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ABSTRACT

Due to the technological advancements, there have been a tremendous development
in the mining sector in the cavings and mine design models that allow mining method
applications to reach greater depths. The global mining challenges have been ushered
into an era where many choices are available to exploit minerals in open pit or
underground systems. The most favourable mining method amongst the available

options is the one that is safe and has highest economic returns.

The decision of using cpen pit, underground mining or both is determined by the
geometric characteristics of the minerals being mined. Open pit is often considered
easier to exploit than underground mining in terms of safety, flexibility, recovery rate,
working environment and economics. However, as the open pit continue to deepen, a
transition decision will prevail either to mine push back or sink a shaft for going
underground.

Venetia mine is a diamond producing operation, currently mining a kimberlite orebody
and in the process of transition from Open Pit (OP) to Underground (UG). Open pit
activities are planned to cease in 2021. This study aims to investigate the mining
method selection for Kimberlite Orebody 01 (K01). Previous studies conducted for the
underground mining method selection proposed the block caving mining method to
exploit KO1. The rigid assumption on the mining method presents a risk to the project.
The challenge with block caving in KO1 is the narrow orebody width with highly
discontinuous nature of contacts. The narrow width limits the caving radius to
maximum of 30m with the narrowest area in the eastern part to be 20m. However, this

put Venetia underground project in the transitional zone which it is not stable but not
caving.

Data analysis were done using Rock Mass Rating (RMR) and Modified Rock Mass
Rating (MRMR) classification systems. The results of the geotechnical analysis were
compiled into seven kimberlite facies. The calculated MRMR for Dark Volcaniclastic
Kimberlite (DVK) facie is 45 and hydraulic radius is 35m. While the MRMR for Country
Rock Brescia (CR) is 44 with hydraulic radius of 29m. The DVK facie constitute 92%
of the kimberlite facies in KO1 deposit which classified as strong and stable for caving.
The lesser material from Coherent Kimberlite (CK) and CR are weak and constitute
8% of kimberlite facie in KO1.



Expected geotechnical conditions for DVK_HARD Intact Rock Strength (IRS) which is
over 100MPa and DVK MID IRS which is between 50MPa and 100MPa have
significant impact on the mining method selection. Results of the analysis performed
in the study indicate a competent ore body which require pre-drilling for caving to
occur. Stress induced scaling and weathering are predicted in weaker lithological
domains. The results for the study shows that sub level caving mining method should
be implemented for the project and care must be taken to control dilution and mud

rush.
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1 INTRODUCTION

1.1 Chapter Overview
Block caving is defined as a ‘distinct caving method applied mostly to large, massive

ore bodies because of its inherent low cost and high production capabilities’ (Ataee-
pour et al., 2008). It is carried out by undercutting large areas of a low-grade orebody
so that it can naturally cave into the underground mine. The caved material is then
removed by collecting it at draw points so that the ore can be taken for processing. As
the ore is continually removed, the overlying material will continue to cave into the cut
until all the overlying material has caved in (Carter, 2011). Because, many of these
orebodies are located at greater depths, this continual caving is likely to cause
overlying material to subside as the entire rock mass falls into the mine opening
(Peskens, 2013).

Block caving creates drawpoints under the orebody rock mass and loading ore
creating a void into which the orebody caves. The method results in a reasonable
recovery of the orebody at a high production rate and low cost (Azadeh et al., 2010).
According to Laubscher & Page (1990), block caving is recognised being the safest,
lowest cost and highest production rate mining method available. It is regarded as the
first option when considering the mining of massive, weak, vertical orebodies such as
kimberlites (Siversten et al., 2010). Kimberlite pipes are suited for caving methods as
they tend to be massive, vertical and circular in cross section (Ataee-pour et al., 2008).
The key lies in having enough footprint to ensure that the hydraulic radius can be
achieved thus delivering continuous caving. Historically, fragmentation has not been
a problem with kimberlite.

According to Peskens (2013), sub level caving is applied to competent orebodies
which are narrow and inclined with a waste rock hanging wall that will cave. Typically,
parallel drifts close to each other are developed along the short axis of the orebody,
then long hole drilled and blasted on retreat to the rim tunnel developed in the waste
rock. The production rate is high due to the relatively simple mining cycle and large
tonnage released per blast. However, according to Carter (2011), the challenge with
the method lies in dilution management and resource recovery. Tunnel spacing,
extraction sequencing and draw control is vital to ensure an acceptable recovery. Sub



level caving method is also associated with mud rush risks when the muck pile

contains clay rich material and water ingress occurs.

Through a case study of Venetia mine, this study explores the decision process to
select an underground mining method. Venetia mine is currently in the process of
transitioning from Open Pit (OP) to Underground (UG) after the OP activities are
planned to cease in 2021.

This chapter introduces the research subject with a background of the study as well
as the problem statement. The chapter also comprises of the purpose of the study,
goals and objectives, research design, significance as well as the limitations and
delimitations of the study and an outline of the dissertation.

1.2 Background of The Study
Bitarafan & Ataei (2004) stated that Open-pit mining is the commonly used surface

mining method and is regarded to be economically preferable compared to most
underground mining methods. This is due to high recovery and production capacity.
Alpay & Yavuz (2009) stated that the underground mining method benefits are more
realised in the environmental impact since it is considered more acceptable than open-

pit mining from the environmental degradation, social perspectives and often leaves a
smaller footprint.

The open pit is mostly considered on the outcropping orebody or near surface deposit.
The exploitation of such deposit will start as open pit and continue to such depth were
the breakeven pointis minimal and returns are not realised. Fuentes & Caceres (2004}
stated in their studies that determining the accurate depth for open pit to stop is the
out most significance. The depth of transition is of critical importance since it inform
the management on the path to be taken to extend the life of the mine.

The last decade saw studies conducted on the transition from open pit to underground
mining. Bakhtavar et al., (2009) gave account on the mines with the potential to use
both open-pit and underground systems. l.e., Chuguicamata copper mine in northern
Chile, Grasberg copper-gold mine in Indonesia, Diavik diamond mine in Russia,

Kanowna Belle gold mine in Australia, Argyle diamond mine in Australia, Ekati

2



diamond mines in Canada, Meng-Yin diamond mine in China, Bingham Canyon in the
USA, Mansa Mina in Chile, Venetia in South Africa, Mount Keith and Telfer in Australia,

and Kiruna in Sweden.

Venetia Mine is thus the research ground for this study in assessing the mining method
as it transits from open pit to underground in kimberlite diamond deposit mining.
Venetia Mine is South Africa’s largest producer of diamonds, thus maintaining the
country's position as a prominent world producer (Read & Stacey, 2009).

1.3 Location and History of Venetia Mine
Siversten et al., (2010) stated that Venetia Mine is situated in the Limpopo province

inherited its name from the farm on which it is situated, while its emblem, the guardian
lion is the biblical symbol of Saint Mark, the patron saint of Venice. Venetia Mine is
situated on the farm Venetia 103MS. The farm size is 880 hectares and situated
approximately 27km south of the confluence of the Limpopo and Shashe. The mine
lies 80km west of the town of Musina and 40km north-east of the farming community
of Alldays. Venetia Mine is 700 metres above mean sea level and approximately
540km by road from Johanneshurg and as shown in Figure 1.1.

-\'

Figure 1-1: Location of Venetia Mine (Siversten et al., 2010)

Exploration for Venetia Mine began in the farm Seta as early as 1903 on the diamond
bearing gravels discovered near the Limpopo river. De Beers began a reconnaissance
programme in 1969 to locate the source of the deposits. A thorough evaluation began



the same year and full feasibility study was commissioned in 1988. Construction of the
mine began in January 1990, with full output being achieved in December 1992
(Siversten, et al., 2010). Venetia has been the flagship of De Beers Consolidated
Mines (DBCM) portfolio since achieving full production in 1992.

Two economical kimberlite pipes (K01 & K02) are currently mined in a single open-pit
operation. KO3 has been stopped from mining. The KO3 material will form part of future
opportunity studies during underground mining (Siversten et al., 2010). Venetia Mine
employs a split shell mining method. This method allows for the merging of successive
shell designs resulting in waste deferment and advancing revenue. The mining
sequence for the different split pits shown in Figure 1.2.

>
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Figure 1-2: Venetia Mine pits and pit shell line (De Beers Consolidated Mines, 2015).

The open pit operation is currently mining ore from Cut 3 and stripping waste in Cut 4
south. The current production rate is 6 million tons per annum treated, producing 5
million carats. The past feasibility studies indicated that the mine would produce at 3.3
million tonnes per year and would transit into an underground operation in 2012
(Atkinson & Shchipansky, 2008). However, challenges with increased production
rates, de-bottlenecking, and quick wins resulted in the originally defined 66 million tons
of ore being depleted in 2007. Large mining equipment and improved mining costs led
an increase in Cut size and a decision to mine Cut 4 from the OP. Currently, 80 million
tons of ore have been mined from Venetia orebodies (Siversten et al., 2010).



1.4 Resources at Venetia Mine
There are two techno-economically viable ore bodies, namely KO1and K0O2. The other

smaller satellite kimberlite pipes resources do not have enough value in the ground to
support an underground operation. The Venetia Resource Extension Project (VREP)
has confirmed resource below Cut 4 significant and could potential allow underground
to exist with approximately 100 million tons ore in the ground. The current plan for Cut
4 has a Life of Mine (LOM) until 2021. Whilst the underground operation is required to
start ramp-up in 2021 for KO2 and 2022 for KO1 respectively.

Past financial modelling during the design phase has shown that extending the OP to
Cut 5 is marginal at best and extends the LOM by seven years at most, while
developing an underground mine shows a US $1,120,174 million (United State of
America currency, exchange rate applied as per indices published on 8 September
2010) positive NPV (stand-alone project) at a hurdle rate of 12% with IRR of 15.43%
{Internal Rate of Return) and extends the LOM by at least 23 years (Siversten et al.,
2010).

The conceptual study which was completed in 2009 investigated the viability of all
possible mining methods for the Venetia ore bodies (Siversten et al., 2010). That work,
coupled with this conceptual study, has determined that caving-type mining methods
are the only techno-economically feasible methods for the Venetia resource, with
Block Caving (BC) being the preferred method for KO1 and Incline Caving (IC) for KO2
(Mthombeni, 2006). The layout of the mine is reflected in Figure 1.3.
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Figure 1-3: Mine layout (Mthombeni, 2006).

1.5 Geology
Venetia Kimberlite Cluster (VKC) were discovered in 1980, comprising of 15 known

bodies (13 pipes and two dykes) (Tait, 2007). The cluster hosts different types of
country rock comprising of biotite gneiss, quarizite, amphibolites and
metasedimentary packages.

The two pipes referred in Section 1.4 are currently being exploited and covers an area
of approximately 4km? in the Neo-archaean Proterozoic Limpopo mobile belt (Tait,
2007). The VKC kimberlites and the nearby contemporaneous River Ranch and The
Oaks kimberlites are all classified as Group | kimberlites (Seggie et al., 1999) or
archetypal kimberlite (Mitchell, 1995). The VKC pipes range from 0.1ha to 12.7ha in
size and are characterised by irregular elongated shapes, generally orientated west-
northwest. An age of 519 million years, obtained from mica separates, has been
determined for the Venetia kimberlite (Philips et al., 1999). There are other secondary
resources which the mine has, and these includes, Blue Area Tailings, Red Area
Tailings, and the Mix 03 stockpile.

Drilling operations have been conceded out to address the geotechnical and
geological uncertainties. This programme started in the 1980 and used a range of
drilling techniques. The purpose of VREP was to collect geological and geotechnical
information to make an informed decision on the options after Cut 4. VREP drilling was
completed in 2009 (Angio American Technical Division , 2008)



Geological models have been created from the data collected and mapping exercise

carried out by the mine personnel. Gemcom software was used to build kimberlite

model. Barnett (2007) completed the model for the country rock and the model divides

the geology into seven groups based on rock type (Table 1.1). Modelling of the

different kimberiite facies is addressed in a separate report (Tait, 2007).

Barneft

(2007) identified seven main rock groups: calcrete, kimberlite, dolerite, pegmatite,

Tina-Lezel zone, gneiss package, and metasedimentary package.

Table 1.1: The generalised stratigraphy column (Barnett, 2007).

Group Rock Type
Calcrete Tertiary Calcrete
Kimberlite All imb etlites

Dolerite (DOL)

Pegmatite

Tina-Lezel Shear Zone

Malaia Drift Group
- Gneiss Package
(EG)

Gumbu Group -
Metasedimentary
Package {MF)

Gumbu Groug -
Marble {MBL)

Karoo and Proterozoic mafic
intrusives

Proterozoic granitic
infrusivas.

Cross-cutting brittle-ductile
shears

Granitic grneiss, with biotite
concentrated anto foliation
planas

Amphibolite and garnet
bearing biotite schist

Biotite and garnet bearing
amphibolite

Micaceous quanzite, oftan
fuchsitic.

Sllimanite and mica
bearing, bictite-rich pslite

Magnetite-rich quarkzite

Fine-grained carbanats,
often interlayered with
metapelite

Coarse marble

1.5.1

Kimberlite Pipe K01

The kimberlite pipe hosts the diamond ore which is found in more than 15 distinct

bodies (typical pipes) across the cluster, each with variable facies, tonnages and
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grade. The only pipe for direct concern is the largest pipe, KO1 that forms the ore for
the project. The K01 kimberlite pipe is a major deposit covers approximately 12.7ha
and constitutes the largest single ore body in the VKC. The characteristics of the K01
kimberlite pipe is an irregular, elongated along its east-west axis, asymmetrical
geometry with a distinct NNE-SSW-irending elongation on the eastern pipe edge. it
is also an irregular bulge identified protruding to the north, at depth, in the North West
corner of the pipe and steep sided with walls dipping at more than (Brown et al., 2007).
Its contacts can vary from sharp to intensely brecciate and the kimberlite has been
modelled to 1000m below surface.

The most volumetrically important kimberlite facies in the K01 pipe with respect to
underground mine rock mass characterisation is the Dark Volcaniclastic Kimberlite
(DVK). The DVK has sub-facies which include Altered Volcaniclastic Kimberlite
(ADVK) (Figure 1-4). This alteration assumed to be a post depositional alteration that
increases the clay content, making more susceptible to weathering and degradation
of the rock strength. However, the clay enriched Kimberlite ADVK is not certainly
weathered when drilled, they tend to weather when exposed to moisture. Mapping
core samples and petrographic studies indicated overwhelmingly crystal population
dominated by serpentine and carbonate pseudomorphs. Brown et al., (2007) had
identified nine major lithofacies with further variations recognised within each of these.
Brown et al., (2007) identified the Massive Volcaniclastic Kimberlite (MVK) as the most
important lithofacie. The lithology is matrix-supported and crudely homogeneous
though some local variations in the distribution pyroclast crystal and xenolith content
are found. Crudely layered breccias have also been identified. These includes lithic
lapilli, blocks and boulders in a fine to coarse grained ash matrix (Brown et al., 2007).
The contacts between main pipe-fill lithofacies and breccias are generally sharp. A
matrix-rich kimberlite, red to brown, outcrops along the western pipe margins, and is
interpreted as re-sedimented extra-vent material. Siversten et al., (2010) stated that
majority of the mining for the underground operation will be in DVK, with some mining
of Coherent Kimberlite (CK), Volcaniclastic Kimberlite (VK) and Macrocystic
Kimberlites (MK). Figure 1.4 indicates different facies within the orebody K01. No
major challenges associated with the mining of DVK are anticipated.
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Figure 1-4: Northern and Southern view of the K01 orebody (Venetia Underground
Project Conceptual Study, 2007)

Tait (2007) stated that there is presence of weathered horizons within KO1 which are
likely to present a challenge when adopting any mining method due to support
requirements and fall of ground. This study analyses the challenges in selecting a
mining method in KO1. Siversten et al., (2010) allude that most of the underground
mining will be done in the DVK facies and in which it is not exposed in the open pit.

1.6 Mining Method Selection
This research is based on the selection of the mining method which will best suitable

to mine K01 kimberiite deposit. Siversten et al., (2010) stated that KO1 is a massive
and irregular in shape orebody which is likely to be a challenge with the mining method
adopted. The conceptual study assumes (Venetia Underground Project Conceptual
Study (2007)) block caving mining method as the most favourable mining method from
the financial point of view. However, the application of block caving is not entirely
supported with the existing information on the pipe footprint, ore and the country rock.
There is significant risk that the mining method might not be suitable for the application.
The assumed production, financial rate risks are mining method dependent and there
is high probability that things may change as more study emerges.



Several mining method selection tools have been developed over time. All these
methods reviewed by the researchers are associated with traditional qualitative or
guantitative ranking systems. Carter (2011) stated that, mining method is a
combination of variabhles relating to the exploitation process. Peskens (2013) describe
parameters which are necessary when selecting mining method and includes the
following:

¢ Engineering properties of the host rock and ore body;

¢ Production rate;

« Characteristics processing behaviour of ore;

¢ Geotechnical conditions including stress regime and rock mass rating strength;

¢ Economic factors including operating and capital costs combined with mineral

price forecast.

1.6.1 KO01 Kimberlite Characteristics
K01 kimberlite form part of two techno-economical crebodies which are planned to be

mined underground at Venetia Mine. lts characteristics and behaviour have been
researched by Siversten et al., (2010) and Barnett (2007). The KO1 orebody profile
covers an area of 12.7ha on land surface with vertical distance measured to be
1000mbgl (metres below ground level) (Siversten et al., 2010). It is irregular in shape,
dipping at 80° and protruding to the north at depth.

Geological mapping and core sampling studies indicated nine lithofacies dominated
by serpentine and carbon pseudomorphs after olivine. Brown et al., 2007 identified
MVK which is a major lithofacies. Most of the underground mining excavation will be
in VK, CK and MK (Siversten et al., 2010). More than 50% of kimberlite that will be

mined in KO1 orebody will have Uniaxial Compressive Strength (UCS) of more than
100MPa.

Mineralization throughout the orebody varies in grade content, with zones of high and
low values and these zones are also intermixed which makes them difficult to
separate. The indicated resources measured from 460mbgl to 756mbgl is 82 million
carats with inferred resources sitting at 43 million carats. These resources are much
significant for the success of Venetia underground project and bring the value of USD

110/t in the current present market.
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1.6.2 Block Caving Mining Method for K01
Hamrin (1998) stated that Block Caving is a technique which utilises the conjunction

of internal rock stresses to fracture rock mass into pieces that can flow by gravitational
forces and handled by the miners. Caving of the material is induced by undercutting a
rock and gravity forces millions of tons of rock to fractures and spread until the whole
block is affected (Hamrin, 1998). Figure 1.5 shows the layout of block caving as gravity
forces tons of orebody to flow down the draw points (Hamrin, 1998).
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Figure 1-5: Typical layout of Block Caving (Hamrin, 1998).

Block caving is well understood and practiced in DeBeers operations, i.e.; Finsch and
Cullinan mines (Siversten et al., 2010). The method seen as first option when
considering mining massive, weak and vertical orebodies. The challenge with the
method lies with the narrow orebody and discontinuous contacts. The other challenge
is the widths of the orebody which limits achievable caving radius.

1.7 Problem Statement
Venetia Mine, in their transition to underground mining feasibility study has selected

to use block caving in mining KO1 kimberlite deposits. Block caving is only economic
with substantial block heights due to the high capital cost of constructing the
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production section. Due to the low horizontal footprint continuity, dilution issues from
overhang and kimberlite losses in wedges; it is highly unlikely that the orebody will
cave and deliver a reasonable resource recovery. Furthermore, when using multiple
lift block caves in small orebodies, significant challenges are encountered when the
transition from one lift to the other occurs as block caves have long ramp up and ramp
down profiles. Since the lower cave will destabilise the upper cave, there will always
be a production gap between caves.

The challenge in applying block caving to K01 is due to the narrow orebody shape and
the highly discontinuous contacts. The width of the orebody limits the achievable
caving radius to a maximum of 30m with the narrowest area in the east at 20m. On
Laubscher's caving prediction chart, KO1 requires a hydraulic radius of at least 35m,
thus it requires at least a 140m by 140m square to be undercut to achieve continuous
caving (Mthombeni, 2006). However, as the orebody average 120m wide, this is a
significant challenge. KO1 thus lies in the transitional zone and is neither stable nor
caving (Mthombeni, 2006). A further challenge is that there are significant overhanging
waste areas which will cave since the waste rock has a similar Rock Mass Rating
(RMR} to the kimberlite. This will bring in early dilution. There are also significant
amounts of kimberlite in the wedge areas which will be lost as the waste from the slope
failure rushes in and cuts off the wedges. The problem is that when applying block
caving to K01 orebody mining, it is difficult to structure drawpoints and bring in

machines prompting this study to explore how to select the best caving method.

1.8 Purpose of The Research
The purpose of the research is to model the transition problem based on selecting the

mining method to maximize the profit. This is the point at which NPV is maximized for
an entire deposit by determining the spatial expanse and production quantities of both
the open pit and underground mines while adhering to the operational production and
processing constraints. Mine operators tend to delay the transition, leading to NPV
losses of up to hundreds of millions of dollars.
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This is an important decision during the life of a mine, because extraction during the
transition period from open pit to underground affects the mine for the remainder of its
operational life and creates further delay with regards to labour, machines, and
equipment selection. Yet, some mines tend to apply methodological approach based
on the previous work or similar projects done internationally or locally. It is important
that this work should be carried out to alleviate the risks faced by Venetia Mine in
selecting the mining method as they prepare to transit to the underground. The risk of
selecting a mining method that is incapable of reaching mine target may lead to a
financial loss. Eventually, this report could be used by mine planners and production
personnel to consider incorporating into their conceptual studies, business plans and

future massive mine projects.

1.2 Research Objectives
Block caving is the common underground mining method utilized in many massive

mines deposit (Carter, 2011). However, when faced with a vertical orebody sub-level
caving mining method is preferred instead of block caving (Carter, 2011). Henceforth,
this study seeks to determine the most suitable and viable method when faced with a
vertical orebody such as K01 through the following objectives:

* To determine a viable underground caving mining method for KO1 deposits.

» To establish the challenges and benefits in caving method.

» Torecommend bhest ways of exploiting KO1 deposits.

1.10 Research Design
According to Magilvy & Thomas (2011, 151-155 p.), a research design “shows the

research process in full of conceptualisation of the problem of the research, data
generation, data analysis and dissemination of results and interpretation of findings”.
The research is quantitative in nature and the detailed methodology outline is as
follows:

¢ Review literature relevant to kimberlite orebody;

» Geotechnical consideration and support review for each mining method;

* Quantify the results obtained by mining method selection tool used to select
the mining method for Yenetia Mine;

o The data for the research report is available on site. The project is a green field

done in the brown field operation;
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1.11 Outline of the Dissertation
The report is structured inio five chapters. Chapter 1 (introduction) provides the study

background, problem statement, objectives, and the research question. Chapter 2
(Literature review) presents arguments that relates to research guestion. Chapter 3
(Research methodology) highlights the method and procedure followed in collecting
primary data. Chapter 4 (Resulis) present the results and discussion. Chapter 5
(Conclusion and Recommendation) present the conclusion emanating from the study,

recommendations and future areas for further studies.
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2 LITERATURE REVIEW

21 Chapter Overview
The purpose of this chapter is to elaborate on the current learning which influence the

existing challenges with the selection of the mining method at Venetia Mine (VM). The
existing data from geotechnical and geoclogy department is used such that the K01
orebody can be extracted economical and safely. Then, literature review followed with
the assumption of having in depth knowledge of the current challenges and obtain
prerequisite knowledge to make an informed decision on the selection of the mining

method.

Jakubec et al. (2017) stated that the primary diamond deposits have been mined on
an industrial scale only within the past 150 years, mainly as open pit mines. Although
underground mining followed soon after open pits reached technical and/or economic
limits, it only gained significant recognition in the past 20 years except for Kimberley
Mines. A relatively large number of underground mining methods were tested, i.e.
block cave, sub level cave, open stoping etc. implemented, and evolved mainly in
South African mines. In the mid-1990s, Alrosa started the development of the first
underground diamond mine in Russia (Jakubec et al., 2017). Since then, underground
mining has been implemented in several of their mines including Aikhal, Mir, and
Udachny. China had also experimented with underground mining at Nhangma 701
Diamond Mine at the end of the nineties, but the largest development of underground
diamond mining was experienced in Canada (Jakubec et al., 2017). Today, out of
some 50 active diamond mines mining kimberlite, approximately 15 are underground
and another 15 have underground plans or hold the potential to go underground
(Jakubec et al., 2017).

The Koala north underground was formally opened and became North America’s first
underground diamond operation in 2002 (Jakubec et al., 2017). The Koala North pipe
has been successfully mined as mechanised open benching down to 2115 (-350m)
lLevel and proved that Sublevel Retreat (SLR) is technically feasible, and an
economically viable mining method for exploiting kimberlite pipes in the Arctic
(Jakubec et al., 2017). Since then, the Panda and Koala pipes were also mined as
underground mines after open pits were completed, and several other pipes are being
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investigated for underground mining. At the Ekati mine, three principal underground
mining methods were utilised including SLR, SLC and IC mining.

It has been noted that consistent amount of research done on selection of mining
method using common set of technical parameters for different orebodies. Nejad et al.
(2014) describe the technical risk which influences project evaluation, geological
resource model, geotechnical /hydrological model, mining method selection, and
environmental and geopolitical risk. The application of these technical risks differs by
site. Nejad et al. (2014) stated that region like Bingham Canyon has little seismic
activity risk while others are characterised by high seismicity activity risk, i.e., El
Teniente in Chile. Therefore, the selection of the mining method is limited to few
candidates, because it is based on the known physical parameters and or the rock
host. Some mines use more than one method, i.e., (Preece, 2001) stated that Finsch
Mine employed different mining method for each block, i.e., block 1 and 2 were mined
by combination of open pit and open stoping method respectively. Block 3 was
exclusively mined by open stoping. Hence block 4 was started as open stoping and
changed to block caving. Nejad et al. (2014) stated the reasons for change was
inherent risk for dolomite sidewall and internal kimberlite failures.

Venetia mine considered block cave mining method based on the assumptions and
history with De Beers’ operations, see Table 2.1 (Siversten et al., 2010). Due to the
lack of geotechnical information, an opinion was formed regarding the expected
MRMR of the Venetia kimberlite KO1 deposit at the depths of 640m (Keyser, 2005).
The MRMR value of 40 was selected and was still needed to be quantified before a
final figure would have made available. Laubscher stability graph shows a hydraulic
radius of 20m after the MRMR of 40 was plotted, see Figure 2.1 below. Figure 2.2
and 2.3 show an idealised KO1 structure at 640m and 790m below surface,
respectively. There is potential of material not able to cave towards the edge of the
orebody or radius not achieved for the material to cave. Figure 2.4 highlights the
sections to which mining method will be applied, with first open stope to be utilised at
the top section followed by block caving.

16



Table 2.1: Lesson learned from other massive mines (Herselman et al., 2009) and

(Siversten et al., 2010).

ldethod De Beers Mine External {lasson leamed)
Open Stoping Culflinan L1 &L2- Unsuccessful No
Open Benching Finsch, Cullinan and Koffiefonitein |Diavik & Ekafi- Canada
Block Caving Kimberty, Cufiinan, Finsch, No

Koffiefontein-front cave
Sub Level Caving Kimberly, Ekati- Canada
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Figure 2-1: Caveability assessment using LLaubscher's Curve (Herselman et al.,

2009).



K1 @ 640m Below Surface — 125 m Below Pit Bottomn

Figure 2-2: Level 640 below surface (Keyser, 2003).

At the depth of 640m, with the hydraulic radius of 20m block cave is most suitable

mining method and more work need to be done to establish if it will be possible to cave
through narrow section.

K1 —7390 m BelowSurface — 275 m BelowBit Bottem

Assume:
MRMR (TKBE ) =40
HR = 20

200m

Figure 2-3: Level 790 below surface (Keyser, 2005).
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At the depth of 790m, to achieve the hydraulic radius of 20m, the dimensions need to
be 50m by 200m. There is a possibility that the material may not cave and even if it
caves, it will be in the border line and may not cave properly. Then the decision was
made by the project team to mine K01 in open stope at the crown pillar and block cave
on the remainder of the ore body. Figure 2.4 illustrates sections which each mining
method will be applied in KO1 kimberlite.

Open Stope L N 516 m BS

Block Cave #1 M

ok Cveais _816mBS.

Figure 2-4: Cross section view, block cave mining method (Keyser, 2005)

The above scenarios prompt to further investigate which other mining method best
suited for KO1 orebody extraction. Often it is prudent to select the mining method that
will work based on the data available, and if successful, the method can be modified
as part of on-mine continuous improvement. The selection of incorrect mining method
can be disastrous, as it cannot be easily changed once operational. The correct mining
method can be chosen with wrong parameters applied, i.e. equipment’s sizes, height
of the panel size and draw point’s interval. Nejad et al., (2014) stated that block caving

is an inflexible mining method, once it is started, it cannot be changed.

2.2  Kimberlite (K01) Resource Description
There has been a numerous drilling campaigns initiated at Venetia Mine to address

geological and geotechnical uncertainties. The campaigns started earlier during the
start of open pit and used number of drilling technigues such as large diameter cable
tool, coring and reverse circulation, air-flush and shallow percussion drilling. The
different facies that have been modelled in KO1 are depicted on Figure 1.4. The
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classification of K01 as indicated to 750mbgl which is bench 63 and has been inferred
to 1032mbgl. The inferred resources lack the bulk sampling information for revenue
estimating. Table 2.2 illustrates the KO1 orebody characteristics.

Table 2.2: KO1 Orebody Characteristics

Kimberlite | Average Footprint | Average Orebody | Average Orebody
Density Area Length Width
2.7t/m? 64,034m? 506m 127m

2.3 Structural Model for K01 Kimberlite
Aerial photography has been carried out around Venetia Mine to investigate major

structural features. Figure 2.5 illustrate the two-dimensional model created from aerial
photograph. The results from the left identifies metamorphic fabric and major
geological features, and on the right shows all lineaments. A few holes intersected
major geological structures. Goniometer was used to perform the structural measures
from the oriented core. Photolog software was used to orient the data to true
orientation and was provided by Dr Orpen (GroundTruth Ltd), (Siversten et al.,2010).
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Figure 2-5: Aerial photograph (Barton, 1974)

Barnett (2007) stated that rock formation at Venetia Mine has gone through numerous
phases of shearing and folding. Figure 2.6 illustrates the structural model with five
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defined domains built in Gemcom (Barnett, 2007). The five domains illustrated are;
Tina-Lezel shear zone, north, south, east, and west. Barnett (2007) has described the

properties of such domains in details.

Figure 2-6: Structural domain (Barnett, 2007)

2.4 Geotechnical Considerations

2.41 Rock Mass Model
The rock mass model signifies all geotechnical properties including intact rock

strength, structural defects, and rock mass rating of the various kimberlite and country

rock domains.

2.4.2 Rock Mass Classification
Rock mass classification is a useful tool which is necessary in the design of tunnel

support and, they force the users to examine the properties of rock mass (Hoek, 1987).
Hoek, 1987 stated that the most widely used classification known is the rock mass
rating (RMR) system of Bieniawski {1989) and Q system of Barton, Lunde et al.,
(1974). Each system develops information on the following factors (Hoek, 1987) listed

below:

« Spacing;

« Surface properties and structural discontinuities;
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* Intact rock material;

e Subsurface ground water;

s in-situ stress;

¢ Orientation;

¢ [nclination of the support requirements.

Tables 2.4 to 2.9 illustrates how the RMR system is determined from the list describe

by Hoek (1987). The common rock mass classification system which are often used

in rock engineering to assist with designing underground structures are, Rock Mass
Rating (RMR), Geological Strength Index (GSI) and Rock Mass Quality (Q). Below
listed are common systems used in various operation in Table 2.3.

Table 2.3: Rock Mass Classification Systems (Cosar, 2004).

Rock Mass Classification

. Country of n—
System Originator rigini Application Areas
Rock Load Terzaghi, 1946 USA Tunnels with steel Support
Stand-up time Lauffer, 1958 Australia Tunneling
MNew Austrian Tunneling . "
Method (NATM) Pacher et al., 1964 Austria Tunneling
E!Rocc;é;luahty Designation Deere et al., 1967 USA Core logging, tunneling
R A TmiRaliTg Wickham et al., 1972 USA Tunneling
(RSR)

Bieniawski, 1673 (last T s mi .
Rock Mass Rating (RMR) modification 1989-USA) South Africa unnels, mines, (siopes,
foundations)
Modified Rock Mass Rating | - ==
(M-RMR) Una! and Ozkan, 1990 Turkey Mining
. Barton et al., 1974 (last . 3

Rock Mass Quality (Q)) modification 2002) Norway Tunnels, mines, foundations
Strength-Block size Franklin, 1975 Canada Tunneling
Basic Geotechnical Classifi- | ;opy 1981 Intenational | General
cation
Rock Mass Strength (RMS) | Stille et al., 1982 Sweden Metal mining
Unified Rock Mass
Classification System Williamson, 1984 USA General
{URCS)
Communication Weakening . : oy
Coefficient System (WCS) Singh, 1986 india Coal mining
Rock Mass Index (RMi) Palmstrom, 1996 Sweden Tunneling
Sy I HE Hoek and Brown, 1997 Canada All underground excavations

(GSh
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Table 2.4: RMR parameters and their ratings (Bieniawski, 1989).

PARAMETER RANGE OF VALUES
POINT-LOAD For this Jow range —
STEENGTE STRENGTH =10 4-10 24 1.3 UCS test is prefé:ce d
OF INTACT INDEX (MPa)
ROCK UNIAXIAL
MATERIAL | COMPRESSIVE =250 100-250 SB-100 2530 335 | 15 | A
STRENGTEH (MPa)
RATING 15 12 T 4 p H [0
DRILL CORE QUALITY RQD (%) 90-100 75-90 50-75 2530 =23
RATING 20 17 13 8 3
JOINT SPACING (m) =2 042 0.2-0.6 0.06-02 =0.06
RATING 20 15 10 N ] 5
Veryrough Shightly rough | Shightly Slicken- Saft gouge =5mm
surfaces, surfaces, Tough sided thick or Separation >
Not continuous, | Separation serfaces, surfaces or 5mm Contimuous
: Mo separation, <Imm, Separation | Gouge
IOI?ST:.E 1:21'21'%1% Unweathered Slightly <lmm, <5mm thick
? wall rock weathered Highly orF
walls weathered Separation
walls o Smm
Continuous
RATING Ji 15 10 3 5
Inflow per 10m
tunnel length None =10 10-2% 25123 =125
GROUND (I/mimste)
WATER {Jolmt water
CONDITIONS | presswme)! (Major 0 =1 0102 03405 =0.5
Principal Stress)
General conditions | Completely dry Damp Wet Dripping Flowing
RATING 15 10 7 4 0

Table 2.5: Adjustment rating for discontinuity orientations (Bieniawski, 1989).

R ATIIIS Very favoursble | Favourable Far | Unfavowsble | Very Unfavousable
e 0 B 5 10 12
RATINGS Foundations Q 2 - -5 -25
Slopes 0 -3 -23 -50
Table 2.6: RMR determined from total ratings (Bieniawski, 1889).
CLASSIFICATION CRITERIA CATEGORIES
RATING 100-81 80-61 60-41 4021 =21
CLASS NUMBER 1 i i vV v
DESCRIFTION Very good rock Good rock Fair rock Poor rock Very poar rock
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Table 2.7: RMR rock classes (Bieniawski, 1989).

CLASSIFICATION CRITERIA ¥ RANGE OF VALUES
Class mumber 1 I m v v
Average stand-up time Wy frlim | Iyemwfrl0m | lweekfiwdm | 1Cmsfor23m | ©5hrefor im

gpan £pan span span span
Cohegion for rock mass (kPa) =400 306400 200-300 160-200 <E0{
Frction angle of rock mass

=4 45 335 1525
(deg) al 35 2 =15

Table 2.8: Classification of joint conditions (Bieniawski, 1989).
JOINT FEATURE RANGE OF VALUES
Discontinuity length (persistence} <lm 1-3m 3-10m 10-20m =20m
RATING 6 4 1 1 ]
Separation (aperture) None =) lmm 01-lmm 15mm =Smm
RATING [ _5 4 1 0
Roughness Very rough Rough Shightly rough Smooth Shicken-nded
RATING & 5 3 155 0
. Hard filling Hard filling Soft filling Soft filling
Infilling (gouge) L =5mm =5Smm <5mm =Smm
RATING [] 4 2 ] G
. Slightly Moderately Highly

Wegthering Biaweathered weathered weathered weathered Decoamosed
RATING 6 5 3 1 0

Table 2.9: Properties of discontinuity on the strike and dip orientation in the RMR
system (Bieniawski, 1989).

STRIKE PERPENDICULAR TO TUNNEL AXIS STRIKE PARALLEL TO TUNNEL AXIS
Drive with dip: Dip 45-90" Drive with dip: Dip 20-45" Dip 45-90° Dip 20-45°
Very favourable Favourable Very unfavourable Fair
Drive agunst Sp: DI 43- | Drive against dip: Dip 2045° Dip 0-20° Irrespective of strike angle

Fair Unfavourable Fair

2.4.3 Rock Quality Designation Index (RQD)
RQD is the total percentage of intact core pieces longer than 100mm and with diameter

of 54.7mm (Hoek, 2007). Palmstrom (1982) stated that RQD can also be estimated
from the number of discontinuities using the following
ROD =115 — 3.3J, Equation 2-1

where Jv is a volumetric joint count and is defined as the sum of joints per unit length
(Deere et all., 1967). RQD depend on borehole direction and volumetric joint is useful

in reducing the directional dependence. Table 2.10 illustrates values of joint fracturing
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and the greater the value of RQD, the better the rock mass value. Figure 2.7 illustrates

procedure for calculation of RQD.

Table 2.10: Rock Mass Quality classification demonstrating the impact of RQD
(Deere et al., 1967)

RQD Rock Mass Quality
<25 Very poor
25-50 Poor
50-75 Fair
75-90 Good
99 - 100 Excellent
& B
L=40cm ‘ length of i 10
i
L=30¢cm | otal leng core
""""" 40+30+30+30+40
§ __________ RQD= x100=85%
< 200
L=30cm
| b=
8 | L=30cm
(%]
1} %
wd g 2
i)
ﬁ L=40cm ' L.%i

Figure 2-7: Measurement and calculation of RQD (Deere et all., 1967).

Palmstrom & Broch (2008) provide a brief account on the limitation on RQD which
includes the following factors:

+ |t considers only the extent of rock fracturing;

e |t doesn't account for rock strength;

« |t depends on line orientation to preferential orientation of discontinuities;

¢ |t cannot account for length of considered joint;

» ltis insensitive when the frequency is greater than 3m-".
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2.4.4 Rock Structure Rating (RSR)
Wickham et al. (1972) developed the RSR as a quantitative method based on the

histories of tunnels supported with the steel sets. The technique used for describing
the quality of the rock mass and selecting support for small tunnels. Hoek (2007) stated
two factors influencing the rock mass behaviour in RSR system which are geoclogical
and construction parameters. Construction parameters includes size of the tunnel,
direction of the drive, and method of excavation (Bieniawski, 1989).. Wickham et al.

(1972) developed a numerical formula to compute the RSR.
RSR=A+B+C ..ol Equation 2-2

RSR=A+B+(C
Where:
1) Parameter A, Geology: General evaluation on geological structure:
a. Rock type;
b. Rock hardness;

c. Geologic structure.

2) Parameter B, Geometry: Consequence of discontinuity to the direction of the
tunnel:
a. Joint orientation;
b. Joint spacing;

¢. Direction of the tunnel drive.

3) Parameter C, Ground water: Evaluation on joint condition:
a. Amount of water inflow;
b. Joint condition;
¢. Rock mass quality;

2.4.5 Modifications in RMR for Mining
RMR was proven based on civil engineering application (Bieniawski, 1989). and

numerous of modifications have been successful applied (Laubscher, 1981). These
modifications were done to ensure that the RMR system is relevant to the mining
industry. The modified RMR is known as Laubscher's MRMR system (Laubscher,
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1981). The modified RMR considers to cater for in situ and mining induced stresses,
stress variations and the effects of blasting and weathering. Hoek (2007) stated that
MRMR system is based on case histories in the caving operations. Therefore, the
MRMR system was used in this study to define if there will be caving in the K01
kimberlite. Figure 2.8 highlights the graphical relationship derived by Diering &
Laubscher (1987) between MRMR and the shape factor of the stope/tunnel (i.e.
hydraulic radius). The hydraulic radius is a ratio of area to perimeter of an excavation’s

face.
100 e
90 TRANSITION .
80
b
o 2
Z
= o
x
a |
12 t
0 |
) 10 20 X <0 50 a o a0
Hydraniic Radius i}
=¢=Transitlon te carlag limly ~o—~Lmibscher  —0— Lawbscher
=T yansition to stable limit 1995 1990

Figure 2-8: Laubscher's Stability Graph (Laubscher & Jakebc, 2001).

2.4.6 Rock Strength Model
The tests which were conducted for geotechnical samples includes; Brazilian tensile

strength, base friction angle of major lithology, density measurements, uniaxial
compressive strength, slake durability test, tri-axial compressive strength, and direct
shear test on joints. The statistical summary of uniaxial compressive strength of all
rock types presented in Table 2.11. Ratio of all mean standard deviation is below 25%
(SRK Consulting, 2000). Table 2.12 illustrates summary of the UCS of the country rock
type (SRK Consulting, 2000).
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Table 2.11: Summary of the UCS of country rock (SRK Consulting, 2000).

Lithology Group [Rock Type - Code Count | Min Max | AVG | STD | (STD/AVG)%
Delerite DOL 22 32.5 423 [3821] 231 &%
Shear Zone SZ 0 | 0 [ 423 [3s21] 23 6%
Biotite Gneiss - BG 89 284 40.8 3711 323 9%
Gneiss Package  |Biotite Schist - BS 83 26.3 406 13456] 4.41 13%
Amphibolite - AM 81 29.2 412 |3855] 279 7%
Average for the package| 36.74
o JQuartzite - QTZ 15 308 375 |34.88] 165 5%
Mem:::;:e:taw [Metapelite - MP 2 | 294 | 299 |2865] 035 %
9% |Metacarbonate - MC o 0 o
Average for the packagef 33.79
Marble |Marbie - MBL 10 | 19.60 | 40.8 |3500] 834 24%
o . Volcaniclastic Kimberlite - VK Q (.00 0
pamehits Dark Volcaniclastic Kimberfite - DVK g_|000] 0
MK ] 0.00 0

There is a significant variation in the western side of the pipe. The weathered horizons
signify the lower UCS values as shown in Figure 2.9 below.

__ UCS Lab results in K1 orebody T
- )
Y pa

T8 G
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!
8

L@ "\
@
L

v-;._‘_'_-‘_-k ﬁ‘&’___—"
[ 1235 00 3565 03 65105 mm105-500 mm| | ~——
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Figure 2-9: Spatial distribution for UCS for KO1 below Bench 40 {SRK Consulting,
2000).
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Figure 2-10: Distribution of UCS for various K01 lithologies (SRK Consulting, 2000).

Various lithologies are illustrated in Figure 2.10 and 50% of kimberlite will be mined
have UCS value of over 65MPa. DVK has higher UCS compared to MK. The
advantage of having 50% of MK deposit will be realised in the plant, as the system is

designed for such UCS values. There is currently an ongoing project for plant
optimisation to deal will DVK and VK. Figure 2.11 illustrates UCS data for different
diamonds mines in South Africa (SRK Consulting, 2000).
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Figure 2-11: Comparative study on UCS (SRK Consulting, 2000).
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Table 2.12: Average rock properties and UCS for country rock (SRK Consulting,
2000).

K Tensile Elastic ; 1

Lithology Group DenSItsy UCS(MPa) Strength Modulus POISS?I‘I 9

(g/cm?) (MPa) (GPa) Ratio
Gneiss Package 2.79 65 12 62.5 0.27
Marble Package 2.84 125 7 81.1 0.37
Metasediments
Package 2.83 140 125 71 029
Dolerite 2.9 267 19 86.8 0.28
K01 DVK {Hard) 2.76 134 11 47.8 0.31

2.5 Selecting Mining Method Technique (MMT)
The purpose of this section is to present logical steps to select the mining method for

K01 orebody which is the major deposit (averaging 100Mpa) for the success of the
Venetia Underground Project (VUP). Part of the critical decision on selecting a mining
method is to look at the rock properties under consideration (Chapter 1, section 1.5
and 1.6.1, and Chapter 2, section 2.2, and 2.3). Usually, merely one method may work
best per each situation (Nejad et al., 2014), while others must be a compromise in
safety, cost and productivity. Nicholas (1981) stated characteristics that have major
impact on mining method selection (MMS) which includes the following:

+ Geological and physical characteristics of the orebody;
» Ground conditions;

o Capital and Mining costs;

« Labour and availability (Nejad et al., 2014);

« Environmental consideration;

¢ Mining rate.

Carter (2011) stated that, the key influence of selecting a mining method is the style
of mineralization, strength, and rock mass. Carter (2011), further insinuated that
economic factors play a vital role in mining method selection. Similarly, Azadeh et al.,
(2010) noted that combining the economic and technical models intoc one moedel would
lead into better trade-off for selecting the mining method. The optimum goal is to find
a method that is efficient to use extracting the mineral resource to achieve better
economic return with minimum impact on the environment (Siversten et al., 2010).

Several gqualitative and quantitative techniques have been developed to evaluate the
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mining methods for an ore deposit based on physical characteristics of the deposit,
plunge, depth and grade distribution (Bakhtavar, et al., 2015). Soderberg &Rauch
(1968) came up with the concept of break-even stripping ratio, Lane (1964) study on
optimum cut-off grade and Laubscher (1981) work on the concept of selecting MMS
on RMR. Laubscher methodology on caveability was used in this project to determine
the MMS for KO1 deposit. Other research done on MMS are summarised in Table 2.13
below.

Table 2.13: Summary of research works on MMS (Dehghani et al., 2017).

Researcher Year Researcher year
Peel and Church 1941 Hamrin 1998
Boshkov and Wright 1973 Tatiya 1998
Morrison 1976 Basu 19909
Nicholas and Mark 1981 Kahriman 2000
Loubscher 1981 Kesimal and Bascetin 2002
Karabeyog'lu 1986 Clayton et al. 2002
Hartman 1987 Yiming ¢t al. 2003
i o 1987  Samiminaminetal. 2003
enkatasubramanian
Marano and Everitt 1987 Yiming et al. 2004
Agoshkov et al. 1988 Samimi namm et al. 2004
Camm and Smith 1992 Mihaylov 2003
Nicholas 1993 Bascetin 2005
Mutagwaba and Terezopoulos 1994 Miranda and Almeida 2005
Miller et al. 1995 Shalriar et al. 2007
Gershon et al. 1995 Karadogan et al. 2008

Several MMS tools have been developed over the years. This section will give an
introduction in to the different MMS tools.

2.51 Morrison Method
Morrison (1976) approach was dividing underground mining methods into three

groups, i.e. rigid pillar support; controlled subsidence; and caving. According to Carter,
(2011) the factors influencing the selection are, ore width, support type, and strain
energy accumulation. Morrison (1976) approach was proposed a qualitative technique
which was specifically for underground mines. The factors considered are ore plunge,
ore thickness, strength of ore and walls. Figure 2.12 illustrates Morrison selection
criteria for MMS.
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Figure 2-12: Morrison selection criteria for MMS (Morrison, 1976)

252 Laubscher Selection Method
Laubscher (1981) approach technique use RMR of a rock mass similar to UBC. The

difference between Laubscher and UBC is that the latter method included hydraulic
radius, Laubscher and Page (1990). This method is specifically for competent rock
masses in mass mining, Carter (2011).
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Figure 2-13: Laubscher mining method selection (Laubscher, 1981).

2.5.3 Hartman Method
Nicholas (1987) approach uses flow chart for MMS which is based on geometry and

ground conditions of the ore (Nicholas, 1981). This method is qualitative, and the chart
selects specific mining method for underground and surface mines. Figure 2.14

illustrate Hartman flow chart below.
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Figure 2-14: Hartman flow chart (Nicholas, 1981).

2.5.4 Nicholas Method
Nicholas (1981) technique is a quantitative MMS using numerical ranking tables to

choose the most suitable method. The tables contain several factors which are
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considered in MMS; rock mass of orebody; ore geometry and grade distribution

(Carter, 2011).

Table 2.14: Nicholas criteria for MMS (Nicholas, 1981)

GENERAL SHAFPE EOCK SUBSTANCE STRENCGTH (Uniaxial
EL el sivength/overburden prossure)
Equi-dimensional (B} All dimensions are of the same order | Weak (W) =]
of magnituds
Platy tabulay (T/F) Two dimensions are many fimes the | Moderate (M) Eta 15
thickness which does not exceed
100
Iregular (1) Dimensions vary over short distmess | Stoag (5) =15
ORE THICKNESS FRACTURE “F Mo of fractures per | HEQD
FREQUENCY  |m
Namow (N) =10m Very close (VC) =16 Dto 20
Infermediate (I) 10 to 30m Cloze (C) 10 to 16 200 40
Thick {T) 30 to 100m Wide (W) 3t0 10 40 to 70
Very thick (VT} >100m Very wida (VW) <3 70 te 100
PLUNGE FRACTURE SHEAR STREKCTH
Flat (F) =20 Weak (W) Clean joint with smooth sirfaces or fill
rock substance shrength
Intermediate (T) 2010 55 Moderate (M)}  Clean joint with rongh surface
Steep (S) =55 Strong (5) Joint filled with material that 1s equal to or
stronger than the rock substance sirength
DEPTH BELOW Provide actual depth
SURFACE
GRADE DISTRIBUTION
Uniform (U) Grade at any point in deposit does nof vary significantly from mean grade of that deposit
Gradational (G) Grade values have zonal characteristies and the grades change graduzily from one to another
Ematic (E) Grade values change radically over short distances and do not exhibitf any discermible pattern in therr
change

Nicholas (1981) Parameters in Table 2.14 were used on ten mining methods listed in

Table 2.15.
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Table 2.15: Rating for mining method per given parameter (Nicholas, 1881).
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2.5.5 Boshkov and Wright Method
Boshkov & Wright (1973) approach was a qualitative technique which is specifically

designed for underground mines, see Table 2.16. Factors considered are, ore dip, ore
strength, and ore thickness. Carter (2011) stated that the method principle works on

the basis that the open pit mining is already eliminated.

Table 2.16: Boshkov and Wright criteria for MMS (Boshkov & Wright, 1973).

Type of ore body

Dip

Strensth or ore

Strensth of walls

Thin beds

Flat

Strong

Weak or strong

Thick beds

Stromg

Weak

C lied mi methods

Open sopes with casual pillars
Room and pillar

Longunll

Longwatl

Strong
Weak or strong

Weak or strang

Strong
Weak

Strong

Opexn stopes with casual piflars
Reom and piliar

Tap shcing

Sublevel caving

Undergromnd glory hole

Very narrow

Steep

Strong or weak

Stromg or waak

Remimg

Narrow veins
(endths up to
econoende Length
of stall)

Steep

N/A
Strong
Weak

Weak

NiA
Strong

Weak

Strong

Weak

Same as for thin beds
Ompen stopas

Shrinkage stopes

Cut and fill stopes

Cut and fill stopes
Square set stopes
Open underhand stopes
Square set stopes

Top slicing

Square set stopes

Wide veins

Steep

N/A
Strong

Weak

N/A
Strong

Weak

Strong

Weak

Same as for Thick beds or Maszes
Open mndsrhard stopes
Underhard glory hole
Shrinkage stopes
Sublevel stoping

Cut and fill stopes
Combined methods
Cut and fill stopes

Top slicing

Sublevel caving
Square set stopes
Combined mathads
Open mndarhard stopes
Top slicing

Sublevel caving

Block caving

Square sef stopes
Combinad methods
Top slicing

Sublevel caving
Square set stopes
Combined methods

Maszses

N/A

N/A

Strong

Weak

Strong

Weak or strong

Underground glory hole
Shrinkage stopas
Sublevel stoping

Cut and £11

Combinad methods
Top slicing

Sublevel caving

Blodk caving

Square set stopes
Combinad methods

Very thick beds

N/A

N/A

N/A

Sama a5 for Masses
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2.5.6 University of British Columbia (UBC) Method
UBC is the modification of the Nicholas (1981) approach which places more emphasis

on the stoping mining method (Bitarafan & Ataei, 2004). The technique considers rock
mass rating (RMR) and not the rock quality density (RQD) strength (Bitarafan & Ataei,
2004). It uses the ranking method between 1 and 5 with 5 being most appropriate. The
ranking score of -49 represent a mining method which is inappropriate. Table 2.17
illustrates UBC method for selection of the MMS.

Table 2.17: UBC mining method selection criteria (Edumine, 1999).

General chapa

Equi-dimznslonat Al dimeonsian are af the sameorder

Flaty-tabular Two dimensions are largor than the thickness

Irregular EHImEnsion wary

Orobody thiclkmess

Harnow <l0m

Intormadiate 16-30m

Thick 30 =100 m

Very thick =100 m

Deposit plunge

Flat <20*

Intermediate 200 - 5Gn

Steep = 54"

Grade distribution |

Uniferm Grade t5 equal o the mean grade throughout
the grebody

Gradational Grade bas a zonal characterislic which
gradually changex from rone to zone

Erratic Grade can change quickly over distance

without any pattern
Bepnsitdepth |

Shallow ~1001m
tntermediake 100 -600 m
Deep =600 In
EMR

Very weak 0-20
Wl 20-40
Medium 40 - G0
Strong &0 - B0
Very sirong 80 - 100
RSS

Vory weak 5
Weak -10
Medium 10-15
Strong >15
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2.6 Mining Method Assessment
At a conceptual phase of the mining project, it is not easy to choose a mining method

but the technical flaws are easily eliminated (Siversten, et al., 2010). The driving
criterion for the mining method assessment is to deliver the technical feasible option
on selecting of the mining method.

There are Three General Principles for Underground Massive Mine:

2.6.1 Open Stope Methods
Excavations are un-caved and unfilled. The excavations must remain stable for the life

of mine and the rock is used to an advantage, and the method is typically applied in
hard rock requiring little or no support.

Mining methods: Open benching, open stoping with permanent pillars, and room and
pillar mining methods.

2.6.2 Supported Methods
These methods typically use backfill, either cemented or un-cemented. The methods

are typically applied to high value orebodies where resource loss to pillars is financially
undesirable.

Mining methods: Stope and fill, post pillar cut and fill (used in wide orebodies), bench
and fill, cut and fill, and drift and fill mining methods (the differences are in the size of

the excavation prior to filling, the more competent the rock, the larger the excavation).

2.6.3 Caving Methods
Kimberlite pipes are suited to caving methods as they tend to be massive, vertical and

circular in cross section. The key lies in having enough footprint to ensure that the
hydraulic radius can be achieved thus delivering continuous caving. Historically,
fragmentation has not been a problem with kimberlite,

e Natural Caving: The method relies on the rock mass to cave under gravity.
Mining methods: Block caving, incline caving, and front caving mining methods.
» Induced Caving: The method is used for competent orebody, Mining methods:

Sub level caving, blast or hydro-fractured assisted caving, and open stope with
mass blasting of pillars.
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The known mining methods typically have fixed application criteria based on the
quality of the rock and resource value. Based on the industry applications, it is usually
easy to narrow down the applicable mining methods for an ore deposit. Though any
orebody can be mined with any mining method, the challenge however is in recovery
of the ore safely, economical and predictable. Thus, for caving mining principles, the
rock properties determine which mining method is applicable.

2.7 Mining Method Description
Below is a brief overview of each mining method.

2.7.1 Open or Natural Support Methods

2.7.1.1 Open Benching
The method practised in kimberlite orebodies and use open benching method also

known as blast hole open stoping Figure 2.15. Parallel horizontal drifts are blasted into
the orebody and retreated to the contact using long hole. It's a daylight mining and
loaders are remote controlled driven into the open void.

290 Dritling Lavel

\
N\

350 Coning 8 Looding Lavel

/A

/ —L J 3TC Drilting Laval
Dotomite :

Kimberlite
Wasre
T ! & & 30 Pit Bettom, Coning
? "'!é 8 Looding

EINSCH MINE

Pana’d

Figure 2-15: Biast Hole Open Stoping as practised at Finsch Mine (Preece, 2001).
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Method application:

¢ It requires a stable country rock — permits for widely spaced drifts and large ring

blasting thus high production & low cost with good recovery.

¢ Regional stability provided by a stable pit and exposed kimberlite faces. It is a

non-entry method — use remote controlled loaders and secondary breakers.

Improved safety is an advantage.

2,7.1.2 Open Stoping With Pillars

The method involves creating large underground excavations and leaving pillars
behind to keep these excavations stable. It is typically done by developing parallel ring
drilling drifts through the orebody and developing a loading level beneath them, see
Figure 2.16. The stopes are self-supported. It is a non-entry and use of remote control

LHD's and secondary breaking rigs. Orebody pillars are left in situ to provide regional

stability.

{
Long-hola £ |
drilling and r

blasting

Figure 2-16: Typical Open Stoping layout and extraction (Hamrin, 18998)
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2.7.2 Artificial Support Method

2.7.2.1 Open Stoping With Fill

Ore body subdivided on each sublevel into primary & secondary stopes. Primary

stopes mined first and filled with consolidated fill (cemented). Secondary stopes mined

once neighbouring primary stopes have cured then filled with unconsolidated fill. The

method is also a pillarless, non-entry and use of remote controlled LHD’s, see Figures

2.17, 218 and 2.19 below.
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Figure 2-18: Challenges using the method in weak rock (Herselman et al., 2009).
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Figure 2-19: Pillarless Extraction layout and sequence (Herselman et al., 2009).

2.7.2.2 Post Pillar Cut and Fill
The method involves extraction of the orebody in horizontal slices leaving yielding

stacked pillars behind and then filing the excavation for stability. It yields good

recovery of the orebody within low production rate and cost as compared to traditional

cut and fill (Figure 2.20). The significance of this method is that it separates the

extraction from the filling cycle and the fill used can be of low strength as it is the pillars

that do the work. It's typically applied in wide orebodies and it's a full entry method.
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Figure 2-20: Typical Post Pillar Cut and Fill layout and extraction (Hamrin, 1998)
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Figure 2-21: Typical Post Pillar Cut and Fill layout and extraction (Makhari, 2019).



Figure 2.21 illustrate the schematic view of the overhand post and pillar cut and fill
method. Mining progresses upwards, on two mining horizons with alternating mining
and filling cycles. Objective of the process is always to have a free face.

2.7.2.3 Cut and Fill
The method involves extraction of the orebody in horizontal slices and then filling them

to keep the excavations stable, Figure 2.22. The method delivers a good recovery of
the orebody at a low production rate and high cost.
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Figure 2-22: Typical Cut & Fill type mine (Hamrin, 1998).

2.7.2.4 Drift and Fill
The method permits the extraction of the orebody as shown in Figure 2.23 with

horizontal drifting and then filling the drifts to keep the excavations stable. The method
delivers a good recovery of the orebody at a very low production rate and very high
cost.
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Figure 2-23: Typical Drift & Fill type mine (Makhari, 2019).

2.7.2.5 Block Caving
Block caving creates drawpoints under the shown orebody rock mass and loading ore

from them creates a void into which the orebody caves Figure 2.24. The method
results in a reasonable recovery of the orebody at a high production rate and low cost.

Block caving is well understood and often practised in the De Beers operations
(Siversten et al., 2010). It is recognised as being the safest, lowest cost and highest
production rate mining method available. It is seen as the first option when considering
the mining of massive, weak, vertical orebodies such as kimberlites.

There are four general execution methodologies regarding cave infrastructure and
depletion. Block Caving applies usually to smaller ore bodies where the whole
footprint is caved at once (Siversten et al.,, 2010). Panel Caving applies to large
footprints with a caving face that progresses across the footprint of the orebody
(Siversten et al., 2010). Inclined Caving is applied where there is a significant dip or
plunge in the orebody and the production level can be fitted to the plunging geometry
with a "Sub-Level Caving" layout (Siversten et al., 2010). Front Caving is applied
where the rock mass is too weak to maintain the production development over a large
area, or in steeply dipping ore bodies (Siversten et al., 2010). In both cases, a single
line of draw points is developed, caved, and exhausted before the next line is started.
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Figure 2-24: Block Cave layout showing undercut and production tunnels (Hamrin,
1998)

2.7.2.6 Sub Level Caving
Sub level caving is applied to competent orebodies which are narrow and inclined with

a waste rock hanging wall that will cave. Typically, parallel drifts that are close together
are developed along the short axis of the orebody and then long hole drilled and
blasted on retreat to the rim tunnel as shown in Figure 2.25. The production rate is

high due to the relatively simple mining cycle and large tonnage released per blast.

The challenge with the method lies in dilution management and resource recovery.
Tunnel spacing, extraction sequencing and draw control is vital to ensure an
acceptable recovery. The method is also associated with mud rush risks when the

muck pile contains clay rich material and water ingress (rainfall or groundwater)
occurs.
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Figure 2-25: Sub Level Caving (Hamrin, 1998).

2.8 Previous Studies on Caving Mining Method

2.8.1 Ekati Diamond Mine

Ekati Diamond Mine has adopted a sub level cave mining method for their Koala pipe.
The orebody was 200m long by 100m wide but tapers-off with depth. The RMR is
60+11.5 for the SLC but the 160m of cave material above the SLC was considerably

weaker see Figure 2.26. The small orebody footprint and sever taper with depth

eliminated the possibility of a block cave type operation as the caving radius could not

be achieved for the main high value ore. Open pit mining was stopped 250m below

surface on the low-grade cave material contact.
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Figure 2-26: Three-dimensional isometric view of Koala pipe (Jakubec et al., 2018).

The sub level cave design consisted of 5m x 5m tunnels on 14.5m horizontal and 20m
vertical spacing as shown in Figure 2.27. A total of 10 levels were planned with every
fifth level being converted to a ring pull level where drawpoints are established right
around the orebody and loaded to recover the caved material. Five levels have been
mined out to date. The production rate was planned at 3,300t/day, or 1.2Mt/year
(Jakubec et al., 2018). This was achieved within a two-year ramp-up and subsequently
increased to 2Mt a year once the cave had broken through to surface (Jakubec et al.,

2018). Draw control consisted of loading material from the drawpoint well more than
120% to recover cave material.
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Figure 2-27: Section and plan views of Ekati Diamond mine (Jakubec, et al., 2018).

In Ekati Mine, a 160m low grade pillar was left above the SLC with the intention of
drawing the pillar down using an overdraw strategy and ring pull levels (rim loading
levels established around the orebody on every fifth level) (Jakubec, et al., 2018).

2.8.2 Ridgeway Mine
Ridgeway SLC closed in late 2009 and is widely recognised as the most successful

modern era sub level cave mine (Brunton et al., 2009). The mine produced between
4Mtpa and 5Mtpa, with recoveries of more than 90% based on an overdraw strategy
(loading more than 120% of blasted tons). The mine started with a sub level spacing
of 25m and increased it to 30m shown in Figure 2.28. Horizontal tunnel spacing was
always 14m. Tunnel size varied over time with an average tunnel being 6m wide by

4.7m high. Levels were approximately 200m in width by 200m in length.
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Ridgeway SLC was placed in a high value mineralisation with the grade decreasing

as the cave progressed to surface. Production was ramped up to full production within
two years.
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Figure 2-28: Ridgeway SLC mining method (Brunton et al., 2009).

In general, operating conditions involved two levels at full production with the mine

requiring 40 drawpoints to maintain steady state production. Draw control was based
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on a strategy of 120% (Figure 2.29) overdraw of the blasted tons which was done to

ensure recovery of the mineralised zone above the SLC (Brunton ef al., 2009).
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Figure 2-29: Section and plan view of Ridgeway production tunnels (Brunton et al.,
2009).
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2.9 Chapter Summary

The literature study highlighted the importance of geotechnical consideration in
evaluating the selection of an underground mining method. The history of transition
from open pit to underground, geology, mineral reserves, geo-consideration, mining
methods, mining method options, and economic viability options are discussed as
recorded in literature, highlighting the existence of literature gap in optimising the
selection of a viable underground mining method selection. The evaluation tool and
technique were chosen in the literature review for the implementation in the data
analysis. The next chapter formulates the basic methodology adopted on selection of
the mining method.
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3 RESEARCH METHODOLOGY

3.1 Chapter Overview
This chapter discusses the scope of research methodology used in this project. The

chapter starts with brief overview case study for Venetia Mine. This is followed by the
research approach and design, methods employed in the study, and data collected

and analysed. The chapter also looks at the limitations of the study.

3.2 Venetia Mine Case Study
The Venetia underground project is designed as a green field project executed in a

brown field project consisting of two vertical shaft and a decline. The mine has been
operating as an open pit since 1992 and is comprised of two orebodies, KO1 and K02
kimberlite deposit. Figure 3.1 shows a plan view of the Venetia kimberlite pipes with
cut 5 pit shell limits.

- Open pit Cut 5
Shell

K2 kimberlite

K1 kimbetrlite

Figure 3-1: Plan of KO1 and K02 with Cut 5 Pit Shell (VUP-CSR, 2006).

Over the years, advances in block cave technology have shown that with an
understanding of the orebodies, appropriate mine design and management, block
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caves can be mined at a lower cost than by conventional drill and blast methods. It is
for this reason that DeBeers technical team chose to use block caving mining method
to commence Venetia underground K01 orebody (VUP-CSR, 2008). The open pit will
mine both kimberlite pipes K01 and K02 to a depth of 600m and 450m respectively as
shown in Figure 3.2.

Figure 3-2: Cut 5 shell and underground extrapolated ore resource (VUP-CSR,
2006).
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The underground ore resource has been classified as very low inferred. Table 3.1

below illustrate the in-situ tonnage and average grades resources

Table 3.1: In situ tonnage for KO1 and K02 underground ore resource

In Situ Tons - Venetia Underground
Block Tons Grade (cpht)
Total K1 51,315,759 140
Total K2 37,057,819 27
Total K1 & K2 88,373,677

3.3 Block Cave Design
The assumptions were made and largely informed by the recent underground project,

i.e. Finsch Mine Block 4 and 5 and Cullinan centenary cut projects. The assumptions
were as follow:
* KO1 mining method will be;
o Blast hole open stoping (BHOS) for remainder of KO1 open high walls;
o K01 to be mined up to 600m level below surface;
o First block cave directly below BHOS to the height of 150m;
o Second block cave to the height of 150m.
¢ Ground infrastructure to be placed below the bottom caves.

+ Tunnel size and support as per current Finsch standards.
The block cave mining method has been designed according to the parameters,

development and scheduling rates based on Finsch block 5. Table 3.2 illustrates

design parameters for the concept study.
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Table 3.2: Block cave layout parameters (VUP-CSR, 20086).

Block cave layout parameters

Column Height (both K1 and K2 Kimberlite pipes)

150m

Drawpoint area

225m?

Layout geometry to ensure that the maximum drawpoint area is

not exceeded

Undercut level horizontal tunnel spacing (centre o 15m x 15m
centre)

Extraction level hiorizontal tunnel spacing (centre to 30m
centre)

Vertical tunne! spacing (grade to grade) 15m
Drawpoint spacing along production tunnel 15m
Drawpoint layout system Herringbone
Drawpoint orientation 45°

Rim tunnel to contact middling 30m
Contact support length at contact position {(undercut 5m

level)

Contact support length at contact position (production | 10m

level)

Undercut slotting position from contact 20m
Undercut height 10m
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The design parameters have resulted in mining blocks that have short life span and

are shown below in figure 3.3

Drilling level- 540m

Loading level -
600m

Production level -
765

Production level
915

Figure 3-3: KO1 Pipe mining blocks (VUP-CSR, 2006).

3.4 Undercut Level for BC
The design for the undercut level is based on the Finsch block 4 undercuiting methods.

The tunnels are oriented at the short axis of the orebody and it allows a numerous
working area. This also give the best distribution of production draw points from which
wedge tonnes can be loaded. Figure 3.4 illustrate the undercut layout on KO1 orebody.
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Figure 3-4: Plan view of the undercutting level of the BC (VUP-CSR, 2006).

The undercut will be initiated from north-western part of the orebody using 10m high
raisebore (RB) holes. The slot will be cut in 1m diameter RB holes, 24m inside the

northern contact from where the undercut rings will be blasted. Table 3.3 illustrate the
BC undercutting parameters.
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Table 3.3: BC undercutting parameters (VUP-CSR, 2006).

Undercutting parameters

Undercut height

10m
Trough height (depends on level spacing) FW to HW 15.8m
Undercut lead/lag (max) Sm-7m
Undercut rate (min and max) 8-12

m/manth/tunnel
Re-compaction time (from u/c passing over trough centre) | 6 months
Stress shadow angle 45°
Resource recovery factor 85%
Tunnel availability 70%
Initial draw rate 50mm/day
Production draw rate 200mm/day

3.41 Extraction Level
The extraction level is based on a single sided loading

with ground handling

infrastructure on the northern of the orebody. Figure 3.5 and 3.6 illustrate level layout

and trough layout respectively.
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Figure 3-6: Plan view of the trough layout (VUP-CSR, 2006).

3.4.2 Blast Hole Open Stope Level
The BHOS has drilling level at 540m and loading level at 600m (Figure 3.3). This was

laid out to take advantage of the extensive open pit perimeter and utilise the free face.
A 'V’ shape retreat concept was adopted, with the loading tunnels laid along the axis
of the ore body with most of the tunnels having the potential to produce as soon the
open pit operation has terminated. The loading tunnels were spaced 15m horizontal
while drilling tunnels were spaced at 30m so that the two troughs coilect the
fragmented ground from a full ring blast. Figure 3.7 illustrate the loading level of the
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BHOS. A north/south slot was then blasted to create a free face for the balance of the
loading tunnel on the level.

Figure 3-7: Plan view of the loading level of the BHOS (VUP-CSR, 2006).

The maijor risk for this project is a rigid assumption based on the industry norms. The
data used for the case study was based on the previous projects from DeBeers with
minimal consideration on the geotechnical and geology of the country rock in Venetia

mine.

3.5 Research Approach and Design
The research is quantitative in nature and methodology used is applicable to the

current problem. The Laubscher methodology is chosen because it is quantitative and
have enough data on site to analyse the data. The challenges presented in Chapter 2
requires the need to further investigate, develop, and evaluate the mining method
selected. Methodology attempts to re-evaluate accurately the geotechnical data that
using RMR and MRMR ratings to validate the independency and dependency of

mining method with respect to geotechnical considerations.
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The data provided in the project report is based on the number of drilling projects
conducted in Venetia Mine. The research has two sets of objectives to achieve, the
first being assess the importance of technical shortcoming with selecting mining
method based on previous report for mining method selection, and the second being

the influence of geotechnical system in mining method selection decision.

3.6 Sources of Data
One class of data used in this study was the drilling data available in the mine and with

the intention of accomplishing the study with high accuracy. The drilling data used is
of higher degree of accuracy because it was directly collected from the data source
(Anglo American Technical Division , 2008).

3.7 Data Inputs Variance
The data input variables are illustrated in table 3.4. A detailed description of data

variance has been dealt in Chapter 2.

Table 3.4: Data used in the research

Analyses of data for mining method selection

Ore-body shape deposit

Deposit plunge

Ore-body thickness

Grade distribution
Depth of orebody (K01)
RMR/ MRMR

UCS

Lu Laubscher caveability graph

3.8 Sampling Process

Saunders et al., (2014) coined sampling as a process of selecting number of units
(sample) from a collection unit and used to determine distinctive characteristics and
can be generalised as the whole of population. Stratified sampling was implemented
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in this study because it provides the best representation of the study’s population for

rock mass classification tests.

3.9 Data Collection Process

The study used data collection process as illustrated below:

* Review of mine history records,
+ VREP project, and

+ Underground site visits and ground water sampling (current developed faces).

3.10 Data Analyses

The data was initially organised in standard manner aligning it according to different
rock facies. Following the completion of data collection, the tools listed below are used
to process and analyse the data.

+ GEMS version 6.2.2 to determine the major domains.
o Laubscher (1977) caveability graph.

s Microsoft Excel software.

3.11 Data Quality Assurance
Data was received at various stages through the study of this project. Main

assumptions and historical data sets used during the analysis are as follows:

1) B. Venter Phase 1 (Geotechnical):
¢ FEarly 1993 delineation drilling;
« Only RQD;
e Assumed joint condition rating = 26.24;
« Fracture Frequency FF=JF;
e 3 Joint sets.
2) B. Venter Phase 2 (RMR L90):
*» 1993 to 1997 delineation drilling;
e RQD, JF, Total Core Recovery (TCR) available;
+ Assumed 3 Joint sets.
3) Anglovaal:
e 1981 copper drilling program;
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* Only TCR, RQD and FF;
¢ Assumed Joint condition rating =26.24;
¢ FF=JF;
* 3 Joint sets.
4) W. Barnett Geotechnical (RMR L90):
¢ 1998 to 2002 geotechnical drilling. Drill holes GDH001 to GDH053;
» Inclusion of structural geology;
« Limited by grouping of drill hole intervals into equivalent domains.
5) VREP Drilling program:
s 2004 to 2006 Geotechnical drilling.
6) VREP 2 Drilling program:
* Post 2006 Geotechnical drilling program;

« Data collection for Underground (UG).

3.12 GEMS Modelling Methodology
All drill logs were imported into GEMS. The drill logs were then interpreted into three-

dimensional space to interpret the position of all the major domain boundary
structures. The macro-structural logs, geotechnical logs, and the position of lithology
units were used to determine the most likely structure positions. The process of

modelling methodology is a process of clipping out various domains from original
country rock.

3.13 Laubscher Graphs (Empirical)
Geotechnical rock properties were illustrated in Chapter 2. Data analyses mainly

allows the interpolation of RQD, RMR and MRMR such that the following items are
established:

s Hydraulic radius

« Caveability of the kimberiite

3.14 MMS Using MRMR Selection Tool
The MMS criteria data, highlighted in Table 3-4, was gathered and the input were used

in the caveability graph to determine the hydraulic radius for caving.

3.15 Use of Microsoft Excel
Microsoft office excel was utilised to produce charts for the input data.
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3.16 Ethical Considerations
The study did not require any ethical consideration due to the nature of it. All material

used for the study were respectfully requested and acknowledged.

3.17 Limitation of The Study
The complexity of the data storage in the mine lead to confusion and time delays. This

compromise the investigation which need to be carried out since most of the historical
drill hole data are stored in separate places. Poor stacking and weathering of core
samples posed a great challenge.
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3.18 Chapter Summary
This chapter explained the entire research design that was implemented in this study.

The mining method selection was reviewed, and the design process was discussed.
Furthermore, all the design parameters, RQD, RMR, MRMR, and Laubscher
caveability process were discussed with the purpose of placing an emphasis on

research approach adopted in this study. In conclusion, limitation of the study and
ethical considerations were conferred.
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4 RESULTS AND DISCUSSION

41 Chapter Overview
Chapter 4 presents the primary data set which was collected and discussed in Chapter

3 for further elaboration on recommendations. The geotechnical consideration
technique has improved the process of mining method selection. The variation which
is caused by assumptions are dealt with objectively by using caveability linear graph
which determine if the orebody will cave or not. The data from Chapter 3 were sorted

out to ensure all required information is available and gathered.

4.2 GEMS Modelled Domain
This section explains specific work done with regards to changes in the interpretation

of lithological domain boundaries as illustrated in Figure 4.1. Data used in Gems
modelling are listed in Table A.1 and A.2 (Appendix A). The bounding fault for the
Lezel-Tina (L-T) fault shear zone was updated and there were not any significant
changes which were observed. It is noted that the shear zone contains anastomosing
late brittle ductile faults that cannot be modelled in depth. The L-T fault on the eastern
boundaries of the shear zone is the most prominent fault and was modelled as a major
domain. Ali drill hole logs and mapping show numerous shear zones and weak rock
mass. In this study, weak rock is interpreted as to be part of a separate domain,
confined to weak rheology of metasediments.
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Figure 4-1: Isometric view northwards of completed lithological domains

Borehole GDH115 shows double intersection of both dolerite and L-T fault and the
bottom intersection cannot fit east sill elevation. Therefore, the bottom elevation is
interpreted to be in unusual dip in sill elevation as seen in Figure 4.1. The top
intersection thereby serves to illusirate complexity of shear zones. The L-T fault is
interpreted to be on the east of the top section and the primary dispiacement on the
dolerite must be on the west of the top section. The position of L-T fault does not
necessarily represent the position of the maximum brittle - ductile displacement
through the zone.

There is additional dolerite in GDHO85 included in the model and can be interpreted

in many possible ways. Figure 4.2 illustrates porphyritic dolerite dyke.
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Figure 4-2: Modelled cross-cutting lithological domains, Dolerite dykes and siil

The major lithological domain boundaries between gneiss and metasedimentary
package was updated. Only the minor contact adjustment needed to the contact
position to get the contact to fit new drill hole data. In all cases the geometric lineation
trends was maintained. The variation in techno stratigraphy is likely to be associated

with L-T shear zone.

4.3 Country Rock Domain
The rock mass classification data is reduced into manageable engineering domains to

simplify analysis and engineering work. Spatial definition of the domains must happen
prior to analysis to tag drill hole with domain name for use in the analysis. In some
cases, domains are speculative or negated as significant feature during analysis.
Visual inspection of the IRS and FF was undertaken to identify additional geotechnical
domains that cannot be determined from completed lithological and structural
domains. There were no additional domains identified.
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The report for slope design indicates a reduction in RMR from about 60m below
surface. It is estimated an average of 5m reduction on the RMR in the upper weathered
zone and there is a gradational transition that occurs anywhere from around 100m
below surface. The visual spatial inspection of the data tentatively suggested two
additional geotechnical domains (Figure 4.3). The first being Metasedimentary domain
and the second is Metasedimentary domain between slimes dam fault zone and L-T

fault shear zone. The two domains are modelled as solids to tag the rock data.

North Metasediment Domain

Prolate Domain

:
L
v i

#

Figure 4-3: Additional possible geotechnical domains in the country rock tested in the
study

4.4 DVK Kimberlite Domains
Analyses were also undertaken to define possible geotechnical domains in the

kimberlite pipes. One of the most critical geotechnical domains to define was the
altered and weathered DVK facies and ADVK facies (Figure 4.4). The available UCS
data for DVK and ADVK was analysed to determine if statistical strength domain could
be identified. The data clearly show that both ADVK and DVK rock strength bimodal
in distribution (Figure 4.5) with higher strength component and a lower strength
component. Two facies UCS approximated somewhere between 80MPa and 100MPa

respectively. Although the UCS data is accurate measurement, it is also typical biased
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towards higher quality rock samples. Samples below 40 MPa are not likely to be easily

sampled and analysed.

Figure 4-4: DVK Kimberlite in drill core, showing the contrast between competent,
weak, and altered kimberlites (VUP-CSR, 2008).

Drill core logging field estimates IRS were also studied to see variation in rock strength

(Figure 4.4). These estimates are more abundant than the laboratory data and are

more representative of the distribution of rock strength. The recorded values fall info

seven categories as represented in Table 4.1.

Table 4.1: IRS estimation categories used by Venetia drill core loggers

Minimum Maximum MPa value used

ity (MPa) (MPa) for RMR
Extremely Weak Rock

D (0.25-1.0) 0.25 1 0.625
Very Weak rock (1.0-

1 5.0) 1 5 3

2 Weak rock (5.0-25.0) 5 25 15
Medium Strong Rock

3 {25-50) 25 50 375

4 Strong Rock (50-100) 50 100 75
Very Strong Rock

5 {100-250) 100 250 175
Extremely Strong Rock

6 {=250) 250 500 425
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Figure 4-5: Distribution of laboratory UCS results for DVK RMR classification.

Histograms showing the distribution of laboratory UCS results for DVK (Figure 4.5)
RMR classification value for each drill hole interval is determined by using the mid-
point IRS value (MPa) in each category in Table 4.1. Note, the MPa’s value assumed
is the midpoint value in each category as per Table 4.1. Figure 4.6 shows the actual
histogram of IRS for DVK kimberlite with MPa values more broadly distributed than
just the category mid-points.
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Figure 4-8: Histogram showing the distribution of intact rock estimates for DVK from

drill core logging. The logging categories (0-6) are defined and labelled.

The percent abundance of the weak component is also estimated. The final rock
strength used therefore takes variability in rock strength into account. The adjustment
has been done according to Laubscher & Jakebc (2001). The spread of data in Figure
4.6 is biased by the experience of the logger and this fact should be understood during
interpretation. The IRS distribution from drill core suggests that most of DVK intervals
have strength values between 25MPa and 50MPa, and between 50MPa and 100MPa.
DVK stronger than 100MPa is rare while lower than 40MPa is common. This
interpretation is quite different from UCS determined in the laboratory. Based on
analysis of both UCS and field IRS data distribution (Figure 4.5 and 4.6), it was decided

to define three statistical division as follows:

¢ 0 - 50MPa Weak division;
¢ 0 — 100MPa Mid strength division;
« 100 - 240MPa Hard strength division.

ADVK is formed from DVK that has undergone clay alteration by metasomatic fluids.
The percentage of clay is variable and appears to be gradational range in clay between
DVK and ADVK. DVK and ADVK is mainly mineralogical and they should be
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considered as lithological domains. The similarity in the distribution of strength values
between DVK and ADVK in Figure 4.6 supports the interpretation that these two
domains are not easily separated as geotechnical domains with distinct properties.

Two surfaces were used to split DVK and ADVK lithological solids into three
geotechnical (Table 4.2).

Table 4.2: Summary of domain definition and solids created for KO1 DVK facies

Geotechnical IRS

or RMR Domains

I T

Solids Created ALK Weak DVK_Weak KO1DVK_Weak
>

I I
“sub-domains” ADVE_Mid DVK_Mid KD1DVK_Mid

I b

ADWVIE_Hard WK__Halld KO1DVK_Hard

MRMR Domains Assume All Weak Use As-s

The accuracy and robustness of defined domains are negatively influenced by logging
delays caused by the weathering of the kimberlite after it was removed from the drill
hole. The kimberlite core starts to degrade as soon as it is drilled. For the calculation
of MRMR it is recommended to down grade ADVK. The assumptions is these sub
domains would be exposed to ground water during mining and would reduce strength.
The DVK domains used Figure 4.7 shows the solids generated by GEMS and
iliustrated 50MPa and 90MPa of the DVK and ADVK respectively.
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Figure 4-7: GEMS clipping of DVK and ADVK lithological domains by IFR shells

4.5 Kimberlite Contact Domain
An attempt was made during this study to evaluate the drill core contacts statically to

determine if there is a significant change in RMR near K01 pipe contact zone. The lack
of drill core data analysis at the contact zone obviate calculation of RMR. In conclusion,
no detailed analyses were done because of the lack of drill core information. Mokele
(2019) stated that, this should not be a challenge, because in situ RMR at the contact
doesn’t change, only the MRMR that is reduced during mining due to stress was
affected.
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4.6 Geotechnical Data Analysis

4.6.1 Rock Mass Properties
The rock mass properties have been assessed from the triaxial laboratory tests by

using the Hoek-Brown failure criterion (Hoek et al.,2002). The input parameters used
for rock tests are the average UCS value (Table 4.3), triaxial test results Geological
Strength Index {GSI, calculated from average RMR where GS|= RMR -5, (Hoek, 1994)
(Hoek, et al., 2002)) and the density. The triaxial data was used in RoclLab to
determine the best fit mi value (Appendix A, Table A.1). From the RocLab finding the
triaxial data was limited and inconsistent. Therefore, a certain degree of subjectivity

was required to remove suspicious values and get mi values that are sensible.

Table 4.3: Average UCS values used in RoclLab

Average of Uniaxial
Rock Type Compressive

Strength (MPa)
CK 127.54
DVK 140.59
FRAGMENTAL 67.21
MK 128.69
MVK 66.84
MVKBR 81.38
RVK 32.53
TKB 75.20
VK 61.49
VKBR 24.70

The Hoek-Brown parameters (mb, s and a; defined in Hoek et al., 2002) are produced
in RocLab. Also determined are the Mohr-Coulomb equivalent parameters, rock mass
cohesion {¢) and rock mass friction (o) to the Hoek —-Brown parameters. This
determination is based on assumptions about the magnitude of the maximum value of
confining stress o3 above which failure cannot occur, and we used the “Tunnel’

assumption in RocLab with a depth of about 700 m Additional parameters determined
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are the rock mass compressive (ccm) and tensile strength (otm), and the deformation

modulus (Em).

Table 4.4: Rock mass properties determined by Rocl.ab (Tait, 2007)

Rock Mass Mechanical Properties
Lithology GSI mb c ° Tem Otm Em
(glemy) | (-) | (MPa) { degrees ) {(MPa} | (MPa) | (GPa)

Gneiss Package 60 31 3.8 46.1 143 0.5 325
BS only 60 2.8 3.2 42 93 0.36 267
Dolerite 52 3.5 4.9 52 17.5 0.35 30
Marble 55 34 36 46 95 0.23 33.1
Metasediment Package 52 1.5 38 42.7 124 Q.57 246
Shear Zone 50 1.3 3.1 40.7 9.8 0.48 21
KO1_CK 58 1.7 3.3 40.3 114 0.65 23
KO1_DVK_Mid 60 3.1 27 40.5 8.7 0.24 13.7
K01_DVK_Hard &9 48 4.8 487 21.8 0.82 34.1
KO1_DVK_Weak 43 1.3 15 293 15 0.05 3.7
KO1_MVK 60 23| 247 376 6.2 020 | 118
KO1_CRB 55 2.1 4 448 354 0.56 29.1

4.6.2 Joint Statistics
Barnett (2007) summarizes the joint patterns at Venetia Mine (Figure 4.8). The brittle

tectonic history is not well constrained but is likely to be complex with many

reactivations. In summary, the primary joint sets are as follows:

¢ JO is parallel to the gneiss or schist foliation planes. These joints often have
biotite on their surface since the thin (<1ecm) concentrated foliation of biotite
define the direction of weakness of the rock;

¢ J1is a pervasive sub- vertical joint set in the pit that strikes between NNW and
NNE. In aerial photograph, these circa N-S lineaments appear to form discrete
concentrations, sometimes en-echelon in pattern. The lineaments trend is
cornmon throughout the Limpopo Belt and Zimbabwe craton;

o J2 is the most well developed sub-vertical joint set and strikes NE-SW. The
orientation is parallel to the Lezel shear system and other parallel faults
identified in aerial photographs and is very likely related to the brittle

reactivation of these shear zones;
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» J4is set at a sub — vertical set that strikes circa WNW-ESE. This is a common
and very strongly developed Karoo aged dyke emplacement trend. The frend
is known as Okavango dyke trend (Reeves, 2000);

¢ J6 is the intermediate to shallow SW dipping joint set. Mapping shows it, to
define a strong fracture zone passing SE of the pit, partially through KO1
kimberlite and north of KO1 pipe;

e J5, J7, and J8 are intermediate to shallow dipping fractures. They are typically
poorly developed and occasional appeared in some domains;

e J9is typically found in dolerite sills and kimberlite.

J1 N=328
max=250/79
contours: 12468
J2 N=313
J1 max=137/79
contours: 136912
East J4 N=1567
max=218/84
contours: 136912
J6 N=1656
max=245/46
contours: 136912

Each joint set contoured individually

Figure 4-8: Contoured plot of poles to the 4 dominant joint sets (Barnett, 2007).

The mapping database was used to get a range in joint spacing, trace length and
characteristics in some Domain. Not all joints set sampled in every part of mine. Table
4.5 gives indication of where joint sets are located and should be understood that the
estimated frequency is not applicable in certain domains. Gneissic Domain joint set

are included in the data base (Figure 4.9). Mapping was done in the kimberlite and
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joints set are illustrated in Table 4.6. DVK kimberlite Domain joints sets are illustrated
in Table 4.7.

There are over 100 measurements per primary set (J1 to J4) and between 29 and 78
measurements for each of the other sets, except J9 that has only 2 measurements.

Table 4.5: Gneissic domain joint set summary

YSer | SPAGING (m) | LOCATION TRACE(;FNGT“ ORIENTATION
D Ave | Range oid Ave | Range DDIR DIP
Domains
3 091 | 001— Al 133 | 005 249 B84
10 30
2 7 0.01— Al 111 | 0.05- 135 78
10 20
J37J0| 045 | 001- | AlI(Not 761 | 005 Foliation parallel
7 intrusive) 30
74 i 001- | 6.9,10 147 | 00 219 B4
15 20
N 732 | 0015 8 138 | 001- 290 36
15
16 .06 0.05- 34,6 145 | 005 240 a8
12 (best) 15
37 762 | 010 8.9 721 | 0.4-15 178 a8
18 097 | 005 2,3 114 | 005 &0 28
15 10
Jg 051 0.1-3 | 2, Dolerite? 172 0.1-20 Sub-horizontal

Table 4.6: Kimberlite joint set summary

JOINT SET|SPACING ( m)| LOCATION |TRACE LENGTH (m)|ORIENTATION

1D Ave| Range Domains Ave Range bDIR | DIP

J1 0.77|10.02-25 All? 0.37 0012 234 77

J2 0.95/0.01 -10 All? 0.51 0.01-6 145 82

J4 16} 023 |Leastcommon| 047 0.05-15 195 73

J6 0.59| 0.05-4 |Leastcommon| 0.88 0.2-3 225 25
FZ1
J7 0.88| 0.2-3 |Leastcommon| 0.75 0.2-2 124 43

J9 061 0.5-4 |Leastcommon| 12 0.05-20 { Sub-horizontal

Table 4.7: Summary of the joint spacing determined from drill hole data in DVK
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JOINT | TRUE STD. | COUNT
SET | SPACING | DEV.
(m)
J1 55 6.1 13
J2 1.1 23 107
J4 12 27 55
J5 25 54 53
J6 04 1.2 167
g7 07 12 65
J8 32 56 43

4.6.3 RMR Calculation and Description
The drill holes are imported into spread sheet for RMR calculations. Figure 4.9

fllustrates the RMR values for KO1 orebody. Bieniawski (1989) produce a set of
guidelines for selection of tunnel support in which the RMR has been determined.
These guidelines have been used for several years and are also applicable for this
study. For the case considered previously, an assumption was made to choose block
cave mining as a preferred method for KO1 orebody. Table 4.8 suggests that the RMR
values determined indicate the rock mass which is fair to good rock. Therefore, this
implies that the rock condition is stable for caving. The value of RMR of 48 represent
a fair rock which can still cave at normal condition with enough hydraulic radius. The
spreadsheet calculates RMR based on Laubscher (1990) as well as in-situ rock mass
rating (IRMR) of Laubscher & Jakubec (2001). However, the RMR deals with a variety

of assumptions that are different in each historical logging at the mine.

Additional assumptions made during RMR calculations are:

» Rubble zone were assigned a JF = 40/m and joint condition rating = 0;
e Large joint geometry assumed 95% in all cases;
* |t was assumed that there is no joint sampling bias and JF was not adjusted;

¢ Rock strength is derived from average UCS for rock type, except where logs
indicate a reduced strength.

Adjustment were also made to the RMR calculation depending on structural geology
class observation. These adjustments prevent overestimate of rock mass strength.

Geology adjustments observations are as follows:
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e Class 1a: strongly sheared. Adjusted IRS to equal that of shear zone laboratory
UCS strength;

e Class 1b: Breccia. Adjusted to micro fracturing estimate to 15/, if not already
estimated;

e Class 2: Displacement or striations. No adjustment, discrete macro structure is
assumed;

* Class 3: Rock mass is weakened by alteration or strong fracturing. Adjusted
IRS equal to shear zone laboratory;

* Class 4: Core is completely broken. Adjusted FF to be 40/m;

» Class 5: Core is completely altered. Adjusted weak rock strength to equal 2.5
MPa.

Depending on the assumptions made during RMR estimate, that estimate is given a
confidence level. For example, logs that do not have joint property conditions have
assumed and resulting RMR is given low confidence. The calculation of the RMR has
indicated a ground condition which has a good rock condition. This entails a caving

method wholly dependent on pre-fracturing to reduce the RMR to allow for caving to

ocCur.
ROCK TYPE
80
70
50
14
= 40
(1
30
20
10
0
KO1CK KOLCRB  KOLDVK_HMARD KOIDVK_MID KO1_WEAK  KOIMVK KO1RVK

KIMBERLITE DOMAINS

Figure 4-9: RMR values for KO1 kimberlite orebody
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Table 4.8: Guidelines for excavation and support of 10m span rock tunnels in

accordance with the RMR system, (Bieniawski, 1989).

Rock mass. Excavation Rack beliz Shotcrete Siee] selz
class (20 mm diameter, fully
grouted}
| -Very good Ful face, Generally no support required excepl spot bolting.
Tock 3 m advance.
RMR: 81-100
Il - Good rock Full face , Locally, bolls mcrown | SGmmin None.
RMR. 51-80 1-1.5 m advance. Complete Jdmlong spaced 25 | crown where
support 20 m from face. i with oeeasional reguired.
wire mesh.
Il - Fair rock Teop heading and bench Systematic bolls 4 m 50-100 mm None.
RMR: 41-80 1.5-3 m advance in top heading. #gng, smﬁ :“-:n;z m 13[:0 C:I'nﬂrl:‘mmﬂﬂd
g‘;::“ence Spyantiaier cah with wire mesh in sides.
Compiete support 10mfrom | &0
face.
IV - Poor rock Top heading and bench Systemalic bolls 4-5 100-150 mm | Ligh! to medium ribs
RIMR: 2140 1.0-1.5 m advance in top mlong, spaced 1-1.5 | incrown and | spaced 1.5 m where
heading. mip crown and walls | 100 mm in nequired.
Install support concurrently with WS VWTE) THIN. sides.
excavaticn, 10 m from face.
V - Very poor Multipte driffz 0.5-1.5m Systematic bolls 3-6 150-200 mm | Medium tohaavy ribs
rock advance in top heading. miong, spaced 1-1.5 | in crown, 150 | spaced 0.75 m with
AMR <20 Install & concurrently with | min crown and walls | mm in sides, | sleel lagging and
) ﬂc:ﬁﬁlf,ft’sﬂmgmg asﬂsyo:,n with wire mesh. Bolt and 50 mm forepoling il required.
s possibie after Hasting. vert, on face, Close inverl.

4.6.4 Modified Rock Mass Rating
MRMR by Laubscher (1984), Laubscher and Taylor (1976) and Laubscher and Page

(1990) was used to assess the rock mass rating for KO1 orebody against the hydraulic

radius and if caving will be successful or not. The value generated from the calculation

of the RMR were used to determine the MRMR. Appendix B illustrates the calculation
of MRMR and the adjusted assumptions. To derive the MRMR, the basic adjustment
is required from RMR given by Laubscher (1990) and summarised in Table 4.12. Table

4 .13 ijllustrates the MRMR value for each kimberlite domains.

Table 4.9: MRMR mining adjustment (Laubscher & Jakebc, 2001)

Parameter | Possible adjustment%
Weathering 30-100
Orientation 63-100
Stress 60-120
Blasting 80-100
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Table 4.10: MRMR value for each kimberlite domain

Domain |
(K01)

CRICK (Weak, 8% in K01)
Venetia ,K01 (caving)

Adjusted MRMR

0 10 20 30 40 50 80 70 a0metros
Hydraulic Radius

Figure 4-10: Hydraulic radius for KO1 caveability (Suorineni et al., 2014).
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4.7 Chapter Summary
The geotechnical data analysis and Gems modelling brought an improvement in the

understanding of the country rock lithology for the kimberlite domains. The biggest
concern remains with respect to the spatial variability of the sub-facies of DVK and
ADVK that is susceptible to weathering, and whether that susceptibility can be
quantified in terms of rate of weathering and strength reduction. The contact zone of

the kimberlite remains a concern since very limited information is available.

The geotechnical data used to analyse the seven facies studied. The DVK which is
considered strong and CK which is considered weak were plotted in the Laubscher
caveability graph. The results indicate DVK sitting in stable condition while CR sitting
in caving position. The results further insinuate that KO1 may not be mined by single
mining method. To evaluate this further, the area was calculated for kO1 and found
that, 92% of kimberlite is DVK which helps to decide. As a result, the mining method
employed shall cater for DVK with the least of material coming from the weak zone.

The MRMR for DVK is 54 which allows caving for material to occur at the hydraulic
radius of 35m. This characteristic poses a serious challenge in K01, since itis irregular
in shape and the narrow width limits the caving radius fo maximum of hydraulic radius
of 30m with the narrowest area in east at 20m. While the CR require hydraulic radius
of 29m to cave, to overcome such challenge a sub level caving mining method shouid
be applied. The SLC will cater for both the weak and strong orebody. Some country
rock has same MRMR rating with kimberlite, care must be taken to control dilution
when applying SLC. Finally block caving is only economic with substantial blocks for
CR/CK. The other challenge for block caving is when having multiple lift transitioning
from one lift to other, block caves have long ramp up and ramp down profiles as the

lower caves will destabilise the upper cave resulting in production gap.
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5 CONCLUSION AND RECOMMENDATIONS

5.1 Chapter Overview
This chapter discusses the results from Chapter 4 and seek to address the way

forward. Gems software was used for modelling kimberlite facies in Chapter 4 and it
deals with the key component of lithological facies to address the significance of
geotechnical engineering in selection of mining method. Venetia Mine is currently
mining an open pit, it is certain that a cave method will be implemented when
transitioning to underground. However, as discussed in Chapter 4; section 4.3 and
4 4: the Venetia orebody tend to be irregular with strong zones, weak zones and this
tend to pose a serious challenge of selecting a single mining method for the whole
orebody. This chapter summarizes the project report findings, give conclusion and

recommendations.

5.2 Key Design Area
Technically an orebody can be mined with any mining method, the challenge however

is extracting the ore safely, predictably and economically. The known mining methods
typically have fixed application criteria based on the rock quality and resource value.
Based on the typical industry applications, it is usually easy to narrow down the
suitable mining methods to any ore body deposit. Venetia deposit is typical vertical
weak orebody with weak country rock.

5.3 Design of The Undercutting
Taking into consideration that the MRMR for kimberlite domains range from 35 to 54

and hydraulic radius range from 20m to 35m, the undercut length has been measured
using the Microstation for levels 46 and 54, respectively. These two levels were
chosen as there are the current waste development tunnels in the Decline Shaft.
Figure 5.1 illustrates the kimberlite profile at 46 and 54 level respectively. The profile
depicts a narrow, irregular and undulated orebody on the eastern part. To calculate
the dimension of the undercut, the following equation was used below:

Area

Hydraulicradius = ————— ... . Equation 5-1

Perimeter
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— Lxw
2(L+W)

The calculation for the hydraulic radius are shown in Appendix B since the hydraulic
radius range between 20m and 35m and the undercut length range between 65m and
141m. The minimum undercut width is 69m with the maximum undercut range 202m.
This is expected as the DVK facies shown a maximum hydraulic radius of 35m. It is
not feasible to induce an undercuting with the dimension of 71m x 160m for DVK_Hard
facie. This is clear indication that the K01 orebody will not cave and as a result another
alternative method has to be chosen. Figure 5.1 shows the layout of 46 level and 54
level lifts as would be planned for Venetia Mine block caving. The Red area would be
actual caving foot print for hydraulic radius to be achivied.

Cave 1: 460 M (red and blue) level to Cave 2 : 540 M (red and blue area)
540 M (Red and Crange area to 1000m (red and orange area)
Min: Width: 62 m l\hﬂlnv‘\;’\;d;{)h?}gqo

Max: Width : 202 m Lostin ax: Width : 160m

~ wadges

Waste
overhang

Figure 5-1: 46 level (on the left) and 54 level (on the right) as would be planned for
Venetia.

Layouis show overhang and wedge material in orange and blue, respectively. Red
area is the actual caving foot print in which hydraulic radius must be achieved. The
challenge with applying block caving to Venetia is due to the narrow orebody width
and highly discontinuous nature of the contacts. The narrow width is limiting the caving
radius to a maximum of 30m with the narrowest area in the east at 20m. This puts
Venetia in the transitional zone thus not stable but not definitely caving. To overcome
this small block heights and some form of caving assistance are required. There are

however areas in the east that are simply too narrow to ever cave and will remain
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stable. It is difficult to try and apply two mining methods simultaneously — one in the
east and one in the west as block caving will be destabilising the rock mass in the
areas where people will be working so the mine would have to extract the east first
and then the west. This limits the production rate and allows waste to migrate from the
east to the west when caving starts.

A further challenge is that, there are significant overhanging waste areas which will
cave as the waste has a similar RMR to the kimberlite and this will bring in early
dilution. There are also significant amounts of kimberlite in the wedge areas which will
be lost as the waste from the slope failure rushes in and cuts off the wedges.

Finally block caving is only economical with substantial block heights due to the high
capital cost thus using low lift caves will be uneconomic, will have poor fragmentation
thus further increasing cost and reducing production. Block cave has significant
challenges when applying multiple lifts. The transition from lift to the other lift results
in long ramp up and down profiles. The lower cave will destabilise the upper cave
which will result in a production gap between the caves.

Central to caving methodology and current industry practice on average, a 240 - 250m
undercut length is regarded as a benchmark (Chitombo, 2010). Figure 5.2 and Figure
5.3 illustrate the total areas measured for each kimberlite facies. The distinct results
consist of small patches of facies which may results in two separate mining method.
For block caving to succeed see Figure 5.4 for 46 level, number of tunnels to be
developed for each facies differs and current industry practice of 11 tunnels develop
for a block caving (Glenn, 2020).
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Figure 5-2: 46 level undercut design measurement.

Total Area=84 009m?

CKNE

Arass 5502Zm

CRBW
Ares= 10 658m7
DVK
DVK Arsa= 36 301m?

Arsaz 2 213m? -C—-MV—E

Areaz 1 059m7 %

Figure 5-3: 46 level kimberlite measured area.



46L_#Tunnels per Domain & U/Cut length

KO1DVK_HARD_35m
KO1DVK_MID_32m
KOIMVK_32m
KO1RVK_30m
KO1CK_28m

KO1CRB_25m

KO1DVK_WEAK_20m

20 40 60 20 100 120 140 160 180

H70 75 W82 W91l m104 m 105 m 112 128 139 ® 142 m 142 m 151 m 203

Figure 5-4: Number of tunnels by undercut length and domain type 46 level

The challenge in applying block caving to KO1 see Figure 5.3 and 5.4 is due to the
narrow orebody and the highly discontinuous contacts. The width of the orebody limits
the achievable caving radius to a maximum of 35m with the narrowest area in the east
at 20m. On Laubscher's caving prediction chart, KO1 requires hydraulic radius of 35m
for DVK, thus it requires at least a 140m by 140m square to be undercut to achieve
continuous caving. However, as the orebody is on average of 120m wide this is a
significant challenge. K01 thus lies in the transitional zone, thus Figure 5.7 for 54 level
illustrates number of tunnels to be developed for caving to occur. There is significant

number of tunnels to be developed before caving starts which will create a production

gap.
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Figure 5-5: 54 level undercut design measurement.

4]

% Total Area=75 517m’

§

Figure 5-6: 54 level kimberlite measured area.

90



54L_#Tunnels by U/Cut length and Domain type

65 38 (200 433
72 130 18 232
74 I 64 M 150
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. 88 B o &7
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2 115 I 42
B 119 A 41
551 138 WM 35
41 WM 35
148 W A 34
160 WM 32
50 100 150 200 250 300 350 400 450 500
EKO1DVK_MID_32m mKO1MVK_32m KO1DVK_HARD_35m
KO1RVK_30m KO1CK_28m ®m KO1CRB_25m

u KO1DVK_WEAK_20m

Figure 5-7. Number of tunnels by undercut length and domain type 54 level.

5.4 Recommended Mining Method
Caving Mining Methods were discussed in Chapter 2 in details and the application of

the methods were also investigated. Venetia orebody tends to be strong, country rock
is weak, and the weathering of kimberlite is expected as the mine develop fo the lowest
levels. Based on the applicability assessment only sub-level caving and drift and fill
are applicable to Venetia orebody. Table 5.3 below illustrates the mining method
assessment for KO1 orebody. The distinction between block caving and sub level
caving is the ore recovery with the latter shows good improvement in the recovery.
High cost and low production rate for Drift and Fill, classify it as the least preferred

mining method.
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Table 5.1:

Mining method assessment for KO1.

Principle

Method

Natural
Suppert

Open
Benching

Open Stoping
With pillars

Avrtificial
Support

Open Stoping
or Post Pitlar
cut & fill

Cut & Fill
Drift & fill

Caving

Sub Level
Caving

Block
Caving

fyejeg
fauegsisuos)

Ringeyoid

Risk Consequence Mitigation
; Poor recovery
O osk .ﬁ.ﬂlure Consistency Change method
Slope stability Safety
Unstable pillars Pg:;;;:::zw Reduce excavation
& Unstable roons Safety Y size - Change method
Unstable pillars F::;:::::;y Reduce excavation
& Unstable recoms Safety size - Change method
High cost Unprofitable Good design
Low production rate Low cash flow Good management
Peor recovery Cash flow Good design
Mud rush Safety Good management
Orebody will not cave Air blast
Waste dilution Poor recovery Shangs matiiod

Dyson (2004) explain (SWOT), Sirengths, Weakness, Opportunities and Threats
methodology as illustrated in Table 5.4. According to Dyson (2004) the use of SWOT
analysis is to identify opportunities and threats in an environment by identifying the

strengths and weaknesses. By identifying the factors, strategies are established which

may eliminate weaknesses and build strength (Dyson, 2004). The concern of the

exercise is to establish possibility of applying Caving Mining Method in KO1 deposit.
The analysis provided by SWOT matrix, suggested Venetia mine should utilize SLC

as compared to C&F. For example, the production strength coupled by low operating
cost sees SLC as the best fit for KO1 deposit. Hence, C&F is recognized as unknown

method to any DeBeers operation and it has high cost coupled by low production.
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Table 5.2: Mining method SWOT analysis.

Method Strengths Weaknesses Opportunities Threats
*Unable to achieve
sLow production rate production targets
3 P *Entry method — greater «Potential to step up to *High cost method —
Cut & Nonrﬁz;s‘;zence exposure to safety risk cut & fill or stope & fill if unviable in a
Fill S e i sAccess through pit— LOM | ground conditions are suppressed market
S pit stahility better than expected Significant safety &
+Unknown to De Beers resource recovery risk
=Pit slope failure
+Dilution could be less
*Non entry mathod than planned
*High production *Ability to increase level
Sub rate spacing reducing costs | *Dilution could be worse
Le‘ie! sLow operating cost “Waste dilution and improving than planned
Caving | *Flexible - cost& *Mud rush/ flooding production rate sMudrush/ food risk
production *Able to rampupin 2 | management could fail
sKnown to Da booming market
Beers *Low cost to survive a
suppressed market

Yuksel (2012) explain PESTEL (Political, Economic, Socio-cultural, Technological,
Environment and Legal) analysis as illustrated in Table 5.5. The adoption for PESTEL
analysis for this project is to understand the general idea of environmental condition
and legal impact into the business solution. Yuksel (2012) stated that the basic
strategy for management is to involve the analysis of the current factors relevant to
the environmental within which the company is operating. It is for this reason that an
approach like PESTEL utilised for the mining method selected. Yuksel (2012)
describes the macro environment consists of Socio—cultural, technological, ecological,

political, economic, and legal factors.

The other factor included in the PESTEL (Table 5.5) is safety, as the industry strives
to achieve zero harm. The Block cave and Sub level cave mining method require high
skilled level personnel. The skill shortage and remote location of the Mine pose a
significant challenge. The closest Mine is Palabora Copper Mine which is 400 km
away. This part presents a challenge in selecting Mining Method in an area whereby
skill requirements is critical. It is of this reason that a decision like this hamper the
process of selecting a mining method. The technical coupled by economic factors
exonerates C&F as a least mining method because of its nonexistence within DeBeers
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Company and with high capital expenditure. SLC is regarded from this analysis as the

best mining method for KO1, because its background within the company, risks are

well understood, and having an improved cash flow.

Table 5.3: PESTEL analysis for mining method.

Method | Safety | Political Economic Sacial Technical Environmental Legal
«Low capex *Entry
cuts | Entry *High opex High |*Never been done Non method.
Fill (PREneY *Low cashflow skill | =Unknown risk subsidence | Complianc
*Inflexible/ sensitive | level «Stability? method e with
*complicated MHSA
=Non entry
method
{(Minimum
: number of
*High capex High people
Sub *Low opex : *Done before ; working in
Mud ; skill Sy subsidence .
Level ks *High cash flow level *Risk is known methad production
Caving sFlexiblef insensitive «Dilution area. As the
suncomplicated ring retreat ,
ne one
allowed
behind the
rning
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5.5 Cut and Fill as a mining method for K01
As this method is technically feasible a business case has been considered based on

the following parameters as shown in Table 5.6.

Table 5.4: Input parameters (assumed).

Parameter

Scenario Base Case i
determination

Primary and secondary or

Extraction methodology pillarless Stress modeling
drift & fill extraction
N i - 5
Tunnel height - span (modeling to : m Stress modeling
confirm) Range: 4m — 10m
Sm
Tunnel width (modeling to confirm} Stress modeling

Range: 4m — 10m

Geological losses

(un-mineable loss due to contacts,
weathered/ weak kimberlite & in stope +
regional pillars)

To be determined

Dependant on pillar Stress modeling
requirements

Production levels in operation 2 Stress modeling

Production rate 1Mtfyear Arena simulation

Assumption were considered with limited time; a detailed study needs to be done to
ensure all the parameters are included in the modelling. Following the PESTEL and
SWOT analysis a detailed modelling shall be done to determine:

o Stress analysis on drift dimension;

+ Back behaviour as we undercut the pipe;

* Analysis of primary/secondary vs pillar less mining sequence;
+ The role and performance of regional barrier pillar;

+ Fill design for stable working platform;

¢+ Room and tunnel support;

» Production rate determination.

To create a working scenario for the method, consider two scenarios with the first
being a primary secondary extraction drift scenario which has the advantage of
maximising the available mining faces for the production cycles and second scenario

is a pillarless mining.
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Bothe scenarios assumes mining 100m high blocks on two level leaving a crown pillar
between the pit bottom and first production section and a sill pillar between the two

production sections. A flat back face configuration has been assumed.

Production rate for this method is determined by the drill rig capability and number of
faces available. Each production section has been split into 3 production stopes with
one drill rig each. Thus, these 6 production drill rigs, working contops (2 x 12hrs) shift
arrangement can produce 155kt a year per drill rig. Tunnels will be cycled through a
production (drilling, charging, loading, blasting and support) and fill cycle. Thus, a

minimum of 10 ends are required a day per stope to maintain a continuous cycle.

Figure 5.8 and 5.9 illustrate the primary and secondary extraction using parallel
drifting. From the analysis of the method with production constraints, the alternative is
to include a third production level, but logistics now become a challenge. The method
may require trucking solution over a vertical height of 200m to 250m to achieve a 1-
1.5 Mt a year. In addition, a twin access declines are also required for men and
material transport. Congestion becomes a significant risk. Current scenario depicts the
following;

e 6 drills;

+ 6 rock bhoiters;

e 3 LHD's (17 tons);

o 5 dump truck (60 tons);
e Number of LDV’s.
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Section 1 !

Section 3

Ld

lh..

Section 2

2 production levels
3 production sections per level

Primary and secondary extraction with drifts

Paste fitl primaries and course fill secondary's with paste cap

Figure 5-8: Primary and secondary extraction using parallel drifting.

AT Drift waiting
for fill

Mining
drift

2 production levels
As many stopes as possible - flexibility

Basically cut rock out in 5m slices stopping on regional pillars to control
the back and paste filling mined out slice before starting next cut

Figure 5-9: Pillarless extraction using rib pillars.

5.6 Sub-Level Caving as a Mining Method for K01
As this method is technically feasible, a business case has been considered based on

the following parameters as shown in Table 5.7.
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Table 5.5: Sub-Level parameters (assumed).

Parameter Base Case Parameter determination

20m Review history, Ekati
Level spacing R .45 25 performance, trial at Finsch, blast
gnag sy e simulation modeling
Tunnel spacing 14m Stress modeling
Tunnel width x height Smx 4.25m Stress modeling
Geological losses
5% Depletion modelin
{un-mineable loss due fo contacts) P 2
Production drilling kimberlite recovery 7 2
75% Deplet del
(due to waste dilution) : P
Steady state load % 110% : %
) Depletion modeling
of ring tons blasted (40% waste)
Max ROM waste % treated
35% Depletion modelin
{due to waste dilution) i .
Fillar extraction % 50% Depletion modeling
Loaded tons @ 110% 3.8Mt/year Arena simulation

A detailed study needs to be done to ensure all parameters are considered for study.

The detailed modelling shall be done to determine the following:

* Stress analysis on drifi layout;

» Caving pillar behaviour as we undercut the pipe;
e Analysis of the mining sequence;

+ Long hole ring blast design;

» Analysis of the mining sequence;

» Stress analysis on infrastructure;

¢ Waste failure and dilution ingress estimation;

» Tunnel support;

e Production rate determination.

The challenge with sub level caving is in selecting the correct layout geometry.
Essentially, the closer the tunnels the better the draw, but if they are too close there
could be pillar failure between the tunnels. Thus, compromise is often made between
optimal draw spacing and optimal pillar and tunnel size. A further challenge is in setting
the production rate. The general trend is that the higher the level spacing the bigger
the ring tonnes and the higher the production rate.
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Tunnel size and spacing is easily determined using stress modelling but ring design is
based on industry practice and on mine experience. DeBeers has successfully
developed undercuts in 15m spacing tunnel and 15m ring heights on block caves. As
the rings are in abutments, they would have been under considerably more stress than
SLC rings which are always in a distressed environment. The key challenge for SLC
is to drill accurate holes and charge to the correct explosive density. The next
challenge is hole closure due to stress, damage from previous blasting, weathering of
kimberlite, and water. The general rule is to re-drill collapsed holes, which is a
problematic as the muck pile is often in the way and it is impossible to know if there

are any explosives left from the previous blasted rings.

For the exercise, a base case of 20m high level spacing, 5m wide by 4.5m high funnels
on 14m centres layout is used with a tunnel retreat rate of 10m (5 rings) per month.
This delivers a production rate of 3.2 Mt a year assuming 2 levels in production
retreating a flat face with a 110% loading factor. Figure 5.10 illustrates two levels in
production with staggered tunnels. Figure 5.11 illustrates ring comparison of 15, 20
and 25 level spacing.

taggered layout with access from the north
Dark blue = level 1
Red = level 2

Green = slot initiation point and retreat direction

Figure 5-10: Typical level layout and retreat face shape
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Figure 5-11. Ring comparison of a 15, 20 and 25m level spacing.

With ring comparison, there are few factors which needs to be taken for consideration
while modelling the design:

e Tunnels spacing and size determined by geotechnical modelling which is a
function of rock strength and stress;

e Must ensure a stable tunnel but want tunnels as close as possible to optimise
recovery;

» Level spacing function of drilling capability;

« Require good fragmentation to maximise recovery and minimise production
delays;

¢ Challenge to minimise holes losses from blasting;

+ Need to manage high swell characteristics, draw over the apex and varying
rock condition;

» From the ring comparison, below is the comparisons of ring metres drilled and

long hole which can be drilled as per ring.
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25m 20m 15m
Ring metres 225m 197m 128m
Longest hole 30m 25m 20m

5.7 Conclusion
The objective of the project has been achieved by updating the GEMS lithology and

geotechnical risk block model based on the data available. All data were reviewed and
validated as correctly as possible. The country rock lithological domain model was
updated, and additional geotechnical domains were created. The country rock solids
are considered the best possible interpretation of geology with available information.

Additional effort went into analysis and definition of kimberlite domains that may have
a significant impact on the selection of mining method, such as weathered DVK
domains and contact zones. Data analysis was done using RMR and MRMR

classification systems.

The results of the geotechnical analysis were used in the calculation of the MRMR
system. The hydraulic radius for all kimberlite domains were calculated with the least
being 20m and maximum 35m. The analysis as expected shows ADVK_Hard with
maximum hydraulic radius. This indicates stable ground condition which require a pre-
drilling for caving to occur. The SWQOT and PESTEL analysis were used for C & F and
SLC. The results were apparent that, there is a lack of knowledge about C&F locally
as compared to SLC. High Capex and low production rate for C&F exonerate it as a
preferred method while SLC is regarded as the best method because of high level of
information repository within DeBeers mines.

The long-term mining method solution for KO1 is a sub level cave since this is the only
method that can accommodate the high variability of the orebody contacts and the
expected waste dilution from the slope failure. The study was pursued to investigate
the mining method for KO1 kimberlite orebody deposit. The research found that there
is significant irregular shape on the east of KO1 deposit. The irregular shape coupled
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by infilling of other facies may hinder caving to occur. The expected hydraulic radius
for caving to happen is 35m with an undercui length of 160m, and this pose a threat
on the amount of area required to initiate caving. The other challenge for block caving
if applied, is a potential for wedges to be formed on the edge of the kimberlite and this
will create fall of ground which is a risk for the underground workings.

5.8 Limitation of The Study
The main limitation for this study is the highly confidentiality of the information and red

tape which is applied to company information. The stacking of core and interpretation
of the resulis was a challenge because of skill competence of the assay personnel.
Some core samples have been weathered because of the exposure to the sun and
this has also influenced the results in a negative way. The study focused on KO1
Kimberlite orebody which is not a true representation for KO2 kimberlite orebody. The
study focused on the geotechnical parameters and leave the financial parameters to
determine best mining method. However, if all parameters (financial, KO2 deposit)
needs {o be applied, the study would need to be re-run again. This study is only
applicable to Venetia KO1 deposit.

59 Recommendations
This report was based on a single orebody deposit with only one specific parameter

of geotechnical consideration applied to it. The resuits obtained in this report need to
be verified with other geotechnical modelling design, leapfrog and scheduling software
(Mine24D) to validate the hypothesis. A more accurate objective function will be
realized if detailed modelling applied determine factors discussed in 5.4 and 5.5. The
recommended mining method should be implemented, and other supporting
infrastructure should be modelled whether they support such method i.e. ventilation,

support requirements, access to rim tunnel, and equipment and production target as
envisaged by the mine.
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7 APPENDICES

7.1 Appendix A. Gems Modelling

Table A.1: Average values for each domain used in the geotechnical block model.

Domains RMR Q ucs M; Block Code
Average | StdDev | Average | Average

Dalerite Infrusions 57 16 18.1 267 199 240
Gneiss Package 65 15 i84 132 13 Z10
BS rock type only 65 5 16.3 97 137 5
Lezel-Tina Shear Zone 54 17 48 122 8 250
Marble Package 60 7 10.4 125 17 230
Metasediment Package 57 17 9.8 140 8.5 220
Colerite Porphyry 69 16 7 267 19.9 260
KO1CK 62 13 25.7 127 7.8 101-105
KOTCRB 60 16 132 177 106 113-114
K01DVK_HARD 74 14 30.2 134 14.4 1121, 1151
K01DVK_MID 65 16 5.1 75 12.9 1122, 1152
KO1DVK_WEAK 48 21 2.1 47 9.9 1123, 1153
KO1MVK 65 15 6.4 68 9.8 106, 107, 108
KO1RVK 63 13 35 29 58 110-111
KO2CRB 66 13 £6.9 177 10.6 124-125
KOZMVK 78 11 8.2 46 9.8 121
KO2NW 61 13 10.3 46 98 123
KO02VKB 73 14 6.8 47 98 122
K02VKBL 73 14 9.5 89 9.8 126
K03 71 13 43.1 186 98 130
K04 64 19 6.3 68" 9.8 140
K05 67 15 6.3 68 9.9 150
K06 54 17 48 68 99 160
KOSCRB 59 14 17.5 177 10.6 181
KO8MK 63 10 7.9 127 98 182
KOS8VKB 68 14 26.3 47 106 184
KOBVKBB 60 14 17.1 78 10.6° 185
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Table A.2. Laplacian gridding parameters used to create clipping surfaces.

Surface X Start | Y Start | Row Col Row Col View Plane
Num Num Size Size
SILL1_Base -1350 -800 64 41 10 10 SILL1
Lezel East -2060 910 89 183 20 20 SZ_East
Tina_West -2060 -910 89 183 20 20 SZ_East
DOLR1_WEST | -760 -1650 162 120 20 20 DOLR1
DOLR2 -1820 -1500 163 183 20 20 DOLR2
DOLR3 -1460 -1410 144 152 20 20 DOLR3
DOLR1_EAST | -1080 -1160 144 174 20 20 DOLR1
POR -820 -680 107 154 20 20 POR
D1_DYKE3 -490 -380 74 96 10 10 DYKE3
D1_DYKE2 -410 -375 68 a3 10 10 DYKEZ2
SLIMESSZ -2020 -900 83 145 20 20 SLIMESSZ
FZ1 -1510 -870 87 152 20 20 FZ21
PROLATEZ -2020 -900 83 145 20 20 SLIMESSZ

7.2 Appendix B. Undercut Design

The MRMR requires few assumptions to be made for adjustment for the calculations:

+ Weathering: The ground is still intact not exposed and a minimal weathering is

expected for the kimberlite, value assumed is 90%;

¢ Orientation: Kimberlite doesn’t have jointing which can determine a favorable

or unfavorable position of mining, and the orientation considered to be 100%;

e Siress: The UCS for the KO1 domains is very high with some domains having

a UCS of 177, this present a good ground condition which stable and the

stress value assumed is 90%;

+ Blasting: Good drilling, charging and blasting practices is assumed for the

development of KO1 kimberlite and assumption is made for blasting

adjustment of 90%.

MRMR = RMR x Weathering adjustment X Blasting adjustments X

Orientation X Stress
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1) =K01CK (RMR) X Weathering adjustment X Blasting adjustments X
Orientation X Stress
=62x09x09x09

= 45

2) = KO1CRB (RMR) X Weathering adjustment X Blasting adjustments
X Orientation X Stress

=60x09x09x0.9

= 44

3) = KO1DVK_HARD (RMR) X Weathering adjustment X Blasting
adjustments X Orientation X Stress

=74x09x09x0.9

= 54

4) = KO1DVK_MID (RMR) X Weathering adjustment X Blasting

adjustments X Orientation X Stress
=65x0.9x09x0.9

= 47

5) = KO1DVK_WEAK (RMR) X Weathering adjustment X Blasting
adjustments X Orientation X Stress

=48 x09x09x09

=35
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6) = KOMMVK (RMR) X Weathering adjustment X Blasting
adjustments X Orientation X Stress

=656x09x09x0.9

= 47

7) = KO1RVK (RMR) X Weathering adjustment X Blasting
adjustments X Orientation X Stress

=63x09x09x09

= 46

Table B.1. MRMR value for each Kimberlite domain.

Domain CK |CRB |DVK_HARD |[DVK_MID | DVK_WEAK | MVK RVK
(K01)
MRMR 45 |44 54 47 35 47 46
Hydraulic

28 |25 35 32 20 32 30
radius

Calculating the minimum undercut for 46 and 54 level respectively

Area

Hydraulic radius -————
Perimeter
_ Lxw
2(L+W)
Undercut Minimem
Length (m) *Lx WA Undercut width (m)
2(L+ W)
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Figure B.1: Level 46 undercut design.

Calculating minimum undercut width for 46 level;

Area

Hydraulic radius -—
Perimeter

- Lxw
2(L+W)

L is the undercut distance = 69. 86

Hydraulic radius = 20

2LHR
L—2HR

Width =

_ 2x69.88x20
69.88-2x20

_ 27952
29.86

Width=93.6 m

Using same equation for Kimberlite domain in 46 level;
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L=69.88

Domain MRMR | Hydraulic Undercut Minimum
radius (HR) length (L) undercut
width (W) m
KO1CK 45 28 69.88 281.94
KO1CRB 44 25 69.88 175.75
KO1DVK_HARD | 54 35 69.88 -40763.33
KO1DVK_MID 47 32 69.88 760.60
KO1DVK_WEAK | 35 20 69.88 93.55
KO1TMVK 47 32 69.88 760.60
KO1RVK 46 30 69.88 424 .37

Figure B.2. Level 46 undercut layout.
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Figure B.4. Level 54 undercut layout.
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Table B.2. Level_46 Kimberlite facies calculation for undercut minimum width.

[nderart [Hdmdic [AHR  |L2dE 'll‘n. el [Plar P
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Wit | opaet o
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4] 500 1500 E
4] . 5 15 4
&4
14228 2535, % =7 5 15 7
| sz 3 mei m 5 1= o
¥ s 26 sem.s| sco ) sp0l 15 3l
4wz mos A uss: 5 15 [
48 13229 2053 B3 13 5 1560 &
[ZHr Not
ek
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Coing |
[B 4]
CRE L 44] 4
¥ auas 35| 7 2 i
DVK_|
) 9 sam nm R 8
KDTOVK_| L
F  nzam amoz|  7248|  wos| 500 vson) 3 | 150
4| 11248 IR 4R4E 148 4| 500 15.00) ki 47] 180
KOTRVK 2]  1za8 30| smMay 128 80 500 1500 S{KOIRVK 4
Doman  [MAMR  |Uhdemit |Hydadic [AF |C2xrit (Bm el ™3 Doman |W
lengeh L) [radus(HFA) |underout  qwidth width twrnels to
Width (A) jopen B
=3 & 521 45974 26| 176.15326 500 1500 9KO1CK 45
3 a R a1] 323 ymmam| 60D Iﬁﬁi [ EE “
OVK_| 1OVIC_|
ks [ wr| 3z am £00) 500 bl 4
o] p . 1OVK_| P
KOIDVK_| *
KOTMYK &
KOTRVK 2
Dondn  [MRMR
Lmels tol
cpen br
Caim. |
3 | 8
L 4
KOTDVK_ | i
KOTOVK, o o
sy 3
KoMV i L2}
£ 5
Camain  [MRMR e
hnrets 1o
cpen Br
Carg |
| §
KNG # 4
KOTOVIK_ £ .
KOTOVK, g .
KO1OVK, ) o
A 5
KOIRVK ) [
Comdn [MRNR  |Udercd [ohdrade PR | n urmel il [2UR |kl [ ‘Turnal  |Pilar [
length (L) {rafius(HRY luncesout orid cacfius(HR) uhderee [uidth [width mrrals (o
Widdh (W) [Widh (Vi) open
KO1CK 4| 735 28] 41973 18,95 22143813 £.00) 15.00] 48] 28| ma7azz| .07
KO1CRE #7205 25| 3mzs|  2a9s) 150200 500] 150 ejkot M| d0a97 25 smsl 5457
KOTDVI_ = KOTOVK_ 4
2485 35| sass| 495 105.5% 500 1600 <) 10497 X
oMK . KOIDV_| 47
7495 33| 4m68] 1095 439.039 5.00) 1400 2 104 97, 32 GHecd| .97
OV ™ KD1DVK_| e
WEAK 2483 20| 2308) 3495 83779685 500f 1600 4|WEAK | 10497 200 a1988l o4
KOTMVK & rass 33] ameA| i0.0sl 4380830 600] 1500 2[KOTMVK 47| 10447 32| 6uace &9
KOIRVK A 7ass so|  aag|  sags) smanass 500 15.00 15[KOTRVK 4| 10497 30| 6wz @
Domdn  [MAMR  Ukdecut |Hwdrmdic [AHR [L-xHR Min Temel  [Filar e
length (L) |radus-6) onderoat  [widih  [wkif s
Widh (¥9) cpen Br
(Cuniryy
KO1CK Ej 90.95 28] sm3az] ags| aepmis]  soal 1400 7
50.95] 25] 45i75| 4085} 141 C500K] 500 1500 g
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Table B.3. Level_54 kimberlite facies calculation for minimum undercut width.

Domaln MRMR|Undercet [Hydradlic. [ZLHR  [L2xHR [Min. Tunnel width [Fillar width |Ne: tunnats {Damain MRMR  |Undercut [Hydraulc |2LHR  |L-2xHR  [Win. Tunnal  |Pillar | Ma: tunnels.
lngthi (L) |radius{HR}| juridarcist to cpen far length (L) |radius{HR} wndercut  jwidth jwidth ta apan far
Caving [Withth (A7) Caving
KO1CK 45 S.EI 15.00) 13|KOICK 45| 14809 28] 8293.04 5
KO1CRE 44 5.00] 15.00) 8|KO1CRB 44|  t4s.00} 25|  7404.5) 4
K01DVK_HARD 54 1 5.00] 15.00)] 130[K010VK_HARD 54]  f48.04 7
KO1DVE_MID 7] 7.83) 5.00] 15.00] 29|KO1DOVK_MID 47| 14809 5
KHDYIK_WEAK 35 KOTDVK_WEAK 25
71.83} 20|  2877.2]  31.83 90,14 5.00, 15.90) 5 148.09f 20{ sg23.8]  108.09| 54.80 5000 1500 3
@VK 47 e w2 480352 ve3]  se0sd 5.00 15.00) zBE MV 47 14808 32| _eavr7e]  same|  11z7i]  s00] 1500 [
KOIRVK 45 71183 30] 43158  11.93 361, 5.00, 15.90) 18|KOIRVK 48] 148.09} 30| 88854 sao09]  100.87 5000 1500 5|
Gomaln MRMR [Underctt [Hydrauiic [2LHR|L-xHR | [Min. Tunnel widtn |Pijtar width |Ne: tunnels |Domair: "W! Underct [Hydredle  |SLHR  |L-Z<HR  |Min. Tunnel  |Pillar Na: tunnais,
lenigth {L) |rad Lindercut te apon for langth (L) [racits{HR) indercut  [width  [width  [to opentor
With (W) Caning [Wicith {W} Caving
KO1CK 45  138.32 28] 7745.82) 82.52] 84.10 5.00 15.00] 5[KO1CK 45 116.18 108.11 5
KO1CRB 44 138.32 26] £318] 88.32] 78.31 5.00 15.00] 4[KO1CRE M) 116,18 8778, 4
|T(D1DVKJ'IARD 540 12832 35 95&2.4[ 98.32) 141.72 £.00 15.00 7[KO1DVK_HARD 4] {16.18 178114 Ll
KO1DVK_MID 470 138.32 22| 8852.48| 74.32] 118.41 £.00 15.00] &|KO1DVK_MID 47]  116.18) 142.50) 7
KO1DVE_WEAK a3 KO1DVE_WEAK| a5
138.32! 20| =532l ses 56.27] 5.00 15.00 3 116,18 £1.00, 3
KOTMVK 47 13832 22| BAs2 48 74.32; 118.11 5.00 15,490 §|KOTMVK. a7 11618, 14250| 7|
KD1IRVK 46 13832 30 B298.2 78.32| 105.97) 5.00 15,00 S|KOIRVK 46| 116.18] 124_02' 8|
Domain MAMR (Undercut |Hydraulic [2LHR L-2xHR  |Min. [Tunne! widthiPitiar width No: tunnels [Domain MRMR  [Undercut {Hydraulic [2tHR L2xHE  Min. Tunnel Pillar No: tunnals
tongth (L) [rasius{HR) underout [ta apen for largth (L) {radius(HR) undersut  |width width tor open far
Width () Caving Width (W) Caning
KO1CK. 45| 8262 28] 42672 2662 173.81 5.00] 15.00 9|KO1CK 45 28 228.84 s00) 1500 1
KO1CRE 4l s 25 4| e 126,64/ S0, ﬁTﬁi 6|KO1CRB “ 25 152.91 500,  15.00 8
KO1DVK_HARD 54| 82.62 35| o724 12.82] 458.27| 5001 15.00 23|K01DVK_HARD 54 35 X 1276.90] 5.00 15.00, &d|
KO1DVK_MID 47| 8262 | sw7es| ez 2ssug 0 15.00 14| KO1DVE_MI 47 7aue[  s2] 47eema]  toos]  amivg] o[ 1500 24|
|KOTDVI_WEAK - K01DVK_WEAK -
s2.52| 20| 33043 4282 TT.54 500 15.00 4 74.08] 20| 29624 3408 85.98 500, 1500 4
KOTMVE 47| =262 32| szeres|  13.82] 263.95, 5.00 15,00 14|KOTMVEC 47| 74.08) 32| 4739.34) 1008 47118 500 1500 24
KO1RVK 48] 8282 30| 4os7.2{ 2282 21915 5.00 15.00 11|KO1RVK 46|  74.08 30| 44438) 1408  316.05 5.00] 1500 18
Domaln MRMR |Undercut Hydravlie |2LHR E-xHR  [Min. Tunnel width [Flllar width |MNo: tunnele |Damain MRMR Undercut |Mydmaulic  [2LHR LaxHR | Min. [ Tunnei Plliar Ma: tunnsis
letigth (L) fradius(HR) undaroUt 1o apen for langth {L) [radiusiHR) undercet  |width  |width 1o open for
Caving \Winith (W) Caing
KO1CK 45| £.00 15,00, 4|KO1CK 45 141,18 28| 790496 85.16 X 15.00 E
KO1CRB! 44 5.00 15,00 4|K01CRA 44| 141.18] 25 70s8]  91.18] .00]  15.00 4
KO1DVK_HARD 54 5.00 15.00 6|K01DVK_HARD 54| 141.1g] 38| psgi2] 7118 s00] 1500 7
KO1DVI_MID 47 5.00 15,001 5|KD1DVK_MID 47| 141.18] 32| o034.24] 718 5.00] 15,00, 8|
KO1DVE_WERK = KO1DVK_WEAK - |
160.38| 20| 3452 53.29 5.00 15.00 3 141.18] 20|  Ss46.4| 101.18] 55.82 500, 15.00 3
|Ka1MVIK 47} 160.38 32| j0264.32]  98.38 106.50] 5.00 15.00 5[KOTMVK 47| 141.18] 32| oo34.24] 7718 117.08 500 15.00 8
|KOTRVK 48; 1603 30| se228 100.38 95.85 5.00 15,00 5[KOTRVK 46| 14118 30| 84896] B1.16]  104.38 5000 1500 5
[Baman MRMR fUndercut [Hycrautie (2LHR L-2xHR  [Min. [Tunnel width | Piller widtis | No: urnels | Comain MRMR  (Underct |Hydmulle [2LHR L2xHR  [Min. Tunnel — |Plllar Na: tunnals
| {ength (L} radius{HR). Lndarout ito open for langth (L) |radlus{HR} undereut  |width width ta opan for
| [width (YY) Caving Widlh (W) Caving
KO1CK 45 119.48 28| BEED.VG]  63.48 105.42] 5.00 15.00 5[KO1CK 45 6518 25 3643.96 9.16| 39838 500, 1500 20
KO1CRB 44 11846 25| 5973)  89.48 85.39 5.60 15.00 4[Ko1CRE 44 8518 25| 358 1518 21491 500 15.00) u
KO1DVK_HARD 54 119.48 35| 83622 49.48 169071 500 15.00 8[KO1DVK_HARD 54 &g 35) as61.2] 4.4 242.40) 500, 15.00] 47|
KO1DVIE_MID 47 11346 92| 7E45.44,  55.48|  137.86 5,00 15,00 7|KA1DVK_MID 47| es.18 32) 4170.24 118 269503 500/  t5.00f 180
KO1DVE_WERK - KO1DVK_WEAK 5
118.48] 20| 477340 7846 80.14 5.00 15.00 3 65.16 20{ 26064 2518] 10359 500 15.00f 5
KOTMVI 47 118.48 32| 784544 5546 137.88] 5.00 15.00 7|KOTMVE 47 65,18 32} 4170.24 118 359503 500 15.00] 180]
KOTRVK 48] 113.48 30| 7167.6]  53.48 120.54) 5.00 15.00 5|KOTIRVK 46| 85.18 20| 3909.4] 5.1g] 75767 500 15.00] 38
Damain TMRMR [Undercut [Hydmaullc [2LHR. [L2xHR |Min, [Tunral width | Plllar vigth Mo tunnsls [Hamain Mmmm Hydrmulic !Wz -2HR |Win. [funnet  |PFillar  |Na: tunneis
length (L) [radiUs{HR}) undercut o opan far length (L) |radius{HR] undarcut  [width wigith to open for
[Width (W) Caving [Width (¥} Caving
KO1CK 45 87.99] 28; 49252 3195 154.15] 5,00 15.00 B8[KO1CK 45 94.8 28| 5308.3 383 13682 500 1500 7
KO1CRB 44 37.99] 25} 4397.5| 3793 115.88) 5,00 15.00 6|KO1CRB 44 4.5 35| 470 443 10580 500 1500 5
K01DVIK_HARD 54 7.9 35, 1565  17.95 342.58) 5.00 15.00 17|KO1DVK_HARD 54 4.8 3] ee3g 24.8]  267.58 500 1500 13
KO1DVK_MID 47 s7.95) 32| 5628.8|  23.95 235.02) 5.00 15,00 12|KO1DVK_MID 4 94.8, 32)  8O0BT.2] 0.8 19699 500 1500 10
KO1DVIK_WEAK = K01DVK_WEAK "
87.85 ) 3318 47.95) 337 5,00 15.00 4 4.8, P 792| 54.8 £8.20, 500, 1500 3|
KOTMVE 47 87.83] 32| 56288 23 95 235,02 5,00, 15.00 12| KOTMVK 47 94.8| 32| 80672 0.4 196.89; 5.00] 15.00) 1]
KOTRVIC 46]  a7.g8] 30 5277 27.95) 188.80) 500 15,00 9|KOTRVK 46 94.8] I 34.8] 16345 500 15.00 5|
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Table B.4. Numerical data for level 48.

Sum of No:tunnelsto cpen for Caving  Column Labels |-
= KOIDVK_HARD KGIDVK_HARD Totaf
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20263 5.347244213 534744213 4677313713 4677313713 AGT73LITII
150.92 6527681661 GEITEAIGGY  S5SE1A06 G.SREIESH 55561806
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Table B.6. Graphical representation of domains versus undercut length/Hydraulic
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Table B.8. Graphical representation of domains versus undercut length/ Hydraulic

radius.
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7.3 Permission to conduct research study

DEBirers GrRour

20 June 2013

Mr T Mudey
P.0.BoxBL7
Czonani
0958

RE: FERMESSION TO CONDUCT RESEMRCH STURY
Reference s made to your letier dated 24 Aprd 2019, requestg permiesion ¢

ot rassarch for your rasters repoit iy which the regort wilt be fosusing on the De
Heers op antt primartly on the Underground Project.

We a2 dedighted 1o infarm you that your request has been suecessiul apd we ae
feoking forward to assisting you in your research

o p— —_— i ————
S > —
Richard Greif
Senlar Site Manoger - Yenstia Undergrouns Project
Teb: 019 575 2642
VENETIA MINE
* APUAL FOAD Rl T
S0 SOR U
LA Al e s
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