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Although the cutting costs were encouraging, there were three 
areas of concern which needed to be addressed: blade jamming,
rig  design and the relationship of blade diameter and the depth 
of cut achieved.

The biggest problem discovered to da te , was that of blade 
jamming in the slot. Three causes of blade jamming were pro­
posed:

spalling of rock onto blade 
closure of slot onto blade
moving of rig/saw  causing distortion of blade.

The equipment was relocated to President Brand 2 Shaft to the 
high stress stope, to determine whether stress and closure of 
the slot was the main reason fo r blade jamming. In addition, the 
rig  was modified to give it more rigidity.

During the trials spalling of the rock onto the blade, as a cause 
of" blade jamming, was ruled out as no pieces of rock were 
observed on removing the blade. Initially a reduction in the 
frequency of jamming occurred. However, as tests progressed, 
jamming occurred more often and appeared to be related to rock 
movement.

This trapped the blade a t the segment and occurred rapidly 
(through localised rock movement), ra th er than gradually.

Blade jamming accounted for 4% of the total operating time at 
President Brand 2 Shaft but would not represent a major problem 
to any fu tu re production system. This is due to the fact that if 
the blade jammed the sawing could be continued by another blade 
and the jammed blade would then be released by the non­
explosive breaking system.



6 .4  D e v e lo p m e n t  o f  a  S lo t - B a a e d  M in in g  M e th o d

T h e  t e s t  w o r k  c arried  out underground to date la*; concentrated 
o n  d e v e l o p i n g  a slot-based mining method to complement the 
r e s e a r c h  b e i n g  cerried out with the various slotting tools.

T h e  f i r s t  u n derg round  tests were carried out a t 30/41 President 
S f e y r i  I A  Ventilat jn  shaft using the d?-y abrasive w aterjet 
cutfing equipment.

I n i t i a l l y  t h e  cutting  parameters (mentioned, y n  Section i.5 ) wei'e 
o p t i m i s e d  i n  term s of performance, fo r p roducing  dopths of cut 
in q u a rtz ite . Similar findings to thm su rface  research, i .e . 
i n c r e a s i n g  dep^h of cut with p ressure, orifice size, abrasive 
flow rate and exp<Mure time, were observed. VtHough th is test 
w o r k  p ioved  the concept of slotting hard rc A underground, the 
other aspect of the project, breaking out ti rock between the 
slots, was less successful. The method u»#d fo r these breaking 
te s ts  was a  hydraulic pulse method, referred to  a s  Flowex (see 
Section 2 .4), which hydraulically pressurised pro-drilled holes.

The Flowex device (see Section 2.4) could privpapite fractures in 
hard rock. It did not however, sufficient energy to
liberate the rock from the face.

The end result was that block:, cf qua* ite  became "keyed" 
together in the stope face. Another problem was when existing 
fractures intersected the pre-driUed holes, energy was 
dissipated through the cracks instead of being used to break the 
rock.

Finally, even when circumferential and longitudinal notches were 
made in the hole (using ultra high p ressure w ater), to act as 
stress raisers, the device was only 33% successful in removing 
the rock from the face.
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Needless to say, the use of u ltra  high pressure water to form 
these notches made the process both costly &i:d time consuming.

As the aim of slot based non-explosive mining is to intersect 
stress  induced frac tu res ahead of the face, it was decided to 
move to a high stress  slope to determine the effect of stress  on 
breaking. This was carried out by f irs t  moving to 66/100, 
President Steyn 4 Shaft and more recently to 60V 69, President 
Brand 2 Shaft.

Operating in a  high stress  environment has facilitated the rock- 
breaking operation to the extent that when the rock is fractured 
it can be removed from the face by conventional barring tech­
niques. Breaking ra tes of up to 1 m3/h  have been achieved 
using pinch bars , and this could be improved upon, by the use 
of hydraulic impact hammers mounted on suitable support and 
traverse mechanism.

Another finding has been, the deeper the  slot, the easier it is 
to break out the rock between the slots. A deeper slot 
increases the chance of intersecting the vertical stress  fractures 
ahead of the face.

Abrasive waterjet cutting is easily adapted to the rock 
conditions (fracture spacing), by merely adapting one of ffca 
cutting  parameters (normally traverse speed). Generally the 
parameters have been set to produce the maximum depth of cut, 
although the traverse speed is different as it directly governs 
the cutting and mining rate. Due to the prototype nature of the 
d ry  abrasive waterjet cutting equipment the traverse speed has 
been kept low (approximately 30 mm/min) to g  reasonable 
depths of cut (average = 350 mm) to assis t breaking.



'Phis g iv e s  an  average cutting rate of approximately 0,7 m2/ h  in 
underground quartzite. If the d ry  abrasive equipment wa# to be 
i vpliiced by slurry  ab rasive  equipm ent» then  this cu ttin g  rate 
< doubled using glmiiar cutting power.

v M ^ ib le m s  encoun tered  un d erg ro u n d  have mainly cen tred  
= j R l  he  positioning and  advancing  of the nozzle and  cutting 

. •; iiumei>c, causing  delays to th e  cutting  process. The main 
A4 m for th is  has been s tan d -o ff distance, which is  a critical 

>, t o r  in red u c in g  the e ffectiveness of the d ry  ab rasive  cutting 
> iterje t. Typically the cut d ep th  would be reduced by 60% with 
t stand-off distance of 400 mm.

-x slu rry  ab rasive  cutting jet w ouli only loose 10% in depth of 
cut over th e same stand-off distance. This would reduce the 
problem o f negotiating irregular stope faces and the associated 
rep osition in g  time required to maximise cut depth.

Rig developm ent is a crucial area of concern, because it must 
su p p ly  a continuous steady traverse to the slotting tool, but at 
th e  same time be flexible enough to negotiate faults and rolls in
r e e f .

Figure 6.31, shows the rig  developed during  tria ls at President 
Brand 2 Shaft. The rig  consists of 2 m rail sections which are 
connected by a  flexible joint, allowing 7 degrees of movement in 
any direction. The rail sections can be moved incrementally 
forward, up to 1 m, before they are fixed to the next line of 
props.

This captive rail system enabled excellent control of the sloping 
width as illustrated in Figure 6.32. A system which does not 
v.se a rail (non-captive rig) would require continue' repositioning 
to maintain good stope width control.
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Figure 6.31 : Pace Rig Dgretoped Underground for AbraalTe
Watertet Cutting

Stone Width Control Achieved Uitng Slot-Baaed 
Mining (Prealdent Brand 2 Shaft. 60/69 Stopa)

Figure 6.32
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Althutijh slot-mining can address hard patches, by producing 
mult; slots in the hard patch or cutting the hard patch out by 
block Blotting (see Section 1 .4), these methods were found to be 
both time consuming and costly. In addition, block slotting 
although proved to be practically feasible, requires a more 
complicated traverse system which moves the nozzle both 
vertically and horizontally. It is for these reasons tlwt an 
alternative hard patch breaking method is being investigated.



7. FINANCIAL EVALUATION OF SLOT-BASED NON-EXPLOSIVE 
MINING SYSTEMS

Mechanisation, is generally more capital extensive than conven­
tional mining. Furthermore, in the case of slot-based non­
explosive mining methods, the mechanised operating costs are 
usually higher than those p resently  experienced underground. 
However, the increase in production and reduction in waste rock 
trammed from the stops, more than compensates for these 
additional costs. This is reflected in the overall working cost, 
in R(000’s)/k g  of gold produced, being fa r less than 
conventional mining (typically R 2000 per kg of gold produced).

For these reasons, it is important to identify all the benefits and 
disadvantages o f a mechanised system and to translate them in 
financial term s, to  ascertain whether the overall net effect is 
favourable.

To achieve th is  a softw are package was developed, to financially 
justify the efforts put int-i the development of a slot based non- 
3XpIosive mining system. This is able to assess the relative 
advan tages  and disadvantages of the slot-mining method. The 
main advantages of a slot-based mining system are:

reduced  tramming width (b y  waste packing in stope and
reduced stoping width)
increase mine call factor (reduced fines)
increased face advance (continuous operation)
Improved support and environmental conditions 
(waste packed ribs or stonewalls)
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On the other hand the disadvantages are:

more capital expenditure 
higher working costs

Other advantages / dis%d van ta res may be reduced / increased power 
consumption, over conventional mining. A program, such as
Heatflow or Ventflow, Von Glaim et al calculates the over­
all effect of heat loads on a mines ventilation system. This 
allows the positive or negative effect on NPV profits to be 
calculated.

Diamond Circular Saws use less power overall than conventional 
mining. However, S lurry  Abrasive Waterjet cutting uses far 
more power than conventional mining and is still able to make a 
substantial improvement on NPV profits. Figure 7.1.

Power and water (Diamond Saw) accounts for approximately 1% of 
the total costs of a slot-based mining system. Hence, in the 
overall financial evaluation of slot-based non-explosive mining, it 
is more important to realise the overall benefit of the system, 
ra ther than concentrate on the effect of one single parameter, 
such as power.

The financial evaluation package, schematically illu s tra ted  in 
Figure  7.2 , incorporates a program called Goldplan, Splaine et 
„  (TD ( „ )

Goldplan is the name given to a set of concepts, expressed in 
mathematical terms, which enables many different studies to be 
made of the broad mining and financial behaviour of a gold mine 
in the Republic of South Africa. Goldplan is not a "total 
system" which accepts input data and produces all the answers, 
bu t is ra ther a collection of modelling concepts and calculation 
procedures which can be used in conjunction with each other, in 
the combination appropriate to answering a  specific question.
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NPV EVALUATION MODEL.

GOLDPLAN

MODELS:
#  Depth of Get Model. 
»  Mining Cycle Model.

#  Product I vl tie*.
#  Nones Mining Coat*.

OUTPUT;

FINAL OUTPUT

NPV Profit. 
Lite of Mine. 

Annual a / t  Profile.

#  Mining Data ^Equipment #8peree 
#  eonauaablea #  Con*. Mining Data. #  Labour.

INPUT SCREENS;

F ig u re  7 .1  : «-*■«— niuet ret t on  o f th e  NPV g ro luatton
Mortal PeTelcm ed fo r  Stot-B—ed  MW ng



This financial model, jtaJdplan, needed to be modified so that it 
could address the particular benefits associated with slot mining. 
As an example, Goldplan needed to be able to address the notion 
of waste packing i .e . mining a certain stoping width and hoisting 
another.

Front-end software was developed to calculate some of the inputs 
necessary for Goldplan to work. The user has at his disposal 
several screens where he can input basic operating parameters 
such as mining layout, slotting and breaking param eters, des­
cription and cost of equipment, cost ana life of consumable 
spares, labour breakdown, conventional mining data and 
additional costs derived from "in-house" technical evaluations. 
This front-end program also incorporates several models 
developed hy  T&DS such as depth of cut and mining cycle 
models.

After calculation of these models, the program arranges the 
results into several output screens such as production and 
productivity, costs, e tc . This output data is then fed into 
GoldpMn and the financial calculations are performed.

The end product of th is series of events details values "uch as 
Net Present Value (NPV) profit, life of mine, revenues, grid 
yield, unpayable reserves, etc.

A prin t of *he inputs and detailed results for a typical run , can 
be found in Appendix 6.

This is a fairly complex program which can address three types 
of slot mining methods, namely:

u ltra high p ressu re  d ry  abrasive waterjet cutting 
high p ressure s lu rry  abrasive waterjet cutting 
diamond circular saw cutting.
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The incorporation of other non-explosive mining sy steu s, slot- 
based or not, is relatively easy as this would only require 
modifications to the front end software.

The major assumptions used to carry  out this evaluation were as 
follows:

The model mine used was a typical deep level Transvaal 
gold mine.

The non-explosive mining deployment on reefs was 33% on 
Ventersdorp Contact Reef (VCR) and 100% on Carbon 
Leader Reef (CLR).

Longwail mining was carried out on both reefs.

A reliable breaking system was available to liberate the rock 
between the slots.

The stoping width warn 1 m.

The mine call factor of the non-explosively mined panels 
was 85%, or an increase of 3% over conventional mining.

A minimum depth of cut of 300 ram to facilitate breaking 
operations.

To enable a  comparative evaluation of different slot-based non­
explosive mining systems, it was necessary to define a base case 
for each system. These base cases were then evaluated against 
the reference case, i .e . conventional mining performance.

To arrive a t these base cases the cutf' .g parameters of each 
^lotting system were set to give a depth of cut of 300 mm. A 
depth of 300 mm was chosen, mainly for the following reasons:



It is believed that shallower slots would not intersect face 
parallel frac tures present ahead of the stope face.

300 mm has been achieved by the d ry  abrasive prototype 
equipment underground.

The need to intersect in-situ  frac tures may well require slots in 
excess of 300 mm depth and the implications of this will be 
discussed later in this section.

The input parameters for these base cases have been verified as 
far as possible. However, there is alwayt a  certain amount of 
guess work in this type of evaluation. The assumptions made 
for th is study  have been on the conservative side.

, ju re  7.1 illustrates the percentage improvement in NPV profits 
over conventional mining for the throe slotting srs te ira .

One of the findings from the previous "in-house" evaluations was 
th a t, in a scenario of gradual implementation of non-explosive 
mining, two major options are available.

The firs t option, called here ”Rur-of-Mine Constant", keeps the 
mill full. This implies that over any period of time, more 
ground needs to be mined (hen with a conventional set up, to 
make up ’o r  the tonnage lost due to waste packing. As a 
resu lt, ace* g U is produced over the given perio" of time and 
the life at l e mine is reduced.

The second option referred to as "Gold Constant" keeps the gold 
output of the mine a t the same value aa that obtained by con­
ventional mining. Hence, over any period of time, the same area 
is mined, but die mills are working below capacity.



The life of the mine is, for this option, longer than for the 
run-of-mine constant option.

Figure 7.1 clearly illustrates the financial advantages to be 
derived from an extensive, shorter lived mirung operation.

The xmomic ranking of the 3 slot-based mining systems is also 
apparent, the diamond saw system featuring  82% improvement in 
NPV profits over conventional mining, followed by the slu rry  
abrasive system *7,5% and , finally the d ry  abrasive system with 
30,2% improvement.

It should be realised that ultra  high p ressure d ry  abrasive 
waterjet cutting has already been financially optimised a t its  base 
case. However, the slu rry  abrasive and diamond circular saw 
systems can still oe improved with optimisation of their cutting 
param eters.

As mentioned earlier larger depths of cut than 300 mm may be 
required for effective rock breaking reasons. When using 
circular saws, the deeper the slot needed, the ledger the blade 
diameter required . As the bkde diameter incr* • so will the 
blank (hv.b) and segment thickness. Hence, the cost of the 
blade increases more than proportionally with its diameter, due 
to the  increased volume of diamonds required . This has the 
effect of decreasing NPV profits with increasing blade diameter. 
To off-set this decrease, an improvement in blade life is re­
quired. However, a t this stage the relationship between blade 
diameter and blade life has not been established and fu rther 
Ff.setrch work is required.
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For s lu rry  abrasive waterjet cu tting , increases in p ressu re , 
orifice, abrasive flowrate or exposure would give increased 
depths of cut. However, there are  practical limiti ns to all of 
these param eters. Despite th is , although not yet optimised, 
depths of cut of over 300 mm can be achieved with a  slu rry  
cutting unit.

Financial sensitivities of the various parameters and parameter 
interactions are  out of the scope of th is dissertation, however, 
the optimised s lu rry  cutting system could achieve an NPV profit 
increase of 70% over conventional mining, just by optimising the 
cutting parameters.

The computer package developed by  TSDS is a  very  powerful 
tool for analysing the value of the research work into non- 
explosive mining. Financial justification is only part of what the 
package can offer, as it can also highlight areas where more 
research is required and derive equipment specifications.
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8. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
RESEARCH

The deta iled  find ings of each part of the investigation have been 
d iscussed  u n d e r appropriate headings in the preceding chapters. 
The following is a  summary of the principle conclusions reached 
and an  overall appraisal of the resu lts . The conclusions have 
been div ided  in to  six headings, namely: d ry  abrasive waterjet
c u ttin g , s lu rry  abrasive waterjet cu tting , diamond circular saw 
c u ttin g , breaking, computer evaluations and recommendations for 
fu tu re  research.

8.1 Dry Abrasive Waterjet Cutting (up to 240 MPa)

Various cutting pa Jineters (p ressure, orifice, mass flow ratio 
and exposure) have been tested by factorial design, to determine 
their effect on depth of cut in norite and quartette.

The trends of the cutting parameters tested were similar to those 
found previously, H aahtah  Due to the nature of tne test
work performed, a  depth of cut model based on the cutting 

aram eters tes ted , was also produced. Hence the depth of cut, 
in norite , fo r a given waterjet p ressu re , orifice diameter, 
traverse  ra te , exposure time and abrasive mass flow ratio, can 
be calculated for d ry  abrasive waterjet cutting. From the depth 
of cut model it has been found that increases in p ressure, 
oi if ice size, exposure time and abrasive flowrate all increase 
depth of cut. However, there are practical limitations, where 
above certain values, little or no gain in depth of cut is realised 
for fu rth e r  increase in the respective cutting parameter.



A Q/N (QuartziteI Norite) ratio of approximately 1 was obtained 
for d ry  abrasive waterjet cutting. This implies that within 
confidence limits the depth of cut being tested on surface in 
norite blocks would not be significantly different from the depths 
of cut achieved underground. This allows valuable research to 
be carried out in norite on surface and for the results to be 
related to what could be expected in the underground environ­
ment. These findings have been verified by underground test 
work.

During surface research , abrasive recycling was tested 
successfully as a means of reducing a t  asive consumption and 
hence cost. A loss of 3.2% in depth of cut per cutting cycle 
warn observed. This loss in depth of cut has been explained by 
the reduction in mean particle size with successive cutting 
cycles.

Dry abrasive waterjet cutting has a poor cutting ra te  compared 
to s lu rry  waterjet cutting and diamond circular sawing. Table 
8 1. It also has the worst specific power consumption of the 
three slotting mechanisms.

Table 8.1 : Typical Operating Parameters a t Slotting Tools
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The c u ttin g  ra te , for d ry  abrasive cutting c?n be maximised to
1,2 m2/h  u s in g  approximately 110 kW nozzle power. However, 
the specific power consumption per m2 of slot is even greater at 
these  va lues. This would add to the overall ventilation require­
ment of a mine (typically d ry  abrasive waterjet cutting would 
double the ventilation requirements of Western Deep Levels Gold 
Mine) with the increased heat flow into the workings.

In add ition , u ltra  high p ressure waterjet equipment has complex 
com ponents which require specialised maintenance a t frequent 
intervals. This implies high working costs. Furthe more, ultra  
high p ressure waterjet cutting, cannot make use of the benefits 
of hydropower.

It can be concluded that d ry  abrasive waterjet cutting has no 
fu tu re  as a  slot-baaed mining system.

8.1 Slurry Abwm w Cutting (tr- to 40 MPa)

As in the case with ihe d ry  abrasive waterjet cutting, 
equipment, increasing pressu re , orifice size, exposure  tine and 
abrasive mass flow ratio esu lts in an increase m depth of ru t .

Howevar, overall, slu rry  abrasive w aterjet cutting was found to 
be more than  twice as efficient as d ry  abrasive w aterjet c u ttin g , 
in terms of nozzle cutting power and depth of cu t achieved. 
Table 8.1.

The effect of stand-off distance (distance between end of nozzle 
and target material) with slu rry  abrasive w aterje t c u ttin g  was 
found to be approximately one six th  of the stand-off e ffec t of 
d ry  abrasive waterjet cutting.
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This is of major benefit when slotting an irregular stope face 
underground.

Abrasive recycling *vas also investigated. No loss in deptL of 
cut was '-iserved. This has reduced one of the major 
disadvantages of s lu rry  abrasive waterjet cu tting , vluch is the 
high quantity  of abrasive consumed (compared to d ry  abrasive 
waterjet cutting)

An angle ,.f attack (angle between nuzzle and target material) 
experiment, Section 6 .2 .5 , determined which nozzle position gave 
the largest depth of cut. The optimum angle of attack was 
found to be a leading angle (nozzle angled in the direction of 
traverse) of approximately 13°. This gave an increase in depth 
of cu t, compared to the vertical vosale position, of approximately 
2%. Pvevious work by Saundere ^  also tound the leading angle 
to be approximately 13* with an improvement in cut dep*h of 
around 3,5%. Although this improvement is small, it represents 
additional performance for no ex tra  cost.

Due to the large quantities of abrasive used, quartzite abrasive 
was tested in an attempt to reduce abrasive coat. The ovez-cil 
quartzite/chroadte abrasive cutting ratio was found to be 73%. 
Hence, to achieve the same depth of cut using quartzu* 
abrasive, as those achieved with chromite and an iron bas^d 
ab ra fjv e , more power o r abrasive would be required.

A depth of cut model Ao? slu rry  catting  has been proposed which 
calculates the depth of cut for a given nozzle power and 
abrasive flowrate value Although fu rth er research is required 
to improve the confidence in the -aodel at higher power levels, it 
has enabled financial comparisons with d ry  ebrasive cutting  to be



Although slu rry  cutting can utilise hydropower more readily than 
d ry  abrasive cutting, it still consumes a great deal of water, 
Table 8.1. Thus water recycling or more effective/efficient 
nozzles need to be investigated. However, s lu rry  cutting 
appears to be the beat abrasive waterjet cutting system on which 
to develop a slot based mining method.

a .3 Diajxrad Circular Saw Cutting

Diamond circular saw cutting was investigated as an alternative 
to abrasive waterjet cutting. Because of the complex in ter­
actions between cutting param eters, an impractical amount of test 
work would be required to achieve results similar to those 
obtained with the abrasive waterjet cutting. It was therefore 
decided to analyse the resu lts empirically in the underground 
environment.

The lowest cutting coat achieved to date, in underground quart- 
z ite, is & 80/m2 (blade cost only). Despite this high consumable 
cost, diamond sawing is cttil vastly  superior to abrasive waterjet 
cu tting , in terms of power consumption, cutting cuet and cutting 
ra te . It has the potential to double conventional mining rates 
end offers the beet improvement in net present value profits 
over conventional mining.

Ti e diamond circular s«w is the only slotting tool whic> ,ut of 
the three tested , actual!; uses less water and power lb _n con­
ventional mining. Purch^rmoce, its  ventilation ret uxremenir 
could be significantly lower than conventional methods.
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Diamond sawing technology is ideally suited to hydropow er. The 
application of hydropower would significantly reduce  equipment 
costs  and complexity. Another benefit of diamond sawing 
technology over abrasive waterjet cu tting  is that it consumes no 
abrasives.

Diamond circular saw equipment is fairly simple compared to 
ab rasiv e  wsterjet cu tting  and th is is reflected in the capital cost
and  re liab ility  of the equipment.

Finally, with the possible reduction in blade wear rates by  using 
h ig h er powered saw units, and the addition of flushing water 
add itives  (to cool the segments and help flush out cut material), 
th e  cutting  costa could drop even k  , This could lead to 
diamond saw in-stope costs competin, ih conventional stope 
c o sts , a benefit not normally associated . ju  mechanised mining.

One of the areas, in diamond circular saw cutting  which still 
requires fu rther investigation is blade jamming. The diamond 
saw unit was moved to a  high s tress  regime located a t the 
President Brand Gold Mine to determine the effect of stress on 
blade jamming. During the teat work, blade jamming accounted 
fo r 4% of the total operating time. The main causes identified 
fo r blade jamming were r ig  movement and rock closure. Tests 
using  higher powered saw units in the fu tu re may alleviate the 
blade jamming problem. In the practical context of a slot- based 
mining system, blade jamming would not represent a major 
problem as the cutting could be continued by an alternative 
blade and the jammed blade removed by the subsequent breaking 
operation.

Another area requiring fu rth er investigation, is whether it is 
practical/economical to cut slots using multi-pass techniques as 
used in the construction .ndustry .
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Because diauond circular saw blades are clamped by a central 
hub, the full blade diameter can not be utilised for cutting. 
This means that large depths of cut require large blade 
diameters Blade cost increases exponentially with blade 
diameter due to the increased diajuiond cost (increased volume of 
diamonds). It also causes problems with regard to maximising 
the depth of cut in an irregular stope face. Furthermore, 
circular blades do not cut around corners very asily and as 
such would not be suite? to rolling reef or highly faulted stope 
conditions.

Despite problems with the inin ren t inflexibility of diamond 
circu 'ar saw blades, it remains the slotting tool with the most 
potential. It could be possible in the fu tu re  that diamond 
circular saws would be used in unfaulted flat reef conditions and 
a s lu rry  abrasive waterjet cu tting  system used in more 
geologically complex slopes.

8 .4  B reak ing  O ut at Bock Between th e  Skrte

The cutting of three slots underground (hangingwaU, footwall 
and reef/w aste contact) has shown th a t the rock is easily 
rem oved betw een the slots in frac tured rock conditions. Conven­
tiona l b a rr in g  techniques h a . -2 achieved breaking rates of up to 
1 m3/h .  There i little doubt that with fu tu re  mechanisation, 
u s in g  r ig  mounted, hydraulic impact hammers, greater breaking 
ra tes can be  achieved.

The major area requiring fu rth er development remains the 
removal of unfractured ground or hard patches. A slot-based, 
non-explosive mining method can address the hard  patch problem 
by producing m uid-slots, in the form of block slotting (cutting 
out the hard patch in blocks) or slashing the un frartured 
ground, and driving wedges into the slots.
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These methods, although having been proved feasible under­
ground, are both costly and time consuming.

The development of a suitable breaking device for removing 
unfractured quartzite would widen the application of a slot- 
based mining method.

The two non-explosive rockbreaking methods discussed ir this 
dissertation are Flowex, a  hydraulic water pulse method and 
bull wedging, a  mechanised method. Both of these methods 
require a hole to be drilled into the sto re  face for the device to 
be inserted.

Flowex was unsuccessful in breaking the rock from the face. 
Although the device, under certain conditions, could fracture 
the quart zite, the frac aired rock remained "keyed" together-

B ullwedging appear, more promising than Flowex, as burden 
spadngs of up to 150 max have been broken out in quart zite 
underground. FurLier work is required to determine whether 
this burden spacing can be increased fu rth er by using larger 
blow energy hammers.

d S Computer Evaluations

A computer package has been developed xo evaluate the practical 
and financial %dvantages of slot-based aJning.

Diamond circular saw cutting is highlighted as the most cost 
effective slotting tool on which to base a  slot-mining system.
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This s tudy  concludes that the successful implementation of a 
slot-based mining system could result in significant financial 
benefits for the gold mining industry.

Although fu rth e r  refinement in the computer model can still be 
made, to make the financial evaluation even more accurate, the 
computer package has proved itself to be a powerful evaluation 
tool for non-explosive mining. This financial evaluation model 
could be adapted easily, simply by changing the front enu soft­
ware, ho t.oat o ther types <'f mechanisation may also be assessed.

8 .6  Him■aeBiwndat iona  fo r  F u tu re  Research

Apart from the development of the diamond circular saw and 
s lu rry  cutting  units, to optimise their cutting performance 
fu rth e r , research should concentrate on the development of an 
effective rock breaking system capable of addressing all rock 
conditions.

Future research into rock breaking should follow two distinct 
paths: The firs t  avenue of research should re-evaluate the
existing non-explosive breaking methods with the benefit of 
skit#. The second avenue should investigate the fundamental 
princdplea of rock w reaking such that new concepts cam be 
identified end tested to b reak  hard unfrac tured q u a 'tz ite .

O ther areas requiring investigation %re the development of a 
suitable rig  to suppor* and traverse the slotting and breaking 
devices along the face, aa well as a  cleaning and rockhandling 
system, suitably integrated into the no.i-expiosive mining  
Lethod.
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Although slot-based mining has a t present been looked a t under 
the confines of presen t mining layouts and stope geometries, this 
should be continually re-evaluated. If the mining layout or 
mining method can be changed, to make b e tte r  use of the 
advantages of slot mining, then this should be considered. More 
work will be required in the fu tu re , on raining layouts, as 
fu rth e r informatu.*' becomes available.
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tool for the ncn »cp.< .ŝ  yr°  mining of gold bearing q u a r t- 
zites, The S . Afr .Inst.98in.M etall., Wutx. m Branch, 
September 1987,

F an, 0 . & Markiwe, A . C . ,  Idevelopment r f  mechanised 
mining system for South African gold Mnes T’le ultimata 
clui'vnge.



- 170 -

3. Jager, A N . & T urner, P A ., The Influence of geological 
fea tures and rock frac turing  on mechanised mining syntems 
in South Aii can gold mines. Gold 100, Johannesburg, 
September 1986.

9. Saunders, D .H ., Evaluation of the performance potential 
of the BHRA Diajet for slo tting hard rocks for mining 
applications, Report No. CR2711, BHRA Fluid Engineering 
Cen tre, December 1986.

10. Cook, il.G .W . & Joughin, N .C ., Rock fragmentation by 
mf-ct^nicai, chemical and thermal methods, Proc. 6th Int. 
Min. C ong., Madrid, 1970, p p .1-66.

11. Riemann, K .P ., Die zeroponung van hartgesteinen beun 
sehlitzhabeln, Ph.D . Thesis, T.V Hanover, 1974.

12. Hood, M ., .  A s tudy of methods to improve the perfor­
mance ci d rag  b its used to cut hard rock. Ph.D Thesis 
University of the W itwatersrand, 1977.

13. Jovtdun, H .C ., Progress in the development of mechan 
ised sloping methods. J.S.A fr.lnst.M in.M e ta ll., Voi 17, 
no.8, p p .207-217, 1378.

14. Bingham, H. k Ciamzaow, R N ., A description of the ful) 
th ru st radial rockslotter, Boart Research Laboratories, 
Report No. BRL 74/33 (MT), November 1974.

15. Tonsboff, H.K. fc Wamecke, G ., Research on stone 
sawing. Proceedings of De Seers Seminar, 27th/2«th 
October 1976.

16. B ienert, P , Kreissagen von beton mit diamam verk- 
zeugen, Doctoral Thesis of Hanover University, 1979 - In 
German.



M G * #

- 171 -

17. Lute, G ., Advances in stone cutting, 1978 Stone Collo­
quium, Hanover University - In German.

18. Hatch, H .P ., Diamond sawing of reef in the gold and
olatinum mining industries. Boart Research Laboratory. 
Report no.BRL.77/7(MT), 1977, p p .1-14.

19. Goawe, J . , The use of diamond saws in underground
sampling at Randfontein Estates Gold Mining Company; 
Wit waters rand, Limited, J . S . A fr. In s t. Mine. S u rv . ,  Vol 23, 
no .8, June 1986, p p .85-97.

20. Wright, D.N. & Wap'er, H ., Investigation and prediction 
of diamond wear when sawing, De Beers industrial Diamond
Division, Annals of the C1RP, Vol 35, n o .l ,  1986, 
p p .239-244,

21. Cullingworth, B ., Syndite's potential in tile cutting, 
Industrial Diamond Review, Vol 45, no .510, May 1985, 
p p .243-244.

22. Schneider, W., Laser welding instead of brazing, Indus­
trial Diamond Review, Vol 45, n o .510, May 1985, 
p p .242-243.

23. Herbert, S . ,  Labour costs halved with one-man diamond 
wire, Industrial Diamond Review, Vol 45, no .510, May
1985.

24. Le B an ff, A ., New wire saw machine. Industrial Diamond 
Review, Vol 48, no .527, April 1988.

25. Daniel, P . ,  More granites succumb to diamond wire, 
Industrial Diamond Review, Vol 46, no .516, May 1986.

28. Lageeee, R .B ., L iterature survey of high pressu re  water-
je ts , fo** rock breaking, Chamber of Mines of South Africa, 
Task no. GS3B02, Report no.399, February 1987.



- 172 -

Hashish, M«, Cu tting with abrasive waterjets, presented 
at the U .S.A . Waterjet Symposium, University of Missouri,
Rolla, 1983, p p .1-10.

28. Maurer, W.C., Advanced drilling techniques, Maurer 
Engineering Inc., 1979.

29. Pols, A C ., High pressure je t-drilling experiments in 
some hard rocks. Paper ASME 7G-PET-50 presen ted at the 
ASME Petroleum Mechanical Engineering and Pressure 
Vessels and Piping Conference, Mexico City, September
197r

30. Wylile, M .R .J .,. Je tted particle drilling, Proc. 8th World 
Pet. C ong., Moscow, 1972, p p .403-411.

31. Fair, J .C ., Development of high p ressure abrasive-jet
drilling, J .  of Pet. T ech ., August 1981, pp. 1379-1388.

32. Baumann, L . , Biting, B. & Heesling, M., Fundamental
investigations into the improvement of waterjet performance 
by the use of abrasive additives. Proceedings of 8th 
International Symposium on Jet Cutting Technology, 
Durham, England, 1986, p p .277-288.

33. Uhoehi, S . ,  Nakao, K . , T od, X. fc lahi, T . , Preliminary 
study on abrasive waterjet assist roadheader, P*-octedings 
of 8th International Symposium on Je t Cutting Technology, 
Durham, England, September 1986.

34. Scott-Russell, H ., Morris, R k  Bertram, B .C ., New 
innovations within the Gold and Uranium Division of the 
Johannesburg Consolidated Investments Company Limited as 
a result of the introduction of trackless mechanised mining 
methods, The S.A fr.Inst.M in.M e tall., Welkom Branch, 
Mining and Metallurgical Innovations for the Nineties, 
September 1987.



-  173  -

35. Fairhura t, R .M ., Heron, R.A. & Saunriere, D .H .,
’’Diajet" - a  ' abrasive waterjet cutting technique. 
Proceedings of s fernational Symposium on Je t Cutting 
Technology, Du England, September 19ti6,
p p .395-403

3 8 . Krasnjcf, E \L ., Liquid/Abrasive jet cutting appara tus,
U . S . A .  P a t , n o .4,707,952, Filed 1/10/186, November 1987.

37. Kmsnoff, E .L ., Personal communication, September 1988.

38. Nakmym, M., Kitagawm, T . & Satake, S .,  Concrete cutting 
with abrasive waterjet, Proceedings of 7th International 
Symposium on Je t Cutting Technology, Ottawa, Canada,
June 1984, p p .281-292.

39 Bloomfield, E ., Personal communication, BHRA, The Fluid
Engineering Cen tre, Cranfield, Bedford „ England, 
September 1988.

# .  Mtlller, M.t Personal communication, Woma Systems,
Benoni, South Africa, October 1988.

41. C arstens, J .P .  e t  al, An evaluation of heat weakening 
hard rock as an assist to mechanical tunnelling. Dynamic 
Hock Mechanics, A .I.M .E ., New York, 1970.

42. C&ratflM, J .P , e t al. Heat assisted tunnel boring 
machines, DOT Fa-9-0035, 1970.

43. McGarry, F .J .  e t -I , Laser assisted rock cutting  study, 
MIT, Final Report for United Aircraft Research L abs., 
Contract No. FR-S-0035, Aprti 1970.



- 174 -

44 J u r e w ic z B .R .  e t al, Rock-kerfing with high power
lasers. Proc. 3rd Cong. Int. Soc. Rock Mechanics., Colo­
r a d o , 197-1.

45. Jager, A .J ; Margaret Vfestcott & Cook, N.G.W ., A geolo­
gical assessm ent of the  apDlicability of reef boring to 
mining th e  basal, carbon leader and Vaal Reefs, Chamber
of Mines of South Africa, Project No. GT1 P01, Research 
Report n o .20/75, May 1975.

46. Adams* G .R ., A study of frac tured  formed in the rock 
around an opening made by a reef boring machine. Cham­
ber of Mines of South A frica, Project No. GT1 P02, Re­
search Report no. 60/78, December 1978.

47. Conradi, V.R; Hill, B .S; Jbubert, H. fc Nesbitt, A .C ., 
S topecorer, The S.Afr.Inst.M in.M etall. Colloquium on 
Mechanical Equipment for Underground Use, November
1977.

48. Debax (Pty) Ltd, Personal coT - um .ation, May 1988.

49. Pickering, R G B . & Haase, H ., Non-explosive mining for 
South African Gold Mines, Gold 100, Proc.In t.C onf.on 
Gold, Johannesburg 1986, Voi 1, p p .105-112.

50. Joughin, N .C ., Potential for the mechanisation of sloping 
in gold mines, J .S . Afr. Inst. Min. Metall., Vol 76, no .", 
1976, p p .285-300.

51. BOhrmazm, R ., The development, testing  and evaluation 
of a swing hammer mining system. Chamber of Mines of
South Africa, Project No GT2I01, Research Report no. 
43/80, December 1980.



- 175 -

52. Spies, R.C. & Woutera, C ., Rockbreaking rates obtained 
with impact ripper a t experimental mining sites , Chambor 
of Mines of South Africa. Research Report n o .38/82, July 
1982.

53. Haaese, H ., Review of non explosive rockbreaking, 
Confidential Report, Chamber of Minos of South Africa, 
1988.

54. Cudezaazm, P .K ., High energy gas-frac turing  develop­
ment, Sandia National Laboratory, Report no.SAND83- 
1379, Aibuqurque, New Mexico, July 1983.

55. Blight, T .P ., Gaseous detonations at very  high pressures 
and their application to a  rock breaking device. Disser­
tation, University of the Witwatersrand, 1972.

56. Brinkman, J .H ., The influence of p ressure pulse charac­
teristics on frac ture radiation from drill holes, Technical 
note. Chamber of Mines of South Africa, November 1986.

57. Souden, P.M .. An investigation of the suitability of the 
Armstrong airbreaker as a rockbreaking device in the 
mining of Witwatersrand quartrires, Chamber of Mines of 
South Africa, Research Report no .47/70, August 1967.

58. Clement, D ., A comparison of the amount of energy 
available from the shock-wave rockbreaker and that from 
other non-explosive rockbreaking devices, Research Report 
no. 47/70, Chamber of Mines of South Africa, Johannes­
b urg , September 1970.

59. Penn, O ., Underground investigations of methods for 
breaking hard patches at West Rand Consolidated Gold 
Mine: West Shaft, Internal Report n o .344, Chamber of 
Mines of South A frica, Johannesburg, February 1986.



- 176 -

60. Joughin, N .C ., Research for the mechanical excavation of
rock in the South African gold mining industry , 1982.

61. Burrow, K.P. & Lageeae, R.B. ,  Comparison of devices
based on drilled holes to frac ture hard  unfrac tured rock, 
Chamber of Mines of South Africa, Project no.GS3B01, 
December 1987.

62. Buckmaeter, A C ., Secondary breaking with Darda rock
splitters and with bull wedges, Chamber of Mines of South 
Africa, Research Report no.40/76, Johannesburg, July
1976.

8 3 . Anderson, S.J.  & Swanson, D R., Capability evaluation of
the radial-axial vplitter, Report of Investigation, RI9071, 
US Bureau of Mines, 1987.

64. Fenm, O ., The use of thermal frac turing  as a  possible 
method fo r breaking hard rock (a literature search ), 
Chamber of Mines of South Africa, Task no.GS3B01, June
1986.

65. Penn, G ., The use of waterjets to enhance the perform­
ance of free rolling cu tters in hard rock, PhD Thesis,
University of Witwatersrand, November 1985.

66. SAS User's Guide: S tatistics, Version 5 Edition, Cary,
North Carolina: SAS Institute In c ., 1985, p p .956.

St. Brownlee, K.A. ,  Industrial Experimentation, F o irth
Edition, H .M .S.O ., London, 1949.

68. Hashish, M., Aspects of abrasive waterjet performance 
optimisation, Proceedings of 8th International Symposium 
on Jet Cutting Technology, Durham, England, 1986, 
p p .291-308.



- 177 -

>'M Hashish, M., Experimental end theoretical investigation of 
5 he a b ra s iv e -waferjot cutting process, Flow Industries
KVport, no .363, 1986.

70. Von Gielm, F .H ., Wemick, B . J . , Choroez, G. ft Bluhm,
S .J ,  ENVIRON: A computer program for ttw simulation of
ew ling  and ven tilation systems on South African Gold 
Mines, APCOM 87, Proceedings of th e  Twentieth 
in te rna tiona l Symposium on the Application of Computers 
and Mathematics in the Mineral Industries, Volume 1, 
SAIMM, 1987, p p .319-330.

71 Splaine, 11. ft Ashworth, S .J .E .,  A kinematic model of
slo t-cutiing by the d ry  abrasive wate. jat system in hard 
rock, Operations Research Department, T&DS Internal 
Report, June 1987.

I t .  Splaine, M. ft Browner, S .J . ,  A fast financial evaluator
for changes in practice i t  a gold mine, .ntemational 
Conference on Operations Research in Resources and 
Requirements in Southern Africa, CSIR Conference Cen tre,
Pretoria, April 3984.

73. Splaine, M. It Beeforth, C .G ., Goldplan User's Manual,
Management Sciences Department, Technical & Development 
Services, AAC, August 1976.



DRY ABHASI f t  WTOUW CUTTING

Appendix 1
Test Resuits and Experiiieaful Parameters 
for the Abrasive Waterjet Cutting Tastwork

81 RUN EXPERIMENTATION I EXPERIMENTATION

Pk=.SSUSE ORIFICE ABRASIVE TiftV RATE AM. FLOW DEPTH Of CUT
T/S Ho DIA. (ms) RATIO (.nii/roin) {kg/ein.) ! 2 3 4

i 0.89 0 10 100 94 9i

3 188 177

?00 1

3 ■I 00 i

n o

4 100 !

3 248

6 0 89 0 . 10 200 i 68
n o

6
6 0.99 0.20 400 1 51

3

)

3 3V

b

5 TIME ABR. FLO 
fsec) (kq/mm

DEPTH Of CUT I

«-



. RUN EXPESIKESTATION 81 RUN EXPERIMENTATION

PRESSURE ORIFICE ABRASIVE TRAV toll PASS ABR. PLOW DEMH 0 ' CUT
T/SNo (MPa) OIA. (m) RATIO tkg/min.) 1 2 3 <

14 ,99 0.20 100 , 3,20 140 142 ISO 140

3 MO

IS . 89 0. !S 200 ! 2. JO es 78 94

5
270

lb (). 99 0 . 10 400 1 43 44

124

365

240

,7 0.10 100 1.80

C.M 0.20

149 334

19 ■iAl 400 2 . fcO

220

12

;; 0.89 100 1 2 ,40 124
2
3 MS

DEPTH n r  r tr r  (



81 RUN EXPERIMENTATION

ll-RESSURE ORIFICE ABRASIVE TRAV RATE PAM ABB. FLOW DEPTH 0F COT'em)T/S Wo (MPa) DIA. « m ) RAT20 No. isec) (kg/mun. ) ■»

2S 0.89 0.10 200 1 j , 90 M, 94

6
0 .2 0 400 1 l.W

3
1* 2 m 1 7 .Qo

' .40 200 i 7.00 109

117

289
* Ml M3

1.40 400 I fcS

XM

i

TABLE 1 81 RUN EXPERIMENTATION

PRESSURE ORIFICE ABRASIVE TRAV RATE I PASS TIME 
(MP4) DIA. (mi RATIO (mm/m .r. ( No. < sec



81 RUN EXPFRIMDrWrON TABLE 1 81 RUN EXPEf MENTATION

PRESSURE ORIFICE ABRASIVE TRAV RATE TINE ABR. FLOW DEPTH OF CUT (mn)
T.'S tv INPa) OJA. (flW) RATIO ( w /m ln ) <aec> ( k g /m in .> 1 3 4

4 ' » IB 1 4y 0 . IS 200 1 30S 214 93 105
293

267

3046 300 389

4 1.40 0 . 10 400 j 353

250
259
260 280

44 1,40 0 . 10 '00 1 195
3253

4-, 1.40 200 1

6
4t 1 .40 400 1 5.60 200

T/S No
PRESSURE
(MPa)

ORIFICE 
DIA. (run

ABRASIVE TRAV RATE 
(iwi/rain) 2" ,\6R. FLOW 

(kg/min.
<«.)

l .$0 0 . 10 100 i 610 5.&0 ZOO 218

3 416

1.30 . 20 200 i 10,70 14,
240

310

6 400 * 0 i n 182

400 i 8 20 n ,, ,,

14'* 3)8 <)0
100 i 59$ 6.10 198 211 20)

* 363 IBS

13$ 200 > ,.40 10) !,os loo 100

* (00 i m
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185 400
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3 ,60 406 440
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TABLE 1 61 RUN EXPERIMENTATION 81 RLN EXPERIMENTATION

PRESSURE ORIFICE ABRASIVE TRAV RATE PASS TIME ASH ■ FLOW DEPTH
T /S  No (MPa) DIA. (or) RATIO (irm /m in) No. ( s e c )  ^ g /m in .  ) 1

PRESSURE ORIFICE ABRASIVE TRAV RATO PASS TIME ABR. i'LON 1
T /S  No (MPa) DIA. (em ) RATIO (e » /m ln )  No. ( s a c )  (E g /m in .)  1



TABLE 1 81 RUN EXPERIMENTATION

PRESSURE ORIFICE ABRASIVE TRAV RATE TIME ABR. FLOW DEPTH OF CUT
T/S No DIA. (HWi) RATIO (HT'/mln! 'sec) (kq/mln.) 1 4

1 80 0.15 400 9. 10 108 100
195

l.W 100 b . 80

545 603

.14 1 1.40 0̂0 ) 16fe

b
/4 I ^ '4 ,: 4,X, I

I.8U 100 I

3
}

w 550

r*pfP1MCWTATIU



81 RUN EXPEP' 4TATIC»I

PRESSURE ORIFICE ABRASIVE TRAV RATE PAST TIKE ADR. PLOW DEPTH 0 (mm)
T /S  No D U . (MS) RATIO ( w / m in ) No. ( k g /m in . ) 1 2 1 4

0 .1 0 1 115

j

3 610 (.10 590

j

6 483

j

600 610

6

TABLE 1 81 RUN EXPERIMENTATION

PRESSURE of trp ic E  
DIA. (am)

ABPASrVE TRAV RATF 
(ntn/min) ( s e c ) ( k g / s u n . ) T

1 .6 0 0 . 10 400 1 H I \ u

SIS
MO S64 ■*,0

, 80 100
;9 o

600 fcSO 6 M 6M) 600

1 .8 0 0 . 10 200 J 7 , i o 19 , .•04 190

6 t,00 6uo S40

1 .8 0 0 ,2 0 400 i 14 ,40 1 10 1 H M l

WO n o WO 602 j

NOTE : N ine  ( 9 )  t e s t  nue foers w e n  s e t  a s i d e  f o r  d u p l i c a t e s ,  t o  d e te rm in e
e x p e r i e e e n t a l  e r r o r , b u t w tre  n e v e r  u se d  ( t e s t  num bering  f o r  Hi run 
e x p e r im e n ta l !  r  m s  up  t o  9 0 , in c lu d in g  th e  d u p l i c a t e s ) .  T h is  was due t<, th e  
f a c t  t h a t  t h e r e  w ere  few  ertoiigh s i g n i f i c a n t  e f f e c t s ,  su c h  t h a t  th e  re s id x ia l  
e r r o r  Bule o f  s q u a re s  had  a  l a r g e  num ber o f  d e g re e s  o f  fre ed o m . Thus th e  
e x p e r im e n ta l  e r r o r  w as w e l l  e s t a b l i s h e d  a l r e a d y .



Remult* to Q a r t i t t e  to Determine Q/H Ratio
Table 1 Reeulte in Quejrtxite to  Determ ine Q/N Ratio
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Shir-y M  Krperlewnt No 1 * Inttiri InveotlgBtkm Into Surry Cutting
Tatrio 4

PRESSURE

(N il)

STAND-OFF
DEPTH OF
CUT 1ST

vE»TH OF 
CUT 2ND

FLOWRATB

( l / a in )

ABRASIVE
FLOt.SATR

;k g /s in )

A3RASIVE 
MASS FLUk

19. t' 161,50 6 ,50 , .1 " 4
20,5 224.75 18,0-' 3,376
39,0 1 8 .0 0

215.75 27.75
1 72 ,0 0 283,25 10,00
105,50 181,50 9.00
164,25 269,75 IV .w

21,-1 105.*0 192,50 13.2b
21,0 121,25 211,25 15,25
21,0 124.50 204,25 13.00

222,50 364,50
238,25 376,25

37,5 310,75
21,5 0 .1S 2
36,5 ?!?« 0.16"'
20,5 ■ 1 0 5 .0 0 I'.GO o . r o

Surry Jot BzportMit No 1 - Further Inrootigttten into Slurry Cutting 

Table »

I o

: o

PRESSURE

(MPa)

STAND-OFF
DEPTH OF DEPTH OF 

CUT 2ND
FLOWRATB

ABSAFWR
*L0FSAfE

ABRASIVE 
MASS FLOW

21 5 2,4 4 ,75 0,083
100 190.50 7.55 0,109
100 2 .8 2"'1.=C 8.70

133.25 2,:<i
2.4 246,75 • . i 3 0,127
2.9 155.00 9,39 0.125
2.4 ,00
2,1 5,25

3,25
100 2.8 6 ,7 .5 0,090

2,3 f-,50 0.067
2.4 195 50 66,73 5,35 0,080

100 7,8 111.75 96,49 2,37 0,024
49,54 1,50
68,35 4 ,12

100 8 87.50 49,81 3.62 0.073



S l u r r y  J e t  Ktperleeat No 3 - Depth 
* Mwltlpw Cut

>th Achkwmbto P w

l ARAMETE8S %KRR0R

iv e u sv ire  (MPa)
St  ,'tid-o* f ( w ) 100
Noz z l e  Size (mm) 2 ,8
A br a s i ve  Ratio (Turns on v a lv e s ) 2
Trf»w<*rs« Rate (sw/min)
Abru.,v. Type C h ro m ite

TtST M»BWf menff

II

Slurry Jet Experiment No 4 - Effect of Siand-Off on Dept»i of
M

PARAMETERS iKFRC*

Pressure (MPa) 39 
S t a n d - o f f  (ms) Varriec 
Nozzle Size (mb) 1 ,  
Abrasive Ret to (Turns on valves) 2 
Traverse Rate (m/min) !(X 
Abrasive Type Chron-j

t 5

Teble 9

I
- M ».• > 1« >n K.J2

t m 2.# »2 DM u UDD

> 2,8 132 &*

* m 2,8 « 121 » 71,01

i m 2.1 * 111 % %

2,8 > 92 111 «t w.o >14 n  30

1 » 8̂ 70 -̂ 7 H7

* i . t * » M W>,1

» 2,8 » W 4) 42 «,0

10 2,8 8 37 U »D



Shirry Jet Srperteent No S • 

Table 10

Determine Woo at Moat BtfoctWe 
AngVa nf Attack tor Woaal*

PARAMETERS

Pressure <*Pa)
Stand-off
Nozzle Size
Abrasive Ratio n valves) 4
Traverse Rate (aa/ain
Abrasive Type Chromite

Slurry Jet Exp^rteent No 6 

Table 11

Investigation into Quart rite aa an

PAJiAHETERS TERROR

Stand-off
sis! m

Pressure
Nozzle Size
Abrasive Ratio !Turns on valves)
Traverse Rate (laa/min)
Abrasive Type Qfiartzite



Slurry Je t Experiment No 7 - Recycling of Abrasive 

Table 14

PARWIETRKS &ERNOR

Pressure (KPa j ‘(6 t 2
St ,in<i -of f

Al-ra;:ive Ratio v Ives) 2
Travrrae Hate
Abra&ive Type Ch. onute 

yuart<ite 
Iron Orit K

.pgpig.an (mi i

Siirry Jet Ergferimenl No 7 - Replenishing of AbrasivfH

Noz7 i e  S i ,  

Traverse t

Table 17

2 5 x ; n



Appendix 2
Abrasive Waterjet Cutting Teat Sheet

ABRASIVE WATERJET CUTTING TEST SHEET

A A C  /  T&D.S MECHANISATION DIVISION 
(MINING DEPARTMENT)

SHEET NO............
TEST NO...............

SURFACE TESTWORK -  SLURRY CUTTING DATE ..............
WATER PRESSURE STANDOFF i 

DISTANCE
ABRASIVE
RATIO

TRAVERSE
RATE

NOZZLE
ORIFICE

SBRASIVE
TYPE

NORITE
FACEPUMP NOZZLE

CHECKSE

CUT
NO.

PASS
NO.

TIME
MEAS.

CUT
LENGTH

DEFTH OF CUT fir m) COMMENTS1 2 3 4

1

2

3

NOTES 1.
2.
3.
4.
5.
6 .



Appendix 3
Derivation of a Model for Q/N Ratio 
(Dry Abrasive Waterjet Cutting)

DERIVATION OF A MODEL FOR Q/N RATIO

In o rder to obtain maximum information from the United number 
of te s t runs the experiment was designed such that two separate 
analyses would have to be undertaken as indicated by the follow­
ing diagram:

Table 1

Low MFR

0 ,0 2 5 0 ,0 5 0 ,1 0 0 ,2 0

High MFR

The reason for this was that only in this way could balanced 
sets of data be obtained to take account of the quartzite block 
effect. Hence two Q/N ratio models were derived, one for low 
MFR'b and one for high MFR's. Each data element nf the depth 
of cu t in quartzite was divided by the corresponding depth of 
cu t in norite (according to parameter settings) as provided by 
the depth of cut model. Hence a series of Q/N ratios wer^ 
obtained for analysis.

High Mbbs Plow Ratio Model (MFR = 0,05, 0,10, 0,20)

The effects which were found to be significant compared to the 
experimental (background) erro r were established, and a model 
derived which forms a prediction equation for Q/N ratio.

The following equation represents the best fit to the data and 
contains the effects found to be significant in affecting the Q/N 
ratio.
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Q/N ratio = Mean for Experiment*
1,064 (See note below)

+0,034 P Main effect of Pressure

-0,038 O + 0,051 (02-2/3) Main Effect of Orifice

-0,078 R - 0,058 (R2-2/3) Main Effect of Ratio

-0,053 OR+0,102(02-2/3)8+0,109 Interaction between
(R2-2 /3 )0  Orifice and Ratio

-O,13O(P2-2/3)(02-2/3) Interaction between
Orifice and Pressure

-0,094(p2-2/3)H-0,076(R2-2/3)P Interaction between
Pressure and Ratio

where P « -3,026 + 0,0101 Pressure + 0,000033 Pressure2
O = -3,4054 + 2,7027 Orifice 
R = -2,3333 + 30 Ratio - 66,6667 Ratio2

P ressure is in MPa, Orifice is Diameter in mm. Ratio is Mass
Flow Ratio in kg/kg and Exposure is Time Spent Slotting in 
minutes per metre of face.

The effect of Exposure was not found to be significant on Q/N 
ratio.

* NOTB:
The mean for the experiment (1,064) was not found to be exactly 
the same as the mean of 1,063 discussed in the ” Determination of 
Q/N Ratio" section due to rounding differences between different 
computer packages.

This equation can now be used in conjunction with the log of 
dep th of cu. model derived from the earlier experimentation to 
calculate actual depth of cu t in quartzite under different 
operating conditions. Having entered the differen t operating 
conditions under the log of dep th of cu t in norite model, end 
then antilogged to give the actual depth of cut in norite, then 
the equation derived above is used as a multiplicative factor to 
determine depth of cu t in quartzite.



To simplify th is :
Antilog (Log dep th  of cu t in n o rte )  x Q/N ratio
= Depth of cu t in norite  x Actual depth of cut in quartzite

Actual depth of cut in norite

The two depth  of cu ts  in norite  cancel, leaving the actual depth 
of cu t in fjuartzite . Although the equations are cumbersome, it 
should not ho d ifficult to obtain a series of results by computing 
methods m o rd er to p u rsu e  an economic analysis.

The following Analysis of Variance table may be drawn up to 
identify the amount of variability explained by the model.

TmW# 2

| SOURCE
DEGREE OF 
FREEDOM

SUM OF
SQUARES

MEAN
SQUARE

I M odel f e x p la in e d  by U 3,94 0 .3 6
| o p e r a t in g  p a ram e te rs)
I , r r o r  (background) 312 A,99 0 ,03

1 T o ta l 323 13,93 0,043

The proportion of the variability accounted for by the model can 
be calculated as the Model Sum of Squares divided by Total Sum
oi Squares,

= 3,94 + 13,93 = 0,283.

Therefore juc t over 28% of the variability is accounted for by
the model.

Low Maas Bow Ratio Model (MFR = 0,025, 0,05, 0,10)

The following equation was found to be the best model of Q/N
ratio at the low MFR’s:



* Predicted tj/N ratio =

1,020

+0,048 P

-0,029 O + 0,128 (02-2/3)

-0,134 R - 0,155 (R i-2/3)

-0,053 P 0+0,06(P2-2/3)0-0,110
( 0 2-2/3)P

-0,041 OR+0,181(02-2/3)R-0,121 
(R2-2/3)O-0,153(OS-2/3)(R2-2/3)

-0,084 (R2-2/3)P 

+0,036 OE

Mean for Experiment* 
(See note below)

Main effect of Pressure

Main Effect of Orifice

Main Effect of Ratio

Interaction of Pressure 
and Orifice

Interaction of Orifice 
and Ratio

Interaction of Ratio 
and Pressure

Interaction of Orifice 
and Exposure

where P = -3,026 + 0,0101 Pressure + 0,000033 Pressure2 
O = -3,4054 + 2,702? Orifice 
R = -2,3333 + 60 Ratio - 266,6667 Ratio2 
E = -2 + 0,1 Exposure

The effect of Exposure (in an in teraction) becomes significant on 
Q/N ratio at low MFR's.

* NOTE:
Since the earlier experimentation using norite as the target 
material was not conducted at low mass flow ra tios, then the 
predicted depth of cut in norite is an extrapolated model. Since 
it is not advisable to do this and a t the same time strongly 
believe in the resu lt, then the result is a predicted (ra ther than 
actual) Q/N ratio (and it is in fact the best prediction a t low 
MPR).

Therefore a t low mass flow ratios we find that the predicted 
mean Q/H ratio is 1,020 and so we expect a 2% increase in depth 
of cut in quartzite over norite.



Despite the above note we can still use the predicted depth of 
cut in norite mode? and the predicted Q/N ratio to estimate 
actual depth of cu t in quartzite as before.

Predicted depth of cut in norite x Actual depth of cut in quartzite
Predicted depth of cut in norite

where the predicted ("predicted" because the norite model has 
been extrapolated) depths of cut in norite cancel out leaving the 
actual depth of cut in quart zite.

This may seem a long-winded method of determining a depth of 
cu t model in quartzite et low mass flow ra tios, but it should be 
remembered that a t the same time the value of the (predicted) 
Q/N ratio is of in terest, and computing methods make the 
determination relatively easy.

The following Analysis of Variance table is drawn up to ’dent'iy  
the amount of variability explained by the model.

Table 3

SOURCE DEGREE OF 
FREEDOM

SUM OF 
SQUARES

MEAN
SQUARE

Model (e x p la in e d  by 15 11,65 0 ,70
o p e ra t in g  p a ra m e te rs )  
E r r o r  (b ac k g ro u n d ) 308 8 , 8 ', 0 ,03

T o ta l 323 70,51 0,063

The proportion of the variability explained by the model is 
(11,55 -• 20>ul) = 0,568.

Therefore nearly 57% of thu variability is accounted for by the 
model.
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Statistical Analysis of Slurry Cutting Results 

i : slim*? comm ossiggp npnatst i - roar Epogoig

so. of Hep-tc*r=s « *
N O. OF S lO C tS  * 4
NO. OF T 6 IA L 5  *
NO. QF eE S t"3 N S £ 3  = t

0 * f*  F0RW1T IS  , :« . U i f l l  I 

#esPONSE$ cut ogoth i.06*#i tnws

9*efLerr«s

RfeTeeEN <»E«»L!C*Te 
N»MFD EFFECTS

OfcT#eef« SLOCKS >«

I i.*5*>60 
IS.bO tTZ  
I 3.63186 IS.«1982

Iv.68d»l 
I J .  »9.V»» 
I 6 . 63Tt)9

I *.JOS*I 
16.512t«
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19.2V51/
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Q.0 3096

0»0060t
0 .!)30»*
0.(10652

0 .0 0900
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•0 .06191
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0.00021
0.00*90
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0.00002 
9 . 00395
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ON DEPTH OF CUT
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I S .0 1 1 6 b

15 .01632
1 0 .6 1 1 2 * 1

1 r.oorss
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10.20272 
IS.90562

0.5 3*03 
0.02623 0•0 2509

-O.OJTOO

-0.01663

0.06152
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o .o a r s s
0.00903
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OE»lM DF CUTIOEPTH OF CUfJ 
«N«I| ( < WWI

(DISTANCE

VASI ABLE |  WAIN EFFECT ON DEPTH OF J STATISTICAL I
1 COT OF INCREASING FRO* I SIGNIFICANCE I
I l_Oe TO MICH SETTING IWWI 1 I

p r e s s u re  I e r . r e  I >99. em i s i g . i  I

ORIFICE I 3 6 .9 i I >99.9S  IS tC .I  I

RATIO I 1 .3 *  I >9S.0S IS IG .I I

( STANDOFF I -  1 .3*  I < 6 0 .OS INOT S IG .ll

TAIL* 4 - - m m  m  TW y irra  Oam tmmm

1 ORIFICE

)

I DEPTH OF CUTIOEPTh OF CUT| 
1 IMNI i l-N* 1

1 PRESSURE tSTANDOFF 1 1 
1 1

I I6 S .6 JI

1 m o .r a t

1* 1 360.1 1|

1' ■ too. o a t' j p r . a s i

I VAfllAQLE I MAIN EFFECT ON DEPTH

I > 9 9 .OS IS IG .I

I STANDOFF I I < 8 0 .OS I NOT S IG .I I



ANALYSIS OF VARIANCE
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3*277.15*76

207960.78
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•N6LES0 I

9. 257*88
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PARAMETER
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0.689*2672 

-0.026500 75
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0.05230*13
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O.Ov223
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Appendix S

Sieve Analyses for Abrasive Recycling Testwork

Mmm Dfcrtgfbuttoa bv Sfaw Bn4 fog Succ###iv*
are## d )

Abnadhwi: SB Unh $A
Tebto 1 c PiBtrtbuttoa by Si«i Band for Succe—iTB Cyclea 

Abrmmive: Cl D4 2A



I

M—  P k B tr f lm tln n  hr StM tor Suco—a ly  Cvctu Table 4 Wmam DiatrftmtUm by Sim Band for Succ— 1t« Cyctoi
«f Pm (%) '  U— (%)

A t w lf  : 88 5tS0 1A AbraalTa: 88 HARD 1A
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Appendix 6
A Typical Financial Evaluation of a Slot Based 
Non-Explosive Mining System

Table 1 : Inputs

jma ■urowicieie *

Z .S .— : :
z z z , ,  :

Table 2 : Models

i c  / i n
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