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EXTRAIT

La foration percutante de la roche est une opération
poussiéreuse, dangereuse pour 1a santé des mineurs. Les meéthodes
actuelles d'élimination des poussiéres faillissent & procurer un
environnement de travail sain; c'est pourquoi l'objectif de
cette recherche était la compréhension du mécanisme de formation
des poussiéres afin de pouvoir les éliminer & la source. Cette
recherche était fondée sur les théories de la foration percutan-
te et de la fragmentation des roches. L'étude fut exécutée en

laboratoire au moyen d'un marteau a impact simple.

Une méthode de fragmentation en laboratoire a été trou-
vée satisfaisante pour simuler le broyage en foration percutante
4 partir de laquelle l'auteur a pu calculer la quantité de roche
cassée par cisaillement, la quantité par la premiére onde inciden-
te d'énergie et celle par la premiére onde réfléchie lors de l'ap-
plication du coup de marteau. L'auteur démontre que 1l'onde
réfléchie ne fait aucun travail utile et que son énergie sert
exclusivement a pulvériser du matériel déja broyé et & engendrer
de la poussiére. Enfin 1 'auteur conclut qu'une foreuse a percus-

sion devrait avoir un systéme indépendant de rotation et une



forte fréquence de frappes relativement faibles pour pénétrer ra-
pidement dans la roche et produire le minimum de poussikre. La

préparation de taillants asymétriques apparait comme désirable.
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ABSTRACT

Percussive rock drilling is a dusty operation
creating a health hazard for the miners. Since the current
methods of dust control fail to provide a sanitary environment,
this research was planned to explain the mechanism of dust
formation in view of its elimination at the source. The theories
of comminution and percussive drilling were used in this project
to study the drilling process by means of a laboratory single-

blow rock-drill.

A comminution test was found to represent rock
breakage in percussive drilling from which it was possible to
calculate the amount of rock broken by chipping during a bit
impact, the amount of rock broken by the first incident stress
wave and the rock broken by the first reflected stress wave.
It was found that no useful work is performed by the reflected
stress wave and that its energy is used exclusively in
pulverizing already broken rock. The test also permits the
determination of the number of fracture events per single

impact blow; these small fracture events have been called



(vi)

micro-events. If the objective is to produce the least amount of
dust, it is concluded that a percussive rock drill should have an
independent rotation, a high blow rate and a low blow energy in
order to enjoy a high penetration rate. The design of non-

symmetrical bits appear desirable.
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GLOSSARY

In this thesis, unless otherwise specified,

bit refers to a tungsten carbide chisel bit

with an included angle of 110° between faces
of the wedge.

This is the included angle between the two
faces of the chisel bit. The term is used
interchangeably with wedge angle or bit
included angle.

The hole made by the bit impact on the rock
surface.

The cross-—sectional area of the crater
measured at right angle to the longitudinal
central axis of the bit.

This is the extent of the scatter or dis-
persion of particle size around the average
(Herdan (57)). An assembly of particles is
monodispersed if all particles belong to the
same class size, otherwise, it is heterodis-
persed.

As this term is loosely defined and must in-
clude respirable particles as well as a
certain amount of coarser particles, it was
decided in this thesis to consider as dust,
particles passing through the 325 mesh sieve.

An expression used by Bennett, Brown and
Crone (7) to represent the sum of weakness
planes present in a mass of rock at a given
time due to its geological history as well as
its previous mining and milling history.

An abbreviation used by Irving (62) to re-
present the Intensity of Blow per Unit Length
of Cutting Edge.

The angle turned by a drill steel between
successive blows. Theoretically, the rock
between the position of two successive blows
is completely removed to the bottom of the
crater when there is indexed fracture.

This is described by Simon (81) as the complete
removal of rock between the position of two
successive blows when the blow energy is
sufficient.



Indexing Distance

Rock Drilling

Rock Drill

Size Distribution

Specific Energy

(ix)

This is defined by Simon (8l) as the distance
between successive impacts, when dealing with
parallel blows on the surface of a rock and
when indexed fracture occurs.

In this thesis, unless otherwise specified,
this expression means pneumatic percussive
rock drilling.

In this thesis, pneumatic percussive rock drills
available on the market were sometimes refer-
red to as actual drills, conventional drills,
commercial drills, standard drills or rock
drills.

This expression was used to represent the
cumulative size distribution of particles pas-
sing through a sieve of a given size opening.

This is the energy used per unit volume of
rock broken in a given process. In this
thesis, specific energy was calculated per
unit weight of rock broken per blow.
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I -~ INTRODUCTION

The author is primarily interested in the control of
the mining environment for the prevention of industrial pneumo-
coniosis. Rock drilling is a well-known occupation leading to
dangerous dust exposure and hygienists are still searching for an
efficient method of dust control during this operation. A logical
approach to the solution of this problem is the elimination of
the dust at the source but this is possible only if the dust

formation process is correctly understood.

. In this research, rock drilling was considered as a
comminution process, and conclusions were drawn from the study of
particle size distributions. An attempt was made to establish a

comminution model of rock drilling which would permit the under-

standing of dust formation during the process. This knowledge

would lead to the statement of the necessary conditions for the

design of more efficient and less dusty equipment.

A very large number of publications were consulted
during this research but the key authors behind this work are
Epstein (33), Broadbent & Callcott (16), Brown et al (6, 7, 3,
19), Reid et al (63), Kinasevich et al (29), Harris (50),
Hustrulid (60), Simon (81, 82, 83), Fairhurst (36, 37, 38),

Hartman (53, 54, 55) and Cheatham et al (24, 25, 61).

This thesis constitutes a link between the theories

of comminution and percussion drilling.



ITI - REVIEW OF PERCUSSIVE DRILLING THEORIES

A - INTRODUCTION

Mechanical rock drills were first introduced in 1855
and the general principles of the machine designed by George
Leyner in 1897 can still be found in the present rock drill.

A rock drill ébnsists of a simple chamber in which a piston moves
freely back and forth. Compressed air, which is admitted at the
rear end of the piston by means of a valve, moves the piston for-
ward towards the end of the chamber where it comes in contact
with the end of a length of drill steel. Rebound from the drill
steel as well as the action of a valve return the piston to its
original position. The piston is so designed that a rifle bar
engages a nut which rotates the machine chuck and hence, the
drill steel; a ratchet system limits rotation of the drill steel

to the return stroke (Fig. 2.8).

The literature on percussive drilling comprises facets
of highly empirical work and/or sophisticated theoretical analysis.
The recent doctoral dissertation on percussive drilling by
Hustrulid (60) is probably the most up-to-date document on the
subject. From the environmental point of view, reference must be
made to the contributions of Hartman (53), Cheatham and Inett (24)
and Inett (61). At present, there is no document available to
explain the mechanism of dust formation by percussive drills.

One of the objects of this dissertation is to develop a theory to

explain rock breakage in percussive drilling and eventually dust



formation.

The purpose of this literature review on percussive
drilling is to present and discuss some of the pertinent theories
related to the objectives of the author. The fundamental theories
of percussive drilling developed by Drilling Research Incorporated
(81) and The University of Minnesota (38,60) are first reviewed
and then, the findings of various researchers on the influence of

specific rock drilling variables are studied.

B - THE PROCESS OF ROCK DRILLING

A rock drill converts the potential energy of com-
pressed air into piston kinetic energy which is most efficiently
transmitted when the drill steel is in contact with the rock at
the instant when the piston strikes the end of the drill steel.
Penetration rate will depend upon machine design, drill steel
properties, rock properties and the thrust which keeps the drill
steel in contact with the rock. In the first part of this
section, attention will be focused upon Hustrulid's drilling

model.

1l - Drill Bit Penetration Into Rock

Attemps (54, 37, 78) to explain the sequence of
events in bit penetration agree fairly well and the findings may

be summarized as follows:



(i) surface irregularities are crushed upon impact:

(ii) energy transmitted to the rock below the wedge of
the drill bit causes the rock to deform elastic-
ally and plastically;

(iii) a major crack develops below the tip of the wedge;

(iv) two cqnverging cracks propagate axially from the
perimeter of the indent. The rock contained
between these cracks (Fig 6.10) is pulverized and
rock porosity controls its degree of compaction:

(v) a quasi-hydrostatic pressure which builds up
within the crushed wedge of rock produces a series
of radial cracks in the rock originating from the
wedge. The cracks which occur nearer the surface
of the rock curve upward due to the low pressure
of thé free face and result in large spall
fragments:

(vi) the removal of the larger fragments on either side
of the bit permits the crumbling of the upper
part of the crushed wedge. This causes the bit
suddenly to penetrate the rock. The above
process is repeated as long as energy is
available;

(vii) in this thesis, each cycle as described above is

called a micro-event.

The sequence of events described above is shown in
the force-penetration diagram (Fig. 2.1). Here, the positive

slope sections represent elastic and plastic deformation and



crushing (38). The change of slope to a negative value occurs
when chipping begins and the negative slope represents the sudden
penetration due to the crumbling of the central wedge. The
return to the positive slope occurs when the load is reapplied.
The steeper slope of subsequent sectiéns is attributed to the
different bottom conditions (60) and the contact of the inclined

faces of the bit with the rock surface (54).

Mathematically, the position of any point on the
Force-Penetration curve (Fig. 2.1) may be expressed by the

relationship from Hustrulid (60):
F= E+K (U—-U,) (2.1)

where U = penetration corresponding to the force F

|(J — slope of segment originating at the point R

R

tan y =K
tangp =K,

R(U,, F)
P(U,F)
P (U, F)

Force

Penetration U
Fig. 2.1



Theoretically, if the energy were released at P .
Fig. 2.1, the bit would move upward due to elastic rock deform-
ation and particle movement. If the load was reapplied, the
force-penetration curve would follow the same line as the previous
unloading curve. Additional penetration would occur if the ap-
plied force at P is larger than that at P. Unloading at P,
would follow a line parallel to the original unloading at P .

The average slope K of the jagged line represents the resis-

tance of the rock to penetration (Fig. 2.1).

2 - Static Versus Dynamic Loading

Several researchers (78, 60) have found that the
properties of rocks differ under static and dynamic conditions.
It is well-recognized that the static resistance to penetration
is half that of dynamic resistance and consequently, the specific
energy of rock fracture in the dynamic formation of craters is
twice that obtained under static conditions. However, there is
evidence that the value K is related to the bit cutting angle.
Rock mechanics researchers are satisfied with the results obtained
under dynamic conditions because they claim that the range of
values found by these methods is comparable to those met with in

rock drilling (36).

Cheatham (25) developed a series of equations to
describe the static force-penetration relations for a smooth
tooth and a dull tooth into an idealized rock. His theories
apply to rocks under high confining pressure and are intended for

rotary drilling. Gnirk (45) and Garner (40) tested the theories



experimentally and found that the jagged F=U penetration curve

(Fig. 2.1) becomes smooth under heavy confining pressures.

' The confuéion doncerning,the effect of blow velocity
is particularly apparent when the geometry of the crater is don-
sidered. It is generally éccepted that the volume of the crater
islproportiohal to the energy of the blow, but the°shape of the
crater varies with velocity. According to Hartman (54), high
velocify blows will have a tepdenéy to produce shallow craters of
wide area while low velocity blows cut deep craters of relatively

‘smaller area. Experiments carried out with impacting bullets (71)

led to the same conclusions.

)
1
-
i3

de 1nc

Indexed fracture (Fig. 2.4) of rock occurs when the

blow is powerful enough to remove completely the material located

13-

l.l.

no dis-—

-

between two consec: utive blows (Fig. 2.2). If the index
tance is too large, the crater formed by the blow will be 2

function of the energy of the blow and of the shape of the bit.

Simon (8l) and Eartman (55) made detailed studies of indexing

[»]}

and a review of the present knowledge on the subject is presente

by Eustrulid (60).

Slmop presnnbea a tneory of rock dr*llinc based uvpon
experiments w1th parallel blows (Fig. 2.2). He arrived at a hell-
shaped curve (Fig. 2.3) relating the indexing distance with +he
cross-sectional area (Fig. 2.4) of the indexed crater. Haritman
obtained similar results and idealized the plot of his Ca*“a as

shown in Fig. 2.5. Both curve plots illustrate the same



Cross—section of Crater area

Indexing

Crater area
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Fig. 2.2 Fig. 2.4

Universal curve ideal curve
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Cross—section of Crater area

Indexing Distance Indexing Distance
Fig. 2.3 Fig. 2.5



phenomenon. The section at the left of the maximum shows that,
if the indexing distance is kept below a critical value for a
given energy, the material located between any two parallel blows
will be completely removed. Furthermore, a decrease in specific
energy will result when the indexing distance is increased.
Further increases in indexing distance beyond a critical distance
will present a series of individual craters of equal volume, as

shown by the flat section to the right of the maximum (Fig. 2.3).

Both Simon and Hartman used parallel blows on the
surface of rocks to study indexing, but their results do not
necessarily pertain to a drill hole at a depth beyond the in-
fluence of the collar. Neither Simon's Universal curve nor
Hartman's Ideal curve represents the actual index-angle-crater-
area curve in a borehole. The latter curve is believed to be as
shown in Fig. 2.6, but the specific energy curve will have a
reverse shape. It is on this basis that Hartman (55) provides
little incentive for the design of percussion drill with inde-
pendent rotation. The writer will present a different view

concerning indexing.

The current results of research to date supports the
following conclusions (81, 37, 54, 55, 60).
(i) parallel blows of any given energy level will
have an indexing distance for which the specific
energy is a minimum. This minimum specific energy
value is constant for a given combination of bit

and rock type (Fig. 2.7):



Variation of

Rock Breakage Specific Energy

with the

Index Angle

Specific Energy

Cross-section of Crater area

Index Angle
Fig. 2.6

10



Specific Encrgy

(i)

11

the épecific energy of rock breaking with an

 impacting drill bit depends uﬁon the energy of

(iii)

the blow and the index angle;
there is a minimum value of specific energy for

a given bit-rock combination which is independent

" of the blbw energy. It appears probable that the

following relation may be used to predict the

- optimum index angle for a given energy (60):

(ivf

h o= E‘ o (2.2)
L' | "E;'

jﬁ=0ptimum index angle for enercgy level En

to date, it has not been possible to correlate

- data on single crater volume and indexed fracture.

-

En
| E<EL..SE,
Optimum Ey

Specific Energy lovel

i Indexing distance
Fig. 2.7
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Similarly, bit shape data and single crater
geometry do not provide any satisfactory

correlation rule.

4 -~ Theory of Percussive Drilling (60)

Schematically, the rock drill Operation may be il-
lustrated as shown in Fig. 2.8. The drilling cycle is initiated
by the introduction of compressed air at the rear end of the
Piston which is accelerated towards the drill steel. If the drill
steel collar is in contact with the machine when the piston
reaches its forward limit, energy will be transmitted to the drill
steel; similarly, if the drill bit is in contact with the rock

at the time of arrival of the stress wave, energy will be

Forward ‘Backward
stroke stroke
Air Air
Inlet inle t

Thrust
—_—

|
L

f;Effective
stroke

length

—

Percussive Drill Prin ciple
Fig. 2.8
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transmitted to the ‘rock and oenntratlon will occur. However,

as th@*e is elastn.c deformation in the rock as well as in *the

q—‘—

drill szeel, frac;:.on of the incident energy is returned to

the drill steecl and *travels back to the piston.

The. instantaneous force F at one point of the arill

steel at a specific time is then given by the relation

F = <0L togpa T Fo | (2.2)
- where ', o, = incident stress, instantaneous;
o, = reflected s*:ress, instantaneous;

B

dr:l.ll steel cross-sectional area;
F0 = force between bit and rock before arrival of

incident stress wave, (considered to be negligible).

’"he theories of elasticity have shown that the

particle veloc:.uy in a oar ‘struck axially is given by the *'e"a ion

LA o (2.4)
C E '

v = particle veloc:.ty, or velocity.of the bar after

where

impact V = du :
| , dt .
¢ = wave velocity in ‘the Arill steel:
E =Youz"zgv‘s Modulus of the drill steels

0 =instantaneous value of the siress at a given »oint

in the drill steel; as the incident wave ¢,, and
the reflected wave ¢, are travelling in opposite

directions, we can write in this particular cease.

=0,—0,
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Therefore, the'acﬁual particle velocity eguation may
e written as follows:’
dY ———(o—ok>+v (2.5)
dt - E X :
v, =velocity of Srill steel before the piston impact)

’

considered to be negligible.

Equations 2.3 and 2.5 indicate that the shape ol the

stress waves determines the penetration rate of the Srill steel

when the necessary thrust is meintained.

Equations 2.1, 2.3.and 2.5 were combined by Hustrulld

(50) o obtain the fundamental model of percussive drilling.

du_ Ke, _2e, FEe  Ke, 20
t aF E - aE - aE -
The

he above ecuation emphasizes the following points:

(1) +he. solution of this differential equation is

' complex and requires the use of a digital computer
for *he calculation of concrete situations:

(11) the reflectéd stress wave does no: appear in the
equétion; "this implies that the shape of the
reflected stress wave is controlled by the shape
0f the incident stress wave;

(11i) experimental work is recuired to determine the



(iv) there is clear evidence that the shaps of the

incident stress wave controls the performance of

a given drilling assembly. The wave shape may be

determined experimentally or it can bz calculated

from piston geometry:
(v) the drill steel characteristics are extremely

important, as indicated by the ejguation because

all of the fixed parameters are those of the drill

steel (This will be studied later):
(vi) it can be concluded that the theoretical perform-
ance of percussive drills may be predicted from
the knowledge of the force-penetration curve and

the shape of the incident stress wave.

5 - Energy Balance (83, 36, 60)

It is believed that, within certain ratios of &rill
steel mass and piston mass, 100% of the piston energy is trans-
ferred to the drill steel when the necessary thrust is apnlied.
This energy propagates along the drill steel down to the drill

bit where a portion is absorbed by the rock and the remainder is

reflected towards the piston. Upon arrival of the reflected wave

at the piston, a fraction of this energy is absorbed Dy the
piston to separate it from the drill steel and the balance is
sent back to the bit as a second incident stress wave. A
similar reflection occurs again at the bit-rock contack out, as

the piston is now separated from the steel, the bHit is rulled



of the drill‘roq. Accordingly, as long as the thrust is suf-
fiéient, energy will be transferred to the rock iﬁ”EWb separate
events for every piston blow. Hustrulid claims that 70% té g0%
of the incident piston énergy is transferred to the rock on the
first impact. The remainder is refleéted and is distributed
between the piston and the second incident wave. This ressarch

will show ‘chat only the first incident wave produces effect

|

ve

ol

enetration and the reflected wave is the most important factor

in dust production.

The ratio of energy transferred from steel to rock

was found by Simon to devend upon the decay factor. (83, 36):;

y = | ' | (2.7)

p = dJensity of the drill steel:

W, = weicht of the piston.

reached a maximum of about 60% when the ratio ny'Was about
equal to unity, K 2ing the average slope of the F=U curve

(Fig.. 2.9).

is also lost in flexural waves espscially in smaller diameter

steels (93, 62, 70, 61).
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For over a century, comminution researchers believed
that all of the grinding energy was used in creating new surfaces.
The mechanical efficiency of the process calculated on this basis
appeared to be of the order of 1% to 3%. Simon (82) recognized
the same performance in roci drilling. It is believed that most
of the drilling energy is used in elastic deformation, crack
propagation due to dissipation of strain energy in the form of
stress waves, pulverization in triaxial compression favored by

porosity and finally, heat dissipation.

6 - Penetration Rate

' There are at least a dozen formulae that have been
advanced to estimate the penetration rate, but they generally fall

into two categories: (93, 26, 84, 54, 60, 89)

(%)

Energy Transfer

¥/K

Fig. 2.9. Energy Trans-
fer from Steel to Rock
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(i) those of the first category are suitably il-
lustrated by Simon, Wells and others who devised
methods to evaluate the volume of rock removed
per blow or per cutting wing; knowing the blow
rate, the penetration rate may be estimated:

(ii) the second group of penetration rate calculation
formulae is well-represented by Hustrulid. The
method consists of measuring the total energy
available, the efficiency of energy transfer and
the specific energy for a specific indexing con-
dition. The knowledge of these three factors
permits the calculation of the volume of rock
broken per blow and, if the blow rate is known,

the penetration rate can be calculated.

Both categories provide formulae offering little
practical value since they call for the use of data which are
usually not available in field work, and mine operators must rely
on testing methods to estimate the average performance of a given

drilling assembly.

C - ROCK DRILLING VARIABLES

The number of variables in rock drilling is so
numerous that theoretical optimization of the process by math-
ematical analysis is an impossible task. In this review of
current knowledge on rock drilling, penetration rate and dust

formation will be used as the most important dependent variables.



Tn addition to the variables just mentioned, the complexity of

the percussive drilling process is illustrated by the list of

variables, showan in Table 2.1.

Groups of
Variables

External
Variables

Machines

Tools

Comminution

Table 2.1

ROCK DRILLING VARIABLES

Independent
Variables

Conpressad air .
Water supply
Lubrication
Thrust

Characteristics

Piston geomeiry
Cylinder bore

Drill steels
Diameter

Length
Acocaessories

Bits
Diameter

Cutting angle
Shaps, Design

RoOCK proparties

Dependent
Variables

Penetration rate
Indexing
Corroszion

Wear

Operation

Energy transfer
Blow energy
Blow wvelocity
Blow rate
Indexing
Penetration rate
Wear

Wear
Penetration raie
Ind=xing

I--4

G
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D - EXTERNAL VARIABLES

The performance of a rock drill depends upon the
drilling practice of a given installation. The operating air and
water pressure are fixed parameters at a given working place and
their values govern the drilling conditions; adequate lubrication
of the drilling equipment is a function of the quality of iubri-
cants supplied and of the efficiency of lubricators; machine
mounting equipment determines the thrust that must be applied to
control the machine. These variables are considered to be ex-
ternal because they can be acted upon independently and they fix
the limits of any given piece of drilling equipment or of any

given drilling unit.
1 - Air Pressure

Wells (93) found empirically that:
Blow energy = Air pressure
Penetration rate = (Air pressure)l.5
It is observed that, as air pressure increases, blow
energy, blow velocity and rotation all increase but, the machine
becomes unbalanced and higher thrusts are required in order to
maintain bit-rock contact. The consequences of these conditions
are that:
(i) considerable increase in air pressure results in
a disproportionately small increase in penetration
rate (Fig. 2.10);
(1i) wear and tear of machine parts is considerably

increased and is evident in the plastic deformation
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at the shank end of the drill steel and in the
frequent failure of drill rods (24);

(iii) higher air pressure requires higher thrust,
maximum possible thrust is dependent upon rock

properties, bit design and equipment.

It can be therefore concluded from empirical research
that there is an optimum operating air pressure for a given com-

bination of rock and drilling system.

The consumption of compressed air varies almost

arithmetically with the operating air pressure (24).

Dust formation, specific energy and air pressure ap-
pear to be interrelated and trends in the variation of each of

these can be obtained from Cheatham and Inett (24). Their

From Simpson
and Parry (84)

®

>

-

m .

c Mechanical Thrust

g /

>

o

-

-

o Manual Thrust

c

®

Q.

Air Pressure
Fig. 2.10



Specific Energy

results, shown in Fig. 2.11 and 2.12, lead to the conclusion that
above a certain air pressure, dust formation decreases with
higher air pressure, the specific energy peak being located
around 50 psi. On the other hand, Hartman (53) has shown that
higher air pressures produce more Gust. However, the increase in
dust is partially offset by a coarser mean particle size. The

author's results substantiate Hartman's views.
2 - Water

Prior to the introduction of tungsten carbide bits,
the penetration rate with steel bits was lower in wet drilling
than in dry drilled holes because bit wear and loss of gauge were
more severe under wet conditions. This gauge loss is related to

increased rotation in wet drilling due to inertia of the piston.

50lps| o
@

1 -

<

| °®

| (1)

| -

L

| 59

-]

()

s

=

‘o

[ -]

Q.

(7)

Air Pressure Air Pressure

Fig. 2.Il Fig. 2.12
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From empirical work (26, 70,7 24), it appears that a lack of ]
water due either to low pressure or to poor bit design will

cause sludging of the drill hole but, once a certain water pres-

2chine

sure is obtained, whatever the thrust or the air pressure,

It follows +that wa*er

L !
performance will be sensibly +the same.
requirements appear to be based upon machine design. It is be-

o
nting

lieved that excessive water will cause cushioning, preve

.efficient penetration.

the formation of mo:

Q
%
‘_l-
3
G
cr
l_l

[0)
3
i)

3 ~ Iuvbrication
Oil used in rock drills should emulsify with water,
but should also resis: flushing away by water. I%s adhesion %o

stronger than its adhesion to water

£ the piston,

a2ffect: ro-

of o0il is definitely

the only external variadble that can 2e

controlled by the &»ill operator and it is therefore +he onlv
variable that will affect +he verformance of the rock <=:i’”.

This variable has been studied empirically (70, 26, 24, 29) ang
fundamentally (283, 60) by many researchers.
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Empirical studies have shown, that for a given air
pressure, penetration rate is definitely related to thrust and the
machine is characterized by three operating zones (Fig. 2.13).

(a) At low thrust, the bit-rock and the machine-

steel contacts are not maintained for every blow
and the machine will "bounce". Under these con-
ditions, the piston will overstroke, causing
increased rotation due to rotational inertia,
lower blow rate, lower penetration rate -and
relatively higher rate of dust formation.

(b) In the balanced zone, thrust is sufficient and

energy transfer to the rock is at a maximum.
This zcne extends over a relatively wide range of

thrust values. The machine operates at nominal

® | Insufficient | Balanced |Exces- @
ol  Thrust Thrust | SVe &
ot Thrust g
c c
'3 o
> L ]
o 7\ o
| \ [
L ] L
® ®
c c
® ®
o Stalia,
Thrust Thrust

Fig. 2.13 Fig. 2.14
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stroke length and inertial rotation is consider-
ably reduced:;

(c) When the thrust becomes excessive, the bit will
cut a deep groove and the strong torque which
develops on the bit due to the resistance of the
groove wall will reduce the rotation rate. When
the limiting value is reached, rotation of the

steel will cease and the machine will stall.

The same series of events will occur at various air
pressures; the higher the pressure, the greater the thrust
required (Fig. 2.14). This relationship is shown by the line
joining the maximum of each thrust-penetration curve. The
location of this line varies with the rock, moving to the left

for soft rocks and to the right for hard rocks.

5 - Thrust Momentum

Analytical solutions of the thrust requirements have
been provided by Simon (83) and Hustrulid (60). Since the
former's analysis does not include any rock factor in its final
expression, the solution should be accepted with reservation.
According to Hustrulid, energy transfer from the piston will oc-
cur only if the machine and steel are in contact at the end of
the forward stroke of the piston. For equilibrium, the sum of
momentum must be zero. When the piston reaches the forward limit
of its stroke, three conditions may occur:

(a) The steel and machine do not make contact: the

piston will come to zero velocity and its



momentum will,éancel the machine momemtum, with
the result that no thrust will be reguired to
keep the machine static;
(b) The machine and steel are in contact; part of
the forward piston mﬁmentum will be transferred to
the front part of the machine and will cancel an
equal amount of machine backward momentum. The
- other part of the momentum will be transferred %o
the drill steel and a strain wave will then move
towards the bit-rock interface. his will leave
the machine unbalanced, and a forward thrust on
the machine‘equal to the backward momentum and the
wave momentum available for rock fragmsntation
will be required to meintain egquilibrium.
F.= 2 a B,fa¢ dt. (2.8)
] ' .
where [ = forward thrust;
B, =blow fregquency:
r =duration of energy transfer from piston to the steel:;
(c) The steel may already be énergized at time of imvact
due to a reflected wave whose energy is a fraction {
of the incident enercy, therefore, the total thrust

required will have the general form
r

E#ZaB,(l+§) o dt (2.2)

Another condition is necessary in oréer +to ob=ain

rock venetration, namely the bit-rock contac: must be maintained.



27

Again, Hustrulid has shown that the minimum thrust is that given

by equation (2.8).

The literature reports very little data concerning
the relationship between thrust and particle size. Inett (61)
reports that the specific surface area increases linearly with
the thrust and inversely with the bit diameter. However, he
claims that this large specific surface area is due mainly to
secondary comminution, a result to be expected from indexing

theories.

E - MACHINES

Basically, the rock drill is a free-running piston
within a chamber, and its motion is controlled by air pressure,
machine thrust and rock properties. The combined action of these
three independent variables and machine characteristics will con-
trol blow velocity, blow rate, drill steel rotation, blow energy

and energy transfer.

1l - Machine Characteristics

It is generally agreed that the penetration rate is
directly proportional to the machine power which is a function of
air pressure and piston bore. n the operating range, penetration
rate becomes a function of blow energy and blow rate, the latter

being the more important of the two.

In the first part of this literature review, it was

stated that the shape of the stress wave controls the efficiency
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of energy transfer from the machihe to the drill steel and there-
fore controls the penetration rate. The stress wave eguation was
derived by Fairhurst and co-workers at the University of

Minneso*ta (38).

" Eat

A _ME_ _ : P (2.10)
= e S - o
where 0t = ' instantanéous stress at time ¢ ;
o, . = maximum stress amplitude;

M = mess of piston.

The value of the maximum stress o, was also determine

Qs

by. the same group of researchers.

o= VE| D2 | (2.1

impact velocity:

where V = piston
D = piston diameter;
d = drill steel diameter.

The following conclusions may be drawn from an
aﬁél?sis of eguations 2.10 and 2.11:

(a) Two.pistons of the same diameter and with tﬁe
same impact velocity but of different lencths
will produce the same maximum stress amplitude.

(b) Two pistons of Gifferent diameters having “the
same Xinetic ene_éy will produce different

o e e e e

maximum stresses with the piston having +he

——— - “
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roducing . highef maximum s:ress.

g
1%

- larger diameter
(c) Two pistons of the same diameter and Xinet:ic
energy but of différent lengths will produce

different peaks. In such a2 case, the shorter

§--

on will have a hicher maximum immulse.

l_l.

cF

ris

that the longer pulse duration transfers more energy to the rock.
In particular, equation 2.10 shows that, at a given time £ after
impact, the light piston will produce = shorter Suration nulse.

lichter hemmer will have

1)}

iy

It may e concluded +that

e 7

cr

Qs

(L) a faster decay ra

(11) a high velocity of impact;

-

(11i) 2 low energy transfer coefficient;

(iv) a high r2te of fines formation.

In 195, Hildick;noted that.a long piston machine
minimized the prodﬁction 0% dust and improved lubrication 2ng
naintenance. This contributed to
ionger .istoﬁslwhich will produce lower peak stress and leornger

wave duration.

ston is feterminesd hy +he

}ae

The force acting upon the D
2ir pressure while the stroke length, which is the accelera-inc
Gistance, deitermines +he piston impact velocity. PFairhurst and

Kim (36) have shown that .the piston energy is transfered to the
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drill steel according to a function of

¢ m

o C, Y /1 ' 2 (2.12)
wWhere M = mass of the Arill steel.

"I = mass of piston

This expression shows that the enercy transfer is closely related

ct
(o}
ck
DJ
D
3
]
0
8}
l..l.

ne itself and is felatively independent of <
velocity. Moreover, when the drillﬂsteel.exceeds_a length of
four £feet, the exponential term of4equatidn 2.12 becomes negli-

:

¢gible and it is then believed that 100% of the piston enercy will

be transmitted to the rod (60, 38).

During the forward stroke of the piston, compressed
air acts over the larger face of the piston and 2ll of the enercgy
is used to accelerzte the piston towards *the d8rill steel. Xowever

upon the recturn stroke, the rotation mechanism becomes engaced and

-

the thrust on the machine causes resistance to rotation. IFurther-
- .

more, The alr »ressure now acts upon the smaller surface of *he

wseguent blLow energy,

variables, rock drill manufacturers have designed pis:b: riflie

tars of different pitch lengths. Teble 2.2 shows the various pos-
reactions of the machine. This analytical table permifts “he con-

because it can be adapted o both soft and hard rocks with a

minimum of dust production. A zhort pitch machine usvally



BLOW - RATE, ROTATTION -~ RATE RELATIONS

OPERATING CONDITIONS MACHINE PERFORMANCE
BIT STROKE ROTATION BLOW
ROCK THRUST PITCH IMPRINT LENGTH RATE RATE COMMENTS
fairly fairly very
soft low short deep nominal high high efficient
fairly long fairly efficient,
soft Low long deep nominal high high more fines
very short very very machine
soft high short deep under- low very stalls
stroke high
very under very very . tendency
soft high long deep stroke very high to
low stall
over very very bouncing,
hard low short shallow stroke high low wear
long bouncing,
hard low long shallow over high low wear,
stroke dust
hard high short deep nominal fairly high very
high efficient
long . R rather dusty,
hard high long nominal high high low efficient
Table 2,2

¢
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produces a higher blow rate than a long pitch machine.

~ The relationship betwesen rotation rate and dust
formation is important; at a low RPM the increase in the number
of blows per revolution, results in a small index angle and a
high degree of comminution. Since blow enercy and rectation are
interdependent, the formation of dust can be reduced by cecreas-—
ing both parameters simultaneously. Empirical research has
shown that the maximum blow rate occurs a2t the optimum thrust
value and that thrust is therefore the most critical paramete

which can be changed during drilling (61).

Drilling tools include intecral steels, sectional

ings, detachable bits and reamers. The larce

n
ct
(0]
(0]
1 o
0
0
0
o
’.J

variety of tools available on the market is evicdent »roof that
the proper choice of eguipment will influence the nenetration
rate anéd the cost of operation. Although numerous studies to

date have bhezen focused on the length and size of the &rill steel
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1 - Drill Stesels

The main function of the drill steel is to transmit
machine enercy to the bit. From an examination of Eguation 2.12,
it may be concluded that a drill steel of large diameiter can

transmit a larger fraction of the inciden: enercy. IZowever,

when the length of the steel exceeds four £feet, the exponential



term approaches zero (Egquation 2.11).
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This shows that the cross-

sectional area of the steel is barely capable of changing the

‘maximum value of the stress wave::
(Equation 2.7) indicates that the larger

shorter pulse

transfer.

be considered

as follows:

It

which would be detrimental

follows that the length of

nevertheless the decayv rate
steel will have a
to efficient energy

the steel should always

in a stress transmission analysis.

The findings of previous researchers may be summarized

(a) A drill steel of small diameter will have 2 ten-

dency to bend. This leads to the concep: of the
stem rigidity factor § which was introduced by

Irving (62);

o = (2.13)
r
where L — lenc=h of the 8rill rod:
r — radius of tre drill roa.

of energy lost in flexural waves:
Hustrulid (60) has reported that up to 30%
£ the incident energy in the drill steel ics

cue to bending as a result of eccentric

{
)
!
1

bent rods or plastic deformation at =he
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2 - Drill Bits

During the past 20 years,

been used almost

brittle, is usua

to inertia and to reduced clearance in the
Moreover, the resultant rubbing causes

comminution and abrasion:

Loss of energy varies with the length of the drill
steel. About 1% of the incident energy is lost

per foot of drill steel but this loss may reach
in the cése of sectional steel using couplings:
In the present rock drilling system, bit-rock
contact is maiﬁtained oy the thrust on the machine.
According to Hartman, this system favers eccaentric
loading and reduces the energy transfer to 84% of
the vélue ontained when the steel moves
?istcn as in the case of the original piszton
machine;

- -,

The use of bits may appear to »e beneficial

cue to the smeller volume of rock removed rer blow
Eowever, the increase in penetration ra*e »y such
bits is heavily counterbalanced by *hz reduction
in rigidity of the d&rill steel and the consecuen:

loss of energy in bending waves.

recommended that the use of small

be limited to shor: holes (62, 93).

Tungsten carbide Hitz have
exzclusively for drilling.

lly alloyed with
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toughness. Nevertheless, some brittleness remains and this is

the limiting factor that controls the cutting angle of the bits.
(a) Bit Size:

Small diameter bits require the removal of less
material per unit length of penetration and therefore result in
a faster penetration rate. Mondanel (70) shows that the following
geometrical relation must hold:

Penetration rate z—%? (2.14)
where == bit diameter
However, in the case of small bits, the peripheral distance
between blows is comparatively short and fine cuttings are pro-

duced. The production of dust by chisel bits is very high because

the center of the hole is subject to a severe comminution process.
(b) Bit Angle:

Considerable efforts by a number of researchers have
been made to find the optimum included angle of the cutting edge
of the bit (62, 54). It is now recognized that a small cutting
angle will cause breakage by shearing, while an obtuse angle will
cause fracture by crushing due in part to increased frictional
forces along the cutting faces. Wider angles will promote more
steeply inclined cracks with a minimum of fracture towards the
free face of the rock. When the cutting angle exceeds 90°, all
fracture takes place by crushing and there is very little dif-
ference in particle size distribution when the cutting angle of

the bit is increased. However when the cutting angle is less
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than‘90°, fracture by chipping predominates.

Experimental and theoretical relations were determined
by Hartman for included bit angle and depth of penetraticn, Dbut

“here appears to be little consistency in his results (54).

PR S N (2.15)
Mo ( ) >

\ Tan 6/2

where +] = devpth of crater;

@ = total bit included angle;

N —=eX

g

onent varying from 0.5 to 1.0 accoxding O

different investigators.

Better agreement exists between crater volume and blow

energy and it is accepted that the volume of the .crater s »nro-

3
o the blow energy, regardless of the shape of the bit.
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where v ‘= volume of crater;

Ba = blow energy.

acute included angle »it and a long pitch rifle bhar o Trevent
- - -
machine stalling, while, in rarder rocks, *the o»ICsite <oT-

bination of design factors would ke more keneficlal and weourll

reduce evcessive bit wear (62, 37).
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(c) Bit Shape:

Chisel bits and cruciform bits are the two main types
of bits on the market at present. Practice has shéwn hat the
TBULCE (Intensity of blow per unit length of cutting edge) of the
chisel bit will be a little more than twice the value for the
cruciform bit when the .same blow energy is applied to oits of
similar diameter. Conseqnent ly, @ chisel bit subjected to low
energy should be used For a relatively soft rock. However, the

enetration rate in soft rock can be improved when a cruciform

'g

bit is used in a machine with a heavier blow. In hard rocks anc

.
Jadan & am

in large holes, optimum penetration rates can only be atiaine

,O.l

The

with cruciform bits. Fissured ground will also fayour Tthe use 0=

o

the cruciform it because a low IRULCE is necessary to prevent

talling (62).

Chisel Dits and cruciform bits are difficult to com-
pare with respect teo their dust ceneration characteristics.
The chisel bit will cut a deep imprint and will turn at a relia-

o =

tively low rate. The relatively small index angle will develon

hlow is lower and ridges may be left ketween successive zlows on
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Other bit shapes have been studied; £for instance,
at the end of the steel bit era, the French researcher Coeuilllet
{26) dérived several bit designs that would insure even duty on
all sections of the cuﬁting edges. Unfortunately, such profiles
are impractical because they cannot be adapted to We usage due to

the. sharpening difficulties that would be encountered.

Hartman {(54) concluded that the most desiradble bis
shape is the wedge with an angle of less than 20°. However, in
all commercial bits the bit angle is about 110°, a value zt which
the wedge shape loses much of its merits. Research is now di-
rected towards hemispherical indentors or buttén'bits and Feirhurst

claims that, in this case, the specific energy is aprroximately

half the value obtained with chisel bits (38).
(d) Bit Wear (62, 24)

Wear is strictly related to rotation. t low pene-
tration rates, the torque resistance to rotation is low and *the
bit rotates at a faster rate, resulting in considera®le abrasion

on the cutting edge. When steel bits were still in use, %he loss

th

of gauge due to radial wear under such conditions was very severe,
especially in wet drilling. Accordingly, it follows tha®: exces-
sive rotation will have the following effects:

(i} reduce bit life:

(ii) reduce blow enercy:

|

(iii) reduce penetration:

(iv) favor dust formation by abrasion.

The above factors can be nartially miticated by increased 2ir



39

pressure and additional thrust on a longer pitch machine.

G - DRILLING COMMINUTION

Rock drilling is a comminution process because it is
an operation in which energy is expended on a cohesive mass of
brittle material with the production of an heterodispersed as-
sembly of particles. The peculiar aspect of rock drilling is
that energy is applied to a very small area so that a small groowe
is cut into the so0lid rock resulting in the formation of a mass
of fine particles. Rock properties were discussed partially

previously, but additional comments are pertinent.

1 - Rock Strength

Rock strength, drilling strength, drillability, etc.
are some of the confusing expressions found in rock drilling
literature to describe the resistance of rock to breaking stres-
ses. Protodyakonov (76) who described several rock properties,
concluded by basing his strength coefficient upon a comminution
test. He expressed the belief that the most important properties
in rock drilling are hardness, abrasiviness and plasticity. On
the other hand, Mather (69) found so much confusion in the con-
cepts of hardness that he suggested a relationship between dril-
ling, texture and rock structure. Simon (56) observed the lack
of symmetry about the longitudinal axis of the wedge and, on this
account, confirmed Mather's conclusion. Prior to this, Simon (81)
had stated that the grain size of the rock and the crossectional

area of the tip of the wedge in contact with it are of the same
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order of magnitude, and that, consequently, the rock always be-
haved as if it were heterogeneous, making it impossible to predict
the performance of a given blow. Other researchers built their
theories upon tensile and compressive strengths (78) with little
success. Drop tests provided compressive strengths which varied
_considerably from blow to blow and also varied with the rate of
loading and bit angle. It is now known that all determinations
of rock strength are machine dependent and do not provide absolute

values.

2 - Summary of Rock Properties

The above views lead to the following conclusions:

(a) The process of rock fracture is as yet only
vaguely understood:;

(b) Examination reveals that the planes of rupture
tend to follow the boundaries of interlocking
crystals, indicating that separation results from
tensile stresses:;

(c) Griffith's theory of rupture, which is based on
surface tension, applies and, in fact, indicates
that the use of wetting agents (77) will enhance
this form of rupture:;

(d) The effect of friction is logically explained as
a factor which reduces drillability when bits with
large included angle are used;

(e) The variation of energy requirements for indexed

fracture is well-known:;

(f) The energy requirements for fracture are also
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related to environmental factors, a phenomenon

well-recognized in deep well drilling.
3 - Particle Size

The work of Ertl & Burgh (34) on the size distribution
of the debris from a drill hole must be considered as one of the
first efforts to associate the techniques of comminution analysis
with rock drilling. Although the authors assumed that the part-
icles were all of the same prismatic shape, they found that the
surface area of particles produced per unit of time diminished
when the penetration rate increased. A more elaborate research
by Hartman (53) supported this hypothesis, since he also found
that the factors favorable to efficient drilling contributed to
the reduction of dust formation. Inett (61) lists several recom-
mendations of which the two most pertinent are:

(a) Proper drilling equipment must be selected for a

given rock; for example, a hard rock requires a
heavy machine, cruciform bits, etc.; and

(b) The proper thrust must be maintained on the machine

so that it operates in the balanced 2zone.

Hartman studied the bit cutting angle and recommended
the use of a smaller included angle so as to induce failure
through shear which would result in large particles. However,
the manufacturers still supply bits with included angles of ap-
proximately 110° which penetrate the rock mostly by crushing and

produce a high percentage of fine particles.

The coarse fractions of particle size histograms are
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very erratic. However, the cumulative size distributions usually
show a flattening at a certain point which is usually related to
average grain size. The writer also found this type of distri-
bution in his research, but his interpretation of the results

does not conform with the above.

4 - Shape of Cuttings

In spite of the fact that very few researchers at-
tempted to analyse the shape of the rock particles produced by
drilling, it is recognized that the larger fragments, coming
mostly from chipping, are flaky. Ertl & Burgh (34) estimated the
shape of shale particles to be rectangular parallelepipeds measur-

ing x, 2x, x/4.

Moore (71) agrees that chips are flaky but states
that the coarser fraction of the material produced in the inver-
ted cone under the bit is generally irregular in shape and the
fine fraction becomes equidimensional. A study conducted by
Ong (72) on the shape of rock drilling debris revealed similar
findings; namely:

(i) smaller particles are predominently equidi-

mensional;

(ii) larger particles are elongated;

(iii) a particular mineral will have its preferential

shape.
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IIT, SYNOPSIS OF COMMINUTION:PRINCIPLES

A - INTRODUCTION

The writer conceives comminution as a process in
which a mass of cohesive brittle material is reduced to an as-—
sembly of particles as a result of work done upon it. The orer-
ations of crushing, grinding, blasting and drilling are therefore
comminution processes. Thé techniques of comminution appeared
interesting in this environmental study because dust may be seen
as the smallest class size of pafticles prroduced in any com-

minution process.
<3

Bond (14) has limited the process of comminution +o
cases where energy is applied as Xkinetic energy. Harris (590)
had defined comminution as an encoun:er which micht resvl: i

fracture, in terms of which simole handling becomss an unsuccesz-

Modern induétry uses the thedfies of small rarticles
and comminution in the fields of ore .dressing, mining, cerzmics,
abrasives, paints, cereals, etc. However, industrial Aycienicts
are also interested in small particles because dust -is recsronsiple

for industrial pneumoconioses, the most important grou» of oc-

cupational diseases.

Activities in comminution research may be diviced in

three grouvs:

1 ~ Descrintive Comminution
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Interest is centered on the prediction of machine
performance by means of mathematical models or experimental
charts. It is a statistical approach based upon observation of

experimental results.

2 - Analysis of Particle Size Distribution

Researchers in this field of activities endeavour to
describe the distribution curve either by mathematical curve
fitting or by the development of a theory of fracture of brittle

materialse.

3 - Analysis of Energv-Size Relations

Workers in this group endeavour to develop models
that would permit the prediction of the characteristics of a
given assembly of particles based upon machine specifications
and power consumption. Valuable time has been lost in academic

discussions in this particular field of endeavour.

In this thesis, the sole interest in comminution is
to arrive at a better understanding of rock drilling. The
analytical aspects of size distribution and energy relations
will be discussed briefly and included in this review of descrip-

tive comminution.

B - DESCRIPTIVE COMMINUTION

Comminution operations bring rock and machine together

to produce an heterodispersed assembly of particles. The final



distribution obtained depends upon the intefdependency'of these
two elements. The literature review of the subject may then Dbe
divided as follows:
(i) elements primarily related to the nature of rocks:
(ii).elements primerily related to machine

characteristics.

Comminution has been a favoured subject of research
for‘the last forty years, but only a few papers have made signi
cant contributions to major advances in the semi-empirical sciencs.
Only the most important papers will be mentioned in this diécus—.
sion; for a more complete bibliography, the reader should consult

the publications of the D.S.T.R. (32), Earris (50)and Orr (74).

1 ~ Rock Factors

The product of a given comminution even:t will be con-
trolled to some extent by some properties of he rock, the
mechanism of £fracture, the en=rgy consuvmption, the environmental

factors and the limits of comminution.
(a) Nature of Rocks

Gauvdin (43) divides rocks into hcmogeneous and hetero-
geneous types. Rocks which have the séme properties in all 4i.
rections and are free of cracks or banding are classes 2& homo-
ceneous. Theoretically, such rocks do not exist: all xocks have
been submitted to geological events that have lef: in
historical marks. However, CGaudin considers +that sefimenitary and

me*amorphic rocks are heterogeneous while the majority of Zneous
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rocks have homogenzous properties.

<o

A block of rock contains weakness planes which are
due to inclusions, intergranular boundaries, cleavage planes and
chemical impurities. The smaller the specimen, the lower Ls the
vrobability of the presence of weaknesses and the hicher is its
resistance to fracture. This is supported by the glass thread

experiment performed by Griffith (46), the thin metal cutting

tests by Walker and Shaw {(92), =2nd numerous grindability cata.

Theoretically, the cohesive forces between molecules
should eqgual the total heat of vaporisation of a matsrizl 7).

Howaver, crystals are not perfect; they show dislocations (28)
and even the bonds between atoms are different. It followe that

the actual breaking strength of a rock is much lower tThan tne

rheoretical value due ©O dislocations, flaws and cracks.

Mineral vroperties, as well as history fectors, af-
fect the resistance of rock to fragmentation. Rocks ar=z mzde UpR
of mi-erals, most of which are anisotropic. Petrological f£actcrs
control the grain size and general texture of the rock, waile

geological events leave evident structural features within the
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the energy appears in part as new surface of fragmented products,

and in part as the creation of fresh inner weaknesses".
(b) The Process of Fracture

Fracture may be accompanied by plastic deformation
in a manner similar to that which occurs in the case of fatigue.
It is claimed that planes of low interatomic bonds slide against
each other (46, 28) maintaining the original distance that existed
between atoms, but leaving traction-free cracks at the ends of
the plane and causing attrition in interstices. Griffith claims
that in fatigue, molecules will take a preferred orientation
leaving faces of lower binding energy from which fractures will
progress. Furthermore, on thermodynamic considerations, Poncelet
(75) shows that a crack which has developed as a result of strain
energy exceeding the strength of cohesion between atoms is ir-
reversible, from which it follows that fatigue failure is cumu-
lative. These theories are not incompatible for brittle materals,
such as rocks, which are rich in weakness planes arising from

multiple causes.

Brittle materials will break with little or no plas-
tic deformation. Due to the presence of flaws, Griffith has
shown that a stress concentration builds up at the tip of cracks

and fracture occurs when stress reaches a maximum value.

Y= 2N A (3.1)

where ¥ = breaking stress;

N —tensile stress normal to the plane of the crack;
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A = thickness of the crack:;

v = radius at the tip of the crack.

If the stress is maintained on the specimen, frac-
ture will progress to complete separation, since fracture across

a specimen is progressive (75).

A large discrepancy is observed between calculated
values from eguation 3.1 (14) and actual breaking stresses of

specimens. The cracks cause stress concentratio

3
0]
m
i
t
=3
D
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(o]
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l_l
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due to reduced effective area; as a result, theoretical breaking
stress is considerably lower than the theoretical vzlue. Howevar,
Griffith (46) supported the theory by tests on hollow glass

cylinders.

a function is generally not supported by experience. Gaudin (43
has claimed that tension fraciures are intergranular whils this
is not necessarily the case in compression. However, Fonczleo:
(75) has shown that even in compression, atoms are cCisnlaced

and fracture finslly occurs by tension. The weskness 27 rock in
tension is used to advantage in blasting:; explosivesz ceneraie =

m= oA en AR T Semmpmtrenma 4w St ] e Y -
The phencmenon oI fracturs in vnizxial comzreszicn o
LN L - oyl Qe - =g - aprm T AT e - -
not so easily explained. TIracture is uszually exzlzii=~? 2z a
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(i) energy is first usea to build up strain to a
critical value;

(ii) the addition of a small amount of stress will
cause separation. Taplin (87), Bond and Wang(12)
and Schuhmann (80) have established theories
fitting this general pattern. Schuhmann adds
that cracking is initiated at a weak point fol-
lowed by crack multiplication decreasing in
length according to a geometric progression in a
pattern similar to tree branching; this corol-

lary is useful in explaining size distributions.
(c) Energy Consumption

Comminution energy usually acts by compression or
shear. Paradoxically, the energy required to create new surfaces
is considerably greater than that theoretically necessary to
produce fracture of cohesive bonds. The study of energy balance
has been a popular subject for research, especially among
Rittinger's supporters. Elaborate analyses of the subject are
presented by Orr (74), Bergstrom (9), Harris (50), Charles and

de Bruyn (21).

Currently, comminution workers conclude that ap-
proximately 1% of the fracture energy is used to create new
surfaces. Chemical changes and lattice rearrangement (74) ac-
count also for 1% to 2%. Orr (74) assumes that 20% to 50% of

the energy is used for elastic and plastic deformation.

An important aspect of energy consumption is kinetic
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energy of impacting equipment and impacted material. Bergstrom
(9) shows in an intriguing experiment that kinetic energy of
large fragments represents 45% of energy consumption which is
used partially in secondary fracture. The balance of energy is
believed to be dissipated as friction losses, vibrations, sound,
electrical effects, etc., all of which finally end as heat los-
ses. However, there is enough knowledge on the means of energy
consumption to reject Bond's thesis (14) that, in comminution,
kinetic energy is transformed into heat, although heat becomes

the final degradation step in energy transformation.
(d) Environmental Factors

Several factors have been investigated to assess
their possible contributions in rock fragmentation and it was
natural to concentrate early efforts on heat. Bond and
Djingheuzian (30) believed that heat was used as useful energy
because they found an increase in particle specific surface
area corresponding to an increase in heat. A similar finding
was reported earlier by Andrews (3). A fundamental study of
thermal stress is presented by Marovelli (67) but, unfortunately,
he does not comment on the mechanical efficiency of the process.
Fuerstenau (27) attempted to fracture rocks with a laser beam,

but the procedure proved costly and inefficient.

A more practical approach to the study of the effects
of heat is devoted to the study of intercrystalline fracture.
Gaudin and Brown (18) observed that the various minerals of

heterogeneous rocks have different coefficients of expansion, in



which case heating should cause fracture. These early experiments
did not confirm their belief but, as in the case of Andrews, they
obtained finer grinding and less size dispersion at higher temper-
ature. Critics of their work claimed that better results would
have been produced by rapid cooling. Later work (41) confirmed
that heat treatment causes intergranular fracture, due either to
differential expansion, anisotropic expansion or crystallographic
changes; quartz, for example. It is safe to conclude that heat

contributes to finer grinding.

Hardness was another property of rock believed to be
a great energy consumer; Fahrenwald (35) and Piret (5) showed
an increase in energy consumption with hardness, but we know
that for finer particles, a stronger cohesion limits the im-
portance of this finding. According to Griffith'é theory, the
use of any media that will wet a barticle should change strength.
This was confirmed by Rehbinder (77); he improved drilling rate
by as much as 50% in exceptional conditions by using wetting
agents, but in general, drilling rate improvement was of the
order of 15%. Other advantages of wetting were a more efficient

flushing action and a better dust abatement.

Wet and dry grinding operations produce different
results. Fuerstenau (39) has found that wet grinding gives paral-
lel size distribution plots while dry grinding gave a set of

curves becoming flatter as the size modulus decreased.

Other factors investigated, such as calcining and

atmospheric conditions, were not of significant importance.



(e) Size of Fragments

Martin (68) expressed the law of constancy governing
the fracture of brittle materials: "No matter whether the part-
icles are large or small, they break down in the same manner all
down the scale". As a corollary we may believe that the pattern
of fracture is a function of the rock alone but Gaudin (43) has
indicated that the machine will change the distribution. Epstein
(33), Broadbent and Callcott (16) must be credited for the con-
firmation that the size distribution and shape of fragments are

controlled by the combination of machine and rock properties.

Comminution is best understood‘by the analysis of the
products. It is customary now to use the cumulative form to
represent the size distribution of an assembly of particles
(Fig. 3.1). Most size distribution plots are curved at the top
as shown by the "actual" curve on Fig. 3.1 but they become almost
linear at the lower end; when this straight section is extended
across the graph, it becomes the Gaudin-Schuhmann model which is
expressed mathematically by equation 3.2 below:

a

Y = 100 (__)5_) (3.2)
k
where Yy = % in weight of particles smaller than size ;
X = particle size, microns;
k = size modulus;
a — size distribution factor of tﬂé Gaudin-Schuhmann

distribution.
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The straight line is the theoretical Gaudin-Schuhmann
distribution. The curved line is a typical actual size dis-
tribution obtained in a comminution process. This empirical model
is completely defined by two parameters: the size modulus k
and the distribution constant a . Although the Gaudin-Schuhmann

equation is definitely a poor model, it is easy to apply and is

adequate for a qualitative discussion of comminution.

The actual description of an assembly of particles

produced in the process of comminution has been a difficult task

Log. Percentage - Y

Log. Size - X

Typical Cumulative Size Distribution
Fig. 3.1
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throughout the years, because there were no sizing methods
available to cover the complete range of particle sizes en-
countered in these processes; for practical reasons, the use of
sieves became widespread and the majority of models are based

upon their use.

Early in the present century, research was oriented
towards the definition of particle size but, as particles were
generally irregular in shape, several proposals were suggested
in order to define the average or equivalent diameter based upon
a given physical property (57, 2, 73). At the present time, the
A.S.T.M. accepts several definitions of particle diameter and

the engineer must select the method that fits his needs.

Size distributions, using particle diameters as the
independent variable, were used in comminution until 1940 and
are still used today by industrial hygienists and air pollution
workers. They are convenient when dealing with classified part-
icles, either by a natural or an artificial technique, so that

the mixture may be considered as monodispersed.

Today, in comminution studies, the cumulative weight
distribution is used almost exclusively. Researchers have at-
tempted to devise models that would fit the actual size dis-
tribution, as shown on Fig. 3.1, and efforts have been made
especially to associate their equations with a theory of fracture
of brittle, homogeneous materials. Generally, the theories were
developed for a single blow on a single particle, and the re-

sults extended for multi-events on a large number of particles.
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The models most often quoted are the Rosin-Rammler equation and
its variations (79, 8, 6, 66) and the Gaudin-Meloy equation with
its modifications (42, 10). More complicated equations were
developed (44, 52, 64) but they require the determination of
several parameters, not associated with any specific physical
properties of rocks, as well as the necessary use of computers
for their calculation; they are less attractive to the field

engineer.

A major evolution was brought about by the findings
of Epstein: he recognized that rock was characterized mainly by
its primary breakage function while the machine, due to its
selective properties, controlled the final size distribution.

The primary breakage function is described by Reid et al. (63)

as the size distribution of material broken out of an initial
single screen interval, when no further fracture of the broken
material occurs. Broadbent & Callcott (1l6) introduced the use of

matrices to apply Epstein's finding mathematically.

Recently, Reid et al. (63) developed a technique to
determine the primary breakage function, the rate of change of
size distribution in a given grinding unit with time and from
this data the size distribution of a product in a given unit can
be predicted after a certain time of operation. The use of
mathematical equations to describe a size distribution is avoided
and the results obtained are representative of the existing con-
ditions when this technique is used. The writer has used a

similar approach in his research.
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(£f) Limits of Comminution

Providing comminution equipment is capable of re-
ducing rock to any size, what is the smallest particle size that

can be produced?

Theoretically, we should be able to reduce any mate-
rial to the unit size crystal by physical means (6); however,
the finer we crush the material the harder it is to break, in-
dicating that the unit size of a particle may be larger than the
smallest possible crystal. Bond and Maxson went so far as to
suggest that the smallest particles encountered are not the re-~
sult of direct fracture, but that they are simply unlocked in the

process of comminution.

A traditional approach to discuss the grinding limit
rests upon the observation that the specific surface area of
crushed material tends towards a limit as grinding is increased.
Gaudin's "Textbook of Mineral Dressing" presented the figure 0.001#
as the smallest particle; Bennett (6) believed the limit nearer
to one micron for coal, Bond (15) set the valueat 0.69 micron
based upon crystallographic theories and finally, Harris (51) came
back to the original idea of the unit crystal to set the grinding

limit at a few thousandths of a micron.

The only practical consideration that may be drawn
from the true knowledge of the grinding limit is the determination
of the true slope at the fine end of the size distribution curve.

However, in the field of industrial hygiene, this aspect is

interesting because respirable dust particles are smaller than
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five microns and we still ignore the physiological action of the
smallest particles. In air pollution, very small particulates
are believed to act as condensation nuclei and, if SO, is present
in the air, the metal content of the particle will act as a ca-
talyst to cause the formation of a droplet of HZSO4, a much

stronger irritant and corrosive agent than SO, alone.

2 - Machine Factors

The machine controls the mechanisms of rock fracture
and the final size distribution obtained from the comminution of
a rock in a given piece of equipment will be associated with the
special characteristics of the machine. Moreover, the machine
type and size will determine the amount of energy available for
rock size-reduction as well as the rate of application of this

energy.

(a) Mechanism of Fracture

Gaudin (43) recognized impact and shear as two dif-
ferent mechanisms in comminution processes, both acting simul-
taneously to varying degrees. In 1964, Kinasevich et al. (29)
identified three types of comminution processes, namely, impact,
chipping and abrasion, each type producing its own characteristic

size distribution curve (Fig. 3.2).

Like Gaudin, Kinasevich's group believed that the
final particle size distribution from a crushing or grinding unit
is the result of a composite of the three comminution mechanisms.

‘This concept will be discussed in detail later in this thesis
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Fig. 3.2

since the bulk of this research work is based upon it.

In studying Fig. 3.2, it will be noted that the im-
pact size distribution plot is linear, but the composite dis-
tribution line is curved. If the size fractions were small, we
would observe several humps in the composite plot (44). Explan-
ations for the curvature and the presence of humps are usually
attributed to natural grain size (43), repeated fracture (44, 42),
hindering (20) or heterogeneity (5). 1In this drilling research,
humps were observed in every test and it will be shown that they
are related to repeated fracture and that humps are primarily

machine dependent.
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(b) Characteristics of Comminution Equipment

Most rock properties, such as hardness, grindability
or drillability are machine dependent; similarly, we know that
different types of grinding units will deliver products of dif-
ferent size distributions. Machines are always biased towards
coarser particles which absorb the greater part of the supplied
energy. Somasundaran (85) has demonstrated that the fraction of
energy consumed in a ball mill is proportional to the particle
volume; that is, that particle size is the controlling factor

of energy distribution.

The interdependency of rock properties and machines
can be explained only by the selective characteristics of the
type of comminution equipment. According to Epstein (33), the
final distribution of a product is a function of the probability
of fracture of a particle and the pattern of breakage of a single

particle.

Broadbent and Callcott (16) used matrix analysis to
apply Epstein's theory and an Australian group of researchers
headed by Lynch (66) made proficient use of the combined prin-
ciples for a multitude of ore dressing and chemical engineering

operations.

The fundamental operation of a machine using or
producing an assembly of particles is described by the general

relation

D= BS4 (I ~>5) (3.3)
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where D = a matrix describing the machine operation:

B = breakage matrix or a matrix representing the
specific action of a machine on an assembly of
particles;

I = unit matrix representing the total assembly of
particles submitted to the machine action;

S = a selection matrix representing the fraction of
each size which is degraded by the machine or is

altered by its action.

The final product of the machine is given by the relation:

P =D,.,Ff (3.4)
where P = product size distribution:;
f = feed size distribution.

This approach is extremely versatile and is used in mineral pro-

cessing and chemical engineering.

The selective properties of grinding equipment were
studied, particularly for the development of grinding kinetic
theories, either for a batch or a continuous process. It was ob-
served that, when a sized material is placed into a comminution
unit, the performance of the machine changes continuously as a
function of time. At the beginning of the process, there is a
rapid depletion of feed particles and a constant rate of formation
of fines; further grinding shows a variation in both the rate
of depletion of feed material and in the rate of formation of

larger particles, but the rate of formation of fines remains
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constant. This is illustrated particularly well in Fig. 3.3.
The fact that the rate of change in concentration of
a given size of material is constant for a certain time in the

fine sizes led the researchers to consider grinding as a first

order rate process. Reid (63) developed practical equations for

batch and continuous grinding equipment where such a constant

rate is observed. An important corollary to this condition is

that the cumulative size distribution plot is linear in the re-

gion where the rate of formation is constant.

Xj = Product sizes

X} ) Xpduuwu? Xp

Weight %

Time of grind - Minutes

From Arbiter 8& Bhrany (133)
Fig. 3.3
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It must be emphasized that grinding may be considered
as a first order rate process only for a certain time, especially
for the smaller sizes; for this reason, it is theoretically in-
correct to consider time as an equivalent measure of energy. It
is observed that, as grinding time increases, the size dis-
tribution has a tendency to become flatter and the size modulus

decreases, tending towards a limit.

There is a definite difference in specific energy of
fracture between large and small particles; as the feed size
decreases, the grindability becomes nearly constant: this is
related to the selective characteristic of the grinding apparatus

(85).

C_ -~ ENERGY~SIZE RELATIONS

The topic of energy-size relations has been a choice
field of research in the last fifty years and this survey of com-
minution literature would be incomplete without a discussion on
the subject. Publications on energy aspects of comminution are
very numerous and interesting critical analyses are available
(32, 50, 1, 59). However, the specific energy of fracture in
percussive drilling is a function of the index angle; we cannot
therefore expect any energy law to hold and we must recognize

that the energy-size relations are primarily machine dependent.

l - Rittinger's Law

The first law of comminution is known as Rittinger's
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law and dates back to 1867. It is purely empirical and is based
upon the observation that, in comminution, the work done in
particle size reduction is proportional to the new surface area
produced. In fact, it was found that the energy-surface area
plot gave a straight line (49, 5); this linearity was the main
argument used to support the law. Assuming that all comminution
energy is used to break interatomic bonds, calculations show
that the mechanical efficiency of comminution equipment is in
the order of 1% to 3% (43, 5); consequently, interatomic binding
energy cannot be the controlling factor in comminution. Addi-
tionnally, Rittinger's hypothesis assumes homogeneity in binding
energy, but there are cracks, weakness planes, inclusions, cleav-
age planes, etc. in rocks which are responsible for a variety of
binding energy levels. 1In conclusion, the law will apply only
for a small range of particle sizes and does not enjoy universal

application.

2 - Kick's Law

Kick's Law was derived in 1885 from sound principles
of resistance of materials, assuming rock was perfectly homo-
geneous and that fracture occurred when a critical strain was
exceeded. Kick stated that for any unit weight of ore particles,
the energy required to produce any desired reduction in the
volume of all particles in the mass is constant, regardless of
the original size of the particles. This law is not supported
by experience; it overestimates the energy requirements for the
fracture of coarse particles and underestimates the demand for

the breaking of fines (92, 59).
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3 = The Third Theory of Comminution

Rittiﬁger stated that the energy used in comminution
is a function of the surface area of the particles, while Kick
derived a relation showing that the energy of fracture is pro-
portional to the volume of the particle. In fact, neither state-
ment agrees with exprerience, and Bond simply proposed in the
“Third Theory of Comminution" that the true energy relation lies

between the two, the valid relations being

x2°3 (3.5)

Q

where X = particle diameter:;

= energy.

After defining the Work Index,vv‘, as the work re-
quired to reduce a material from infinite size to a product
size of which 80% is passing 100 microns, Bond arrived at the

practical relation

1 1 >
Work = w —_— !3-6)
‘ < VE VK
where P = size in microns of the square opening

through which 80% by weight of the crushed
product particles will pass;

F = the screen size in microns passing 80% of
the Feed particles;

V%>:= Work Index, determined by experiments.

Bond's Third Theory has been an efficient tool in
mineral dressing and chemical engineering (31), but is cannot be

considered as a physical law because the Work Index is machine
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dependent; the Work Index varies with particle size and it is
necessary to apply several correction factors in order to meet
specific conditions. As in Rittinger's and Kick's laws, Bond's

Third Theory fits well for a certain range of particle size.

. 4 =~ Charles' Law

A general energy-size relation was published by

Gilliland (91)
-n
dc=—-Cx dx (3.7)
where C  and @ are constants

This relation is interesting because it includes the three pre-
vious laws (Table 3.1) and it was used for the derivation of

Charies ' Law.

Vall;le of n 4 Law
1 Kick's
2 Rittinger's
1.5 g . Bond's

Table 3.1

Charles' Law (23) is primarily a mathematical model;
it is a combination of the Gaudin-Schuhmann size distribution
equation and Gilliland's energy statement. The new energy relation

was written as follows:

E =Ak* " | (3.8)
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where A and ;7 are constants:

k = size modulus as in equation 3.2.
Further research provided the other relation:
a—n +1=0 (3.9)

so that the final' form of Charles' relation is

a

E =Ak | (3.10)
where .a = size distribution factor in equation 3.2.

The actual cumulatlve particle size distribution
curve produced in a comminution process is cenerally not linear:;
thlS 1s strongly supported by the active research of a large
group of mathematlcally minded scientists, who attempted to find
a representative model of the size distribution, namely: Gaudin-
Meloy, Gilvarry-Bergstrom, Klimpel-Ausﬁin, et al. The energy-
size relation, as written in equation 3.10, was supported by
Arbiter and Bhrany, and it was to be expected because their rate
equation is based upon the linearity of a part of the Gaudin-
Schuhman plot. However, it is now recognized that the linearity
does not generally exist in a size distribution plot and there-
fore the value "4" cannot be properly defined. Conseguently,

Charles' Law should be written:
E =Ak—3c (3.11)
where B.F# a

Tartaron (88) revised Charles' derivation and
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discovered that the relation 3.9 is a mathematical impossibility:
more interestingly, Tartaron also found that Charles' Law is
primarily similar to Kick's Law, and is also associated with

Rittinger's and Bond's Laws.

5 -~ General Statement

Agar and Brown (1) believed that none of the energy
relations presented so far apply to all comminution conditions.
Holmes (58) derived a law from a combination of Kick's Law and
Bond's Work Index and arrived at an energy relation which has
the same form as Charles' Law. Consequently, Agar and Brown are

definitely conservative by writing the energy relation as follows:

"\ /Product (Exponent)

:(Cnnsla_nl)\ (3.12)
Size

Comminution

Energy

The value of the constant is often related to grind-

ability and is machine dependent; the exponent is not essentially

a rock property, since its value is also modified by the equipment.

6 - Rate of Loading

There is a lack of agreement between workers on the
actual effects of dynamic factors. There is proof that the
nature of the process determines the size distribution (21, 22),
high velocity blows producing a finer distribution, but less
dispersjion. It is believed that the range of rates of loading
used in comminution is too small to be considered an important

element (65), although Bond (13) had previously rejected static



tests in favor of dynamic tests because the products of the

latter are more comparable to those from commercial equipment.

The most important studies on rate of loading are
those of Charles and de Bruyn (21, 22). As in percussive rock
drilling, these workers found that, unless the striking mass is
light, a single impact will always result in at least two dis-
tinct blows, and sometimes repeated blows, a condition res-
ponsible for a high rate of dust formation. Our present knowledge
leads to the conclusion that impacting masses should be of light
weight in order to avoid repeated fracture aﬂd that low impact
velocity is responsible for less plastic deformation and a lar-
ger size dispersion. Fracture under static conditions definitely
differs from fracture under dynamic conditions, the former being

preferable from an environmental point of view.

D - SHAPE OF PARTICLES

Most size distribution models, energy-size relations
or surface area calculation theories are based upon the assump-
tion of a definite particle shape, but very little serious work
has been devoted to shape studies. There are a number of tech-
niques available for measuring shape factors (57, 2), but the
quantitative results obtained are meaningless unless a qualitative
term is used to describe the particles and the method used for

their determination.

Particle shape is extremely important, even more so

than size, since it is responsible for the particle behavior in
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relation to inhalation properties; moreover, shape controls
rate of dispersal, packing interaction, agglomeration, resis-

tance to crushing, settling rate, etc.

Until about 1940, the average shape of crushed
particles was assumed to be the same for both large and small
particles (48). We realize today that the proportion of equi-

dimensional, elongated or flaky material varies with size (50).

The equipment used influences the shape of fragments:
rolls, rod mills, and jaw crushers produce the same types of
particles, but ball and pebble mills will cause roundness of the
coarser particles (43); high-velocity impacts produce equi-
dimensional particles (22), while low-velocity impacts result in
a greater proportion of thin and elongated particles. Environ-
mental factors, such as heat (18) may promote intergranular
fracture and the shape of fragments will depend upon the rock
itself: Finally, equipment is a limiting factor in particle size
formation and the production of fines is balanced by the grouping
of agglomerates held together by weak attraction forces or a
relatively strong solid bridging caused by fusion and friction;
this last property is put to use in the relatively new process

of spheronizing.

E — DUST FORMATION IN COMMINUTION

The United States Public Health Service suggests the

following concept for dust (90):

"Dusts are formed from solid organic or inorganic



‘materials by reducing their size through some mechanical pro-

cess, such as crushing, drilling or grinding. Particles thus

created vary in

size from visible to the submicroscopic, but

with their composition being the same as the material from which

they were formed".

The writer will assuvme in this thesis that any fac-

tor responsible

for the formation of fines is a favourable dust

generating mechanism. From the foregoing analysis presented in

this survey of literature on comminution, we may list the dust-

forming factors

(1)

(iv)

(v)

(vi)

(vii)

(viii)

as follows:

a large reduction in size by primary breakage:
prolonged batch processing;

overloading, which can cause hindering and thus
prevent f£ree crushing:

dynamic loaéing, which produces more dust than
static loadingc:

for equivalent kinetic energy, a high-velocity
low-mass system is preferable to a low-velocity
high-mass system, because the latter predominantly
results in double impact;

dry operations produce more fines than wet oper-
ations and the use of wetting agents in wet
processes further reduces the production of fines
higher temperature favours the formation of fines:;
the ideal grinding unit will have absolute se-

lectivity for a specific size, will operate with

in

single blews and in free crushing condition



71

Summing up, the most evident and most important
element involved in dust formation is repeated fracture. The
pattern of fracture is controlled mainly by the rock, but the
machine influences this pattern by its selective characteristics.
In single fracture, the coarser material is eliminated with only
a single generation of fines; in the case of repeated fracture,
the elimination of an additional amount of coarse material is

replaced by a significant increase of dust.



72

IV -~ DESIGN OF EXPERIMENTS

A -~ OBJECTIVES

Percussive rock drilling is an operation responsible
for the formation of large quantities of dust which may be
detrimental to the health of workers, especially when dealing
with rocks rich in free silica, asbestos, or other hazardous
minerals. The ultimate objective of this research project is to
arrive at a basic understanding of the dust-forming mechanisms
in rock drilling, so that machine design can be modified to a-

chieve a relatively dust-free operation.

Hartman, Cheatham and Inett (53, 24, 6l1) expressed
the belief that dust formation varies inversely as the penetration
rate, but this is not fully supportec¢ by experimental data. Ac-
cordingly, it waé planned to study rock drilling by consecutive
single blows, so that the comminution studies could be related
to the more familiar rock drilling studies based upon penetration
rates. This approach would permit an evaluation of existing
knowledge in percussive rock drilling and make a further con-

tribution to the science of comminution.

Kinasevich et al. (29) have shown that, in a com-
minution operation, there are three types of fracture processes,
described as (i) impact crushing, (ii) chipping and (iii) abrasion.
The same three processes are recognized in rock drilling, but
fhey are associated with specific variables. Abrasion is mostly

related to rotation, chipping to indexing and impact crushing to
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both axial loading and bit design. The author attempted to de-
sign comminution tests simulating each type of rock fracture in
percussive rock drilling. Hopefully, these comminution tests
would have permitted the establishment of the size distribution
equations for each type of fracture and, at the same time, the
identification of the type of fracture most responsible for dust
formation. The author expected to calculate the fraction of rock
broken by each mechanism of fracture for any given set of fixed
drilling variables, thereby finding the most efficient and most

sanitary drilling conditions.

These objectives were maintained but such an approach
was partly rejected when it became progressively evident that the
size distribution approach would add but little further enlighten-
ment concerning the process of dust formation itself. However it
is of interest to record that the Gaudin-Meloy equation fitted
the rock drilling operations and that, in most of the experiments,

the exponent varied between 8 and 12.

B -~ ASSUMPTION

The end product of a crushing or grinding operation
is an assembly of particles which may vary from several inches
in diameter down to submicron sizes. In the previous chapter on
comminution, dust is very vaguely defined; hygienists are inter-
ested only in respirable dust, that is particles below five
microns for silica dust, but up to fifty microns in length in the

case of minerallic fibres. Due to lack of precision, both in
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sizing instruments and in the terms of definition, the author has
therefore classified all particles passing through the 325 mesh

sieve, that is, 44 micron apertures, as dust.

Bhrany and Brown (11) published the results of some
interesting research on particle sizing and their work confirms
that

(i) no sizing instruments are capable of measuring

accurately the complete range of particle sizes
produced in comminution operations:;

(ii) different types of sizing instruments will give
size distribution plots sensibly parallel but
never superimposed;

(iii) size distribution plots are almost linear in the

fine size range.

Consequently, it is assumed in this thesis, that any
factor responsible for an increased number of particles smaller
than 44 microns will also be responsible for an increased pro-

duction of respirable dust.

C - COMMINUTION HYPOTHESES

The process of fracture in rock drilling was described
previously as an alternate series of impact crushing and chipping
events (Fig. 2.1). In axial loading, Bergstrom et al. (9) have
shown that the crushing of spherical particles resulted in a mass
of very fine particles due to crushing and a few large fragments

due to chipping. Bergstrom claimed that these fragments carried
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with them 45% of the input energy as kinetic energy: the series
of diagrams (Fig. 4.1 to Fig. 4.3 inclusive) illustrates the

sequence of events suggested to explain the fracture mechanism.

The author deduced from these observations, that even
in free crushing (20) as described above, the fine rock particles
generated between the large fragments (Fig. 4.2) are due to con-
finement. A similar condition would exist in rock drilling, where
the ﬁaterial under the bit is crushed and a quasi-hydrostatic
pressure under the bit causes the chipping of large fragments

along the cutting edge of the bit.

The author planned his comminution studies to verify
the following hypotheses

(1) That the final size distribution of particles of a rock drill
is the summation of several crushing and chipping micro-events.
(FPig. 2.1).

(2) That the fracture micro-event in rock drilling is simulated
by the fracture of a loose particle in free crushing.

(3) That the formation of large chips in rock drilling, due to
indexed fracture, is related to the previous fragmentation
history of the rock. (An infinite number of experiments would
be needed to define the size distribution of these large
fragments) .

(4) That rock is not a solid continuum; adhesive bonds between
faces of crystals and grains vary from point to point due to
dislocations, crystallographic systems, rock texture and

geological structure.
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(5) That weakness planes divide the rock into an assembly of
particles represented by the primary breakage function. This
concept leads to the consideration that drilling is a rate
process where time is replaced by a number of micro-events.

(6) That a single micro-event in rock drilling will break a total
mass of material approaching zero gram with an energy cor-
responding to a certain number of blows on a loose particle

of a given size.

D - COMMINUTION TESTS

The comminution approach in studying the drillability
of a rock was suggested by Protodyakonov in 1962 (76). In late
1970, Brook and Misra (17) suggested a standard procedure to
determine the Protodyakonov Number, and concluded that the stamp
mill method for determining drillability would be the most

rewarding in further research.

This approach was particularly attractive to study
dust formation. Impact tests were run on particles of three dif-
ferent sizes, however, the author retained only the tests made on
feed material passing through an 8 mesh sieve but retained on a
16 mesh screen. This size range is comparable to the width of

the bit in contact with the rock at the time of drilling.

A manual diamond drill core breaker, size BX, was
used by the author for the comminution tests (Fig. 4.4). The
arrangement consisted of a steel plate, measuring one square

foot on which was placed an open chassis. The slot measured
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13/4" X 6" and the guide was 1" high. The hammer is 41/2" long
and slides loosely into the slot. The feed material was spread
evenly (Fig. 4.5) in the bottom of the slot and the hammer,
weighing about six pounds, was used to crush the material by

impact blows.

The blow energy was not measured; the height of fall
of the hammer was, at the most, equal to the height of the guide
slot and for such a short accelerating distance - provided the
blow frequency was maintained - the blow energy was satisfactorily
constant. It is estimated that the blow energy varied between one
foot-pound and half a foot-pound. The hammer was shorter than
the length of the slot, so that, during the tests, blows were ap-
pPlied at random along the slot. These two testing conditions
were believed to be in agreement with actual rock drilling, where
the blow energy varies from blow to blow, as well as the index

angle.

This instrument was selected as a possible tool to
simulate rock drilling in the light of the hypotheses and

objectives previously mentioned.

Tests were run on samples weighing from five to one
hundred grams and the total energy ranged from 25 to 400 blows.
The size analysis of the product is described later in this

chapter.

The ultimate objective of the comminution tests was

to extrapolate the fraction of a product of a given size for a
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F1G,446 = GENERAL ARRANGEMENT =« SINGLE~ BLOW Rocke« DRiLL

sample approaching zero gram for any number of blows, which was
the hypothetical condition of the micro-events »f fracturing in

rock drilling.

E - SINGLE-BLOW ROCK-DRILL

A drop-hammer drill was designes to study percussive
drilling variables (Fig. 4.6). Objections to this type of sys-
tem are numerous (60, 72) if absolute results are wanted, but

qualitative results were considered adequate for this res=arch,.
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Basically, the drill is a 6" cylindrical weight
falling from different heights inside a piece of metal tubing.
Holes were drilled in the guide tube to eliminate air resistance
and for the measurement of the fall distance (Fig.4.7). The
weight was moved inside the tube by means of a magnet; it was
brought up to the desired height by means of a manual hoist and
was allowed to fall by de-energizing the magnet. Weights varied
from approximately 25 lbs to approximately 100 lbs and the
maximum height of fall was slightly in excess of four feet. A
machine tappet was imbedded into the weight in order to prevent
its deformation and also to allow energy transfer to the drill

steel with minimum loss.

The drill steel was held in place on the rock before
impact. Contact of the steel with the rock, representing a
thrust of about 45 lbs, was ensured by means of four split
cylinders bolted around the collar of the drill steel (Fig.4.8).
The drill steel head protruded through the collar weights so
that the drop-weight contacted only the drill steel at the time

of impact.

Two slots were cut on the side of the drill steel
collar weight (Fig. 4.8) in order to keep the steel in a set
position inside the lower end of the tube. A set of guides
bolted inside the tube engaged into these slots. Drill steel
rotation was performed manually by means of a ratchet wrench,
gear and worm arrangement (Fig. 4.7). There were 120 teeth on

the gear, so that angles as small as 11,29 could be accurately
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measured.

A mechanical arrangement was incorporated into the
machine to capture the hammer after its initial rebound from the
rock, so as to prevent secondary fracture of the fragments. The
system was capable of gripping up the drill after its rebound
although it could not prevent the first reflected wave from
reaching the rock. While it may theoretically be incorrect to
describe the apparatus positively as a single;bldw rock-drill,
it can be stated that the drill steel does not make any contact

with the rock again after it is separated from it.

The drill steel pick-up system is illustrated in
Fig. 4.9. It has three elements:
(i) a lever system:

(ii) a spring inside a piston, which forces the lever
to move counterclockwise; the characteristic
deformation of the spring is 75 lbs to the inch;

(1iii) a 400 1b capacity magnet holding the lever,

thereby preventing its rotation.

When the power is cut off from the magnet holding the
drop weight, a timer (with an accuracy of 0.0l sec.) is simultane-
ously set in motion. The weight begins its fall, the timer de-
energizes the lever magnet, the weight impacts the drill steel,
the drill steel rebounds, and the lever picks it up during its
upward movement. Proper timing is guaranteed by keeping a cons-
tant gap between the end of the lever and the Jrill steel collar

weights. Final height and timing adjustments were controlledé by
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lifting the whole tube assembly by'means of two screw jacks

(Fig. 4.6).

The floor design of the apparétus was critical; it
was desired to provide continuity between the sample on which
drilling was to be performed and the base, in order to provide
a condition comparable to a massive rock féce in mining. 1In
order to meet this objective, the apparatus was mounted on a 12"
thick reinforced concrete base. A 1" thick base plate, machined
on the top face, was grouted and bolted to the foundation. The
sample was wedged into a heavy tray, with a 1" bottom plate
machined on both faces (Fig. 4.10). The rock sample was cut and
polished to fit solidly in the tray and was tightly wedged to
prevent any movement. A standard Pallet truck was used to move
the rock. A system of cross bars and pins kept the tray in place

on the floor so as to maintain the drill hole centered correctly.

F - COLLECTION OF PARTICLES

All tests were carried out in dry drilling conditions
and the system of particle collection can be seen on Fig. 4.6.

A small shop vacuum cleaner was used for suction.

A four inch diameter membrane filter with a pore size
of eight microns, was used for all tests. The filter was sup-
ported by a photo-etched stainless steel screen, with an addition-
al heavy wire screen for extra rigidity. The filter was placed
in the circuit by means of two 4" dessicator covers (Fig. 4.11,

4.12), which were kept together by a stainless steel preformed
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wire. Flexible tubing, PVC pipe fittings, and plastic foam were
used to make a tight enclosure and exhaust system from the col-

lar of the drill hole to the filter.

Impact blows were applied with the suction on the
filter; airborne dust particles were sucked towards it. However,
the suction was too low to lift and carry larger particles to the
filter. The large particles in the bottom of the hole were re—
covered by increasing the suction through the use of a smaller

tube (Fig. 4.13).

Usually, a sample was made from the particles after
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a complete or half a revolution of the bit. The flexible tube
and pipes were cleaned by shaking and the filter was cleaned with
a small camel hair brush. The same filter was used for several

tests.

G - SIZING OF PARTICLES

Several hundred samples were collected and sized
rapidly and accurately by a method capable of measuring all of
the particles in a given product. The author selected sieves
because most comminution studies are based upon their use and
they were expected to give satisfactory results. The sieves
selected and used were 1/2", 3, 4, 6, 8, 16, 20, 30, 50, 70, 100,
/140, 200, 325, and 400 mesh. Shaking was carried out on a stand-;
ard Ro-Tap Machine. The screening times were always sufficiently
long to be well within the limits at which particles pass through

the sieve at a relatively constant rate (2).

All screening was done in the dry state so as to
avoid the extra time required for the wet screening. However,
a series of tests were run for both wet and dry particles in
order to compare results. According to these tests, there were
no corrections necessary for material retained on the 100 mesh
sieve or for larger openings. The following correction factors

were determined for the other sieves:

Sieve Number Corrected Weight
140 mesh 0.93 X (observed weight)
200 mesh 0.95 X (observed weight)

325 mesh 1.10 X (observed weight)
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Sieve Number Corrected Weight

400 mesh 1.18 X (observed weight)

~400 mesh Adjust by difference

All the results presented in this thesis were cor-
rected according to these factors but the resulting changes were

not significant.

H - CHOICE OF ROCK

Traditionally, drill tests have been performed on
monominerallic rocks such as quartz, limestone and marble. Oc~
casionally granite was also used. The author chose to work on a
multiminerallic rock so as to approximaté working condition in a
mine, rather than a monominerallic rock which is often aniso-
tropic. Granite was selected since it is rich in free silica and

is therefore suited for an environmental study of rock drilling.

Seven different types of granite were available in
the Montreal area as rock specimens. A series of comminution
tests, as described previously, were made on each of them as well
as crushing tests in a laboratory crusher. Scottstown granite
from the Eastern Township was chosen. It is a medium coarse
grained grey granite recognized by the tradesmen of the region
as a rock that can be cut equally well in all directions. The
size distributions thained from the different comminution tests,
as well as from crushing, indicate that the rock is relatively

free of bias (Fig. 4.14).
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V_- DRILLING COMMINUTION

A -~ SIZE DISTRIBUTION OF PERCUSSIVE DRILLING DEBRIS

Twenty-two series of percussive drilling experiments
were conducted with the single-blow rock-drill in order to study
some aspects of drilling comminution, and three series of tests
were performed with a conventional rock drill. The primary goal
of these tests was to determine the particle size distribution in
a steady régime associated with a given drilling condition. As
a rule, samples from the first four or five complete revolutions
of the drill steel had to be rejected because they contained an
excessive amount of coarse fragments due to chipping from the
collar of the hole.and did not represent penetration conditions

at a constant rate.

A typical size distribution of rock drilling debris
is plotted in Fig. 5.1 and the results of all tests appear in
Appendix A. The plots are characterized by a sag in the vicinity
of the 140 mesh size and an absence of linearity even in the fine
sizes. This shape of curve suggests multiple fracture and pos-
sibly, a strong deviation from a first order rate process. Since
the sag near the 140 mesh is not apparent on the hammer test
results as seen in Fig. 5.3 to 5.9 inclusive, it was considered

not to be due to faulty sieves.

The author viewed percussive drilling as a rate pro-
cess where the number of micro-events per blow replaces the

variable "time". Fig. 2.1 illustrates this process and illustrates
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clearly that the rate of penetration is not constant, in fact it
decreases with energy. Consequently, rock drilling cannot be

considered as a first order reaction.

The comparison of hammer test results and drilling
data allowed the writer to present a new approach to the under-

standing of drilling comminution.

B ~ GROUNDS FOR COMMTNUTION TESTS

It will be recalled that Kinasevich et al. (29)
identified three different processes in comminution operations
and associated each with a particular type of size distribution.
On accepting this theory, it was decided to plan some experiments
which would lead to an understanding of the drilling comminution
process. It was expected that the hammer tests would provide
the size distribution model for axial impact loading and the
single-blow rock-drill would allow the determination of the size
distribution equation for chipping. Efforts proved fruitless,
because impact tests, as well as drilling tests, fitted the
Gaudin-Meloy equation with an equal degree of confidence, above
90% when using the Chi-Square tests. However, this work con-
firmed the previous hypothesis that the impact hammer test

procedure simulates breakage in percussive drilling.

The breakage of a particle assembly has been viewed
as a combination of two processes by Epstein (33) and followers.
In the first process, the comminution equipment is said to "select"

a proportion of the particles for breakage. In the second process,
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the "selected particles" are broken in a regular manner; the
proportions of particles of each size formed by these means are
described by the breakage function (Fig. 5.2). Rock drilling

is not a comminution operation which fits perfectly into the
above description. In this particular case, the Gaudin-Meloy
equation could have been used for the breakage function; however,
as the size distribution for very different drilling conditions
were rather similar, the value of the selection function was
questioned. It is doubtful also whether this method of analysis
of the size-distribution curves would have provided an explanation
for the point of inflexion present around the 140 mesh size in

every test.

The author then considered drilling as & batch pro-
cess where a single blow is an event comprising a number of micro-
events (Fig. 2.1). This assumption is logical because, in a
usual grinding process such as rod milling, the total number of
fracture events is proportional to the duration of the operation.
Reid ef al. (63) proposed a working formula to estimate the size
distribution in a grinding unit after a known period of operating
time. Their work was based both on the existence of a primary
breakage function free from secondary fracture and independent of
feed size, and on the observation that, in some grinding machines,
the rate of change in weight of a given size material is constant.
Experimental evidence supports Epstein's theory that the breakage
function can be independent of initial size; it follows that it
may be expressed on a relative scale (Fig. 5.2). The interesting

feature of Reid's method to estimate the size-distribution at a
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given time lies in the use of the observed values for the
breakage function and the observed rate function instead of
idealized mathematical models. This philosophy was finally
selected as the most valuable for this study of drilling

comminution.

Difficulties arose when attempting to use Reid's
method of calculation. It was observed that the rate of variation
in weight of material of a given size with the number of blows
was not constant (Fig. 5.10, 5.11, 5.12), that is, the hammer
test procedure is not a first order rate process. Consequently,
if the previous hypothesis is correct that rock breakage in the

hammer test simulates rock breakage in percussive drilling, it



96

lOO: >—
80. ’
0 4
6o}
4°F /<>
&
g [ / ¢
D2l o
a /’
&
® qu / ¢ g
- ¢ S
T .
Ouof ¢ ¢ f
w L
; sl o«o /
(J . +
w g
>
|___6P () +*
< o
g F p Hammer Tests
§4 Feed Size -8 +16
8 I ) Weight S5 grams
2k
|5 2 2 1 A J | J | '] '] | ] [ ] ¥ |
40 200 100 50 30 I6 8
325 140 70 20
Fia. 5.3 SCREEN SIZE (MESH)



97
100 p

80¢

60p

40p

PASSING
=

o

L02)
1

(02}
Y

I Hammer Tests
Feed Size -8 +16
Weight 10 grams

'CUMULATIVE WEIGHT %
H

|.5 1 '] ' 2 2 'l 1 'l 4

400 200 100 50 30 16 8
325 140 70 20

Fig. 5.4 SCREEN SIZE ( MESH)




100

80p

60p

40k

PASSING
S

CUMULATIVE WEIGHT %
H

2k

lﬂ 'l [l
o~

Hammer
Feed Size
Weight IS5

A L 1 3 1 J ]

Tests
-8 +16
grams

98

400
325

Fig. 5.5

200

100 50 30
140 70 20

SCREEN SIZE (MESH)

16

ol



100

99

80
60
’40}
o o
=
n
220F
Q.
3®
[
hu =4
O o}
Ww &
= 8p
w >
= 6
- P
_<.l' " Hammer Tests
2 Feed Size -8 +16
< 4t
= Weight 20 grams
(&)
ol
LsdiL a L . Il i 1 [ 2 i |
400 200 100 50 30 16 8
325 140 70 20
Fig. 5.6 SCREEN SIZE (MESH)



100
80[

PASSING

%

CUMULATIVE WEIGHT

N
(o]

100

0‘0,
QV
o
(o)
lop y
8l
R
T Hammer Tests
Feed Size -8 +16
4 Weight 25 grams

4 2 1 - A 1 A 2

"400 200 100 50 30 16

325 140 70 20

Fig. 5.7 SCREEN SIZE ( MESH)



101
100
80[

60}

H
O
. L J

(O]
=3
%
< 20p
Q.
3°
-
5
_IOT
w L
S ol
w >
>
~ o
<
J Hammer Tesis
g . Feed Size -8 +16
= e Weight 50 grams
(&
2k
'.5 ;K 2 2 . | ] [ 1 2 l a [ 3 N ]
400 200 100 50 30 16 8

325 140 70 20
Fig. 5.8 SCREEN SIZE (MESH)



102

100[
80

60p

40p

PASSING
8.

o
 J

(]
L4

*2]
-+

Hammer Tests
Feed Size -8 +16
Weight 100 grams

CUMULATIVE WEIGHT %
T’

1.5

400 200 100 50 30 16 8
325 140 70 20

Fig. 5.9 SCREEN SIZE (MESH)




103

can be concluded that rock drilling is not a first order rate

process.

C ~ GRAPHICAL SOLUTION

The amount of material broken in a single blow by a
rock drill is a fraction of a gram and the blow energy is pro-
portional to the total number of micro-events in that blow. The
detailed graphical analysis of drilling comminution was conducted
as follows:

Step (1) : Hammer tests were made on samples weighing from 5 grams
to 100 grams at energy levels of 25 blows to 400 blows. The
particle size distribution for each category of tests is plotted
in Fig. 5.3 to Fig. 5.9 and the results are tabulated in Appendix
B. From these experiments, the author planned to extrapolate
graphically the size distribution for a sample of negligible mass
for any energy level, that is, the micro-event distribution. The
smallest samples tested weighed five grams because it was felt
that smaller samples would yield inconsistent results due to
heterogeneity of rock. The results reported for the five gram
samples are the mean of ten individual tests.

Step (2): The second step of the procedure consisted in plotting
on a grid the weight fraction passing through a given sieve for
every combination of sample weights and number of hammer blows.
This is illustrated in Fig. 5.10; from this plot plan, contours
of iso-percentages were traced, as shown, and prolonged to inter-
sect the system of axes. However, since the contour method is

considered insufficiently accurate to be used alone, profiles
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were also made in directions parallel to each axis, as in Fig. 5.11
and Fig. 5.12. The 'zero gram' extrapolation values are found
for every energy level by profiles drawn parallel to the weight
axis. as in Fig. 5.10. An example of the graphical extrapolation

is shown in Fig. 5.11 and the results are plotted in Fig. 5.12.

The 'zero gram' line in Fig. 5.12 represents the

fraction of material finer than 20 mesh produced by a given number

of hammer blows or drilling micro-events. Although the 'zero

blow' line in Fig. 5.11 has no physical meaning, it helps to
determine, by extrapolation, the fraction of material broken in
a single micro-event. The value at the origin of Fig. 5.10 is
an approximation of the virtual size distribution of unbroken
rock, that is, the primary breakage function of the rock. This
procedure was repeated for every size fraction and the plots ap-
pear in Appendix C.

Step_(3): The third step of the procedure consists in plotting
the primary breakage factors for every particle size so as to
obtain the primary breakage function. In order to do this, the
percentage value for ' zero-blow zero-gram' is plotted for each
size fraction. (vide Fig. 5.13). 1In this figure, it is seen
that the curve is slightly concave, with a slope nearing unity.
This is in agreement with the general shape of primary breakage
functions usually reported in the literature (vide Fig. 5.2).

In this particular case, although the function is of no use for
future calculations, the shape of the curve indicates that the
procedure followed in the graphical solution leads to acceptable

results. However, the primary breakage function is far from being
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meaningless; it shows that a minimum of 2% dust will be produced
even in the single fracture of "-8 mesh-FlG mesh" particles of
Scottstown granite. This dust production must be compared with
the "-=400 mesh" curve valueg) for the case of multiple fracture.
Step (4): A éﬁmmary of the 'zero gram' curves for each sieve
size 1s prepared as a'next step in the techﬁique (Fig. 5.14).
From this graph, the size distribution produced by a given number
of hammer blows on a sample mass nearing zero gram can be read.
For example, the size distribution for 100 blows is tabulated on
the graph. In accordance with the hypotheses mentioned previously.,
Fig. 5.14 becomes a chart from which the cﬁmulative size dis-
tribution for a particular energy, corresponding to a certain
number of hammer blows or drilling micro-events, can be read.
The linearity and parallelism of these individual liﬁes were not
" WEitted"; the set of curves is the direct result of the tests.
Step (5): The examination of drilling results and hammer test
results so as to perceive similarity or dissimilarity must be
made by comparing the frequency distributions of the various
class sizes. In order to be consistent, there must be a constant
ratio between the largest and the smallest particle in each class
size; consequently, the limits of the class sizes were selected

as follows:

~ 16 mesh + 30 mesh
= 30 mesh + 50 mesh
-~ 50 mesh " + 100 mesh
‘=100 mesh + 200 mesh
=200 mesh + 400 mesh

=400 mesh
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The 'zero gram; frequency distribution for each class
size is easily found from Fig. 5.14 by simple subtraction. The
use of Fig. 5.14 is simplerlfor instance, if it is desired to
find the fraction of 'zZero gram' of the class size '=50 mesh+4100
mesh' produced after 90 hammer blows,

Read Fig. 5.14, curve =50 mesh: 70.3%

Read Fig. 5.14, curve =100 mesh: 37.7%
Difference: 32.6%

The resulting differences were calculated as illustrated above
for all values of each class size and are plotted in Fig. 5.15.
While this graph is similar to that of Arbiter and Bhrany, (Fig.
3.3), it must be observed that there is no linearity in any
section, that is, it confirms that the hammer test is definitely
not a first order rate process. Consequently, instead of using
the breakage function and the rate function to calculate the
instanteneous size frequency distribution after a certain number
of hammer blows, it is necessary to read off the values on a
graph, such as Fig. 5.15. In this way, rock drilling comminution
can be adequately studied.

Step (6): A histogram is prepared for the drilling test under
study. The results from test series No. 12 are presented in Fig.
5.16. It was observed that all drilling tests, whether performed
on the single~blow rock-~drill or with an actual rock drill, gave
the same general type of histogram. While it is not intended in
this chapter to study the individual effects of specific ¢rilling

variables, it is desired instead to understand drilling as a

comminution process.
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Step (7): Particles produced in the class size -8 mesh +16 mesh
(Fig. 5.16) are considered to be due to pure chipping. These
large fragments are few in number, but they cannot be disregarded
as they are directly related to the index angle. The small number
of these particles does not permit statistical interpretation by
means of a mathematical model.

Step (8): Assuming that the frequency distribution of the érill
test particles is the summation of a number of micro-events of

the same nature as for the hammer test, the number of micro-events
corresponding to the drill test frequency distribution may be
found as follows by the method illustrated in the following
example:

(a) In Fig. 5.16, read 9.8% for the size fraction
=16 +30 mesh.

(b) In Fig. 5.15, read on curve =16 + 30 that 9.8%
corresponds to less than 91 blows.

(c) Repeat procedure a and b above for every class size
of particles of the drill test. It will be noted
that for sizes =50 +100, =100 +200, =200+ 400 mesh
in Fig. 5.15, the sections to the left of the
apex represent the formation of m;terial while
the sections to the right represent depletion of
material.

(d8) Summarize all results graphically, as in Fig. 5.17.

Step (9): Theoretically, if drilling is exactly the same type
of comminution as impact hammer crushing, it should be possible

to find, from Fig. 5.17, a number of micro~events per drill dblow

common to all size classes. However, from Fig. 5.2, there are a2t
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least two zones in the drilling tests, as is indicated by the

sag around the 140 mesh size. A corresponding zoning is
recognizéd in Fig. 5.17; the four largest size classes overlap
in the range of 88 to 91 hammer blows. (The value of 90 blows

was selected as the model of the rock'drilling situation in-
vestigated and its histogram can be seen in Fig. 5.18.)

Ste 10) : Impact crushing is responsible only for a fraction

of the total amount of rock broken in drilling. That fraction is
the factor by which the "90 blows" frequency distribution of the
hammer test (Fig. 5.18) must be multiplied so that it fits com-
pletely within the drilling distribution (Fig. 5.19). This factor
was found by calculating the ratio of drilling frequency % (Fig.
5.16) to the "90 blows" frequency % (Fig. 5.18) for every size
class and selecting the lowest value (Fig. 5.19).

Step (11): The total area of the histogram in Fig. 5.19 re-
presents the total amount of material broken in a single blow

of the rock drill and is divided into three different distributions
respectively identified as areas A, B, and C.

step (12): Area A (Fig. 5.19) covers 59.6% of the histogram, that
is, 59.6% of the material was broken by impact crushing as in the
hammer test, corresponding to 90 micro-events per drill blow.

Step (13): Areas B and C were redrawn on a common base line

(Fig. 5.20); the weight percentage of each size fraction was
found by simple subtraction from data in Fig. 5.19.

Step (14): Area B in Fig. 5.20 represents coarse particles.

This distribution was very erratic from test to test, and the
author has concluded that this fraction of material was produced

by chipping due to index fracture. In the particular example,
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11.9% of the rock was broken by chipping.
Step (15): Distribution C, Fig. 5.20, was analyzed with the aid
of Fig. 5.15, believing it may have been due to a different type

of impact crushing. The following results were found:

Size -100 + 200 mesh 182 blows
Size =200+ 400 mesh 175 blows
Size -400 mesh 191 blows

Average number of blows 182

It was fascinating to observe that the number of micro-
events for distribution C was exactly double that for distribution
A. This was observed for all drill tests, including those with
the commercial rock drill. This distribution represents the
material which sustains the impact of the first incident wave as
well as the action of the reflected wave. In this particular
case, 28.5% of the total material is subjected to repeated fracture
(Fig. 5.20). This material does not represent additional pene-
tration but pulverisation of already broken material.

Step (16): All other drilling test results are tabulated in the

Appendix A.

D - THE PROCESS OF BIT PENETRATION

This drilling comminution study leads to further
analysis of the bit penetration mechanism illustrated in Fig. 2.1.
The sequence of penetration events in drilling is now seen as
follows:

1l - The bit edge comes in contact with the rock and
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as the energy is concentrated over a very small fraction of the
length of the cuttihg edge, surface irregularities are crushed
until the energy is distributed over a larger fraction of the
length of the bit edge.

2 - A crack propagates directly under the longitud-
inal axis of thé drill rod due to concentrated loading under the
cutting edge.

3 - With increased penetration, the area of the bit
in contact with the rock increases and crushing takes place under
the bit.

4 - Due to rock porosity, the bit penetrates into the
rock and builds up a quasi-hydrostatic pressure in the rock under
the total area of the bit in contact with it. This zone is
bounded by two converging cracks that develop from the contour
of the bit surface in contact with the rock.

5 -~ The walls retaining the crushed material fail due
to triaxial pressure at the points of minimum energy requirement,
that is, on the free face of the rock. The coarse fragments
formed are due to tension fracture. This is the chipping phase.
The presence of radial cracks shows fracture but incomplete
separation. An excellent photo-micrograph supporting this des-~
cription is presented by Gnirk (45).

6 ~ Once the chips are removed, a part of the crushed
material under the bit is liberated and the bit penetrates sud-
denly into the rock. In Fig. 2.1, these first six steps are
illustrated by the first positive slope segment and the first

negative slope segment.
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7 - Upon the second loading of the rock by the bit,
energy is no longer transmitted directly to the rock, but con-
tinuity is broken by the cushion of crushed material. Due to
this lack of continuum, efficiency of energy transfer is reduced
and it can be seen in Fig. 2.1 that as the number of penetration
steps increases, the positive slope segments become steeper.

-Similarly, the negative slope segments are also steeper and
shorter, indicating a much less efficient process of penetration.

This is a phase of pulverization and dust formation.

E - CONCLUSIONS

The following conclusions became evident from the
drilling comminution studies:

(1) The fragments produced in the chipp{yg phase are
usually not subjected to multiple fracture in single-blow dril-
ling. However, in conventional drilling, the larger fragments
may be subjected to secondary fracture due to particle kinetic
energy (9), rotation of the bit at the bottom of the hole, and
mainly to abrasion or crushing along the drill steel during the
flushing process of the hole.

(2) Drilling comminution is definitely not a first
order rate reaction and the hammer test is an adequate represent-
ation of the type of fracture that takes place in the rock under
the area in contact with the bit.

(3) The choice of an average slope 'K' by Hustrulid
as in Fig. 2.1, in order to predict the force-penetration relation,

may indicate that there is always an advantage in increasing the



force on thé bit. On the contrary, the actual jagged shape of
the force-penetration diagram as well as the drilling comminution
experiments indicate that theoretically, an efficient rock drill
will have a high blow rate, a relatively low blow energy and the
indexing will be such that it will favor the maximum amount of
chipping.

(4) Rock drilling is characterized by multiple
fracture; it follows that reduction in dust formation is pos-
sible only by reducing the number of micro-events per blow; this
is theoretically possible in two ways, mainly a reduction of the
blow energy and, mostly, by finding a means to prevent the form-
ation of the reflected wave.

(5) Efficient rock penetration is produced during
the first incident wave only, while the reflected wave action is
used almost exclusively to pulverize material already broken.
Fig. 5.21 drawn from Hustrulid's thesis is evidence that the re-

flected wave does not perform useful work.

Bit
Displ.

time

Fig. 5.21 - Displacement-time Record (after Hustrulid (60)).

(6) The shape of the reflected wave is the same as
that of the first incident wave but of different maximum stress

value. This was previously shown by Equation 2.6.
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7 - Tests done with the commercial rock drill and
the single-blow rock-drill showed that in both cases, the number
of micro-events per blow was the same. The only parameters
equal in both cases were the drill rods and bits. Consequently,
the decay rate is not modified seriously by the shape or the mass
of the piston and the drill rod is the dominant factor responsible
for efficient energy transfer to the rock; this is also partly
indicated by Equation 2.7.

8 ~ The reflected wave is the most important factor
responsible for dust formation.

9 - Referring to Fig. 5.20, if repeated fracture was
avoided, it can be seen from Area C that the fraction 11% of dust
would not have been formed, a reduction in the order of 60%, based

on the amount of dust shown in Fig. 5.19.
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VI - INFLUENCE OF SPECIFIC VARTABLES

A -~ INTRODUCTION

Our knowledge of percussive rock drilling indicates
that the penetration rate depends primarily upon the blow energy,
blow rate, rotation rate, thrust and bit design. The experiments
in this research program were planned to further our understanding
of rock breakage phenomena in percussive drilling, to link size
distribution data with penetration rate results, and to deter-
mine the operating conditions leading to the formation of the
least amount of dust. The interdependency of rock drilling
variables complicates the study of the drilling process and the
author was led into a descriptive analysis of indexing mechanism

in order to interpret the results of his findings.

B - THE CONCEPT OF HISTORY

Bennett, Brown and Crone (19, 8, 7) supported the
theory that energy of fracture for brittle materials is used
partly in the creation of particles and partly in the formation
of cracks. PFrom this, it follows that a cohesive piece of rock
previously submitted to severe stresses would normally require
less enerqgy for granulation than another piece of similar rock

previously exposed to lower levels of stresses.

Thin sections were cut through the walls and bottom
of a drill hole in order to ascertain the extent and nature of

damage around it. Fig. 6.1 is an assembly of photomicrographs
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Fig. 6.2 : Cracks remote from wall of drill hole

Fig. 6.4 : CGracks on wall of drill hole
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from one of the thin sections where cracks are clearly observed.
The hole had been cleaned by light vacuum aspiration to prevent
the removai of particles loosely held in place. There is no
doubt that unbroken rock along the walls as well as at the bottom
of the hole is severely fracturéd, yet, the individual particles
formed thereby are securely locked together. An observatign (Fig.
6.2) made at a location remote from the wall of the hole shows
very thin cracks while near the walls (Fig. 6.4), wide open
cracks are evident. Other photographs (Fig. 6.3) show that grain
boundaries and cleavage planes are important controlling factors

in the process of rock fragmentation.

Reverting to Fig. 6.1, it would appear that fracture
by impact crushing near point 'a' would produce fine particles
due to the previous history of the rocks, while a chisel blow
around points b' and 'c' could produce larger chips, especially

when a free face is available to permit indexing.

C_— INDEXED FRACTURE

The upper part of the force-penetration diagram
(Fig. 2.1) is steeper at higher energy levels because the coef-
ficient of energy transfer decreases due to the relative movement
of particles and the lack of rock continuity in the inverted
cone of crushed material under the bit. When blows are struck
in old grooves upon consecutive turns, the possibility of ef-
ficient indexing is reduced considerably for the above reason.
Accordingly, test conditions were chosen to avoid these siting

circumstances.
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1 = Choice of Rotation Angles

In order to prevent the striking of blows at the same
place on consecutive passage of the cutting edge, the angles of
rotation selected had to include a number which was not a primary
number of 360. As the first primary number excluded from 360 is
7 and the gear of the rotation mechanism of the single-blow rock-"
drill turns 3° per tooth, the rotation angles selected were
multiples of 21°. Tests were carried out with angles of 10%°,
21°, 42°, 63° and 84°. 1In this manner, a chisel bit was striking
into an o0ld groove every seventh passage of the cutting edge or

every 3% complete revolutions.

2 - Twofold Indexing

The total rotation of the drill steel is w (Fig. 6.5a)
and on a given turn, imprints are left along lines l-l1l. When the
rotation angle satisfies the condition mentioned in the previous
paragraph, the drill steel will strike along line 2-2 on the next
passage of the cutting edge, so that

w=a+ B
Cracks left in the rock by previous impacts along the set of lines
1-1 will alter the crater volumé removed by the blow along line
2-2 because indexing can and will occur on each side. In rotation,
therefore, indexing is a twofold variable and its study must be
done in systems, that is, the angle a is kept constant and the

angle B is the variable.

3 - Discrete Character of Index Angles Systems

In percussive drilling, since the bit strikes the
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bottom of the hole a given number of times per revolution, the
angle B is not a continuous variable but rather takes discrete

values (Fig. 6.5b).

A chisel bit rotates an angle B8 between strikes;
after 'n' strikes, the blow will be applied between two existing

grooves so that

Ne = 180 + «

It follows that, for different values of n, a discrete set of

values for a and B can be established.

n
NW=180 + o

Fig. 6.5b
Twofold Indexing Discrete values of w

Fig. 6.5 :Characteristics of twofold indexing.



® - 180 + «a
n
where o = Constant
B = w - «a

Most of the tests of this project were conducted

for an @ system of 9° and a few values of 12°.

4 - Rock Breakage in Twofold Indexing

The type of fracture and size of crater in twofold
indexing is contfolled by the blow energy, the distance from the
closest imprint on either side of the impact line and history
of the rock. When studying the periphery of a hole in the

direction 'KK', Fig. 6.5b, the following situation is observed:

(Fig. 6.6)

Imprints under lines 'l' (Fig. 6.6), have left a

crater indicated by the shaded area 'a' and a zone of crushed

(%

l<___@0r { (? 5 l ,?:Bit radius
Left ‘

2 .

original

R i s surface

Fig. 6.6 :View 'KK' from Fig. 6.5b.
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material 'b' left in situ under the bit. When the bit impacts
along line '2', the volume of rock removed will vary with the
energy applied. The following possibilities, based upon the
equality of blow energy along lines 'l' and '2', may be listed
as below:

() At very low energy, the end result is a series
of small craters, equal in size, and independent.

(b) An increase in energy will permit the breaking
of the crater under line '2' to break into the
nearest crater under line 'l', on the left side
in Fig. 6.6.

(c) Further increase in energy causes breakage into
both adjacent craters but fracture does not
progress beyond the crushed zones under the
previous impact lines 'l'.

(d) Additional increase in energy will be inef-
ficient because the fractured rock contained in
the inverted cones 'b' prevents energy transfer.
Microscopic and macroscopic examination of
particles found in the crater of line '2' show
compaction of fines in the forms of tablets.

(e) Experiments have shown that the crushed material
in the inverted cones under existing craters act
as a barrier for energy transfer and arrest the

process of indexing.

D -~ ENERGY SERIES

The force-penetration curve (Fig. 2.1) is a jagged



line and, whenever a straight line is used to represent the
aﬁerage force-penetration function, it is implied that penetration
is proportional to the applied force. However, experimental work
reported previously shows that the crater volume is a linear
function of the blow energy but, as the crater volume is a func-

tion of the square of the bit penetration,we can write (54)

Energy =2 (Penetration)?

-

The author carried out five groups of tests with a'
weight of 28.7 1lbs at a total rotation of 10%° to test the
energy relationships. The results of the tests are shown in
Fig. 6.7. It is observed that penetration increases to a ma ximum
as energy increases but, above a certain level of enerqgy, the
penetration decreases. These findings are far removed from the

straight line assumption.

This decrease in penetration at high energy level
was most-informative. The examination of the particles showed
a large aﬁount of caking and a large amount of dust adhered to
the coarse particles. Above all, these results confirm that the
presence of inverted cones of crushed material prevents enerqgy
transfer beyond them and limits the efficiency of indexing.

The upper part of Fig. 6.7 shows also that, at high energy,
there is an increase in the production of fine particles as well
as a considerable increase of multiple fracture. This curve
shows that the least amount of multiple fracture occurs at the
point of maximum penetration, that is, when the energy is just

sufficient to produce complete indexing on each side of the
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center line of the bit. This will occur when the angles a and 3

are different but almost equal.

Tt is also possible to conclude here that it is
peneficial to operate a machine at a high rotation angle; this
allows the operator to apply a higher blow ehergy and if angles
o« and B are large, increased fractures are possible, resulting

in relatively low dust formation and high penetration rate.

1 - Specific Enerdv

Usually in drilling, the specific energy is the
amount of energy required to break a unit volume of rock. How-
ever, it was impossible in these experiments to measure the amount
of energy actually used in breaking, since only the available
energy was measurable. In order to avoid direct comparison of
these results with classical studies, the specific energy was
calculated in grams per unit of energy. (The Specific gravity of
rock is 2.73, so, a simple division would give the specific

energy per unit volume).

The specific energy curve soO calculated should have
the same shape as that obtained with energy actually consumed
because the decay factor (Equation 2.7) varies only with the
geometry of the hammer, while the slope 'K' varies with the used
energy (Fig. 2.1). According to Simon (Fig. 2.9), the fraction
of energy transferred from the steel to the rock is the ratio of
the decay factor to 'K'. We may therefore conclude that the

specific energy curve as presented in this work will have the
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same shape as the true specific energy curve, but the maxima and
minima may not necessarily show the proper relative amplitudes,
However, this was deemed sufficient to meet the objectives of this

research, that is, determine the dust forming conditions.

The experimental specific energy curve is plotted in
the lower part of Fig. 6.8 and its shape is now easily explained
with the help of Fig. 6.9 and the concepts of twofold indexing and
history. The drawing of Fig. 6.9 is a development view of the
periphery of a drill hole:

a; b, and c are the imprints of the cutting edge along the wall of
the drill hole on a first turn;
d and e are the imprints left by the cutting edge on the next

passage.

It will be observed that the conventional rock drill
produces less dust than the experimental drill; this may be ex-
plained by the fact that even in percussive drilling, some breakage

takes place in the bottom of the hole due to shear caused by

N N N N
a d b e c

a,b,c - First passage of the cutting edge.

d,e - Next passage of cutting edge.

Fig. 6.9 : Development view of the periphery
of a drill hole.
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friction of the bit during rotation. This is why in test series
33 to 35 inclusive, the amount of multiple fracture is consider-
ably lower than with the single-blow rock-drill. It is seen that
friction of the bit at the bottom of the hole during rotation is
beneficial; although it may cause dust by abrasion, it separates
already broken material from the solid mass of rock and prevents

multiple fracture, a much more serious factor of dust formation.

The experimental results are now readily explained (Fig. 6.8):
Series 20 - Energy is sufficient to remove completely
the rock between points b and c.

Series 21 - Energy is sufficient to remove completely
the rock between b and c but insufficient to break
the barrier created by the broken rock under b and c.
The specific energy curve reaches a maximum.

Series 19 - Energy is sufficient to remove completely
the rock between b and c as well as part of the rock
between b and d.

Series 23 - The specific energy curve goes through a
minimum because all of the rock between c and 4 is
removed.

Series 24 - Tremendous amounts of energy would be re-
quired to break the energy barrier created by the
craters below c and d; consequently, the specific

energy increases almost asymptotically.

This series of experiments confirms the previous hypotheses on

indexing and energy relationships.
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2 - Graphical Experiments on Specific Energy

Although the explanations on the mechanism of indexing
presented above appear acceptable, the author felt the need for
additional support. Cheatham (25) calculated the shape of a
crater produced by a single blow on a homogeneous rbck by a sharp
or dull tooth assuming different degrees of internal friction and
a variety of bit included angle. Combining Cheatham's and Hart-
man's data, the author selected the shape of crater shown in

Fig. 6.10 as an acceptable actual crater shape.

The graphical experiments were carried out as follows:

(a) As in the case of Fig. 6.9, the study was made
from the development view of a drill hole upon its periphery.

(b) Fig. 6.1la shows the crater and crushed sections
produced by consecutive blows along the perimeter at the bottom
of the drill hole.

(c) Fig. 6.1llb shows the amount of rock removed by a

k2.5 h->4
| |

Rock &
Surface ’
Crushed rock N~~~ ——~ F

locked in place : 25h

Fig. 6.10 : Selected shape of crater.
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blow striking between two previous blows. The amount of rock
removed by this blow is controlled by the blow energy and
fracture does not progress beyond the existing inverted cones of
crushed material.

(d) As the bit included angle is near 90°, it can be
assumed that

Energy =~ (I?enetration)2

(e) The volume of rock removed in a single blow is

proportional to the cross-sectional area of the crater and this

was .measured by means of a planimeter.

Fig. 6.1la : Craters formed by two consecutive
initial blows.

Fig. 6.1lb : Material removed by a blow stri-
king between two existing craters.
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(f) The specific energy was then calculated as

follows:

(Penetration) 2
Cross-section area of crater

Specific energy ==

(g) A complete set of specific energy values was cal-
culated for a 90 system at six different energy levels and results
are tabulated in Table 6.1. The arrows in each column indicate
that the specific energy remains constant once the rotation

between blows exceeds a certain value.

The comparison of physical experiments and graphical
tests can be made from Fig. 6.12 and good agreement is observed.
Consequently, there is sufficient evidence to support the mecha-

nism of indexing previously presented and corresponding energy

relationships.

3 ~ Energy - Dust Relations

The particle size distributions obtained with the
single-blow rock-drill at different energy levels are plotted in
Fig. 6.13. From the preceding analysis gn penetration and spe-
cific energy, it became apparent that series #23 was run in
conditions approximating top efficiency, that is, conditions
where complete twofold indexing was taking place. Similarly,
series #23 shows the largest dispersion (Fig. 6.13) of particle
sizes and the concentration of =325 mesh is the lowest of all

tests performed (top part of Fig. 6.12).

It is very interesting to note that the lowest amount

of multiple fracture was also found in series #23 (Top part of
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Values for the Complete Set of Data
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il

R
It

= Energy level

Variable index angle

Fixed index angle of 9°

99 system
Graphical Experiments - Specific Energy Tests
Specific Energy::hz/v
n © 8 h=% h=1 ) h=2 h=3 h=4 h=5
1 189 180
2 94.5 85.5
3 63 54
4 47.25 38.25 f ,
5 37.8 28.8 17.1
6 31.5 22.5 )
7 27 18 14.8 17.6
8 23.62 14.62
9 21 12 ‘ 13.3 15.8 20.4
10 18.9 9.9
11 17.18 8.18 11.6 15.1 22.1 25.7
12.. 15.75 6.75
13 14.53 5.53
14 13.5 4.5 12.8 14.3 22.4 21.0 20.8
15 12.6 3.6
16 11.81 2.81 8.9 14.3 18.2 15.3 22.8 18.9
17 11.11 2.11
18 10.5 1.5 9.3 17.2 12.9 15.2 19.3 23.2
19 9.94 .94
20 9.45 .45
21 9.00 0 13.9 14.3 16.1 15.1 23.2 23.4
N = Number of blows per half turn
w = Total rotation between blows
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Fig. 6.12). As a result, it can be concluded without doubt that
the optimum operating conditions in percussive drilling coincide

with the optimum conditions from the environmental point of view.

4 - BEffect of Blow Velocity

The literature points out that there is a difference
in penetration between static and dynamic values but once the
velocity of impact exceeds a certain value, there is no differ-
ence in penetration rate. The author carried out a series of
tests to study this variable, since Charles and de Bruyn sup-
ported the theory that higher velocities favoured the formation
of fines. The size distributions obtained in four groups of
tests are plotted in Fig. 6.14. In these tests the blow energy
was constant at 87.3 ft.-lbs., while the impact weights and heights
of fall varied. It is evident that the range of values that could
be tested with the apparatus could not reject or support any
particular theory with certainty, but it appears that blow velo-
city is not an important element in dust fofmation for the range
of velocities encountered in the existing rock drills. This re-
sult was expected from the discussion presented by Hustrulid in

his thesis (60).

5 - Conclusions from Enerqgy Series

These experimental results and corresponding analyses
permit the conclusions that:
(i) the damaged rock under a bit imprint prevents
lateral energy transfer and prevents efficient

indexing;
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(iv)

(v)

(vi)
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any increase in blow energy above the minimum
required for indexing on both sides of the line
of impact is useless and even detrimental:
rotation in a rock drill should be such as to
prevent the striking of blows at the same place
on consecutive turns. This is possible only if
the drill has an independent rotation;

an increase in blow energy must be accompanied by
an increase in rotation rate in order to permit
efficient indexing on both sides of the line of
strike;

in order to reduce the possibilities of blows
striking more than once along a given line per
complete revolution, the bit design should be
modified in>order to eliminate symmetry. An off-
set bit, if it could be manufactured to be sharp-
ened easily, should therefore be very desirable;
considering the work of Charles and de Bruyn (21,
22), as well as that of Hustrulid, we must con-
clude that the machine piston must be as light as
possible in an effort to break the steel-piston
contact immediately after the first impact; in
this way, the first reflected wave from the bit-
rock contact will separate the bit from the rock
and prevent multiple fractures. This should be
the goal of future research in percussive drilling,
that is, the elimination of the first steel-

piston reflected wave which is useless and
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detrimental;

(vii) it seems apparent that the most efficient machine
should have independent rotation, high blow-rate
and low blow-energy:;

(viii) the optimum use of theenergy appears to occur when
angles a and B are about equal and when the energy
is sufficient to produce complete twofold indexirg.
In the case of a 9° system, this occurs when the
total rotation exceeds 17.18° (See table 6.1,

n=11).

E —~ INDEX ANGLE SERIES

The second most important variable in percussive dril-
ling is rotation. The study of this variable was made at fixed
levels of energy for systems of 9° and 120. The results for the
9° system are discussed below and compared with the graphical

tests while the data for the 12° system appear in Appendix D.

Variation of the rotation between blows proved to be
the only factor which influenced significantly the size dis-
tribution (Fig. 6.15) of the fragments. The tests also showed
that provided rotation exceeds a certain value, the penetration,
specific energy and size distribution remained unchanged (Fig.
6.16 and 6.17). These curves have the same shape as those of
Fig. 2.6. It is therefore apparent that, while insufficient
rotation is undesirable, excessive rotation will be relatively

harmless if excessive wear due to rotation can be avoided.
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Interesting conclusions may be drawn from the com-
parison of the physical specific energy tests with the graphical
specific energy experiments (Fig. 6.18). It is observed that
the lowest specific energy for any index angle is not a constant
as reported by Hartman (55) but rather, the specific energy re-
quirements in the zone of twofold indexing appear to increase
with the blow energy. This conclusion is in contradiction with
Equation 2.2 and Fig. 2.7, nevertheless, this is a logical con-
clusion since the slope of the force-penetration diagram (Fig.
2.1) increases with force. From the point of view of mechanical
efficiency, it again appears desirable to design low blow energy

machines.

The index angle is the only variable that is capable
of changing somewhat the rate of dust formation. The drilling
condition responsible for the least amount of dust is also the

condition of optimum penetration rate as seen in Fig. 6.17.

F - BIT INCLUDED ANGLES

Hartman has shown that the bit angle is important only
if it is less than 90°. The author's tests included angles of 869,
95° and 110° and, from these, he agrees with Hartman (28). There
is no difference in the size distribution (Fig. 6.19) for the
three cases studied and the amount of dust formed (-325 mesh) is
constant in all three cases. There is a small decrease in spe-
cific energy for the bit angle of 86° (Fig. 6.20) and this, too,

is in agreement with Hartman. It must therefore be concluded
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that modifications of bit design'for improvement of drilling
practices should not be based upon a choice of a new cutting
angle. As mentioned earlier, there is scope for research into
the design of new types of bits, such as the button bit or any
type of non-symmetric designs. Since fracture in the bottom of a
hole takes place mainly by axial impact crushing, and since bit
wear is primarily due to rotation, new bits should be designed

accordingly.

Experiments carried out do not permit verification of e-
quations 2.15 to 2.17 inclusive -because the number of included
angles tested is too small and because the same energy was used
in all tests. Tests were primarily designed to understand dust
formation with conventional chisel bits and it has been shown
that dust formation cannot be controlled significantly by varying

the included angle of the cutting edge of a bit.

G_= INFLUENCE OF BIT SIZE

Three bit diameter sizes were studied mainly to under-
stand their respective influence upon dust formation. It was
known that the penetration rate varied inversely with the bit
diameter, because more material must be removed per unit lencgth
of axial distance; however, it seemed logical to expect a dif-
ferent size distribution for different bit sizes. It can be seen
in Fig. 6.21 that the amount of material coarser than 100 mesh is
larger for the 1 3/8" bit than for the 15/16", but finally the

amount of material finer than 325 mesh is about the same for *he
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three bit sizes tested.

A somewhat puzzling curve is seen in the top part of
Fig. 6.22; it is difficult to understand the high percentage of
multiple fracture for the small diameter bit, series #19 and yet,
to see hargdly any difference in the amount of fines. In all other
cases, an increase in the amount of fines corresponds to an in-
crease of multiple fractures. A partial explanation to this phe-
nomenon can be found by plotting the intensity of Blow per Unit
length of Cutting Edge (IBULCE) in the lower part of Fig. 6.22.
Since both curves have the same shape, several conclusions may
be derived:

(i) the shorter the cutting edge on a bit, the lower
must be the blow intensity if dust is to be
avoided;

(ii) the present tests do not permit the comparison of
mechanical efficiency of different bit diameters
because such comparison is possible only if the
IBULCE is equal for all bits. However, the
specific energy curve (Fig. 6.22) indicates that
the smaller bits are less efficient;

(iii) if the IBULCE had been constant for all bit sizes,
there should have been much less dust with the lar-
ger bits, since the peripheral distance between
points of impacts along the hole wall increases

with the bit diameter and favours indexed frac tures.

Summarizing, it may be stated that a small diameter
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chisel bit will cause a high degree of pulverization in the center
of the hole and only a small fraction of material will break by
chipping; this is an explanation compatible with the shape of the
multiple fracture curve in Fig. 6.22; however, a large diameter
chisel bit drilling with the same total energy as the small di-
ameter chisel bit will have a much lower IBULCE value. As a
result, (Fig. 6.22-1), the crater volume will remain constant for
a given total blow energy, but the amount of dust will be some-
what smaller. If tests had been carried out with still larger
bit diameters, it is expected that the amount of dust formed
would increase rather than remain on a plateau as expected from

the specific energy curve in Fig. 6.22.

H - FLUSHING

The influence of flushing was studied by varying the
number of blows between cleaning operations. These tests could
also be considered as the comparison between the drilling of up-
pers and flat holes; in the former case, it may be concluded
that flushing is always efficient while flushing is not so effi-
cient when drilling flat or down holes. Since drilling tests
were carried out in dry conditions, the amount of fine particles
formed was less than when drilling is performed under wet con-
ditions. It was observed (Fig. 6.23) that, unless particles are
removed from the bottom of the hole after a single impact blow,

the size distribution of fragments remains constant.

A comparative analysis of flushing was carried out

with a small portable rock drill using the same drill rod and the
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same type of cutting edge. Results of these tests appear in

Fig. 6.24. Drilling conditions are not precisely defined because
the objective of these tests was to compare the results obtained
with the single-blow rock-drill and a standard rock drill. The
size distributions for both the experimental drill and the com-
mercial drill are compatible. It appears from the rock drill
tests that good flushing eliminates the formation of a large

amount of dust due to a reduction in secondary fracture.
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VII - CONCLUSIONS

The principal findings of this thesis may be sum-

marized as follows:

1 - Rock breakage in percussive drilling may be seen as a rate

process but it is not a first order reaction.

2 - A percussive rock drill using a chisel bit breaks rock in
the same manner as a hammer crushes a rock particle resting on a

plate.

3 - An impact blow of a drill bit onto the rock will result in a
series of breakage events which, in this thesis, have been cal-

led micro-events.

4 -~ The drill bit penetration into rock is represented by the
force-penetration diagram which is a broken line (as shown by
Simon and Hustrulid):; each change of direction in this line

corresponds to a micro-event in the process.

5 ~ The number of micro-events per single drill blow is a strict
function of the drill steel geometry; the geometry of the ham-
mer itself does not appear important. This is an agreement with
Hustrulid's fundamental model of percussive drilling (Equation

2.6) .

6 - A comminution test comparable to the Protodyakonow procedure
was designed and found satisfactory as a means of determining the

number of fracture micro-events in a single blow of a rock drill.
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7 - The new comminution test procedure permits the calculation
of the amount of rock broken by chipping as well as the amount
of rock crushed by the passage of the first incident stress wave
and the amount which sustains repeated fracture due to the pas-

sage of the first reflected stress wave.

8 ~ The size distribution of particles formed in rock drilling
fits the Gaudin-Meloy distribution but the use of this model
would not have shown the effect of the first reflected stress
wave in the drill steel upon the particles formed by the first

incident stress wave.

9 -~ Energy transfer from the hammer to the rock proceeds in two
events: the first incident stress wave and the first reflected
stress wave. It was found that the first incident wave breaks
rock by chipping and crushing, but the first reflected wave does
not do any useful work; it pulverizes material previously

crushed by the passage of the first incident wave.

10 - The amount of dust formed in drilling could be reduced by
as much as 60% if the bit-rock contact is broken immediately
after the passage of the first incident stress wave and there

would be no loss in penetration rate.

11 - Fracture in the bottom of a drill hole is controlled by

conditions left in the rock. by previous blows.

12 - The damaged rock left in place under a given bit imprint
prevents lateral energy transfer in the bottom of the hole and

therefore limits the process of indexing.



-
-

13 - Since indexing will occur on both sides of the line of im—

pact, it is seen as a twofold process.

14 - The rotation of the drill steel must be independently con-
trolled and must increase with the intensity of the blow energy
in order to profit completely from the twofold indexing pos-

sibilities.

15 - The bit designs should be modified in order to reduce the
possibilities of blowé striking more than once along a given line

per complete revolution.

16 - The experimenﬁs indicate that from the viewpoint of mineral
dust production, an efficient rock drill should have a high blow

rate, a low blow energy and an independently controlled rotation.

17 - No single variable in the present percussive drill can
modify significantly the amount of dust formed in drilling oper-
ations except rotation, which must vary inversely with the blow

energy.

18 ~ Future research programs are indicated on the following
subjects:
a) non-symmetric Arill bits:
'b) reduction of the hammer-drill steel contact time;
c) determination of the factors responsible for the
number of micro-events per single drill blow:
theoretically, a low number of micro-events per

blow will produce a flat-force penetration rate.
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APPENDIX A

DRILLING TEST RESULTS

Weight of Rock Removed

Crater Volume ~ Total Number of Blows
~ Total Ener

IBULCE -~ Bit Size

Sp. Energy ~ Total Energy

Crater

. '/ Crater
Penetration oy Bit Size

1 - All values listed are taken from samples
obtained in steady regime, that is, at a
depth beyond the collaring effect.

2 - Types of fracture and number of micro-events
are calculated by the method presented in the

thesis.
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Series 12 Series 13

Hammer 28.7 lbs. Hammer 28.7 1bs.

Height 2.188 ft. Height 2.188 ft.

Angle- 21 deqg. Angle 42 deg.
- Bit 11/8 in. Bit 11/8 in.

Blows 224 . Blows 129

Rotation 4683 deq. Rotation 5418 deq.

Flushing i Flushing 1

Broken 77.96 gr. Broken 64.76 ar.

Corrected Cumulative

Size Distribut

ion

Corrected Cumulative
Size Distribution

Mesh Micron % Passing Mesh Micron % Passing
8 2380 100 8 2380 100
16 1190 97.0 " 16 - 1190 96.2
20 841 93.6 20 841 91.9
30 595 87.2 30 595 84.8
50 297 70.7 50 297 67.5
70 210 61.2 70 210 57.6
100 149 51.5 100 149 47.5
140 105 40.6 140 105 37.3
200 74 32.4 200 74 29.8
325 44 20.1 325 44 19.5
400 37 16.7 400 37 15.9
-400 =37 0 -400 ~37 0
Crater 0.3480 Crater 0.5020
IBULCE 55.8186 IBULCE . 55.8186
Sp. Energy 180.4484 Sp. Energy 125,0918
Penetration 0.5561 Penetration 0.6680
Total Energy 62.8 Total Energy 62.8
Indexing _ 9943120 1204 9° Indexing 129+ 30°
Chipping 11.9% Chipping 15.9%
Single Fracture 59,6% Single Fracture 60.6%
Double Fracture 28.5% Double Fracture 23.5%
Fracture Events 91 Fracture Events 93

Crater: gr/bl;

Penetration: in/bl;

IBULCE: ft-lbs/in;

Sp.Energy: ft-lbs/gr/bl:;

Total Energy: ft-lbs.




Series 14
Hammexr 28.7 lbs.
Height 2.188 ft.
Angle 63 deg.
Bit 1 1/8 in.
Blows 103
Rotation 6489 deg.
Flushing 1
Broken 48.46 gr.

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 96.5
20 © 841 91.8
30 595 85.0
50 297 67.3
70 210 58.3
100 149 48.0
140 105 37.8
200 74 30.0
325 44 19.0
400 37 15.3 .
-400 -37
Crater 0.4705
IBULCE 55.8186
Sp. Energy 133.4665
Penetration 0.6467
Total Energy 62.8
Indexing 90 + 540
Chipping 11.7%
Single Fracture 62.9%
Double Fracture 25.,4%
Fracture Events 90

Crater: gr/bl;

Penetration: in/bl;

IBULCE: ft-lbs/in;

Series, 15
Hammer 28.7 1bs.
Height 2.188 ft.
Angle 84 deq.
Bit 1 1/8 in.
Blows _5¢
Rotation 4956 deg.
Flushing 1
Broken 29.79 gr.

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 96.8
20 - 841 93.1
30 595 87.0
50 297 71.0
70 210 60.0
100 149 50.5
140 105 40.3
200 74 '31.0
325 . 44 17.9
400 _ 37 13.0
~400 =37
Crater 0.5049
IBULCE . 55.8186
Sp. Energy 124.3715
Penetration 0.6693
Total Energy 62.8
Indexing 120 + 72°
Chipping 8.2%

Single Fracture _64.5%

Double Fracture 27.3%

Fracture Events 92

174

Sp.Energy: ft-lbs/gr/bl;
Total Energy: ft-lbs.



Series 17
Hammer __28.17 lbs.
Height _2.188 ft.
Angle 10 1/2 deg.
Bit 1 3/8 in.
Blows 171
Rotation _1795.5 deg.
Flushing 1
Broken 60.37 gr.

‘Corrected Cumulative
Size Distribution

Series 16
Hammer 28.7 1bs.
Height 2.188 ft.
Angle 10 1/2 deg.
Bit 11/8 in.
Blows 206
Rotation 2369 deg.
Flushing 1
Broken 72.63 gr.
Corrected Cumulative
Size Distribution
Mesh Micron % Passing
8 2380 100
.16 1190 97.1
20 841 93.6
30 595 87.5
50 297 71.7
70 210 62.8
100 149 53.0
140 ~105 42.8
200 74 35.2
325 44 23.6
400 37 18.2
-400 -37
Crater 0.3526
IBULCE 55.8186
Sp. Energy 178.0921
Penetration 0.5598
Total Energy _62.8
Indexing 99 4 14°
Chipping 8.9%
Single Fracture 60.2%
Double Fracture 30.9%
Fracture Events 92

Crater: gr/bl;

Penetration: in/bl;

IBULCE: ft-lbs/in;

Mesh Micron % Passing
8 2380 100
16 1190 98.1
20 841 94.5
30 595 87.8
50 297 71.0
70 210 62.0
100 149 51.5
140 105 41.3
200 74 34.2
325 44 24.1
400 37 20.0
-400 -37
Crater 0.3530
IBULCE .. 45.6703
Sp. Energy 177.8912
Penetration 0.5066
Total Energy 62.8
Indexing 99 + 140
Chipping 12.8%
Single Fracture _ 58.8%
Double Fracture 28.4%
Fracture Events _ 94

Total Energy: ft-lbs.
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Sp.Energy: ft-lbs/qr/bl;



Series 19

Hammer 28.7 lbs.
Height 2.188 ft.
~Angle 10 1/2 deqg.
Bit 15/16 in.
Blows 171

Rotation 1795.5 deg.
Flushing 1

Broken 53.80 gr.

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 96.6
20 841 92.8
30 595  86.5
50 297 72.7
70 210 64.5
100 149 55.5
- 140 105 45.3
200 - 74 - '36.2
325 - 44 22.4
400 37 . 17.6
=400 ~37
Crater 0.3146
IBULCE 66,9829
Sp. Energy 199.6056
Penetration 0.5792
Total Energy 62.8
Indexing 99 4 110
Chipping 10.2%
Single Fracture _53.8%
Double Fracture 36.0%

Fracture Events 91

Crater: gr/bl;
Penetration: in/bl;

IBULCE: ft-lbs/in;
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Series 20

Hammer 28.7 lbs.
Height 0.917 ft.
Angle 10 1/2 deqg.
Bit 15/16 in.
Blows 103

Rotation 1081.5 deg.
Flushing 1

Broken 13.40 gr.

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 98.2
20 841 95.3
30 595 90.9
50 297 77.7
70 210 68.5
100 149 58.2
140 105 45.9
200 74 36.4
325 44 23.2
400 37 18.6
=400 =37 .0
Crater 0.1301
IBULCE . 28,0715
Sp. Energy 202,2891
Penetration 0,3726
Total Energy 28,3
Indexing 9+ 14°
Chipping 12,5%
Single Fracture _ 52.2%
Double Fracture 35.3%

Fracture Events 93

Total Energy: ft-lbs.

Sp.Energy: ft-lbs/gr/bl:;



Series 21

Hammer _28.7 1lbs.
Height 1.764 ft.
Angle 10 1/2  deqg.
Bit 15/16 in.
Blows 206 :
Rotation 2163 deqg.
Flushing 1

Broken 42.09 gr.

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 98.4
- 20 841 95.5
30 595 89.7
50 297 75.3
70 210 65.0
100 149 56.0
140 105 45.8
200 74 37.9
325 44 25.4
400 37 21.5
-400 =37
Crater 0.2043
IBULCE 54.0019
Sp. Energy _247.8073
Penetration 0.4668
Total Energy 50.6
Indexing 9° + 14°
Chipping 8.8%
Single Fracture 58.1%
Double Fracture 33.1%
Fracture Events 92

Crater: gr/bl;
Penetration: in/bl;

IBULCE: ft-lbs/in;

Series

Hammer
Height
Angle
Bit
Blows
Rotation
Flushing
Broken

23
28,7 lbs.
2.619 ft.
10 1/2 deg.
15/16___in.

120
1260 deqg.

1
49,2 gr.

Corrected Cumulative
Size Distribution

Micron

Mesh % Passing
8 2380 100
16 1190 94.8
20 841 91.0
30 595 84.5
" 50 297 69.7
70 210 60.0
100 149 49.5
140 105 40.2
200 74 33.1
325 44 22.1
400 37 18.7
=400 -37 0
Crater 0.4100
IBULCE . 80,1763
Sp. Energy 183,3299
Penetration 0.6613
Total Energy 75.2
Indexing 9° +14°
Chipping 8.0%
Single Fracture 65.7%
Double Fracture 26.3%
Fracture Events 92

Total Energy: ft-lbs.

177

Sp.Energy: ft-lbs/gr/bl;



Series

Hammer
Height
Angle
Bit
Blows
Rotation
Flushing
Broken

24
28.7 1bs.
3.042 ft.
10 1/2 deqg.
___15/16_  in.
154
1617 deg.
1
34.34 gr.

Corrected Cumulative
Size Distribution

Micron

% Passing

Mesh -
8 2380 100
16 1190 ©98.3
20 | 841 95.2
30 595 89.5
50 297 75.3
70 210 65.3
100 149 55.5
140 105 45.3
200 74 36.9
325 44 24.0
400 37 20.5
=400 -37 0
Crater 0.2230
IBULCE 93,1258
Sp. Enerqgy 391.5053
Penetration 0.4877
Total Energy 87.3
Indexing 99+ 14"
Chipping 6.4%
Single Fracture 61.6%
Double Fracture 32.0%
Fracture Events 93

Crater: gr/bl;
Penetration: in/bl;

IBULCE: ft-lbs/in:;

Series

Hammer
Height
Angle
Bit
Blows
Rotation
Flushing
Broken

25
67.5 lbs.
1.293 ft.
10 1/2 deg.
15/16 in.

137 ’

1438.7 deg.

1
29.07 gr.

Corrected Cumulative
Size Distribution

Mesh Micron %'Passing
8 2380 100
16 1190‘ 98.3
20 841 95.4
' 30 595 90. 2
50 297 75.1
70 210 65.7
100 149 55.0
140 105 44.1
200 74 35.9
325 44 23.6
400 37 19.5
-400 =37
Crater 0.,2122
IBULCE . 93,006
Sp. Energy 411.2983
Penetration 0.,4757
Total Energy 87,3
Indexing 90 4140
Chipping 8.3%
Single Fracture 60.5%
Double Fracture 31.2%
Fracture Events 93

Total Energy: ft-lbs.

178

Sp.Energy: ft-lbs/gr/bl;



Series

Hammer
Height
Angle
Bit
Blows
Rotation
Flushing
Broken

26
98.6 .- lbs.
0.885 ft.
10 1/2 deg.

15/16 in. .

- 86
1795.5 deg.

1
28.08 gr.

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 97.8
20 841 94.7
30 595 89.3
50 297 74.5
70 210 65.6
100 149 55.5
140 105 44.8
200 74 36.8
325 44 25.1
400 37 20.8

-400 -37 0
Crater 0.32658
IBULCE 93,0784
Sp. Energy 267.2619
Penetration 0.5902
Total Energy 87.2610
Indexing 90+ 140
Chipping 9,7%
Single Fracture 57.3%
Double Fracture 33,0%
Fracture Events 94

Crater: gr/bl;

Penetration: in/bl;

IBULCE: ft-lbs/in;

Series .

Hammer
Height
Angle
Bit
Blows
Rotation
Flushing
Broken

27
48.7 1lbs.
1.792 ft.
10 1/2 deqg.
15/16 in.

44
462 deq.

1
14.90 gr.

>Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 97.5
20 841 94.0
30 595 88.5
50 297 73.8
70 210 65.8
100 149 55.8
140 105 45.0
200 74 '35.7
325 44 23.0
400 37 18.9
=400 =37 0
Crater 0.3386
IBULCE .. 93,0884
Sp. Energy 257.7389
Penetration 0.6010
Total Energy 87.2704
Indexing 99+ 140
Chipping 11.3%
Single Fracture 51.6%
Double Fracture 37.1%
Fracture Events 91

Total Energy: ft-lbs.
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Sp.Energy: ft-lbs/gr/bl:;



Series

Hammer
Height
Angle
Bit
Blows
Rotation
Flushing
Broken

28
28.17 1lbs.
1.764 ft.
21 deg.
15/16 in.
34
714 deg.
1
7.75

Corrected Cumulative
Size Distribution

Mesh . Micron % Passing
8 2380 100
16 1190 97.3
20 841 93.3
30 595 87.4
50 297 70.8
70 210 61.9
100 149 51.2
140 105 39.4
200 74 31.2
325 44 18.9
400 37 15.8
~400 -37
Crater Q.2279
IBULCE 54,0019
Sp. Energy 222.1448
Penetration 0.4931
Total Energy 39'6288
Indexing 90 +12°, 12°4+ 9
Chipping 13%

Single Fracture

59%

Double Fracture
Fracture Events

28%

90

Crater: gr/bl;

Penetration: in/bl;

IBULCE: ft-lbs/in:;

gr.
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Series 29
Hammer 28.7 lbs.
Height 1.764 ft.
Angle 21 deqg.
Bit 15/16 ___in.
Blows 50
Rotation 1092 deqg.
Flushing 2
Broken gr.

12.18

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 " 97.1
20 841 93.5
S .
30 595 87.8
© 50 297 72.4
70 ¢ 210 64.2
100 149 53.7
140 105 43.0
200 74 35.3
325 44 22.8
400 37 19.6
~400 -37"
Crater 0.2436
IBULCE . 54.0019
Sp. Energy 207.8276
Penetration 0.5097
Total Energy 50.6268
Indexing 9°+12
Chipping 12.1%
Single Fracture 56 .3%
Double Fracture 31.6%
Fracture Events 92

Total Energy: ft-lbs.

Sp.Energy: ft-lbs/gr/bl;



Series 30
Hammer 28.7 1bs.
Height 1.764 ft.
Angle 21 deg.
Bit 15/16 in.
Blows 51
Rotation 1071 " deg.
Flushing 3
Broken 12.68 gr.

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 . 100
16 1190 . 96.1
20 841 - 92.1
30 505  85.9
50 297 70.1
70 210 61.7
100 149 51.3
140 105 © 4l.4
200 74 33.9
325 44 22.6
400 37 19.8
-400 =37
Crater 0.2473
IBULCE 54.0019
Sp. Energy 204.,7182
Penetration 0.5136
Total Energy 50.6268
Indexing 99+12% 129+ gC
Chipping 14.3%
Single Fracture 57.0%
Double Fracture 28.7%
Fracture Events 93

Crater: gr/bl;

IBULCE: ft-1bs/in;
Penetration: in/bl;

Series 31
Hammer _28.7 lbs.
Height 1.764 ft.
Angle 21 deg.
Bit 15/16___in.
Blows 16
Rotation 33.6 deqg.
Flushing 4
Broken 4.21 gr.

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 96.0
20 841 91.7
30 595 86.0
50 297 70.6
70 't 210 62.7
100 149 52.3
140 105 42.1
200 74 34.5
325 44 22.4
400 37 19.3
-400 -37
Crater 0.2631
IBULCE .. 54,0019
Sp. Energy 192.4242
Penetration 0.5297
Total Energy 50.6268
Indexing __99+12°% 120+ g0
Chipping 15.4%
Single Fracture . 54.0%
Double Fracture 30.6%
Fracture Events 93

Total Energy: ft-lbs.
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Sp.Energy: ft-lbs/gr/bl;



Series

Hammer
Height
Angle
Bit
Blows
Rotation
Flushing
Broken

32
28.7 1bs.
1,764 ft.
21 deqg.
15/16 in.

20
420 deg.

5
4.67 gr.

Corrected Cumulative
Size Distribution

Crater: gr/bl:
Penetration: in/bl;

“Mesh Micron % Passing
8 2380 100
16 1190 - 96.4
20 841 93.4
30 595 88.0
50 297 72.6
70 210 64.9
100 149 55.0
140 105 43.2
- 200 74 35.6
325 44 23.4
400 37 20.1
=400 -37
Crater Q.2335
IBULCE 54,0019
Sp. Energy 216.8171
Penetration 0.4991
Total Energy 50.6268
Indexing 992 +12° 12°+9
Chipping 11.2%
Single Fracture 57.1%
Double Fracture 31.7%
Fracture Events 92

IBULCE: ft-lbs/in;

Series

- Hammer

Height
Angle
Bit
Blows
Rotation
Flushing
Broken

33-1

P1 1lbs.
- ft.
- deg.
1 3/8 in.
- deg.
T4

13.72 gr.

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 97
20 841 93.1
30 595 86.4
50 297 67.9
70 210 57.1
100 149 47.1
140 105 35.6
200 74 27.5
325 44 15.1
400 37 12.4
-400 -37
Crater -
IBULCE .. -
Sp. Energy =
Penetration -
Total Energy -
Indexing =
Chipping 14.9%
Single Fracture 62.6%
Double Fracture 22.5%
Fracture Events a0

Total Energy: ft-lbs.
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Sp.Energy: ft-lbs/gr/bl:



Series 33-2
Hammer Py 1lbs.
Height - ft.
_Angle - deqg.
Bit 1l 3/8 in.
Blows =
Rotation - deg.
Flushing T2
Broken 16.33 gr.
Corrected Cumulative
Size Distribution
Mesh Micron % Passing
8 2380 100
16 1190 97.7
20 841 94.3
30 595 88.1
50 297 69.9
70 210 60.3
100 149 49.1
140 105 37.2
200 74 28.7
325 44 17.3
400 37 13.4
=400 -37
Crater -
IBULCE -
Sp. Energy -
Penetration -
Total Energy -
Indexing -
Chipping 12.9%
Single Fracture 62.6%
Double Fracture 24 .5%
Fracture Events 89

Crater: gr/bl;

Penetration: in/bl;

IBULCE: ft-lbs/in;

Series

Hammer
Height
Angle
Bit
Blows
Rotation
Flushing
Broken

33-3

Pj 1lbs.
- ft.
- deg.
1 3/8 in.
- deg.
T3

17.01 _gr.

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 98.6
20 841 95.6
30 595 90.3
50 297 74.4
70 210 64.5
100 149 54.3
140 105 43.0
200 74 34.5
325 44 22.4
400 37 17.7
-400 -37
Crater =
IBULCE . -
Sp. Energy -
Penetration -
Total Energy -
Indexing -
Chipping 9.0%
Single Fracture 60.5%
Double Fracture 30.5%
Fracture Events 91

Total Enerqgy: ft-lbs.
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Sp.Energy: ft-lbs/gr/bl;



Series 34-1

Hammer P2 1bs.
Height - .. ft.
Angle ' - deg.
Bit 1l 3/8 in.
Blows -

Rotation - deg.
Flushing T

Broken 14,76 gr.

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 96.5
- 20 841 92.5
30 595 . 85.3
50 297 67.5
70 . 210 57.1
100 149 47.1
140 105 36.8
200 74 29.4
325 44 19.2
400 37 15.5
~400 -37
Crater -
IBULCE : -
Sp. Energy -
Penetration -
Total Energy -
Indexing -
Chipping 15.6%

Single Fracture _61.4%
Double Fracture 23.0%
Fracture Events 90

Crater: gr/bl;:

Penetration: in/bl:

IBULCE: ft-lbs/in;
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Series 34-2
Hammer P2 1lbs.
Height - ft.
Angle - deqg.
Bit 1l 3/8 in.
Blows -
Rotation - deg.
Flushing T2
Broken 17.17 gr.
Corrected Cumulative
Size Distribution
Mesh Micron % Passing
8 2380 100
16 1190 97.7
20 841 93.9
30 595 87.2
50 297 69.6
70 210 60.2
100 149 49.2
140 105 38.1
200 74 31.1
325 44 20.1
400 37 17.3
-400 -37
Crater =
IBULCE . -
Sp. Energy -
Penetration -
Total Energy -
Indexing -
Chipping 13.5%

Single Fracture 61.4%
Double Fracture 25.1%
Fracture Events 93

Sp.Energy: ft-lbs/gr/bl;
Total Energy: ft-lbs.



185

Series 34-3 Series 35-1

Hammer P2 1bs. Hammer P3 1bs.
Height - ft. Height = ft.
Angle - deg. Angle - deqg.
Bit 1 3/8 in. Bit 1. 3/8 in.
Blows - Blows

Rotation - deg. Rotation deqg.
Flushing T3 Flushing Ty

Broken - gr. Broken 18.92 gr.

Corrected Cumulative
Size Distribution

Corrected Cumulative
Size Distribution

Mesh Micron % Passing Mesh Micron % Passing
8 2380 100 8 2380 100
16 1190 97.6 16 1190 97.1
20 841 94.2 20 841 92.9
30 595 88.2 30 595 85.9
50 297 71.6 . 50 297 68.6
70 210 62.7 70 210 59.8
100 149 52.0 100 149 48.9
140 105 40.6 140 105 38.8
200 74 32.2 200 74 31.7
325 44 19.8 325 44 21.1
400 37 16.8 400 37 18.2
-400 ~37 =400 -37
Crater - Crater -
IBULCE IBULCE . -
Sp. Energy = Sp. Energy -
Penetration - Penetration -
Total Energy - Total Energy =
Indexing - Indexing -
Chipping 12.2% Chipping 15.1%
Single Fracture 59.2% Single Fracture _ 59.3%
Double Fracture 28 6% Double Fracture 25.6%
Fracture Events 91 Fracture Events 93

Crater: gr/bl;

Penetration: in/bl;

IBULCE: ft-lbs/in;

Total Energy: ft-1bs.

Sp.Energy: ft-lbs/gr/bl;



Series 35 - 2

Hammer P3 le -

Height = ft. -

Angle - deg.
" Bit 1l 3/8 in.

Blows -

Rotation - deg.

Flushing T2

Broken 43.45 gr.

Corrected Cumulative
Size Distribution

Mesh Micron % Passing
8 2380 100
16 1190 97.1
20 841 92.6
30 595 84.6
50 297 66.1
70 210 56.2
100 149 46.1
140 105 35.9
200 74 28.5
325 44 18.0
400 37 1l4.6
~400 =37
Crater -
IBULCE -
Sp. Energy -
Penetration -
Total Energy -
Indexing -
Chipping 17.4%
Single Fracture _ 60, 2%
Double Fracture 22.4%
Fracture Events 92

Crater: gr/bl;

Penetration: in/bl;

IBULCE: ft-lbs/in;

Series 35 - 3

Hanmer P3 1lbs.
Height - ft.
Angle . - deg.
Bit 1l 3/8 in.
Blows =

Rotation - deg.
Flushing T3

Broken 67.67 gr.

Corrected Cumulative
Size Distribution

Micron

Mesh
8 2380
16 1190
20 841
30 595
50 297
70 210
100 149
140 105
200 74
325 44
400 37
=400 -37

% Passing
100
96.7
92.7
85.9
69.7
60.4
50.5 .
40.2
32.5
21.3
17.6

(Losses were very high)

Crater

IBULCE .

Sp. Energy

Penetration

Total Energy

Indexing

Chipping

13.4%

58.9%

Single Fracture
Double Fracture
Fracture Events

27.7%
92

Sp.Energy: ft-lbs/gr/bl;

Total Energy: ft-lbs.
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Series 36 Series 37
Hammer _28.17 1lbs. Hammer 28.7 lbs.
Height 0.917 ft.- Height 0.917 ft.
Angle 21 deg. Angle 21 deqg.
Bit 15,16 -~ 86° in. Bit 15/16 - 950 in.
Blows 103 Blows 103
Rotation 2163 __deqg. Rotation 1163 deg.
Flushing 1 Flushing 1
Broken 13.55 gr. Broken 11.51 gr.
Corrected Cumulative Corrected Cumulative
Size Distribution Size Distribution
Mesh Micron % Passing - Mesh Micron % Passing
8 2380 100 8 2380 100
16 1190 98.7 16 1190 98.6
20 841 96.5 20 841 96.6
30 595 ~91.0 ' 30 - 595 91.7
50 297 76 .1 50 297 75.1
70 210 65.7 70 210 65.4
100 149 57.3 100 149 55.2 .
140 105 45.3 140 105 43.7
200 74 - 37.0 200 74 35.9
325 44 24.8 325 44 24.8
400 37 19.7 400 37 20.5
-400 -37 ~400 =37
Crater 0.1315 Crater 0.1118
IBULCE . 28.0715 IBULCE . 28.0715
Sp. Energy 200.1 Sp. Energy 235.9
Penetration 0.376 Penetration 0.346
Total Energy 26.3179 Total Energy 26.3179
Indexing _ 90+3120 _"120+4 gO Indexing 994120 - 129+ 90
Chipping 8.3% Chipping 8.4%
Single Fracture 56 .8% Single Fracture 60.0%
Double Fracture 34.9% Double Fracture 31.6%
Fracture Events 92 Fracture Events 92
Crater: gr/bl; IBULCE: ft-lbs/in; Sp.Energy: ft-lbs/gr/bl;

Penetration: in/bl; Total Energy: ft-lbs.



ft-1lbs/in

Series 38
Hammer 28.7 lbs.
Height 0.917 ft.
Angle 21 deg.
Bit 15/16 -~ 110° in.
Blows 138
Rotation 3058 deg.
Flushing 1
Broken 15,07 gr.
Corrected Cumulative
Size Distribution
Mesh Micron % Passing
8 2380 100
16 1190 98.7
20 841 96.6
30 595 91.5
50 297 75.2
70 210 66.5
100 149 56.4
140 105 44.8
200 74 36.4
325 44 25.1
400 37 20.9
~-400 =37
Crater 0.1092 gr/bl
IBULCE _28.0715
Sp. Energy 241.0
Penetration 0.343
Total Energy 26.3179

ft-1bs/gr/bl

Indexing 99 + 120 - 10+ o°

Chipping

9.3%

Single fracture

56.3%

Double fracture 34.4%
Fracture events 91

188
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APPENDIX B

Tabulated Results of

HAMMER TESTS



Impact Crushing Tests

7

Series: 7 - 1 Rock: __ Scottstown Granite Sheet 1 of
Description: Feed Size: -8 + 16 mesh; Cumulative,Corrected Wet Frequency Size Distributiop
Test N© 641 642 644 643 645
Weight gr. 5 5 | s 5 5
Blows 25 50 75 100 125
Unbroken gr. 2.23 0.65 0.1l6 0.14 0.07
Broken gr. 7.60 9.09 | 9.32 9.44 9.71
2 | 12700
3 67390
4 4760
6 3360
8 2380
16 1190 { 100 100 100 100 100
20 341 72.00 81.51 92.09 9%.79 98.27
30 595 | 47.66 57.20 | 70.36 76 .31 87.84
20 297 22.13 28.49 38.08 43.12 53.08
70 210 15.81 20.24 27.74 32.37 39.99
100 149 11.20 14.85 20.78 23.91 30.07
140 10s ) 7.65 | 10.35| 14.70 | 17.21 | 21.90
200 5.65 7.72 11.09 13.24 16.85
328 3.33 4.69 7.49 8.76 11.00
20
=30

06T



Impact Crushing Tests

Scottstown Granite Sheet 2 of 7

Series: _ 7 = 2  Rock:
Descripfion: Feed Size: -8 + 16 mesh; __Cumulative, Corrected Wet Freguency Size Distribution
Test N© 662 663
Weight gr. 10 10
Blows 150 200
Unbroken gr. 0.19 0.06 i
Broken gr. 9,64 9,66 ta
2 1 12700
3 6730
4 4760
6 3360
8 2380
16 1190 {100 100
20 g4l | 90.75 96.61
30 595 | 69.29 81.28
=0 297 | 37.04 46.92
70 210 | 27.17 35.71
100 149 | 20.15 27.27
140 10€ ] 14.37 19.62
200 741 10.89 15.02
-32¢ 44 6.86 9.37
<0C¢ 37
=300 -37

T6T



Impact Crushing Tests

Series: _7 = 3 Rock: _ Scottstown Granite Sheet 3 of 7
Description: _Feed Size: -8+16 mesh - Corrected Wet Freqguency Size Distribution (Cumulative).
Test N© 664 665
Weight gr. 15 15
Blows 250 300
Unbroken gr. 0.37 0.35
Broken gr. 14,00 13,87
V2 1 12700
3 6730 .
4 4760
6 3360
8 2380
16 1190 {100 100
20 841 | 89.56 89.30
30 5951 71.75 71.72
20 297 | 41.27 42.40
70 2101 30.76 31.99
100 149 1 23.24 24.47
140 102 | 16.96 18.13
200 74| 13.06 14.05
28 44 8.40 9.25
L0C 37
=300 -37

c6T



Series: 7 =

4 Rock:

Scottstown Granite

Impact Crushing Tests

Sheet 4 of 7

Description: _Feed Size: ~8 + 16 mesh: Cumulative,Corrected Wet Frequency Size Distribution
Test N© 666
Weight gr. 20
Blows 350
Unbroken gr. 0.94
Broken gr. 17.71
V2 | 12700

3 6730
4 4760
6 3360
8 2380
16 1190 { 100
20 341 86.43
30 595 | 66.22
=0 297 37.86
70 210 28.74

100 149 21.72

140 102 16.08

200 741 12.41

328 44 8.11

20C 37
=4 -37

€6T



Impact Crushing Tests

Series: __7 = 5 Rock: Scottstown Granite Sheet _35 of 7
Description: Feed Size: -8 + 16 mesh;Cumulative,Corrected Wet Frequency Size Distribution
Test N© 67 68, 69 70 71 72 73 74 75
Weight gr. 25 25 25 25 25 25 25 25 25
Blows 25 50 75 100 125 150 175 200 400
Unbroken gr. | 13.15 | 10.99 9.68 9.79 6.93 7.25 5.94 4.43 | . 1.98
Broken gr. 11.76 | 11.84 15.21 | 15.04 17.90 17.47 18.97 '20.30 | 22.67
1751 12700
3 6739
4 4760
6 3360
8 2380
16 1190 {100 100 100 100 100 100 100 100 100
20 ga1| 61.83 | 65.89 | 67.20° |68.15 74:02 | 172.08 73.76 77.73 | 87.73
30 595 | 37.43 | 43.06 44.58 |44.61 51.06 49.98 51.99 57.14 | 72.16
=0 297 | 15.24 }17.70 19.27 | 20.08 24.08 23.76 24.68 28.91 | 44.11
70 210} 10,22 | 11.49 12.96 |14.10 16.82 16.72 16.88 20.54 | 33.30
100 149 | 6.90 7.95 9.02 | 9.71 11.90 11.80 11.92 14.58 | 25.40
140 105 | 4.37 5.33 5.86 6.37 8.00 7.96 8.09 10.13 | 18.89
~00 74| 2.99 | 3.69 4.17 | 4.54 5.76 5.84 5.89 7.51 | 14.53
328 44| 1.58 2.02 2.29 2.56 3.46 3.44 3.40 4.53 9.28
<00 374 0.98 1.34 1.51 1.70 2.31 2,35 2.28 3.20 6.62
BEAN -37

6T



Impact Crushing Tests

Series: _7 = 6  Rock: Scottstown Granite Sheet 6 of 7
Description: Feed Size: -8 + 16 mesh; Cumulative,Corrected Wet Frequency Size Distribution
Test N© 16 117 78 79
Weight gr. 50 50 50 50
Blows 100 200 300 400
Unbroken gr. 19.38 16.18 11.14 8.47
Broken_gr. 30.35 | 33.59 | 38.53 | 41.24
5 1 12700
3 6730
4 4760
6 3360
8 2380
16 1190 | 100 100 100 100
20 5411 64.38 | 68.79 | 73.91 | 77.04
30 595 40.92 45.87 51.56 55.58
20 297 18.35 22.23 26.26 29.51
70 210 12.42 15.68 19.02 21.41
100 149 8.70 11.33 13.80 16.00
140 108 5,91 7.84 9.70 11.49
200 74 4.29 5.80 7.21 8.68
328 44 2.55 3.54 4.41 5.40
=00 37 1.77 2.56 3.18 3.83
240 =37

S6T



Series: 7 =

7

Rock:

Impact Crushing Tests

Scottstown Granite

Sheet

7

of

7

Description: _Feed Size: -8 + 16 mesh: Cumulati've,Correéted Wet Frequency Size Distribution
Test N° 80 81
Weight gr. 100 100
Blows 200 400
Unbroken gr. 50.98 39.54
Broken gr. 48.78 59.91

/5| 12700

3 6730

4 4760

6 3360

8 2380

16 1190 | 100 100

20 841 59.7 66.1 _
30 595 37.6 44.6

0 297 16.4 22.3

70 210 11.0 15.5

100 149 7.60 11.30

140 108 5.18 8,07

200 74 3.76 6.03

228 44 2.27 3.75

=0C 37 1.60 2.67
—a -37

96T



APPENDIX C

Extrapolation to "Zero Gram" and

"Zero blow" for all Particle Sizes.

HAMMER TESTS
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APPENDIX D

ADDITIONAL DATA ON

SPECIFIC DRILLING VARIABLES

N.B. The number of the figures
in the Appendix corresponds
to a related figure in the
main text of this thesis.

219



40
30
(¢}
™
S 20
[
(1]
(&)
} SN
(¢
a
10
8
N 4
]
)
o
L 2
(o
|
O

[
- See
e, multiple
C T .. =325 mesh
T L L '4OOMESh
20 40 60 80 100
applied Energy - (ft-Ibs)
4.6
" penetration ..~ {14 §
o -
I ’ o
#28 l -
o’.” g
B ‘/" - .2 (/)]
"r’ | o
#38 .
20 40 60 80 100

applied Energy - (ft-Ibs)

220

Fig. 6.7-|, ENERGY SERIES - CONSTANT IMPACT WEIGHT



221
40r

“~=.. multiple

o o
g 20 \.s‘ \‘\\
= T~~~ ~325mesh
2 I .. -400 mesh
o
o
1o}
'] 2 ‘. 2 A 2 1 2 1
20 40 60 80 100
applied Energy - (ft -Ibs)
400y
300}
> #38
E. %""\ #28
2 -
wj 200}
L
=
Q
a
& 100
20 40 60 80 100

applied Energy - (ft-ibs)
Fig.6.8-I, ENERGY SERIES - CONSTANT IMPACT WEIGHT



— ®
IOOE 6//’:6___:-_—:@_——”--—
80h .4”,/’
N o7
ol /40,
I il
] //’
40 ,-/,o’
O/ //
7/ /
v
L / /,O
o .// ///
05 /,/
s/
//,
58 o
s
£
o
‘© OF
= |
8b
g !
° s
E L Index Angle - 9° 4+ |2°
S —t0 . 26.3 #1-Ibs
(&) 4k
#28
O===---0 50.6 ft-Ibs
Bit diameter - %"
Wedge Angle - [10°
2-
lﬁu ' J | Il [ 1 1 2 I 2 y | 2
400 200 100 50 30 16 8
325 140 70 20 MESH

Fig.ss4 ENERGY SERIES - CONSTANT IMPACT WEIGHT



100 ee—®
o /4,5""4
4 2
80n ”,’/
= '<§j,/’
60
40
O
8=
»
)
©20
a
]
vy
=
2 1
@ IO"
s F
8-
g x I12° System
S ¢ - 12° + 9°
g . PR 25 L IR 12° 4+ 30°
S a o= j2° + 720
Energy -~ 62.8 ft-Ibs
R Bit diameter - I8 "
Wedge Angle - 110°
2-
'-5 Ak 4 A A A 4 A ol I 2
400 200 100 50 30 16 8
325 140 70 20 MESH

Fig.6.15-1 INDEX ANGLE SERIES



.22

100 : — B
. _-*:-"%‘
80 i‘/
60 %‘/
7
,}*:/
4op
/‘/
o |
o 20f "/
m *
o®
e
=
>
© lO-
=
8-
w o
2
"5 6p 9° System
S s * =220, 9° 4+ |10
E #3
3 ak 20— 9° 4+ |20
Energy - 28.3 ft-Ibs
L Bit diameter - 184¢"
Wedge Angle - [10°
2-
'.5 A A A & a2 a4 2 2 2 A 2
400 200 100 50 30 16 8
325 140 70 20 MESH

Fig.6.15-2, INDEX ANGLE SERIES



40 r
30F .
-\\ __s--Mmultiple
\\~\ ————— -
o | T .
o
S 20} e e e
= e ... =325 mesh
T ERLatt
o s T ———
- e
5 “=~~w..—400 mesh
Q
0P
30 60 °0
n "
8" Angle
penetration ]
”’/’ - 6
/.,
, #13 SERIES .
r
g 4r 2 /', 14 5
~— ”‘ g
X o |
' G
! o
o 2t 12 a
o
| N
o - ]
30 60 90

Fig.6.6-1

IIBH Ang'e
INDEX ANGLE SERIES -12° SYSTEM

225



226

40p
‘.. ----- 1
e O e, o--multiple
30F
_________________ - =325 mesh
o N
o |7 e-- =400 mesh
— 20F T
=
2]
(&) =
}
o
a
1op
!
10 20 30
1]
"8" Angle
46
ry
s | | 14 §
S e __ penetration -
5 o
] i 1 :
' e
2 4 4.2 "
Q.
N P
(& - T - -
2 A A 4 1
m 25 30

"ﬁ" Angle
Fig.6.16-2,INDEX ANGLE SERIES - 9° SYSTEM



40¢

30F

“. __-+-"multiple
w ‘\~~~-. ____________
o
E 20 - et biabale b b T P, .
I e ~---325 mesh
) ] T
o X e
- 0 TTemtceaaa..
&’ ===~e..—400 mesh
10F
30 60 90
“B L] Ang'e

400r

300F
>
O o
| .
e
w 200fF _#17
o hs
E k \\\\\\ #13 #15
8 N e e e e e e *--
3- oo}

30 60 90

Fig.6.17-1 INDEX ANGLE SERIES - 12° SYSTEM

227



40¢
SERBE e E— «--multiple
30p
T — ~-- =325 mesh
® e
s | --=400mesh
- 20 PPt
= ..
®
&) o
e
o
Q
(Lo} J
10 20 30
"8" Angle
4OOF
300p
> #38 SERIES
o } -
e r
Q 420  __.--T
D 200"
L
= I
o
a
) I100p
10 20 30
L] ]
£ Angle

Fig.6172 INDEX ANGLE SERIES - 9° SYSTEM



229

40 I
S \‘o,\ __.--e=" MULTIPLE
30p
he e mmamen—-- P T L D T L L L 2 o-= —400 MESH
o
o eccec@ecenemccasmnnema=a==8== — 325 MESH
afme 20 o —"._----
o
O
o s
-
Q
Q.
op
o
80 90 100 1o 120
included angle
16
Lan i l
o
. . c
}_ 4r -_,3_6 v 37 »38 14 o
o | el e e .- -
~ =}
L - -
| L
. e
o ok 42 @
= Q.
-~ pal DD -
o Sttt bl == -
80 90 100 no 120

included angle

Fig.6.19-1 BIT INCLUDED ANGLE SERIES



40

30

e multiple

'_._._-.-..---o-- "325 meSh

[+ b
o
S 20
=
()]
($)
| 9
(3]
Q.

10
S
N 4
o
|
-
L 2
O
E S
O

' .o~ =400 mesh
o 9 o 1 2 /] 2 2 2 [l "N 2 1
2
Bit size (inches)
penetration S 16
#16 #17 44
#19 e .
l"" o
1.2
o 2 N a " [ ] 2, 'y o 2 o
! 2

Bit size (inches)

Fig. 6.22-1 BIT SIZE SERIES

Penetration

230



ioor
8sor
r

60p

40P
O
£
0 -
(7)) v
=) 20pk /?"
& 9'/'

%

Cumulative Weight

o234 --¢ Medium pressure

Good  flushing

c—*342 4 Medium pressure

Fair flushing

4p ... t343. . Medium pressure
Poor flushing
Bit diameter - 1% "
2p
l 5 i B ] [ N 1 fi [ '] ) 1 ] [
""400 200 100 50 30 16 8
325 140 70 20 MESH

Fig. 6.24-1 ACTUAL DRILLING TESTS



roof —
80F
60p
40p
o
£
t.,zo-,/_.f’
Q e
2 |o
L ]
o,
2
o lofF
= 8" %3514 High pressure
® L Good flushing
2
o 6_ ’ #35.2
o o RRRE ¢ High pressure
S
e I Fair flushing
S
O 4t .—*353 ., High pressure
Poor flushing
Bit diameter - 1% "
2-
|5 ' 2 ' I A 1 [} 4 | I -
400 200 100 50 30 16 8
325 140 70 20 MESH

Fig. 6.24-2 ACTUAL DRILLING TESTS



