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Introduction

Right now the South African mining industry is
a high-profile, vital contributor to the nation just
as it has been for the past one hundred and
twenty-six years since the discovery of
diamonds-perhaps even further back if the
mining of copper, iron ore, tin, and other minerals
in earlier centuries is included. The media in
1995, as has been the case over the years, bear
testimony to the complex interactions between
the industry and its stakeholders: shareholders,
government, employees and their unions, training
and educational institutions, researchers, markets,
the public, and suppliers of goods, services, and
infrastructure. The pressures and challenges that
the industry continues to face can be summarized
as safety and health, competitiveness, and social
and environmental responsibility. There are no
surprises here. The motivation for the industry to
perform well in these areas is clear; the focus I
intend to bring is on the most important tool
required for success-that1Jf good mining
engineering. This Address sets out

~ to review the mining aspects that have
been discussed in South Africa during the
first five years of the decade, a discussion
that shows the return of the country as an
important mining forum, confirms the role
of professional institutes and associations
in the development of mining engineering,
and brings current relevant issues into
focus

~ to highlight the vital role of mining
engineering in the industry, and to identify
priorities for the remainder of the decade

~ to provide the prospective mining engineer,
the mining-engineering student and trainee,
and the practising mining engineer and
mine manager with a better appreciation of
the mining-engineering discipline.

Professional institutes and associations

The list of references gives an overview of the
source material for this paper. These publications
contain contributions by mining professionals
from South Africa, Australia, Belgium, Botswana,
Brazil, Canada, Chile, China, Finland, Germany,
Ghana, India, Japan, Namibia, Poland, Slovenia,
Sweden, the United Kingdom, the USA, and
Zambia. South African mining engineers have
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benefited from interaction with local and inter-
national authors and delegates. The reference
material is drawn from the publications and
contributions of The South African Institute of
Mining and Metallurgy (SAIMM), the Association
of Mining Managers of South Africa (AMMSA),
the South African Colliery Managers Association
(SACMA), the Mine Ventilation Society of South
Africa (MVS), the South African National Group
on Rock Mechanics (SANGORM),and the
Institute of Mine Surveyors of South Africa
(IMSSA). The publications of these independent
professional bodies provide an excellent coverage
of mining-engineering practice.

Deep gold mining

The 1986 SAIMMPresidential Address by
Wagner entitled 'The challenge of deep-level
mining in South Africa' provides an excellent
base for the topic of deep gold mining. He stated
the important issues at that time to be as follows.

~ The pressure for improved wages and
conditions of employment would be met
only by increased productivity.

~ Industrial relations conflict was a
significant issue.

~ The average rock-breaking depth was
around 1600 m, and the virgin-rock
temperature 38°C.

~ The total labour productivity was 230 t per
man per year.

~ Some 280 km of stope face length was
worked at an annual productivity of
400 Um per annum.

~ The installed refrigeration capacity was
1000 MW (R), with the objective of
ensuring a wet-bulb temperature ofless
than 28°C in all the working places.

~ The annual refrigeration requirements
increased dramatically to around 180 MW (R)
per 1000 kt at a depth of 2000 m, and
around 400 MW (R) per 1000 kt at 3000 m.
Heat flow into the mine would have to be
minimized: an increase in face advance
from 5 to 20 m per month and the
introduction of backfill had the potential to
provide a 50 per cent reduction in heat
flow.

~ Some350 000 rapid-yieldinghydraulic
props had been purchased, over 200 000
of these being in use.
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~ Stabilizing pillars and backfill were the only two known
methods of rockburst control.

~ The excellent local-support characteristics and environ-
mental advantages of backfilling were recognized.

~ Engineering was regarded as the most powerful approach
to improved safety on deep mines.

~ The advantages of hydropower systems were recognized.
~ The engineering and service departments would have to

play a greater role in higher-productivity operations.

The 1990 Deep Mining Congress (DMC)followed a period
of relatively buoyant gold prices, and produced many papers
describing research and planning related to conditions at
depths of 3500 m and more. A year or two later, economicand
industrial-relations problems had tightened the situation
considerably, and a series of colloquia entitled 'Survival
Strategies for the Mining Industry' provided an opportunity for
mining engineers to discuss innovations aimed at merely
keeping mines in operation.

Exploration and interpretation

This is a very high-risk area in the development of new mines
and in major extensions to existing mines. Capital expenditure
at around R2 billion for a new deep gold mine, and between
RO,5 and R1 billion for a major sub-shaft extension, is depen-
dent on the interpretation of a limited number of deep boreholes.

A good overview of the Witwatersrand deposits and of their
exploration was provided at the DMC.Viljoen explained the
background history of Witwatersrand exploration and
emphasized the role played by geophysical surveys and sedi-
mentological studies from an early stage. Mining had reached
depths of almost 4000 m, and deep boreholes had indicated
gold values at depths well beyond 5000 m, which could persist
to below 6000 m. To reduce the level of risk and to have any
chance of mining these resources even at 4000 m would require
increased and improved geological input so that a better under-
standing of the structural features and gold-deposition patterns
could be obtained. Boreholes, although very expensive, would
have to be more closely spaced and supplemented by sophis-
ticated geophysical surveys and sedimentological, structural,
and geostatistical modelling.

Modified oil-drilling technology had been employed on a
number of exploration holes around 3000 m deep. The cost
was high, but more accurate, faster, and reliable drilling was
achieved. (The same technology was used in the drilling of
deep service holes and, in another instance, in the drilling of a
500 m hole with great accuracy to seal a water inflow and to
rehabilitate the flooded Kombat base-metal mine in Namibia.)
The ability to accurately guide drilling was a great advantage.
However, the high costs largely ruled out this method of
drilling apart from specialist applications.

Important geophysical techniques were predicted for the
future, including the three-dimensional vibroseis method to
predict structure at depth, a ground-penetrating radar
technique to map structure ahead of a mining face, and radio-
imaging tomography operating with transmitter and receiver
units in boreholes on either side of the area under investi-
gation. Exploration case studies on the Strathmore Tertiary
Block at Buffelsfontein and the South Deep Prospect Area at
Western Areas illustrate certain of these techniques.

South Africa has been a leader in the prediction of ore-
resource parameters from the extrapolation of borehole and
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sampling values. It is vital to relate statistical distributions of
values as closely as possible to the geological ore-forming
processes. Progressively more geological input has become
necessary in the geostatistical evaluation of higher-risk deeper
and geologically complex areas. Sichel and Krige, who where
responsible for the development of this science in South Africa,
published three up-dated papers in the SAIMMjoumal. The
first paper concerns the analysis of a mined-out area at
Hartebeesfontein where chip samples were assumed as
borehole values, and conclusions were drawn in regard to the
relative importance of various items of information in the
prediction of ore resources. The second relates more sophis-
ticated frequency distributions to the complex geology and
genesis of Witwatersrand reefs. The third describes the role
that can be played by information on the grade, variability, and
spatial patterns in adjacent or nearby mined areas in providing
improved estimates of virgin or sparsely drilled areas.

Clearly, deep-mining operations are critically dependent on
geological and geostatistical estimates, and specialist work in
these fields will remain of the highest priority. Not only must
tonnage and grade be estimated, but geological features
affecting mining such as faults, dykes, rolls, potholes, geological
zoning, water-bearing fissures, weaker ground conditions, and
stress regime must be anticipated and estimated as accurately
as possible. (TheAPCOM Conferenceheld in South Africain
1987 is not covered in this review.)

Shafts and access

The Colloquium on Shaft Sinking: Current Practices and Future
Trends (1989) serves as an introduction to this topic.

The paper by Douglas relates that, over the previous 20
years, 30 to 40 shafts had been in the course of construction at
anyone time, of these about 75 per cent for gold mining. The
circular, concrete-lined, vertical shaft had largely ousted shafts
of other cross-sections. Diameters commonly varied from 6 to
9 m, shafts outside this range being considered to be very large
or very small. The mining depths varied from 1500 to 2000 m,
with some ultra-deep single-lift shafts approaching 2500 m.
Shafts of 3000 m were included in feasibility studies but
required detailed investigation, especially in respect of the
limits of current rope-hoisting technology. The paper describes
detailed activities of typical shaft-sinking operations: prepara-
tion, collaring and presinking, cover drilling, sinking, lining,
development and construction of infrastructure, and steel
preparation and equipping. Safety was accorded a high priority,
and vigilance, imagination, and effort by each individual
worker yielded good results. (Clearly this same level of commit-
ment by operating teams could result in great improvements in
stoping and development.)

Two further papers give detailed descriptions of shaft
equipment and operating methods, and of shaft steelwork.
Other papers of interest described the use of lasers in deep-
shaft plumbing, and project management for the construction
of deep shafts.

The concept of single-lift hoisting from 3500 m was
introduced in a paper from the Chamber of Mines Research
Organization (COMRO) , whichdescribesa programmeof study
on shaft conveyances, steelwork, and winder ropes. At the DMC,
Greenway presented a comprehensive evaluation of hoisting
from 3000, 3500, and 4000 m. He listed the parameters having
most influence on the depth of wind and hoisting capacity in
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order of priority: rope factor of safety, rope tensility, rope design
in terms of number of ropes and rope diameter, shaft utilization,
winding speed, skip factor, winding- cycle acceleration and
deceleration rates, and other winding-cycle parameters. Rope-
factor-of-safety constraints and, to a lesser extent, winding
speed were identified as the parameters for which improvements
were possible. Shaft-hoisting capacities of up to 280 kt per month
would be achievable for shafts of at least 4000 m in depth.
Concessions in rope-factor-of-safety legislation were necessary
but required considerable research. The size of winders and the
power requirements would increase significantly.

Other presentations at the DMCfocused on the detailed
research required for deep, single-lift hoisting. The CSIR
addressed the causes of rope deterioration and the validity of
factors of safety, the relationship of dynamic to static rope
loads, the reduction of dynamic loads, and the vibrations
caused by the slamming of skips in shaft guides. The field
trials that had been conductedby COMRO to support lower
factors of safety were discussed, and the major manufacturer of
hoist ropes predicted that wires and ropes of higher strength
would be available for single-lift hoisting between 2500 and
4000 m before the turn of the century. At the 1994 Congress of
the Council of Mining and Metallurgical Institutions (CMMI),
Stewart detailed an alternative approach, involving various
winder and rope configurations that had the potential to hoist
360 kt per month in a single lift from 4000 m by the use of
current rope technology.

Several shaft systems are described in various papers:
WesternAreas South DeepProject (plannedto 2700 m), Vaal
Reefs 11 shaft Moab Project (planned to 2400 m), Randfontein
Estates Doornkop 1 Shaft (hydro-hoisting), Oryx (shaft boring),
Winkelhaak (extension by boring), Kloof (shaft boring), Western
Areas North Shaft (refurbishment), GFSA shafts (extended
presink to about 300 m), Kloof (shaft rescue operation), and
Freddies (drill jumbos).

At the 1989 Colloquium on Shaft Sinking, Ortlepp presented
guidelines for the early extraction of shaft pillars. He pointed
out that, at depths of more than 3000 m, the required dimen-
sions for shaft pillars became prohibitive. The alternative was
to leave satellite pillars, or to completely remove the reef in the
shaft-pillar area and to limit the resultant movement by back-
filling. The latter option became progressively easier with depth
since the rock movements tended to become closer to elastic
behaviour. The important movements that must be contained
or accommodated were vertical shortening of the shaft, tilt,
horizontal dislocation, damage to the shaft lining, and large
movements of the hangingwall strata. Necessary solutions
could be obtained from adequate rock-engineering analysis and
modelling of stress and movements, the design of shaft steel-
work 'towers' to accommodate movement, and the use of
backfilling in the mined area.

Details of shaft-steelwork design to accommodate move-
ments were described at the DMC,and several case studies
featuring the planning and extraction of shaft pillars were
included: Stilfontein (several shafts), Western Deep Levels,
West Driefontein, Western Holdings, and Buffelsfontein.

Mining methods

Mosenthal, in his 1990 SAIMMPresidential Address, gave a
good overview of stoping practice on deep gold mines. He
pointed out that improvements in stoping operations had been
limited by reefs that were not readily suited to mechanized
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mining. This was due to the thickness and relatively shallow
dip in most cases, and also to the hardness and abrasiveness of
the ore and host rock. Scott-Russell, in his turn (1993
presidential Address), described particular applications of
mechanized mining to flatter-dipping wide reefs, and gave an
account of current research and conceptual thinking for more
innovative mechanization in the future. Mosenthal pointed out
that the most notable improvements had been brought about
through improved rock engineering, which had resulted in
better layouts and support systems. The full implementation of
these systems would undoubtedly yield substantial further
benefits. Explosives technology had also improved, but yielded
only marginal benefits to gold-mine stoping. In summary, only
limited change had been made in recent years in stoping
technology and methods, and the face advances of 20 m per
month necessary to reduce the face length and heat flow at
depths below 3000 m had not materialized. Mosenthal also
commented on the 'Stilfontein Experiment' of 1961, in which
over 65 000 m2 were mined from 2412 m of face at an average
face advance of 27 m, with stoping continuing around the clock
except for a re-entry of one hour. This, he pointed out, needed
to be emulated on a continuous mine scale in the future.

Various planned and actual mining methods were described
by others. A paper on Driefontein Consolidated gives a good

overview of the company's history and operations, as well as
current mining methods: scattered mining at shallow depth,
longwall mining below 2000 m, and wide-reef modified room-
and-pillar mining. Backfill and rapid-yielding hydraulic props,
but no stope mechanization were employed. Wide-reef mining
at 3 to 7 m required stiff backf1llto avoid excessive hangingwall
movement, which could have created a link to the overlying
water-bearing dolomites, a factor common to stoping in certain
sections of Western Areas, where stiff support is also required.
A comprehensive report was given of mining below water-
bearing dolomites, including dewatering. Stoping at Western
Deep Levels South employed trackless load-haul- dump (LHD)
units in the strike gullies and cemented backfill for a reef
dipping at 21 degrees and up to 4,5 m wide. Some 70 LHD
units were mining 250 000 m2 per annum. The planning for
high-productivity, semi-mechanized mining at Freegold North
1 Shaft Project incorporated triple serviceways at vertical
intervals of 84 m: one as a return airway and second outlet;
one for men, materials, and intake air; and a third as a main
tramming level. Ore would be trammed from the stope orepasses
to the main orepasses by articulated dump trucks. The stope
panels would be 15 m in length, and it was planned to blast 75
per cent of the panels twice in 24 hours, giving an average face
advance of 25 m per month. Conventional stoping at Freestate
Saaiplaas2 Shaft was aimed at a blast per day per panel. A
short-panel stoping system employing NONELinitiation
systems to throw the ore directly into the gully had been
implemented at Harmony. Hartebeesfontein employed a stoping
method using three rows of rapid-yielding hydraulic blast-on
props at the face and allowing caving behind the supported face
area. At Beatrix, a wide-channel reef of up to 5 m was mined,
employing rib pillars and 1,8 m anchored roof bolts as support.
Full shrinkage stoping was employed at Freddies 7 Shaft.

Scott-Russell described the major move to trackless
mechanized mining at Randfontein Estates and Western Areas,
and the plans for the Western Areas South Deep Project. He
stated that the reefs consisted of shallow-dipping conglomerate
packages, which were typically 10 to 30 m thick but up to 80 m
thick in the extreme. The mining methods used included
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continuous drift and fill, staggered drift and fill, bench and fill,
and open stope and fill. The stoping was carried out by
mechanized drill rigs, LHD units, and haul trucks. An
equipment fleet of 735 units, including utility vehicles, had
been built up at a cost of R230 million. Production had
increased rapidly at high labour efficiencies and significantly
improved safety performance, but dilution resulting from the
large excavation dimensions remained a serious problem. The
South Deep Project aimed to exploit some 800 Mt of ore with a
thickness of 2 to 40 m, dipping at 15 degrees, and situated at a
depth of 2500 to 3300 m. Mechanized overstoping for
destressing was to be followed by room-and-pillar and large-
blasthole mining. Stiff backfill, consisting of crushed waste-
rock aggregate and cemented mill tailings, would be pumped
into the stopes. The considerable planning required for the
orebody was well documented. Certainly, this operation
represents a great challenge to local mining engineers in the
immediate future.

Considerable research work has been conducted on large
diesel-powered units for deep gold mines. The cost of cooling
required to offset the heat of a diesel unit, plus the need to dilute
the exhaust gases, makes the use of diesel units prohibitive.
Electric units are more suitable but, being designed for concen-
trated mining configurations, lack flexibility. Various papers
discuss exhaust gases, with nitrous oxide, particulate matter,
and possible carcinogenic effects as the major concerns. The
tyres and the braking systems of vehicles both received attention.

Drilling and blasting

In 1993, the SAIMMorganized a Drilling and Blasting School
focusing on narrow-reef mining. It was pointed out that
pneumatic-powered hand-held drilling had been in use on the
Witwatersrand gold mines for over fifty years, and hydraulic
drilling had been developed during the past twenty years,
initially using oil, then emulsion, and finally water. The power
source had advanced from power packs to hydropower based
on a shaft hydraulic head. No effective progress had been made
in moving from hand-held drills to any sort of in-stope drillrigs.
It was estimated that some 50 000 drilling units (50 per cent in
use) were drilling 600 000 holes each day to achieve the
required production. This clearly brought into focus the
importance of drill operators on the mines.

Pneumatic drills were relatively easy to maintain and
cheaper to run than hydraulic drills, and remained the major
production unit. However, hydraulic drills provided higher
relative torque and penetration rates, more efficient use of
power, less haze, and less fog. The units currently supplied and
under test were more complex than pneumatic drills, and as a
result were more expensive in purchase and maintenance costs,
and more prone to breakdowns. However, the evolution from
pneumatic to electro-hydraulic drilling in mass-mining
operations gave a clear indication that the problems would
ultimately be solved, and that the more sophisticated but
effective hydraulic methods would prevail.

A comprehensive comparison between pneumatic and
hydraulic drilling methods by Miningtek estimated that water-
based hydraulic drills powered either by an electro-based pump
or by direct hydropower should operate at over double the
production rate and at approximately half the cost of pneumatic
units. At depths of approximately 1500 m for a Witwatersrand
gold mine (and 1000 m for a Bushveld platinum mine), the
water required for cooling exceeded the approximately 1 to
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1,5 kilt required for hydraulic drilling, making the potential
energy of the cooling water freely available to power the
drilling operations.

The subject of stope blasting at the 1993 School started with
a consideration of the effects of the rockmass on blasting.
Fragmentation and rock heave are achieved by initial compres-
sion, and by tensile and reflected tensile stress waves caused by
the explosion and the subsequent gas pressure. Pre-existing
fractures and the stress field direct the stress waves and blast
fractures in preferred directions, and act as reflection surfaces
and as barriers to the propagation of stress waves and fractures.
Open fractures form venting paths for the pressurized gases.
Certain orientations of the pre-existing fractures can enhance
the effectiveness of the blast. Explosives had progressed from
cartridge dynamite and Dynagel to ANFO prills, and to cart-
ridged ammonium nitrate watergels and ammonium nitrate
slurries. A low-density ANFOprill explosive was proposed in
which the shock energy was increased and the gas energy
reduced, thus minimizing damage to the excavation.

Initiation was predominantly by igniter cord and fuse
systems, but NONELshock-tube systems with delay detonators,
and also electronic initiation systems, had been introduced on a
trial basis. While more sophisticated explosives and initiation
systems were important, the ability to maintain quality of drilling
and charging remained critical to acceptable face advance,
fragmentation, overbreak, and safe blasting performance.

Non-explosive rockbreaking

Non-explosive rockbreaking is a key element in continuous
stoping (24 hours per day), and is also potentially a huge step
forward in the mechanization of stope-face operations. An
intensive programme of research over the past 30 years
involving significant investment had focused on the
development of a method that would be effective, at the least in
selected mining areas. Two papers at the DMC summarized
this work and indicated the future potential.

COMROhad considered a range of methods in three
categories: thermal effects to break rock, the direct application
of mechanical stress to break rock, and induced tensile stress
in rock from forces applied inside a drilled hole. The appro-
priate method was judged in terms of the maximum size of the
rock particles generated, the efficiency with which the energy
supplied was transferred into the rockbreaking face because
lost energy is converted to heat, and the cost of consumables
for the breaking device.

Drag-bit slotting, which was the original major production
test, was shown to have a specific energy requirement of
20 MJ/m3, while impact ripping, the current test unit, required a
specific energy of 2,2 MJ/m3 (compared with just below
10 MJ/m3 for explosives). Some 19500 m2 had been mined by
trial impact rippers, and a reciprocating flight conveyor and the
use of hydro power had been developed concurrently. Two rows
of hydraulic props provided immediate support behind the
conveyor, and a system of rams was utilized to move the unit
forward as the face advanced. The increase in hammer-blow
energy from 3300 to 5000 J, and to even higher levels in the
long term, as well as the increased reliability of the hydraulic
components resulting in improved availability and utilization,
were the areas of focus. The test rate of just over 2 m2 per shift
hour was planned to move to 3,5 m2 per shift hour at a utilization
of 55 per cent, achieving a face advance of 25 m per month.
Considerable improvement could be expected in the long term,
but the unit remained limited to areas of relatively regular reef
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geometry and to highly stressed areas where the stope face was

fractured.
The second paper, that by the Technical and Development

Services of the Anglo American Corporation (AAC), reviewed
work including rock cutting, reef boring, impact boring, and
stope coring using diamond-drilling technology. While the
impact-mining system was stress-fracture dependent, the new
slot-based mining techniques were suitable for intact rock.
These included abrasive water-jet cutting and diamond circular-
blade sawing. Research was required on methods of breaking
out the rock between the slots.

COMROprovided an update including information on rock
breaking using water, gas, and electric pulses in drill holes.
Scott-Russell added the AAC diamond wire-sawing method to
the list. Real encouragement came from a CMMIpaper stating
that, following tests on a single impact ripper at Doornfontein,
this prototype unit and four additional units were being installed
at Kloof. Since then, units have also been exported to an
Australian gold mine.

Miningtek were continuing to review a range of methods
comprising both 'full face mining' and breaking from drill holes.
The ballistic hammer would increase the blow energy to 20 000 J
for the impact ripper. A new development of particular interest
involved activated cutters that add a percussion effect to roller
cutters without significant vibration of the machine. These
cutters, which were used in the construction industry, could
become very effective slotting tools.

Stope cleaning

Stope cleaning is carried out predominantly by means of face
and gulley scraper winches. Although standard scraping methods
are in place, stope cleaning is a major operation and small
changes in the design of scoops and rigging, and in efficiency,
can have significant effects on the overall production of a mine.
Improvements have been achieved by the use of water-jet
cleaning in conjunction with face scraping. The use of backfIll
and the installation of permanent hydraulic prop support right
up to the face has limited the space for broken rock, and some
adjustments to cleaning methods might be required. Hydro-
powered scraper winches were available but have been
employed only on a trial basis.

As already mentioned in this Address, rubber-tyred track-
less equipment is used on a major scale on several gold mines.

Vacuum units, either for the scavenging of fine material
from old stopes or for the primary cleaning of blasted rock in
current stopes, were suggested as a significant development. At
St Helena, four units were used for the sweeping and vamping
of mined-out areas. The relatively low tonnage but high grade.
of the ore recovered highlighted the substantial quantities of
gold that might be lost by conventional scraper cleaning. Sub-
sequently, vacuum units were employed for primary cleaning
on high-grade stope panels, accounting for some 20 per cent of
the mine's production. The units were particularly suited to
maximum recovery from high-grade, friable ore, but the produc-
tion rate was limited. Increasing numbers of these units are
currently being employed on Free State mines.

Development

As the shaft systems on gold mines become deeper, tunnelling
under highly stressed conditions becomes difficult, slow, and
expensive owing to the intensive support that becomes necesSaIy.
The overall cost implications of slow development are very
significant because of the direct cost of the tunnel but, even
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more so, because of delay in the establishment of new.or
replacement ore reserves. The industry has many examples of
how planning had been seriously affected by the slow develop-
ment resulting from extreme temperature conditions, intense
support requirements, or excessive water. This will become a
major risk factor in the opening of new shaft or sub-shaft
operations.

A 1994 AAC paper gives conceptual guidelines for tunnels
mined at depths of more than 4000 m. Stress analyses were
carried out for tunnels of various shapes to show the potential
for over-stressing and major scaling of the periphery, and to
establish the most intrinsically stable shape. Two-dimensional
modelling showed that, in terms of plastic and volumetric
strain, the horizontal ellipse is the most stable configuration.
This was borne out at ERPM, where the sidewalls of a highly
stressed square tunnel scaled uncontrollably until a horizontal
elliptical profile had been reached, at which point scaling
stopped. If such a profile were blasted originally, scaling would
be minimal. and it would be possible to incorporate temporary
support into the final support system. Notwithstanding the use
of an optimal profile, stresses even in homogeneous rock
would increase to 150 MPa and higher. The following typical
support guidelines were given as being indicative of what is
required. As blast damage would increase the dilation, smooth
blasting was required; allowance would have to be made in the
dimensions for 300 to 500 mm of dilation and for 200 mm of
shotcrete; primary shotcrete 50 to 100 mm thick applied as
soon as possible after the blast; rings of nine 4 m long cables at
intervals of 1 to 1,5 m and 80 t to 120 t capacity with a minimum
yield of 600 mm; secondary shotcrete applied at a convenient
distance behind the face; and remedial support during the
useful life of the tunnel. Clearly, the design is site-specific,
taking into consideration the effect of unhomogeneities in the
rockmass and the effect of the particular stress field.

COMRO discusses development under field-stress conditions
of 150 to 200 MPa, with a possible stress increase due to stoping
of 25 to 50 MPa. Here, the same principles of the horizontal
ellipse profile, smooth blasting, yielding tendons, and two
applications of shotcrete apply. Attention is also given to the
problem of footwall heave, and to possible pre-conditioning
ahead of the face to eliminate strain or rockbursting at the face.

A 1992 AMMSApaper describes development through a
seismically active dyke at a depth of 2090 m with a maximum
principal stress of up to 175 MPa. An original haulage and a
bypass haulage were both severely affected by seismic events
(in excess of a magnitude 2 on the Richter scale) as develop-
ment entered the dyke. Pre-conditioning by the blasting of a
series of holes up to 15 m long allowed the dyke to be traversed
without further serious problems.

Ortlepp in 1994 stressed that support systems based on
stiff, fully grouted tendons were inappropriate in areas of
significant seismic risk where rock-displacement velocities
during a rockburst might exceed 1 mIs. Yielding of the support
tendons was essential to ensure survival under high strain rates.
He discussed the nature of rockburst damage and design
methods based on the ability of tendons to absorb kinetic
energy. The yielding cone bolts developed by COMRO were
compared with stiff, fully grouted rebars in a series of explosive-
based tests that simulated the kinetic energy developed under
rockburst conditions. It was shown that the yielding bolt
absorbed twenty times more impulse-load energy than was
consumed by the complete fracture of a grouted re-bar of
equivalent strength, and still remained intact.
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Orepasses

Orepasses at depth are subject to abrasion and minor scaling,
depending on rock characteristics and discontinuities, but also
to major scaling as a result of stress-induced fracturing. In
other types of excavation, the fractured surrounding rock can
be retained in place by a support system and can maintain a
significant degree of strength. In the case of orepasses, it is
extremely difficult or impossible to keep such support in place,
and scaling continues progressively as the fractured rock falls
into the orepass. This serious problem on deep gold mines was
addressed at the 1992 AMMSA symposium on orepasses.

A comprehensive paper summarizes the orepass problems
on AAC mines, the major problems being hang-ups, chute
blockages, and runaways. The causes were sticky ore, internal
scaling, large rocks from external sources, foreign material.
compaction of the rock, and excessive water. This AAC review
of the problems experienced and the recommendations made
was complemented by a detailed description of problems at a
Vaal Reefs orepass system and of the proposed design changes
for a future system, pointing out that the priorities of shaft
sinking should not dictate design parameters for orepasses.
The use of video cameras in the monitoring of orepass systems
at the same mine was also described.

Two methods of orepass lining at Elandsrand gold mine
were described, one using segmented hard-steel liner rings
backfilled with concrete, and the other using hard-wearing
andesite-Iava-chip concrete. In the first case, the footwallliners
wore through or were dislodged after 700 kt of rock had been
handled and, in the second case, only limited wear was apparent
after 1,6 Mt of rock had been handled. The steel lining also
proved significantly more expensive.

A COMRO paper reviews the stability of rock passes in deep
mines and discusses some design considerations. While the
ratio of rock size to orepass diameter and other parameters
such as wall smoothness are important with respect to hangups,
the critical problems at depth are related to stress-induced
scaling. Although orepass lining and rehabilitation systems are
available, rehabilitation was likely to be more expensive than
the original orepass. It is thus important as far as possible to
site orepasses in the stronger, least geologically disturbed
strata, at as high an angle as possible to the strata, as closely
parallel as possible to the maximum principal stress and, where
possible, in de-stressed ground. Much of this work was based
on a formal COMRO investigation between 1977 and 1982.

A paper from Gold Fields of South Africa (GFSA) describes
the concrete lining of orepasses at a depth of around 3000 m at
Doornfontein, the concrete lining of an orepass behind a fIXed
steel shutter at East Driefontein, difficulty with orepass legs
exceeding 200 m in length at Libanon, orepass hangups at
Kloof, and the lining of orepasses at East Driefontein with
concrete rings.

Severe orepass problems still exist within the industry, with
scaled orepasses at times holing into each other and the resulting
massive cavities sometimes causing instability to other service
excavations.

Rock engineering

Rock engineering is a very important primary discipline on
which the planning, layouts, methods, and operations for deep
mines must be based. The Symposium on Static andDynamic
Considerations in Rock Engineering, held by SANGORM in
1990, and the DMC of the same year pointed out the important
areas for development.
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These included

~ better understanding of the effects of mining on the
stress and energy changes in the rock mass

~ quantification of these changes, initially in terms of an
elastic model followed by improved analyses of more
realistic inelastic and discontinuous models

~ understanding and quantification of how the energy
release rate from mining can cause seismicity through
the sudden crushing of highly stressed rock, and how
seismicity can be caused by excess shear stress across
geological discontinuities

~ understanding and quantification of the stresses and
strains around excavations

~ better geotechnical understanding and quantification of
the rockmass

~ understanding and quantification of the natural jointing
and stress-induced fracturing around excavations, and of
the rockfall hazards associated with such fracturing and
jointing

~ understanding of the effect of seismicity on excavations
~ better understanding and progressively better quantifi-

cation of the causes, nature, andeffects of seismicity
~ improved monitoring of stresses, strains, and seismicity
~ development of adequate support systems to maintain

excavations for their particular functions and to protect
workers.

ERPM andWestern Deep Levels were the leaders in ultra-
deep-level mining, first to 2000 m and then beyond 3000 m.
Twopapers presented at the Rock Engineering Symposium
describe seismicity at Western Deep Levels. The Ventersdorp
Contact Reef (VCR) is mined from 1500 m to below 2000 m in
depth and the Carbon Leader Reef (CL) from 2500 m in depth
to well below 3000 m. Access to the deepest levels is via
tertiary vertical shafts. Stabilizingpillarshad been introduced
in 1980 to address the rockburst problem with 200 m mini-
longwalls separated by 40 m wide strike pillars. Backfill had
been introduced from 1987 to complement the stability pillars.
Dykesand faulting also adverselyaffectedthe seismicrisk. A
study of the relationship between blasting and seismicity
indicated that most seismic events were triggered during or
shortly after the blast; also, that the optimum orientation of
stope faces with respect to faults, dykes, and joint sets reduced
the seismicityby 70 per cent comparedwith stopes that
coincided with the strike of these features.

At WesternDeep Levels South, the VCRwas mined at a
depth of between 2000 and 2400 m.Stabilizing pillars on this
mine had provedto be the focus of large seismicevents that
had resulted in considerable damage. Studies showed the
seismic activity to be associated with the footwall, where shale
footwalllayers allowed a stable yield but quartzite footwall
between the pillarand shales producedrupture accompanied by
seismic activity. There were various other mechanismsof pillar-
associated seismicity such as crushing, punching or slip, closure,
and damage to footwall development. It was clear that backfill
was required in addition to pillars for stabilization at depth.

Backfill is placed in order to reduce closure, and to reduce
the energy release rates at the stope face and, as a result, the
levelof seismicity. A study of backfilled stopes at a depth of
2500 m on West Driefontein indicated the important role of
backfIlI as a support medium in the event of a rockburst. In
addition to providinggood aerial support, backfilldampened
the ground motion caused by seismic events and also maintained
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clamping forces in the broken rock. These effects were becoming
progressively clearer as experience was gained in backfill
stoping.

Rock-engineering planning for the thick package of Elsburg
Reef at Western Areas known as the South Deep Project, which
varies from 2 to 80 m in thickness at depths of up to 3000 m,
was addressed. The mining methods include narrow-reef over-
stoping (now understoping planned) to destress the ore and then
mechanized mass-mining methods incorporating stiff cemented
backfill. Rigorous modelling and analyses of the planned
substantial three-dimensional mine openings were necessary to
show the stress levels and energy release rates that could be
expected. In particular, the stability of the high stope sidewalls
was crucial. The mining of this orebody, which is to commence
shortly, should provide a significant contribution to rock-
engineering experience.

The Strathmore block at Buffelsfontein lies between 2500
and 4000 m depth and is geologically complex with heavy
faulting, requiring pre-development and scattered mining. The
shaft siting and sinking, development profiles, support
systems, and rockburst control require careful rock-engineering
analysis and design. Adherence to design and standards is
critical, a requirement that is increasingly important in all
aspects of deeper mining operations. The project has not
proceeded but remains an interesting design case study.

The Klerksdorp gold-mining area is characterized by large,
complex geological features that significantly influence seis-
micity and result in seismic events of high magnitude. Seismic
monitoring in the area was described, together with a discussion
of seismic source mechanisms and strategies to combat the
seismic hazards.

The geotechnical problems associated with mining at
depths of more than 3000 m in the Rand Minesgroup were
addressed. At that depth, the virgin-rock stress was sufficient
to cause rock failure, and all the excavations were surrounded
by an envelope of fractured rock. The need for geotechnical
engineering for the short and long term was stressed, this with
the aid of numerical modelling. An understanding of the nature
of fracturing around the stope face as mining progresses is
crucial for support design to prevent local falls of ground and to
protect the workforce against the effects of rockbursts.

Another paper at the SANGORMSymposium describes how
gradual closure of a stope results from several cycles of
fracturing and failure mechanisms, a model that remains a key
element of ongoing stope-support analysis.

Spearing addressed the support of narrow stopes at ultra-
depths and questioned the effectiveness of stabilizing pillars
with or without backfill. He suggested that backfill alone was a
more effective solution for regional. local, and face support.

Papers presented at the 1990 conferences also describe
portable seismic systems and a pilot project on the mining of a
remnant block with the use of pre-conditioning blasts.

Various papers that were published in the SAIMMfoumal
describe the stress, strain, and energy generated in the rock-
mass by the mining of a tabular stope of wide span, together
with the effects of these changes in the rockmass on conditions
in the advancing stope-face working area. Elastic theory applied
to gold-mining problems by Salamon in the early 1960s has
given considerable impetus to the analysis and understanding
of the effect of underground excavations on the surrounding
rockmass. A 1991 COMRO paper points out that, while stress
and displacement values induced by tabular mining can be
suitably calculated by elastic theory for points in the rockmass
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remote from excavation surfaces, large deviations from elastic
results can be expected, particularly in the vicinity of the stope
face itself. More attention had been focused on the detailed
fracturing that arises ahead of and close to the stope face and
which becomes embedded in the hangingwall and footwall as
the stope advances. Numerical methods were used in an attempt
to quantitatively relate fractures to the mechanism of loading.

The effect of geological features is also of significance.
Salamon in 1991 published a method for the simulation of a
stratified rockmass in place of a homogeneous rockmass. In
1993 and 1994, Kirsten presented comprehensive analyses
including the effect of discontinuities on the behaviour of the
rockmass surrounding stope excavations. Elastic analyses do
not afford a reliable presentation of the behaviour of rock in
which failure may occur on discontinuities. The first paper
evaluates the stress and stiffness characteristics, and the
second paper deals with mining-induced seismicity in terms of
the effect of depth, span, support, stiffness, field stress ratio,
and discontinuity strength. Support for deeper mining operations
will have to be carefully designed on the basis of such analyses,
taking into account horizontal clamping forces in the hanging-
wall, the containment effect of backfill, and the altered seismic
characteristics for a discontinuity. Support design based on
elastic analysis or on empirical rules will probably result in
prohibitively high support costs and in unnecessarily stiff
backfilling requirements.

A 1992 COMRO paper followsa numericalapproachto the
modelling of the growth and interaction of mining-induced
fractures around deep, tabular excavations in brittle rock.
Again, the design of the support and stoping system relies
heavily on a fundamental understanding of the deformation
mechanisms around mine openings. The sequence in which
fractures are formed and mobilized, the effect of parting planes,
and the distribution of stress parallel to the hangingwall and
footwall are addressed.

The analysis of energy changes in a rockmass containing
multiple discontinuities by displacement discontinuity tech-
niques is discussed in a 1991 COMRO paper. Fracturingon
discrete planes and movements on planes of weakness are
represented, and the importance of off-reef fracturing and
stope-fault intersections during seismic events are demonstrated.

Stabilizingpillars are discussed in papers from COMRO
published in 1990. It is pointed out that pillars reduce
seismicity by restraining the closure and limiting the energy
release rate. However, pillar foundations may fracture, creating
damage and rockburst potential in itself. Nevertheless, pillars
are considered a good method of limiting the energy release
rate compared with stiff backfill or backfill ribs.

A paper fromthe RockburstResearchDepartmentof
Western Deep Levels in 1992 describes mining-induced
seismicity on that mine. Various types of seismic events and the
mechanisms involved are discussed. There, stabilizing pillars
were employed to reduce face stresses and rockburst potential.
However, the pillars themselves could become the source of
very large seismic events, and an understanding of the nature
of pillar seismicity was therefore considered important.

The use of backfill in conjunction with stabilizing pillars at
Western Deep Levels was described in various papers.

From 1981 to 1989, a rock-engineering monitoring
programme on the in situ behaviour of backfill and the
surrounding rockmass was carried out on several stoping areas
at West Driefontein gold mine. It was found that, when the
backfill had been properly placed, it provided significant
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regional support, and less rockfall damage occurred in back-
filled panels than in unfilled panels.

Two large fault-associated seismic events at Vaal Reefs are
describedin COMRO papers. These events of 5, 2, and 4,3 on
the Richter scale occurred on the same fault eleven years apart.
Numerical analysis showed that the largest seismic events
resulted from the interaction of mining-induced stresses and
large-scale tectonic stresses.

In 1994, International Seismic Systems reviewed the methods
of analysis of seismic hazards used in some South African
mines. The review introduces the concept of volume of ground
motion, which refers to the volume of rock accumulated over a
period of time in which the ground motion exceeds some critical
particle velocity. The advantage of this concept is that the seismic
hazard can be described by a single significant value.

A Miningtek paper published in the SAIMMJoumal in 1995
provides a comprehensive reference list of rock-engineering
guidelines for the future. The South African mining industry is
seen as experiencing the most difficult years of its existence.
Safety and productivity problems arising from the high stresses
imposed on deep mining excavations require urgent attention
at a time when poor commodity prices, lower grades, rising
costs, and industrial unrest are threatening to close many
operations. For the mines to survive and to be able to operate
at increased depths, they must fully implement current rock-
engineering technology and develop new strategies. These
include improved regional support systems, improved mining
techniques in geologically disturbed areas where slip on faults
or dykes can result in widespread rockburst damage, detailed
assessments of seismic risk, improved understanding of
rockburst mechanisms so that effective rockburst-control
measures can be devised, research on the mining of wide-reef
areas at great depths, monitoring of changes in the rockmass,
and reductions in the stope workforce by the introduction of
mechanized methods and by the development of improved
levels of competence in individual miners. (The SANGORM
Conference of 1994 'The Application of Numerical Modelling in
Geotechnical Engineering' has not been included in this review.)

Stope support

Publications on stope support since 1990 have been dominated
by the subject of backfilling, which is covered in the next section
of this Address. The fundamental technology for rapid-yielding
hydraulic props is well established, but the practical manufacture,
quality control, installation, and underground monitoring and
control require significant input. This input becomes more
important as props progressively replace temporary timber
mine poles as immediate face support.

Two papers specifically addressing mine support appear in
the AMMSA and the SAIMMpublications of 1991. The first
describes a brick mesh pack used at Harmony, and the second
the use of yielding timber props under rockburst conditions.
Yielding timber props have the ability to absorb energy but
need to be used in conjunction with rapid-yielding hydraulic
props. Various types of timber props are discussed.

The 1995 SAIMMColloquium on Innovative Mining and
Support Systems for Safety and Productivity updated the
subject of stope support.

A paper by Stewart discusses industry research, and high-
lights the design and engineering of rapid-yielding hydraulic
props, which take cognizance of the thickness of the rock to be
supported under static conditions and the energy absorption
required under rockburst conditions as calculated from the
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estimated rock thickness, and the velocity of movement. The
props were designed to be installed within a metre of the stope
face to be blasted. The 20/40 t blast on rapid-yielding hydraulic
prop, which is now widely used, is the result of this work.
Appropriate headboards provide good area support.

The Government Mining Engineer emphasized the require-
ments of the 'Leon Commission Report', which requires detailed
codes of practice for mine support. Plummer of the National
Union of Mineworkers emphasized the need to teach stope
workers some basic rock-engineering principles. Suitable
yielding support for stope gullies consisting of packs of hollow
concrete bricks was also described. Other papers describe the
support methods used at Kinross, which successfully employs
0,9 m mechanical anchored steel rockbolts to support the
hangingwall right up to the stope face; and at Libanon, whose
support systems illustrate the need for individual design in
accordance with stress conditions and stoping methods in the
various areas of the mine. The emergence of specialist stope-
support contracting firms concentrating on rapid-yielding
hydraulic props is encouraging. In a discussion on the design
of integrated stope-support systems, it was emphasized that
there was a need for standardized design criteria in terms of
support resistance and energy absorption.

An overview was given of the mechanical and practical
aspects of shotcrete for tunnel support in deep mines. Clearly,
this becomes a specialized task in high-stress areas and for
high-cost development.

Backfilling

It is generally accepted that backfill becomes an essential support
element with increasing depth, both as regional support to reduce
the incidence of rockbursts and as local support to protect
workers and equipment during a rockburst.

A review of backfilling in South Africa was presented at the
DMCby COMRO, an organizationwhich then, and now as
Miningtek, is recognized as a centre of excellence for backfilling
expertise. The review describes how, although early backfilling
on gold mines occurred up to the 1930s, important moves
towards production-scale backfIlling were revived only in the
late 1960s. Apart from its rock-engineering functions, back-
filling plays an important role in reducing manual timber-
handling requirements, reduces the fire risk of timber support,
improves ventilation control, and reduces heat flow into the
workings. Most of the backfIll used consists of classified
reduction-plant tailings, which are placed hydraulically at a
relative density of 1,65 to 1,85. At low stoping widths,
uncemented-tailings backfill is adequate but, at higher stoping
widths, stiff backfIll incorporating a cementitious binder, and
even crushed waste rock, becomes appropriate. Global mine-
cost implications, backfill reticulation systems, and stope-
placement practices were also addressed.

An MC paper discusses objectives, trends, and research for
backfilling. Objectives fall into the main areas of seismic consid-
erations, strata-control improvements, increased percentage
extraction, shaft-pillar considerations, unusual mining condi-
tions, replacement of conventional support, and environmental
considerations. The total backfIll placement in gold mining was
predicted to rise very rapidly from the 1989 level of around
2,5 Mt per annum. By the mid 1990s, backfill would account for
some 30 per cent of the total stope support installed, with timber
packs and elongate support accounting for some 25 per cent
each. Unlike mass-mining operations, where backfill is placed in
very large openings through relatively short reticulation
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systems, backfill in gold mines must be placed in small batches
according to the stope-blasting schedule and via very long
reticulation systems. This factor has proved to be a significant
limitation on the growth of backfilling over the five years since
the publication of the paper.

The application of cemented backfill for wider stoping and
for shallower mining was also addressed at the DMC,together
with the use of silicated backfill, which was considered to be
appropriate at stope widths of more than 2,0 m.

Wear in backfilling pipes was recognized as a significant
problem, and it was already clear that some sort of full flow,
rather than free fall, is essential for shaft columns.

A COMRO paper recognizesthe difficultyof incorporating
backfill placed in 2 m wide bags with hydraulic props, blasting
barricades, temporary support, and adequate space for broken
rock and cleaning operations. This remains a difficult design
problem, particularly where hydraulic prop support is necessary
in place of the previous timber temporary support.

A contribution from the University of Pretoria discusses the
need to reduce free fall in backfill shaft columns. Wear in back-
fill systems depends on the particle-size distribution in the
backfill, the pipeline velocity, and the particular corrosive
environment. The velocities in free-fall zones are unknown but
are postulated to be as high as 80 m/s. Unless properly designed,
the free-fall zone may represent the major proportion of the
shaft-column length. This can be reduced by an increase in
flow rate and relative density, by a reduction in the sizes of the
shaft and horizontal pipes although maintaining the correct
overall system design, or by the incorporation of some sort of
throttling device in the system. However, the pressures in the
system have to be analysed carefully if column failure is to be
prevented. In particular, the use of throttling devices may result
in very high column pressures in the shaft.

The placement of backfill on the Free State Goldfields was
also discussed. Some 350 kt of backfill had been placed at
President Steyn at rates of up to 15 kt per month and backfill
was being introduced to stopes below a depth of 2100 m.
Backfilling methods on other gold mines was also discussed. A
paper from Western Areas describes backfilling in conjunction
with mechanized mining at shallower depths. Van der WaIt
gives an update on backfilling on GFSAgold mines, where
systems had been installed on seven deep-level operations,
describing the preparation, transportation, distribution,
storage, and placement of the backfill. The evolution from
dedicated individual ranges from surface to stope to a system
of a main feeder column to storage dams situated close to long-
walls is of particular interest. Important problems include the
shaft time needed to install columns and column wear, which
has resulted in column lives as short as 20 to 30 kt.

The 1993 SAIMMinternational conference on backfilling
(MINEFILL)brought an international focus on backfilling, the
information provided by the presenters and participants repre-
senting a wealth of expertise in the field. The aspects related to
deep gold mines are reviewed here, and the remaining contri-
butions are summarized elsewhere in this Address.

A review was given of the rock-engineering investigations
into backfillingcarriedout by COMRO from 1986 to 1992,
together with an assessment of the benefits and problems
experienced in narrow-reef mines using backfill for regional
and local support. The benefits of local support arise from
reductions in peak particle velocities, vibration times, and the
length of the hangingwall beam that can oscillate freely during
seismic events, and result in a reduction in damage and
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injuries. However, in only one case where backfill had been
placed extensively on a mine-wide basis for a period of eight
years was there a positive result in terms of regional support.
Here, there was a marked reduction in the maximum magni-
tude of seismic events and also in the number of smaller events.
The total seismic energy released per square metre mined was
reduced. The quantity of backfill placed on other mines was
small in relation to the total area mined. The stiffness of typical
backfill at a Young's modulus of 200 to 300 MPa was signifi-
cantly lower than that of stabilizing pillars at 70 GPa, and
theoretically 80 per cent of the area mined would have to be
backfIlled to provide the same effect as stabilizing pillars. The
problems in the transportation and placement of backfill were
recognized as having a significant negative effect on the
implementation of backfilling on a full production scale. The
importance of the relative density of backfill was highlighted,
where a small drop from 1,75 to 1,6 had major downstream
effects on backfill quality and placement problems such as
excess water and loss of fines, spillage, and accumulation in
the stope and crosscut infrastructure. The importance of placing
backfill close to both sides of the strike gullies still needed a lot
of practical design, particularly with respect to material and
rock-handling access. It was pointed out that the importance of
training cannot be over -estimated since it is the key to the
success or failure of production-scale backfilling.

A second Miningtek paper analyses the effect of backfilling
on the occurrence of seismic events and on the ground motion
associated with rockbursts at particular mining sites. Again, a
reduction in local damage resulting from backfilling was seen
as more significant than a reduction in regional seismicity.
However, high-percentage backfIlling where achieved would
have a significant effect on both local and regional support.

A third Miningtekpaper concentrateson backfillas a local
support medium, detailing the influence of backfill properties,
such as stiffness and distance from the stope face, on the
hangingwall during a rockburst. Underground measurements
and numerical modelling were employed in the investigation
described. The paper concludes that

~ porosity does not have a large influence on the effective-
ness of backfill as local support but is important for
regional support

~ cemented backfill is not justified for stopes less than 1 m
in width, but is usually required for stopes wider than 2 m

~ the distance of backfill from the face should not be more
than 6 m, and the area backfilled should exceed 60 per
cent of the mined-out area

~ the backfill-to-face area must be supported by suitable
units such as rapid-yielding hydraulic props.

Computer modelling also featured at MINEFlLL.In one
paper, four different models, one linear-elastic and three
elasto-plastic, are evaluated and compared for the prediction of
hangingwall convergence, horizontal stresses within the
hangingwall, and vertical and horizontal stresses within the
backfill. Another paper deals with computer modelling of the
interaction between backfill and rockmass for the prior extrac-
tion of a shaft pillar at the South Deep Project. The purpose of
the modelling was to aid in the accurate prediction of shaft
movement for the design of shaft steelwork, concrete lining,
and shaft columns.

A joint paper by Steffen,Robertsonand Kirstenand the
University of the Witwatersrand assesses the backfIll materials
used in tabular stopes in terms of the requirements of placed
backfill. Laboratory tests, computer-modelling techniques, and
placement methods are discussed and categorized.
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The composition of backfill featured in several papers. A
Miningtek paper focuses on the ultrafine content (smaller than
10 JIm) of the backfill material, which has a strong influence
owing to its high specific surface area and strong absorption of
water. The complete absence of ultrafines is not desirable, but
an excess of ultrafines is deleterious to the quality of the
backfill. The use of silicated backfill is described in an MC
paper, and the production of classified tailings using hydrocy-
clones is discussed in a paper from Gold Fields Laboratories.
The target is optimum percentage recovery of the backfill
product without affecting percolation as a result of excessive
ultrafine material. A paper from Mintek discusses systems for
the monitoring and control of the particle-size distribution in
backfill. Sieving and cyclosizing are shown to give the most
reliable results, but consideration must also be given to real-
time monitoring of the particle-size distribution in backfill-
preparation plants.

Another Miningtek paper discusses instrumentation to
measure the in situ behaviour of backfill, which provides
information for backfill design and aids in the understanding
of the backfill-rockmass interface. It points out that monitoring
has improved the understanding of rockmass behaviour itself
by providing measurements of the deformation imposed on the
backfill. A further paper describes the monitoring of the in situ
behaviour of silicated backfill at Western Deep Levels.

An important contribution from Miningtek introduces the
concept of pre-developed concrete strike stabilizing pillars for
deep, narrow-reef gold mines. The use of concrete pillars at a
Young's modulus of 5 to 10 GPa together with backfill is
predicted to reduce the energy release rates by about 30 per
cent. Increased earnings from the mining potential of stabilizing
pillars are substantial, and easily cover the cost of the placement
of concrete pillars. The practical aspects of the placement of
concrete pillars are addressed in some detail. The industry
awaits the opportunity for a full-scale trial.

An MC paper reviews the placement and containment of
backfill, including the importance of backfill quality in terms of
relative density and particle-size distribution; the use and
support of backfill bags and paddocks; the problems of loss of
solids, stability, and shrinkage; the importance of feed rate and
backfIlling method; the application of flocculent; and various
available geotextiles to contain the backfill.

A series of papers addresses the critical problem of backfill
transportation and column wear. Methods of backfill transporta-
tion are discussed for the mines of GFSAand MC, with the
former favouring increased flow through smaller -diameter shaft
columns to achieve full flow conditions, and the latter
advocating the throttling of flow and thick-walled high-strength
shaft columns with the same objective. Another paper describes
test procedures through a closed-loop pipeline facility for use in
the prediction of the working life of backfill columns for slurries
of varying relative density, velocity, particle-size distribution,
and particle sharpness. Software for computer-aided design is
discussed for backfill systems including that suitable for the
prediction of variation in flow behaviour, rates of pipeline wear,
slurry flow regimes, energy-dissipating devices, and flow-
control mechanisms. The use of ceramic-epoxy composite pipe
linings is discussed, a usage that subsequently proved
successful in backfill shaft columns.

Case studies presented at MINEFILLdescribe backfilling for
mechanized operations at Randfontein Estates, including the
use of large-diameter boreholes from surface for backflll
transportation; wide-reef backfllling at West Driefontein; back-
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filling at East Driefontein, including the successful employment
of kettles in shaft columns; backfilling at Doornfontein; and the
backfill consisting of crushed waste aggregate planned for the
South Deep Project.

A single paper focuses on one of the most critical practical
aspects of backfilling: communication. It reviews the backfIlling
communication systems on GFSA mines and gives guidelines
using the principle of simple, effective two-way voice communi-
cation right to the point of placement. This is not always
achieved in practice, and considerable problems can be created.

A number of papers on backfilling appeared in the publica-
tions of the AMMSA and SAIMM.These include a further case
study on backfilling on the VCRin which stoping at Western
Deep Levels West is documented, the benefits being described
in terms of rock engineering, environmental aspects, labour,
productivity, reduced risk, and economics. Monitoring of back-
fill stress is shown in another paper to improve the under-
standing of the in situ modulus of the surrounding rockmass,
where higher backfill stresses are encountered than predicted
by elastic analysis.

A series of papers describe backfill transportation and
include aspects such as freefall or full flow, particle sharpness,
effect of binder addition, and corrosion. Generally, the
transportation problem is nearing resolution, and an increase
in underground offtake will soon require backfill plants to
move from current recoveries of some 30 per cent of total
tailings to over 50 per cent.

Water usage by backfill plants in the cycloning process is
substantial and has a significant effect on the economics of
backfilling. The design, control, and optimization of
hydrocyclone plants is important, especially to minimize
disturbance of the feed streams, which significantly affects
efficiency and product quality. A comprehensive paper on the
optimization of the as-placed properties of hydraulic backfill
focuses on the placement aspects of backfill and its effect on
the final support system produced.

However, despite the volume of excellent research work,
the implementation of backfill technology remains a serious
problem on mines.

Ventilation

The ability to maintain working stopes at a suitable temperature
is critical to worker comfort and safety, to the maintenance of
standard working conditions, and to productivity. For example,
a stope face will be more quickly and effectively drilled, cleaned,
blasted, and supported at a temperature of 28DCwet bulb than
at 30DCwet bulb. At shallow depth, the quantity of air circulated
to allay dust is adequate to also cool the environment. As mines
progress deeper, the heat load to be dissipated can no longer be
carried by ventilating air alone, particularly as air heated by
auto-compression will, at a point, itself become a source of heat
to the workings. The use of chilled service water for drilling
and dedicated cooling was the next step in the dissipation of
underground heat, water being chilled on surface and energy
also being extracted from the water underground to drive
generating and mining machinery. Water reaches its cooling
limit somewhere below 3000 m, and the cooling alternatives
appear to be the use of transported ice or split ammonia systems
coupled with a vital need to limit rock exposure by increased
face advance and by backfilling of mined-out areas.

The topic of refrigeration has received significant attention
during the past five years. At the DMC,the use of refrigeration
for the South Deep Project, Western Deep Levels South,
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Freegold North, and the planned Strathmore Project at
Buffelsfontein was addressed. These operations incorporate
proposed mining down to 4000 m in depth, and the refrig-
eration systems include chilled water, ice, microscopic ice, and
split ammonia, as well as energy-extraction systems including
turbines, three-chamber pipe feeder systems, and hydro-
hoisting. The Western Deep Levels South and the proposed
Strathmore operations were planned for 120 MW (R) and
78 MW (R) respectively. Air-cooling systems are suitable to
depths of 1500 to 2000 m in Witwatersrand gold mines, after
which water cooling is necessary. The insulation of intake
airways is addressed, and it is suggested that the required
cooling could be reduced by 40 per cent for a particular project.
The need for improved design and installation of suitable inert
insulation for chilled-water reticulation is also discussed.

Moving to the journals of the MVS,a 1990 COMROpaper
stresses the important role played by backfill in improving
ventilation conditions. The heat load in the stopes is reduced at
source by the sealing off of large surfaces of rock behind the
working face. The utilization of air can be improved by a factor
of 2 through more efficient strike control, which also increases
the air velocities on the face. Cyclicvariations in the stoping
operation can, however, have a severely constricting effect on
the airflow, and it is essential that unnecessary build-up of
rock is avoided.

Gundersen highlights the negative effect of diesel equipment
on the heat load of working places, and strongly recommends
that, for hot narrow-seam mines with series ventilation, the
layouts should be purposely designed to accommodate electrical
equipment. It is estimated that the cooling power required for a
single 100 kW diesel unit liberating 300 kW (R) of heat is
200 kW (R). This is sufficient to both operate and cool an
equivalent 110 kw electric unit requiring 75 kW (R) of cooling
power.

Ramsden's 1990 MVS Presidential Address is entitled
'Mine Cooling towards the 21st Century'. It considers an opera-
tion producing 200 kt per month from a depth of 3500 m that
requires 100 MW (R) of cooling. Ventilating air will be heat
source. The normal service chilled water required will provide
5 MW (R) of cooling, the bulk air coolers 40 MW (R) of
cooling, and the local air coolers 55 MW (R) of cooling. A total
of 1000 lis of chilled water will be required, necessitating a
600 mm shaft column, three 600 m3 storage dams for one-hour
storage, and very high pumping costs. The use of chilled water
alone for this level of heat load becomes prohibitive. The
Address expresses the need for ventilation engineers to become
involved at the mine design stage, to use advanced models for
predicting heat flow, and to reduce the heat flow by concen-
trating the working areas and by incorporating backfilling and
other suitable means. The capacity of water for cooling is
limited by the freezing point, while ice, which is non-toxic,
freely available, and environmentally acceptable, has a cooling
capacity that is four to five times higher.

A COMRO paper describesthe use of split-ammoniarefrig-
eration systems. Ammonia is readily available, relatively cheap,
and environmentally clean, the latter in contrast to the stated
environmentally damaging effects of R11 and R12 refrigerants.
However, ammonia is toxic, and requires very high levels of
safety precautions, particularly underground, and for this reason
has not attained general acceptance. Ammonia plants on surface
produce chilled water and ice in conventional refrigeration
cycles. The split-ammonia system has condensers installed on
surface, evaporators installed at the underground site, and
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compressors at both sites, with the ammonia refrigerant
effectively transporting the heat load from underground to
surface, over several kilometres if necessary. The important
challenge is to make underground ammonia reticulation safe.

The 1200 MW (R) of installed refrigeration equipment,
which at the start of the decade consumed some R100 million of
electricity annually, needs to operate efficiently, and the
CHILLERsoftware package provides valuable performance
analysis and fault diagnosis.

Patterson reviews the limited contribution of fourteen years
of refrigeration expansion between 1974 and 1988. An industry
increase from 211 to 1270 MW (R) yielded only a limited
improvement (from 29,6 to 28,6°C wet bulb) for an increase in
virgin-rock temperature from 37,4 to 38,6°C wet bulb and a
production increase of from 8,5 to 10,4 Mt per month. The
problems were those of implementation, including incorrect
plant construction and operation, mismatched ratings, incorrect
performance of cooling appliances, poor distribution of chilled
water, wastage of cool air through leakages and poor control,
and poor planning of stope layouts, where a much higher degree
of concentrated mining is required. These are expensive ineffi-
ciencies at a capital cost for refrigeration of R2000 to R2500
per installed kW (R) in 1990.

Bailey-McEwan, in a comprehensive 1991 paper, describes
the CFCrefrigerant issue as it affected the mining industry.
CFCsare generally chemically stable, unreactive, and non-toxic,
and have low boiling points-qualities that led to their being
chosen as refrigerants. CFCscame into use rapidly as blasting
agents for polystyrenes, propellants for aerosol sprays, and
cleaning agents for electronic components. Their usage is quoted
as 1 Mt annually, with 25 per cent being consumed in refrig-
eration and air-conditioning largely as makeup for wastage.
Once released into the atmosphere, CFCssurvive until they
reach the stratosphere, where, owing to their chlorine content,
their ability to destroy the ozone layer is high. The South
African mining industry consumes some 590 t annually.
Revision of the Montreal Protocol in 1990 committed the
mining industry to phasing out the refrigerants R11 and R12
by the year 2000. Existing machines would need to be
converted, and a strategy for new machines and refrigerants
would have to be developed.

In 1992 the Fifth International Mine Ventilation Congress
(MVC)was held in South Africa, and various papers addressed
the cooling of deep gold mines.

A feasibility study on a possible split-ammonia system for
the South Deep Project gives details of the technical, economic,
and safety aspects of a system to provide 70 MW (R) at a depth
of 2700 m. Liquid ammonia, cooled by surface machines to
-8°C, is piped underground, arriving at a temperature of -2°C
after dissipation of potential energy. The liquid ammonia is
evaporated, cooling the water to O,5°C,and the resulting
ammonia vapour is compressed and returned to surface. All
aspects of the pipe columns and transportation of ammonia
vapour and liquid require detailed engineering. Hazards occur
in the form of toxicity, flammability, heavy ammonia clouds,
and excess pressures. As ammonia is highly soluble in water,
water represents a most effective safety medium, but detailed
safety codes of practice are required.

Another paper investigates the use of slurry ice as a cooling
system at Western Deep Levels. Slurry ice significantly reduces
the quantity of water to be pumped, but uncertainties arise
about its transportation and the ability to supply an ice product
of low salinity. Typically, slurry ice is produced within a
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solution that is five times more saline than normal mine water.
A vacuum ice-maker of 350 t daily capacity was installed to
provide the staff with experience and information. This
consisted of three components: the vacuum ice-making vessel,
the secondary refrigeration system for condensing the low-
pressure water vapour, and the concentrator, which increases
the mass fraction of the ice and reduces the salinity of the brine
product. Pneumatic conveyance of ice appears to be the best
method of transportation.

Ice-cooling systems had also been installed at Vaal Reefs,
Harmony, and ERPM. These are all of small scale compared
with the ice plants that must now be considered for the new
ultra-deep sub-shaft projects.

A Genmin paper describes the optimization of a refrigera-
tion system for an operation of 170 kt per month at a depth
between 1275 and 2250 m. Some twenty different options were
considered, varying from an initial system using surface and
underground refrigeration machines to a system employing
surface refrigeration only and underground air recirculation.
Substantial savings were identified.

The potential for cost reduction by the reduction of heat
loads is discussed in a Miningtek paper of 1994. The methods
suggested include the use of high rates of face advance in
concentrated workings, the backfilling of stopes, the under-
ground recirculation of ventilation, and the insulation of air-
ways. A depth of 1600 m is quoted as the cut-off depth for
cooling by ventilating air alone. The costs of cooling and
ventilation at depth are estimated to represent about 20 per cent
of the total working costs. The refrigeration requirements for an
operation of 180 kt per month were estimated as follows: at
1600 m, 0 MW (R); at 2000 m, 20 MW(R);at 3000 m,
57 MW (R); at 4000 m, 100 MW (R); and at 5000 m,
170 MW (R). The following reductions in heat flow were
estimatedforan operationat a depth of 3000 m: 35 per cent
reduction from backfilling, 56 per cent reduction from an
increase in face advance from 7 to 20 m, 18 per cent reduction
from the insulation of airways, and 26 per cent reduction from
recirculation.

A Genmin paper describes a planned recirculation system
for the Oryx gold mine. Recirculation reduces both the fan
power required for shallow mines and the cooling and refrig-
eration required for deep mines. An optimum exists between
recirculation and the use of total ventilating air, which can be
varied on a seasonal basis for power savings.

Lorraine, East Driefontein, and Winkelhaak are other
examples of mines recirculating air. It was only during the
1980s that the planned recirculation of ventilation air gained
acceptance in South Africa. The recirculation of air at 120 kg/s
at Winkelhaak is described, the estimated costs being R4000
per annum per 1 m3/s recirculated.

The temperature and humidity of the working environment
have a significant effect on production performance and safety,
and in extreme cases can cause dangerous heat-stress conditions
in individual workers. Significant work has been done by the
industry both with respect to normal production operations and
to emergency and rescue situations.

Kielblock speaks of the serious heat-stroke problems
experienced up to the 1950s, unsuccessful attempts at under-
ground acclimatization, the establishment of surface acclimati-
zation chambers in the 1960s, the high cost of acclimatization,
the development of worker resistance, and the development of
heat-tolerance testing and micro-climate acclimatization in the
1980s. In a 1992 paper, he discusses the need for environmental
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ergonomics as a meaningful instrument in the achievement and
retention of the long-term viability of the deep gold-mining
industry. Worker morale will increase, and both operating costs
and safety will improve. The key to success in this scenario is
the environmental engineer, who is currently in critically short
supply in the industry.

A United States paper discusses the concept of air-cooling
power in the prediction of climatic conditions and refers to the
developmental work done by COMRO.The applicable factors
are clothing, body wetness, and respiratory function, the
cooling being achieved by evaporation, convection, radiation,
and respiratory exchange. Use is made of a computer model
that describes human thermoregulatory response.

A paper from COMRO discusses the physical demands
associated with underground tasks. Metabolic demand resulting
in increased body temperature is heat which is generated and
not dissipated. Demand must be estimated in terms of the full
shift and at peak work loads. Moderately hard work occurs in
the range 130 to 180 W/m2, hard work 180 to 240 W/m2, and
very hard work above 240 W/m2. Kielblock reviews 121 cases
of heat stroke in the gold-mining industry from 1980 to 1991,
the most important causal factors being strenuous work,
dehydration, and excessive heat load. The important preventive
measures he prescribes include work pacing, the provision of
water and frequent drinking by workers, suitable temperature
limits in the stopes, and worker awareness of the hazard and
also of preventative measures.

Respirable dust in the workings and the incidence of
pneumoconiosis were formerly the major focus for ventilation
control, but adequate flows of ventilating air and good dust-
allying procedures have made significant improvements, and
the focus in recent years has turned to cooling.

The introduction of personal gravimetric mass sampling
and the reduction in the use of konimeter spot samples have
serious control implications, and have been a subject of debate
in the literature. A Rand Mines paper of 1990 welcomes gravi-
metric sampling for risk-assessment purposes and makes the
comment that the use of the konimeter or thermal precipitation
is outdated, of limited accuracy, and unacceptable for compari-
son with international standards of dust levels. The portable
personal gravimetric sampler provides the total mass of dust
load over a shift. The problems anticipated with the gravimetric
sampler lie in the very low mass of sample captured, which
makes weighing and analysis extremely difficult. This problem
and the inability to take spot samples at particular points are
the reasons that the method has proved inadequate for the vital
functionof operatingcontrol.COMRO discusses the difficultyof
estimating quartz exposure from gravimetric samples, and a
Genmin paper discusses the introduction of gravimetric sampling
by legislation in 1990 as a base for risk ratings and mine health
levies. Planning, sampling strategy, sampling methods, and
weighing procedures are also discussed. A Rand Mines paper
of 1991 stresses the difficulty of weighing gravimetric samples,
and discusses leakage problems. In 1993 a call was again made
for a review of gravimetric-sampling strategy because it does
not provide an operating control, nor does it appear to serve
any useful epidemiological function. There is a need to reinstate
the konimeter as a control instrument.

A multi-disciplinaryapproach initiatedby the UnitedStates
Bureau of Mines (USBM) in the 1980s involved some one
hundred scientists, engineers, medical researchers, and graduate
students from various universities. Diseases related to respirable
dust were regarded as the USA's worst industrial hazard, and
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the programme was set up to improve fundamental under-
standing and to encourage research and technology transfer.

Diesel locomotives have been in use on gold mines for
decades, but the past ten years have witnessed a spectacular
increase in the number and size of diesel engines employed
underground. The effect of mechanized diesel equipment on
deep, tabular mining operations was an important focus of
attention in the 1990s, from the points of view of both the heat
generated and the hazardous gases and particulate matter in
the exhaust fumes. The fumes consist of a complex mixture of
inorganic and organic substances in the form of gases and
particulates. There is limited evidence of a carcinogenic hazard
to humans, but this remains an area of risk. It is the particulate
matter that constitutes the risk, and the quality and size range
of the particles are important factors in terms of their deposition
in the respiratory tract. The other constituents of diesel exhaust
fumes are nitrous oxides, carbon monoxide, hydrocarbons, and
sulphur compounds. Nitrous oxides and carbon monoxide are
harmful to human health and, while the level of carbon
monoxide in the general mine atmosphere is still well below the
statutory limit, nitrous oxides are nearing the limit where
concentrations of diesel equipment are in use. No significant
improvements are readily available in terms of modifications to
the fuel or to the engines, or in the treatment of the exhaust
emissions.

A 1994 paper discusses the feasibility of a low-emission
diesel fuel. The use of a clean-burning kerosene fuel resulted in
unacceptable power losses in mechanized diesel equipment.
Work done by COMROon a specially formulated fuel to reduce
both gaseous and particulate emissions showed that the density
of the fuel is related to particulate emissions, as is its sulphur
content, gaseous emissions are reduced at higher cetane
numbers, and small changes in fuel specification may require
significant changes in refinery processes. Specifications for
low-emission diesel fuel need to be finalized, with particulate
matter and nitrous oxides the most critical components. The
ventilating air specified for the dilution of diesel fumes varies
from 0,03 to over 0,10 m3 per kilowatt.

Gundersen's comments on diesel and electric vehicles are
recorded earlier in this Address. An Anglovaal paper records
that, on average, a diesel LHD produces about 2 kW of heat per
rated engine kilowatt, with a peak of about 3 kW, while a
comparable electric LHD produces about 0,6 kW of heat per
rated engine kilowatt, with a peak of about 1 kW. The diesel
engine has an efficiency of about 30 per cent of that of an
electric engine.

At Randfontein Estates, production was planned to reach
80 kt per month employing a mechanized fleet of 4000 kw.
The ventilating-air factor was increased from 0,06 to 0,10 m3
per kilowatt. The total ventilation is designed according to the
utilization of the equipment and is supplemented by air for
leakage, access and trucking routes, and workshops.
Theoretically, ventilation should be confined to the areas where
equipment is operating and, if possible, should be varied
according to the heat load in a particular shift or at a particular
time of day. This is much easier to achieve in a concentrated
mass-mining operation than in extensive deep, tabular mines.
Fire prevention also becomes an important issue, with fuel,
lubricants, hydraulic fluid, and hoses representing hazards.

Ventilation and heat flow through a mining operation are
complex, and appropriate simulation systems, andnowalso
expert systems, are vital tools of the environmental prac-
titioner. These systems are recorded fairly well in the various
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publications, either in specific descriptions or in case studies to
illustrate design or research results. A Canadian paper suggests
simple spreadsheet analysis as an alternative to packaged
network programs. The use of software packages to simulate
heat transfer in mine airways, and an algorithm for determining
optimum fan-operating points are described in papers from
India. Another paper describes a model to evaluate the total
heat load at the Tshikondeni Colliery, and a United States paper
suggests an intelligent computer-assisted instruction method
for the handling of mine explosions and fires. A Zambian paper
discusses a volumetric-based network analysis, and Von Glehn,
giving a comprehensive overview of available software, suggests
that expert systems have a significant role to play in the future.
Important simulation programs are given for ventilation
networks, mine heat-load analysis, refrigeration systems, and
water-flow networks. Mine fires and the necessary tracing of
gases form an important new simulation application. Ease of
operation and ever-improving graphics should translate to
improved underground systems. A central register for software
systems is proposed. Expert systems will in future play a role
in design and control, and also in training. The possibility of
transferring new research directly into expert systems may
become an important aspect of technology transfer. The
program ENVIRONat Beatrix allows optimal use of the available
infrastructure and significant savings in the proposed capital
cost of a new shaft.

Mine fires are a critical issue in safety, productivity, and
the ultimate viability of mines. Van Vuuren of the University of
Pretoriastudied 640 recorded incidents between 1988 and 1992,
finding the major causes to be electrical equipment, explosives,
and unknown factors. The materials involved were predomi-
nantly timber, rubber/insulation, and explosives, and 50 per
cent of the fires occurred in old stopes and gullies.

In 1992 the AMMSAheld a symposium on combustible
materials underground, with a particular focus on environmental
and electrical insulation materials and plastic-based service
columns. COMRO,in a large-scale test in a fire tunnel on a
series of materials in terms of propagation and emission, found
the material used for the cladding of chilled-water reticulation
to be of particular importance. Combustible materials in intake
airways were a problem. Other tests, on insulating foams and
plastic-based pipe materials, were carried out by the CSIR.

Universal fire-performance criteria are not available for
materials in underground mines, where the toxicity of the
gases in the enclosed environments is critical. An East Driefon-
tein paper discusses fire fighting on large rubber-tyred vehicles
in terms of the area and mass of rubber involved, fire spread,
re-ignition, access to burning surfaces, temperature, gases,
visibility, fire-fighting medium, and expertise required of fire
fighters. One of the mining industry's great successes in terms
of underground fires has been the introduction of effective
fresh-air refuge bays, which are now standard practice through-
out South African underground mines. Self-contained self
rescuers are progressively being introduced by legislation into
all South African underground mines, but the ability to produce
and maintain the large number of units required to the appro-
priate standard will remain a challenge.COMRO describesan
integrated approach to escape and rescue strategies aimed at
minimizing the risk of exposure of workers to irrespirable
atmospheres. The elements considered were fire prevention,
hazard detection, communication, escape strategy, and
emergency training. The GAGmachine, which is a jet engine
producing large volumes of exhaust gases to flood the workings
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and smother a fire, is provingmost successfulon GFSA mines.
The reduction of timber support by the use of backfilling must
have a significant beneficial effect on underground fITehazards.

Toxic and explosive gases, which are critical issues on coal
mines, receive less focus on gold mines owing to the lower
probability of their occurrence. The consequences are neverthe-
less severe and may be catastrophic, and the same degree of
monitoring and training as on coal mines is essential.

Radiation

The topic of radiation received coverage in the Journal of the
MVS, from the point of view of both worker protection and
contamination of scrap material. While radiation levels are
generally Iow in the gold-mining industry, substantial work in
this area is currently in progress, and comprehensive new legis-
lation and controls are being put in place. Certainly, this will be
an important topic for discussion during the remaining 1990s.

Mine services

Deglon's 1989 Presidential Address to the MVS is entitled 'The
role of compressed air in the mining industry'. This opens with
an interesting history of compressed-air usage dating back to
the ancient Chinese, Egyptians, and Greeks. Pneumatic drills
and compressed air were introduced into Witwatersrand gold
mines in the 1890s in order to replace hand drilling and increase
production. A detailed description of pneumatic rockdrills and
compressors follows, together with a discussion of the major
centralized compressed-air facilities, which for many years
were commercial suppliers of compressed air to the mines. Air
receivers were introduced underground to reduce the compressed
air peaks. The consumption of compressed air in 1989 was
around 1900 kg/s during the main day shift, with peaks about
25 per cent higher. Statistics for the mid 1980s showed 350 t
per month per rockdrill, down from 600 t per month per rockdrill
in the early 1960s, and 0,2 kg/s per kt per month, up from
0,1 kg/s per kt in the early 1960s. A calculation showed the
actual usage of compressed air to be over four times the optimal
level. The consumption of compressed air was some 4 per cent
of the total air supplied for ventilation purposes, and the total
cooling effect of compressed air on the industry's underground
environment was estimated at around 100 MW (R). Clearly, then
as today, the control of compressed air is an important function
and has the potential to yield significant cost savings. The role
of compressed air in mass-mining operations has largely been
taken over by electro-hydraulic power, with down-the-hole
(DTH) drilling a notable exception. On deep gold mines and
platinum mines, hydropower will become an important
alternative source of power.

A 1992 COMROpaper entitled 'Water pollution: its manage-
ment and control in the South African gold mining industry'
gives a detailed breakdown of water usage in the industry. The
total flow of water circulated and consumed was 73 800 lis. A
total of 63 600 I/s is circulated, 34 700 lis as condenser water
for refrigeration plants, 9800 lis for bulk air coolers, 12 100 I/s
for mining (of which 4 800 lis was chilled water), and 7000 lis
for circulation between the reduction plants and slimes dams.
Thus, 78 per cent of the water circulated was associated with
mining operations. An additional 10 200 lis was brought into
the system and consumed: 5800 lis from water boards,
3600 I/s from fissures, and 800 lis from mines and boreholes.
Of that, 5200 lis was discharged through ventilation and
evaporation, and 5000 lis was discharged to surface and
ground-water environments. Important issues were the very
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large quantity of water being circulated and the need to
maintain adequate quality of both the circulated and the dis-
charged water. Quality is important for water circulated through
refrigeration equipment and used for hydropower. Backfill-
and-mechanized mining are polluting factors. The total amount
of water circulated was of the order of 13 t per t of rock mined,
or 3400 t per kg of gold produced.

With the large balanced load of water to be transported on
deep, hot mines, three-chamber pumping systems have been
planned and installed at a few sites and are described in various
papers. However, this method of transportation has not achieved
general acceptance. Also suggested is the upward transportation
of underground water in this system using the flow of backfIil
down the shaft as the balancing load. An operating three-
chamber pipe feeder system at Freddies is described. The static
pressure of the chilled water in the downgoing column is
balanced by the return hot water in the rising main. The system
can thus return only the same quantity of water as is fed down
the mine, and is thus less flexible than conventional pumping.
Also, it can operate only when the intermediate dams are full.
The system represents one energy-recovery alternative, and is
particularly suited to handling the base water -circulation load.
It also has the advantage of having no moving equipment and
can be regarded as proven technology. The excavation and
installation of large vertical dams and settlers at Vaal Reefs are
described. Genmin discusses a design manual for pipe systems
that focuses on underground operations. Some years previously,
the focus had been on the provision of pumping capacity for
large inflows of water; now the problem involves the handling
of large circulating loads of refrigeration and backfill water.

Backup electrical power for emergencies was a focus at the
DMC,and integrated pumping and emergency power systems
for the Western Deep Levels and Elandsrand complex were
described. These mines operate down to 3500 m, virgin-rock
temperatures are ofthe order of 58°C, the workings are overlain
by water-bearing dolomites, and some 23 000 people are
employed underground. A backup power supply is required for
at least some level of pumping, ventilation, and hoisting, and
6 MW gas turbines connected to a transmission network are
planned. Similarly, a Genmin presentation focuses on the
power-distribution requirements to provide adequate cooling
and ventilation, means for personnel evacuation, and critical
pumping capacity in the event of an emergency.

Both vertical and horizontal transportation were also briefly
discussed at the DMC,including the important contribution of
the automatic winding of men and material to both safety and
productivity. A conceptual paper proposed the transportation of
men and material on a containerized basis. Horizontal trans-
portation on mines is along extended, tortuous routes. Here,
improvements are required in construction, maintenance,
operating procedures, and communication. The system is
described as less than 30 per cent utilized and remains a major
bottleneck to the operation.

A computerized system of cost and production management
on Lorraine is described in the AMMSApapers of 1991. All
that needs to be said is that the industry is a natural candidate
for such systems, and that further implementations are long
overdue.

Surveying

The improvement of mine call factors (MCF) would yield high
benefits in the gold produced at very little cost. Dilution
continues to displace gold ore in reduction plants, reef
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continues to be left in the hangingwall or footwall, and
substantial improvements can be made in the sweeping of
high-grade fines from stopes. Worse still, fairly substantial
quantities of ore are left as build-up in back areas. Mines are
coming to realize the value of detailed survey and sampling
control, especially at the economic margin where small
percentage changes in MCFrepresent the difference between a
viable and a non-viable operation. Certainly, sampling coverage
and control should be increased, even at the expense of the
extra personnel involved.

The gold analyser developedby COMRO and discussed in
the IMSSAJournal in 1992 and 1994 has not yet provedto be a
working instrument. A 1994 paper stresses the survey and
sampling professions as the eyes and ears of the industry who
should be pro-active in assessing any change in MCF,and who
should ensure that negligence is eliminated from sampling and
that only high-quality information is produced.

Geostatistics has progressed as an operating tool in
valuation. More sophisticated databases, and improved report
and graphical formats are available, and the ability to generate
plans and printouts by computer has improved considerably.
Survey instruments have become more automated, and the
Global Positioning System described in various papers has
greatly facilitated surface work.

Hydropower

Hydropower has already been discussed in various sections of
this Address. Where water is used for cooling, large quantities
are available to power the operating equipment, and the
reticulation and equipment technology is available. Certainly,
practical problems may arise that are difficult to accommodate
on mines, whose main objective is to achieve required produc-
tion. Some rethinking of the benefits and applicability of
hydropower is necessary now that ice cooling is proposed for
several deep shafts. If hydropowered winches can operate
successfully, then potential elimination of electrical power from
the stope face is attractive.

Platinum mining

Much of what was discussed for gold mining is applicable to
the narrow, tabular platinum mines of South Africa. However,
certain aspects bear further discussion, particularly rock
engineering for wide expanses of reef at shallow depth and
higher geothermal gradients.

Mining methods

Mining methods at three important platinum operations were
described at the CMMICongress.

Western Platinum has long been a leader in high-produc-
tivity stoping, employing short updip panels with broken rock
thrown into dip scraper gullies by the blast. Support is by rigid
pillars and sticks. The change-over to mechanized mining at
part of Rustenburg Platinum Union Section is compared with
the prior labour-intensive system. The mechanized mining
incorporates hand-held stope drilling, face scraper cleaning,
loading by LHD units, transportation by haulage trucks,
development by mechanized drill rigs, and mechanized scaling.
A narrow, tabular reef is mined, and trackless methods are
cost-effective at stope widths of more than 1,5 m. (This limita-
tion is determined by the fact that trackless methods generate
more dilution.) The labour required is less by 44 per cent than
for the previous system. Good potential for improvement is
forecast.
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The advanced stoping technology employed at Northam
Platinum mine was also described at the CMMICongress. The
mine has Merensky Reef to a depth of 3000 m, with current
mining to 1500 m. The high geothermal gradient and resulting
high stope temperature have prescribed certain aspects of the
stope design. Backfill is employed to reduce heat flow into the
stopes, and chilled water is supplied as hydropower and as
stope service water. A commitment has been made to hydro-
power stope drilling, with high-pressure chilled water reticulated
from the shaft columns to the working faces to cool the environ-
ment and provide hydraulic power for the face-mining
equipment; use is made of rock drills, hydraulic props, water-
jet cleaning, and various ancillary equipment. The hydropower
reticulation system required careful design incorporating high-
pressure columns, substantial column-support arrangements,
sophisticated control valves, and a series of safety valves and
hydraulic fuses that are activated by excessive flowrates
indicating failure of the downstream system. Installation and
maintenance are carried out only by specially trained and
appointed persons.

Thehand-held hydraulicdrillsdevelopedby COMRO initially
used dilute emulsions of oil and water. By 1991, a plain water-
powered rockdrill had been developed. Northam started its
operation using electro-hydraulically powered hand-held rock-
drills, but has since moved progressively to hydropowered
pure-water drilling and will prove to be the pioneer in full-scale
hydropowered operations. Hydropowered development loaders
recently started operating on the mine.

Rock engineering

Two papers in the 1995 SAIMMJournal focus on the mining of
large areas of shallow-dipping, tabular reef at a relatively
shallow depth down to 1000 m, representing the particular
needs of stiff support at shallow depth.

One paper discusses various pillar systems and principles
of pillar design, including non-yielding, yielding, crush, and
barrier pillars. The current design methods are largely based on
local practical experience, and result in variations in layouts
even on neighbouring mines. The need for solid pillars at
shallow depth is dictated by the tensile forces that can develop
in the hangingwall strata. Less stiff support would allow the
hangingwall strata to move, leading to backbreak or collapse
over large areas. Several examples of such collapse are included
in the paper, these on a variety of different shallow-mining
operations. More formal and quantitative methods of pillar
design would better optimize layouts in terms of safety, level of
extraction, and flexibility in accommodating mining layouts
and geological features.

A second paper describes in situ experimental work to
improve the understanding of rockmass and pillar behaviour.
The work incorporated precise levelling in pillars, convergence
measurements, and petroscope observations in pillars. The
paper analyses the results to provide an understanding of the
rockmass and pillars. The off-reef displacement data conformed
to the trends predicted by elastic modelling: the pillars yielded
without significant load shedding, the mechanism of yielding
being predominantly that of punching into the foundation.

A CMMIpaper describes strata control at Rustenburg
Platinum Mines,.:Rustenburg Section. Here, the Merensky Reef
has been mined for some sixty years in competent ground at
shallow depth. With an increase in depth, high percentage
extraction in the area, geological discontinuities, and residual
tectonic forces, the mining and support design has had to be
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reviewed, including an analysis of seismicity in mining at
increased depth.

Ventilation

The extension of mining to below 1000 m depth at Rustenburg
Platinum Mines Union Section involved new surface shafts,
intake airway systems, stoping methods, and return airways. A
refrigeration plant of 21 MW(R) capacity was installed to provide
chilled water at 0,5°C for surface and underground bulk coolers
and for service water.

A ventilation and refrigeration design for a new shaft system
at Impala Platinum provides for a 250 kt per month operation
between 1000 and 1500 m below surface at virgin-rock temp-
eratures of between 44 and 56°C. The shaft diameter is 9,5 m.
Cooling requirements of 300 W(R)/m2 dominated the design,
with the cooling air adequate for contaminant-based require-
ments. Simulations indicated the following requirements: an air
flow of 760 kg/s cooled to 9,4°C on surface, and a recirculation-
air flow of 240 kg/s cooled to 18°Cunderground. The recircu-
lation controls and safety systems in the mine provide alarm
signals at given levels of contaminants or smoke. Stability
pillars create separate ventilation districts.

Mass mining

Mass-mining operations, both local and international, were
well represented at the DMC,the 1992 SAIMMinternational
conference on mass mining (MASSMIN), MINEFILL,and the
CMMICongress. Mass-mining operations produce large tonnages
but are more compact than tabular gold or platinum operations
and, as a result, newer mining technologies are often easier to
implement and establish.

Mining methods

The highest-production and potentially lowest-cost methods
are the various forms of block caving. However, success is
critically dependent on a good knowledge of the rock and
stress-field properties, and also on excellent monitoring and
control of the draw-down of ore. Two papers by Laubscher, a
recognized authority on the subject appeared in the 1994
SAIMMJournal and are comprehensive reference documents.

The later paper points out that caving traditionally required
massive ore of substantial vertical dimensions and of relatively
weak strength. In the near future, several open-pit operations
producing more than 50 kt of ore per day will consider the
feasibility of low-cost, large-scale underground operations.
Also, existing operations will consider layouts with signifi-
cantly larger downdrops than previously implemented.
Economics could force the management of large operations in
more competent rock to give serious consideration to block
caving. In the past, block caving was limited to orebodies that
cave and fragment readily. The ability to define cavability and
fragmentation, the availability of large robust LHDs, the better
understanding of draw-control requirements, improved drilling
equipment for secondary blasting, and the availability of reliable
cost data have made block caving more applicable to a wider
range of orebodies. Important factors to be considered include
cavability, stress and subsidence caving, fragmentation, draw-
point spacing, draw control, dilution, overall layout, under-
cutting, support requirements, and rockmass rating. Numerical
modelling plays a major role in block-cave design.

The earlier paper focuses on the geomechanical classifi-
cation of the rockmass. This classification is critical to an
assessment of the strength of the ore to be mined and of the
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rockmass surrounding the excavation. The in situ rockmass
rating (RMR) can be adjusted to a mine rockmass rating
(MRMR)or a design rockmass rating (DRMR).Adjustments
are made for weathering, mining-induced stresses, joint
orientation, and blasting effects. In certain cases, more detailed
information may be required on specific parameters such as
narrow and weak geological features.

Several case studies of block caving were included at
MASSMIN.A large-scale numerical model covering the topo-
graphy, in situ stresses, ore-extraction sequence, cave growth,
major faulting, and rockmass strength is described for the
Henderson mine of Climax Molybdenum. The development of
the model, its calibration and results, and the conclusions are
discussed. A description is also given of the extraction of the
4 Sur mechanized block cave at Code1co'shuge El Teniente
mine. This block, containing 17 Mt of ore at 0,98 per cent
copper, produced 35 kt per day of El Teniente's total daily
production of 85 kt. The mine has progressed from weaker,
secondary sulphide ore to lower-grade, stronger primary ore,
and high stresses and rockbursts have started to occur.
Significant back-analysis was carried out with respect to
geological, structural, and geotechnical aspects, valuation,
orientation of the caving face, extraction results, draw-control
aspects, collapses experienced, and indices of recovery and
efficiency. A second El Teniente paper describes the wear in
hundreds of drawpoints monitored over a period of eight years.
The causes and mechanics of failure are discussed and
correlated with the ore drawn from drawpoints. Empirical
guidelines are given for mine design and planning, pointing out
that drawpoints must be developed and supported before the
stress wave ahead of the advancing block cave passes through
the drawpoints. Two joint Laubscher and Pretoria University
papers describe detailed design including three-dimensional
stress analysis for block-cave drawpoints. Another paper gives a
comprehensive account of support methods in very weak
serpentinite rock at Cassiar asbestos mine in Canada.

De Beers underground diamond mines provide excellent
examples of block caving in South Africa. Dwen and Guest give
an overview of the mining of kimberlite pipes, covering the
geological characteristics of kimberlite; the history of diamond
mining at Kimberley; mining methods including open cast,
chambering, sub-level caving, open benching, and vertical-
crater retreat (VCR);and drilling, blasting, and ore handling.

A mechanized block cave at Premier mine 75 m below the
75 m thick sill and 380 m deep is described. Open pit, open
benching, and four block-cave sections employing slusher
winch ways had previously been mined above the sill. Of
importance are the undercut required to induce caving and the
undercut advance, fragmentation, secondary breaking, draw-
point spacing, in situ and induced stresses, the response of the
rockmass to caving, and the design of support in kimberlite,
where squeezing ground conditions may occur. Critical areas
are identified and described in detail. Extensive use was made
of numerical modelling to establish the mining plan and
sequence, as well as the support requirements. The draw
control was carefully monitored since a large proportion of the
total production and of the ore resources is associated with a
single mining unit. Also, this mining unit will undermine the
ore resources above the sill.

Another paper discusses the change-over from open-pit to
trackless mining at Finsch diamond mine, which was a well-
planned operation scheduled in detail. The open pit produced
5 Mt per annum until 1990, after which the underground
operation took over at 5,5 Mt of ore and waste per annum. The
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underground mine is a fully mechanized trackless operation
employing the most effective available technology. The initial
planning and implementation are described in a detailed and
useful document.

A further De Beers paper describes the change from block
caving and sub-level caving to VCRblasthole stoping in sections
where mud pushes, flooding, and poor ground conditions
became a serious problem. This was the first use of VCRstoping
in the diamond industry.

VCRmining at the Carolusberg Deep orebody of the O'okiep
Copper Company was described at the DMC.The massive pipe-
like orebody is situated between 890 and 1570 m depth, with a
horizontal maximum principal stress equal to twice the vertical
stress. The orebody is mined in a chequerboard fashion with
VCRshrinkage stopes, and is backfilled with classified tailings
consolidated with a smelter-slag-based binder.

Two papers concerning the Mt Isa operation were presented
at MASSMIN.This mine produced 5,9 Mt of copper-bearing ore
and 5,4 Mt oflead-zinc-silver ore annually. The first paper
describes the mine design for the 3000 orebody at a depth of
1200 m and the 3500 orebody at a depth of below 1800 m.
These orebodies constitute large-scale open stoping below the
main shaft complex. The severe rock stress and high temper-
atures called for excellent design. In particular geology, rock
engineering, ventilation requirements, and production
scheduling. The second paper describes mining in the 1100
orebody, which is 3 km in extent and 500 m wide. Sub-level
stopes 40 m2 in area and 100 to 250 m high are extracted and
filled with various carefully designed and monitored rockfills
and hydraulic backfills. Drawing of the ore is mechanized, with
final cleaning by remote units. Blastholes 140 mm in diameter
are charged with ANFO.

At Selebwe Pikwe, which produces some 11 kt of ore per day,
mining consists predominantly of efficient underhand breast-face
methods employing hand-held drilling and of post-pillar cut-and-
fill. A limited trial using lower-cost blasthole stoping was
conducted on a thicker section of the orebody. Of interest is the
use of a low-pressure down-the-hole hammer operating at an air
pressure of 45 kPa. Scraper cleaning was employed.

Four medium-scale underground Australian mining
operations were also described at MASSMIN:Mt Charlotte,
Bounty, Golden Crane, and Woodcutters. Generally, Australian
operations employ more blasthole stoping methods than block
caving. Dynamic mine planning is required to make these
medium-scale operations competitive. The mining costs listed
for the four operations show a wide variance.

Mindala mine, part of the Nkana Division, is the deepest
operation on the zambian copperbelt, operating at below 1000 m.
The production of the Nkana Division will increase from 4 to
6 Mt per annum. Currently, mining is mainly sub-level open
stoping, but will change to VCRin the steeper areas, with 50 m
long blastholes of 165 mm diameter. Blasthole stoping has
allowed successful remnant mining from a previously mined
block-caving area at Nchanga, where the production changed
from 5,4 to 8 Mt per annum.

The mining methods at Black Mountain, O'okiep Copper,
and Tsumeb, base-metal mines of the GFSAgroup, were
reviewed at the CMMICongress. These comprise various cut-
and-fill methods, VCRblasthole mining with and without
backfilling, and room-and-pillar mining with and without
backfilling. Significant expertise has been developed in all
these methods. The high production risk associated with mass-
mining methods is illustrated in the backfill failure at Carolus-
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berg, the flooding of Kombat mine, and the pillar collapse at
Otjihase mine. These incidents also indicate the danger of low-
probability, high-consequence events.

A separate paper describes the very successful ramp-in-
stope cut-and-fill mining method at Black Mountain, where all
the access development is carried out in the ore, with high
extraction levels and maintenance of production rates. A
variation called crown-ramp-in-stope makes more face available
and increases the production rate.

Cut-and-fill mining at Selebwe Pikwe is described for a
thick, low-grade zone varying in dip from 15 to 50 degrees. of
particular interest is the use of uncemented backfill, which is
made possible by the relatively coarse grind at the concentrator.

Wessels mine is situated in the extensive Kalahari manga-
nese field, which is gently dipping and some 35 by 20 km in
extent. The production of 70 to 100 kt per month is achieved
from three horizons of ore by bord-and-pillar mining. Similar
bord-and-pillar methods are employed at Otjihase mine and at
Randfontein Estates gold mine.

The history of the mining methods and the current
operations at Thabazimbi iron ore mine were described at
MASSMIN.The dip and width of the orebody, and the rockmass
properties of the ore and waste, vary significantly, and several
mining methods, both surface and underground, have been
employed. The current underground method is sub-level caving.
Support of the access and stope development required attention
as the rock conditions deteriorated with depth. Heavy timber
sets and grouted bolts and mesh had been employed, but more
recently shotcreting has proved a considerable success. Support
is prescribed by the rockmass classification for the particular
area.

Access and infrastructure

Two MASSMINpapers describe the development and infra-
structure required to access new orebodies. The O'okiep Copper
Nigramoep orebody contains some 8 Mt of 2 per cent copper
ore situated at a depth of between 450 and 850 m, and required
low-budget and rapidly installed infrastructure to be competitive.
The total infrastructure is described, including the road, power,
concentrator, shaft, decline, ventilation, and ore development.
The second paper, on the Rosh Pinah mine, describes various
proposed methods of access to open up a deeper, higher-grade
area of the mine. These include ore transportation by shaft,
conveyor, or trucking, and are presented in considerable detail.

Rock engineering

Wagner, at MASSMIN,discussed various rock-engineering
aspects of mass mining at depth. He described the geometry of
orebodies as three-dimensional, quasi-linear, or tabular. The
effect of geometry and size on the stresses surrounding an
orebody is significant. Strata-control problems in most cases
are likely to be dominated more by rockmass characteristics
and by structural defects and discontinuities than by stress.
The estimation of rockmass properties is critical and requires
careful attention. The role of pillars is related more to strata
control than to stress and energy control and, similarly, backfI11
is required more as a working surface or a stope filling to
prevent scaling than for broad regional stability. The backfill
properties required are in accordance with the particular
function, and may sometimes have to include high strength
and excellent quality control.

At INCO's Creighton mine, de-stressing blasts are used to
reduce the potential of rockbursts in operations below a depth
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of2000 m. This occurs in development for blasthole, cut-and-
fill, and undercut-and-fIll stopes. Some 85 per cent of the
rockbursts experienced were induced by these blasts.

The application of rock engineering in open-stoping, cut-
and-fill, and blasthole stoping at Selebwe Pikwe is described
and, once again, the importance of joint surveys and rockmass
classification is emphasized.

In 1987 a substantial area of room-and-pillar workings at
Otjihase collapsed under shallow mining conditions. An
investigation, including numerical modelling of the area,
showed the collapse to have been due to slip on schistocity
planes in the hangingwall, rather than to pillar collapse, but
with the slip and subsequent failure directly related to pillar
stress. Backfill between pillars was introduced in the deeper
sections of the mine.

An analysis was presented of four rockbursts that occurred
at the Lucky Friday mine in the Coeur d'Alene region of the
USA. The remedies described are adequate ground-support
systems, appropriate mining methods, pre-conditioning, and a
micro-seismic monitoring system.

A paper presented at MASSMIN addressed the subject of
support at Premier mine, which is designed for various weak
host and ore rocks. Empirically designed support based on
rockmass classification was found to be inadequate both for
the plastica11ydeforming kimberlite and for the blocky norite
weakened by water. A theoretical study of plastically deforming
kimberlite, including laboratory testing, formed the basis for a
computer model simulating large non-elastic strain. The design
parameters established included the shotcrete thickness, length
of rockbolts and cable anchors, and expected displacements.
The support cost was found to increase exponentially with the
tunnel size, requiring a degree of optimization of the tunnel
dimensions.

Kirsten published two papers on fibre-reinforced shotcrete
support and on tunnel support under squeezing conditions in
the 1990 and 1992 SAIMMjournal. He gives a literature
survey of shotcrete practice, and describes tests that were
conducted for a comparison of mesh-, and fibre-reinforced
shotcrete. He includes systematic procedures for the design of
tunnel support, and gives practical examples from Premier
mine. Shotcrete and rock reinforcement do not function in
unison unless carefully designed.

An AMMSA paper dealswith the orepass support at Premier
mine, where the fallout of blocks in the norite host rock is a
problem. The paper gives a geotechnical evaluation, including
modelling of the change in magnitude and direction of stress.
Support by steel tendons alone was found to be inadequate,
and the orepasses had to be raisebored, sliped, and lined with
concrete.

Backfil/ing

A preussag paper at MASSMIN describes high-density paste
backfill at the Grund Mine in Germany. Paste backfill, which
consists of undeslimed mill tailings, a coarse aggregate, and a
binder, has been investigated at length in recent years. At
Grund, the backfIll is transported as a low-moisture paste down
a 500 m shaft and 1100 m horizontally to a pump chamber,
and it is then pumped 2000 m to the stopes. This method is
also used at the Kreuth mine in Austria. Both applications,
however, have relatively low production rates and backfill
requirements.

MINEFILL yielded a variety of important papers on
backfIlling in mass-mining operations.
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Backfill has been the subject of intensive research and
planning over an extended period of time for the large blasthole
stopes at Mt Isa. These backfIlls require adequate strength to
be free-standing while the adjacent stopes are extracted, and
typically consist of a coarse aggregate or rock component, a
relatively finer tailings or sand component, and a cementitious
binder. The factors to be considered for cemented backfill include
the size distribution of the components, proportion of cementing
agents, water content, segregation during placement, strength
of the mixes and of the zones created by segregation, and
strength required for the particular function of the backfIll. A
simulation program was used to predict the distribution of the
components, including segregation, and three-dimensional
modelling predicted the stress distribution and exposure
stability. Back-analysis was carried out on backfIlled stopes
that contained monitoring instruments. In all, over 100 expo-
sures were assessed. The degree of professional engineering is
impressive. A second paper reviews backfIlling at Mt Isa from
1989 to 1992. In total, over 6 Mt of backfill had been placed,
consisting of rockfill, cemented hydraulic fill, cemented aggre-
gate fill, aggregate, hydraulic fill, and mullock. Performance,
cost, and risk factors are quantified at an early stage.

The undercut-and-fIll method has been employed at
Garpenberg mine in Sweden since 1974, having been developed
mainly by empirical methods. A MINEFILLpaper describes how
field observations and modelling were employed to provide an
improved understanding of the method. The backfill roof had
experienced some problems in the narrow, deeper sections due
to convergence. The fill could not sustain large strains and, in
order to alleviate this, a deformable zone was built into the
backfIll as a test. This attempt proved successful. Changes were
also made in the quality of the backfill and in concentrating the
cement content into the immediate roof exposure.

USBMresearch at the Cannon mine involved monitoring of
rock and backfill instruments measuring the load transfer
during primary and secondary mining operations. The overall
purpose of the work was to maximize recovery by the use of
numerical techniques to evaluate the mine stability and to
improve the backfilling method.

OtherUSBM work, their 'Miningwith backfill' research
programme,was reviewedat MINEFILL. This is focusedon
cement-paste backfIlI and cemented rock-and-alluvial-sand
backfIll. The material properties, transportation, placement,
instrumentation, and computer modelling of backfill are
included.

A paper from the University of Tokyo describes laboratory
tests on rock specimens representing pillars surrounded by
backfill. The results show that the residual strength developed
in the backfill constrained the specimens. An elasto-plastic
finite-element program developed to simulate the behaviour of
wall rocks and pillars adjacent to unfilled and backfilled stopes
shows how backfill controls rock deformations and the growth
of post-failure zones.

Another paper deals with research at the Pyhasalmi mine in
Finland into the use of iron-blastfurnace slag as a binder. Such
slag had been used in cemented rockfilling since 1978 and as a
binder in shotcrete since 1990. This binder is cheaper than
Portland cement and also more resistant to corrosion by sulphur.

A paper from the Royal School of Mines describes a
computer simulation program for the hydraulic transportation
of backfIll.

The optimization of mix designs for cemented backfIll is
described in a United States paper. The costs involved, which
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must be reviewed rigorously, include those for the purchase
and transportation of binder products, the production and
transportation of aggregate materials, the preparation of a
cement slurry, and the final preparation, transportation, and
placement of the cemented-backfill product. The design,
monitoring, and quality control are critical.

Triaxial tests were conducted on samples of cemented
tailings and rockfill at the Curraghinalt gold mine in Northern
Ireland, and the effects of pore-water pressure, confinement
pressure, cement content, and curing time on the strength,
elastic, and shear properties of the backfills were evaluated.

Udd reviewed backfill research in Canada. The use of
alluvial sand was common in the 1930s, classified mill tailings
were introduced in the 1940s, and cement-enriched floor layers
were used for scraper cleaning in the 1950s. Cemented backfill
in the 1960s and 1970s allowed bulk mining with large backfill
exposures. In the 1980s, cost pressures forced backfilling to
become more of an engineering science with paste backfill,
cemented rockfill, and classified backfill providing cost-effective
alternatives. Backfilling in Canada has received industry-wide
attention, with major federal- and provincial-funded projects in
place since the mid 1980s. Important aspects are the liquifaction
potential of backfill, various binder alternatives, instrumen-
tation and modelling, centrifuge modelling, properties of various
backfills, frozen backfill in Arctic conditions, stiff backfill for
rockburst control, and paste backfIll.

INca have tested paste backfill as an alternative to hydraulic
backfill to provide better quality, shorter preparation times, a
lower binder content, reduced backfIlling cycles, improved
mining conditions, and reduced costs. Paste backfill is trans-
ported under gravity for over 1400 m, and is able to stand in
the line for two or three hours without segregating; it can then
easily be restarted without plugging the line. The pumping of
large quantities of paste backfill has uncertainties. The solids
content is 78 to 88 per cent. The uniaxial strength showed that
a 66 per cent saving in binder consumption could be achieved.

A survey conducted by the BackfIll Research Group at McGill
University in Canada involved a questionnaire to Quebec mines
and also a world-wide investigation of backfIlling techniques.
The paper describing the work focuses on the cost of backfIlling,
giving the derived cost models in the form of nomograms for
the estimation of backfill costs. A lack of cost control is apparent,
and the need for optimization in backfilling operations is neces-
sary, particularly with respect to high-cost cementitious binders.

Backfilling at the three remaining metalliferous mines in
Germany is described. Rammelsburg employs underhand cut-
and-fill mining with pneumatic stowing of the backfill, using a
sophisticated technique for the injection of cement into the
stowing lines. Meggan mine operates mainly with cut-and-fIll
and drift-and-fill methods. Rockfill stabilized by the addition of
a slurry containing cement and fly ash is transported and
placed with slinger belt trucks. Grund mine employs underhand
cut-and-fIll, with pumped high-density paste backfill consisting
of undeslimed flotation tailings and reject from heavy-medium
separation.

Namew Lake nickel orebody in Canada is situated below a
lake, which imposes serious mining restrictions because of
mining-induced subsidence. Primary blasthole stopes are mined
and backfilled with cemented rockfill to allow for the extraction
of secondary pillars. Backfill is transported to the stopes by
truck. Optimization of the backfr11performance depends on
binder composition, size distribution of the quarried aggregate,
segregation, use of frozen aggregate, and cement-to-water ratio.
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In the cemented-rockfill practices at the Enonkoski and
Viscaria mines in Sweden, the rockfill consists of crushed
development rock and a slurry of 8 to 10 per cent of the rockfill
by volume. The slurry has a water-to-cement ratio of 0,8 by
weight. Ground iron-blastfurnace slag could also be employed
as a binder. The slurry is spread over a truck-load of rock and
is then transported to the stopes.

The Yanahara pyrite mine in Japan produced 11,6 Mt of ore
from its lower orebody, which is situated 370 m below the
Toshii River and the houses and rice fields established along
its banks, making ground stability of utmost importance. The
mining methods are sub-level stoping, cut-and-fill stoping, and
blasthole stoping. Caving causing both spontaneous combustion
and flooding had occurred on several occasions prior to the
employment of various backfill materials in the lower orebody.

Mining of the relatively flat, shallow orebody at the Zirovski
Vrh uranium mine in Slovenia had involved backfilling of
excavated rooms with non-cohesive material, as had been
carried out for several centuries in Slovenia. Fault zones,
displacements, fissures, and cleavages caused the room-and-
pillar workings to deteriorate, and a cut-and-fill method of
primary and secondary stopes was introduced with high-
strength (3 MPa and 7 MPa) backfIll. This is placed with tippers
and by a specially developed belt thrower.

The Nkana mine in Zambia found caving methods unsuit-
able for a complexly folded synclinal structure. VCRblasthole
stoping, sub-level stoping, and cut-and-fIll stoping, all employ-
ing backfill, will be used to extract the orebody.

Drilling and blasting

A paper in the 1990 SAIMMjoumal asks the question 'Does
mechanized drilling pay?' It presents a good overview of
mechanized drilling in terms of efficiency, and covers tunnelling
and stoping from deep, tabular gold mines to shallower mass-
mining operations. It identifies some current applications for
hand-held drilling, but the levels of technology and the
effectiveness of mechanized equipment have since improved.

A Canadian presentation at MASSMIN focuses on the
debate between the use of larger or smaller diameters of
drillholes for blasthole stoping. The change from top-driven
extension drill strings drilling blastholes of 50 to 65 mm to
down-the-hole (DTH) drill units resulted in larger-diameter
drill holes of greater length, with improved accuracy and
productivity. In many cases, however, DTH blastholes may now
be too large for orebodies of limited dimension, as evidenced
by damage to hangingwall and pillars, poor fragmentation,
benching, dilution, and poor energy distribution. On the other
hand, operators in large orebodies believe large-diameter
blastholes to be essential for drilling in highly stressed or
fractured rock.

The development of high-strength extension tube drill
strings has allowed long, accurate blastholes of much smaller
diameter to be achieved with top-driven drilling. The options
are tube-drilled holes in the 60 to 115 mm range, compared
with DTH drilling in the 130 to 175 mm range. (DTHblastholes
of 75 mm are, however,now possible.)A presentation from
Finland focuses on highly accurate tube-drilling units, which
include advanced technology, providing almost totally automated
drilling operations. This equipment is flexible and provides
optimal drilling patterns for individual stope geometry. The drill
rigs can be manned by a single operator, or even one operator
for two units, and can drill unattended through the blasting
re-entry period.
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The design of stope blast rings at Finsch mine for stope faces
80 m high in a heavily jointed rockmass required substantial
mining-engineering input. Carefully established design criteria,
monitoring, modelling, and back-analysis were necessary, as
well as a consideration of various operational constraints.

A paper from the JuIius Kruttschnitt Mining Research Centre
of Australia expresses the need for detailed blasting design.
Blasting effectiveness has a far broader impact than rock
breaking alone and, in fact, affects the whole mining cycle.
Technology such as high-speed and video photography and
vibration monitoring help to provide an understanding of the
blasting process. Design, implementation, training, and
supervision are critical. Examples of poor practices are presented.

Cunningham gives an overview of ring blasting in which
the intrinsic problems are the convergence of blastholes around
the ring-drilling drive and the charging of upholes. The size
and shape of the oreblock must be considered, the hole diameter
and explosive must be selected, and the explosive charging
patterns and initiation systems must be designed using computer
software and engineering judgement. Idealized guidelines can
be developed.

Ventilation

Fairly diverse ventilation systems and configurations are used on
mass-mining operations, being based largely on the criteria of
dust, diesel fumes, and heat. Guthrie, in his 1991 Presidential
Address to the MVS,gives an informative history of ventilation
on South Africa diamond mines. After fIrst discussing the
diamond itself and the history of the industry, he describes the
various mining methods employed: open pit, chambering, block
caving and bench mining with scraper cleaning, mechanized
sub-level open-bench mining, sub-level caving, and block
caving. Production is at a high level on diamond mines, and a
considerable dust load is generated by the dry drilling and
mining. This is necessitated by the characteristics of the kimber-
lite, which breaks down into a sludge when wet. The high degree
of mechanization generates significant diesel fumes and heat
loads. Ventilation design and planning to produce the required
air quality are discussed, as well as the distribution and control
of air flow, and dust control, transportation, and disposal.

At the MVC,the transfer of large quantities of dust at Finsch
mine by state-of-the-art dry pneumatic means was described.
Fire prevention and escape strategies on underground diamond
mines are important owing to the risk of strongly burning fires
on the tyres of the mechanized equipment.

A paper from Mt Isa describes the analysis of the heat in a
development decline. Advance of 3,5 m per day was achieved
with an electric drill rig, a 231 kw LHD, and a 287 kW haul-
truck. The end was just over 1000 m deep, with a virgin-rock
temperature of 48°C.The averageheat load was 254 kW,of
which the rock walls contributed 118 kW, the diesel equipment
105 kW, the electrical equipment 11 kW, the explosives 9 kW,
and the broken rock 12 kW. However, the peak heat flows
reached two to three times the average heat flow. The heat
conditions were measured in terms of a predicted four-hourly
sweat rate (P4SR), a criterion that can dictate a shortened shift
or, in extreme cases, a work stoppage.

At Homestake gold mine, current mining is conducted to a
depth of 2440 m, with deeper mining planned. A study of the
heat balance in a large mechanizedcut-and-fill stope at a depth
of 2210 m is described. The thermal history of the production
life of the stope was measured in order to calibrate the models

~ 260 OCTOBER 1995

of heat transfer and heat prediction that were to be employed in
future planning.

At Broken Hill mine in Australia, which was producing
420 kt per annum at depths down to 1700 m, three under-
ground chilled-water plants of a combined capacity of
5,4 MW (R) achieved only 2,9 MW (R) consistently, compared
with a mine heat load of 7,6 MW (R). The New South Wales
Inspection Act required a shortening of the working shift from
seven to six hours at a wet-bulb temperature of 26, 75°C. With
high surface summer temperatures, auto-compression, virgin-
rock temperatures of 55°C, and mechanization, up to 80 per
cent of the shifts worked were of six hours duration. A 6,5 MW
ammonia refrigeration plant was installed on surface, which
chilled 125 m3/s of intake air to 4°C, and this air, in turn, was
mixed with additional air of ambient temperature. Improved
working conditions and a reduced number of short shifts
provided financial justification for the project.

A broader overviewis given in a second paper on refrig-
eration in Australian mines. It points out that the requirements
are a function of the mining methods, equipment, surface
climactic conditions, rock thermal temperatures, depth of mine,
and criteria for an acceptable environment. Where there is a
high degree of mechanization, heat from the equipment will
exceed the heat from the rock. Large cyclic heat loads occur,
but the limited number of high-production work places allows
manageable systems. The cyclic heat load results in working
places having separate thermal environments, and cooling is
achieved both by continuous bulk air cooling and by the supply
of chilledwater to underground coolingdevices.At Mt Isa and
Broken Hill, modelling of the plants and systems is necessary
so that control strategies can be developed. Models are used as
routine diagnostic tools and for the scheduling of plant
maintenance.

The USBMnotes that data on ignition sources, burning
substances, and the equipment involved indicate that fire
hazards are changing as mining methods, materials, and
equipment evolve. The most frequent underground ignition
source is electricity. However, spontaneous combustion in
underground metal mines may be the cause of up to 20 per
cent of the fires, and conveyor-belt fires represent a serious
hazard.

In an account of INCa's protection strategy against under-
ground fires, it is pointed out that INCa has operated up to 34
mines at one time or another at Sudbury, in an area 25 by
60 km and at depths to below 3000 m. The maximum
production was 24 Mt from 16 mines in 1970. INCa, as a policy,
develops separate fireproof intake and return airways in its
mine-ventilation systems. Further measures involve effective
warning systems, refuge stations, adequately instructed staff,
rescue teams, and evacuation systems. A second INCa paper
discusses the ability of return air to clear itself of dust in
ventilation shafts, thus assisting in the design of the controlled
recircuIation of air during the cold winter months.

Equipment, tramming, and transportation

A paper from Chiledescribesthe applicationof mechanized
equipment to four relatively smaller underground mines: Punta
de Cobre, Le Cascada, El Soldado, and Mantos Blancos. There
was a major movement to mechanization in the mid 1980s,
with substantial gains in productivity. The importance of
maintenance, technical knowledge, training, and excellent
back-up service is stressed.
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A major re-organization is describedfor Hendersonmine in
the USA: LHD units, drills, tractors, and shotcrete trucks were
replaced,and mechanicalscalers,back actors, bolters, and form
jumbo's were purchased; plant controls were upgraded, and the
concrete batch plant was automated. The disadvantages of
obsolete equipment are pointed out as poor parts availability,
high maintenance costs, and low efficiencies.

At Black Mountain mine, the early 1990s saw equipment
and services deteriorating, and maintenance costs escalating.
The focus was then placed on underground operations and
short-term services,rather than on major repairs and upgrades,
which considerablyimprovedthe situation. Subsequently,a
detailed maintenance system has guided a selective replacement
programme that has resulted in significant improvement in
utilization and also in a reduction of the equipment fleet.

The maintenanceof equipmentat Thabazimbifollowsa
holistic approach, maintenance personnel participating in the
design, selection,and installationof equipment. Operating
personnel have an understanding of maintenance, as well as of
operating procedures, and training, monitoring, and replacement
decisions are discussed with the operators.

A computerized underground dispatch system for production
equipmentat Finsch operates with on-board computerson LHD
units. Operators notify the base of delays, breakdowns, and
changes in the status of tips and haulages. The use of mineral
sizers as an alternative to underground crushers at the same
mine is described. Pre-production experience was gained in the
open pit, but several initial difficultiesled to a progressionof
design and operational changes to the mineral sizers.

Modelling, simulation, and planning

Computer applications are included in many of the papers
discussed in the previous sections of this review, and are
featured in the papers presented at the APCOMconference that
was last held in South Africa in 1987. The following examples
from MASSMINare a limitedexposure to a considerablefieldof
work.

The Black Mountain orebody is a complex, folded
assemblage of mineralization that is mined for the production
of copper, lead, and zinc concentrates, with silver reporting in
the concentrates.The kriged ore modelwas updated from a
system of two-dimensional vertical sections suited to blasthole
stopes in the steep, massive, sulphide areas to a three-
dimensional system for the disseminated, complex cut-and-flll
stoping areas. The geologically defined zones were wireframed,
and were filledwith appropriateore blocks;the ore grades and
tonnages were kriged into the blocks, and the monetary value
was calculated for the blocks; the economic and marginal ore
zones were defined; the tonnage and grade were calculated for
each stope lift; and the productionwas scheduled.A significant
improvementwas achievedin the controlof the short- and
long-term production grade.

At Henderson, drill-hole data had primarily been used for
economicanalysis, evaluation, and design. It was necessary to
adapt and employ the database for the analysis and solving of
production-level problems in the blasthole stopes on an ongoing
basis. Geological information was then integrated into the
operational database, with significant improvement in the
results. The process, as well as the practical applications, are
described. of importance are the interface with the draw-
control system, the three-dimensional modelling on argillation,
the analysis of ground support based on grade, the modelling
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of other geomechanical properties, and the use of custom-
designed maps and pertinent information on individual

drawpoints.

Cassiar mine employed very carefully designed draw-control

systems. The drawpoint layout in the footwall is costly,

substantial support being required. Strict adherence to the

draw-control plan is essential, both for grade control and with
respect to stress loading of the drawpoints. Careful analysis of

the drawdown pattern through geological marker horizons is
necessary.

A simulationmodelof skip and cage operation is described
for an INCOmine in Manitoba, Canada, where the criteria
developed for an optimized system were validated against the
actual mine production.

Coal mining

Coal mining is well represented by papers presented at the
DMC, MVC, MASSMIN,and CMMI, and in thejoumals of the
MVS and the SAIMM. Although this review focuses on
hardrock mining, a broad summary of the coal-mining papers
published between 1990 and 1995, as well as more details on

some aspects of particular significance to deep gold mines

follows.
The mining methods described in these papers include

open-pit, strip, highwall, room-and-pillar mining, shortwall, and
continuous longwallmining, as wellas pillarextraction.The
papers address

~ pillar design, including factors such as rock strength,
pillar strength, modeof failure, extractionfactors,and
surface subsidence

~ rock support
~ rockmass and external parameters affecting the flow of

methane into workings, together with methane drainage
and the monitoring and control of methane

~ dust control and the explosibility of methane and
methane-dust mixtures, as well as the self-heating of
coal

~ the prediction of coal-mine fires, hazards of fires, and
rescue strategies

~ simulation methods for ventilation circuits and fan
systems

~ the extensive use of computerized planning and
production scheduling.

The Polishcoal-miningindustry produced200 Mt in 1989
and currentlyproduces 125 Mtper annum. The coal seams are
1,8 to 20 m thick, and dip from 5 degrees to near vertical,with
miningoccurringdown to 1500 m in depth. The industry was
served by about 500 shafts and 170 winders. At the DMC,two
papers on the design of operationswere presented. Longwall
mining is employedwith either caving or hydraulicor
pneumatic backflll. It is in this area that the Polish coal
industry has experience of interest to deep gold mines. Backfill
is placed to minimize surface subsidence, to reduce the hazard
of spontaneous combustion, to get rid of waste material, and to
maximizethe extraction,especiallyfor multiplereefs. The
backfill material consists of sand, crushed and milled develop-
ment waste, and process-plant tailings, with power-station ash,
fly ash, and slag binders. The backfill is transported predomi-
nantly by gravity. Detailed papers on the subject were presented
at the DMC andMINEFILL, and in the 1994 SAIMMjoumal
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A paper includedin the proceedingsof the MVCdiscusses
the use of ice for the cooling of deep coal mines in Germany. At
a depth of 1000 m, ice is not recommended but, at 1500 m, ice
cooling is employed in conjunction with a three-chamber pipe-
feeder system. Methods for the production, harvesting, and
hydraulic transportation of ice are discussed. Other papers
describe cooling in hot mines in China and the USA.

Open-pit mining

Although various open-pit operations are discussed in the papers
under review, the topic generally has not received much atten-
tion since conferences held in conjunction with the SAIMMin
1970 and 1986. However, good local and international contri-
butions should be forthcoming at the Surface Mining
Conference that is to be held in Johannesburg in 1996.

Safety in Mining Research Advisory Committee

In 1995 the Safety in Mining Research Advisory Committee,
(SIMRAC), established by the Department of Mineral and
Energy Affairs and funded by the mining industry, will be
spending around R36 million on some 40 projectsfocusedon
safety in the industry. It is of significance that almost all the
projects concern mining-engineering research as a key to
safety. Rock-engineering issues for deep gold mines include
rockmass behaviour, in situ stress measurements, detection of
unsafe hangingwall, assessment of the risk of rockfalls, stope
and gully support, layouts for deep mines, and tunnel-support
systems. Support right up to the stope face is critical in terms of
both adequacy of design and adequacy of implementation.
Careful research will be carried out on different geotechnical
environments, particularly the VCRand its structure and
hangingwall characteristics.

Seismology, which is the turbulent part of rock flow from a
more ordered to a more disordered state, comprises a major
area of rock-engineering research. Seismic viscosity, seismic
diffusion, and the Schmit number ratio between viscosity and
diffusion are measurements that can indicate instability and
the likelihood of rockbursts. The growing seismic database and
the ongoing installation of upgraded seismic monitoring systems
will assist in providing more useful tools for the understanding
and alleviation of the effects of seismicity in the mining industry.
The role of major geological discontinuities in seismic events
will also receive attention.

Environmental factors causing or contributing to accidents
will be researched, as will underground machinery and trans-
portation accidents, with particular reference to the human
factor. Research on coal mines is centred on pillar design, dust
and methane control, and explosions.

The SAIMM willbe co-operatingwith SIMRACthis year in
the first annual symposium to present various aspects of the
research work. The SAIMMalso plays an important technology-
transfer role in publishing technical papers arising out of
SIMRAC work, and should have a significantrole to play in the
future as an important technical forum to support the new
tripartite structure of SIMRAC.

Priorities for the rest of the 1990s

The broad priorities already mentioned include safety and health,
competitiveness, social responsibility, and environmental
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responsibility. Substantial pressures from all these areas are
currently threatening the survival of large sectors of the mining

industry. The gold-mining industry cannot rely on increases in
gold price to maintain its viability, and the base-metal mines

must remain sufficiently robust to survive metal price cycles.
Generally, the production costs of mines need to remain Iow

enough to be competitive, and to survive periods of Iow prices.

Inflationary pressures on all areas of the working costs must be
balanced by increased productivity. Failing this, the costs of
individual mines will merely rise to the point where these
mines can no longer compete. Certainly, many South African
gold mines are already closeto this point, and base-metal
operations comeunder threat fairlyregularly.The position is
the same for the mines producing other metals and minerals.

The challengeto maintain and improvesafety and health
and an acceptable working environment on the gold mines
becomessubstantial as the operations are subjectedto higher
levels of rock stress and heat with increasing depth. Generally,
platinum, diamond, and base-metal mines are also progressing
deeper and into environmentally more difficult conditions, and
both they and the gold mines must aim for higher proportions
of extraction, resulting in more remnant mining. Excellent
levels of mining-engineering design, implementation, and
control, complemented by the commitment of the total workforce,
constitute the only way in which this challenge will be met.
Unfortunately, during the period under review, the attention of
mining management has been diverted to a large extent by
political and industrial issues, and also by general unrest in a
changing society. The focus must again be placed on good

mining engineering and good mining practice. Some suggested

priorities are listed here.

Benchmarking of operations

A United States mining executive described his company's
policy with regard to benchmarking. Mine officials are sent to

other mines to study the best practices employed on those
operations. This is a formal exercise with questionnaires
prepared, sent out, and answered prior to the visit in order to

ensure that maximum benefit is gained. Three levels of bench-
marking are planned.

>- The company must be benchmarked against the best
practices in its own sector of the mining industry. This
exercise is already well advanced.

>- The company must be benchmarked against the best
practices in the total mining industry. This is the next

challenge to be met.

>- The company must be benchmarked against the best
practices of industry in general, inside and outside the
mining industry. Clearly, this is much more difficult, but

the potential benefits are considerable.

What is sought are not expensive cosmetic changes but

rather solid, cost-effective technical and operational improve-

ments. A conference in Australia this year on 'World Best
Practices in Mining and Processing' is a parallel to bench-
marking. The exposure described in this Address to various
disciplines on a variety of mining operations is also entirely

consistent with the benchmarking concept.

New projects

Substantial risks are associated with new mining projects,
including those related to the geology and ore evaluation, capital
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expenditure, timing to completion, adequacy of capital infra-
structure, effectiveness of mining and metallurgical methods,
working costs, product pipelines, and product marketing,
together with a variety oflabour, political, fiscal, and other
risks. New gold-mining projects on the Witwatersrand, from
surface or as secondary or tertiary shafts, are becoming prohib-
itively expensive purely from the point of view of capital cost,
never mind the risk element. Potential mining projects in South
Africa, in general, face high levels of risk. To produce an
adequate return on investment, good mining engineering is
required at the evaluation stage, in the design and capital-
expenditure stage, and throughout the operational life of a
mine. It is important that emphasis should be placed on the
best possible evaluation of the ore, and on the mining and
processing issues, and that the mining and metallurgical
planning should be done correctly, for it is in these aspects,
rather than in the detailed costing exercise, that the greatest
risk lies.

Ore evaluation

The high-continuity gold-mine reefs have been well served by
geostatistical methods, which have allowed major projects in
the past to proceed based on the information obtained from ten
to twenty exploration boreholes. The high gold grades also
provided an adequate cushion against risk. The much more
complex reef sedimentology encountered at depth is demanding
significantly more boreholes. Excellent geological and geo-
statistical interpretation will be required to minimize the number
of expensive boreholes required and to locate the boreholes
optimally. Other mineral deposits will require a greater density
of drilling for the evaluation of both tonnage and grade, and for
the mining design. Adequate structural, geotechnical, and
hydrological information must be obtained at this point, and
must be used properly for layout and design purposes. Clearly,
the best possible input by all the mining disciplines is required
at this stage to avoid the placing of shafts and major infra-
structure in inappropriate areas of poor ground, higher stress
fields, or poor mineralization, and to obviate development and
stoping layouts that are unsuitable for the prevailing geology.

Gold-mining methods

In gold mining, rock conditions, rock stress, and seismicity
pose the greatest threats to safety, and heat poses the greatest
threat to productivity.

Techniques for numerical analysis of the behaviour of the
rock under the influence of mining-induced stresses have
advanced significantly. Elastic and inelastic behaviour, including
the incorporation of geological and stress-induced disconti-
nuities, can be analysed, and a good understanding of the
detailed fracturing at the stope face has developed. Seismic
events are related to the energy release rate as a criterion for
crush-induced seismic events, and to the excess shear stress as
a criterion for fault slip. More work is necessary on the rock-
engineering characteristics of the VCRand on the detailed
effects of the more complex geology in the vicinity of the stope
face. Considerable research continues in the field of seismicity,
with sophisticated measures becoming available for the
indication of seismic instability and potential seismically active
areas, and for the analysis of the source of seismic events.
Extensive seismic monitoring systems underground are
providing an excellent database of seismic activity. The detailed
effects of seismic events on working stopes are also well
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researched. Guidelines have been developed from this work for
stabilizing pillars, backfill, rockburst-resistant rapid-yielding
hydraulic props, and concrete stability pillars. The use of
destressing blasts ahead of the mining face is receiving
renewed attention. A Miningtek paper in the 1995 MaY/June
issue of the SAIMMJournal entitled 'Rock engineering

I strategies to meet the safety and production needs of the South
African mining industry in the 21st century' sums up this work
admirably. Mine-level rock-engineering design and implemen-
tation remain a real problem. The industry simply needs many
more rock-engineering practitioners to operate on mines and
apply sophisticated rock-engineering analysis and good
engineering judgement to local mine layouts and problem
areas. These engineers will become progressively indispensible
to the operation of deep gold mines and complex mass mines.

The second serious problem in gold mines is that of
implementation. In particular, the difficulties encountered in
the effective placement of adequate quantities of backfill into
deep mine stopes will seriously affect the ability of the industry
to survive and remain competitive as both the depth and the
proportion of extraction increase. Technical areas in which
significant progress has been made over the past five years
include those of quality control in terms of backfill density and
fines content, shaft columns, storage dams, horizontal transport,
communication, and stope placement. The areas that have the
potential to significantly increase backfill placement involve
training, education, and motivation of the workforce, super-
visors, and management, and effective monitoring and control
of backfilling operations. If a new set of technical constraints
arises at higher placement levels, these can be addressed and
solved. The focus has been mainly on backfill as a regional
support for the reduction of seismicity, which requires the
backfIlling of a high percentage of the mined area to be effective.
The excellent performance of backfill as a local face support in
the event of a seismic event is continually being demonstrated,
and will be an important motivator for backfilling. The use of
rapid-yielding hydraulic props is proven technology, but
currently suffers from quality-control problems in the high
numbers of props being manufactured and repaired. Further,
control in the use of hydraulic props on mines needs to be
upgraded. These implementation issues are critical, and need to
receive the highest level of priority, as do several other areas of
technology implementation on large Witwatersrand gold mines.
The planned SANGORM conferenceentitled 'The human
element in rock mechanics' should be an excellent forum for
the consideration of proper implementation of rock engineering
technology.

There are two important priorities concerning the
temperature in working places. The first is the prohibitive level
of cooling power required at depth unless working places are
concentrated into fewer high-production units and heat flow into
the workings is reduced by the placement of high percentages
of backfill. The second priority is that of effective implemen-
tation of refrigeration capacity. Here, careful attention to the
underground infrastructure is required, and the insulation of
pipes must be well installed and maintained. The key, however,
is adequate, timeous, and well-controlled pumping facilities to
circulate the quantity of cooling water required. Ice cooling is
poised for a possible major role in the future, but substantial
practical research and design work are necessary.

Implementation of technology in general is such an
important issue that much of the current research effort could
be directed to auditing and assisting implementation for the
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next few years. This would get technology operating on the
stope face, would give an excellent input of practical experience
into the research community, and would cement good working
relationships between operating and research engineers. This
trend has, in fact, already started in some areas and promises
good results.

This is a good point at which to compare current conditions
with Wagner's 1986 statistics. The length of the stope face has
been reduced to 180 km worked at a productivity rate of
550 Um per annum. The current average rock-breaking depth
has increased to 1790 m and the virgin-rock temperature to
40,1°c. However, some 15 mines have average depths of more
than 2000 m, the deepest averaging a depth of over 2800 m.
The current total installed refrigeration capacity has increased
to 1390 MW(R), and the industry average wet bulb tempera-
ture is around 28,7°C. The current average face advance rate
remains low at 8,0 m per month. The total number of rapid-
yielding props purchased has remained at around 350 000,
with fewer than 150 000 installed. The total backfill placed by
the industry is 3,5 mt per annum. Certainly, the improvements
achieved over the period of almost ten years have been limited.

Technology improvement should provide some increase in
stope face advance, notably through hydropowered drilling and
waterjet cleaning in the short term, and potentially some degree
of non-explosive rockbreaking in the long term. Certainly,
intensive research continues towards the latter. If hydro-
powered scraper winches can be utilized, all high-voltage
electrical supply could possibly be removed from the mining
section. Greatly improved support technology is available for
both static and rockburst conditions: rapid-yielding hydraulic
props and various pack systems are continuously improving,
and roofbolting in stopes and gullies is starting to be utilized;
backml technology has progressed to the point where it is
available both for regional and local support, and for the
reduction of heat flow. The use of timber in stopes will be
reduced significantly, or will be eliminated at depth, reducing
the fire hazard. Chilled-water technology is well developed, and
ice cooling has several applications in place. Ammonia cooling
systems are not yet considered suitable for the underground
environment. The use of hydropowered equipment where ice
cooling is utilized needs to be addressed. The key areas of
improvement are effective face utilization, improved control of
hydraulic props, a quantum change in backfill implementation,
and a significant improvement in the implementation of refrig-
eration, where the reticulation of chilled water and good control
of pumping need attention. These priorities will be achieved
only by the education of management, supervisors, and the
workforce in the mining-engineering principles involved, by
the gaining of a commitment to these principles, by the
implementation of systems for excellent production control and
underground communication, by fully effective operations on
all mining shifts, and by a move towards more continuous work
schedules. These measures will allow maximum utilization of
the available stope face, which has become an extremely
expensive resource both to provide and to maintain.

These issues appear to be a statement of common sense,
but it is clear that the management and workforce need to take
a step up to a higher level of technology implementation and
asset utilization to maintain safety, survival, and competitiveness.

The development of access and infrastructure at depth has
been well researched,with the use of advanced numerical

modelling for the design of the optimal shape of excavations
and of sophisticated support systems. The timing and cost of
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development are major sources of risk in mining. These two
factors are not well researched and must be carefully estimated
for individual projects. Heat has been a significant factor in
delaying critical development, indicating a need for the careful
planning and control of environmental conditions. In particular,
pumping must be available at an early stage to circulate
adequate quantities of chilled water. This does not always
occur at new sub-shafts, and development is seriously delayed.
The installation of major pumping infrastructure (and backml
dams) is inevitably a very slow process. Problems of poor
ground conditions and water-bearing strata are common
throughout the industry, and need to be anticipated and
adequately catered for.

The gold-mining industry has perhaps not made advances
that parallel the moves from scraper -operated block caving to
major mechanized block caving, or from square-set timbered
stoping to mechanized cut-and-fill, or from room-and-pillar to
continuous longwall mining.

Management and utilization of ore resources

Economically mineable ore resources are scarce, exploration is
costly and success not guaranteed, and environmental
constraints make the development of new orebodies increasingly
difficult or prohibitive in many areas. High capital costs
exclude many deeper, remote, lower-grade, or technically
complex ore resources.

The large open-pit copper mines of Arizona focus strongly
on the need to push down copper unit costs in order to increase
the available extraction from the ore resource. Over the past
five years, several mines have advanced from scavenging low-
grade copper waste dumps by leaching to economically mining
the same grade of material for leaching.

On limited-life base-metal mines, the effect of increased
working costs on the economically available ore resources can
be dramatic. Black Mountain reached a position where costs had
squeezed the ore limits down to only the high-grade massive
sulphides before metallurgical and operational changes reduced
the unit working costs and made significant additional lower-
grade disseminated ore available. The same is applicable on
longer-life and higher-grade gold mines, where increased
working costs and the resulting increased pay limits are
decreasing the mineability of scarce ore resources.

The need to maximize extraction is not the only focus of
ore-resource management. Early financing requirements may
require elevated levels of metal production, causing the focus to
move from unit costs to metal production. This contrast occurs
between the mature open-pit copper operations in Arizona and
the relatively young open-pit gold operations in Nevada, where
the ounces of gold produced is the important criterion. The
Witwatersrand gold operations look to consistent metal produc-
tion to satisfy longer -term dividend policies. All of this requires
accurate and readily accessible ore models for control and
decision purposes. Ore resource databases, models, and
inventories have been around for a long time, but improved
design and planning making full use of the rapid iterations
possible must provide significant benefits.

For large, disseminated open-pit operations, three-dimen-
sional computer-based kriged block models are relatively easy
to develop and are used very effectively in grade, operational,
and metallurgical control. Large underground block-caving
operations and the more massive underground base-metal
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mines fall into the same category. The level of ore control
applied on these mines is impressive.

~ On a large Chilean mine, the manager's main responsi-
bility was the flow of ore from geology to mining to
metallurgy, and all the other activities on the mine were
considered to merely service this process. Complex oxide
and sulphide ores feeding separate metallurgical
facilities, coupled with a production rate of around 150 kt
of ore per day, warranted a daily linear programmed
production schedule at Chuquicamata.

~ On the open-pit gold mines in Nevada, ranges of varying
gold grade, carbon content, and sulphur content must be
separated prior to processing. Blastholes are sampled and
kriged, and the ore is segregated in the model and
physically flagged out on the muckpile prior to being
loaded by shovel. A sophisticated dispatch system is
employed, including inter-locks between shovels, trucks,
and stockpiles, which may number up to ten or more in
extreme cases. The end result is the right ore in the right
metallurgical batch and optimum metallurgical recovery.

~ For large block-caving operations, drawdown of the ore
is critical in terms of both grade and geotechnical aspects.
At El Teniente in Chile, the LHD operators supply daily
production from each drawpoint via the shiftboss to the
grade-control office, which is situated underground
immediately adjacent to the drawpoint area. Information
is then input to the grade-control system on an
underground computer terminal, allowing individual ore
reserves for each drawpoint to be adjusted immediately
the drawpoint samples for the day are assayed-this on a
large mine with several hundred drawpoints employing
around 10 000 peopleand mining under conditionsof
high stress and rockbursts.

Ore modelling has advanced from the more regular orebodies
to bodies of complex geometrical shapes, separate geological
zones, structurally controlled ore deposition, complex folding,
and multimetal ores. A structurally controlled open-pit gold
operation in Nevada found grade estimation to be inaccurate by
as much as 50 per cent prior to employing proper kriged models.
This same level of modelling and control is progressively being
employed in less massive blasthole, cut-and-fill, and other
underground operations with considerable success. The level of
grade control of large open-pit operatioDS offers an example to
be followed by underground mass mines.

The extensive Witwatersrand gold-mining operations have
good ore-modelling systems but need to look at the level of
mining and grade control practised. The density of sampling on
the stope faces, as well as the regularity of sampling coverage,
needs to be carefully reviewed. It is possible that this is one of
the key areas in improving the competitiveness of the South
African gold-mining industry. Dilution, reef in the hangingwall
or footwall, sweeping, and contamination still seriously affect
the amount of gold recovered from scarce ore resources, and
result in effectively poor realisation of gold from expensive
stope face.

Coupled closely with ore modelling is computer-based mine
planning. This should incorporate direct input and calculation of
survey data at the one end, excellent graphical presentation
and mine design facilities, preparation of mine plans, and then
operating and survey instruction documents at the other end.
This is well developed for open-pit mining but more difficult for
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complex underground layouts. However, there are several
operating underground examples in place: Kidd Creek in
Canada, Tara in Ireland, and Neves Corvu in Portugal are cases
in point. Canadian examples report large drafting offices
reduced to a set of computer workstations. The rapid iterations
possible provide a step change in mine-planning ability across
the range from overall mine layouts to detailed drilling and
blasting design. A foundation has also been laid for the
analysis and design of rock engineering, ventilation infra-
structure, and services. The future indicates expert systems,
and even virtual reality views of mining operations, but the
current focus must be on the first step, which is the intro-
duction of effective computer-based planning. There are many
suitable packages commercially available. The industry must
merely learn to adapt and utilize what is available.

Utilization of infrastructure, equipment, and mining face

Costly infrastructure, equipment, and mining face require
maximum utilization in terms of the available time in both
hours per day and days per week. Ultimately, continuous
operations must be considered. There are many mining opera-
tions that can be used as examples, particularly the large open-
pit operations. The Codelco open-pit and underground opera-
tions of Chilework 24 hours per day for some 360 days per
year, and the Arizona copper mines and Nevada gold mines
work similar schedules. Daily shift arrangements vary across a
range, including 3 x 8 hours, 2 x 12 hours, and 2 x 101/zhours.
Typical shift cycles for 8-hour shifts are 7 on and 1 off, 7 on
and 2 off, or 7 on and 4 off. This requires 4 teams to cover 3
shifts per day, which implies that the individual works an
average of 42 hours per week. Typical shift cycles for 12-hour
shifts are 4 on and 3 off, or 3 on and 4 off. This requires 3
teams to cover 2 shifts, which implies that the individual works
an average of 42 hours per week. Typicalshift cyclesfor 101/z
hours are 7 on and 6 off, or 6 on and 2 off, which implies that
the individual works 45,5 hours per week. It is important to
establish the maximum acceptable shift length and maximum
acceptable string of working shifts. One primary advantage is
the continuous use of mine assets, but the other advantage is
that individuals work for a concentrated period followed by an
extended period off work. The rotation of shifts may leave the
more 'senior' members on day shift permanently, but more
acceptable is a system where all the workers rotate through the
prescribed shifts. In open-pit or block-caving operations, where
broken rock is available on a continuous basis, 8-hour or 12-
hour shifts are suitable. Large blasthole stopes would fall into
the same category. For operations based on a drilling, blasting,
and cleaning cycle, 2 shifts of 10 to 12 hours are generally
more suitable. Black Mountain operates cut-and-fIll stopes on
two equal-status 8-hour mining shifts per day, with a blast at
the end of each shift and some leeway to work overtime if
required to complete a cycle. Engineering maintenance shifts
overlap into the period between the mining shifts. At O'okiep,
VCRblasthole stoping is based on three 8-hour shifts, with
drilling on 2 or 3 shifts, charging and blasting on 1 shift,
backfIlling on 3 shifts, and drawpoint loading on 3 shifts. The
message from all this is that shifts must be scheduled to suit
the nature of the mining method and, if necessary, to suit
individual aspects of the mining operation.

Operationsin the USAhave found that worker preference
has been an important component in the design of shift
schedules. Shift schedules in that country generally apply up to
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first-line supervision, with the more senior management,
administration, and planning staff operating on a 5-day week.
During weekends, the operations are run entirely by capable
front-line supervisors, with standby duties for senior
management as required.

Witwatersrand gold mines need initially to at least maintain
the day-shift supporting, drilling, and blasting characteristic,
and the night-shift cleaning characteristic. BackfiIling should
be considered on both shifts. Night shifts must be upgraded to
fully supervised operating shifts, with miners in each stope
area. At a later stage, progress could be made towards two equal
shifts with a blast at the end of each shift. The effect of two
blasts per day on seismicity patterns will have to be evaluated.
Clear thinking is necessary to define, in detail, exactly what is
required prior to an intensive mine-wide information and
training exercise. It is also important to establish what is to be
achieved by the change: possibly additional production but,
more important, a reduction in the resources required, partic-
ularly expensive stope-face length. Management responsibility
during the weekends needs to be established. Shift cycles could
apply up to the level of mine overseer, with clear delegation
down to that level and with standby duties by more senior
management during weekends.

Rock-engineering analysis indicates that continuous mining
operations may benefit safety through the more regular blasting
of stope panels, resulting in less severe unravelling of the
hangingwall.

Mechanization and utilization of equipment

Mechanized open-pit and underground operations rely on high
levels of availability and utilization in order to ensure cost-
effectiveness of expensive equipment. Maintenance systems
are readily available and include the capture of cost, operating,
breakdown, and significant technical data. Efficient operations
depend particularly on short-term maintenance services and on
attention to the working face. It is here that senior engineering
input is most required, rather than in the major surface work-
shops, where longer-term maintenance, repair, and fabrication
are carried out. Good decisions must be made on the replace-
ment of equipment, where high cost, unavailability of spares,
and outdated technology can seriously affect the operation.
Detailed analysis of individual units is required, but units older
than 10 years are not likely to be cost-effective.

The gold mines on the Witwatersrand are widespread and
have a vast inventory of smaller equipment. A start must be
made on accurate recording of equipment and the generation of
basic availability and utilization figures. This is only an initial
approach, but substantial and focused effort is required to get
such systems into operation. A significant step ahead will be
achieved if accessible computer-based records can be established
of the location, operation, maintenance, and breakdown status
of the following: drills, scraper winches, locos, hoppers, and
other roIling stock; development loaders; and rapid-yielding
hydraulic props. Appropriate software and systems are
commercially available, and it is only a matter of implementation.

Mechanized equipment is generally developed initially for
softer-rock or for surface conditions, and the technology is
then gradually transferred to the more onerous hard-rock and
constrained underground conditions. Open-pit equipment has
moved to massive orebodies and wide reefs underground, and
mechanized coal-cutting equipment has long been the vision of
non-explosive rockbreaking in narrow gold-mine stapes. An
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interesting change to cut-and-fill operations at Black Mountain
was the move from a system in which equipment was
permanently designated to particular working areas to a system
in which centrally controlled equipment was allocated daily to
where drilling or cleaning was required. This open-pit type of
system, combined with excellent maintenance and communi-
cations, resulted in a significant reduction in operating units.

Automation of equipment, led by the Scandinavian countries,
has developed rapidly. Remote-controlled LHD units are now
standard equipment, and mechanized blasthole drilling is at the
point where drilling and rod changing for two separate units
can be operated by one man and can continue unmanned
during the blast re-entry period. These are just two examples of
the level of proven technology that is available and that must
be continually evaluated for mining operations.

Information and communications

A pilot leaky-feeder communications cable was installed at
Black Mountain and has been extended progressively. The
system operates with two-way radios that are totally compatible
with the surface radio network and that are effectively linked to
the telephone system. The system has been entirely successful.
The example often quoted is of the engineering manager on the
lowest level of the mine conversing by radio via direct telephone
link to his consulting engineer in head office. Perhaps a more
useful example is that of an artisan just completing work on a
drill rig in the stope face caIling in to see where exactly he is
required next so that he does not spend the rest of his shift
travelling back to the workshop. Radios have been now extended
to all operators, and the level of use has filled the frequency,
requiring training courses in order to optimize the use of the
radios. A similar successful communications system is well
employed on Tara mine in Ireland, but many officials on other
mines are unaware of available systems. The key to such an
installation is not the hardware but commitment to making the
system work for the mine.

The theme of the 1995 APCOM conferencein Australia was
'The communications revolution and its impact on mining'.
There is no question as to where the revolution of communi-
cation and information needs to take place-right between the
mine manager and the working face. A supervisor at a large
Nevada open-pit mine, describing the truck-dispatch system,
indicated his belief that the control of the trucking operation is
of secondary benefit. The main advantage is that the system
continuously records the total mining operation in detail, the
information being available for whatever analysis is required.
Again, the widespread workings of a large Witwatersrand gold
mine are a natural application for such information systems.
The problem is implementation. Production-management
systems custom-made for gold-mine operations have been
available for around ten years, and right now are only just
starting to gain acceptance. Initially, the basic activity on every
working stope face needs to be recorded daily, to be immediately
available for scrutinizing, and to be part of a permanent record
of operations. The transportation and tramming of ore and
other mining activities can follow. Again, the key does not lie
in the dumping of expensive hardware and software onto the
mine, but in the total commitment of the operators to make the
system work. Information and communication are crucial to
effective mining operations, and may be the key to the required
step change in technology-the difficulty that must be overcome
lies in the implementation of a suitable system.
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Safety and training

Safety is a prime objective of all the mining-engineering
applications that have been described in this review, and
training is implicit to these operations. Important issues that
must be addressed are the very real cases of severe neglect,
serious recklessness, and even deliberate acts that result in a
whole range of injuries, fires, damage to equipment, and loss
of production. Engineering and management systems may
prevent many accidents and limit the damage in others, but the
total prevention of such incidents is as difficult as trying to
eliminate the great numbers of fatalities on our roads by the
use of engineering and management systems alone. The key
here is training on the one hand, and commitment by
employees to safe principles of operation on the other. This will
work both in our mines and on our roads, but the effort
necessary to provide this level of training and to gain the
required level of commitment cannot be under -estimated.

The Jerrit Canyon gold operation in Nevada comprises a
large number of very small open pits spread over mountainous
terrain and subject to severe weather conditions. Supervision is
extremely difficult, being totally different from that in a large,
concentrated, single open-pit operation. The solution employed
is the use of well-trained and accountable unsupervised teams.
The previously employed supervisors were, in fact, moved into
training. The principle appeared to be as follows: the more you
train, the less you need to supervise; the less you train, the more
you need to supervise. No matter how difficult the current gold-
mining situation, the vision of well-trained, accountable,
unsupervised teams receiving technical guidance and logistical
assistance from technically qualified shiftbosses is most attrac-
tive. The two-man total-stoping teams of the old Cornish tin
mines, of Dennison uranium mine in Canada (which even
included a husband and wife team), and of Homestake gold
mine in South Dakota are excellent examples of such a system,
even though Witwatersrand gold mines would require larger
teams.

Safety and health legislation

Arising from the Leon Commission, an independent Safety and
Health Act will be drafted and promulgated, and the current
Mines and Works Regulations will be reviewed and incorporated
under the new Act. It is essential that valid mining-engineering
principles form the basis for this revision, and that sufficient
flexibility is afforded to mine management to optimize safety
and production in terms of local conditions on each mine. It is
also essential that mine management retains the authority to
implement sound management principles on their mining
operations, and that all employees are committed to both the
requirements of the regulations and the standards of mining
agreed and laid down by the mine management.

Profile of an underground miner

Underground mining operations in North and South America
typically operate with only one to three categories of employee
below the shiftboss level: miner 1, miner 2, and miner 3 at
most. All of these positions at least require the miner to operate
one or two units of equipment, and to be skilled in a range of
activities. On the other hand, any of these miners can be called
upon to lash out a drain, clean the equipment, or sweep out a
changehouse. A United States mine manager commented that
not more than 10 per cent of potential job seekers will make
the grade as a miner. Ifbroad bands are to be considered in the
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gold-mining industry, then miners approaching this calibre and
commitment must be developed. On underground mines in
Chile, almost all the shiftbosses had tertiary qualifications in
mining (equivalent to South African degrees, national higher
diplomas, or national diplomas). The South African mining
industry runs with much lower densities of qualified super-
vision and management. It may not be possible to immediately
move to these staffing levels on South African gold mines, but
the following two points must be made clear. A mine cannot
afford to put a pure supervisor underground; he must also be
able to contribute good technical mining knowledge gained
through study or experience. A mine cannot afford to put a
pure labourer underground; he must also be able to contribute
major skills gained by training and experience.

An interesting example is that of a lady underground
electrician at Homestake gold mine with all her tools in a thick
leather belt. No assistants. The employment of female mining
operators is standard practice in many countries.

Consultants and contractors

Chilean copper mines are very sensitive to their position as
lowest-cost world producers, and will go to two or three
consultants in order to obtain the best possible solution to a
problem. This is a far cry from merely designing in-house and
then defending the design. Designs for major projects are now
being audited on a routine basis.

Specialist contractors are increasingly being used to do
certain work on mines. Again, this practice is widespread in
Chile, with the mining company doing the critical stoping
operations and contractors commonly being used for the
development, equipment-maintenance, construction, and
service functions. Australia continues to make widespread use
of contractors for mining. To survive, the South African
industry must make use of the very best expertise available,
whether this is in-house or provided by consultants, or
contractors.

Role of the mining engineer

This review has shown the role of the mining engineer to range
from that of effective production supervisor, manager, and
consultant to that of design engineer or researcher in the
complex sciences of mining. Mining engineering will come not
only from the qualified graduate or diplomate but also from the
experienced, lesser qualified man who understands and applies
its principles. It may not be necessary for one to have a mining-
engineering qualification in order to reach a level of senior
management, but there can be no doubt that, without a substan-
tial proportion of qualified engineers throughout the operating
and specialist ranks, the industry cannot remain competitive.
Among the lower supervisory levels of staff in South African
mines, qualified engineers currently make up around 10 per
cent or less, increasing up to perhaps 50 per cent at the more
senior levels. This is far too low, especially when coupled with
the critical shortage of engineers in the vital planning, rock-
engineering, and ventilation functions. Many mining-engineering
opportunities exist in the mines and mining houses, and also
with the outside specialist contractors and consultants. I believe
that the universities, technikons, and technical colleges should
be training mining engineers at their full capacities now and for
the balance of the decade at least. Any perception that current
difficulties should dictate a reduction in training of mining
engineers will be a self fulfilling prophecy with dire
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consequences. Theyoungminingengineerhas a most
promising career be it in production, rock engineering,
ventilation, design, planning, research, ore evaluation,
financial evaluation, off shore operations, marketing, service
industries, contracting, consulting or even the stock exchange.

My perception right now is that there are many young men
and women willing to enter the mining engineering discipline.
This in contrast to recent years and a most encouraging
indication for the future.

Role of employees and unions

Employees and unions should support training in the basic
mining-engineering aspects of the operation, and should show
commitment to the implementation and application of these
principles. This would benefit both the mining operation and
the job advancement of the individual employee. Individual
employees will enjoy increasing opportunity for appropriate
training and education in mining principles.

Role of the professional institutes and associations

The comprehensive discussion in this review and the history of
the various 'mining' institutes and associations in South Africa
show these institutions to offer excellent support for conceptual
thinking and the development of productive ideas for communi-
cation, information and implementation, and for the recording
of engineering issues. They are also important in the
development of the careers of mining and metallurgical
engineers.

As the industry takes on a tripartite government-employer-
employee nature in many forums, the associations and institutes
could weIl play an important, independent role in the communi-
cation and discussion of the engineering issues that emerge
just as they have certainly played a vital role over recent years
in maintaining South Africa as an exceIlent international
mining forum.

The operating mines

In closing, I would like to focus on individual mines. These are

the places where mining-engineering technology and practice are
tested, implemented, and operated; where methods are shown to

succeed, or to fail and require re-design and improvement; where
the employees must interact with the principles of mining
engineering to produce effective mining operations; and where
mining engineers must face the challenge of rock stress and heat,
complex ore and water problems, and a host of other issues.

I have mentioned many great mining operations in my
Address: Driefontein, Western Deep Levels, KIoof,Buffelsfontein,
Rustenburg Platinum, Premier, Black Mountain, Mt lsa,
Creighton, Chiquicanata, El Teniente, Homestake, just to name
a few. In the mid 1970s, Kidd Creek was omitted from Canadian
mineral-economic analyses because its rich resources and high
production skewed the whole Canadian mining industry.
Arizona and Nevada are characterized by great mines such as
Morenci and Gold Quarry. In future, Northam and South Deep
in South Africa will be industry leaders.

Certainly, the strength of the industry lies more in its
individual mining operations than in any broad-based organi-
zation, institution, or union. It is the task of mining engineers
above all else to ensure the continued strength of these
individual mines, and to work towards the discovery and
developmentof new mines. .
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