detonation is fully developed is approximately equal to
the diameter of the charge. The density inside the detonation
head is constant and approximately equal to §/3 P4 where fy is the
initial density of the explosive. The distance from the initjator
to the point where the full head is formed is approximately equal
to 3 1/2 charge diameters for unconfined charges. As the
explosive enters the detonation head it reacts. If it is in a
granular form {e.g ANFO prills) tﬂe reacfion starts at the surface
and proceeds radially towards the centre of the prill. As it was
mentioned in the previous the energy liberated supports the
detonation. If the reaction is not completed inside the head the
energy liberated is 1less than the maximum available and the
detonation velocity is less than the maximum. This is what is
normally known as non-ideal detonation. It is worth mentioning
that non ideal detonations can bz stable; indeed a great number of
commercial explosives used by the mining industry today detonate
at non ideal velocities at the diameters at which they are used.
The detonation velocity is the most important parameter of
the deténating explosive., It is well known that the velocity of
detonation is a constant characteristic of a particular explosive
when the other parameters are kept constant. It was explained
that thé knowledge of the detonation velocity can lead to fairly
accurate estimates of the detonation pressure which is of
particular importance and cannot be measured directly. In the
next chapter the parameters influencing the detonation velocity

will be discussed.
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"CHAPTER 2 10.

EQUATIONS OF STATE

An equation of state is normally a pressure - volume -
temperature relationship. Ideal gases have an eguation of state
expressed as:

" PV = nRT

where P is the pressure

T is the temperature

n is the number of .moles of gas

R is the universal gas constant and
V is the volume. :

However real gases do not always behave according to the
previous eqgquation. It is obvious that a real gas cannot be cooled
to zero volume. Under certain conditions gases turn into liquids
or solids.

The origin of the deviations from ideality is the
interaction between particles. Molecules excercise attractive
forces when they are separated by some distance and repulsive
forces when they are very close together.

Repulsive forces are short term interactions while
attractive forces have a relatively long range. Figure 1 provides

a plot of the compression factor 2Z = PV/RT against pressure
applied on the gas. One can obtain an indication of the
imperfection at different pressures. For a perfect gas Z = 1
under all conditions. For a real gas the case is somewhat
different. At very low pressures all gases behave almost ideally
{ Z =1 ). At high pressures the repulsive forces dominate and 2
> 1, while at moderate pressures 2 < 1 due to the attractive
forces. Obviously an equation of state for the detonation

products has to reproduce this behaviour of real gases,

EQUATIONS OF STATE FOR DETONATION PRODUCTS.

The equations of state used for detonation calculations
are of two types: those which do not treat chemistry explicitly
and those which do. The latter contain individual equations of
state for the component molecules and a mixture rule for combining
them to give an equation of state for any composition. The
composition of the detonation products is calculated by assuming
chemical eqguilibrium.

At this point it is worth mentioning that much of the
work 1involving the development of an equation of state has been
employed in an inverted form. Experimental values are used to
calibrate an assumed form of an equation of state. Attempts to
develop a general, completely theoretical equation of state have
failed to produce a good result. :

The most common eguations of state for detonation
products are:

1. The Abel) Eguation of State.

The Abel -equation of state is a form of the Van der
Waal's equation of state. It can be expressed as:

P{V-:) = nRT

where o is a constant.
It was found that this form did not produce acceptable
results for many cases of condensed explosives. Cook(l] provided

a modification expressing o as a function of the volume of the



11.

detonation products without considering their chemical -
composition. He showed that the empirical values of the covolume
fall in a common (V) curve,

2. The Becker - Kistiakowsky - Wilson Equation of State.

The most popular equation of state is the BKW eguation.
The equation has the following form:

PV _ EX
RT l + xe
where x= LS -
V(T+d) "
= 0
and K L“kixi

with o,&,1", b and ki empirical constants. The constants ki of each
molecular species are the covolumes, For the mixture each ki is
multiplied by Xio the mole fraction of species |, and summed to

find the effective covolume.
According to a parameter study performed by the Los
Alamos Laboratory, one may adjust the BKW parameters o,f,» and ©

and the covolumes of the detonation products. Cowan and Fickett2
have shown that for a given = and & one may adjust v to obtain the

experimental ;velocity of detonation. The slope of the curve rela
ting detonation velocity and density can be changed by changing &.,

By wusing one explosive as a standard it was possible to
obtain a set of parameters which can be used for a variety cof
explosives. BKW has been calibrated for RDX and TNT. The most

common parameters used today are shown in Table 1(3’4)). It has
been found that the RDX parameters result in realistic values of
the detonation parameters {( pressure and velocity of detonation ).
The parameters which have been developed based on TNT as the
standard produce reliable results for very oxygen deficient
systems which produce large amounts of carbon in the detonation
products.

The best £f£it £for RDX parameters should not be used in
predictions of the detonation state parameters. This set was
developed 1in order to have (dP/dT)v > 0 at pressures of the order

of 0.5 Mbar. It has been found that this set of parameters
results in poorer predictions than the RDX set.

3. Other Equations of State

Other eguations of state have been developéd by Fickett

and by Jacobs, Cowperthwaite and Zwisler(4).

These equations are similar and they are based on
statistical mechanics. They use the Lennard-Jones potentials to
describe the interactions between the molecules. The general form
of the intermolecular potential enerqgy is shown in Figure 2. When
the molecules are sgueezed together, the nuclear and electronic
repulsions deminate the attractive forces. The repulsions
increase steeply with decreasing separations. One approximation
is the the hard sphere potential where it is assumed that the
potential energy rises abruptly to infinity as soon as the
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particles come within &sSome separation distance = ( collision
diameter }.
Normally the intermolecular potential is written as:

_c _c
V= "n/gn - T6/p6

This 1s the Lennard-Jones (n,6) potential. Often the
(12,6) potential is written in the form:

v = gzl (a/R)12 - (a/R)®)
where £ is the depth of the potential well and
o is the separation distance at which V=0,

REFERENCES
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TABLE 1
(8] KW HIGH
EXPILOSIVES
NO. PARAMETER SET B x a [
1 Fitting RDX 0.181 14.15 0.54 400
2 Fitting TNT 0.0958%5 12.685 0.50 400
k| Best fit for RDX 0.16 10.91 0.50 400
with (9P/3T) >0
4 Default 0.10 11.85 0.50 400

parameters
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CHAPTER 3

EXPLOSIVE PROPERTIES

3.1 Intreoduction

A variety of factors 1influence the explosives selection
process. This chapter discusses the most important of them and

the parameters which influence ‘them.

3.2 velocity of Detonation

The velocity of detonaticen is the velocity at which “the
detonation wave travels through an explosive charge. The
detonation wave travels at sbeeds above the normal sound speed of
the unreacted material. Typical detonation velocities for
commercial explosives range from 2500 to 7000 m/sec. The
detonation velccity 1s the most important property of the
explosive. It can be measured easily and accurately and it can be
used for the calculation of the detonation and borehole pressures
which are of importance in explosive applications. The velocity
of detonation of a particular explosive depends on factors such as

charge diameter, confinement, density and particle size,

3.1.1 The effect of charge Diameter

Let us consider a typical velocity of detonation' - diameter
curve as shown in Figure 1(2). If the diameter is too small the
explosive fails to detonate. At some minimum diameter stable
detonation occurs. Tais minimum diameter is called the «critical
diameter of the explosive.

As the charge diameter is increased the detonation velocity
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is increased as well. However when a certain diameter 1s reached,

further increase in diameter does not result in an increase of the
detonation velocity. At this point a maximum detonation velocity

of the explosive is ;eached. This velocity is called the ideal

detonation velocity of the explosive and is the value predicted
by thermohydrodynamic codes.

k(l) can be

The detonation head model as developed by Coo
useful in explaining the shape of the observed detonation velocity
- diameter curves. Figure 1 1illustrates the length of the
established detonation heads in charges of various diameters and
indicates what happens when a solid particle of explosive enters
the detonation head. For the small diameters, the degree of
reaction is shall and the energy 1liberated is not enougﬂ to
support a detonation. As the diameter is increased the detonation
head length is increased and for the same size of particle the
degree of reaction increases. At the c¢ritical diameter the dééree
of reaction is sufficient to support stable detonation. If the
diameter is increased further a larger amount of explcsive reacts

in the detonation head. Wwhen the ideal detonation occurs, the

full amount of explosive reacts in the detonation head.

3.2.2 Effect of Confinement

The effect of confinement is to lower the rate of expansion
of the gases off the side of the charge(z). This in turn slows
down the rate at which the lateral rarefaction travels intc the
reaction regiocn. As a result it takes longer for the side release
waves to meet on the charge axis. The length ©¢f the detonation

{1}

head is thus increased. This is shown in Figure 2 , where the

development of the detonation head 1is outlined focr LEboth the
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confined and the unconfined cases. Therefore, if the explosive
was not reacting fully at a particular charée diameter, the effect
of confinement would be to increase the degree of reaction and
consequently the detonation velocity at this diameter. Similarly,
confinement will reduce the <critical charge diameter (Figure
3)(2),

However confinement cannot be quantified. Steel, g¢glass,
various kinds of rock and so0il will produce a different effect.
For this reason most of the tests are done with the explosive

charge unconfined.

3.2.3 Effect of Farticle Size

If the size of the explosibe particles is reduced at a given
charge diameter in the non ideal velocity region, the degree of
reaction is enhanced because of the increase of the surface area.
Furthermore since the grains are smaller, they are consumed faster
in the detonation head. As a result the <critical diameter 1is
decreased and the explosive reaches ideal detonation at a smaller

diameter (Figure 4)(2).

3.2.4 Effect of Density

If the density 1is increaéed, the spec%fic energy is
increased; as a result the ideal detonation veloéity is increased.
It has been found that the detonation velocity and the density are
related linearly. Figure 5(3) shows the detonation wvelocity
density relationship for various explosives. $

However if the density is increased beyond a critical point,

steady state detonation is not possible. The phenomenon is called

dead packing and a gqualitative explanation can be given by the
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fact that the volume of the entrapped air is insufficient to
provide enough hot spots for the reaction to proceed‘z).
The relationship between c¢ritical diameter and density 1is

6(5). It is obvious that apart from the density

shown in Figure
in which the material is dead packed there is a «critical density

below which the explosive will not shoot.

2.2.58 Effect of Temperature

The 1initial temperature of the explosive has a small
influence on the velocity of detonation at diameters well above
the critical. However the critical diameter is dependantl on the
initial temperature. Figure 7 shows the effect of the temperature
on the critical diameter powdered TNT(4).'

In the case of commercial liquid explosives the effect« is
more pronounced. Figure &8 shows the effect of low temperatures on
the critical diameter of typical slurry explosives‘s). The

effect on so0lid explosives is almost negligible.

3.2.6 Effect of Water

Generally dynamites are not affected by the presence of water
inside boreholes. Ammonium nitrate mixed with fuel o0il has no
water resistance. The product absorbs water and soon becomes
desensitized. Generally performance drops drastically as the

weight of water in the compoéition is increased.

3.3 Detonation Pressure

The detonation pressure is a very important parameter. It is

an indicator of the ability of the explosive te¢ produce the
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desired fragmentation in the rock. However, due to its high
magnitude the detonation pressure cannot be measured directly.
For this reason the experimental determination is difficult.

‘The detonation pressure is related to the square of the
detonation velocity. Parameters which influence the detonﬁtion
velocity have a very significant effect on the detonation

pressure.

3.4 Detonation Temperature

The detonation temperature is the parameter about which the .
least amount of information is available(s). The detonation
temperature is measured from the brightness of the detonation
front as it is observed by a sensor. However it is not known how
much radiation is absorbed from the partially decomposed material
between the sensor and the front. Furthermore, any gas bubbles in
the material will flash brightly when they are 1impacted by the

detonation wave. This, obviously, will affect the measurement.

3.5 Fumes

It must be assumed that in all cases explosive fumes are to‘
some degree toxic. Excess oxygen causes the formation of nitrogen
oxides while oxygen deficiency causes the formation of carbon
monoxide.

In the United States the fumes of any explosive are
classified after detonating the explosive in a Richel bomb and

analyzing its fumes. The following classes exist(7):



A. Permitted explosives (USEBEM)

21.

Fume class Toxic Gas Toxic Gas
£t3/1b 1/kg
A < 1.25 < 78
B 1.25 - 2.50 78 - 156
c 2.50 - 3.75 156 - 234

B. Rock blasting explosives

Fume class Toxic Gas Toxic Gas
£¢£3/1p 1/kg
1 < 0.16 10
0.16 - 0.33 10 - 21
0.33 = 0.67 21 - 42

Canada uses the same standards.

2 or 3 cannot be used in

However explosives of class

underground mines unless special

application has been made to and permission is received from the

authorities (EMR).

it is worth mentioning here that the relative toxicity of the

fumes is important aihd this is not shown in the above tables. NO

2

is much more toxic than CO (about & times as much)(e).

It has been found that the fumes depend on(z):

1. The oxygen balance
2. Marginal priming
3. Water attack

4. Critical diameter
5. Gaps in loading

6. Deflagrations.
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3.6 Energy of Explosives

Explosives are substances that rapidly liberate their
chemical eﬁergy as heat to form gaseous and solid decomposition
products at high temperature and pressure. The hot and dense
detonation products produce shock waves in the surrounding medium
and upon expansion impart kinetic energy to the surrounding
medium. The energy released in the detonation process is given by
the following formula:

Q = AHf(products) - AHf(reactants)
where AHf is the heat of formation.

The energy per unit weight is called the weight strength of
the explosive.

The energy per unit volume is called the bulk strength of the
-explosive.

sometimes it is useful to express the weight and the bulk
strengths as relative values obtained by dividing the strength
(weight or bulk) to the corresponding strength of a standard
explosive. The commercial industry normally wuses AN/FO as the

standard explosive.

3.7 Shelf Life
The shelf life of an explosive determines the maximum time
period the explosive can be in storage. Various explosives age

and their use is unsafe or they cannot be detonated reliably.

3.8 Pressure Desensitization

Commercial explosives can be susceptible to hydrostatic



heads. Hydreostatic heads can compress the explosive to high

densities and "dead packing" c¢an result.

3.9 Measurement of the Detonation Properties

3.9.i Detonation Veloctity

There are various methods ¢©f measuring detonation velocities.

These are outlined in the following:

i1 The continuous probe method,

The system consists o©f the explosive charge, along the
central axis of which a uniform resistance probe 1is 1inserted, a
constant current scurce, a triggering source and an oscilloscope.

The resistance probe consists of a resistance wire inserted
into a small diameter brass tube. The resistance wire —is a
nichrome wire having an accurately known linear resistance.

The oscillescope is connected in parallel to both the current
source and the probe (Figure 9)(5). At detonation the wire
resistance probe is consumed. However the circuit remains closed
due to the fact that the detonation wave is sufficiently ionized.
The circuit follows Chm's 1law. Therefore, since current is
constant, the voltage change with time shown on the oscilloscope,
is proportional to the resistance. Knowing the full voltage drop
across the probe and the length of the probe, the voltage drop can
be converted to distance along the charge. Therefore the velocity
of detonation can be calculated by interpreting the voltage drop -

time record provided tvy the oscilloscope.
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11, Start-stogp method

Two probes are placed at a known distance apart in the

exXplosive. Each probe consists of two wires placed in
close proximity. When the detonation wave contacts each probe it
shortens the circuit by bringing the two wires in contact. By

measuring the signals obtained by either a counter or an

oscilloscope one can measure the detonation velocity,

{i1. Streak camera method

0(9). The streak camera uses

IThe method is shown in Figure 1
a mirror which rotates at the centre of the drum. The film is
placed on the drum. The field of view ¢f the camera lens is
masked except for a narrow slit. The charge is aligned so that
its axis is parallel to the slit of the camera. The light
generated by the detonation front enters through the slit and
after being reflected on the rotating mirror, leaves a mark on the
film. Thus the streak camera trace 1is essentially a time distance
record. The slope of the trace made by the luminous wave provides
the velocity of detonation. A typical streak camera record is

shown in Figure 11(10).

tv. D'Autriche Method

This is the least sophisticated method. It is outlined in
Figufe 12(9). The method uses a detonating cord both ends of
which are inserted in the explosive at a known distance apart. A
metal witness plate 1is placed close to the middle of the
detonating cord. The detonation wave in the charge initiates the
detonating cord at both ends. wWhen the detonation waves

travelling in opposite directions in the detonating cord collide,
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they leave a dent in the witness plate. This helps to find the
position in the detonating cord at which the collision took place.
Thus, the distance, and therefore the time, each wave travelled in
the deténating cord can be found. The difference in the times the
two waves travelled in the cord provides the time it took the

detonation wave in the test charge to travel the distance 1.

3.9.2 Detonation Pressure

The measurement of the detonation pressure is normally based
on photographic technigques. These techniques require a streak
camera and accurate experiments (équarium technique). In the
aguarium techniqgue, a transparent 1liquid serves as a pressure
gauge for measuring transient pressures. The transparent ligquid
has to be selected in such a way that the reflected wave at ‘the
gauge-liquid ipterface is either a weak shock or a very weak
rarefaction. The technique, as described by COOR(B consists of
the following two stages:

i. Initially the Hugoniot of the liquid which serves as a gauge
is determined. The experimental set up is shown in Figure 13. The
method consists of the simultaneous measurement of the shock
velocity at the free surface and the free surface velocity as Fhe
shock emerges from the transparent medium. Observations of the
shock velocity and the free surface velocity are made by using a
streak camera. By changing the height (h) of the 1liquid inside
the container, one changes the shock velocity and the free surface
velocity. By assuming that the particle velocity of the ligquid at
the interface is half of the free surface velocity the
relationship between shock velocity and the parficle velocity in

the liquid (Hugoniot) is obtainecd.
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ii. The experimental set up for the second part of the technique
is shown in Figure 14. In this experiment, the wvelocity of
detonation in the explosive charge and the initial transmitted
shock velocity in the liquid are measured. From the transmitted
shock velocity in the liquid and the known Hugoniot of the 1liquid,
the initial pressure in the 1liquid can be calculated. The
corresponding pressure in the detonation head is calculated by

using the following relationship: .

Pd= Pil“pus)il + pleUse]/(z(pUs)il)
where
Pd is the detonation velocity
pie is the initial density of the explosive
Use is the detonation velocity

(DUS)il is the initial impedance of the liquid and

Pil is the initial pressure in the ligquid.

The initial pressure in the liquid is calculated by the well
known relationship

Pix = P1%1%,
where Pil ig the pressure in the liquid

U

UBl is the shock velocity

U is the particle velocity and

Pl

o is the initial density of the liquid.
1

Because ©f the difficulty in measuring detonation pressures
it is often necessary to calculate the detonation pressure from

the detonation velocity by using the approximate formula:
o_p*
4

where P is the detonation pressure

P =

~ is the initial density of the explosive and

D is the measured detonation velocity.
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FIGURE 3: VOO - CHARGE DIAMETER CURVES
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FIGURE 5: DETONATION VELOCITY - DENSITY

RELATIONSHIPS
Detonation velocity (m/s) (Thousands)
"
1 | |
0 0.5 1 1.5

Density (g/cc)
——PETN -- ROX TNT

ot



DENSITY (g/cc)

1.2

1.0

o
)

o
o

o
N

0.2

OETONATES

FAILS

! ! 1 I 1 | 1 | |

10 20 30 40 50 60 70 80 90
CRITICAL DIAMETER (mm)

FIGURE 6 EFFECT OF THE DENSITY OF A TYPICAL

EMULSION ON THE UNCONFINED CRITICAL
DIAMETER :



FIGURE 7: EFFECT OF TEMPERATURE ON THE
CRITICAL DIAMETER OF TNT
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FIGURE 8: EFFECT OF TEMPERATURE ON THE
CRITICAL DIAMETER OF SLURRIES

Critical diameter (mm)
SO

10

O | | 1 I ] : i l

-50 -40 ~30 -20 -10 0 10 20 30
Temperature (deg. C)

— Slurry A oo Slurry B
|

St



/— TRIGGER SOURCE

V4
TRIGGER
\\ - =" - -
I
_/ £ i
/ - PROBE CaP
CONSTANT CURRENT SOURCE EXPLOSIVE CHARGE

/oscn.!.oscope

FIGURE S SCHEMATIC REPRESENTATION OF THE CONTINUOUS
VELOCITY SYSTEM FOR THE MEASUREMENT OF THE
VELOCITY OF DETONATION

.I)t‘






DISTANCE (cm)

30 -

20}

10}

TIME (psec)

FIGURE 11: TYPICAL STREAK CAMERA RECORD FOR THE

MEASUREMENT OF THE VELOCITY OF DETONATION
OF PENTOLITE

ot



TEST EXPLOSIVE

Y YT
P add / <
DETONATOR
: b f
DETONATING
_— CORD
g 7 b gy TSTELLER
- + BAR
MID-  DENT
POINT
FIGURE 1 D'AUTRICHE METHOD FOR THE MEASUREMENT OF

THE VELOCITY OF DETONATION



40.

SLIT OF STREAK
CAMERA

ARGON FILLED
H LIGHTBOMB

T i TRANSPARENT
h

7 |
N
\“J"’// L LIQUID
]
GENERATOR
. L CHARGE
Z
1
BOOSTER

FIGURE 13: EXPERIMENTAL SET UP FOR DETERMINING
THE HUGONIDT OF THE TRANSPARENT
LIQUID



41.

SLIT OF STREAK

\] CAMERA

EXPLOSIVE CHARGE

I ARGON FILLED
/ - « LiGHT BOMB
[}
\ Lodos _ | TRANSPARENT
\ ] y LIQUID
AN /S
\_____—_ —

FIGURE 14: EXPERIMENTAL SET UP FOR THE MEASUREMENT
OF THE DETONATION VELOCITY AND THE
INITIAL SHOCK VELOCITY IN THE TRANSPARENT

LIQUID



42,

CHAPTER ¢4

GAP AND FRICTION SENSITIVITY OF EXPLOSIVES

4.1 Introduction

The gap sensitivity of explosive represents its ability to
propagate through barriers. The gap sensitivity of an explosive
is an important property to be considered in blasting operations.
If the sensitivity is low, the detonation in the borehole can be
interrupted because of obstacles (rocks) or air gaps. On the
contrary, an explosive which is very sensitive can be dangerous to
handle and can detonate sympathetically in the boreholes. Cross
propagation of adjacent holes is very undesirable since this
eliminates the effects of delays and results in excessive
vibrations and poor fragmentation.

However one has to differentiate between sclid gap and air
gap sensitivity becquse the'phenomena involved in each <case are
considerably different.

The friction sensitivity determines the safe handling of
explosive charges. Charges can be subjected to friction forces
when loaded in Dblastholes. These can be of a significant

magnitude especially where pneumatic loaders are used.

4.2 Underdriven and Overdriven Detonations

The detonation state (C-J state) represents a dynamic stable
condition. If the detonation wave encounters a small gap 1in the
explosive charge, it will weaken temporarily and will come back to

the original stable condition once the perturbation is passed.
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The same will happen if the detonation wave encounters a part of
the explosive which has greater energy. Temporarily it will
strengthen but later it will reach the stable condition.

Consider the situation shown in Figure 1 a. A detonation is
transmitted from a donor explosive to an acceptor explesive. In
this case there are three possibilities; the shock wave
transmitted in the acceptor can be stronger than the detonation
wave in the acceptor, the shock wave can be of equal magnitude to
the detonation wave in the acceptor or the shock wave can be of a
smaller magnitude than the detonation wave in the acceptor.. The
first case is called overdriven and the 1last case underdriven
détonation. It has been found that in the case ¢f an overdriven
wave the strength ”always decays until the ¢-J condition is
reached. In the case of the wunderdriven wave the detonation
builds up to thé C-Jtvalue. However, there is a limiting strength
(below which -the wave decays and detonation does not propagate.’
This limiting strength is of importance since it determines the
conditions required for safe handling and reliable initiation of

explosive materials.

4.3 The Gap Test

Experimentally a simple way to determine the sensitivity of
an explosive to initiation is represented in the gap test. The
gap test‘is shown in Figure 1 b. The exXperiment consists of a
donor charge, an attenuator and an acceptor charge. By varying
the attenuator thickness, different underdriven waves are
transmitted tc the acceptor. The thiékness of the attenuator at

which 50% of the times the acceptor detonates is called critical
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gap thickness. At that thickiness the shock wave ain the acceptor
has a 1limiting value above which the acceptor has a high
probability of detonation. The gap material is normally a
standard solid material. Air gaps are not desirable because hot
decomposition products of the donor explosive will impinge
directly on the acceptor.

The result of the gap test depends on the geometry of the
donor and acceptor charges as well as the attenuator material and
the donor explosive. For this purpose various laboratories
stgndardize gap tests by using the same donor and the same
attenuator material. Thus the results of the tests are
indicative of the explosives shock sensitivity.

Typical gap tests are shown in Figures 2 and 3.

The following factors affect the result of a standard gap
test:

1. Density. The effect of density 1s shown in Figure 4(2)

_where
the critical gap pressure is plotted against the percent of the
theoretical maximum density. It is obvious that the explosive
becomes less sensitive as the theoretical maximum density is
appreached. This is a general trend obtained in a variety of
explosive compositions(z).

2. Temperature. The effect of temperature is shown in Figure 5.

This is a general trend for any material in which the reaction

rate increases with temperature(z).

3. Composition. It is obvious that the result of the gap test 1is

composition dependant. It has been found that if wax is added to
RDX or TNT, the shock sensitivity is decreased. However if wax is
added to ammonium nitrate, the sensitivity is drastically

increased. This happens because of the combination of an oxidizer
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with a fuel and the dominant factor 1is the oxidation-reduction
reaction. Figure 6 is typical of this phenomenon(z).

4. Acceptor diameter. Injtiation is controlled not only from the

magnitude of the impacting shock wave but from its duration as
well. The reduction of the diameter of the acceptor has changed
the duration of the shock wave. It 1is recommended that the
charges are tested at a diameter above the minimum diameter for
ideal detonation, where this is possible. According to Price the
critical initiating pressure - diameter relationship should follow
a curve as in Figure 7(5). Experimental results by Moulard
indicate the same trend for Composition 8(6!

5. Confinement. Price has found that confinement of the acceptor

in the test prevents the 1lateral rarefaction from producing a
large disturbance. The confinement gives &a result which 1is
comparable to that which would be obtained for a very much larger
diameter unconfined charge. The result may approach that ‘which
would be obta;ned in the one dimensional flow(z). In Figure 8 the
critical gap pressures for confined charges are compared to the
critical cap pressures of unconfined charges. It is obvious that

confinement increases the sensitivity of explosives.

4.4 Air Gap Sensitivity

This term denotes the initiation of an explosive charge
without a priming device by the detonation of another charge in
the neighbourhood. The transmission mechanism is complex. The
important parameters are the shock wave, the hot reaction products
of the donor and the flying parts from the casing of the donor

charge. Varicus tests are conducted to determine the air gap
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sensitivity of explosives. 1In Europe the smallest diameter of
manufacture 15 used 1in the test <c¢harges which are tested
unconfined(3). This will provide the 1largest gap below which
detonation will always be observed. Confinement however affects
the result. For this purpose coal mining explosives are tested
in pipes which simulate boreholes. It 1is recommended that gap
tests simulating the conditions of application are performed to

determine the gap sensitivity of a particular product.

4.5 Initiation by Friction

Th2 mechanism of heating by £friction has been investigated by
Bowden and co-workers. When solid bodies are pressed against each
other contact will occur only at the summits of the surface
irregularities. The total area of contact is a small fraction of

the total surface area(4).

When the bodies are sliding against
each other heat is developed at the regions of contact. Hot spots
are created at the points of contact and their temperature depends
on the pressure, sliding velocity and heat conductivity of the
sliding material. The contact material with the 1lowest melting
point determines the hot spot temperature. When melting occurs its
supporting capacity is taken over by other points(4). According
to Bowden if the melting point of the glider is below the critical
hot spot temperature for the explosive, detonation does not occur.

Several friction tests have been developed. The swadiéh“’
developed a friction test in which the explosive is subjected to
stresses similar to those when the explosive 1is charged in

boreholes. The test consists of a block of granite which has a

semi-cylindrical groove. A thin layer of explosive is placed in



47.
the groove and a slider moves on top. Various loads are put on
the slider. The slider moves at a constant speed and the result
is recorded as a function of the locad.

In Germany a sample 1s placed on a roughened porcelain

plate(3).

The sample i1s put on top of it and a porcelain c¢ylinder
is placed on top with various loads. The plate moves at & certain
speed and the result is recorded as a function of the load.

Similar tests have been developed in other countries.
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CHAPTER 11
BLASTING THEORY

\ by R. Frank Chiappetta
INTRODUCTION

Blasting theory is perhaps one of the most interesting. thought provok-
ing. challenging and controversiai areas of our industry. It encompasses
many areas in the science of chemistry. physics. thermodynamics. shock
wave interactions. and rock mechanics. In broad terms. rock breakage by
explosives involves the action of an explosive and the response of the sur-
rounding rock mass within the realms of energy, time and mass. Past. cur-
rent anc new blasting theories are presented along with the factors affect-
ing fragmentation and general blast design criteria. The chapter content
has been carefully selected to emphasize the concepts associated with
each blasting theory rather than a rigorous mathematical. physical. or
chemicaltreatmentthrough formuiae. Whereformulae are introduced. they
are merely to enhance the concepts presented.

Inspite cfthe tremendous amount of research conducted inthe lastfew
decades. no single blasting theory has been developed and accepted that
adequatety explainsthe mechanisms of rock breakagein ali blasting condi-
tions and matenal types. Given specific test environments, conditions and
assumptions.individualresearchers have contributed valuable information
andinsightasinputsinto blasting theories. althoughasimple "plug-in" type
formula for predicting “optimum fragmentation’ 1s still targely unresolved
There 1s as yet no consistent and widely apphcable theory of blasting. but
only a number of limited and disconnected thecories. many of which are
empirical innature andbased onideal blasting conditions. Blastingtheories
have been formulated and based on pure speculation. years of blasting
experienceonatrialand error approach. laboratory testing. fieldinvestiga-
tions. and mathematical and physical models adapted from other disci-
plines of science. I

Primary breakage mechanisms have been based upon:
® Compressional and tensiie strain wave energy
® Shock wave reflections at a free face
® Gas pressurization on the surrounding rock mass
® Flexural rupture
® Shear waves
® Release-of-load
® Nucleation of cracks at flaws and discontinuties
® In-flight collisions

Sinceso manyschoois ofthought surround blasting theory. one must be
prepared to investigate not only the theories. but the overall field input
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variables that are inherentin any blast designto have any practicai mean-
ing. Given the diverse nature of field conditions encountered and the over-
whelming number of blast designvariablestoselectfrom. blastresults may
not always be easily predicted as 1s outhined I1n Figure 11-1. Where one
theoryis successfulinonespecificenvironmentor apphcaton. it may not be
as predictive in another.

{A) CONTROLLABLE VARIABLES
* HOLE DIAMETER ¢ INITIATING SYSTEM
s HOLE DEPTH o INITIATING SEQUENCE
e SUBRILL DEPTH & NO. OF FREE FACES
# HOLE INCLINATION + BUFFERS
e COLLAR HEIGHT ° - * EXPLOSIVE TYPE
* STEMMING HEIGMT * EXPLOSIVE ENERGY
e STEMMING MATERIAL * CHARGE GEOMETRY
* BENCH HEIGHT . © » LOADING METHOD
* PATTERN * WATER (SOMETIMES
¢ BURDEN TO SPACING RATIO UNC ONTROLLABLE)
s BLAST SIZE AND CONFIGURATION % ETC.
® BLASTING DIRECTION

(8) UNCONTROLLABLE VARIABLES

= GEOLOGY

« MATERIAL STRENGTHS & PROPERTIES
e STRUCTURAL DISCONTINUITIES

o WEATHER COMNDITIONS

* WATER (SOMETIMES CONTROLLABLE)
® ETC.

:  seconds

LOADED BLAST

NOTE- TYPICAL
PRODUCTION BLAST 1§
LESS THAN TWO
SECONDS DURATION

‘ t < 2 1econds

(C) OUTPUTS

* FRAGMENTATION

& MUCK PILE DISPLACEMENT
* MUCK PILE PROFILE

« GRAOUND YIBRATIONS

* AIRBLAST

« BACK AND SIDE SPILLS

s FLYROCK

+ MISFIRES

e ETC

FIELD MODEL ILLUSTRATING BLAST DESIGN
INPUTS AND OUTPUTS

FIGURE 11.1
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Often more than one theory is needed to clarify or explain certain
results. Parallelthis approachtothe physicisttryingto explain ight with only
one theory, that is, the wave theory. With the passage of time it became
apparent that everything associated with light could not always be ade-
quately explained with this theory alone and hence. another theoary. the
particle or "packets of energy’ theory was developed to explain the phen-
omena of lightin which the firsttheory failed. With both theories. the physi-
cist could now expiain many of the mysteries surrounding light which even-
tually ledtonew develogpments such asthelaser. Similarly.intrying to define
the mechamisms of rock breakage by explosives, more than one theory or
explanation is often needed. In any case. a blasting theory shouid not only
attempttoexplainand predictthe breaking process. but more importantly. it
should suggest and ailow new methods and techniques to improve on
current blasting practices. )

TIME EVENTS FORTHE BREAKING PROCESS

There are basically four time frames designated as T1 to T4 in which
breakage and displacement of material occur during and after complete
detonation of a confined charge.

The time frames are defined as follows:

T1 — Detonation

T2 — Shock or Stress Wave Propagation
T3 — Gas Pressure Expansion

T4 — Mass Movement

Each time frame is first discussed separately. and then discussed in
conjunction with blasting theories for an overall. more detailed explanation
and meshing of events. Although these are treated as discrete events, it
should be emphasized that in a typical shot hole or production blast. one
event phase can occur simultaneously with another at specific time intervals.

a. T1 — DETONATION

Detonation is the beginning phase of the fragmentation process.
The ingredients of an explosive consisting of a fuel and oxidizer
combination: upon detonation. are immediately converted to high
pressure. hightemperature gases. Pressures just behind the detona-
tion front are in the order of 9 Kbarsto 275 Kbars, while temperatures
range from approximately 3000° to 7000°F.(@ .
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Detonation pressure is generally expressed as a function of the
velocity of detonation and density of the explosives as,

Pg= (2.325X 1077} X P X VOD?

Where Pq = detonation pressure in Kbars
P = density in g/cc
VOD = velocity of detonation in ft/sec.

To change detonation pressure from Kbars to Ib/in2. multiply
Kbars by 14,700. Generally, explosives yielding higher detonation
pressures are required to fracture materials which are massive. fine
grained, hard, tightly bonded and strongly consolidated with heavy
burdens. Typical values of detonation pressure for selected explo-
sives are presented in Table 11-1.

‘ TABLE 11.1
DETONATION PRESSURES FOR SELECTED EXPLOSIVES

Detonation

Density vOD Pressure Pressure
Explosive {g/cc) (ft/sec) (Kbars™) {psi)
ANFO 0.81 12,000 27.00 396.900
POWERMAX 420 1.19 19,000 100.00 1,470.000
HI-PRIME 1.40 20.000 130.00 1.811.000
“G" BOOSTER 1.60 26.000 251.00 3,689.700

"1 Kbar = 14,700 PS|

The detonation wave starts at the point of primer initiation in the
.explosive column and travels at supersonic speeds. Supersonic re-
fers to velocities which are faster than the speed of sound in the
explosive. Typical velocities of detonation for commercial explosives
range from 8,000 to 26,000 ft/sec. This velocity, sometimes referred
to as the steady-state velocity, remains fairly constant for a given
explosive, but varies from one explosive to another, depending pri-
‘marily onthe composition, particie size and density of the explosive. To
alesser extent.the steady state velocity is also affected by the degree
of confinement and explosive diameter.

Since the velocity of detonation is greater than the velocity of
sound in the explosive, the explosive material directly in front of the
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detonation headistotally unaffected untitthe detonation head passes
throughit. In atypical 30 foot explosive column loaded with an explo-
sive having a characteristic velocity of detonation of 10.000 ft/sec.
complete detonation and energy retease within the entire column
would occur in about 3 milliseconds. For an explosive with a velocity
of detonation of 20.000 ft/sec. detonation and energy release would
be complete in 1.5 milliseconds. Detonations of this kind are seif-
sustaining due to the inertia of the explosive itself that provides con-
finement necessary to maintain conditions for fast chemical reaction
rates.

" Figure 11-2 and 11-3 iliustrate two typical hole toad configura-
tions. Velocity of detonation within the explosive column was mea-
sured with the SLIFER System deveioped at SANDIA NATIONAL
LABORATORIES For a continuous 11 foot column of cartridged
ANFO.the velocity of detonation was measuredtobe 12.200ft/sec as
indicated by the siope of the straight line segment between point (a)
and {b) in Figure 11-2. The straight line is indicative of a consistent
explosive composition. constant density and a stable veiocity of det-
onation. As detonation progresses along the column. not only is a
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FIGURE 11.2
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shock wave imparted into the surrounding medium adjacent to the
borehole wall. but 1s also imparted into the stemming as indicated by
the slope of the straight hne segment between points (b) and (c). tn
this case. the shock wave velocity through the stemming was mea-
sured to be 2.900 ft/sec. or approximately Y that of the velocity of
detonation.

Hole Dia : 6.5"
45—,—-

Suriace B
40
Stemming (Crushed Rock) (9]
35 JH4-50 (e}
Sliter Cable Shock Wave: Velocity 15
L ' R ) Through Stemming
5" x 30 Ib. Cartridge = 1.1000 ft.rsec. 8
25 Ot Emulsion {d}
" ANFO —~ Explosive = 12,500 ft./sec. 10
20 -
15
10
5 Ib.
Cast™ ~
Primer

VOD - 20.500 ft./sec.

PO el T T —
0 2 4 & 8 10 12 14 16 18 20

Time Milliseconds
VELOCITY OF DETONATION MEASUREMENT
USING THE SLIFER SYSTEM DEVELOPED
AT SANDIA NATIONAL
LABORATORIES.
FIGURE 11.3

In Figure 11-3. results are shown using ALTERNATE VELOCITY
techrniques with a hole loaded with ANFO as the main charge. with
cartridges of APEX 260 emulsion spaced 11-12feetalongthe column.
Withoutdirect measurements ofthe continuous velocity of detonation.
much of the information would not have been discernable in the
field by direct cbservation, Many important points are notewarthy
in the results. Between points (a) and (b). the velocity of deto-
nation for the 3 foot length of emulsion cartridge is 20.500 ft/sec.
Between (b) and (¢c) the velocity of detonationisreduced from 20.500
ft/sec to 2.045 ft/sec within the ANFO and the detonation is sustained
atthe lower velocity until point (d} is reached. At point (d) the detona-
tion head encounters another emulsion cartridge, which when deto-
nated. at 20.000 ft/sec between points (d) and (e). brings ANFQO back
up to its normal velocity of detonation of 12.500 ft/sec. Thus. even a

11-6



low order ANFO detonation can act as a very effective primer for the
emulsion cartrnidge. The decrease in velocity between points (b) ang
{c)is attributed to water trickling into the bottorm part of the hole from
the surrounding rock mass. Although ANFO cantolerateuptoa 10%
water saturationlevel. itdoes so atthe costof blasting efficiency. Ifthe
center emulsion cartridge was not present, one of two things would
have occured It may have sustained a low order ANFO detonation
with a velocity of 2,045 ft/sec throughout the remamrming explosive
column. oritwouldhave sconfailed. It has been demonstrated in field
trials that where an explosive of higher velocity of detonation s
embedded sparingly within the column of a main explosive with a
lower velocity of detonation, that better results are generaliy achieved.
‘The greater the difference in detonation velocities and the harder the
material to be blasted. the more pronounced are the results

T2 — SHOCK AND STRAIN WAVE PROPAGATION

The second phase. immediately following detonation or in con-
junction with the detonation phase of T1.1sthe shock and strain wave
propagations throughout the rock mass. This disturbance or emitted
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pressure wave(s) emitted intothe rock mass results, in part. from the
rapidly expanding high-pressure gas impacting the borehole wall.
The geometry of dispersion depends primarily on the shape of the
charge.lfthe chargeis shot. with atlengthto diameter ratio of lessthan
or egual to 6:1, then the disturbance is propagated in the form of an
expanding sphere Ifthe chargeislong. withalength of diameterratio
of greater than 6-1. then the disturbance is propagated in the form of
an expanding cylinder. (Figure 11-4), However. in a typical. bottom
primed. cylindrical shot hole normally encountered in bench blasting,
the strain waves originally formed near the point of imitiation are
already in progress and propagating into the surrounding medium.
while the detonation is still progressing within the explosive column.
Thus. close to the shot hole. strain wave propagation is neither
perfectly spherical nor cylindrical but more like that shown in Figure
11-5.

Bench Top

High Pressure
Stress Wave
Transmitted
Through The Rock

SECTION THROUGH THE FACE DURING
DETONATION SHOWING EXPANDING
STRESS WAVE FRONT
FIGURE 11.5
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The pressure nexttothe borehole wall willrise instantaneousty to
its peak andthenrapidly decay exponentially The quick decayis due
to cavity expansionofthe borehole and increased gas cooling. Cavity
expansion around the borehole can occur through crushing. puiveri-
zation, and/or displacement of material and can range anywhere
from about one to three hole diameters depending on the medium
and exptosive used Generally, extensive compressive, shear and
tensilefallureoccurasaregionof pulverized material since the wave
energy 1s at its maximum near the borehocle wall.

As the strain wave front proceeds ocutward. it has a tendency to
compressthe material atthe wave frontthrough a volume change At
right angles to this compressive front, there exists another compo-
nent referred to as the tangential or "hoop' stress. The tangential
stress.iflarge enough. cancausetensilefalluresatrightanglestothe
direction of propagation. The largest tensile faillures are expected to
occur close to the borehole where the tangential stress is high
enoughforfailuretooccur. Boththe compressive andtensile compo-
nents of the wave front decay with distance from the borehole

When the compressive wave front encounters a discontinuity or
interface. some of the energy is transferred across the discontinuity
and some reflected backtoits point of onigin “'For the most part. the
partitioning of energy depends ontheratio of the acoustic mpedance
of the materials on either side of the interface, as illustrated in Figure
11.6. Acoustic impedance, Z. for any material is defined as

Z=pXVp
where: Z = acoustic impedance
p = density of material
Vp = sonic velocity of material

Inreference to Figure 11-6. where the ratio of the acoustic impe-
dance of material 1 to material 2 is less than one, some of the wave
energy is transferred into material 2 and some reflected back, but
both waves remain compressional. When the acoustic mpedance
ratio is 1. all of the energy is transferred into material 2 and no
reflected wave occurs. When the impedance ratio is greater than 1.
then some of the energy gets transferred intc matenal 2 as a com-
pressive wave and the remaining energy gets reflected at the inter-
face as atensile wave. When a compressive wave travelling through
rock encounters an interface such as a free face. nearly all of the
energy willbereflected back as atensilewave. Ifthe burden distance
between the free face and explosive column is relatively small in
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contrast to normal burdens for a chosen explosive, then most of the
energy I1s consumed in spalling at the free face.

The interaction of stress waves in the outgoing compressive and
reflected tensile modes around discontinuities and flaws within the
rock massis anareaof intenseresearchandis consideredtobe guite
important in some of the newer blasting theories.
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FIGURE 11.8
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T3 — GAS PRESSURE

During and/or after strain wave propagation. the high pressure,
hightemperature gasesimpartastressfieldaroundthe blasthole that
can expand the original borehole. extend radial cracks and jet into
any discontinuity. It 1s during this phase where some controversy
exists as to the main mecharism of fragmentation. Some believe that
the fracture network throughout the rock mass 1s completed
white others believe that the mator fracturing process is just beginn-
ing Inany case.itisthe gasesthat haveettedinto discontinuities and
thefracture networkthatis eitherfully developed orbeingdeveloped.
which are responsible for the displacement of broken material

Itisnotclear astothe exacttravel pathsthat gasestake withinthe
rock mass, although it 1s agreed that they will always take the path of
least resistance. This means that gases will first migrate into existing
cracks, joints,. faults, and discontinuties. 1in additionto seams of mate-
rial which exhibitlow cohesion or bonding at interfaces If a disconti-
nuity or seam betweenthe borehole andfreeface s sufficiently large.
the high pressure gases will immediately vent to the atmosphere,
rapidly reducing the total confinement pressures. and results in
reduced displacement of broken and fragmented material

The confinement time of gas pressures within a rock mass vary
significantly depending onthe amountandtype of explosive. material
type and structure, fracture network, amount and type of stemming,
and burden. ATLAS studies. with the use of migh-speed photography
in full scale bench blasts. have shown that gas confinement times
before the onset of movement can vary from a few miliiseconds to
tens of milliseconds * To date. confinement times have been mea-
sured to range from 5 to 110 milliseconds for a variety of materials.
explosives and burdens. Generally, but not always. confinement
times can be decreased by employing higher energy explosives
decreasingthe burden, oracombinationof both. This apphes equally
to material at the bench face or at the bench top. as in the case of
stemming blowouts or cratering. Refer to Figures 12.35 and 12.36
Vibration/Airbiast for specific examples of gas confinement times for
stemming blowouts. itis evident that only suitabiy burdened and well
stermmed charges can deliver their full potential of additional gas
extension fracturing and mass movement.

T4 - MASS MOVEMENT

Mass movement of material is the last stage inthe breaking pro-
cess The majority of fragmentation has already been completed
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through compressional and tensile stress waves. gas pressurization
or a combination of both,. However, some degree of fragmentation.
although slight, occurs through in-flight collisions and also when the
matenal impacts the ground. Generally. the higher the bench height.
the greateristhistype of breakage owingtoincreased mpactveioci-
ties of individual fragments when failing onto the bench flocor Sim-
ilarly. matertal ejected from opposite rows of a “V-shot” design upon
head-on collisions can result In increased fragmentation This phe-
nomenon was evidenced and documented with the use of high-

speed photography of bench blasts.
Mass burden movement of fragmented material is shown in Fig-

ure11-7foranumber oftypicalface conditions encounteredin bench
blasting operations Face profiles and velocities are based on the
results of high-speed photographic analysis performed atthe ATLAS
POWDER COMPANY. Where no subdrilling is utilized. (a and b). two
types of face movement may be encountered. In 11-7a the entire
ilength of face burden, directlyinfrontofthe explosive column. moves
out simitar to a plane wave and the face velocity at any point is con-
stant. This behawvior is usually encountered where material 1s very
competent. quite brittle. and structured with well defined. largely
spaced joints. much greaterthanthe spacings or burdens employed
in blast designs When the material is soft. highly fissured. and/or
closely jointed as might be found in coal and some sedimentary
deposits. face profiles resembling that of flexural rupture 1s more
likely. In this case. the greatest displacement and velocity occur
adjacenttothe center ofthe explosive column withtheleast amount of
movementoccuring atthetoe and crest. Whenidentical conditionsin
11-7b are assumed and when subdrilling is employed. face move-
ment results in much the same way except that the toe burden is
displaced upwards faster and at a greater angle to the horizontal.

The first three cases assumed a relatively straight face between
the crest and toe, however. in many bench blasting operations, the
condition is more like that illustrated in Figure 11-7d. where toe
burdenis considerably greaterthanthe crestburden Thetoeburden
is too great for the explosive selected. hence, very littie movement
occurs at the toe whilte the greatest displacement results inthe upper.
half of the bench.

Three options are available to increase toe movement:

¢ Empioy angle drilling in an attempt to maintain constant burdens
from the crest to the toe

® Use a higher energy bottom chargeinthe current vertical drill holes

® Decrease the burden with the current vertical drill holes
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in selecting the latter. care should be exercised so as not to
decrease the burden to the point of obtaining the condition shown in
Figure 11-7e The toe burden is now correct for the explosive
selected. but the crest burden 1s substantally reduced This may
bring about many adverse conditions near the crest burden such as
flyrock. blowouts. and increased airblast complaints Because con-
finement pressures arereleased nearthe crest (inthis case. a path of
least resistance relative to the toe burden), restricted toe movement
willresult Itis bettertousethesame burden. but withahigherenergy
bottom charge near the toe This load configuration as shownin Fig-
ure 11-7f tends to pressurize more of the burden mass for longer
periods without adverse effects, and adequate toe movement gener-
ally results

Where large leftover muckpites are left against the face. Figure
11-7g.toe movement will be restricted and increased ground vibration
levels are likely. Unless the situation requires a buffer. such as when
blasting in the vicinity of mining equipment or to avoid dilution of an
ore blast adjacent to a waste muckpile, it shou!d be avoided
' Where seams are encountered in a blast. Figure 11-7h. tremen-
dous gas ejections with velocities up to 600 ft/sec can occur. When
such gas venting occurs, it will adversely affect other parts of the
burden to displace adequately and inevitably leads to poor overall
biasting results. A stemming deck immediately adjacenttothe seam
will give better results.

e. TIME EVENTS T1-T4 COMBINED

Uptothis point.time events T1to T4 have beendiscussed more or
less as separate 1solated events. However. in a real blasting environ-
ment, more than one event can occur at the same time.

Consider a single vertical hole in a quarry face with the primer
located near the bottom of the hole as is illustrated in Figure 11-8
Assume the explosive used is 40 feet of ANFO with a velocity of
'detonation equal to 13,000 ft/sec. the material blasted is limestone
with a sonic wave velocity of 15.000 ft/sec and a density of 2.3 g/cc
Upon mitiation of the primer, it takes only a few microseconds and a
distance of 2 to 6 hoie diameters up the column to form a full detona-
tion head. When a full detonation head is formed. it travels up the

,explosive column with a velocity characteristic of the steady-state
velocity. {in this case 13.000 ft/sec). It takes approximately 3.0 ms for
the 40 foot column of ANFQO to be completely detonated.

Within this 3 0 ms. many other things have occurred. Starting at
the bottom of the hole and progressing up the column. borehole
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expansion through crushing of the borehole walls has taken place.
This produces compresstve stress waves with tangential compo-
nents emanating fromthe borehole walls and progressing cutward in
every direction with a velocity characteristic of the sonic wave veloc-
ity of limestone. It takes approximately 1.0 msec forthe compressive
strainwavetotransverse 15 feetof burdentothefreeface Behindthe
strain wave propagation some radial cracks start to develop in the
crushed zoneregion ofthe borehole with a velocity ranging from25to
50% of the P-wave velocity for himestone. If the intensity of the com-
pressive strain pulseis high encugh. new cracks and/or extensions of
pre-existing cracks andflaws can benititated anywhere betweenthe
crushed zone next 1o the borehcle and the free face The greatest
numbhear ol cracks are generally found closest to the horehole

Whaon the compressive wave strikes a free face itis immediately
converted to a tensite strain wave which starts at the tree face and
lravels back through the rock mass towards the borehole. Owing to
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the new fractures created from the outgoing compressive stran
wave. the tensile strain wave will take somewhat longer to travel the
same burden distance of 15 feet Ifthe burden s smalienoughandthe
intensity ofthe reflected strainwave islarge enough.then somespall-
ing at the free face or bench top 1s expected, although no significant
mass movement will occcur

At 3 ms after detonation and complete reaction of ANFO. the
original high temperature. high pressure gases have reached a new
equilibrium due to borehoie expansion. Both temperature and pres-
sure have dropped significantly resuiting 1in an energy reduction
ranging from 25 to 60% of the theoretical energy coriginally avallable
This remaining energy acts on the surrounding “preconditioned’
rock mass to displace it in the direction of least resistance Further
fragmentation can occur at this stage from gases entering and
extending preexisting cracks or discontinuihes 1t is at this stage
where some blasting theories are contradictory Some belheve that
the major fracture network is compieted within about 3 ms due tothe
interaction of stress waves on the surrounding material. while others
believe that the major fracture network is just beginning.

Regardless of which time frame is responsibie for the develop-
ment of a fracture network, mass movement and displacement of
material atthe bench top or face occurs much later intime due to the
confinement of gas pressurewithintherock mass The onsetof mass
movement depends on the material response in conjunction with the
strain and gas pressure stimulus generated from the explosive For
typical stemming and burdens encountared in the field. bench top
swelling occurs between 1to 60 ms, stemming ejections between 2to
BO ms and bench burdens between 5 to 110 ms. Surface uplifting
velocities around the cotlar region of a hole occur between 5 and 120
ft/sec. stemming ejections between 10 tc 1500 ft/sec and burden
velocities between 5 to 200 ft/sec. Gas ejection velocities at discon-
tinuities have been recorded as high as 700 ft/sec and often occurin
less than 5 ms.

RUPTURE RADIUS

The degree of damage and fracturing around a borehole can be char-
acterized by four zones as illustrated in Figure 11-9. In the crushed zone
immediately around the borehole. the explosive induced pressures and
stresses exceed the dynamic compressive strength of the rock by factors
ranging from 40 to 400. These high pressures acting against the borehole
wall will crush, pulverize and shatter the surrounding rock mass, causing
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intense damage This zone is alsoreferred to as the hydrodynamic zone in
which the elastic rigidity of the rock becomes insignificant. (6)

Next to the crushed zone is a region defined by a severeiy fractured
zone referred to as the non-linear zone. Here fracturing can range from
severe crushingthrough partial fracturing. to plastic deformation Extension

Legend

1 Crushed Zone

2 Severely Fractured Zone

3 Moderately Fractured Zone
4 Least Fractured Zone

5 Rock Undamaged

Original .
Borehole,
Radius |
\
A
Expanded
Borehole
After

Detonation

-

-
——

ZONES OF RUPTURE RADIUS
FIGURE 11.9

of cracks can cccur from previously formed cracks by the tangential com-
ponent (hoop stress) of the shock wave, infiltration of gas pressure and at
flaw sites.

In zones 3 and 4 (elastic zones) tensile failures and crack extensions
occurinalessintense mode because the stress wave amplitude has atten-
uated significantly. Much of the orniginal energy from the detonation has
been consumed inthe form of heat. friction. and fracturngin zones 1 and 2.
The peak amplitude ofthecompressive stressisnow muchsmallerthant»=2
compressive strength of the rock so no new fractures are hkely nthiswa /e
type. However, the tangential stress component of the wave 1s still substar
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tally largerthanthetensie strength ofthe rock. Since the tensile strength of
rocktisabout1/15to 1/100ofthe compressive strength, the tangential stress
of the wave is large enough to cause radial fractures These new fractures
are formed from the extension of cracks in the non-linear zone (zone 2) or
from cracks initiated from microfractures and flaws inherent in a typical
rock mass.

Once the tangential stress has attenuated below the critical tensile
strength of the rock. no further breakage cccurs beyond this point as illus-
tratedinzone 5 (Figure 11-9) Oncethewave ordisturbance passes intocand
through thus zone. the individual particles of the meduwm will oscillate ind
vibrate about their rest posiions withimthe elastic imuts of the rock And sono
permanent damage results Itis this region where seismic waves are car-
ried considerable cdistances and are responsible for ground vibrations.

Tabie 11-2 gives an idea of the degree of maximum damage found
around the crushed and fractured zones 1n terms of charge radii for a
number of condittons Resultsarebasedonthe worksof many researchers.
conducted in a number of different matenals with varying explosives Fora
given explosive. the rupture racius 1s greater in soft rock than hard rock
Giventhe same rock. therupture radiusis greaterfor higher strength explo-
sives than lower strength ones. Thus, the degree of radhal rupture 1s influ-
enced by the explosive. material properties and structure

TABLE 2
DEGREE OF DAMAGE AROUND A

BOREHOLE IN TERMS OF CHARGE RADI

CAUSHFD RADIUS OF
EXPLOSIVE CHARGE MATERIAL OK ZONE IN OAMAGE
SOURCE [ IVE COMMENTS
ExpLOS AMOUNT SHAPE ROCK TYPE CMARGE IN CHARGE
AADI (MAK) RADI (MAX)
Qlsen (7} C4 025 ug s Gramte - 15
200 kg 3 Granite - 20
Siskind (4) 60% Dynamie| — [ Shale - 45.55
ANMFO - c Shale - 15-22
Cattermole (3)] 604, - C Tullscwous 30 0-30
Dynamite Byrocisne
Colorago (10} | — - Soit Aock 26-29
Schoal of - Harda Rock - 20
Mings
Derheh g1 1) Nucioa: - Geanile 19 493
{TNT) -
Aterson (1) | — 36 hg (man} < Grante 345 -
D'Andres (13) | Ca 000 216 hg s Granile 23 -
1o 0487 ng
Seshing (14) ANFO - c Cranite - 14
Kutter et Underwaler - 5 Planiglaas - ] Theorehcally
sl {8) Spark & Roch Caiculated
Discharge [=f Pleunigiass - 9 Theoreticaliy
& Roen Calgulatea
vark ol - - - Gramie Lime- 212 30-50
al [15) slone &
Concrefe
Antg (16) Muclear Compelent 2135 - Hornzantal
Fraciunng
20 - Below Shot
Poind
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BLASTING THEORIES (Past & Present)

Inthis section. blastingtheoriesofthe pastand presentare discussedin
concept form. Table 11-215 2 List of sOome ot the more common thoughts
regarding breakage mecharnt s arndtneressurchersresponsibleforther
introduction This list is by ne ineuns Cueinpicie but it does illustrate how
certain thoughts on lastini s uwesw, v flanied wits, e simple reflection theory
after World War ll and proytev_oed to the iwre complex nuclei or stress-
wave flaw theory of the prezcui

Since each theory hias wiherent strengtiis and weaknesses. the main
concepts ofeachtheoryare Lt plained with a brief description. Blasting
theores discussed are.

a) Reflection Theory (Refiected Suess waves)

‘D) Gas Expansion Theaory

c) Flexural Rupture

d) Stress Wave.s & Gas Erpunsion Theoury

‘e) Stress Waves, Gas Expansion & Suress-Wave/Flaw Theory
f) Nuclei or Stress-Wave/Flaw Theory

Q) Torque Theory
h}) Cratering Theory

1) Cratering Mechanisms

a. REFLECTION THEORY (Reflected Stress Waves) (17,18, 19, 20)

One of the first attempts to explaimn. anatytically. how rock breaks
when a concentrated explosive charge 1s detonated in a borehole
near a free surface was with the refiection theory. The concept was
simple. straightforward, andbased strictly onthe well known factthat
rock is always less resistant in tension than in compression. A
compressive strain puise 1S generated by the detonation of an
explosive charge, moves through the rock in all directions with a

' decaying amplitude, andisreflectedonlyatafreesurface. Atthe free
surface the compressive strain pulseis convertedinto atensile strain
pulsethat progressesbacktoits pointof origin. (See Figure 11-10) Since
rock is weakest in tension, it 15 easily pulled apart by the reflected
tensile strain pulse and damage at the face appears in the form of

. spalling. The high pressure. expanding gases. are not deemed
directly responsible for the major degree of fracturing that occurs.

A more detailed explanation follows: Detonation of an explosive
charge in rock generates a large guantity of high temperature. high
pressure gas in a very short time Typically, this occurs In a few
microsecondsfor small cylindricalchargesandinafew milliseconds
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TABLE 1.3
BLASTING THEORIES AND

THEIR BREAKAGE MECHANISM

BREAKAGE MECHANISMS
DATE RESEARCHER(S} TENSILE cging:r:ELs- cas | FLexuraLl NUCLE
REFLECTED| ro.in |PRessure| rRupTune | STRESS-
WAVES WAVES FLAW
1949 Obert, Duvall (17) (18) 1
1956 | ‘Hind (19) 1
1857 | Duvall, Aichison (20) 1
1958 | Rinehart (21) 1
1963 | Langfors, Kihistrom (22) 2 1
1966 | Starfield (23) 1
1970 | Porter, Fairhurst (24) 2 1
1970 | Persson. Lunborg, Johansson (25) 1
1971 | Kutter, Fairhurst (6) 1 1
‘1971 | Field, Ladegarrd - Pederson (26) 1 1
1972 | Johansson, Persson (27) 2 1
1972 | Lang, Faureau (28) 4 2 1 3
1973 | Ash (29) 1 1
1974 | Hagan (30) (31) 1
1978 | Barker, Fourney, Dally (32) (33) (34) 1
1983 | Winzer, Anderson, Ritter {35) 1
1983 | Adams, Margoiin (36) (37) 1
1983 McHugh (38) 1

for long cylindrical charges found in normal bench blasting. This gas
pressure acting against the borehoie wall generates a compressive
strain or stress pulse of high amplitude which will crush and/or frac-
ture rock next to the borehole. This stress pulse travels radially out-
wardin all directions fromthe shot point at speeds equal to or greater
thanthe velocity of soundinthe medium. Due to wave civergence and
energy absorption by the rock, the pulse ampilitude decreases very
rapidly. Thus, the extent of the crushed zone immediately next to the
borehole is relatively smaill.

When a longitudinal compressive stress strikes a free surface,
two reflected pulses are generated. a tensile and shear pulse The
amount of energy imparted to each depends on the angle of inci-
dence of the compressional stress pulse. Of the two reflected pulses.
the tensile one predominates in breaking rock as it moves back into
the rock.
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Crushed _'_."'_'
Fractured Y.
Zone

The effective transfer of detonation pressure to stress inthe rock
depends onthe impedance match of the explosive torock A smaller
explosive to rock impedance ratio was shown to provide a more
effective transfer of this pressure to stress The concept of reflection
breakage isillustrated in Figure 11-10 The time order of key events
are

Free Face 1o— detonation generation of high
t7 pressure. high temperature gases
t
e 6 ty — borehole walls are crushed andg .
shightly fractured due to high gas
pressure, and borehole expands
Spall-Type
Failure ot 15-14 compressional strain pulse propa-
Materlal In gates outward i all cirections
Tension

.

ig tg - part ot compressional strain pulse

Material_Displaced impinges on free surface

Qutward From

AN Face tg-1g -— part of pulse continues to travel

tg outward and partof it isreflected at

I ty the free surface as a tensile strain
pulse

— slab of rock begins to detach from

free tace and moves forward
Free Face .

ty+ — other compressive stress pulses
arnve atthe newiy tormed face and
repeats breaking process

RELECTION THEORY
TENSILE FRACTURE BY RELECTION
OF A COMPRESSIVE STRAIN
PULSE AT A FREE SURFACE

FIGURE 11.10

Siabs broken off closer to the hole are displaced with lower
velocities.
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b.

GAS EXPANSION THEORY (25) (39)

The pressure acting on the walls of an explosive filled hole. upon
detonation, will be approximately one-half of the detonation pressure
due to expansion of the borehole This pressure will propagate out
from the borehole into the rock as a shock wave The material
between the borehole and the shock front is compressed and flows
elastically or plastically. depending cn the pressure and strength of
therock Someradialcracksformnexttothe borehole wall starting at
about two hole radi out and then propagate radially inwards as well
as outward. The greatest frequency of radial cracks are next to the
borehote. but a few extend farther out When no free face exists. a
small number of these radial cracks become very much larger than
the others.

By thetimethe shock wavereachesthe free surface, rachal crack
lengths formed arelessthanone quarterofthis distance. Atthis stage
the longest of cracks have extended inwards and reached the bore-
hole wall. Gas pressureis now capable ofenteringthese cracks andif
the pressure 1s high enough can reach out towards the crack tips,
thus further elongatingthe cracks. This hasthe effectofaidingcracks
thatinteract with the returning tensile wave and cause them toreach
the free surface Up to this point. acceleration of the rock mass
between the hole and free face has been negligibie. Only after the
cracks have reached the free surface 1s the rock accelerated by the
remaining gas pressure

The key point of the gas expansion theory are:
® Radial cracks areinitiated not immediately nexttothe borehole but
abouttwo hole radii outand extendinwards toward the hole as well

as outwards towards a free face.

® Rock displacement does not occur until pressurized radial cracks
extend to the free surface.

FLEXURAL RUPTURE (A Gas Expansion Theory) (29)

During detonation of an explosive confined in a borehole. two
distinct pressures are formed: cne from the detonation itseif and the
other from the highly heated gases acting on the borehole walls In
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this theory. ninety percent of the total energy to break rock i1s in the
latter Detonation pressure acts only momentariiy agaminst any one
part of the borehole’s internal surface area. while gas pressure is
sustained considerably longer until some form of cavity volume
change occurs. Gas pressure. then, is the major componentrespon-
sible for fragmentation and flexural rupture.

Radial cracks formonlyin planes parallel with the borehole axis.
No cracks develop where the explosive is not in immediate contact,
thus mostcracks form adjacenttothe borehole wall where tangential
stresses are produced within the borehole's wall as the cavity is
pressurized. Providing strain energies at crack tips are adequate.
extension of fractures continue. Breakage by reflection of strain
energy at a free face is considered negligible. Gas pressure drives
the radially produced cracks through the burden to the free face and
displaces rock through bending and in the direction of ieast resist-
ance generally following naturally occuring planes of weakness Itis
during this final stage where the major breakup of intact material
takes place.

Breaking of rock by flexural rupture is analogous to bending and
breaking a beam aslustrated in Figures 11-11and 11-12. Arectan-
gular beam 1s used to represent the field configuration of bench
height, H, and burden, B, in the form of a modified cantilever beam

model. The fixed end of the beam represents toe conditions whilea _

roller. placed directly opposite the center of the stemming column,
represents the stemming function. The rolter allows the collar region
torotate and movelongitudinally but does not allow defiection normal
to the borehole axis. Although not shown for clarity of concept. the
beam thickness in Figures 11-11 and 11-12 is actually equal to the
burden. Borehole pressureisrepresented as aload distributed along
the length of blasthole containing the explosive. Rock weight of the
bench segmentis considered negligible retative to the load resuliting
from the borehole gas pressure. Maximum contribution of total rock
load acting at floor level is only at a ratio of about 1:100.000 or more
compared to gas pressure.

The degree of fragmentation is controilled by the stiffness property
ofthe burden-rock mass. This stiffnress depends on existing restraints
to movement. rock (Young's modulus). radially-cracked
block’'s geometric shape as defined by its average thickness, width,
and length. In terms of blast configuration. burden, spacing, and
bench height are the controlling factors for any given rock.
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BEAM BENDING MODEL BEFORE DETONATION
FIGURE 11.11

BEAM BENDING MODEL AFTER DETONATION
FIGURE 11.12
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To achieve adequate flexural rupture. the burden to length (8/L)
ratio becomescritical because stiffness varies with the third power of
this ratto For a given explosive diameter and reflective B value.
decreasing the bench height L has the effect of,

i} stffening the burden rock

it) reduces fragmentation

i) inhubitsthe necessary lateral andupwarddisplacements needed
to break collar maternial and remove toes

Reducing burden for a given bench height has the opposite
effect Doubling the bench height for a given burden. or reducing the
burden by one-half for a constant bench height has the effect of
reducing the stiffness theoretically some eight times, although In
practice a B/L ratio of 1/3 is often adequate.

STRESS WAVE AND GAS EXPANSION THEORY (6)

in 1971, Kutter and Fairhurst combined the concepts of strain
wave induced fracturing and gas pressure as the main mechanisms
tofragmentrock Their experiments were performed with homogen-
ous plexiglass and rock models.

After detonation, an intense pressure wave is emitted into the
rock fromtheimpactof the rapidly expanding high pressure gas. This
pressure rises immediately to its peak and can be assumed to be
one-haif to one-quarter of the detonation pressure. Due to cavity
expansion around the borehole and the cooling of the gases. the
pressure decays exponentially. In spite of the decay. the pressureis
sufficient to exert a quasi-static pressure on the rock boundary for a
relatively long time. .

The amount of energy inthe shock waveis calculatedtobeonlya
fraction of the total energy released by the explosive. In granite this
was measured torange between 10to 18 percent whiie in salt it was
oniy 2 to 4% of the total energy released. The remaining energy is
contained in the gas pressure. However. the compressional wave
energy is sufficiently high next to the borehole to cause extensive
breakage.

A radially fractured zone is the first fracture pattern to deveiop
around the new expanded cavity. Next to develop is a ring of wider
spaced radial cracks.
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This width of radially fractured zone depends on:

® the tensile strength of the rock

® wave velocity of the rock

® input oressure of the explosive

® detonatuon velocity of explosive

® extent of energy absorptionin the rock mass

The diameter ofthe fractured zone was theoretically calculated to
be around six hole diameters for a spherical charge and nine hole
diametersforacylindrical charge. ltisinthis expanded orequivalent
cavity that the gas pressure becomes active and not in the original
borehole. Thus cracks are pressurized and free to extend toward a
free face. The original stress wave functions only to precondition the
rock by inttiating (in tension) radial cracks at the borehole walil

The main points of interest of the streés wave and gas expansion
theory are:

® Both stress waves and high pressure gases play animportant role
in fragmenting material. Neither the strain wave or gas pressure
alone is responsible for rock fragmentation in blasting.

® Radial cracks originate at the borehole wall.

® Pre-existing cracks would reinitiate under stress, but nonew cracks
would form in the area occupied by an oid crack.

® Presence of a free surface favors extension of gas pressurized
radial cracks in that direction.

® In-situ stresses affect the direction in which radial cracks travel.

® For a given borehole size. an increase of explosive charge beyond
an optimum amount does not Increase the fractured zone, but
results only in additional crushing arocund the cavity.

1

GASEXPANSION,STRESSWAVES,STRESS-WAVEFLAW, AND
REFLECTION — (Combined Theory) (28)

Stage 1 —0On detonation of the explosive the high pressure shat-
tersthe rock in an area adjacent to the drill hole. The outgoing shock
wave traveling at 9,000 to 17.000 feet per second sets up tangential
stresses that create radial cracks which move out from the region of
the hole. The first radial cracks develop in one to two milliseconds.
(Figure 11-13a)
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Compressive Wave |/
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Free Face
Tensile
Wave
St 2 (b
age 2 (b) Expanding Borehole "\ Spall
High Pressure
Explosive Gases

Stage 3 (c) -

Expanding Borehole

FRACTURES CPENED UP AND PROPAGATED BY GAS EXPANSION
PRODUCING AN ISOLATED FRAGMENTED ROCK MASS OR CRATER
FIGURE 11.13

Stage 2—The pressure associated with the outgoing shock wave
of the first stageis positive fthe shock wavereachesafreefaceitwili
reflect. but in'so doing the pressure fails rapidly to negative values
and atension wave is created. Thistension wavetravels backintothe
rock and since this material is less resistant to tension than to com-
pression, primary failure cracks will develop due to the tensile
strength ofthis reflected wave. Ifthese tensile stresses are sufficientty
Intense they may cause scabbing or spalling atthe free face. (Figure
11-13b)

in rock breaking this spalling effect appears to be of secondary
tmportance lthas been calculated thatthe expiosive load must be in
the order of 8 times the normal load to cause failure of the rock by
reflected shock wave alone.

In the first and second stages. the function of the shock wave
energyistoconditiontherock by inducing numerous small fractures
In most explosives the shock wave energy theoretically amounts to
only 5to 15% of the total energy of the explosive. This strongly sug-
gests that the shock wave 1s not directly responsible for any signifi-
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cantamountofrock breakage. butitdoes provide the basic condition-
ing for the iast stage of the breakage process.

Stage 3—in this last stage the actual breakage of rock 15 a slower
action. Under the influence of the exceedingly high pressure of the
explosion gases. the primary radial cracks are enlarged rapidly by
the combined effect of tensile stress induced by radial compression
and by pneumatic wedging. When the mass in front of the borehole
yields and moves forward. the high compressive stresses within the
rock unioadin muchthe samewayasacompressed coil spring being
suddenly released. The effect of unioading is to induce high tension
stresses within the mass which compiete the breakage process
started in the second stage. The small fractures and threshold frac-
ture conditions created inthe second stage serve as zones of weak-
ness to initiate the major fragmentation reactions. (Figure 11-13¢)

NUCLEIORSTRESS WAVE—-FLAW THEORY (32.33.34.35.37.38)

This relatively new theory was formulated at the University of
Maryiand in the fracture mechanics laboratory. Laboratory tests
were conducted in homolite-100 models. both unflawed and flawed.
by simulating many of the geologic structures and discontinuities
(ijoints, fractures. bedding pianes) typically found in large scale
bench blasting. Results showed that stress waves were quite impor-
tantinthe fragmentation process and caused a substantialamount of
crack initiation at regions rather remote from the borehcle. These
regions consisted of small orlarge flaws. joints. bedding planes. and
other discontinuities thatacted asa nucieiforcrack formation. devel-
opmentor extension. This new stress wave dominated mechanism of
fragmentation is referred here as the nuclei theory.

The theory and actual mechanisms of stress wave propagation
and interaction in a flawed medium are quite complex. They involve
many phases such as: (40).

detonation and crack nucleation around borehole
crushed zone extension

dynamic crack stability

activation of flaws

coalescence of wave velocities and strains
branching of cracks

interaction of cracks and reflected wave systems
instability of crack direction

random progressive failure
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In more simple terms. the important points of the theory are
explained with the illustration in Figure 11-14 A borehole is located
behind a free face with two discontinuities. a joint plane and a small
flaw. located between the borehole and free face. Assume all other
areas in the medium to be homogeneous and flaw free.

Inunflawed material.only 8to 12dominantcracks emergefroma
dense radial network around the borehouie These dominant cracks
can trave! significant distances and consequently form large pie
shaped segments. that alone are not conducive for good fragmenta-
tion. Stress waves continuing away from the fractured zone around
the borehgle result in no further damage.

Joint

Plane
Borehole Filaw Face

@ O © (e) #:

NUCLEI THEORY
FIGURE 11.14
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In flawed material or sections of the material which contain flaws.
fragmentation 1s guite different Consider the P and S waves propa-
gating away from the fracture network around the borehole in Figure
11-14b and 11-14c. Refer to Chapter 12—Vibration/AirBlast section
foradiscussiononSetsmic Waves. Nofracturing takes place untilthe
flaw (joint plane) s initiated by the P wave tail and the leading front of
the S wave, (Figure 11-14c¢). The remainder of the S wave has
sufficient energy to keep the crack from arresting. A similar effect
occurs as the P and S waves move past the small flaw between the
jomntplane andthe freeface. (Figure11-14d).ltisimportantto note that
cracks are initiated at flaw sites remote from the borehole region by
the combined action of the P wave tail and the S wave front Flaws
initiated inthe mmediate borehole vicinity of these waves have only a
small effect Note also. that the outward directed P and S waves can
initiate flaws anywhere independent of the presence of afree surface.

When a P wave encounters a free face (Figure 11-14d and 11-
14e).itisreflected andtravels backintothe medium as atensiie wave
to meetthe outcoming Swave. Atthis stage. constructive interference
can occur which allows for further crack initiation or extension of
cracks previously formed. New wave systems (PP, PS. SP. S5, PP.and
S. PS. and 8) will also form from the original outgoing wave system
upon reflection at a free surtace cor discontinuity. These new wave
systems can also contribute to ¢crack extensions. Figure 11-14f and
11-14g illustrate further crack extensions when all wave systemns
have been refiected back towards the hole.

The important points of the nuclei or stress-wave flaw theory are:

® the fracture network spreads with the speed of the P and S waves,
which initiate fracture around flaws remote from the borehole

® in highly flawed material, fragmentation results fromthe nucleation
of new cracks at flaws and reinitiation of old cracks from the
reflected stress wave systems

® gas pressurization does not contribute significantly tothe fragmen-
tation process

Computational modeis incorporating stress wave/flaw interac-
tionas amechanismof nucleating and extending cracksis growingin
popularity. (32-38, 40) Although the models differinapproachand/or
details, the main idea 1s that shock and/or stress waves fragment
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material and gas pressure acts to dispiace the broken material.
Stress wave functions not only toinitiate fractures at or nearthe bore-
hole wall. but also initiate fractures throughout the rock mass being
blasted.

Recent work in full scale production shots and n large blocks
added further insight into this phenomena. (35) Stress wave induced
fracturing at flaws and discontinuities removed from the borehole
was foundto be considerably greater than either spalling or borehole
radial tensile failure documented by earlier works. Gas pressurized
radial fracturing. in typical bench blasting operation, was found to be
only a minor contributortothe overall fragmentation ofthe rock mass.

Some key points of Winzer's theory and observations are:

i} new fractures are seen to form at the face at about twice the
time it takes for the P wave to traverse the burden distance

ii) old fractures are the loci of new fractures or are re-initiated
themselves early in the event; they continue to be active for
several tens of milliseconds after detonation of the explosive

itt) fragmentation continues in blocks of rock, following detach-
ment from the main rock mass, by trapped stress waves

iv) thefracture patternonthe free face s well developed prior to
the expectedtime of arrival ofradiai cracks fromthe borehole

v) in blasted faces from production-scale shots, fractures are
observed to have initiated at, and propagated from, joint and
bedding planes. suggestingthe same operating mechanism(s)
asthoseobservedin homolite modeis atthe University of Mary-
land

vi) gas venting occurs through already open cracks relatively
late in the event, indicating that the majority of fractures
observed on the free face are not gas pressurized

vii) in more massive rock stress waves are transmitted with
higher velocity and less attenuation, but fewer fractures will
form because there are few fracture sites. However, more
radial fractures will form in massive rock. while fewer frac-
tures form at a distance from the borehole
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viii) large fragments will form early in the event. and as they move
and fractures open. large segments of the rock mass will be
effectively isolated from further stress energy

ix}) inmoreheavilyfracturedrock, the stress wave velocity wiil be
lower and attenuation higher, but there are more fractures to
serve as initiation sites

x) the stress wave takes longer to penetrate the mass. and
movement of the rock can be expected to be slower as more
energy is absorbed by the rock mass

xi) cracks open more slowly, and smaller masses of rock are
Isolated early in the event, so that later arriving stress waves
can continue to increase crack initiation and propagation

TORQUE THEORY

The success of this theory is totally dependent on the absolute,
accurate timing of inittators. When two adjacent explosive columns
are initiated simultaneously from opposite ends, a compressional
shock wavefromeachcolumntraveling paralie! butin opposite direc-
tionsis formed. (Figure 11-15) The greatest stress 1s always directed
perpendiculartothe primary shockfront. This stressis also assumed
to be greatest nearthe detonation head in the explosive and dimin-
ishes with distance away fromthe detonation head. Anuneven stress
distribution is formed between explosive columns when the columns
are fired simultanecusly and from opposite directions. This action
tends to toss the fragmented rock between explosive columns in a
counterclockwise motion. Reversing the primers of each explosive
column wili toss the material in a clockwise motion. This action is
precisely what is needed to obtain uniform fragmentation and avoid
tight muck piles such as inthe case of in-situ retorting. For this theory
to work, exact initiators are crucial. nothing less will do. especially
when using explosives with very high velocity of detonation.

CRATERING THEORY (41-45)

The conceptof cratering. its development. and resulting applica-
tions were originally proposed by C.W. Livingston and later modified
by others suchaslLang and Bauer. (41) (43)'(44) Itinvolves a spherical
charge of length to diameter ratio of less than or equal to 6 to 1,
detonated at an empiracally determined distance beneath the sur-
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When Explosive Columns Are
Primed At Opposite Ends
And Fired Simultaneousiy.
The Rock Is Fragmented
And Tossed in A Counter

Direction Of Greatest
irection Clockwise Motion

Stress Is Perpendicular

To Primary Shock Wave .
Detonation

Explosive Head

Column
Deck

Stemming
Deck °

APPLICATION OF NEW BLASTING
THEORY TO IN-SITU RETORTS
BLASTING
FIGURE 11.15

face to optimize the greatest volume of permanently fragmented
material betweenthe charge and free surface. Thisimpliesthatgiven
a specific explosive and material, there exists a burden distance
between the charge and free surface which yields the largest crater
(Figure 11-16d). This burdenis referred to as the optimum burden or
depth. Similarly, there exists another burden distance referred to as
the critical distance, whichis too far below the surface to resultin any
crater or expulsion of material at the surface, other than minor radial
cracks Thisis the point where material at the surface just begins to
show evidence of failure, (Figure 11-16b).
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SCHEMATIC OF THE EFFECT OF DECREASING THE

that

there was a constantfactor betweenthis critical burden distance and
the cube root of the weight of explosive and expressed it as;

Strain Energy Equation

N = critical distance in feet
weight of explosive in pounds
= preoportionality constant or the straln energy factor

m s
1n

1

ExW?3

which has no units and is constant for one given explo-
sive - rock combination

If a sufficient number of tests are performed as illustrated in Fig-
ure 11-16. then the strain energy factor could be calculated. For
example if the critical burden was foundto be 12 feet when using 40
pounds of ANFQ, then
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E =—"—1
w3
e =12
(40) 3
E =—2
342
E = 3.51

Strain Energy Factor = 3 51

This strainenergy factor, &, will differifthe same explosiveis used
in a different material or the same material is blasted with a different
explosive. When rock gets more brittte, E increases and the optimum
crater volume occurs at lower values of depth ratio. In softer material.
E decreases and the optimum crater volume occurs at higher values
of depth ratio.

The strain energy equation can be written in another form that
retatesthe chargedepth from surfacetothe depthratio, strain energy
and explosive weight as:

Upper Limit of Shock Range

1

de= AXExW?3
where:

de = distance from surface to the center of gravity of the
charge in feet

depth of burial

D\ = depth ratio =
critical depth

W = weight of explosive in pounds

if deistheoptimum burdenthatyields the greatest volume of
fragmented material, thenitis referred to as dg and the opti-
mum depth ratio isreferred toas N\ o
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Increasing
Volume Of Fragmented Material

Crater data can be plotted in a number of different ways. Figure
11-17illustratesthe effect oftwo explosives. A and B onthe amount of
fragmented material that each 1s capable of achieving at different
depths of burials Note thatthe higher energy explosive always frag-
ments a greater volume of matenal at the same depth of burial as
explosive A, but that the optimum depth of burial differs for each
explosive,
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do For Explosive A i/::p::::ve B \\:l—-_

Increasing Depth Of Burial

VOLUME OF FRAGMENTED MATERIAL VERSUS
DEPTH OF BURIED FOR TWO EXPLOSIVES IN
THE SAME MATERIAL
FIGURE t1.17

Another method of representing craterdataonacommonbaseis
by piotting V/W on the y-axis and the depth ratio on the x-axis as
showninFigure 11-18. (44} Visthe volume of broken materialin cubic
feet, Wis the weight of explosive in pounds, and the depth ratio has
been defined as the depth of burial divided by the critical depth The
important thing to note is that the optimum depth ratio. (D ° ), varies
with each explosive-rock combination, The advantage of performing
such field experiments is that one wouid obtain crater data specifi-
cally suited to the user environment for a number of different explo-
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(1.31n)

sives. Although the curves in Figure 11-18 are fitted as smooth
curves. one should remember that some scatter of data is always

presentanditismportanttotakethisintoaccountforcrucialapplica-
tions of cratering.
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| | ] | l 1
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oH —

ROCK REMOVED IN CU. FT. PER LB.
OF EXPLOSIVE VS DERPTH RATIO
FIGURE 11.18 (44)

CRATERING MECHANISMS (4) (45)

Asthe highpressure explosive gases expand againstthe medium
immediately surrounding the explosion, a spherical shock wave s
generated causing crushing, compaction and plastic deformation.
(Figure 11-19a) For commercial explosives the imtial shock pres-
sures are on the order of 100 to 200 thousand atmospheres (one
atmosphere = 14.7 pounds per square inch). As the shock front
moves outward in a spherically diverging shell, the medium behind
the shock frontis put into radial compression and tangential tension.
This results in the formation of radial cracks directed outward from
the cavity. The peak pressure in the shock front becomes reduced
due to spherical divergence and the expenditure of energy in the
medium For shock pressures above the dynamic crushing strength
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of the medium. the material 1s crushed. heated and physically dis-
placed.forming a cavity. Inregions outside this kmitthe shock wave wll
produce permanent deformation by piastic flow, until the peak pres-
sure in the shock front has decreased to a value equal to the plastic
Itmit of the medium This is the boundary between the plastic and
elastic zones shown in Figure 11-20

Apparent
R —ey BC:ra:ie'r
oundar
—Surtace ot ToN . } Y Re— _
. / ) AR
B uvirag$4d pos
et ot oy, ..
True Crater .» ] N J
Boundary . : 9 AP - S T T -
. . 4 . ‘
Rp = Radius of Apparent Crater _‘- -t '|' \. ,: - "
RL = Radius of Llp Crest ..‘:".. ! . '- - ELASTIC
Ry * Radius of Rupture Zone e ZONE
|
DOB = Depth of Burial
PLASTIC
Ha =.Depth of A
A pth of Apparent Crater ZONE

EMPLOYMENT OF ATOMIC DEMOLITION MUNITIONS

DEPARTMENT OF THE ARMY, WASHINGTON, D.C. AUG. 1971

FIGURE 11.20

Whenthe compressive shockfrontencounters afreeface, it must
match the boundary condition that the normal stress or pressure be
zero at ali times. This results in the generation of negative stress, or

rarefaction wave which propogates backinto the medium(Figure11-19b).

Thus the medium which was originally under high compression IS
putinmtotensionbytherarefactionwave. This phenomenon causesthe
medium to break up and fly upward with a velocity characteristic of
thetotal momentumimpartedtoit. In aloose soil material. this spalling
makes almost every particle fly intothe air individually, while inarock
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mediumthethickness ofthe spalied material s generaliy determined
by the presence of pre-existing fracture patterns and zones of weak-
ness: As the distance from surface increases. the peak negative
pressure decreases until it notonger exceeds the tensile strength of
the medium The velocity of spalled maternial also decreases in pro-
portion to the peak pressure This breakage mechanism s predomi-
nant only for charges pilaced at very shallow depths of burial

Thetwo mechanisms described sofar are shortterm. lasting only
a tew milliseconds The gas acceleration mechanism. however.1s a
much longer lasting process which imparts motion to the medium
around the detonation by the expansion of gases trapped in the
explosion-formed cavity. {Figure 11-19c and 11-19d) These gases
are produced inthe surrounding material by vaporizationand chem-
ical changes induced by the heat and pressure of the expiosnon.‘
Ventingoccurs because the materialisnolonger cohesive enoughto
contain the explosion gases. As the gases are released. fragments
assume free ballistic trajectories. At depths of burial at which crater
dimensions are maximum, the gases produced will give appreciable
acceleration to overlying material during its escape or venting
through cracks extending from the cavity to the surface At shallow
depth of burials the spall velocities are so high that the gases are
unabie to exert any pressure before venting occurs. For very deep
explosions the weight of the overburden preciudes any sigmficant
gas acceleration of the overlying material. Gas acceleration is the
dominant mechanism at optimum depth of burial. With a constant
weight of explosive. the optimum depth of burial varies with the sur-
rounding material. -

At deep depths of burial. the mechanism of overburden collapse
{subsidence) becomes dominant. This effect is closely inked to the
crushing, compaction and plastic deformation mechanism which
produces an underground cavity. Atthese depths of burial. spall and
gas acceleration will not impart sufficient velocity to the overlying
materialto physically ejectitfromthe crater Mostthrowoutreturnsto
the crater as fallback material. In a rock medium the bulking action of
therock, whenitis disoriented fromits oniginal fracture pattern. could
produce a volume greater than the underground cavity. This could
resultin no crater or a mound above the ground rather than a crater.

At even deeper depths of burial. about twice or deeper of that of
optimum. another type of subsidence occurs. In this case the spall
and gas acceleration has no significant effect on the overlying mate-
riai. Only an underground cavity is formed. When the pressure inthe
cavity decreases below overburden pressure. the roof of the cavity
begins to coliapse. in most media this collapse will continue upward
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forming a chimney of collapsed material. in soil, where the density of
the material will not significantly change afterithas fallen, the volume
of the undergrcund cavity will be transmitted to the surface.

Figure 11-21 illustrates surface time profiles after detonation of a
40 pound equivalent charge of ANFO, buried 8.0 feetin an unconsoli-
dated, sedimentary type maternal. (46) High-speed photography was
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/
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L ! I —

Scale (Feet)

FIGURE 11.21
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used to document the effects of shock and gas pressure The first
observation was that of brisance orthe reflection of the compressive
shock atthe surface a few milliseconds after detonation. Thus s indi-
cated by the dotted eclipse immediately above the charge hole or
surface With sufficient camera coverage and appropriate viewing
angles. this shock ring can often be used to estimate. in rough. the
degree of crater damage. Inthis case, sufficient viewing angles were
not available and so only part of the total reflected shock could be
resolved. Because the charge was placed at a depth significantly
greater than the optimum depth of bural, no appreciable spalling
occurred. Gas pressure was the dominant mechanism responsible
for uplifting and ejecting material radially outward.

As gas expansion occurs around the charge cavity. the material
above the charge s compacted and heaved upwards Between 0to
45 milhseconds after detonation, the uplifted material 1Is resihant and
compacted enough to maintain sufficient cohesion to contan all
gasesresulting from expansion. At 60 ms gas ventingbeginstooccur
directly above the charge and continues toc expand in a well defined
arc with respect to time. if the gas venting contacts at each end of
each time profile are connected with straight lines. the lines will most
always point toward the top or the center of the charge. In this case,
the gas venting angle was measuredto e approximately 45 degrees.
The gas venting angle is useful in determining how much of the top
part of a cylindrical charge, as found in production holes. actually
contributes to gas venting, cratering and/or lost energy through lack
of stermming confinement. At either side of the gas venting angle. no
gas venting occurs, but material fragments are displaced and/or
ejected outwardly Material fragments are also ejected from within
the bounds ofthe gas ventingangle Owingtoacharge depth beyond
optimum. the finat resultis a mound ratherthanacrater The moundis
indicated by the shaded section underneath the 60 ms time profile

The mnitial instantaneous uplifing velocity above the charge is
generally high but dilninishes to zero when the material has reached
its highest displacement. In reference to Figure 11-21, the average
initial velocity alongthe vertical dispilacement vector upto 45 msis 68
ft/sec. The average velocity from 60 ms to 239 ms is 54 ft/sec. The
difference in velocity is attributed to the effects of gas venting and
expansion beyond 60 ms. These velocities are dependent on material
type and structure, explosive and depth of burial In general. the
velocity will decrease exponentially with depth for a given explosive
and matenal type as shown in Figure 11-22 (46)
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DECOUPLING

Decoupling is generally used as a control to reduce backbreak to the
final planned excavation limit for pit wall slopes in open pit mines, shafts,
drifts. ditches, road cuts and mine benches.

Since the borehole pressure is quite intense for a fully coupled bore-
hole. exceeding many times that of the dynamic compressive strength of
therock, it mustbereducedto avoid extensive damage. Thethree principal
modes of rock failure occurby exceeding the dynarmic compressive, shear
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or tensile strengths ldeally, the borehole pressure should be somewhere
betweenr the compressive and tensile strength of the rock. so as to avoigd
extensive crushing at the borehole wall. yet provide enough pressure to
extend a single predominant crack between any two perimeter holes in the
control hne of holes.

A good example of decouplng in air and water in relation to fully
coupled holes 1s iHlustrated in Figure 11-23. (47} The pressure imparted in
the rock mass at 36" away for the same explosive is shown for four
conditions

1y a 6" diameter explosive in a 6" hole

iy a 2" diameter explosive In a 2" hole

i)y a 2" diameter expliosive in a 6" hole (air decoupled)
v} a 2" diameter explosive in a 8" hole (water decoupled)

| 1.9
36" fl -1 0.75
Distance To Point 4 0.50
Borshole Ot Observation Joo2s
Wwalil
/o s Eakh aEn A GEn aEn T A aEn S A . — 0
Explosive l 7
| 4 050
Borehole Wall | j 0.25
T TE T T O D T TE T e O A s ;e o
i Expiosive l -
i
[ Borehole [ - 0.50
wall - 0.25
Expiosive { )
- G Gan e R G GEE W GEe e SR e e gy -0
Air
I .
| - 0.50
Water I
; -4 0.25
o Explosive
e Borehole |
] |

EFFECT OF AIR AND WATER DECOUPLING
VS FULLY COUPLED HOLES
FIGURE 11.23 (47)

All measured stress levels are compared relative to the 6” diameter
explosive in a 6" diameter hole. A number of impeortant points are imme-
diately evident. The greatest stress level was achieved with a fuliy coupled
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explosive in a 6” diameter hole. The next highest stress tevel was achieved.
again. with a fully coupled explosive, even though the hole diameter was
reducedthree-foidtoa 2" diameter. Waterdecouplingfollowed nextand air
decoupling produced the smallest stress level. Thus. an air decoupled
charge is the most effective means of reducing borehole pressure and
consequently the peak stress level within the rock mass.

A reasonably reliable method of calculating the borehocie pressure is
with the following formula which takes into account two decoupling ratios.
(48) (49) (50) )

2.6
Pp = 1.69 x 1073 x p x VOD2 x VT xde
dh
where:
Pp = Borehole pressurein PSL
p = Density of explosive in g/cc
VOD = Velocity of detonation in ft/sec A
¢ = Percentage of explosive column loaded expressed as a
decimal
de = Explosive diameter (in.)
dh = Hole diameter (in.)

This formuta is best suited for explosives which contain no metallic
elements or relativeiy small amounts, since the addition of energizing
metals lowers the detonation velocity of the explosive and hence. the
borehole pressure as calculated by this equation. Computer codes such as
TIGER and EXPLCODE are used to caiculate borehole pressures from
explosives containing metailic elements.
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Fig. 7.1 Tunneling,

7.1 Tunneling. _
There are two rcasons to ge underground and cxcavalc:

= to use the excavated space, e.g. for storage, transport etc.
— to use the excavated material, e.g. mining. operations.

In both cases tunncling forms an important part of the entire operation. In
underground construction it is necessary to gain access to the construction site by
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ALTERNATE VELOCITY
LOADING TECHNIQUES AND DETONATIONS
IN A PRODUCTION ENVIRONMENT

by

R. Frank Chiappetta
ABSTRACT

A simple and cost effective technique to increase fragmenta-
tion and burden velocities without making major modification
to the overall blast design is with ALTERNATE VELOCITY
LOADING OR BOOSTERING OF ANFO, The technique requires the
placement of a cartridge or slug of explosive, having higher
density and detonation velocity than ANFO, every few feet in
an ANFO column., The greater the difference in density and__
detonation velocity of the Alternate Velocity Load to ANFO,
the more pronounced are the results. Emulsions were
selected as the Alternate Velocity test explosives because
they detonate closer to ideal conditions than most other

commercial explosives.

The emulsion explosives embedded in the ANFO column did not
require additional boostering. Even a low order ANFO
detonation, alone, acted as an effective primer on the
Alternate Velocity emulsion explosive. It was also
determined that ANFO efficiency suffers greatly, when ANFO

is loaded in a dewatered hole.

Testing consisted of single and multi-hole production shots
in full-scale environments. Analytical methods, testing
procedures and a discussion of the breaking processes are

described in detail.
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INTRODUCTIQON

The breaking and heaving processes resulting from single or
multi-hole detonations encompass a complex array of pheno-
mena not all of which are completely understood. However,
with the advent of newer, more precise and sophisticated
instrumentation, a better definition and explanation of what
occurs within and around a borehole at close vicinity are now
possible. Clarification of such short lived phenomena in and
around a borehole environment is invaluable to us in our

basic understanding of the breakage process.

The ATLAS POWDER COMP/,NY in association with other research
organizations has invested heavily in researching specific
areas of blasting in an attempt to produce more efficient,
consistent and cost effective blasting techniques for the end
user. One such technique is described in this paper as
ALTERNATE VELOCITY LOADING OR ALTERNATE VELOCITY BOOSTERING
OF ANFO. The technique consists of placing a cartridge or
slug of explosive, with higher density and velocity of
detonation than ANFO, evéry few feet in an ANFO column. 1In
the last few years, the technigue has been used in a wide
variety of materials stretching from very soft overburdens to
the hardest of granites and in hole diameters ranging from
2-1/2 to 12 inches. With a carefully designed blast
utilizing the proper amount and distribution of energy,
optimum selection of MS delay timing and ALTERNATE VELOCITY

LOADING, excellent results can easily be realized in terms of



fragmentation and mass movement of burdens. Thus, ALTERNATE
VELOCITY LOADING is equally applicable to overburden casting
in stripping operations and to bench blasting operations in

gquarries.

In order to understand some of the mechanisms responsi-
ble for the success of Alternate Velocity Loading, a review
of the basic breakage process is essential. There are
basically four time frames designated as Tl to T4 in which
detonation, breakage and heaving of material occur during and
after 'detonation of a confined charge. The time frames are

defined as follows:

Tl - Detonation
T2 - Shock or Stress Wave Propagation :
T3 - Gas Pressure Expansion '

T4 - Mass Movement

Although each time frame is treated as a discrete event for
‘conceptual ¢larity, it should be emphasized that in a typical
shot hole or production blast, one event phase can occur
simultaneously with another at specific time intervals,

Each time frame is first discussed separately and then in a
unified explanation and meshing of events in conjunction with

some of the more commonly accepted blasting theories.



Tl - DETONAT

Detonation is the beginning phase of the fragmentation
process. The ingredients of an explosive consisting of a
fuel and oxidizér combination; upon detonation, are
immediately converted to high pressure, high-temperature
gases. Pressures just behind the detonation front or head
are in the order of 9 Kbars to 275 Kbars, while temperatures
range from 3000 to 7000 F. The detonation head is referred
to here as the primary reaction zone for the fuel and

oxidizer mixture.

Detonation pressure is generally expressed as a function of

the velocity of detonation and density of the explosives as,

P = (2.325X10°7) X p X VOD
Where P = detonation pressure in Kbars

p = density in g/cc

VOD = velocity of detonation in ft/sec.

To change detonation pressure from Kbars to 1lb/in , multiply
Kbars by 14,504. Generally, explosives yielding higher
detonation pressures are required to fracture materials which
are massive, fine grained, hard, tightly bonded and strongly
consolidated with heavy burdens. Typical values of detona-
tion pressure for selected explosives are éresénted in

Table 1.



TABLE 1

DETONATION PRESSURES FOR SELECTED EXPLOSIVES

) Detonation
Density V0D Pressure Pressure
Explosive (g/cc) (ft/sec) (Kbars*) (psi)
ANFO 0.81 12,000 27.00 391,600
POWERMAX 420 1.19 19,000 100.00 1,450,400
HI-PRIME 1.40 20,000 130.00 1,885,500
"G" BOOSTER 1.60 26,000 251.00 3,640,500

*]1 Kbar = 14,504 psi

The detonation wave starts at the point of primer initiation
in the explosive column and travels at supersonic speeds.
Supersonic refers to velocities which are faster than the
speed of sound in the explosive. Typical velocities of
detonation for commercial explosives-range from 8,000 to
26,000 ft/sec. This velocity, sometimes referred to as the
steady-state velocity, remains fairly constant for a given
explosive, but varies from one explosive to another,
depending primarily on the composition, particle size and
density of the explosive. To a lesser extent, the steady
state velocity is also affected by the degree of confinement

and explosive diameter.

Since the velocity of detonation is greater than the velocity
of sound in the explosive, the explosive material directly in

front of the detonation head is totally unaffected until the



detonation head passes through it. 1In a typical 30 foot
explosive column loaded with an explosive having a

' characteristic velocity of detonation of 10,000 ft/sec, -
complete detonation and energy release within the entire
column would occur in about 3 milliseconds. For an explosive
with a velocity of detonation of 20,000 ft/sec, detonation
and energy release would be complete in 1.5 milliseconds.
Detonations of this kind are self-sustaining due to the
inertia of the explosive itself that provides confinement
-necessary "to-maintain conditions for fast chemical reaction

rates. (1)

Figure 1 illustrates a typical hole load configuration.
Velocity of detonation within the explosive column was
measured with the SLIFER system developed at SANDIA NATIONAL
LABORATORIES. For a continuous 11 foot column of cartridged
ANFO, the velocity of detonation was measured to be 12,200
ft/sec as indicated by the slope of the straight line segment
between points (a) and (b) in Fiqure 1. The straight line is
indicative of a consistent explosive composition, constant
density and a stable velocity of detonation. As detonation
progresses along the column, not only is a shock wave
imparted into the sﬁrrounding medium adjacent to the borehole
wéll, But is also imparted into the stemming as indicated by
the slope of the straight line segment between points (b) and
(c). 1In this case, the shock wave velocity through the

stemming was measured to be 2,900 ft/sec, or approximately

1/4 that of the velocity of detonation.
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In a stable detonation the detonation wave travels through
the column of explosive at a constant rate, (Figure 1). This
rate is strictly dependent on the chemical energy releaseé
and the density and the diameter of the explosive column.
Although stable, this steady-state velocity of detonation is
not necessarily the "ideal" or theoretical maximum that is
possible for ANFO in a larger diameter hole. If all the |
enerqgy is liberated before the end of the detonation head,
the detonation velocity is ideal. This is diagrammatically
illustrated in Figure 2 for high explosives (TNT, RDX, etc.)

where the thickness of the reaction zone is relatively small

and thin and the detonation front is relatively flat.

The ideal velocity of detonation for any explosive can be
calculated from the equilibrium thermodynamics and an
appropriate equation of state for a given original density
and chemical composition of the expected detonation products.
When experimental results closely match with the predicted

values, we can also say that the explosive is ideal.

Based on ideal performance calculation using the BKW code,
(2), the detonation velocity for ANFO should be 17,700 ft/sec
with a 73 Kbar (1,073,000 PSI) detonation pressure. However,
experimental results in 3.9" (p= 0.95 g/cc) and 7.9"

(p= 0.90 g/cc) diameter charges with ANFO gave detonation
velocities of 11,400 ft/sec and 13,500 ft/sec, respectively.-
Finger et al (3) reported detonation velocities for 0.84 g/cc

ANFO in the order of 15,400 ft/sec. Measurements made by
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Helm et al (4) also show that detonation velocities in ANFO
are well below ideal conditions for large diameter holes up
to 11.5" Persson(9) reported detonation velocities very
close to the theoretical value of 17,800 ft/sec for 10.5"
diameter holes when confined in rock. However, Atlas field
sfudies for measurements in hole diameters up to 12" resulted
in detonation velocities, at best, of 15,000 ft/sec. This is
still well below our computer calculations of 17,000 - 19,000
fé/sec for ANFO when using different codes and equations of

state.

Clearly then, detonation velocities for ANFO in hole
diameters less than 17" are less than ideal. When this
occurs, the reaction in the detonation head is said to be
non-ideal and takes the general (exaggerated) shape as is
illustrated in Figure 3. Compared to an ideal reaction zone,
the non-ideal reaction zone is not flat, but rounded at the
front and somewhat longer. At diameters less than that at
which ideal detonation occurs (such as in most production
héles) the non-ideal regime holds. Under these conaitions.
the detonation velocities are less than ideal, and it
suggests that an ANFO prill entering the detonation is still
not completely reacted by the time the tail end of fhe
detonation has passed (refer to Figure 3). This accounts

for the reduced detonation velocity.
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It also suggests that ANFO not consumed in the primary
reaction zone may be reacting outside of the detonation head,
that is, just behind the reaction zone at lower temperatures

and pressures in the expanding gas zone.

In addition to ANFO, most commercially used explosives are

of the non-ideal type. This includes slurries, watergels and
emulsions. Performance of slurries and watergels, as in the‘
case of ANFO, is dependent upon charge geometry and confine-
ment. Furthermore, a large fraction of the explosive energy
‘comes from the reaction of ‘the -oxidizer and fuel, which are
in discrete phases whose dimensions vary. The larger the
dimensions of these phases, the larger become the reaction
times and the reaction zones, 1In the case of emulsion
explosives, which comprise a better intimate mixture on a

smaller scale, actual detonation velocities are very close

to ideal. Thus sio xplosi Q icient
release o n in t i i o) d
this reason have b s cted as ou st

£ o cit

T2 - SHOCK AND STRAIN WAVE PROPAGATION -

The second phase, immediately following detonation or in
conjunction with the detonation phase of Tl, is the shock and
st;ain wave propagations throughout the rock mass. This
distufbance or emitted pressure wave(s) emitted into the rock

mass results, in part, from the rapidly expanding high-



pressure gas impacting the borehole wall. The geometry of
dispersion depends primarily on the shape of the charge. If
the charge is shot, with a length to diameter ratio of less
than or equal to 6:1, then the disturbance is propagated in
the form of an expanding cylinder, (Figure 4). However, in
a typical, bottom primed, cylindrical shot hole normally
encountered in bench blasting, the strain waves originally
formed near the point of initiation are already in progress
and propagating into the surrounding medium, while the
detonation is still progressing within the explosive column.
Thus, close to the shot hole, strain wave propagation is
neither perfectly spherical nor cylindrical but more like

that shown in Figure 5.

The pressure next to the borehole wall will rise instant-
aneéusly to its peak and then rapidly decay exponentially.
The quick decay ié'due to cavity expansion around the
borehole and increased gas cooling. Cavity expansion around
the borehole can occur through‘crushing, pulverization,
and/or displacement of material and can range anywhere from
about one to three holes diameters depending on the medium
and explosive used. Generally, extensive compressive, shear
and tensile failure occur as a region of pulverized material,
since the wave energy is at its maximum near the borehole

wall.

As the strain wave front proceeds outward, it has a tendency

to compress the material at the wave front through a volume
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change. At right angles to this compressive front, there
exists another component referred to as the tangential or
"hoop" stress. The taﬁgential stress, if large enough, can
cause tensile failures at right angles to the direction of
propagation. The largest tensile failures are expected to
occur close to the borehole where the tangential stress is
high enough for failure to occur. Both the compressive and
tensile components of the wave front decay with distance from

the borehole.

When the compressive wave front encounters a discontinuity or
interface, some of the energy is transferred across the
discontinuity and some is reflected back to its point of
origin.(5) For the most part, the partitioning of energy
depends on the ratio of the acoustic impedance of the
materials on either side of the interface, as illustrated in
Figure 6. Acoustic impedance, Z, for any material is defined
as:

Z = pXV

Where: 2 acoustic impedance

density of material

<
1

sonic velocity of material

In reference to Figure 6, where the ratio of the acoustic
impedance of material 1 to material 2 is less than one, some
of the wave energy is transférred into material 2 and some
reflected back, but both waves remain compressional. When

the acoustic impedance ratio is 1, all of the energy'is
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tfansférred into material 2 and no reflected wave occurs.
When the impedance ratic is greater than 1, then some of the
energy gets transferred into material 2 as a compressive wave
and the remaining energy gets reflected at the interface as a
tensile wave. When a compressive wave travelling through
rock encounters an interface such as a free face, nearly all
of the ehergy will be reflected back as a tensile wave., If
the burden distance between the free face and explosive
.column is relatively small in contrast to normal burdens for
a chosen explosive, then most of the energy is consumed in

spalling at the free face.

The interaction of stress waves in the outgoing compressive
and reflected tensile modes around discontinuities and flaws
within the rock ;ass is an area of intense reseaich and is-“
considered to be quite important in some of the newer
blasting theories. 1In order to effectively utilize the
interaction of shock waves in a production environment,
ultra-precise detonators with precisions in the order of a

few hundred microseconds about the mean are suggested for the

next generation of detonators.

T3 - GAS PRESSURE

During and/or after strain wave propagation, the high
pressure, high temperature gases impart a stress field around

the blasthole that can expand the original borehole, extend



radial cracks and jet into any discontinuity. It is during
this phase where some controversy exists as to the main
mechanism of fragmentation, Some believe that the fracture
network throughout the rock mass is completed while others
believe that the major fracturing process is just beginning,
In any case, it is the gases that have jetted into discon-
tinuities and the fracture network that is either fully
developed or being developed, which are responsible for the
displacement of broken material. Past, current and newer
blasting theories are listed as follows:(6)

1) Reflection Theory

2) Gas Expansion Theory

3} Flexural Rupture

4) Stress Wave & Gas Expansion Theory

5) Combined Theory

6) Nuclei or Stress-Wave/Flaw Theory

7) Torque Theory

8) Cratering Theory
It is not clear as to the exact travel paths that gases take
within the rock mass, although it is agreed that they will
always take the path of least resistance. This means that
gases will first migrate into existing cracks, joints,
faults, and discontinuities, in addition to seams of material
which exhibit low cohesion or bonding at interfaces, If a
discontinuity or seam between the borehole and free face is
sufficiently large, the high pressure gases will immediately
vent to the atmosphere, rapidly reducing the total confine-

ment pressures, and results in reduced displacement of broken

and fragmented material,



The confinement time of gas pressures within a rock mass vary
significantly depending on the amount and type of explosive,
material type and structure, fraqture network, amount and’
type of stemming, and burden. Studies by Chiappetta et al
(7) with the use of high-speed photography in full-scale
bench blasts, have shown that gas confinement times before
the onset of movement can vary from a few milliseconds to
tens of milliseconds. To date, confinement times have been
measured to range from 5 to 110 milliseconds for a variety of
materials, explosives and burdens. -Generally, but not
always, confinement times can be decreased by employing
higher energy explosives, decreasing the burden, or a
combination of both. This applies equally to material at the
bench face or at the bench top, as in the case of stemming
blowouts or cratering. It is evident that only suitably
burdened and well stemmed charges can deliver their full
potential of additional gas extension fracturing and mass

movement,

T4 - MASS MOVEMENT

Mass movement of materials is the last stage in the breaking
process. The majority of fragmentation has already been
completed .through compressional and tensile stress waves, gas
pressurization or a combination of both. However, some
degree of fragmentation, although slight, occurs through in-

flight collisions and also when the material impacts the



ground. Generally, the higher the bench height, the greater
is this type of breakage owing to the increased impact
velocities of individual fragments when falling onto the
bench floor, Similarly, material ejected from opposite rows
of a "V-shot" design upon head-on collisions can result in
increased fragmentation. This phenomenon was evidenced and
documented with the use of high-speed photography of -bench

blasts.

.Mass-burden movement.of fragmented. material is shown in
Fiqgure 7 for a number of typical face conditions encountered
in bench blasting operations. Face profiles and velocities
are based on the results of high-speed photographic analysis
performed at the ATLAS POWDER COMPANY. Where no subdrilling
is utilized, (a and b), two types of face movement may be
encountered, In Figure 7a the entire length of face burden,
directly in front of the explosive column, moves out similar
to a plane wave and the face velocity at any point is
constant. This behavior is usually encountered where
material is very competent, quite brittle, and structured
with well defined, largely spaced joints much greater than
the spacings or burdens employed in blast designs. When the
material is soft, highly fissured, and/or closely jointed as
might be found in coal and some sedimentary deposits, face
profiles resembling that of flexural rupture are more likely.

In this case, the greatest displacement and velocity occur

adjacent to the center of the explosive column with the least

amount of movement occurring at the toe and crest.
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When identical conditions in Figure 7b are assumed and when
subdrilling—-is-employed, face movement results in much the
same way except that the toe burden is displaced upwards

faster and at a greater angle to the horizontal. (Figure 7c)

The first three cases assumed a relatively straight face
between the crest and toe, however, in many bench blasting
operations, the condition is more like that illustrated in
Figure 7d, where toe burden is considerably greater than the
. crest . burden. The tcoe‘burden is tooc great for the explosive
selected, hence, very little movement occurs at the toe while
the greatest displacement results in the upper half of the

bench.

Three options are available to increase toe movement:

* Employ angle drilling in an attempt to maintain
constant burdens from the crest to the toe

* Use a higher energy bottom charge in the current
vertical drill holes.

* Decrease the burden with the current drill holes.

In selecting the latter, care should be exercise so as not to
decrease the burden to the point of obtaining the condition
shown in Figure 7e. The toe burden is now correct for the
explosive selected, but the crest burden is substantially
reduced. This may bring about many adverse conditions near
the crest burden such as flyrock, blowouts and increased
airblast complaints. Bécause confinement pressures are
released near the crest (in this case, a path of least

resistance relative to the toe burden), restricted toe



movement will result. It is better to use the same burden,
but with -a high energy.-bottom charge near the toe. This load
configuration as shown in Figure 7 f tends to pressurize more
of the burden mass for longer periods without adverse

effects, and adequate toe movement generally results.

Where large leftover muckpiles are left against the face,
Figure 7g, toe movement will be restricted and increased
ground vibration levels are likely. Unless the situation
requires a .buffer, such as when blasting in the vicinity of
mining equipment or to avoid dilution of an ore blast

adjacent to a waste muckpile, it should be avoided.

Where seams are encountered in a blast, Figure 7h, tremendous
gas ejectionslwith velocities up to 600 ft/sec can occur. .
When such gas venting occurs, it will adversely affect other
| parts of the burden to displace adequately and inevitably
leads to poor overall blasting results. A'stemming deck

immediately adjacent to the seam will give better results.

TIME EVENTS T] - T4 COMBINED

Up to this point, events Tl to T4 have been discussed more
or less as separate isolated events. However, in a real
blasting environment, more than one event can occur at the

same time,

o



Consider a single vertical hole in a quarry face with the
primer located near the bottom of the-hole as is illustrated
in Figure 8. Assume the explosive used is 40 feet of ANFO
with a velocity of detonation equal to 13,000 ft/sec, the
material blasted is limestone with a sonic wave velocity of
15,000 ft/sec and a density of 2.3 g/cc. Upon initiation of
the primer, it takes only a few microseconds and a distance
of 2 to 6 hole diameters up the column to form a full
detonation head. When a full detonation head is formed, it
travels up the explosive column with a velocity
characteristic of the steady-state velocity, (in this case
13,000 ft/sec). It takes approximately 3.0 msec for the

40 foot column of ANFO to be completely detonated.

Within this 3.0 msec, many other things have occurred. Start-
ing at the bottom of the hole and progressing up the colunn,
borehole expansion through crushing of the borehole walls has
taken place. This produces compressive stress waves with
tangential components emanating from the borehole walls and
progressing outward in every direction with a velocity
characteristic of the sonic wave velocity of limestone., It
takes approximately 1.0 msec for the compressive stgéin wave
to traverse 15 feet of burden to the free face. Behind the
strain wave propagation some radial cracks start to develop
in the crushed zone region of the borehole with a velocity
ranging from 25 to 50% of the P-wave velcocity for limestone.

If the intensit& of the compressive strain pulse is high

enough, new crack and/or extensions of pre-existing cracks
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and flaws can be initiated anywhere between the crushed zone
next to the borehole and the free face. The greatest number

of cracks are generally found closest to the borehole.

When the compressive wave strikes a free face, it is
immediately converted to a tensile strain wave which starts
ét the free face and travels back through the rock mass
towards the borehole. Owing to the new fractures created
from the outgoing compressive strain wave, the tensile strain
wave will take somewhat longer to travel the same burden
distance of 15 feet. 1If the burden is small enough and the
intensity of the reflected strain wave is large enough, then
some spalling at the free face or bench top is expected,

although no significant mass movement will occur.

At 3 msec after detonation and assumed complete reaction of
ANFO, the original high temperature, high prescsure gases have
reached a new equilibrium due to borehole expansion. Both
tgmperature and pressure have dropped significantly reculting
in an energy reduction ranging from 25 to 60% of tﬁe theore-
tical energy originally available. This renaining energy
acts on the surrounding "preconditioned” rock mass to
displace it in the direction of least resistance. .Further
fragmentation can occur at this stage from gases entering and
extending preexisting cracks or discontinuities. It is at
this stage where some blasting theories are contradictory,.

Some believe that the major fracture network is completed

within about 3 msec due to the interaction of stress waves on



the surrounding material, while others believe that the major

fracture network is just beginning,

Regardless of which time frame is responsible for the
development of a fracture network, mass movement and
displacement of material at the bench top or face occurs
much later in time due to the confinement of gas pressure
within the rock mass., The onset of mass movement depends on
the material respense in conjunction with the strain and gas
pressure stimulus gencrated from the explosive. For typical
stemming and burdens encountered in the field, bench top
swelling occurs between 1 to 60 msec, stemming ejections
between 2 to 80 msec and bench burdens between 5 to 110 msec.
Surface uplifting velocities around the collar region of a.
hole occur between 5 and 120 ft/sec, stemming ejection
between 10 to 1500 ft/sec and burden velocities between 5 to
200 ft/sec., Gas ejection velocities-at discontinuities have
been recorded as high as 700 ft/sec and often occur in less

than 5 msec.



CHARACTERIZATION OF ALTERNATE VELOCITY LOADING

TH AN EM I EXPLO E IN ANF

It is evident from the discussion so.far that the selection
of conventional blast design variables can have a pronounced
effect on overall resulté regarding fragmentation and mass
movement of burdens. Without making major modifications in
the blast design, a simple and cost effective technique to
further improve fragmentation and/or increase burden
velocities is with Alternate Velocity Loading. Alternate
Velocity Loading is achieved by sparingly placing a cartridge
or slug of emulsion explosive every few feet in the ANFO
column (refer to Figure 9). Field trials conducted in a wide
variety of materials have generally resulted in improved
fragmentation and increased burden velocities. It appears
that when an explosive of higher density and detonation
velocity (i.,e., emulsion} is embedded within the column of
the main charge with -a lower density and detonation velocity
(i.e., ANFO), improvements in blasting results are the norm.
Whether the material exhibits_physical and strength
properties characteristic of granites, limestones and
dolomites, or overburden, unconsolidated type materials, the

results are often dramatic and repeatable.

In the course of implementing the Alternate Velocity Techni-

que, a few groups in the industry believed that ANFO did not
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possess sufficient detonation pressure to act as an effective



primer on the emulsion explosive. They also stipulated that
the technique could not be cost effective because each
emulsion cartridge or slug required a primer and detonator

assembly for it to succeed.

As an investigative approach to address these thoughts, the
ATLAS POWDER COMPANY embarked on a joint research program
with SANDIA NATIONAL LABORATORiES where over 100 holes were
fired under controlled conditions in a field environment.
"Instrumentation consisted of continuous velocity probes
(Slifer System), pressure sensors to measure gas pressure,
accelerometers to measure shock in the surrounding rock mass,
survey dgear to quantify the extent of damage, mounds, craters
and multiple high-speed cameras to quantify gross movement

and gas venting.

An Alternate Velocity test was performed in a full-scale,
6-1/2" diameter, production hole, with ANFO (p = 0.81 g/cc)
as the main charge, and an Apex grade of cartridged emulsion
ekplosive (5" x 301b, p = 1.25 g/cc) as the Alternate
Velocity explosive. Borehole depth was approximately 40 feet
and each emulsion cartridge was 3' -in length. Continuous
velocity of detonation measurements were performed by Sandia
National Laboratories using the Slifer System for the entire
length of the hole.(8) Results are illustrated as displace-

ment versus time plets in Figures 9 and 10.

Explosive loading, starting at the bottom of the hole,

consisted of a one pound ATLAS Cast G Booster, followed by a



3 foot cartridge of emulsion, 10 feet of ANFO, a 3 foot
cartridge of emulsion, 11 feet of ANFO, a 3 foot cartridge of
emulsion, and approximately 10 feet of 1/2" - 1-1/8" of

crushed rock for stemming.

Figure 9 illustrates the actual, untouched and unfiltered

results obtained from the field, while Figure 10 illustrates
a filtered close-up of results in the bottom 20 feet—of ther
borehole. The filtered close-up gives better resolution and
-allows for more accurate measurement of detonation velocity.

Detonation velocity results are presented in Table 2.

TABLE 2

DETONATION VELOCITY RESULTS FOR THE ALTERNATE VELOCITY TEST
(Emulsion and ANFOQ)

COLUMN COLUMN AVERAGE VELOCITY COLUMN
POSITION LENGTH OF DETONATION EXPLOSIVE/MATERIAL
(ft) (ft/sec)
A -B 3 " 20,500 EMULSION
B - C 5 13,000 - 2,045 WET ANFO
C -D 5 2,045 WET ANFO -
D -E 3 20,000 EMULSION
E - F 11 12,500 DRY ANFQO -
F -G 3 9,000 - 16,000 EMULSION
ANFO
STEMMING
G - H* 10 1,000 STEMMING

* Shock wave velocity through stemming.
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Many important and interesting points are notewcrthy in the
results. Between points (a) and (b), the velocity of
detonation for the 3 foot length of emulsion cartridge is
20,500 ft/sec. Between (b) and (c¢), the velocity of
detonation in ANFO is quickly reduced from 13,000 ft/sec to
2,045 ft/sec and the ANFO detonation at this velocity is
sustained until just before point (d) is reached. Just
before point (d) is reached, or 6" below the second‘emulsion
cartridge, ANFO is increasing in detonation velocity from
2,045 ft/sec to 4,900 ft/sec. ANFO with a detonation
velocity of 4,900 ft/sec and a density of 0.81 g/cc is
equivalent to a detonation pressure of approximately

4.5 Kbars. At point (d), the detonation head in ANFO
encounters the second emulsion cartridge, which when
detonated, at 20,000 ft/sec between points (d) and (e),

brings ANFO immediately back up to its normally rated

detonation velocity of 12,500 ft/sec. Thus, even a low ¢rder
ANFO detonatjo ct _as cti i t
emulsion cartrid ithout additijo ost

emulsjon cartridge,

The decrease in the ANFO detonation velocity between points
(b) and (c) is attributed to water trickling into the bottom

12-1/2 feet of the hole from the surrounding rock mass.,

The drill hole was drilled one week in advance of
testing and it had accumulated approximately 3 feet
of water. Prior to testing, the water in the hole
was pumped out and it was determine that in one hour,
the hole could accumulate about 2" of water in the



bottom. The 2" of water was again pumped

out and the hole was backfilled with 6" of crushed
rock so that the bottom of the hole would be out of
water.

It took appruximately one hour from the time of

backfilling the hole to firing the shot hole. We

feel that there was sufficient wetness and/or tiny

amounts of water trickling into the borehole walls

for the bottom 12-1/2 feet of the test hole to affect

the performance of ANFO. Although the wet ANFO was

not purposely planned as part of the test, it does

illustrate that even a low order ANFO detonation of

4,900 ft/sec can act as an effective primer on an

emulsion. It also illustrates that when water is

pumped out of a hole and the hole is loaded with ANFO,

ANFO performance can still be drastically affected

just by-the wetness on the sides of the borehole.

Inadequate priming at the bottom ¢f this hole would

have probably resulted in a failure.
Although ANFO can tolerate up to a 10% water saturation
level, it does so at the cost of blasting efficiency. If the
center emulsion cartridge was not present, one of two things
could have occurred. ANFO may have sustained a low order
detonation throughout the remaining column until dry ANFO was
reached, or it would have soon failed due to its unstable-
ness. Between points (e) and (f), the detonation velocity in
dry ANFO was 12,500 ft/sec, as expected. Between points (f)
and (g), the average velocity of detonation in the top
cartridge appeared to fluctuate between 9,000 - 16,000 ft/sec
due to the combined effect of emulsion, ANFO and stemming.
For optimum results, the top emulsion cartridge should have
been placed one to two feet below the stemming column where
it would have been completely embedded in the ANFO column.

Between points (g) and (h), the average shock wave velocity

through stemming was 1,000 - 1,100 ft/sec.
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ALTERNATE VELOCITY FIELD TEST F - DUCT

A study was conducted in a Southeastern granite quarry to
evaluate relative explosive performance in terms of burden
velocities for normal and Alternate Velocity Loading Techni-
ques. Four full-scale production shots were made. Three
shots were loaded conventionally, using a different type or
grade of bottom charge, amounting to seven 2-3/4" x 16"
cartridges or nine feet of bottom load and ANFO as a top
load. The bottom locads in the conventional shots consisted
of Powermax 440 (emulsion), Powermax 460 (emulsion) and a |
watergel explosive. The fourth shot was made with the same
type and amount of bottom charge of Powermax 460 with four
additional cartridges of Powermax 460 spaced at 6 foot
intervals as the alternate velocity load in the ANFO column.
All other blast design variables such as burden, spacing,
hole depth, millisecond delay pattern, blasting direction,
etc. were kept as constant as was reasonably possible in a
production environment. High-speed motion picture
photography was used to quantify, evaluate and compare

results.

Average face velocities were calculated for three areas of
the face; at the toe, 12 feet above the toe, and 24 feet
above the toe as illustrated in Figures 11 to 14. Analysis
was accomplished by designating the first face ﬁrofile as

occurring at zero time to produce a plot of displacement

versus time.



Average burden velocities were calculated using linear
regression analysis. Results a;e sﬁgﬁéfized in Table 3.
Figure 15 illustrates the Table 3 values in graphical form.
It is evident that the greatest average burden velocity is
achieved with PMX 460 as a bottom load and PMX 460 as
alternate velocity boostering of ANFO in the upper load.
PMX 460 as a bottom load and straight ANFO as a top load
resulted in the second highest burden velocities, followed
by the watergel and ANFO, and PMX 440 and ANFO., An error
analysis between the last two, (Watergel and ANFQ, and

PMX 440 and ANF0O), revealed that, statistically, the results

are equivalent or in other words, there is no significant

difference owing to an experimental error of +5 ft/sec.

A more detailed analysis has also been performed to compute
the instantaneous velocity at any point in the time domain
for movement at the toe and 12 feet above the toe.
Displacement and time data were fitted to a polynomial
equation of degree five with a goodness of fit of no less
than 99%, The first derivative of this eguation forms a
velocity equation, which when plotted, yields the graphs
illustrated in Figures 16 and 17 for the instantaneous
velocity at the toe and 12 feet above the toe, respectively.
Not enough data was available to perform an analysis to the
same degree of fit and accuracy for face movement 24 feet

above the toe.



TABLE

NY IT

TOP FACE LOCATION AND VELOCITY (FT/3EC)

BOTTOM
SHOT EXPLOSIVE EXPLOSIVE
NO. LOAD LOAD TOE 12 ABOVETOE 24 ABOVE TOE
| POWERMAX  ANFO 48 46 28
440
2 POWERMAX  ANFO 72 67 48
460
3% POWERMAX  POWERMAX 83 S0 60
460 460
EVERY &' IN
ANFO COLUMN
4 WATERGEL  ANFO - 56 49 29

* POWERMAX 460 was used as the Alternate Velocity Explosive
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In Figure 16, the PMX 460 bottom load with alternate velocity
boostering of ANFO in the upper load generated_the most
dramatic velocity increase between 200 to 1000 msec into the
shot. Beyond 550 msec, velocity for this locad configuration
exceeded all others. Movement at the toe in this case was
attributed to the bottom load and to the bottom third of the
upper ceolumn. Thus, toe velocity in this case was affected

by both bottom and top loads.

JIf the bottom load .is one of. .much higher energy, it will
generate a larger crushed zone and improve fragmentation in
that vicinity. It also creates a larger cavity for explosive
gases to immediately migrate into and f£ill the new formed
cavity. Gas temperature and pressure drop quickly and it may
be for this reasoh that the initial toe velocity is somewhat
less until the alternate velocity boostering temporarily
reverses the process by releasing more of the available
energy in ANFO as higher temperature, higher pressure gases.
This dramatic late increase in gas pressure is evidenced in
Figure 16 for the PMX 460 alternate velocity boostering from
200 msec on and is sustained until well over 1000 msec. The
key to moving burden material at higher velocities is to
sustain these high pressures with appropriate energy and by
the timed systematic and controlled release of such energy

with precise MS delays.



Instantaneous velocities 12 feet above the toe (Figure 17)
are attributed primarily to -the upper column locad. In this
case, the PMX 460 with PMX 460 as alternate velocity
boostering in the ANFO column achieved the greatest burden

velocity for all times.

It is not definitely clear as to the exact mechanisms and/or
processes which actually contribute to increased burden
velocities without direct and continuous measurements of
temperature and pressure within the borehole. However, based
on direct measurement of burden velocities and the fact that
it is gas pressure expansion in the borehole and in the
surrounding rock mass that is responsible for mass

displacement, certain logic can be suggested as follows:

1) Since ANFO at best is only 60 - 70% efficient,
complete reaction of the ANFO is not occurring
as predicted in the detonation head. The
addition of alternate velocity boostering may
contribute to a more complete reaction of ANFO
just behind the detonation head in the partially
reacted and expanding gas phase of ANFO.

2) The emulsion cartridges used as Alternate Velocity
boostering may generate higher temperatures and
Pressures in their vicinity and thus raise the
overall temperature and pressure of the combined
emulsion cartridge and ANFO detonation in the new
formed cavity. This would tend to pressurize the
Cavity at higher pressures and possibly for a
longer period before the burden responds to mass
movement.

3) More of the gvailable energy in ANFO is utilized
with the technlque in production holes less than
17 inches in diameter.



1)
2)
3)

4)

5)

6)

7)

8)

9)

10)
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SUMMARY AND RECOMMENDATIONS FOR FIELD USE

Alternate Velocity Boostering of ANFO with emulsion
explosives has resulted in the following benefits:

The technique is simple to employ without major
modifications to the overall blast design. ‘

Improves overall fragmentation, especially in the
vicinity of the emulsion cartridge or slug,

Definitely increases burden velocities and mass
movement.,

Increased burden velocities will result in-increased
cast distances, lower and looser mdckplles and
minimal back break and spills.

A loose muckpile will reduce maintenance costs on
excavation equipment through less wear and tear on
buckets and tires.

The technique can be used in any application
regardless of material properties or structure where
the above mentioned benefits are desirable.

The Alternate Velocity Emulsion explosive does not
require additional priming. ANFO is more than
sufficient,.

When ANFO is used in dewatered holes, the alternate
velocity emulsion can enhance and increase the
detonability of ANFO,

It appears that the greater the difference in density
and detonation velocity of the alternate velocity
explosive to ANFO, the more pronounced are -the
results,

In essence, the technigue allows more of the available
enerqgy in ANFO to be converted to useful work. It is
cost effective, and a productivity increase should be
realized over the short and long terms,
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THE VELOCITY OF DETONATION RECORDER
A NEW BLAST AND SHOCK WAVE DIAGNOSTIC TOOL FOR COMMERCIAL USE

By
Gary Kahn

EG&G Special Projects
2450 Alamo Ave. SE
Albuquerque, NM 87106
(505) 243-2233

The knowledge of how and when your explosives go off can help you make
intelligent decisions regarding future application of explosives thus removing
some of the black magic associated with blasting, The net result will be
intelligently set-up shots with timing, explosive charges, and placement more
accurately done. Lower operational costs can be achieved when the correct

combinations are applied.

This article describes a technique for accurately measuring explosive
detonation time, burn rates, and shock wave propagation in a straightforward
and simply implemented fashion. Further, application of this technique can be
used to collect information from large scale blasting operaticons where there

are multiple holes and sequenced firings of explosive.

The technique has been used for many years in underground nuclear
testa. The technology ({ime Domain Reflectometry, TDR) is well understood and
is a standard dlagnostic technique in many fields. In the nuclear field the
technology fielded is called CORRTEX for Continuous Reflectometry for Radius
versus Time Experimenta. Developed at and fielded from Los Alamos National
Laboratory, New Mexico, its major use has been to estimate the yield from
underground nuclear explosive detonations both in the U.S. and in the Soviet
Union. This technology also has a useful and important role in the explosive
industry, however, and will be particularly useful when high timing accuracy

detonators are readily availabie.

The concepts involved are similar to that of RADAR where a pulse of
radio waves are sent out and a echo or reflected pulse is returned to give
ranging information. The technique uses a coaxial cable to carry a fast rise-

time electrical pulse back and forth. The time between the sending of the



pulse and its return is accurately measured, Knowing how the time changes from
pulse to pulse gives an accurate picture of the length of the cable in time.
This is the underlying concept for the CORRTEX and of the Velocity of Detona-
tion Recorder (VODR), the commercial version of the CORRTEX.

In the measurement of explosive performance the coaxial cable 1s laid
out along the length of the explosive with the far end of the cable near the

detonator (see Figure 1),

As the explosive is detonated (and burns), the cable becomes pro-
gressively shorter. The VODR accurately measures the time interval and

therefore the length of the cable from moment to moment.

The collected information can then be processed into a useful form
which may be tabular or graphical in nature {see Figure 2). From the displayed
data both burn rates and timing information can-be obtained and compared to

expected information.

To further understand the technology involved you need to know some-
thing about pulses traveling along electrical cables, First they travel a
little bit slower than the speed of light which travels at 299 million meters
per second. This is many times faster than the fastest explosive burn rate.
Secondly, the electrical pulses are reflected back by dlascontinuities in the
transmission line. Thus, a pulse is reflected at the point where the cable is
crushed or severed by the explosive shock wave, The return pulse then contains

useful information about exactly where the shock wave is passing.

To measure distances very accurately using time you must have a high
resolution timer. For the unit designed, the resolution is down to 125 pico-
seconds for a two-way transit distance on an electrical cable of about 0.6
inches. The fine resclution is useful for examining events occurring close to
the detonator.

The unit sends pulses down the electrical cable up to 100,000 times a
second at its maximum pglse rate., Consider an explosive with a burn rate of
6000 meters a second. In the 10 microseconds between pulses the explosive can
burn about 2.4 inches. Thus, the time resolution of 125 picoseconds is about
the correct resolution considering that most explosives have a significantly

slower burn rate.



COMMERCIAL CORRTEX

The Commercial version of CORRTEX, the VODR is smaller and more highly
integrated than some of the earller units built for underground nuclear yleld
monitoring. The commercial unit is a self contained unit about the size of a
large suitcase. An external 2% volt, 15 amp-hour battery is used for power
allowing 1t to operate for about 5 hours., The external battery charger will

allow the battery to be completely charged in about three hours from a 120 volt
60 Hz source.

An operator communicates with the VODR with a standard IBM personal
computer keyboard, A graphics liquid crystal display permits both the display
cf alphanumeric characters as well as graphiecs. The combination of the IBM
style keybocard and the display makes for'an easy operator interface. A S5-inch

wide thermal graphics printer allow easy hard copies of the data.

APPLICATION OF THE REPETITIVE TIME DOMAIN REFLECTOMETER

For explosions involving multiple detonations, the cabling is 1éad out
so the end of the cable is located where the first detonation begins and is
then laid out so the next detonation and shock wave sequences make the cable
progressively shorter to where the VODR 1nstrﬁmentation is located (see

Figure 3).

Often several different channels of data may be required to fully
instrument a shot. Repetitive Time Domain Recorder has the capability to
collect data from two different coaxial cables. The frequency at which each

cable is sampled is reduced, however.

In addition to the time domain rgflectometer capabilities the VODR has
remote anélog recording capabilities thaf may be used for various environmental
measurements having an influence on shot performance parameters, Examples of
such data are temperatures and pressures. It 1s not intended at this time that
analog recordings be made at the same time as the operation of the time domain

unit refléctometry unit.



FIBER OPTIC TIME DOMAIN REFLECTOMETRY

Fiber optic cables use light waves for the transmission of data down
a thin thread of glass. As with electrical cables, part of the light is re-
flected off the end of a broken fiber. The time between the transmission of
the light and the return of the reflected pulse i3 a strong indication of how
long the fiber is:

Except for the fiber optic cables and the special interface board the

fiber optic system operates In the same fashion as the coaxial cable unit.

At the present time the fiber optic version of the CORRTEX unit is

under development.

In the system EG&G has developed, we have considered the needs of the
blaéting engineer. Data is available in the raw form, and in a graphical mode
both processed and unprocessed. Hard copies of the data are available from a
5-inch wide thermal printer. Additionally, the data c¢an easily be loaded into

a lap top personal computer for permanent storage.

For more exacting technical information, see the technical description

note,

A COAXIAL CABLE

X EXPLOSIVE
L J vVODR

' DETONATOR

Figure 1. Principle of Operatjon
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THE LAWS OF ENCFGY DIVERGENCE
By Richard L. *sh, P.E.

Energy transmitted through a homogeneous isotropic medium f£ronm
an explosion-induced confined source is divcrged outwarc equally in
21) cirections. The effect is to reduce the unit energy at any cna
positiorn. within the medium as the Cistances increase away from the
explosion center. This phenomenur as aoplied to rass, volumetric,
or veight considerations is described by what is known as the cute-
root law: whereas, the decrease of the effective stress or pressure
with distance in any single cdirection is expressed by the square-
root law. Uoth c¢f the two laws sarve as the principla bases for 2
explosive-energv cesign criteria. It is nost important, therefore
that the laws be clearly distinguished from one another as to the:l
specific applications.
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The first assurption made in the use of the laws is that the
explesion source consists of a single concentric or point charge,
i.e., ore that iz initiated in its center and whose length-to-ci-
ameter ratio (Lglg) is not more than 6. However, the laws can te
applied equally 'as well to the long~lenath cylindrical charge nor-
ma¥ly uvsed for the bulk of industrial blasting, providing one rec-
ognizes that only in the plznes of the charge lencuth will the erfects
differ from those produced by tha concentric charge.

To comprchend the urnigque characteristics of the long-length
charge it is convenient t» considar that it is essentially no neore
than a continuous series or succession of inféividual point charges.
Thus, stress encrgy from cach segnent normaillyv will ke relezassl I
a definite sequence or procoressive corder, frcrm the roint cof init
ation and then preceding te each acdjacent porticn of the chaigce
meining in the column. The resultant ccmposite stress-Ifcrm tranc-
rd.ttec into the surrounding medaiuwm will vary in srape frer that cf
a sphere to that of a cylinder with herispherical ends, cepending
on the re¢thou of initiation used and the preoperties of koth the -
plosives and containing material. TFor the cylindriczl rrave tc fcin
for erarple, all points along the colurn rust be initiawed simul-
tancously. This i3 highly irprobtable fer rost tywves cf blasting
exceol: for verv short zolunns that are initiatec in the centzr or
roderate length charges that contain cleosely~spaced prirers wiaica
are 2ll initiatcu by means of instantanecus elactrical blasting
caps. InsteaJ, the cemposite wave-form usually is ¢ither scre forwrv
of conical shane cr spherical., The conical wave rasults when the
reaction velocity through the explosive colurn excceds thz com-
pressive vave velocity of the surrouncing recium, In this instaroo
stresses fror: the charge ends in each of the planes intersectino tho
axis ¢f the explosive column will be civerged like. those from the
spherical charge with changing angles ¢f incidance at free-face
plares, waile stresses in tne planes Of 'the axis fre: the conts
portion of tnhe colunn will be Girected with 2 constant anzle ot
cidence. Etresses in the planes cf the charge diameter and poso o
dicular to the column axis, however, will be diverges ruch in i
sare circular manncr &s those produced frem the spherical point
charge, / ) i
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The Cube-lioct Law

For the icdealized condition of the single peoint charge, as
would ke also the case for each single segment within the long-
length colurn charge, the éivergencc of energy through a material
propgnatcu from an explosion , could be consiuered tc ke containad
within a sphere of influenge ‘'whose volume would be a function of the
cube of the clstance of propagation away from the explosion's canters
or Vo = 3JL L3 It follows, then, that for the energy to spread out
hlthln a voluma whose racdius is twice that of the charge, the ex-'
plosive’s energy would have been dispersed throughout a volume equal
to & tires that occupied by the eyplcsxve. In the event the radius
of influence considerec in the material is 5 times the charae radius
or d = 5p,/2, then the volure of the expanded sphere of influence
woulu be 125 times that of the charge. 1In other words, the ideal
cagnituce of the energy contzined within one unit volurme of material
at a distance of é¢ from an explosion center (dQa) would be equal
to the procduct of the unit energy released initially from the ex-~
plosion (dQ,) TIIIES the specific ratio of the expleosive's initial
volume to tnat of tha sphere of influence in the material affected.
llatheratically, the general relationship would be

do, = do (v /v,).

Decause tize volure of the explosive woulé ke a function of its charagc
ciameter, or Vo = (Da /2) ; 8nd the volume of the sphere of influence
in the material belng stressed by the explosive is pronortlonal to
the distance avay from the exnlcsion center, where Vo = di, it can

be concluded that tiie fraction cf the explosion's unit energy con-
tainec within a unit volume of the raterial will be equal to

a0z/e0, = (D, /2¢)>

In similar manner, it can te reascned that for any smecific
spherical explosive, its total weight and armount of available
eriergy “ould cepend to 2 large extent on its unit demsity (SG)
anc cnarge ciameter (o), proviiing velocity effects are ewcluce;.
Thus, a point clarage with a 4-inca ¢iameter could be axpec tel *Q
ccntain  tirmes the energv an¢ weigh 2 times that of a z- lnch ci- |
areter point charge of the sare cxplosive. However, the towrl
weights vould Giffer betweer. 2 concentric point charge and a louag-
length colurn charge with idanticzl charae diarmaters hy a facter
_egual to the ratio of their resmective longths: although the easnergy
concentration PZ; FCOT OF CI'ATGL LIVGTI would Le identicz2l. There-
fore, it is gencrally preferred to use the unit “-nuxty (5Ga) or
loacing censity (d,,) of an explosive as the scaniard for corparifor.,
ratiier than total charge weight., In the event the exnlosive's
velecity does (IOT remain constant, it is then necessary to account
for its cifferenca in crder to consicer the eneragy quantity for
each concdition. 7s a general rule, the relative energy (RL) uould
be a function of the procduct of the loading cCensity and racction
vaelority squared; or devez. Thercfere, using the concept of ra2lati
energies from Cifferent explosives and under different blasting
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concitions, it is possible to make reasonable approximations of the
encrgy cavabilities of various kinds of explosives anc the estimated
level of the transmitted Btrecses at any cistance d from the ex=~
plosion center. 1lith respect to the relative energies of ex-
plosives with cifferent cdensities but having a constant charge di-
ameter arsl velocity of reaction, the following expression can be
used:

RE, = REl(SGez/SGel)

2
In the case where explosives' censities, charge diameters, anc .
reaction velocities all differ, the general relationship for making
the comparison would be

_ . 2/ 2
REZ = PEl “ez“ez /delvel )
For all practical considerations, the corparisons woulc be reason-
ably valic for all center-initiatad l-ft long charges with liameters
that would vary from 2 to 72 inch2s. This is because tlie range of
values for L./Le and its reciprocal, or T,/L,, would not exceed 6/
which was defined earlier as the limitation %or a point charge.

The significance of thce foregoing relationshios becores
apparent wien ore considers their application for cratering in
materials. The problem, in gist, is one involving the acccemplish-
ment of mechanical work, whereby the eneray suppliec Ly the ex-
plesive (Qa) is used for fracturing the materials by overccring .
their strenctnh properties and then displacing tae broken narticles/
In general, the reaguired diverged value of dQe, Or ¢Q; at cistance
& fror the explosion’s center, will e unique for any given tyoe
of material.

The specific cepth of charae burial, which weculé ccrresroni
with the maximum limit for distance d, at which optinum crater
results will be achieved is called the burden, B. The volume of
the Zevelonas crater (Vg), in turn, will alvvays he a function of
B, as wvell as thc explosive's G,. For exarple, v, for a simole
cone-tymnno cratar with one free surface is nr28/3, but the value [~
the crater racius r is depencent on the material's properties and
is relateu to B. Thus, as a generzl rule one can assure that
Vo = 83 = Qo for approximation purnoses. From the previous dis-
cussions it was shown that Q_ = REe 2 §Ga = O3, Thercfore, for
ary confined explosive charge it can Le concludecd that
1/3 1/3 1/3

= N = 8 =
B = Vc. .Ee .)Ge De'

1/3

anc 32 = Bl(kﬁz/tﬁl) -9{_32 = Bl(Dez/tel)'

_ In swmation, the cube-root law describes the effect of Lh--o
dimensional divergence in recucint the stress enerqgy produced by =

confincc explosive charge as the enerqgy propagates in all directi~: -
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through a naterial. &s a result, the ideal ontimum cdepths of burja]l
{or buréen) and the resultant crater veolumes procuced by confined
explosive charges in a given ktlasting environment will be propor-
tional to the charge diameters and the cuke root of their respactive
relative energies,

L}
L] .

The Square-Root Law

-*

Cecause the energy of an explosive is released as a prassure
or stress, i.e., Pg Or Op, it will exert itself cover Lhe entirc
surface of tha: charge., For the concentric or point chz2rod tne
total outer_surface &t which the pressure acts 1s egual tu
{rra? = mlg 2, r~herefore, the total energy from the explosion {(Qe)
wi]? be equal to ge (D, 2). By similar analysis, Sron the explasion
canter th2 stress transnlttcd through a raterlal a distance ¢ will
be cistributed over a surface area ecualing 4nd2, in which the total
energy at that locatlon oz times the area would be related in the
form of Q; = 0Og {4rc2). ASsuming there are no losses becausc of
absorptxon, ctc., or Qa = Q3, it follows then that

o (10 %) = o, l4na?),

: 2
or 04 ® ae(Delzd)
If @ = B for the optimun crater producec, then

. l
B = (D/2) (d /o)

Hecause the stresses transmitted into a material are »ropor-
tional to the pressure releasecC by the explosicon, or og = Pa, the
transmitted stresses for the producticn of a crater rust equal or
excceC the material's strength prcperties, or oy or Tg depending
on which woulu ke the most critical. Thus, one can conclude that

B = Pe& = <Jt__"ls or Ts-%-

In brief, then, the square-root law of energy divergence, vhen usad
to precict requirements for the prowuction of craters, states that
the optinum depths of burial (or burcen) and the resultant crates
volunes for confined explosive clhiarges in any given blastinqg en-
vironment will vary directly with the square root of their re-

" spective exwlosion pressurcs anc inveraely with the square roct

cf the pertirent materials' strengths.



SIVGL& BLASTHOLE DESIGN PROBLEN

A deposit 18 quarried in 30-ft high benches for crushed
rtone, The rock 48 quite misslve and has the following preper-
tiee; ' .

Y = 45 dog, {¢= 25,000 pui, nnd G, = 1750 pol.

Blasted rock 18 loaded by a 5 cy front-end loader. The
blastholes are drilled vertically and bulx louded (D, = D, )
with an explosive having an SO = 117, D. = 1 in., and confinec
volocities of 12,500 fps at 3 in..and 15,000 fps at 5 in.. acd
larger oharge diameters.. Tha ralationshlp betireen Ve and D
iz tha 1 to 5 4in. rauge can be acsumed to boe in the form of

-

cXx

¥ =

8 + bX

Drainage at the operstion ie such that blastholes gencrally

are always dry, and thare i8 no free parting in the rock zvalle
able that c¢an gerve as a flooi', For entimating purposes tae

average blast avea & nf meterial cratored by & aingle Nlasiicle

would be egual to 1 43 . -

A,. Consldering the foregoing infeorzation,, find the follawing
properties for the intact rock:

(1)75 , exd (2).E.. .

B.,. For charge diameters D, of (a) 2 in., and /h) 4 Za. deter-
wmine each of the folloﬁ;ng estimates:

(1) vy (2) P3, (3) Pgy (&) B, (5) 72, (6) 47,
(7) E, () w, (9) tr, and (10) Ty

0. At the glven bench helght L determine “aa rasm
vazlues that deflne each of tke following coundisicu

(1) The B' that insures all of thu oxplosivs zoluda will
react bafors any cracks will have propagated to auy orea
faca when using a single primer located at (z2) Tloor lLovel,
aud at (b) The Center of the charge coluun,

(2) The 3" at whioh overbrealk quite llkaly aay bdegin o
occur when the pricer is pleco ot Ploor level
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T hock Type Cempressive Elasticity Tensaile C i;- Ecuation of luhify
Strernglh Moduluvs Strength Envclone
3 (Compression) Tows i .
] .-'pul x 107 pei x 1C5 pfi "E;%L psi deg. {(ref. Fig. 3)
Cherl 29.3 8.15 | 820002502550  71.5 © Y » 2550 + 1.0 x
Coal 6.2 - - 1600 38.5 Y1600+ 6.8 x
Granite - 26.0 dar 410 UMb 1720 76.5 T = 1720 + 4.2 x.
Green Stone 20.1 8.82 3soo_b|3:01703.' 77.5 Y = 1700 + 4.5 x
Creywacke 7.9 1.80 700(;.06'661200 59.5- Y~ 1200 + 1.7 5
Lineatona 21.3 . 9.50 . 350000’ 1520  75.5 Y = 1320 + 3.9 x
Hagkle .30.8 - 7.5 | 863002192650  71.0 T = 2650 + 2.8 x
Salt Rock -2.2 -‘ 1.35 as:(f.qa’zb 210 ' 72.5° Y 210 +.é.z x
San Gtone 1.8 2.0 23000155 800 76.0 T = 00 + 4.0 x
Shale 5.2 1,08 1536 29571420 "31..0 Y = 1420 + O.S-x
111Gt one 5.0 12.60° 440 0,0880 750 Y~ 750+ 1.7 x

59.5

C - Cchezlon
:}_ — Aerle of Inlerral Friclion

Y - Shiae Sfieus

Yo- Tinial Sorr

’
z

-y

Cd
iy

v

-
L]

(-‘"/‘:hu P {730

' . S}rw\%lt,

0.0870
0258
0.06 14
00584
01519
0:0620
0,0860
0,095
0}',060{:»
0.2731

o{ 1SO0O

!

/4



TELS I,  glromcth Doka

[
L] "

PR PR P

"s-. prim-

demayr 3
ema Saboec2

oo ﬁ' —— "st'.t :l-vCA Lal: (l"'fg 15;0

oezsl Toro Celicsien, Foielic —muatien off Mehstce
c o-h_JJttJ) RVC:LOPO
3
(0,

pus cx:;;o (R Tize 3)
ol of o bodolotule " 7.0, 15 T8 7.0 € 0,50 =2
1 bR »0..3 .
;.1...;'.- ) 5.0 2h T8 5,0 0,67 =
L:.x toito

.’ B e 6.0 49

Lonzy o 7.0 : 23
send GUovol

g 7.0 20

Solv 2.8 15
Cloy '

T = 6.0 o 0ol

Is= ?oo L Ooél".:

Y = 7,0 « 0936 b

Y= 2.0 @ .27

::.C:\’id ) 0.7 15 = Oa? @ 027 o
iy
Ve Shear shhess 7o

e Lhrg/ J,:z_-:‘ N7nd



MATERIAL'S PROPERTIES PRCLLEM

A certain ore deposit has been core-drilled and results
from laboratory vests on the specimens were as follows:

5G, for solid ore = 3.0, SG. for broken ore = 2.4,
¢ = 24,000 psi, G = 2,000 psi, Porosity = 3 rer cent,

€c = 417 microincnes/inch at 3,000 psi compressive load,
&¢ = 104 microinches/inch at 3,000 psi compressive lcad

r

.If one can assume that the material's dynamic and static

properties were similar, determine the following constants
exprecsed in the Droper uniis;:

(a) A , (b)) Eny (c) G, (a) K, (&) K,,. (f) S,
() vp,- '(h) Vao r(l) ¢ '.I' (3). clm (k) 7§K} and (lJf

(n) Construct a graph of Mohr's Fallure Envelope on %the
assumption of a straignt lline relatvionship.

(n) Based on the assumption the above values all apply %o
" dry rock, estlmate the possible effect water satura=~
tion night bave on the values of the varicus constonts.
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IN gquarrying, the
profitability of an
operation is directly
controlled by the
blasting, because it
s at the face that
the production
cycle begins. Poor blast resulis in-
variably will lead to economic diffi-
culties. In addition, the frequent
changes and complexity of operating
conditions force operators to struggle
continually  with their  problems,
often without reaching satisfactory
solutions. The usual wal-and-error
approach as such is expensive and
often hazardous, and it rarely leads
to complete success because of a
lack in flexibility of application.
Alsu. information that is generally
available on blasting is not usually
applicable from the practical view-
point.

For these reasons certain basic
standards huve been developed to
assist producers in the design and
evaluation of their blasting. It is the
purpose of this discussion. therefore,
to describe those guidelines and
show how they can be applied, in
order that normal blasting difficulties
might be reasonably avoided.

There are two fundamental effects
from blasting that must be con-
trolled: fragmentation and displace-
ment. For the first effect, uniformity
of particle-size distribution and the
hmits of actual sizing are the two
important qualities. Usually reason-
ably uniform sizing is preferred, too
many fines or too many slabs being
undesirable. Similarly, for the sec-
ond effect, rock movement, too little
or too much displacement is not
wanted for economic and safety con-
siderations, The two effects always
become problems if overbreak oc-
curs. Air biast and objectionable
ground vibration are also problems

ANOCTHER

N2y

EXCLUSIVE

that can lead to serious difficulties if -

uncontrolled. Thus. to direct these
effects properly and apply the basic
standards successfully, one should
first have a working knowledge of
the blasting process itself,

THE MECHANICS OF ROCK
BREAKAGE

Rocks are normally more resistant
to failure by compression, or crush-
ing, than they are to being separated
by tension. For example, limestones
as a group may have compressive
strengtns of 3,500 to 25,000 psi,

The Mechanics of
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but they may have tensile strengths
as low as 500 to 2,500 psi. In ad-
diton, the ordinary high explosives
and blasting agents normally used in
blasting produce very high pressures
at extremely rapid reaction veloci-
ties, which may be from 8.000 o

OPEN FACE

STRATIFICATION OR
JOINTING PLANE

ENERGY SOURCE

—— COMPRESSION
— —-—= REFLECTION
— ———+ REFRACTION

Figure !—Energy reflection and refraction
force components at density inferfaces.

26,000 fps (5.300 (o 17,000 mph).
The rapidly devetoped pressures in
blastholes may be as low as 250,000
psi or in excess of 2,000,000 psi,
depending on the particulur type of
explosive and the conditions under
which it is used, The eflect of ex-
plosives reacting on rocks, then, 1s
one of impact, or impulse, from a
gquickly upplied blow of extremely
high intensity.

When explosive charges are used
in circular blastholes, the sudden ap-
plication of high pressures into the
surrounding rock is exerted egually
in all directions along the blasthole
perimeter. The rock in that region is
quickly compressed, usually crush-
ing the rock for a limited distance.

2

The sudden applicaton and follow-
ing quick release of high pressure
introduces a COMPressive stress-wate
that quickly spreads throughout the
rock muass as an clastic wave, Tlas
action results because most rocks
are characterized by some brittle-
ness and are therefore somewhat
elastic. The particular speed at which
the cnergy travels through the rock
I~ « funcrion of the rock’s density,
denser muaterials transmstting con-
pressive-wave energy at high rates
and the porous aor lighter rocks at
relutively low speeds.

For simplicity. one nught visuul-
ize the wave effect as bemg similar
to that achieved by dropping a peb-
ble into 1 pond of water. As with
the waves in water when they en-
counter a shoreline, some of the
compressive-wave cnergy {rom the
explosive transmitted through
the rock is reflected and refracted
{bent) at all changes of density or
structural discontinuities (Figure 1).
Any open face, change of rock type,
etc., will produce this effect. The re-
muinder of the energy. however,
tries to continue along its original
travel direction. The angle of travel

—0 0 O
—Leed e

NON-COHESIVE

—O~ OO
oNAGDO
O AR SV
AN

S CA TN O
@O N
Oro=rv AN

Figure 2—Energy transmission in materials
from impulsive loads.



ROCK BREAKAGE

direction of the reflected energy is
the same in value but opposite to
the direction of the energy imparted
at the boundary, the direction of
energy refracted into the next ma-
terial being a function of the char-
acteristics of both materials. Thus,
at every change of density some of
the impulsive energy is reflected and
refracted, the balance continuing to
travel in its initial direction through
the second material.

The action of energy transmission
is more easily understood if one first
considers the -material being blasted
as being made of many small parti-
cles (Figure 2). If a blow is exerted
on one particle, we could expect the
energy to be transmitted in the di-
rection of the applied biow to ad-
picent particles, until the energy is
cventually consumed as a result of
work-performing  effects such as
friction, dampening, fragmentation,
etc. Particles in a pile of sand are
noncohesive; so there is little or no
attraction between the particles,
even though each may have a certain
amount of elasticity within itself.
Most rocks, however, are cohesive
as well as somewhat elastic, thus
promoting a different effect from that
occurring in loose materials.

For the noncohesive particles, the
one on the outside of the pile, on
receiving a blow from an adjacent
one inside, would endeavor to keep
traveling outward, since there are
no particles remaining to impede
its movement. The cohesive material,
on the other hand, would have the
outer particles held to adjacent ones,
as if by springs. If the blow is suffi-
ciently strong, the inertia of the
outer particles will tend to keep them
moving outward, once the energy
has been applied to them, the springs
then being placed in tension. If the

tensile strength of the springs is ex- -

ceeded, they will break. The sudden
release of tension will in turn cause
the adjacent particles toward the
inside of the mass to rebound. As
each particie is acted upon in this
fashion, beginning at the open face,

the springs will be broken in subse-
quent order back to the source of
the initial blow, provided that there
is enough energy remaining to ex-
ceed the tensile strength of ail of
the springs.

Thus, the stressing action of
breaking rock begins at a free sur-
face, or change in density, and
moves back in toward the explosive
charge. The problem for proper
fragmentation. then, is to be certain
there is sufficient applied energy to
permit travel outward from the ex-
plosive charge and return, with suf-
ficient strength to exceed the tensile
strengths of the rocks along the en-
tire path of travel.

Since blastholes are circular, the
eneigy propagation will spread out
in distance from the source, or as a
fan. This action causes the energy
travel in particles to move in differ-
ent directions. In addition, stresses
developed in the walls of blastholes
will decrease rapidly as the energy
pulses travel away from the charges.
There will be only one direction,
that perpendicular to a free face and
usually calied the burden, where en-
ergy will be the strongest and first

By RICHARD L. ASH, P.E.

School of Mines and Metallurgy
University of Missouri

to reach the boundary surface. En-
ergy from the explosive charge will
continually weaken and will reach
outer particles along the face at later
intervals in progressive order.

Fly rock velocity will be greatest
at the center point, where the energy
truvel distance is least; on either
side, particles will have less energy
imparted to them and will have a
progressively greater lateral action
as distance is increased from the
center. The appearance of the face
assumes the shape of a large bubble
opposite the charge, with the outer-
most edge stretched in lateral ten-
sion (Figure 3). As a result of this
action a crater forms, caused by the
combination of tensile effects along
the energy travel paths from the
charge outward and those between
particles laterally because of the di-
verging action imposed by the dif-
ferences in energy travel directions.

The outline of the excavation and
fracture pattern within the cratered
portion are influenced strongly by
the structural planes of weakness in
the rock mass, such as slips and
joints. Whether or not there is
enough energy to travel outward and
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return must be determined for each
blasting situation. If the amount of
initial explosive energy is inadequate
for the total travel distance, so that
the tensile strengths are not exceeded
both outward and on return, one can
expect to find the unbroken rock,
or very coarse breakage, inside the
broken rock pile, nearest the loca-
tion of the blasthole.

Where excess energy is used, the
broken rock will be thrown farther
out from the face, and there may be
some overbreak in back of holes
and on the edges. On the other hand,
if slabs or boulders are found on the
outside of the ple after blasting, it
is most likely because the ledge was
cracked before the blast was made,
from earlier overbreak, or because
mud seams or similar density
changes existed in the rock mass.
Cracks, or density changes, serve to
reflect and refract energy before it
reaches the outer free face, with a
subsequent reduction in energy
levels passing through, the outside
portions therefore being merely
pushed out from the face.

For most field blasting, more than
one free face will exist, i.e., a bench
or ledge is present, The addition of
a third free face, such as a corner,
will alter the crater effect (Figure
4). Since the relative distances to
open faces from a charge determines
which face is stressed first, too large
a difference in distances often gives
humps, toes, or very coarse fragmen-
tution in the area with the longest
distance. Full cratering with over-
break will occur on the other side,
where energy travel is the least, even
though a corner may be present.

In that blastholes are much great-
er in length than they are in width,
the effects from the explosive reac-

tion along the blasthole must also
be considered, cylindrical rather than
spherical effects being the usual con-
dition. Figure 5 illustrates blastholes
in a ledge with pertinent terminology
described. while Figure 6 gives wave
forms in rock resulting from the cyl-
indrical effect.

It is apparent from the skelches
that the time when the compressive-
energy wave in rock first arrives at
an open face will be different for
each blusting situation. The shape of
the wave will vary from that of a
sphere to a cone, the actual shape of
which is a function of the explosive's
reaction velocity (v,) to that of en-

OPEN FACE
[74%)
. LEDGE N
ll >
~— —
' o] !
' H

COMPRESSION BULGE

NN =

TENSILE
STRESSING

CRATERING

Figure 3—Sequence of actions in crater for.
mation.

ergy travel in the rock (v,), usually
expressed as the K, or velocity ratio.

The primer location will deter-
mine that portion of the ledge which
will be stressed and displaced first.
As hole depths increase, the differ-
ence in blast effects will become
greater. Collar priming usually pro-

CORHER CRATERING

p—— L ———

- W TR R W WE WE W

! |
|

Figure 4—Influence of free-face locations
on crater position,

AEGULAR C(RATER

motes a waterfall effect, with the
broken rock left in high piles direct-
ly against the vertical face. Bottom
priming tends to scatter, or spread
out, the broken rock over a larger
floor area. Center priming, on the
other hand, produces a compromise
effect. Collar and bottom priming,
when used together in the same
blasthole, will tend to increase the
stressing in the ledge center, thereby
intensifying the fragmentation and
displacement actions.

The influence of gravity, or static
loading, has litile or no practical

4

effect on fragmentation under most
biasting conditions. However, for
vertically drilled blastholes the high-
er the ledge, the proportionately
greater the resistance to displace-
ment of rock at ledge bottoms. Since
the pressure waves produced in the
rock from every point along an ex-
ptosive column cannot feuch the
vertical and horizantal free faces at
the same time, it is most often pre-
ferred that stressing begin at the
base of the vertical free face. This
15 usually because of the need for
adequate displacement to insure
easy and safe digging.

Blastholes that are inchined (Fig-
ure 5) help to compensate for weight
eflects as well as to extend the ef-
fective area for stressing in the vi-
cinities of hole coliars and bottoms.
Boulders most often come from
those areas. It has been shown that
the greater the angle of inclination
the better geometrically propor-
tioned becomes the stemming zone
for cratering, thus reducing back-
break effects. But air blast and pos-
sible violence are more likely to
occur since the volume of rock s
appreciably reduced in the stemming
region. Thus, less dense explosives,
would be preferred in collar areas.
It should be noted, however, that
stressing in portions of the ledge
other than at the collar and floor
level will be no different; regardless
of the hole inchnation, provided
that the bench face paralleis the
charge column.

Figure 5—Blasthole terminology.
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what happens during blasting.

Probably the most important
thing to the average person is to
know how blast effects can be con-
trolled to suit the requirements of his
operation. In this respect there are
available five basic standards upon
which to evaluate blasts, all of which
are unitless (dimensionless)} ratios.
They can be applied to both under-
ground and surface blasting with
equal success. For simplicity, how-
ever, their use will be discussed as
applied to surface {open-pit) blasting
conditions. The standards are de-
fined as follows:

1. Burden Ratio (Ky)—the ratio
of the burden distance in feet to the
diameter of the explosive in inches,
equul to 12 B/D,

2. Hole-Depth Ratio (K, )—-the
ratio of the hole depth to the burden,
both measured in feet, or H/B

3. Subdrilling Ratio (K;)—the
ratio of the subdrilling used to that
of the burden, both expressed in
feet, or /B

4. Stermnming Ratio (Kr)—the
ratio of the stemming, or collar dis-
tance to that of the burden, both
being in feet, or T/B

5. Spacing Ratio (Ks)—the ratio
of the spscing dimension to that of

IT is not enough just to understand

the burden, both measured in feet, -

or S/B.

The Mechanics of
ROCK BREAKAGE

STANDARDS FOR BLASTING DESIGN

Part Il of a Series

The mtost critcul
and important di-
mension in blasting is that of the
burden, 'T'here are two requirements
necessary to define it properly To
cover all conditions. the burden
should be considercd as the dis-
tance from a charge measured per-
pendicular to he nearest free face
gnd wn the direction in which dis-
placement will most likely occur. lis
actual value will depend on o combi-
nation of variables, inciuding the
rock characteristics. the explosive
used, etc. But when rock is com-
pletely fragmented but displaced
little or not at all. one can assume
the critical value has been ap-
proached. Usually, an amount
slightly less than the critical value
1s preferred by most blasters,

There are many formulas

Burden Ratio

that

Tuahle 1—Standard Blasting Ratios for Yertical Blastholes
(All Types of Surface Blasting, 20 Different Rock Types. Hole Depths From 5 to 260
ft., and Hole Diameters From 1% to 10% in. for All Grades of Explosives)

All Operations

All Operanons but Coal Strippings

provide approximate burden values,
but most require calculations that
are bothersome or complex to thc
average man in the field. Many alse
require knowledge of various quali-
ties of the rock und explosives, such
as tensile strengths and detonation
pressures, etc. As a rule, the neces-
sary information is not readily avial-
able, nor 1s 1t understood.

A conveanient guide that can be
used for esimating the burden, how-
ever, is the Ky ratio. Experience
shows that when K,==30, the blast-
er can usually expect satisfactory re-
sults for average field conditions
(Table 1). Thus, for a 3-in. diam-
eter explosive, a 7% -ft. burder
(30 x 3/12) would be a reasonable
approximation. To provide greate:
throw, the K, value could be re-
duced below 30, and subsequent
finer sizing is also expected to re-
sult.

Light density explosives, such as
field-mixed AN/FQ mixtures, nec-
essarily require the use of lower K,
ratios (20 to 25), while dense ex-
plosives, such as the slurries and

Kn Kl{ KJ‘ KT. H :

Group Frequency Group Frequency Group  Frequency Group  Frequency gelatins, permit the use of a Kg neai
0.10-0.19 0 40. The f{inal value selected should
0.3 " tlyg-(in.f; 4{11 :: g:}:;gg If be the result of adjustments made
14-17 5 2029 0 0.00-0.09 15 0 30-0.49 18 to suit not only the rock and ex-
18-21 13 3.0-3.9 6 104019 18 1.50-0.59 18 plosive types and densities but also
22-25 sl 40-49 a5 020-0 29 27 0.60-0.69 25 ; o
2233 o i0-4% 43 R e gl 0 the degree of f‘ragmematlon and dis

3033 &6 6 0-6.9 2 03040 3 0 80-0.89 13 placement desired.
34-37 44 70-7.9 It 0.50-0 59 2 0.90-(1.99 6 To estimate the desired K value,
3l 3‘7' B0-89 4 paipling 6 1.06-1.09 14 one should know that densities for

2.4 90-99 2 0-0 79 2 110-1.19 7 .
46-49 4 1.0-10.9 8 0.80-0 49 0 1.20-1.29 7 explosives are rarely greater than
54053 0 Hg::;.g (]) 130:1 39 3 1.6 or less than 0.8 gm/cc. Also,
T 1 301,59 3 for most rocks requiring blasting,
_ e _ " e the density in gm/cc rarely exceeds
Total 284 Total 284 Total 125 Tolal 152 3.2 nor i:it less than 2 2ywith 2.7
Meun 30 Mean 40 Meun (.28 Mean 0.74 (165 1b. per cu. ft. in the solid) by
Mode 38 Mode 26 Mode 0,24 Mode (.65 .

Medlan 29 Median 3.4 Median 0,27 Median 067 far the most common value, Thus,

by first approximating the burden
make simple estimations toward 20
at a Kp of 30, the blaster can then

*Nole—Rf: Ash, R. L., and Pearse, T. E.—"Velocity Hole Depth Related to Blasiing
Results.” AMimng Engineering—September, 1962, p. 75.
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{or 40) to suit the rock and explo-
sive characteristics, densities for the
latter exerting the greater influence.

Thus, for light explosives in dense
rock, use Kp=20; for heavy ex-
plosives in light rock, use K;=40;
for light explosives in average rock,
Ke=25; for heavy explosives in
average rock, Kg=13, etc. Figure 7
illustrates the relationships between
burdens and explosive diameters and
can be used to approximate values
for quick estimations. It should be
noted, however, that the burden
must be more carefully selected for
small-diameter blastholes than for
the larger charges, a fact well con-
firmed by field experience.

Hole-Depth As arule, a blasthole
Ratio should never be

drilled to a depth
less than the burden dimension, if
overbreak and cratering are to be
avoided. The primer location and
the K, ratio (Figure 6) have an im-
portant influence on the minimum
required depth, in that the shape
and direction of the wave form de-

termines where and which face 1s
stressed first. In practice, blastholes
are generally drilled from 1%2 to 4
times the burden dimension; and
blasting is done most frequently with
a Ky value of 2.6 (Table 1).

One could then presume that
when using a 3-in. explosive of
average density in normal rock with
a 7v2-ft. B, a hole depth from 10 to
30 ft. would normally give satisfac-
tory results, As the depth increased
beyond 30 fi., displacement prob-
lems could result, leaving toes or
bootlegs (part of the hole left in-
tact) because of the failure to pull
the fult ledge height. Inclined drill-
ing will help to eliminate some of the
difficulty. But a hole depth less than
the burden, 8 ft., for example, could
always be expected to be violent and
to produce overbreak in back of
holes.

Subdrilling
Ratio

The primary reason
for drilling blastholes
below floor level (or
grade) is to insure that a full face
will be removed. Uneven floors

Kys 1/2
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BOTTOM PRIMING

lu WAVE FRONT IN ROCK FROM PRIMER
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DF s DETONATION WAVE FRONT IN EXPLOSIVES COLUMN

caused by humps and toes generally
create problems for later blasting,
as well as in loading and haulage
operations. For most conditions, the
required subdritling (J) should never
be less than 0.2 the burden dimen-
sion, a K, of at least 0.3 being pre-
ferred for quite massive ledges
(Table 1).

The amount of necessary over-
drilling logically depends upon the
structural and density characteristics
of the ledge, but also on the direc-
tion of the blastholes, in that in-
chned holes require less subdrilling
and horizontal holes no subdrilling
whatsoever. Under certain condi-
tions no subdrilling i1s required also
for vertical holes, as would be the
case for many coal strippings or rock
quarries having a pronounced part-
ing at floor level. However, for rela-
tively massive rock drilling, at least
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Figure 7--Relationships between burden di-
mension and explosive diameter,

Figure 6—Compressive stress wave-forms in
Kye 2 massive uniform roch
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0.3 the burden below the floor will
insure that full ledge heights arc
obtamned, provided, of course, that
a proper Ky vatue is also used. Thu..
tor the 3-in explosive and 7Va-ft
huiden, the blasthole should be
drifled at least 2% Fto below floor
level.

Collar and
stemmeng aice
sometimes usaed to express the same
thinz. However, stemnung refers 1o
the filing of biastholes in the colla
region with matenabs such as drill
cutlings o conline the explosive
But stemmimg and amount o
collar, the latter bemy the unloaded
purtion of a blasthole. pertorm other
functions i addivon to confining
Since un cnergy wave will
travel much fasten in sold rock than
m o the dess dense unconsolidated
steneming nuaterial, stressing will
ocetir much earhier 1n the solid ma-
terial than contpaction of the stem-
ming maiernial could be  accom-
plished. Thus, the wmount of collar
thut s left { T). whether or not stem-
nung s used, determines the degree
ol stiess halance in that region. The
use of steouning material then as-
sists e conling the gases by a de-
laved uction that should be long
cnongh in nme duration o permit
their performing the necessary work
beiore rock movement and stemming
vection can oceur. For stress bal-
imee e bench-blasting of mussive
piaterial, the value of T should equal
the I3 dimension { Figures 5 and 6).

Usually 4 Kr value of less than |
i sohd tock will cause some crater-
e, with buek bieak and possibie

Stemming Ratio

RIS

JIINCY

violence, particularty for coltar prim-
ing of charges. However, if there aie
structural discontimues in the col-
lur region, rellecton and refruction
ol the encigy waves reduce the
eflects tn the direction of the charge
leneth, Thus, the Ky value can be
reduced under such chrcumstinees,
the amount depending upon the
degree ol cnergy reduction at ihe
density or stiuctural interfaces Field
experenee shows that a Ky value o1
0.7 v o rcwsonable approxmaten
tor the contsob of air blust and stress
balunce i the collar remon Table
[). Thus, for the 3-in eaplosne
using 1 7L2-f1 burden, 5 to o f1 o
collar with suituble stempung i yen-
crally satstuctory,

Commercial
blasting usually
requites the vse of muluple blaste-
holes, mnaking it necessary fos blast-
ers to knew whether or not there aire
any motual eticots between charges.
Hooadjucent churges  are imtated
sepurately  tm o sequence). with o
tme=delav ncerval of  satTicien
length o pernnit cach charge o com-
pieie ity entie blasting action. there
will be no interaciont between thea
enerey wases {Bigure 8.
However, f the nme iterval for
imuating  adjcent charges s re-
duced compley elfects will 1esult
There nught bereinforcement or can-
cellation of forces. depending upon
the fooce magnitedes and directions
at then point of interference. Fos
churges mmtiated simultaneously, ot

Spacing Ratio

at extremely short-delay intervals,
the reinforcement action increascs
with larger angles of force collision
This action promotes greater ground
vibrauon force-clfects. However, as
described earher, the energy levels
of stresses in the rock are reduced
by the fan effect as distance from
the source of energy increases. The
mutual  reinforcement action  then
wnds partiatly to muninize the en-
crgy reducnion beeause of fan effect
reductiions, thus permitting greater
spacings 1o be used between blast-
holes imitiuted simultanconsly than
when delaved.

The manner in which the zone of
1ock between holes is broken de-
pends then not only on the particu-
L initation-tinung sysiem used but
also on the spacing dimension. Ideal
cnergy balancing between chirges is
usually accomplished when the spac-
ing dimension s nearly cqual to
double that of the Pden (Ke=2)
when charges are mmitiated simultan-
cously. For long-interval delays, the
spacing should approximate the bur-
den, or Ke==1. For short-period de-
luys. the Ks value will vary from |
to 2, depending upon the interval
used. However. smce structural
planes of wedkness such as joining,
cic., are not actually perpendicular
t one another. the exact value for
K. normally will vary from 1.2 to
I.8. the preferred value of which
must be tuilored to local conditions.

Most difliculties resulting from
blasuing can be attributed to the
use of un unswitable Ky relationship.
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For example, from Figure 9, illus-
trating compressive-pulse wave posi-
tions, one can see that when
fracturing begins for simultancous
initiation, extended spacing- (Ks
greater than 2) always lead to hori-
zontal cratering. The action always
leaves humps at floor level between
the blastholes. Too clese a spacing,
on the other hand, causes premature
shearing between holes. This condi-
uon produces finely broken rock be-
tween holes, providing all the explo-
sive reacts, but with boulders or
slabs formed in the burden zone.

Premature shear and related loss
of confinement further promotes
volume changes, with subscquent
pressure drops in the blasthole re-
gion, which for the relatively insen-
sitive blasting agents may kill the
reaction completely and result in a
misfire. The action also usually
loosens stemming too early and per-
mits the release of gases out through
the collar regions. Unless deliberate
shearing is desired, as for pre-split-
ting when charge loads should be
reduced and fairly sensitive expio-
sives are used, normal blasts exiiibit
vertical cratering, overbreak, violent
fly rock, nonuniform breakage, and
toes at floor level.

It can be generally assumed that
uniformity of sizing is a direct re-
sult of the K5 ratio. If on firing a
single hole the rock is satisfuctorily
broken and cleanly removed without
excessive displacement, it may be
assumed the burden is satisfactory.
Too often blasters reduce the burden
rather than extend the spacing in
their desire to eliminate boulders

or to make rock sizing more uni-
form.

The basic principles [or spacing
selection apply to all multiple-charge
blasts, as long as all holes are drilled
parallel and n the same direction
relative 10 cone another. Figure 10
illustrates the basic drlt patterns for
most tield conditons and may be
summarized as foliows: (1) for se-
quence delays in the sume row, the
K; should be near 1; (2) for simul-
tincous inttistion of holes m the
same row. the preferred K. is ncar
2; (3) for sequence tuning i the
same row and simultaneous initia-
ton laterally between holes in adju-
cent rows, the entire blast should be
dritied in a square arrangement
order to avoid stress unbalance; and
(4) staggered drill patterns are pre-
ferred between rows within which all
charges are imtiated simultaneously.

It should be noted that the actual
(or true) burden may be different
from that normally considered for
cach separate blasting conduion. if
we take into account the fact 1t
should be measured in the direction
in which displacement occurs. For
example. in Figure 5 the triue burden
for an inclined hole is not actually
the horizontal distance. since stress-
ing from wave travel will occur
carliest at a pomnt on a line perpen-
dicular to the free fuce (B7). Thus,
the normally considered horizontal
burden can be extended by inclin-
ing the blasthole even though the
true burden would be the same as
that discussed previously (Kg=20
to 40).

Table 2—Normal Drill-Pattern Dimensions for Ascrage Blasting Conditions
(Al Values in Feet Except for Explosive Dinmeter)

D,
Inches B J
1 214 1
2 5 2
3 % 245
4 10 3
5 1214 4
6 15 5
7 1744 Si4
8 20 6
9 22 7
10 24 T4
11 264 8
12 29 9

*Note—Minimum L=B

18
20

PULINC X AR o

Equisalent Patterns

Stauggered Square
1. {(Simultancous  (Seguence
(Man)* Timing) Timing)
10 x4 Iix3
20 5 x9 7x7
30 Vax 13 10+ 10
40 10 x 18 i3xi4
50 1212 x 22 16x 16
60 15 x27 W x 20
70 1744 x 31 13 x 23
80 o x36 26 x 27
88 22 x40 29x 30
96 24 x4 32x 32
106 2644 x 48 35«36
116 29 x 52 38 x 39
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Kys &+ 5,78, Kyr 2+

Figuia 10—Basic drill-pattern relationships
{ldeai blasting conditions.|

From Figure 10 onc con sec that
the picferred K never changes, 1e-
cardiess of conditions, with a K.
near | for sequence and ncar 2 for
simultancous initiation patterns. Be-
cuuse movement is about 45 degrees
with the open face for sequence tim-
ing, when holes n adjacent rows
measured laterally are inttiuted a
the same ume, their true actual bur-
den must be considered as measured
laterally since movement is perpen-
dicular to that direction. Thus, for
different drill patterns but usiiy the
same Ky vatue, the actual area (or
volume) of rock blasted should not
change.

This can be explained by the ex-
ample of the 7¥2-ft. burden for a
3-in. explosive, where a 10 x 10-ft.
sguare pattern is desirable for se-
quence timing in the sume row; but
a 72 x 13-ft. staggered pattern
would work equally well when all
holes in the same row are fired to-
gether. A typical 8 x 12-{t. pattern
often followed in the ficld is merely
4 compromise between the two more
desnable arrangements. However,
the pattern invariably gives non-
uniflorm  breakage, particutarly in
nassive rock, no matter what tim-
ing system is used because of stress
unbalanee, and resulting overbreak
in corners.

Under certusn conditions the F
ratio controls displacement to an
advantage. If the timing system is
properly selected to give a desired
blast effect, slight adjustments can




be made to the K, ratio so as to place the broken
rock in an other-than-normal position, but with scme
sacntice in uniformity of rock sizing. For example, for
a Ks of 0.7 to 0.9 (whereby the spacing actually be-
comes the burden) the use of sequence uniing causes
brohen rock to move parallel or along the ledge fuce
and not out onto the floor, as s the effect often desired
in coul stripping  On the other hand, a Ks of 1.2 10
1.4 for delayed charges moves the broken rock farther
awiy from the ledge.

SUMMARY

Most blasting difficulties occur because of a lack mn
understanding of how rock is broken and the use of
improper charge-placement and nitiztion-timing prac-
tces. The clues as to what could be wrong are often
revealed by observing how a blast performs: whether
or not nonuniform breakage results, toes are left, over-
break and violence occur, und simuilar undesirable etfcets
eant Provided that the proper explosives are employed
for the operating conditions, certain standards can be
applicd, to help in the evaluation of blasts. Thesc
standards can also assist in provading guidelines as to
which direction adjustments should be made for cor-
recting any difficulties. The standards are practical and
simple to apply, bemng bused on two fundamental,

usually known qualities. explosive diameters and ledge

height, The standards are as follows:
K;:==20 t0 40 {30 avg.)
Ky=1v2 104 (16 avg)
K, =03 mimimum
Kr=051t0 1 (0.7 avg.)
K.,—=I11t02

As a rule, the K, relationship 1s the first standard
to upply, since it provides the burden dimension. An
exception o this is for blasting extremely low or very
high ledges. In such cases the ratio must be adjusted
to suit the ledge height. For normal conditions und
using a 2-in. explosive, for eaample, the burden will
average near 5 ft. for hole depths not less than 734
nor more than 20 fi., with subdrilling of at least 144
It. and stemming near 3%2 ft. The ledge height (L)
would then be from 5 to 6 ft. up to about 1812 {1
Tuble 2 lists data for normal operating conditions.
However, the spacing value for adjacent charges wall
depend entirely on the timing system used and on the
rach structural features; but it will vary from 5 tw 10
It. for the example given.

For ledgé heights less thun the minimum, smaller-
diumceter esplosives should be used; otherwise, over-
loading and possible violence will occur. For very high
fuces. the burdens must be reduced or the explosive
diumeters increased. The latter can be accomplished
by drilhng larger vertical holes, springing or enlarging
holes at their bottoms, using additional snake, or hori-
contally drilled, holes in the toe region. inclining the
drill holes, ete.

An additenal problem often present in blasting is
that of cap rock, or hard massive layers at the op of
a ledge. Using less than normal stemming does nothing
but promote violence, since this solution only aggra-
vates vertical cratering, with subsequent overbreak.
Instead, an additional short hole should be drilled in the
block center, with part of the normal explosive charge

jur the deeper holes divided equally between a smuli
deck charge, louded near the collar of the deep hole
but separated from the main charge by stemming, and
a small charge placed in the extra short hole In thi
manner the ledge height hmitations are satisfied, with
the cap rock and remainder of the ledge then being
considered as 1two separate benches, even though they
are blasted at the same time.

The standards will be found 1o be quite convenient
and useful. after very little practice, not anly for the
inttial design of blasts but also in providing guideliney
upon which to correct normal blasting difficulties which
invariably occur from time to time. However, one must
realize that the standirds in themselves are not cure-alls,
since blasting as such depends heavily on cost and
safety considerations as well us on the explosive grades
used, the material's characteristics. and blasting tech-
nigues employed.



which to base a particular set of

blasting standards, the choice
will depend largely on the cost and
properties of the explosive and its
adaptability 10 the materials to be
blasted. Since blasting effectiveness
from any explosive 1s controlled by
its chemical composition and the
effects produced by ihe field condi-
tions under which i1 15 used, the user
should have a working knowledge
of the various explosives products
available and their particular prop-
erties. In this manner he is then
better able to make a practical
choice to suit his own operating con-
ditions.

An explosive can be considered
simply as a tool for performing
work, designed to accomplish a
specific job. The work performed
is made possible by the gas pres-
sures produced when the explosive
reacts. The ideal explosive would
be one in which only gases are
formed from the original ingredients.
However, if some solids are also
produced by the reaction, the gas
pressures would be correspondingly
reduced, with the explosive then be-
ing capable of producing less work.
Since there are many different field
conditions with which to contend,
manufacturers offer many different
types and grades, many of which are
nonideal and designed to have their
own qualities that make them differ
from one another. Part of the dif-
ferences are chemical, part are phy-
sical. However, since explosives are
chemical compounds, it is from their
original composition that all basic
qualities are first determined.

IN selecting an explosive upon

Ingredients
and Composition

Most commer-
cial explosives
are mixtures of
compounds containing four basic
elements: carbon, hydrogen, nitro-
gen, and oxygen. Other compounds
with additional elements such as
sodium, aluminum, calcium, etc.,
may also be included to produce
certain desired effects. As a rule,
manufacturers design their products
to be nearly oxypen-balanced. This
means that there is the correct
amount of oxygen available in the
mixture so that during the reaction
all of the hydrogen reacts to form
only steam (H;O), the carbon re-
acts to form only carbon dioxide gas
(CO,), and the nitrogen released

The Mechanics of

CHARACTERISTICS OF EXPLOSIVES

Part i1l of a Series

forms vnly free nitrogen gas (Na )

If there are other than the basic
four clements, eg., sodium. solids
would be expecied to be produced,
and for these there must be inciuded
sufficient udd:itional oxygen to com-
bine with them. When there is un
excess of uvailuble oxygen. how-
ever, certain other compounds are
produced, among which are the
highly poisonous nitrous-oxide fumes
{NO/NO,, ). These particular fumes
are easily detectable by their ab-
noxious odor and red-brown color.
On the other hand, if there is an
oxygen shortage, the deadly car-
bon-monoxide fume (CO) will be
formed, as well as certain other
compounds, depending on the in-
gredients. Unfortunately, carbon
monoxide cannot be detected by
odor or sight. [n addition to the
formation of poisonous fumes, an
excess or deficiency of oxygen will
yield a lower heat of explosion, with
a subsequent reduction in pressures
produced.

It should therefore be recognized

that if one is to expect safe and
efficient results from explosives,
there should be a suitable inital
chemical balance, with thorough
mixing of ingredients to ensure that
all materials are in intimate con-
tact, maintenance of the desired
mixture while in storage, and then
proper use on the job. The follow-
ing chemical equations may help to
illustrate the effects from oxygen
balancing, using an AN-FO blasting
agent for an example:

(1) Balanced for oxygen:
3NH,NO, + CH, >
7H.O + CO, + 3N,

(2) Excess oxygen:
SNH,NO, + CH, >
11H.O + CO.

+ 4N. + 2NO

(3) Deficient oxygen:
2NH,NO; + CH, >
5H.O + 2N. + CO

It is not nccessary for an explo-
sive 1o contan nitroglycerin (NG),
mitrostarch (NS}, TNT, and similar
explosive compounds, The individ-

Table 3—Some Ingredients of Explosives

Name Chemical Symbol Function

Nittoglycerin {NG) CHA(NO-): Explosive base
Trinitrotoluene (TNT) C.H.CH{NOD Explosive base
Dimitrotoluene (DNT) C:N.Q.H. Explosive bdse
Ethylene glycal )

dinitrate (EGDN) C-H{NOM: Explosive base, antifreeze
Nitrocellulose C.H-(NO1):0: Explosive base, gelatinizing agent
Ammonium nitrate (AN) NH.NO, Explosive base and oxygen carrigr
Potassium chlorate KCiIO, Explosive base, oxygen carrner
Polassium perchlorate KCLO. Explosive base, oxygen carrier .
Sodium nirate (SN} NaNOs Oxypen carrier, reduce freezing point
Potassium nitrate RN Oxygen carrier
Wood pulp C.HOn Absorbent, combustible
Fuel oil CH, Fuel
Paraffin CH: Fuel
Lampblack C Fuel
Chalk CuCOn Antiacid
Zinc oxide Zn(y Antiacid
Aluminum metal Al Cutalyzer
Magnesium metal Mg Cutalyzer
Kieselguhr $104 Absorbent, anti-caking material
Ligud oxygen O, Oxygen carrier
Sulphur S Fuel
Salt NaCl Flame depressant

Organic nitro compounds

Explosive basc, but used primarily to
sensitize, reduce freezing point, and
as anti-caking material

10



ROCK BREAKACI

By RICHARD L. ASH, P.E.
School of Mines and Metsllurgy
University of Missouri

ual characteristics of each ingredient
determine wheiher it may be desir-
able for use i1, a mixture. Table 3
gives a partial listing of the many
ingredients that might be included
in an e¢xplosive. It can be recog-
nized that certain compounds may
be highly explosive by themselves
or may be normally inert; but when
combined, the entire mix may form
an explosive. For this reason the
compounding of explosives should
not be atiempted by the average
person.

Explosive To be an explosive, the
Reactions change in form from
liquid or solid, or a com-
bination of both, to that of a gas, or
gas and solid, must be an exothermic
reaction, or one from which heat is
released. For most explosives, the
quantity of heat released is quite
large (Table 4). The gases formed,
in turn, quickly produce very high
pressures, with the reaction being
called either deflagration or detona-
tton.
The distinction between the two

types of reaction is that deflagration
consists of a burning action at a
high rate of speed, the chemical reac-
tion of which causes gaseous forma-
tion and pressure expansion along
with the burning. Thus, a heaving
action from the pressures produced
is experienced at nearly the same
rate as that of the burning. This
type of reaction is characteristic of
low explosives, of which black
powder is one particular type.
Detonation, on the other hand.
consists of the propagation of a
shock wave through the explosive,
accompanied by a chemical reaction
that furnishes enerzy to sustain the
shock-wave propagation in u stable
manner. with gaseous formation foi-
lowing shortly thereafter. The shock
wave Is characterized by a very sharp
rise in pressure {Figure 11}, in
front of which there is a zone in
which all immediate matter is ion-
ized. The pressures developed by
detonation (shock) are nearly
double those produced by the pase-
ous expansion that follows. All high
explostves are designed to detonate,

Table 4—Available Heat Energies (Q) for Certain Sclected Eaplosives

Explosive

Nitroglycerin (NG)

PETN

RDX

Compositicn B

Tetryl

NG gelutin 405

Slurry (TNT-AN-H.0, 20/65/15)
NG gelatin 100%

NG gelatin 75%

AN gelatin 75%

= NG dynamite 40%

AN pelaun 40%
NG dynamue 609%
PETN

Semigelatin

Extra dynarmite 60%
Amutol, 50/350
RDX

DNT

TNT-AN, 50/50

TNT

AN-FQ, 94/6

AN low-dersity dynamite
AN

) (0 £ e i e e e e o

SG SC Q (Cal gm)
6 1] ' 1420
6 B3 1400
6 L1 1320
b B8R 11430
b RE OO
.5 94 820
5 94 770
4 101 1400
4 101 1150
4 101 99()
q 101 -~ 930 —
3 101 8200
3 109 990
.2 118 1200
2 118 940
2 [1%8 RO
. 128 B9}
.0 141 1280
.0 141 960
0. 141 900
0 141 870
9 157 890
8 176 880
RS 176 350
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am lPRILLI-FO . 9476
ANUTEINEL-FD 3478
Aw DYmamiTL 60
WG DTRAMITE  &0%
THT-an-w,0, 20/63/15

R

AN GELATIN, T3%

-

PRESSURE (100,000 F5I)
-

/

° o 1o
TIME (MILLISECONDS)
Figure 11—Curves of calculated pressure

developed by some selected ezplosives un-
der perfect confinement.

v

all low explosives will deflagrate; and
blasting agents may exhibit one or
the other type of reaction, according
to their specitications and conditions
of use. The important thing o re-
member about the reactions 1s that
the effects of one type are very much
ditferent from those of the other,
detonation producing higher energy
and much higher velocities. ™

To accomplish a desired reaction,
certain temperature and pressure
conditions must be met, most explo-
sives being designed for use under
confinement, e.g., in blastholes. If
the temperature required for a pro-
per reaction is not present, no
detonation may occur, with only
burning or possible deflagration re-
sulting. In practical terms, this
means that even though the designed
chemical composition calls for det-
onation, inadequate initial heat from
an initiator or primer or a loss in
confinement conditions can result in
lower blast energy being developed
from the explosive charge. or even
in complete failure, causing a mis-
fire.

For this reason, control over the
confinement and the selection of
primers with adequate heat energy
and initiating power are particularly
important. One should recognize
then, which of the explosives need
strong priming and which need very
little heat for initiating their reac-
tions, not only for reasons of blast-
ing efficiency but for safety con-
siderations as well, (Turn page)



To better understand the require-
ments just described, Table 5 illus-
trates the approximate temperature
characteristics of two basic ingre-
dients used in many commercial
explosives. It should be noted that
at a very low temperature NG begins
to decompose, boiling occurring
shortly thereafter. Flame from a
fuse, heat released by blasting caps,
a relatively warm blasthole (such
as one just recently drilled), friction
from metal objects, and similar
effects can all provide quite easily
the relatively low temperature need-
ed to provide dangerous conditions.
If the NG is confined, eg., in a
blasthole, the initial decomposition
will be accelerated to result in det-
onation.

On the other hand, AN requires
a fairly high temperature before it
will begin to decompose and fume,
necessitating a large amount of initial
heat. However, once decomposition
begins, detonation or deflagration
will follow with a very small tem-
perature rise. By combining the two
ingredients, as is done in the am-
monia dynamites, a compromise
effect is achieved, the grades having
the most NG being the easier to
initiate.

Important Most manufacturers
Properties supply catalogs and
Of Explosives other information

concerning the
specifications of their products. How-
ever, certain properties are par-
ticularly important to quarry blast-
ing. A review and explanation of
their practical aspects should there-
fore be of special interest to the
" operator.

Water For all explosives, the
Resistance presence of water in

blastholes tends to
promote chemical unbalance, as well
as retard the heating reaction. Water
supplies additional hydrogen and
oxygen and requires additional heat
to be vaporized into steam. If water
is flowing through the ground, a
leaching action can occur, whereby
certain salts that may be easily dis-
solved could be removed from the
explosive mixture. Explosives may
be protected internally from water
action by gelatinizing the mix or
externzlly by cartridging.. The in.
gredients added for gelatinizing are
usually included in the chemical bal-

Table 5—Comparison of Approximale
Reaction Temperatures (*F) of

NG and AN
NG AN
Detonute 420 460
Boil 290 —
Decompose 140 410
Freeze 50 340

ance, as with the use of nitrocellu-
lose in the gelatin grades.

Similarly, the paper, wood fiber,
paraffin. or polyethylene used for
external cartridging arc generally
included in the chemical balance.
For this reason explosives that are
made for use in cartridges should
not be removed if preservation of
the oxygen balance is to be main-
tained.

If an explosive is properly com-
pounded initially, but detrimental
effects occur from water, the action
will be noticeable by the formation
of brown nitrous-oxide fumes and
a low blasting action. If these effects
are observed, the explosive grade
should be changed or other appro-
priate action taken. Primers must of
necessity possess unlimited water re-
sistance.

Fumes Most explosives are given

a fume rating, the classi-
fication of which is based on the
amounts of poisonous gases pro-
duced by the explosive reaction.
Limits are set by mgny of the states,
the 1. S. Bureau of Mines, and
certain other agencies. Where in-
adequate ventilation and exposure
of personnel to toxic gases may exist,
care must be taken to ensure that
the explosives used give amounts
below the established limits.

This property is particularly im-
portant for underground blasting,
but for open-cut operations the prob-
lem could also be quite serious.
Fumes may lie inside piles of broken
rock. Such material, when stirred
up by loading equipment, Will re-
lease the fumes, to contaminate the
air in which men are working. The
problem may be aggravated by at-
mospheric conditions, deep cuts,
and similar factors that hinder air
circulation. Men will become il
and nauseated if this situation is
present.

A person should understand the
distinction between fumes and
smoke, the latter of which is com-
posed of liquid or solid particles
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suspended in the air. Usually when
white smoke is observed from blasts,
it is quite likely composed primarily
of the steam from the reaction.

Sensitivity This property actuall,

refers to two related
characteristics. It defines the rela-
tive ease with which an explosive
reactton can be initiated and the
relative ease with which the reaction
s propagated through an entire
charge. Several tests are used o
rate sensitivity, the most common
of which is.the minimum booster
required for initiation. Usually the
total number of No. £ strength blast-
ing caps required tor initiation is
used to classify sensitivity.

However, an explosive may in-
itiate easily but in small diameters
the reaction may not propagate and
dies out. For this reason explosives
may not be manufuctured below
specific diameters. A critical diame-
ter, or that below which propaga-
tion of a reaction will not continue,
exists for practically all commercial
products. Some blasting agents have
a large critical diameter; most high
explosives have a small one. By
definition, blasting agents cannot be
semsitive to initiation by a single
No. 6 blasting cap, while high explo-
sives all are one-cap sensitive.

On the other hand, an explosive
may be quite insensitive to initiation
but propagate easily when above the
critical diameter. For safety reasons
this situation is the more desirable;
it is a definite advantage offered by
many of the blasting agents, How-
ever, adequate priming is mandatory
for their use. If propapation is
difficult or impossible through a
column of explosives, boosters may
be used to sustuin the reaction. But
it should be recognized that both
boosters and primers must be sen-
sitive to initiation.

The sensitivity of an explosive is
a function of the ingredients, their
particle sizing, the charge diameter,
the degree of confinement, and cer-
tain other factors. For example,
ammonium-nitrate explosives may
become quite sensitive in time by
particle degradation due to the proc-
ess of cycling. AN has the charac-
teristic whereby it will change its
crystalline form with changes in
temperature; two of the changes often
encountered in normal field blasting
are at 0 and 90 deg. F. Constant



changes through those temperatures
causes the particles to break into
smaller sizes. The smaller particles
offer more contact surfaces between
ingredients, making it easier for
particles to be consumed by the
explosive reaction. The result is to
permil casier initiation and sub-
sequent more rapid propagation
through a charge. Blasting agents
that would normally be insensitive
become quite sensitive to initiation
by a single No. 6 blasting cap, simi-
lar to that expected of high explo-
sives.

Larger charge diameters also prop-
agate reactions more easily because
of the greater surface area available.
Confinement tends to concentrate
the reaction’s force along the charge
length rather than permit the action
to spread.

Certain hydrocarbons have an ad-
verse effect on some types of explo-
sives, principally those with free NG,
as do the straight and extra grades
of dynamites (Table 6). Since some
of the blasting agents have liquid

hydrocarbons as one of their ingre-.

dients, e.g., FO, one should be
particularly cautious in his choice
of primer explosive. Under certain
conditions there could be an accu-
mulation of the hydrocarbon in the
blastholes, particularly at the bot-
toms, which in turn may lead to
misfires when charges are bottom-
primed. This situation can be avoid-
ed by using gelatins or simijgelatins
or high explosives containing no NG
for priming. Furthermore, it is
sumply good practice 1o avoid the
use of excessive FO in any blasting
agent, to avoid upsetting the oxygen
balance.

Density Explosives are manufac-

tured and sold on a weight
basis, the densest explosives usually
being the strongest. The density,
or weight per unit volume, of an ex-
plosive is therefore one of its most
important properties. In industry
this property may be specified in
three ways: {a) by specific gravity
(8G) expressed as a unitiess number
or in gmscc; (b) by stick count
(SC) or the number of 1% x 8-in.
cartridges per 50-1b. box; and (c) by
loading density (d.) or the pounds
of explosive per foot of charge
length, The value for the loading
density, however, is a function of
the explosive’s charge diameter

Tahle 6—Percent by ¥ it of
Diesel FO Additive 4 hicre
Detonation Fuiis

Pct. Qt. FO/Ib.

Explosive Add. of Expl.

Exira dynanute 40% 1.5 0.008

Extra dynumite 606 25 0.014

Low-density dynamite 40 0.022
(SC 120)

AN pgelatin 605 LRIM g 05*

NG gelann 609 390+ 021+

*Amounts applied. but detonation suc-
cessful, no fatlures.

{D.), which should then ualso be
specified eastly for clarny.

The various measures for density
can be c.iculated easily for rapd
use in the field, provided that the
charge diameter (D.}, expressed in
inches, and one of the density values
are known. The relationships are
as follows: .

d. = 48D.=.SC n

d. = 0.34D.*(5G) (2)
SG = 141/8C {(3)

These formulas prowvide a very
convenient means for estimating ex-
plosive quantities, in that most ex-
plosive manufacturers supply the SC
or 8G for their products. For ex-
ample, if a free-low AN-FO mixture
with an SC of 176 were to be used
in a 10-in. diameter blasthole, one
would expect slightly in excess of
27 Ib. per foot of hole (or d. = 48 x
102 divided by 176 = 27 1b./f1.).
(The relationships are illustrated
graphically by Figure 123

it will be noted that an SC of 176
corresponds to an SG of 0.8, which

could also be determined from
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Figure |2—Relationships between densities
of sxplosives.
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Expression (3), above. Since the
SG of water is 1 and its equivalent
SC value 1s 141, any explosive with
an SG greater than 1 or an SC less
than 141 could be expected to sink
in wet blastholes. It should be point-
ed out, however, that D, is the
diameter of the explosive, not that
of the blasthole. These diameters
are equal only in the case of free-
flowing explosives or charges com-
posed of cartridges that are thor-
oughly tamped.

Because certain ingredients may
be included in explosives that do
not contribute to the energy pro-
duced, there is no distinct relation-
ship between density and pressures
developed. In fact, some manufac-
turers make a 40 percent Extra type
dynamite, for example, that is den-
ser than the 60 percent of the same
type of explosive. Similarly, a 90 per-
cent gelatin is Tighter than a 30 per-
cent gelatin. But as a general rule
it is reasonably approximate to re-
late the energy developed by explo-
sives to their relative densities. This
is because explosives ure character-
ized by general density groups that
correspond to their various types,
e.g., gelatins, dynamites, etc. The
denser types as a group produce
more energy than the lighter ones,
even though there may be exceptions
to the rule between grades within
the same type. -

Yelocity The rate. usually express-

ed in feet per second
(fps). at which a reaction propa-
pates through an explosive is con-
sidered by many as the most im-
portant quality of an explosive. Itis
often called the detonation velocity,
but this is not always technically
correct. Its importance can be
better appreciated when it is under-
stood that the energy produced by
any explosive is a function of the
product of its density and velocity
characteristics.  Since the initial
reaction for most explosives used
in commercial blasting is detonation
with subscquent gaseous expansion,
the action would be considered dy-
namic. '

Thus, impulsive and momentive
forces are produced as a fesult of
the kinetic energy of the reaction,
which can be expressed by the rela-
tionship KE = ¥2Mv.2, where M is
the mass and v, is the velocity of
the explosive’s reaction. The rela-



tionship is given to illustrate that
the value of the velocity is squared.
Thus, energy releases are affected
much more by changes in velocity
than by changes in density. For
example, if one of two different
explosives has double the density of
the other but both have the same
velocity, the denser one could be
expected normally to produce twice
the work. However, if both explo-
sives have the same density, but one
has double the velocity of the other,
the faster explosive would produce
four times the work possible from
the other.

Contrary to common belief, all
high explosives do not react with
high velocities, which may vary from
about 24,000 fps to as low as 5,000
fps. The velocity of an explosive is
related to the sensitivity in some re-
spects, being dependent on the par-
ticular ingredients used, their par-
ticlie sizing, the density, the charge
diameter, and the degree of confine-
ment under which it is used. As ex-
plained earlier, the smaller the par-
ticles the greater the density, which
in turn wsually increases the amount
of energy-producing material per
unit of volume and the number of
contact surfaces between particles,
thereby increasing the over-all rate
of reaction. The combined effect is
to increase the energy potential of
the explosive.

Explosives are given two velocity
ratings, one for use in the open or
unconfined, the other if it is con-
fined. For many grades and types.
the unconfined velocities are 20t 30
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Figure 13-—Chart for corralating explosive
strengths,

percent lower than those achieved
under confinement. In a practical
sense one couid then assume that
an explosive would produce only
60 to 70 percent of the total work
possible if used unconfined. It is,
therefore, particularly important to
know which velocity value is speci-
fied for a product.

The technique known as cushion
blasting utilizes the principle of re-
duced velocities resulting from less
confinement. It ¢can be used to pre-
vent shattering. In this method an
annular air space is left around the
explosive, if used in cartridges. or
air pockets are left at prescribed
intervals between deck charges
placed along the length of a blast-
hole.

Strength The lcast understood and

often the most improp-
erly specified property for describ-
ing an ciplosive is its strength. It
is usually expressed as a percentage,
and it was originated when all com-
mercial high explosives contained
NG as the primary energy-producina
ingredient. In the beginning, the
percentage meant the actual amount
of NG in the twotal weight of explo-
sive, which would be applicable for
most of the straight dynamites, How-
ever, for all other types of explosives
other ingredicnts may be used to
supply a part or all of the encrgv.
In addition, there are two strength
ratings given 1o explosives; and un-
less this is clearly understood by
users, it can lead to very serious
difficulties.

The first method for rating—
weight strengrh—means that a
pound of a particular explosive can
do the same work as a pound of
straight NG dynamite of equivalent
strength when used under certain
specified condions. Since densities
of explosives varv  considerably
although the explosive or blasthole
diameter may not be changed, a
method for rating streneth on an
equal volume busis would be neces-
sary.

The bulk. cartridge, or volume
strength raung provides the neces-
sary comparison. but its value is
determined by culculation. The two
strength rutings, by weight und by
volume, are considered equal when
the stick count {SC) is near 100,
as it would be for most straight
dynamites. To assist in the correla-
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tion between the two ratings, the
nomograph in Figure 13 can be
used.

If the weight strength of an ex-
plosive having an SC of 150 is 60
percent, a pound of it witl provide
energy equivalent to that of a pound
of 60 percent straight dynamite.
However, from Figure 13, the cart-
ridge strength is indicated as only
30 percent, which means that if the
explosive was used on an equal
volume basis, it would have the
energy of only a 30 percent straight
dynamite. Unfortunately, some ex-
plosives are sold and designated by
weight strength, and others by bulk
or volume strength; and still others
are specified by letter or number,
with a weight strength given for
the general class or type of explosive
in which it is but one of the grades

The operator can understand that
he could be badly mistaken if he
were not careful to distinguish be-
tween the two strengths in using
this property as a primary basis for
selecting an explosive, To avoid con-
fusion and possible serious difficul-
ties, it is generally much simpler to
judge an explosive’s relative strength
according to its density and velocity~
characteristics.  The quantities of
both are :ually available from the
manufacturer’s information.

Correlating Since the
Explosive's burden is
Properties to the most
Blasting Standards important

single di-

mension for successful blasting, and
that upon which the design stand-
ards are based, its determination
must take into account the individual
charactenistics of the particular ex-
plosive selected for use on a job,
A convenient method for estimating
its value is to employ the relative-
encrgy comparison technique. Be-
cause all propertics may be con-
sidered relative for comparison
purposes, an explosive with an SG of
1.2 and a v, of 12,000 fps could be
considered the standard, or one with
characteristics near that, for 40 per-
cent 1o 60 percent Extra dynamites,
which long have been considered
appropriate cxplosives for quarry
blasting. However, it should be un-
derstood that any standard might be
used for making a comparison,

To estimate the relative chergy
potential of an explosive, the diame-
ter (D.), density (SG), and velocity



(ve) must be known, or approxi-
mated. Furthermore, to simplily
calculations, one can assume bluast-
holes would be filled across their en-
tire diameter, or D.=D,,. This con-
dition cnsures htde or no energy
losses, or dumpening, for a complete
cnergy transfer from the explostve’s
1caction nto the surrounding o 10
be blasted.

The relutive energy (RE) and that
cxerted 1o the rock could then be
eapressed by a simplificd  Kinetic-
cnergy  relationshep, or RE=
a(SG)v, 2. The "a” is a conversion
factor to permut the use of spectfic
gravity instead of mass, and 1t as-
sumes that the cxplosives will be
used in the same drameter. For any
set of similar held conditions the "a”
will be o particular constant number,
making it then possible to omit it
from the relauionship when explo-
sives are compared under identical
ticld conditions. Thus, the following
cxpression cun be used for compar-
ing two or more cxplosives, based on
their encrgies:

RE. "RE| =(SG.)(v.,)=/
(8Gy)(vy)*
if Explosive No. | represented the
average explosive (5G,=1.2 and
v, 1==12.000 fps) and Explosive No.
2 hud SG.==1.5 and v..=18000
fps, the relative energy of the second
compared to the first according to
Eapression (4) would be as follows,
RE,/1=(1.5)(18,000)2/(1.2)
(12,000):=2.8
The RE value shows then that the
sccond explosive has 2.8 times the
cnergy potential of the standard
explosive. Since the comparison is
made between explosives used for
blusting the same material, the com-
purative blast results in the rock
would vary as the cube root of their
relative energy value. The cube root
is used rather than the direct ratio
because of the spherical fan effect
tor encrgy propagation through ho-
mogenous materials. This relation-
ship then tells us that the Ky ratios
and thercfore the burdens will vary
in proportion to the cube root of
the explosives® relative energies. To
provide a simple formula for illus-
trating the relationship, the follow-
ng may be used:
Kyz=Ku (RE./RE,; ) 1/3

If onec assumes that average rock
will be blasted, a Kp value of 30
would represent the average explo-
sive (Figure 7). The burden used
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dimensions for explosives according to their
relative energy and when used under field
conditions.

would be 732 ft. for a 3-in. dlumeter
explosive, since K,y --30=12B, D..
which gives B, ==30D_/12=30x 11,
or 7%z I

For Explosive No. 2, then, using
Expression {5), one can approxmate
that K.==42, or K, .=30(2.8)/*
The burden for the second explosive
would then be 10V2 fi, since Bo=
42D, /12==3V> x 3. For direct cal-
culauon of the burdens for explo-
sives used m the sume diameters and
under identical field conditons the
following may be used.

B.=B,(RE, RE;"*

The relationships given by Expres-
sions {5) and (6) are shown on Fig-
ure 14, which permits one to deter-
mine the approximate new burden
for any explosive as compared to the
average explosive when used under
idenucal field conditions.

Although the example given illus-
trates ideal conditions and one
should recognize that many variables
enter into making the final selection
of u K, ratio and its related subse-
quent burden dimension, the rela-
tive-energy comparison technique
gives a realistic approximation. As
a matter of interest, for most explo-
sives used in blasting the maximum
density variation is from 0.7 0 1.6,
with a vetocity variation from 8,000
to 20,000 fps, the heavier densitics
having the higher reaction rates.
Therefore, the weakest explosives
possess only 26 percent of the energy
available, while the strongest have
370 percent of the energy available,
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as compared 1o that available from
the average explosive. Converted to
K, values and using a K,=30 for
the average cxplosive 1 average
rock, the lower and upper limits for
K, values would be 19 and 46, re-
spectively. From Table 1 it can he
seen that these values satisfy results
from actual field experiences,



The Mechanics of
ROCK BREAKAGE

MATERIAL PROPERTIES, POWDER FACTOR, BLASTING COST .

MATERIALS PROPERTIES AND
INFLUENCE

OST materials requiring
M blasting are not homogene-
ous nor are their properties
the same throughout- Of all the
physical properties, there are essen-
tially five that predominantly influ-
ence blasting results. These include
in order of their importance the
following characteristics: (1) struc-
ture, (2) resilience, (3) strength,
(4) density, and (5) wvelocity of
energy propagation. Blastab:lity,
elasticity, hardness, toughness, and
other terms may also be used to de-
scribe a material, but often such ex-
pressions are too indefinite and diffi-
cult for the ordinary quarry u:
to understand. Driliability, or euse
of drilling, should in no way be con-
fused with the manner in which a
material can be blasted.

Structure The structural features

of a material usually
have the greatest influence on blast
effects. To better understand their
importance one should recognize
that rock, as we think of it, is es-
sentially an accumulation of small
particles bonded together. The con-
stituents are oriented in definite
structural patterns, established dur-
ing the formation and alteration
processes. Of primary importance
to blasting is compression jointing,
existing within all rocks (igneous,
sedimentary, and metamorphic} and
composed of planes along which
there is no resistance to separation.
. Igneous rock may also have tension
jointing, formed during the cooling
process.

Sedimentary rocks are unique in
that they have stratificatton planes
(in addition to joints), which were
originally horizontal and formed by

Part IV of a Series

interruptions in the imtial deposition
of sediments.  Stratfication  and
jointing are not the same thing. For
metamorphic rocks, the relationship
of their joinung to schistosity 1is
simular to that between jointing in
sedimentary rocks and their stratifi-
cation, both in angular position and
mechanical development.

Jointing is usually easily detected,
the planes being penerally smooth
and often short distances apart. One
set of planes is parallel with the dip
and strike of the rock formation,
with two or more sets being nearly
perpendicular to the first set. Rocks
when broken will separate into
blocks of a shape characteristic of
their particular jointing pattern, and
the new faces produced from blast-
mg tend to follow the jointing direc-
tions. (See Figures 3, 4, 8, 10,
and 15.)

For the sedimentary rocks there
is one particular direction along
which jointing is the most pro-
nounced, the other planes being less
dominant. The horizontal angles be-
tween the vertical jointing planes are
usually near 75 and 105 degrees,
which form rhombohedrons when
the rock is broken. Igneous rocks,
however, have jointing planes of
uniform strength, the angles between
planes being most often near 60
degrees. The fragments produced
from blasung are generally hexa-
gons or pyramids in shape.

Jomnting directions can be found
quite easily if it is recognized that
most faults, cliffs, mud sexms, caves,
etc., produced by weathering and
the other geologic actions tend 10

By RICHARD L. ASH, P.Z.

School of Mines and Moetallurgy
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Figure |5—A representative plan sketch of
a qQuarry n a sedimentary rock formation,
showing tight {75-degree)—snd open {105-
degree} corners.

follow the jointing planes, It 15 par-
ticularly important that the blaster
endeavor to locate the planes before
laying out a drill pattern. Blast-
holes located in tight corners will
generally overbreak, opening large
cracks in the ledge. Subsequent
blasts will -usually do no meore in
those areas than give large boulders,
and possibly be quite violent. It
can be seen from Figure 15, which
illustrates a representative quarry in
a sedimentary rock formation, that
there are tight (75-degree} and
open (105-degree) corners. This
means that normal blasts under
those conditions should be directed
out of the open angles in so far as
possible, or toward the east or west.
If blasting is done in the other direc-
tions, or to the north or south,
cracking of the solid ledge will occur
along the planes forming the tight
angles.

Another structural feature that is



very important, particularly to rock
fracturing, is the type and strength
of the bonding between individual
grains. For example, rock may have
pronounced jointing at widely sep-
arated distances, but the material
between joint planes may be strongly
bonded, or massive In character.
Large boulders invariably result
when blasting is carelessly done un-
der this condition. On the other
hand, rocks may be highly laminated
or str.iified, or the bond between
grains may be very weak, so that
frugmentation is always easly ac-
complished by merely mowving the
material from its original place.
Resilience This property, some-
times called spongi-
ness or toughness, refers to the elas-
ticity of a material. It is used to
express the capability of a rock to
resist shock and recover its original
position and shape without being
ruptured. If a rock on being
dropped, for example, makes a duli
thud and does not rebound, it would
be very difficult to break by impact.
Britde rocks, however, shatier easily,
particularly those types having a
high silica (quartz) content. A
bluster can generally determine
quite easily whether or not a ma-
terial will break into small sizes or
large coarse fragments by conduct-
ing a simple drop test. Furthermore,
the test provides a clue as to the
energy absorption power of the ma-
terial, which is important for esti-
mating the amount of additional
charge, or energy, that would be
necessary to overcome expected en-
ergy losses.

Strength  Of the -characieristic
strengths of materials,
blasting is normally concerned only
with that of tension. Most rocks are
very weak in tension, more resistant
to shear, and strongest in compres-
sion, having approximately only one-
tenth the resistance to tensile rup-
ture that they have to failure by
compression (Table 7). However,
shear is not actually a force by itself
but rather the result of two forces,
either two tensile or two compres-
sive forces, or a combination of one
of each, which act along different
lines and directions.
To know the actual strengths of
a material, samples must be tested
in a laboratory. (Regular tensie-

Table 7—Properties of Various Selected Materials

Compressive NModulus  Specific  Density Longit_udinnl
Strength  of Rupture  Gravity (d.) Yelocity (v,)
Name and Location (psi) (psi) {8G) (ton/cu. ft.} (fps)
Amphibolite (fine graun,

lneiia) ..... S oo .. 61,300 7,400 3.12 0.097 15,000
Basalt (New York) ...... 46,600 8,000 2.94 0.092 18,700
Basalt (Michigan) ....... 33,400 3,800 285 0.089 15,200
Basalt glass -.........-. - — 2.81 0.088 21,000
Diubuse (fine grain,

Mlchlg[an) ............ 44.200 5.300 2.94 0.092 16,700
Dolomtte (Missoury) ... .- 3,800 1,000 2.80 0.087 _
Polomite (Tennessee) . ... 46,700 3,800 2.84 0.089 17,900
Gabbro {(altered, New

Yorkj( ............... 40,200 5,400 2.93 0.091 17,600
Granite (Georgia) ....... 28.000 2,000 2.64 0.082 8,900
Gramte (Vermont) ... .... 33,200 2,900 2.66 0083 11,100
Granite (Nevida) ... .. .. 39,500 3,500 263 0.082 14,500
Granite {Nv +} Carohna) . 30,400 1,600 2.60 0.081 8,000
Greenstone (dMchizan) ... 43,500 3,300 330 - 0.103 16,600
Gypsum (Indana} S 3200 i.200 232 0.072 —
Limestone (Ohio) . ... ... 28,500 2,900 2.6Y 0.084 15,400
Limestone (Utah) ...... 28,000 2.200 278 0.087 15,904
Limestone (fossiliferous,

Indiana) ............. 10,900 1,600 2.3 0.072 12,400
Limestonz (West Virgmia). 23,000 1,900 2.68 0.084 16,400
Marble (Muryland) .. 30,800 2,800 2.37 0074 13,700
Marble (New York) ..... 1%,400 1,700 272 0 085 14,500
Obsidian ............... — — 2.35 0.073 16,100
Quartzie (tacontte, .

Minnesota) .. ........ 1,200 3,400 275 0.086 18,200 -
Rock salt (Louistana) .. 5.000 Neghgible 2.50 0078 —

- Sundstone (Ohiwo) ....... 10,400 500 2.06 0.064 5,600
Sandstone (West Virginia). 19,400 3,400 2.50 0.078 12,900
Sundstone (Utuh) ... .. ... 11,500 620 217 0.068 8,400
Sandstane (Alabuma) . ... 26,800 2,200 2.76 0.086 12,500
Shate tUwh) . .. .o 0. 31.300 2.500 2.81 0.088 14,900
Shale (West Virgima) . 11,600 4,200 240 0.075 13,600
Syenite (New York). 34,300 2,800 272 0.085 14,500
Alluvium, broken rock,

foess ... e — — 1.3-1.5 0.044 2,300
Clay ..... ............ — — 58 0.081 5.900
AN e — — 0.0012 —_ 1,080
Water . ... .. — — 1.00 0.031 4,750

strength tests are usually ditficult to
conduct.) However, tests for what
1s known as the modulus of rupture
are much easier to perform; yet they
provide information that is just as
useful in providing tensile-strength
data of equal practical value. In
fact, the laboratory test for the
modulus breaks samples in tension
by bending test slabs until they frac-
ture, much in the same manner that
rock is stretched and broken at an
open face during blasting (Fig-
ure 3),

Quite often it is impossible or
quite .impracticable for quarry op-
erators to have tests conducted.
Also, test results on samples may

not necessarilyv provide information .

on the over-all streagth of a rock
deposit, except when the material is
homogeneous and very massive.
Nevertheless, If tests could be made,
the data would aid greatly in deter-
mining the stress levels {psi) re-
quired for fracture. It is the resist-
ance to tensile rupture that must be
exceeded by the encrgy pulses at
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the free faces, and thus, if known,
could also give an approximation of
the required burden dimension and
the explosive pressures needed for
proper breakage. In the event spe-
cific test data cannot be obtained,
the operator may find the informa-
tion in Table 7 quite useful. From
the various moduli listed for many
of the representative rock-types, a
practical estimate can be made that
will approximate the characteristics
of his particular deposit.

Density Denser materials require
greater amounts of work
energy to be satisfactorily broken
and displaced, and heavier explo-
sives or large charges will therefore
be needed. However, from Table 7
it can be concluded that for most
rocks there is a very narrow range
of density differences, with SG values
varying from 2.3 to 3.3 in most in-
stances. The materials generally re-
quiring blasting have densities con-
fined to the 2.5-2.9 SG range. This
can be interpreted to mean that the



influence of rock density alone has
a limited eflect on blasting, the ex-
treme conditions being within 15
percent of the average 2.7 SG. One
may then rcasonably assume that
rock density by itself is of little im-
portance to blasting and would not
appreciably affect a Ky value or
burden dimension.

Its importance, however, lies in
the fact that it does influence costs
and the other physical properties.
Although densities are meost often
given by specific gravity, for calcu-
lations in costing and powder factor
determinations it is more convenient
to use the density ratio, d., ex-
pressed in units of tons/cu. ft. of
solid material. If the d. value is
not known, one can utilize the fol-
lowing expression for converting
any SG that may be given:

d.=8G(62.4/2000)—
0.0312(8G), tons/cu. ft. (7)

Yelocity The velocity of energy

transmission in rock. v,,
is like the reaction velocity for ex-
plosives, v., in that it increases as
rock density becomes ereater. The
denser rocks are often the least por-

ous and are generrlly comoosed of,

small grains, which permit easier
propagation of energy through the
material. For this reason most dense
rocks have smaller energy losses due
to dampening, and they often have
a tendency to shotter rather than
break into slabs. Most brittle rocks
also transmit energy at very high
rates. except in the unique case of
certzin sandstones. The character-
istic low velocities of many of the
sandstones are due to a peculiarity
in their composition: the matrix
bonding the sand grains may be
clay, lime, or other energy-absorb-
ing substances. However, if the
matrix is silica, the velocity is quite
high. -
Velocities for materials are usual-
ly specified as longitudinal velocities,
v,, as are also those given in Table
7. But these vailues are normally
slightly lower than the velocity of
energy propagation, v,. The two
velocitizs are related by the follow-
ing expression:
Veme V[ (1) / (Fp) (1=2p ) |
(8)
Because u, or Poisson’s Ratio, is
usually considered as 0.25 for esti-
mations, it is more convenient to

convert velocities by using v,—
1.095v, for approximations, [How-
ever, it is more practical and will
not introduce any great error if the
two velocit'es are considered equal.

The importance of velocity in
rocks on blasting is that it has a
strong influence on the amount and
manner in which a material will be
stressed. In order that the momen-
tive forces be conserved, there
should be nearly perfect coupling
of the energy from an explosive’s
reaction with the surrounding ma-
terial. The matchinz of the momen-
tive energies is considered necessary
theoretically for the most efficient
blasting results. This condition is
known as acoustical coupling. Since
the energy required for stressing
strong and dense rocks would be
relatively large compared to that
needed for lighter materials. the use
of denser, fast-reacting explosives
is generally advisable.

The velocity of a rock will deter-
mine the time it takes the stress
energy to reach free faces and return.
The velocity of an explosive, on the
other hand, will determine the total
time it takes for an entire charge to
complete its reaction. The relation-
ship of the two velocities, called the
velocity ratio or K.=v./v,, has a
very important influence on the
manner in which an entire blast will
function. This is because the K, ratio
defines the shape of the composite
wave produced by all the individual
stresses introduced into the rock
from each point along a charge
column (see Figure 6, Pit AND
Quarry, September, 1963, page
119} the primer positions thus con-
troling which faces are fractured
first and the direction in which the
compositc wave will travel in the
rock.

The K, ratio, primer ocation. and
genera! design features of a blast
must follow certain definite relation-
ships, if results are to be satisfac-

“tory. In particular, the influence of

rock velocity is such that there will
be a certuin optimum of critical
hote depth for each blasting situa-
tion. For example, when a charge is
bottom-primed, there will be a spe-
cific mininum hole depth. If the
depth .is less than the minimum
value, blast effects will begin near
the collar region, which quite likely
may promote violence and air blast.
In some instances, to¢ will be left
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Figure |5&—A graphic presentation of the
relationship between minimum hole depth
and burden dimension.

at the tloor. However, when holes
are deeper than the minimum value,
stressing and rock movement will
always begin at the ledge bottom be-
fore action occurs in the collar re-
gion. The particular minimum re-
quired depth of hole can be deter-
mined from the following expres-
sion:

Ho o =KJ[(B*+17)*—T]4-T (9}
The relationship is illustrated graph-
ically in Figure 16, in which
K;=0.7 and K;=0.3 are considered
average conditions. The values for
the H,... represent balanced stress-
ing at both the toe and collar re-
gions. )

If charges are collar-primed,
stressing will always begin in the
collar region, unless the amount of
stemming used exceeds the burden
dimension. Even under that condi-
tion, collar overbreak and air blast
may occur, with possible toes re-
sulting, if a particular maximum
hole depth is exceeded. This limit-
ing condition can be determined
from the following relationship:

Hmax=Kv(T“"‘B)+T (10)
From a practical viewpoint, the ex-
pression shows that under no cir-
cumstances should the stemming di-
menston be less than that for the
burden in blasting massive rock.
Onherwise, collar cratering and aj
blast can be expected. The cond
tion becomes particularly critical
when detonating fuse is used and
initiation is done on the surface,
since the fuse on detonating has the



tendency to loosen the stemming.
For deep holes, collar priming would
definitely be undesirable under con-
ditions where massive cap rock oc-
curs in the collar region and where
column loading is practiced; i.e., the
charpes arc continvous from just
below the stemming to the hole bot-
toms.

An unusual situation exists when
the K, 1s less than 1, or when the
rate of travel of the compressive
stress-wave in the rock exceeds the
speed of the detonation wave in the
churge column (Figure 6). Stress
waves will reach free fuces before
the explosive has completed its re-
action, with rock at the faces being
repeatedly stressed by the pressures
produced by the still reacting ex-
plosive column. The action rein-
forces the stresses and reduces the
resistance of the tock to fracture,
giving the imipression that the explo-
sive Is stronger than it actually is.
Under certain conditions, blasts arc
extremely efficient, but they are
usually difficult to control, produc-
ing greater heave or throwing action.

Since there are critical  hole

depths for each blastinz cond'tion, -

the best results can often be in-
sured by first estimating the particu-
tar K, value for the conditions pres-

e¢nt, and then placing prime-s ac- -

cordingly. Control for very deecp
holes, for example, is achieved by
using primers both near the collars
and in the hole bottoms; or primers
nsay be pluced at strategic intervals
thrauyghout the columns, with or
without the use of deck charges.
Either detonating fuse or close-in-
terval delay blasting caps can be

used for initiating the primers, those
near the collar being preferably of
a longer delay. The composite effect
of usmng primers at both the collar
and hole bottom is that it extends
the optimum hole depth and better
distributes the stresses in the ledge,
notably in the toe and collar regions.

POWDER FACTOR AND ITS
SIGNIFICANCE

A puideline used by many for
estmating and evaluating blasting is
the Powder Fuctor. Pf. an expres-
sion which relates the yield of mate-
rial blasted to the quanuty of ex-
plosives used. For quarry work
and mining, the Pf 15 most often
stated in tons/lb., or wvice versa,
while for most construction excava-
ron it is customarily cxpressed in
Ib./cu. yd  or cu. yd./tb. The latter
ratio 1s ulso commonly used for
much of the work in averburden re-
moval for coal and metal-orc opera-
ttons. OF all the ditferent ratios in
common use, only those utilizing
weights. e g., tons “Ib.. take inte ac-
count any of the propert'es of the
materials baing blasted.

Because of its extremely variable
character Pf is not normally a sound
index upon which to judee blasting
cfficiency or design blasts. as many
believe. Dificrent values will be ob-
tained by merely changing the blast-
hole pattern or configuration, and
values will also chante for other
reasons, such as variable hole depths

Figure 17—These sketches show four possible
ways of biasting with a single charge and
six pattesns vtilizing a V-cut arrangement for
multtiple charges.

and deck loading. Also, the many
diflcrent standards employed tend to
confuse rather than assist persons
in evaluating results. The most prac-
tical value of Pf is in cost analysis,
because explosives are sold by
weight, and payment for materials
mined or removed is generally mude
on a weight or volume basis.

One of the ways in which the
powder factor can vary is shown by
the cxamples given in Figure 17.
These sketches illustrate four pos-
sible ways of blasting with a single
charge and six diffcrent patterns
utilizing a V-cut arrangement for
multiple charges. All the blasts are
conducted under identical conditions
except for the relative positions of
open faces. Pertinent data for Fig-
ure }7 are given in Table 8. The in-
formation there given is merely rep-
resentative and used for comparative
purposes. It may or may not fit
actual blasting situations.

In determining the possible yields
given in Table 8 for the various
blasts shown in Figure 17, the sur-
face blast areas, A, were approxi-
mated based on the locations of
open faces, assumed rock structural
features, and the particular me-
chanics of how each specific blast
would be expected to function. The
excavation volume would then be
the product of the blast area and the
ledge height, L., not the hole depth,
H, as some might assume. Simple
conversion to tonnage yield, W, was
accomplished by multiplying the
volume by the material density, d,,
using the following relationship:

W=AL(d,), tons (1D
The quantity of explosives used, E,
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Table 8—Change in Powder Factor (Pf) With Variation
In Drill-Pattern Configuration (s}

(For blasting limesfone with d, — 0.084 ton/cu. ft. (b by Extra 60% dynamite,
I}.=2 inches (<!, and blastholes located according to average Ky ratio of 30 td1)

. Total Total Pownder
Total No. Yield Expl. Factor
Blastholes (tons) Used (b {tons/Ib.)
Single charges:
(B} Center cut-hole (2 f{ree faces)... | 395} R Ty
(C) Corner hole (3 free fuces) ... ... 1 66 n7 2y
(D} Center shear-hole {4 free faces) . | [32 227 5.82
(E) Block hole (5 free faces) . 1 264 227 11.64
Multiple charges: V-type through-cut-
(F) Singte row ...... ......... Yy 528 205 258
(G} Double row .. 9 462 205 2,18
{H) Trple row . .. Y 396 203 193
Multiple charges V-tvpe side-cut '
(1) Single row .. Y 594 208 2.90
(1) Double row . Y 627 2058 306
(K) Triple row 9 594 208 290

Noles:
vt —R{. Tuble 7
o —RE Fagure 12
)y —Rf. Table 2

(st —S¢e Freure 17 for design specifications

would be the product of the explo-
sive’s loading density, d,, the total
average -length of one charge, PC,
and the totul number of blastholes,
N, calculated as follows:

E=(d }(PCIN,1b.  (12)
The powder factor, Pf, would then
be the ratio of the above two ex-
pressions, or

PI=W/E, tons/Ib. (13)

In studying Figure 17 and Table
8, it will be noticed that the number
of frec faces has a very pronounced
influence on the value of the Pf.
For multiple-hole blasts, when there
1s a free face added on one side, the
over-all Pf’s for all blasts will vsu-
ally be the same as that for a single
corner or cut hole. However, the PI
muy be aflected by the initiation-
timing pattern employed, which may
change the blast area outline, as
shown n Figure 17J and line J of
Table 8. For the particular biast in
point, the additional tonnage results
from overbreak in the tight corner
of the second row of holes, If a
leter-interval Initiation delay were
used in the corner hole, the blast
would then be expected to cut
squarely without any overbreak, to
give the same yield as for the other
two exumples (Figures 171 and
17K).

Estimating or evaluating an en-
tire blast on a single-hole Pf basis
can be very misleading, but unfor-
tunately it is a practice often fol-
lowed. For the design and evulua-
tion of underground face-blasting,

the errors produced would be even
more serious and costly when based
on a single-hole Pf. This 15 be-
cause there i1s an automatic eliminu-
ton of potental tonnage for one
complete row of holes. The row
may be considered as serving merely
to shear the cut out of the sohd
without achieving any eflective pro-
ducuon It is also very important to
recognize that in all blasting, when
rows are added into the solid. with
a subsequent reduction n the num-
ber of open faces. the P value will
continue to change toward lower
vields even though all other funda-
mental blasting  relationships  and
the resulting rock fragmentation
may remain substantially the sume.
In surfuce or open-pit blasting
the hole depths mayv vary within a
particular cut or cxcavation, with
no other changes being made in any

of the other Jesign dimensions, If
column loading is practiced, the Pf
will change with the hole-depth vari-
atons. The trend is illustrated by
data given in Table 9, in which the
values represent condinions for the
9-hole blast shown in Figure 17F.
The cause for the Pf variations is
the result of changes in the ratio
of the amount of hole used for
stemming relative to the total hole
depth. To counteract the lowering
of yields, deck loading could be
used, a practice commonly followed
for deep holes particularly This
practice produces no detrimental ef-
fects on frugmentation when the
decking is done properly.

Blasters should be cuutioned re-
garding difliculties that may result
from reducing the explosive loading
density as a mecans for improving
their Pf, or use of lighter grades or
smaller  diameter  explosives.  At-
tempts o extend drill-pattern  di-
mensions by increasing  burdens,
etc., will produce sunilar dilficultes
for the same reason. Rather than
sacrifice good fragmentation and
displucement eftects by decreasing
the cxplosive energy, adjusting the
blasthole arrangement s generally
preferred. This can be done by re-
design. so that more free faces are
made available and charges are lo-
cated more advantageously.

COST OF BLASTING

The primary concern of the
quarry operator is to make a profit.
To do this, costs must be kept to
the minimum. Some costs, however,
arc interdependent, so that no sin-
gle cost reduction may necessarily
guarantee an over-ali decrease in
production expenses. It is the com-
posite cllect with which one must be

Table 9—Change in Powder Factor (Pf) With Variatioo
of Hole Depth (11)

(9-hole single-raw Vetype lhrtn\lgll-cut. using Exten 6097 dynamite with 2-in. D, column
loaded and drilt pattern dimeasions* coostant for blasting limesione with SG of 2.69)

Total Yield

Asvg. Avg. Avg, Expl. (tons) Pf

H (f1) PC (it L ife) Used (Ib.) Tatal {tons/lb.)
10 i) ] 79 264 3.34
12 7 10 110 X1 3.00
14 g 12 142 396 2.79
16 11 4 173 462 2.67
1% 13 16 205 528 2.58
20 15 1R 236 594 2.52
22 17 20 268 660 2.47
24 19 22 300 726 2.42

Note: *Sec Figure 17 for drill pattzrn specifications.
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concerned. In this respect many dif-
ferent costs and their effects on one
another must be considered, some
of which tinclude the following:
drilling, primary biasting., secondary
breakage. loading, haulage, crush-
ing, scievoning, stockpiling und re-
claiming, loading and weighing for
delivery 10 customers, supervision
and engineering. maintenance,
equipment and materials purchases
and replacements, insurance, deple-
tion and depreciation allowances,
sales and other administrative serv-
ces, rtoyalties. stripping expenses
(including ground breaking and re-
moval), and taxes Of all costs or
expenses, the first seven (and in
some instances those for stripping)
generally constitute the major por-
tion of costs for quarry production

The percentage of total produc-
uon costs attributed ro drilling and
blasting may. be as low as 10 per-
cent or as high as 40 percent The
relative importance of primary and
secondary breakage costs to load-
ing, huuluge. crushing, etc., will de-
pend largely on the properties of
the deposit, equipment and plant
operating characteristics. and results
achieved from the primary blasting.
Studies on quarry efficiency show
that in most cases hourly production
r:ates for well-blasted material are
nearty  double that achieved for
poorly blasted rock. Similar results
arc obtained in the other types of
mning and in heavy construction
work. Crushing and screening costs
are likewise uppreciably reduced if
the material s well blasted at the
very beginming. Because of these ef-
fects the trend today is to spend
more for primary blasting, because
the savings- realized from all the
other production phuases more than
compensate for the initial added cost
for blasting. This fact is evidenced
by the lower powder factor yields
obtained in a great many operations.

Primary blasting expense is nor-
mully considered to be composed of
costs for both drilling and explo-
sives, including all charges for labor
and material used. Before the ad-
vent of the new high-speed highly
mobile drills, the respective costs
for drilling and blasting were about
equal, But with the new types of
drilling equipment, drilling costs of
many operations are only half as
much as the explosive with conven-
tional high explosives.

Tuble 10—Blasting Cost Analy«- ~howing

Eficcts from Changing the Type of Explosive

{(V-type side-cutis) for vertnal holes in u limestone ledge with coanstant Pf)

A Assumed Condinons:

(1) Kept constant are Kr = €L7%,
Ki=-03 Ks =10 D =
D= 31n. L =20 and

, == 0083 ton‘gu. fr L

{?) E, = Extta 60% dvnamie with
SG = .28 and v, = 12,200
fps(c)

(3) E: = field-mixed AN-FO. 94/6

with G == 085 and v = [{,100
{ps (d)

All holes drilled with 4%2-in.
hammer track-mounted  air-drill
with 500 ¢im compressor at av-
eruge drithng rawe of 400 ft per
8-hour shifiied

()

C  Blasting Data Calculanons:

£ (Exira 60°% dynamie)

RE, = (| 28} 12202 = 19) x 106
f Keg.o—= W, then B = 72 ft for
egunnalent Jdrll puttern of 10 « 10
fi 1}
T, = WK:B, == (0715 5 fr
I =Kl = (033(7.5) s fr
H =L — } =20 « 2t 2 123 f1
PC.=H —T =223 — 5 =17L;
ft
Since the blast consists of 3 rows of 3
holes each. or N, == 9 holes then
W, = A Litd,) = 10010¥(9)(20)
(N84
or W, = 1510 10ns
Ifd:= 39 1h .t ‘21 and
E = d {PCON, 1} then
E. = (39117 1(9) = 615 b,
Thus. if P1. == W,/E,m)_ then
Pf, = I5310;615 = 2.46 1ons/1b.
Thy wial required drill fooege, or
HN, = (22'21{9) = 203 f1.

DD Blasting Cost Comparison (Calculated

15 Unit Casty )

(1p Dridhing at $0 363/ft («}

(2) Extra 60% at $022/lb.
AN-FO. 94/6 a1 »0.05/1b

{4) 30-t1 MS delay EBC at 3062
(5) 6-ft. instant EBC at $0.17

(6) Regular Primacord at $0.32/1t.

{7y MS delay Primacord connector at
$0.50 ) -

(8) Cast booster (¥4-1b  primer} at
$0.50

E. (Field-mixed AN-FO, 94/6}
RE. =— (U85)(11.100)2 = 105 x 10e
RE./RE, = 105/191 = 0355 &) or

KoB: = 2414 _thi

Thus. B: == 6 f1 () for equivalent
square dnll pattern of § x 8bi-
ft.

T. = K1B: = (0.7)(6) = 4 fL.

J. — K3B: = (03){6}) = 2 f.

H:=1L + J. =20 4+ 2 =221L

PC,— H, — T, =22 — 4 = I8 .

To drll a complete patern there
should be 4 rows of 4 holes each, or
N; — 16 holes.
Thus, W, = A:L(d;,) = 8(8% {16

(20)(0.084) )
or W, = 1830 tons
If d.a = 2.6 1b./f1 ¥} and

. = d..(PC:IN;11), then

E: = (26){18){16) = 750 lb.
Thus. if Pi; =— W:/E_{m}, then

Pf. =— 1830/750 = 2.44 tons/1b,
The total required drill footage, or
HN:— (22)(16} = 352 fu.

from B and C. above): I

E. iExtra 60 dvnanute}

E: (Field-mixed AN-FQ, 94/6)

Method of

lmation® Eleciric Nonetectric Electric Nouelectric
Droibing: ... (20371 S 73.69 (20¥) 5 73.69 1352 312778 (3527) $127.978
Explosives-
Dynamite .. (613%} 135.30¢615%) 13530 — —_
AN.-FO .... — — (750 ) 37.50 (750%) 31.50
Primers . ... — — (16 3.00 (16)  8.00
Initiators
30" MS EBC. (9} 558 — {i6) g12 —
& Inst EBC —_ 2y 034 — {2y 0.34
Primacord .. — (300) 9.60 — (505) 16.16
Primacord MS
connectors — 9y 450 —_ (16)  8.00
Mise :
Connecting
wire ....- 125 —_ 1.25 —
Labor for
loading and
firng blast 200 1.80 3.50 300
Totul blusting
cost ... $217 82 $225.23 314618 $200.78
Cost per ton:.. 0134 0.149 0102 0.109
E Percentuge Distribution of Blusting Casty
Drilling ...... KRR 328 68.6 63.7
Explostves
(Excl. primicrs) 622 60.1 20.1 18.7
Primers ...... — _ 4.1 4.0
[nitiators ..... 26 63 4.4 12.1
Mise ........ i 08 2.6 1.5
Total ...... 100.0 100.0 100.0 100.0
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Special Notes—Table 10
(v} —See Figure 17K for general drill patiern and initation-timing svstem

) —Rf. Table 7.

1) —Rf ’E:able 1, p 63, Blasters' Handbook. 141th edivon. E. 1. duPont de Nemours
& Co.
t)—RE Figure 6. p. 8, Techmeal Bullenn AG-2. Nov . 1960 Monsanto Chemical

Co
el —Rf. A Freld Man's Guide 1o Dridling Costs, A. W. Foster., Atlas Chemical

Industries, Inc.
t—Rf. Table 2
w!—Rf. Formula (4)
) —Rf Formula (35)
t—Rf. Formula (6) and Figure 14
w—Rf. Formula (11)
W Rf Formula (2) and Figure 12
M —Rf Formula (12)
i) —Rf. Formula {13)

ta1—Explosive unit cos's bused on schadale 1960 prices

ticular properties of the eavwcsves

themselves, since the law 7 ide
the final required drill v =~ HE
mensions, i.e., the Ku. Fuii
some explosives simply v 7t

be suitable for use under wo:tain
guarry operating condiiiuy  One

should, therefore, recognis . for
makmg a cost analysis, t- sl
vialues for expenses and U

of muatersals peculiar to g wcal

cwcumstances should be wvsied. nod

general estimates, us was fir
Tahte 10 dita.
The influence of the pro, -~ of

With the introduction of inexpen-
sive AN blasting agents, however,
the dnilling-explosive cost ratio has
been reversed. Even though the less
dense blasting ugents appreciably in-
crease the cost of drilling beciuse
of the inuicased number of blast-
holes required, the over-all drilling
and blasting cost in most nstances
has been muterially reduced This
is because of the tremendous savings
in costs of explosives. Such blastii. »
agents often cost only 20 10 30 per-
cent as much as tie conventional
high explosives.

To illustrate the effects of the
various components that determine
primary drilling and blasting cost,
Table 10 presents representative
data for a typical quarry blast Only
the type of explosive has been
changed, with the powder factor.
drill-pattern  general arrangement,
and initiation-timing system kep! the
same. It should be noted from the
data, however, that for conventional
dynamite, i.e., Extra 60 percent, a
typical 10- by 10-ft, pattern is used.

In order to use a regular AN-FO
94/6 blasting agent (field-mixed),
the pattern dimensions are changed
to an 8- by BY%-ft, arrangement.
This is done according to the prin-
ciples outlined earlier in the dis-
cussion on correlating the properties
of explosives to the blasting stand-
ards. In this instance, the net result
is that 16 blastholes are required
for the AN-FO blast, compared to
otily nine holes for when Extra 60
percent is used. Beecause of the dif-
ference in the required true-burden
dimension, other design dimensions
necessarily must be adjusted to give
a properly balanced blast. How-
ever, the basic Kq, K;, K¢, and K,
ratios are kept closely to the same
values for both blasts, only the K,

explosives on final costs cannot he
onveremphasized. this s ur Vhicu-
larly of the velocity of the «
stnee it has a very promis et
on the most desirable drat - fora,
As described earher. the a.-wfac-

ratios being adjusted w0 suit the
vartous characietinties of the explo-
stves.

From the costs indicated 1n Tuble
10. one would logically conclude

ikt

that everyone should change to turer’s specifications may fear-
AN-FO blasting agents. However, it v defing whether the vei for
must be kept in mind that individual unconlined or confined b Wi
crreumstances may  greatly change which charge dumeter oy . A
the aver-all cost reltionships, The  one can see from Toble 11 .peciti-
factors that have the greatest in- cauons vary censiderabhy fact
fluecnce on the final values would which in turn greatly ofh. . csu-
be the unit costs for dridling and ¢x- mate~ ot designme biass ' an
plesives matenuls wsed and the par-  encrgy potential (RE) of '. L od-
Table 11—A Comparison of Published Explusives Specitication .
(For competitive grades equivalent to 60% ammonia dynamit:
when used with 1,==3 in. and based on published data)
Ameri- [
cania)  Apachel(b) , Du Hercu-  Olntth  Yrojanle)
Am- Niand- Atlasicy  Pontid) les (e} Spe- “rund-
maoia ard Fatra Red Eatra ciai wrd
Dsna- L na- D¥na- Crass Dyna- Dyn. O
mile mite mite Exra mite mit+ e
Velocity (fps) ....... 1LE00 12860 10,000 12200 12450 13600 - ol
Open (O) or Not Nuot W
confined (C): miaen (0 {0 cnven (i gnoen (h
Chirge diameter Not Nt
{inches): given 14 174 14, 15 gives :
Stick count: .. ..., 110 10 116 1 110 e 116
Speaific pravity ... L [ ] 28 1 28 128 1 2% 1.2 A
RE factor {(X108) ..., |4y 2 128 193 | 198 h: 193
Relative encrgy
Ratio (REJ/RE) (.78 110 067 Uy 104 I 2 101
Adjusted burden )
(B.n feetdin | 6.3 &0 62 73 77 82 73
Equivalent drill
Pattern fsquure): .....  Hx9 HER ha%! vl 10x Ilag” Oa o
References )
tl—p 2, Ammonia Dynamites  speaification sheet A2141-300-4/60 0 aometican

Cyanamid Co. ] o
Hle—ep 16, Apache Eaplosives canadog, thand revision Apache Powder O

wiep, 21 Atlas Bxplosives Producis, Canlog Noo 130 1937, Adas Chenmngal 0 tastries,
Inc

(die—p. 63, Table |, RBliseers’ Hondbook, 14th edition, 1958, E. 1. du Pon: ;. ~omours
X Co '

(1 —-p. 4, Hercudes Explosives, Blosting Apents amd Blasung Supplies, coti, o, 1959,

Hureules Powder Co,
t—p ¥ Ohn Explosives Products catalog, fourth edinon, 1953, Olin Mathic, -t Chem-

cal Co.
fer—p. 4, Trojun Explosives and Blasting Supphies, Catalog No 101, Trojan > wder Co.
Hoe—Rebative energy ranios ¢eleuiiicd on busis of Du Pont Red Cross 1:---. 50% as

unity.
i —Fipures 7 und 14, wiah Kp=319 for Du Pont Red Cross Extra 60%
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uc:, The suggested drill-pattern ar-
rangements will not give the same
powder factor yields but should pro-
duce comparable blast results, if the
published specifications are not in
CITOr.

The expenses for primers and ini-
tiators may have a greater influence
on final costs than one might ex-
pect, from the data indicated in
Table 10. For blastholes with deck
charges and those having extremely
short depths, the costs for primers
and initiators may constitute a con-
siderable share of the over-alt cost.
Nevertheless, under such conditions
the inherent sav.ngs resulting from
higher powder factor yields usually
compensate for the added costs. As
experience has clearly shown, it is
simply good practice always to use
the best primers available. As a rule,
the total required quantity of power-
ful high-energy primers is much
smaller than that needed when
cheaper low-cnergy explosives are
used for priming. Initiator costs are
also normally relatively low; so if
improved blasting results can be in-
sured by using additional nitiators.

the added expense could be con-
sidered insignificant, as compared
to the benefits received.

As powder factor yields are re-
duced, costs wili be increased pro-
portionately. But irrespective of the
actuat powder factor value. blasts
should always be designed to give
the yield most suitable for muxi-
mum production at the least ex-
pense. In this respect, the percent-
age of usable material from a blast
must nlso be given consideration.
Well-blasted rock does not mean 1t
must necessarily be pulverized. On
the contrary, the required particle
sizing and s uniformity must be
such that maximum recovery is
achieved. If, for example, 10 per-
cent of the production is lost due to
spoll’ng or waste, which in guarry-
ing is quite common, the loss must
be included in the final cost analysis.
I recovery is reduced in order 1o
increzse rates of production, the
value of the wasted material should
logically be less than the savings ac-
complished from the lower operat-
ing costs for the material salvaged.
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CONCLUSIONS

Effective blasung depends largely
on a knowledge of how material,
fracture, the particular characteris-
ties of those materials, qualities of
the various explosives that may be
used, and recognition that the se-
cret of efficient, economical, and
safe results les essentially in the
suttable placement of charges where
they will do the most good. Since
explosives are merely very powerful
tools for performing work, thev
should always be used accordingly.

As has been shown by these dis-
cussions, there are no easy, simple
methods for solving blasting prob-
lems. The mechanisms and factors
involved are too complex and nu-
merous to permit clear-cut solutions.
Each situation must be handled ac-
cording o 1§ own requirements,
with the prudent use of one's best
judgment However, with a reason-
able amount of study and under-
standing of operating conditions,
blasters can evaluate results and
make adjustments toward improve-
ments by using certain basic stand-
ards. It has been the purpose uf this
articie, therefore, to outline those
standards und explain how they can
be adjusted to apply to on-the-job
conditions. But it must be realized
that there can be no substitute for
initial tests to ascertain what may
be expected.

The burden dimension is the most
critical of the important factors in
blasting. Its value must suit the
characteristics of the material being
blasted and the properties of the
cxplosives, and it must produce the
desired degree of fragmentation ard
displacement. All other blasting
standards are controlled by the bur-
den value, and they should be de-
signed on that basis. It should be,
therefore, of primary concern to all
blasters first to establish the best
burden for their particular needs.

It has been shown that the powder
factor as such has little meaning
except as a relative basis for cost
comparisons. For many years it has
been used all too frequently, and
unfortunately, as a means of judg-
ing blast efliciency. But under no
circumstances can it be used as a
reliable index for judging what one
can expect in rock breakage or con-
trol of throw. Its value in costing
is even questionable under many
conditions.
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SINGLE BLASTHOLE DESIGHN FPROBLEK

A deposit 48 quarried inm 30~ft high benches for crushed
;tone, The rock 418 quite massive and has the following prepor=
tiee; )
= 2.9. Vp = 17,000 fps, A= 0.25, Si = 0.7,

Y = 45 dog, G;= 25,000 pui, end @ = 1750 poi,

Rlasted rock is loaded by a 5 cy front-end loader. The
blastholes are drilled vertically and bulk loaded (D, = Dd)
with an expleosive having an 50 = 117, B, = 1 in., and conined
velocities of 12,500 fro at 3 in..and 315,000 fps at 5 in.. a2nd
larger oharge diameters.. The ralstlionship between v, and D
in the 1 to 5 in.. rauge can be sesumed to be in the form of

-

cxX

¥ =

8 + bX

Drainage at thes operestion le such that blastholes gencrally

are always dry, apd thare 18 no free parting inx the rock zvaile
able that can serve as a Ilooi'. For estimating purposes tae
average blast area L of material cratored by & single Vilasthole
would be egual to 1.432.

A.. Considering the foregoing infermzation,, find the followinz
properties for the intact rock:

(1) Ts ,. acd {(2) E..

Bs. For charge diameters D, of (a) 2 in., and [h) 4 la,, deter-
mine each of ths following estimates:

(1) voe  (2) Bq, (3} 25, . (4) B, (5)72, (6)7,
(7) E, (&) W, (9) tfn ancl! (10) ti'

0, At the given bench helgnht L determine %he rzswmectliva D,
values that define each of the follovwing conlisicus: . 7

(1) Tho B' that insures all of the oxplosivs column will
react before any cracks will have propazated to 2y orexn
faca when using a slngle primer located at (z2) Floor licvel,
and at (b) The Oenter of the eharge coluun. .

(2) The 3" at whioh ovarbraalk quite likaly may bdegin %o
ooccur when the priczer is place &t Iloor lievel,
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IAPLE I.  Strenglh Data For Some Competont Rocks (13).

" Rock Type Compressive Elasti?i—ty Tensile C i)— Ecuation of liont’y
Strength Modulus Strength . Envelon:
5 (Compression) A . T
. psi x 107 psi x 1G5 . psi psi deg. (ref. Fig. 3)
Chert 29.3 8.15 820 2550  71L.5 ~ Y = 2550 +3.0x
Coal sz _ S . 1600 38.5 T 1600 + 0.8 x
Grenite © 28.0 ' iz 40 1720 76.5  T=1720 + 4.2 x
Green Stone 29.1 | . - gz 380 1700 77.5 Y = 1700 + 4.5
Creywacke . 7.9 - 1.80 00 1200 0 59.5 Y = 1200 P17 5
u.m;gsf-:om " 2.3 o 9.50 . - 350 2320 75.5 Y = 1320 3.9 x
Narkle - ..30.8 | © 7as .. 8683 2650  71.0 Y = 2650 + 2.8 x
a1t Rovk .' 2.2 1.35 U s 210 72,5 T 210 + 3.2 %
San? Stone 4.8 2.0 7 250 S0 76.0 T~ 900 + 4.0 x
Shaie 5.2 " 1.09 © 153 1420 31.0 ¥ = 1420 + 0.5 x
811t-Store 5.0 12,60 - 440 750 50.5 T = 750+ 1.7 x

C - Cche:zdon

;_J - fAne'le of Interral Friclion
Y = Shies Slicss, Ty '

Y. I

frinal Sorens, 0:‘ | !
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Table 1X.2. Static Elastic Moduli, Poisson Ratios, Velocities ¢g and ¢ and Strengihs of Some Solds. \
(Aver'age) M 3. 010 Poisson ‘ ‘ .
] Refer- Density odulus (dynesfem<*137") Ratio ') Cy Average Static Strength
Solid ence Bulk Shear Lame Young's (kb)
(gfcc) K G - b E v (km/sec) | (kmfsec) C, 8, T,
Aluminum a 2.7 78 25 6l 6O 0.36 6.4 1.2 2.0 %
Copper a g8s |102 | 46 |13l 124 037 | 50 2.0 30 | ¥
Steel a 7.8 _ | 168 30 120 200 0.3 59 i0 11] 3
N (5.4) S
Lead ~ | a 11.35 | 37 5 | 33 16 0.43 1.96 0.1 01 | o8
(0.15) a2
Plexiglas a 118 66| 14| 5.6 4 0.4 2.68 (0.8) EN
Glass b 2’5 58 | 215] 40 10 0.3 6.1 (0.5) m3
Pyrex a 232 [ 307 25 | 23 62 0.24 5.64 _ o=
Marble . jcd | 2.7-2.9 20-35 60 + 40 5364 | 33 |0625 [88% Xy
AUD *
Limestone cd [ 23-25 35-40 40+ 30(0.24-032129-5.0{2.0-3.0] 0.3-25 L 015 1[70.03 a%
‘ (0.2:0.5)| Lo.og | £O
Granite ce [ 26-27 10-31 70+20[02-033| 56 1.529 [ 022 007 | =3
- 0300 S
Sandstone | ¢ {21-2.6 25 + 20 3.05 0324 | 017 | 009 | 5
LA
(0.2) N
Shale c 27 70-100]  0.26 10723 | 008 =S
Greenstone ¢ 302 35 80 0.15 5.2 3.0 th
Basalt c 3.0 25 85 0.33 6.6 30 |0836] 03 015 | 2
Taconite e 3.23-3.44 91 -102{0.26-0.245.1-59 | 3.2.3.7 1 3344 02038
Quartzite e 2.17 29 69 0.28-0.15 5.0 3.3 38 (0.0) 0.18 “
Chalk f 2.0 3 5 2.3. 0.13
a Gray, D W _Am Inst Phy:s Handbook. McGraw-Hill, NY (1957) d. Clark.'G. B.. Mot Research, Vol 2. Pergamon Press, N Y (1962)
b. Lindsay, R. B., Piivsical Mechanics. D Van Nostrand Co . N Y (1950) e, Paone. 1, et al , Dritlability Studies. Bur, Mines. RIGBRO {1966)
c. Obert, L.and W. [. Duvall. Rock Mechanies. |, lohn Wiley & Co.. N Y (1967} f Duvall. W I and T. C. Atchison. ibid., RIS356 (1957)
Values in () for S, were taken from reference 10 for zero confining pressure ' 'EE:.
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MECHANICS OF CRATER DEVELOPMENT
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PRGGRISSIVE TIWING, S5=1.48
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ALTERNATE TIMING, 5=1.48
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ALTERNATE TIMING, S=2B
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120-DZG. CRATERING, PROGRESSIVE DELAY, STAGGERED (H)
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MULTIPLE BLASTHOLEZ OPEN~CUT DESIGN PROBLEM

A magnetite ore deposit with a tight nearly equileteral
vartical jolnting system is mined by open-pit bvenchlng. The
ore is quite abrasive, massive, and tougn Wwith g« = 0,30 and
vp = 18,000 fps, Horizontal Jointing is present but tight,

About 30,000 tons is blasted each day for each shovel,
which supplies a 10 % overrun of broken material for loading
over 3 shifts., 4 power shovel works an estimated 6 nours per
8-hr shift with an average operating cycle time of 45 sec..
Trucks are used for haulage to the primary crushing unit,.

Blastholes are drilled by rotary units,. which work 7 hr
per 8~hr shift.. Each shovel normally is matched with one
drill. For estimating the penetration and footage rates for
a drill the following performance characteristics carn be used
when using an 8e-inch diameter bit and 30-ft sectional steels::

DRILLING TIMES IN MINUTES

Operation Total Depth of Hole Drilled (H, f£t)
1o 20 30 40 50 60 70 80

D 2 8 18 32 50 72 98 128
AS - - - - 2 2 2 4 4
RS 1 2 3 5 6 7 9 10

M > 3 > > 3 3 > >
Total Time 6 13 24 42 61 84 114 145

The explosives used consist of QONE cast booster per hole
to be located at the floor level,. Zach blasthole contalns =
bottom 5-ft load of slurry having an SG, of 1.4 and & maxizum
vy of 18,000 fps. With D, = 3 imn.. the Ve = 15,000 fps; at =2
5=4in. and larger the maximum Ve i8 attained. For the balance.
of the powder load AN-FO with an SG, of 0.9 is used. The A=
PO exhibits a v, of 11,000 fps at D 3 irn., reacning its
maximum vgq of 1§ 000 fps at Dy, = 6 En. and larger Both the
AN-F0O have of 1 in. For estimating purposes the relatione
ship of v, witﬁ D_. 1n the respective variable ranges can be
assumed to be of the followling form;

s ' ¥ = cx .
T & + bX
For initiatlon of the cast booster FPrimadet MS Delays will be
used in the usual manner, —

-1-
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4. BLASTING THEORY

Az B

*
[l
L

-~

-

The rock is affected by a detonating explosive in three principal sliges.

In the first stage. starting from the initiation point. the blasthole cxpands by
crushing the blasthole walls. This is due to the high pressure upon detonation

In the second stage. compressive stress waves ecmanate in all directions from the
blasthole with a velocity equal to the sonic wive velocity in the rock
When these compressive stress waves reflect agamnst a free rock face. they cause
tensile stresses in the rock mass between the blasthole and the free face If the
tensile strength of the rock is exceeded. the rock breaks in the burden area.
which is the case n a correctly designed blast.

su



Pulverized

Fre o 2 Rudial crack formanon Fiv 4.0 Comnpressive sess wadves
& I

Inthe thad stage the released -
wasvedunme Tentens the erack
tormanion under high pressu-

res eapanding the cracks [t

the  ditance between  the
blusthole and the ree tace s
corredtly caleulaied. the rock

nuass belween the blasthole

and the free tace wall vield and

B thrown o ard

Lo 4 Gus pentetratien of Crach Jormudion

Phe explosives reaction m the Blasthode s very sesband the ¢hieetive work of the
Aplosive s considered completed when the blasthole volume has eapaiided o
times its vrpnal volnmie whnch tahes approv, 3 mis,

heTollowane graph shows how the crapatisicnt of the blasthole s related to g



V/Vo Vv expanded blasthole volume

V., origmal blasthole volume /

o

10+

1 T T 1
001 0.2 03 05 1 2 3 S 10 ms
'Frg‘ 4.3 Blasthole capansion v relation e tme

Initiation of shockwave in rock crushing. The blasthole expatnds to double its
ongimal volume (2V,). The blasthole will stay at this volume tor relatinely
long time (0.1 to 0.4 ms) before radial cracks start 1o open

Besides the natural cracks are new cracks formed mainly by mteraction
hetween the stress field around the btusthole and tenale stresses tormed hy
reflection of the outgoing shockwave at the free tace Reaction products
expand from blasthole (which volume now ts quadrupled) into the crachs
Fragmentation starts.,

Gras expands turther and aceelerates the rock nass

]



5. BENCH BLASTING

Fig 5 1 Quuarry blasting i Sweden

5.1 General

Bench blasting s the most common kind of blasting work. 1t can be detined as
blasting of verucal or close 1o vertieal blastholes i one orseverat rows towards a
free surtace. The blastholes can have tree breakuge or tixed botom

02



Fag 5 2 Freebreakage Tie S PV Ehnved bogunn

Most types of blasting cun be considered as beneb blisting,

Trench blastmg for pipelines s also w hind ot beneh Blasting, but as the rock 1
more constricted. it requires i higher specttic change and more closeiy spaced
drilling,

In tunnching. after the cut has heen hlasted . the stopmg tosards the cutisa bope
ol bench blasting

Rock s a materal with wdelv varsmyg properiies Tis tenstbe, comproessine and
shearmpe stiength<varvawith ditferent kinds< ol vock and nuas vy withim the soome
blast A« the rock’s tensle strength has 1o be exceeded moorder 1o break the
rock. its geological propernies will affect its blastababiy

Rock tormations are rarely homogencous The tock formation i the blast area
may consist of different types of rock. Furthermore. taults and dirt-scams man
change the offect of the explosve inthe blast. Faubty rock continmmg voids
where the gases penctrive without giveg fulf ctiecr mas be dithenl to blast even
though the rock may have a relatively low tensile strength

The requisite specific charge. (kg/cu mo) provides o tirst-rate measure of the
blastability of the rock. By using the specific charge as a basis for the caleulation
s possible to calculate the charge which s suttable for the rock concerned
‘The distnibution of the explosives in the rock v of the utmoest importance. A
closely spaced round with small diameter blastholes gives much better frag-
mentition of the rock than a round of widely spaced targe diameter blastholes,
provided that the same specific charge s used (See Chapter S.o0 Foagmentation,)
The Aollowing calculations are based on o specthie charge of 3 kecuom o

EMULITE 1500 the bottom part of the tound - Inthe constricted botom part ot
f\_l



the blasthole. this specitic charge s needed 1o shatter the burden, bat i the
codumn part of the hole constderably less explosives are necded o incak the
roch. The average specitic charge ot the round (hole) will be less than 14
hgfouw m.

The value apphes o burdens between LU and 100 m and can be used 1or most
hinds of rock. The basis of the computations ot bench blasting wiall be Lange-

tors™ tormula:
|
B, = —
RR
whure
13,,.,. = maxinm burden (m)
u = diameter m the botom ol the blasthole Gnm)
p = paching degree loadimg densiiy ) (kedliter)
N wareh strenetin ot e explosive CEMULTEE 1500 0usy
IS “rovh constant {khercu m )
a = ¢ o+ 005 101 B, between 14 and 15 0 meters
| =degree of Iinanen. Lk for serteal holes
and 093 tor holes with melmation 34
S8 fato ol spadime’ o burden

" The Modern Fechnigue ot Rock Blisung. Langetors/Kihistom
In the {ollowing calealations. Langetors” tormula s simphihied o:

B = 147 VItor Dyvnamex M

B = 145 VL tor Emualive 150

Hm.l\ S \Jll. for ANFO
where 1y, s the requisite phurge coneentration (he/m) of the selected explosive m
the bottom part of the blasthole

The hole mchnation s assumed to be 3.0 and the rock constun ¢ is U4, The
beneh hawght Kos Z2x B,

For other values o hole mclmanon and tock constant correction Gictors are
used

The charge concenttanion depends on the diameter of the blasthole and the
utilization ot the hole

Explosivesia paper cartridges. which are normally tamped with a tampmg rodan
sl diameter blustholes, can be tamped to an utihzation of up W Y0 % ol the
bBlasthole b tamping s carned out after the mtroduction ol cach cartndpe Tt
Lunpge is carned out arter every two or three cartridge s, the charge coneentra-
tonwith be considerabiy lower Pncumatie chargimg machines give good tampang
of paper cartnidges with high utihizavon ot the blasthole volume

Explosives m plasue hoses were introduced for the convenience of fust charging
and casy handhing. Dropped into the blasthole. they are intended o filh up the
hole well Howeser difterent tampang charactenstics of ditferent explosives pive
varviag tesults Emyglite cantndges u plastic hoses, winehare cut along the side.
till up the hole almost completely byimpact. while dynamites and watergels with

[



tharr seiffer consistency do not fill up the hole that well, espectllv i the winter
it s important when charging wet Mastholes that the hates e Hushed and
cleaned before charging  If the blastholes contun water, the pachimg of the
cyplosive will be almost nil aind the charge concentrition of the cartrnidges should
he used for the calculations, Balk explosines which are pumped. augered or
pourcd into the blasthole utifize the blasthole solume 1o 100 72

The caleulations that follow will involve the tollowmye explosives

Dypamex M

Emulite 150

ANIFO
which arc explosiveswith differmg characternsties tegardmg werght strength agd
densiry,
As the maximum hurden. B s also dependent on the ivation degree at the
hottom part of the blasthole. the computations will nvolve drilling with inclina-
tionr 3.1, which decreases the constriction i the bottom part of the hole For
other melinations correction factors can be used

Fhe packing degree tutilization of the blasthole) of the cxplosne i the bottom
part of the blasthole is assumed to be 95 7, {or Emuliee 150 m plastic hoses angd
907 tor Dvnames M Pourcd ANFO and purmped Emulie 1 up the hole 1o
Hwy ;.

It vervimportant for the blasting result that 1he charge concertration abiamed
Py the cateulations s uchieved 1n practice.

Ihe formulac used in the calculations re emprocal. bul are based onointorni-
ton trom thousands of blasgs, The cxperience ol Langetors calculations is so
good that it could be considered unneeessaryan most blasting operations 1o mahe
trizd hlasts. However, local conditions man nihe it necessany fon the pracnieal
operdator to test the theoretical catculatuons in the tield



ERRATA

The formula on page 64 should be

We regret the inconveniences the error may cause.

Yours sincerely
Stig O Olofsson



5.2 Charge calculations. . BENCH

N -
Beneh heght 22xB,,,,, Spaciny
- (Sp:uﬂg

Al Lhotue fon o0 e Biostheely

W Bt (nine < ~ A
K Bl i (N1 )
He oo AMasaiin bunda i z Stemmong B
§ Sudndnine it - !
H blote Jdopin (A
H Lt i ddniiteon s tny 'or
H o al Pusdca I Bench
~ Fras b g e herght I Column
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L, Hhonhin ol By ey 1o i ’ charge
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Lhe tollowmy assumptions ate made tor the caleulations,

kois cgual o0 o more than 2508,
Faplosive Lmalie (50 Dynamey M ANEO

Packing degree Us B [ s

L 13 kel I 25 kel UM NI
Rock constant ¢: 04 (4 . 4
Elode inchisadios: R RN RN

Calculation procedue:

Fhe maximum burden 0 the
bottom ol the blusthole de-
pends one

©owaight strength of Lhe actu-

al explosive (s)
charge concentraton ¢l )

. n Type of rock
1ock constiat (o)
vonstriction of the blasthoic
(R)) .
7 Constriction

Mg
-4 ly Charge concentration
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As mentioned before. the maximum burden B,,,,, is calculated from Langcfors
formula. which has been simplified to:

for Dynamex M B_.. = 147 VIL xR,xR, (m)

for Emulite 150 B, = 1.45 \'/EXR,XR: (m)

fﬂr ANFO Bm.n = ]36 \"’[h x R|X R: (m,

where |, = charge concentration. kg/m as per point 1. as follows
R, = correction for hele inclination other than 3:1 as per pont 2, as

follows :
R, = correction for rock constant other than (0.4 as per pont 3. as follows

1. Determination of charge concentration, |,
a/ For tamped cartridges and bulk explosives

I = 7.85 &°xP

where d blasthole diametér. dm
P = packing degree. kg/lhiter

Charge concentration for different blasthole drameters and different cxplosives:
Blasthole diameter (mm) 51 64 76 89 102 127 152

ANFO., kg/m l.6 2.6 16 50 ST T [ T =
Emulite 150 {cut and dropped

into dry blastholes). kg/m 23 37 50 -7 93 — —
Bulk emulite. kg/m 2439 53 75 99 153 219
Dynamex M (charged with
pncumatic charging machine
and ROBOT). kg/m 26 40 56 78 102 — —

Charge concentration. kg/m. for drill series 11 and 12. Tumped explosives.

Blasthole diameter. mm
27 28 29 3¢ 3L 32 33 34 35 36 37 38

Emis0 0.66 071 076 (.81 0.87 0.92 098 1.04 [ [F .17 1.24 130 1.37
DxM 0.69 0.74 0.79 0.85 0.91 0.96 1.03 1.0 [.16 1.22 1.29 .36 1.43

67



b/ Charge concentration, L. tor explosives in plastic hoses at different degrees of
commpression.

" DYNAMEX M EMULITE 1350
He - - -
diun:c:cr Charge concentration Charge ~oncentration kg/m at u
(mm) kKg/in at a compression of ' compression ot
() % 5 % 1) % 0 % 10 %6 20 % 25%¢
43 1.95 208 2013 1.75 1.90 20 2.20
S0 265 280 2.9 2.35 2.61) 2.80 2.90
33 3.20 335 3.50 2.85 RAY 3.4 3.55
60 — — — 340 3.75 4 U5 4.25
(INE 4.40 4.60 4.80 4.00 44U 4.80 5.00
75 — — — 5.30 5.80 6.35 6.6
5 6.5 6.0 7.10 — — — —
90 8.00 .40 1 8.8 — —_ — —
123 14.50 13.20 16.00 — — — —
E Rock constant 0.3
= 5 { '
° 04
2, ,-ﬂEE; ‘ :::os
3 por"
3
2
t

10 20 30 40 50 60 710 B8O 90 10
Charge concentration, Ib, kg/m

$ 3240 51 64 76 89 102
Emulite 160 P - 120

(1] 51 64 76 a9 102

Bulk Emulite

¢ 51 64 76 B89 102 i27
. I L i - 1

ANFO

b 32 40 51 64 76 89 -

Dynamex M. P = 125
Frg. 5.4 The influence of charge concentration on maximum burden, B

o8
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2 Correction of B, for different hole inclinations,

i

Incli- | vertical 10:1 s 3 21
nation
R, 0.95 0).96 0 Y8 1.00 (.03 10

3. Correction of B,,,, for dif-
ferent rock constant c.

C

i3

0.4 (3

| R

s

{00 {1y Ui}

Suhdrilling = (0.3 x maximum
burden. at least 10} x d,

U=03X B,

{m)

The subdrilling is necessary to
avoid stumps above the theo-
retical grade.

oY



Depth of the hole = bench he-
ight + subdrilling + 5 ci/m of
the depth of the blasthole due
1o 3:1 inclinaton.

H = K+U+U.05(K+U)
H = 1.05(X+U) (m}

inchined holes have a tavor-
able angle of breakage be-
tween the holes and the -
tended bottom., thus decreas-
ing the constricton i the bot-
tom part of the holes,

Faulty drilling consists ut:

* Collarmg error = d nmm)
* Alignmenterror = 0.03 nvm
ol the blusthole depth.
d
E=-—-+0.03xH {m}
10460
L has to be taken into account
that «t 15 impossible 1o dnll a
hole exactly tn accordance
with theoretiwal  computa-
Lo,
Both the machines used und
the skitl of the operator aftect
the accuracy of the drilhing.
The crror should not be al-
lowed to exceed E as caleu-
lixted in accordance with the
above lonmuli.
Ky,




W/ien the practical burden is
calculated. the error in drll-
ing has to be deducted.

B =B — E {tm)
The rule of thumhb, B = d,
where B (burden) is express-
od i meters and d (blasthole
diametert is cxpressed in
inches, can be used to check
the calculations,

The burden'is the distance
from the blasthole to the near-
est free face at the instant of
detonation, In muluple row
blasts new faces are created at
cach detonation,

Practical hole spacing S is cal-
culated from the relaton

S=125XR (m)
Spacing is the distance be-
tween the adjacent blastholes
Inarow.

if the ratio S/B is changed
without the specific dniling or
the specific charge being
changed it will result in the
following:

S/B>1.25. fincr fragmentation
S/B<1.25. coarser fragmentation
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Specific drilling 1s the drilling

needed o blust } cu.m. of .

rock and can be expressed as: "
nxXH

b=—————— (m/cu.m)
nXBXSXK .

tor quarries and open pit
mines.

in road cuts cte. where blast-
ing s performed within u him-
1ted area, the specific drilling
s caleulated per row:

nxXH H
b=—m (m/cu.m.) b = n-H
wXBxXK w-B-K

where wois the wadth ot the
round.

The latter value will be higher
due to the influence ot the
edpe holes.

Charging the blasthole.

In order o loosen and break
the rock in the constricied
bottom part of the blasthole,
the charge concentrauon used
for the calculation ot B
should be used:

ity

L, = charge concentration
used tor determination of

B

Height of the buttom charge:

hy = 13X B, ()
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The hottom charge will then
be: ‘
Qn = Iy X 1y (m)

Stemming.

The unloaded part of the
blasthole. the stemming. is
normaliv equal to the burden:
h,=B ‘ (m)
The stemming should consist
of sand or gravel with a parti-
clesize of 4 to9mm Research
has shown that this size gives
the best confincment of the
explosives gases. Drillfines
should be avoided.

If h, < B. the risk of flyrock
from the upper surface in-
creases. but the amount of
boulders decreases. On the
other hand. h, > B.it will give
more boulders but superficial
throw will be less or climi-
nated.

6
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To break the rock above the
bottom charge, a  column
charge 1s apphed. As this part
of the blusthole 15 less con-
stricted, the charge con-
centration may be less.

I, = 401060 % ofl,  (kg/m)

/lc = 40 to 60 %
of Iy

The height of the column
charge is the remaining part ot
the blasthole.

h¢=H"-hb_h0 (m}

he  hg=H-hp-hg

The column charge is then
Q. =L Xh, (kg)
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The total charge per hole is
the bottom charge plus the
column charge.

Qe = Qs + Q. (kg

The specific charge may be
calculated in the same manner
as specific drilling (b).
"xQ(nt
= ———(kgleu.m.)
nXBXSXK
for quarries and open pit
mines.

In road cuts etc. where blast-
ing is performed within a lim-
ited area. the specific charge
is calculated per row:
nleni
q=—"—— (kgfcu.m.)
wxXBXK

where w is the width of the
round.

The value of the specific char-
ge will be higher due to the
influence of the edge hoies.
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EXAMPLE SHOWING HOW THE CALCULATION FOR BENCH BLASTING

IS CARRIED OUT:

Conditions:

Bench height:
Width of the round:
Blasthole drameter:
Rock constant:
Hole inclination:
Explosive:

Charging condition:

Calculation of drilling pattern.

. Maximum burden.

Bo., = L4V

[3*]

. Subdrilling.
U = U 3 x B“l.]l

3. Depth of blasthole.
H = 1.05(K+U)

4. Error in drilling.

+ 003 x H
1300

5. Practeal burden,
B = Bm.n_u - E

6. Practical Spacing.
S=125xB

K=135m"'
w=26m
d =76 mm
c=104
31

Emulite 150 in 65 mm plastic hoses dropt into
the hole.
Dry holes

Charge concentration. I, is tound in table la
and 15 in this case 5.0 kg/m. No correction for
hole mclination or rock constant.

\Blu.u = ]"l'-:1 \/5_” = 324 m

U=63x32=097m

H = 1 U5(15.0+0.97) = 16.76 m

76

E = + 003 x 16.76 = V.58 m

1000

B=324-0538=266m

§$=125x266=332m

7. Adjustment for width of the round.

w

5

76

260

3.32

= 7.83 = § spaces



S:\di =

width

No. of spaces/row

S:!d| =

Note that the number of holes in a row is the number of spaces +1.

" 8. Specific drilling.

nxH
= h =
BxKxw

Calculation of charges.

9.

12.

4.

15.

17.

Concentration of bottom charge.

I, = I for the determination 1, =
of B, In accordance
with table 1 a.

. Height of the bottom charge.

hh =1.3x I-J'm.n hh

I

Weight of hattom charge.

Height of column charge.
he=H - h, — h, h, =

Weight of column charge.

YUx 16 76

266X 15.0x26.0

S.0 kg/m

= {1145 micu m.

13324 =420m

On =1 x hy Qn=350x420=210Kkg
S\lcmming.
h, = B h, = 266m
. Concentration of column charge.
L= 40 to 6D 75 of ], I, = 0.5 x 840 =250 kg/m.

6,76 — 320 = 266 = 300 m

O, = I, x h, Q, = 2.50 x 9.90 = 24.75 kg

. Total charge.

Om: = Q + Qc

Specific charge.
n X Otm

BxKxw

Ux 45,75

266X 15.0x26.0

Q. = 21.00 + 2475 = 35,75 ke

= .40 kg/cu.m.
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1t the blast is not hmited woa certain area, the specific drilling and specitic charge
will be lower.
In the above example, the speatic charge will then be:

OI\I( 4575

q =—— = = .35 kg/cu.m.
BxSxK T T Seeximaxisy T kgam

Inyguarrying there 1s no need to udjust the spucing between the holes and number
of holes in accordance with the width ot the cut,

Summury of uaportunt datic

Beneh Hole Bottam {Column Specific

heieght | depth | Burden | Spacing | charge | charge | drilking | charge
m m m m ke ky m/cu.m | kg/fcu.m
15.0 1o X 265 325 210 248 0.145 0.4

Dritling and charging tables.

The tollowing tables give the computed hey daty tor diiferent blasthole dia-
nwelom.

The tables give the values tor beach heghis higher than 2 X By, . fower benches
will be deualt with separately (See Leveling)

The first 1wo tables wive the key duta tor drili series 11 and 12, These series are
developed manly for manual drilking

The series s a senes of dnll rods with carbnde-upped buts, incredsing 0.8 m in
length and decreasing | mm in diameter between one drilf rod and the next one.

f—tr—fr—

0.8m
t6m

24m

Q34mm

3.2m

/
©33mm

Q32mm

e

O3tmm

Fig. 3.5 Drdl serwes 11,
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The dritling and charging tables for Emulite 150 mav also be used for Dyvnamex M

eilling and chareing table for dnfl senes 11
Hlasthole diameter 34=26 mm.
1

fxplosuve

| muhre |30

Iiole tnclination” R

Rench heich Koim) 2n R 14 HI in 4% 3N 5 &
Flole duameter Jd imm) 1 i H M 0 o8 A 27
Haole depth H {m) 2 an 308 3RS 410 4w S0 2 Al RS
Pracnical burden B im 1 10t 120 | I= 1 10 1 1 1 N8 | iH) (a8
*ricocal spacine S tm) poas L 1S |1 AN W 123 |20
Stemmnng h imn T 1 2n 11 110 1 1n A | (WY 11 0%
Rontom charpey .

( oncentr,ton Lotha my nwT n? 1KY ({2 [l n7l n7 D
Height h. tm} ] an 1 120 | s | S I 60 1 o) | 53¢
Weight Otk | 20 1 sn 1 4n | 2% 1 2% 1 I5 |18 |1k
Column charge

Concenmiranon I {my nad 01l ni 0N (TR i (LR (TR %]
Hespht h tm} nin ns 70 PR | NS 338 30 145
Weight 0 rhe) 11 HY non 13 s L3 114y 108 I 20
Foral charpe O, {ked 10 HE] 1 Th | 78 1 95 2ns 2 M
Speaithe drliine htmoou m DXL Be™ 0T 0Tl 07 h 0 nRW ERUA LNk
Specthe charge g the v 0 [T n i [IIRS n il i ns 034

The reduction of the diameter of the blasthole for cach dnll rod used has to be
taken into account in the drill and charge calculations.

Dridling and charerng 1able fur dedl series 12
Blasthole diameter H-20 mm

Fxploase Fmulne 150

Huoke inchination: RN

Rench height () A 1A in 48 LRl S5 ni 0,8
Haole diameter d tmmy in is s 34 RR 13 R A2
Haole depth H tm) Ins 4 470 s R} 6,25 678 728
Practical burden Bim) 1 (RN (IR 1 X0 1.28 120 118 115
Pracucal spacing S (m) I8 |75 |7t 1.0 I 88 |50 145 i
Stemmung h, (m}) 140 ] = 1 1= 1w [ 2% 1,20 | 1= R
Bottom charge

Concentration I, (hg/nn) 117 b i [ DUk 008 g ne?
Hewght h,, (m) 2 2 2 | it .90 | 90 1 80 1 8
Weight O, tkgy 2 20 Xm0 190 1,90 170 170
Column charge:

Concentration I {m) nsg [T U Sy ns2 (3t .44 6 il 46
Height h, {m) [URSI N |35 2my 2SS RN IRn 4.0
Weight Q, (kg) nis 05 178 1 08 125 iS5 P75 LY
Total tharge Q.. tkg) 245 2700 w5 oS XS 348 34s T
Specifie dnlling h (mice m) 1407 0SIR DEIT NSSA DSRY DA 0675 0T
Specific charge q {ho/cu md 0D oy p 03 pis nIs o poan

[l excavanon 1s not carred out between the rounds, 1t may be necessary to
increase the specific charge.
This can be done either by denser.drilling or by increasing the concentration of
the column charge.
Normally the latter alternative will suffice.
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Fur hole inclinations other than 3:1, the correct burden B and spucing S are
obtained by multplying by the appropriate reduction factor i table 2, page 69,

Drilhing and charging table tor blasihole dlameter 51 man

Laplosive. Lmudere 150

Hole mddipation il

Bueach heght Y Rt 34 AU L] i) [ 7u 73
Huie dianseter J (i 51 31 5l 31 A 5l 3l 3
Hole Jdepth H ) 4wl 4 S oS 700 7.50 LY 500
Practival burden H o 2 ARY Y (RUN ] 98 | S (O] 1 %) 1 Y0
Praciical spacing S (i) 250 R 243 240 240 240 235 235
Steninnmg ho(m) Y VR Y DR B 1435 1 Lt Y0 19
Bottom chaige.

Coneentranon (RN ENTITY Yoo 2wo 2w 230 3 230 23 Tl
Huaght h,, {ray AVH 20 290 2 29U U] 2y 20
Weght Q, thyy nin 8T ol t 7 o7 oM 8T b 7
Column dharge ’

Coneentration 1ot 115 1S 113 P13 1 1s 1.15 115 1S
Haght b, i) (K i A 1.0 .65 2 i) 3o A 8o
Weght Q) ikl Uikl Lo 1.2 LW 25 3w 37 440
Toral Jharpe G, the) 70 T ) 794 5 Hlb E ] SR IR TV VR Y
Speaihie drilling bimewsm) 05 LMS 027 W23 G5 0233 0256 0 257
Speaibie charge g (hgvu m} TRR 1l i3 IRR U 33 33 033 03
Dol and chargang table Lor blastbole dianictel Hd nin

Explonnc Fonulite 15U

Hole e hmation i

Beneh bewht R (m) A ol 71 2 EAY (JIKV) L P20
Flole diamicier d o 6 o 04 o (3] o o x4
Huolbe depth H ¢ o i 720 a2 uwI WA 1A 124 13 A
Pracuval buiden B (ml 253 2 A 2.4 243 240 240 235 23
Practical spacing 4 YA KO T BT LR R P 300 2.5 293 2490
St i, {nuy 254 U] I 245 240 240 235 23
Hotton chaige:

Concentraton L, {h i} 17 LRl 370 37 370 37 KRyit! 370
Fleweht b, tm) 3 nlh 3 nl Jan 3 nll 36l 3.60 3.6l 3.6i)
Weghl (SRR INTH] (33 13 1330 13300 1330 1330 1330 13
Column charge:

Coneeniranon I tm) 1 83 N | &5 |83 1 K5 1 85 1 85 i 85
Huhit h (i IRLL I i 2.3 323 430 340 6 45 7t
Wewhl O thp) pun 200 00 600 XU oo 12w 4
Fotal charee . thyd S3300 1530 1730 19l 2130 2330 2530 7N
Specthn didimy b {micu my DSy W15 UIA U156 W5y U6l 0162 0 ey
Specitw charge g (hefouam) Iy 33 1z 1132 A2 03 (33 .33 U 34
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For hole inclinations other than 3:1. the correct burden B and spacing S are
obtamed by multipiying by the appropriate reduction factor in tabie 2. page 69.

Doilbing and charging tibbe for blasthole diameter 76 mm

Explosive:

Emulite 150

Haole inchination 11

Bench heweht K (m) Xl SN 1 120 [ERT 150 16 {1 180
Huole diameter d (mm) 7h h 76 76 Th Tt 7h 76
Huole depth H (m) 7 90 J S 1AM IS THE Ja 80 1T R0 U
Practical burden Bi{m) 2.us 1 RS 280 275 2 RS 2.60 158
Practical spacing S (m) IAS e 35S 148 338 A 3
Stemming h, {m) 205 M 280 MYA 2 2.AS 260 258
Hottom charge

C oncentration L thpm) S 00 SME S0 S0 SNy SN Sy S tW
Heweht h, (m) 420 oo4m 4m 4 4 n 12042
Wernght 0., tkp) Eoa 2P 2 2pan 2P 25000 21 2o
Column chargee

Concenrtrahon I, (m} 1A 28 2 230 1,50 TR0 28 250
Height h (m) nis 235 4SS AAS REND 905 TLOD T3S
Weight 0, (ke (A SO0 1T M (AN 22000 2400 27500 3290
Total charge Q.. tkey 2040 2RO 3T 3T A0 4300 J5 U RS SO0
Speafic dnlting h {mreu m) O IO TS W ST R TV VN G T LS B D8 It S K U L IO
Specilic charee q {hpew m) n 0 oAs N 431 (AR F 0,15 0 as n.7
Diedling and charging tahle for blsthole damcter 89 mm,

Explosave Emulete 154

Hele mehmation 3

Rench heweht K (m} L] 100 [k [2n 140 150 Eh () IX 0 204
Haole drameter Jdtmm) RO R K4 Ru hit) b bl L)
Hole depth H{m) Yalh I 13D IS a0 [Ton IR0 2006 22,20
Practcal burden Ri{m) 1458 ja0 338 A1 128 I S 3m
Practical spacing S im) 4 30 430 40 110 L 405 400 J.un
Stemmang h, (m) 145 aan 3,38 33 1725 3 118 3o
Hottom charge. .
Concentration 1. {(kg/m} 710 7.10 710 710 710 7.10 710 71
Height hy (m} 500 S00 S0 so0 S0 S0 5000 5.
Weight Q. (kg) 3850 35S0 IS SN 3550 15,50 1550 15500 3550
Column charge

Concentration I, {m) 1S5 385 1SS 388 3§ 155 3AS 0 3SS
Heighe h, (m} 1S 330 545 7600 K75 98 1LYS 1400
Weipht 0, ikp) L0 T pudy 27000 R 00 MEn 42400 S0
Towad charge Q.. (k) Wl 47T S1on 6250 A6 SO TN T7.90 RSSO
S]’\cm'ﬁc drilling h {m‘cu m) DOR1T GORL DOKY ORI O0RS  DORT  DHRY 0182
Speafic charge g (hefcu.my 02331 033 03d3 03l g3 pw 0. L3S
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EXAMPLE OF CHARGE CALCULATION FOR BENCH BLASTING WITH
ANFO IN VERTICAL HOLES.

Conditions:
Bench hewght K=18m
Width of the round: w =40 m
Blasthole diameter: d = 102 mm
Hole inclination: Vertical
Explosive: ANFO, poured into the blasthole
Charging condition: Drv holes
Calculation of drilling pattern.
I. Maximum burden.
B = 130V, x R, Charge concentration, 1, is found in table la

and s in this case 6.5 ke/m. Correction lor
vertical drilling 18 found in table 2 and is 0.95.
No correcuon for rock constant.

Bpo = 136 X VB3 x 095 =329 m

[ ]
.

Subdrilling.
U=03x8,. U=03x329=09Y9m

3. Depth of blasthole,
H=K+U H =180+ 109 = 19.00 m'

4. Error in drilling.

J 2
= + U003 x H E = + 0,03 X 19.00 = 0,67 m
1K) LK)
5. Practical burden.
B=8,,—L B=329-067=262m
6. Practical spacing.
S=1.23x8 S=1.23x262=32Tm

7. Adjﬁslmcut for width of round.

w 40
— = 12.23= 13 spaces
5 3.27
Width 40
S.uh = : S‘u_” = —— =347 m
No. of spacesirow L3



Note that the number of holes in a row s the number of spaces +1.

8. Specific drilling.

nxH

BxKxw

Calculation of charge,

14 > 190

262 < IR x 40

= 0131 mcum’

En the case of ANFO the charge cannot be divided into bottom charge and
column charge s it consists of only one column of charge with the same charge

concentration

9. Stemming.

h, = B

10. Charge concentration,

I = |, for determination
of B, According

to table 1a,

11. Height of charge.
h=H -

i2. Weight of charge.

h,,

Ozlh)(h

13. Specific charge.

h = 140

) -

262 = 1638 m

0 =63%% 16138 = 1065 kp

nxQ [d = [y §
g =————. g = < =079 kg/cu.m.
BxKxw 262 18 x4
Summaryv of important data.
Bench Hote Specific
height depth Burden | Spacing | Charge | drniling charge
m m m m kg m/cu.m.- | kg/cu.m.
[8.0 (90 2.62 3.07 106.5 0.141 0.79

The high specific charge depends to a large extent on the overcharged column
part of the blast.
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Drilling und charging tabies ior blastholes charged with ANFO.

For hole inclinations other than 3:1, the correct hole burden B and spacing S are
obtuined by muluplying by the appropriate reduction factor in table 2, page 6Y.

Dalling und charging 1able tor blasthule Jumerer of 64 mm

Eaplovive ANEO

Huole thinanon, 31

Bench hagin K iny ot 70 "o Y1 i (Y 120 1414t
Hole diumerer dimmy n i o 2% 1%} i8] ] ol
Flole depih H (m) 710 N0 S0 PNy 20 1200 13300 15 40
Practscal burden B (m) [ 1w L 83 ) 1) 173 170 L 6s
Practial spacing N tm) 14 135 23 2 M 225 L 220 2
Stemunne b, tmy (] 1w (IS [T 1 sU 175 (il .68
Charge ANIO

Concentration Lothg ) 2 2 ) 2 2ndi 26 2 tl) R 20l
Henghi hojm) 4 it AT A r » U YMSLL HE B3 28
Woight O (kg P20 e 1760 20300 23t 2590 KW 34 Su
Praumer Umulae 1500 So= 330 mm HIET 13w 130 1 130 1.3 1 3y (ERt]
Total charge O, thyy FR30 15w Isv 216 24300 2720 W00 3§ w1
pecihe dniling b cumy W% 025h D267 0270 0277 0N 0% 03T
Speeitic churpe 4 fhpe wn ) YY) TR 1+ S { 38 IR o4 067 074

‘Fhe specific churge inereases with the hole depth as the uncharged part of the

hole (stemming) is long compared to the bench height in lower benches.

The use of primer will not effect the burden or spacing unless the primer is of

constderable size. -

Drilling and vharging wabde tar blastiole deonoier of 76

Lxplimive., ANTO

Hole anchinauon 31

Hench neight K {m) 5 [IEY 120 14.0 150 6.0 8.0 kU
Hole diameter J ) 7n ) 0 76 Tt 76 76 76
Hule depth H tmj VL3 1340 1530 lasd (760 1970 2 RO
Practical burden B im) MY 220 2w 245 kX1 1} 200 190 1.45
Pracueal spacing 5 (my 2E 270 Ted  2I5%F 0 250 245 2400 230
Stemnig h, ton 2 2o 20 2035 RNy 21K} 1 9 EKS
Charge, ANI-O-

Concentraion I, (hy/m} 3nd) 3 iy 3 ol 3 al 36l 36l 3 6l) 36l
Huight hm) OS50 No0 Jus) 1295 14100 IS 173 1945
Weghil Q (kg) 2V400 31000 3BN0 d6 o0 UKD 5440 62,30 70
Primicr Emulie 150, 63 <3550 mm 220 220 2 ] 2.20 T T2 il ]
Total churge Q.. (hg) 236 33200 4110 488U 33000 So ol 64.50 72.20
Spevtic drilhing b {nweu i) BIS7 019 0200 0212 021 0224 0249 0.5
Speathe churge ¢ thg'cu ) W51 056 u6b 067 uTE 072 UM UKS

84



Drilling and charging tables for blastholes charged with ANFO.

For hole inclinations other than 3:1. the correct burden B and spacing S are
obtatned by multiplying by the approprniate reduction factor in tahle 2, page 69,

Dirdhing and chargrae tahie for Blasthole diameter of 89 mm

Faplosive ANFO

IHole inchaation- 1]

Bench herght K {m) &0 14113 120 140 151t It b IW 0 0n
Flede dhameter d (mm) L] B0 R R RO R4 S W
Haole depth H {m) Udn B S RR A AT IR 1T ND 0 10w 220w
Practical burden A {m B L L e L I () B W
IPractcal vpacing Seml Vi v L R I T 1 LRLE 248 2 RS
Stemming h () 27 2 h0 2 8A 2 an AR 2dn 218 2w
Charpe ANL()

C'oncentration l.the'm) RELY SINE SHHL S My S TM) S N} ARLY sS4
Hecht him) 62 KA IDSS 2 JUTS O L wa [T0s juon
Weight 0 kgt M 4200 R2AD RYSH AXTI TS NS0 4R (N
Primer Emulite 180, 63 ¥ 850 mm nooxr X2 22200 2 220 1
I'otal charee Q. (k) 2200 24200 RS piE AS T 0w Fe T KT M 4R
Specrfic drilling himeum) 0132 13X 0L 0145 0147 DOSS 150 0 (6K
Specific charpe g ihgcum) 047 a2 a7 16l (L n 6y n7n 0 3s
Bnlling aad <harging tahle for blsthole diameter of 102 mm

Feplosive ANFO

Hale enchination: 1]

Bench herght K (m) o 120 140 150 0 I8 0.0 2.0
Hole dsameter Jd {mm)} 12 1n2 12 nz Lie N2 2 12
Haede depth H () EEAD 13700 1580 Iasn 1709 Mo 220100 MM
Practicat burden B (m) 300 248 it I NS I1.RS harst 2,70 1658
Practical spauing S(m) YRE AT il 1on VA5 350 3do M
Stemmung b, (m) 0 2gs Zun 2Rs S 2ES 278 1700 248
Churge, ANFO*

Coneentration I, (kg'm) 6 5N 650 650 f SN 6,50 & SN 6 50 6 50
Height h {m} B 028 1240 1345 455 1675 IR9D 2108
Weight O the) SI0ON 6700 KED REOD 9500 109 00 123,00 13700
Primer Emulite 150, 75x550 mm {1 IR IR {§ B e { £ B | { B 1 2. 20
Touad charee Q.. tkg) SSI0 A0 ®ITOH ua T 970 1 70 12570 1307
Speaific dnlling b (m/cu m) Dol o o ol 011 DS 0 02e
Specific charge q (kgicu m) 049 0,53 a7 TR 1 al) 064 0 68 .73

RS



Drnilling an charging tables for blustholes charged with ANFQ

For hole inclimations other than 3:1, the correct burden B and spacing S are
obtained by muluplying by the appropriate reduction factor in table 2 page 6Y°

Dedlog and charging table Tur blasthote dameter o1 127 mm

Eaplosive, ANFO

Hole wchination 1]

Bench heght him) HIRL 120 140 150 Lotk 5w 20.0 2200
Hole diwmeter J pmm) 127 127 127 127 127 127 127 127
Hule depith H () e 40 o 1710 1820 2030 2240 2434
Practiwal burden o RN R Ry} V70 R 3 od) 350 348
Pracucal spacing St R O Y S T B I i 450 440 4038
Slemming h, () 3Ns 38U I 17 163 lol 350 145
Charee. ANTFO

Concenratinn I, (he'm) [T N I TV Y O I A N A T R L VO 1Y A TV TP I TV A 1t I I TR TP
Hught homy TASOOGTH L e 12 1408 1620 IR 0SS
Wenthi O k) Intkr w0 2 00 142000 L0 TEe 00 208 U
Promer Lmudie 150 TheRmm 27w 2T 25 2 i) Ry} 270 270
total charpe Q.. the) AT KT E22 70 132700 14070 den T (88T 21070
Spectie drlbng Bimeum) D Ooes o el Guey DO T3 B U7
Spedthin charge qikgowmy w4y G470 0sl 05 s A7 0 6i U bd
Dnilbing and chargug wable dor bhathole diameter of 152 mm

Lxplosve ANFO

Hole mehinatian L

Beneh beight K {m) 1246 140 15 1 ol 180 W 220 RERT
Hule diameter Jtmm) |52 132 132 132 152 152 152 152
Flobe depih H (1) A 163y 174 TS0 20500 2260 XA 2080
Practical burden 13ty 300 435 450 443 440 435 430 4
Practival spacing S i) 373 363 S ol S ol S50 548 5 38 5.0
Stermanng I, fany 4ol 435 4500 4435 340 4350 430 4
Charpe. ANLO .

Concetliralion L, (harmy 1430 1450 450 14500 1450 14500 14500 1A
Hegeht h (m YW 28 12a 1345 1560 1773 1lywg 2200
Waight Q (kg L3200 1630 180 00 19560 226 00 237,00 289 00 32000
Primer 2~ BEmuhte 13, 734538 mm 53 H) 3. 40 5.40 540 54 540 540
Torad charge Q.. thyy 13730 168 300 183 30 200,40 23140 262,40 293440 32540
Specilic drilhing bimicumy D45 DA OHde WIHe 0047 UK QU049 0050
Specine charge gihgrumy 043 047 o4y 0300 053 W55 058 Gl
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The main problem when blasting with ANFO s the breakage in the bottom part
of the blast as the bottom part of the blasthole. more often than not contains
water. If the ANFQ is contained in plastic hoses. the diameter of the explosives
column will be reduced and the charge concentrattion will not be big enough to
hreak the constricted bottom part. Tf the ANFO 1< poured into the wet blasthole
it will deteriorate rapudly and the effect will be the same

A shortened bottom charge to remforce the pniming of the ANFO has shown 1o
e effective. The height of the reinforeed preming <should be 0 3B wiving i
hottom charge which is extended above the theorctical grade. The renforeed
primer makes it possible toncrease the burden and spacing with 7 i cach. The
savings in costs of drithng and secondary hlasting of the toc are sufficient to
justify the higher consumption of high explostves in the blast.

The following charging tables give the guide lines for blasting with Emulite 150
as reinforced primer and ANFO as column charge.

For hole inclinauons other than 3:1. the correct burden B and spacing § arc
obtatned by multiplving by the appropnate reduction factor in table 2. page 69.

'l)nlling and charping table tor blacthole diameters of ~dmm

Faplosne: Remnforced primer Emulite 130 heweht i d <

Calumn chiarge ANFQ
Hole inchimetion- AN
Rench heweht K tm) [N 70 L0 ni 1w 1 120 [ERE
Fiede diameter Jd imm) nl nd td tnd ~d 18] 28] hd
Helde depth H tm} 70 LS TV T 1 T VT I M T (T LR FUUE Y B 2
ractical burden B om) 2 20E 208 2 | 94 | us ] o 1 M8
Practical spacing S1m) 2 A e 28s 2an hatl 2an 140 20
Stemmmg h im 2 208 204 L] 1 us HIEN] | it 1 8RS
Prmer anahite 1500
{hnveniealion 1, {hemy 170 TN T 1T .50 170 i i
Hewght h. (m) [ 20 1.200 120 |20 120 1220 120 120
Weigeht Q. (k) 440 440 441 44 440 440 4 40 4 40
Charge, ANFO
Concentration I {kgm) MR 260 MET 2o 26N 26l T 26l
Height h, {m) R 188 B I L L I PR DT T B L B B
Wopht Q. (ke Oon XA 1SS INID 2120 ZARD 2R R0 AT 40
Total charge Q. (k) 43 1700 Juol 22a00 25600 2R 3200 6 RD
Specdie drdlimg b {m'cu mt IV 7 D T2 02w 1 Ms 0 nIe
Speadic charge g {kpeu m) 043 o dn 1 4s (0 S(k n sy 0y 5% .57 62
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For hole inclinattons other than 3:1, the correet burden B and spucing S are
obtatned by multplying by the appropnate reduction tactor intable 2. page 69,

Drdling and charginy table tor blasthule diameter of 76 mm

Explosise

Revmtareed posmer Emudie 15300 baght 0 4x 8,
Column charee ANFO

Huie inchinaton i
Bench hoght K () s (TRl 120 141 154 160 0) (LR o
tlole drameter NERITHY Tt 7o Tn 70 76 Th 7o T
tHule depth (IR TN FIRTY] L 4 1330 15 i 1 65 17,74 14 st} 21 A
Praciicad burden 15 (s y 245 2 R 225 R RaNY) 2 25
Fracticad spacing S Jos ruws o 2yp 2w 2750 27 es Su
Steaming I, 4 2 dA 24 250 225 2 AT 200 U
PPricaer bomuhie 130
Cupeentialion I tha iy S ARLE S0 REL] S00 RELH RALY SN
Hught b, 1wy 1.3 | 13 1 38 I 335 13 113 1.3% 135
Wenin [S ARV [TR\3] boN0 o nil hoay . AT tnil [
Chagge. ANTD)
Congentealion I the ) LT 3o 1) Ll R RETY RETI 3
Hepht Iy s T ns [ O TAT R (O S I O o N (IR RN - )
Werght U ihy) Prst 27500 MR 300 4T S0 SR Bo ol
Fonal charge O, k) Jno o 3OS 42 M0 30 A ST s o 0 73 40
Speaiic dulling [ENTTIRSYNIIY 15 a0 09 01?7 684 Ullse O lvd 024
Spres s hasge i hg v m) 148 [T (A3 1 37 0ol K th.a? 072
el and dhaigiig table tor biasthole deaneter of % mm

Eoaplosine Reantoreed prover Lmulite T30, height o 42 B,

Column charge ANKO

Flode mchination RN

Bench huoght ki) byl 1)1t L [ENL 150 [NV 50 211
Hole duameter dommy hvY 5 hi aY NY hi] BY Ry
Hole depth H ot WAL I3T0 B3ED 6w 1790 20000 2200
Practical buiden B oy ARV NS R 275 2N 2.65 2ol 250
Practical spacing St 170 RENT! 350 340 335 3.35 3.0 315
Stemning I (o 290 2 NS 2 273 270 265 260 250
Promer Lmulie 130

Concentration I theimy) 710 710 2 1V R 1V 0 {1 R A EV R Y LV A 1T
Hheweht b tm) 1 il I ol i 6l I tdb 1 6l | 6l 1 &0 1 bl
Wcapln W, thet L] 11 4 It 4 1} .40 b4 11 -t [}
Charge ANEO)

Concenwatwn I (ke my S Sun o 3 3E A0 3000 3000 500
Huwgein h tm) S H) 713 G 1145 1250 13es 13S0 I8
Weight 0 ki) 500 330 de 3 ST 62300 6830 Y KKK
I'oal char g U, the) 40 47200 37w ad 70 T30 TY 70 WO 4D L0 4
Speciti deallasy b cu ne) WAL g kb b7 012 w2 ui2e GiM o i
speciic charee s [hgvu my a2 4 04y 0532 034 036 b O
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For hole inclinations other than 3: 1. the correct burden B and spacing S are
obtained by multipiving by the appropriate reduction fiactor m table 2. page 64,

Prrattene and Jhanang table tor Slasthalo duntierer o) 102 mm

1 \lvlnxl\L‘ )

Remforcod promer Tmahie 1300 howehr 0L 3

Caolumn charee ANTOY
Hole inchnation RN
Rench beieht K tmi Jon 120 IR 15n It 1) N b 2
Hoele diameter  fmny 12 1n? n2 n? N tn2 n;: IEN
Frale depth Him) 30 L N (T T Y 0 S T O ST Y B PO T B! | BN SR
Practics] burden oo 13 EERE D 18 T TS T MU
Practicat spacing Sm) 118 108 1 LXED RRLT] LN T Al
Siemming h im} I X3 T 1|8 T LT 2w ARTL
I'river Fmuahie 130
Concentration L othe mi 3N LARIT ¢ 1o u oA g RN IR
Heeht o fme 1 83 P NS (IS 1 8% IS .85 | &% .83
Woeich O, (ke 1720 F7 200 17 2 T 17 1T kT Q72
( harge ANFQ)
{ oncentratyon I rkye m) (SRt (] oSl fr MY HoAN AN s S0 fy SIb
Heehi b eSS Ry L Y N T A Y NN I S T T ) N B 19 18
Wenpeht 0 the 1200 Aol )l TN I SN RNy Y L2 )
Fond charpe SRS SEs Tl A0 8T A0 DS N 02 M [ Te 0 PUR2AE 1AR 20
Speeiine dnllmy bt on HONS B OsT sy npu)  ppud s Do s
Specitie charee g fhecumy 11 1"na° o nsz [T (LITH ty S0 12
Pyodlinge amd chareme table oo Blosthole doeomorer of 127 mim
Faploae Remfbarced primer Eonhiee 130 hoseho b1
€ admn charpe ANTO)
lode s limadnen il
Hench hoehe Kk rm) 1 [INK IR |50 il 151 LX) R
Fole Jimeter drmm 127 V27 12" P27 127 127 127 127
Frale depth Hom 2000 [0 e 0 0T A gN Ge 2ian 2T A T a0
Proctical hurden B I b= Lo L os 1 108 1N RN
Pracncal spacig N imd 222 5 SR LR T SAK) P g N 478
Stemmiepe h (m}) 420 415 4 408 ERLL A 1 N0
Pramer Eomuline |50
Longenifanon I, fhem) [4 10 IS TR O [ S I I 1] 11 Lir [ 1,40 1.4 40 14 401
Huowsht h, tm) AL 2w MRl > 2O 2 M 23 2
Wecight ), (he) IVNE O TVaNL MUK AT oo A0 Wipn o 3v e 3 bn
 harge AN
Congentratysn I fhemt HAN (LR T L £ I S L O N A [ I N 13 110
Herzht h (m} 530 T As (LTS I T TR LT 0 T N 1 A SR P | P
\Wociehd O () St b TTONL Rl P 1200 RN FAS TN IRT )
Tatal ¢haree Q. fhed NGOOHE O LIOTHE [R2 000 P 1SE 0 700 UK i 2k
Soecrie detlling B om gl Q051 (P08 &S HIse DNST sy M )2
Speaiti chargee ik cunny T e L L B UL R R L
sS4
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As can be observedan the charge caleulanons, more dnlling and explosives are
needed i the case of blasting with ANFO Ccompuared with blasting operations
with LLmulite 154

Fhe higher consumpuion ol n:\‘p]n\.l\ esdoes not attect the overall cconomy of the
blusting operation, us ANFO s an mexpensive blusting agent, but the increased
use ob accessories (cord. detonators, primers ete.) has 10 be considered.

The drldling cost will also inerease considerably due to denser drilling pattern.

U1y ahways o good habit to sit down and analvze the blasting operation before
seiecting the eaplosi e, taking o considerauion the following parameters.

©The eaplosive, cost per ton or cu m. ot blasted rock
Detonators, .~
= Cord. -=
Primers, - =
* Drnlling. - =
© Blusting, - =
" Seeondary blaste, ==
Mucking, - =
Hauling, ==
Crushing. -7
Busides the abosve parameters. consderation has to be given o weathaer condi-
tions and ground water leveds, Blasung agents of ANFO type have poor waler
resIstiLce propertices

3.3 Low benches, leveling,
Levehng s the Kind ot blasting where the bench height is below 2xB, ., but
normally applies 1o bench heights under 1.0 m.

The blastholes forleveimg generully have asmall diameter. drill series 11 (34, 33,
A2 omm). or smadler

The design ol the hinng pattern s impottant in levehng, Due to the low bench
henehts and smalt burdens, the rock moves taster than in normal bench blasting,
which calis 1or shorter delay umes between the holes. It the delay time s too
longihe protectve eftect of short delay tinmg will not oceur. inereasing the risk
ot flyrock

The sk ot tlyrock s however always great i leveling and this s why the round
should be piven acheavy cover and several layvers of splinter protective covering
on top. (See also Chapier 59 Covering.)

To reduce dritling costs, 22 imm blastholes are now more widely used. This is
because blasting with sl diameter holes decrcases the drilling cost and ulso
the explostves cost due to better unhization ot energy vt the explosive compared
with the conventionat technigue

Using small diamicter blasthodes also reduces the risk of flyrock and ground
vibrutions.

For the chargmg ol small diameter blasthoies, Nitro Nobel produces o tube
charge. Primex 17X 150 mm wlich can be cut in suitable lengths,
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Leveling with drill senies 11
Prlliag and chiarginge 1able for dnllseries 11
Blasthole dumeters 33—26 mm

! Explosive “muhte 1500

1Hole imchnatien i

Bench height K im) n2n i n 1 il TN | tH)
Flale daimeter Jd (mm) LS| i3 1l 4 bRt 11
Hole depth H fm) T T L T N TR U] 1 {40
Practical burden B fm) {1 41t fy 0.4n 1) Sey 1 AN 1K1
Practical spacmng Stm) TR R O (1 B TR T TS T fnTi [N}
Bottom charpe

C oncentration Lo(hemy | tht P 1 10 1 (K} 1 (i | on
Heieht h., () fhns 1Hs {1 D4 0 > 11,0
Weinht ), tko) 0 1 ns s ttn n 2 1.0
Column chirae: 0 thy) SNES] a0 1 IR (IR
Taotal charee Q. the) {13 s s ] 0no2on 40
Stemmuny b tmy 1 AN 11,5t i, 5¢) X0 an | A
Specitic dnrlbing b imsy ml T T ARl 2 Nt 248 1 7%
Specific charge g (hgesg m [SInE TS 0023 A (15 1,350
Speaitic charpe y' (hgeew m) |25 0N TR 3] (NINT 1 &n

The speafic drilling und speaiiic charge are caleulated 1 relation to the blasted
arci expressed in mfsqg m.oand kgisg m

lhe consumption of detonatorsand explosivesis high in low bench blasting, The
cost of drilling is high due to the close drillig panern

[f the bottom of the cut 18 not restricted to g certann lovel, it s ceononneally
favorable to mcrease the subdrilling and <ubsequently increase the spacing
hetween the blastholes.

As i consequence of the deeper deilling. the nisk o Myrock will be reduced.
A suitable drll depth s |6 m which is the Tength of the second drilleod in the
tntegral senes No. 11, The diameter of the driblbit s 33 mm.

Comparison of consumption of cxplosves and detonators as well as speaifie
drdling for a bench height of 14 m when drilled comventionally aad with
increased subdrilling.

Increased
Comventional subdrilling
Bench heght Clhdm 04m
Hole depth 0.6 m l.6m
Practical burden td'm Y m
Practical spacing 0.5 m i.1m
Charge of explosives per hole (L03 ke 1.5 kg
Charge of explosives per sg m .25 ke 03 ke
‘Number of detonators per sq m 3 pes | pe
Dniling per sq.m. Jm I.om
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‘Fhe higher speaitic charge mthe case of increased subdridling s well conipensig-
ed by the lesser consumpnion of detonators and the decteased specitic drilling.

In certin cases “lurger blasthole sizes must be used for low benches due 1o
avattubibity of equipment and drillbits,

The following tables are recommendations for blusting of low benches with
blusthole diameters of 31, 64 and 76 mm.

Dnihng and chareimy table or low benches
Blasthole dimetes 31 mn

txplosive Panulite 130

Haele indhingnon- LR

Buench heghs LAY, (! [IRY] 2 2 A0
Huole diameier Jimm) Al 3! 5 5l
tHiode depih Ity 140 2k 2ol 320
Practical harden Bim (TR (RLY ] 150
Procucal spacing S i} (REY 12 I ol (Y
Botomghirng

Cuancentration Lothen i S0 15 I 50 (BT
Ficight b, i) 1 2y (At 1 1H) 1 )
Wargli ke a3 VA A T 230
Laplosnes dimension tmay) i) 40 40 4
Column charge Q ke i [y t 20 030
Lotal chage L, (hyd Y] U 83 [il} 2.70
Sternming b, o Lo 120 130 150
Speatic dnlling I inveu ny 73 I 11 ol 043
Spedthic dharge Uk ou m) [TIN]} 047 U 41 038
Drfhog and ¢havgmg 1able tor low benches.

BlLasthole deaneter o4 mm

Eaplosive Esudie 130

Hole wmchimation RN

ljench heweht komy 1Nl 2o (N (N
Hole diametes Jmmy o ] (%] 8]
Hule depth oo L 270 RG] 490
Prictival hurdes By UNE TR Lo 2D
Pracucal spucing N iy (LY [Ty RRLY] 2 oly
Bottom charpe

Concentration I, thumy) 2 2y T 20
Hught h, tm) s (h 80 150 Y]
Wehi (hothy) 030 I ®U 10 6.10)
Lxplosives duension tinm) S St S N
Cotumn charpe Q (k) (P TV T T TR P (R 11 -
Toral dhange Q0 (hy 11, di} (0.1} R 65U
Stemanng h. () 1 iu 1 30 | ol) 2.0
Speanw drilhing b tmeee m) P75 063 G40 0227
Spuecite churge o Chocuam) (VIR]] {46 4 03
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Dinlting and charging tahle for low benches
Blasthole diameter 76 mm

Ixplosive FEmulite 1500

Hole imchnation: R

Bench hereht K tm) |t M im 3 0n .06 fs ()
Hole damerer d tmm) 7h 7 Tt Th Th Th
Hole depth H (nn) ] o 2l 1NN S Ml tr 20 7 10
Practical burden H(m} 1o | 3 1 30 170 A LR 2o
Practrcal spacing 5 tm) i -3 | 6 1 80 g I} A i
Rottom charpe

Concentration I kg'm) | 5} 1 30 2 2.0 AN 450
Herht h. tm) €138 100 1 200 200 3
Weight O, (ked 057 .50 2 6l N 7000 1Y A0
Fxplovves dimension (mm) 30 dn R KL '} 70
Column charge Q. (k) non 0n2n ol 1 sy on 4 6t
Total charge Q.. [k =7 17 R I T B T TR T S A 1
Stemming h, {m) t 20 (R 1 50 I T 2 R
Spraific drilhing b (mven ) 12 163 47 0 3s th 25 015
Specific charge g (kgfea m) 040 =04 0do 030 ndi 036

[.eveling with mini-hole technique.

Nitro Nobel has developed a new techmique tor rock blasting in sensittve envi-
ronments The new technique. blasning with 22 mm blastholes and smail charges.
s presented in depth in Chapter 1210 Mim-hole blasting ’
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5.4 Secondary blasting,
Secondary blusting means the treatment of boulders that are sull considered big

cnuugh o cause obstruction in subsequent operations hke excavation, transport
and crushing

The handhng ot boulders 1s normally very expensive and the aim in all blasting
vperations must be w avoid secondary blasting. Curetul planning and execution
of o blast may decrease the need of secondary blasung to a mimmum, (See
Chupter 5 6 Fragmentation. )

Asat s ampossible 10 completely avard boulders 1n blusting operations, the
problem has 1o be taken care ol by blusting.

The most widely used method ot blasting boulders s by drilling one or more
BMastholes i them, The blastholeds irare dilled so that the explosive can be
piaced in the center of the mass of the boulder. which requires a hole shghtly
deeper than halt the thickness ot the boulder.

As boulders resulting trom blasting have been exposed o stresses duning the
blast, they contuin s lot of microscopic cracks., thus making them relatively casy
to bliast compured with natarid stones. (See Chapter 12.1 Blasung ot aatural’
boulders.) "

For blasting ot boulders resulting trom blusts. a speaiiic charge of approx.
e hyreu.m, 1y necded

Secondary blasting,

Size of Thickness Depth ol Number of Charge
buulder ol boulder blasthole blustholes kgrhole
UL m., m m
03 U8 143 l .03
LU 10 )3 { .66
20 [0 35 2 0.6
LNV I3 i} 8 2 u.09

When several blastholes are used in a bouider, the imtation should be carried
out with mstantaneous detonators vr detonators with the sume interval number.

Fig 5 6 Secondary blustung.
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5.5 Opening of the bench.

Generally, bench blasting is understood to be blasting of vertical. or close to
vertical. blasthotes towards a free face.

Occastonally, no free face is avaulable and the conditons for hench blasting have
to be ¢reated.

The simplest wav 1o do this s by using a tan cut of the tvpe shown below,

The drilling pattern and charging of the blasthole depend upon the blasthole
diameter and explosive used. Guide values for dnlling and charge calculations
are found i Chapter 8 2 Charge caleulations,

Note that the burden must be calculated in relation to the charge concentration
in the bottom of the hole.

The fan cutcreates acertin nsk of flvrock Care must therefore be taken close 1o
inhabeted arcas. copecially 1f the blasthole diameter is greater than 40 mm

&5 le 2e 3¢ 4de S5e
o5’ , le 20 3o 4e S5e
®5 1e 2e 3e 4e Se

Fig 57 Opening of the bench



5.6 Rock fragmentation.

Fry 3.8 Blast wuh good rock fragmenianon, resuldt of blast in Fig. 4.1,

5.6.1 Small rock fragmentation.

Goaod rock fragmentation is a subjective matter and depends on the end use of
the rock.

The desired degree of fragmentution also depends upon of the type and size of
cquipment which 1s used for the subsequent handling of the rock.

Laige loaders, trucks and crushers can allow farger fragmentation, but it is a
common nusconeeption that lurger tragmentation can be allowed because large
loadmg. transport and crushing equipment is used. The large size equipment is
designed to handle lurge volumes of material, not large size material,

The ideally tragmented rock s the rock that needs no turther treatment after the
blist. Therefore, the parameters for the subsequent operations are the guide
lines tor deading on the desired fragmentation of the rock. If the rock is just 1o
be transported 1o a dumping area. it should be casy to load and transport. If the
rock 1s intended for crushing, the size of the largest boulders should not exceed
75 per cent of the length of the shortest side of the opening ot the primary
crusher, thus allowing a f ow through-the. plant.

Stnce the size of the broken rock 1s of the utmost importance for the subsequent
operations. all possible efforts huve 1o be made 10 keep the size down.
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In bench blasting. the fragmentation s influenced by the following factors:

* The geology of the rock (fuults, vonds cetel)
Specific drdling

Specific charge

Drillimg pattern

Firtng patiern

Hole inchination

Frole deviation

Stze of the round

By considering the above tactors durimg the drilling and blasting operation_ s
posstble tonfluence the fragmentation Howevero it is not possthie 1o make o
completely rehable cafculanion beforchand Test Mlasting of come rows s good
way 10 obtan some impression ol the blasung charaaeristies ol the rock.

The geology of the rock frequently aftects the fragmentation more than the
eaplosive used in the blast. The properues that mfluence the result of the blast
are compression strength, tensile strength, density, propagation veloaity, hard-
ness and structure.

Most rocks have o tensile strength which is S to {0 nmes tower than the compres-
sion strength, This property s an important tactor o rock blasting. The rock’s
tensile strength has to be exceeded, otherwise the rock walt not break.

Compression and tensile strengths of different rocks.

Compression streauth Tensle strength
ko'e.om. hefsg.em .
Gramte 2O b= 366K OO0 =300
Miabise 290th— 4000 190 — 30}
Marhle , [R00— 1O 150=200
I imestone 1 3ANi =200 170 =300
Sandstone (hard) approx. 3000 approx. M

Rock with high density s normally harder 1o blast than o low density rock
hecause the heavier rock masses require more cxplosives for the displacement of
the rock. )

The propagation velocity varies with different kinds of rock Ficld tests have
shown that hard rocks with high propagation velocity are best fragmented by an
cxplostve with high velocity of detonation (VOD) In consequence a rock with
low propagation velocity may be blasted with ¢xplosives with tow VOD. EMU-
LITE and DYNAMEX with a VOD of 3000 to 6000 m/sec. are suitable for
blasting granite. marble and diabase (propagation velocity 4000 to 7000 m/sec.)
while ANFO is suitable for limestone. sandstone cte with low propagation
velocities, -

The hardness or brittleness of the rock can have a great effect on the blasting
result. Soft rock is more “forgiving”™ than hard rock 1 soft rock is somewhat
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underchurged. ot will sull be muckable and it it s somewhat overcharged.,
eacessive thiow rurely oceurs, On the other hand, undercharging ol hard rock
frequently results ana tnght and blocky muckpile that s tough 1o excavate,
Overcharging ot hard rock may cause tlyrock and airblast. The design ot blastsin
hard rock requires tighter control than i solt rock

Granite. gnems and marbic represent the hard rock winle sott limestone and
shale are considered solt

The structure of the rock should be documented betore the blasting works start.
Ihe dircction. severity and spacing between the joint sets should be mapped out
so that drlling and hiring patterns can be adjusted to the prevailing conditions,

The plunnimg ot the drlling with respect o the direction of the joints s very
mnportan ‘

Advuntages

Lttectvely exploits the enerey in
the explosive Good displacement
ol the blusted rock giving pood
digging conditions, Normally no
stumps 10 the bottom part

(nu toe-problem)

Advantages
Reduced over break.,

Disadvantages

Bud displucement with tghier
muckpile. Risk tor stumps in the
bottom part. Overhang may occur

in the back row
Disadvantages
Buck break

When the rack s tull of taults and incompetent zones, much ot the explosive’s
cuergy is lost m the Laults stead of being used 1w break the rock. Alternawe
zones of competent and incompetent rock normally result in too blocky frag-
mentaton Higher specitic charge will rarely correct this problems it will ealy
mcrease the nisk o flyrock, The best way to lessen the problem is 1o use smaller
blastholes with a closer drilling puttern in order to obtin better distribution of
the explosives in the rock. The explosive charges should be concentrated in the
competent rock while the fuults and incompetent zones should be stemmed it
possible.
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Stemming

Explosives

Stemming

Explosives

Fig 570 Stermming of mcompertent Zones

The coltar part of the blasthele . wineh contaens the sctemming. has an unfavor-
able elfect on the rock Hragmentation )
Axageneral rale acollin distance cqual to the burden s dett uncharged  Intough
rock and rock with horzontal planes. the unchareed part of the hole will cause
problems in torm of an increased amount ot boukders To mprove the blastng
result, the following steps mav be taken:

Shorten the collar distance. thus chargimg higher in the blasthole,
Drifling of rehievers in the stemming section of the blast,

Higher chargesin the blasthole can onlv be recommended when a bierge arcican
be evacuated and no debicate structures are in the vicnity of the bhist, due to the
increased nsk of flvrock.

Oceastonally a small charge 1 the stemmimg sect ion of the blasthole can improve
the result of the blast,

The drilting of relievers between the miun blasthotes helps to break the upper
part of the round.

The rchievers are short holes. normably with smaller diameter than the main
blastholes. '

The drilling of rehievers between the blastholes does not usaally make economic
sense. More often than not. it is advisable 10 tolerate o certain amount of
boulders from the blast and break them by secondary blasting or other method.
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Pog S 10 Reliovers benween the main blustholes.

.
L
.
@
.
o
.
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Freo 302 Efpect of small and lurge dieneier blastholes on cost.

Speuafic dritling.

Fhe size of the blasthole s 1he hirst consideration of any blast design. The
blasthole diameter together with the explosive used wall deternuine burden,

spacing and hoie depth

Pracucal hole drameters tor beneh blasting range from 30 mm o 400 mm.

Guenerally the cost ot large diameter drilling s cheaper per cubic meter rock than
small diamieter dribling Furthermore, cheaper blasting agents can be used 1n

large diameter blastholes,
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The large diameter blasthole pattern gives a refatively low drilling and hlasting
cost However, in geologically difficalt sauatrons the blasted ;11;11¢ri;|| will he
blocky, resulting in high mucking, transport and crushing cost as well as requir-
ing more secondary breakage.

The geological structure s a4 major factor in determining the blasthole diameter.
Tomts and plancs tend to wolate Large blocks of rack i the burden arca. The
Larger the drthing pattern, the greater the vk that these are lelt unbrohen,

Higher speeific drilling with <mailer diameter blastholes distributes the explo-
sives better in the rock resultng in better rock fragmentation

Latehv. button bits hane replaced insert its 1o . great extent thanks to therr
excellent drilling charactenstics and cons enrenee in use {casier~sharpening of the
htand fongerintervals between the grindings), Added 1o the above advantages
1s i hle span which is twice that of an msert bt

Because of the construction of the button bit. the diameter deereases with wear
and whea the bitis worn out_the diameter s up to 13 mm smaller than that of o
new b,

1 the same burden and spac-
ing is maintained during the
entire Iife span of the at, 1he
fragmentation tends o he
hlockier at the end of the life
span. due to the smadler dra-
meter resulting inoa smaller
spectfic charee.

e S 3 Commprervonr of diameter of new aned
worn bunteosr by

Specific charge.

Rock will be broken up more of the specitic charge s mercased and the drilling
pattern mamtuned

The hottom part of the blast usually has the optimad specilic charge and the
fragmentaton an this part s normally satisfactory.

The merease in specific charge can only be done i the column and stemming
parts of the blast. The fragmentation will then be better but a greater forward
movement of the rock has to be expected as well as aninereased nisk of flyrock .

Drilling pattern.
The typreal drilling pattern has a spacimg’burden ratio of 1.25 (/B =1.25). which
has proved to give good rock frigmentation in multiple row blasting.
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[ the 7. tests were carried out i Sweden with wide-space hole blasting with
SeBoratios greater than .25 The results of the tests showed improved frag-
mentation up to an >3 rauo of 3 The method 1 now common pracuee i
Swedish quarnies ‘ |

The burden and spacing must be normat in the finst row, otherwise the burden
will be oo smallincreasing the risk of ftyrock

TS" ;B . S/;3=1.2.5 ) )
® [ [ ] ® [ ] L ] [

- - oy e o

N T; l r‘“r;[i I

Fag 3 14 Normal drdling pattern.
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f1y 53.05 Wide-space blasung.
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Firing pattern,

Bench blasting s normally carried out as short delay blasting The firing pattern
has to be desgned so that cach blasthole has tree breakaee

The delay tme between blastholes and between rows has to be fone cnough to
create space for the blasted rock from the sucecedimg rows :

Bornt Barscon of Natro Nobel bas studied the eftect of the delav ttme on mutltyple
row Blistigs, He states that the rock must be allowed to move 173 of the burden
distance hefore the nextrow sallowed to detonate. The delay tme between the
rows may vary lrom 10 my/m Chird rock) to 20 m</m (soft rock) bt venerally
ES me/m of the burden distance is a0 good guide value,

This feneth of defay gives good fragmentaton and controls flvrock. Tt also gives
the burden from the previousty fired holes enough tme 1o move forward Lo
accommodate the hroken rock from subsequent rows,

It the delay between the rows s too short, the rock from the back rows tends to
tahe an upward directuon instead of @ honzontul On the other hand. 100 long
detay may caase Myrockarrblast and boulders. as the protection from previously
fired rows disappears due to too great a roch movement between detonations
The ancrease m boulders s due to the tact that the blast in this case may be
comparcd with i single row blast

Frg 516 Too short a delay henveen rows
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g pattern, mdtiple row blasting.

Simple tiring pattern for a laterally constricted multiple row round. All holes in
the row have the same delay. eacept the perimeter holes. which are dekiyed one
mterval nunber o avoid excessive overbreak outside the limits of the excava-

Lion,
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Fig. 519 Firng panern.

Thes hning pattern grves better tragmentiation. The ratio between true spacing
and true burden. S'BL becornds more favorable  (See wile-space drlling
patteern.)

One disadvantage with the above firng patteen s the risk that the center hole in
the second row of the hlast may detonate betore the detonators in the front row
with the same delay number, due to the scatier within the delay miterval.
The hole will then be quite constricted cinsng mcomplete breakage which will
torm houlders and posable butts abosve the theoreneal prade.

[ ] - . .. e LI . * L
10 9 - 8 - ! PR - 8 . 9 10
- - - ~ . ™ -

- - - -~ -~ -

- - - \__ \\ ey
- - - - - ~

- -

- L4 .. . . . L . e
;] 7 PR 1 - 5 R 5 ~. -~ 7 8
- - - ~ - -~
- - - - ~ ~
- - -~ — ~— -~
- - - - -~ -~
- - - - ~ . ~
- ,’ - ~ el \‘\
[ . _. e e . ‘e L) »
- ~
-] 5 .- 4 -7 3 - 2 -~ I o~ 4 "~ 5 &
- - - ~ ~ -

- - - o ~ ~
- - - . T~ RN
- - - ~ ~ s
- - - - Ry -.\
* [ . e — . . g— - _» ~e » -
) J 2 t 1 1 2 3 4
r——— .y ‘T - r -

' v

Fig 520 Firing pantern,

This firing pattern provides separate delay time for practically all blastholes and
gives good fragmentation as well as good breakage i the bottom part of the
round.
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Hule inclination.

Inclined holes with an inclination of approx. 3-1 reduce the buck break und the
amount of boulders from the upper part of the blust.

fig 3.21

Hole deviation.
Precision in drillig s imporiant for the blasting resuit.

Poor preasion i dnlling will torm boulders due to irregular burdens and
spacings, :
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Size of the round.

[t1s a known fact that most ot the boulders in a blast come from the front row,
Therefore, multiple row blasts give proportiosally fewer boulders than simgle
row hlasts ’

However. the length of the blast should not be greater than 3% of the width

5.6.2 Large size fragmentation.

Frequently Targe wize fragmentation is required  In the construction of ports.
large wize rock is used for the construction of breakwaters

The blasting 1o produce e size rack may be as dithicult as productng small size
fragmentation. The geology of the rock mav form the greatest obstacle to obtain
a good blasting result. A homogenous rock 1s preferitble in large fragmentation
blasting to a hssured rock.

The method of blasting large si7ed blocks s scomewhat different from normal
hench blasting.

" The speaific charge has to be Tow. R
* The spacing’burden ratio ($/B) should be less than 1.
Blasting of one row at a time., preferibly instantancousky,

The spectfic charge should be decreased down to 0,20 ke per cubic meter (and
occasionally lower) which may be sufficient to loosen the rock but not move it
forward. Rock fragmentatton will not occur to any large extent. The charge
should be well distributed i the blasthole with a reasonable bottom charge
although smatler than normal Due to the smaller bottom charge. a certain
secondary blasting of the bottom has to be tolerated.

The choice of Jarger burden than spacing will definitely give blockier fragmenta-
tion with an optimum blasting result when the S/B ratio 18 between 0.5 and §.0.
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The wstantancous fnmg resulis i Larger trigmentation than short delay blast-
g, as the teanng between the blastholes becomes less.

A combimauon of low speadic charge, $/B ratio of 03 10 1 0. and single row
mstantancous blistung, normally results in large fragmentation.

The tollowing sketeh mives an crample how to blust to obtam larege blocks

Blasthole dimcter 76 min
Bench height I m
Burden a2m
Spaving i om
Charge

Bottom S U ky
Column It O kg
Spueaitic charae 021 Rgicu m,

Emulite 130, 504550 mm s bottom charge.

Emudite 1500322350 mm taped ona 10 gramaneter detonatimg cord as coluni
charype

liitation Detonanmge cond.

:
]
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5.7 Swelling.

When the rock is fragmented by a blast. sts volume mereases considerably., up to
S0 % this is known as the swelling, :

“The increased rock volume needs more space andaf there s not space enoueh in
front of the round. the rock must move upwards .

The same apphes to Tong blasts where the rock prles up an front of the reand as
the blast procecds row by row,

Asmentioned in Chapter 5.2 Charge calealiation. the specitic charge should be
ercased if the blastings are carned out without mucking hetween the blasts

According to Langefors, in his hook Rock blasting, the requisite extra specific
charge to compensate for the clevation of the blasted rock masses s 8 03 x K
{hench height) if the inchnation of the blasthole s 2.1 1f the hole inchnation is
steeper. the compensation of the specdic charge has to be inereased and s
0 08K at a hole inclination of 3 1.

When no eveavation is carned out between the blasts, the hole melination must
not he less than 31, Furthermore. the beneh must not be too high High henches
must have such a high specific charge to compensate for the swelling that the risk
of fivrock makes 1t profbitive

For long blasts, the rute of thumb is that the clevation of the swelling has to be
considered when the length of the blast exceeds 3077 of the width Expericneed
blasters usually compensate tor the swelfing by aincreasing the charge in the back
ronws,
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Fig, 5.20 Mavimum forward movement ay a Junction of specific charge.
5.8 Throw, Nyrock.
Inbench blasting we have w diterentiate between two types of rock movement.
Firstly we have the forward movement of the entire rock mass which is mainly
horizontal.
Secondly. the flyrock. which s scatter from the rock surface and the front of the
blast.
The forward movement of the rock mass is dependent on the specific charge.
Rescurch performed by SVEDEFO* shows that aspecific charge of .2 kg/cu.m.
does nut cause any forward movement of the rock, but only breaks the rock.

A normal speaific charge of 0.4 kg/cu.m. moves the rock forward 20 to 30 m,
which 15 the expected normal displacement of the rock mass.

Too shortu forward movement causes a tight muckpile which is hard to excavate,
while excessive torward movement spreads the muckpile, resulting in higher
loading costs '
The forward movement of the rock mass rurely represents any hazard in the
blasting operation but muy cause inconvenience when miscalculated.
Flyrocks are rocks ejected from the blast. They tend to travel long distances and
are the man cause of on-site futahties and damage to equipment,

Flyrock is mostly caused by an improperly designed or improperly charged blast.
Reseurch performed by SVEDEFO shows that the maximum ejection of flyrock
is a tuncuon of the blasthole diameter.

L = 260 4+
which s valid for a given specific charge. Fig. 5.27 shows the ejection distances

* Swedish Detonic Rescarch Foundation.
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A .
of flyrock as a function of the specific charge at blasthole diameters of 25 to
100 mm.

A burden of less than 30 times the diameter of the blasthole gives too high a
specific charge. especially 1f the explosive 1s poured or pumped 1nto the blast-
hole The excessive explosives content 1n the blasthole may result in rocks
travehing long distances.

Too large a burden may cause flvrock if the explosive cannot break the burden
and the gascs vent through the collar of the hole creating crater effects

Annappropriate firing pattern may cause the same cffect as a too large burden.
The gases from the blast tend to vent through the collar if the blasthale does not
have free breakage.

700 -
D75 kg/cum

600

500 -

400

Length of -jectian. m

30c

200 -

100 -
0 25 50 75 100
Diameter, mm

Fig 527 Maximum rraveling distance of flvrock as a function of blasthole
driameter for different specific charges
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Specitic charge, kg/\cu.m.

Fig. 5.28 Maxiruen traveling distance of flvrock as a function of the specific
charge for 50 and 100 mm blasthole diamerters.
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Top-iniieiion Bonom-ininanon

Fig. 5,29 Crater offeq, verucal holes withouwt free breakage.

Tooshortor oo loag a delay tune between the blustholes may also cause tlyrock.
Tooshortadelay ome creates an ettect shownan fig. 5.16. The travehing distance
is relutively imited . A more senous hazard appears when the delay ume be-
tween the blasthotes s too long Inacorrectly designed firing pattern, the rock is
held together and the rock trom the front rows acts as a protection when the
charges in the tollowing rows detonate 11 the delay between the rows or single
blastholes 1s too long., the pratective ctieey s not achieved.

Delay times between adjacent blastholes must not exceed 1) ms if the burden is

fess than 2 m.
When turge duimeter blastholes are used. loneer delay between rows/holes must
be used due o the slugmsh movement of the large rock mass between the
rows/holes.

Blasting of low benches, levehing, normally causes tlyrock because of the fast
movement of the rock mass The Jow benches and the short burdens make it
necessury ouse short delay times between the blastholes. Leveling biasts should
always be covered with heuvy cover as well as hght splinter-protective covering,
Vartous investigations, both in the U.S AL and Sweden indicate that fiyrock is
more trequent when the blasthole s top-initiated than when it 1» bottom-
initiated. (See Fig. 3 29.) Detonatng cord with high core load top-initttates the
explosive and tends o blow part ot the stemming matenial out of the hole thus
lowening the confinement ot the explosive

As mentoned m Chapier 3 2 Charge caleulutions, the stemming should have o
particte size ot 4 to Y mm for best confinement. The best matenial for stemming is
crusher run

12



Volds contalining

axcesaive charge Crater sffect at the collar

Too short stemming
Unsultable stemming material
Large blasthole dlameter
Top Initiation

Too short burden diatance
Too large burden distance
Too short delay time

Too long delay time

Too high specific charge

Incompetent rock

Weakened zone from
previous blaat

Fig 5.30 Causes of fivrock.
Flyrock 1s often caused by incompetent rock where the gases may break through
casily due to less resistance than in the more competent parts of the rock.
Necessary care must be taken during the charging of the blast, especially-the first
row.
The incompetent zones may be natural but also caused by the previous blast,
cspecrally i the heavily charged bottom part of the hole

If the blastholes are drilled with poor precision <o that the burden is considerably
snialler than the cafeulated onenthe first row, the specific charge will locally be
high. A deviation of 1 m fora 7o mm biasthole decereases the burden from 2.70'm
(Emubite 150) to + 70 m The spectfic charge will locally be increased from
0 40 kg/cu m. toh) 63 he/cu m as an average for the hole The bottom part of the
hole will have even higher specific charge  The possible result of such an
overcharge may be evaluated from Figures 5 27 and 5.28
How to avoid yreck.
* Clean the rock surface from loose stones which mav cject casily if pases vent
through the collar of the blasthole,
Avond stemmung shorter than the burden distance. Too short stemming may
create crater effects h
Use good stemming material. No drdifines,
Check that the drilling patterniscorrect and that the blastholes are drilled with
correct inclination
Design the firing pattern so that cach blasthole has free breakage and ad-
cquate delay time between each other.
Look out for incompetent zones and voids and charge with care, stem incom-
petent parts of the holes.
* Charge the first row carefully Look out for back break which shortens the
burden.
R



Fig. 5.31 Rock from previows blastin front of the Juce prevens fivrock from the
heavidy charged bottom part of the hole -

* Check that the right amount of explosives is used. When flyrock is a problem,
do NOT use tree flowing eaplosives unless confined in plastic hoses and
waeighted
Leave rock from the previous biast in front ot the face. up to 1/3 of the bench
height

" In buillt-up arcas, cover the blasl,

5.9 Covering.

To further protect agiunst flyrock., the blast may be covered by energy-absorbing
covenngs which are placed on the top ot the blast. This measure can be used for
smaller blasts with smull diameter blastholes. tess than 76 mm.

Blasts with larger diameter blastholes. are practically impossible to cover
cfficiently. However., lurge dinmeter blastholes are rarely used where flyrock 1sa
problem, i.e. close to populated areus. Other limuiting factors such as ground
vibration levels and airblust levels will restrict the amount of explosive that may
be detonated i each blasthole thus makeng large diameter blastings impracucul.
The general rule tor covering a blastis that the covering material should have the
same werght as the blasted rock. This is valid for low benches, leveling, when
small rock masses are loosened and the distance from the charge to the rock
surtuce s short.

For normal beneh blasting, where the bench height 1s more than twice the
maximum burden (K22xB,..). it is hardly possible to use such a heavy
covering

What we have to strive tor in this case is 1o shorten the forward movement of the
rock mass and to avoud tlyrock.
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The forward movement may be shortened by well-balanced charging of the biast
and by lcaving biasted rock from the previous blast in front of the rock face.
The flvrock can be stopped by placing covering material over the blast and by
well-poised stemming

Two tvpes of covering are u<ed and should be used together:

* Heavy covering.
Sphinter protective covering.

The heavy covening is intended to hold the biast together so that no part of it
excapes when the round is fired.

The splinter protectine covening s intended 1o prevent fivrock from the surface
section of the round.

Heavy covering material.

Hy

Rubber blasting mats made of scrap tires which are cut into sections
and twined together with steel wires,

The size of the blasting mat should be approximately 3x 4 meters and
have a weight of around | ton. Smaller mats which can he connected
together to larger units ¢an also be used.

Mats made of logs shackled together

These blasting mats are heavy and cnergy absorbing (at Icast the rubher mats).
The gases produced by the blast vent through the mats without displacing them
Lo any greater extent

Sphnter protective coverng material-

Industrial felt
* Tarpaulins
* Mesh nets.

The heavy cavering should be placed closest to the rock surface with the lighter
splinter protective covering on top

The covering with heavy mats should start from the back of the blast and work
forward, cach mat overlapping the previous

When the blast is fired. the mats ripple and do not follow the blast forward.
which mav happenif the blast is covered from the opposite direction, leaving the
back rows without cover,

The covering work with heavy covering material has to be carried out with a
crane or a retro excavator. For smaller-scale works small rubber mats may be
used. but must be connected together with hooks to form covering units that are
large enough.

The splinter protective material is then placed on top of the heavy covering,
starting from the back and working forward.
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Fig. 5 33 Covering wuh heavy tire mais.
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Fig 5.34 Blusting with heavy covering in Abha, Saudi Arabia.

Note that no rock travels any great distance. All rock remains within § m of the
ast.
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5.10 Blasting economy.
Economic aspects on blasting operations.

In order to evaluate the cost ot the blusuing operation, it1s not rational to 1solate
the drilling and blasting operanons trom the subseyuent operations in the work
cycle.

All operations in the work cycle have to be considered:

-

dnlling

charging and blasting

boulder blasting

mucking (excuvution) -
transport

crushing

»

[fthe cost ot the drlling and blusting operation s munimized. there is a great risk
of increased costs in subsequent operations. which may give an increased total
cost.

The fuctor that aftects most on the vperations following the blasting operatitan is
thut of rock fragmentation, which has to be considered when the cost of drifling
and blasting 1s caleuluted

To quantify the rock tragmentution in relation to the bld:mng operation and the
subsequent operations (boulder breakage. loading, transport and crushing) is
quite g problem.

Harnes and Muorccer have visualized the relanonship between blasting cost,
transport and crushing to rock tragmentation in the iollowing way:

The— Total coet T

Cost

Mucking, tranaport
and crushing cost

Drilling and .
biasting coat ...

Coarser FRAGMENTATION Finer

Fig. 5.35 Relutionshup between blasting cost and subsequent costs 10 rock frag-
mentation.
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Decspite the above. we will look into the cost of the drilling and blasting opera-
tion and wavs of lowering the blasting costs

The drilling and btasting costs may be lowered by using bigger blasthole dia-

meters

The cost per meter blasthole increases with the diameter

|

Cost

—

o 50 100 150 200 250 300

Blasthole diameter, mm

“Fig. 5 38 Relatve drdl cost per meter hlasthole.

The cost per votume of the blasthole decreases with larger diameter blastholes.
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Fig. 5.37 Relatve dnll cost per hiter of blasthole.
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When lurge diumeter blastholes are used. less expensive blasting agents may
be used in the blastholes, lowering the total cost or the drilling and blasung
operation,

As mentoned in Chapter 37 Rock fragmentauon, large diumeter blastholes
tend to give a tight and blocky muckpile. resulting in more difticult loading und
transport. Furthermore, the handling of boulders has a detrimental effect on the
work cycle.

More often thun not, the crushing operation s the bouleneck of the toal
workeycle The free flow through the crusher can in such cases have such a great
intfluence. that extra expenditure on the drlling and blasting operation may be
the only way o ussure full capacity in the plant and improved overail economy.
The most etiective utilization ot the explosive charge is obtamed when the
maximuin burden s 35 (ANFO) 10 43 (Dynamex M) times the blasthole di-
meter. As the blasthole dismeter is increased, the burden approaches the
dimensions of the bench height, making the explosives work less efficiently.
Such lurge burdens also increase the nisk of tlyrock and airblust as a stemning
distance with the same dimension as the burden s impossible to obtain.
[nthe 1Y80s 1t hus been o trend among the rock producers to ubandon the use of
large diameter blastholes to medium size holes. The trend is opposite in crushing
cyquipment. the munuiucturers are gomng lor targer equipment. Larger equip-
ment hus been instadled, but as mennoned cirlier: ’Big crushing equipment is
destgned to handle large amounts of rock material, not large size material®’,

The bench height will ulso influence the cconomics of the blasting operation.
We know from expericnce that drdling deviates from the theoretical drll line.
The magnitude of the deviation depeads on the skill and care of the operator as
well us the drilhing equipment used. “The geological characteristics of the rock
may ulso influence the drlling preasion

In normal blusting operations we calculate with a deviation in drilling of 3 cm per
meter of blasthole depth The deviution hus to be compensated for in the drilling
patiern,

~ The higher the bench — the more closely spaced the drilling pattern.
The ligher speaitic drilling increases the costs of the operation.

 the drlling pattern is not adjusted for the deviation in drilling, the bottom
part of the blast will most certainly not be blasted to the intended level (toe-
problem). This will add extra costs to the subsequent mucking operation,
as the loading equipment will hive a problem loading because of stumps. The
secondary blasting of the toe adds unnecessary cost to the operauon.

It is of vital iImportance to the cconomics of the blasting operation thut the right
explosive is used on each vecasion. In dry conditions, cheap blasting agents can
be used with excellent results. ANFO has become the most used blasting agent in
the world due to its availability and economy. In dry conditions no explosive
beats ANFO in overall economy including dritling, blasting, secondary blasting,
loading, transport and crushing.
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When the blastholes contain water. ANFO should aot be used. at least not in the
hottom part of the hole ANFO deteriorates fast and shouild be replaced by
Emulite 150 ar Dyvnamex M which have excellent water resistance properties If
the bottom part of the hole is charged up over the theoretical grade with
Emuiite 150 0or Dyvnamex Minstead of ANFO. the rivk of stumps in the blast will
he practically elimmated. Furthermore. the rock fragmentation will e improved
because of grcater effectiveness of the explosive.

Tests carnied out by Langefors (The modern technique of Rock Blasting) show
that 1t 1s possible toincrease the burden and spacing with 7 77 cach if the bottom
charge of ANFO s replaced by a more potent explosive such as Emulite 130 to a
height of 0 4x By

There arc overall economitc benefits from such a potent churge in the bottom part
of the blast. The charge should be considercd a remforced primer rather thana
reduced bottom charge The advantages are clear

x

Reliable imtiation of the blasting agent.

Water resistant explosive in the water contaminated bottom part of
the blast,

Good breakage in the constricted bottom part of the hlast.
Lessstumps above theintended grade. simphfving the loading opera-
tion

Less drilling,

Lower consumption of firing devices

*
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7. UNDERGROUND BLASTING

Fig. 7.1 Tunncling.

7.1 Tunneling. _
There are two rcasons to go underground and excavate:

— to use the excavated space. e.g. for storage, transport etc.
— to use the excavated material, e.g. mining operations.

In both cases wunncling forms an important part of the entire operation. In
underground construction it 1s necessary to gain access to the construction stte by
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tunnehing, but the tunnel can be s purpose in wself e g, road, water, cable tunnels
clc.

In mining operations tunnels are used as adits 1o the mining site and for prepara-
tory work us well us for internul communication.

Tunnels are driven mainly in honzontal or close to honizontal directions but also
inchned, from vertically upwards to vertically downwards. In the following,
tenneling, ruise shatts and sink shatts will be dealt with in detal while storage in
rock caverns und mining will be dealt with more bretly.

Tunnching is the most trequently ocurring underground operation which also
forms part of the construction of rock chambers etc. and is normally an mtegral
part of mining operations.

The development of tunnel driving technigques has been tremendous during the
lust few years. The drilling technigues have developed trom paeumatic dnlling
machtnes 1o electro-hydraukic driling jumbos with a very high capacity. The
charging of the blustholes can be carried out quickly either manually with plastc
pipe charges or mechanicaily with preumatie charging equipment.

The development ot explosives has moved in the direction of sater products with
better fumes characteristues. Modern explosives like Emulite and Dynamex M
are well oxygen-balanced with o miumum of noxious lumes.

Ininaung systems like NONEL have shortened the charging time and added
further safety 1o the blasting operation due 1o ther insuscepuibility to electrical
hazurds.

The modern drilling equipment has shortened the drlling time, the NONEL
system his made connecting ot the detonators suter and faster and Emulite. with
its eacellent lumes characteristies. hus shortened the ventilation. time.

All the above contribute to o taster work cyele:

— dntling

— charging

— blustuing

— ventilution

= scaling

— grouung {(if necessary)

— loading und transport

— sething out for the new biast
The shorter work cycle calls for better work planning us well as better precision
and uccuracy in the different operations ot the work cycle.
‘In the lollowing, the drilling . charging and blusting operations will be dealt with,
[t s ubvious that itis of the utmost importance that the holes should be drilled at
the nghtlocations and with the nghtinchnauon. The muarking of the holes on the
rock fuce us well as collaring und drilling must be carried out accurately.
Langetors in “The modern technique of Rock Blasting”, says about drilling
precision: "'The scattering of the drill holes as a quantitative factor is often
disregarded. It is included quite indefinitely in the technical margin together with
the rock factor. In discussing blasting as a whole it would be a great advantage if
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attention could be paid to the drilling precision in calculating the charges and in
constructing the driliing pattern; for the blasting of the cut it is essential."’

The man differcnce between tunnel blasting and hench blasting is that tunnel
hlasting is done tomards one free surface while bench blasting 1< done towards
two or more free surfaces. The rock 1s thus more constricted in the case of
tunnehng and a second free face has to be created towards which the rock can
break and be thrown away from the surface This second face 1 produced by a
cut in the tunnel face and can be either a parallet hole cut, a V-cut. a fan-cut or
other wavs of opening up the tunnel face.

After the cut opening s made. the stoping towards the cut will hegin The stoping
can he compared with bench blasung. but it requires a higher specific charge due
to hugher drithing deviation. desire for goad fragmentation. and absence of hole
inclination. In addinon. overcharge of a tunnelblast does not have the same
dicastrous effect as 0 an open r hlast, where high precision in calculation is a

must
./&_T.i."‘e\ . ' Roof holes
j./ . « G
N\
o/ ® ] ] . L \
A{ / — “L Stoping holes
. .
r ) - I_ — _T ™ ) 1 .
I ™ . 'l . .oL.): . I . . Fr;.—wa" ho'e?
a ' o8 % 9 Cut
| | ° ! |
I ™ . [ Y — Y . . I
. ) ® Z . z I Z 'Y Z ™ Z [
Floor holes

~ Fig 7.2 Nomenclarure

In the case of V-cuts and fan cuts, the cut holes will occupy the major part of the
width of the tunnel

'

The contour hales — roof holes, wall holes and floor holes — have to be angled
out of the contour. “look-out™, so the tunncl will retain its designed area. The
“look-out” should only be big enough to allow space for the drilling equipment
for the coming round. As a ginde value. the “look-out™ should not excecd:
10 cm + 3 ecm/m holedepth
which keeps the "look-out™ to around 20 cm. -
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Fig 7.0 Look-oud

The consumpuon ot explosivesin tunnel blasting s higher than in bench blasting.
The specitic charge s 310 10 tmes higher than that tor bench blastiny, depending
matnly on reasons mentoned above Bike large dodling scatter, higher iixanon of
the holes. heave ot leewer tock upwards to cisure swell and lack ol cooperauon

between adjacer blastholes,
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Fig 7.5 Specific drilling for differens nennet areas.

The consumption of explosives will be greatest i the cut area of the blast A 1x1
marca around the empty holessin aparidiel cut will consume approx. 7 kg/cu.m.
and the specaific charee will decrease with the distance trom the cut untit it
reaches o munmum value of about 09 Keseu m

7.1.1 The cut.

The most commonty used cut tn tunnching todav s the circular cut or large hole
cut as most of the modern drilling equipment is de<igned for horizontal drilling
perpendicudar to the rock face. (Other cuts will be dealt with in the end of this
chapter.) Co

All cut holes in the large hole cut are drilled parallel to cach other and the
blasting 1s carried out towards an empty large drill hole which acts as an opening.
The parailel hole cut s a development of the burn cut, where all the holes arc
parallel and normally of the same diameter One hole in the middle is given a
heavy charge and the four holes around it arc left uncharged. in other cases the
middle hole s left uncharged and the four holes are charged.

However. the burn cuts generaliy resuit in less advance than the large hole cuts.
The burn cut will therefare be disregarded and only the large hole cuts wil! be
dealt wath

The cut may be placed at any location on the tunnel face, but the focation of the
cut influences the throw, the explosives’ consumption and generally the number

of hoies in the round.
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Fig. 7.6 Burn cut
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Fig. 7.7 Locanon of the cur.

It the cut is placed close 1o a wall, there 1 a probabulity of better exploitation of
the dniling pattern with less holes i the round. Furthermore, the cut may be
placed alternauvely on the night or left side thus placing the cut in relatively
undisturbed rock. To obtuin good forward movement and centering of the
muckpile, the cut may be ptaced dpproximately in the middle of the cross section
and quite Jow down, This position will give less throw and less explosives’
consumption because of more stoping downwards, A high position ot the cut
gives an extended and casily loaded muchkpile, but higher explosives’ consump-
ton and normully more drilling due 10 more upwards stoping.

The normal location of the cut 1s on the first helper row above the floor,

As mentoned before. the lurge hole cut is the most common cut today. The cutis
composed of one or more uncharged large diameter holes which are surrounded
by small diumeter blustholes with small burdens to the large hole/s. The blast-
holes ure placed in squares around the opentng.
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Fie 7.8 Tepical designs of targe hole curs,

The number of squares in the cutis imited by the fact that the burden in the last
square must not exceed the burden ot the stoping holes for a given charge
concentration in the hole.

Fig. 79 The complete cut.

The cut holes occupy an arca of approx. 2 sq.m. (Small tunncl areas, as a matter
of fact, consist only of cut holes and contour holes.)
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When designing the cut. the toliowing parameters are of importance for a good
tesult:
* the diameter of the large hole

* the burden
* the charge concentration

[A]

(=]

(=)
1

[n addition, the drithng preci-
ston 1> of the utinost import-
ance. espectally tor the blast-
holes closest o the darge
holeds, The shightest deviation
can cawse the blasthole to
mect the large hole or the bur-
den o become eacessively
big. Too big a burden will only

The holes meet

C-C dislance between the holes, mm

cause breakage or plaste de- ] ‘ _
tormation i the cut, resulting o 50 100 150
in o stmaller or greater loss in Diametar of empty hole, mm

Jdvanee

Feg 740 Result when blusing from varving
distunces towards an empty hole of varying dia-
Heter

( Fhe Modern Techmgue of Ruckblusiing)

One ot the parametens tor good advance of the blasted round s the diameter of
the large empty hole The larger the diameter, the deeper the round may be
drified and o greater advance can be expected.

One of the most common causes o short advance 1s too small an emipty hole in
relaton to the hoie depth.

Advance per round %

70 . - ! - g

25 3 35 4 4.5 S 55 6
Hole depth, m

Fig 71D The relunion between advance i per cent of the drill depth and different
empiy hole.diameiers.
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Ascan beseen from the graph. an advance of approx, 90177 can be cxpected for a
hole depth of 4 m and one empty hole with 102 mm diameter, -

[f several empty holes arc used. a ficinous diameter has to be cateulated. The
fictinous dinmeter of the opening may be caleebated i accordance with the
foltowing formula: .

D=d\n

where D = fictittous empty large hole diameter
d = diameter of empty large holes
n = numbcer of hoies

In order to calculate the hurden in the first square, the dianmeter of the large hole
i< used 1n the case of one large hole and the fictutious diameter in the case of
several large hoies

Calculation of the 1st square.

If we look at the graph 7.10 we find that the distance between the blasthole and
the large empty hole should notbe greater than 1 543 for the opening to be clean
blasted. If the distance is longer. there 1s merely breakage and when the distance
is shorter. there s a great nisk that the blasthode and empty hole will meet.

So the position af the Blastholes in the Ist square is expressed as:

4 =150

Where i = C=C distance between the large hole and the blasthole
¢ = diameter of the large hole

In the case of several targe holes. the relation is expressed as:
a =15D

Where o = C=C distance between the center poamnt of the large hotes and the

biasthole
! D = fictitous diameter

Charging of the holes in the Ist square.

The holes closest to the empty hole/s must be charged carefully. Too low a
charge concentration in the hole may not break the rock. while too high a charge
concentration may throw the rock against the opposite wal of the large hole with
such high a veloaty that the broken rock will be recompacted there and not
blown out through the large hole Full advance is then not obtained.
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Charge concentration

© o0 oo

The requisite charge concentration for diticrent C—C distances between the
large hole und the nearest blusthole/s may be found 1n graph 7.10 for diterent
lurge hole diameters. The normal relauon tor the distance is a=1.5 Q. An
merease in the C—Cdistance between the holes will cause subsequent increment
of the Lhart,c concentration, :

The cut s often somewhat overcharged to compensate for error in drilling which
may Cuuse too small an angle ot bl’Ldl\dbL Howcever, too high a charge con-
Centralion may cuuse recompaction in the cut.

Calculation of the remaining squares of the cut.

The caiculation method for the remaining squares of the cut is essentially the
sume as tor the Ist square. with the difference that the breakage is towards a
rectangular opening mstead of a cireular,

As 13 the case of the Ist square, the angle of breakage must not be 100 acute as
small ungles of breakage can only be compensated to a certain extent with higher
churge concentration.

Normally the burden (B) tor the remaining squares of the cut is equal to the
width (W) of the opening. B=W.
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Fig. 7 13 The required punenum charge concentranton (kgim) and maximum
hurden (m) for different widths of the openime

The chirge concentration ohtaned i graph 7 (2 o that of the column of the
hole In order to break the constricted bottom part. a bottom charge ‘with twice
the charge concentration and a howght of T 5% B should be used. The stemming

part of the hole has a length of 6§ 5%8
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Design of cut.

The fotlowing formulae are used for the geometrie design of the cut arey:

The cut:
Ist square: a= 130

W, = avly
Omm = 76 9 02 127 1354
a4 mm w130 130 190 230
W, mm = 150 130 210 270 320
2nd square: B, =W,

C-C = 1.5W,

W. =1 3W,v2
O mm = 76 89 12 127 154
Wi mm = {30 180 2l 270 320
C-C = 225 270 3 4w 480
W.mm = 320 3a0 44 3ol 670
3rd square: B, = W,

C-C =135W,

W, = 1LIW.\2
O mm = 76 8Y L2 127 134
W.mm = 320 380 40 360 670
C-C = 480 570 600 S30 1000
W, mm = 670 500 930 L[S0 140
4th square: B.i=W,

C=C = 1.5wW,

W4 = 1,5W-‘\¢/7
Omm = 76 By 102 127
W,mm = 670 RU0 93 1180
C-C = O} 12000 1400 17350
W, mm = 400 1700 1980 2400

The above distances apply to 38 mm blastholes. If lurger blastholes are used
which can sccommodate more explosives, the values can be adjusted.

However, anincreased amount of explosives in the cut holes may not increase
the burder 10 any greater extent
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7.1.2 Stoping.
When the cut holes have been calculated. the rest of the tunnel round may be
calculated.
The round is dwided into:
© floor holes
will holes
roof holes
* stoping holes with breakage upwards and horizontally
* stoping holes with breakage downwards

-

-

To calculate burdens (B) and charges for the different parts of the round the
following graph (7.14) may be used as a basts.

7‘

m

1.2

//

Burden

09 , .

0|6 08 t 0 12 14 16 18 20 22 24 26
Charge concentration, |y, kg/m

Blasthole 30 35 38 4 45 48 54
diameter. mm | | ! ] 1 ] I

Emulite 150 in paper cartridges Packing degree 120 kg/hter

Rlaathole 30 3s 38 41 45 48 51
diameter, mm | | | l l ] |

Dynamex M in paper cartridges Packing degree 1.25 kg/liter

29 3z 39 Pipe charge drameier, mm

i
Emulite 150 in plastic tubes

38 41 45 48 511 Blasthole diameter, mm
| | ] I
ANFQ, pneumatically charged

Fig. 7.14 The burden R in relation to the concentration of the bottom charge for
different hole diameters and different explosives
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For Emulite 15010 paper cartndees. the uppermost blasthole diameter table o
used as input data

For Emulite 150 and Dynamex Mo plastic pipe cartnidees. the pipe diameter s
used as nput dita and tor ANFO the lowest blasthole diameter table 1s used s
mput Juta.

When the burden (B). the hole depth (H) and the concentration of the bottom
charpe (L) are known, the tolowing tabic will give the drlling and chareing
geomeltry of the round )

I I Height I Churge j
Purt of bottam concentranon
the Burden | Spaaing | charge | Bouom | Column {Siemming
ﬂmd' in) {n) {in) {kg/m) (kg/m) {m)
Floor IxB I <B 113xH I L.uxl, 0.2xB
Wall DYxB | 1 1xB | LoxH In 04xl, | 0.5xB
Ruat U yxl3 I 1xB l.hxH s U 3xh, {15xB
Stoping |
Upwards | IxB | L1xB | 13xH L, 05xl, | 0sxB
Hornizontal IxB I i=xH i/3xH b 0.5 x1, (0.5xHB
|Downwards T 1xB L.2xB 113xH Ih 0 5x1,, 0.5x8

The design ot the drlling pattern cun now be curnied out and the cut located in

the cross sechion in a suitable wiy

7.1.3 The contour.

The contour ai the tunnel s divided into Hloor holes, wall holes and roof holes.
‘Hhe burden and spaciny tor the tloor holes are the same as for the stoping holes.
However, the toor holes are more heavily charged than the stoping holes o
compueasdle tor gravity and tor the werght ol the rock masses trom the rest ot the
round which luy over them at the msiant ol detonauon.

For the wall and root holes two variants ol contour blasting ure used, normal
profile blusting and smooth blasting.

With normal profile blasting no purticular consideration s given to the appear-
anee and condition of the blasted contaur The same explosives asain the rest of
the round are utihized {but with g fesser charge concentration) and the contour
holes are widely spaced. ‘The contour ot the tunnet becomes rough, irregular and
crucked The smooth biasting techmque has been developed to obtamn a
sioother and.stronger tunnel profile.

Smooth blastung s caurnied out by dnifling the contour holes rather close to cach
other and using weaker explosives (Gunt 17500 mm and Gurit 11 X460 mm
have been specially devetoped tor the requirements ol smooth blasting.)
Smooth Blasung s 1oday u commeon techimque m underground rock excavation
as 1t produces anpels with a regular pronle, requining substantally less rein-
torcement than it normal pronle blasting s used.

Smooth blasting 1s dealt wath i detad 1 Chapter 8.4 Smooth blasting, where
charging tables tor smooth blustung cun be tound
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7.1.4 The firing pattern.

The finng pattern must be designed <o that cach hole has free breakage. The
angle of breakage is smallestin the cut area where rtis around 507 In the stoping
area the finng pattern should be designed so that the angle of breakage does not
fall below 90°
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fig 7 15 Finng sequence for tunncl i numerical order.

[t is important in tunnel blasting to have long enough ttime delay between the
holes In the cut arca. the delay between the holes must be long enough to aliow
time for breakage and throw of rock through the narrow empty hole. Htis proved
that the rock moves with a velocity of 40 o 60 meters per second. A cut drilled to
4 m depth would thus reguire a delay time of 60 to 10 m« to be clean blasted.
Normally delav times of 75 to 100 ms are used in the cut

In the first two squares of the cut only one detonator of cach delay should be
used. In the following 2 squares two detonators of cach delay may be used. In the
stoping area, the delav time must be fong enough for the movement of the rock.
Normally the delay time 1s 100 to 500 milliseconds.

FFor the contour holes the scatter 1n delay between the holes should be as small as
possible to obtain a good smooth blasting effect. Thercfore, the roof should be
blasted with the same interval number, normally the second highest of the sertes.
The walls are also hlasted with the same pentod number but with one delay lower
than that of the roof.

Detonators far tunncling can be clectrnic or non-clectric,

The eleetric detonators are manufactured as MS (nmullisecond) and HS (half-
second) delay detonators, -
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The non-electric detonators are manufactured as dect-second and haif-second
delay detonators,

Recommended detonators for tunnehing:

Clectric detonatons:

Interval No. Delay time
VA/NS 1 25 ms
VAMS 4 W ms
VA/MS _7 175 ms
VA/NS 10 250 ms
VAINS R} ) 325 s
VAMS 1o 30U ms
VA/MS 18 430 ms
VA/MS U SO0 ms
VAJHS 2 1.0 sec
VAILS 3 1.5 see
VA/HS 4 2.0 sec
VA/HS 3 25 sec
VAJHS 6 30 see
VA/HS 7 3.3 e
VAJHS 8 4.0 sec
VAHS Y 45 see
VA/HS 11 3.0 sec
VA/HS 1 55 sec
VA/HS 12 6.Usec

The MS and HS series wive 19 penods which is suthcient in most cases, The
VA/NS und VAZHS detonators may be used in the same round, as the electric
characteristics of the VA detonators are the same, independent of the delay
timgs.

Recommended tegwire lengths for a4 m hole depth are 5.0 and 6.0 m.

Nun-clectric detonators:

Interval Delay time Deluy ume
numbers between
. intervals
Nonel GTT U 25 ms
Nonel GT/T 1—-12 W0-1200 ms 100 ms
Nunel GT/T 14,16
18, 20 1400 =200 ms 200 ms
Nonel GT/T 25,30, 35
4,45, 30
535,60 2500 -6t60 ms SU00 ms

Thas tunnel series gives 25 ditterent periods und is thus even more versatle than
the clectne tunnel seres,
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7.1.5 Cuts with angled holes.

The V-cut.
The moust common cut with angled holes s the Vecul.

A certin tunnel width s required i order to sccommuodaie the drilling cyuip-
ment. Furthermore, the advance per round mereases with the width and an
advance ot 45 10 50 ‘¢ of the tunnel wadth 1y achievable.

The angic ot the cut must not be to acute und should not be less than 60°, More
acute ungles require higher charge concentration in the holes.

The cut normally consists ot two Vis but in deeper rounds the cut may consist of
triple or guadrupte Vis

Each Vo the cut should be fired with the sume interval number using MS
detonators to ensure coordination between the blustholes with regard 1o break-
age. Ax cach Vis blasted as an ennity one after the other, the delay between the
ditterent Vos should be inthe order of 530 ms to allow tme tor displacement and
swetling.

Fre 7018 V-cus
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Recommended tube lengths for bunch hlasting with Nonel are 60 to 7.8 m
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Fig. 7.17 Txypical firing patiern for VAIMS and VA/HS detonators.

In the dth square of the cut. four units of VA/HS interval No. 4 are used. This is
made possible by wide range of scatter (£200 ms) within the interval for HS
detonators. :
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Caleulation of the V-cut.

The following graph (7 19) gives the height of the cut {Cyand the burdens B, and
B. [or the cut.

£19

51 7 .—ﬂ.’!L—,
b Height of the cut C sl

@15 ) ] 7

Burden tor the cut holes By

13
i i —— )“
a9 rd_._._ Burden for the -
| :

o7 easer holes By
05 l

o6 o8 1.0 12 14 16 28 20 22 24 2.6
Charge concentration. Ib, kg/m

Biaathole 30 as 38 41 45 48 51

diameter, mm | : .

Emulite 150 1n paper cartridges Packing degree 120 kg/liter

Blasthote 30 as 38 41 45 48 51

diameter, mm ' , ! !

Dynamex M in paper cartridges Packing degree 1.25 kg/liter

29 az 39 Pipe charge diameter, mm
1 | '

Emulite 150 in piastic tubes

38 a1 45 48 51 Blasthoie diameter, mm
! | t !

ANFQ, pneumatically chatged
Fig 7.19 The hurdens B,;. B.and the cut herght Cin relation to the bottom charge

for different blusthole diameters and different explosnes

Charging the cut holes.

The charge concentration in the bottom of the cut holes (1) can be found in
graph 7.19.

The height of the bottom charge (hy) for all cut holes i

1
h, =— x H where H = hole depth (m)

3
The concentration of the column charge (1) is:
1. = 30 to 50 % of |
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’l'hé uncharged part (stemnung) of the holes wy the cut (h,) is:
h, = 03 x B,

The uncharged part for the rest of the cut 1s:

h, = t}3 x B,

Forthe rest of the round. the method of calculation s the same as that in Chapter
7 1.2 Stopng.

The fan cut.

The fan cut 1s an other example of
angled cuts. Like the V-cut. 4 certan
width of tennel 1 required to accom- N
modate the drnfiing equipment to at- j o

twn acceptable advance per round

Po Hoboo

The principle ot the tan cut s to make
a trench Like opeming across the wn-
nel and the charge calculauons are
sinmilar tu those o Chapter 3 6 Open-
ing the bench. Due to the geomel-
rical design of the cut the constriction
ol the holes s not lurge. making the
cul casy to blast

he drilling and churgimg ot the holes
are simdar o thut of the cut holes i
the ¥V-cut

Fig 7.20 Fan cut.
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7.1.6 Exuample of calculation.

The project 18 a 1.4 m long road
tunnel with a cross section arca of 88
s(.m.

A blasthole diameter of 38 mm is
chosen as the tunncl contour is to be
smooth blasted A larger blasthole
diameter  might cause  overbreak
from the stoping part of the round.
The drilling equipment 1s an clectro
hvdraulic jumbo with 43 m steel
icngth and feed travel of 39 m
The expected advance 1893 7™ of the
blasthole depth.

The explosive s Emulite 130 ¢n 29
and 25 mm cartndges for the cut.
stopmg and floor, Gurit 17500 mm
in plastic cartnidges is used for the
“contour, Noncel GT/T 1< used for int-
tiation

To artain an advance of more than
90 7 of the blasthole depth, 3
Farpe hole drameter of 127 mm should
be chosen,

2x 89 mm large holes can he an alter-
native.

Um.a

Ist sguare.

The distance from the center of the
Large hole to the center of the closest
hlasthole is;
a=15¢
a=15%x127 =

The width of the Ist square is:

190) mm

W, = aVv2
W, = [90V2 = 270 mm

The requisite charge concentration
for the holes in the Ist square 1s 0.4
kg/m of Emulite 150. For practical
recasons Emulite 1n 25x 200 mm cart-
ridges are used giving a chirge con-
centration of (.55 kgim,

A
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An overcharge of this magitude
does BOl cause any inconsyenience
Lhe uncharged purt of the hole
cqual to the C=C distunee h,=u
‘The churge ot the hote ts the lengih ot
the charge H-h, tumes the actual
charge concentranon

Q= I (H-h,
Q =035339-102)
Q = 2.0k

Key data for the Ist square:
a=019Ym

W, =u027m

Q = 2.0 kg.

2nd syuare,

The blasting ot the Tstsquare created
anoperng ot 0.2720.27 m The bur-
den i the 2nd square is equal 1o the
width of the opemng created

B, =W,

B, =0.27m
-0 = 1AW,
C-C =040m
W. = | 3W VD
V7. = th 36 m

The requisite charge concentration
for the holes an the 2nd squire o
approx. 0 37 kg/m.

Emulite 130 yn 25x200 mm paper
cartridges s used making the pract-
cat charge concentration 0,35 kg/m
The unchurged part ot the hole s
0a3x13

Q = I1(H-h,
Q=0339-u13)
Q = 2.0 kg

Key data for the 2nd syquare:
B=027m

W, =036 m

Q=20kg
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Ard square.

The opening has prow  a width
W=} 56 m. The burden Bascgual to
W.,

l;_‘ = \\r”:

B. =05 m

C-C = 1.5W,;

C-C=08m

W, = | SW.T

W= 118m

The requsite charge concentration is

approx. (} 65 kg/m. Now the 25200
mm cartnidges do not prosvide suffi-
cient Ch;lrgc concentration to ensure
breakage
Emulite 156 must be used unless the

A darger dimension of

cartridges are tamped

Emulite 29x200 mm  in  paper
cartridees grve a charge concentra-
tion of 09t kae/m The bole will thus
be overcharged

The uncharged part of the hole s
(1.5xB

O = L =h)

Q= o3 0-0 3

() = 3.2 kg

Kkey data {or the drd square:
B =056m

Wy= 1.8 m

Q= 32 kp,

Jdth square.

The width of the opeming is now | IR
m. If B is chosen cqual to W, the
burden will he greater than that of
the stoping part of the round There-
fore. the burden must he adjusted to
that of the stoping part and the
charge calcutations are made as for
stoping holes.

The burden 1s chosen (rom the graph
7.id to 1.0 m,
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The charge concentration ot the
bottom charge 15 found in the same
graph to be .35 kgrm.

From the adjoimng tuble the charge
of the hole can be calculuted,

L =133 kg/'m wRE g

= -t alty n

h[, = l;:’iil e Dufife 1 S0 1dhy Tk Hotam o 11 Sletmnut.
. ot o wry “ - iy

hh = U33X3 Y st [ ) 3 - e
Ao vy B R v VTR

ho = 1.3 m Fun er b 11 du- .

. o ol g

Qh = Ehxhh LOmalds oy 1" 1§ - U3 L 0> @
-. - .t t RETI IR . 83r  un u

Qh = 1.33x1.3 [P U N 1ty 4 O wa oo

Qo = 1.75 kg

In the bouom charge LEmulite i
paper cartridges with 29 mm dia-
meter s used and tumped weld

The column charge 15:
= 0 3xl,

= 1.5x1.35

= .67 ky/m

——
(|

The product with dimensions closest
to this s Emuline 130, 29X 200 mm
wilh un | =0.90 kgrm

Pracucat | = 090 kg/m
h, = .58
h, = 0.3x1.0=03m
h, = H=h,—h,
h, =39-13-03
h, =21m.
Q. = L.Xh,
Q. = U09ux21
Q. =1Yhg
Qe = O +Q,
O = 1L75+1 Y
Q. = 3.65 kg

i

Key data for the dth square: R ®
B=10m —_— e
W,=22m

Q = 465 kg.
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After the cut has been designed. the

rest ol the round s ealculated. \:/ TR
! |

. " M ¥
This is most simply done 1 the fol- ‘ 5 s
lowing order: N N
I Floor holes. / \\} <
2. Wall holes N T .
3, Roof holes. - —- " -
3. Stoping. upwards and horizontal, I

g downwi R IR

5. Stoping downwards - . -

The reasen for starting with the pe-
nmeter holesis to deciede the burdens
and spacings for the outer bounda-
nes of the round,

When these calculations are com-
pleted the cut and the stoping holes
mayv be located i accordance with
the paramceters which applv to them. &

T 3
| j
1. The flonr hales. By f ' | : ;
In the calcufation of all perimeter T I i | i
holes, the Plook-out® has to be taken . o b :
into account, As mentioned carhier. e O S
the “look-out™ should not exceed 100 " l . <. .
cm + 3 cmim of hole depth, Inthis = el Rk B TR
cusc the “look-out” should be limited .1, - v v

! b1 1 L

Sarinanr e Pacaing ageas 179 BgIlrer

to 20 cm.

Fhe horden is 1.6y m according to the P —

graph and the spacing is |1 xXB. T T e

Due te look-out”. the holes above | T

the floor holes are set out 0.8 m abo- TR e e e Tareen

v the floor. The spacing is 1.1 m.

Bottom charge:

I = 1.35 kg/m

hy, = 133 oi=]13nm

Qu = 1.35x1 3=1.75 ke o g

Column charge: ot T S pheae e .Cl:':':." R

lo = b= 135 ke/m oSN S B A B

b, = 0.2xB=02m P

h, = H—h,—h,=2 4 m e S B B
Dhrvitig, 1ren ] Yo [T [ LI ns A

Q. = 1.35%2.4=325 kg

Total charge:
Q= 175+3225=50kg

155



hey data for floor holes:

Bb=10m
S=1.1m
Q = 5.0 hg.

2. The wall holes.

In thus puarticulur case the walls are
very low und do not make a4 good
exampic tor the design ot the dolling
and chargmyg pattern

The drdling pattenn s taken trom the
smooth blasting tublc and the burden
i chosen o U 8 meand the spaaing 1o
0o m.

The uncharged puit ot the hole
4 2m

The charge concentration tor Gurit
17300 mm s U023 hgem “The holes
will be charged with 7 tube charpes
aid b ostick ot Emuiize T30 25 200
mm an the bottom.

Botom charge

Column charge

Q. = 7xXU 115=0 351 kg

Total charge.

Q = 011+0 81=0.92 kg

The “look-out™ has to be considered.
so the burden to be sctout o the tace
15 U.8—0.2=0 6 m.

Key duta fur the wall holes:
B=08m

S=0.6m

Q=092Kkg

i56
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3. The roof holes.

The conditions for the roof holes are
cqual to those of the wall holes The
hurden 1s chosen to 08 m and the
spacing to 1 6m

The charge concentration is the same
as for the wall holes

The “look-out™ mist be consdered
in this case as well

Key data for the roof holes:
B=08m

S=06m

Q =092 kg.

4. Stoping upwards and horizontally,

The stoping holes are caleulated in a
simedar way to the floor holes but less
cxplostves are needed  While the
floor holes must he charged (o com-
pensate for gravity and heavage of
broken rock, the stoping holes ¢an
normaly contiim less explosives as
the direction of breakage s horizon-
tal or close to honzontal

Charge: Bottom, tamped Emulite 29
mm. =1 35 kg/m.

Charge: Column, Emulite 29 mm in
paper cartridges with [ =090 kg/m

The burden Bas 1.0 m. according to
the graph 713

The spacing S will be 1.1 m according
¢ adjoming table.

Bottom charge:

In = 1.35 kg/m

h, = 1/3x3.90=1.30m
On = 1.35x1.3=1.75 kg

Column charge:

L = 090 ke/m

h, = 0 .5xB=05m

h, = H-h.—-h,=2.1m
Q. =090x2.1=1.0 kg

Total charge:
Q=175+t 9=365 ke
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Key data for stoping holes upwards
and horizontal:

B=10m - . .
- " Char
5 =1.lm | Pari ol H ‘ : u;z:: : :on-:a:cg:m ' '
— . Burown W < ¥ r Battom |, Cuwimn Slemiming
Q - 3'65 kg L:i:uq , \r: _Ebﬁ‘:\.»‘gi_ U":mgﬂ lngl.‘?nl ! lll;'n_l ' lenm_. “’t
Faw (] {ll-B!IJAH: Iy E“}“t PRI
| ¥ D098 5 11aB g 1GeH D gy Q3e 1 0508
| Moot V09eB i 11aB L 16 o 03-g + D5:8
! Slagnirg ! i ! ! |
(Vomargs 18 11eB | 13eH g 055 § 058 °
ronzonta . 1.8 D 11eB 1 13em |y [ Dbey ' 05.B
W lumiwaras, 108 1208 M3eMr oy 08y 10308
5. Stoping downwards.
The design of the dnlling pattern for ..
stoping downwards 1s similar to stop- e o o '. .
R . R . . . .9 = .
ing in u;hclr dlrectlon§ with the ditte- e ¢ o o o
rence that larger spacing m - -
ger spucing may be per e o * o 9 s o
mutted. The charge of the holes is the o ' o
. . - ] L] L ] @ b
same in all stoping. : * *T.% :
o1l o

. . 2 o o o *°
Key data for stoping holes down- T T120 ) o
wards: Tt A T

B=10m P i |
S=12m HEE S
Q = 3.65 kg
SUMMARY

The round consists of 127 blastholes with 38 mm diameter and 1 large hole with
127 mm diameter.

The round is charged as follows:

Part of the  No. of Kind of explosive Weight per Total
round holes hole
(kg) (kg)
Cut

Lst square 4 Emulite 150, 25 mm 2.0 8.0
2nd square 4 Emulite 1530, 25 mm 2.0 8.0
3rd square 4 Emulite 150, 29 mm 3.2 12.8
4th square 4 Emulite 150, 29 mm 3.65 14.6
Floor holes 12 Emulite 150, 29 mm 5.0 60.0
Wail holes ¥ Emulite 150, 25 mm 0.11 0.9
: Gurit 17 mm 0.81 6.5
Roof holes 30 Emulite 150, 25 mm 0.11 33
Gurit 17 mm 0.81 243

Stoping: , .
Upwards 8 Emulite 150, 29 mm 3.65 29.2
Honizontal | 16 Emulite 150, 29 mm 3.65 58.4
Downwards 37 Emulite 150, 29 mm 3.65 135.1
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Consumption per round: Emulite 150
Emulite 150
Gurit
Nonel GT/T

25%200 mm 201 ke
. 29%200 mm 3101 kg
30.8 kg

127 units

The expected advance per round 1s over 90 2. [t is assumed to be 3.55 m.

RIS

Specific charge: —————
1.85xR8.0

= 1.16 kg/cu.m,

Fxplosives consumption for the whole project:
Number of rounds: 1500/3,55=425"
Consumption of

Emulite 150, 25X200 mm  20.2x425

approx. 9 tons

—-e 2 P
®0 u.O.u e

L]

e 2

12

Fmulite 150, 29X200 mm 310.1X425 = approx. 132 tons
CGurit 308X 425 = approx. 13 tons
Nonel GT/T 127X 425 = approx. 54000 units.
&5 %S 55Ty 0
» L)
. 35 . 0 50 78S
. 59 ha 4.0 4. 055 J/
A R 5 8 55 _
e . . . . - RERAY / o8
S % & ® m» 30 35 a4 s0-3% -
5e // 5 ~
L] » L] L] L] L]
% % % 35 0 % X748 &7
/. 7 50 12
9t s T o4 T 28 48'S
50 ~ —~ 50
L] 4 L] L3 -
w0 "0 "0 % To 2, 8 /2:/30‘0 54
o35 25 B e ‘,‘3/,}35‘5’6
a5.80 L0 20 e Ut 10, 16,720, 30, 40 ..
60 % 5 55 55 55 &5 55 55 §5 5 6
A < A A A

Fig. 7.21 Drilling and firing pattern.
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7.2 Shafts.

tn minming, shafts form a system of verucally or inchined passageways which are
used for transportation of ore, refill, personnel, equipment, air, electricity,
veatilution ete.

In underground construction, shafts are driven for the building of penstocks,
cuble shatts, venulation and elevator shutts, surge chambers etc. In addition,
shatts are driven as “glory holes” for trunsportation of matenial which 15 not
uccessible by other meuns than verucul or close to vertical tunnels.

Shafts are either dnven downwards, sink shalfts, or upwards, raise shafts.

tig. 7.22 Typical tunnel sysiem in u hydroelectric power plant.
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7.2.1 Sink shafts, )
Sink shafts are passageways sunk from the surface downwards or underground
from one level to a lower one. The majority of the sink <hafts are driven
vertically.

.Shaft sinking is one of the most difficult and risky blasting jobs as the work areais
normally wet, narrow and noisy. Furthermore, the drilling and blasting crews are
exposed to falling objects.

The advance is slow as the rock has to be removed between each hlast with
special cquipment which has limited digging capacity. The blasted rock must be
well fragmented to suit the excavation equipment.

The design of the cross section of the shaft principally depends on the quality of
the rock. Nowadavs most of the shafts are made with a circular cross section
which gives better distribution of the rock pressure. thus decreasing the need for
reinforcement. especially in deep shafts.

The most common drilling and blasting methods are benching and blasting with
pyramid cut.

The henching method is a fast and efficient method as the time-consuming
cicaning of the floor between the biasis can be minimized. Tt s also easv to keep
the shaft tree from water as a pump can alwavs be placed in the lower blasted part
of the shaft. The dniling and charging pattern is similar to that of smaller surface
blastings.

The burden and spacifg vary with the hole diameter but the drilling pattern is
morce closely spaced than for surface blasting due to higher constriction.

J ,
{ K. (7

7 ;

7 ”/
ﬁ .
/ /

V.

y

7

y

Fig. 7.23 Shaftsinking by benclung.
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Fig. 7.24 Shaft sinking wuh pyramid cul,

Shaft sinking with pyramid cuts 15 simifar 10 tunnel blasting with V-cuts. The
drilling 15 done with & "dnll-ning” which is composed of a arcular [-beam 1o
which the drilling machines are fixed. The "dnil-ring™ may be fixed to the shuft
walls with bolts. Due to the construction of the “drill-ring™, the cut will be
conical,

The explosives used in sttt sinking must always be water resistant. Even if the
ground b dry, the flushing wuater from the drlling will always stay in the
blustholes.

For this reason explosives with excellent water resistance properties are pre-
ferred. Emubite 1530 and Dynamex M ure eusily tamped to utilize the hole volume
well, thus decreasing the number ot holes and the drilting and charging time.
The specific charge in shaft sinking is rather high, ranging from 2.0 kg/cu.m, to
4.0 kg/cu.m.

The inination of the blast may be done with eiectric detonators or non-¢lectric
detonators. As a sink shaft s a small conhined area, thunderstorms are a
particulur hazard as stray currents tend to be trunsmitted down the shaft on pipes
und cables. To uvoid problems with evacuation of the blasting crew during a
thunderstorm, NONEL detonators should be used.

7.2.2 Raise shafts.

The drifting of raise shatts — shafts which are driven from blasted underground
chambers or tunnels. vertically or inclined upwards — is one of the most difficult,
most costly and most dungerous undertahings in mining and construction.

As the drifting of raise shafts hasincreased in the world, new methods have been
developed to make the work more mechanized, cheaper and safer.

Ruuse shafis were drfted in more or less the same way for decades unul the
1950's when new types of raise shalt elevators were tuken into use.
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Various raise shaft drifting methods where blasting is part of the method,

Older methods;
* Timhered shafts
* Open shafts

Modern methods:
* Boliden elevator tvpe Jora
* Alimak Raise Chimber
* Longhole drilling

To start with the older methads. the timbered shaft method was the most
common method in Sweden until some 40 vears ago and is still occasionally used
for shorter shafts. The raise <haft 1s driven vertically and divided into two
sections by a umber wall which is
extended before each blast. When
the round is fired. one section is filled
with rock. The blasted rock will then
act as a working platform for the next
round. Tn order to mamtain the
working height at the face some rock
has to be excavated after each blast, )
The second scction is used as a lad- A
derway and for transportation of l
cquipment. drill steel. explosivesand
timber The ventitation is also placed
in this section which is covered dur-
ing blasting.

Timbered raise shafts have been

1 H
\
ETTE P LT 1L NS
; fsif

driven up close to 100 m, but normal- y

Iv the maximum height should not g

exceed A m. The cross section area is :"3
R v v

usually 4 sg.m. and the advance per Wit

round approx. 2.2 m. - 7

Fig. 7.25 Timbered raise shaft.

The timbered shaft method was replaced by open shaft methods when the cost of
timber became too high. In one of these methods a working platform of planks is
laid on tmber which is supported by bolts in the shaft walls. New bolt holes are
drilled in the shaft walls when the round is drilled so the platform can be moved
upwards as the work proceeds,

Another open shaft method is to use steel tubes instead of timber. The steel
tubes are bolted to the shaft walls and the tubes support the platform. '
The open shaft methods are rarely used and when used. only for short raises, up
to 25 m. From a safety point of view none of the open shaft methods is to be
recommended. -

The cross section is normaliy 4 sq.m. and the advance approx. 2.2 m.
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The JORA lift method.
Raise shatting using a hft cage hanging on 4 wire which runs through a lurge
drilihole has been used 1n Sweden and other countries since the 1940’s, but it was
not until the 1950’s when Boliden AB developed the JORA lift, that the method
came into wider use.

A large hole, diumeter 110 to 130 mm, is drilled from an upper level in the center
of the intended shaft. Through the hole a wire is sunk down to the lower level and
a working platform with a hit cage is fustened to 1. By a lifting gear the platform
is cievated up to the shaft fuce by
remote control from the lift cage,
The drilling and charging are carried
out from the platform on the top of
the ift cage and some scaling cun be
done from the cage with the protec-
tion of the platform. During the scal-
ing, drdling and charging operations
the platform s fixed with bolts 1o the
shatt wulls. Before blasuing the plat-

formis lowered down and placed ona 7 %,

sledge like vehicle and towed aside. y %

The wire is hifted up through the large i

hole betore blasting. The large hole is % % |

used as cut hole in the bl_asting of the 2 co 7, v

round. Duetothe large size of thecut (.- Y © = L O
hole, advances of up to 4 m ure ob- 77777 77 /7
tained. The area is approx. 4 sq.m. ' ;| /

and the maximum height is {0 m. In
this method it 1s necessary to have ~——-
tree space above the shaft for the

dnlling of the large hole and for the WWWWW
placing of the lifting gear. Fig. 7.26 The JORA lift.

The ALIMAK Raise Climber.

The Alimak ruise shatt dniving method was introduced in 1457 and became the
most utilized system in the world because of its flexibility, safety, economy and
speed.

The equipment consists of a raise climber with a working platform, which covers
practically the entire area of the shaft. Under the platform there is a cage for the
transport of personnel, matenal and equipnient. The raise climber is propelled
by a rack and pinion system along a special guide rail. The rail system incorpo-
rates a tube system for the air and water supply to the drilling equipment. The
systemn also provides air tor the blusting with NONEL and 1o venulate the rase
after the blasting.
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The platform is equipped
with a protective roof under
which the biaster stands dur-
ing scaling and drilling op-
erations. If the inchination of
the raise shaft is 60° or less
the scaling mav be done
gradually durmg the ascent
under the protection of the
previousiy scaled hanging
wall.

The Alimak method can be
used for vertical as well as
inclined <hafts, The lower
fimit of the inclination de-
pends on the angle of repose
of the rock.

Unlike other modern meth- ,
ods for raise shafting, the . ‘
Alimak needs only one point Fig 7.27 The ALIMAK Raise Climber.
of attack. the lower one. The

upper break-through point may be prepared while the raise is driven.
The lengths which may be dniven are only limited by the tume which is at the
blasting crews’” disposal for ascent, scaling. drilling. charging. descent and blast-
ing. For an R hour shift, the upper limit should be around 2 (00 m. The lengths
are also limited by the tvpe of drive. The air-driven raise climber may be used for
up to 150 m shaft lenath, electric drive up to 900 m. For longer shafts diesel-
hydraulic driven climbers are used. -

The areais normally 4 sq.m.. but inclined shafts have been driven full face upp to
36 sq.m.

Drilling and charging patterns are the same for all above mentioned raise
shafting methods. Normally a raise shaft of 4 sq.m. is driven upwards and then
the shaft is stoped to 1ts final area. However. sometimes the shaft is driven
“fullface” and as mentioned earlier arcas up to 36 sq.m. have been successfully
hiasted.

The drilling and finng pattern for a rase <shaft does not differ from that of a
harizontal tunnel of the same size.
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The Alimak work cycle:

Drilling:

The drilling and charging 1s carried
out from the raise climber’s plattorm
under a specially designed protective
roof. Both air und water to the dnll-
ing machines are supplied through
tubes in the guide rail sections,

. \\\‘\\.\:\‘

R N
Ao N

Blasting:

After dnlling and charging the
round, the raise climber is driven to
the bottom and under the roof of the
drift. Dunng the blast, the climber is
therefore well protected from fulling
rock.

Fig. 7.28 The ALIMARK work cycle.

Ventilation:

After blasting the raise is venulated
and sprayed with water. The top of
the guide railis protecied by a header
plate which also acts us a water diftus-
er duning the venulation phase.
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Scaling:

Scahing of the roof and walls of the
raise is done from under the protec-
uve roof which gives the workmen
good protection.



Generally large hole cuts are used and the design of the cut varies with the
diameter of the large hote. (See 7.1.1 The cut. in Chapter Tunneling.)

The normal hole depthis 2.4
in and the expected advance

2.1to 2.2 m. \Lf ~

The drnlling is done with r e

; . 18 1 18 20
stopers, which are designed 0 T
for raise driving, overhead Al
drilling and roof bolting or . 2 2
drilling machines with jack ),1
legs .
For the blastholes drill series 16 T2 0 12 1
11 (34 to 32 mm) s used and o e®
the large hole diameter is 2
normallv 75 mm. * .0? 1 ae
For the stability of the walls hN RN k<
and to avoid overbreak. the
walls of the raise are normal-

ly smoothblasted. . The | > — mJ
smooth blasting method is <

also used if the shaft is to be
widened at a later stape in
order to avoid excessive sca-
ling and to decrease the nisk
of rockfall.

Fig 7.29 Drifling and firing pattern for 4 sq.m.
raise shaft

A normal pilot shaft has an area of 4 sq.m. Normally one round is drilled and
hlasted pershift with an advance of 2 2 m. Working 2 shifts per day, the advance
should be 4 4 m but taking disturbances in the work cycle into account, the long
term advance is approx. 3.5 m/dav or 70 1o 90 m per month.

Shalt raising by long hole drilling,

In this method. all drilling is done downwards with parallel holes and the whole
arca is drilled at the same time:

Great precision in drilling and charging is a must and the lack of precision has
carlier limited the practical height to 25 to 30 m. Now. with new drilirigs e.g.
Atlas Copco Simba. the drilling can be carried out with great precision in any
direction from vertical to S0°. With the Simba the deviation can be kept under
0.5 % for holes up to a length of 50 m

The long hole drilling method is also advantageous from a safety point of view as
all drilling and charging work is carried out from a safe focation.

Two different cuts are used:

— large hole cut (blasting towards a
large holce).
— crater cut (blasting towards the
lower free face of the raisc).
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Fiyg. 7.30 Srmbu.

The lurge hole cut came first and is sull the most common one.
The drilt holes 1n the round have o diameter of 30 1o 75 mm and the central large
hole is reamed to a diameter of 102 o 203 mm.

.T — 67 = ="
14 111 95911 14
B 8
12 110 —-;\ 10|12

~
-1

~d
L i-

| 1
Large hole 153 mm ke
Blasinoies 64 mm l
Fig. 7.31 Firng sequence for 4 sq.m. Fig. 7.32 Round sequence for raises
raise. with lurger cross seciion.
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The design and charging of the cut follow the same principles as deseribed in
Chapter 7 11 Tunneling. The cut. The firing sequence depends on the faulty
drilling so the hole with the smaiiest ical burden is fired with the lowest period
numbcr. Tt is thercfore necessary to map every hole with regard to the faulty
drithng.

The chirging s done from the upper level. A picce of wood is lowered down
on a rope and when the wood passes the lower mouth of the hole the rope is
tichtened and the piece of wood forms a plug for the lower part of the hole, The
charges are lowered to the bottom of the hole. The hole should not be stemmed
as the stemming mav sinter and block the hole for the sihsequent tlast. The
holes may be relatively overcharged compared with a tunnct cut as the charges
are not confined at either end. Furthermore. the blastholes are normally of
larger diameter than those used in‘tunnels. The risk of recompaction of the rock
in the cut scction can be considered as low even if the holes are considerablv
overcharged.

Crater hiasting,

The blasting of a long hole drilled raise can also be carried out towards the free-
lower surface of the raise with a crater cut. No large diameter center hole is
needed but the hlastholes normally have a larger diameter than in the previous
method. The crater blasting method s used only for the cut section to opena hole
of apprex. | sq.m., then normal stoping will follow,

The crater cut consists of five holes. nne center hole and four edge holes. The,
center hole is blasted first whereupon the cdge holes are blasted one by one with
different delays.

Before charging, the holes are
plugged with a piece of wood which is
lowered down from the upper surface
on a rope and sccured to the lower
rock surface. The hole is then filled

Waoter stemming

4 [

with sand to the calculated level of “ h %‘;
the cxplosives charge. The charge 0 S r 1
shoukd have a diameter close to that Fitting JL| + . I
of the hole. 2 :‘g't
The charge is then stemmed with :
water. (Any other stemming may Hoa
sinter and block the hole, making Wooden plugt” .
subsequent blasting operations im- AN
possible.) d N
The requisite charge weight and . . e
depth of the charge are calculated \ ;S
from Livingstone's theories as fol- ”

7
lows: Ne

Fig. 7.33 Drilling, charging and firing
pattern for crater cut.
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1. The length of the charge shall be 6 umes the blasthole diameter.
1= 6xd (mm)

2

. The optimum depth of the charge 1s 50 %6 of the critical depth.
‘ Lupl = U.SXL”,, (mm)

3. The critwwal depth depends on the charge weight.
L. = SxQY {mm)
where § = the strain energy factor approx. 1.5 (depending on the
eaplosive usced and the type of rock)
Q = charge weight 1n kg.

3. The charge weight s then

Ixdxwxp N
= (kg)

Q

“

where p = charging density (1.2 kg/liter for Emulite 150 and
.35 kg/hiter for Dynamex M)

5 The optimum charge depth is then related to charge weight, explosives
density, blasthole diameter und strain energy factor as follows:
o 3 /3 xaxd -
[ =05%x5 X — xdx 10 (min)
The erater theory is vahid only for the center hole. The charge of the edge holes is
placed so that the burden 1s less than the charge depth of the crater hole. The
charge depth megeases with [U 1o 20 em between cuch hole.

: By ipe
l hi
‘ i‘"".i"_j
.fi i:_.rn‘ i
A ;!ﬁ'f’_i
gL
- T
[EeA! e bl
] 1 .k
] . /’ . .{_'_). .
o ./’/

Fig. 7.34 Compuarison of crater cut and stundard lurge hole cut.
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The advantages with crater cut compared to large hole cut are:

1. Lower cost for drilling and explosives as tess holes are drilled in the cut. The
same hole diameter is used in all hotes.

-2. Drilling precision is not as essential as for large hole cuts.

3. Simpler blasting practice with less need for well trained personnel.

The disadvantage with the crater cut method is the relativelv short rounds that
may be shot cach time

7.3 Underground chambers.

The military defense forces started early to utilize solid rock for constriction of
fortifications which pave many advantages over surface construction. Solid rock
15 difficuit to penetrate and underground chambers are difficult to discover and
easy to guard.

The ficld of application is huge: Protection for guns, ammunition and soldiers.
protection for submarines and smaller warships. storage for material, fuels and
foodstuffs and not least as air-raid shelters for civilians

Oil was initiallv stored in surface tanks. but after WWII storage in unlined
storage chambers has become the most common method. The increased explot-
tation of sub-surface storage has to a great extent been due to the rapid develop-
ment of rock blasting techniques. The increased mechanization of the operations
has resulted in relatively unchanged construction costs over a number of years.
while at the same time the price of tand has increased considerably.
Common to all tvpes of underground chambers is that they ure well protected
from a military point of view. They arc well camouflaged and more difficult to
damage than surface storage facilities if attacked from the air or overland. They
requite httie land: surface space is only necded for access roads, ventilation etc.
From an cnvironmental point of view sub-surface storage is safer. as leakage
does not often occur from underground chambers. Itis safer thansurface storage
in case of fire, as the suppiy of oxvgen 1s often insufficient to allow a bigger fire to
develop.

Underground chambers have many fields of application:

storage for different products
cold storage for food, wines. water. oil etc.
— garages, telephone exchanges, swimming pools
military and civil stores and workshops
air-raid shetters for people

aircrafts

warships

archives
- storage for lightly contaminated nuclear waste
— storage of nuclear residue
— hvdro-electric powerstations

l

Some of the applications mav be combined. In wartime. the space which is
normally used for garages. workshops or swimming pools can be utilized as
air-raid shelters.
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The basis for underground chambers is a qualitative sound rock to build in. Some
economic aspects have to be constdered. lf the chumber is located at 100 shullow
a level, the cost of reinforcing the rock may be high as the quality of the surface
rock is normaltly poorer than rock at deeper levels. However, deep location
results in tong access roads, which may cause problem both during construction
and when the chambers come into use.

From the point of view of rock blasting techniques. the construction of under-
ground chambers does not differ from that of tunnels ot the sume magnitude.
The width of underground chambers cannot be too great due to the inability of
the rock 1o support the roof by its own strength. For o1l storage chambers and
machine halls for hydro-electric power-plants, widths of 20 to 24 m have been
constructed without need tor heavy reinforcement. The hetght of the chambers
may be up o 40 m.

Small underground chambers, with a height of less than 8 m are blusted us
tunnels. [nlarger chambers, the operation hus to be divided into several stages of
drilling and blusting in which ditferent methods are used:

L

pilot tunnel with side sloping
* hunzontal benching
vertical benching.

' 2
' o PN L "
s
PRI
R AN
s S
AN

Fig. 7.35 Drifting stuges in underground chumber.
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The pilot tunnel is drifted at the roof of the chamber to facilitate scaling and
reinforcement. The side stoping to full width is then carrica cut. Scaling and. if
necessary. bolting and shotcreting of the roof are done simultaneously to avoid
future expensive reinforcement work,

Then blasting is carried out in one or several benches, Tt is common for the first
bench to be a horizontal bench utilizing the drilling equipment for the tunnel.
Some rock chambers are also designed in such way that no space is available
close to the wall for the boom of the vertical drilling equipment. The disadvan-
tage with horizontal benching is that the height and depth of the round depends
on the drilling equiptnent. The height is normaliy limited to 8 m and the depth of
the round to 4 m. Other limtation on the blast design is that the blasthole
diameter can rarelv exceed 531 mm.

Excavation of the blasted material must be carried out hetween cach blast.
Vertical benching is the dominant method for benching in rock chambers. The
advantages with vertical benching is that drilling and excavation may be carried
out simuitancously. The bench height may be varied within a wide range and
larger blastholes may be used. often with better cconomy as a consequence, It

horizontal.
The charge calculations for the pilot tunnel. side stoping and horizontat benching
arc the same as presented in Chapter 7 Tunncling, where the side stoping is
calculated-as stoping holes with horizontal breakage and the vertical bench as
stoping holes with upwards breakage.

The vertical benching is calculated in accordance with Chapter 5§ Bench blasting.
If excavation is not carried out between the blasts, the specific charge has to be
increased in order to compensate for movement of rock from previous rounds,
See 3.8 Swelling.

Access tunnels are required for each bench for the transport of rock and
cquipment.

In certain cases. restrictions due to
geological reasons. ground vibra-
tions etc.. may affect the execution of
the work.

In Fig, 7.36 the roof must be bolted
with 8 m long bolts and spraved with
concrete before any side stoping can
be done.

The vertical bench 1s limited to a
height of 4 m which makes it feasibie
to make a raise shaft, “glory hole™,
for the transport of the blasted rock.
The raisc shaft is a fong hole drilled
one. from the upper level and the
biasting <tarts at the lower level. Sec
Chapter 7.2.2.

Fig. 7.36 Drifting stages for machine
hall in hvdro-clectric power plant.
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10. CAUTIOUS BLASTING

. G i!

vy

) -}- % 1 v
Fig. 10.1 Cautivus blusung.

10.1 General.

The development of blasting techniques has made it possible to carry out
advanced blasting operations close to and under existing structures.

In the lust decades, blasting activities in populated areas have increased due 1o
the need tor better communications like metros, tunnels for telephone cables as
well 15 tunnels for water supply, sewerage, electnc cables etc.

Another area of cautious blausting 1s the expansion of existing hydroelectric and
nuclear power plants, where 1t is of the utmost importance that power produc-
tion is not disturbed during the construction period.
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The increased prices of land in urban areas have also made it feasible to utilize
the “below street level™ space for various purposes such as garages. offices.
homb shelters ctc.

In all these blasting operations, ground vibrations and to a certain extent air
shock waves and flyrock constitute a threat to property and life and itis therciore
necessary to control these hazards to avoid damage. :

It 1s primanly the ground vibrations which affect neighboring structures but
special attention has to be given to the possible occurrence of flvrock. which is
the main cause of on-site fatalities and damage to cquipment.

10.2 Ground vibrations.
10.2.1 The theory of ground vibrations.

Ground vibrations are seismic movementsin the ground caused by rock blasting,
miling. traffic, excavation. vihration compaction etc.

Ground vibrations, which are a form of energy transport through the ground,
may damage adjacent structures when they reach a certain level.

Some of the energy released from a blast propagates in all directions from the
hole as scismic waves with different frequencies. The encrgy from these seismic
waves is damped by distance and the waves with the highest frequency are
damped fastest. This means that the dominant frequencies from the blast are
high at short distances and lower at longer distances.

The size of the ground vibrations depends on:

* quantity of co-operating charges

* constriction

* charactenstics of the rock

* distance from the blasting site

* geology of covering earth deposits

"By selecting the right blasting method and correct drilling and firing patterns the
size of the ground vibrations can be controlied.

Fig. 10.2
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Ground vibrations are a complicated type of seismic waves and consist of
different kinds of waves:

* P.wave. The P-wave s Abbreviations:
also called the pnmary or SH = Shear wave, horizontal
compressional wave. [tisthe SV = Sheur wave, verticul

lasiesl wave through the R
ground. The particles in the
wave move in the same di-
rection as the propagation of
the wave. the density of the
material will change when
1he wave passes.

Rayleigh wave
= Compressional wave

-
|

* S.wave. The S-wave s
also called the seconduary
or shear wave. It moves
through the medium at right
angle to the wave propuga-
uon but slower thun the P-
wave. The S-wave changes
the shape of the maternal but
not the density.

Shotfiring
paint

Fig. 10.3 Seismic waves.

The common denomination for P-waves und S-waves is body waves.

* R-wave. The R-wave (Rayleigh wave) s a surtfuce wave which fudes tast with
depth. It propaguates more slowly than the P and § waves and the parucles move
elhptically in the vertical plane und in the same direction as the propagation. At
the surfuce the movement s retrograde 1w the movement of the wave.

The meusuning ot the ground vibrations s usually done at one or several points at
praound level. Fur a totsl analysts, the pructice is 1o measure in three directions:
vertical, longitudinal and transverse. Normally the vertical component is domi-
nant at shorter distunces. It is therefore, usually sufticient to measure in the
verucal direction. For vibration analysis ot the measured values, the vibration
phenomenon may be recorded as a function ot ume — ume history, Then the
displacement, particle veloaty and acceleration can be recorded.

The busic rule is that the vibration velocity is measured on structures (buildings
ele.) with a peophone and the acceleration on mstailations (computers eic.) with
an acceterometer.

Lf the vibration velocity 1s measured, the acceleration can be calculated and vice
versid. Which of these parameters that s the most interesting depends on the
Jamage criterion tor the structure to be protected. {f this is known, it is normally
sufficient to measure the peak vulue of the desired parameter.

10.2.2 Damage criteria and recommendations,
Experience over many yeurs of measuring has shown that the particle velocity of
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the ground vibrations affecting a foundation constitutes the best parameter for
the risk criterion for damage. A< ground vibrations is approximately a sine
formed vibration. the particle velocity can be calculated in accordance with the
following farmula:

2nfA
where v = particle velocity (mm/sec)

f = frequency (periadsisec)
A =.displacement in mm

-

v

From the above formula, the acceleration of the vibration can be calculated:
a = 4mfFA

t

where a
A

Control of the particle velocity is important, as it has been shown to be directly
proportional to the stress to which the building material is exposed.

The relationship between particle velocity and stress in an ideal case. when a
planc shock wave passes through an infinite elastic medium can be expressed as
follows: .

acceleration in g (% 81 'm/sec’)
displacement in mm

c

t

where v = sheaning angle (mm/m)
v = particte velocity (mm/scc)
¢ = propagation velocity (m/sec)

To rccommend realistic permitted
levels of ground vibrations for butld-
ings. engincers with extensive experi-
ence of rock blasting and vibration
measurement evaluation should be
consulted. Anv restriction in the
form of reduced vibration levels will
increase the cost of drilling and blast-
ing considerably. -
For that reason it is important to start
all blasting operations in populated . Froe blasting

; ft————————t——+—
areas v\.nth an mspgct:qn of surround- 0 @ 2636 50 »0 00
ing buildings. This will be followed Admitted vibration velocity, mm/sec.
by a risk analysis in order to assess

the sensitivity of the bwldings and Fig. 10.4 The effect on cost of differ-

foundations to ground vibrations. ent levels of vibration velocity.

Relative coat
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important parameters are:

Vibration resistance of the building matenals.

The general condition of the buillding.

Duration und character of the ground vibration.

Presence of equipment sensitive to ground vibrations within the
building.

How the foundation is constructed.

The quality of the foundation.

The velocity ot the wave propagation in ruck, soil und construction
material.

The fotllowing table shows the values that are normally permutted und which are
used to evaluate the potential dumage nsk through ground vibration 1o standard

reswdential

housing,.

Although the vibration velocty is stated as the permitted value tt is the sheanng

anele whic

h deternunes the dimensions. The accuracy of the values in the table

has been confirmed by hundreds of thousands of readings over more than 40

yuars.

Vibration velocities normally recommended in appraising ground
vibration damage risk to residential buildings with respect to

the foundation of the building.

Wave 1000= 1500 2U00—-3000 45300- 6000 Result Level at
veloaity  Sand,gravel Moraine  Granite, in c=4500
C clay and  slate, soft gneiss, hard  typical 1o 6000
nyYsec ground  limestone  himestone, housing ny/see.
waler diabase structures
quartzite,
sundstone
Vibration 9 8 35 No 0.008
velocity 13 25 50 visible 0.015
v
MEYSeE 13 35 70 cracking 0.03
Fine
30 35 10U cracks, 0.06
fulling
plaster
7 Notice-
40 80 150 able 0.12
crucking
Severe
60 115 225 cracking 0.25




In the case of older buildings of poorer quality, it is customary to decrease the
permissible vibration veloaity from 70 mm/sec. to 50 mm/scc.. in haildings of
light cancrete it should be decreased to 35 mmi/sec. Conversely. there have been
occasions where velocity values of more than 100 mm/sec. were attmned without
damage to buildings. In the case of individual blasting operations, sturdy con-
crete structures can stand values exceeding 150 mmyscc.

If the limit values in the table above regarding “no visible cracking™ are trans-
ferred into a three-party graph, the curve will look bike in Fig. 10.5 curve 3.
However, in the curve the limit value for buildings founded on rock has been
reduced from 70 mmssee. to S0 mm/sec Curve 3 can be said 1o represent the
recommended limit values for normal residential areas. For frequencies exceed-
ing 40 HZ the particle velacitvis the eniterion for damage but at lower frequencies
the displacement represents the criterion.

The dominant frequencies for vibrations passing through soft kinds of rock,
moraine. sand. gravel, clay etc. are lower than for example granite. Thisisshown
in the above table and curve 3 reflects this for lower frequenctes where displace-
ment is used as the criteion. Curve 2an Fig 1.5 represents values at which
buildings receive direct damage. (Langefors and Kihlistrom, 1967.)

[t must be pointed out that curve 3 only indicates the recommended limiting
vatue and expert judgment 1s needed to determine more accurately which upper
limit values should be set for structures adyacent to blasting operations.
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Criteria for damage and recommendations:

Curve 1: Recommended upper limit for IBM computers with a duration
of vibration less than 3 sec.

Curve 2: Direct damage from vibrations to buildings during blasting.

Curve 3: Recommended upper limit for blusting.

Curve 4: Vibrations disturbing to human beings.

Ir connection with blusting operations close to teiephone and relay stauons or
butldings contaimng other sensitive equipment such as computers, electron
micruscopes, turbines ete. consideration must be given to the acceleraton in
order to avoid disturbances.

The recommended permissible values for ground vibration close to this type of
cquipment are:

* Telephone — relay stations

v=50 mm/sec. and a=0.]=3.0 g depending on type of station.
* I'V-stauons

v=35 mnysec. and u=3.0 g.
* Compulers

a=0.25 g. (Fur certuin purts of the computer.) .

Blasting close 1o computer instailations (not micro computers or PC:s), where
the manufacturer preseribes o maximum acceleration of 0.25 g, is ditficult and
under certaln arcumstances mpossible, it special arrangements are not made.
Nitro Consult AB. 4 subsidiury ot Dyno Indusiries, Norway, has therefore
developed a special method 10 dampen these instaltations, thus reducing the
vibrations conung into the equipment. Dampening should always be followed up
with vibration measurement. :

The stze ot the ground vibrations depends on:

*

number ot co-operating charges

the constriction of the blust

* the churactensucs of the rock

* the distance from the blasting site

* the geology of the surrounding ground

For the planiing of blasting operations where ground vibration problems oceur,
1t 1y simportant 10 be aware of the refatonship between distance, charge and
ground vibration
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Using Langefors™ formula for deter-
muning the charge level the vibration
velocity can be calculated:

O

Charge level = ——

where Q indicates the charge in one .
hole in ke or several instantancousiy ( C L
fired charges at the same distance R

in meters., oh '

- — TR e inatastanaouns

Ernrga quantity (O}

Fig. 10 6.
Vibration velogity:
\ =
where Q =instantancously dctonat-
ingcharge (kr)
R =distance (m)
v =vibration (particle) ve-
locity {(mm/sec) ey
- N . . Vibraliam waincity tv) » “.
K =transmission factor, con- N - L

stant depending on the . Nt 1\:._&'_--"-.}‘
" ,' "1"6"%":“‘“-"‘

homogeneity of the rock

i v “tﬂ‘ - o

and the presence of faults \ o T
and cracks Forhard Swe- - » v R

. . . t”-_ Aock iranemiteen teciar (X}
dish granite it 1s approx. a7’

. A ———— e o, (R8TARIRRSOLE
4000 but it 1s norma“_\' crarge anantily 1Q)
lower.
Fig. 10.7.

The relationship between charge/distance and ground vibration can be used to
make a simple table which may serve as ready-reckoner for the planning of
blasting operations. :

207



Distance Charge in kg (instantaneous detonation)

m  Levelr 0008 0015 0.03 0.06 0.12 0.25 0.50

u.5 0.02 0.04 U.U8 0.16
! ooy 0013 U3 0.Uo 0.12 - 0.25 U.50
2 0.023 U.03 {108 0.17 0.34 0638 1.35
3 1) 04 .U U.16 03 .63 1.30 2.60
4 U.vo u.12 024 IR, i.u RNV 4.0
3 Uy u.17 .35 4.7 1.4 2.8 5.6
I 12 (.22 044 083 1.% 37 7.3
7 (.15 428 U.36 1.1 22 1.6 92
B 0.18 0.34 U 63 1.33 2.7 37 11.3
Y .22 0.4 0.8 1.6 32 6.7 13.5
1t .23 u.3 1.u 20 4.0 8.0 16.0
12 0.3 0.6 1.2 2.5 5.0 1.4 208
14 U.4 us I 6 31 6.3 13.0 26.0
1€ (.3 . 1Y 38 7.7 16 32
1% U6 1.2 23 1.6 Y2 19 R
2 u.7 1.3 2.7 5.4 10.7 22 44
23 b.u 1.y 1N 7.5 15 31 62
3u 1.3 2.5 44 u.% U 41 ¥2
Ju 20 R 7.6 13 3u 63 126
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70 37 S I 33 70 (46 292
SU 37 10.7 | 43 fola) 178 354
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140 132 2408 A L[(H) 2 410 820
f U 162 g1 60 12U 240 S0 10040
tsu 19 3 3G 72 143 29U ot 1200
2 226 42 N3 170 340 T 1-4HK)

The charge kevels mothie previous table cortespond 1o the tollowing vibration
vebocties 1t the rock transmission factor K=40u. ;
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The relationshep chargefdistance and vibration veloerty can also be expressed
grophically:
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Fie 10 8 Charge (Q) as a funrtion of distance (R) for different levels of vibration
velocuv, Rock transmission factor K =400 At a distance of 20 m. the charge must’
not cxceed 1 3 ke to ensure a vibration velocitv of less than 50 mmisec.

The distance and charge tables which are based on the determined rock trans-
mission factor K should be used with care close to buildings where thé foun-
dation is unknown e g huildings built partly on rock and partly on soil and
buildings founded on wooden plesin clay ete. The value of the rock transmission
factor K will also change depending on the characteristics of the ground and the
distance, Looser materials such as moraine and clay have fower K values than
homogeneous hard rock. The rock transmission factor, K is also lower in
weathered and fissured rocks. ‘
The actual value of the factor K is best determined by test blastings at the actual
site, followed up by scrupulous vibration measurement,
To cvaluate the test blasts. the constriction of the blast must be considered ¢.g. if
the test hole has free breakage. if 1t yust cracks the rock orif it docs not affect the
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rack at all. To evaluate a test blast correctly, experience of test blastings and
knowledge of the field of ground vibrations is necessary.

When the rock transmission factor K is determined. the graph in fig. 10.8 may be
ad:usted accordingly und the realistic relutionship between churge/distance and
vibration velocity adapted to the local conditions,

3100 K » 100 1T 70 mm/sec|—
- - /.60 mm/aec
g 50 E I{Laﬁmm/aec
o st VLT
o /7
= A
- If/
Q {WARE
o 10 Y !
c AR T !
= 4 ——T 7
g 5 flerH | ]i:\ |L!
A AT
a 'a i ] T
o [ || ] RN
| /11
3 Al R
O 1 / / . ! |
17— ; I . —
A — T ——
1+ 7 KX i T | ! ' !
0.5 7 1 :I lwl T : | i ;
L 0] AN 1
_ | T
; I N ;
. o
0‘1 ||!:\ [y !_! LN
1 5 10 50 100 500

Distance R, m

Fip. 10.9 Charge (Q) as a funcnon of distance (R) for different levels of vibration
veloctty., Rock transmission fuctor K=100. Ard distunce of 20 m, the charge must
not exceed 20 kg to ensure u vibranon velocity of less than 30 nunfsec.

The compurison of the two graphs with rock transimwsion fuctors K=400 and
K = 10U respectvely shows that the dumpening ettect is higher in the softer rock
(K =100) and the vibration velocity s lower if the relutionsinp charge/distance ts
myintained.

10.2.3 Geological factors influencing ground vibrativas.

So:ls and rocks are porous matenals with a relatively rigid skeleton of particies.
The pores are filled with water or air. In soil, the suil skeleton consists of mineral
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grains which are held together by frictional and cohesive forces In sedimentary
rocks the mineral grains are cemented together and in magma rocks and meta-
morphous rocks the minecrals have crystallized to a rockmass which usually
contains water-bearing fissurcs and joints. In practice it may be difficult tostate a
precise propagation velocity of the seismic wave in different soils and rocks.

m/sec

SO0 1000 1300 200K 2500 3000 350 4000 4500

Clay — — -l

Clay. saturated s I

Sand. gravel C I

Sand. saturated — | [ ]

Moraine i:—

Moraine. saturated —— 3 S

Sandstone. schist ﬁ *

Granite. gneiss j | PE—

——— shear wave
e compressional wave

Frg. 10 10 The propagation velocity of compressional and shear waves through
different soils and rocks. ’

The propagation velocitics of the Rayvicigh wave depend on the frequency and
are lower than those of the shear wave

Every geological environment has its own ground vibration characteristics which
affcct the propagation of the vibration wave. The ground vibration characteris-
tics depend on the following properties of the ground:

* the elastic constants of the ground (clastic and shearing moduli)
which determine the propagation velocity of the waves.

* the type of soil and its depth which determine the predominant range
of frequency and tvpe of waves.

* the moistaess of the soil and the ground water level. .

* the topography and morphology. which may lead to focusing of

SEISMIC Waves,

the damping characteristics of the ground.

An example of gealogical factors influencing the rock blasting operation is the
difference in permitted charges at different distances in Sweden and the U S A.
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Fig. 1011 Comparison of quanuiy -disiance relationshipy for specified values of
vibration velocay o Sweden and U5 A

In U S. AL the highest permitted vibration velocity is 30 mmisec. ind the blast-
ngs most be followed up with ground vibraton measurement if the charge-
distunce graphs used. In the case of blasting without ground vibration meusure-
ment the 1eguiations permit the blaster o use a scaled distanee equiation instead.

The scaled distanee equation s as tollows

S.D. = Divw
where S Do the scoled distance
1 s the distanee 10 leet lrom blasting site to the structure in question.
W is the masimum charge weight wy pounds per delay.

The repulations say that a scaled distance ot 30 or more will protect against
vibrations greater than S0 movsee As may be seen trom Fig. 1011, the scaled
distance-equation gives rather conservative values.

Fig. 10,11 alsoshows that the maximum permitted charge in the U.S. A should be
19 kg at a distance of 30 m compared to 2.6 hyin Sweden. Ata distance of U m-
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the charge should be 195 kg inthe U.S A and 15.6 kg 1n Sweden. The US values
are considerably higher than the Swedish, but on the other hand a vibration
velocity of 70 mm/s s generally permitted in Sweden, which gives charge weights
twice those permitted at 50 mm/sec,

The Swedish values are sull considerably lower than those of the U.S.A. The
reason for that is that the rocks in U.S_A are different from those in Sweden.
They are generally softer and the propagation velocity of the vibration waves is
lower Furthermorce. and equally important. the vibrations are damped faster
and the vibration velocity is thus lowered.

10.2.4 Planning of blasting operations.

At the planning stage of the blasting operation. attention must be paid to the

geological characteristics of the rock. If there are zones of weathered and

Nicsured rock between the blasting site and nhjects sensitive to vihrations with a

damping cffect on the ground vibrations. the geological characteristics of the

rock may change to more homogeneous rock as the work proceeds, increasing

the ground vibrations Tt may than be necessary to decrease the charge to avoid -
damage.

Therefore the test blastings should be measured to make a seismic profile where

the seismic waves are measured at vartous points giving information on how the

charactenistics of the rock varies,

When planntng and executing the blasting operation, it is impactant that the
constriction of the round is mimmized by correct drilling and firing pattarns.
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Fig. 10.12 By changing the firtng pattern. the internal burden may be minimized

and the constriction lowered.
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The vibration velocity also depends & %%
on the inclination of the hole. Steep- €
er hole inchinations or ather condi- > 300

tnons inereasing the constriction of
the blast (nushres etc.) may cause 200 - \
conswderable increase of the vibra- \

tion velocity. ¥
The ground vibrations will also in- 100 -

crease if the blust fails to bresk the
rock down to the mtended level,

101 kR 21 "
Hole inclination
Fig. 10.13 Vibration velocity in rela-
tion 1o hole inclination with the same
burden and explosive charge {trench
blusiing).

The first rounds blasted at a work site must be considered as test blustings and the
vibration measurements should be used as a guidance for the planning of an
optimum blasting operation. The results from the vibration measurements
should be utilized during all blusung operations to find the most economic
drilbng and fining pattern. However, a certuin margin to the permitted vibration
velocity should always be mamtained as the ground vibrations may increase
+ sharply i the blast does not go according to plun. Thus can be difficult in cases
when the drdling s tar ahead of the blusting operation, but using the result of the
intial risk analysis and a thorough follow-up during the blasting operation, the
drithng puttern may be seiected in such a way that several charges may be used in
cach hole if the vibration velocity values become too high.

[nvestigations show that people in ey

general react o vibration values fur R T Reintoreed vonerete structures
betow the hmit for duniage on build- o0 hard rock

imgs. It has ulso been demonstrated

that blasting operations which are ex- m
ceuted i a short tme are better ac-

cepted by people in the area than
operations lasting for a long tume,

even if there are lung gaps between 0 T M value e Sweden lor
= butldings un hard 1ok

-+ Normal busldings on hard rock

= i~

)
— -

the blusts, N o | .

[ hll . ngs v sclt roe

The best way to torestall complaints PrHILD BRSOl Solt e
. . . T tepeated blists

1> +f those responsible for the blusuing 3

wperations give comprehensive in- < People strongly disturbed

tormanon to the people atfected. _%_

P mnd's. noticeable o people

Fig. 1014 Maximum permitted vibra-
non velocities for restdennal buil-
dingy.



The electronic instruments available are:

~ peuk particle velocity instruments

— vibration ume-history recorders

— combined istruments (ground vibrution and air pressure)

ULTRALETTE 15 a multi-channel
system for thme-history  recording
which s used all over the world. The
mstrument s not autumatic and thus
has to be handled by personnel train-
ed for the purpose. It consists of a

S Ty
4

e w ATEALETTR el

- it
light-weight, small size recorder with '
plug-in signal condinomng modules ; L t
and external velocity transducers tor = -
vertical and  horizontal meuwsure-
ments. The recorder can register
puak vibration velodity, seceleraton,
frequency and amphitude,

The ULTRALETTE 15 also suituble
fur the measurement of the propaga- Fig. 10.16 Uliralente.
tiun velooity of the seismic wave, and

evaludtion of test blustings.

Combined mstrumients for the registravon of ground vibrations and sound
pressure are LOG Land UVS 1404, These two a e computernized instruments for
casy and accurate use.

The LOG 118 a portable seismograph
for the monmitoning und recordig ot
seismic and sound signals trom blast-
ings und simular operations. 11s de-
sigl uses modern  microcomputer
technology, resulung 1n maxiumum
accuracy and versaulity, The LOG |
cun be used tor on-the-spot meusure-
ments or Tor unattended operations
inindustries such us construction,
mng, quareying and transporta-
Lo,

The LOG 1 records peak values in
three directions and time-histories of
seismie vibrations and sound pres-
sure. A full alphanumeric keyboard ,
ts built in allowing the operator to “_“-_““Ft'g. 10.17 LOG 1.
insert any messuge 1nto the computer

memory for subsequent printout with

the recorded duta.
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More often than not it is a good investment to employ a consultant at the
beginning of a.blasting operation. The consultant will take care of the primary
risk analysis and before blasting starts point cut the problems which are likelyv to
occur. Using the knowledge gained from the risk analysis the blasting operation
can be better planned both technically and economically. Ttis normallv cheaper
to prevent proh!ems than take measures when they arise.

10.2.5 Instruments to measure ground vibrations,

Different types of instruments have been developed for ground vibration meas-
urements,

The carly instruments were mechanical. Thev were fixed to the object which
was subjected to ground vibrations. The principle was that the instrument
contained a heavy weight which was suspended in a spring, acting as an inert
mass. During the vibration the instrument moved but the weight did not. The
movement of the instrument was recorded on paper and the level of ground
vibration could be evalaated. The mechanical tn‘;trumcntﬁ have nowadays been
reptaced by electronic ones.

In the electronic instrument, the mechanical vibration is sensed and converted
to an electric signal by an electro dvnamic transducer called a gecophone. This
transducer gives an electric signal which is direct proportional to the particle
velocity of the vibration. which is the parameter being rccordcd

The geophone consists of a spring
(1) loaded — moving mass (2} sys-
tem. A coil {(3) is wound around the
moving mass. The system moves
freely in a magnetic field created by a
permanent magnet (4). When the
coil moves in the magnetic field an
eiectric current is induced with a
magnitude proportional to the velo-
city of the coil.

In the geophone in use. the coil is
steady while the magnet mounted in
the outer case moves in relation to
the received mechanical vibration.

Fig. 10.15 Basic des:'gn of geophone.

There are instruments available for the measurement of vertical and horizontal
components at one or several measuring points. As regards blasting it is the
magnitude of the vertical component that is important. The instruments may
also be supplemented with an accelerometer to measure the acceleration.
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The printout is done on a dot matrix printer and can be used for further analvsis if
required.

The UVS 1404 is a fully electronic instrument for continuous monitoring of
vibrations and shock waves from mining, construction, traffic ctc.

The UVS 1404 is a completely new concept for ground vibration monitoring.
This fully electronic instrument has been referred to as the third generation of
vibration monitors. following the mechanical and electromechanical genera-
tions.

Low temperature and high humidity have always been a problematic combina-
tion for electro-mechantcal instruments. espectally for the built-in printers. The
UVS 1404 has no moving parts. which means that the main source of operational
and maintenance problems is eliminated, Wide temperature range components
(=20°C to +R0°C) and a heavv-duty. waterproof aluminium case with built-in
humidity absorbers contribute to make the UVS 1404 insensitive to harsh
environments and rough handling, as well as normal wear and tear.

The four channel UVS 1404 measures and records peak values of partticle
velocity, acceleration. air shock waves etc.. depending on the type of sensor used
for cach channel

The recorded data is presented on a dual LCD (Liguid Crystal Display) system.
A continuous graphical diagram along a horizontal time-axis is given on the
primary LCD. and alphanumernicinformation (date. time. graphical scalc. batte-
rv condition. max. recorded value. channel number ete.) on the secondary LCD.
The UVS 1404 has a complete 31 days’ memory. which is continuousty updated
with the Jatest information. It is powered by 2 standard type batteries allowing
unattended monitoring for one month.

The values recorded in ecach channel are stored in the memory in 2-minute
periods. No trigger levels have 1o be set in advance. everytbing including zero
readings s recorded, This eliminates the risk of the memory heing cluttered with
undesired information because of too low trigger levels or missed low rcadings
becausc of too high levels.

In addition to the normal
LCD presentation, a corre-
sponding paper copy can be
obtained at anv tumc. By
connecting a Hewlett Pack-
ard THINKJET printer to
the digital outlet, any se-
guence of information with-

in the total memory capacity -
can be printed on Ad-sheets

for detailed study and long-
term documentation,

If large volumes of mea-
surement records have to be
handled and stored. an op-

Fig. 10.18 UVS 1404.

2n
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tional system for sutomatic data collection and report printing is available. The
memory is lapped from the UVS [404 (on site or elsewhere) into a Hewleut
Packard portable disk drive. One single disk can store data from four channels
covering five complete 31-days’ periods. Processed by a Hewlett Packard HP71C
the Jata is automatcally printed by the THINKIJET in a table format report.
Furthermore, a butfered anulog outler gives direct access, to the input signals,
thus making 1t possible 1o transter {ull ume-history records to a separate tape
recorder or equivalent.

Most common geophones for velocity measuring as well as a variety of sensors
such as accelerometers and air shock wave microphones can be directly connect-
ed to the UVS 1404, The instrument preseats each reading directly in the
presselected umit (g, MPa, dB etc)).

10.3 Charge calculations.
10.3.1 General.

When blasting close to buildings and other installations sensitive to vibrations it
is not always pussible to utilize the blastholes 1n the same way as in normal
blasting operations. The ground vibrations which always occur in blasting opera-
tons depend on the maximum co-operating charge weight. Thus, the charge
weight for each delay must be kept within certain limits for difterent distances.
However, tor big blasts and long distunces the total amount of explosives may be
a deternminung factor for the size of the vibrutions.

The constriction uf the blast 1s another tuctor which attects the size of the ground
vibrations. A constricted charge gives higher vibrations than one with free
breakoge.

The maxunum co-operating
churge can be determined
from the charge/distance
gruph. Knowing the distance
to the sensitive object 1t 18
easy 1o determine the cor-
rect churge weight.

The charee weight depends
on the permeitted vibration
velocity und the rock trans-
missivn factor :

== 70 mm/eac

B 50 mm/sec
- .05 mm/sec

Co-operating charge Q, kg
)

-

100 500
Distance R, m

Fig. 10.19 Charge/dutunce graph for different
vibration velocities



The maximum co-operating charge can be reduced in the following way:

— The firing pattern.
The number of holes with the same period number 1s reduced so the
maximum co-operating charge is not exceeded.

— Reduced drilling pattern.
The blasthole volume is not utilized to the maximum for the explo-
sives charge as in normal blasting. The drilling pattern is morc closely
spaced with less explosives in each hole.

— Divided charges.
The requisite charge amount for the hole is divided into several
partial charges fired with different defavs. The charges are separated
by sand stemming.

— Divided benches.
The beneh is not blasted to its full depth in one go but divided into
several lower benches.

10.3.2 The firing pattern.

In cautious blasting it mayv hc necessary (o decrease the co-operating charge.
This can be done by decreasing the number of detonators with the same period
number.

Detonators with the same period number alwavs have a certain scatter. In other
words. the delay time of the delay element is not exactly the same for detonators
with the same period number. This means that onlv some of the detonators
within the period will co-operate.

The co-operation within the period or between various periods depends on the
frequency of the ground vibrations. For hard homogeneous bedrock the fre-
quency is normally over &) Hz and here the followtng practical rule for co-opera-
tion will apply:

Detonator tvpe Period number Co-operation within period
(reduction factor)
VAIMS 1—10 112
Nonel GT -1 172
VA/MS 11-20 173
Nonel GT 11=20 1/3
Nonel GT/T =20 1/4
25-60 1/6
VA/HS 1-12 1/6

The table is based on the scatter within the period which is lowest for MS
dectonators but may be as high as 200 ms for HS detonators.
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According to Langefors, the nisk of co-operation is greater at low frequencies.

Less than 6 Hz:

VA/MS 1—10 1
VA/MS 11=20 172
VA/HS 1-12 176
Less than 20 Hz:

VA/MS 1-20 1

VA/HS 1-12 173

The low frequencies occur i soft rocks and when blusting at relatively great
distunces.

At the lowest frequencies it may theoretically be co-operation between ditferent
period numbers.,

Inthe U.S A., with its softer rocks. the churges are supposed to co-operate if the
delay between them is shorter than 9 ms.

The [ollowing example shows the effect of the reduction fuctor in cautious
blasting:

Conditions:
— Ruck, granite
~ Bench blasting
— Blasthole diameter. dnilt series 11 (34-29 mm)
= Bench height 4 0m
— Charge per hole 1.95 kg
= Muximum permitted co-operating charge 3.0 kg
A. Blastung without considerning the reduction tactor.
2x195 kg = 39 ky
Conclusion: Muximum 2 blastholes may co-operate, which in this case im-
pites 2 detonators per period number.
B. Blasting considenng the reduction tactor.

— MS detonators with period numbers 1 1o 18 have a reduction factor of 1/2,
which means that unly half the detonators within the same period are likely (o
co-uperate, '

If 4 detonators with the sume period number are used only 2 will co-operate.
The maximum  charge which will detonste mstantancously is then
(4% 1.93)x 1/2=3.9 kg. If for example 3 detonators are used in the same
pentod there is a rish of over-charging, as 3 ol the 3 detonators are hikely 1o
co-operute (3X1.93 kg=5.85 kg).

Concluston: 4 detonators MS | to 10 muy be used in the same period without
risk of excessive charge.

— MS detonators with pertod numbers 11 o 20 have a reduction factor of 1/3,
meanming thut one third of the detonators within the period are likely to
co-operate.
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If 6 detonators are used with the same period number only 2 will co-operate.
The maximum charge which will detonate instantaneously is (6x1.95)x
1/3=3.9 kg.

Conclusion: 6 detonators MS 11 to 20 may be used in the same period without
risk of excessive charge.

If a firing pattern starting with 4 pes MS No. 1 is changed to one starting with 6
pcs MS No. 11, it will not increase the co-operating charge.

In the case of different amounts of explosives in the blastholes, the least favor-
able case has to be reckoned on. that is. the holes with the biggest amounts of
explosives will co-operate.

When the number of detonators within each period is limited beczuse. of
restricted ground vibrations. it may be a problem to obtain enough periods for
the blast. In cases hke this it is practical to use NONEL UNIDET with its
unlimited number of delays {See Chapter 3b.2.4 NONEL).

[n blasting operations very close to objects which are sensitive to ground vibra-
tions, where vibrations over the permitted limit may resultin scvere damage. no
reduction factor should be used and only the real number of detonators per
period taken mnto account.

10.3.3 Bench blasting with reduced drilling pattern.

When the maximum permitted co-operating charge is smaller than the requisite
charge for the blasthole. it is no longer possible to reduce the co-operating
charge with the firing pattern. One possibility to reduce the charge is to reduce
the hlasthole diameter. which gives less explosives in each blasthole. Then
normal drilling and charging tables may be used for the actual blasthole dia-
meter.

However, it is often practically impossible to change the drilling equipment. In
these cases a reduced dnlling patternis used. dritled with the existing equipment,
where the permitted charge determines the dnlling pattern.

The reduced drilling pattern increases the specific drilling which naturally in-
creases the cost. To what degree the specific drilling may increase from an
economic point of view must be decided upon in each case.

One basis for forming a judgment is to compare with the specific drilling when
the blasthole is fuily utilized:

Hole diameter Specific drilling
mm m/cu.m.

Drill series 11

4-27 0.8-1.3
Drili series 12 -
40-29 .6—0.9
51 0.3
64 0.2
76 0.15
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To calculate the reduced drilling pattern, the permitted co-operating charge
must be known. The permitted co-operating charge may be found in the charge/
distance table or in the graph 10.8. Knowing the vibration velocity which is
permitted for the ebject in question and the distance to the blasting site, the
actual permutted co-operating charge will be found.

The correct permitted vibration velocity is found in the table on page 204, which
shows the vibration velocity thatis normaily permissible for residential buildings
for the kind of material on which the buildings are built.

The basts for the calculations is that the specific charge should be 0.4U kg/cu.m.
This valtue 15 the normal value and changes may be needed due 10 the blastability
of the rock. The change of speaific charge does not change the calculation
procedure.

By carrying vat test blasts followed by analysis of the vibration measurement
results, it is often possible 1o use more explosives than indicated in the graph thus
lowenng the blasting cost.

Charge calculation procedure.

Specific charge y (kgfcu.m.)
Permutted co-operating charge Q. (kg)

Driiling pattern.

1. The volume ofruck.which
is blasted by cach hole:

Qper
Volume = —— {cu m.)}
y

o100 T
- ) eyt A S P 1] v Jpbim =70 [
2. When the volume is = : “oH: /L_s"('amm:f..c
. g Fu gy 236 mm/sec
known, the drilling pattern 7 LT 5
b L
can be calculated. g‘ L 1, P
The surfuce area each blast- £ } | / Y H
hole can cover: 9 10 === =y
il T L T b
- PRNBENESHSHSS Y (S A S S S
volume s &f—+ o Semmmitbuty pussic S [np
Arca =—— (sq.m.) @ RN 1A Y A A T
K - % LI 7 ST aT
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3 ST ]
1
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Distance R, m



3. Practical drilling pattern.
When the surface area for
the blasthole is known the
practical burden is:

Arca

B = (m)
£.25

Practical spacing:

S=125xB {m)

The practical spacing should
be adjusted to the width of
the bench if necessary.

4. Hole depth

The hole depth H may be
estimated from tables in
Chapter 5.2 Charge calcula-
tions.

5. Specific drilling
Hc:r
"~ BxSxK

An esttmate should be carried out to see if the specific drilling is acceptable. If
not. the use of divided charges in the holes or several lower benches should be
considered

b (m/cu.m.)

If the specific drilling is acceptable. the calculations continue as follows:

6. Drilling error.

d
= + 003K (m)
1000

7. Subdrilling
U=03B+E) (m)
8. Hole depth
H=a(K+U) (m)

a = 1.05 foranchnation 3:1
and 1.0 for vertical holes.

9. Maximum burden
Bmac=B+E {(m)
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Bottom charge.
10. Charge concentration
Bmdl:

Iy = for Dynumex M (kz/m)

2
Dma 115 )

l, = X for Emulue 150
2 1.25

11. Height

hh = 1'3xBlllul (m)

12, Weight

Q= I Xhy (kg)

Column charge.

13 Weight

Q.= Qup—0Qy (kg)

14, Stemming

h,=B (m)

15, Hewght

h,=H-h,-h, (m)

16. Charge concentration

I, = Q (kgim)
h -

.

1. should be at least 40 % of
l,. Explosives of suitable di-
mensions shouid be selected
tor the charge.

17. Total charge weight
Quu = Oh+Qc (kg) .
Cheek that Qo =Qp,. If this is not the case. the column charge should be
reduced. If that is not possible the dniling paftern must be reduced turther.

18, Speaihe dnlling

number of drilled meters per row nxH
b = = - {m/cu.m.}
volume per row wxBxKk

19 Specific charge

Total charge per row nX Qe
q = = (kg/cu.m.)
Volume per row wxBxK




Calculation example.

Conditions: Blasting to be carried out close to a TV transmitung station,
The permutted vibration velocity 15 35 mmi/sec. and the distance to the blasting
site 15 20 m.

Blasthole diameter: Drill series 11. 34—27 mm in this case 31 mm.
Bench height, 25m '
Haole inchnation: R
Width of the round: 12 m
Rock transmission factor K: 40
Explosive: Dyvnamex M
Gurt
Specific charge g: .4 kplcu.m.

Permitted co-operating charge 0,65 kg
(in accordance with graph Fig 10.8)

. Rock volume per hole.

2. Surface area per hole.

Volume | A3
Arca = = = .65 sg.m
K 2.5

3. Practical drilling pattern.

Burden:
Arca .65

B = = =072m
1.25 123

Spacing:
§ = 1.25x0.72=0.90 m
Adjustment of the spacing to the width of the bench.

12.0

Number of hole spaces = 1333, that is 4.

90
Say = 12/14 =0 86m
Number of holes per row 144+1=15.

4. Estimated hole depth
From table 1n Chapter 5.2 Charge calculations

Heo = 3.05m

5. Specific drilling
H., 3.08
© BxSxK  0.72x0.86%2.50

The specific drilling for drill senes 11 is 0.8 to 1.3 m/cu.m. when the blasthole is
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fully utilized. The specific drilling is somewhat high in this case, but may be
accepted.
6. Drilling error.

d 31
E = + 003K =—— +0.03x2.5=0.11 m
000

100U l
7. Subdrilling
U = 0.3(B+E)=0.3(0.72+0.11)=0.253 m
8. Hule depth :
H = a(K +U)=1.05(2 5+0.25)=2 89 upprox. 29U m

9. Maximum burden
B, = B+E=0.72+U0.11=0.83 m

Bottom charge.
10 Charge concentrifion
an.n: 053:

11, Height

h, =1.3%xB,,,,=1.3x0.83=1.U8 approx. .14 m
12, Weht

Qp = l,xhp=0.35x1.10=0.39 kg

The bottem charge may consist of 4 curtnidges of Dynamex M, 22 X200 mm with
a werght of U1 ke cuch = U4 kg,

The prucucal height of the bottom charge, hy,, will be .8 m.

Column churge
13. Weight
Qe = Qpur—Qu=0.65-0.40=0.25 k¢
4. Stemming
h,=B=072m
15. Height
h. = H=h,—h,=290-0.80-0.72=1.35 m
16. Churye concentration
Q. 0.25

[ =————= = U.18 hg/m
h 1.38

%

The concentration of the column charge should be at least 40 % of the con-
centration of the bottom charge, which is tound to be the case.
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The column may be charged with 2 cartridges of Gurit 17x500 mm with a
cartnidge weight of 0.115 kg each Total weight 0 23 kg,

The total length of the bottom charge . 0.8 m. and the column charge, 1.0 m, will
leave astemming length of 1.1 m which may cause some boulders from the upper
part of the round.

17. Total charge
Olul = O|~*O:=0.41+0.23:0.64 kg
18. Specific drilling

nxH 15x2.90
b =

wxBxK  12.0x0.72%2.5 .
19. Specific charge

nx Q. 15x0.64
= = =44 kg/cu.m
wxBxK 12.0x0.72x1.5

Summary of important data:

Bench  Hole Burden Spacing Bottom Column  Spectfic  Specific

height  depth charge charge  drilling charge
K H B S O Q. b q
(m) (m) (m) {rm) (kg) (kg) (m/cu.m) (kg/cm.m)
2.5 2.9 072 1 86 040 0.23 2.01 0.44
* L ] [ ] [ ] [ ] [ ] [ ] . L ]
10 8 ] 9 11 12 13 14 158
. [ . . ° ) L] ® L)
7 5 3 5 B8 1 12 13 14
. ® . . [} ® . [ .
4 2 1 2 a 7 10 12 13
It may be assumed that only half the
}— number of detonators will co-operate
within the pertod numbers 1 - 10 and
1/3 within the parlod numbars 11 -20
- See page 219, Chapter 10.3.2

Fig. 10.20 Firing pattern.
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10:3.4 Bench blasting with divided charges.

In blusting operations, it is common that the drilling is carried out well uhead of
the blasting operation, with the result that the drilling patteen is fixed and cannot
be changed if 1t 1s found that the requisite charge tor the blasthole is higher than
the penmutted one.

In cases hke this, the charge may be divided into two or more smaller churges in
the hole which ure shot with difterent period numbers. The upper charge must
then always be initiated with the lower peniod number

An intermediate sand stemming divides the charees from cuch other to avoid
flush-uver between the charges. An eaplosive’s suscepubility o flash-over de-
pends on purameters dike age ot the eaplosive, temperature, charge diumeter,
quahty and length of the siemmung. The length of the stemming neceded between
charges vanes trom 0.4 m focdril senes T (34=26 mm) to 2.0 m tor a blasthole
diameter ot 120 mm. Too long intermediute stemming could result in more
difticult breakage for the lower bottom charge resulting in higher vibration
vajues. The best stemming material has a parucie size of 1/10 of the blasthole
diameter (for diameters up to 100 mum).

- Charge calculation procedure, TABLE B,

Drilling pattern. Deternunation of By, 40d 1, with
regards o Q.
1. Muximum burden

) Permetied Maximum Charue
B depends on Qg and is charge purden cuncentra-
found n table P,. he - 'm ton kgrm
2. Chuarge concentration. Q. B, I
. . . 023 U7 0.23
Iy depends on By, and s -
4 in tuble P Chose U3 Uy 0.4
fugn i table P ho.:u, - |2 7
suitadle  expluisives  units 13 | 33 0.9
constdeniny the |, 2u 13 1.1
. 25 to 1.25
3. Subdnlling. 30 L3 L4
= 44 b 53 1.7
U=0.3xB., tm) 54 20 2
4. Hole depth. tr.l) 2l 22
. T4 22 24
H=u(K+U) (m} % U 33 2.7
a = 1.05 tor hule inchination 90 24 29
. f L

3:land 1.Utor vertical holes. tu - 3
120 203 3.5

5. Errorin doilling 4.0 28 3y
J : 16U 249 4.2

Iau 30 35

E = +U.U3H {m) N . .

LU0 RVEY 315 30

250 34 5.8



6. Practical drilling pattern.

Practical burden:

B=B,..~E (m)
Practical spacing:
$=125xB (m)

The hole spacing is adjusted
to the width of the round.

Charging.

Lower partial charge.

7. Weight

Oy =0p {kg)

8. Height
h| = I'3><Brr1.l\: (m)

9. Length of the intermedi-
ate stemmung, h,, 18 between
.4 and 2 0 m depending on
the hole diameter.

Upper partial charge.

10. Residual chargeable
length of blasthole.
hy=H-h-h, (m)
Upper bottom charge.

11, Weight

Ohu =0 ?5 ><C)I (kg)

Less hottom charge 15 re-
quired as the charge has free
breakage which is not the
case n the lower charge

12, Height

By = 1.3%X B, {m)
Upper column charge,

13. Stemmung part.

h.=B (m)

The length of the stcmming
may be adjusted depending
on the charge concentration
in the column.




14. Height.

hew = hr-hhu_hu (m)
15. Concentration of column
charge.

Q n.'r"Q u
oy = —-'—h——"— (kg/m)

Judge if the caleulated charge concentration in the column is sufficient in relanon
" to the bottom churge. It should be at least 40 < of the concentranion of the
bottom charpe. I the remaimng charge weight s not lurge enough 10 obtuin an
aceeptuble churge concentrationn the column, o third charge must be used in

the hole.

16 Total charge weight -
upper partial charge.
0.=Qu,*+Q, (k)
Chcluk that Qu=Q,.,.

10.3.5 Hench blasting with divided benches.

The blusting of the arca closest to a4 building often means that the methods of
reduced drldling pattern or divided churges will not sutfice, but the bench heights
have o be reduced.

Over short distunces, ander 5 . the ground wibrations are only slightly
damped so the values in the charge/distunce gruph should be followed. The
blastings must also be continuously tollowed up with ground vibration meusure-
ment, Any change of the vibration velocity must be tuken into account for the
planning ot subsequent blasts.

Faults und incompetent zones may
cause unexpected problems in the

immediate viainity ot buildings by 6 3 X
displacement of surtuce rock or gas il 2
eapunsion under the buillding. 9 1
The rounds close to the building —— 8 4
should have tree breakage to avoid n
upward movement of the surtace m 7 3
% The bls . Close 2| 10
rock. The blustholes closest to the EJ.- [ A

building should huve weak column
churges which cut oft the rock thus

‘ ) Firy. 10.21 Blusting order close 10
preventing bachbreuk.

butldings.

10.3.6 The slot drilling method.
Lutzly SKANSKA (Major Swedish contractor) has patented a method of reduce
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N
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5

ﬂ(z 10, 2.? The SKANSKA slor (inﬂme m(’lhnd

ing ground vibrations from blasting closc to existing buildings.

A slotis dnilled which separates the butlding from the bhiasting site. The slot
consists of holes drilled in parallel to form a fullv open slot. The slot must be free
from drill cuttings and water and extend a certain distance outside the object to
be protected to give the best result,

Ground vibraton measurements have shown that the slot acts as an cffective
damper of ground vibrations. This implies that the drilling and blasting costs can
be reduced. as more effective drilling and charging patterns can be used.

Furthermore. the method may imply further savings as the need to reinforce
the rock 1s reduced or in certan cases chminated.

10.3.7 Trench blasting with reduced burden.

A lot of todav’s trench biasting 1s done in populated arcas and conscquently in
the immediate proximity of butldings.
Due to the increased constriction of the rock in trench blasting, the ground
vibrations increase and conscquently the risk of damage. Therefore, it is of the
utmost importance that the blasung operation is pianned ard vxecuted in a
scrupulous wayv,
The charge calculations for cautious trench blasting will generally follow the
same pattern which is used for bench blasting. Asin bench blasting. the basis for
the calculation is the required specific charge in kg/cu.m.
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Charge calculativns procedure.
Drilling patitern,

1. Number of holes tn cach
row, n, 15 found in the drill- GRAPH R1

g und charging tables tor Specitic charge as func-
trench blasting, Chapter 0. tion ot depth and width.

2. Permutted charpe is tound S 2
o charee/distunce eraph and o | Widih,
in charge/distunce graphan ° !
the charge per row 1s: 2 5 r . 1':)
Qnm = nprcr U\,!_l) %
o
3. Hole L‘lcﬁplh.l . £ 1.5
H(m) s foundinthe drillmg 5 1 /
und charging table for trench % 2.0,
blusting, Chupter 6. o /
4. specific charge. @ 0.5:~ ‘ '
g (kg/cum.) is found in i
graph R,. o ) k , . .
5. Practical burden. 00 10 15 20 25 30 35
Qo Depth, m
B =———— {m)
4xHxw GRAPH R2
Charging. , £ 1.0+ +10m2.0 3.0 4.0
6 Bottom charge. ~
Q1 uccordunce with graph 2089871
R, 5 ‘
) D0.8¢+ .
7. Hetght of bottom charge | )
Qux LIV o711 Width 1- 15 m
h, = — (m} 081t 3 holes per row
¥. Hewght of stemming 0.5+
h,=B (m) Bottom charge, kg
h,, should be adupted to the . 0 4 0. 6 0. B 1. 0 1. 2

T

burden B and the concentra- 0.5 -
tion of the column churpe.
From 4 ground wvibration 0.6
poimnt ot view it s tuvorable Width 2.0 m
{0 have short stemmung 0.7 4 holes per row
(highAcr column charge) on £ 08l
condition that throw can be -
contralled by covening the s 09l
blast and thut the required -g
m 1.0+

charge  concentrution s

K-10m20 3.0
obtamed.
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9. Weight of column charge

0. = Oper~Qh (kg)
10. Height of column charge
h.=H-h,=h, (m)

11. Concentration of column
charge

Q.
. = fkg/m)
h,
12. Werght of column charge
Oc = chhc “"g)
13. Total charge weight
Olg\[ = Oh+oc (_kg)

Check that Q,,£0..

TABLE R,

Recommended charge concentration of the column charge in relation to the
practical burden in trench blasting.

Practical Minimum required Suitable Real charge
burden charge concentration explosive concentration
B (m) I (kg/m) I (kg/m)

0.3 0.05 Gurit, 11 x460 mm 0.08
04 n.n7 Gurit. 11 x460 mm 0.08
0.5 0.1 Gull* + 1/4Em 150* 0.12
0.6 015 Gull* + {/2Em 150* 0.15
0.7 018 I/ cartr. Em 150* + 0.20
10 cm wooden stick
0.8 .22 1/2 cartr. Em 150* + 0.25
0.9 25 10 cm wooden stick 0.25

Gu 11* = Gurit, 11x360 mm
Cm 150* = Emulite 150, 25%200 mm.

233



10.3.8 Trench blasting with divided charges.

The method of using divided charges in trench blasting can be used when the
hole depth exceeds 2.0 m. This is because the intermediate stemming and the
normal stemming occupy a minimum length of 1.U m,

Charge calculation procedure.

Drilling pattern,

1. The number of holesin each row is found in the drilling and charging tables for
trench bilasting.

2. Hole depth.

H (m) s found in the drlling und charging tables tor trench blasting.

3. Pracucal burden.
B (m) is found n graph Ry 1f the lower bottom charge is equal to Q.

Charging.
Lower bottom charge.

4. Weight.

. Qu = qur (5\5’)
5. Hewght,
Q> 1000
hm = T (m)

6. Hewght ot intermediate stemming.
h, = 0.4 to 1.0 m. The value depends on the circumstances, ¢.g. the blasthole
drameter.

Upper partial charge.

7. Ruesidual chargeable height of the blusthole.

h, = H=hy—h, {m)

Upper bottom charge.

8. Only 60 % of charge Qy, 1s needed for the breakage of the upper part as the
hole has tree breakage, 1.e. no constriction. .

Quu = U.6XQy (kg)

9. Height.
hp, i1s estimated from the chosen charge unit.

Upper column charge.

10. Charge concentration.
1., from table R, (kg/m)
1l. Stemming.

h,zB (m)
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Adjusted to the charge concentration in the column of the hole.
12. Height.

ht: hr_hhu_hn [m)
13. Weight,
OCU = !cuxhcn (kg)

14. Total charge weight.
Upper partial charge.

ou = Ohu+oi‘u “’\S)
Check that Q,=0,,,

10.1.9 Cautious tunnel blasting.

An increasing number of tunnels are being constructed under built-up areas
where they pass under inhatited buildings as well as bulldlng< with cquipment
sensitive to ground vibrations,

Cautious blasting followed up with ground vibration measurement has subse-
quently become more commonn

The blastholes in a tunnel round are very constricted. To decrease ground
vibrations, it 1s nccessary not oniv to lower the co-operating charge. but also to
endeavor to reduce constriction of the rock. This means that drilling pattern,
hole depth. charge per hole and firing pattern have to be adjusted so that the
permutted co-operating charge is not exceeded and that all holes have free
breakape

Some of the most important points to consider are:

— Chotce of blasthole diameter and explosive.

— Choice of large hole diameter. one or several large empty holes in
the cut to decrease constriction and the risk for flash-over.

= Accuracy n drilling.

— Suitable firtng pattern which minimizes the co- operating charge and
guarantees most favorable angle of breakage.

— Dwwiding the round into partial rounds.

— Reduction of the distance between the holes so the charge in each
hole can be reduced.

— Reduction of the hole depth.

The finng pattern s of the utmost importance in cautious tunnel blasting. The
constriction of the blastholes can be decreased by using the right period number,
sa that each hole has an angle of breakage of at least 90° in the stoping part of the
round (See Fig. 7 15 in Chapter 7 Underground blasting). If the tunnel round is
of such a size that the number of periods does not suffice without exceeding the
bermittcd co-operating charge. the blast must be divided into two or more partial
blasts e.g. blast the constricted cut holes as a separate blast, then the stoping
hotes and finally the contour holes. In order to obtain the best result in the
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contour, the perimeter holes (except the floor holes) should be blasted with the
same period number. This is normaily no problem as the contour holes usually
have very low charge concentration.

In cautious blasting, certain types of cuts like V-cuts are not suitable because
of the risk of co-operation and flash-over between the large number of holes in
the cut. Large hole cuts have earlier been considered to give rise 1o large ground
vibrations but measurements of ground vibrations analyzed over a long peniod
contradicts this. A parallel hole cut with two or more large holes 15 a very
pructical way of reducing constriction and unsuccessiul breakage and is thus 1o
be recommended.

Lt 15 often more advantageous to drill more holes in a round with reduced charges
than 1o shorten the hole depth, thus maintaining normal advance of the round.
However, sometimes the hole depth has to be reduced in order to Keep the
co-operating charge within the permitted himats.

A continuous follow-up of the blasting acuvities by ground vibration measure-
ment may be beneficial by disclosing more favorable practical ground vibration
values than those determined by theorencal calculations.

The adaptation of the blasting operation to the measured results means an
optimum rate of dritting on the basis of vibration measurement.

Problems with flyrock und air shock waves do oceur in the initial stage of the
tunneling operation and constitute a risk when the work s started in populated
arcas, which s often the case nowadays. Therefore, itis important to investigate
the rock with regard 10 fissures and incompetent zones and than cover the blast
well. The air shock wave 1s troublesome not only in the initial stage of the work
but also when the dritting has advanced turther into the rock, especially i the
direction ot the tunnel. ' :

10.4 Blasting close to hardening concrete,

Blusting works are often carried out simultaneously with construction work
which give nise 1o problems with blasting close to hurdening concrete.

The problem has been studied by the Ontario Hydro, Concrete and Masonry
Research Section and the following recommendations are given for concrete
with STD cement, without entering too deeply into theories and research results.

If it is presumed that concrete which hardens in a temperature of +5° C can stand
4 peak particle veloaty of 100 mm/sce. atter 94 days, the following vibration
velocity values are recommended:

Hardenmng Maximum permitted
time vibration velocity
days mm/sec

2 ' 8
3 11
7 35
28 80
90 100

2
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Note: Up to 10 hours after casting. the concrete can stand ground vibrations of
up to 100 mm/sec. Between 10 and 70 hours after casting no blastings should be
undertaken closer than 30 meters.

On the other hand. il it is presumed that the concrete is hardening in a tempera-
ture of +21°C and that the concrete stands 100 mmi/sec of ground vibration after
90 days. the following is recommended: )

Hardening Maximum permitted

time vibration velocity
davs mm/sec
! 14
2 20
3 40
7 60
28 85
90 100

Note. The concrete can stand ground wvibrations of up to 100 mm/sec up to 3
hours after casting No blastings should he undertaken closer than 30 meters
between 5 and 24 hours after casting.

10.5 Flyrock.

Cautious blasting does not only mean the control of ground vibration but also the
contro} of flvrock.

The controt of flvrock and its prevention has been dealt with thoroughly in
Chapter 5.8 Throw, flyruck.

10.6 Air shock waves.

The immediate effect of blasting is not only to cause ground vibrations and
throw, but also an air shock wave. '

In most routine blastings. in which the explosives are enclosed in blastholes, and
which are designed for ground vibration velocities of 70 mm/sec or less, the
blasting does not cause air shock waves of the magnitude that may cause damage
to buildings.

However. a low level of air shock wave overpressure does play an important role
in distressing neighboring residents by rattling windows etc. Therefore. com-
plaints may be reduced by taking actions to reduce overpressure from air shock
waves.
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Air shock waves are pres-
sure waves which radiate in
the wir trom a detonating
charge. The mtensity of the
pressure depends on the size
of the churge and on its de-
gree ot continement, When
4 pressufe wave puasses a
given position, the pressure
of the air rises very rapidly
to a value over the ambient
atmospheric  pressure. It o
then fulls relatively slowly to N~— — Time
a pressure below the atmos- ‘
pheric value betore return-
ing to the atmospheric pres-
sure after a series of oscilla-
tons. The maximum pressure 15 known as the peak air overpressure. The air
shuck wuves are within a wide range ot frequencies, typreally between 0.1 Hz and
200 Hz. In the portion of the spectrum lying over 20 Hz the air shock waves are
audible und known as noise, while concussion is the portion under 20 Hz and
inaudible.

The lower, inaudible, frequencies are dumped more slowly than the higher,
audible, frequencies and cause overpressure over greater distances. These low
trequencies can occasionally cause direct dumage onto structures, but cun more
commuonly induce higher frequency vibrutons which are noticed as noise in
windows, goors, crockery eie. Under such circumstances it is impossible to
determune whether the ground vibrauon or air shock wave is being perceived
without monioring the blast,

Over pressure

Fig. 10.23 Pressurelume curve for wir shock
wave,

P P
kPa bar
IOOC)jl HO
The air  overpressure s !
measured as units of pres- 100 )
sure and usually pressure : / 3
unit millibar (mbar) s used. 1
The unmits decibel (dB} and
kitopascal (kPa) are also |°§ 4 ID-I
used. 3 :
The decibel unitis expressed T
as: } 0.0l
p 7 !
dB = 20 log— ] ¥
¢ Pou [
NeTYe i H d o-'
where P ois the measure 140 160 180 100  dn

pressure and Po the refer-
cnce pressure ot U,.00002 Pu. Fig. 10.24 Relution kPuldB.
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Knowing the charge weight Q (kg) and the distance R (m! to the charge. the
overpressure can be calculated from the formula:
113

P =70t —— (mbar)
R

The relationship applies to TNT. which means that for civil explosives tvpe
Emulite 150 and Dynamex M the charge weight should be reduced by 25 % when
used in the formula

The relationship applies to unconfined charges.

. 100
The unconfined charges 2 —— = Tt
. o ik
-which cause problems in % 50 T ot T _:g.
populated arcas are concus- s 1 "‘{:f:“! gy
sion charges (mudcapping). 5 [ 5481
trunklines of dctonating ‘o g | r 2 5/
. . = —— > A
cord. welding of powerlines ,___'§ ST _—:E?f‘:
with explosives. presplitting TS b— & —}-h#ff_fﬁ.?'?«
N < g A & 1§
with unstemmed holes etc. = L "'*i,,.[‘.'.-h.
. ~ - 1LY
Ascan be seenin Fig 1025, o l I!Q =& é.’.—l——
. . <
a trunklime consisting of 1110 - M ; J.[al [
m 10 gr detonating cord can B e et an AR ket o
= o [ SR e i B L S ST
cause broken windows at a 05 ——f——1r7 NI T Y
distance of up to 100 m, : ——f'hT—J—{—qu--m ! e {
Bl Fl/
U AlE
/LA ﬁ
01 :
1 5 10 50 100 500

Distance R, m
Fig. 10.25 Charge as a function of distance for
different levels of air overpressure.

The propagation of the air shock waves s influenced by atmospheric conditions
where the wind direction, wind velocity, temperature and air pressure have a
great effect. ‘
Reflexions in the atmosphcre mav he caused by temperature inversion, where
the air shock wave is reflected against the boundary layer of air strata with
different temperatures. Temperature inversion frequently occurs on cloudless
evenings, nights and mornings. The phcnomenon can causc local amplification
of the atr overpressure, which is greater than that which would normally have
been expected at a certain distance.

Even if the air overpressure is kept under the threshold value for buildings (0.4
kPa). it is not always sufficient to safeguard against complaints. The blasts
should therefore be designed for the minimum practical level.

Air overpressure in confined spaces.

In the case of blasting in underground chambers and tunnels, different condi-
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tions prevail as the pressure wave is confined and in the case of tunnels concen-
trated in one direction. This means that the pressure is amplified compared to
blasts in an open space.

kPa
100000 =——=1=

[haarast SR 0N
fer sty o bt

Esps

aal

10000}——

Welbull

1000

~} According 1o Gra

S

10 — P = pressure
5 R REL Q = charge
0.001 0.01 10 VY = volume of confined
Q/V, kg/cu.m. space

Fig. 10.20 Pressure us u function of churge and volume from a detonation in a
confined spuce.

-

The principal sourees of air overpressure are:

= Detonauon of unconfined charges. The most common are concussion charges
{plaster charges), trunkhnes of uncontined detonating cord, blastwelding of
powerhnes and presphtting with unstemmed holes,

— Too short stemmung and/or wrong stemmung matenal. Inadequate stemming
might not contine the explosive on detonation.

— Venung of high veloeity gases may oceur in poorty designed blusts where no
constderution has been given to incompetent zones, prinetpally in the burden
arca Overcharging of o blasthole could cause the sume effect.

— The sudden movement ot the blusted rock mass towards the free face or faces
will rawse the wr pressure.

Inorder to control the air shock waves, the following steps should be considered:

— Dusign the blast in such a way that the umount of explosives s in accordance
with blast:ny requirements and mimmum ar overpressure.

— Pay particulur attention to inconmipetent zones, overbreak from previous
‘round, mudseams ete. through which gases may vent and cause overpressure.

= Accurate drilling 1s necessary to maintan the designed blasting pattern. Too
big u burden could cause venting in the collar purt of the hole. Use setbacks to
deternune the burden of the next round. .

— Bottom inination decreases venting it the stemmung area. See Chapter 5.8
Throw, flyrock.
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Reduction of the size of the round tend to reduce the air overpressure.

If possible, the development of the benches should be such that the blasted
matertal is thrown away from residential areas.

The stemming material should be of sufficiant quantity and quality ta confine
the explosives on detonation. Crushed stone material size 4 to 9 mm gives
better confinement than dnll fines. .

Check the rise of the explosives column during charging to minimize the risk
of overcharging in anv void or fault.

Avoid excessive delavs between holes to prevent underburdening the hotes.
In multiple row blasting the delay between the rows should be longer then the
delayvs between the holes in the row. In deep rounds, this promotes forward
rather than upward movement of the burden

Do not use concussion charges in populated arcas for secondary blastiag and
boulder blasting.

If misfired underburdened holes have to be fired. use screening materialse g.
sandhags or loose sand to cover. The thickness of the cover has to be
sufficient both to avond flvrock and to damp the air shock wave.

Surface lines of detonating cord should be avoided in residential areas. If
electric finngis not allowed or possible the non-electric firing system NONEL
should be used. If detonatng cord s the only firing device available, trunk-
lines and connecting lincs should he covered with at least 60C mm of absor-
hent materiai, preferably <and.

As speed and direction of the wind are majorinfiuences on the magnitude of
arr overpressure. blasting should. (f possible be avoided when the wind is
blowing towards critical arcas.

Blasting should be avoided in early mornings. late afternoons and evenings
when temperature inversions are likely to occur:

Scheduie blasts to times when the noise level from surrounding sources is at
1its highest and when the neighbors arebusy or expect blasting to occur
Emplov an audible warning svstem immediately before every blast. If the
blisting 15 aneolated occurrence. pive spectfic warning indicating approxi-
muatc time of the biast .
Maintamn good public relations. Give good and adequate information about
the work, duration and dwisturbances to he expected. The most stringent
measures against air overpressure can be rendered useless without good
refationship between the blasting crew and the neighbors,
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Finite Element Modelling of Crack Propagation
in Presplit Blasting

D. FRANTZOS
Acres International Ltd, Niagara Falls, Ontario, Canada

A. BAUER (deceased)

Queen’s University, Kingston, Ontario, Canada

Abstract

Pressure-time histories were
recorded for low density ammonium
nitrate/fuel oil, detonated in long
heavy walled steel cannons of
various bores. These were then used
in a finite-element model of a
horizontally layered limestone rock
mass to predict the crack
propagation limits in presplit
blasting for a range of borehole
diameters. Apart from showing very
good agreement with field resulcs,
the model clearly demonstrated the
strong dependence of the results on
the pressure-time curve. The
lmportant elements were the peak
pressure, the rise time to it and
its duration. Control of these
characteristics offers the
possibility for optimizacion of
crack propagation distances and
borehole spacings for various ground
conditions. Also, the results to
date provide <the basis for
Investigating the characteristics of
the explosives presently used in
presplit blasting, and finding ways
to nmodify them with the purpose of
optimizing the field resulcs.

-

Introduction

Some years age Iin a comprehensive
raview article Mellor (1973)
summarized the state of the art on
presplitting in che form of graphs

relating blasthole spacing to hole
diameter. As pointed out in the
review, the published data suffered
from a lack of physical rock
properties and structural dertail,
Later a static model was developed,
CANMET (1977), Bauer (1982), which
yielded the following expression for
presplit hole spacing when multiple
holes were fired simultaneously.

s s 2r (Bp * o) /q,
where

r = borehole radius

Pp = pressure at the borehole wall
gy = rock tensile scrength

If the pressure at the borehole wall
is macched to or is less than the
compressive strength of rock (o.)
then localized crushing can be
avoided. TFigure 1 is a ploc of the
data presented in Mellor (1973)
along with the sctatic model
predictions for various wvalues of
the ratico of the compressive to
tensile rock strengths, o./o¢.

Whilse cthe use of this static meodel
or the empirical rules of tchumb
often give good. results they are
nonetheless deficient when new
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FOR PRESPLITTING

situations arise. More realistic
models should be able to predict
accurately the influence of changes
in the pressure-time curve within
the borehole, on ground response and
cracking limits. In addition, it
should be possible to quantify the
effect of joint frequency,
orientation, and properties on the
presplit hole spacing.

The research described 1in this paper
consisted of the measurement of
pressure-time curves for low density
AN/FOs detonating in long heavy
walled small bore "steel cannons,
These curves had to be modified to
represent the larger charge and
borehole diameters employed In
field. Then they were used Iin a
two-dimensional finite element model
to predict the changes in stress
discribution with distance and time
In a limestone rock mass. This
allowed the crack limits radiating
from a single borehole to be
determined as a function of borehole
diameter and driving force. Those
factors which contributed strongly
towards maximizing this distance
were identifled.

Hodel Definition

The dynamie behavior of rock under
the action of time-dependent
pressures was simulated by means of
a versatile computer finite element
code, Ribbitt et al (1982). The
code had incorporated one of the
modern {ncremental theories of
plasticity, Chen and Chen (1973),
which are based on a close
relationship between the plastic
strain increment, the current state
of stress, and the stress increment.
In the particular theory adopted,
all stress distributions that can
cause ylelding are described by a
single function which represents a
surface Iin stress space (yleld

surface). In the same fashlon, 1t
1s possible to determine a fallure
surface. The shapes of the above

two surfaces are determined through
experiments on specimens under
different loading combinations. @ A
succession of surfaces between the
yleld and fallure surface represents
the different stages of loading
after yielding and before failure
(loading surfaces). Such surfaces
depend on the plastic strain
history. The form of these loading
surfaces, which i{s an evolution of
the yield surface, is determined by
the hardening rule best fitting the
material behavior.

How the plastic strain increment 1is
connected to the state of stress and
stresg increment is decided by the
flow rule; its cholce plays a very
important role in the generation of
reliable results and it is guided by
experimental procedures.

The incremental theory of plasticity
can be easily adopted in order to
predict the response of materials
with high compressive and low
tensile strength such as plain
concrete, rock, soils, ete, wunder
the action of loads.
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The model geometry, boundary
~onditions, stress distribution and
sharacteristics of the analysis in
the present study were dictated by
the physical and technlcal aspects
of presplit blasting and alsc by the
physical rock properties.

The limestone considered was free of
jolnts, {sotroplec, linear-elastic,
strain-hardening, plastic-fracturing
with high compressive and low
tensile strength (Figure 2).
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FIGURE 2 - STRESS-STRAIR CURVE FOR
LIMESTONE

In the model, only one hole was
" considered. This 1s because in the
field, between holes fired together,
there 1s always delay time long
enough to allow complete crack
formation before any of the adjacent
holes is initiated:

Because of the existing symmetry
with respect to hole center and to
every straight line passing through
iz, only a 10* wedge of the area
surrounding the borehole was
analyzed. !

Borehole radii considered were equal
to 1.0 in. (25.4 wm), 1.5 in.
(38,1 mm) and 2 in. (50.8 mm). Oon
the other hand the external radius
congidered depended on the expected
crack propagation distance.
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The area was divided into a number
of elements. The number of these
elements depended on limestone
properties, Valliappan et al (1983),
White et al (1979), on how fast the
pressure changed, and how long the
crack was expected to be. The
elements were 0.10-in. (2.5 mm)
thick and had B nodes, The stress
distribution corresponded to plane
strain. Up to 700 elements were
uged.

In compliance with the existing
symmetry only displacements in the
radial direction were allowed. The
outer boundaries were restricted In
both directions. The time-dependent
pressure acted internally as a
uniformly distributed load.

The results which were given in the
form of stresses, displacements,
velocities and elements cracked were
computed every 0.25 - 10 pusec.

Comparison between plane stralin and
plane stress distribution in the
wedge model ylelded the same
conclusions. The relative
insensitivity to the type of stress
distribution s attributed to the
self-containing nature of the
material - small Polsson's ratio
0.1.

Input Data Requirements

Apart from the model geometry, node
location and divisjion inte elements
the other required data were the
limestone, mechanical and physical
properties, and the pressure-time
profile of low density AN/FO.

The limestone properties were
determined in the laboratory from 5
in. (127 wmm) long, 2-1/14 {in.
(57 mm) dlamecter rock cores, taken
from rock blocks in three mutually
perpendicular directions relative to
the bench face from which the blocksa
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were selected from reglons
uninfluenced by blasting. Uniaxial
compression tests determined the
yield stress and ultimate failure
stress, while Brazilian tests gave
the tensile strength. The measured
physical properties were:

Density 0.00025 1b-sec2/ft

(2.7 g/ecm?)
Young's Hodulus: s x 108 psi
134.5 x 108 wN/m?)

Maximum uniaxial compressive stress
at zero plastic strain: 18,000 psi
(124,110 kN/m2)

Uniaxial compressive strength:
18,300 psi (126,180 kN/m?)

Maximum plastic strain at g}eak
compressive strength: 0.5 x 10°

Uniaxial tensile strength: 1500 psi
(10,343 kN/m?)

Poisson’s Ratio: 0.1

Since the finite element code
determines failure when a certain
material dependent surface is
reached, additional parameters
defining this failure surface were
required. Some of them were assumad
on the basis of similarly behaving
materials, Chen et al (1973), Chen
(1982), and, some were measured as
stated below.

These additional parameters were:

- Ratio of each biaxial compressive
strength/uniaxial component: 1.16
(assumed)}.

-Ratio o f uniaxial
tenslle/compressive strength:
0.082 (measured).

- Ratio of a plastic strain
component at falilure under biaxial
compression to the plastic strain
.at fallure under uniaxial

15th Canadian Rock Mechanics Symposium

compression: 1.28 (assumed).

- Ratio of plastic strain at fallure
under uniaxial tension to plastic
strain at fallure under uniaxial
compression: 0.01 (assumed).
This ratiec was varied in one part
of the analysis 1In order to study
the effect of plasticity iIn
tension on the final results.

The next step was the determination
of the pressure-time profile of the
explosive, This step involved the
development of & new experimental
technique and new instrumentation.
Both these are described in the next
section.

Experimental Pressure-Time
History Determination

After determining the limestone
properties in the laboracery, to
determine the pressure time curves
for AN/FO at densities of 0.16, 0.20
and 0.24 g/cm3 a series of fully
coupled, cylindrical charges was
detonated. The charges were placed
In 4-ft (1.22-m) long, thick walled,
steel cylinders having internal
diameters of 3/8 in. (9.5 mm), 5/8
in. (1 59 mm), and 1 in. (25.4 mm)
with corresponding external
diameters of 2-1/2 in, (63.5 mm), 3-
1/2 in. (88.9 mm) and &4-1/2 {n.
(114.3 mm).

The explosive was ground to -100
mesh, for adequate sensitivity ac
these dlameters and was blended with
microbubbles to yileld the required
densities,

Four high-pressure quartz
transducers, capable of measuring
pressures up to 150 000 psi
(862 000 kN/m2) were placed in small
diameter cylindrical holes drilled
perpendicular to the cannan bore,
The gauge tips were in contact with
the explosive for direct pressure
measurenent (Filgure 13).
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FIGURE 3 - SEKETCH OF EXPERIMENTAL
SETUP FOR PRESSURE-TIME
RECORDING

The end of the cannon where the

charge is initiated was closed

airtight by means of a plug, while
the other one was left open. The
explosive was placed in the cannon
and initiaced from the closed end,
with a No. 8 electric blasting cap.

Special mountings were developed for
the transducer to eliminate self-
induced wvibrations caused by
precursor waves in the cannon walls.
The gauge £ittings also included
insulators to stop heat reaching the
transducers and rubber and brass
plugs co prevent gas leakage.

Results

A typical pressure-time profile is
shown in Figure 4. The first
16 usec of the profile a shown in
Figure 5. to demonstrate 1its
characteristics more clearly.
Notwithstanding the many precautions
that had been taken, mechanical
vibrations set up in the transducer
assembly itself generated output
that was superimposed on that due Zo
the explosive.

To determine the input pressure-time
profile of the explosive, the
transducer sStructure was modaled
with three-dimensional £finita
elemsncs, 171 in tocal (Figure 6).
It wvas then subiectad to a number of
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different pressure-ctime profiles.
The pressure was applied againstc the
external surfaces of the transducer
tip elements in a sequential fashion
o simulate closely cthe true
continuous application, Through
trial and error it was possible to
datermine the pressure-time profile
(Figure 7) which, when applied rto
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the transducer ¢tip, produced a
pressure-time history very close to
the recorded one (Figure 8). This
is the input pressure-time profile
of the explosive.

Through these experiments, it became
possible to determine that the ideal
or theoretical wvelocity of
detonaction_ for a density of
0.20 g/cm> is 4813 ft/sec
(l467 m/sec) and this was obtained
in diameters of 5/8 in. (15.9 mm) or
greater; for 0.24 g/cm3 it is
5660 frt/sec (1725 m/sec) and was
given at diameters of 3/8 in.
(9.5 mm} or greater.

The corresponding true pressure-time
curves for ideal dectonations were
the ones used in the analysis after
certain modificacions.

Application of the Determined
Imput p-t Profile in the
Finite Element Analysis

Before proceeding with the analysis,
certalin assumptions and
modificacions had to be made
concerning the explosive and its
pressure-time profile. These
assumptions were:

Firsc, the charges were assumed to
have a densicy of 0.24 g/c:n3.
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FIGURE 8 - COMPARISON BETVEEN
COMPUTED AND RECORDED
TRANSDUCER CUTPUT

Second, because' crushing around the
borehole walls is of primary concern
in presplicting, the peak pressure
had to be reduced to a level
(17 600 psi or 121 352 WN/m?) not
exceeding the compressive rock
streng::h (18 300 psi or
126 180 kN/m ). In the field, this
is accomplished by decoupling the
charge to various degrees. A
constant coupling ratio of 0. 92 was
kept in all cases.

In addition to lowering the peak
pressure, decoupling changes the
characteristics of p-t profiles.
Consequently, certain modifications
had to be made in the determined
input profile of the explosive to
accommodate these changes.

. These modificacions were:

1 - The first peak was eliminacted
because it is associated with
the detonation head and it does
not exist even within the
explosive behind itc. With more
reason it is not transmitrted
through the gap between the
charge and the borehole walls,
In support of that come
recordings of decoupled charges
(upper right corner Figure 9)
having 0.340 in. (8.6 mm)
diameter in 0.375 in. (9.5 mm)
diameter cammon bores.
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"2 - The rise time (t;) to peak was
increased to 1530 usec (upper
right corner Figure 9)and it s
expected to increase with larger
hole diameters, and

3 - Also, the stay at peak pressure
(tgf) increased - in the
neighborhood of 350 upsec (upper
right corner Figure 9).
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FIGURE 9 - PRESSURE-TIME CURVES FOR
COUPLED AND DECOUPLED
CHARGES
The modified inpuc profile wich
already lowered peak pressure
consisted the first part of the
forcing function acting against the
borehole walls during the numerical
simulaticn. The rest of the forcing
function was made of the recorded
profile (Tigure 4}, afrer the par:
corresponding to cthe unmodified
input profile was removed and the
remaining part was translated to the
right by t. = tgf = 200 usec.

The beginning of the descending part
of the profile was also shifted to
the righc as a result of the
borehole Xength. This shifc:
location is dependent and equal <o
the time zthat the detonation needs
o travel the distance between the
point in question and the end of the
charge, plus the time it takes the
pressure drop to <Teach the same
point. This shifr is wmuch longer
than the zime within which the crack
is compieced (= 750 usec) and
consequencly does not affecc che
final resul:s.

Drop in borehole pressure due to
expansion of the walls was not
considered at all because the
failure is associated with an
insignificant 0.035 in. (0.9 mm)
increase in a &4-in. (102-mm)
borehole diameter.

Larger hole diameters are expected
to have a more pronounced effect on
the p-t profiles of decoupled
charges, demonstrated mainly through
changes in rise time and stay at
peak, even for the same coupling
ratio. Consequently, the crack
propagation distance is affected by
these changes and their influence on
it was demonsctrated in this scudy.

Results - Predictions

The analysis was carried out in two
parts. These dealt with the effeactc
of rock and explosive properties on
crack propagation distance (L.p).

During the first part of the
analysis, the rise cime, stay at
peak and hole diameter were kept
constant (t, = 130 usec, GT4f =
SO usec, ¢ = 4 in. or 102 mm). The
rock tensile strength, the rock
compressive strength, the modulus of
elasticicy and cthe degree of
plasticicy were varied. The
findings are presenced below.

(a) The effect of material rensi
strength on crack length 1is
illustrated in Figure 10. For
tensile strength of 1500 psi
(10 343 kN/m®) the crack length
is 22.6 in (S7.7 cm). Reduczion
of the tensile scrength by ].O:
(g = 1350 psi or 9300 kN/m 3
resulted in a crack length
increase to 24.5 in. (62.2 ecm),
(an 8% increase), while
reduction by 33. (¢ = 1000 psi
or 6895 kN/m ) yielded a 37%
increase to J1.3 in. (79 cm).
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CRACK PROPAGATION
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(b) The magnitude of intermal
pressure or vTock compressive
screngthh affects che crack
propagacion limits in a similar
fashion (Figure 11). A 25%
decrease in cthe magnitude of
the above quantcities reduced
the crack lengch by 221,

(c) The final distance of crack
propagation 1s rather
insensitive to changes 1in
modulus of elastiecity (E) for
stiff macerfals. A 10X
decrease in E resulted only in
a 2% decrease in L.r.

(d) Departure from the linear
elastic behavior in tension
with the same Young’s modulus
as in compression and
inttoduction of plasticity
reduces L.y (Figure 12). The
relations between crack length,
time and amount of ctensile
plastic strain at failure
expressed as a percencage of
compressive plastiec strain at
failure (Figure 2) are shown in
Figure 12, A 50X tensile
plascic strain at failure
produced a 54% decrease in
erack length, while a 100%
produced a 66% decrease,

In the second part of the analysis
the effects of rise time and
pressure stay at peak on crack
length were scudied. ’

The importance of 'rise-time from
zero to peak 1s demonstrated in
Figure 13. The stay at peak was
50 usec. The rise time changed from
10 psec to 50, 150, 250, 350 and
450 usec, The distance of crack
propagation increased at a
decreasing rate and when plotted as
a function of rise time (Figure 13)
it demonstrated an upper limit which
is approached asymprotically. This
limit staces that for each material
there is an optimum rise time that
can maximize the crack length, all

other explosive characteriscics
being constant.

Finally, e effect of essu

at peak is shown in Figure l4. The
rise time was 150 usec in all three
cases, (Ctygg = 50, t4f = 150 and
C4f = 250 usac}). A total increase
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FIGURE 13 - EFFECT COF RISE TIME ON
CRACK PROPAGATION
DISTANCE

of 200 psec can cause a 20X increase
in crack lengrth from 25 in.
(63.5 em) to 30 in. (76.2 cm). The
crack length will increase at a
decreasing rate up to a certain
point beyond which further increase
in stay at peak will not have any
effect due to the barrier imposed by
geometric damping.

Comparison to Field Results

The most common dlamecers in
presplitting are 2, 3 and 4 in., or
51, 76 and 102 mm. In addition to
these a 10-5/8-in. (270 mm) diameter
was considered in the analysis to
disclose the spacing-diameter
relationship. The crack lengths
associated with these diamecters are
plotzed in Figure 1 .

The following . table shows the
ultimate crack propagation distance
from the borehole center versus hole
diameter.

Hole

Diagmeter

(in.) 2 3 4 10-5/8
(oma) 51 76 102 270
Crack

Propagation

Distance

{(in.) 15 20.5 26 42 .4
(cm) 8.1 - 52.1 66.0 107.7

— - 4
. - - - - - - - -

FIGURE 14 - EFFECT OF PRESSURE
DURATION ON CRACK
PROPAGATION DISTANCE

The results are plotted in Figure 1,
comprising fileld data where hole
spacing 1s correlated to hole
diameter for various ratios of
compressive to tensile strength.
The agreement is very good and it
becomes evident that the crack
length per inch diameter 1s longer
for smaller hole diamerers. It is
worth mentioning that the crack
length or hole spacing does not
depend only on the ratio between
compressive and tensile strength as
it is implied by the correlation of
field data in the above figure, but
also on the "absclute magnitude of
each of them.

Conclusions

The input p-t profile reveals the
true behavior and the
characteristics of an explosive
charge in the same way the stress-
strain curve does for a certain
material.

This analysis shows clearly thart the
crack propagation distance depends
firstly on the characteristies of
the explosive and secondly on the
material properties. Control eof
these characteristics through
decoupling or change in sensitivity
would make it possibie to create the
mosT suitable pressure-time profile
for a given ground, in terms of
optimum field results.
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The expleosives studied in this
research had low density. However,
the explosives generated pressures
that were sufficient and of such
profile that, when used in the
finite element' analysis, predicted
erack propagation distances of the
same magnitude as the ones achieved
in the field. In the future, other
explosives with similar low
densicies could be produced and used
in presplictting.

The filield practice employs
explosives of higher density and
unknown characteristies. Evaluation
of these characteristics on the
basis of the present findings will
be instrumental in developing ways
to modify them and optimize the
results further, Increases in hole
spacing and reductions in borehole
diamezer and amount of explosive

used should yield considerable
savings.

On the other hand the application of
advanced rock failure theories and
their implementation in finite
element codes will make the behavior
of rock more predictable and the

design of slopes or underground
openings safer.
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¢ 48 mm, Gelotina extrg 40%,2.0 kg/m

| """ @45 mm, Gelatina extra 40% 1.6 kg/m
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/% $35mm Geloting extra 40% , 1.0 ¥g/m

o
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FIG 1.34 Relacidn entre abertura, B, concentracidon de carga y bordo mixi
mo, Y

ciamientos de los barrenos de cada una de las zonas del tiinel que se sefa-

lan en la fig I.38.

-Barrenos ayudantes con proyeccidn horizontal o hacia arriba

El bordo o distancia entre los barrenos y la cavidad central no debe ser ma
yor q‘ue la mitad de la profundidad del barreno menos veinte centimetros. No

deber3 tomarse esta condicidn como base para el calculo.

El espaciamiento de los barrenos debe ser igual a 1.1 veces el bordo.
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tad de la concentracidn de la carga de fondo. La zona de retaque debe ser
e,
TABLA 1.12 Carga especifica de fondo ! aybﬂ
A

igual a la mitad del bordo.

Didmetro de Tos barrenos, Carga especifica, ,“'::ff--'-
en mm en kg/m? fes
30 1.1
40 1.3
50 1.5

En la tabla I.13 se muestran los espaciamientos calculados de acuerdo con

- - . . -
las cargas especificas de fondo necesarias, considerando explosivos de peso

volumétrico de 1.3 g/ca’ y el diimetro de barrenos de la tabla I.12. #&
- . ‘1
TABLA 1.15 Espaciamientos y bordos en funcitn de los didmetros de los barre o“o
nos
Dismetro de barreno, Area por barreno, Bordo, Espaciamiento, b
enmm en m? en m en m bﬁ(
32 . 0.91 0.90 1.00 (b%;zﬁ74
35 ) 1.00 0.95 1.05 -
38 1.15 1.00 1.15
45 1.44 1.15 1.25
48 - 1.57 1.20 1.30*
51 - 1.71 . 1.25 1.35*

* Estos espaciamientos son $&lo para tineles de gran didmetro; en el caso de
Sreas menores su magnitud es menor como se muestra en las gradficas de la
fig 1.34.

Las concentraciones y cargas de fondo y de columna de la tabla I.14 han sido
calculadas s partir de las recomendaciones anteriores, en funcidn del diame
tro de los barrenos. Estos datos han sido obtenidos de la practica e inclu

yen los errores normales de perforacidn.

.
;
&
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FIG 1.36 Cargas especificas utilizadas normalmente en tineles
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FIG 1.37 Nimero de barrenos en funcidn de! 4rea del frente
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FIG 1.38 Zonas de distribucién de los barrenos

La carga de fondo ocupa el tercio inferior del barreno con la carga especf

fica de la tabla I.12.

La concentracidn de la carga de columna en kg/m puede tomarse igual a la mi

29
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The relationship can also be used for the “cut spreader* holes above the holes

i the cut. the width of the free surface corresponding to the diameter of the large
hole as follows

V=07<8B

The loosening section should be 50 wide that the stoping holes have the pos-
sibliity 0 break out at the right angle which implies 2 3« Vstoping holes.

The burden for the holes in the cut must not be confused with the centre-to-
centre distance normally used. The tabie below can serve as a guide:

Cl/nA

Centre-to-centre

Large hole diameter Small hole diameter Burden distance
mm mm mm mm
37 32 40 83
8 32 33 107
7 45 53 113

2X 57 2 80 125
2% 57 43 80 121
278 32 106 160
2 X 78 43 108 167
100 15 : 10 143
100 51 ’ 70 1468
125 51 " 176

In the case of easily blasted rock, the centre-to-centre distance may need to be

e C UNA

Experience shows that the nearest holes in the cut can be charged as foilows:

Dnll hole diameter Charge concentration Suitable large hole diameter
mm kg m mm
32 0.25¢ 5T -2 X 176
35 0 30t 76 -2X178
38 0.38¢ 786 -2X18
435 0.45 2X 76 -125
48 0.55 2X 768 - 125

s1 0.35 2X 76 - 125

'23 mm Donant I can normally be used in spite of the fact that it corresponds to a
Gelatine Donant [ charge of 0.46 kg'm.

138
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A simular form of cut with double large holes. diameter 76 mm. has been used

a great deal:

4
N

Fig. 9213

The l1gure also shows the make-up of the -cut spreader- holes outside the cut.
The charge in the -cut spreader~ holes s arge because of the great constriction.

AYTES CUNA

Column charge. kg m with diam.. mm

Burden Bottom charge . b 3 43 “
m kg
020 0.25 .30 0.45 0.60 0.75
0.3 0.40 0.30 0.43 0.60 0.75
040 0.50 0.35 0.50 0.70 0.80
0.30 0.85 0.30 0.70 1.00 1.15
0 80 0.80 0.50 0.70 1.00 1.15
0.70 0.90 0.50 0.70 1.00 1.15

Uncharged section = 0.5 X V.

[

Loosening holes wath burden greater than 0.70 m are charged in the same way

as stoping hoies with honzontal breakage (see section 9.1 enuitled Charge calcu-
lations).

Fig. 9 2.4 shows a cut made up of large gauge holes and the cut spreader section
for various drill hole diameters. The outermost holes in the cut spreader section
can be described as stoping holes but they have been adapted to some extent
geometrically so that they fit into the picture more easily.

140 S
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Drill hole  Depthof Hole Uncharged
diam. hole Burden spacing Bottomcharge Column charge section
mm m m m kg kgm kg kgm m
33 1.6 060 0.70 060 1.10 030 040 0.30
32 2.4 0.50 1.10 080 1.00 0.35 030 045
31 32 0.5’ 110 100 (.85 035 030 0.4
38 24 090" 120 115 144 08¢ 070 0.50
37 32 .00 1.20 1.530 1.36 1.1 0170 6.50
45 32 118 1.40 225 203 1.30 1l.00 0.35
48 12 1.2¢0¢ 145 230 23 150 1.15 0.60
18 4.0 1.2 1.45 300 230 245 115 06u
31 3.2 1.253° 1.50 27¢ 26Y 195 130 06v
51 4.0 1.25¢ 1.50 340 260 70 130 0.60

' In tunnels with a cross-sectional area of more than 70 m¥, the burden and hole spacing
can often be increased considerably since the dnll holes break much maore easily,
Blastuing then becames sirular to bench blastung

In most cases the burden can be increased by 10%, so that the holé spacing 1s
also considerably greater.

The spacing of the stoping holes can be increased to larger areas with respect
to the croas-sectional area of the tunnel. It can also be said that 1n many cases
where rock is easy to blast, the hole spacing shown in the table may be too close.
In practice & lower charge concentration in the bottom section is often atilained
than that shown in the table. This implies that in the case of easily biasted rock.

the hole spacing shown in the table can be used even if the charge concentration
B lower.

Calculating the charge im wall holes

Normally the walls and roof of the tunnel are smooth-blasted (see section 9.5
entitled Smooth blasting). This talculation concerns cases where no smooth blast-
ing is carmed out,

The burden including -look-in- or “look-out” is selected as being 0.9 X the
burden for the stoping holes.

Hole spacing = 1.2 X V.

The height of the bottom charge is reduced to 1,6 < depth of hole.

Uncharged section = 0.3 X burden. The concentration of the column charge is
reduced 10 0.40 X the concentration of the bottom charge.

134
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Example
Dritl hole  Depth of Hole Uncharged
diam hole Burden spacing Botlum charge Column charge section

mm m m m kg kgm kg kg m m
23 145 035 0.63 030 1.0 0.45 0.45 030
32 23 0 8L 0435 0.40 100 065 040 040
31 3.2 v BO 0.95 050 0895 090 040 0.40
38 24 090 110 060 1.4 0.85 w60 0.43
37 32 0.90 1.10 075 1.26 1.20  0.53 0.45
15 32 R 1.20 110 243 1.80 uv.8o Q.30
18 32 1.10 130 1.20 230 200 09 035
18 4.0 110 130 130 230 250 109 Q.35
31 32 1.13 i.4U 140 260 210 1.00 060
LY 10 115 1.40 1.90 2.60 270 1.00 0.60

TECH

Calculating the charge in rouf holes

The hole spacing 15 carried out as for the wall holes. The column charge is
reduced t0 0.30 X the concentration of the bottom charge.

Dniill hole  Depth of Hole Uncharged
diam. hole Burden spacing Bottomcharge Column charge section
mm m m m kg kg'm kg kgm m
a1 1.8 035 0.65 030 110 0.35 0.35 0.30
32 2.4 0.30 0.95 040 1.00 050 030 0.40
31 3.2 080 0.85 0.50 095 0.70 030 0.40
38 24 090 1.10 060 144 070 045 0.45
37 3.2 090 1.10 075 1.36 090 040 0.45
45 32 1.00 1.20 1.10  2.03 136 060 0.50
48 3.2 110 1.30 120 230 145 0.76 0.55
48 4.0 1.10 1.30 1.50 2.30 195 0% 0.55
51 3.2 115 1.40 1.40 2.60 170 0. 0.60
51 4.0 1.15 1.40 1.70 2.60 225 oM 0.680
135
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Exampie.

ornill Dnilling Hole Uncharged

diam. depth  Burden spacing Boltom charge Coiumn charge section
mm m m m kg kgm kg xgm m
33 18 0 60 0.7u 060 110 070 073 0.10
32 24 0.90 1.04 0.80 100 1.00 070 0.20
3! 3.2 0.90 0.95 100 095 1.30 065 0.20
38 2.4 1.00 1.0 .13 1.4 1.4 .00 0.20
37 3.2 1.00 1.10 1.0 1.36 1.80 095 0.20
43 3.2 1.15 1.25 235 21403 260 140 0.25
48 312 1.2v 1.3v 250 230 w60 0.25
418 $.0 120 1.3v Joo 230 425 16 0.25
3l 32 1.25 1.35 270 180 320 1380 8.25
31 4.0 1.25 1.35 Jiv 280 475 1M 0.25

Calculating the charge in stopang holes with breakage downwards

Since these drill holes require less jorce for swelling and furthermore are
heiped by Lhe force of gravity, the specific charge in the bottom section can be
reduced 0.

Drill hole diamnever Specific charge
mom kg'm?
0 1.0
40 1.2
50 1.4

Hole spacing can be increased 1o 1.2 X burden. Otherwise the calculauion is
made up I1n the same way as for the stoping holes described earlier. In the case of
tunneis with small cross-section areas. burden and hole spacing are decreased
according lo the geometrical conditions. ‘

The hole spacing indicated in the table applies on condition that the charge
conhcentiration in the bottom section attains the value in the table If the charging
method used results in a lower concentration. then the holes must be more closely
spaced so that the required specific charge is attained.

/33
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The concentration and st-ength of the bottom charge and the column charge
can be calculated from the relationship menuoned earlier:

Dnll hole  Depth of Hole Uncharged
diam. hole Burden spacing Botiomcharge Column charge section
mm m m m g kg'm kg kgm m
33 1.6 0.60 0.50 080 1.10 020 040 0.20
2 2.4 0.90 1.00 030 1.00 055 050 0.45
31 3.2 0.90 0.95 1.00 095 0.85 0.50 0.45
38 "2.4 i.00 1.10 .13 1.44 0.80 o070 0.30
37 3.2 1.00 1.10 1.0 1.36 1.15 0.70 0.50
45 2 115 1.25 25 203 1.50 .00 0.55
48 3.2 1.20 1.30 230 230 170 115 0.6V
48 +.0 1.20 1.20 Jo  2.30 245 115 0.60
31 3.2 1.25 1.35 270 2.60 185 130 0.60
51 4.0 1.25 1.35 340 2.60 270 130 0.60

33—-38 mm covers the range for both dnll series 11 and 12 and also full-length
dril rods with 33 and 38 mm bits respectiveiy.

Burden and hole spacing are those used in practice — faulty drilling 1s inciuded
in the basic calculation for tunnel blasung.

The tabie shows that faulty dnlling and swelling requiremnents are compen-
sated for by larger bottom charges as hole depth is increased. Full utilization of
the largest diameter holes implies large charges per hole which, from the view-
point of rock technology, is unfavourable.

Calculating the charge in the floor holes

The burden and spacing for the floor holes can be calculated in the same way
as for the stoping holes mentioned above. However, it is impartant for the ~look-
in“ or “lock-out- to be included in the burden dimensions. Since “lock-out~ is
included in the burden, the drill holes ciase to the floor must be collared for bur-
den and “look-out*. For example with a burden of 1.00 m and “look—-out” of 0.20 m.
the holes in the round must be collared 1.0¢ — 0.20 m = 0.80 m above the floor hole
collanng pownt. The uncharged section is taken to be 0.2 X burden. The column
charge concentration 1s increased to 70* 4 of the bottom charge.
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TABLA 1.14 Cargas, espaciamientos y bordos en barrenos ayudantes con pro-

yeccién horizontal o hacia arriba Taco

Didmetro | Profundi Bordo Espacia |Carga de fondo éarga de columna | Zona de

barreno. | dad ba- m miento retaque
mn rreno, m m kg kg/m kg kg/m m

33 . 1.6 0.60 ¢.70 0.60 1.10 0.30 0.40 0.30

32 2.4 0.90 1.00 0.80 1.00 0.55 0.50 0.45

31 3.2 0.90 0.385 1.00 0.95 0.85 0.50 0.45

38 2.4 1.00 1.10 1.15 1.44 0.80 0.70 0.50

37 3.2 1.00 1.10 1.50 1.36 1.15 0.70 0.50

> 45 3.2 1.15 1.25 2.25 2.03 1.50 1.00 0.55

48 3.2 1.20 1.30 2.50 2.30 1.70 1.15 0.60

.48 |40 [1.20 | 1.30 [3.00° | 2.30 | 2.45. | 1.15 | 0.60

51 3.2 1.25 1.35 2.50 2.60 1.95 1.30 0.60

51 4.0 1.25 1.35 3.40 | 2.60 2.70 1.30 0.60

-Barrenos de piso

El bordo y el espaciamientos de estos barrenos debe calcularse del mismo modo
que los barrencs ayudantes. S5Sin embargo, debe considerarse en el bordo una
correccidn debido al emboquille de preparacidn para la voladura siguiente.
Por ejemplo, con un bordo de 1.00 m y un margen para emboquille de 0.20 m,
la segunda fila de barrenos del pisc debe estar 0.80 m arriba de la entrada
de los barrenos de la primera fila. La zona de retaque debe ser de 0.20 ve
ces el bordo, es decir, mucho menor que en los barrenos ayudantes y la con-
centracidén de la carga de columna se fija hasta de un 70 por ciento de la

concentracidon de la carga de fondo.

En la tabla I.15 se presentan las concentraciones de carga de fondo y de co
lumna, el espaciamiento, el bordo y la zona de retaque para distintos diime

tros de barrenos.

-Barrencs ayudantes con proyeccidn hacia abajo

Debidc a la ayuda de la gravedad, estos barrenos requieren una menor carga

La carga especifica de fondo puede .ser la

3R -
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Ca

TABLA [.15 Cargas, espaciamientos y bordos en barrenos de piso

Eﬂmetro Profundi Espacia | Carga ¢ fondo | Carga decoluma |Zona de
arreno | dadbarre Bz:do miento retaque
mm no, m m kg kg/m kg kg/m m
33 1.6 0.60 0.70 0.60 | 1.10 0.70 | 0.75 0.10
32 2.4 0.90 1.00 0.80 {1.00 1.00 [ 0.70 0.20
31 3.2 0.30 0.95 1.00 | 0.95 1.30 | 0.65 0.20

38 2.4 1.00 1.10 1.15 | 1.44 1.40 | 1.00 .0.20~
37 3.2 1.00 1.10 1.50 | 1.36 1.80 | 0.95 0.20
> 45 3.2 1.15 1.25 2,25 }12.03. 12.60 | 1.40 0.25
48 3.2 1.20 1.30 2.50 ] 2.30 3.00 | 1.60 0.25
48 4.0 1.20 |1.30 3.00 12.30 ]4.25 | 1.60 Q.25
51 3.2 1.25 1.35 2.70 | 2.60 3.20 | 1.80 g.25
51 | 4.0° 1.25 1.35 3.40 | 2.60 4.75 | 1.80 0.25

TABLA I.16 Carga especifica de fondo

Didmetro de los barrenos,

Carga espectffica,

en m en kg/m’
30 1.0
40 1.2
50 1.4

Eltespaciamiento de estos barrenos puede ser de 1.2 veces el bordo. Llas de

mds caracteristicas son las sefaladas para los otros barrenos ayudantes.

En tlneles de seccidn trasversal pequena las cargas deberin aumentarse y el

bordo y el espaciamiento disminuirse de acuerdo con las funciones de las gri

ficas que se presentan en las figs 1.34, 1.36 y 1.37.

En la tabla I.17 se presentan las cargas, bordos y espaciamientos de estos

barrenos.

3.7.70

Los espaciamientos indicados son aplicables siempre que la con-
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centracidn de carga en el fondo alcance, asimismo, el valor sefialado. Si
la concentracion de carga resulta menor, el espaciamiento deber3 reducirse

para obtener la carga especifica requerida.

Los valores de espaciamientos y bordes indicados en la tabla I.17 pueden au
zencarse, particularmente cuando la roca es ficil de excavar y cuando los
tineles tienen un 3rea de mis de 70 m°. También es frecuente en estss casos
ucilizar los espaciamientos sefialados pero con menores concentraciones de

carga.

TABLA 1.17 Cargas, espaciamientos y bordos en barrenos ayudantes con proyec
Eigp hacia abajo

Didmetro | Profundi Sordo. | EsPacia |Carga dce fondo | Carga de columna Zona de
barreno, | dadbarre m ' | miento, retaque,
mm no, m m kg kg/m kg kg/m m
33 1.6 0.60 | 9.70 {0.60 | 1.10 | 0.30 | 0.40 0.30
32 2.4 0.90 | 1.16 |0.80 | 1.00 | 0.55 | 0.50 0.45
3l 3.2 0.85 | 1.10 |1.00 | 0.95 | 0.85 | 0.50 0.45
38 2.4 1.00 | 1.20 {1.15 | 1.44 | 0.80 | 0.70 0.50)
37 3.2 1.00 | 1.20 |1.50 | 1.36 | 1.15 | 0.70 0.50
45 3.2 1.15 | 1.40 |2.25 | 2.03 | 1.50 | 1.25 0.55
48 3.2 1.20 | 1.45 }2.50 | 2.30 | 1.70 | 1.15 0.60
- 48 4.0 1.20 | 1.45 [3.00 | 2.30 | 2.45 | 1.15 0.60
51 3.2 1.25 | 1.50 |2.70 | 2.60 | 1.95 | 1.30 | 0.60
51 4.0 1.25 | 1.50 {3.40 | 2.60 | 2.70 | 1.30 0.60

~Barrenos de los hastiales

Las voladuras de los hastiales y de la bdveda corresponden por lo comiin al
tipo de voladuras denominado recorte o poscorte perimetral (incise 7.2,1.5X

En ests seccidn se tratan los casos que no son voladuras de recorte.

El bordo, considerando el emboquille de preparacidn para la voladurs siguien

te, se toma igual a 0.90 veces el bordo de los barrenos ayudantes.

27
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El espaciamiento que mejores resultados ha aportado en la practica es 1.2
veces ‘el bordo; la loogitud de la carga de fondo un sexto de la profundidad
del barreno; la zona de retaque la mitad del bordo; y la concentracidn, de
la carga de columna de 0.40 veces la carga de fondo. La tabla I.18 estd

elaborada con las especificaciones anteriores.

TABLA I.18 Cargas, espaciamientos y bordos en barrenos de los hastiales

Eémetro Profundi Bordo Egpacig farga de fondo |Carga de columna | Zona de
barreno |dad barre m miento - retaque
mm no, m m kg kg/m kg kg/m m
33 1.6 0.55 0.65 0.30 1.10 0.45 0.45 0.30
32 2.4 0.80 0.95 0.40 1.00 0.865 0.40 0.40
31 3.2 0.80 Q.95 0.50 0.95 0.90 0.40 0.40
38 2.4 0.90 1.10 0.60 1.44 0.85 0.60 0.45
37 3.2 0.%90 1.10 0.75 1.36 1.20 0.5% 0.45
45 3.2 1.00 1.20 1.10 2.03 1.80 0.80 ¢.50
48 3.2 1.10 1.30 1.20 2.30 2.00 0.90 0.55
- 48 4.0 1.10 1.30 1.50 2.30 2.50 ' 0.90 0.55
51 3.2 1.15 1.40 1.40 2.60 2.10 1.00 0.60
51 4.0 1.15 1.40 1.70 2.60 2.70 1.00 0.60

-Barrenos de la bdveda (tabla I.19)

En estos barrenos la carga de columna se reduce a 0.30 veces la concentra-
cidn de la carga de fondo. Las demds caracteristicas son iguales a las de

los barrenos de los hastiales.

b) Resumen de las caracteristicas de los barrenos que no pertenecen a la

cuna

Nomenclatura:
A bordo o separacidén de la cavidad previamente abierta, en m
v, bordo prictico, en =

$rg
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profundidad del barrenc, en m

carga especifica, en kg/m’

didmetro del barreno, en mm

concentracidn de la carga de
concentracidon de la carga de

alrtura“de la carga de fondo,

longitud del retaque, en m

Distancia entre barrenos, en o

en m

fcndo, en kg/=

columna, en kg/m

TABLA 1.19 Cargas, espaciamientos y bordos en barrenos de la bdveda

Didmetro | Profundi Bordo Espacia | Carga de fondo |Carga decolumna | Zona de
barreno |dadbarre | miento retaque
mm no, m m kg kg/m kg kg/m m
33 1.6 0.55 0.65 0.30 1.10 0.35 0.35 0.30
32 2.4 0.80 0.95 0.40 1.00 0.50 0.30 0.40

31 3.2 0.80 0.95 0.50 0.95 0.70 0.30 0.40 |
38 2.4 0.90 1.10 0.60 1.44 0.70 0.45- 0.45
37 3.2 0.90 1.10 0.75 1.36 0.90 0.40 0.45
45 3.2 1.00 1.20 1.10 2.03 1.30 0.60 0.50
- 48 3.2 1.10 1.30 1.20 2.30 1.45 0.80 0.55
- 48 4.0 1.10 1.30 1.50 2.30 1.95 0.90 0.55
51 3.2 1.15 1.40 1.40 2.60 1.70 0.80 0.60
51 4.0 1.15 1.40 1.70 2.60 2.25 0.80 0.60
=Barrenos ayudantes con proyeccidon horizontal o hacia arriba
d {mm) q(kg/m’)
30 1.1
40 1.3
50 1.5
hy H/3 )
v,< H-'g'bo' (esta es una condicidn y no es una base (1.4)

de calculo)

3.7
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c) Cufias de barrenos paralelos

Debe calcularse la separscidn entre el barreno vacfo central y los barranos
cargados de la cufia de manera que el Area del barreno vacio sea de cuando
menos un 15 por ciento del drea de influencia de los barrenos de la cufia
_339_?2593?§§_gn.P?imer término (inciso 7.2.1.3a, fig I.31). La separacidn

as® calculada no debe rebasar la que se muestra en la tabla I.20.

TABLA 1.20 Separacifn entre los barrenosvacios y cargados de la cufia de ba
' rrenos paralelos

Didmetro del ba Didmetro de los |Bordo o separacidn | Distancia entre
[rreno central, barrenas cargadc-, entre barrenos, centros,
mm mm mm mm
57 32 40 85
76 32 53 107
76 45 53 113
2 x 87* ' 32 80 125
2 x 57* 45 80 131
2 x 76* 32 106 160
2 x 76* - 45 106 - 167
100 - 45 70 143
100 51 70 146
125 51 8 176

* Dos barrenos centrales.

las cargas que se presentan en la tabla I.2] son, en general, adecuadas para

los barrenos mis proximos al barreno central.

Los barrenos denominados de contracufia, situados fuera de &sta, son adapta

dos al aArea de la seccidn trasversal del tidnel.

La carga de los barrenos de la contracufia es muy elevada debido a su gran

confinamiento. Lla fig I.39 muestra la disposicifm de la contracufia para

7/
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una cufia de dos barrencs centrales.



TABLA 1.21 Cargas asignadas a los barrenos mids prbximos al cégéra] :)

B.1

Didmetro de 10s barrencs Carga asignada Bidmetro del barreno

cargados, mm (kg/m) “central, mm
32 0.25 de 57 a 2 x 76
35 0.30 de 76 a 2 x 76
a8 - 0.36 de 76 a 2 x 76

- A5 v 0.45 de 2 x 76 a 125

48 0.55 de 2 x 76 a 125

51 0.33 de 2 x 76 a 125

En la tabla I1.22 se.prescntan valores de cargas que han dado buenos resulta

dos en barrenos de contracuna.

TABLA 1.22 Valores empiricos de carga en barrenos de contracufia Clgw’ln’tcs)

Bordo o separacidn | Carga de | Carga de columna en kg/m para didmetros de
entre barrenos fondo Jos barrenos cargados de:
m kg 32 mm 38 mm 45 mm 48 mm
0.20 0.25 0.30 0.45 0.60 0.75
0.367 0.40 0.30 0:45 0.60 0.75
. 0.4C 2.50 0.35 q.?g 0. 70_ 0.80
0.50 0.65 0.50 0.70 1.00 1.15 v
0.60 ¢.80 0.50 0.70 1.00 1.15
“T0.70 0.90 0.50 0.70 1.00 1.15

CLangited i carra (tarn) z 0 TV

d) Cufia en V

En esta seccifn se proporcionan reglas generales para el cilculo de cargas

cc 1siderando una cufia de vértice interior de 60°.

14 carga debe incrementarse.

Si este dngulo es menor

La dimensidn V de la cufia (fig 1.40) es funcidn de la cantidad de explosi-

vos que pueden cargarse en los barrenos con arreglo a su didmetro.

vy
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Atotec ion s o0 ma
O Poriess vec i

¢ ® Barrano corgodo

FIG [.40 Cufa en Y

tabla I.23 se proporcionan valores que pueden servir de orientacidn en la

determinacidn de la dimensidn y carga de la cuiia en V.

En cufias en V la longitud de la carga de fondo debe ser de cuando menos un
tercio de la profundidad del barremo. La carga de columna debe ser igual
a la mitad de la carga de fondo. La zona de retaque debe ser un tercio de
la dimensién V de la cuha, pero debe ser adaptada al espaciamiento de los

barrenos de manera que no haya excesc de carga en la parte de la columna.
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FIG 1.41 Distribucién tipica de retardos en un tdnel

que la roca fragmentada ya ha sido desplazada, ofreci&ndoles un espacio de
alivio suficiente. Este alivio permite una voladura del bordo final con un

sacudimiento minimo.

En la tabla I.24 se proporciopan valores practicos recomendados de espacia

mientos, bordos y concentraciones de carga promedio para dos didmetros de

barreno, utilizando explosivos de 1.2 a2 1.3 g/cm’ de peso volum€trico.

TABLA 1.24 Poscorte perimetral

. . Concentracidn totai
Diametro barreno Espaciamiento Bordo de carga en el barreno
mm m m
kg/m
38 - 45 0.60 0.90 0.18 - 0.38
‘51 0.75 1.05 0.18 - 0.38
744
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Los cartuchos largos de diimetro pequefio de explosivos de baja densidad,
permiten una distribucidn adecuada de 1la carga a lo largo del barrenc. Los
cartuchos de 20 cm de longitud se han empleado con &xito en voladuras de
poscérte perimetral wutilizando espaciaderes entre cartuchos para reducir
1a carga total en kg/m; sin embargo, este procedimiento da como resultado

concentraciones de carga relativamente altas en distintos puntos.

[}

7.2.1.6 Precorte

En el precorte los barrenos de contorno se disparan antes de efectuar la

voladura propiamente dicha. 3Z1 precorte produce una grieta entre los ba-
rrenos de contorno. Esta grieta evita que las ondas de choque de la vola
dura principal se trasmitan en toda su intensidad hacia la pared terminada
y minimiza la profundidad de i1a fragmentacidn en la roca. Como los barre
nos estdn muy proximos entre si, las grietas se forman siguiendo las 13-

neas de barrenos, y los mismos barrenos constituyen el inicio del agrieta
miento. Esto significa que la inclusidn de barrenos vacios entre los cég

gados, puede mejorar los resultados.

En la tabla I.25 se indican algunas cargas y espaciamientos en funcidn del

didmetro de los barrenos.

S$i no existen limitaciones en las vibraciones del terrenc se otiliza el
encendido instantidneo; por lo contrario, si es necesario limitar la magoi
tud de las vibraciones del terreno se utilizan microretardos. La forma
cidn de grietas resulta menos eficiente que com la iniciacidn instantinea,
a2 menos que se reduzca el espacio entre barrenos. §i el tiempo de retardo

es muy grande no se logra el precorte.

TABLA 1.25 Precorte

[ Diametro del barreno Espaciamiento Concentracion de carga
mm ) m kg/m '
25 - 32 0.20 - 0.30 0.08
25 - 32 0.35 - 0.60 O.Ig
0.35 - Q.30 0.1
'g'f‘ 0.40 - 0.50 U.36
&4 0.60 - 0.80 0.38




100 TEONIZA MODYRNA DE VOLADURA DE ROCAS

TaBta 7.2

Concenrracon de la carga, en kg'm, pava diversas piedras 'V, y extennon ‘B, de la
cara hbre ' tabla preliminar; .

Carga
Paedra Concentracon de la zarga, kg m lrrute
max ! I. xgm
v con
B 0.0 0,15 020 02§ 030 .35 940 0,50 9.60 030 14m pudrs
m a3 o5 o ad 1 12 5y 1y 2 2,7 & jr lbre
g
Q.10 o.12 0.88 o.06
0,1% 2,30 o8 o,y ol 209
0.20 - =81 2,35 Q.24 020 216 O.l14 0,12
2.2% 1.0 0.0 ¢35 030 0a2b 22 o.18
2.30 1.3 0.9 060 os%0 2,35 .31 o026 0,22 0,18
o.35 1.2 05 0B5 045 040 0.35 9,30 02§
Q40 1,6 2 0% 6,7 &8 050 040 0,30 024
Q.50 1.0 15 1.3 12 0,7 o0 0,50 0.3 o,13
.60 12 1.9 14 1,3 10 0,7 052 Q.17
0,7 1.5 2 14 L.} 09 &7 ©.2%5
o.80 32 24 13 14 1D 06 9,32
1,00 40 3P 1.4 14 09 0.5
120 o 33 2.8 12 0,7
140 0 )6 18 0.9
1,60 o8 2.4 1.t
1.00 32 g

Las afras on bs'put som 2 3 de las afras para g m.

en b Que los subindices a y # se refieren a las figuras 7.§a v b respec-
uvamente. La relacan (7.4) s¢ estudiari en el proximo capitulo; la rela-
cidn (7.%) s¢e da en In bl 7.2.

Estas ecusciones difieren solamente en el valor de la consuante, que
en las voladuras con una salida arcular es un 60 °, mayor que con una
rectangular, debido a la mayor consmiccion en el primer caso.

Las anteriores relaciones abarcan los datos experimentales actuales,
pero las voladuras con una salida recrangular deben estar sujetas a ui-
teniores consideracones tedricas. Sin embargo, la parte experimental de la
investigacion ha alcanzado una etapa que suministra bases para la dis-
cusion de algunos de los principales puntos involucrados: b determina-
cton del diametro 6pumo de los barrenos po cargados en las voladuras
de cuele paralelo, la construccion de los esquemnas de perforacion y el
cilculo de la carga con miras a la colocacion de Jos waladros y a Ia dis-
persion real de la perforacion.

Las cargas dadas en la wubla son suficientes para Is rotura pero no
comprenden necesariamente los valores Limites; muchos de los valores

41



YOLADURAS IN TUNELES CON CUELES DE BARRENOS PARALFTLOS 149

Tania 8.1
Concentracion de la carga { 1) en kg!m para cueles alindricas v mdxima distancus cwando
s dispara hacia barrenor wvacios com diametros comprenchdos emire 4 - 2 - g7 y
700 mm id represenia el diametro del darrenc cargado . la potemca relatrva del ex-
plosiea ess = 1,0

¢ mm 50 2.7 75 83 00 278 110 12§ 1$¢ 200

32 oz 0,3 0.3 0,38 O.4 0,45 0.45 ©,% 0.6 0,8
37 0.25 @,3% 0,35 O 0wt s 0,53 0,53 O o7 0,95
45 c,3e Cu42 0,42 0,50 0,5% - N.11 0,65 0,7 0,85 1,10

i mm 90 150 130 145 178 200 190 220 250 330

Hay que senalar, especialmente con barrenos vacos de pequedos
diametros, lo mucho que hav que aumeniar la carga cuando se incre-
menta la distancia entre centros. Para é = 30 mm se pecesita una carga
de 1,0 kg m para una distancua enwe centros de 11 ap y menos de la
mitad de la concentracion de carga para una distanca de 8 cm. Este e

S Vi
L0

1s+20

220
L¥]

E‘ "
Lb mm $00
Dwcncn

Fx 3.4
Relsodn cotre b aantided de cwrpe ¥ b dosancs eorre ko barrenos commde s dispay hacia
un barreno vaco am wn demnewro de J0-190 BED - - - - avroponde ¢ s Bmew & prmitos
de la Ggura 3 5. Dumnetro de v burrenos cargaden = 313 mmm.

Tr



YOLADURAS IN TUNILES CON CULLES DE BARRINGS PARALELOS 261

TasLa 8.6
Cueles en doble apiral com druersos didmerros del barreno wacio (¢). Darot acordes
com la figura 8.10. Las conceniraniomes de carga |, y ;. se refuron a los barrencs mar-
cados con ~ ¥ @ TESPLCIrvameInie.

é mm s 85 100 110 12% 150 200
a mm 11e 120 130 140 160 190 250
& mm 130 140 160 170 190 230 310
¢ mm 160 178 195 210 240 290 380
d mm 270 190 329 350 400
{, ygm 0,30 0,35 ) 045 Q,5 0,6 o8
l. gm 0,65 0,75 o8¢ 0,9 1,1 1,3 1.7

baiar apreciablemente el avance medio. E] encendido de los diferentes
barrenos del cuele debe efectuarse segun la secuencia dada en las fi-
guras 8.10 y 8.11. Respecto s los cueles de doble ospiral, Taby y Coro-
mant, el encendido de los barrenos aum. 1 y 2 con detonadores instan-
tineos puede mejorar los resultados. Estos detonadores mstantineos deben
- situarse en la boca del barreno. Para evitar ¢! nesgo de decapitacdn de
les ouas cargas, los demas detonadores deben colocarse en el fondo de
los barrenos. No deberian llevar carga de fondo los 6-8 barrenos mas
proxiroos al barreno vacio.

a) Cueles abadricos
Cucls en doble espiral (fig. 8.10 a)

El esquema de barrencs en espiral proporcionsa la abertura mis amplia.
Sin embargo, cuando se pretendan obtener grandes svances deberd usarse
d doble espiral de la figura 8.10 a, adoprando la separacién entre barrenos
¥y b concentracién de carga de la tabla 8.6. Con ¢l esquems en doble
espiral sc tiene la ventaja de que pueden iniciarse sucesivamente los
barrenos opuestos, con lo que se obtiene una mejor Limpieza de lz aber-
tura. Ademds, la seguridad en el avance aumenta, ya que cads seccidon
de la doble espiral puede romper con independenca. Segun los datos
de avances medios dados en la tabls 8.3, el cuele en doble espiral es de-
finicvamente superior a los demis tpos de cueles, con uwn avance por lo
menos un 20 °, mayor que los demas de barrenos paralelos. Una des-
ventaja en la prictica es el hecho de que los dos barrenos mus proximos
2l vacio de 100-110 mm solo distan 130-140 mm de su cenro y en la
perforaciém con estructuras estacionarias y con el equipo acrual se pre-
¢isa una distancia de 160 mm. Esto lleva consigo la necesidad de aumentar
el didmetro de] barreno vacio hasta 12§ mm, con lo gque la distancia al
centro puede incrementarse hasta 160 mm y, si se desea, sumentar el

Seo
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ing rock. These factors are not controlled by any single
property of the explosive, but the tolal energy content is
a very useful charucteristic by which to rate explosives
relative to one another, Table I shows this figure for
some explosives, This table also has a column showing
characteristic impedance. This is density times veloc-
ity of detonation, and its use is discussed later when we
discuss the impedance of rocks.

Table 1
MEASURED ENERGIES
Tutal Total
ypevhe Ahuch Hyhhle Lnergy Energy Detunativa Churacteristio
Cravity Energy Encigy Weight \.ull.u‘na Yeluuity Inipedancs
Lusiy Busin
Fi-lb. Ft.-lh. Ft.-lb. " Ftolb, FtPersee.  Lho.gec,
g Spps A ST A T I TR e In3
Ammonium-
Nitrate "
Fuel Oil
{AN/IO) 0.80 Q.55 0.53 1.08 54 12.500 11
Gelamited 1 1,28 046 0.45 0.91 75 17,700 . 25
5304, NG .
Dynumite 1.3 0.62 061 1.23 103 18,000 26
40¢; Extra
Dynamite 1.3 044 0.43 092 75 15,800 33
609, Extra
Dynamite 1.24 0.48 0.51 0.99 i 17,350 24
Pentolite 1.58 0.56 Q.50 11l 107 24,000 42

When the density of an explosive 13 relatively high,
its grains are closely packed in contact with one another
and the shock front of detonation is communicated
from grain to grain more efficiently than if the grains are
loosely packed to give lower density. The effect of this
is shown in Table [, where velocity of detonation is di-
rectly related to density (expressed as specific gravity).
High velocity of detonation is important in breaking
many rocks.

In the blasting of rock, breakage is directly related
to the amount of energy transferred from the explosive
to the rock. U. 8. Bureau of Mines investigators!? found
that within the range of their experiments the amount
of energy transferred to a given rock was a linear func-
tion of the characteristic impedance of the explosive (see
Table 1}, They concluded that “explosives that had the
larger characteristic impedance, or impedance more

X
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nearly matching -the characteristic impedance of the
rock, transferred more energy to the rock.”

In this connection, the method of packing explosives
into boreholes becomes a factor, since the impedance of
both rock and explosive is of the order of 10,000 times
that of air and 1,000 times that of waler. This very large
contrast in impedance causes serious energy losses if
there is air or water between the explosive and the rock
surrounding the hole. -

Delay Caps

Short-period delay caps have been used successfully
to reduce vibrations from blasting. Delay detonation
separates the pressure fronts and the bundles of energy
which they deliver to the rock, sc that breaking the rock
is done as a series of events that are closely spaced
but independent.

Practical result of this technique has been to improve
fragmentation and to reduce appreciably the amount of
leftover energy that is carried by vibrations to surround-
ing territory. The greatest amount of energy that reaches
surrounding ground and buildings Trom a delay blast
is related to that released by the most explosive on any
one of the deiay intervals.

Figures 8 and 9 show the effect of millisecond delay
firing in reducing clastic waves recorded at a distance
of 2,500 ft. from blusts of approximately the same size
at one quarry.

Figure 8 Record, o delays
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Figure 9 Record, with delays
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Rock Characteristics

When explosives are used to break rock, joints often
control the pattern of rupture, There have been places
where, in spite of hole layout and explosive distributien,
breakage has been poor due to its following the pre-
blast joint planes. Also, if the dominant joints in a
blasting face are steeply inclined, there is a hazard
of slides of rock masses bounded by joints and loosened
by blasting.

There are two other characteristics of rocks that are
important win determining their response to an explo-
sive. These are elasticity and characteristic impedance.  ~

Elasticity i3 qualitatively indicated by hardness — the
harder, the more elastic. It is measured by the speed, v,

Table II

COMPRESSIONAL WAYE SPEEDS AND
CHAKACTERISTIC IMPEGANCE
FOR CEHTAIN ROCKS

Yelucity of T Characterisic

Hock Caompressional Waves lmpedance
ft./»ee, Ib.-sec./n2

Granite 18200 . 54
Marlstone® 11,500 27 o
Sandstone 10,600 : 26
Chatkt 9,100 22
Shale 6,400 15

v A hardened smnture of clay wlaterialy and caleium curbonute nermally
cuntaming 25 tw 75% clay, A type of limestone,
tA very soft hmestone,

@.
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LEY FEDERAL DE ARMAS DE FUEGO
Y EXPLOSIVOS

La Ley Federal de Armas de Fuego y Explosivos (LEY), fue publicada en
el Diario Oficial de la Federacion de fecha 25 de enero de 1972. Las
disposiciones de esta LEY se consideran de interés publico.

La aplicacion de la LEY corresponde a:

1. El Presidente de la Republica;
2.  La Secretaria de Gobernacion,
3.  La Secretaria de la Defensa Nacional; y

4. A las demds Autoridades Federales en los casos de su
competencia.

La LEY consigna que las autoridades de los Estados, del Distrito Federal
y de los Municipios, tendrdn la intervencion que la LEY y su Reglamento
serialen. ‘ |

El control y vigilancia de las actividades v operaciones industriales y
comerciales que se realicen con explosivos, artificios y sustancias quimicas,
serd hecho por la Secretaria de la Defensa Nacional.



Por lo- que se refiere a los explosivoes, la LEY establece tres tipos de
permisos a saber:

1. Permisos Generales;
2. Permisos Ordinarios; y

3. Permisos Extraordinarios.

Los tres tipos de permisos que senala la LEY son de naturaleza
intransferible.

La Secretaria de la Defensa Nacional fiene la facultad discrecional de
negar, suspender o cancelar los permisos mencionados, cuando a su juicio
las actividades amparadas en los permisos puedan causar peligro a las
personas, a las instalaciones o alterar la tranquilidad de la poblacién.

Los Permisos Generales, se concederdn a personas que se dediquen de
manera permanente a las actividades reguladas por la LEY, tendrdn
vigencia durante el ario en que se expidan y podrdn ser revalidados a juicio
de la Secretaria de la Defensa Nacional.

Los Permisos Ordinarios se otorgardn en cada caso para realizar
operaciones mercantiles con personas que tengan permiso general vigente
0 con comerciantes de otros paises.



Los Permisos Extraordinarios se otorgardn a personas que eventualmente
se dediquen a alguna de las actividades regulas por la LEY.

Las sociedades que pretendan dedicarse a la fabricacion y comercializacion
de explosivos, podrdn permitir en su capital una participacion de hasta el
49% de inversion extranjera, en los términos que establece la Ley de
Inversion Extranjera.

Este porcentaje de inversion extranjera no incluye a las sociedades que
adquieran y utilicen explosivos para actividades industriales y extractivas.

La Secretaria de la Defensa Nacional, tiene la facultad de practicar visitas
de inspeccion a las negociaciones que se dediquen a las actividades
reguladas por la LEY vy a solicitar los informes necesarios respecto de estas
actividades.

Las negociaciones tienen la obligacion de prestar todas la facilidades a las
autoridades militares para la prdctica de las visitas de inspeccion.

La LEY considera como sanciones la fabricacion, almacenamiento,
transporte, comercializacion, entre otros, sin el permiso correspondiente.
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Permisos de Explosivos

Informacién general

Si usted requiere el uso de explosivos para romper roca en cualquiera de sus obras, sera
necesaria la obtenciéon del permiso correspondiente de acuerdo a 10s recuerimientos de la
Direccidén de Armas de Fuego y Explosivos de la Secretaria de la Defensz Nzcional.

En el anexo No. 1 se podra observar copia del Oficio No. 17221, girado por C. General de
Brigada D.E.M. Jaime Palacios Guerrero, el 19 de junio de 1991 a esta Cémara donde nos
proporciona los tipos de permisos que existen y los requisitos a cumplir para la obtencidn de los
Mismos.

Detalles del procedimiento

Polvorines:

El constructor que requiera el uso de productos explosivos por necesidzs ds Su operacion
debera construir polvorines que reunan las caracteristicas solicitadas por le Secretaria de la
Defensa Nacional a traves de Iz Direccion de Armas de Fuego y Explosivos, sienco éstas 1as
siguientes:

Lugar:

Los polvorines deberan ser colocados Ge acuerdo a Iz tabla de Seguridzd ¢z Distzncia-Canticz:
que viene en el Reglamentc de Armas Ce Fuego vy Expiosivos de la Secretarnia de 1z Defensa
Nactonal, la cual se pusde observar en el anexe No 2.

Capacidad:

La capacidad de los polvormes deberz 2star en tuncion ce las necesidaces col usuanio y a la
autornizacion de 13 Secretana de2 1z Detensa Nacional



En este caso se recomienaa que la capacidac ceba ser calculaca ge acuerdo a 10s ConNsumos
ciarios de explosivos, al iempo que se requiera para la obtencion de los permisos para compra. Se
debe tomar en cuenta la ubicacion de la Zona Militar a cuya jurisdiccion corresponda la obra. Otro
concepto que se 0ebe tomar en cuenta es la ubicacion de los proveedores y el tiempo de entrega
de los productos una vez que se cuente con el permiso para compra de los mismos.

Todo lo anteriormente mencionado es con el propdsito de que el usuario tenga en sus
polvorines la cantidad de inventarios que le permitan mantenerse en operacién evitango paros por
falta de productos explosivos. Estos inventarios pueden ser para la operacion de una semana, dos
semanas o en algunos casos para un mes normal de operacion.

Almacenamiento:
Antes de iniciar el almacenamiento de explosivos en un polvorin, se debe obtener el permiso
correspondiente de parte de la Secretaria de la Defensa Nacional.

El almacenamiento de productos explosivos debera ser de acuerdo a la tabla de
compatibilidad para materiales empacados o envasados que vienen en el Manual de Armas de
Fuego y Explosivos de la Secretaria de la Defensa Nacional. Esta tabla se puede ver en el anexo

No. 3.

Ejemplo:

Agente explosivo = Alto explosivo (godyne, emulsion, etc.)
(anfos)

Estopin elec. ‘ = Fulminantes

Mecha clover = Cordones detonantes

Construccion:
La construccidn de los polvorines, es recomendable hacerla de la siguiente manera:

Cimentacion: De mamposteria {Piedra braza)

Muros: Tabicon cemento-arena ¢ tabique, reforzado lo anterior con castillos a cada tres
metros de distancia, de 15 cms. x 15 ¢cms. de concreto armaco.

Puertas: Deberan ser de madera de 4" de grueso con basticor de metal {tanto en la base
soporte como todo el perimetro de la puerta). (En el anexo No. 5 se puede ver el
detalle de una puerta}

Techo:

Altura maxima de 4 mits., altura minima a las orillas de 2 70 mis., gejando respiradero entre la

pared y el techo de 20 cms | el cual deberd ser protegido con algun tipo de malla metalica, para
evitar que animales peguenos se introduzcan al polvorin. El matenal ulitzado debera ser de lamina

de asbesto.

La parte mas baja entre el techo y el piso debera ser de 2 7 mts. de altura como se muesira
en et anexo No. 4 Los polvorines poaran tener un techo a una 0 00S aguas. ‘

¢



Farallon:

El polvorin debera estar rodeado por 1a corteza de algun cerro o en su defecto debera contar
con un farailon de tres mts. de altura y 15 mts. de largo a terminar a flor de tierra y teniendo entre
el frente del polvorin a faralldn cinco o seis metros como minimo.

Caracteristicas que deben reunir los polvorines

En general éstos deberan cumplir con las especificaciones complementarias que se muestran en
el anexo No. 4.

En el caso de la construccion de polvorines se sugiere hacer el disefio de los mismos de
acuerdo a las necesidades de su operacion, asesorandose con personal experimentado en este

campo.

Una vez que se cuenta con los polvorines, construidos de acuerdo a las tablas de distancias
de seguridad de la Secretaria de ia Defensa Nacional, es necesario conseguir las autorizaciones

por parte de las autoridades correspondientes como son:

1.— Certificado del luaar de consumo expedido por la primera autoridad administrativa
(Presidente Municipal o Delegado Politico en el Distrito Federal). Modelo No. 4 (anexo 6).

2.— Opinidn favorable del Gobemador del Estado o del Jefe del Departamento del Distrito
Federal firmada por el titular. {Anexo 7) Esta opinidn se debe solicitar por escrito acompafada por
el certificado del lugar de consumo expedido por la primera autoridad administrativa (Punto No. 1}.

3.4~ Cuando se cuente con las autorizaciones antes mencionadas, los documentos originales
se deben adjuntar a la siguiente documentacion que debera ser presentada en los modulos
correspondientes en el edificio de 1a Secretaria de la Defensa Nacional, en Lomas de Sotelo,

siendo estos los siguientes:

— Solicitud, modelo anexo que se proporciona gratuitamente. Modelo {anexo 8).

— Referencias del jugar de consumo, se proporcionan en el anexo 9.

— Para personas fisicas. copia certificada del Reqistro Civil del Acta de Nacimiento de!
solicitante.

— Para personas morales, Acta Constitutiva de la empresa.

— Plano de coniunto a 1C00 metros airededor del iwoar de consumo v a escala de 1:4000,
en la que figuran en su caso instalaciones militares, vias de comunicacién, lineas eléctricas.

telefonicas, telegraficas, acusductos, gasoduclos, consirucciones para casa-habitacion, obras de
arte, zonas arqueoldgicas, hisidricas o instalaciones industriales, que pudieran ser afectadas. con
los principales accidentes torograficos Ejemplos (anexo 10).

— Plano circunstanciado z escala agecuada para la localizacion de sus instalaciones con
especificaciones ‘

;



Si la solicitud incluye almacenamiento
— Certificado de sequridad y referencia de los polvorines, modelos anexos aue se proporcionan
gratuitamente. (Modelo No. 2 anexo 11)

Se recomienda adquirir el Manual de Armas de Fuego y Explosivos de la Secretaria de la

Defensa Nacional.



SECRETARIA DE LA DEFENSA NACICNAL
DEPARTAMENTO DE REGISTRO Y CONTROL DE ARMAS DE
FUEGO Y EXPLOSIVOS
Lomas de Sotelo, D.F.

Tabla {13-1) de Seguridad de Distancia-Canlidad
{Materiates debidament2 empacados o envasados)

DISTANCIAS EN METROS POLVORI!NES CON PROTECCION

Kilas Edificios Vias Caminos Lineas de Entre

Descripcién del material De a habitados férreas carreteras aita tension polvorines
1. Dinamita, explosivos al ni- 000 500 126 100 100 100 11
trato de amonio, polvoras 500 750 148 100 100 100 13
negra y sin humo. 750 1,000 "160 100 100 100 14
1,000 1,250 170 100 100 100 15
1,250 1,500 180 100 100 100 17
1.500 2,000 200 100 100 100 18
2.000 3.000 230 100 100 100 20
3.000 4,000 250 100 100 100 23
4.000 5,000 260 110 100 100 25
5,000 6,000 270 117 100 100 26
6.000 7.000 275 122 100 100 27
2. Artificios (fulmunantes, esto- 7,000 8,000 285 127 100 100 28
pines, conectores MS, cor- 8,000 9,000 295 132 100 100 30
don getonante, etc.) 9.000 10,000 305 137 - 100 100 a1
10,000 12.000 330 148 100 100 33
12.000 14,000 350 154 105 103 35
14,000 16,000 370 160 110 105 36
16.000 18.000 390 168 116 112 38
18.000 20,000 405 173 121 118 ag
20.000 25,000 445 185 135 130 43
25.000 30.000 480 200 145 140 46
3. Por lo que respecta a los  30.000 35,000 510 208 155 150 49
“artificios™. Unicamente se  23.000 40.000 £33 218 160 155 53
autoriza el almacenamiento  <42.000 45000 550 226 166 162 56
en cada polvonn io equiva-  45.000 50.000 565 240 168% 166 63
lente z 4 toneladas. 50.000 60.000 575 250 171 168 66
60.000 70.000 SBS 262 175 172 73
70.000 80.000 605 274 182 178 80
E0.00C S0.000 620 284 188 183 886
90.000 100.0CC | 635 294 191 188 a3
100.000 125.00C 675 378 210 2086 17
4 Nitroceiuiosa (30-70) 6 ses coo 5CC 115 100 100 100 10
30 pcrtes en peso del sol- £00 730 135 100 100 100 12
vente por 70 partes del pro- 720 1.0C00 145 100 100 100 14
ducto. con una mitracion ge 1.0G0 50CC 235 100 100 160 23
12.2% como maximo Clo- 3 CQO0 250C2 <00 170 122 120 40
ratos. lostoros, elc 25020 20.00C 500 215 15¢ 150 50
S0 000 75.0CC 535 242 168 160 70
72 C30 S0.0CC 570 275 170 166 as
0C 230 25.0CC 207 340 16C 188 110



Trintrotolueno.  cictonita, 000 500 152 125 125 125 15
fulminatos. picratos. etc 500 750 175 135 135 . 135 20
750 1.000 182 150 150 145 25

1.000 5,000 312 165 165 160 35

5.000 25,000 530 222 180 175 S0

25.000 50,000 675 283 200 200 75

. Artdicios. pirotécnicos, 000 500 100 100 100 50 35
500 1,000 160 160 160 100 45

A. Fabricantes. 1.0Q0 5.000 200 200 200 150 55
5,000 10.000 250 250 250 200 65

Artificios pirotecnmicos.

A. Comercio

A, La cantgad de anificios prrotécnicos que puedan tener en existencia es ge 50 gra-

mOs por cada metro cubico de espacio hore en e! cepdsito de almacenamento, en la
ntehigencia de que en log 50 gramos mencionagos estan incluidos la mezcla explosi-
vay lainerte, a capacidad total de segunidad sera geterminada segun la ubicacion g
los gepositos y las dimensiones de los mismos.

Almacenamiento de muni-
ciones en pequenc calibre
para armas de fuego y para
usos industriales,

. Lz canucad de mumiciones que pueden tener en existencia las perscnas 0 Nnegociz-

c:ones que se dedquen & esta actividad es ce 500 gramos por cada metro cubico ce
espacio hbre en el amacen o depodsito, en ta inteligencia de que en los 500 gramos
esta inchuda la materia explosiva y la inerne, 2s1 como la capsuta.

. Cuando se almacenen cartuchos que solamente tengan colocada la cépsula, se toms-

rén 85 gramos del explosivo que conlengan cichas capsulas por cada metro cubico
oe espazio kbre, :

. Silas negociaciones estan establecidas en czlles ge mucho transito, sclo se permiticz

glmzcenar como maximo 50 kilogramos centermida en canucho

NOTA: Las distancias arriba incicadas. son para cuando os polvorines o depdsitos se encueniren protegiogs por obstacy:

los naturales o artficizles, en caso contrano las distancias aumentan en un “cien por ciento (100%)"

En el interior de las fannicas unicamente se autonizz el 2lmacenamiento ce nitrocelulosa en una cantigad max

(KR4

de 5.000 Kgs observando tzs disizac:as de la presente labla, disminuicas en un ochenta por ciento {80%]
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ANEXO No. 1

tuDN T
"Q“ws ﬁ{' -
3 % beprvopicw. DIRECCION JDNERALDRL. | .
g e 3 - R | RN REGISTRO FIDIRAL DE. ARMAS
1\(\5:;3::-‘ * DE FUEGQ Y JXPLOSIVOS.......... !
R sees .. TECNICA DZ.EXPLOSIVOS..
2 MEEN STRAMITE .. e |
SECRETARIA e, O TR R
DE LA ‘l l

DEFENSA NACIONAL
DIR GHAL ALG. FZD
ARMAS FGO Y EXP.

ASUNTO- Se le informan los requisitos pera ta cbtencidn
de Permi1sos para el uso de explcsivos.

Lomas de Sotelo, D.F., a 19 de junio de 19:t.

€. PRESIDENTE DE LA CAMARA NACIONAL
DE LA INDUSTRIA DE LA CONSTRUCCION.
ALBORADA NUMZRO 100.

COL. PARQUES DEL PEDREGAL.

14017 - MEXICO, D.F.

POR ACUERDO DEL C. GENERAL SECRETARIO Dz LA DEFERSA NATIONAL, s2 je
manifiesta & usted, que debido a la desinformecidn que los Ziversos aorgznis-
mos tienen acercé ds le Ley Federzl de Armas ds= Fueqo y Ixulosives y ios
requisitos que deben cumplir las personas fisicas y moréle: parz el olorze-
miento de los Permiscs pére el uso de explosivos, se le Info-men ics :
tos que la legisiec:ifn vicenie solicite.

[. PERMISO GENERAL.- Pzre ectiividedes permanantes.
[1. PERMISD EXTRADRTDINARIO.- Pera Actividadss Eventuales (For unicz ver..
1

Rl
IT1. PERMISC ORDINARIC.- Fzre comercializacidn enire empreszs o pariizule
con Permiso Gensra! Vigente (Incluyendo imporiécionas . Ixd0riiiionss

-
A

3

c3

o Los requisites pere lz ozzencidn ge ellos son:

- oy

J -

E-z-g - Solicitug, modal:z &énaxs Que Se Proporcicné gratultemstie

-5« - Opimidn Fevoranle c2l Cobernador del tetz2go ¢ oel Jez Sgl Jzrlarizwan-
22 1o del Distritc fecsra. firmzde por el tituler.

«2 Y - Cerzificado ael luzfar g2 consumo exp23ido por lé orimerz 2uilcricas
Eéi administretive (Presigznis Mupicipal o Delegedo Polizicc 27 20 Disi-y-
‘3::2 to Federel). ‘

¢io - Referencies del luzzr C2 consums, 2Nexcs Que lamblén 38 Dropl-lilnen.
Cox - Para Perscnas Fisicas, <opie cartificac: g2l regisi@l coivii o2l ecu:
‘§g de nacimiento de! saliciiants. :

/2



DEFENSA NACIONAL
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kg 4 ==iax ... JECNICA DE EXPLOSIVOS.

SRR~ SECZION ..., B MR ATV Y

g"';‘-‘;:'.'““3 PESA i TRAMITE. ... .

RUMIRD CELCFIZID.. L. . g oy et
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DR GRAL #:3 Fou
ARMAS FGO Y EXP

e rarEStan FATY

A
[ERT]

Lo

TACINY Carr N

MRS fH P A

DIL AMLULO BUPINIOR UIRICHD

ASUNTO~- HOJA NUMERC DOS.

- Para Personas Morales, Acta Constitutiva de lé empresa.

- Plano de conjunto & 1000 metros alrededor del lugar de consumo y e
escala de 1:4000, en que figurardn en su caso: instalaciones milita-
res, vias de comunicacibn, lineas eléctricas, telefdnices, telegréfi-
cas, acueductos, gesoductos, construcciones para casé-habitacibn,
obras de arte, zonas arqueolégicas, histéricas ¢ instalaciones indus-
triagles, que pudieran ser afectadas. con los principzles accidentss
topograficos.

- Plano circunstenciado e escala adecueda paré la localizaci16n de sus
instalaciones con esneci1ficaciones.

Si la solicitud incluye almacenamiento.

- Certificado de sequridad vy Referencias de los polverines, modsles
anex0s QUe se proporcionén gratuitamente.

qus 1z Zong militz-
¢z conirgl, seguri-
i esten comolie-

Entrecedos los documenios debidamente reguisitedos
correspongiente have inspeccionzdo Ggue reunen las metidge
i

tes y correctos los dogumenics, normalmente entrege
los havan solicitedo, en un plezo no msyor de 10 digs hé

Por 1o anisrigcr, <e le
ecremiedos, enfslizands qus
Que s$9n exped1dos en ¢lrés ¢z

73

ARA-AW-5Sa.



ANEXO No. 4

CARACTERISTICAS POLVORINES

1.— Pendiente en Banqueta

2.— Dren Penmetral

3.— Pala y Pico disponibles

4 — Bote de Arena

§5.— Extinguidores (2)

6.— Puerta de Acero y Madera
con Chapa y Candado

7.— Tierra Fisica

8.— Rejiita de ventilacion con
proteccion antirroedor

9. — Libre de Humedad

10.— Pisos pulidos y fineas de accesos

270m

Corie Esquemaico ’ .

/L



20 cms.

20 cms.

Planta Polvorin

11.— Separar estibas de paredes

12.— VIGILANCIA (24 Hrs.)

13.— Cercado

14.— Pararrayos

15.— Aplanado y Pintura

16.— Tartima de madera

17 — 20 mts. iibre de mat. organica, arededor
18.— Talud o protecc natural

/5
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F—48 cms.—

19.— lluminacion APE Nema 8
Controles por fuera 110 volls
— Conduit de Pared Gruesa
— Sellos EYS

tamparas Especiales

20.— Libro de req:sito de en‘rzcas y salidas
21.— Copia en cuadro gel permiso

22.— Limite maxmo oe personzs {ietrerg)
23.— Anuncios:

24 .— Tambores de 200, con zcua

Polvorin No
Pelgro Explosivos
Prohibido Fumar
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ANEXO No. 5
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MARCO DE PUERTA
POQUN DE MADERA
2 PZAS. DE 4"X8"
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MODELO No. 4
ANEXO No. 7

SECRETARIA DE LA DEF. NAL. ' DIR. GRAL. REG. FED. ARMAS
: DE FUEGO Y EXPLOSIVOS.

CERTIFICADO DE SEGURIDAD
DEL _
POLVORIN O ALMACEN No.

EL SUSCRITO PRIMERA AUTORIDAD.
~ {Nombre y Apellido)

HACE CONSTAR Y CERTIFICA

QUE LOS POLVORINES UBICADOS EN:

{Referidos a puntos conocidos del terreno para su facil localizacion)

DESTINADQOS PARA ALMACENAR:

{Potvora, dinamita, explosivos al nitrato de amonio,

artificios, clorato, nitrocelulosa, nitrato de amonio, etc.)

QUE SERA UTILZADO POR:
. {Denominacién o razon social)
CON DOMICILIO EN; -

Localidad Municipio ‘ Estado
EN LA ACTIVIDAD DE: '

(Explotacion de canteras, industria de la construccion, minera metalurgica, ceriliera, de

pinturas, etc.)

POR SUS CONDICIONES, SITUACION Y MEDIDAS DE SEGURIDAD, SON ADECUADOS: NO PRESENTAN PELIGRO P4
RA MANTENER EL ORDEN PUBUCO, ESTAN PROTEGIDOS CONTRA ROBOS Y GARANTIZAN LA TRANQUILIDAD DE
LA POBLACION. ;

a de A de 19

EL PRESIDENTE MUNICIPAL
(FIZMA Y SELLO)

/7



ANEXO No. 6

SECRETARIA DE LA DEFENSA NACIONAL
DIRECCION GENERAL DEL REGISTRO FEDERAL DE ARMAS DE FUEGO Y EXPLOSIVOS
LOMAS DE SOTELO, D.F.

CERTIFICADQ DE SEGURIDAD DEL LUGAR DE CONSUMO DE EXPLOSIVOS, ARTIFICIOS O SUBSTANCIAS QUIMICAS
RELACIONADAS CON LOS MISMOS, EXPEDIDO POR LA PRIMERA AUTORIDAD ADMINISTRATIVA,

PRIMERA AUTORIDAD

EL SUSCRITO

ADMINISTRATIVA DE.
HACE CONSTAR Y CERTIFICA:

QuUE . )
(Denomunacion o razon social)

CON DOMICILIO EN.

CALLE : NUMERO CIUDAD, POBLACION O LOCALIDAD

MUNICIPIO O DELEGACION " ESTADO. TERRITORIO O DISTRITO 2P TELEFONO

ERAPLEARA LOS MATERIALES SIGUIENTES:
(poivora, dinamita, explosivos & nitrato de

amonio, artificios, mtrocelulosa clorzto de potasio, etc.)

TRABAJOS QUE EFECTUARA PRECISAMENTE EN EL LUGAR DE CONSUNMO UBICADO EN

{Referido a puntos conacidos del terreno pera su facil localzacion)

EL CUAL POR 3U SITUACION, NO REFRESENTA PELIGRO PARA LA SEGURIDAD Y TRANQUILIDAD PUBUCA

a’ de de 19 _

Sello y firma -
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ANEXO No. 8

SECRETARIA DE LA DEFENSA NACIONAL
DIRECCION GENERAL DEL REGISTRO FEDERAL DE ARMAS DE FUEGO Y EXPLS

SOUCITUD DE PERMISO GENERAL PARA DEDICARSE A LA COMPRA Y CONSUMO DE EXPLOSIVOS, ARTIFICIOS Y
SUBSTANCIAS QUIMICAS RELACIONADAS CON EXPLOSIVOS (ARTICULO 42 FRACCION | DE LALF.AF.Y.E)

A. DATOS DEL SOUCITANTE:

Apellido Paterno Apeliido M;terno Nombre (s)

Fecha de Nacimiento Sexo Lee Escribe Profesion u Oficio Nacionalidad
Calle NL'Jmerq
Ciudad, Poblacién o Localidad Codigo Postal.
Municipio o Delegacion Estado, Distrito Teléfono
Referencias del Domicilio cuando se requieran.

C. DATOS DE LA NEGOCIACION.

Denominacién o Razon Social -

Calle Numero
Ciudad, Poblacion o Localizacion Codigo Pg?staj”:' |
Municipio o Delegacion ‘Estado o Distrito -

Actividad a la que se dedicara
EXPLOSIVOS SOUCITADOS MENSUALMENTE.

' Telél_opo o
{CANTIDADES) Y (TIPOS) '

ALTO EXPLOSIVO

AGENTES EXPLOSIVOS

ARTIFICIOS

SUBST. QUIMICAS

OTROS

Lugar y fecha

Firma Autorzada.



ANEXO No. 8.1

SECRETARIA DE LA DEFENSA NACIONAL
DIRECCION GENERAL DEL REGISTRO FEDERAL DE ARMAS DE FUEGO Y EXPLOSIVOS. -
LOMAS DE SOTELO, D.F. :

SOUCITUD DE PERMISO EXTRAORDINARIO PARA LA COMPRA DE POLVORA DE EXPLOSIVOS DE ARTIFICIOS
DE SUBSTANCIAS QUIMICAS RELACIONADAS CON LOS MISMOS (ARTICULO 57 DEL. REGLAMENTO DE LA LEY FE-
DERAL DE ARMAS DE FUEGO Y EXPLOSIVOS).

DATOS DEL SOUCITANTE:

PRIMER APELLIDO SEGUNDO APELUDO PRIMER NOMBRE SEGUNDO NOMBRE
FECHA DE NACIMIENTO - NACIONALDAD SEXO LEE ESCRIBE PROFESION, OFICIO
OCUPACION CALLE NUMERO ~ CIUDAD, POBLACION O LOCAUDAD

MUNICIPIO O DELEGACION ESTADQ, TERRITORIO O DISTRITO Z.P. TELEFONO

REFERENCIAS DEL DOMICIUO CUANDQ LAS REQUIERA
DATQS DE LA NEGOCIACION

DENOMINACION O RAZON SOCIAL

CALLE NUMEROQ CIUDAD, POBLACION O LOCAUDAD

MUNICIPIO O DELEGACIbN ESTADO, TERRITORIO O DISTRITO ZP. TEL

ACTIVIDAD A LA QUE SE DEDICARA

CANTIDADES Y CLASES DE MATERIALES EXPLOSIVOS POR COMPRAR

TIEMPO EN QUE SE CONSUMIRAN LOS MATERIALES SENALADOS EN EL PUNTO ANTERIOR

PROTESTO. QUE LOS DATOS ANOTADOS SON VERIDICOS. QUE LA FIRMA ES AUTENTICA Y LA UNICA OUE umiLl-
ZARE EN LOS DOCUMENTOS QUE DIRIJA A LA SECRETARIA CE LA DEFENSA NACIONAL. =% - -l 3 5

Lugar y Fecha ruma del solicitanie
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ANEXO No. 9

SECRETARIA DE LA DEFENSA NACIONAL
DIRECCION GENERAL DEL REGISTRO FEDERAL DE ARMAS DE FUEGO Y EXPLOSIVOS.
LOMAS DE SOTELO, .D.F.

REFERENCIAS DEL LUGAR DONDE EL SOUCITANTE CONSUMIRA O USARA LOS EXPLOSIVOS ARTIFICIOS O SUS-
TANCIAS QUIMICAS RELACIONADAS CON LOS MISMOS, EN LAS OBRAS, OPERACIONES INDUSTRIALES O EXPLO-
TACION MINERA QUE SENALA EN SU GESTION PETITORIA.

(Denominacion o Razon Sodal del peticionario)

SITUACION EXACTA DEL LUGAR DE CONSUMO: :
- {Referida a puntos conocidos del tereno

f
LY .

para facilitar su localizacién).

UBICADO EN:
Municipio Delegacion Estado - Distito- - -+
DISTANCIAS MAS CORTAS, EN SUS ALREDEDORES A N MTS.
) Casas habitacion
MTS. MTS. MTS o - - "MTS.
Carreteras - .. Vias Férreas {ineas eléctricas = ‘ o _F,’bivorines . ‘

-~

“EXISTE O NO" BARRERA DE PROTECCION A:

[R5

Casashabitacién"" T

Carreteras Vias férreas Lineas eléctricas . Polvorines

LUGAR Y FECHA FIRMA DEL INTERESADO

1 v . s e

.

NOTA: "“BARRERA DE PROTECCION", SIGNIFICA CUALQUIER ELEVACION NATURAL DEL TERRENO MURALLA AR-
TIFICIAL DE ESPESOR NC MENOR DE UN METRO CONSTRUIDA CON TIERRA, ADOBES O SACOS TERRE-
INOS.-O BOSQUE DE TAL DENSIDAD QUE LAS PARTES CIRCUNDANTES QUE REQUIERAN PROTECCION NO
PUEDAN VERSE DESDE EL LUGAR DE CONSUMO DE EXPLOSIVOS AUN CUANDO LOS ARBOLES ESTEN
DESPROVISTOS DE HOJAS.
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ANEXO No. 10 *

EJEMPLODE LA ..
LOCAUZACION DE UN
GRUPO DE POLVORINES
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ANEXO No. 11

) DIR. GRAL. REG. FED. ARMAS,
SECRETAR!IA DE LA DEF. NAL. MODELO No. 2 N EG Y EXPLOSIVOS.

REFERENCIAS DE POLVORINES

REFERENCIAS DE POLVORINES DONDE EL SOLICITANTE ALMACENARA EXPLOSIVOS, ARTIFICIOS Y/O SUBSTAN-
CIAS QUE UTILZARA EN OBRAS, OPERACIONES INDUSTRIALES, COMERCIALES O EN LA EXPLOTACION MINERA.

POLVORINES No. (o ALMACEN)

NOMBRE
RAZON SOCIAL -
SITUACION EXACTA DEL POLVORIN

Referida a puntos conocidos del terreno para faclitar su colocacion,

UBICADO EN K

Municipio o Delegacion Estado - Distrito Federa
TIPO .
Superficial © 1 Semi-enterado Enterrado Socavon de mina Méwil
DIMENSIONES INTERIORES mts. mts, mts. VENTILACION
Largo Ancho Alto

MATERIALES DE CONSTRUCCION DE

Cimientos Muros Piso Puertas Techo

DISTANCIAS MAS CORTAS DEL POLVORIN A: mts. mis.
' Casas habitacion careteras . vias
mts. No. mts. Sl O NO EXISTE BARRA DE PROTECCION A:
térreas polvorin
mts. _ mis. mts. mts. del polvorin
casas habitaciéon carreteras vias féreas fineas eléctricas S

ARTICULO Y CANTIDAD POR ALMACENAR:

B \
tratandose de explosivos, se tendra en cuenta: capacidad y tablas de “compatibilidad” y distancia cantidad

wF
aim

£

-

VIGILANCIA Y SEGURIDAD:

{des&i?iﬁaé}‘;- I A
CASA PROVEEDORA PERMISO GENERAL NUMERO __

.

Lugar y techa- ; ' AUTORIZADO- S T

NOTA: "BARRERA. bE F.'RO:Y'ECCION". SIGNIFICA CUALQUIER ELEVACION NATURAL DEL TERRENO MURALLA AR-
TIFICIAL DEL ESPESOR O MENOR DE UN METRO CONSTRUIDA CON TIERRA, ADOBES O SACOS TERRE-
ROS O BOSQUE DE TAL DENSIDAD QUE LAS PARTES CIRCUNDANTES QUE REQUIERAN PROTECCION NO
PUEDAN VERSE DESDE EL POLVOSIN, AUN CUANDO LOS ARBOLES ESTEN PROVISTOS DE HOJAS.
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