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PREFACE

Rockbreaking is the most basic of the operations required in mining and
over thez years has been the subject of extensive research and
development. This document is a summary of the work carried out by the
Chamber of Mines Research Organization supplemented by studies of work:
carried out by others, both in South Africa and overseas. The document
has been prepared as part of a process of critically reviewing what
progress has been made in solving the Stoping Problem and forms the
basis for determining the direction for future research and
development.

The work is divided into the three main groupings of breaking rock with-
explosives, rockdrilling, and non-explosive methods of rockbreaking.
Each chapter has been prepared by different authors, each an expert'in
his own field. The quality of some of the reproductions of the
illustrations is poor due to them having been taken from old reports.

This document will be of interest to persons engaged in improving
methods of mining hard rock in narrow stopes,

R G B PICKERING
Director

Stoping Technology Laboratory
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INTRODUCTION TO CYCLICAL BLASTING

Stoping is the primary unit operation in gold mining and rockbreaking
is the fundamental stoping function. Blasting has served as the only
economic means of rockbreaking since gold was discovered on the
Witwatersrand over 100 years ago. Each day the gold mining industry
fires well in excess of 500 000 stoping blastholes.

The largest drawback to explosives is that they all produce noxious
fumes. Hence the mines are evacuated of all personnel before blaSting
and a few hours are required to clear the explosion gases from workings
before re-entry of workers. These requirements impose a rigid cyclical
nature on the entire mining operation and are the cause of a large
unproductive period of time between the completion of face
preparations for blasting and the start of cleaning operations. A
practical method of continuous mining based on explosives could
revolutionize mining operations. Refuge bays, fumeless explosives and
changes to mine and ventilation layouts are potential elements of suéh
a method.

The cost and productivity of conventional stoping operations are
dependent on virtually all the products and side effects of blasting.
There are also large potential benefits for conventional mining if
blasting is controlled as part of an integrated stoping system.

The following reviews the important features of past and present work
in the areas of applying new explosive types, developing improved
initiation systems, investigating new explosive rockbreaking methods,
and understanding better the explosive rockbreakage process.



EXPLOSIVE TYPES

The traditional explosive type used in South African gold mines
has been nitroglycerine (NG) based dynamites. An alternative
explosive consisting of ammonium nitrate prills mixed with a
carbonaceous fuel (ANBA) was introduced in the late 1950's and
through widespread ccllaboration between COMRO and other parties
ANBA was widely used by gold mines by the mid 1960's. The
advantages of ANBA relative to NG explosives are that it is
simpler and safer to aanufacture, safe to handle and use and is
significantly less costly. However ANBA explosives are not
resistant to water and must be used only in dry holes.

Water resistant siurry explosives (water gels) were introduced
in the late 1970's and COMRO conducted extensive trials to
establish their performance characteristics, usage aspects and
economics relative to NG and ANFO (ANBA) explosives. With the
success of slurry explosives came the introduction of
competition to the explosives market when National Explosives
began aarketing Tovex. Prior to this an exclusive explosives
contract existed between the mines and AECI, dating back to the
early 1900's.

The latest generation of explosives, emulsions, have been
available to gold mines since 1985. The future of explosive
appears to be in the form of slurry and emulsions due to ease
and safety in manufacturing, resistance to water, safety in
handling and use, non-headache properties, reduced fume
production and versatility in formulation to achieve various
performance characteristics. The development of an explosive
that produces no fumes is very attractive from the perspective
of continuous mining operations. Explosives companies worldwide
are pursuing this goal vigorously and have done 30 for decades.
The difficulty lies in controlling the reaction totally and in
dealing with external substances, such as waier in holes,
participating in the reaction. The NOX aud CO fume
characteristics of emulsion and slurry explosives are
approximately one-tenth (=5 ppm) and one-half (550 ppm) of the
respective amounts produced by HG explosives (=50 ppm) ard
(x950 ppn).
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ANBA (Awmonium Nitrate Blasting Agents)

The introduction in the early 1950's of ANBA explosives in the
USA made available a relatively safe, simple and cheap form of
explosive energy for blasting. Prior to this nitroglycerine
based explosives were uged almost universally for all types of
rock blasting. Overseas developments in ANBA during the 1950's
centered mainly around applications in the large diameter holes
used in surface blasting. Safety and cost advantages of ANBA
aroused local interest in gold mining applications. During the
late 1950's and early 1960's there was collaboration by COMRO,
the mining department of the University of the Witwatersrand,
African Explosives and Chemicals Ltd (AECI) and a number of

mining companies with the following major objectives:

(1) identify the performance characteristics and economic
benefits of using ANBA, instead of conventional NG
explosives, in small diameter holes (28-42 mm) in gold

mines.

(ii) determine the most cost effective form of ANBA (i.e.
porous or dense prills. At this time only dense prill
manufacturing facilities exist in South Africa).

(iii) develop the equipment needed to charge small diameter
holes.

(iv) compile a code of practice on ANBA for use by the mines.

The outcome of this work was fruitful and is summarised as
follows (1-5):

(1) it was found that the pexformance characteristics of ANBA
in small diameter holes compared favourably to that of NG
explosives. Owing to a better filling of holes and
therefore more energy per metre of hole, ANBA explosives
were capable of producing a larger magnitude strain pulse

and equal or greater breakage.
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(ii) field studies indicated that boui dense and porous
prilled ANBA producis were very effeciive and were
cheaper to use than NG explosives. In addition, it was
shown that porous prills vwere more effective than dense
prilled ANBA. (This is due to a more even distribution
of the fuel component in the final mix as well as to
greater surface area when porous prills are used. This
offers a more energetic and reliable reaction). As only
dense prilled ANBA was available in South Africa at that
time, the justification for a factory to manufacture
porous prills was supported by these tests and was
subsequently built by AECI.

(iii) safe forms of loading ANBA explosives were devised.

(iv} this work culminated with a symposium on ANBA conducted
by the SAIMM being held during 1964 at which was issued a

code of practice for the underground use of ANBA.

At present ANBA, now more commonly known generally as ANFO
{asmonium nitrate/fuel oil), and by a local trade name ANFEX,
accounts for about 30-40% by mass of the explosives used in gold
mining. It is marketed by AECI and Sasol Explosives (SMX) in a
porous prilled form.

Although ANFO explosives are cheaper there is a tendency towards
over charging holes and wastage due to its bulk form. This can
lead to excessive damage to surrounding rock {hangingwall and
footwall) and a diminished cost advantage over other

explosives. Another disadvantage of ANFG exiplosives is their
lack of resistance to water.

Siurry Explosives

One method to readsy aBmonlum 63t ats PLoduces water resistant
is to physically shield thewk fvue water., slurry explosives,
also commonly known s water gels, evolvea cut of research in
this area. They consist of aure or less riwid compositions

where ammonium nitrate is dispersed iv 4 gelatinous



sensitizer/fuel natrig. Advantages over NG explosives include
non-headache properties, less fumes produced (especially NO,
NO2) and reduced sen31t1v1ty to initiation and therefore
increased safety in handlan and use.

Slurry explosives for small diameter holes (Sinex) were
introduced to gold mines by AECI in the wmid 1970's. Soon after
this the explosives monopoly which AECI held was challenged by
the National Explosives company. They proposed to manufacture
locally and sell a slurry explosive known as Tovex under licence
to Du Pont in the USA.

COMRO conducted extensive field tests on slurry explosives to
assess economic, performance and operational aspects as compared
to NG and ANFO explosives. These studies focused on
underground, swall hole diameter applications in coal, gold,
platinum and chrome aines. However trials at surface mines and
quarries were also conducted.

The overall outcome of these trials was that slurry exploSiVes
were accepted by the underground mining industry. It was found
that the general performance, breakage capacity and econonzcs of
slurry explosives compared favourably with the NG and ANFO
explosives in use. The non-headache properties of slurry
explosives were appreciated by miners and the improved safety

characteristics were also widely recognized.

One very significant result of these trials was that the long
standing contract between the gold mining industry and AECI was
rescinded in 1983 and that National Explosives began marketing
Tovex explosives in competition with AECI.

At present slurry explosives are being sqld by National
Explosives (Tovex; not produced under licence), Dantex
Explosives (Tovex; licenced by Du Pont, USA), AECI (Energex;
licenced by Du Pont, USA). AECI discarded the Sinex range in
1985 when it also gained access to Du Pont technology. All of
the above explosives are based on Du Pont technology which is
widely recognized as the leading technology in slurry



1

3

10

explosives. The main reason for this is the sensitizing agent
(MMAN) which is versatile and allows for a wide range of
explosive products with different properties and pexformance
characteristics (density, energy content or strength, v.0.D.).

Emulsion Explosives

Another way of waking amwonium nitrate based explosives
resistant to water is offered by emulsion explosives. These
consist of an emulsified mixture of ammonium nitrate solution,
0il and wax. An intisate mixture is obtained giving a very
large contact area between the fuel (0il and wax) and the
oxidiser (awwonium nitrate) and this results in a very rapid and
couplete reaction. The sensitivity to initiation and
propogation is controlled largely by creating micro-voids (air)
in the mixture. Handling and safety characteristics of
enmulsions are generally similar to slurry explosives.

Emulsion explosives were introduced to gold mines in 1985 by
AECI (Powergel) and in 1986 by Sasol (Esulite). The perforsance
characteristics of these explosives are currently being studied
by the Blasting Section of the Stoping Technology Laboratory.
Initial test results have shown that emulsion explosives produce
finer fragmentation (average size is 20% smaller) than NG based
and slurry explosives. A qualitative picture eserging from
industry is that in comparison to other explosives, eaulsions
produce finer fragmentation, cause less damage to hangingwall
and footwall rock but are less capable of breaking out the
burden rock near the toe of the hole.

At present emulsion explosives for gold aines are available only
in cartridged form however efforts are underway by AECI and
SASOL to offer a bulk emulsion that is pumped into holes as this
zay offer a lower unit cost explosive than cartridged products.

INITIATION SYSTEMS

The basic requirements of an initiation system for stoping are
that all holes explode, and in a predetermined sequence. At
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present, fuse-igniter cord systems are used almost exclusively
as this is the simplest, most inexpensive and easiest to use
method available. Alternative initiation systems which
incorporate millisecond-delay firing of holes have been and are
still being developed and their performance evaluated. However
the full benefits of these systems must be quantified to
identify whether their higher cost as compared to fuse-igniter
cord systems can be justified.

The following gives a brief description of important aspects of
fuse-igniter cord systems. The ends of capped safety fuse
protruding from blastholes are connected in order with a
trunkline of igniter cord that, as it burns, sequentially
ignites the fuses (see Figure 1). Provided the correct
combination of igniter cord burning speed, fuse length and
spacing of fuse connections along the igniter cord
(interconnector spacing) is observed, holes are fired in
sequence at 4-8 second intervals. Hence, there is no dymamic
interaction between holes. The distance which separates an
exploding hole and the igniter cord flame front is known as the
burning front or lag distance (see Figure 2) which is generally
between 3-5 m in length, depending on fuse length,
interconnector spacing and the fuseé and igniter cord burning
speeds. As the burning front increases, the likelihood of blast
induced igniter cord trunkline cut-offs decreases.. These
cut-offs aré caused chiefly by rock loosened from the stope face
and hangingwall by ground vibration.

A basic problem of fuse-igniter cord systems is that strict
sequential firing and a long burning front represent opposing
interests and a compromise is necessary. As the interconnector
spacing is decreased, the probability of out-of-sequence shots
increases (due to inherent burning speed variations of both fuse
and igniter cord), but the burning front increases. Likewise,
as the interconnector spacing is increased the probability of
out-of-sequence shots decreases while the burning front also
decreases. A graphic representation of this relationship is
given in Figure 3.
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Initial application of igniter cord for sequential firing(6)

Igniter cord was developed by Nobel's Explosive Company in the
U.K. and was introduced in 1951 in South Africa for sequential
initiation of blastholes in stoping and development. The
introduction of igniter cord assisted efforts in developing
longwall mining methods which began in 1945. Igniter coxd
facilitated sequential lighting of fuses without the need for
hand lighting of fuses while travelling down the stope face.
The use of igniter cord obviated the requirement of cutting
fuses to various lengths for timing shots and it opened the way
for delayed blasting. Consequently, blasting accidents and the
exposure of personnel to fuuwes were greatly reduced. In
addition, holes could now be drilled straight into the face
instead of in benches and this provided for greater face advance
and more concentrated mining with its associated advantages.

Improvements to fuse-igniter cord initiation systems

Following the application of igniter cord to sequentially
initiate the burning of fuses during the 1950‘s it was found
that inherent burning speed variations in both fuses and igniter
cord were the cause of out-of-sequence firing of blastholes.
Such non-sequential firing causes overburdening of subsequent
blastholes and can lead to a host of problems including poor
advance, increased hangingwall damage and irregularly shaped
faces that hamper cleaning and require a lower producing blast
to straighten the face. Non-sequential firing can also lead to
miners compensating by over drilling and over charging,
resulting in an inefficient operation. A long term effort was
mounted during the 1960's to improve the quality and reliability
of fuse-igniter cord systems. Extensive collaboration took
place between COMRO, AECI and various mines.

Pigtails
Work on a pigtail initiation system was conducted from 1966 to

1968. This system was aimed at eliminating the tiring errors
introduced by the burning speed variability and incorrect
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application of the igniter cord (variable interconnector spacing
between fuses). The system consisted of capped fuses with
special connector clips that incorporated a chemical delay
element and a short length of igniter cord. After loading, the
igniter coxds were coupled from one unit to the next in sequence
and served only to ignite the delay units in sequence.
Unexpectedly wide variation in the burning speed of fuses

rendered this system ineffective.
Consecutively cut fuses

Safety fuse marketed in South Africa is designed to burn at

110 s/m t 10 per cent (statutory limits = 99-121 s/m). 1In the
manufacturing process fuse is made in 1 km reels and, while the
burning speed of fuses cut from different reels may fall
anywhere within the statutory limits of 99-121 s/m, the burning
speed variation between fuses cut consecutively from a reel is
small (<4 s/m). This feature gave rise to the concept of
bundling fuses in consecutively cut packs of 25 fuses each.
Fuses within these 'special pack' bundles had a burning speed
variation of less than 4 s/m and offered greatly improved
sequential firing when used properly. Special pack fuses were
marketed from the early 1970's up to 1984 when they were
replaced by colour coding of fuses.

Colour coded fuses

Although safety fuses were made available in bundles of 25
consecutively cut fuses of similar burning rate, a high
probability of out-of-sequence shots still existed between
bundles of different burning rates used on the same face; and
between individual fuses when fuses from different bundles were
mixed. To alleviate these operational problems a system of
colour coding all fuse bundles according to burning rate was
developed in 1984(7), Fuse reels are graded during
manufacturing and bundles of 25 fuses are colour coded so that
the burning speed range in any one colour band does not exceed
8 s/m. All fuses within the same bundle maintain a 4 s/m
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burning speed variation. This facilities the use of bundles
with similar burning speeds on the same face so that a low
probability (0,1 per cent) of out-of-sequence shots, both
inter-bundle and intra-bundle, is virtually guaranteed provided
the correct interconnector spacing is adhered to.

Stopesets

It is often difficult to ensure that the correct interconnector
spacing is adhered to by miners. For this reason the Stopeset
system was developed and made available in 1980. It is
comprised of immoveable plastic adaptors fixed to igniter cord
at regular intervals which mate with fuses fitted with special
snap connectors (see Figure 4). The Stopeset system together
with colour coded fuses ensures a low probability of
out-of-sequence shots because it ensures the correct combination
of fuse length igniter cord type and interconnector spacing.
However, the Stopeset system is currently being used by only a
few mines due to its higher cost over normal fuse igniter cord
products. Large scale production trials have been conducted on
various mines in an attempt to quantify the benefits of using
Stopesets as compared with normal accessories. These trials
indicated marginal benefits from the use of Stopesets in terms
of efficiencies and face advance, however the variable nature of
conditions encountered during mining obscures a direct and full
comparison.

Wetspun safety fuse

During 1981 the manufacturing process for fuses was upgraded to
produce a more consistent fuse burning speed. This new
manufacturing method is referred to as the wetspun process as
the black powder is in a slurry form when the fuse is made. The
wetspun process in use tcday results in 90 per cent of all fuses
produced falling within the burning speed range of 104-116 s/m
{(burning time variation < 12 s/m).
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Stopecord

During 1978 a new igniter coxd, Stopecord, with greatly improved
water resistance was introduced. Stopecord is a twin igniter
cord which consists of one strand of slow igniter cord that is
encased with either medium or IC 57 igniter cord. Prior to
stopecord, medium and IC 57 were the two most common types of
igniter cord used in stoping. These igniter cords depend
entirely upon their sheaths to resist the harmful effects of
water which can cause failure of the igniter cord. Slow cord is
very resistant to water and in stopecord it serves as a means of
relighting the faster burning igniter cords to which it is
attached in case the sheath has been damaged and exposed to

water.

An additional feature is that stopecords are significantly
stronger than normal igniter cords and are therefore less likely

to be cut-off during the blast. This product has found wide
acceptance on the aines.

Stope fuse - stope line

Stope fuse - stope line, an experimental fuse-igniter cord
system which holds the promise of improved timing accuracy and
reliability, is currently undergoing initial field trials. This
system is based on a twinned slow igniter cord which has both
excellent water resistance properties and the most consistent
burning rate of all igniter cords. A slow burning fuse to match
the stope line is made using the wetspun fuse manufacturing
process. The overall result is a system that is more reliable,
produces better sequential firing and has a greater burning
front than systems currently used. 1Initial findings from field
tests have been most promising and it is likely that this systeam
will replace normal fuse-igniter cord systems in the future.

Underground blasting gallery

To assist in the design and testing of fuse-igniter cord systems
an underground blasting gallery in the form of a simulated stope
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face was operated from 1978-1985 The gallery was instrumented
to measure the burning times of each loop of igniter cord and of
each fuse as well as the resulting firing times of individual
shots and the burning front(8), No explosives were used in
these tests. An important feature of the gallery was that it
offered similar environwental conditions (temperature, humidity
and atmospheric pressure) to those found in stopes as these can
affect significantly the performance of fuse-igniter cord
systems. The gallery was equipped to test narrow-reef,

wide-reef and development end initiation systems.

A computer model of sequential firing in stopes was developed
and used in conjunction with the blasting gallery to design
sequential firing systems. More than 750 000 safety fuses and
250 km of igniter cord were tested at the gallery and it played
a primary role in most of the above mentioned developments in
fuse-igniter cord systems.

By 1985 the quality of fuse-igniter cord systems had reached the
stage where less than 2,5 failures (out-of-sequence shots plus
misfires) per 1000 shots would result when systems were used
properly. Furthermore the stope fuse-stope line system holds
the potential of reducing this failure rate. It was therefore
decided in 1985 to discontinue work on improving fuse-igniter
cord systems because it appeared that further improvements would

be marginal at best.

Millisecond-Delay Initiation Systems

In addition to the inherent problems and limitations of
fuse-ignitexr cord systems discussed in previous sections, a
further limitation is that this systea does not make use of
dynamic interaction between holes. With fuse and igniter cord,
the burden rock of each hoje has been broken and the fragmwents
have come to rest long before the next hole fires. However,
when holes are fired at sufficiently short intervals, the time
span of breakage and heave of neighbouring holes will overlap.
Thus the breakage process of adjacent holes can be made to

interact in a constructive fashion.
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Work has been and is being conducted on millisecond-delay
initiation systems with the objectives of improved sequential
firing, improved reliability and the utilization of dynamic
interaction between holes to improve throw and fragmentation of
rock. By increasing the amount of blasted rock thrown towards
the gully the time necessary to clean the stope can be reduced,
allowing shorter cycle times and dreater mining rates. A
further reduction in cleaning times may also accrue from a
reduction in the amount of large rocks that are difficult to

handle and which require secondary breakage.
Electronic and electric imitiation systems

During the mid to late 1960's an electrical and an electronic
method of sequential firing were investigated{(%). 1In the
electrical method a sequential electric firing device located
remotely from the blast was used to initiate ten banks of ten
electric delay detonators. Successful sequential firing by this
method depended upon the delay accuracy of the detonators and
upon ensuring that the detonator wires remained unbroken until
the detonators were energized. This system was unsuccessful due
to a lack in the availability of precision electric delay
detonators and to cut-offs of lead wires before detonators were
energized.

In the electronic method, individual timers were used with
instantaneous detonators in each blasthole to overcome the
problems associated with the electrical switching method
degscribed above. This system functioned successfully however it
was found to be too costly and complicated for routine use.
Although a commercial system was not produced from these
efforts, primarily because of limits in electrical/electronic
technology, these early investigations laid the ground work for
current efforts.

During 1985 emphasis shifted away from efforts to improve the
quality of fuse-igniter cord systems in favour of the
development of alternative initiation systems. As mentioned
earlier it is believed that the quality of fuse-igniter cord
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systems has reached a plateau, with only minor improvements
forthcoming, and therefore efforts would be better utilized in

the development of alternative initiation systeas.

The most promising type of new initiation system at present is
based on electronics. Collaboration with a local manufacturer
has reached the stage where this system is performing well in
surface tests and a mine worthy unit is now being developed.
Underground trials are expected to commence during the first
quarter of 1988.

The architecture of this system is such that it meets fully the
requirements of an initiation system for stoping. Identical
timing units are placed in each blasthole and these are hooked
to a trunkline in the desired sequence of firing. Before
energizing the system, a timing signal is passed from the first
hole to the last. Only after all in-hole timing units have been
energized does the first hole fire and therefore no blast
induced cut-offs of the initiation system will occur. The
timing period between shots is uniform, it can be easily changed
in manufacturing and it is accurate to within one millisecond of
the specified delay time. It is expected that this system will
be easier to use and perform more reliably than fuse-igniter
cord systems. The largest unknown at this stage is the cost of
a final unit but at present this is projected to be
approximately R2 per unit.

The Nonel system

Currently the only commercially available millisecond-delay
initiation system that is suited for stoping is the Nonel
system. Nonel consists of a small diameter plastic tube which
is internally coated with a thin film of reactive material.

When initiated, either »v a detomator or detonating cord, a low
energy shock wave is transmitted along the inside of the tube at

about 2 km/s to a detonator crimped onto one end.

The commonly used layout of the Monel system in stoping is shown
in Figure 5., A double detonator arrangement (Unidet) is used
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where the delay of the in-hole detonator is about 10 times that
of the surface detonator and this provides a detonation front
(equivalent to a dynamic burning front). Holes are harnessed in
pairs to enhance reliability as the initiation process will
continue onto subsequent holes even if one unit fails. Nonel
does not fully meet the requirements of an initiation system for
stoping as it is subjected to the imnaccuracies of pyrotechnic
delay units in detohators and also to blast induced cut-offs of
the initiation system.

Since its introduction as an experimental product for stoping
during the early 1980's a number of trials have been conducted
by mines and the results have been monitored by COMRO. Until
recently a meaningful evaluation of this system has been
hampered by quality control problems in experimental units. A
production version of the Nonel system is currently being used
by one mine {(Harmony) at a rate of 30 000-40 000 units per
month. In addition efforts are underway to characterize the
performance of, and the benefits from, this system at the COMRO
test site at Doornfontein. Results of this work are discussed
in a later section (4.3).

ROCK _BREARAGE METHODS

There are many ways in which to apply explosives to rockbreaking
in stopes. This section describes work that has been done on
different rock breakage methods. Most of these involved a
change in one or more of the following:

Burden rock geometry, hole dimensions and charge geometry.

These factors have a direct bearing not only on the breakage
process itself but also on other stoping functions such as
cleaning and support. For example, the blasting method
determines the amount of rock produced and the way in which it
is displaced into the stope. The blasting layout dictates the
shape and extent of muck pile to be cleaned, the way in which
support is loaded by the blast, whether or not a blast barricade
is needed, the importance of sequential firing and so forth.




3.1

3.2

20

Long Hole Blasting

Experiments in long hole blasting were conducted on a number of
mines during the late 1950's and early 1960's(6) 3 stope
layout for this method is given in Figure 6. Some of the
advantages envisaged were that the face would require no daily
examination, barring down and support; there would be no socket
to clean; only a few well drilled holes would be drilled

instead of hundreds of short holes that were frequently badly
marked, inaccurately drilled and cften not properly charged.
Consequently, better supervision and more rapid face advance was
expected.

Holes of 50 mm diameter were drilled parallel to the stope face
by pneumatic drills from advance strike gullies which were in
effect sub-levels. Holes were charged with ammon gelignite
cartridges and the holes were traced with detonating cord to
ensure propagaticn of the explosive reaction along the entire

charge length. Rock was blasted onto a rolling scatter pile.

A number of reasons have been cited for the failure of this
method and the two most important of these seem to be: firstly,
problems in controlling drill hole deviations with long holes,
and this was made worse in fractured ground; and secondly, holes
became unchargeable in deep fractured stopes due to relative

movement of rocks along fracture surfaces over the hole length.

Wide Reef Guts Hole

Work was done during the mid 1970's on reducing the numbexr of
holes drilled in wide reef stopes, the main objectives being to
reduce the time spent on drilling and to improve the performance
of fuse-igniter cord initiation systems in wide reef stopes.

Standaxd drilling patterns normally used in wide reef stopes are
comprised of small diameter holes (30-40 mm) drilled about
400-600 mm apart both horizontally and vertically. It was found
in underground tests that the number of holes could be reduced
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by up to 40 per cent by employing a row of large diameter (guts)
holes at mid stoping width. These holes were capable of
breaking about half of the rock being mined with the remainder
then being broken out by small diameter holes near the
hangingwall and footwall (see Figure 7).

Diameters of up to 64 mm were required for the guts holes and
this was found to be beyond the productive ability of the
pneumatic hand-held rock drills in use. Thus a clamping device
was designed for linking the bores of small diameter holes
drilled in parallel (see Figures 8 and 9). An attractive
feature of fewer holes being drilled was that the design and
implementation of the fuse-igniter cord initiation system was
made simpler.

The main problems associated with the non-acceptance of this
method by the mines were that:

(i) the drilling of the guts hole was an arduous task that
required considerable skill on the part of the operator.

(ii) Close supervision was required as both accurate hole
patterns and a high degree of sequential firing were
critical to the achievement of acceptable breakage
results.

Short Hole Blasting

During the early 1970's an extensive programme of work was
conducted to investigate short hole (750 mm) blasting
methods(10,11), 1t was believed that there would be
advantages in using short holes in preference to longer holes
(1,1-1,5 m) whenever the difficulties arising from the use of
long holes xesulted in a face advance of less than 6 m/month.
The following benefits were expected with the use of short
holes:

(i) smaller charges could be used with less damage being
caused to the hangingwall and to stope supports.



22

(11) strict sequential firing would not be necessary since
rock is essentially 'cratered' from the stope face and
therefore each hole breaks virtually independently of the
others.

(iii) the amount of rock broken would be more corpatible with
the capacities of scraper cleaning systems and might make
possible the drilling and blasting of the entire face
each day.

(iv) A smaller advance per blast together with more frequent
blasting was expected to assist strata control because
after the blast a shorter span would be left unsupported
for a shorter period.

Computer simulation of mining operations together with
underground experiments were used to evaluate short hole
blasting methods. As a result of these simulation studies it
became clear that significant improvements in stope production
could be achieved by the use of shorter holes, but that these
were dependent on five related improvements, namely, increases
in cleaning and drilling capacities, reductions in the times
taken to prepare the face for cleaning and to charge up after
drilling, and overall reduction of the time required for
completion of a cycle.

In order to effect these improvements the panel layout was
altered to that shown in Figure 10 . In addition light weight
pneumatic rock drills (20 kg) and unitized explosive cartridges
(1 of 25 x 600 mm cartridge per hole) were used.

It appears that the principal reasons for this mining method not
being widely adopted is that more cycles were required for the
same face advance and cycle completion on a daily basis was
hampered due to difficulty in reducing the cleaning times to
acceptable levels.
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Unitized Caxtrxidges

The concept of unitized cartridges arose out of the work on
short hole blasting discussed above. It was believed that the
loading of a single cartridge in each hole rather than numerous
shorter cartridges would reduce the charging-up time(11)  1n
addition, the unitized charge concept was seen as a potential
method of controlling the amount of explosive used per hole,
These cartridges were used extensively during the short hole

blasting evaluations.

The factors which lead to the failure of this approach to gain
acceptance were the higher unit cost of explosives in this form
due to packaging and the ease by which miners could segment
unitized cartridges to circumvent the control of the amount of
explosive used per hole.

Guar Gum as a Couypling Agent

During the mid 1970's field studies were conducted to determine
the benefits of using guar gum as a coupling agent in
blastholes(12)

Because of the severe gauge wear of drill bits caused by éhe
abrasiveness of gquartzites in gold mines, diameters of drilled
holes may vary from about 28 mm to 42 mm., This resuits in the
presence of an air gap between the stick explosives inserted in
the drilled hole and the sides of the hole. This air gap is
filled to some degree by consolidation of cartridges in holes by
the charging stick. Such consolidation was however more
difficult with utilized cartridges because of their length. The

air gap decouples the explosive from the rock and decreases the
breaking effectiveness of the explosive.

The aim of this study was to investigate the effect that a
coupling agent would have in minimising or overcoming decouplihg
of the stick explosive, without increasing the bulk of the

explosive charge. The coupling agent consisted of a gquar gus
formulation (3 per cent powder, 97 per cent water) which was

mixed by hand with water on site.
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A suite of blasts with 600 mm long Gelignite cartridges
(unitized cartridges) of various diameters was conducted under
controlled conditions to miniaise the number of variables
between blasts. The tests indicated a minimal apparent benefit
which did not warrant the extra supervision and man-hours
required for use of the coupling agent.

Graded Charges

Graded charges are a common method of blasting in surface mining
where a greater concentration of explosive energy is used in the
bottom portion of holes where breaking is most difficult. Out
of a combination of this concept with the unitized charge
concept came the idea of a graded, unitized charge for stoping.
It consisted of a unitized cartridge with a cardboard sleeve
around one half to give an explosive diameter that was larger at
the lower half of the charge. A slurry explosive (relatively
soft) was used in order to facilitate charge consolidation at
the hole bottom.

Although a meritorious concept, the significantly higher cost,
and poor performance of the newly developed slurry explosive
were the main reasons for the failure of this charge.

Shaped Chardges

Shaped explosive charges hold the potential of providing an
explosive system for rock breakage without drilling.

The drilling process is time consuming and is becoming
increasingly expensive due to rising labour costs. One
potential method of reducing the time and cost to complete a
mining cycle is by using shaped charges to simultaneously
penetrate and break out the rock. In this application a number
of conical shaped charges would be set up in the appropriate
pattern with a small stand off distance from the face (see
Figure 11}. The conical shaped charges would produce an
initially thin jet which penetrates the rock while the intense
radial pressures produced during penetration breaks out the rock
(See Figure 12).
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A simple cost calculation based on penetrations reported in the
literature has shown that a shaped charge technique could be
comparable in cost to drilling and blasting methods(13). .
Discussions with local specialists in the armaments industry
have confirmed that such a technique could be feasible.
Exploratory tests with shaped charges in stopes will begin in
the first half of 1988.

Blast Assisted Resue Mining

It has been proposed(14) that the blast be used to cast the
waste portion of the stoping width directly into place as
backfill while the ore is fragmented but left largely in place.
A schematic illustration of this blast assisted resue mining
process for various mining conditions is given in Figure 13.

Potential advantages of this system are reduced ERR levels,
improved effective grades, reduced labour requirements and
increased stoping widths for an improved working environment and
mechanization potential. Potential disadvantages are gold
losses to the backfill, increased support damage, the need for
accurate drilling of holes in more complex pattern and the need
to accurately control the charging and initiation timing of
holes. 1In order to achieve the required rock throw and
initiation timing, a more reliable and easy to use
millisecond-delay initiation system is needed. A further
drawback is that the ability of keeping the waste and ore
portions separate in fractured stopes is questionable.

However this method does have potential in relatively
unfractured rock where parting planes exist between the ore and
waste rock. It is intended to investigate this technique in the
future following the development of an accurate and reliable

electronic initiation system.

ROCK_BREAKAGE PROCESS

The results of blasting are one of the major factors that
determine the cost, productivity and safety of the stoping
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operation. A full understanding of explosive/rock interactions
is necessary for blasting to be conducted in a controlled manner
that is cospatible with other stoping functions such as stoping

width control, strata control and rock cleaning.

However, the explosive rock breaking process has not yet been
well quantified for any type of blasting and this is especially
so for underground mining.This is largely because blasting does
not lend itself easily to investigation due to its violent and
dynamic nature, and also because of the large number (and wide
range} of important variables which affect blast results. Even
for the small charges used in reef mining the power released by
one hole is on the order of 10 000 MW, comparable to the South
African electricity demand of about 17 000 MW.

Meaningful progress has been made towards improving the
understanding and control of blasting by combining results from
field investigations with general developments in blasting
science. The following summarizes work done on understanding
better the rock breakage process in narrow stopes.

Assessing the Rockbreaking Capgbilities of ANBA

As part of the programme to apply ANBA explosives to gold mines
during the 1950's and 1960's one objective was to identify the
performance characteristics and economic benefits of using ANBA.

In order to quantify the breakage ability of ANBA a good deal of
work was done on the mines to measure the dynamic strain
produced in rock from ANBA and NG explosives(2), As a direct
check on the performance of the explosive, the velocity of
detonation (VOD) was also measured. This technique served
mainly to determine the effectiveness of loading techniques and
initiating devices for ANBA as well the effect of water on this

explosive,

Measurements showed that, in the same diameter hole, ANBA
explosives produced greater magnitude strain pulses in rock due
to a better filling of the hole because of the bulk form. These
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tests served their basic objective in that the performance of
ANBA was established. However, a direct correlation between the
character of strain wave and the resulting rock breakage was not
in evidence. It was concluded that further work was necessary
before a full understanding of blasting would be realised.

Field Trials of Down_Graded Anfex and Other Explosives

This work was conducted during the early 1970's after Anfex had
been observed to cause excessive (fine) fragmentation of rock,
increased stope widths and damage to the hangingwall and
footwall(15), 1In an endeavour to reduce this excessive
breakage, LS Anfex, a down-graded form of Anfex containing 80
per cent limestone chips, was evaluated.

Field trials were conducted to compare Anfex, LS Anfex, a
fertilizer grade Anfo (denseprill) Dynagel and Ammon Gelignite.
Their performance was determined on the basis of their
efficiencies, degree of fragmentation which they caused and the
amounts of gold lost as a result of fines produced.

Unfortunately, a true comparison of these explosives was
partially obscured by changing stress conditions in the rock due
to hearby stoping by the mine. It was found that drilling
efficiencies for the cartridged explosives were similar at about
3,4 m/ca, but those for Anfex and LS Anfex were significantly
less at 4,2 m/ca and 3,8 m/ca, respectively. The lowest
consumption of explosive was of Gelignite (1,6 kg/ca) followed
by Dynagel at 1,7 kg/ca. The consumption of granular explosives
was much greater, being 2,5 kg/ca for Anfo, 2,6 kag/ca for Anfex
and 3,4 kg/ca for LS Anfex. The fragmentation of rock was not
greatly diffexent between the explosives but was in line with
the explosive consumptions. On the basis of these experiments
it was suggested that cartridged explosives offered superior
performance (as defined earlier) to granular bulk explosives.
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Millisecond-Delay Blasting

The potential benefits of using millisecond-delay initiation
systems which provide dynamic interaction between neighbouring
holes was discussed in section 2.2. A pilot study to
investigate benefits of using millisecond-delay initiation
systems in stoping was conducted during the early 1980's(16),
The aspects studied were the effects of various delay times on
fragmentation, throw and ground vibration. A short (12 m)
up-dip panel in a near-surface site (150 = deep) was used for
the experiments. A special initiation system was used (not
suitable for production use), comprised of a programmable
blasting machine and short period electric detonators.

it was found that interaction between adjacent holes occurred
below inter-shot delays of 150 ws resulting in enhanced throw of
rock into the gully (see Figure 14). Fragmentation results were
inconclusive due to only grab samples (1-2 per cent of total
rock broken) being examined. The intensity of grouad vibration,
and its deleterious effects on strata control, was not enhanced
by short delays over the range 10-200 wmilliseconds.

The above tests identified that there are potential benefits
from the use of millisecond-delay firing of shots in stoping.
This work evoked interest in industry and a number of mines
began using the Nonel initiation system. However conflicting
reports as to the merits of millisecond-delay firing made it
clear that additional work was needed to investigate the effects
of other important variables, namely:

(1) longer stopes

(ii) the fractured rock conditions in deep stopes

(iii) explosive type

{(iv) hole patterns and timing combinations.
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During mid 1986 a programme to investigate more fully the above
variables and quantify the operational benefits of
millisecond-delay firing was commenced at the Doornfontein test
site (=2 400 m deep). Initial tests conducted at this site
centered chiefly on throw aspects (see Figures 15 and 16). .
Extensive experimentation will be conducted over the next two
years to cover the range of important variables listed above,

Characterization of Stope Blasting

During the early 1980's when interest was aroused in
millisecond-delay firing of stope blasting it was identified
that a better understanding of the fundamental processes
involved in conventional stope blasting was required, both for
the design of fuse-igniter cord and millisecond-delay blasts. A
programme was therefore embarked upon in 1983 (still in
progress) to characterize the stope blasting process
comprehensively. The overall objective is to develop blast
design guidelines as an aid in optimizing the stoping

operation. The approach is to establish empirical relationships
between the important variables encountered in stoping (e.g.
explosive type, burden geometry, rock conditions) and the
important results of blasting (e.g. fragmentation and throw of
rock, air blast, ground vibration), while at the same time to
define the mechanisms of explosive rock breakage in order to
enhance the general usefulness of the empirical relationships
for blast design.

Initial work was conducted at a near-surface test site (185 m
deep) in order to develop instrumentation for measuring the
dynamic events associated with blasting while at the same time
characterize the blasting process in rock under low

stress(17), puring 1986 a deep experimental stope (2 400 m)
was commissioned at Doornfontein in order to characterize the
blasting process at depth. A wide variety of instrumentation
and measurement techniques has been developed(17,18,19),

These include systems for high speed photography of both single

and multiple hole blasts, for measuring ground vibrations,
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airblast and dynamic rock strain close to the blasthole, and for

measuring the gas pressure at the hole collar. A brief sumsmary
of findings of these studies follows.

Rock fragmentation

The size distribution of rock fragments from stope blasting is
important for nuserous reasons. Large rocks present
difficulties in rock cleaning and subsequent handling and may
require secondary breakage in order to pass through the ore pass
grizzley. Damage to stope support and blast barricades is
increased when large fragments are produced because support
reaction forces are much higher when impacted by one large

fragment as compared to an equal mass of noncoherent particles.

Intense fragmentation is also undesirable as fines can become
trapped in cracks and crevaces in the footwall resulting in gold
losses. Furthermore, smaller sized rocks are not amenable to
hand sorting and fragmentation that is too fine is known to
disable the often used antogenous milling process and this
necessitates the addition of steel balls and thus higher milling
costs.

A programme of experimentation was undertaken to quantify the
size distribution of fraqments produced by stope blasting in
order to relate stope blasting to important operational
variables such as the type, quantify and distribution of
explosive and to rock conditions that existed prior to
blasting. A suwmary of findings from the experiments is
illustrated by Fiqures i7-19.

The dependence of average fragment size, dsg, on specific
explosive energy (MJ explosive/m3 rock) for various explosives
at a near surface (185 m deep) test site is illustrated by
Figure 17. With the exception of Powergel, the average fragment
size produced by all the explosives tested were comparable on a
specific energy basis. Powergel produced an average fragment
size that was 25% finer than that of other explosives and this
effect is attributed to the comparitively higher velocity of

detonation and therefore greater power of this explosive.
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Figure 18 shows the effect of depth of mining on the
fragmentation measured at different test sites. Note that'fbi
the same specific energy, the average size of fragments |
decreases with an increase in depth of the site. It is believed
that this effect is due to the contribution of mining induced

stress fractures to fragmentation.

The fragment size at 90,50 and 10 per cent passing versus
specific energy is given in Figure 19. Note that range of
fragment sizes decreases, toward smaller sizes, as specific
eneirgy decreases. Above a specific energy of about 8 MJ/m3
(approximately 2 kg/m3) there is little reduction in the amount
of large fragments. Blasting with a specific energy value in
excess of about 8 MJ/m3 will not have wmuch effect on reducing
the numbers of large rocks but will, however, cause a greater

amount of undersirable fines.
Airblast

The character of airblast produced by a typical stoping
blasthole is given in Figure 20. Measurements at distances of
2 m from blastholes have shown that air pressure waves exhibit
high peak pressure (350 kPa) but low impulse (pressure x time)
due to their short duration. The application of basic
principles of airblast damage used by the military shows that
airblast damage to stoping equipment is highly unlikely. This
supports the view that impact by rock fragments is the major

cause of damage to stoping equipment.
Ground Vibration

Figure 21 gives relationships that describe the magnitude of
ground vibration from stope blasting as a function of distance
and explosive mass per hole. These curves were developed from
actual measurements of blast induced vibrations at the near
surface test site. Also shown in the figure are various damage
thresholds reported in the literature which indicate the

expected response of the rock to various vibration levels. This
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information is directly useful in designing the burning front
distance required by fuse and igniter cord systems in order to

avoid cut-offs of the igniter cord trunkline.
Breaking capacity of charges

The breaking capacity of various explosives as a function of
hole diameter and the degree to which the explosive diameter
matches the hole diameter is shown by Figure 22. This figure
shows clearly that a wide range of charge breaking capacity
exists and this highlights the need for guidelines to facilitate
proper blast design.

Blast loading of stoping equipment

This section describes briefly the types and character of blast
induced loads on stoping equipment. This information was
derived from vibration, airblast, and high speed photography
studies in experimental stopes. It is shown that impact by
flying rock 1s responsible for blast damage to stoping equipment
and important factors that determine the magnitude of rock loads

are discussed.

During blasting, explosive energy is partitioned into three
areas that are available for interaction with stoping

equipment. These areas are airblast, hangingwall and footwall
vibration and flying rock. There is no simultaneous action of
these forces on stoping egquipment because of their differing
propagation speeds. The respective speeds of airblast and
stress waves in rock are one and two orders of magnitude greater
than rock fragment velocities. Figure 23 shows the approximate
time span over which blast induced loads are applied to
near-face stope support.

As discussed in sections 4.3 and 4.6 of reference 17 and section
4.4.2 of this report, airblast and ground vibration will not
have a significant affect on stope support and barricades. The
air blast pressure pulse is of short duration and therefore the
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impulse is too small to cause damage. Also, the magnitude of
rock displacement near the charge (<1 m}) in both the hangingwall
and footwall due to vibration (stress waves) is only a few
hundred microns. It is emphasized that support and barricade

damage is due to impact by flying rock.

Important factors that will determine the force of rock loading
are the amount of rock broken per hole, the size distribution of
fragments, the velocity and direction of movement of fragments

and the separation of fragments within the flow of moving rock.
In general, rock loads will decrease with:

(i) decreasing rock mass broken per hole,
(ii) lower fragment velocities,
{i1i) a direction of impact that is at an increasingly smaller
angle with the surface of the equipment being struck,
(iv) a finer size distribution of fragments, and

(v) a greater spatial separation of in--flight rock fragments

The first three of these points are obvious and the last two
points are illustrated in Figure 24 which shows qualitatively
the different character of rock lcads by a large rock and by an
equivalent mass of incoherent particles. The Figure depicts an
elongate support element (hydraulic prop or timber pole) but the
same principles also apply to other types of equipment such as

barricades. The single fragment will generate a greater load

than a stream of smaller incoherent particles because separate

fragments will not act on the impacted object at the same time.
Also, as the separation of rock fragments is increased, the rock
loads will decrease since the kinetic energy density of the

stream of fragments has decreased.

Cross-hole pressurization

Another impeortant finding of stope blasting studies was the
observation by means of high speed photography that explosive
gases can travel along fractures to invade adjacent holes before

they fire (See Figure 25). This can lead to breakayge problems
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caused by the explosive charge in adjacent holes being
desensitized to initiation, ejected from the hole before it

fires, or being detonated sympathetically.

This phenomenon is expected to be most common in deep stopes
where rock is highly fractured. Further work under these
conditions is necessary to understand the frequency and

implications of cross-hole pressurization.

Blasthole liner technique

Another significant achievement has been the development of a
research technique, based on a metal blasthole liner, of
separating the two basic energy sources available for rock
breakage, i.e. shock wave and subsequent gas expansion. The
blasthole liner prevents the penetration of explosive gas
products into the rock mass surrounding the charge. These gases
are exhausted through the blasthole collar after the initial
blasthole expansion following detonation. With this technique
the shock wave stage of breakage is virtually identical to that
of a normal hole while the breaking action due to subsequent gas
expansion is eliminated. The layout used for blasthole liner
tests is given in Figure 26. The blasthole liner technique has
assisted greatly in understanding the mechanisms of explosive
rock breakage in stopes. For instance, from the use of this
technique an understanding of the difference in breakage affects
of emulsion explosives as compared to Dynagel and Anfex (ie.
differences in fragmentation, rock damage and advance) has been
gained.

The findings of the characterization studies completed so far
have widespread implications for stoping operations as discussed
above. A preliminary design methodology has been developed
which includes the major variables encountered in
stoping(17,21), A final version of this blast design method

is scheduled to be completed during 1988.
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INTRODUCTION

In the early days of gold mining in South Africa, blast holes
were produced by striking.a short drillsteel with a hand held
hammer, generally 1,8 kg (4 1b) mass, and rotating the steel
between successive blows. Water was introduced into the holes
to remove chippings and allay dust, this was self cleaning from
holes drilled above the horizontal but had to be removed by a
cloth rag on the end of a stick for holes drilled below the
horizontal, (1), With manual drilling it was only possible for
a man to drill one 0,9 m hole in a shift, making the operation

very labour intensive.

In 1892 the first pneumatic rockdrills were introduced into the
gold mines on the Witwatersrand,(2), these were large machines
weighing 90 to 135 kg that had to be rig mounted, with a screw
feed for thrusting. With these drills it was possible for a
two-man crew to drill 7,3 m (24 ft) per 8 h shift, the low
performance resulting from the poor mobility of the drill/feed

assembly and laborious method of changing drillsteels.

Over a period of years these pneumatic rockdrills were developed
and resulted in a 'light', 32 kg, hand held drill that was
manually thrust by the two-man crew. Torque was produced in
this design of drill by mechanically linking the rotation and
percussion mechanisms via the rifle-bar and the output was
adequate for drilling in the competent rock encountered. By
1935 these machines were in use throughout the South African
gold mining industry for drilling blast holes, and a two-man
crew could drill 30,5 m (100 ft) in an 8 h shift, see Table 1

for comparisons.
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Table 1 COMPARISON OF PERFORMANCE FOR EARLY ROCKDRILLING

TECHNIQUES(2)

Fathoms Broken Tons Broken Per
Method Per Machine Shift|'Drilling Boy' at 4ft
(1,2 m) Stoping Width
Hand Drilling - 0,5
'01ld' Reciprocating Machines 5 (2 natives) 3,0
'Modern', (1946), Jackhammers 3,4 (2 natives) 18-24

In the mid 1950s there was a general acceptance by the Industry
that significantly improved drilling performance could be
achieved if the thrust on the pneumatic drill was improved. A
'simple' pneumatic thrustleg was designed and introduced which
resulted in a drilling rate of 10 m/h being achieved, however,

it was 10 years before this improvement was fully implemented.

As the depth of the mines increased the rock conditions changed,
the compressed air systems became inefficient and as a result
the drilling performance of the thrustleg mounted pneumatic
rockdrills deteriorated. In order to improve the drilling
operation the Research Organization of the Chamber of Mines
instigated a programme of work to determine the factors
affecting drilling and thus the design specifications for an
effective rockdrill and thrustleg assembly, and subsequently

develop an improved rockdrilling system.

FUNDAMENTALS

The ability of a rockdrill to drill a hole can be affected by:

(1) rock condition

(ii) rockdrill performance characteristics
(iii) drillsteel bit configurationm

(iv) thrusting mechanism characteristics

(v) hole diameter and length
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Rock Condition

The rock encountered at the face of the stopes in the South
African deep levels mines is generally highly fractured, with
spacing from 10 to 300 mm for distancésAup to 7 m in édvance of
the face(3). The fractures in the rock result from the high
stresses occurring around the discontinuity of the stOpe(4)

and affect the drilling of blast holes in the stope face at all

stages:

(1) collaring the hole; pieces of the face spall off, slabs
come away and the hole makings are lost causing holes to
be drilled inaccurately, the spalling aund slabbing also
make collaring the hole difficult and physically tiring

for the operator.

(ii) drilling the hole; pieces of rock around the already
drilled hole spall off and bind on the drillsteel,

iancreasing the torque required from the drill.

(i1ii) removing the drillsteel; the pieces of rock that spall
off in the hole jam between the rear of the bit and the
hole side and make drillsteel removal difficult and

tiring.

(iv) moving equipment between holes; the poor hangingwall
conditions require support close to the face, making it
more difficult for the operator to move the equipment
between holes and increasing the physical effort

required.

(v) drilling from rigs; the close face support and high
density of support required in the stope make the use of

drill rigs extremely difficult.

From the mid 1960's the 400 000 m of stope blast holes drilled

daily in South African gold mines have been produced exclusively
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by pneumatic rockdrills mounted on simple thrustlegs. The
inherent problems resulting from the use of pneusatic
rockdrilling systems, discussed later, led to the Research
Organization instigating a research programme to determine the
requirements for effectively drilling in fractured rock.

Rock

(i) Requirements of a percussion mechanism.

A theoretical study was undertaken by Research
Organization personnel in 1969 to derive a relationship
between the penetration rate of a drill, its principal
mechanical parameters and the rock conditions(3).
Assuming ideal thrusting conditions, the relationship
shown below was derived and later verified
experimentally.

Ei x f x TR

PR « —7§r}-§:—

where PR = penetration rate

Ej = piston blow energy

o]
it

piston blow fregquency

Tp = coefficient of energy transfer.from the
drillsteel to the rock

Ay = area of hole

Ey, = specific energy value for the bit/rock

combination

For a given rock condition, hole size and coefficient of
transmission, equation (1) can be simplified to:

PR « E; x T ---=- (2)
« percussive output powex
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NOTE: The specific energy of rock for any rock bfeaking
technique is the energy consumption per unit
volume of rock broken. The value of specific
energy varies with the uniaxial compressive
strength of the rock, the type of rock and its
condition, the particle size produced and method
of rockbreaking employed(6), work carried out
by the Research Organization in the 1960s
indicated a straight line relationship between
specific energy and particle size when plotted on
a log-log scale,(4#,7), values of specific
energy vary from #4000 kWh/m3 for fragments of
+0,1 mm produced by diamend drilling to *3 KWh/m3 -
for fragments of *400 mm produced by an impact
driven wedge, these results were measured in
quartzite with a compressive strength of
+200 MPa. The uniaxial compressive strength of
quartzite encountered in the South African gold

mines varies from 142 MPa to 466 MPa,(4),
(ii) Requirewments of a rotation mechanism

In percussive drilling a line load is generally applied
to the rock surface via a chiisel bit. The stresses
produced by this force create a small volume of crushed
rock in the immediate vacinity of the tool and rock
contact, and more extensive shear and teusile fractures

in a wmuch larger volume of surrounding rock,(6).

This mode of rockbreaking requires from the rotation

wmechanism:

(a) an adequate torque output to move the hit from the
indentation produce, while the drillsteel remains
thrust against the rock, plus the additional torque
to overcome the affects of any spalled rock jamming

the drillsteel, as already discussed.
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(b) the drillsteel must rotate at a sufficient rate to
ensure that the bit is In contact with unbroken rock
for each successive blow; if this does not occur the
bit may slip back into the previous indentation and
impact on a cushion of crushed rock producing little,

if any, penetration.
(iii) Additional rockdrill requirements

A consequence of the mode of rockbreaking noted above

is the requirement for the crushed rock to be effectively
removed from the hole, failure to do so adversely affects
affects the penetration rate. The crushed rock and any
large fragments produced are removed from the hole by
flushing water fed through the drillsteel. It is
therefore necessary to incorporate in the drill design a
means of supplying sufficient flushing water to the

drillsteel without affecting the drill performance.
2.3 Drill Bits
(i) Chisel bit wear

In 1969 a theoretical investigation into the wear of
tungsten carbide chisel bits used for drilling

quartzite was carried out at the Chamber,(5), A
relationship was derived, equation 3, and was found to be
in close agreement with experimental work carried out Te
Water and Mikulka(8) at West Rand Consolidated gold

mine from which the relationship shown in equation 4 was

derived:
. . R 1/
Bit gauge = dj, - K'(L) /3 - - (3)
Bit gauge = d}, - Kl(L)1/3+ Ko — e e (4)
where dy, = hole diameter
K' = constant, dependant on hole and bit geometry,

and the properties of the rock and carbide
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K; and K3 = constants, dependant on initial bit
diameter

L = total hole length drilled
(ii) Alternative bit concepts

In the early 1980s the Research Division of Ingersoll
Rand carried out an investigation into altermative
drillsteel bit concepts as a part of their collaborative
work for the Research Organization, their findings can be

summarized as

(a) Knock-on bits manufactured with a full circumference.
at their rear very often became dislodged from the
stem when the drillsteel was being removed from the
hole because fragments of rock jammed the bit in the
hole, (knock—on chisel bits with flats on the major

diameter can alleviate this).

{b) Button bits failed because the buttons became loose

in the bit.

(c) Cruciform and three winged chisel bits were
considered unacceptable because they produced rifliag

of the holes.

During 1983/84 Sandvik introduced iato the South African
gold mines a drillsteel coucept known as 'divided
equipment.' This consisted of a high quality shank/stem,
22 and 25 mm across flats, available with forged or
rubber collars, the latter complying with the Research
Organization recommendations, and a screw omn bit with a
modified rope thread. In South Africa the evaluation

concentrated on standard tungsten carbide chisel bits.

The initial evaluation at Buffelsfontein usiung pneumatic

rockdrills proved to be a failure, the low thrust and
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terque available from these machines resulted in bits

becoming loose and damaging the threads.

In 1986/87 an evaluation was carried out by Sandvik and
the Group Industrial Engineering Department of Gencor at
Unisel Gold mine using the emulsion hydraulic
rockdrills. 1Initially forged collars were used but
complaints from the operators of 'extra vibration in the
drill' led to their early withdrawl. Rubber collared
stems were introduced and the evaluation continued,
proving to be successful from the engineering and mining
aspects; 25 mm A/F stems achieved 550 m before
replacement and interim results on 22 mm A/F stems
indicate an average life of 380 m, with collar failure
being the primary cause for removal, an average life of
80 m on the bits was achieved before they were
uilergauge. Before the equipment can be considered for
commercial application it is necessary for Sandvik to
determine equipment costs for large scale supply, an

excercise that is currently in progress.

During a recent meeting with Sandvik at which the above
was reported, two other aspects of drillsteel technology
were discussed. Firstly, Sandvik claimed that their new
design of button bits has affectively overcome loosening
of the buttons, however, in their opinion button bits
should be used only with high blow energy drills of
200/300 J, no benefit would be expected from using 42 mm
diameter button bits with drills having a blow energy of
60/70 J. Secondly, they have developed 'three piece
divided. equipment', consisting of a bit, a stem and a
shank, all connected by rope thread; this equipment is
currently used only on large drifters where it is
essential to have the fronthead flushing water supply to
the drillsteel sealed from the rest of the drill in order
to reduce the risk of polluting the oil with water. This
concept offers no benefit for use with leg mounted
drills, they said, and it would introduce extra cost and

weight.



63

(iii) Imparting blow energy to drillsteel bits.

In the early 1980s, as a part of the collaborative
programme, Ingersoll-Rand studied alterunative umethods for
imparting blow energy to the drillsteel bit and evaluated

two methods, namely struck bit and hurled bit.

In the struck bit drill concept the piston reciprocated
and impacted, either directly or via an anvil, onto the
shank of the drillsteel while it was thrust into the

hole; energy transfer efficiencies to the rock of 50-60%

were recorded in this mode of operation.

In the hurled bit drill concept the piston and drillsteel
were connected, and reciprocated together; with the
correct drill stand-off, energy transfer efficiencies to

: the rock of 70-80% were recorded.

It was concluded from the investigation that for leg
mounted rockdrills the struck bit concept, with direct
impact of the piston on the drillisteel shank, was

superior because:

{a) The high case reaction of the hurled bit drill made
handling extremely difficult.

(b) Maintaining the correct stand=off required by a
' hurled bit drill was very difficult; if the drill
were overthrust it would stall, if underthrust it

would loose performance.

(e¢) The use of an anvil offered no benefit in this
application, rather it was a disadvantage in that it
increased the complexity, length and wmass of the
drill.

LONG-HOLE ROCK DRILLING

During the 1950s it was proposed that long-hole stope drilling

parallel to the face should be evaluated as a means of
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eliminating the hundreds of short holes normally drilled
perpendicular to the face. 1t was envisaged that with this
mining techaique the. face would require no daily examination,
barring down or support, there would be no sockets to clean, and
drilling could take place from the gulley where it would not
interfere with work in the stope. The expected advantages of
this drilling technique were better supervision and more rapid
face advauce. From the late 1950s oawards several gold mines
evaluated long hole stope drilling and concluded, for a variety

of reasons, that it was not a viable proposition.

In 1959 a feasibility trial was undertaken at Harmony gold

mine,(9), and their fiudings were:

(1) Rigging the equipment in the gulley interfered with
devalopment work and if the gulley were of 'normal'
dinensions only short length drill rods could be used,
possibly adversely affecting accuracy. However, by using
east and west sidings the equipment could be rigged
without undue interference and long drill rods could be

used.

(ii) A burden of #1100 mm was the optimum, initially the

burden used was + 1200 mm.

(iii) It was possible to mine with a reduced stoping height
and thus reduce the dilution of the ore. (During the
trial, which consisted of 11 blasts giving a face advance
of 12 m, the stoping height was reduced from 1,8 m to
1,0 m).

(iv) That the blasting technique adversely affected the normal
stope support. However, by using a 'rolling rock pile',
adequate support could be achieved. (This involved
allowing a 10 m wide pile of blasted rock to build up
before cleaning from the rear of the pile was started,

access was possible between the face and the rock pile).
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(v) The drills used initially were underpowered and poor
penetration rates were achieved, with the larger drills
used towards the end of the trial penetration rates of

0,3 m/min were obtained at hole depths of up to 24 m.

{(vi) The measured gauge loss of 1 mm per 5,5 m drilled was

considered to be acceptable.

(vii) That lining up the drill carriage was relatively simple,
but time consuming, usiog clino-rules and tapes; some
form of ‘'gun sight' was expected to be a relatively
simple development that would significantly reduce

setting up time.

(viii) Little deviation occurred in the drilled hole, that
measured was only in the vertical plane aand'the maximum

was ¥ 65 mm in a 24 m hole.

It was concluded that loung-hole drilling parallel to the stope
face from the top and bottom of a panel and blasting onto a rock
pile was a viable mining method. However, the gulleys mined in
advance of the face and ledged to atcommodate the equipment
created major rock mechanics problems, and as a result the trial
was stopped.

L
In 1964 a similar evaluation was carried out at Durban Deep gold
mine,(10), 1In this instance a stope width as low as 400 mm
was achieved using a similar mining method to Harmony gold
mine. The work was discontinued because deviaticns up to 380 nm
were measured in the hole and were considered to be

unacceptable.

During a discussion with Messrs., J.A. Dilley and V.J. Solomon of
the Mining Branch they commented on long-hcle drilling trials
carried out at Daggafontein and Buffelsfontein respectively. At
the former gold mine the trial was conducted in the late 1950s
and stopped because of over blasting while in the latter case,

in the early 1960s, the trial was stopped hecause of
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difficulties in achieving drilling accuracy in the highly
tractured rock and the over blasting that occurred due to the

large quantity explosives used in the 75 mm diameter holes.

WIDE REEF ROCKDRILLING

Two techniques are normally employed for drilling the upper rows
of holes in wide reefs over 2 m high. The first is to drill
from a platform that is built at the face for every blast, this
is both time consuming and labour intensive. In the second
method drilling rakes place from the footwall, producing
inaccurate holes that result in poor blasts and bad hangingwall

conditions.

In 1984/5 the Research Organization designed, manufactured and
evaluated a 'high stope drill rig' at Western Areas,(1l), The
rig was self propelled with twin booms each carrying an emulsion
hydraulic rockdrill, initially the Ingersoll-Rand FO-80 drifter
and subsequently the Ingersoll-Rand WF030 rockdrill. The
evaluation was stopped because the rig was difficult to operate,
particularly when drilling the lower holes, very complex and

difficult to maintain in the underground envirooment.

Subsequently, in 1986 Western Areas gold mine purchased a diesel
powered mobile unit equipped with an adjustable 'sissors 1ift'
platform on which was mounted an electro-hydraulic emulsion
powerpack. Two leg mounted emulsion drills operated from the
powerpack to drill both the face blast holes and roofbolt holes
of the wide reef stopes, operating from the footwall or platform

as appropriate.

The equipment is in daily use and the results obtained to date
indicate that it is performing well, and increased hole accuracy
and drilling rates are being obtained, the rockdrill and
thrustleg reliability is significantly better than in other

stoping applications with running costs well below expectation.
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WATER ASSISTED ROCKDRILLING

In 1976 the United States Bureau of Mines contracted the Earth

Mechanics Institute of the Colorado School of Mines to develop

a new method for drilling small diameter roofbolt holes,(12),

The concept of water assisted, rotary mechanical drilling was

proposed and evaluated.

After a successful surface development programme the equipment

was evaluated in the underground environment where further

development requirewents were identified and improved designs

inplemented, it was concluded that:

(1)

(i1)

(iii)

(iv)

(v)

penetration rates in some types of rock exceeded those of
conventional rotary mechanical drilling and pure water

jet drilling systems by a factor of two or more.

bit thrust and torque requirements were reduced to less
than 25% of the values required by a rotary mechanical

system.

bit life increased 75 fold over the standard rotary
mechanical application, even in the most abrasive of

partially metamorphosized sandstone.

the reliability of the system was considered to be
acceptable; the major emphasis of the equipment
development had been'placed on the water pump or
intensifier used, the hybrid bit design and the high

pressure rotary coupling.

water assisted, rotary mechanical drilling of small

diameter roofbolt holes was a viable system.
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HAND OPERATED ROCKDRILLING

Manually Thrust Drilling

In 1969 the Research Organization instituted an investigation
into pneumatic rockdrills operating without the aid of
mechanical thrust,(5). This technique for drilling a hole
required the drill operator and his aide to lay on their back
and thrust the drill, each with one leg.

Measurements of the manually applied thrust were compared with
the thrust required to achieve the maximum penetration rate for
various air pressures. It was observed that at an air pressure
of 270 kPa manual thrusting could supply only 75% of the
optimum, while at 680 kPa this fell to 43%.

In addition to the practical measurements, a theoretical model
for the optimum thrust required by a pneumatic drill was

formulated:
To = K (Ap x Ps) - - - (s)

where T,
K
Ap
Ps

optimum thrust

a constant

area of piston head

supply pressure

Thrustleg Mounted Pneumatic Rockdrilling

As a part of the above programme the Research Organization also
investigated the effectiveness of thrustleg mounted drilling
using pueumatic drills. Observations were made underground at
two gold mines using three different drills and tests were
carried out in the laboratory for comparison(5), it was

concluded that:

(i) The shape of the penetration rate-v-thrust curve was the

same for all the machines regardless of air pressure;
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ie. for a given supply pressure and machine output, as
the applied thrust was increased the penetration rate
increased up to a maximum value, thereafter further
increase in thrust caused the penetration rate fall off

until stall occurred..

(ii) The shape of the curve in the area of maximum penetration
rate was normally quite flat. Applying a thrust somewhat
lower than ‘that at which the maximum penetration rate
occurred would result in only a slight reduction in
performance; from this consideration an ‘optimum thrust'
could be defined as that thrust which produces near peak

penetration rate without causing excessive bit wear.

(1ii) Pneumatic rockdrills operating underground with supply
pressures of 480 to 550 kPa were greatly underthrust and
increasing the thrust to the optimum value could increase
the penetration rate by a factor of up to two, an
increase of similar magnitude in drillsteel life would

also be obtained.

(iv) The penetration rate of a drill thrusted by an in-line,

rig mounted air leg or a screw feed was the same.
(v) The penetration rate using an ordinary airleg approached
that for the in-line air leg as the angle of inclination

neared 30°.

Pneumatic Power Supply Limitations

The pneumatic power supply systems currently used on the South
African gold mines consist of compressors on the surface and
extensive mine wide underground pipe networks. To power the
rockdrills and other pneumatic equipment underground requires
large volumes of compressed air and the friction losses over

long distances result in low transmission efficiencies.

The extent of the pipe networks and the harsh environment make

underground maintenance difficult, as a result there are many
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leaks that often go unattended to for long periods during which
large quantities of compressed air are wasted. It is also very
common for the compressed air underground to be used for
unauthorized purposes because it is perceived to be a free and

expendable commodity.

These factors result in low air pressure being available at the
stope to power the pneumatic rockdrills, thus reducing their
drilling performance. In many instances the reduced performance
jeopardizes the drilling of a panel in a éingle shift and in
order not to loose a 'blast' the miner iatroduces additional

drills, further reducing the air pressure and drill performance.

Over a period of years the Research Organization and the
Industry have conducted many surveys in an attempt to determine
the electrical energy used for drilling. In a communication
from Dr. D.G. Wymer, Director of Engineering Systems Laboratory,
the latest findings relating to electrical energy utilization

for pneumatic rockdrilling were summarized as follows:

(i) Theoretically, assuming no compressed air losses, the
electrical power demand by the surface compressor station

should be about 19 kW for each drill in use.

Assuming an overall drilling rate of 10 m/h, this equates

to an energy consumption of 1,9 kWh/m.

(ii) Recent measurements of electric energy consumed by
compressors on 17 gold mines, compared with drilling
distances, indicated energy consumption rates varying
from 15 to more thar 30 kWh/m, depending to a large

extent on the age and size of the mine.

When compared with the theoretical situation, and
assuming that a relatively small quantity of air is used
for other legitimate purposes, a high degree of wastage

is apparent.
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It has been estimated that, under the very best
conditions, the electric energy required specifically for

drilling should be 10 kWh/m.

(iii) Based on the air pressure and flow rate to a pneumatic
rockdrill the input energy should be 0,75 kWh/m; assuming
a typical percussive output power of 2 kW and a drilling

rate of 10 m/h, the output energy is 0,2 kWh/m.

(iv) From the above, the energy efficiency of the power system
is 7,5% and the overall efficiency of the complete
drilling system is 2% at best. For the older and more
extensive compressed air systems these efficiencies are

lower still.

Pneumatic Rockdrill Limitations

The pneumatic drills currently used in South African gold mines
stopes were first developed early in the 20th Century when the
mines were shallow and the rock unfractured. In these
conditions the mechanical interlinking of the rotation and
percussion mechanisms via the rifle-bar produced an adequate

mean stall torque, up to 15 Nm.

At the depths at which mining is now carried out the rock is
highly fractured, discussed in section 2.2:.1, and the torque
output from the pneumatic rockdrill is inadequate for counsistent
effective drilling, the rotation often stalls, stalling the
percussion at a critical time. 1In order for the operator to
start drilling again it was necessary for him to reduce the
thrust on the drill and withdraw the bit slightly to clear the
obstruction, a time consuming and tiring operation. Also, as
the mines have become deeper the compressed air pipe networks
have become more extensive and the air pressure available at the
stopes has decreased, as discussed in section 2.7, further
increasing the instances of drill stalling and generally

reducing the performance of the drills.
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Ia order to overcome these design inadequacies in a pneumatic
rockdrill a new concept would be required including mechanically
separate percussion and rotation mechanisms, with increased
percussive power output at the low air pressures available, and
increased stall torque. However, to achieve these improvements

would in all prcobabiiity necessitate a heavier, larger drill.

A further limitation of the pneumatic rockdrill is the
exhausting of the air directly to atmosphere, this creates a
safety hazard because of the ifogging' produced and a health
hazard due to the excessive noise generated. In the latter
case, the use of ear protection alone would be insufficient to
reduce the operators noise exposure level below the expected
legal requirements, while the addition of an exhaust muffler may
be effecrive it would increase the mass of the drill and further

reduce its efficiency.

Electrical Rockdrill Limitations

The Research Organization carried out a feasibility study into
the use of electrically powered drills for stope blast hole
drilling. Discussions were held with a potential manufacturer
but the project was not pursued because of councerns regarding
the safety of high voltage in the stope, heat generation at the

drill, mechanical design considerations and mass.(13),

EMULSION POWERED HYDRAULIC ROCKDRILLS AND SYSTEMS

Background

In 1975 the Research Organization instituted a programme to
develop a hydraulic drilling system that would overcome the
inherent problems of the existing pneumatic systems, namely
inefficient use of electrical energy and poor performance in

fractured rock,(l4), The development prograume was undertaken
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with the aid of two principle collaborators, Ingerscll-Rand Co.
and Vickers Systems working oun the rockdrill and thrustleg, and

the emulsion pump respectively.

The initial specification for the rockdrill was that it must be
lighter than the 'normal' pneumatic stoping drill but have same
percussive output power, operate with mechanically separate
rotation and percussive mechanisms and hava a significantly
higher torque output. It was iatended that the drill be for
one-man operation with the same productivity as a two—man
pneumatic drill, thus saving direct drilling labour costs. (In
addition, the reduced stope labour would ease man transport

problems and lower the incidence of accidents at the face).

Tan 1977/8 the drill specification was changed, the mass was to
be similar to that of a 'mormal' pneumatic stoping drill, for
use by a two-man crew, but with a much greater output power to
yield a higher penetration rate. The motivation for changing
the output was the realization that by increasing penetration
rate in fractured rock the operator's aide would have less idle
time between extracting drillsteels from completed holes,

further increasing productivity{(l4),

An intensive engiveering research and development programme was
carried out in both South Africa and the United States of

America,(13,15),

During this period of development, 1975 to 1982, several
prototype versions of the rockdriil aad thrustleg were
extensively evaluated in both the laboratory and underground,

and a large quantity of pertormance and reliability data was
produced, (16),

Performance of Prototype Rockdrills

The prototype rockdrills operating underground in mid 1981

achieved mean drilling rates of 13,5 m/h while about 30% of all



7.4

74

holes were drilled at a rate exceeding 20 m/h,(17), this was
to be compsared with the original expection of 14,5 m/h for the

high powered emulsion drill.
In preparing target figures for the production trial a drilling
rate of 20,4 m/h at a penetration rate of 0,44 m/min was agreed

on, based on the previous experience.

Running Cost of Prototype Emulsion Drilling Systems

During the evaluation of prototype systems little relevant
information was gained regarding running costs, however, target

runniag costs were required for the production trial.

The drill and leg costs were synthesized using the knowledge of
component lives gained during underground evaluation of the
prototypes, and the cost of components produced for the trial.
In this manner expected running costs of 43,93 c/m for the drill
and 13,89 ¢/m for the leg were derived for parts only, while
labour was expected to be 0,20 ¢/m and 0,12 c¢/m for the drill
and leg respectively,(17), oOther system running cost targets
were prepared, based on information gathered from tests

conducted during the development stage(l8),

The Production Trial of Small Hydraulic Rockdrills

Following the successful engineering development of the emulsion
rockdrilling system it was deemed necessary to conduct a
production trial with the latest equipment, prior to its
commercial application. The objectives of the trial were to
determine drill performance figures, reliability data and

running costs under production conditions and pressures.

To this end, a 10 month production trial was held at the number
6 shaft West Driefountein gold mine from June 1983 to March 1984
inclusive. The trial was conducted on an 830 m longwall at a
depth of approximately 2200 m, the production from this area
accounting for approximately 15% of the mine's total gold

output.



75

The production trial was organized and funded by the Research
Organization and overseen by a special Sub-Committee of the
Research Advisory Committee. The Sub-Committee was to be kept
appraised of the progress of the trial and give guidance on the
programme, with the ultimate aim of their being able to assist
with the implementation of the equipment to the production

situation.

'Normal' mine labour, supervised by Research Organization
personnel, was used to operate and repair the rockdrills and
thrustlegs, with Research Organization personnel maintaining the

hydraulic system,(19),
During the trial all aspects of performance and cost were
monitored,(20) the pertinent results are summarized in Table

2 below with original expectations where applicable:

Table 2 SUMMARY OF PRODUCTION TRIAL RESULTS AND EXPECTATIONS

AVERAGES BEST
—1  RESULTS EXPECTATION
FULL |FINAL 3| ACHIEVED
TRIAL|MONTHS

Penetration rate (m/min) | 0,53| 0,57 1,0 0,44
Drilling rate (m/h/drill)|19,5 | 22,9 50,2 20,4
Holes per drilling crew |56,5 | 67,1 200,4 -
per shift
Running costs (c/m)* i
Hydraulic power supply 20,0 11,2 - 20,0
Hydraulic fluid 14,0 | 11,1 - 8,3
Pipes, hoses and fittings|13,2 17,6 - 20,8
Rockdrills 31,5 35,3 - 43,9
Thrustlegs 14,6 | 10,9 - 13,9
Electric power supply 0,9 0,5 - 5,0
Electric energy** 2,4 2,5 - 1,7

: e - —
Sub Total 96,6 89,1 113,6 l
Drillsteel 15,0 15,0 15,0 '

=l

TOTAL ' 111,6| 104,1 128,6
| === e e e e e e e e e e e e e e e e e e e e s ] == e =
Reliability (m/breakdown)
Rockdrill 347 525 1000-1100%** 1200
Thrustleg - 750 2100-2150 -

* Costs are in February 1983 prices, excluding GST and labour.
*% Electric energy consumption during the trial was 1,2 kWh/m(18)

compared with at least 10 kWh/m for pneumatic drilling.
**% 7 occasions
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The 10 month trial period was insufficient to determine
accurately the long term running costs for all the equipment

since many items had lives well in excess of this.

During the trial many areas requiring further engineering
improvements were identified, particularly on the rockdrills,
thrustlegs, hoses and stope manifolds(17,18), many
improvements were introduced and successfully implemented,
increasing reliability and reducing costs during the latter

months of the trial.

A suite of auxiliary equipment was designed to operate on
mediums other than compressed air,(21), This equipment was
introduced to the stope and the compressed air supply removed,
making the area dependent on hydraulic drilling. At this stage
of the trial an increased utilization of the hydraulic drills
was noted, it can be assumed because no backup was then

available.

After some initial resistance, the operators accepted the new
system very well(22). It was apparent that they perceived the
benefits of the drills having no-air exhausted to the
atmosphere, less noise and no fogging. The ma jor complaint of
the operators regarding the emulsion drill was its increased
mass compared with the 'normal' stoping pneumatic drill.
However, on occasions when hydraulic drill operators were
required to revert to pneumatic machines they were very
reticent, implying that the other benefits of the hydraulic

drill overshadowed its increased mass.

In the course of the trial it became evident that though drill
operator training had been adequate there was a need to train

the other personnel involved in hydraulic drilling systems. It
also became apparent that because the surface compressors were
replaced by underground power units there was a requirement to

restructure the management organization and involve the
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engineering department with the underground

equipment(19,22,23),

At the end of the trial a series of recommendations was made

regarding the future of hydraulic drilling in the stopef{l4),

and these are summarized below:

(i)

(1)

(1i1)

(iv)

It was

Hydraulic drilling be introduced to the mining industry
as rapidly as possible, consistent with the retention of
proper control, initially by controlled expansion of the
production trial equipment at West Driefontein. This
should be followed by other mines in the same area
introducing the equipment fully, rather than a series of

small wine trials widely separated geographically.

In order to alleviate possible concern regarding the
future economic viability of the hydraulic drilling
system, the economic implications of the use of the
system should be re-~appraised very critically to
establish beyond doubt the likely benefits that could

accrue from their use.

Ongoing engineering development should be encouraged and
the Research Organization should continue to play an
intimate role in that development and in the evaluation
of improvements arising from it. In addition, as use
increases, the Research Organization should take the
initiative in formulating and implementing test
procedures to enable the claims of manufacturers

regarding improved equipment to be evaluated.
The technical and economic aspects of using hydraulic
drilling in areas such as tunnelling or roofbolting

should be investigated.

concluded that drilling stope blast holes using an

emulsion powered rockdrilling system was viable. The majority
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of the expectations were achieved and in many instances
surpassed. The one area where the expectations were not
achieved was reliability, principally the rockdrill, and with
development it was confidently expedted that significant
improvements would be achieved. The introduction of the system
in a stoping environment had been generally accepted, however,
changes to the organization structures and training of all
personnel involved with the system would be necessary when

large-scale operations commenced.

Application in Mines

At the conclusion of the production trial at West Driefontein
gold mine in March 1984, that mine purchased the equipment and
continued to operate it on a trial basis(24,25), subsequently
small mine trials were started at Free State Geduld, Western
Holdings, Elandsrand, Unisel and Western Areas gold mines, the
first three being narrow stope operations with two-man crews,
while Unisel was a wide stope, (2 to 2,5 m), with one-man
operation, and Western Areas was a wide reef application where

drilling took place off a mobile, adjustable platform.

In all these Industry trials the mining performance was very
good, typically 2 to 2% times the drilling rate of pneumatic
drills, see Table 3, but poor organization restricted the
drilling shift to only about 2,5 hours. Experieace has shown
that where operators drilled for shifts of up to 4 hours they
experienced no difficulty in handling the equipment. Given the
proper organization, it should be possible to achieve
productivities of 90 to 100 holes/shift for two-man crews in
narrow stopes and about 75 holes/shift for one-man operators in

wide stopes.
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Table 3 PERFORMANCE OF EMULSION POWERED ROCKDRILLS USED
FOR STOPING (Ref.23)

I
Production|No. in|Steel Bit Average |Average
Site Crew |Length|Diameter| Penetra—-|Drilling
tion Rate| Rate

m mm m/min holes/h
A 2 0,9 |31 to 38 0,53 24,2
B 2 1,2 |38 to 42| 0,63 23,0
C 1* 1,2 |27 to 38 0,57 19,0

*The large stoping width at this site (2 m to 2,5 m) made
it possible to drill with single operators.

Throughout this period, up to the end of 1987, the Research
Organization waintained its involvement with the engineering
developments required to improve the reliability and running
costs, and continued to evaluate the organization structures and

training requirements of the system,(13,15,23),

The main engineering effort during this period focused on
combating the effects of corrosion and finding a less dirt
sensitive pump to replace the axial piston pump originally
recommended. The corrosive stope envirounment, that is
particularly bad in the Free State mines, affected all stoping
equipment that was not corrosion resistant. In many instances
compouents .could be manufactured from corrosion resistant
material and so alleviate the problem. However, the most
severly affected areas were the rockdrill housings where the use
of corrosion resistant material was not acceptable, development
in this area is still ongoing,(13), though some design

improvements have already been successfully introduced.

After the initial success with the axial piston pumps, poor
quality control of critical components led to many premature
dirt related breakdowns. The Research Organization subsequently
evaluated various makes of less dirt sensitive plunger pumps and

now recommend this type of unit(153),
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As a result of these changes the rockdrill, thrustleg and pump
reliabilities have improved and system running costs have been

reduced.

In all the mine trials the organization and underground control
have continued to be of concern(24,25). Areas particularly
affected by poor control are emulsion use, which is excessive
because leaking pipes are not repaired, and the large number of
new hoses used, because damaged ones are scrapped and not

repaired.

The latest improvements to the hydraulic drilling systems have
been evaluated in order to determine the expected running cost
for a system making best use of available equipment(25) and

this is summarized below in Table 4.

Table 4 RUNNING COST EXPECTATIONS USING BEST AVAILABLE

EQUIPMENT
Running cost (c¢/m)
System Component Refer to August 1987
excluding GST
and Labour
Hydraulic power supply 32,4
(including plunger pumps)
Hydraulic fluid @ 2 % 7,4
Pipes, hoses and fittings 35,6
(assuming corrosion resistant
end fitting and braid)
Rockdrills 65,0
Thrustlegs 24,8,
Electric power supply 3,4
Total 168,6

In the course of the mine trials Free State Geduld, Western
Holdings and Elandsrand experienced high running costs and poor
rockdrill availability, a result of the small size of the trial
and inappropriate organization. These mines suspended their
trials pending improvements in reliability and costs,
subsequently Western Holdings have restarted their evaluation

on similar scale to the previous one.
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The remaining three mines now consider hydraulic drilling in the

stope to be a "normal production tool' and West Driefontein and

Western Areas are expanding their operations.

The equipment is now considered commercial and can be purchased
from the manufacturers. Several options are available for
plunger pumps while the rockdrills and thrustlegs are currently
only available from the original collaborator, Ingersoll-Rand.
It is of interest to note, however, that now hydraulic drilling
has been proven to be viable at least one additional major
rockdrill manufacturer is well advanced with the development of

an alternative emulsion rockdrill and thrustleg.

DRILLING IN OTHER APPLICATIONS

When hydraulic rockdrilling is introduced on a mine wide basis,
and compressed air systems are no longer in use, it will be
necessary to use hydraulic drills to drill blast holes and
roofbolt holes in areas other than the stope. To this end the
Research Organization has evaluated the use of the emulsion
hydraulic rockdrill in areas outside the stope. Results
obtained in these situations(26) indicate that the drilling
rates are at lease twice those for pneumatic machines and

typical results are shown in Table 5.

Table 5 PERFORMANCE OF EMULSION POWERED ROCKDRILLS USED FOR
DEVELOPMENT DRILLING

Type of |Holes|Steel Bit Penetra- |Drilling|Time to
Development| per |Length|Diameter|tion Rate Rate Complete
Round Reound
m mm m/win  |[holes/h
Haulages &_1 62 2,2 (36 to 42| 0,49 | 10,3 |3 h usiag
Crosscuts , ' | 2 drills
2,5m x 3,0m [
|Raises and 24 2,2 136 to 42 0,41 9,6 2,5 h
Winzes i using
[2,6m x 1,8m| | 1 drill
Boxhonles 22 1,5 |36 to 42| 0,47 8,8 (2,5 h
1,5m x 1,5m i using
\ 1 drill
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ADVANTAGES OF CLEAR WATER POWERED ROCKDRILLS

The Research Organization has developed the concept of hydro-
power as a means of providing power to the workings of deep
mines through the use of the hydrostatic head gaianed by service
water as it descends in pipes within the shafts(27). The
water is generally chilled in surface refrigeration plants to
enable it to act as a cooling medium in the mine. This concept
is very attractive because it has the potential for greatly

simplifying the services infrastructure on the mines.

One major aspect of any underground powering system is that it
must be capable of operating drills. In the ideal situation the
rockdrills and thrustlegs should be capable of operating
directly off the hydro-power reticulation and many benefits
would accrue. For instance, because there is no additive to the
powering medium running costs would be lowered, the hosing
arrangement ta the drill and leg would be simplified, a single
high pressure hose would be used and flushing water derived from
the drill exhaust water, there would be no return reticulation
which would save costs and the electrical energy requirements
would be lower than an emulsion electro-hydraulic system. All
the benefits derived from emulsion electro-hydraulic drilling
would also be available making hydro-powered drilling a very

attractive concept.

To develop drills and legs to work in the absence of protection
against corrosion and wear in the operating fluid is a very
challenging task. Due to the uncertain nature of the develop-
ment two design concepts have been pursued by the Research
Organization(13), one uses the proven emulsion drill cycle and
is being developed in collaboration with Ingersoll-Rand, whilst
the second uses a novel concept, the direct valve cycle, and is
being developed in collaboration with Innovatek Drills. It is
envisaged that unless some major engineering problems are
encountered, the drills and legs should be available commer-

cially in 1991.
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Currently, however, mines installing hydro~power can
operate emulsion hydraulic rockdrills and thrustlegs via
a water to emulsion hydro-transformer{(27), The
hydro-transformer is driven from the hydro-power column
and pumps enulsion through a closed loop in the stope to
power drills. A part of the exhaust water frou the
hydro—-transformer is used as flushing water for the

drills, simplifying the services to the stope.

Those mines using hydro-transformers from a hydro-power
column to operate rockdrills and thrustlegs will gain
some of the benefits available from a fully water-powered
system. However, the early introduction of hydraulic
drilling and hydro—power to mines will enable them to
develop the infrastructure to cope with the new
technology at an early stage and equip them for full

implementation in the near future.
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Rigs Reefs Rig

— Industry Drill Rigs
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INTRODUCTLON

For a number of years the gold mining industry in South Africa
has made various attempts at the introduction of drill rigs in
narrow reef stopes with little success. According to British
Standard 3618 a drill rig is 'any meaas of supporting a
rockdrill at its work', and a drill rig is made up of a drill
boom which is normally an adjustable arm which carries the
rockdrill and holds it in selected positions. The drill boom is
normally mounted on a drill carriage, this carriage permits the
drills to be positioned at the face and to be removed before

blasting.

Initially stope drill rigs have used pneumatic machines but
there has been a tendency towards using hydraulic rockdrills on
drill rigs. Drill rigs can be a stand alone type rig such as
those used at Vaal Reefs and Randfontein Estates or can be a
part of a mining system such as those mounted on the
Reciprocating Flight Conveyors as used by the Chamber of Mines.
The reasons for the change to hydraulic drilling are increased
penetration rates, lower noise levels and lower operating

costs. Present mining methods use the hand-held rockdrills with

air legs, undesirable results of using hand-held rockdrills are:

(i) a greater uumber of rockdrill operators and machines are

required,
(ii) dependence on operator skills and motivation,
(iii) incorrect burdens on the holes lead to bad breaking,
(iv) poor stope width control,
(v) reduced drill steel life,

(vi) hand aand finger injuries during collaring the holes.

(Immelman 1983).
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Therefore work has been carried out in the industry and by the
Chamber of Mines to alleviate the abovementioned problems by use

of stope drill rigs.

Many advantages and disadvantages have been put forward
concerning drill rigs but the disadvantages outweigh the
advantages of the use of drill rigs at the present time in

narrow reefs.

CHAMBER OF MINES DRILL RIGS

Conveyor Mounted Drill Rigs

During the development of mechanized face cleaniung eduipment,
armourad face conveyors and reciprocating flight conveyor a
number of drill rigs were attempted to be integrated with this
equipment. On the Dowty-Meco AFC drill rigs as those previously

used on Vaal Reefs were fitted to the conveyor.

Comments on the performance and coperation of these rigs were
'the height of the conveyor led to problems with the drilling of
the bottom holes when the conveyor was close to the face, and
the conveyor had to be pulled back approximately 1 m to allow
the rig to fit in. This greatly increased the mining cycle

time'.

'Due mainly to the confined space, rig drilling was slow, taking
at least one full shift when two two-drill rigs were used
together with two hand-held machines at the ends of the
conveyor'. 'Any drill rig arrangement must be developed
specifically for this application if it is to contribute to the
stope productivity. It is believed that the height of this
conveyor and its plough guide preclude its effective use in

stopes of less than 1,1 m'. (Buckmaster 1976).

A drill rig was used for a short period of time on the Westfalia
Lunen. AFC results suggest that 'the rig had a number of
limitations but the brief test period indicated a hole cycle
rate of about 5,5 min. Therefore it was envisaged that 5 such
drill rigs, properly developed, could drill the face in under

2,5 hours'. (Walczak and Fibrich 1978).
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Drill rigs were not tried on the RFCs until RFC 3, initially a
simple drill rig was used which consisted of a pair of paeumatic
rockdrills mounted on simplex rigs fitted to the drill rail of
the RFC as shown in Figure 1. This rig was designed such that
pairs of holes, i.e. a top hole and bottom hole could be drilled
simultaneocusly by the two drills at each drilling position, when
not in use they were dismantled and stored in the back area.
Also tested on the RFC 3 was an earlier version of the drilling
jumbo which was capable of drilling a hole 1 m deep in 3 to

5 min. On RFC 4 and 4A Anderson Mavor pneumatic drill rigs were
used these were similar to the type om RFC 3. Average cycle
times of 8,8 min per pair of holes was achieved but a number of

problems were encountered.

'The overall drilling cycle was significantly affected by the
fact that the two drills were paired in the same rig. Studies
showed that 15 per cent of the cycle time was attributed to one
drill waiting on the other to complete drilling before moving to
the next drilling position', and 'the inability to drill all
holes on the face to the full depth of the drillsteel because
of bumps in the face. (Viljoen 1984).

Traversing of the rigs was a problem and the mounting of the

rigs onto the RFC after the blast was slow and ardeous.

Consequently a more complicated drill rig was tested, this rig
was tnitially tested at Randfontein Estates and then on RFC 4B
at Vaal Reefs and is shown in Figure 2. One of the objectives
of the RFC 4B trial was to evaluate the compatibility of the
drill Jumbo with the RFC. The average penetration rate achieved
for the machine was 1,08 min and it drilled over 9 500 holes at
both sites. The Jumbo required a specialized parking rig
situated behind the conveyor for during the blast, results
suggest that the RFC and Jumbo were incompatible and that the

Jumbo was still underdeveloped.

'During the trials the reliability of all equipment including
the Jumbo, parking rig, conveyor and power packs was relatively
poor' and 'tremendous difficulties were experienced in the
traversing operation due to misaligmment (out of specification)

of pans'.
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'"Experience at this site indicates that the physical size of the
parking rig combined with the slipping of the conveycr severvely
limits the support pattern required by such deep level mining
particularly when poor hangingwall conditions are prevalent'

{Bell 1981).

The RFC 5A returned to the use of more simpler rigs with paired
hydraulic rockdrills, the mining system was hindered by the
drill rig dead length commanding the stand off of the RFC and

the frequent failure of the rockdrills.

In 1985 a drill rig was developed to work with the Low Profile
Reciprocating Flight Conveyor. This rig was a wmiddle level
development between the complex drill Jumbo and the simplex
drill %igs and is shown in Figure 3. 1Instead of the drillrig
being removed from the RFC it would be attached Lo the blast
barricade and folded away .duving the blast., Frowm the tests with

the LPRFC the following was concluded.

'In spite of all the mechanical problems and operational delays
experienced with the drill rigs it has been shown that by using
drilling rigs accurate and consistantly parallel holes could be
drilled. Whether this translates into better footwall or
hangingwall control was not ascertained but measurements
indicated a more straighter face resulted from using the drill
rigs. The drill rigs did not appreciably improve on results
obtained from using hand—-held hydraulic rockdrills’.

(Critcher 1987).

The summarized problems encountered with conveyor mounted rig

drilling are:
(i) The storage of the rigs during the blast.
(ii) Travevrsing the rig along the conveyor.
(iii) Articulaticn and misalignment of conveyor pans.

(iv) Only face holes can be drilled with coaveyor wmounted

rigs.



2.2

92

(v) Complexity of the systenm.
Table 1 shows a calendar of events on the development of Chamber
of Mines drill rigs, Table 2 gives a general description of the

equipment and the results obtained.

Narrow and Wide Reef Drill Rigs

The Chamber of Mines has undertaken research in the area of
drill rvigs in narrow reefs as far back as 1965. A
self-propelled rig which mounted four fast percussion drills in
a pre-set pattern was developed. Also the Chamber during the
early 1980's evaluated various pneumatic stope drill rigs
available on the commercial market. The advantages and
disadvantages from stope rig drilling which were ascertained

were:

Advantages

(i) Holes are all drilled parallel, resulting in efficient
breaking, even if the miner does not exert a close

supervision.

(ii) Results in straight face facilitating cleaning, in that
back lashing is minimized, and thereby better labour

productivity is obtained.

(iii) Good stoping width control is achieved, when parting

planes exist.

(iv) Good face advances per blast are evident, although the
full length of the jumper is not fully utilized, because

of the inevitable hole inclination.

(v) Labour rationalization is possible, in as much as one
operator assistant could be allocated per 2 rock drill

operators.

(vi) Rockdrill crews can easily be trained to install the rig

correctly, following the mine standards.
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Disadvantages

(1)

(ii)

(iii)

(iv)

(v)

Rigs require a certain amount of maintenance and have to
be brought to surface or to the underground store for
repairing. Unless capital outlays are increased, high
unavailability shall persist. The expeditious on the
spot repairing is time consuming and constitutes the main

factor accounting for the dislike of the rig.

Can very easily drill into sockets, because continuous
lines are painted on the face. Problems with the

inspectorate can arise with the greatest probability.

Rockdrill crews tend to remove any temporary support
interferving with their drilling. This can be extremely
dangerous in block ground and can result in serious

accidents.,

Cannot be used in ledging.

Applicable wmainly in shallow miniung where wide
unsupported spans allow the installation of the rig. The
use of stope drilling rigs is definitely restricted by '
the confinement imposed by narrow stoping widths and the
maximum spans between the face and the permanent
supports. The occurrence of large throw faults and
dykes, and steeply inclined stopes add further burdens!'.

(Dos Santos, Laubscher and Deysel 1984).

It was concluded that the potential of achieving a straighter

face by using rigs is diminished by sequential shortcomings and

the heterogeneity of the ground. But that 'rigs become however

a proposition in shallow mines of medium stoping widths, not

requiring much face support and allowing wide spans between the

face and the first line of permanent support'. (Dos Santos,

Laubscher and Deysel 1984).
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During 1980 it was decided that the mining industry would
benefit if wide reef stopes were mechanized, by completing the
drilling cycle on a more reliable and regular basis and with
more effective use of labour. A pre-prototype mobile drilling
system was developed to be used in stoping widths of 2,2 m to
3,2 m, negotiate 20° dips and footwall steps of 0,3 m. The
machine consisted of a four wheel drive tractor unit carrying
two hydraulic drill vigs, as shown in Figure 4 the machine was
powered by two 45 kW 120 o/min electro~hydraulic powerpacks
operating on 5/95 emulsion. Both drill rigs consisted of a
horizental slide, primary vertical lift, secondary vertical
lift, drill swing and a drill feed mounted on a rotary actuator,
all these operations were controlled by manually operated
valves, The machine was tested underground at Western Areas
gold mine in 1984 and results indicated that the machine was
highly complex and required a multitude of components to enable
it to function correctly. The operator had difficulty in
driliing the bottom holes because the body of the machine
obscured his view. The average cycle time was 3,09 min with
penetration rates of 0,65 m/min. The machine was able to drill
2 shot holes in 2,3 min and 2 roof bolt holes in 3,87 min. Tt
was decided to terminate the work on this equipment in 1985
because of the low level of interest from the industry and 1986

budgetary reasons.

INDUSTRY DRILL RIGS

Stope drilling rigs an example is shown in Figure 5 have been
tried in various mines in the industry with differing results.
The following mines have attempted to instigate the use of drill

rigs in narrow stopes.

Mine Year Type of Drill Rig
1) Vaal Reefs 1975 Mark IV rig, twin boom
rig.
2) Vaal Reefs 1978-1981 Seco rigs and double

boom Coalequip rigs.

3) Randfontein Estates 1976 Compair and Seco rigs.
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4) Rustenburg Platinum Mine 1976 Demag crawler mounted
stope drill rig.

5) Randfontein Estates 1986 Atlas {lopco Stomec,
tracked drilling rig.

From all these trials with differing drill rigs conclusions have
been drawn as to their future in the gold mining industry. A

few summarized concepts are:

'The stope drilling rig has a good potential for productivity
improvement, it is on its own uot necessarily the ultimate
answer. The major problems at present are organizational and

motivational ones'. (Dicks 1977).

'Without positive re-inforcement and proper back-up maintenance
service the drill rig wil die a certain death and all potential

productivity gains will be lost'. (van Wyngaard 1984).

'The prospects for success in hydraulic rig drilling way appear
to be slim, esbecially in the near future. However with the
increase in acceptance of lightweight hydraulic rockdrills in
stoping, some form of rig drilling is necessary in order to
utilize the power available in these rockdrills'. (Boshoff and
Worsley 1984).

'With existing blasting accessories and mining practices it is
unlikely that the use of rig drilling will improve stope

control. (Pickering 1984).

Therefore at the present time it would seem that the
disadvantages of using drill rigs in narrow stopes outweigh the
possible advantages, the main problems being complexity,
reliability, assembly, dismantling, cost and industry

acceptance.

COMMENTS/CONCLUSTONS

Past and present experiences with stope drill rigs have shown
that there is still more development required before an
acceptable rig is produced. The present {lexibility of using a

hand-held rockdrill and air leg caonot be matched by a stope
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drill rig because of its complexity and difficulty in
manoeuvering through the stope. The potential advantages of
drill rigs is that of improved accuracy and drilling rates
coupled with improved quality of life because of ease of
operation of rigs using valve banks. These attributes may be
the main factors in future motivation for stope drill rigs, but
after all the previous attempts no single stope drill rig has
come to fruition to lead the way for complete mechanization of
drilling in narrow reefs. Attention is presently focused on the
underground trials of the Stomec device at Randfontein Estates

with its possible use in future gold mining in South Africa.

Use of drill rigs on mechanized mining systems (AFC and RFC's)
have always been influenced by the trials of the mining
machine. The main emphasis has been on achieving results from
the mining machine rather then the drill rigs therefore
development work on drill rigs has lagged behind the work
carried out on mechanized mining systems. Main problems have
been integrating drill rigs onto the mining machine with
resulting problems of parking the rig, traversing, support
problems, controlling the rig. The need for drill rigs on
mechanized mining systems is essential, but they must thought of
as a major component of the mining system which must work

efficiently for the successful operation of the mining system.
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Jack Hammer

FIGURE 1:

Pneumatic Rockdrills on Simple Driil Rig for use
with Reciprocating Flight Conveyor
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FIGURE 2: Drill Rig used on RFC 4B
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High Stope Drill Rig

FIGURE 4:

Stope-drilling rig
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INTRODUCTION

Non-explosive methods of rockbreaking offer significant
potential for improving the stoping operation. The
continuous generation of relatively small amounts of rock
facilitate mechanization, in particular the crucial
rockhandling function. This in turn results in improved
labour productivity. The elimination of the cyclic opertion
of stoping, which in conventional mining is enforced by
breaking the rock with blasting, enables continuous
operation, which again promotes the more effective use of
labour. It also gives scope for higher face advance rates
and concentrated mining, which justifies the investment of
more capital for equipment. Also non-explosive methods of
mining can either mine selectively or permit the sorting of
waste rock in the face for use as backfill, if conditions
are favourable. This can result in a considerable reduction
of dilution, besides the advantages which are typically
derived from backfill. The enconomic benefits which can be
gained from non-explosive methods of rockbreaking are there-
fore of sufficient magnitude to justify the extensive
research and development efforts which have taken place

since 1965

This report gives an overview of all the rockbreaking
methods which were investigated by the Chamber of Mines
Research Organization and others for the particularly
arduous conditions of deep level gold mining in hard rock.
It summarizes the fundamental research work, the results of
the experimentation and the present state of knowledge.
Finally, it explains the direction present investigations
are taking and comments on the scope of the development
potential of some methods in the light of recent
technological advances. The report is structured in such a
way as to facilitate the understanding of the fundamentals,

which are involved for the different methods.
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NON-EXPLOSIVE ROCKBREAKING FOR SOUTH AFRICAN GOLD MINES

ll

[
—

Yoot
(]
o
.
=

FUNDAMENTALS.

Type and conditions of rock encountered on Scuth

African cold mines.

The potential viability of non-exploive rockbreaking
techniques is critically dependent on the physical
pProperties and characteristics of the rock. This
sub-section summarizes the relevant findings of many
years of research into these aspects of the gold-

bearing rocks.

Type of rock and important physical properties for

rockbreaking,

The rocks encountered in and around the gold bearing
reefs are quartzitic except for internittent layers
of shale (1). The composition and the physical
properties of guartzite can vary significantly from
area to area and even in different layers in one

location,

As seen in Takle 1 and 2, uniaxial compressive
strength can vary from 146 MPa to 466 MPa.
Typically the uniaviai tenszile strength is between
5% to 15% of compressive strength and the shear

strength is from 8% to 30% of compressive strength,

Variations of indentati=n strength as a function of
rock composition, in this case quartz contents, are

shown in -igure 1 (2).
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TABLE 1. ELASTIC AND STRENGTH PROPERTIES OF WITWATERSRAND SEDIMENTS

Hagizon G O b g v k

A. Evandee Goldfield

Drab quartzite 257 n

fnterhicdiate quarizite 269(71) [ 3] 7703) 0,17 T 69
HW! quartzite 158 1

11W2 quartaite 205 76

MK | quartzite 263 .80

MK3 quartite 249(11) n 78(7) 0.16 al

LK1 quartzile 466 58 87 o.n 8.6
MBQI quartzite 455 46 8 0,10 166

B. Central Rend Goldfield . '

H\W quanzite — Main Reef 231(47) —_ AT 0.21¢.01) —

FW quartzite — Main Reel 257(S1) - 5‘7(32 0.19(.02) —_

HW quarizite — Composite Reef 285(65) — 83(3) 0,14(.01) —
Compasite Reef L 292(22) - 87(3) 0.16(0.05) —

FW quarzite — Main Reefteader 235(33) - 7I(4), 0.19(0,03) —
C. Carletonville Goldfield
~Transition zone: L.

Booyscns shale to Cobble Recf : .
quartzite 263 . 0.17. .76 38

Quartzites:
Cobblc to Livingstone reels 167 ]7
Quurlzites: .

Johnstong reefs 15(1) 142(37) 22(6) 73(5) " 0,20(0,02)

HW ol Green Bar 19(4) 218(58) as(9) 87(15) 0,20(0.03)

Green Bar guarizites 16(2) 222(85) 18(9) 8US) 0.24(0.05) 9,9(3.5)
HW of Carbon Icader 16{4) 250(105) a9(21) 87(5) 0.17(0.01) 9.1(2.4)
FW quarizite of Carbon leader  19(6) 202(45) (1) 74(10) 0.19{0.02) 7.5(1.7)
Upper square pehble quartzite  22(1) 255(107) 49(25) 78(11) 0.200004d) . R.5(2.8)
Middic syuare pebble quanzite 21(1) 219(25) 3IS(R) Yiie)) 0,23(0,04) 9.(2.8)
Top Jeppesiown quartzite 190(65) R R5(17) 0,22 14.9

Top Juppesiown shales * 260(8) 70(8) (2) 0.23(0.06) 3.2(1)
D. Kierksdarp Goldfield ,

GE7 — Dcanysquartzite 2 308(66) 41(19) 76(12) 0.12(0.04) 12.2(9)
GE9 — Conglomerates 187 24 R7 0.09 15.9
MBA, ME1 — argillaccous

quartzites and shales 218(3) 46(7) 73(6) 0,23(.03) 4,72(1.5)
ME2. MB3 — argillaccous . -

qQuartzites 209(39) 45(9) 74(4) 0.17(0,03) 6.2(1.2)
MB1 — argillaccous quartzites 17(4) 189(44) 35(14) 07y - 0.20{0,04) 8,0(3,0)
Vaal Rec! quarizites 18(1) 203(60) 35(14) 78(8) 0,19(0,05) 7.903.2)
MBS — siliceous quartzilcs 268(55) 44(9) 81(8) 0,19(0,05) 12,8(6.3)
MD5 — Jrgillaceous quartzite  27(14) 180(53) 40(18) 74(8) 0.18(0,03) 8.9(5.5)
MB6 — argillaccous quarlzites 177(46) 33(15) 73011 0.19(0,04) 6,4(2.2)
MB7 — siliccous quartzites 254(50) 31(4) 90(15) 0.19¢0.07) 11.0(2.3)
E. Welkom Goldfield )

Aandcnk quariutes 192(27) 35(10) 66(3) 0,16(0,01) 8.7(3.7)
Dagbreck yuirizites 159(47) 34(6) 67(12) 0.18(0.02) 6.7%(2)
Leader Reel zonc 146(13) b 60 0,10 96
Leader Reefl quantzite 271(85) . 45 83(14) 0,12 52
Basal quarigite "~ 195(8) 38 kL 0,19 6.7

UF1 — Zonc | siliccous quartzites 17 154(78) (7 169) 0,16(0,04) 9,0(5.7)

— uniaxial compressive and tensile strengths (MPa)

[
s. — computed shear strength from triaxial test data {(MPa)
k — factor indicating increase in failure strength, oy, during triaxial compression; according to equation: 0, = 0, + kay, where 0 is

confining pressure.
E — Young's modulus (GPa).
v — Poisson’s ratio. .
Standard deviations in parentheses.

TABLE 2. AVERAGE UNIAXIAL COMPRESSIVE STRENGTHS (IN MPa) OF HANGING WALL AND
AND FOOTWALL STRATA IN THE CARLETONVILLE GOLDFIELD. STANDARD

DEVIATIONS GIVEN IN PARENTHESES

.

Western Deep West East .
Rock lype + Doornfontein Levels Dricfontein Dri¢fontcin
Rocklype
H{Wof Green Bar 208(61) 239 —_ 165
Green Dar 27%%0) —_ 266(94) 296
HW of Carbon Leader 237(105) - 124(18) —
FWof Carhon Leader 199(37) —_ 222(109) —
Upper Sq. Pebble Murker 228(56) v R | —
Middlc Sq. Pebble Marker 215(34) —_ 19 253
Lower Sq. Pchble Marker 197 -— — 223(8)
Top Jeppesiown Quartzite 167 245 — 123(18)
TopJeppesiown Shale 152 . 258 -— . 243(39)
: P
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% IsT © ST (1 9, Sst
. 2
Rock MN/m? | MN/m?! | MN/m © % o
ERPM
Quartzite 180 2 430 1 870 13,5 10
Free State
Quartzite 260 1 940 1 470 7.5 56
Marievale ]
Quartzite 17 1 200 960 10,3- 82
Buffelsfentein
Quartzite 55 950 [ 740 17,2 134
a, = uniaxial compressive strength
) = stamp load mean strength (stamp diameter 9 mm)
95ty = Stampload mean strength (stamp diameter 15 mm)
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Unfortunately there i1is no single physical property
which can be directly related toc rocikbreaking

performance as is evident from the example of

(3)

Table 3 . Further complications arise from the

{4)

effect of stress gradients on strength and the

effect of loading rates on strength (5).

ther physical properties which are relevant mainly

for thermal methods of breaking quartzite are:

Low water content - relevant for poor absorption of

: {6)
microwaves .

Low electrical conductivity - unsuitable for

resistance heating (7).

Marginally suitable values for relative dielectric
constant and dissipation factor - potentially

suitable for dielectric heating (8).

3 (o] .
Phase changes from a - B at 573°7 with a volume

increase of approximately 1% - useful for thermal

spalling ( ).

\G rh

Special rock characteristics dune to location,

The presently mined reefs are located at an average
depth of approximately 2000 m.

vertical stresses of approximately 60 iMPa are

typically measured at that depth and horizontal
stresses of 29%-55 1Pa (l). Confining pressure can
have a significant effect on strength properties as

shown in Figure 2 (10}.
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PATTERN OF THE THREE TYPES OF FRACTURES THAT OCCUR

AROUND A STOPE FACE
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If an excavation is made under the above conditions
the stress field is disturbed, resuilting in high
stress concentrations close to the edge of the
excavation, This can raise the stress above the
strengcth of the rock, resulting in fracturing, This
again shifts the peak stress further into the rock
mass. At & certain energy release rate face
parallel extension fractures are first formed, the
depth of which are related to the energy release
rate (Jl). If the energy release rate 13 further
increased shear fractures are formed several metres
into the stope face. This combined with geoclogical
discontinuities results in very uneven stress
distribution for the rock which is subjected to face
parallel extension fracturing close to the stope
face, This again causes uneven fracturing ranging
from totally unfractured - so called hard patches -
to totally crushed rock, which virtually falls out
by itself.

Therefore the typical fracture conditions are as
shown in Figure 3, These different conditions can
all be found over the length of a stope panel.
Unfractured rock of a few metres in length can be
right next to a highly fractured area. The same
applies in terms of depth except that rapid changes
can occur over distances of less than 1 metre. New
fractures form nainly as a result of advancing the
face, A geood indication of this is given in

Figure 4 for a stope advanced in steps by blasting
(47

An impression of the typical distribution of the

fracture conditions can be gained from Figure 5.



Figure 4,

Figure 5.
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Although it indicates rockbreaking rates for
impacting (12), it i1s a direct measure of rock
fracture conditions, because all other parameters
were kept constant., Present knowledge of hard
patches does not yet permit the prediction of their
likely locations or their likely extent., However,
their very uneven distribution suggests a
correlation to geological disturbances, and possibly
excavation geometry. Figure 6 gives a recent
example of hard patch distributions. Methods
suitable to determine the existence of hard patches

ahead of the stope face have not yet been found.

As evident from Figure 5, the fracture conditions
have an overriding effect on rockbreaking
effectiveness. Methods which can exploit the
fractures have a significant advantage., On the
other hand methods which are ineffective over part
of the range of conditions, particularly for little
or no fracturing, suffer the complication of
requiring assistance by other methods which are
effective.

The fractured state of the foot wall and hanging
wall also has a bearing on the suitability of some
rockbreaking methods, since it imposes limits on the
staking forces, which may be required to absorb

reaction forces from the rockbreaking device.

Rockbreaking

Rockbreaking methods are characterized by the
techniques used to apply energy to the rock and the
resulting fragmentation, This sub-section
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Figure 6. AREAS MINED BY SECOND LAST IMPACT RIPPING SYSTEM FROM JULY 1985
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Figure 7. SPECIFIC ENERGY AS A FUNCTION OF NOMINAL FRAGMENT SIZE FOR PRIMARY (:)

AND SECONDARY (X) ROCKBREAKING METHODS IN QUARTZITE

1. Jet-picrcing. — 2. Erosion drilling (granite). — 3. Dianvond

cutting or drilling. — 4. -Percussion drillihg. — 5. Drag bit

cutting or drilling. — 6. Roller bit drilling. — 7. Impaci-driven

wedge. — 8. Explosives. — 9. Jaw crusher. — 10, Giratory
crusher, -~ 11, Milling,
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summarizes what is known about the basic means by
AN

which rock may be broken non-explosively and the

characteristics of the classes of rockbreaking

methods.

Rock fracture modes and specific energy require-

ments.,

The various rockbreaking methods fragment rock in
different ways and produce fragments of particular
size ranges. It has been shown, that the specific
energy requirements for rockbreaking are inversely
proportional to the fragment size (13). Figure 7
indicates alsc that more energy is required for
primary rockbreaking than for comminution. It is
therefore more energy efficient to aim for the
largest possible fragment size in primary breaking
which is compatible with rockhandling, and to use
comminution to reduce the fragments to the finally
required size. This approach also leads to faster

breaking rates.

Most rockbreaking methods rely on mechanical stress
with the exception of chemical methods and thermal
methods of high energy flux which cause melting and

evaporation.

Ideally rock should be subjected to pure tension to
exploit its low tensile strength. Unfortunately
there is no practical way of achieving this. It can
only be partially achieved for a continuous breaking
process through a combination of methods as
described under 1.2.2. For direct methods of

continuous breaking large compressive forces are
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applied in the first place to induce a complex
stress field which eventually results in chipping
and splitting through induced tensile and shear
stresses. Due to the uneveness of the stress field
a wide range of fragment sizes are produced and.the
large compressive stresses which are reguired
invariably result in crushing of rock under the tool
and the generation of dust. One can therefore only
attempt to generate a large percentage of the
maximum fragment sizes.

Since quartzite rocks are brittle, failure is by
crack propagation. The physics of crack propagation
have been the subject of intensive investigation
(14) (15) (16) (17) and are not vet fully
understood. Major cracks mostly curve to a free
surface and produce chips. The size of the chips is
related to the tool size, If specific forces are
large enough a crack develops under the tool in the
direction of loading which can split large pieces of
rock. Theories to determine the speed of fracture
growth have been proposed (18). Generally the speed
is assumed to be 1/3 to 1/2 of the speed of
translational waves,

Principal methods.
(i) Mechanical methods.

Rock can be broken by pulling, bending, shearing,
cleaving and indentation. Pulling is only possible
by first drilling a hole, bending and shearing can
only be achieved by first cutting slots and cleaving
1s achieved by first drilling holes which are then
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pressurized to cause breakage. The only direct
method for continuous breaking is indentation. This
can be in the form of roller cutting, drag bit
cutting and impacting. In all these cases, the tool
forces are in a direction different to the direction

of motion,

The tool forces can be applied quazi-statically as
in drag bit cutting or vibrating as in activated
roller cutting or intermittent as in impacting, The
forces can attack the rock at single points as in
drag bit cutting or in multiple points as in sawing
or diamond core drilling. Basic tool dimensions
like the blade width determine the maximum force
which can be transmitted to prevent tool damage for
given materials and to maintain acceptable wear
rates. Since the maximum fragment size of rock
generated by a tool is a function of the major tool
dimension, the specific energy requirements for a
wider tool are lower (see Figure 7), provided
sufficient energy is delivered to the tool to
generate large fragments, Therefore better
performance and lower energy consumption can
normally be achieved with big and powerful devices.

(ii) Fluid dynamic methods.

High pressure water jets can excavate rock by
erosion, cavitation and impact. If abrasive
material is entrained in the jet, they can cause
abrasion. Specific energy requirements for all
these methods are high because of poor energy

transmission and very small fragments.
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Fluid dynamic pulses in drilled holes can be used to

cleave rock,
(iii) Thermal methods.

Thermal methods can be used to melt, evaporate,
spall or split rock. HMelting can be used under high
heat flux conditions in rocks which have low
inclination for spalling. Spalling is the riore
efficient method as it operates at lower
temperatures and produces big fragments. Spalling
is induced by differential thermal expansion from
external heat sources. Quartz is particularly
suitable because of the to matrix transition at
573°¢ which is accompanied by an expansion of 0,8%.

lethods which work with external heat sources are
sensitive to the efficiency of heat transfer to the
rock, To enable the method to be continuous the
released fragments must be removed. If no gas
burners are used auxiliary gas jets, water jets or

mechanical devices would be required.

Large scale splitting can he generated by applying
heat in drilled holes or by generating heat inside
the rock through the absorption of electromagnetic
energy. In this case substantial mechanical forces
are still required to dislodge the rock.

(iv} Chemical methods.
Quartz can be dissolved chemically. 3But there are

insurmountable practical difficulties in using it as

a continuous mining method., The process is
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extremely slow and would result in face advance
rates of only a few millimeters per month if only
the advancing face was in contact with the fluid.
The process is also extremely dangerous, requiring
extradordinary precautions even under laboratory

conditions.

Chemical leaching requires homogeneous fragmentation
to a sufficiently small degree for adequate gold
recovery. There is nc practical way to achieve
this, particularly since open fractures would be
required for fluids to reach all particles. This
would necessitate an expansion of the in situ rock

into cavities.

For the above reason no work has been conducted

using chemical methods, and it is unlikely that it

will be considered in the near future.

Combination of methods.

A large variety of combinations of different methods
are possible. Some can be used simultaneously like
water jets with mechanical cutters, but most others

can only be used sequentially.

The reason for using combinations can be improved
performance, reduced costs, or both. Combinations
also allow methods tc be used which would be

unsuitable on their own. Typical examples are:

(1) Drilling of holes followed by pressurization of
that hole to achieve tensile and shear breakage to a

free surface.
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(11) Cutting of slots to generate additional free
faces which can significantly reduce the specific
energy reqguirements for subsequent breaking methods.
In an extreme case a block of rock could be removed
by cutting it out completely. Pecause of the small
volume removed with slotting, high specific energies

can be tolerated.

(ii1) Thermal fracturing followed by other methods.

(iv) Impact ripping using auxiliary devices when

hard patches are encountered.

Performance criteria

For a rockbreaking method to be considered as the
basis of a practical mining system, it must have the
potential, at least, to hreck rock at a rate that
can allow a mining rate to be achieved that is
comparable to the industry's present performance,
averaging 6 m per month face advance on 3ingle shift

operation.

A further requirement is that this face advance must
be achieved without resorting to a high number of
oreaking mechanisms per face length. FPirstly, this
is to avoid detrimental effects or labour
productivity and, secondly, to avoid an unnecessary
density of expensive strike gullies, assuming that
interference problems make it impractical to operate

more than one machine per panel.
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Environmental compatibility

Dimensional limitations

The stoping width used in conventional gold mining
of approximately 1 m must not be exceeded, as the
economic penalties would be considerable. At the
same time economic benefits would be derived if the
stoping width could e reduced in those cases where
the reef band is narrower than the existing stoping
width.

A further limitation is the free space available
between the face and the first row of supports.
Although 2,5 m distance is allowed by law, support
requirements may dictate a reduced distance or even

temporary support along the face.
System requirements

Usable rockbreaking methods must be compatible with
other essential minirg functions, such as the
clearing of rock froix the working area and the
conveying of the rock out of the panel into the

gully.

Pollution

Waste heat.

A1l rockbreaking methods are extremely inefficient.
Typically less than 1% of the supplied output energy

is used to create new fracture surfaces. The rest

is converted to heat. Therefore substantial amounts
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of heat can be generated by methods which require
high specific energies. This can be further
aggrevated if the in stope eneryy conversion in the

rockbreaking device is inefficient.

If this heat generation is close to or exceeds the
already high geothermal heat flow into the stope,
then costly additional cooling would be required.
For instance slotting with abrasive water jets

produces heat in the order of
(19)

geothermal heat flow
and any flame piercing methods generate waste

heat far in excess of this figure.

Noxious fumes.

The existing ventilation systems in mines does not
permit the generation of any noxious fumes while the

work force is underground.

Economic considerations

The economics of a method is mainly a function of
performance and operating cost. Obviously the
running costs of a rockbreaking method can only be
allowed to be a relatively small percentage of
present stoping costs to achieve a cost advantage
for the total system. The only exception which wan
be made is when the rockbreaking method permits
additional savings to be made when cowpared to
conventional mining. One such case wculd be a
methed with a very low stoping width, which would
require the workers to be in the gully rather than

in the stope. In this

P}
&

seé the criteria applies

.

that total mining costs must not be higher then
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present total mining costs or in.any case must not
be higher than the value of the geld which is

recovereaed.

In connection with cost considerations one must also
address those cost penalties which are a result of
multistep sequential breaking methods. Firstly,
each separate operation is likely to require a
worker, which reduces labour productivity.

Secondly, system availability is likely to be
effected. Thirdly, sequential methods suffer from
end cffect problems under the given operating
conditions. Therefore additional devices may be
required which further reduce availability and

preoductivity.

Experience has shown that system simplicity is of
very high importance for the achievement of good

mining rates.
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DESCRIPTION OF METHODS SUITABLE FOR QUARTZITE

Methods to break rock from_a drillgg hole to a free

surface which is parallel to the hole.

Methods based on this principle were investigated
partly as possible direct alternatives to the use of
conventional chemical explosives (1963 to 1976), and
partly to assist other non-explosive methods of
miriny when unfractured rock is encountered (1984 to

now).
Operating principles

The attractiveness of this method lies in its
potential for low specific energy, because it can
break rock in tension. Since this is a two step
method, the energy for drilling the hole must be
added to the energy for breaking. The total energy
for drilling a hole of 42 mm diameter and 1 m length
in quartzite is approximately 0,4 MJ, which is
higher than the energy requirement of the subsequent
breaking methods. This drilling energy can further
increase and the drilling performance decrease if a
bigger than standard hole is required for the
breaking method. However, drilling is a well
established and simple technology with adequate
performance under normal conditions. Performance
can be increased if required by using multiple
drills and drill rigs.

Practical problems can arise when the breaking

method requires the insertion of a tube into the



126

straight as a result of rock conditions and their
shape is spiral triangular, when drilled with the
customary chisel bit. = This can, however, be
improved with modern technology like drill rigs and
hydraulic rockdrills with button bits.

The effectiveness of breaking from holes can be
improved if stress raisers are provided in the hole
in the form of longitudinal notches as shown in
Figure 8 (20). Fairly shallow notches can reduce
the threshhold pressure for crack initiation and can

induce fracturing in the preferred direction.

Another effective method is circuwmferential notching
at the bottom of a hole. The major drawback is that
these notches can presently only be generated with
high pressure water jets. This would increase the
required hardware by another and fairly sophistic-

ated piece of equipment.

Rock fracture conditions have an obvious influence
on breaking performance. Although fractured rock
will generally regquire lower energy input, some
methods can actually be less effective in fractured
rock, as it permnits the dissipation of the supplied
energy through open cracks. Therefore a clear
understanding of the intended application of the
method is essential. For instance, it may be
required for the full range of encountered fracture

conditions or for unfractured rock only.

Three important parameters have been identified

which critically influence rockbreaking performance
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(21). There is firstly the peak pressure which must

at least exceed the tensile strength around the
hole. If the peak pressure exceeds the compressive
strength of the rock, crushing will be induced
around the hole as a first step in the
disintegration process. This is not desirable as it
produces dust and blocks the driving medium from
entering the developing cracks, and assisting in the
disintegration process. Non-explosive methods do
not generally reach pressures which crush the rock,
particularly since the underground quartzite is
still'subjected to some overburden stress, which
increases its compressive strength (22). As
mentioned before, fracture initiation pressure can

be reduced by notching.

The second important parameter is the pressurization
time. For quasistatic pressurization rates
typically twe fractures develop, which does not
necessarily mean, that the rock will be dislodged.
If pressurization rates are increased more fractures
will develop because of inertia effects in the rock
mass. It has also been shown (23) that short
pressurization rates have an advantage over static
pressurization because of up to 60% higher hoop
stresses around the hole for the same driving
pressures. This happens when pressurization rates
are fast in relation to the translational wave
velocity in the rock. The effect of the first two
(21). The

additional influence of hole diameter is shown in

Figure 10 (22),

parameters is illustrated in Figure 9
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The third important parameter is the length of the
pulse, which is relevant for the disintegration of

rock, since cracks propagate with speeds‘lowef than

. those of translational waves. Suitable ranges of

values for the three critical paramenters have been

(22) 4na multiple

calculated for quartzite
fracturing. From that a peak pressure from 75 MPa

to 500 MPa, a rise time f:dm 0,25 ms to 0,02 ms and
a pulse length from app:oximétely 0,05 ms to 0,1 ms

appear desirable.

Before the results of the various rockbreaking
devices which were tested in South African gold
mines are discussed, a note must be made on the
difficulties of comparing the recorded results.
This can be explained with the large and
unpredictable variation of the fracture density in
the rock face, which has only been determined
recently by mining extensive areas without the use
of explosives and under constant operating
conditions. Since the exact degree of fracturing
was not known for the recorded tests, comparisons
between different methods and often also different
tests for the same method cannot be made unless

large differences were recorded.

Rockbreaking devices based on the discharge of high

pressure gas.
(1) Armstrong Airbreaker

Between 1963 and 1965 extensive tests were carried

out on this device which consisted of a tube with an
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outside diameter from 38 to 57 mm ¢nd a length from
1,5 m to 3,6 m as shown in Figure 1l. Sometimes an
accumulator was added at the supply end of the tube
to increase its capacity. At the discharge end the
tube was sealed off with a rupture disc which would
break at pressures from 68 to 103 MPa. Stored
energy was up to 0.23 KJ/cm® which means between
150-850 KJ depending on the dimensions used (24).
The tube was inserted into holes, which were
approximately 6 mm larger than the outside diameter
of the tube. Compressed air was supplied from a
multi-stage compressor via a hose. Peak pressures
in the hole varied from 83% to 47% of rupture disc
pressures. The higher percentages were achieved

with the larger diameter tubes.

This device was tested as a mining method to replace
blasting. Therefore constant burdens were used and
multiple blasts were released or relieving holes
were drilled if the hole would not break. 1In
different locations burdens of 150 mm, 200 mm and
300 mm were broken as long as the rock was
reasonably fractured. Great difficulties were
encountered if the rock was less fractured. In one
case out of 260 holes drilled only 72% were straight
enough to insert the tube. Tests with smaller
diameter tubes to save on drilling costs were less
effective compared to the larger diameter tube, even
if the charge pressure was increased tc the maximum
the device was capable of. The final conclusion was
that the Armstrong Airbreaker was not powerful
enough to break an acceptable burden under all

fracture conditions which, combined with the
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operating difficulties, did not permit economic

application.
(1i) Cardox

This commercially available device, shown in Figure
12, was experimented with in 1965. 1Its advantage is
that the energy was contained in a cartridge, which
only had to be inserted into the firing tube. The
energy in the form of compressed C0. is released
when the cartridge is ruptured by a small
electrically ignited detonator. The pressﬁre in the
tube is then released into the hole after breakage
of a rupture disc. The tube is held in the hole
with a mechanical wedging device. Peak operating
pressure according to the manufacture was 260 MPa
with a stored energy of 250 KJ. Tubes with 54 mm
outside diameter and 950 mm and 1250 mm length were
tested.

Ignition reliability was poor and tubes were ejected
from the hole despite the anchoring device if the
holes were not broken. Breakage was also poor.
Burdens of 150 m could not be broken consist-

ently (25).

(iii) Shockwave or Combustion Breaker

This device, shown in Figure 13, was tested between
1967 and 1971. The applied combustion process in
the tube was considered a more economical process
than the previously investigated method to achieve

high driving pressures and high energy
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concentrations. The cdevice consisted of a tube of
42 mm outside diameter and 850 mm length, which was
inserted into a hole of 45 mm diameter. The tube
was charged witk a 10% acetylene in air mixture at
20 MPa. On initiation a shock wave was produced
with pressures up to 1500 MPa and rise times of

10 ms, which would cause peak hole pressures of up
to 500 MPa. The stored energy was 0,55_KJ/cm3.Qr=
100 k3 (23)

This device was extensively researched (23), which
resulted in several important findings. The high
energy storage was largely a result of the high

temperatures generated during the combustion and the

high temperature also allowed a 7 times higher
escape speed from the tube than would be possible at
ambient temperatures. At the same time it would.
allow faster gas penetration into the developing
cracks. Speeds of 500 m/s. were determined in 0,25
mm wide simulated cracks. This could be exploited
since crushing of the hole was avoided. Suitable
steels for the tubes and methbds of manufacture were
identified. Unfortunately, comparative testing was
very difficult and even dangerous because of
inconsistencies in the combustion process. These
difficulties could not be satisfactorily resolved,
so that further work was eventually discontinued in
favour of the simpler and more reliable mechanical

methods.
Rockbreaking devices based on fluid pressures

Fluid driven methods have the potential for
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requiring less energy than gas driven methods since
they do not operate with large volumetric
expansions, which in some applications has the

additional benefit of reduced fly rock.

Rock can be broken either with static pressure or
with a dynamic pulse of short duration. tatic
pressure tests were conducted in 1966, whereas
dynamic pulse methods are a recent development which

only begun in 1985.

Dynamic methods can operate in a variety of ways.
They can pressurise a water filled hole by releasing
a pulse from the bottom of an inserted tube or by
generating a pulse at the entry of the hole. They
can also inject a high speed fluid jet into a dry
hole and produce a pulse cn impact at the bottom of
the hole. Pulses can be generated by impact, by
explosives, by discharge of electric energy in the

fluid or by discharge from accumulators.

The entering of fluids into developing cracks has
(26) (27)

been investigated by several researchers.
Important parameters are crack width, surface
tension of the fluid, pressure and flow resistance.
No quantitative data is as yet available to indicate
whether this assists in the propagation of cracks

and thertefore the effectiveness of breaking.
Static methods

Static pressurization has the potential to yenerate

sufficient pressure for tensilé breakage of rock.
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It requires, however, adequate sealing in the holes.
(i) BExpanding Rubber Tube

This was a commercially available device tested in
1966. It consisted of a rubber sausage of heavily
reinforced material (28); It was inserted into a
45 mm hole and then preésurized. Due to the heavy
reinforcement, which was necessary to prevent |
bursting after the hole had been broken, the full
internal pressure could not be transmitted to the
rock. The major operational problem with this
device was that rock would not break evenly, so that
the device would become partially exposed. This
would concentrate all further expansion in the

exposed section and not break the remaining rock.
(1i) Plunger Buster

This device was also investigated in 1966. It
consisted of a tube with a multitude of radial

(28). It was designed for a hole diameter

plungers
of 50 mm. Due to space limitations forces were
limited. The retaining of the plungers at the end
of their stroke was inadequate and the stroke of the
plungers was insufficient to dislodge the broken
rock from the face, therefore this concept was

abandoned.
Dynamic methods

Tests have been conducted by the Chamber since 1985

with water guns driven by propellant charges with
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the purpose of developing a method for the breaking
of hard patches. Therefore unfractured rock was
required and Norite was chosen for being readily
accessible and adequately homogeneous. To correlate
breaking behaviour with the shape of the pressure
pulse, a test cell was constructed to record the
pulse in a simulated hole. This eventually should
lead to a specification for a pulse generator based
on an accumulator discharge from hydro-power instead

of using propellants.
(i) Flowex

This device consists of an accumulator of 6 litres
water capacity which is connected with a NW 38 hose
via a guick release valve to a blast tube with a
bore of 11 mm. This tube is inserted to a length of
200 mm into a 40 mm diameter water-filled hole,
where it is mechanically sealed and locked. The
pulse from the accumulator, which is_charged to 30
MPa, is released through two holes in the wall of
the tube. The details of the tube are shown in
Figure 14,

The results in Norite were that a burden of 100 mm
could not be broken. The peak pressure was recorded
in the test cell at 35 MPa with a rise times of 12
ms and a pressurization rate of ‘4 GPa/s. The pulse
length was infinite because of the sealing in the
hole.

The poor breaking results are confirmed by the

manufacturers recommendations which are to use the
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device only with longitudinal and circumferential
notching. This is unattractive because of the time

required and the complexity of the equipment.
(ii) Boulder Buster

This device consists of a body which contains a
shotgun cartridge with a charge of 10 g Ballastite
with an energy content of 40 KJ. The discharge end
has a conical section, which is inserted into a
water~filled hole of 40 mm diameter. On insertion
water rises into the body to the level of the cart-
ridge. Firing is mechanical by a pull wire. On
firing water emanates from two holes in the side of
the conical insertion section. The device is shown
in Figure 15.

The results in Norite were that it could not break a
burden of 100 mm for a 400 mm deep hole and it is

therefore inadequate.
(iii) Essig Rockbreaker

This device, shown in Figure 16, is similar to the
Boulder Buster and uses the same charge. But it has
to be inserted fully into the hole, where it is
locked with a plastic sleeve. Water is poured in
after installation.

This device was almost impossible to remove, if the
rock was not broken. The breaking ability was as
low as that of the Boulder Buster and because of the

operating difficulties this device was less
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suitable.
(iv) CSIR Water Gun

The principle of this device is shown in Figure 17.
Essentially the cartridge of 9 g Ballastite of 36 KJ

energy is combined with a 50 ml water slug.

Only a few tests were conducted with the gun, which
showed that the energy was too low for effective
rockbreaking. Therefore a new gun was designed by
the Research Organization to work on a similar

principle, but with considerably increased energy.
(v) Chamber of Mines Water Gun

Based on the experience with the CSIR gun, a new gun
which was adapted for standard size holes was
designed as shown in Figure 18. 250 ml of water is
contained in a rubber sleeve and the front end of
the gun is detachable to allow different nozzles .to
be used. The charge is 45 g of Ballastite with an
energy of 250 KJ.

Four different tests were conducted in Norite.

a) Water-filled hole: 250 mm burden broken.

b) Dry hole: 100 mm burden not broken.

c) Gun and hole water-filled: 150 mm burden
broken.

d) Gun and hole water-filled, cartridge inserted
without a piston: 100 mm burden not broken.
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These large differences still have to be explained.
Only for the case of a dry hole is some information
available (29). According to this, the normally to
be expected jet stagnation pressure as per Figure 19
is not achieved if the jet is injected into a deep
hole as shown in Figure 20. Therefore a further
possible test variation is a deep hole with the jet

nozzle extending to the bottom of the hole.
Pulse measurements still have to be conducted.
(vi) Hydrex Device from Flow Industries

This prototype device consists of a high pressure
accumulator with a discharge nozzle, as shown in
Figure 21, which is inserted to the full length of
the hole. When the accumulator is pressurized to
400 MPa, by which time 60 KJ of energy will have
been stored through the compression of the water,
the rupture disc at the discharge end of the tube

will release the pulse into the water-filled hole.

Measurements conducted by Flow Industries in a test
cell have given peak hole pressures of 60-70% of the
burst pressure of the rupture disc (30). A typical
pulse shape is given in Figure 22, giving a rise
times of 1,5 ms, an average pressurization rate of
190 GPa/s and an extended pulse duration. The rise
times changed considerably from 0,5 ms to 1,5 ms

during the few tests. The pulse shape was such that
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it caused crushing in the bottom of the hole in the
rockbreaking experiments. It is intended to obtain
this device for experimentation.

(vii) Water Cannon from Briggs Technology

This cannon, shown in Figure 23 (31), consists of an
accumulator charged to 170 MPa. The accumulator has
a quick release valve, which allows rapid firing at
5Hz. Water discharge is through a cumulation
nozzle, which results in narrow supersonic water
jets. The benefits of cumulation nozzles in
connection with breaking from drilled holes has
still to be established. Tests have been planned to
investigate this.

(viii) Mechanical Impact on Water

This method could potentially be applied by using
the impact hammer on a mining machine to provide the
impact energy. The principle was tested by impact-
ing a drop weight onto a piston, which was inserted
into the water-filled test cell, produced a pulse
with a peak pressure of 180 MPa, a rise time of 7
ms, a pressurization rate of 35 GPa/s and a pulse
decay time of 7 ms. This applied for an input pulse
of 2,3 KJ. This method would be amenable to
repeated pulsing. More tests need to be conducted to
establish the suitability of the method.

(ix) Electrohydrodynamic Method

With this method electric energy is stored in
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capacitors at a voltage of several KV. This energy
is discharged between two electrodes inserted into a

water-filled hole, as shown in Figure 24 (32).

The pulse is claimed to reach a peak pressure in
excess of 1000 MPa (33)
excess of 200 000 GPa/s. Generators up to 80 KJ

have been built (34). Total pulse duration is only

at a pressurization rate in

0,01 ms. Pulses have been fired up to a frequency
of 5 Hz to compensate for the short duration of the
pulses. More information is at the moment being
gathered on this method to assess the merit of

testing by the Chamber of Mines.
Expanding solids

This is a static method because of the long time
involved. Special cement mixtures have been
developed which generate tensile stresses up to 45
MPa when expanding in a hole while in the process of
hydration and crystallization. Application
potential exists for the prebreaking of hard

patches, which was investigated in 1987.

The result in Norite was a pattern of open cracks
after a period of 24 hours. Because of confinement
on two sides, the rock could not be readily
dislodged. It may nevertheless still be suitable as
a prefracturing method in unfractured rock, but only
if setting times can be significantly reduced. This
appears to have happened with a new product which
sets after only 15 minutes, as shown in Figure 25.

Further tests will be conducted underground.
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Mechanical methods

Mechanical methods can operate with static force
generation in the hole or with intermittent pulsed

force generation.
Static forces
(i) Darda Rocksplitter

This device tested from 1970 to 1972 to assist in
the breaking of unfractured rock consists of a
feather and wedge assembly, which is inserted into
the hole and tensioned by a built on hydraulic
cylinder, as shown in Figure 26 (35). Operating
pressure is up to 50 MPa, which results in a radial
splitting force of 1 MN for an assumed coefficient
of friction of 0,1. The expansion range is either
from 40-50 mm or from 43-48 mm.

The breaking effect was adequate but many practical
problems eventually terminated its further use.
These were: A straight hole was required to avoid
bending forces in the feather and wedge assembly,
which would cause damage. A fairly round hole was
required, as otherwise rock would first have to be
crushed until forces were evenly distributed. This
caused high forces and wear on the outer parts and
used up the useful expansion range. The feather and
wedge assembly had to be greased which caused heavy
wear with the unavoidable guartzite dust.
Mechanical failures occurred when the rock was not

brcocken and the device had to be
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retracted. For all these reasons the life of the
unit was short and operating costs were high. It
was therefore superseded by the development of bull
wedges.

(ii) Radial-Axial Splitter

This device developed and tested .in 1986 by the U S
Bureau of Mines, is similar to the Darda Rock
Splitter but incorporates an additional function,
which allows it to also induce a co-axial pulling
force on the rock by reacting against the bottom of
the hole (36). This enabled the device to pull a
piece of rock off a rock face without the need of an
additional free face to break to. The device is
shown in Figure 27 and the basic action in

Figure 28. The reasons, which lead to the rejection
of the Darda Rock Splitter should even more apply to
this device. Also the benefits of the pulling
action in the corners of a narrowly confined stope
is uncertain. It has therefore been decided to
await further developments and representative

operational trials by the U S Bureau of Mines.

Dynamic forces

{i) Bull Wedges

Wedge rockbreaking was originally tried as a mining
method on its own (37). The tests were conducted
from 1963 to 1969 by Anglo Transvaal Consolidated
Investment Co. A conical tool of 12° angle was used

at an angle of 6° to the hole axis. The tool was
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first pushed into the hole with a cylinder until a
preset force was reached, after which a pile driver
hammer would start impacting. The hammer had a blow
energy of 2100 J and cylinder forces varied between
130 to 250 KN. Under these conditions burdens of
300 mm could be broken. Feed rates dropped to 40
mm/min in unfractured rock. The presence of parting
planes improved breaking rates. In one set of tests
a force of 900 KN was determined to break holes
without impacting, however, reaction forces of this
magnitutde were very difficult to absorb. Wedge
breaking never advanced from the experimental stage

to a prototype mining system.

Bull wedges were investigated by the Chamber of
Mines in 1972 as an ancilliary.device to break
unfractured rock which could not be removed with
hand-held paving breakers during the rock cutter
trials. They were originally commercially supplied
in a conical shape for use in a paving breaker for
breaking from predrilled holes. Tests conducted by
the Chamber determined that a two sided wedge action
was far more effective. Experiments with wedge
angles arrived at a compromise of 5,5° included
angle. Bigger angles caused too much spalling near
the hole entry and narrower angles reduced the range
of hole diameters for which it could be used. The

final shape is shown in Figure 29 (35).

The orerational oxperience was as follows: Bigger
hole diameters were more effective. Straight holes
were beneficial to prevent uneven contact and to

prevent jamming. Increased blow energy signif-
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icantly improved performance. 70 J blow energy was
considered marginal and above 100 J very satis-
factory. Wedges would free themselves if they
contacted the bottom of the hole. It was preferable
to impact wedges only until they stopped moving and
then to rather impact the neighbouring wedge. By
changing the wedges, which were impacted, better
performance could be achieved. Bull wedging was
considered slightly less effective than the Darda
Rock Splitter, but far more practical in underground

operations.

it was recognised that higher blow energies would be
required to increase the performance substantially,
which would make a hand-held device impossible with
the existing technolegy. Therefore concepts of
counterbalance machines operating at higher blow
energy but lower frequency were considered or
devices which exploited the friction forces in the
wedge to absorb the reaction forces. Further work
was discontinued when the rock cutter trials were

stopped.

Bull Wedging was re-evaluated recently (1987) for
hard patch breaking to get a better indication of.
the effect of increased blow energy and to get a
rating against the other methods under invest-
igation. 1In Norite a burden of 150 mm at a hole
distance of 200 mm could be broken with a blow
energy of 500 J. The specific energy was 16 MJ/m’
which was 60% higher than for the Chamber water gun

in a water-filled hole. Specific energy increased
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rapidly if a critical burden was exceecded. For
instance a 30% increase of the above burden doubled
the specific energy. A comparative test with a 90 J
hammer at a burden of 100 mm resulted in a 6 times
higher specific energy and required a considerable
longer time. It was further noted that bull wedges
driven in at the higher blow energy were more
difficult to remove and typically 50% of the time
was spent impacting the last 25% of the hole.

Further tests will be conducted underground.

Thermal methods

Thermal methods could have potential for prebreaking
of hard patches. One of the advantages is the
simple and available technology. Thermal methods in
holes have the benefit compared to surface methods
of reducing heat loss to the environment and of
producing larger fractures at reduced specific

enerqgy.

Tests conducted elsewhere with electric arcs of 10
to 20 kW power in quartzite resulted in specific
energies of 25 MJ/m’ (38). Environmental effects
were reported to be minimal. It is intended to
evaluate the fundamentals of the method before a

test programme will be defined.

Secondary breaking from slots

One theoretically promising method of breaking
unfractured rock is to create parallel slots in the

rock face and to apply bending forces at 90° to the
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slots to break out the rock.

Laboratory tests were conducted in 1966 to simulate.

the breaking out of reef which had been slotted

horizontally above and below the reef plane.

In that experiment hydraulic hoses were squeezed
into slotted rock. . A burden of approximately 200 mm
could easily be broken in bending by pressurizing

the hoses (39).

Although breaking off rock in bending appears

promising, the difficulty is in generating the

required slots.

‘Thermal methods

Thermal methods based on external heat sources.

Quartzite is suitable for spalling from thermal
expansion as a full face operation. IHowever, the
high specific energy of spalling would require
substantial power levels to achieve acceptable
mining rates. These power levels could be prdvided
by large gas torches and oxygen burners, but their -
heat imput into the stope would be approximately 44
times the geothermal heat flow (19) ana would ‘
therefore be unacceptable. However, these methods
could potentially be acceptable if they were

restricted to the cutting of narrow slots only.

Tests were conducted in 1973 with a high temperature.

plasma jet, a commercial device for slot cutting in’
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guarries. During experimentation in quartzite the
slot could not be reduced to less than 150 to 200 mm
and the depth which was spalled off per pass was
only about 1 mm. The cutting rate was therefore too
low to be of practical use and the method resulted
in a high amount of fumes and too much heat to be

environmentally acceptable,

Better suited for the thermal cutting of narrow
slots are methods operating with radiation for heat
transfer because of their ability for directional
concentration of their heat output. Furthermore
radiant energy has the advantage over convection
heating of greater depth penetration. Tests were
conducted on surface in 1973 with a 2% kW projector
lamp combined with a Freznel lense. Although this
arrangement did spall off rock, the cutting rate was
too low to be of practical'uSe. This can however be
explained with the low power output of the then
available light source and the low efficiency of the
test arrangement. Therefore a re-evaluation with
modern technologylmay'berjustified.

An attractive method: using radiation and high
concentration of energy is based on lasers. Lasers
can achieve adequate cutting rates in narrow slots:
(40) 1yt they have not been experimented with by the
Chamber Research Organization because they are still
excessively expensive for high power levels and are
bulky in size. Also, the cutting_of very narrow
slots of only 2 mm may be impractical in the mining
environment. However, since local expertise in

laser manufacture is improving and power outputs are
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continually increasing and, furthermore, as lasers
can be made with frequencies better.suited
toefficient absorptions in quartzite, this situation

may have to be reviewed.
Thermal Methods based on internal heat generation

A great number of methods exist like electron beams,
microwaves, resistance heating, dielectric heating,
magnetic fields etc. most of which work only for
specific types of rock with suitable physical
properties (41). Only two of these methods are

potentially suitable for quartzite.
(1) Electron beamns

Electron beams are a surface effect method due to
the low penetration of only 1/10 of a mm. This
combined with high energy levels results in melting
of the rock surface. Practical applications are
prevented because of the release of X-rays in the

process, which would require excessive shielding.

(ii) Dielectric heating followed by dielectric

bhreakdown and high current discharge.

This method has potential to break.certain types of
rock including quartzite. It operates by first
heating the rock in a high frequency electro-
magnetic field between two electrodes, until a
conducting path is generated between the electrodes.
How this path is generated is not fully understood.

This path is then used for a high current discharge
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which shatters the rock.

This method was researched by Battelle Institute on
behalf of the Chamber in 1987. The first phase of
the project was to determine if South African
guartzite is suitable for dielectric heating. The

reported results (8)

are that it appears to be
marginally suitable, although some anomalies were
discovered which could not be explained. This would
require further analysis and could still render the

method unsuitable.

No information is as yet available if quartzite
would develop a conducting path and if so at which
voltage and frequency levels and further if the
required hardware and methodology would be suitable
for underground operation (42). A proposal for the
continuation of the project has been made by
Battelle, but has been shelved due to the high costs

and low probability of success.

Fluid dynamic methods

Rock can be excavated by high speed water jets in a
variety of ways. Known methods are continuous jets,
continuous oscillating or rotating jets, cavitating
jets, pulsating jets., supersonic interrupted jets
and abrasive jets with high and low pressures (43).
All these methods operate with high specific energy
due to the generation of very small particles. They
are therefore only suitable for rock slotting,
particularly in quartzite which is one of the most

difficult rocks for water jet cutting. The fracture
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process is a combination of several effects such as
damage from stress waves caused by impact, erosion,
particularly of a soft matrix, enlargement of
microcracks and hydraulic wedging of cracks. Of the
various methods listed only continuous jets and
abrasive jets have been tested in South African

quartzite so far.
Continuous jets

Underground tests were conducted in 1973 with a
machine supplied by Atlas Copco. It had a pressure
intensifier mounted on a fast moving reciprocating
transversing mechanism. This arrangement required
high staking forces to absorb the acceleration and
breaking forces at the ends of the stroke. The
generated pressure of 100 MPa was the minimum
required to induce damage to quartzite, and
therefore cutting rates were unacceptably low. The
groove was of very irregular depth with a maximum of
150 mm. 1In an effort to improve the cutting depth a
two-nozzle machine was designed by Atlas Copco to
cut 2 groves 20 m apart with the nozzles pointed to
the ocutside corners, so that after the disintegr-
ation of the centre web the nozzles could enter the
slot to increase its depth. This machine was never

supplied for testing.

High pressure abrasive water jets.

. High pressure abrasive water jets have been

extensively researched (44) and have been tested by

the Technical Development Services of Anglo American
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(TDS) in underground quartzite (45). Typical

operating parameters are as shown in Table 4.
Chromite fines were used as an abrasive because it
is readily available in South Africa as a cheap
waste product from Chrome mining. Nevertheless the
total quantities of abrasive used are considerable.
Figures of up to 430 kg of abrasives per ton of rock
were quoted. This causes logistic, cost and
pollution problems. Costs of R45/m? mined for the
abrasive only were determined even under favourable
conditions. Therefore alternatives—have been
investigated by TDS, such as non-polluting in situ
crushed quartzite. This reduced, however, the
performance to 65% as compared to Chromite. Adding
steel shot to the quartzite resulted in the same
performance as Chromite. Steel shot has the

advantage of being easy to separate.

TDS report that the performance underground in
quartzite was 1,2 m?/h in rock with a low fracture
intensity. Methods of mining investigated were
block cutting as shown in Figure 30, which was
however considered uneconomic in terms of cutting
time and costs. Alternatively methods of cutting
one slot in the hangingwall and footwall each were
investigated, as per Figure 31. This required a
secondary breaking method, based on the drilling of
holes, which were subsequently disced and notched
and broken with a Flowex device. Sometimes this
would only result in cracks and not in the dis-

lodging of the rock so that a further operation
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WATER

ABRASIVE

Pressure

Flow Rate
Orifice diameter
Focus tube I,.D.

Type
Size
Flow Rate .

NOZZLE TRAVERSE RATE
DEPTH OF CuT

240 MPa

13 Z/ain

0,8lom

2,4mm (discard
at 3,5mm)

Chromite

0,20 - 0,85mm

‘3,2 kg/uin

100mm/min
250mm

THE CONFIGURATION OF SLOTS. .
IN A STOPE FACE FOR THE

Figure 31.

_BLOCK_CUTTING MINING METHOD

GENERAL_ ARRANGEMENT FOR STOPING
USING SLOTS AND -WATER PULSE
BREAKER
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using paving breakers had to be introduced. It is
significant to note that the secondary breaking
method could not keep up with the relatively slow
cutting rate. The effect of rock with a higher
fracturing intensity on the effectiveness of this

mining method is still to be investigated by TDS.

A further problem of using high pressure abrasive
water jets is the high heat generation, which is
equal to about twice the geothermal heat input (19).
Also the high specific power consumption makes this
method unsuitable for hydro-power operation since it
would require approximately 18 tons of water per ton

of rock.
Low pressure abrasive water jet (Diajet)

This method mixes the abrasive with the water in a
high pressure tank at 20 MPa. Similar cutting rates
can be achieved as for high preséure operation if

bigger flows are used.

This approach is presently being tested by Technical
Development Services (46); Water flow rates have
been doubled and abrasive usage has been increased
to 2-3 times for equal depth of cut and performance
if compared to the high pressure jet. The bigger
jet diameter lends itself to the use of bigger and
more effective steel shot and possibly greater depth
of cutting. The steel shot can in this case be
reclaimed and be reused up to 3 times before it
disintegrates. Specific power consumption is 1/5 of

the high pressure method. Considering that this
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method can also be directly powered by hydro-power
with a minimum of hardware, it appears to be a much

more promising approach.

Potential for improvements in abrasive water jet

cutting.

One of the liﬁitationsvof abrasive water jetting is
the limited depth of cut, which is detrimental to
good labour productivity and efficient secondary
breaking. This cannot be improved with present
designs because of the narrowness of the slots which
prevent the nozzle from entering these slots.
Several methods have been proposed to overcome this
(44) which are mostly based on widening the slot. |
This may not necessarily increase the specific
energy per area cut, as the nozrzle can now operate
at ideal stand off distances. An alternative
approach to this is the use of long collinating
tubes, which fit into the slot.

Potential for non-abrasive methods

Cavitating and pulsating jets produce high and
pulsating impact loads, which are effective in rock
fracturing (43). A similar effect can be achieved
with oscillating and rotating jgts because of the of
the repeated loading and unloading process. A
literature survey has indicated claims for
performance figures in hard rock which are similar
to abrasive cutting (Table 5). It appears that a
potential for ingenious combinations of methods of

improved overall effectiveness may well exist.



Table 5.

164

COMPARISON OF SPECIFIC ENERGIES FOR DIFFERENT TYPES OF WATER JETS

| T I T I |
o e
. I Y TSP, J—— P SO b fommmmmmn
.TYPE i | (¥pa) l(KW) | Cmn ) I(m*/hr) 1 (MI/m®)
: R M B L
| |
QUARTZITE/ . P
ASRASIVE l' GRANITE'I . '240 : 150 ll 200 : 00,0130 : 51,500
|- i 1 i i I
ROTATING IPINK GRANITE = 69 : 58 : 6lo : 0,0210 | 20,000
f | |
. ICALIFORNIA | I | I |
PERCUSSIVE {atack Chanai] 50 i 42 i 2.5 | 0,0004 1400, 000
| |
CENTRE BODY  |CALIFORNIA | I I o=
CAVITATING JETIBLACK GRANITE| ©°% | 45§ 10 g6 240

Penetraling force

Direction of cutling

Figure 32.

Drag bit
/ir Depth of
Rock =P~ =
Cutling force ————e 8it weartlat

A DRAG BIT CUTTING IN HARD ROCK

cut




2.5.1.1

165

Mechanical methods

Drag bit cutting

Drag bit cutting was developed by the Chamber of
Mines in a period from 1965 to 1978 into a complete
non-explosive mining system. The major motivation
was the potential for selective mining for reefs
with narrow channel width, which has a significant

impact on the profitabiliy of mining.

Operating principles of drag bit cutting in hard

rock.

During research conducted at the Chamber covering a
timespan from 1967 to 1975, several bhasic character-

istics of hard rock cutting were determined:

(i) The cutting action in hard rock is
fundamentally different from cutting in softer rock
(10) (2). Whereas in softer rock a wedge action
takes place, which is influenced by the rake and
clearance angle of the tool tip, this does not apply
in hard rock. There a high penetration force is
generated, which is higher than the cutting force,
so that a tool is quickly worn to produce a wearflat
which is in contact with the rock and which has a
zero clearance angle. The forces under the wear
flat produce a spalling action ahead of the leading
face, which therefore plays no role in the cutting
action. A negative rake angle can therefore be used
to enhance the tool strength as shown in Figure 32.

Essentially the cutting action is a sliding
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indentation process and resistance to indentation

determines cutting forces.

(ii) Wear is independent of cutting speed below a
critical value. Above this value rapid
deterioration occurs due to thermal overloading.
This results in plastic deformation of the tungsten
carbide and in failure of the braze joint. The
temperature can be significantly reduced if water
cooling is used, which allows operation at higher

speed.

(iii) Tool forces increase less than proportional
to the tool width. This is probably due to the edge
effects of the cutting operation.

(iv) Penetration and cutting forces increase with

tool penetration as shown in figure 33 and 34.

(v) Tool forces increase substantially with the
length of the wear flat as shown in Figure 35 (48).
However there was little scope to reduce the length

due to insufficient strength in the carbide.

(vi) During cutting a slip-stick effect occurs with
rapid change of tool forces. This results in
intermittent tool speeds which are very much higher
than the average. Therefore a stiffer drive in the
cutting direction reduces the peak speeds and
permits an increase of performance. At the same
time a decrease of stiffness in the penetration
direction reduces penetration forces due to better

avoidance of localized hard spots. Table 6 shows
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Table 6. PERFORMANCE OF A SWINGING-ARM TYPE ROCKCUITING MACHINE : EFFECTS OF
VARIOUS CHANGES ON THE CUTTING LOADS WHEN TAKING A CUT 6 mm DEEP IN NORITE

.

Maximum Average Average
. cutting dynamic netrati
Machine features load cutting Pmleudw
load

(kN) (kN) (kN)

Orizmlldwgn 100 66 200
With a blade having radial compliance . 82" 48 145
With a kinetically neutralblade . . . . 77 49 160
With a large moving mass . . . . ., 73 45 140
With a high stiffness of hydraulic drive . 66 40 110
With a choke in return line . . . . .. 66 37 110
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Figure 35, DIAGRAM SHOWING THE INFLUENCE OF WEAR-FLAT LENGTH UPON CUTTING FORCE Fe
AND PENETRATING FORCE Fp AT CUTTING DFPTHS OF 1,5 AND 6,0 mm
(MARIEVALE QUARTZITE, SLOT WIDTH - 30 mm)
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the improvements which were achieved as a results of

better tool and machine design (10).

(vii) High pressure water jetting to the inside
corners 2 mm ahead of the leading edge makes a
substantial difference to the tool forces as shown
in Figure 36 and 37 (2). Whereas the level of water
pressure had a noticable effect on penetration
forces it made very little difference to the cutting

forces.

High pressure water jetting increases the
possible cutting rate of the tool significantly.

This was applied underground in 1975.

Application to stoping and performance results

In underground testing several more site related

influences were determined:

(i) In densely fractured rock penetration could be
increased to 4 to 5 times the value in unfractured

rock with a tool life up to 10 times higher.

(ii) Rock strength had a significant influence on
possible penetration. If cuts were made at an
interface of rock layers of different hardness, the
tool tended to deflect into the softer strata. Cuts
against the hanging also induced side forces into
the tool.

Typical performance data for the cutting of slots in

carbon leader reef on Doornfontein at a depth of
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2500 m were as follows:

Depth of penetration in unfractured rock without
water jet assistance : 2-3 mm.

Depth of penetration in fractured rock without water
jet assistance : 8-10 mm.

Depth of penetration in unfractured rock with water
jet assistance : 10-15 mm.

Depth of penetration in fractured rock with water

jet assistance : 40 mm.

The water jet details were a pressure of 40 MPa at a
flow of 0,67¢/s. Under these conditions cutting
speeds were 150 mm/sec, slot width was 35 mm,
mechanical power input was 30 kW and maximum total
depth of cut was 600 mm. An average cutting rate of

4 m*/h was achieved with a tool insert life of'6,4
2

m* when cutting against harder rock in the
hangingwall or 11,6 m’ when cutting in softer rock.
Cutting along the footwall proved impractical
because the equipment was covered by the loose rock.
This led to the use of impact hammers to mine hard

footwall.

The specific energy for drag-bit cutting of 500
MJ/m? is high, indicating that drag bit cutting is
only suitable for slotting and therefore requires
secondary means of rockbreaking, if considered as a
mining method. One of the practical disadvantages
of drag bit slotting are the high operating forces,
which require heavy machinery and staking to absorb

the reaction forces.
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Work on drag-bit cutting as a basis for a stoping
system was concluded in 1978, when it was realized
that such a system could not achieve the targets for
labour productivity, which only became an issue,
when due to changing circumstances in labour supply
in 1975 the target was raised. Also by that time

impact ripping had been investigated sufficiently to

let it appear as a more promising solution.

Further details of the development of rock cutter
systems are given in the section on Integrated

Mechanized Systems.
Roller Cutting

Roller cutting is better suited for very hard
unfractured rock like quartzite than any other
mechanical method. This is largely due to the very
strong tool shape and the large wearing surfaces.
This method has found widespread use in South
African gold mines for raise and boxhole boring,
despite the fact that operating costs are
approximatly 4 times higher than for drill and blast
techniques. 1In this case roller cutting is
justified with the increased speed of operation and
improved safety, both of which resulted in secondary

savings.

Typical performance data for raiseboring in
quartzite of high strength are average penetration
rates of 1 m/h and an instantaneous rock removal
rate of 2,3 m*/h for a diameter of 2,1 m at a power

input of 150 KW. This results in a specific energy
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of approximately 200 MJ/m®.

Roller cutting has also been tried for tunnelling.
However, this has not been successful. This can be
explained with the difference in operating
conditions. Whereas raiseboring typically takes
place in a steeply inclined position in areas which
are overstoped and therefore of low stress,
tunnelling often takes place in highly stressed
areas. This causes spalling along the sides of
horizontal excavations and also in the cut face.
Consequently large pieces of rock dislodge, causing
jamming and rapid cutter wear. This necessitates
frequent cutter replacement and altogether

uneconomical operation.

Attempts were also made to investigate the potential
for roller cutting to bore out the reef with a |
series of overlapping holes. The justification was
again that considerable secondary savings could be
made from the reduction of stoping width and the-
fully mechanized mining operation. This wiil be

discussed under 2.5.2.2.
Operating principle of roller cutting

Roller cutting is an indentation process' which
requires high forces under the tool to crush and
spall the rock. Resistance to indentatidn‘ié_
heavily dependent on quartz content as shown' in
Figure 1, therefore performances willldépend'on rock"
strength. The influence of the important variables

on forces and performance are given in Figure 38
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(42). The forces acting on the rollers vary
considerably during cutting under constant operating
conditions. Figures.up to 10 times higher than the
average values have been recorded. Two different
types of cutters are in use, namely disc and
toothhead types with or without buttons. The
differences in forces and performance are shown in
Figure 39. In South African mining generally the
tocothhead cutter with buttons also referred to as
kerf cutter is used because only with tungsten
carbide buttons can a reasonable wear life be

achileved.

The high wear and operating costs of roller cutters
in South African quartzite, which amounts to 40% of
the total cost of boring, prompted extensive
investigations on a linear roller cutter test rig to
alieviate the problems. Methods of reducing costsv
were to be found by optimizing operating parameters
and by studying the benefits of high pressure water
jets. The results showed that up to 40% reductions
in the thrust and rolling fecrces were possible with
4 jets of of 40 MPa using 0,3¢/s each (50). Details
of the improvements are shown in Figure 40. It must
be noted that the graphs for specific energy do not
include the energy requirements for the water. jets
which were higher than the energy delivered to the

roller cutters.

The influence of water pressure on performance is
shown in Figure 41. Important is the improvement of
worn disc cutters to the level of unassisted new

disc cutters as shown in Figure 42, This would
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enable the more efficient disc cutter to be used in
quartzite. TImprovements could also be determined
for disc cutters with buttons, but to a lesser

degree than for cutters without buttons.

The application of these findings in field trials is
to commence soon. The chances of disc cutting being
sucessful has been increased recently by the
manufacture of one piece tungsten carbide discs.
Attempts to increase the performance of roller
cutters by generating vibrating thrust forces on
them has not been successful. In 1975 a proposal
was made by DEMAG for an activated cutter based on
rotating excentric masses in large diameter cutters.
This was not pursued because the forces would only
have increased by 20 to 30%. Further tests
conducted by Bergbauforschung in Germany confirmed
that the marginal improvements in cutting rates did

not justify the additional mechanical complexity.

Application to stoping and performance results

Reef boring was considered as a possible stoping
method for narrow reefs of reasonably even
horizontal extension. By boring overlapping holes
of larger diameter than the width of the reef, it
was thought that all the reef could be recovered at
a considerably reduced stoping width compared to
conventional mining. Holes had to be reasonably
short so that demands on drilling accuracy were not
too high and that excessive loss of reef due to
minor faults and rolls could be avoided. The method

was only considered a possibility for unfractured
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quartzite.

In 1975 a site was chosen on West Driefontein with a
very low energy release rate of only 2 MJI/m*. Pilot -
holes of 228 mm diameter were drilled on 550 mm.
centres between two reef drives 20 m apart. These
holes were then reamed out to 560 mm diameter, using
the pilot holes as a guide to prevent run out into
the reamed out hole next to it. The general layout

1s shown in Figure 43.

The results were an increasing rate of spalling in
the pilot holes next to the reamed out holes as the

d (51 ). This could be shown to

excavation increase
be a result of the stress concentration caused by
the advancing excavation. This made the pilot hole
eventually unsuitable to serve as guides for the
reamer. Also the operating conditions for the

reamer were now in highly stressed and fractured

rock. The cutters were pinched and damaged by-holeflfe!

closure and the reaming head ran out of the holé
being reamed into the one prev1ously completed.
Various attempts were made to overcome these
problems, such as grouting the. fihished holes.and
changing the separation and drilling orderjof‘heie;
However, these were all unsuccessful. Cohsequeﬁtly
the life of the cutters was qeverely reduced to 30 m
on average. It was also shown that malntalnlng the
required drilling accuracy for the pilot- holes»was

exceedingly difficult even with special care.

The technical difficulties and operating costs

associated with the method led to it being



180 ‘

abandoned.

An alternative approach was investigated from 1972
to 1977 to use roller cutting as a face mining
machine. The concept was to cut a web parallel with
the face by moving two large diawmeter cutters in an
arc back and forth. These rollers were pointed intao
the corners of the hanging and foot walls.
Laboratory experiments were conducted which proved
the feasibility of the concept. However, the
manufacture of an underground mining machine was
subsequently abandoned when it was realized that the
technology of roller cutting had not advanced
sufficiently, as claimed by the manufacturer, to
enable such a macaine to operate at acceptable

costs,
New cdevelopments

A recent development of a new technigue could
significantly widen the application of roller

(52). With this method roller cutters break

cutting
towards a free surface and can therefore break large
pieces of rock with a claimed reduction of specific
energy to 1/10 of conventional values. This would
be better than anv other full face non-explosive
rockbreakin mechod in unfractured rock. The
principle of operation is shown in Figure 44,
Interesting features are the different way in which
reaction forces are handled and the potential to
produce other than circular holes. Once these
claims have been substantiated, the potential for
adapting the principle of operation to stoping has

to be evaluated.
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Figure 44. OPERATING PRINCIPLE OF RADIAL ROLLER CUTTING TECHNIQUE

F 1g ure 45 . THE STOPECORER, A HYDRAULICALLY POWERED DIAMOND CORE DRILL
THAT CAN PROPEL ITSELF UP OR DOWN THE HOLE IT IS DRILLING
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Diamond cutting
Operating Principle and state of diamond technology

Diamond cutting also operates by indentation, but
mostly on a microscopic scale. Multiple indentation
is used which can have random distribution or
designed'distribution for larger diamonds. Specific
energy is very high particularly for the smaller
diamonds, so that only the removal of small volumes
can bhe economically justified. Diamonds have been
used in quartzite for core drilling, slot cutting
with saws and large diameter ring slotting for

boring.

The state of diamond technology for rockhreaking can
be seen from applications for core driliing:

When impregnated synthetic diamonds are used, a BX
drill bhit of 60 mm 0.D, and 42 mm I.D can typically
achieve the following performance in quartzite:
penetration 0,12 m/min, life 8 m, bit cost R60/m.
Drilling would occur with a thrust force of 6 KN at

300 RPM. This method is slow and expensive.

By using natural diamonds the penetration rate and
the life can be improved at approximately similar

costs.

In a vary recent improvement which uses Syndax-—3

diamonds in a specific rattern on the surface of the

-

bit only, penetration rates of 0,74 m/min have been

g
. C . . 53
achieved with a life of 20 m at a cost of R40/m ( )
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Whereas the specific energy for the impregnated bit
was 1900 MJ/m*, it is only 320 MJ/m?® for the new

bit.
Application to stoping and performance results
(i) Saw cutting

Saw cutting was investigated by Goldfields in1l§68
for slotting of rock with a blade of 1,2 m diameter.
Difficulties were encountered in fractured rock
which pinched and damaged the blade, resulting in a
premature loss of diamonds. The operating costs
were therefore far too high for practical
consideration. Slot cutting with diamonds saws is
being re-evaluated by TDS (46), because of progress

in diamond technology.
(ii) Large diameter core boring

This method was used as a mining method by
STOPECORER from 1974 to 1981 on Vaal Reefs and
Sallies to bore out stressed and fractured rock.
Overlapping holes of 660 mm diameter were generated
by cutting a ring slot of 13 mm width and relying on
stress fracturing in the rock to disintegréte the

core., Figures 45 and 46 indicate the process.

Performance results were as follows.(53).
Penetration rates were 0,12 m/min with a tool life
of 20 m. Power input was 100 kW at 200 RPM. The
best monthly performance was 246 m? and in total

10 000 m* were mined. Operating costs for the tool



184

ul 1 '._ s
e b A :
*Slopécorar concapl v o

¢ AR PR VO ot

Figure 46 . THE MINING PRINCIPLE OF STOPE CORING, DRILLING OVERLAPPING HOLES

Wiy St
sl J:_‘.:'f‘». ¢

e A
AT 3

Figure 47. PROPOSED NEW CORING PRINCIPLE




185

alone were approximately 2-2,5 times conventional
stoping costs. Practical problems were encountered-
when the core did not disintegrate, as the Machiﬁe_xw
configuration required the core to be ejected té thé
side. In this case the drill had to be retracted to
remove the core. Besides the time loss this céﬁSédfﬁ’
problems with stope closure, so that the hole had in.’
fact to be reamed out again. Also spalling in the
hole interfered with the clamping action of thé' v
drill. This would result in loss of directional
control and vibrations. This experiment was

discontinued in 1981.

However interest has been expresssed by AMTEC in

reviving this method (53).

The reasons given are:
(1) The new diamond technology would substantially

improve performance and reduce operating costs.

(ii} The non-disintegrating core problem may
possibly be overcome by a system similar to Figure
A7, N ,

The revised systemnm may have potential for deep leVél ;

narrow reef mining, and needs to be reassessed.
(iii) Other methods

Diamond rope cutting is being used extensively for
quarrying. It has the advantage of'requiring a
minimum of hardware in the cutting area. For narrow
reef mining it has potential for a man-free stope

operation, if the reef only is slotted out by
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equipment installed in advance gullies. Therefore
an extremely low stoping width with very low energy

release rates may be possible (54).

Discussions are in progress with equipment suppliers
to obtain performance data and information on
principles of operation. If suitable concepts for
application in gold mining can be devised, then
experiments would be conducted to determine if rope
cutting is feasible in fractured quartzite and if
operating costs and performance justify development

efforts,
Impact breaking

Impact breaking was first used in the Scouth African
gold mining industry for the drilling of blast
holes. The application is described in the section
on Rock Drilling. Hand-held paving breakers were
used during the rock cutter trials to remove the
stress-fractured but still interlocked rock after

the slot had been machined into the rock.

Impacting was also considered for rock slotting,
which is explained under 2.5.4.2. The application
of impacting in conjunction with bull wedges which
were inserted into drilled holes for use in areas
where paving breakers were inadequate, is discussed
under 2.1.5.2. More poweful oil hydraulic hammers,
which had been developed for quarrying and
demolition work, had first been considered in 1967
to assist the rock cutter to remove partially

fractured footwall. The promising results of this
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equipment led to further trials on Doornfontein and
Westdriefontein in 1968 when impact hammers were
used by themselves as a rockbreaking method for
fractured rock conditions. The subseguent .
development of complete mining systems based on
impact ripping, which is now the most advanced
non-explosive mining technique, is described in the

section on Integrated Mechanized Systems.
Fundamentals of impact breaking

In impacting a constant power supply is converted-ﬁo
intermittent short duration high level force pulses.
These high forces can produce large rock fragments

at low specific energy levels. An important

practical benefit of the method is the low average
reaction forces produced; this means that at low

power levels machines can still be hand held, and at
high power levels where instantaneous forces of .
several bundred tons can be generated, staklng 1Sﬁfﬂh:ﬁf

not required.

The damage caused to rock by impacting occurs

firstly by crushlng and spalllng, and when forces
are suff1c1ently large, also by spllttlng.; For ,
spalllng and splitting to occur, cracks must be ablﬁ‘f

to propagate to a free surface. Free surfaces are'
provided in dlfferent ‘ways for dlfferent app11c~'””
ations of 1mpact1ng.- For 1nstance in drllllng,_freef
surfaces are malntalned by rotatlng the tooZ : g
impacts, whereas in fullface rlpplng, the tool 1s R 9
moved parallel to a free surface as- shown ln Flguré ﬁ?i,
56. Another difference between drllllng and rlppanﬁ[}g

is that for drilling the main concern is for max1mumf7: 
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tool penetration per blow, which must be accompanied
by rock removal by spalling or crack propagation,
essentially at 90° to the direction of impact. Also
only one blow is imparted per position. In ripping
the main purpose is to split the rock by propagating
cracks over long distances ahead of the tool and in
line with the direction of impact. Usually several
blows at each position are required to propagate the

cracks.

Impacting for the purpose of ripping is discussed
below, although most of the fundamentals apply

equally well to drilling or slotting.

The energy content of the pulse or the blow energy
is determined hy the energy in the piston on impact
with the tool. The piston energy is determined by
the mass of the piston and its speed on impact.
Dimensiocnal restrictions in an underground stope and
the need to manipulate the impact device limit the
maximum dimensions of the impact device and
therefore its piston mass (Figure 48). Since the
piston speed is limited by the strength of materials
on impact with the tool, the maximum blow energy is
limited to approximately 4000 to 6000 J for the
given dimensions. This can only be increased by
using ballistic hammers., which can operate at higher
impact speed by avoiding the piston to tool impact,
because the tool is connected to the piston. This
requires, however, that the tool tip is kept a
constant distance away from the rock at the
beginning of each impacting stroke, which is

difficult to achieve.
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The effect of blow energy on driving s orack for a
given distance was c¢stablished during research
conducted by the Chamber on a drop tower test rig in

1977. The result is shown in Figure 49.

The blow energy which is available for vockbreaking
ig also influsnced hy the efficiency of energy
transfer between piston and tool. This is
determined by the relaticnship of piston to tool

=
mass and langth (58)

and by the concentricity of the
impact. Here again a ballistic hammer has an

advantaqge.

Besides the energy content of the pulse,
rockibreaking cifectiveness is also influenced hy the
shape of the pulse. In this regard a distinction
must be made hetween the pulse generated in the tool
by the impact of the piston on the tool and the
pulse induced in the rock. This tool pulse cannot
be fully transmitted to the rock when if arrives at
the tool tip. Consequently it is reflected several
times before all the enerqgy is transmitted to the
rock (58). A typical pulse shape as induced in the
rock is shown in Figure 50. The oscillations of the
tool pulse are superimposed on the rock pulse. It
has been demonstrated that the pulse shape of the
tool affects rockbreaking (61). It has also been
shown that the pulse shape can be changed by a
number of parameters such as the piston shape as

shown in Figure 51 (62), the shape of the interface

between piston and tool, as shown in Figure 52 (62)
and by the shape of the tool. Because of the

reflections within the tool the pulse shape becomes
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progressively more distorted as a function of the

(60) has shown

tool shape. Research by the Chaunber
that when a pulse is induced in the rock, a short
pulse of high amplitude (Figure 53) as generated by
piston to tool impact is far more effective for
rockbreaking than a long flat pulse as is generated
when the tool is impacted via a fluid tappet (high

velocity hammerv).

Furthermore the shape of the tool tip has a signif-
icant influence on rockbreaking effectiveness (60)
(Figure 54) and can be ascribed to the stress field
in the rock and the stress concentrations in the
rock. The application of this finding is made
difficult by the limited strength of materials for
tools. Therefore research is in progress to

investigate alternatives such as tungsten carbide.

Impact breaking c¢f rock invariably results in the
crushing of rock under the tool tip due to the high
stresses. Since multiple blows are often required
to drive a crack for a sufficient distance, this
crushed rock has a dampening effect on energy
transmission. Therefore water flushing through the
tool as used for drilling would be desirable, alsco
because of improved dust control and improved

cooling of the tool tip.

Generally the theory of rockbreaking by impacting is
far better understood for tool penetration as
applicable to rock drilling, than for large scale
rock splitting as required for impact ripping. Hore

fundamental research is therecefore required to enable
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the optimization of rock splitting by impacting.

Additional influences on rockbreaking effectiveness
are prought about by the special conditions
encountered in underground impact breaking. One
major influence is the unevenness of the fracture:
conditions. This causes the rockbreaking rates to
vary widely, not only as the machine mines along the
face, but also for the average of one complete run
to the next; as is evident from Figure 55. Even
adjacent areas of 1 000 w®* can have average rock-
breaking rates differing up to 30%. This makes
comparative underground testiny very difficult and
time consuming. The breaking conditions underground
are typically much more difficult than for instance
those encountered for boulder breaking on surface.
Underground, the rock fragments are still keyed
together with fractures sometimes opened or closed.
The rock is also confined in the hanging and foot .
walls and can still be subjected to varying degrees
of confining stress. Some of the fracture spacings
are so far apart in the so called hard patches that
hammers with up to 6000 J blow snergy are not able
to break them, necessitatiﬁg the development of
auxiliary devices, as described in previous
sections. The histogram in Figure 5 indicates that
for the areas which were mined, most of the time was
spent breaking relatively unfractured rock. There-
tore the maximum possible hlow energy should be used

te improve rockbreaking rates,

A further influence of the underground conditions on

rockbreaking is the fact that the rock fractures are
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mainly pearallel te the rock facoe. Therefore
direction in which the rock is attacked becomes
significant. “hree different possibilities are
shown in Figurce 56. The cheoice is limited for
underground operatjion because of rockhandling
constraints ' hich is explained under mining systems.
Case A shows the mining of a narrow web all the way
down the face. Rockbreaking could be very difficult
if the fracture spacing was larger than the web
depth. In case B down-dip mining with a large web
depth is shown. ITn this case the angle of attack in
relation to the fractures changes from a situation
similar tc case A, 0 a direction in line with the
cratzks and eventually with a force component which
points away from the face. Therefore a wedying
action ard inducement of very beneficial bending
lecading should be possible. In case C up-dip mining
with rock attack perpendicular to the fractures is
shown. Smaller rock particles are likely to be
produced with this method. Again rock cannnt be

loaded in bending if fractures are closed.

Common to all of these methods is that rock is
broken to a free face from a preset depth of cut.
The tool is angled to the direction of cut to
maintain depth of cut without excessive side lcads
and to clear the hammer body. The influence of both
the attack angle and of the depth of cut on

performance have not yet been investigated.

Of the three described siining methods cases B and C
have been tested with impact rippers. No

significant performance differences could he
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determined under the difficult test conditions.
Therefore rockhandling considerations settled the
argument in favour of case B. Case A has been
tested with the swinghammer miner and was intended

to be used with the impact planer.

Application of impacting to slotting

This concept was developed by Boart Research
Laboratories in 1974. It operated with a
conventional rockdrill which moved the tool tip at
the end of the drill steel in an arc back and forth
to cut a slot. Slots of 600 mm depth were cut on
Sallies at a rate of 1 m®/h with a compressed air
powered rockdrill. It was estimated that slotting
rates could be doubled with oil-hydraulic

rockdrills.

At the same time some laboratory experiments were
carried out by the Chamber based on a new hydraulic
rockdrill from Ingersoll Rand with an operating
frequency of 150 Hz. However, this rockdrill was

not reliable enough to conduct extensive tests.

All of this wnrk was terminated when it was realized
that wining methods based on slotting followed by
several secondary activities to break and handle the

rock could not meet the productivity targets.,

Application of impacting to face mining with the

=

swinghammer miner.

This principle was first experimented with by Anglo
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Transvaal Consolidated Investment Company in 1969
and was developed by the Chamber until 1977. It was
the first concept of a fully integrated mining
system which could break the full stoping width,
load the mined rock onto a face parallel conveyor,
and convey the rock out of the stope into a strike
gully. It therefore had the potential to overcome
the labour productivity problems cncnuntered with

the rock cutter.

The impact mechanism was based on mechanically
driven ballistic hammers. Power was supplied to an
electrically driven drum to which hammers were
hinged, which would strike the rock. The hinged
configuration as shown in Figure 57 (67) prevented
stalling of the rotor, should the rock not be broken
on first impact. The hammer was kept in the
striking position by centrifugal force. Rotors waé'
built with four and six hammers, which had a blow
energy from 500 to 950 J. The drum speecd varied
between 150 and 170 r/min. and the power output of
the hammers varied between 7 and 11 %W. Two rows of
harmmers operated in parallel and the face was mined
by cutting a web of between 100 and 150 mm in three
different height positions as shown in FPigure 58.

Mining could be up-dip or down-dip.

Two different test sites were chosen, one at a depth
of 2 000 m at the Iartebeestfontein and another at
3 000 m at Fast Rand Proprietary Mines, to study the

ects of different rock fracture conditions.
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The performance results are shown in Table 7,
although. it must be noted that the areas mined were
very small. 1In the first case only 50 m’ were mined
and in the other case 220 m?* and 155 m?. The
rockbreaking rates were very low resulting in high
specific energies. This can partially be explained
by the fact that low blow energies were used. The
breaking action of this principle appears
unfavourable resulting in a high number of
tangential blows with very shallow attack anglee;7
This causes high velocity skidding with heavy tool
wear. Unfavourable attack angles became |
particularly evident in hard rock where the easy to
break corners were removed more quickly, leaviné“
very shallow inclined surfaces for the impaCtor{;il
Contrary to expectations the tests at,greaterldeptﬁ
resulted in lower performance. This was caused by
the occurrence of hard patches in the otherwisetwell
fractured rock, which considerably_reddced.the
average performance figures. Although the

swinghammer miner worked very well as a lOader,

further work was discontinued in 1979 because of theffﬁ'

fundamental problem of deteriorating attack angles

as the rock became harder and because a solutlonaforfz,iﬁ

overcoming these problems was available withxthee'”
impact ripper. Therefore the development of the
swinghammer miner was dlscontlnued 1n favour of the

impact rlpger.
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THE AVERAGE EXCAVATION RATES ACHIEVED IN E.R.P.M,
TABLE 7 =
AND HARTEBEESTFONTEIN
Hammer Excav- | Total
blow Impact | No of ation |energy
E.R.R. energy | power impact ru%e Et 2
Description Min Max (Ep) J| kW paths m¥/h M/J/m
'Tests in
E.R.P.M.
with lst
rotor 23 | 196 494 7,2 2 0,82 31,6
Tests in
Hartebeest-
fontein
with the \
1st rotor 3,9 8 494 _ 7,2 2 1,22 21,3
Tests in ‘ |
Harbebeest— | [
fontein | |
with the
2nd rotor | 3,9 9 630 ‘ 6,7 l 4 1,39 17,4
S N S I S |
2.5.4.4

Application of impacting to face mining with the

impact planer

The impact planer was developed by the Chamber from

1978 to 1983 to overcome the problems of the

deteriorating attack angle of the swinghammer miner.
The impact planer had a constant attack angle to the
face for the two ballistic hammers which operated in
parallel to mine the rock very similarly to the
swinghammer miner. The only manipulation was height
adjustment to mine different parts of the face for

subsequent runs along the face. Stand-off for the

ballistic hammers was designed to be

manually with the driving speed.

controlled
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At chat time the guestion of whether high blow
energy at low frequency, or low blow energy atfhigh
frequency, is more advantageous in rockbreaking was
unresolved. This particular machine was desigﬁed”
for hammers with a low blow energy of 700 J but high
frequency of 30 Hz resulting in a high power 6utput
of 20 kW for each hammer. With this high power a
greater web depth of 250 mm was intended to be-
mined, which was also believed to take better

advantage of the existing rock fractures.

The oil-hydraulic drive mechanism for the hammers
was basically an oscillating spring/mass system
driven by a special pump at resonant frequency. 1In
a first version the hammers were designed to impact
simultaneously, but this was subsequently changed to
a counter reciprocating design to improve the

internal efficiency.

Surface tests with this machine revealed several
fundamental shortcomings associated with the hammer
drive system; the output blow energy was far below
target, the mechanization was thrown out of balance
when rock was struck, and the machine suffered from
savere destructive vibrations. Since the
rectification of these problems would have required
considerable additional resources, the concept was.

abandoned in 1983 and never tried underground.

The concept of planing was, however, revived in
1983, but this time with only one hammer ang a high
blow energy of 4000 .J which was crowded up against

the rock. Operation was intended to be automatic by
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controlling the speed by nean of the rocikbrealkinog
rate. Although this was a promising concept,

further work had to be shelved in 1¢84 hecause of =
lack of resources which necessitated concentration

on the thern further dvanced impacht ripper.

Application of impacting to face mining with the

impact ripper

Impact rippers are deew web mining machines which

break cut a section of rock from a stationary
sition barore moving to the next position. They

can attack the face as indicated in Figure 546 in

2ither a face parallel direction (B) or a face

.1

'1

pendicular direction (C).

3
<

v

The development of the method of mining and the
reguired hardware was a slow process because it was
the first time that ripping had been used as a
continuous face mining method and answers had to be
found for several fundamental questions, such as how
best to attack the rock face, how to control hanging
and foot walls, and which blowenergy and frequency
to use for most effective rockbreaking. Only after
a period of extensive experimentation could
tentative specifications for engineering develop-
ments be drawn up. Considerably efiort subsequently
went into the investigation of suitable manipulation
systems for the hammer and methods for handling the
broken rock. This was then followed by Jdeveloping
enginecring solut.cns which would stand up to the
environment. Full details of tnis are discussed 1in

the section on Integrated Mechanized Systems.
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Only after suitable methods had been developed and’
engineering hardware had reached a reasonable degree

of reliability could meaningful performance tests on
rockbreaking rates be conducted. Therefore results .
are given for the last four systems only, that have
been evaluated. The results in Table 8 were m—
achieved over fairly large areas from 600. m? to » L
1700 m* and should therefore be reasonably represen-jﬁg
tative. The last system in Table 8§ operated with | ]
face perpendicular impacting, whllst all the othersfi%i

operated with face parallel 1mpact1ng.

ROCKBREAKING RATE }k‘

| HAMMER [ HAMMER [

| BLOW ENERGY | FREQUENCY [ m? /h-
| KJ | Hz |

I l I

| 2250 l 2,8 | 4,3
| | | 5

| 2250 | 5 | 6

| | I .

| 2700 | 3 i 5,3
| 3200 | 4,5 | 8,1
l

TABLE 8. ROCKBREAKING RATES OF PREVIOUS MINING

SYSTEMS AS A FUNCTION OF BLOW ENERGY
AND FREQUENCY

The given rockbreaking rates must be multlplled byél
the hammer utlllzatlon, Wthh accounts for

non-productive times. like manlpulatlng and machlne 55?5

haulage, and must furthermore be multiplied by - the
machine avallablllty to determine the system mlnln
rate. Efforts to improve both the hammer

utilization and system availability are part of the'?fa
development programme of impact ripping systems and .

are discussed under Integrated Mechanized Systems.}itjﬂ
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The rockbreaking rates shown in Table 8 were used to
answer the question whether high blow energy or high
frequency gives better rockbreaking performance for
identical power input.

(61)

In an adaptation of a theory which had some

verification from field results, a diagram as per

Figure 59 was developed (66)

This suggests that
the rockbreaking rate may be related to blow energy
and frequency as follows:

R « RBYr2 .fb,?

The obvious conclusion, for a given power output of
the impact hammer, is to increase the blow energy
and to reduce the frequency. That this is
principally correct can be derived from Figure 53.
More data will be required to verify these

preliminary findings.

The rockbreaking rate can also be used to determine
the average specific energy for impact ripping. It
was calculated as 2,5 MJ/m?*, if hard patches are
excluded. This very low value confirms that impact
ripping exploits the existing rock fractures better
than any other method and has therefore the best
potential to be developed into a successful non-

explosive mining method.



1.

207

REFERENCES

GAY, N.C. and JAGER, A.J. The influence of
geological features on problems of rock - .
mechanics in Witwatersrand mines, in: Mlneral
Deposits of Southern Africa, ed. C.R. :
Amhaeusser, Johannesburg, Geologlcal Soc1ety of-_
South Africa, 1986, pp.753-772. . : .

HOOD, M. A study of methods to improve the .. - |
performance of drag bits used to cut hard’ rock,,{
Research Report No. 35/77, Chamber of Mines of N
South ‘Africa, Johannesburg, August 1977. _  :

CHAMBER OF MINES OF SOUTH AFRICA RESEARCH Gy
ORGANIZATION, Elghth Annual Research Rev1ew,g.~f
1970, p.6. :

HODGSON, K. and COOK, N.G.W. -Effects of- 31zesﬁ

,and stress gradient on the strength of rock,

.Proceedings of Second Congress of the.
Internatlonal ' Society for Roc¢k Mechanics, . .
Belgrade, Vol. 2, 1970, pp.31-34.

STOWE, R.L. and AINSWORTH, D.L.. Effect of rate;f
of loading on strength and Young's modulus. of
elasticity of rock, in: Proceedings of 10th
Symp051um Rock Mechanics, Austin, 1986.

STEUDEL, J. Versuche mit Mikrowellen zur
Zerstdrung von Sandsteinen, Gliickauf-
Forschungshefte, Vol. 26, No.2, 1965,
pp.117-125. '

PARKHOMENKO, E.I. Electrical properties of
rocks, Plenum Press, New York, 1976

BERCE, T. and BOSWELL, P.G. Elec;rlcal methodsg*
for fracturing quartzite, feasibility S
evaluation, Battelle Centres de. recherche de f'
Genéva, Final. Report for The Chamber of Mlnes
of South Africa, May 1987.

DANE, E.B. Denqlty at high- temperature,
thermal expansion, in: Handbook of physical
constraints, eds. Birch, F., Schairer, J.F. . and: -
Spicer, H.C., Geologlcal Socrety of America
Special Paper, No. 36, 1942,



10.

1t.

13.

14.

15w

l6.

17.

18.

19.

208

RIEMANN, X.C. The cutting of slots in hard
rock with a drag bit, Technical Note, Chamber
of Mines of South Africa, Jchannesburg,
September 1974.

ATKIWNS, A.R., JACKSON, D.H.P. and JOUGHIN,
N.C., Rock conditions around deep level stopes
and their influence on the development of
mechanized mining techniques, in: Proceedings
of 12th C.M.M.I. Congress, ed. H.W. Glen,
Johannesburg, 1982.

PICKERING, R.G.B. and HAASE, H.H.
Non-Explosive mining for South African gold
mines, Research Report No. 3/87, Chamber of

Mines of South Africa, Johannesburg, January
1987.

COOK, N.G.W. and JOUGHIN, N.C., Rock
fragmentations by mechanical, chemical and
thermal methods, in: Proceedings of the
International Mining Congress, Johanneshurg,
South Africa, 1970.

FATIRHURST, C. and COOK, N.G.W. The phenomenon
of rock splitting parallel to the direction of
maximum compression in the neighbourhood of a
surface.*

HOEK, E. and BIENIAWSKI, Z.T. Fracture
propagation mechanism in hard rock, in:
Proceedings of the 1lst International Congress
on Rock Mechanics, Lisbon, October, 1966.

TROLLOPE, D.H. Effective stress criteria of
failure of rock masses.*

SINGH, M and HARTMAN, H.R. Hypothesis for the
mechanism of rock failure under impact.*

SMIRNOV, V.V. The mechanism of rock fracture
by impact.*

HAASE, H.H. and PICKERING, R.G.B. The status
of non-explosive mechanized mining in narrow
reefs, Research Report No. 5/87, Chamber of
Mines of South Africa, Johannesburg, January
1987.



20.

21.

22

23.

24.

25.

26.

27.

28.

209

BRINKMANN, J.R. Potential for controlled
fracture development from cylindrical holes to
assist mechanical impact rockbreaking machines,
Technical Note, Chamber of iMines of South.
Africa, Johannesburg, February 1985,

CUDEMAMM, F.K. High-energy gas~fractufing
development, Report No. SAND83-1379, Sandia
National Laboratory, Albuqurque New Mex1o, July
1983 '

BRINKMANN, J.R. The influence of pressure

pulse characteristics on fracture radiation

from drill holes, Technical Note, Chamber of

Mines of South Africa, Johannesburg, November
1986.

BLIGHT, T.P. Gaseous detonations at very high
pressures and their application to a rock= ‘@
breaklng device, Dissertation, University of
the Witwatersrand, 1972. ‘ '

SOUDEN, P.M. An investigation of “the
suitability of the armstrong ‘airbreaker as a
rockbreaking -device in the mining of :
Witwatersrand quartzites, Research Report No.
70/67, Chamber of Mines of South Africa,
Johannesburg, August 1967.

CLEMENT, D. A comparison of the amount of
energy available from the shock-wave rock-
breaker and that from other non- explosive -
rockbreaking devices, Research Report No.47/70,
Chamber of Mines of South Africa, Johannesburg,:
September 1970. oft

SHAFFER, R.J., THORPE, R.K., INGRAFFEA, A.R.

and HEUZE, F.E. Numerical and phy51cal studies )
of fluid-driven fracture propagatlon ln jolnted_-
rock.*

SHAFER, R.J., INGRAFFEA,.A.R.fandeEUZE;;E.E;QL"'

An improved model for fluid-driven ¢racks in . .

jointed rock, in: Proceedings of 26th U S
Symposium on Rock. Mechanics, Raplé Clty, South
Dakota, June 1985.

HOJEM, J.P.M., Personal Communlcatzon, Chamberv}
of Mines of South Africa, November 1987.




30.

31.

32.

33.

34.

36.

37.

38.

210

LEACH, S.J. and WALKER, G.I. The application
of high speed liguid jets to cutting, in:
Proceedings of Safety in Mines Research
Establishment, Ministry of Power, Sheffield,
XXVI, Some aspects of rock cutting by high
speed water jets.*

KOLLE, J.T. and FORT, J.A. Hydraulic explosive
tool for rapid egress, Technical Report Mo.
373, Technology Division, Flow Research
Company, July 1986.

PATER, L.L. The blowdown water cannomn: A novel
method for powering the cumulation nozzle, ins
Proceedings of 8th International Symposium on
Jet Cutting Technology., Paper 20, Durham,
England, September 1986.

RES, J. and CHATTOPADHYAY, A. Disintegraticn
of hard rocks by the electrohydrodynamic
method, Society of Mining Engineers,
non-meeting paper 84-221, Manuscript, May 1984.

KUTTER, H.K. The electrohydraulic effect:
potential application in rock fragmentation,
Report of Investigation No. 7317, United States
Department of Interior, Bureau of Mines,
December 1969.

JENDERSIE, H. and KAMPF, G. Nicht mechanische
Verfahren der Gesteinszerstoerung, Bergakademie
Vol. 21, Wo. 1, 1969, pp.l1l5-22.

BUCKMASTER, A.C. Secondary breaking with Darda
rock splitters and with bull wedges, Research
Report No. 40/76, Chamber of Mines of South
Africa, Jobhannesburg, 1976.

ANDERSON, S.J. and SWANSON, D.E. Capability
evaluation of the radial-axial splitter, Report
of Investigations, R I 9071, U S Bureau of
Mines, 1987.

TAYLOR, R.F. Final Report on test work at
Virginia (OFS) Gold Mining Company Limited.*

CLARK, G.E. and LIEHNOFT, T.F. Thermal-
mechanical fragmentation of hard rock-field
tests, in: Proceedings of 3rd Congress,
International Society Rock Mechanics, Denver,
Colorado, September 1974.



39.

40.

41,

42.

43.

44 .

45.

46,

211

CHAMBER OF MINES OF SOUTH AFRICA RESEARCH- . . .
ORGANIZATION, Fifth Annual Research Review, . . =

JUREWICZ, et al. Focussed laser beamSntQ7

assist rock excavation, Report No. PB-239436, .= .

National Technical Information Service, U s
Department of Commerce, Springfield, Virginia; "
22151, 1974. : S

FENN, O. The use of thermal fracturing as.a

possible method for breaking hard rock . . . -

(patches), Internal Report, Chamber of Minééidfffﬁ

South Africa, Johannesburg, April 1986.

HAASE, H.H. Assessment of .the final report by -
Battelle on Electrical methods for fracturing
quartzite, feasibility evaluation, Internal
Ncte, Chamber of Mines of South Africa,
Johannesburg, July 1987.

LAGESSE, R.B. Literature survey of high o
pressure water jets for rock breaking, Internal
Report No. 399, Chamber of Mines of South
Africa, Johannesburg, ‘February 1987.

HASHISH, M.  Aspects of abrasive-waterjet
performance optimization, in: Proceedings_of
8th International symposium on Jet Cutting
Technology, Durham, England, September, 1986.

MARLOWE, A.C. WORSLEY, S.L. and PRICE, C.J.

The use of abrasive entrained high pressure
water jets as a tool for the non-explosive
winning of gold bearing quartzites, in:
Proceedings of 8th International Symposium on
Jet Cutting Technology, Durham, England,
September, 1986. =

FENN, O. Personal Communication, Technical
Development Services, Anglo American
Corporation of South Africa, November 1987.

ADAMS, G.R. and JAGER, A.J. Petroscopic
observations of fracturing of rock ahead of
stope faces in deep level gold mines, Research
Report No. 17/70, Chamber of Mines of South
Africa, Johannesburg, 1970.




50.

51.

55.

56.

57.

58.

59.

212

CHAMPER OF MINELS OF COUTH AFRITA RESEARCH
ORGANIZATTION, Ninth Review, 1971, p.l2.

ROXBOROUGII, F.IF. A review of  :scarch progress
in ceoal and rock cutting, in: Yrrreedings, of
Rapid Excavation and Tunnelling Conference,
USA, 1985.

FENN, O. The use of water jets *o enhance the
performance of free rolling cutters in hard
rock, Dissertation, Rand Afrikaans University,
November 1985.

ADAMS, G.R. A study of fractures formed in the
rock around an opening made by a reef boring
machine, Dissertation, Rand Afrikaans
University, August 1987.

Baumann, L. Personal Communication, Bergbau-
Forschung, Germany, May/June 1987.

HILI., B. 2nd FALTER, F. Personal,
Communication, Debex, November 1987.

HAASE, H.H. Assessment of the suitability of
rope cuting with diamond wire as a non-
explosive mining method, Technical Note,
Chamber of Mines of South Africa, Johannesburg,
June 1987.

BINGHAM, H. and CLEMMOW, R.J. A description of
the full thrust radial rockslotter, Report No.
BRI,.74/33(MT), Boart Research Laboratories,
Johannesburg.

JOHNSON, ¥W. Impact strength of materials,
London, Edward Arnold, 1972.

FURBY, J. Strain waves in an impact.*

HUSTRULID, W.A. and FAIRHURST, E.C. A
theoretical and experimental study of the
precision drilling of rock.*

DUTTA, P.K. The determination of stress
waveforms produced by percussive drill pistons
of various geometrical designs, International
Journal of Rock Mechanics and Mining Science,
Vol. 5, pp.501-518, 1968.



213

60. SPIES, R.C. and PROTHEROE, B.E. Investigations
into the fundamentals of breaking rock by
impacting, Research Report No. 30/83, Chamber
of Mines of South Africa, Johannesburg, August
1983.

61. GRANTMYRE, I. and HAWKES, I. High energy
impact rockbreaking, Canadian Mining and
Metallurgical Bulletin, Vol. 98/760, August
1975, p.63-70.

62. HECKER, R. Wellenausbreitungs- und Gesteinsg-
zertrimmerungs- vorgénge bein schlagenden
Bohren' Glﬁckauf-Forschungshefte vVol.47, 1986,

p.4.

63. HESSE, M. Beeinflussung des Bohrfortschritts
durch unterschiedliche Impulsformen bein
Hammerbohren, HGF Kurzberichte, der
Hochschulgruppe Fertigungstechnik, der
Technischen Hochschulen und Universitdten, der
Bundesrepublik Deutschland.*

64. VAN ZART, B.W. Dynamic rock penetration tests.
at atmospheric pressure.*

65. WEUSTENFELD, H. Experimentelle und
theoretische Untersuching uber das Eintreiben
eines keilfSrmigen Meissels ins Gestein,
Dissertation, Rheinisch-Westfilische Technische
Hochschule Aachen, December 1980.

66. HAASE, H.H. Predicting the performance of
impact mining systems, Research Report in
preparation,

67. BOHRMANN, The development, testing and
evaluation of a swing hammer mining system,
Research Report No. 43/80, Chamber of Mines of
South Africa, Johannesburg, December 1980.

68. FENN, O. Underground investigations of methods
for breaking hard patches at West Rand
Consolidated Gold Mine - West Shaft, Internal
Report No. 344, Chamber of Mines of South
Africa, Johannesburg, February 1986.

* Reference details unavailable.






