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ABSTRACT

In bord and pillar mining, pillar stability is a key element of the mining process. This

is usually underpinned by successful adherence to planned mining stope width. Stope
width control is the backbone to the grade control process in platinum mines on the
great Dyke of Zimbabwe. Poor rock mass has always been used to explain the failures
by mining personnel to meet the requisite stoping width. A quantification process for
this risk in monetary terms is tested and prove s that geotechnical risk at times does
less damage to the business valuestream than malpractices. A review process
followed in this research shows the vital path to value preservation and reduction of

unnecessary dilution of the ore.

A robust pillar support system is critical in a bord and pillar setup in shallow mines.
These pillars are designed not to yield nor crush. Despite meeting design criteria,
however, pillars are still found to fail. A tool to quantify this risk in monetary terms is

an unparalleled advantage. A classical case is pesented in this research illustrating
the critical steps that can be followed to scientifically provide management with the

financial information on which to base decisiors.

Poor rock mass conditions will always require to be adequately supported for

sustainability of the mining business. This normally requires the installation of longer

tendons, atime-consuming process.A slightly more expensive support product (the
Flexibolt) was tested in this research to optimise the support process resulting in great
value addition to the business. A case study is presented in this research report
Proposals for inclusion of a geotechnical risk quantification process to assist
management to make value-based mining layout and operational decisions are also

presented in this report .
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Abbreviations & Symbols

4E 6 ore grade declared as total of four
elements (platinum, palladium,
rhodium and gold)

A 0 Area

APS 0 Average pillar strength

BMSZ ¢ Base of Base Metal Subzone
C80 0 Represents the upper limit to the
lowest values achieved 20% of the
time

C o Circumference or perimeter

CBE 0 Capital Budget Estimate

DRMS @ Design Rock Mass Strength
FoS & Factor of Safety

FOG 9 Fall of Ground

g 0 Acceleration due to gravity

g/t d grams per tonne (4E for purposes
of this report)

h & Height

IMS 0 Institute of Mine Seismology

Ja 8 Joint alteration rating

Jr 8 Joint set Number rating

J 0 Joint Roughness rating

J, 8 Joint Volume

Jwv 8 Joint Water condition

K d Constant equal to 1/3 of UCS or
equal to DRMS

km 0 kilometres

kN d kilo Newtons

ktpm & kilo tonnes per month

LHD & Load Haul and Dump

m & Metres

MPa d Mega Pascals

MRMR 9 Mining Rock Mass Rating
MSZ & Main Sulphide Zone

N o Newtons

NGI oNorwegian Geotechnical
Institute

P750 represents the higher quartile
achievement. i.e. the lower limit to the
highest values achieved 25% of the
time

P10 Pyroxenite Layer Number 1
Pad Pascals

PGM 0 Platinum Group Metals

PS - Pillar strength

Q d A rock mass rating system
developed by Barton et al

R Density

RMC 0 Rock Mass Classification
RMR & Rock Mass Rating

RQD 0dRock Quality Designation
RMS 0 Rock Mass Strength

s - Seconds

SML 0 Special Mining Lease

SRF d Stress Retention Factor

SW 48 Stope Width

t d Tonnes

TAT 0 Tributary Area Theory

UCS - Uniaxial Compressive Strength
we O Effective pillar width

w/h @ width to height ratio



1 INTRODUCTION

In narrow reef, bord and pillar, platinum mining on the Great Dyke of Zimbabwe
strict stope width control is critical to attain the required grade for the viability of
mining projects. The grade distribution of platinum group metals (PGMSs) in the
vertical profile declines from 7.6 grams per tonne to 0.4 grams per tonne of four
elements grade normally referred to as 4E grade (i.e. total of platinum, palladium,
rhodium and gold) over 40 -60 cm into the hanging wall from the arbitrary reference
marker horizon, referred to as the Base of the Base Metal SuZone (BMSZ). This
marker horizon is identified by a sharp decrease in the amount of base metal
sulphides, leaving the zone above the marker as the base metal subzone and that
below the BMSZ as the platinum grou p metal subzone. The quick transition to very
low grades in the hanging wall calls for good practices to reduce the amount of waste

ingress into the ore stream from hanging wall over -breaks (Figure 1).
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Figure 1: Grade vs. stopsidth plot for the Unki Resourgwatahwa et al, 2017)

A good understanding of the influence of parameters/factors that result in hanging
wall over-break is key if the operation is to manage the hanging wall dilution
challenges effectively. It is also key that the risk associated with the influence of the

geotechnical parameters affecting hanging wall stability be understood. As such it is
1



imperative that there is need to have a mechanism or ability to quantify the impacts
in monetary terms, which would en able management to make informed decisions in

the business planning process for both short term and long-term viability.

The design of shallow, narrow reef, bord and pillar mechanized mines is based on
high throughput and a solid pillar system, where the pillars are designed to carry all
the overburden weight and avoid subsidence. The strength of these pillars is mainly
dependent on the material making up the pillar, the pillar foundation material, the
number of discontinuities cutting through the pillar, pillar width to height ratio, the
method of excavation and the pillar load to strength ratio. In order to achieve the
correct mix of good grade ore, high tonnages and a stable pillar system, the mining
cut or stope width (SW) becomes a key ingredient. Excessive stope widths lead to high
ore dilution and failure to meet the design mining height, leading to lower width to

height (w/h) ratio values in pillars thus compromising their integrity.

The mining cut is always topical at all bord and pillar mines on the Great Dyke that
fail to meet requisite ounces or develop instabilities in pillars. Poor stope width control
is always largely considered to result from poor rock mass quality, a position usually
accepted from literature without scientific interrogation , leading to reduced targets
and efficiencies for the mining teams. However, very few studies, if any, have been
conducted on the Great Dyke to scientifically prove this widely adopted explanation
in production meetings, though it is well known that diluti  on results in low recoveries

and high processing and tramming costs, as waste is trammed with ore.

There is no system or mechanism available to enable management to determine the

contribution of poor rock mass conditions to challenges in poor stope width control

and pillar instabilities. Thus, this geotec
always skated around in business planning meetings and becomes applicable as an

explanation for failure to meet targets. This lack of tools to quantify the risk, creates

loopholes in decision making and association of huge losses of revenue with poor rock

mass quality, which could possibly have resulted from other easy to manage factors
2



influencing the poor stope widths. It is against this background that this proposed

research has been formulated.

1.1 Unki Mine Stope width

Unki mine was designed using the Hedle y and Grant (1972) formula as modified by
Noble (2001). This requires the attainment of a pillar width/height ratio of 3 to be
applicable. However, the mine has never achieved the w/h ratio of 3, nor the required
stope width of 190 cm (180 cm mining cut plus 10 cm planned dilution). Current stope
width is at 204 cm which has been a significant improvement from the 223 cm
achieved in the past. Several factors have contributed to the poor achievement but,
one key factor worth mentioning was the decision by ma nagement to purchase a fleet
of larger capacity LHDs. These machines could not fit easily in a 200 cm excavation,
leading to a deliberate move to increase the stope width to 210 cm This saw the stope
width increase to 223 cm. The process to bring the stog width down to 20 4 cm while

phasing out the large LHDs has not been an easy route.

Given the poor achievements in stope width control, the mine was beginning to over
mine its design. The design pillar strength calculations were reverted back to the
original Hedley and Grant (1972) formula, leading to a loss of reserve, as this has the
net effect of lowering pillar strength, leading to extraction adjustment to meet the
design criterion of a safety factor greater than 1.6 for the pillars, as reported by
Mandingaisa and Musa (2017). This impact is often not amplified, but is a significant
loss to the business, and finding a solution to get the stope width to desired level, so
that the originally applicable design that benefits the business is readopted, is
important. The failure to meet the mining height was largely attributed to the poor
rock mass conditions, a state that has not been scientifically validated as previously

discussed.

Some pillars have been noted as deteriorating and these have been rehabitated or are
on a rehabilitation schedule which brings about another cost dimension to the failure

to mine to correct dimensions. These pillar failures have been ascribed to poor rock
3



mass quality. A scientific investigation is required to test this theory , ascribe monetary
value to the impact of poor rock mass, as well as the other controllable factors, to aid

management in decision making.

1.2 Problem Definition

It is widely accepted at the mine that failure to achieve the mining cut is largely due

to poor rock mass conditions. Mechanisms and methods of assessing the rock mass
guality that ascribe values to quality of the rock mass have been developed over time
and two methods are being applied at the mine i.e. the Barton et al (1974) NGI Q
system and Bieniaws k i(I®89) RMR system. This process has been conducted in
approximately 80% of the mine creating a good database, excluding the mining
conducted during the research phase, i.e. before the inception of the Rock Engineering
Department. Stope width measurements are collected on each face before the face is
marked and drilled for the next blast. The mine was designed to be optimally mined

at 180 cm (190 cm including 10 cm overbreak) stope width which has not been
achieved to date. This failure has been largely ascribed to the poor rock mass
conditions encountered during mining, though it is acknowledged to a lesser extent
that the blasting practices and management decisions have also played a role in the

failure to achieve the requisite and optimum mining cu t.

No work has been done to scientifically examine the correlation between the rock mass
guality and the stope width, though this appears to be a widely acceptable explanation
for the failure to meet design stope width. The mine could thus be losing a lot of
money from easily correctable inefficiency issues hidden behind the poor rock mass
explanation. If there is a low correlation between the rock mass quality and the stope
width, it means that there are other factors at play. This research therefore seeks tdill
the gap in scientific knowledge on this relationship. The cost implication related to the
contribution of rock mass quality to the failure to meet the 180 cm stope width is
currently unknown, and the contribution of the other factors has also not bee n

guantified, though the impacts could be significant inputs into business planning.



These are normally just covered by modifying factors, thereby masking critical

information for decision making.

1.3 Objectives

The main objectives of this research are:

a. To determine the contribution of rock mass quality to the poor stope width
control and pillar stability.

b. To determine and quantify the impact of rock mass quality on pillar stability

c. To determine and quantify in monetary terms the impacts of rock mass quality
on mine profitability and the business plan.

Achieving these objectives will enable good decisions to be made whenever

challenging ground is encountered. High stope widths are associated with higher

demands for ground support, and it is also important to quantify this in monetary

terms, and to be in a position to give management information that supports

business planning and viability assessment.

1.4 Research Hypotheses

i. Contribution of rock mass quality to poor stope widths
Ho: Rock mass quality does notcontribute to poor stope width control
H1: Rock mass quality contributes to poor stope width control

il. Impact of rock mass quality on pillar stability
Ho: Rock mass quality does not have a quantifiable impact on pillar
stability
H1: Rock mass quality has a quantifiable impact on pillar stability

iii. Monetary value of the impact of rock mass quality on the business plan
Ho: There is no quantifiable monetary value of the impact of rock mass

quality on the business plan

H1: There is a quantifiable monetary value of the impact of rock mass

guality on the business plan



1.5 Content of the research report

In this research report, Chapter 2 gives brief look at the geotechnical setting of the research
area (Unki mine) and a review of the literature on this site to set a solid base for the research.
Geotechnical risk is reviewed to conclude this chapter. Chapter 3 reviews rock mass quality
as applicable in the mining industry, focusing on the systems applicable in the area where
the research was carried out. A review of drillin g and blasting impacts, ore dilution and

pillar stability with respect to bord and pillar mining is also taken into consideration.

Chapter 4 documents the applicable methodology and tools applied in this study in the
collection of data. Results and analysis are presented inChapter 5. Chapter 6 focuses on the
discussion of the results, conclusions andrecommendations of a risk quantification pr ocess

to assist management to makevalue-basedmining layout and operational decisions .



2 GEOTECHNICAL SETTING

2.1 Unki Mine geotechnical environment

Mandingaisa and Musa (2017) state thatdo U n Kk i Mi ne is | ocat-ehdmbarioft hi n
the South Chalver of the Great Dyke in Zimbabwe. The Great Dyke is a layered igneous complex
comprising of mafic and ultramafic rocks. The Unki ore body forms a syncline which outcrops on both
the eastern and western flanks of the Great Dyke. At the outcrops, thalpmifmat approximately

15 degrees. From the eastern outcrop this shallows towards the centre of the dyke, where the dip reaches
zero degrees, before increasing again in the opposite direction towards the western side of the dyke. The
ore body at Unki idounded to the north by a major fault (Paarl Fault approx. 100 m displacement).

The location of Unki relative to the other platinum group element mines on the great Dyke is shown in
Figure 2Error! Reference source not found. It must be noted that Unki is part of a Special Mining

Lease extending over 30 km gjon s t Refek te Figure 2Error! Reference source not found.

and Figure 3Error! Reference source not found. .
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Figure2: Location of Unki Mine relative to major towns and a schematic section across the Great

Dyke (adopted from Mandingaisa and Musa, 2017)
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Figure 3: Unki Mining Lease showing the different investment centres (Adopted from Unki Geology

Technical Support Document to Business Plan 2017)

2.2 Stratigraphy (Adopted from Unki Geology CBE, 2005)

The target ore body, the main sulphide zone, occurs within the topmost pyroxenite layer
usually referred to as Pyroxenite Layer 1 (P1) of the Great Dyke. The main sulphide zone reef
is hosted within plagioclase pyroxenite. It typically occurs as a 2 -4 metre layer in which the
visibility of the s ulphides varies greatly. The reef is a sub-layer of the plagioclase pyroxenite,

and occurs at 23 metres beneath a hanging wall websterite/plagioclase pyroxenite contact.

8



This contact is gradational and has little or no parting potential (Unki Geology CBE, 2005). A
marker horizon corresponding to the drop -in copper and nickel sulphides and coinciding

with peak platinum values is identified and used as the reef reference and known locally as

the Base of Base Metal Subzone. A persistent coarse grained (pegmaidal) plagioclase
pyroxenite layer occurs about 0.45 m to 2 m above the base of Base Metal Subzond-jgure 4)

and shows some parting potential. Its characteristic large grain size allows splitting along

crystal cleavage planes (Mandingaisa and Musa 2017). Of greater significance is an
intermittent chromitite stringer which marks the top of the topmost pyroxenite layer ( Figure

4). This contact with the base of the overlying gabbronorite is usually developed between 7 m

to 9 m above the BMSZ (Musa et al, 2015). As recorded in the Unki GeotectCBE (2005)0 t h e
chromitite stringer presents a geotechnical constraint in stoping span design. The current design allows
for a maximum 12 m panel span as a wider span would require external support in the form of stiff,

strong packs or dense stick suggorprevent the collapsethie hangingwalb e a m. 0

10m

Chromitite

I:] Gabbronorite
. Plagioclase websterite
D Plagioclase pyroxenite

Pegmatoidal pyroxenite

BMSZ

- ]
T L |

Footwall fault

Figure4: Stratigraphic column of the Unki area. Potential zones of stratigraphic weakness are

indicated by the orange arrows (Unki Geotech CBE, 2005)



2.3 Major Geological Structures

2.3.1 Major Faults

According to Hlasi and Mwatahwa (2017), the Unki East and West investment centres are

bounded to the north by a major fault termed the Paarl fault. It has a displacement of

approximately 100 m. Figure 5 illustrates the structural complexity and discontinuities along

the Unki Special Mining Lease (SML). The lease is categorised into high, medium and low

complexity zones shown as red, yellow and green in Figure 5.

Paarl Fault

Area with
FwF

Unki South
Dome

1. High Structural Complexity

Main Paarl Fault, series of step faults with a cumulative 100m throw,

intense alteration around the fault zone.

Paarl High temperature intrusion, alteration and xenoliths

Unki South Dome.

Dolerite Dykes.

Footwall Fault

Helvetia South Eastern Area
Helvetia Autolith

IRUPs and Xenoliths

2. Medium Structural Complexity

+ Paarl, Unki, Unki South, Helvetia closely spaced E—W trending faults.

3. Low Structural Complexity

+ Minor widely spaced faults

Figure5: lllustration of the structural complexity and discontinuities along the Unki Special Mining

Lease (adopted from Hlasi and Mwatahwa, 2017)

2.3.2 Vertical faults, including micro -faulting

Faulting is common throughout the uppermost pyroxenite layer on all sub -chambers of the

Great Dyke. These faults are not always identified through exploration drilling due to their

steep dips and relatively small throw (in the ord er of <0.5 to 1.5 metres). It can be expected

that such previously unknown faults will be intersected from time to time during mining.

Micro -faulting of the Main Sulphide Zone reef is relatively common, i.e. the magnitude of

displacement is so small that the reef layer or any part of it is not displaced outside the

panel face as discussed in Unki Mine Design Criteria Geotechnical- Rock Engineering Report

(2007).
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Mandingaisa (2018), states that where smaller faults occur (less than 0.2 m) the bords should
be able to negotiate through these faults with relative ease. Depending on the position of the
fault, an additional pillar may be required plus an extra row of bo Its on either side of the
feature. For the larger throw faults, where ramping up and cutting through the hanging wall
are required, long anchors are installed to support the brows and adequate sized pillars may
need to be cut on either side of the fault for greater stability. These pillars should be at least 5
m wide. The long anchors are time consuming to install and a change in the product was
introduced during the research work by the author resulting in value addition documented

in latter chapters of this report.

2.3.3 Hanging wall fault (Ramp and Flat Structures)

The ramp and flat structures and hanging wall fault are layered structures affecting the
hanging wall 4 m to 8 m above the Base of the Base Metal Subzone (BMSZ) horizon. Itis critical
that these zanes beconsidered when panel spans and supports are designed. The major areas
in Unki East with ramp and flat structures, whose effects are similar to that of the hanging

wall fault are also delineated.

2.3.4 Footwall fault (FwF)

Brown and Mwatahwa (2005), statethatot he f oot wal |l fault is a reef
the footwall of the main sulphide zone reef. It occurs between 0.6 m and 2.9 m below the BMSZ, with
an average depth of 1.6 m. The fault undulates, pinches and swells, and doessntiecBMSZ but

is associated with sympathetic jointing and faulting that pose ground challenges where they splay into
the hanging wall. Current mining has shown that splay faults from the FwF cross the BMSZ and form
wedges and 6 do me sThe Fwmcorisistsof higlayraljered, mylowitgsédland brecciated
pl agi oc | as Erron Reference source rot féund. Figure 6 is an image showing the

position of the footwall fault (FwF) relative to the Base of the Base Metal Subzone (BMSZ,

yellow reference line). Diamond drilling has shown that the footwall fault i s a localized

feature that only affects the eastern portion of the immediate Unki mining area (Musa et al
2015).Figure 7 and Figure 8 show the distribution of the footwall fault relative to mining cut

and the Unki East mining area.
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Figure6: Image showing the position of the FwF relative to the BMSZ (yellow line), (photo from

Mandingaisa and Musa, 2017)

Explanotion

Footwall Fault Within Meing Cut (1)

Footwall Fault Below Mining Cut (2)

Presence of ramp and flat structures (3

Drilling hos kot intersected Footwall Fault although
It might occur below end of hole depth as drilled to
date (32

>
¥
L
‘ Presence of HW Foult (4)

Figure7: Distribution of the FwF showing its localised nature in the Unki mining lease (after Musa
et al, 2015)
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Figure8: Footwall thickness map illustrating distribution (after Musa et al, 2015)

2.3.5 Impacts of the footwall fault

Van Aswegen (2011), stated thatitwaso s hown i n case studies that rece
in pillars, will have a net negative effect of reducing the ultimate strength of a pillar. The magnitude of

the strength reduction varies depending on the properties of the geological structure. This reduction

can vary from approximately 40% for a structure with a&loohesion and low friction angle to very
little for a structure wi t hFordJnkhMing, lFLAC3Diinelasicon an g/l
numerical modelling was conducted by Leach (2011) which indicated a reduction in pillar

strength by 31% for a friction angle of 15 degrees and cohesion of 1.5 MPa. Later laboratory

tests done at RockLab indicated that the friction angle on the footwall fault averages 21

degrees. According to Mandingaisa and Musa (2017) in pillar design at Unki, a 35% reduction

in pillar strength due to the footwall fault should be applied and considered a conservative

design approach.

2.3.6 Joint Information
It is expected that the joint orientations and properties for Unki West and the Paarl area will

be very similar to the joints that have been intersected in Unki East mining area. This

13



deduction is based on similar depths at which the areas will be mined and their proximity to

each other. However, those in the Unki South and Helvetia area could exhibit differences in

the infill properties due to shallow depths. This information must however be updated as

soon as the areas under consideration have been exposgby mining or further drilling.

According to Mandingaisa and Musa (2017), the general occurrence and properties of the

joints that were intersected in current mined out areas and their interaction with other

geological structures is as follows:

a.

Two joint sets trend northdsouth with one steeply dipping and the other shallowly
dipping and two minor east -west trending steeply -dipping joint sets.

The overall joint frequency is lower on the southern part of the Mine than in the
northern part of the Mine

Narrow, potentially unstable wedges may be formed in the stope hanging wall,
normal to the stope faces. The same structures may also form narrow, potentially
unstable, triangular -shaped wedges, oriented sub-parallel to the faces.

0Domed st r uctngthefourdbove-mantomred jbint sets may form blocky
ground and induce unstable hanging wall conditions leading to potential Falls of
Ground (FOG). Updated mapping suggests
angle reef parallel discontinuities.

Random joints in the hanging wall are generally shallow -dipping, (<45°) and,
although the joint frequency is low, these pose major rock engineering ground control
challenges. The joints are random and are not expected to influence the mining cut

considerably.

Generally, the hanging wall rock immediately above the BMSZ is competent and mostly un -

weathered. A summary of the general joint orientations are given in Table 1.

14
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Tablel: Summary of Major Joint set orientation collected to date

Joint Dip/Dip | Strike Comments

Number | Direction | direction

J1 60/101 N-S Low angle joints

]2 79/360 E-W Variation of the same set

13 78/179 E-W

J4 75/284 N-S Not very prominent if a large area is

considered. Mainly in South Section

L] Poles

Equal Area
Lower Hemisphere
5243 Poles
5243 Entries

Figure9: Lower hemisphere equal area stereographical projection of jointing pole concentrations
(Mandingaisa, 2018)

Figure 9 shows the poles of all the joints that were used for the analysis of joint
orientations while Figure 10shows the contouring of the joint orientation poles density
and the general joint orientations. Figure 11is a rose plot of the joint orientation showing

the predominance of the E-W trending joints and the N -S trending joints.
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Orientations
ID Dip / Direction

1 m 81/ 179
2 m 62 / 101
3 m 79 / 360

Equal Area
Lower Hemisphere
5243 Poles
5243 Entries

Figure10: Lower hemisphere equal area stereographical contouring of joint pole orientations

(Mandingaisa, 2018)

A Apparent Strike
2040 max planes / arc
1204 at outer circle
2L Trend / Plunge of
Face Normal = 0, 90
/ ,,,,, \ (directed away from viewer)

E No Bias Correction

4977 Planes Plotted
Within 45 and 90
Degrees of Viewing
Face

Figure11: Rose diagram of the major joint sets as mapped in the current production area and the

declinegMandingaisa, 2018)

The following plots in Figure 12Error! Reference source not found. and Figure 13Error!

Reference source not foundshow the lower hemisphere projection of the orientations of joints
in the north and south sections of the mine respectively.
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Orientations
ID Dip / Direction

80 / 182
60 / 098
78 / 002
75 | 284

N
3 3 3 3

Equal Area
Lower Hemisphere
2794 Poles
2794 Entries

S

Figure12: Plot of poles and planes for the major joint sets in the South S@didonlingaisa, 2018)

N

&

Orientations
ID Dip / Direction

78 / 174
80 / 357
43 / 110
80 / 093

AW N 2
3 3 3 3

Equal Area
Lower Hemisphere
2449 Poles
2449 Entries

B

Figure13: Plot of poles and planes for the major joint Bethe North sectiorfMandingaisa, 2018)

It can be noted from the two plots that:

a. In the southern section of the Mine, J4 appears but is not too prominent and

J1 is steeply dipping
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b. In the northern section J4 is not a prominent set but there are two variations

of J1i.e.low and high dip angle N -S striking joint sets

2.4 Stress regime

Most of the mining (roughly estimated at more than 70%) will be done at depths of between
140 m and 240 m. There is a very small area that will be situated at depths of betveen 240 and
350 m. Unki is a shallow mine (<300 m) and all mining will be in a shallow, low stress zone.
Error! Reference source not found. Figure 14 shows the direction of the principal horizontal

stress as determined from borehole geophysics databy Trofimczyk (2008.

Figure 14: Schematic showing thtrection of the horizontal principal stresgdandingaisa, 2018)
(NB. The stereoplot is rotated such that the North label on the plot corresponds to North on the

schematic)

The k-ratio, from underground observations, is approximately 1 with no significant

variations. The unit weight of the overburden is approximately 29.4 kN/m 3,

18



2.4.1 Regional Support

Following the investigations and FLAC3D modelling by Leach (2011) on the effect of the
footwall fault and tailings storage facility loading, barrier pillars were introduced from 175
metres below surface (mbs). These were introduced in the current mining areas to improve
stability and maintain the factor of safety above 1.6. This created a challenge in the calculation
of factor of safety for the smaller pillars as Tributary Area Theory (TAT) becomes inapplicable
in the calculation of the average pillar stress, due to the bridging/abutment effect of the larger
pillars. Institute of Mine Seismology (IMS) is sub -contracted every year to model the APS of

the pillars.

2.4.2 Unki Hazard Identification and Treatment System (HITS) ABS  -P system

The Hazard Identification and Treatment System (HITS) forms part of a daily geotechnical

risk assessment carried out in all production bords before a bord that has been blased is

cleaned. HITS is a task action response plan employed as part of its risk assessment process.

This involves classification of ground based on the presence of different triggers (listed in

Table 2) into class A, B and S. Tle system is referred to as the(HITS) ABS-P, where A, B, and

S arerisk-basedgr ound ¢l asses. O6A0 is the |l ow ri sk, 06BO
stands f or a precautionary stage where support ins
6 S & tliggep. @he Hazard ldentification and Treatment System is prescriptive on the team

and level of personnel to respond to each of these risks. A different blast pattern was
developed to cater for the high-risk poor rock mass quality 6S0 type
pie chart in Figure 15Error! Reference source not found.shows the risk-based ground

distribution.
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Distribution of the Bords in Terms of Risk

B A (Low Risk) ®B (Medium Risk) ®S (High Risk)

Figure 15: Riskdistribution in the active bord8vandingaisa, 2018)

The 6S6 type ground conditions are associated wi
the installation of long tendons in the form of pre -tensioned full column grouted cable

anchors. These areoften associated with delays in production cycles, as the installation

process requires that the bolter operator drills holes, and a separate team comes and installs

the cable anchors using a suite of tensioning cropping and grouting.

Table 2: Hazard ldentification and Treatment System ABS-P Triggers involved in the

assessment
A B S
1 Support missing | Whole line of support missing
Brow smaller Brow larger than 150mm but
2 than 150mm smaller than 500mm Brow larger than 500mm
Flat dipping feature less than 60° to

3 Normal ground Dyke horizontal

Fault Dome
5 Water dripping from rock wall

Fall of ground less than support Fall of ground greater than support
6 spacing spacing

Material change in face

composition for example pothole

Abnormal blocky ground Pillar scaling
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3 LITERATURE REVIEW

3.1 Rock Mass Quality

Stacey (2001) defines rock mass quality or rock mass classification as a means of quantifying
the quality of the rock mass by ascribing a numerical value to the quality, and further states
that rock mass classification has significantly functioned as an essential pillar of empirical
designs, leading to frequent use and attention by rock engineers. Several systems were
developed by different engineers from different fields of expertise ranging from civil
engineering, tunnelling to mining. The main uses of ro ck mass classification have been to
assess rock mass quality, and to estimate rock support requirements, excavation stability, raise
bore stability, tunnel boring rates etc. Rahmannejad and Mohammadi (2007) state that the
maximum benefit of rock mass classfication systems is derived during preliminary and
feasibility stages of a project during which very little information in terms of rock mass
properties and quality is known. The systems provide a way to estimate the rock mass
strength and deformation pro perties, and rock mass characteristics, as discussed by Stacey
(2016). It should be noted that a clear understanding of the different fields of application for

these systems is essential for successful and correct application.

This research will apply th e geomechanics classification system (Rock Mass Rating, RMR) as
developed and updated by Bieniawski (1973) and modified by Bieniawski in 1989, as well as
the NGI Q system as developed and updated by Barton et al (1974), Barton (2002) and NGI
(2015) to quartify rock mass quality and its impact on stope width, and ultimately to evaluate
the effects of rock mass quality on profitability of mining and the business plan. The limitation

of this review of rock mass quality characterization is that only the classif ication systems
intended for this research will be discussed in detail. However, a general consideration will

be made for other systems of rock mass classification.

Stacey (2009) reports that rock mass classification ascribes a value to the quality of ta rock

mass, thereby allowing the provision of estimates of rock stability, support requirements,

strength and deformation properties. According to Stille and Palmstrom (2003) , these rock

mass cl assi f iaran effestive nsegns daf ebtaisinggahanced understanding or more
comprehensive overview of a phenomenon or set of data in order to make effective decisions regarding

thend .
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Some of the main classification and characterization systems, their types and main

applications are summarized in Table 3 below as published by Palmstrom (2000).

Table3: Some of the main classification and characterization systems (Palmstrom, 2000)

Name of classification

Form and Type*)

Main applications

Reference

The Terzaghi rock load
classification system

Descriptive and
behaviouristic form

Functional type

For design of steel support in tunnels

Terzaghi, 1946

Lauffer's stand-up time
classification

Descriptive form
General type

For input in tunnelling design

Lauffer, 1958

The new Austrian tunnelling
method (NATM)

Descriptive and
behaviouristic form

Tunnelling concept

For excavation and design in
incompetent (overstressed) ground

Rabcewicz, Mller and
Pacher, 1958 - 64

Rock classification for rock
mechanical purposes

Descriptive form
General type

For input in rock mechanics

Patching and Coates, 1968

The unified classification of soils
and rocks

Descriptive form
General type

Based on particles and blocks for
communication

Deere et al., 1969

The rock quality designation (RQD)

Numerical form
General type

Based on core logging; used in other
classification systems

Deere et al., 1967

The size-strength classification

Numerical form
Functional type

Based on rock strength and block
diameter; used mainly in mining

Franklin, 1975

The rock structure rating (RSR)
classification

Numerical form

Functional type

For design of (steel) support in tunnels

Wickham et al., 1972

The rock mass rating (RMR)
classification

Numerical form

Functional type

For use in tunnel, mine and foundation
design

Bieniawski, 1973

The Q classification system

Numerical form
Functional type

For design of support in underground
excavations

Barton et al., 1974

The typological classification

Descriptive form
General type

For use in communication

Matula and Holzer, 1978

The unified rock classification
system

Descriptive form
General type

For use in communication

Williamson, 1980

Basic geotechnical classification
(BGD)

Descriptive form
General type

For general use

ISRM, 1981

The Geological Strength Index
(GSI)

Numerical form
Functional type

For design of support in underground
excavations

Hoek, 1994

The Rock Mass index (RMi)
system

Numerical form
Functional type

For general characterisation, design of
support, TBM progress

Palmstrom, 1995

*} Definition of the following expressions:
Descriptive form:
Numerical form:
Behaviouristic form:
General type:

Functional type:

the input to the system is mainly based on descriptions

the input parameters are given numerical ratings according to their character

the input is based on the behaviour of the rock mass in a tunnel
the system is worked out to serve as a general characterisation

the system is structured for a special application (for example for rock support)

3.1.1 Classification and characterisation

Palmstrom (1995) differentiated between rock mass characterization and classification. The

differentiation between rock mass classification and characterisation is believed by most

researchers in this field to be important and of significant advantage if d one correctly. As

defined

by
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number to the rock mass quality or a description. Particular features, qualities, trends and
traits are described or represented by a numberas characterisation® Roc k Mass :cl assi f

As the name entails this involves grouping rock mass features into classes.

Instrictterms 6 c har ac twernil z1a thiaowred mor e d e sclagsificptiod .ve t er ms
However, in practice the two terms are used loosely and interchangeably. Figure 16 shows
the relationship and process flow from field observations or measurements to

characterisation and the ultimate application.

ﬁ g?'%ggssfrrgg‘tg:g 1§ {characterisation} \l( ‘l‘ applicaticns)j
INTACT ROCK
| | CHARACTERISTICS | >
2 5 GIVING VALUES TO THE
£ JOINT i
5| | CHARACTERISTICS _’ VAR ID’:]ES}Q?L?::SMASS
; DENSITY AND
| | PATTERN OF JOINTS | » l
ROCK STRESSES
or - CLASSIFICATION
STRESS LEVEL —> SYSTEMS
POSSIBLE BEHAVIOUR
NUMERICAL
GROUNDWATER  — OF THE GROUND — P MODELLING
OTHER
PROJECT RELATED |5 » CALCULATIONS
FEATURES

Figure 16: lllustration of characterization of joints as the core of rock enginedtaimétrom et al,
2001)

3.1.2 Rock Quality Designation (RQD)

As early as 1967, Deere et al (1967) developed the Rock Quality Designation (RQD) Index.
This index is defined by the lengths of intact core pieces greater/longer than 10 cm
expressed as a percentage ofhe total length of core in the core run.

This is given by the following formula:

Yu O zpnmbp Egn. (1)
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Usually NX core size is used in the determination of RQD but this can be done on other core
sizes. The definition of the index clearly indicates that measurement of RQD is unidirectional.

In the determination of this index, only joints are considered and a |l core mechanical breaks
due to drilling or handling practice are ignored. Figure 17 illustrates the calculation of RQD,

after Deere (1989).

_ RQD = 0 -25% very poor
L= 38cm RQD = 25 - 50 % poor
RQD = 50 - 75% fair
RQD = 75 - 90% good
RQD = 90 - 100% excellent
L=17cm

L=0
no pieces = 10cm

L= 20cm

AX——4 VW W

L= 35cm

= drilling break

Wl

Total length of core run = 200cm

2 length (L) of core piecies >10cm length

L=0 RQD =
Total length of core run

no recovery

RQD = 38 + 1?2;]2D+35 % 100% = 55%

| Lg S

Figure17: The procedure of determination of RQD using diamond drill core (after Deere, 1989)

Deere (1989) established correlation between RQD and rock mass quality as given iriTable4.

Table4: Correlation of RQD and rock mass quality (After Deere, 1989)

RQD (%) Rock Quality
<25 Very Poor
25-50 Poor
50-75 Fair
75-90 Good
90- 100 Excellent
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3.1.3 Volumetric Joint count (Jv)

Similarly, Palmstrom (1982) came up with the concept of volumetric joint count (Jv).
Palmstrom et al (2001) define J, as a measure of the number of joints intersecting a volume of
rock mass or simply joints per cubic metre where the joints exist as joint sets. However, it
cannot be taken for granted that all joints will e xist in sets as random joints are also common.
Grenon and Hadjigeorgiou (2003) believed that ignoring random joints would result in
erroneous quantification of the existence of joints in the rock mass. Palmstrom et al (2001)
presented a correction to that effect that included random joints. This correction will not be
applied for purposes of this research. The volumetric joint count will be calculated from the

following formula published by Palmstrom (1982):

*O0—- — — E Eqn. (2)

Where J1, J2, 38. are average joint spacings for joint set 1, joint set 2, joint 3 etc.

As alluded to earlier, RQD is unidirectional, and it is essential to try and represent a three -
dimensional volume of a rock mass for it to be closer to reality. This can be done by usng
holes that penetrate a rock mass in different directions. The first attempts were carried out by
Palmstrom (1974) leading to the introduction of the Jv concept, giving rise to equation 3 below

which relates RQD to the volumetric joint count:

21%$ ppuvaod* O Eqgn. (3)

With RQD=0 for Jv > 35, and RQD=100 for Jw 4.5

However, it should be noted that the correlation between Jv and RQD has a significant
variation though it was converted to a linear relationship by Palmstrom (1974).

Further work by Palmstrom (2005) introduced a new relationship between RQD and Jv as
RQD = 1100 2.54 (for J, between 4 and 44), which he believed is an improvement from RQD
=1150 3.3J. Palmstrom (20b) still believes that RQD should be used with great care as it still
has challenges in block size characterisation. For this reason, Palmstrom(2005), Bieniawski,
(1984 and Milne et al. (1999 all agree that ORQD is a practical parameter for core logging, it is not

sufficient on its own to provide an adequate descripgfcmrock mass".
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Pal ms t 2005fai@nala (Eqn. 4) is applied in the correlation of RQD and Jv for purposes of
this research as the author agrees with the arguments and the improved correlation laid out

by Palmstrom et al (200L).

YOO ppmmcdd 0 Eqn. (4)
(for Jv between 4 and 44) and RQD=100 for Jv<4

3.1.4 NGI 8Q system

Barton et al (1974)developed the Norwegian Geotechnical Institute (NGI) Q system of rock
mass classification. The system provides a means of rock mass character determination and
estimation of support requirements. The Q-values are determined from the following

formula:

z —z — Eqgn. (5)

Where: RQD = Quality Designation
J, = joint set number
J = joint roughness
J, = joint alteration
Jv = joint water reduction factor

SRF = stress reduction factor

The components of equation can be subdivided as the following:
a. Rock block size (RQD/Jn),
b. Inter-block/joint shear strength (J/J %)
c. Confining/active stress (Jw/SRF)

For purposes of this research, equation 4 is applied in the calculation of RQD. The rest of the
parameters are obtained by allocating numerical values (ratings) corresponding with the
number of the observed properties present in the rock mass. Tables for wse in this research,

are as outlined in NGI (2015) and are provided in Table 5o Table 10and Figure 18.
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The value of the Rock Quality Index Q, is then obtained by substituting all the selected values
for the six parameters into equation 5. Q is measured on a scale of 11.000. This large variallity

has seen criticism from other scholars. The criticism however, does not override the benefits
derived from correct applications of this system in the field of mining and tunnelling. The

system is also used for support recommendations.

Table5: Rock Quality Designation (RQD) and volumetric joint count (Jv)

1 RaD (Rock Quality Designation) RaD
A Very poor (> 27 joints per m?) 0-25
B Poor (20-27 joints per m®) 25-50
C Fair (13-19 joints per m?®) 50-75
D Good (8-12 joints per m?) 75-90
E Excellent (0-7 joints per m?®) Q0-100

Note: i) Where RQD is reported or measured as < 10 (including 0) the value 10 is used to evaluate the Q-value

i) RQD-intervals of 5, i.e. 100, 95, 90, etc., are sufficiently accurate

Table6: Joint Set Number (Jri§) values

2 Joint set number J
A Massive, no or few joints 0.5-1.0
B One joint set 2
C One joint set plus random joints 3
D Two joint sets 4
E Two joint sets plus random joints 6
B Three joint sets 9
G Three joint sets plus random joints 12
H Four or more joint sets, random heavily jointed “sugar cube”, etc 15
J Crushed rock, earth like 20

Note: i) For tunnel intersections, use 3 x J

i) For portals, use 2x J_
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Table7: Joint Roughness Number (Jr) Values

3 Joint Roughness Number J,
a) Rock-wall contact, and
b) Rock-wall contact before 10 cm of shear movement
A | Discontinuous joints 4
B | Rough or irregular, undulating &)
C | Smooth, undulating 2
D | Slickensided, undulating 1.5
E | Rough, irregular, planar 1.5
F | Smooth, planar 1
G | Slickensided, planar 0.5
Note: i) Description refers to small scale features and intermediate scale features, in that order
¢) No rock-wall contact when sheared
H | Zone containing clay minerals thick enough to prevent rock-wall contact when sheared 1
Note: ii) Add 1 if the mean spacing of the relevant joint sef is greater than 3 m (dependent on the size
of the underground opening)
iy J, = 0.5 can be used for planar slickensided joints having lineations, provided the lineations are oriented
in the estimated sliding direction
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Figure18: Joint Roughness and Rewall contact

28




Table8: Joint alteration number (Jayalues

noticeable decay. Causes outwash of material and perhaps cave in

. . @
4 Joint Alteration Number r J
approx. a
a) Rock-wall confact (no minerdl fillings, only coafings)
A Tightly healed, hard, non-softening, impermeable filling, 0.75
i.e., quariz or epidote, )
B | Unaltered joint walls, surface staining only. 25-35° 1
Slightly altered joint walls. Mon-softening mineral coatings; sandy particles, u
C L 25-30 2
clay-free disintegrated rock, etc.
Silty or sandy clay coatings, small clay fraction .
v (non-soffening). AR E
Softening or low friction clay mineral coatings. i.e.. kaclinite or mica.
E | Also chiorite, talc gypsum, graphite, etc., and small quantities of swelling 8-16° 4
clays.
b) Rock-wall contact befare 10 cm shear (thin minerdl fillings)
F | Sandy pariicles, clay-free disintegrated rock, etc. 25-30° 4
G Strongly over-consolidated, non-softening, clay mineral 16-24° 6
filings (continuous, but <5mm thickness).
H Medium or low over-consclidation, softening, clay mineral filings (continuous, 12-16° 8
but <5mm thickness).
Swelling-clay filings. i.e.. montmorillonite (confinuous. but <5mm thickness). -
J . : . &12 812
Value of J, depends on percent of swelling clay-size particles.
¢) No rock-wall contfact when sheared (thick mineral fillings)
K Zones or bands of disinfegrated or crushed rock. 16-24° 6
Strongly over-consclidated.
Zones or bands of clay, disintegrated or crushed rock. .
L . s . . 12-16 8
Medium or low over-consclidation or softening fillings.
M Zones or bands of clay, disintegrated or crushed rock. 6120 812
Swelling clay. J, depends on percent of swelling clay-size particles.
N Thick continuous zones or bands of clay. 12-16° 10
Strongly over-consolidated.
o Thick, continuous zones or bands of clay. 12-16° 13
Medium fo low over-consclidation.
Thick, confinuous zones or bands with clay. Swelling clay. -
P : ; . 612 13-20
J, depends on percent of swelling clay-size particles.
Table9: Joint water Reduction factor (Jwyalues
Joint Water Reduction Factor J,
A | Dry excavations or minor inflow ( humid or a few drips) 1.0
Medium inflow, occasional outwash of joint filings (many drips/“rain™) 0.66
C | Jetinflow or high pressure in competent rock with unfilled joints 0.5
D | Large inflow or high pressure, considerable outwash of joint fillings 0.33
Exceptionally high inflow or water pressure decaying with fime.
: . 0.2-0.1
Causes outwash of material and perhaps cave in
Exceptionally high inflow or water pressure continuing without 0.1-005

Note:

i) Factors C to F are crude estimates. Increase J,, if the rock is drained
or grouting is carried out

iy Special problems caused by ice formation are not considered
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TablelQ: Stress Reduction Fact(BRF)- values

& Stress Reduction Factor SRF
a) Weak zones intersecting the underground opening which may cause loosening of rock mass
Multiple occurrences of weak zones within a shor section containing clay or chemicaly
A | disintegrated, very locse surrounding rock (any depth), or long sections with incompetent 10
(weak) rock (any depth). For sgueezing see 6L and &M
B Multiple shear zones within a short section in competent clay-free rock with loose 75
surrounding rock (any depth) ’
C | Single weak zones with or without clay or chemical disintegrated rock (depth < 50m) 5
D | Loose, open joints, heavily jointed or "sugar cube”, etc. (any depth) 5
E | Single weak zones with or without clay or chemical disintegrated rock (depth = 50m) 25
MNota: ) Reduce these valuses of SRF by 25-50% if the weak zones only influence but do not
intersact the underground opening
b) Competent mainly massive rock, stress problems o.lo, | o.f5, SRF
F | Low siress, near surface, open joints =200 <0.01 2.5
G | Medium stress, favourable stress condition 200-10 | 0.01-0.3 1
High stress, very tight structure. Usually favourable to stability. 0.52
H | May also be unfavourable to stability dependent on the orentation of -5 | 0,304
stresses compared to jointing/weakness planes™ 25"
J | Moderate spalling and/or slabbing after » 1 hour in massive rock 53 (05065 550
K | Spalling or rock burst after a few minuies in massive rock 32 0.65-1 | 50-200
L | Heavy rock burst and immediate dynamic deformation in massive rock <2 »1 200-400

Mote: iy For strongly anisotropic virgin stress field (f measured):. when 5 £ o, /o, £ 10, reduce o_ to 0.75 .
When g, /o, = 10 reduce o, fo 0.5 0. where oc = unconfined comprassion strengih, o, and o, are
the major and minor principal stresses, and of = maximum tangential sfress (estimated from elastic
thaon)

iy When the depth of the crown below the surface is less than the span; suggest SRF increase
from 2.5 to 5 for such casas (saa F)

€) Squeezing rock: plastic deformation inincompetent rock under the influence of . /o SRF
high pressure e
M | Mild squeezing rock pressure 1-5 510
M | Heavy squeezing rock pressure »5 10-20

MNote: i) Detarmnination of squeezing rock conditions must be made according to relevant literaturs (l.e. Singh
at al, 1992 and Bhasin and Grimstad, 1996)

d) sweling rock: chemicd swelling activity depending on the presence of water SF
< | Mild swelling rock pressure 510
P | Heavy swelling rock pressure 10-:15

3.1.4.1 Limitations and requirements for use of the Q system

The Q system is no stranger to criticism as its application has been challenged by several
scholars and practitioners. Palmstrom and Broch (2006) advocated thatthe Q-s y st em doesnd:
work best in extremely poor and good rock and refined the usage of Q in support

recommendations to the region shown in Figure19.
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The area where the Q-system works best
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5) Fibre reinforced shotcrete and bolting, 5 - 9 cm 9) Cast concrete lining

Figure19: Zone in which Q works well in support estimation (unshaded), outside the unshaded zone

other methods and rationale should be applied (after Palmstrom2&04l)

Stacey (2001) highlighted that theQ system does not take into account the orientation of joints
but takes the movement potential of blocks as more important, rendering the system
inapplicable and not relevant for situations where joint orientation plays an important role in
block stability . Like other rock mass rating systems, the Q system is dependent on the
experience of the user. It is important to note that the method is suitable for assessing rock
mass conditions, stability of openings and the selection of ground support requirements
provided the appropriate values are used for the stress and geotechnical parameters. This
method is good for feasibility studies in which there is very little to limited information
available. This review is critical as it provided the author with a guiding framework in the use

of this system in this research.

Several modifications for different applications have been made to the RMC systems leading

to a wide spectrum of applications and several successful applications of RMC in excavation

and support design. However, a school of thought by Pells and Bertuzzi( 2008) says
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design should be done by methods of applied mechanics, like any other structural design.
Classification systems are good for communication and in many cases good for producing
correlations in particular geological environments. However, on the basis of experience set
out in this paper they should NOT be used as the primary tool for the design of primary

support.é

The Q system has been no exception to this type of criticism. Peckand Lee (2007, after

studying support in 15 Australian mines, came to the conclusion that 6t here i s no s
relationship between Q a s, théyaisputedshe eapabiitydof suppor
the empirical charts from the Q charts in recommending support for mining purposes.

Palmstrom and Broch (2006) stated that, though several design charts based on RMC exist

these should never be used to replace proper design procedures.

3.1.5 Rock Mass Rating (RMR) system (Geomechanics classification)

Bieniawski (1973) decided on 5 parameters that influenced rock mass strength and estimated
their importance which he referred to as ratings. The system was later modified from case
histories. As the number of case histories increased the system evolved with time. The
classification in this system is obtained by determining ratings for each parameter and
summing up the ratings of the 5 parameters and adjusting the result for joint orientation.
However, some scholars prefer referring to the summing up of 6 parameters. This is

immaterial but an issue of preference. The parameters are namely:

a. Rock mass strength (UCS)

b. Rock Quality Designation

c. Joint spacing

d. Joint roughness and separation

e. Ground water

f. Orientation adjustment

The values of RMR range from 0 to 100. Themethod of classification involves the subdivision
of the area to be rated into zones of similar structural features or based on changes in rock
type. According to Hoek (2006), the limits/boundaries of these zones are usually marked by
a structure such asa fault or dyke, or by a change in lithology. In some instances, a change in

fracture frequency or rock mass characteristics within the same rock unit, may necessitate
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splitting the rock mass into smaller zones. This classification system does not consider the

stresses present in the rock massTable 11 gives the parameters and their ratings.

Tablell Rock Mass Rating (RMR) system after Bieniawski, 1989)

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS

PARAMETER Range of values /I ratings
—y For this low range
Strength Paintlozd strength | - 5 oMpa | 4-10MPa | 2-4MPa 1-2MPa  uniaxial compr. strength
of intact :index is preferred
1 [rock Uniaxial com- 5-25/1-5| <1
material pressive strength > 250 MPa 100 - 250 MPa | 50 - 100 MPa 25 - 50 MPa MPa | MPa | MPa
RATING 15 12 7 4 2 1 1]
2 Drill core quality RQD 90 - 100% 76 - 90% 50 -75% 25-50% <25%
RATING 20 17 13 8 5
3 Spacing of discontinuities >2m 06-2m 200 - 600 mm 60 - 200 mm <60 mm
RATING 20 15 10 8 5
Length, persistence <1m 1-3m 3-10m 10-20m >20m
Rating 6 4 2 1 0
Separation none < 0.1 mm 0.1-1mm 1-5mm >5mm
Rating 6 5 4 1 0
Condition | Roughness very rough rough slightly rough smooth slickensided
4 ‘of discon- Rating 6 5 3 1 0
tinuities . none Hard filling Soft filling
Infiling (gouge)
- <5mm >5mm <5mm >5mm
Rating 6 4 2 2 0
Weathering unweathered slightly w. moderately w. highly w. decomposed
Rating 6 5 3 1 0
Inflow per 10 m none <10 litres/min | 10 - 25 ltres/min |25 - 125 lires/min. > 125 litres /min
tunnel length
Ground
5 iwater pw /o1 0 0-0.1 0.1-02 0.2-0.5 >05
General conditions | completely dry damp wet dripping flowing
RATING 15 10 7 4 0
pw = joint water pressure; o1 = major principal stress

B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS

Very favourable i Favourable Fair Unfavourable Very unfavourable
Tunnels 0 -2 -5 -10 -12
RATINGS Foundations 0 -2 -7 -15 -25
Slopes 0 -5 -25 -50 -60
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Rating 100 - 81 80 - 61 60 - 41 40-21 <20
Class No. | I m \ vV
Description VERY GOOD GOOD FAIR POOR VERY POOR
D. MEANING OF ROCK MASS CLASSES
Class No. | Il 1] v vV
Average stand-up time 10 years for 6 months for 1 week for 10 hours for 30 minutes for
15 m span 8 m span 5m span 2.5 m span 1 m span
Cohesion of the rock mass > 400 kPa 300 - 400 kPa | 200 - 300 kPa 100 - 200 kPa < 100 kPa
Friction angle of the rock mass < 45° 35 - 45° 25 - 35° 15 - 25° <15°
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3.1.6 Correlation between RMR and NGI Q system

Palmstromand Br oc h

classification systems, often used when experience in one system is applied in the other, the conditions

(2006 ) Fordhe cofralatioa betwbea the RMR and Q

are shown irFFigure 20. Because of the rather poor correlation between the two systems the equation

RMR =9 In Q + 44 or similar should be applied with great care to avoid érrors T h e

f ol

relationships between Q and RMR have been proposed from a number of case studied by

Bieniawski (1976) and Barton (2002)

RMR=9InQ + 44
RMR =10 logioQ + 50

(Bieniawski, 1976)
(Barton, 1974)

The Q system was originally developed from civil engineering case histories but has found a

lot of applications in mining. Figure 20illustrate sthe relationship between RMR and Q and

the variability in this relationship.

Rock Mass Rating - RMR

20
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Figure20: RMR vs Q correlation showing large variability (from Bieniawski, 1984)
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317 Laubscherds Mining Rock Mass Rating ( MRMR)
Laubscher (197/) developed the MRMR system by modifying Bieniawski 8 $£1974) RMR
system. MRMR takes into account the RMR system parameters, however it combines
groundwater and joint condition parameters.
Stacey (2016) documents that the parameters for MRMR are:

A Rock material strength (UCS)

A RQD

A Joint spacing

A Joint condition and groundwater
Tables are used to determine the ratings of these parameters as shown in the table below

extracted from Stacey (2016). Table 12 gives the ratings for the parameters used.

Tablel2 Mining Rock Mass Classification (extracted from Sta@éyl 6)

Parameter Range of values
1| RQD 100-97 96-84 83-71 70-56 5544 | 43-31 30-17 164 3-0
Rating 15 14 12 10 8 6 4 2 0
= (RQD = 15/100)
2| UCS (MPa) 185 184- 164-145 | 144-125 | 124105 | 104-85 | 84-65 64-45 44-25 245 4-0
165
Rating 20 18 16 14 12 10 8 6 4 2 0
3| Joint spacing Refer Figure 7
Rating 25
4| Joint condition | Refer Table in Appendix 3
including
groundwater
Rating 40

Joint spacing ratings are obtained from Figure 21, and Appendix 2 is used to obtain a rating
for joint condition including groundwater, as a proportion of maximum ratings 25 and 40

respectively.

The adjustments for joint conditions and gro und water parameter are cumulative. An MRMR
rating is obtained by summing the ratings. The following adjustments are then applied to the
MRMR value to determine an adjusted or modified MRMR.

a) Weathering

b) Joint orientation

c) Blasting

d) Mining induced stress
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Tables applied for the adjustments are given in Appendix 2. This results in an adjusted
MRMR.

10

— == = 1 joint set

2 joint sets

— — 3 joint sets

Adjustment of total possible rating of 25

0.05 0.10 0.50 1.0 1.5 2.5 5.0 10.0
Spacing (m) -

Figure21: Determination of joint spacing rating (from Stacey, originally LaubscherQ)199

3.1.8 Rock Mass Strength (RMS)
Laubscher (1990) defined a Rock Mass Strength given by the following formula

2-35#8-2-225#Bpnn Eqgn. 6
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Where RUCS is the rating value in Table 12 corresponding with the rock UCS. Laubscher
(1990) also defined a Design Rock Mass Strength (DRMS) which is the rock mass strength in
a specific mining environment. It is obtained by applying adjustments to the RMS toconsider

the effects of weathering, joint orientation and method of excavation.

3.2 Drilling and Blasting (Stope width control)

Swart et al (2005) state that poor ground conditions are often aggravated by bad drilling and
blasting practices. This leads to excessive stope widths which are detrimental to the ore grade
produced from the stopes. Chikande and Zvarivadza (2016) indicated, in their research on the
review of support systems used in poor ground conditions in platinum room and pillar
mining, that stoping over -break is influenced mainly by poor ground conditions and the
explosives in use. Swart et al (2005) also noted that god drilling and blasting techniques could
help in stope width control narrow reefs, thereby reducing ore dilution and the associated
hoisting and processing costs. However, in a production setup these facts are normally down -
played, and poor ground is used to explain any dilution and loss of production. Hence the
need to have a way to quantify the impact poor ground causes as well as to validate the
explanations for failing to achieve the desired stope width. This research seeks to fill in this
gap by provid ing the platinum mines on the Great dyke with a basis to challenge current

underperformance explanations and drive productivity.

3.3 Ore dilution

Scoble and Moss (1994) state that the characteristics of the principal forms of dilution, both
planned and unplan ned, are controlled by quality factors relating to exploration, mine design
and stoping practice. Jordan (2003) defines ore dilution as a complicated issue and a function
of the orebodyds di mensi ons an dip andstopingwelth o
Dilution in Jordan (2003) is presented as a major factor that links directly to the profitability
and viability of any mining operation, i.e. the greater the dilution , the lower the mineral
content per mined tonnage output. This results in less revenue per mined tonnage output,
hence the impact on mine viability. By alluding to the fact that failure to mine to the correct
stope width results in dilution, one accepts that there is need to understand the causes of

dilution and to be able to quantify their i mpacts.
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According to the Anglo Platinum Unki Mine Design Criteria (2005), unplanned dilution is
overbreak in excess of the planned overbreak acc
oVarious factors influence the magnitude of the unplanned dilution, such as
0 Rolling ree®rolling reefs with a high amplitude and shavawve length will tend to have higher
unplanned over break. Production sections were planned at a bearing 5 degrees above strike to

minimize possible down dip development when rolling reefasusttered.

0 Geotechnical conditioréspoor rock mass quality conditions generally result in higher levels of
hanging wall or footwall sloughing (increased dilution)
0 Stoping widthd in conjunction with the drilling method the stope width can influence the

amount of dilution
0 Dirill steel lengthd generally increased drill steel length results in increased dilation
No unplanned dilution was allowed for in addition to the inefficiencies in each production section ramp

up over 2 yeargUnki Mine Design Criteria, 2005)

It is in line with the spirit of the last statement above that this research is being conducted as

no unplanned dilution was provided for in devel
business case was built with a broken ore grade of 3.82 grams per énne yet the mine is

operating nowhere near this value (at 3.46 grams per tonne). Figure 22 summarises ore

dilution classification as detailed by Ercikdi et al (2003) in which dilution is either internal or

external, with the internal dilution being planned or geological and external dilution is

unplanned. The current research focuses on externhdilution emanating from failures to

comply with the designed mining cut.
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MINE DILUTION

_____________________ .
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MINING METHODS MINING METHODS DELINEATION

Figure22: Classification of dilution (Ercikdét al 2003)

Ercikdi et al (2003) state thatd Ge ot ec hni c al
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rock mass to the excavation process and are a key component of the mine design optimization process

required to achi
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3.4 Pillar design stability/Integrity

Salamon and Munro (1967),from thorough back analysis of in situ data, came up with a design
formula for coal pillars in South Africa. However, very little back analysis has been done for
hard rock pillars. By analysing competent rib pillars in uranium mines, Hedley and Grant
(1972) developed the powe formula constants (Pillar strength = Kw £-5h 0.75where K=0.33 x
UCS, we=4*Area/Perimeter (Wagner, 1974), h=height of pillar) used in hard rock pillar
designs, based on the original work by Salamon and Munro (1967). Joughin and Swart (2000)
and Wesseloo and Swart (2000) agree in their conclusions that, due to lack of anything better
to apply in the designing of stable pillars, ro ck engineers apply the constants derived by
Hedley and Grant (1972) in geotechnical environments different from the one in which they

were derived. However, Stacey and Page (1986) suggested that the K value in this formula

should be the Design Rock Mass $ r engt h
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Rock Mass Rating (MRMR) system. All redesigns at Unki mine utilises this approach in order

to incorporate rock mass quality in the design process.

Pillar strength and integrity are usually measured in the form of safety factor. Sofianos et al
(2013) defined safety factor as the structural capacity of a system beyond the expected actual
loads i.e. how much stronger a system needs, to be for the expected load. It is measured as the
ratio of capacity of the system versus the demand. The design of stable pillar systems in
shallow narrow reef hard rock mines is dictated by the existence of large tensile stresses in the
hanging wall and geological weaknesses in the hanging wall rock mass (Ozbay et al, 1995).
The safety factor for pillars is given by the ratio of the pillar strength (described earlier in this
section) to the average pillar stress R g h 4e][where R=rock density, g=acceleration due to
gravity, h=depth below surface and e =extraction) as defined in Swart et al (2005). The pillars
in shallow, narrow reef hard -rock tabular mines are designed not to yield or fail, with a safety
factor of not less than 1.6 a figure adopted from coal rock engineering according to Ryder and

Ozbay (1990).

According to M ortazavi et al (2009), a pillar fails in a process that has been demonstrated by
many researchers The failure follows phases given below.

0 aPijllar is in virgin conditions.

b) Stresses rise at pillar sidewalls with stress at the core relatimelyanged.

c) Pillar sidewalls fracture and fail and stresses in pillar core start increasing.

d) Sidewall fracture zones grow larger and pillar core approaches yield conditions

e) The fracture zones convergence

ff Ground around failed pillar destressesao

(Extracted from Mortazavi et al, 2009)

Ozbay, Salamon and Lee (2001) summarise the failure of a pillar as mainly governed by
confinement of pillar core, the strength of pillar rock mass, the mechanical behaviour of the
pillar -host rock and the pillar end conditions. Mortazavi et al (2009), after simulating different
wi/h ratios of pillars in the lab and conducting analysis of failures of pillars through numerical
modelling, came to the conclusion that pillar w/h ratio is an important factor influencing
pill ar behaviour since pillar shape governs pillar stiffness and strength properties. In the light
of this work it is important that the w/h ratio of pillars showing signs of instability (scaling

or stress fracturing) be examined, as well as the associated rok mass quality they were

40



developed in. This will enable the impact of rock mass quality, to be estimated from the
rehabilitation costs, if the pillars were developed in a poor rock mass. If the pillars were
developed in good rock mass quality or better, th e factors affecting the strength of the pillars

will need to be investigated and the rehabilitation costs be allocated to those factors.

3.5 Geotechnical and Business Risk

In order to appreciate risk, it is important to define basic terms used in risk managem ent.

Brown (2012) quotes the definitions from Standards Australia (2009). All the definitions of risk

guoted in this research report are as quoted by Brown (2012). Standards Australia (2009)

defines:

Risk a sthedeffect of uncertainty on objectives

Risk sourceasano el ement which alone or in combi.nation F
Hazardasba source of potenti al har mé

Level ofrisk aso magni tude of a risk or combination of r

of consequencesanchei r | i kel i hoodé¢

Eventasanbooccurrence or change of a particular set
Consequence ofaneventastheb out come of an event affecting ob

Likelihood i s tharee tidat something will happen
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Figure23: Risk Management Process (Standards Australia, 2009)

According to Brown (2012), the risk identification, risk analysis and risk evaluation steps are

together known as risk assessment as illustrated in Figure 23. In the process of risk
management in a mining research, Steffen (2002) is of the opinion that themajor risks are

related to understanding the geology in respect of mineralogical, structural, rock mass quality

and rock mass performance. A the thesigl withirg thetfioanci@lt e f f e n
community is that greater rewards are possible whehigher risk is tolerated, which therefore

establishes the risk/reward relationship. A formal definition of risk followed is the following: Risk = {P
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(event) x (Consequences of the event)}. In the case of mining enterprises, the consequences could be
sakty of personnel, financial or company image. This definition forms the cornerstone on which mining
related risks are evaluated quantitativelp Fal | of ¢ rasseciated geotechmicalsiskf et y
attributable to the existence of poor rock mass quality, hence a contributing factor to business

risk. Based on Steffends (2002) definition,
guantitatively. Risk can also be subjective or objective with the objective, risk being definitive

and the subjective risk being open ended (Palisade, 2016)

Collan (2011) concludes that key uncertainties of mining researches in the literature are
identified as price and orebody uncertainty, both of which should be included in a proper

investment analysis. Orebody uncertainty in cludes geotechnical risk, which incorporates poor
rock mass conditions, giving rise to the need for a process of assessing, quantifying and
ascribing relevant financial values to its impacts. Steffen (2002) concludes that future price
remains a major uncertainty and a risk factor, as there is very little that can be done to control
it. The author of this document believes that the long -term impacts of operational encountered
geotechnical risk is often down-played as management usually does not have financids to

visualise the impact of this risk to the business.
During the mining process, in short term planning it is important to ensure that the plan is

underpinned by a concise risk assessment for it to be a robust plan. Failure to adhere to such

a processleads to surprises that often culminate in non-achievement of the plan.
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4 METHODOLOGY

This research involves the investigation and quantification of the effects of rock mass quality
on stope width control and pillar stability. The process adopted involves, a review of available
and applicable literature as discussed in the previous chapter, the collection of stope width
and rock mass quality data to establish the distribution rock mass quality, validation of the

data, manipulation and processing of the data to provide information to aid decision making .

4.1 Selection of study zone

The selectbn of the teams and mining areas included in this re searchwas designed to allow
comparison of efficiencies and value loss/gain whilst operating in poor rock mass and good
guality rock mass. Stope width control was used as the value control lever since itis directly
related to the extracted ore grade (value) as discussed is chapter 1. The focus in this choice
was to establish the impact of rock mass quality, quantify the related value at risk , mitigate

the risk and create cost savingsin the process

4 teams were selected andincluded in this study. The periods chosen for the analysis were
Q1-Q2 of 2016 in which Team 1 and Team 2 were achieving similar stoping heights, and Team
3 and Team 4 were also achievingsimilar stope widths but better than Team 1 and Team 2.
However, Team 1 and Team 3 in Q1 were working in what is regarded as fair ground
according to Bieniawski (1989), but considered relatively poor rock mass at Unki. This area is
characterized by low angle shears and low angle N-S trending joints as 4. The areas are located
in the upper sections of the mine. Team 1 was mining in the southern section of the mine while
Team 3 was mining in the North Section. In the second quarter of the year, Team 3 was moved
to the lower part of the mine (good quality rock mass) to allow for redevelopment of the upper
north section (in poor rock mass) after intersecting bifurcating low angle shears. SeeFigure 24

and Figure 25for these locations.

Teams 2 and 4 were working in the lower sections where the ground is considered to be in the
good to very good category as per the correlations of rock mass quality and RMR laid out by
Bieniawski (1989). However, Team 1 and Team Avorking in different rock mass quality failed

to meet the requisite stope width. The challenges were ascribed to poor rock mass quality
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prompting for this investigation , to quantify the actual value loss related to rock mass quality

and mitigate against the loss of value i.e. geneate savings for the company.

This led to a point where dimensional blasting was made top priority and answers to the
following questions were being sought:

a. Why was the performance of Team 1 andTeam 2 with respect to stope width similar
while operati ng in different rock mass quality areas? What was the contribution of
rock mass quality to the poor achievements by these two tems?

b. What value was the company losing due to the geotechnical risk of rock mass quality
that could be mitigated , if any?

c. What measures could be put in place to correct the situation and realise value?

A 100-day programme on dimensional blasting improvement which formed part of this

research was launched and spearheaded by the author of this research.Figure 24Error!
Reference source not found. shows the rock mass quality plot for the south section and the
team deployment for Team 1, Team 3 (Q2-Q4 only) and Team 4. Figure 25 shows the rock
mass quality contours for the North section and the areas where team 2 and 3(Q1 only) were

working during the period of this research.
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Figure 24: Rock mass quality (RMBontour) plot showing Q4 deployment or Team 1, Team 3
(Q2-Q4 only) and Team 4
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Figure25: Rock mass quality (RMR89 contour) plot showing deployment or Team Peami3 (Q1
only)

4.2 General mine layout

As discussed in chapter 2 the standard mine layout comprises of pillar s measuring 5 m on dip
and 6 m on strike. The bords are designed at 12m spanand a budget stope width of 204 cm.
Strict adherence of mining to correct dimensions for both pillars and stope width are key to
the achievement of the value related team efficiencies. As mining progresses with depth larger
pillars are introduced for regional stability spaced at 96 m apart. The achievement of the
design dimensions can be hampered by the existence ofpoor rock mass quality. This impact
needs to be understood and quantified in monetary terms for sound decision making by
management in the business planning process.The data collected for stope width and rock
mass quality was aimed at understanding the value that can be created by putting measures

to mitigate against this risk.

4.3 Data Collection and manipulation

The collected data, in the form of rock mass rating, stope widths per blast, support quantities
for pillar rehabilitation , costs of support materials and production data, was collated into
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Excel spreadsheets. For each set of data on a monthly basis an average and a standard
deviation were computed. New data and the data in the existing mine databases were
considered to come up with the areas and zanes in which this research was carried out. The
following databases were used:

a. Bieniawski RMR g data

b. Stope width data

c. Team production figures

4.3.1 Rock mass quality data
The modal rock mass quality parameters were determined per each bord worked based
on the collected data for the period of the researchproject. Table 13 details the rock mass
guality in terms of RMRg and Q rating based on the modal values of the data collected.

More data is available in Appendix 3.

a7



Tablel3: Rock mass quality of the bords mined based modal ratings

. . Qorrection
Section | Bord RQD Rock S)aqng ‘bl.n.t Groundwater | Initial RMR factor Fnal RMR Q
rating | strength | rating | condition . .
(orientation)
INB2 17 12 15 25 15 84 -10 74 28,0
1NB3 13 12 15 10 15 65 -12 53 2,7
1INB3A 17 12 10 20 15 74 -10 64 9,2
N INB4 13 12 15 10 15 65 2 63 8,3
1INB5 17 12 15 20 15 79 -10 69 16,1
1NB6 17 12 15 20 15 79 -10 69 16,1
1NB6A 17 12 8 20 15 72 -12 60 5,9
INS 13 12 10 10 15 60 -5 55 3,4
o5 2SB1 20 12 10 10 15 67 -12 55 3,4
2SB5 20 12 10 20 15 77 -12 65 10,3
3SB1 20 12 15 10 15 72 5 67 12,9
3383 20 12 15 10 15 72 -12 60 5,9
3S |3sB4 20 12 15 10 15 72 5 67 12,9
3385 20 12 15 20 15 82 -12 70 18,0
3SS 20 12 15 20 15 82 -12 70 18,0
6NB2 17 12 10 20 15 74 -10 64 9,2
6NB3 17 12 15 25 15 84 -10 74 28,0
6N  |6NB4 17 12 15 20 15 79 -10 69 16,1
6NB6 17 12 15 20 15 79 -10 69 16,1
6NS 17 12 15 20 15 79 5 74 28,0
6SB1 20 12 15 20 15 82 5 77 39,1
6S |6SB3 20 12 15 20 15 82 -5 77 39,1
6SB6 20 12 15 20 15 82 -5 77 39,1
7NB2 17 12 15 20 15 79 -2 77 39,1
7NB3 17 12 15 20 15 79 5 74 28,0
7N |7NB4 17 12 15 20 15 79 -10 69 16,1
7NB5 20 12 10 15 15 72 5 67 12,9
7NS 20 12 15 25 15 87 5 82 68,2
7SB1 20 12 10 20 15 77 5 72 22,4
7982 20 12 15 20 15 82 -10 72 22,4
783 20 12 15 20 15 82 0 82 68,2
7S |7sB4 20 12 15 20 15 82 5 77 39,1
7SB4 17 12 15 20 15 79 0 79 48,9
73B5 20 12 20 20 15 87 0 87 118,8
75B6 13 12 10 10 15 60 -10 50 19

4.3.2 Stope width data
The stope widths data was collected in the areas mined by the selected teams and the
results were later used to calculate pillar width to height (w/h) ratio and the grades of
ore extracted. The stope width data was collected on daily blasts and the averagemonthly

stope width data is reported in Table 14
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Tablel4: Average monthly actual stoping width

Average Monthly Stoping widths (cm)

Team 1 Team 2 Team 3 Team 4
Jan 208 209 213 203
Feb 213 207 216 203
Mar 213 213 212 203
Apr 212 210 204 206
May 208 211 203 206
Jun 210 202 200 201
Jul 209 201 201 201
Aug 203 209 204 204
Sep 205 209 201 203
Oct 209 208 205 202
Nov 203 207 206 205
Dec 204 203 206 204

The daily stope width measurements used for statistical analysis have not beenincluded
in this report as they are voluminous . Only the resultant analysis graphs are included in
section 4.3.3 and chapter 5. ®pe width data was also used to check whether the failing
pillars were m ined according to design or not by calculating w/h ratio and safety factor
for the pillars. Almost all the scaling pillars had safety factor above 1.6 which is the
minimum defined in the design criteria for the mine. Table 14, Table 15, Table 16 and Table
17 in section 4.2.3abulate the scaling pillars per each team andthe resultant safety factor

and w/h ratio. The same information was also collected for the stable pillars.

4.3.3 Impact of rock mass quality on pillars
In order to study the impact of the poor rock mass quality on pillars, the pillars left in situ
in the same period were assessed over a period of 1 year. The following data was collected
for the pillars mined in that period.
a. Number of pillars scaling, rehabilitated or pillars showing stress fracturing
b. The reasons for the pillar damaged or scaling were recorded.

c. Pillar safety factor and w/h ratio was calculated for all thesepillars.
Table 15, Table 16, Table 17 and Table 18 contain the data collected on the scaling pillars

per each team and the calculated safety factor and width to height ratios. More data is

presented in Appendix 4 including the calculations of the cost implications.
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Tablel5: Safety factor and w/h ratio for scaling pillars in area worked by Team 1

Actual Rillar (my) Safety Factor W:Hratio Perimeter
41 2,0 31 239
33 19 24 22,7
31 19 3,2 225
76 22 2,6 36,8
53 21 3,6 28,1
89 22 2,6 40,2
63 2,0 2,3 34,0
Team 1 57 2,0 25 31,4
125 25 35 55,2
31 18 2,2 21,9
37 19 23 234
33 18 23 235
27 17 21 20,3
48 2,0 38 26,8
40 19 21 25,6

Tablel6: Safety factor and w/h ratio fecaling pillars in area worked by Team 2

Actual Pillar (my | Safety Factor W:Hratio Perimeter
30 1,9 2,1 20,9
27 1,8 2,0 194
31 19 2,2 22,4
38 2,0 3,5 24,2
38 2,0 2,5 23,3
32 2,0 2,5 21,4
33 2,0 2,5 22,7
Team 2 28 19 2,2 20,3
32 2,0 2,7 22,1
28 19 2,1 20,6
23 1,8 2,2 18,0
28 19 2,1 20,6
32 1,9 2,9 22,0
49 2,1 2,5 26,8
33 1,9 2,1 24,0
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Tablel7: Safety factor and w/h ratio for scaling pillars in area worked by Team 3

Actual Pillar (my | Safety Factor W:Hratio Perimeter
66 3,5 2,2 35,1
38 3,3 2,6 23,1
68 3,3 1,7 46,7
27 3,0 2,1 19,7
52 3,6 3,1 27,5
37 3,2 2,2 23,0
Team 3 24 2,8 1,7 18,7
39 3,2 2,5 24,1
23 2,8 1,7 18,2
18 2,7 1,6 16,9
47 29 1,3 20,5
36 3,2 2,3 23,0
42 2,8 1,2 20,4

Tablel8: Safety factor and w/h ratio for scaling pillars in area worked bynT4

Actual Pillar (my | Safety Factor W:Hratio Perimeter
49 1,7 2,8 26,0
34 1,6 2,3 234
132 2,1 3,6 49,0
31 1,6 2,4 23,0
67 1,9 34 33,0
93 2,0 3,5 37,8
Team 4 41 1,6 2,3 27,0
28 15 2,5 19,9
109 2,0 3,2 47,3
118 2,0 3,0 53,0
75 1,7 2,1 42,3
98 1,9 2,8 49,0
30 15 2,3 21,1

4.4 Ground Support

An evaluation was conducted on the support applied to the areas associated with poor ground
conditions, in a bid to optimize the support installation process to improve efficiencies. This
evaluation also tested if automation of the installation of support would improve the viability

of mining the areas that are associated with known poor rock mass quality. Often this requires
the installation of longer tendons (cable anchors) using the conventional/manual methods,

automation of which could prove efficient b ut normally comes with increased cost per unit.
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In this research, the support installation optimisations replaced the AMS barrel cable anchors
which require manual installation with Flexibolts that can be installed mechanically using a
bolter. A financial evaluation was conducted (detailed in Section 5.6.4)to assess the benefits
of the introduction of mechanically installed Flexibolts to the system and the impact on the

mining cycle.

4.5 Impact on ore grade (value)

The impacts of rock mass quality and malpractices was on grade was calculated from the
achieved ore grades against the budget ore grades. The variance in grade was converted to a
loss in 4E (sum of platinum, palladium, rhodium and gold) ounces and the corresponding
revenue loss. After the implementation of the mitigation measures the same calculations were
carried out to look at the savings generated from the research initiative. Refer to Section 5.6.4

for the profitability assessment on the introduction of Flexibolts.
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5 RESULTS AND ANALYSIS

The data collected was subjected to different analysistechniques and software. All contouring

of rock mass rating data was carried out using Surfer 32. The rock mass rating and stope width
control data was analysed using Palisade @Risk software by generahg Excel models and
applying Monte Carlo simulation to simulate the outcomes. The next section describes the

process of data analysis and decision making applied using the @Risk software.

5.1 Palisade @Risk software

Palisade Corporation developed @Risk ®ftware which is an Excel based package that allows
analysis of business and technical situations impacted by risk. The techniques of risk analysis
have been recognized as powerful tools to help decision makers to successfully manage
situations that are subject to uncertainty. The following steps were followed to analyse the
risk using @Risk software.

a. Develop a model - the problem definition or situation definition was carried out
by developing an Excel Model.

b. Identify inputs and outputs @ inputs were classified into certain and uncertain
inputs. Possible values of the variables were specified as well as their probability
distribution functions. Important outputs to be analysed will also be identified.

c. Analysing the Model with Simulations 9 several scenarbs were run, each with the
uncertain values depending of the probability distribution functions of the
uncertain input variables, to determine the probability distribution functions of
the outputs.

d. Decision making o simulated results were analysed and engineering judgement
applied to generate informed decisions.

Solutions were then sought to mitigate the effects of rock mass quality on both stope width
and pillar stability and implemented to check effectiveness. Ground support optimisation for

the poor rock mass quality areas was also conducted and as well as a cost benefit analysis.
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5.2 Data review

5.2.1 Regression and Correlation analysis

Regression analysiswas used to evaluate the outliers which were excluded from the
collected data used in the analysis. A correlation analysis was also carried out, on the
following.

a. Rock mass quality and the stope width.

b. Pillar strength and rock mass quality.

c. Rock mass quality and pillar factor of safety.
Very low correlations could be ascertained for the majority of th e studies areas except in
the area where Team 1 operated. This suggested that there were other factors that
influenced the failures to meet the desired stope width. Investigations were carried out

to establish these factors.

5.2.2 Monte Carlo simulation
Monte Carlo simulation was applied in Palisade @Risk software to generate probability

distribution functions and simulate the outcomes. This is discussed in the next chapter.

5.3 Rock Mass Quality

5329 Bieniawski RMRsg data points were recorded for rock mass classification underground.
Each point has a corresponding NGI Rock Quality Index Q value associated with it. The mine
wide database was used to determine the mean RMRg and Q as well as the associated
standard devi ation for the mine, giving a mean RMR g of 69.5 and standard deviation of 10.7,
while the mean Q was 17.5 with a standard deviation of 18.7. Q was not considered for

contouring due to its logarithmic nature leading to wide variability.

Four teams were sdected for this research out of the 8 teams that were in production. It is
important to note and appreciate that the aim of this research was to quantify the effects of
rock mass quality on stope width control and pillar stability by ascribing monetary val ue to
the effectsand creating a basis for management to make sound decisions The selected teams
comprised of 2 teams that were poorly performing in terms of stope width control and mining

i n O poor(i@. Tgamd and Beam 2) and another 2 teams (Tea 3 and Team 4) that were
considered to be mining in good ground and achieving the lowest stope width at the time of

the research The ground conditions they were working in and their impacts on pillar failures
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and stope width achievements were evaluated and tracked for purposes of this research. This

guality was measured in terms of the RMR gq.

Team 2 and Team 4according to the data reported in the previous chapter, work ing in ground
with RMR g9 in the upper quartile ranges of >70 RMR were considered as the base casd-igure
26Error! Reference source not found.shows the frequency histogram and the normalized
graph (light blue line) shows that the data collected. Figure27 shows the frequency histogram

and the cumulative frequency polygon for the RMR values.
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Figure26: Whole mine RMR frequency distribution

The RMR values generally indicate that the mine is in fair to good ground conditions based

on Bieniawskids 1989 correlation between RMR ano
contoured to in Surfer 16 to indicate the variability of rock mass quality ac ross the whole

mined out area (Figure 28). This also allows for forward planning, as the values can be

researched into the immediate areas adjacent tothe mined out areas, leading to ease of

predictions. A visual tool that can be applied for planning purposes ( Figure28).
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5.4 RMR values analysis using Palisade @Risk software

The data collected was modelled in excel and @Risk software an add-in to Microsoft Excel
was used to analyse the risk using Monte Carlo simulation. The software showed possible
outcomes for different scenariosand gives how likely these outcomes areto occur. This add-
in finds the distribution that best fits the collected data and calculates the statistical likelihood

of occurrence. Histograms were the chosen output from @Risk for this analysis. The main
focus was placed on how the distribution of the data shows the performance of each team in

the different rock mass conditions.

The analysis is within the 90% confidence interval. Reference will always be made to P75 and
C80. As defined in the abbreviations, P75 denotes the higher quartile achievement i.e. the
lower limit to the highest values achieved 25% of the time while C80 is the upper limit to the
lowest values achieved 20% of the time Given these values one can look at assess the
achievement of the teams, consider their value addition and value loss. The preferred will be
to achieve the budget stope width and grade hence it should be achieved most of the time.
The RMR histograms indi cate show how much time the team intersected different rock mass
gualities, the SW and grade histograms provide corresponding results while working in that
rock mass. The grade achieved and the tonnage mined in that period can be converted to give
the number of ounces mined. The impact of the rock mass quality can thus be known in

monetary terms once the loss or gain in the ore quality can be computed.
This means you can judge which risks to take on and which ones to avoidfi critical insight in

t o d aupadirsain world. The histograms and distributions resulting from the processing of

the data have the features shown in Figure 29Error! Reference source not found. .
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Figure29: Explanation of the statistical distribution graphs

5.5 RMR values analysis using @Risk software

The RMR distribution histograms for Q1 to Q4 are illustrated in Figure 30to SW and grade

analysis using @Risk software
were the produced. The ground conditions in the sections were also modelled for Q1 and Q2

2016 for team 1, 2 and team 3. This indicated that team 1 operated in poorock mass for the
whole year, i.e. Q1-Q4 (Figure 30). Team 1 was mining in 2 South Bord 1 to 2 South bord 6
(2SB12SB6). The distribution of the rock mass quality was 55.3 + 4 for Q1Q2 and 54.2 + 2.9
for Q3-Q4.

Team 3 initially operated in poorer rock mass in Q1 seen in the distribution where for 20% of
the time the team operated in RMR <56.1 reaching the lowest value at 47 Figure32). The team
was then moved to a zone with good - very good quality g round conditions in Q2 -Q4 as part
of the initiatives of this research (team deployment initiative) giving the skew to the right in
the distribution graph in Figure 32. The RMR approximated an extension value minimum
distribution with mean 79.4, standard deviation 9.3 for Q1 -Q2 and triangle distribution in Q3 -
Q4. The rock mass rating distribution had mean 77.2 and standard deviation of 5.3 (Q3Q4).
In Q3-Q4 the mean was 77.2 with standard deviation of 5.3. and approximated a triangular

distribution with mean 77.7 and standard deviation of 5.2.
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Fit Comparison for Team 3 RMR- Q1-Q2 2016 (7SB1 - 75B6)
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Figure32 Team 3 Q4Q2 RMR89 distribution

Fit Comparison for Team 3 RMR- Q3-Q4 _2016 (75B1 - 75B6)
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Figure33: Team 3 Q34 RMRgs distribution

Team 2failed to achieve the desired stope width and the assumption was that probably the
team was mining in poor rock mass condition . The following histogram models show that
there were other factors affecting the performance and hence the need to establish the

challenges being faced by the team. Theeam operated in an area with mean RMR of 73.1 and
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a standard deviation of 8.3. The RMR in the areamined by team 2 in Q1-Q2 approximated a

normal distribution with mean 73.1 and a standard deviation of 8.3

Relative Freq.

Fit Comparison for Team 3 RMR- Q1-Q2_2016 (6NB1 - 7NB6)
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Figure34: Team 2 Q4Q2 RMR89 distributiont+

5.6 SW and grade analysis using @Risk software

5.6.1 Team 1 Q1-Q2 Stope width

The team managedto achieve an average stope width of 210.4cm.Team 1 mined at stope

widths above 2.15 cm for 75%o0f the time and 20% of Q1Q2 the team mined at the desired

stope width less than 202 cm. This is shown in Figure 35 by the values marked 75% and 20%

respectivel y.

Team

10s

stope

wi dt h

achi

ehv e ment

mean 210.6cm and standard deviation of 9.6 cm (the red line). Figure 36 shows the

corresponding grade for the stope widths mined within this Q1 -Q2.
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Fit Comparison for Team 1 Stope Width _Qtr1_2016-Q2_2016 4
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Figure35: Team 1 actual stope width €32 2016
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Figure36: Team 1 mining actual grade for €12 2016

5.6.2 Team 2 Q1-Q2 stope width and grade
Team 2 achieved mean stope width of 208 cm and standard deviation 14.3 cm. Its stope
widths achievement approximated lognormal distribution of mean 208.7 cm and standard

deviation of 14. 2 cm. T hmioss sintilag t® tednsl inaecnts iofeneame n t

that is 208 cm vs 210 cm for team 1. However, team 2 was operating in good ground

conditions. Figure 37 shows the histogramof t he t eamds achi evement
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Fit Comparison for Team 2 Stope Width _Qtr1_2016-Q2_2016
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Figure37: Team 2 actual SW Q@2 2016

The corresponding grade distribution for the aforementioned stope width is shown in

Figure 38. The model shows that the team averaged a grade of 3.43 g/t with a standard
deviation of 0.16 g/t. The grades approximated a normal distribution. This achievement is
against a planned grade o 3.60g/t i.e. a loss of 4.7 % in ore grade. This implies the teanlost

value by only operating above 3.54g/t for 25% of the time and below 3.30g/t for 20% of the

time.
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Figure38 Team 2 actual grade for €2 2016
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5.6.3 Team 3Q1-Q2 stope width and grade

Team 3 operated in an area characterized by dome structures, and bifurcating shears in places,
but the block size is larger, giving rise to fair to good Q and RMR ratings. In quarter 2, the
team operated in the lower sections asexplained previously. The achieved mean stope width
of 207.7cm with a standard deviation of 11.5 cm. The stope width achievement approximated
a Pear son ds Figure89 was rheart 20070m gnd 11.5 standard deviation. The P75
was 217.5 cm and C80 was 198.0 cm, implying that 25% of the time the team operated above

214.6 cm (undesired) and for 20% of the time the team operated below 196.6cnfdesired).

The grade achievement approximated a normal distribution with mean 3.49g/t and 0.12g/t

standard deviation against a budget grade of 3.65 g/t indicating a 4.4% loss in value. The P75
was 3.57 g/t and C80 was 3.49 g/t (Figure40). The P75 is almost one standard deviation from
the planned grade. The loss is attributable to Q1 when the team mined in the upper sections.
During this period, the te am achieved an average mining height of 213.5 cm and a grade of

3.48 g/t (average).

Fit Comparison for Team 3 Stope Width _Qtrl_2016-Q2 2016
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Figure39: Team 3 stope width Q@2 2016

65



Fit Comparison for  Team 3
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Figure40: Team 3 mining actual grade Q2 2016

5.6.4 Team 4 Q1-Q2 stope width and grade

Team 4 was the best performing team at the mine in the period this research focused on. They

achieved stope width of 203.4 cm and 8.5 cm standard deviaton. The teams stope width

approximated a logistic distribution with mean of 203.4 cm and standard deviation of 8.5 cm.

The teamds P75

was 208. 6

cm

and

C80

of

196.

the other 3 teams 25% of the time.Figure 41 shows the distribution of the stope widths for

team 4 in Q1-Q2.

RiskLogistic(203.4254,4.7266)
191.0 218.0

5.0%
6.7%

o
=1
&

e
=)
<

e
=3
-

e
=3
&

0.04

Relative Freq.

0.03

0.02

0.01

0.00 S .
o
L

170

Fit Comparison for Team 4 Stope Width _Qtrl_2016-Q2_2016

90.0%

5.0%

88.9%

4.4%

I
L

196.9
E 2034

20% =

Mean

B /5% = 2086

g 2 ]

Stope width (cm)

2490

W irout

Mean  203.7
StdDev 85
20%  197.0
75%  208.0
Values 182

— Logistic

Mean 2034
StdDev 8.6
20% 1969
75% 2086

Figure4l: Team 4 stope width Q1Q2 2016:
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The team achieved mean grade of 3.50 g/t and a standard deviation of 0.10 g/t. The grades
approximated a normal distribution with mean 3.50 g/t and a standard deviation of 0.10 g/t.

The histogram in Figure 42 below shows the teams achievement.

. . hd
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Figure42 Team 4 actual grade1-Q2 2016

5.7 Interventions and their results

After observations that Team 1,Team 2 and Team 3 were failing to meet the desired mining

height stope width, while mining through patches of poor rock mass (High Risk areas), a blast
pattern was developed for use in poor ground
incorporated air holes to try and post -split the perimeter of the charged faces. This saw a
significant improvement in the stope width achievements recorded in Q 3 and Q4. The stope

width performance histogramsin Figure 43, Figure 44 and Figure 45show that Team 3,Team

1 and team 4 managed to achieve stope width within range of the budget thus delivering

value after the interventions . This was significant improvement and higher value creation as

compared to the first half of the year.
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Fit Comparison for Team3 _Mining-Height_Qtr3_2016-Q1_2017
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Figure43: Team 3 Mining height Q3 2016Q1 2017
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Figure44: Team 1 mining height Q3 2016Q1 2017
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