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Abstract

To optimise mining in a safe, geotechnically controlled and economical most beneficial way in Mine
2 of the Stjerngy mine, a choice has been made to review the current mining method, sublevel open
stoping, and a different mining method, vertical crater retreat. The Stjerngy mine is an open pit and
underground mine for Nepheline Syenite and this thesis focuses on Mine 2, the underground mine
which is partially completed. The stopes of Mine 2 are closely located to old stopes, which can cause
stability issues. Between the new and old stopes is a barrier pillar which is a key element in the stability
of the underground mine and the infrastructure for the open pit operation as well. This project consists
of field work and laboratory testing to create a basis for the numerical stability analysis of the mine and
the creation of a cost model for the two different mining methods.

The results of the cost modeling show that the use of sublevel open stoping will result in a cost per
tonne of 9.86 NOK and the use of vertical crater retreat will result in a cost per tonne of 10.39 NOK.
The use of sublevel open stoping as mining method is the most economically beneficial option for the
mining operation. It is less expensive as a mining method and it is a proven method at this mine site.
The vertical crater retreat method uses a more expensive blasting method, with the same burden and
spacing parameters as the sublevel open stoping. The results of the field work and the laboratory test-
ing provided important parameters for the numerical modelling, such as the strength of the material.
Based on these results the numerical modelling also showed that it is beneficial for the stability of the
pillar if some stopes near the barrier pillar are not extracted. The extraction of these stopes will de-
crease the factor of safety of certain areas of the barrier pillar to one or for some areas below one. The
stope size has also been reviewed. To make sure that the stopes are well connected to drawpoints, it
is important to keep them the same size, which is a stable stope size for the roof. Smaller stope sizes
are found to be a bit more stable, however the effect of the increasing amount of pillars is not known
on the overall stability.
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Introduction

Nepheline Syenite, an ingneous rock, is used in various products, such as glass and paint. Sibelco
Europe produces nepheline syenite in their Stjerngy operation, located in Norway. The site consists of
three parts, an open pit mine, an underground mine and processing plant. The mine is located in the
arctic which limits the months of operation to June till December for the open pit because of the amount
of precipitation as snow. The processing plant is operating (almost) the whole year, which means that
the ore must be mined in the underground mine or stockpiled from the open pit. This material is stock-
piled in several stopes used as silos in the underground mine which are connected to the open pit by
ore chutes. Which is part of the reason why the mine is operating an underground mine. The other
reason is a higher ore recovery of the deposit. The underground mine produces part of the ore that is
used for processing, with a focus on the underground part in the winter period. The other part of the
ore is mined from the open pit and then stored in the stopes that were mined before. Other stopes are
used for the storage of waste material.

The first part of this chapter is an introduction to the Stjerngy site, the site’s location and layout will
be discussed after which the climate is shortly reviewed. After the climate section, the mining method
and the geology will be reviewed. With this background information clear, the problem statement is the
next section. After which the goal and objectives, the method and the scope follow.

1.1. Stjerngy

The site is located on an island, approximately 20 kilometres north of the city Alta, in Norway. Figure
1.1 shows the location of the mine. The mining operation at Stjernay, is partly an open pit and partly
an underground operation. The mine has a production of 530.000 tonnes of raw material and 400.000
tonnes of waste rock.Of this, 90 percent is mined by the open pit operation and the other 10% by the
underground operation. The waste rock is only produced in the open pit. In the underground mine,
the development and the mining activities are all inside the orebody. The open pit is operational from
June 20th till mid-December. For the rest of the year, the underground mine is operational to provide
the processing plant with ore. The production from the underground mine is not sufficient to run the
processing plant, so material from the open pit is stockpiled in stopes to use during the winter months.
This is as well one of the reasons why the ore is mined underground. The other reason is that the
orebody is extending into the mountain, which means that the use of underground mining methods
increases the amount of ore that can be mined. During the months that the open pit is in operation,
there is almost no production form the underground mine. This is because the open pit is cheaper to
operate and has a higher production than the underground mine. The only work that happens during
these months in the underground mine is development work.
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Figure 1.1: Location of the Mine. Sibelco 2019.

The material that is mined is nepheline syenite, which is a combination of Nepheline and Syenite.
Nepheline is a mineral that forms in alkaline complexes in igneous rocks and is most commonly found
in the rock Nepheline Syenite (Feick 2019). Nepheline syenite is a material that is used in paint, filler
and glass production. The nepheline syenite is mined in this area in Norway because it is of a high
quality, with low degree of impurities.

The site consists of an open pit mine, underground mine, underground crusher, underground stor-
age, plant, international port and silos. The exact layout is shown in figure 1.2. The open pit is located
on the mountain, 700 meters higher than the processing plant. Mine 1, the grey stopes, is no longer in
operation, it is only used for raw material from the open pit mine and waste rock storage. The stopes
of Mine 1 and 2 have been mined with sublevel open stoping. The stopes of Mine 2 that have been
mined already are visible at the rigth pat of the figure. The new stopes for Mine 2 are planned to be
above the stopes of Mine 2 that have been mined out already. The pillar between Mine 1 and the area
above Mine 2 is a point of concern. This pillar is the barrier pillar between Mine 1 and Mine 2 and the
stability of this pillar must be guaranteed. It needs to be strong enough to withstand all the stresses
imposed by mining. However, if it is too thick, valuable ore is lost. The reserves of the mine are enough
for production at the current level for approximately 65 years.

The material from the open pit is transported by truck into the underground mine, where it is dumped
in the correct stope. The waste material is dumped in the grey stopes, and the ore is dumped into the
orange stopes, the raw material storage. The material falls down from the top of the stopes to the level
the stopes are filled now, this can be hundreds of meters. The waste rock filled stopes are starting to
fill up, and it is planned that they are full before the open pit mine arrives at the top of the old stopes.
The raw material in the raw material storage stopes is drawn from the bottom of the stopes with a front
loader. The front loader feeds the raw material into the crusher hall, where primary crushing takes
place. The mixing of the material is done by the front loader, it draws the material from different draw
points from the raw material storage or the underground Mine 2 stopes.

From the primary crusher, the material is transported by a conveyer belt to a 3-day-storage facility,
this facility provides a short-term stockpile capability, so that the operating plant has a constant in-
flow of material. From the 3-day-storage it is transported to the processing plant by conveyor belt. In
the processing plant, the raw material is processed by drying, additional crushing stages and multiple
separation stages to create different sizes products.
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Figure 1.2: The partly underground site layout. Sibelco 2019.

1.1.1. Climate

The local climate is a continental subarctic climate, with average temperatures ranging from 12.1 Cel-
sius in July to -3.7 Celsius in January. The average amount of precipitation is 830.6 mm, of which is
mostly in the form of snow. The average monthly temperatures are below freezing for a six to eight
months and snow on the ground for many months (Oksfjord, Norway. The climate in Oksfjord Norway
2020). The amount of precipitation causes water inflow in the mine, especially in thawing conditions.

1.1.2. Geology

The deposit on the island Stjernay is part of the Seiland Igneous Province, in the Caledonian nappes of
northern Norway (Roberts et al. 2010). It consists of 5.000 square kilometres on the islands of Seiland,
Saerey and Stjerngy and the northern part of the Finnmark province. The history of the Seiland Igenous
Province is a complex magmatic evolution. It consists of an abundance of ultramafic rocks, layered
gabbroic plutons and a final stage of calc-alkaline intrusions in the form of alkaline pyroxenite, syenite,
nepheline syenite, and carbonite. The final stage happened approximately 574+ 5 million years ago (Li
2013). A Pluton is a body of intrusive rock that crystallized from slowly cooling magma (Glazner et al.
2004). One of the characteristics of a pluton is that it is non-tabular shaped, which is also true for the
Seiland Igneous Province. A map of the Seiland Igneous Province and a close up of Stjerngy is given
in Figure 1.3.

The Nabberen orebody is a lens shaped orebody located just north of the summit of the mountain
Nabberen, which is also shown in Figure 1.4. The location of the mining facilities that are on the sur-
face is given with the small box at the bottom of the figure. Figure 1.5 shows the shape of the orebody
relative to the mountain looking towards the north west. The top of the mountain is at a height of 700
meter above sea level. The orebody is approximately 1700 meter long, 300 meter wide and has a dip
of 70 degrees.
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Figure 1.3: Map of Seiland Igneous Province and close up of Stjerngy. Xiaoyan Li 2013.
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Figure 1.4: Geological map of alkaline compley on Stjerngy. Xiaoyan Li 2013.
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Figure 1.5: Shape of the orebody. Direction of view is north west. Sibelco 2019.

1.1.3. Mining Method

The mining method that is currently used is a variation of sublevel open stoping. The final open stopes
that have been created in Mine 1 are 400 meters high and are being filled with waste material or raw
material. The Mine 2 stopes are approximately 150 meters high. The first steps of the mining process
for Mine 2 was creating the drift at the base of the planned stopes, see Figure 1.6. Drawpoints are cre-
ated at this level, to remove the blasted material. 50 meters higher, at the planned top of the stopes,
another drift was developed. This drift provides access to the stopes from the top. From this drift,
new drifts towards the furthest stope from the original are created. In one of the corners of the stopes,
a shaft is created that leads to the drawpoint of that stope. This shaft is used for dumping material
from the development blasts to the drawpoints and to create a free face for blasting. A slice with the
complete size of the stope is developed. In case of the southern stopes, a slice with the dimensions
6.5 meters high, 27 meters wide and 50 meters long is developed. The slice is used to drill the vertical
production holes per blast. Each stope is divided into four or five slices that are blasted towards the
free face.

The next stope that is developed is developed in the same way as the first stope, in addition that it
is connected to an existing stope by a drift. This is done to dump the material of the development
directly in the mined out stope to eliminate transport of the material. Before the stopes at a level are
all mined out, a drift is developed 50 meters above that level, to provide access to the development
of new stopes. The development of the new stopes follows the same steps as the stopes below, with
the only difference that there is one more free face at the bottom of the stope. This process continues
upwards, and results in stopes that can be hundreds of meters high. The stopes follow the dip of the
orebody, which can be seen in Figure 1.7. In this figure, the green stopes are the stopes from Mine 1
and the blue stopes the stopes from Mine 2.
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Figure 1.6: Layout of the stopes of Mine 2, plan view. Visible are the footwall stopes
(closest to the drift and the hangingwall stopes).

430 meter

|

Figure 1.7: Side view of the stopes. Mine 1 is visible in green and
Mine 2 is visible in blue.
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1.2. Problem Statement

The first part of the underground mine has been mined with sublevel open stoping. The second part of
the underground mining area, called mine 2, is partly developed, and is going to be developed further
in the coming years. The mining costs for the first part of the underground mine are not clear and they
need to be determined before a thought-out mining plan can be made. Furthermore, a pillar between
the old mining area and the new area is critical for a safe mining operation and it is critical for the whole
mining infrastructure. The required thickness of this pillar is not known.

One key aspect of both mine plans is the location of the new stopes relative to the rib pillar that is
between the old mine (Mine 1) and the new mine (Mine 2). The rib pillar is approximately under a 45
degree angle, which makes the assessment of the pillar more complicated. The optimum scenario will
be that the stope can be directly above the stope that is located one level lower, this will result in most
ore recovered. However, if the new stopes are too close to Mine 1, the rib pillar is too thin, the stability
of the mine will become uncertain. Currently, there is no method to assess the thickness of a rib pillar
in this kind of complicated situation. To determine the optimal thickness of the rib pillar, a geotechnical
model will be made in RS2, which is a two dimensional numerical modelling software. The results from
the model will be incorporated in the mine plans for both mining methods.

Therefore, it is necessary to get an overview of the current mining cost, and if possible, to lower the
costs. The focus of this thesis is to determine the optimal mining method that will be used while mining
Mine 2 in the underground part.

1.3. Goal and Objectives

With the gap defined in the problem statement, it is now possible to define the goal, the hypothesis and
the research questions, which are given below.

The goal:

This research aims to prepare a mine plan to continue mining in Mine 2 with the most
suitable mining method. Differences between the vertical crater retreat method and sub-
level open stoping method must be analyzed and described. Additionally, the effect of
the mining activities on stability of the mine should be analyzed.

The hypothesis for this thesis is based on literature review of both methods The hypothesis:

The use of Vertical Crater Retreat for the new mining method will result in a lower mining
cost compared with the current method sublevel open stoping.

While the operation proved that sublevel open stoping is a profitable mining method, it is possible that
the use of a different mining method will result in lower the mining costs. The following objectives are
defined to test the hypothesis:

1. Techno-economic assessment of sublevel open stoping,
2. Techno-economic assessment of vertical crater retreat,

3. Stability of the barrier pillar between Mine 1 and Mine 2.

The following research questions should be answered to provide a solid foundation to attain the objec-
tives.

1. For how long is the use of the sublevel open stoping mining method economically feasible?
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2. Is the use of Vertical Crater Retreat as a mining method in this operation economically feasible
and technically possible?

3. How does the proximity of stopes affects the stability of the barrier pillar?

4. What is the optimal stope size to continue mining without affecting the stability?

1.4. Method

The method that has been used in this thesis consists of multiple steps, and it followed the Sibelco
geotechnical design steps (Schmitz 2018). These steps are a observational method based on monitor-
ing. The first thing to do is to have a conceptual design or approach for the problem, which was that a
different mining method should be reviewed. The following step was to acquire data and to incorporate
this data into the design. This consisted of the gathering of data during fieldwork in the mine. During
this time at the mining operation, information for the cost model was acquired as well. Before the time
at the mine and during the cost models have been created and adjusted. Samples that were taken in
the field, have been tested in a laboratory in Liege, Belgium. With the data acquired in the fieldwork and
from the lab testing, the geotechnical work has been done. This included the geotechnical modelling
and the empirical methods used to assess the stability of the mine.

1.5. Scope

The following table will state subjects that have been included into this thesis and what subjects are
out of scope.

Table 1.1: Research Scope

In Scope Out of Scope
VCR & sublevel open stoping Other mining methods
Cost model underground Mine 2 Cost model processing & open pit

2D numerical model 3D numerical model

Empirical mine stability assessment

Mine planning for the future stopes in Mine 2 | Detailed production planning (Monthly/weekly/daily planning)

1.6. Thesis Outline

This report is consists of the following parts:
1. Introduction

Chapter 1: Introduction

An introduction to the topic with information about the mine site and the research objectives
for this thesis.

2. Theory
Chapter 2: Mining



1.6. Thesis Outline 11

An overview of the theory of mining that is used in this thesis. Mining principles and mining
methods are explained.

Chapter 3: Rock Mechanics
A basic overview of the theory of rock mechanics that is used in this thesis.

3. Methodology

Chapter 4: Fieldwork
The steps for the fieldwork in the mine are discussed in this chapter.

Chapter 5: Numerical modelling
Explanation of the steps taken to create the numerical model in the software.

Chapter 6: Mine Planning

The executed steps are explained for the planning of the mine. The steps for the cost model
for both VCR and sublevel open stoping are discussed as well.

4. Results & Discussion

Chapter 7: Fieldwork & laboratory testing
The results of the fieldwork & laboratory testing will be given in this chapter.

Chapter 8: stability analysis
The results of the stability analysis will be given in this chapter.

Chapter 9: Cost model
The results of the cost model will be given in this chapter.

Chapter 10: Discussion

Discussion about the methodology that has been applied and the data that has been used
to solve the problem.

5. Conclusion & Recommendation

Chapter 11: Conclusion
A conclusion of the findings of this research related to the scope of this thesis.

Chapter 12: Recommendations

Recommendations about the path forward for the mining operation that are based on the
findings in this thesis.
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1. Introduction

Part I
Theory



Mining Theory

This chapter describes the various aspects of mining that are important to understand the mining oper-
ation at Stjerngy. It starts with the two different mining methods. These mining methods are sublevel
open stoping and vertical crater retreat (VCR). The mining method is determined by the geology of the
deposit. Each mining method works in a certain sequence, which is why after the mining method, the
sequencing will be discussed. When the mining methods are explained, another factor affecting the
mining operation will be discussed; mine stability.

2.1. Sublevel Open Stoping

Sublevel open stoping is an underground mining method that uses large-scale open stopes. The
method is used if there is a strong orebody, which requires minimal support, and the ore is surrounded
by a strong country rock. Furthermore, the ore should be well defined and in a fairly regular shape (Hus-
trulid 1982). The method is based on providing access to the orebody at different sublevels, between
the main haulage levels, to drill and blast the ore. The workers are not supposed to enter the open
stope, the activities take place at the sublevels (Hartman & Murmansky 2002). The orebody should be
dipping with an angle between 50 degrees and 90 degrees, to make sure that the blasted material falls
down to the drawpoint (Darling 2011). One other characteristic of open stoping is that it generally is a
natural supported mining method. This means that deformation and displacement is limited to elastic
orders of magnitude (Hudyma 1988).

Sublevel open stoping requires a lot of development with high capital expenditures before the produc-
tion can begin. The layout of a typical sublevel open stope can be found in Figure 2.1. The development
of a sublevel stope starts with a shaft or slope that is sunk in the footwall of the ore. This is to be unaf-
fected by the negative aspects of blasting on the production drifts (Hustrulid 1982). The haulage drifts
are located at the bottom of the stope, with access crosscuts at intervals. A slot raise is driven from
the bottom of the stope to the top, which is enlarged to full stope width (from hanging wall to footwall)
to act as a free face for the production blasts and to accommodate the swell (Darling 2011). The stope
drilling is done from drilling drifts which are located on the sublevels. The drilling types that are most
common are long-hole ring and fan drilling. If the orebody is narrow, the whole width of the orebody
can be developed, which accommodates parallel drilling (Hustrulid 1982).

There are two basic types of sublevel open stoping, longitudinal and transverse. The longitudinal
approach is used if the orebody is narrow, less than 15 meters thick. It uses stopes that are parallel
with the strike of the orebody. The transverse approach uses stopes that are perpendicular to the strike
of the orebody, with the possibility to use pillars between primary stopes (Villaescusa 2014).

Blasting in sublevel open stopes is done in slices. The stope is divided into slices of a certain thickness

and the holes for that slice are drilled from the top to the bottom of the stope. The holes are plugged
at the bottom and filled with 1 or 2 meter(s) of stemming. On top of the stemming comes the explosive
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of choice, with a detonator at the bottom of the charge. If the hole is very long, it is also possible that
a second detonator is used between 10 to 20 meters from the top of the hole.

|

- 3

; Long-hale f R,

/ Crilling and  f——>
Blasting

Figure 2.1: Sublevel open stoping. SME Mining Engineering Handbook, 2011. Mod-
ified.

One of the main advantages of sublevel stoping is the efficiency of the drilling, blasting and loading
operations. The operations can be performed independently from each other. This creates a high po-
tential for mechanization with higher productivities with a minimum level of personnel. Furthermore,
most of the operations are located into a few locations, which lowers the transport in the mine (Villaes-
cusa 2014). The main disadvantages are that the development is complicated and comprehensive,
and that the shape of the orebody must be regular. Which means that waste inside this regular shape
is also mined, or that ore outside this shape is not mined.

A case study of sublevel open stoping is the Olympic Dam mine in Australia. It is a sublevel open
stoping operation that produces 1.5 million tonnes per year. The rock mass conditions at this operation
are difficult to assess due to massive nature of the rock mass. A mean RMR value of 80 is used for this
rock mass, which means “very good rock”. The height intervals of the stopes vary between 30 and 60
meters, with a maximum width along strike of 60 meters and a maximum length of 35 meters. The size
ranges are caused by the local differences in geological structures, mineralization and geotechnical
structures. The production holes are 102 mm in diameter. The burden that is used is 3 meters, and
the spacing is 4 meters. A powder factor of 0.25 kg of explosive per tonne of ore is used. The first
opening that is created is a raiseborehole to accommodate the swelling of the material. The loading of
the holes is done by 2- by 2-men crews working 14 shifts a week. Blast sizes range from 500 tonnes
for slot creation to 250.000 tonnes during stope production. During each production week, six to ten
blasts are performed (Ugalla 1999).
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2.2. Vertical Crater Retreat

Vertical Crater Retreat (VCR) is a variation of sublevel stoping, where the free face is not the open stope
vertically in the orebody, but a horizontal stope at the bottom of the block that is mined. The production
blasts are horizontal slabs three to four meter in thickness, after which the ore is recovered at the base
of the stope (Darling 2011). The last five to ten meter beneath the top, the crown is blasted in one ses-
sion, with different delayed crater charges or with same delay decks (Chadwick 1992). VCR uses large
borehole diameters, ranging from 140 mm to 205 mm holes, with the most common diameter being
165 mm (Jiang et al. 2015). The development is similar to the development of sublevel open stoping,
except that there are less sublevels and it is recommended to have the drift at the top of the block as
wide as the whole block. This is to provide a drill horizon for the parallel drilling that is necessary.

VCR is based on the cratering theory, which reduces the amount of explosives used in production
(Hartman & Murmansky 2002). If a column charges is detonated, blasting rules state that the energy of
the explosion is all vertical to the axis of the borehole (Katsabanis 2018). The energy released perpen-
dicular to the axis is only a small part of the total energy. Spherical charges create an energy release
pattern along a radial axis from the centre of the charge in a spherical homogenous pattern (Ye 2008).
The charges that are used in VCR have a length/diameter ratio of 6:1. If the explosive column length
to hole diameter ratio is six or less, the charges behaves as a spherical charge. The maximum burying
depth of the charge for the appearance of a crater is called the optimal burying depth. The burying
depth of the charge at which there is no crater visible at the surface, only cracks, is called the critical
burying depth (Ye 2008). The blasting sequence that is used in VCR mining can affect the borehole
above the blast. The damage of the blast will extend upwards and the fragmented material will fall
down. It is possible that the shock of the blast will create movement of material higher in the borehole,
what can cause blocking of the borehole. If the borehole gets blocked, it can be unblocked by simple
measures from an operator or, if the blockage is significant, by re-drilling (Hawker & O’Connor 2011).

Crater dinmeter: [

Crater valume: V
LI |

Depth of

burial: dy,
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Charge length: ]_I

Figure 2.2: Cratering Dimensions. Liu et al 2018.

The different parameters of a cratering blast are given in Figure 2.2, with the depth of burial measured
to the centre of gravity of the charge. The hole diameter, the charge length and the depth of burial
determine the crater volume and the crater diameter. There is a relationship between the energy of the
explosive and the crater volume (Liu et al. 2018). Livingstone determined a constant factor between the
critical depth of burial and the cube root of the weight of the charge, which is given in equation 2.1. N
is the critical depth of burial; E is the strain energy factor for a given type of rock explosive combination
and Q is the weight of the charge.

N =E Q3 (2.1)

Where,
N: critical depth of burial in meters.
E: Strain energy factor for a given type of rock explosive combination in meters per
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kilogram.
Q: weight of the charge in kilogram.

This equation can also be written as follows:

d=A*E Q3 (2.2)

Where,
d: depth of burial in meters
A: ratio between depth of burial and critical depth of burial

Where d is the depth of burial and A is the ratio between the depth of burial and N, the critical depth
of burial. Equation 2.2 becomes equation 1 if the depth of burial is equal to the critical depth of burial
(Katsabanis 2018). With these equations, the crater volume divided by the charge weight (V/Q) can
be plotted versus the ratio between the depth of burial and critical depth (A). The curve can be used
to determine the optimum depth ratio to get the biggest crater (Katsabanis 2018). For Figure 2.3, the
optimum is a ratio of 0.56. This has been determined for charge with a constant weight of 3.00 kg and
a strain energy factor of 1.32 m/kg1/3 (Liu et al. 2018). One remark that is important for the correct use
of this graph is that the curve dips drastically on both sides of the optimum. To ensure best practices,
a safer value on the climbing side of the curve should be used.
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Figure 2.3: Volume/Charge weight ratio versus Depth of burial ra-
tio/critical depth. Liu et al, 2018

This mining method eliminates different development steps, such as raise boring and vertical slot cut-
ting. This reduces the time and costs for development. Furthermore, the uphole drilling and blasting is
eliminated from the process. VCR uses holes drilled vertically, which makes the drilling less difficult.
Another advantage is that the in-stope drilling is reduced (Villaescusa 2014). At the start of the stope,
all the holes are drilled in the upper horizontal development. When the production phase starts, the only
steps are loading and blasting of the explosives and mucking of the material from the draw points. A
disadvantage of this method is that the horizontal development at the top of the stope must be created,
which costs a lot of time and effort. Another disadvantage of this method is that rock breakage, caused
by the cratering blast, can negatively affect the fragmentation if not properly designed. And the blast
design should be made in such a way that the larger blasts do not affect the final walls of the stopes.

Previous research done on vertical crater retreat focusses mostly on blasting and vibrations. The VCR
technique is being used to recover pillars that were left during previous mining activities or a new form
of raising. The length that a face can be advanced depends on the hole layout, charging pattern, de-
lay interval, expansion room, hole deviation and rock properties (Liu et al. 2018). The slice height was
changed, to make sure that the material of the new blast had enough expansion room. They concluded
that smaller slice height and alternating initiation sequence is the key to larger VCR blasts.
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2.3. Dilution

Dilution is affecting the mining costs of each mining project. Dilution is the waste material that is not
separated from the ore during the operation and is mined with the ore. The waste material is mixed with
the ore and sent to the processing plant (Ebrahimi 2013). The total tonnage of the ore is increased, and
the overall grade is decreased. There are multiple types of dilution; planned dilution and unplanned
dilution. Planned dilution (or internal dilution) is the waste that must be mined due to the geometry of
the orebody and the requirement to mine rectangular areas in sublevel open stoping and vertical crater
retreat mining. The waste material is ingrained within the deposit, which is the reason why it is difficult
if not impossible to avoid (Crawford 2004). Unplanned dilution (or external dilution) is the dilution that is
created by rock failure or selectivity of mining equipment. The material is originating from outside of the
blasted stope boundary (Darling 2011). For both the mining methods that are discussed in this thesis,
unplanned dilution is not created by selectivity of mining equipment. This is because there is no digging
taking place outside the muckpile. Unplanned dilution can be controlled using the right equipment and
mining practices (Crawford 2004). The two types of dilution are shown in Figure 2.4.
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Figure 2.4: Planned and unplanned dilution. SME mining engineering handbook,
2011.

It is not possible to avoid dilution entirely, but it can be quantified and then controlled. Calculating
dilution is a difficult process, which involves comparing after crushing samples with the resource and
reserve models. The accuracy of this calculation is dependent on the accuracy of the sampling and of
the resource modelling (Crawford 2004).

Stope geometry is an important aspect of dilution control. The stope hanging wall is the zone that
is sensitive for overbreak. Henning and Mitri (2007) have shown that tall slender stopes with short
horizontal and large vertical dimensions are more stable than large rectangle stopes (Henning & Mitri
2007). One parameter that is also very important to predict the dilution is the local stope setting in the
mining sequence. Stopes with rocks on both sides have less potential to have higher dilution, this are
primary stopes. Stopes with backfill on one or both sides have a higher potential for dilution, this are
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secondary stopes.

2.4. Sequencing

A limiting factor to each underground mining operation is the maximum size of the opening that can be
created without failure. In most operations, the volume that can be mined safely is significant smaller
than the orebody itself. That is why multiple stopes are needed to extract all the material. In most
mining operations, the different stages of the stope life cycle happen at the same time, which are:
development, production and potential filling. To keep production at the same rate, multiple stopes are
needed in different life cycle stages. In general, stope sequencing is driven by ore grade requirements,
operational issues and induced stress considerations (Villaescusa 2014). One of the important aspects
to remember is to avoid creating highly stressed blocks of rock in the orebody.

2.5. Rib Pillar

Open stope mining is the most economic if the entire orebody can be mined in one longitudinal stope.
However, this mining technique creates the potential for serious stope instability. This instability can
be solved by using rib pillars and or backfill. The role of a rib pillar is to increase stability to a mining
section by limiting rock mass displacements and restricting the exposure of the rock mass in the stope
back and walls (Hudyma 1988).

Pilar design is a critical step in the stope design process. The stability analysis of pillars is also very
important in the stope design process. The most basic and well used calculations for the factor of safety
for a pillar can be found in equation 2.3 (Villaescusa 2014). Stability of a rib pillar refers to the ability of
the structure to undergo a small change in loading without resulting in a sudden release of energy of
large deformations (Brady & Brown 2006).

Pillar strength

Factor of safety = (2.3)

Average pillar stress

In the equation above, the average pillar stress can be calculated by determining the area that is
supported by the pillar, multiplied times the depth of the pillar and the density of the rock mass. The
pillar strength can be determined with the strength of the rock and the dimensions of the pillar (Martin
& Maybee 2000). The equation for the strength of a pillar is given by Hedley (1978) and is given in
equation 2.4.

WO.S

op = K 7575

(2.4)
Where,

g, pillar strength in MPa.

K: strength of a unit volume of rock in MPa.

W: width of the pillar in meters.
H: height of the pillar in meters.

By analyzing rib pillar data from different Canadian open stope mines, Hudyma (1988) created a
database with a wide variety of rock types and pillar loads. The pillar load data was derived from
three-dimensional linear elastic modeling. Hudyma plotted the pillar load divided by the UCS on the
y-axis and the pillar width divided by the pillar height on the x-axis. This results in figure 2.5. The graph
is divided into three different zones: failed, transition and stable. Furthermore, 13 case studies of rib
pillars are included in which the pillars were initially stable and yielded after a certain time. The cases
were observed to move correctly through the graph (Villaescusa 2014).
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Figure 2.5: Rib pillar stability graph, showing: stable, transition and failed zones. Villaescusa 2014.

2.6. Stereonet Projection

A stereonet is a way to plot a hemispherical projection on a two-dimensional diagram. The projec-
tion allows to represent and analyse three-dimensional relations between planes and lines on a two-
dimensional diagram. An imagined sphere is placed on an inclined plane, which is shown in Figure
2.6. The intersection of the sphere and the plane is called the great circle. A perpendicular line to the
plane through the centre of the sphere intersects the sphere in the lower hemisphere, this is called the
pole, see Figure 2.6. If multiple discontinuities are plotted on the same stereonet, an analysis of the
joint sets can be made (Brady & Brown 2006). An example of an equal angle stereonet that can be
used to manually analyse the planes and lines is given in Figure 2.7.
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Figure 2.6: Stereonet projection. Left part shows the imagined sphere on the plane. Right part shows the great circle and the pole
on the lower hemisphere. Brady & Brown (2004)
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Figure 2.7: Example of an equal angle stereonet used for plotting the planes. Terzaghi
(1965)

When orientation measurements are made, discontinuity sets that are perpendicular to the scanline are
recorded more frequently than sets that have a lower angle towards the scanline. To account for this
bias, the Terzaghi weighting factor can be used. The weighting factor is based on the angle between
the scanline and the discontinuity and the distance between the discontinuities (Terzaghi 1965).

2.7. Mine Stability

Sublevel open stoping and vertical crater retreat both work with large open stopes. The stope should
be stable, for safety reasons and to prevent too much dilution. The methods that are used to assess
stope stability are empirical methods or numerical modelling. Mathews stability graph is one of the
empirical methods that will be used for the stability assessment.

Mathews developed an empirical method to determine the stope dimensions. The stability graph is
based on 189 case histories of unsupported open stopes. The graph divides the stopes in three cate-
gories: stable, unstable and caved. The stable stopes show little to no deterioration during the produc-
tion time. Unstable stopes can have limited wall failure and/or block failure involving less than 30 % of
the face area. Caved stopes have suffered unacceptable failure. The stability graph is based on a plot
of stability number N’ against a shape factor (or hydraulic radius) HR (Suorineni 2012). Equations 2.5
and 2.6 define the stability number and the hydraulic radius. In the equation for the stability number,
the modified Q system is used instead of the Q system. The difference between the two systems is
that in the modified Q system, the values for the joint water reduction number (Jw) and for the stress
reduction factor have been set to 1. The reason behind this is because in the Q system, the factors Jw
and SRF account for stresses in the rock mass. The equation for the stability number involves factor
A, which accounts for the stresses in the system. To prevent that the stresses have a double effect on
the stability number, they are set to 1 in the modified Q system.

N =Q" «AxBxC (2.5)
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Where,
N: the stability number.
Q’: modified Q factor.
A: stress factor.
B: joint orientation factor.
C: Mode of failure factor.

In Equation 2.5 is Q' the modified Q factor, based on the Q system. The modified version is used,
because the A factor also accounts for the strength of the rock and part of the formula for the Q system
also takes that into account. The factor A in equation 2.5 is the stress factor, which accounts for the
effects of induced stress around the stope. It ranges from 0.1, meaning high compressive stresses, and
1, meaning relaxing conditions (Potvin et al. 1988). The stress factor is determined from the ratio of the
intact rock strength (UCS strength) to the induced compressive stress at the center line of the surface.
Factor B is the joint orientation adjustment factor, which is the relative difference in dip between the
critical joint set and the stope surface. The last factor, C, accounts for the mode of failure that may be
in the form of gravity fall, slabbing or sliding. Figure 2.8 gives the different graphs for the factors and
how to calculate them.
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Figure 2.8: The different factors for the stability graph. (a) Stress factor A. (b) Joint orientation factor B. (c) Mode of failure
factor for gravity fall and slabbing. (d) Mode of failure factor for sliding. Suorineni 2010.
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The final part of using Mathews stability graph is the shape factor or hydraulic radius (HR). Most clas-
sification systems define the span in a two-dimensional plane. This is because the methods are based
on tunneling, in which the long span can be assumed infinite and the short span is the critical opening.
To account more accurately for the combined influence of size and shape on the stope stability, the
hydraulic radius is used (Mckinnon 2018a). Equation 2.6 shows the formula for hydraulic radius, which
is the area divided by the perimeter. Figure 2.9 clarifies the stope dimensions that are used in equation
2.6.

wxh

2xw+2x*h (2.6)

HR = Area/Perimeter =

Where,
HR: Hydraulic radius in meters.
w: width of stope in meters.
h: Height of the stope in meters.

Figure 2.9: Dimensions of the stope
that are used to calculate the hydraulic
radius. McKinnon 2018.

The stability graph is given in Figure 2.10, and it shows the stable, transition and caved zone. If the
stope is located to the left of the uppermost curve, the stope is capable of being stable for a reasonable
service time. If the need arises to have personnel in the stope, a light pattern of rockbolts and/or mesh
should be used (Hutchinson & Diederichs 1996).
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Figure 2.10: Stability graph. Hutchinson & Diedrichs 1996.

The Mathews stability graph uses the following assumptions as a base for the graph. The most signif-
icant assumptions are (Suorineni 2012):

+ Faults are not in proximity of the stope surface.

* For the determination of Q’, only joints with a length of longer than 3 meters should be used.
» The open stope stability graph is only valid if there is no backfill as any of the surfaces.

» Stopes are mined in 6 months, and time has no effect on the stope stability.

» The method is applicable to 2-way exposed stope surfaces.

2.7.1. Case Study

A case study of Thompson Mine in northern Manitoba, Canada, gives insight in the used VCR method.
The mine produces mainly nickel ore from open pit and underground operations. The underground
operation produces approximately 6000 tons per day. To holes that are used have a diameter of 114
mm or 165 mm. The 114 holes are loaded with charges ranging from 8 to 12 kilograms, and the 165
holes are loaded with 25 kilograms of explosives. This results in a powder factor for both hole types
of 0.45 kilogram of explosive per ton of broken material (Greer 1989). One of the concerns was the
powder factor in combination with the medium strength rock. The blasts could damage the walls of the
stopes in such a way that the dilution would increase. To create a summary of the mine’s open stoping
experiences, 126 previously mined stopes were analysed with an empirical method, Mathews stability
graph (Hudson 1995). The stopes have been plotted in the graph, and the result is shown in Figure
2.11. A few things can be noted in the graph of the hanging wall cases, one of them is that unstable
stopes are plotted in the stable region, which indicates that the correlation with the general failure curve
is not sufficient. Also, the plot of the stable points correlates well with the failure curve. The graph of the
stope back cases shows a better correlation with the graph, all 11 unstable cases are in the unstable
zone or in the transition zone. However, stable points are scattered all over the graph. The differences
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between the stopes and the graph are caused by the effect of the high powder factor with the rock
quality. Hudson suggests that the stability graph for this mine should be adjusted. The original graph
is based on case studies from all over Canada. The true design line for this mine should be calibrated
with the data from the site. The left graph of the figure shows the new proposed design line for stable
and unstable zones. The recommendation made by Hudson (1995) is that if there are enough data
entries, the Mathews stability graph should be updated for the operation in which it is used.
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Figure 2.11: Analysis of 122 stope hangingwalls (left graph) and 101 stope back walls (right graph). Hudson 1995.

2.8. RS2

The software that will be used to model the stopes and the rib pillar is RS2. It is developed by Roc-
Science, a company specializing in 2D and 3D software for mining, civil and geotechnical engineers.
RS2 is a 2D finite element program for soil and rock applications. Finite element method is a way to
represent the contiuum. The whole domain is divided into elements, which can have multiple shapes
but often triangles (Mckinnon 2018b). Modelling the subsurface in RS2 consists of various steps. The
first step is to create a cross section of the area of interest. That will be the stopes with the topogra-
phy of the mountain. The next step is to create a stress field in the model that equals the measured
and values found in literature of the stress field. The third step is to assign the materials used in the
model with the right rock mass properties. Properties that are included are strength, failure mechanism
and the number of joints present in the rock mass. The next step in the progress is to create a mesh
of triangular elements with the right density to not miss any detail. The mesh can be larger in areas
where limited information is needed, and the mesh can be smaller if there is a need for more information.

RS2 is often used for the evaluation of built up stresses. Gonen and Kose developed a model for
the stability analysis of open stopes and backfill in longhole stoping method. They investigate the
stresses that would occur around stopes and pillars which will be created when certain parts of the
orebody at depth will be mined. The stopes are planned to be at a depth of approximately 400 me-
ters. They first performed laboratory testing to determine the geomechanical properties. The properties
are used to model the behavior of the different material types. Gonen and Kose study three different
cases, the first being a case of one stope extracted, the second is a case with two stopes and a pillar
in between and the last case is when the production reached the 650 meter level (Gonen & Kose 2011).

For the first case, the model showed that the critical stresses occur in the corners and the sidewalls of
the stope. For the second case, the critical stresses occurred in the roof and sidewalls of the stopes
and in the pillar. The third case showed that there would be no stability problems with the design. To
come to this conclusion, they compared the stresses from the model with the geomechanical features.
The conclusion from Gonen and Kose was that a triangular or diagonal shaped production sequence
starting from the bottom is very important for the stability of the mine (Gonen & Kose 2011).
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2.9. Conclusion

With the knowledge of sublevel open stoping and vertical crater retreat described in this chapter, a
basis is created to make a decision between both methods. The differences between the methods are
clear. Furthermore, other principles that are used during the mining operation of an underground mine
are discussed, as well as Mathews Stability graph method. This method will be used later on in this
thesis to assess the stope size empirically. The software that will be used, RS2, to assess the stability
of the whole mine is described.

The next chapter is going more in-depth to the rock mechanics that are important for each mining
operation. A good understanding of rock mechanics and the force that are active in the mine will result
in a better assessment of the stability of the mine.






Rock Mechanics

To understand the rock behaviour, an understanding of rock mechanics is needed. Rock mechanics is
the subject concerned with the response of rock to an applied disturbance. For engineering principles,
the disturbances are man induced.

Rock masses can be complex to understand and to use the current engineering principles to ana-
lyze the rock behaviour can be complicated. In complex cases, the design decisions can be based
on previous experiences in the mine or elsewhere. To make it possible to use experiences from other
locations, classification methods have been developed.

This chapter will explain the classification systems and the principles of rock mechanics that have
been used in this thesis. These methods are significant, because without a clear understanding of the
stability in the mine, unstable conditions can be created. One of the reasons is that Mine 2 is very close
to a stability barrier pillar in the mine that gives stability for vital infrastructure parts of the mine. The
rock mechanic methods have been used to make sure that the mining methods that are considered
result in stable conditions. A focus lies on the area of the barrier pillar, which is of high importance to
the mine.

3.1. Stress-Strain Relation

Stress is the intensity of internal forces in a certain body under influence of external surface forces.
Stress is the force per unit area. Strain is the proportional deformation of a body under stress. The
relation between stress and strain can be described in different ways, the constitutive models. The
constitutive models describe the time dependent and time independent response of a material to an
applied load. The models describe the responses in terms of elasticity, plasticity, creep, viscosity and
combinations (Brady & Brown 2006). The difference in most models is in the after failure behaviour of
the material (Mckinnon 2018b).

The most common constitutive model is the model of elasticity, it is the constitutive model for many
rocks and a basis for other models. Figure 3.1 shows two different models for elasticity, linear elastic
and elastic-plastic model. The x-axis is the strain and the y-axis is the stress. The linear elastic model
is a model stress equals the strain. The elastic plastic model first behaves as a elastic model, till the
point of failure. From there, the strain becomes a straight line (William 2002).

27
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Figure 3.1: Top graph: Elas-
tic constitutive model. Bot-
tom graph: elastic-plastic
constitutive model. McKin-
non 2018.

3.2. Young’s Modulus

The Young’s modulus is a property that measures the stiffness of a solid material. It defines the linear
elastic relationship between strain and stress in a material during uniaxial deformation. The modulus
shows the ability of a material to withstand changes in length when under tension or stress in the
lengthwise direction. The equation for Young’s modulus is given in equation 3.1. The Young’s modulus
is also called the elastic modulus.

UZZ
E=— (3.1)
EZZ
Where,
E: Young’'s Modulus.
0,,. Uniaxial stress.
€5, Strain.

The stress strain curve for rocks are almost always non-linear, which makes it more difficult to calculate
the Young’s modulus. However, there are multiple ways to calculate the modulus. The first method is
to calculate the slope at a fixed point, generally at 50% of the UCS strength, this is called the tangent
method. The next method is the average modulus, which is the slope of the straight line part of the
stress-strain curve. The third method is the secant modulus, which is the slope of a line through the
origin of the curve to a fixed point (Pourhosseini & Shabanimashcool 2014).

3.3. Poisson Ratio

The Poisson ratio is the negative of the ratio of transverse strain to axial strain in an elastic material
subjected to uniaxial stress (Gercek 2007). The Poisson effect is the tendency of a material to shrink
or expand in a direction perpendicular to the loading direction. The equation for Poisson’s ratio is given
in equation 3.2.

€
v=— trans (3.2)
€axial
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Where,
V. poisson ratio.
€trans- transverse strain.
€axial. axial strain.

The transverse strain is negative when there is axial stretching (tension) and positive for axial com-
pression. The axial strain is negative for axial compression and positive for axial tension.

3.4. Rock Quality Designation Index

The Rock Quality Designation Index (RQD) is based on fracture spacing along scanlines. The RQD
is the percentage of intact lengths greater than a threshold value of 10 centimeters, to the total length
in the drill run (Sen 2014). If there is a core sample, the RQD can be determined with the sample in
a fairly easy way. This task can be assigned to the drillers or to the geologists analyzing the core for
grade assessment (Hutchinson & Diederichs 1996). If there is no core sample, RQD can be calculated
using the spacing of the joint sets that are present. The RQD can be calculated using equation 3.3.
The mean spacing is needed to use this formula, which can be determine from fieldwork (Mckinnon
2018a).

1
RQD = —3.68x —————— +110.4 (3.3)
meanspacing

3.5. RMR

The Rock Mass Rating (RMR) system is developed by Bieniawski in 1973 based on experience in
shallow tunnels in sedimentary rocks (Singh & Goel 2011). Several adjustments have been made to
the RMR system during the years. This is why it is important to state which version of the RMR system
is used. To classify a geological structure, the following six parameters are needed:

» UCS strength of intact rock material
+ RQD

+ Joint spacing

+ Joint Condition

* Groundwater condition

The parameters listed above are incorporated in the system by creating ranges for the parameters.
Each range for each parameter is assigned a rating value. These rating values allow for the fact that
not all parameters contribute equally to the response of the rock mass. Some parameters have higher
rating values than other parameters. When for each parameter a rating value is determined, the values
can be combined to get the overall RMR. The value for RMR can be adjusted for the influence of joint
orientation. For the table with values for the RMR and the adjustment for joint orientation, see Appendix
13.1 & 13.2.

An example of the calculation can be seen in table 3.1. The values for the five parameters have
been determined with the table in Appendix 13.1. The dip and dip direction of the dominant joint set
are determined with an adit perpendicular to the joint axis. The dip is 35 degrees against the drive
direction. With table 13.2 the situation is described as unfavourable and the final RMR rating is to be
adjusted with -10 for this case. The final rock mass rating is 54.
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Table 3.1: Determination of Rock Mass Rating

Parameter Value or Description | Rating
strength of intact rock material 150 MPA 12
RQD 70 13
joint spacing 0.5m 10
condition of joints Slightly rough surfaces 25
groundwater water dripping 4
total RMR 64

3.6. Q system

The Q system is a classification system to characterize rock mass quality developed by the Norwegian
Geotechnical Institute (Mawdesley et al. 2001).It is an empirical method to assess the stability of an
underground excavation. The system is mostly based on civil engineering tunneling cases in low to
moderate depth. Tunnels for civil purposes are being used with a higher frequency and are built for
a longer lifespan than mining stopes. That is why they use a more conservative system than what is
needed for most mining stopes. The civil standards can be used for equipment rooms, high trafic road-
ways and lunchrooms where stability is very important (Hutchinson & Diederichs 1996). The equation
for the Q system is given in equation 3.4.

,_RQD )y Ju
"~ Jn  Ja SRF

(3.4)

Where,
RQD: Rock Quality Designation.
Jn: joint set number.
J-: Joint roughness number.
Jo: Joint alteration number.
Jw: Joint water reduction number.
SRF: Stress reduction factor.

The joint set number (Jn) is the number of joint sets present in the rock mass. Figure 3.2 shows the
stereonet projection of the different possible joint set numbers, with the accompanying value of Jn. The
joint roughness number (Jr) is based on the critical joint set and it describes the large- and small-scale
surface texture. It ranges from 0.5 (unfavorable) to 4 (favorable) (Hutchinson & Diederichs 1996). The
values for Jr for large- and small-scale are given in Figure 3.3. The joint alteration number (Ja) de-
scribes the alteration and frictional resistance of the critical joint set. It ranges from 0.75 (favorable)
to 20 (unfavorable). The abbreviated table which is used in hard rock mining to determine the joint
alteration factor is shown in Table 3.2. The joint water reduction factor (Jw) is based on inflow and
water pressure observed in underground openings. Joint water can soften or remove infill and reduce
the friction of joint planes. The stress reduction factor describes the relation between stress and rock
strength around an underground opening (Q system handbook 2015).
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Figure 3.3: Joint Roughness number. Hutchinson & Diederichs 1996.
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Table 3.2: Joint alteration number (Ja). Hutchinson & Diederichs 1996.

Typical description (critical joint sets) Ja
tighly healed 0.75
suface staining only 1.0
Slightly altered joint walls. Space mineral coating 2.0-3.0
Low friction coating (Chlorite, Mica, Talc, Clay ) <1mm thick 3.0-6.0
Thin gouge, low friction or swelling clay 1 -5 mm thick | 6.0-10.0
Thick gouge, low friction or swelling lay >5mm thick 10.0 - 20.0

3.7. Geological Strength Index

The Geological Strength Index (GSI) is system for characterization of rock masses. The GS| was cre-
ated in 1992, but the version that is used today was finalized by Hoek and Marinos in 2005 (Hoek et al.
2005). It was realized that a rock mass classification system needed to be related to geological obser-
vations that could be made quick and easy in the field by a qualified person. The RMR and Q system
are less reliable swelling, squeezing, clearly defined structural failures or slabbing, spalling and rock
burst under high stress (Hoek et al. 2005). The GSI was created because a system was needed that
placed greater emphasis on basic geological observations. The new system needed to better reflect the
material, structure and geological history and it is developed specially for the estimation of rock mass
properties instead of tunnel design (Singh & Goel 2011). The RMR and Q system both rely on RQD,
however, RQD is in weak rock masses meaningless or essentially zero, the RQD is not included in GSI.

The GSI classification is a qualitative engineering rock mass description. Numbers are used as lit-
tle as possible, because the numbers for the Q system and RMR are meaningless for heterogeneous
and weak rock masses. The GSI is only used as an estimation tool for rock mass properties, not to
replace the RMR and Q system. The index is based on an assessment of the condition of discontinuity
surfaces, structure and lithology (Hoek et al. 1998). It combines the blockiness of the mass and the
surface conditions of the discontinuities and respects the main geological constraints that are important
in a formation (Hoek et al. 2005). The general chart for GSI can be found in 13.3. The two choices
described previously has to be made on the chart. This is done by simple field observations. The
second GSI chart for heterogeneous rock masses is given in 13.4, which is similar to the general chart,
however the maximum GSI value is lower (Hoek & Brown 2019).

3.8. Hoek-Brown Criterion

The Hoek- Brown Criterion is a way to describe a non-lineair increase in peak strength of isotropic
rock with confining stress. Hoek-Brown follows a parabolic form, which differs from the lineair Mohr-
Coulomb form. An assumption that is made with Hoek-Brown is independence of the intermediate
principle stress. This assumption is based on tests by Brace (1964), that resulted in negligible influ-
ence of intermediate stress (o) on failure (Eberhardt 2012). The criterion was developed by Hoek and
Brown in 1980 by fitting parabolic curves to triaxial test data. Accordingly, the criterion is an empirical
criterion with no fundamental relationship between constants (Hoek 1998).

The first version of the Hoek-Brown Criterion is shown in equation 3.5 (Eberhardt 2012). The pa-
rameters gy, g; and g, are parameters that can be determined in not too complex laboratory tests. The
parameters m and s are a bit more complex. The parameter m can be seen as the frictional strength of
the rock, it ranges from 0.001 for highly disturbed rock masses to around 25 for hard intact rock (Hoek
1983). A low value for m indicates a low friction angel. Large values for m give steep Mohr envelopes
and high instantaneous friction angles (Eberhardt 2012). The effect of lower or higher m can be seen
in Figure 3.4. The figure shows that higher values of m give steeper Mohr circles, which indicate a
higher friction angle than lower values of m. The parameter s is representing the degree of fracturing
of the rock mass. The maximum value of s is 1, for an intact rock mass, to 0 for a highly fractured rock
mass. This is related to the cohesion of the rock mass, for a value for s of zero, the tensile strength has
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been reduced to zero (Hoek 1983). An assumption that has to be made is that the fractures present
are numerous enough to affect the whole rock mass (Eberhardt 2012).

01=U3+\/m*ac*a3+s*acz (3.5)

Where,
01 major principle stress at failure.
o3 minor principal stress at failure.
a.: uniaxial compressive strength.
m: dimensionless empirical constant.
s: dimensionless empirical constant.
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Figure 3.4: The effect of lower and higher values for the parameter m in the Hoek-Brown
Criterion. Eberhardt 2012.

Based on experience with the Hoek-Brown criterion, the generalised Hoek-Brown criterion was pub-
lished in 1994 (Hoek 1994). The generalised version is given in equation 3.6 (Hoek & Brown 2019).

03 .

o, =03+0.|m,—+s (3.6)
UC

The parameters m, a and s are the rock material constants, and are given in this version by the following

equations: parameter m,, is given in equation 3.7, parameter a is given in equation 3.9 and parameter

s is given in equation 3.8.

GSI —100
my = m; €EXp <m> (37)
GSI —100
S = CXP<W> (38)
1 1/ =61 -2
a:§+g(e 15 —33) (39)

Where,
my: material constant for rock mass.
m;: material constant for intact rock.
GSI: Geological strength index.
D: disturbance factor.
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The value m,, is based on the value of m;, which is derived from curve fitting triaxial test data of intact
rock. M, is a reduced value of m;, which is determined by the strength reducing values of the rock
mass conditions determined in GSI (Feng et al. 2018).

3.9. Disturbance Factor

After excavation in rock masses, the removal of rock leads to a stress relief which causes the neigh-
bouring rock to relax and dilate. A good design of a tunnel or other excavation controls this dilation and
displacement too limit rock failure. Methods to control this are: selecting the right excavation shape,
method of excavation or to install rock support or reinforcement. Draining of the rocks can also help in
maintaining the stability of an excavation (Hoek & Brown 2019). In a tunnel, the method of excavation
and the control of the blasting. The limited amount of space in a tunnel means that a failure in the
tunnel will have a large impact on safety and schedule (Sonmez et al. 2004).

The table that is used to determine the disturbance factor is given in Appendix 13.5. The top part
shows a tunnel with excellent blasting results. The design has been carefully made and executed
accordingly. The tunnel wall control was done carefully, which resulted in smooth tunnel walls. This
indicates that the damage to the surrounding rock is minimal and the disturbance factor D can be set to
0. The second example is a tunnel made with the heading and bench method. The excavation of the
lower part can result in rock failure. A disturbance factor of D=0.5 is appropriate for this kind of exca-
vation technique. The next example is of a bad design and execution. The damage to the walls is the
result of poor drillhole alignment and lack of detail for design and detonation. A disturbance factor of D
= 1.0 is appropriate for this example. The fourth example is of a slope with two different blasting types,
the pre-split blasting on the left part and the mass blasting on the right part. The pre-split blasting part
has a disturbance factor D = 0.5 and the mas blast has a disturbance factor D = 1.0. The mass blast
factor is higher, because the blast was less controlled and caused more damage to the remaining rock
mass. The last example shows an open pit slope with different qualities of blasting. From production
blasting with more damage to the surrounding rock to wall control blasting with almost no damage to
the surrounding material (Hoek & Brown 2019).

3.10. Generalised Hoek & Diedrichs

The Young’s modulus that can be determined with axial compression tests or direct shear tests on rock
samples is more applicable to the intact rock than to the whole rock mass. To get the right stiffness
for the in-situ rock mass, the value should be reduced (Jiao et al. 2012). The equation for generalised
Hoek & Diederichs is given in equation 3.10.

D

Epm = E; | 0.02————5—— (3.10)

60+15D—-GSI

1+e 11

Where,
E,m: Young’s modulus for the rock mass.
E;: Young’'s modulus for the intact rock.
GSI: Geological strength index.
D: disturbance factor.

3.11. Kirsch Equation

To calculate the stresses distribution around excavations, the Kirsch equations can be used. The
equation can be used to calculate the stresses around a circular excavation, such as the example in
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figure 3.5. The equations are given in equation 3.11, 3.12 and 3.13. If the opening has a different
shape, the equations and ratios in figure 3.6 should be used to calculate the stresses (Hoek & Brown
1982).

1 RZ\ 1 4R*  3R*
0r =51 +p) |1~ 5 |+ 501 —p2) (1= — + = | cos(26) (3.11)
1 R?\ 1 3R*
09 =51 +p) |1+ 7 | = 51 —p2) 1+ —F | cos(26) (3.12)
1 2R?  3R*\
9= =51 —p) |1+ —5 — — | sin(26) (3.13)

Where,
o,: Radial stress
og: circumferential stress
Tg: Tensile stress
6: Angle from the horizontal
p1: highest stress in plane
p2: lowest stress in plane
r: Distance from the center of the circle.
R: radius of the circular opening
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Figure 3.5: Stresses around a 2D circular excavation with a bi-
axial stress field. McKinnon 2018
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Field work & laboratory testing

The steps taken in this thesis follow the steps of Eurocode 7 (British Standard EN 1997-1:2004) and
uses the concept of the Geotechnical Category described herein which have been described by Schmitz
et all 2020. This thesis is part of the conceptual design of the new mine. Based on the results of the
conceptual design, the next phase, the final design can start.

The geotechnical modelling is partly based on data acquired in the mine and partly on data acquired
in the laboratory. This is done with various methods and according to the sibelco guidelines (Schmitz
2020). A list of methods used is given below:

 scanline mapping,
* rock mass rating,

* Laboratory testing.

4.1. Scanline Mapping

Scanline mapping is a method to obtain information on the engineering properties and structure of the
rock mass. The basic method used to map a surface is scanline mapping. A scanline mapping is a
simple operation that consists of a long line along the surface of the rock mass and all discontinuities
that intersect the line are mapped (Brady & Brown 2006). It is important to do the scanline mapping on
an area that is of interest and is representative for a larger section of the mine. The following features
are mapped in the scanline survey:

+ distance along the scanline that the discontinuity intersects with the scanline,
» number of endpoints of the discontinuity,

+ discontinuity type,

+ orientation of discontinuity,

* roughness of the discontinuity,

+ planarity of the discontinuity,

+ trace length of the discontinuity,

+ termination type of the discontinuity,

» remarks on the infilling, seepage or aperture.

39
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The features that are listed above are used to get a better insight in the discontinuity sets and to what
extend they affect the strength of the rock mass. The roughness and the planarity of a discontinuity
are indicators of sliding failure of rocks. The discontinuity type, trace length, termination type and the
number of endpoints provide information about the joint set, if it are random joints or maybe a set that
is present in the whole survey. The final part of the scanline survey is to check if there is any infilling,
seepage or aperture that can affect the strength of the discontinuity. All these parameters are logged
during the scanline survey and used in a later stage to determine the joint sets that are present.

The scanline is done at the barrier pillar, and consists of a length of 43 meters. This is slightly wider
than the pillar at level 460 in the mine. This level is chosen because the new stopes will be planned up
to this level, and the joint sets present will affect the mine layout.

Figure 4.1: Example of the scanline survey in the underground mine. The measuring tape has been
placed along the wall.

4.1.1. Stereonet Projection

To evaluate the results from the scanline mapping, the discontinuity data is used to check if the dis-
continuities are part of larger sets or random discontinuities. This is done with a stereonet projection
in Dips software from RocScience. Dips is a stereographic projection program for the analysis and
presentation of orientation based data. With the program, it is possible to analyze and visualize data
with the techniques used in manual stereonets. Dips is created for the engineering analysis of rock
structures (RocScience n.d.).

All the discontinuities that are measured during the scanline survey are uploaded into Dips. The first
step is to adjust the measurements for the magnetic declination at the mine site. The magnetic dec-
lination is the deviation of the compass from the true north (What is declination? n.d.). The magnetic
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declination at the mine site is 11.58 degrees. This value can be entered into the software and it com-
pensates the measured values.

The discontinuities are plotted in a stereonet projection, which then shows the poles of each disconti-
nuity. If the poles of multiple discontinuities are located close together, the discontinuities can be part
of a set. By finding the centre of a set of poles the pole of the joint set can be found. With the pole of
the joint set, the dip and dip direction of the joint set can be determined, for further analysis of the rock
strength.

4.2. Rock Mass Classification

Two rock mass classifications have been done in the mine. The first one is done in Mine 2, Stope 1
at the 380 meter level. The part of the stope that is analyzed is the part of the pillar between Mine 1
and Mine 2. This is done to get more insight in the quality of the pillar after blasting of the top slice.
The top slice has been developed in this stope and the first slice of the stope has been blasted. The
second rock mass classification that has been done is located at the barrier pillar at the 460 level. The
second location is part of the scanline survey, however the survey consisted of a longer line than the
length of the classification. This is done because a rock mass classification over the same length as
the scanline survey is too large.

The rock mass classification that has been done in the field combines multiple methods in one ses-
sion, to make sure that the classification has been done accurate. If the values for one method do not
correspond, or are approximately in the same range, it is most likely that a mistake was made in the
classification.

The focus of the first part of the rock classification is on the quality of the drifting work that has been
done to create the stope. Parameters that are discussed here are blasting influence and excavation
type. Blasting influence can be seen in a drift in multiple ways. If half barrels are visible, the drift was
blasted using wall control blasting, which indicates that the rock mass in the sides of the drift are not
heavily affected by the blast. Another way to classify the blasting influence is the disturbance class D.
An estimation of the disturbance class D can be made in the field by assessing the quality and struc-
ture of the wall. The excavation type of a drift can be determined by indicators visible on the wall or by
information provided by the mine planner. If there is any mode of failure present in the area of the rock
mass classification, this is marked here as well, with a description of the mode of failure.

The next part of the classification is the quality of the rock mass itself. Parameters that are evalu-
ated in this part are the m; value, degree of weathering, GSI value and rock strength. The GSI value is
determined using the method described before in Part Il. The rock strength can be determined in mul-
tiple ways, with the use of a schmidt hammer or simple geological tools such as a hammer or a pocket
knife. The degree of weathering is based on a visual assessment of the rock mass. Weathering states
range from fresh to residual soil. Indicators of weathering are discoloration of (discontinuity) surfaces
and disintegration of rocks (Brady & Brown 2006). The m; value is determined, if laboratory testing is
not possible, by finding a rock type with similar properties in a table of values for basic rock masses
(Hoek 2007). The table that has been used is given in 13.6.

Following the description of the rock mass, the discontinuity parameters are assessed. For each set of
discontinuities, the following parameters are reviewed:

+ dip and dip direction,

* linear joint count,

* joint roughness,

» discontinuity spacing and length,

+ discontinuity separation,
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+ discontinuity infilling.

For some of these values, different classification methods can be used. To make correlation between
different methods possible in a later stage, some parameters are described in multiple ways. Such
as the Joint Roughness, it is described with the joint roughness number, joint roughness coefficient
and the joint roughness profile. These three parameters are all similar, but vary slightly, and used in
different methods.

Following the description of joint sets, an overall description of the joint parameters is required. This
is not necessary an average value of the parameters determined before. For the parameters listed
above, the value that is most representative for the whole area that is included in the rock mass rating.
The following parameters are added to the description:

* block shape factor,
« tilt test,

* volumetric joint count.

The block shape factor is a parameter to describe the shape of the blocks, which can have an effect
on the strength of the rock mass (Palmstréom 1995). The volumetric joint count is the volume of joints
in a cubic meter. This is a difficult parameter to assess while in the field, because an imaginary cube
should be placed against the rock mass. Every joint that passes through the cube should be added.
The tilt test is used to determine the shear strength of the material. The test can be performed in the
following way; two blocks are put on top of each other, the lower block is tilted till the top block starts
to move. The angle at which the top block starts to move is the tilt angle (Alejano et al. 2012).

The last parameters that are part of the field survey are the inflow of water and the stress reduction
factor (SRF). The inflow of water can be qualified between completely dry and flowing. The SRF is a
coefficient that represents the stress that is acting on a rock mass. It ranges from 0.5 high stress in a
good quality rock to 400 for a massive rock with heavy rock burst conditions.

4.3. Laboratory Testing

To get a better understanding of the rock mass properties for the analysis of mining method and the
stability, laboratory testing will be done. With the results of the laboratory testing, the numerical model
will give more realistic results for the mine. The parameters that are needed for the model are the
following:

* density,

+ UCS,

* Young’s modulus,
» Poisson ratio,

+ tensile strength.

4.3.1. Samples

Multiple samples at different levels have been taken to use in the lab testing. In total, nine different
samples have been taken from various levels in the mine. Each sample was taken at the location of
the barrier pillar in that area of the mine and at three different levels in the mine. The levels at which
samples have been made are: 340 level, 420 level and 460 level. This was done with a handheld core
drill. The drill head had an inner diameter of 3.9 centimeters, which results in cores with a diameter
of approximately 3.9 cm. The length of the cores should be at least 2 time the diameter of the core to
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make it suitable for different types of testing. Furthermore, the diameter should be at least ten times
the largest grain size (ASTM 2017). The characteristics of the core samples are given in table 4.1, the
level column is the height in the mine at which the sample was taken. If the core is not suitable for test-
ing in the current size, it is possible that the core is redrilled to create a core with the right ratio for testing.

Sample | Level | Height | diameter | Height/Diameter
(mm) | (mm)
1a 460 24 39.8 0.60
1b 460 32.1 39.8 0.80
2 460 54.6 39.8 1.37
3 460 23.6 39.8 0.59
4 340 60.4 39.8 1.52
5 420 74.7 39.8 1.88
6 420 53.1 39.8 1.33
7 460 75.1 39.8 1.89
8 340 66 39.8 1.66

Table 4.1: Core samples location, length and width

4.3.2. Density

The method to test the density of a material is a standard method which is not difficult. The volume
of the sample needs to be determined as well as the weight of the sample. The weight of the sample
can be determined with a scientific scale. The volume of the sample can be determined in two ways.
The first method is applicable to the sample if the sample is drilled in good conditions and the core is
straight. Simple volume calculations are sufficient to calculate the volume of the cylinder. The second
method is to submerge the sample in a volume of water and calculate the increase in volume of the
overall setup.

4.3.3. UCS, Poisson Ratio and Young’s Modulus

The set up for an unconfined compressive strength test consists of a pressure bench that can apply an
axial load on a sample. If needed a radial- and axial strain gauge can be added to the set up to mea-
sure the radial- and axial strain. The data from the pressure bench and the gauges is digitally recorded.
The data from the pressure bench can be used to calculate the UCS of the rock sample. With the UCS
strength and the radial and axial strain, the Young’s modulus and the Poisson ratio can be determined
with the formulas given previously in the chapter rock mechanics. For reliable test results, at least five
samples should be tested (ASTM 2017)

Not all the cores that have been made are suitable for ucs testing if the length to diameter (L/D) ratio
should be 2. However, a shape correction factor has been determined to calculate the right UCS value
for a different L/D ratio (Thuro et al. 2001). The equation for the correction is given in equation 4.1.
C
C= £
0.88 + (0.24+ 7)

@.1)

Where, C: Calculated UCS.
C,: measured UCS for specimen tested.
D: Test core diameter.
L: Test core height.

4.3.4. Sonic Velocity

The sonic velocity of a core sample can be tested by measuring the time a sonic wave needs to move
through a sample. The tests are becoming more and more common, due to the non-destructive way of
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testing, high precision and a low cost. There are multiple ways to test the velocities, but the ultrasonic
method has been used in this thesis. (Chawre 2018)

4.3.5. Tensile Strength

The tensile strength of a material can be tested with the Brazilian Tensile Strength test. This tests is
performed on a disk shaped sample, which is easy to prepare. This test is an indirect measurement
technique for the tensile strength. An indirect tensile strength test is a test that determines the tensile
strength without performing a straight pull test. A core is loaded by two opposing strip loads, until
failure occurs in the core. The equation that is used to calculate the tensile strength uses the theory of
elasticity for isotropic continuous media. The strength calculated is the tensile strength at the moment
of failure perpendicular to the loaded diameter at the center of the disc. The thickness/diameter ratio
for the sample should be 0.5 or 0.6. If flat loading plates are used, the equation for the tensile strength
is given in equation 4.2. If curved loading plates are used, the equation for the tensile strength is shown
in equation 4.3 (ASTM 2016).

2 4.2
Ot Twt+D (4.2)
_1.272pP 43
Ot Tet«D (4.3)
Where, o¢: splitting tensile strength

P: Maximum applied load indicated by the testing machine.
t: thickness of the core sample.
D: diameter of the core sample.



Stability Analysis

To select a mining method and to create a mine planning, it is necessary that the mine is stable. The
stability of a mine can be assessed in multiple ways. The methods used in this thesis are an empirical
method and numerical modelling. First, how Mathews stability graph has been used will be explained.
Second, the steps that were done to create the numerical model will be analysed.

5.1. Mathews Stability Graph

The stability graph has been used to determine the stability of the new stopes at the 380 level. The
380 level has the highest induced stress due to the highest depth of the new stopes. The steps of
the stability graph have been explained in chapter 3 in Part Il of this thesis. The input data from the
fieldwork has been used to determine the values for the graph.

The first value that has been calculated is the stress factor A. The UCS of the material does not vary
in the rock, so the only variation in this factor is the induced stress at the location of the stope that is
assessed. For the 380 level, the induced stress can be determined from the numerical model. The
next factor that is going to be calculated is the joint orientation factor, or factor B. For this factor, the
orientation of the roof and the stope hangingwall is needed. The orientation for the roof, begin a flat
surface, is assumed to be 320/00. The orientation for the hangingwall is 320/70. With these two val-
ues know, and the values for the major joint sets that have been determined with the data from the
fieldwork, the difference in dip between the joints and the stope surface can be determined. Because
it is not known which joint set is the critical joint set, the value for B factor should be determined for all
and the lowest value should be used for the calculation. With the program DIPS from RocScience, the
angle between different planes can be calculated. The roof and the hanging wall were added into the
stereonet results from the fieldwork. The next factor that is determined is factor C, the factor for the
mode of failure. In the mine, the modes of failure are slabbing and gravity fall. With the inclination of
the stope surface, the value for C can be determined.

The next parameter that has been calculated is the modified Q factor. The modified Q factor is based
on the results of the fieldwork that has been done. The parameters that are needed can be filled in the
formula given in Chapter 2. With all the factors above known, the stability number N can be calculated.

The last parameter that is needed to use the stability graph is the hydraulic radius (HR). This radius is
equal for all hanging wall stopes and equal for all footwall stopes. The HR for the roof will be different
than the HR from the hanging wall. For both scenarios the radius will be determined and for the roof
and hanging wall the stability will be assessed.

To check if the this empirical method is reliable to use in this mine with the conditions present, the
stability in another area was analysed. This area is a new cavern for a new workshop. It has a similar
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size as the stopes, however, it is a horizontal excavation instead of an inclined stope. Furthermore,
support has been installed in the new cavern. There is a different stability graph for supported stopes,
that has been used for the new cavern.

During this thesis events happened that highlighted a part of Mine 2 stope 5 that could be affected
by the fault that was located close by. To assess the stability of the area, the stope size has been
decreased in the numerical model. For this smaller stope size, the stability graph method was used as
well.

5.2. Numerical Model

To assess the stability of the planned stopes, a numerical model has been made. This model was
created in the program RS2, by RocScience. The model is a 2 dimensional finite element model. The
steps that are important when creating a numerical model for rock mechanic purposes are given in the
steps below:

1. Determine the purpose of the model
2. Assess controlling mechanics
3. Gather problem related information

» stress

* geology

* geometry

* scale

» geomechanics info

Geomechanical model
Physical to numerical representation

Boundary of the model

N o o &

Create the actual problem geometry

* material boundaries
» excavation steps or internal changes

8. Discretization
* Where to put the most and least detail of the model
9. Create a mesh
10. select constitutive models and material properties
11. Create initial stress conditions
12. apply boundary conditions
13. set up monitoring points to check the model
14. inital unmined model consolidation steps
15. start excavation process
« follow actual extraction sequence
16. examine the model behaviour
» development of stresses
17. calibrate the model
18. make necessary adjustments to initial model

19. production runs
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5.2.1. Pre-Modelling

The first five points of the list are done before the actual numerical modelling. It is important to have
a good plan for the model, to make sure that it is clear why the modelling is done and what questions
are answered. After this stage it should be clear how the real problem should be modelled into a 2
dimensional model. It is also important to identify mechanics of the model, like modes of failure and
deformation. The model for this thesis is going to be a two dimensional model, which includes the
stopes and large production areas in the mine. The two dimensional model is chosen because it is
a simpler modelling structure than a three dimensional model. Furthermore, the stopes are of a size
which allows two dimensional modelling. the cross sections in stopes are quite similar, and show no
large variations. The drifts are not included in the model because the amount of drifts would create a
very complex two dimensional model. The major failure mechanisms that are present in the mine are
slabbing and gravity fall, which have been assessed in the field work part of this thesis.

5.2.2. Model Generation

The next part of the modelling is to create the model itself. The boundary of the model should be de-
termined at a sufficient distance from the model so that it has no effect on the model. After the model
boundary has been defined, the problem geometry should be created. What areas of the mine should
be created in the model and what parts of the mine should be left out of the model? The mine should be
modelled how it has been developed, because with plastic rock conditions, the excavation sequence
can have a high impact on the stability. It can be useful in the start of a project to simplify the model, so
that the results of the simple model give insights on weaknesses of the model. At this step, the faults
are added into the model.

The next part is to determine the discretization and to create a mesh. The discretization process uses
the gradation factor and the number of excavation nodes to change the continuous model to discrete
parts. The gradation factor is the ratio of the average length of discretizations on excavation boundaries
to the length of discretizations on the external boundary at the maximum distance from the excavation
boundaries. The number of excavation nodes determines the amount of finite element nodes on the
excavation boundary. With the discretization certain areas can have higher detail than other areas.
This is useful to get more information around excavations, but to keep the number of elements of the
model low. There are different types of mesh that can be used: graded, uniform or radial mesh. The
graded and uniform mesh are the options that are used the most. The graded mesh puts a higher
emphasize on the excavations in the model and the uniform mesh creates a mesh that is the same
everywhere. The graded option is the type of elements that are used in the mesh. The nodes and the
shape of the elements can vary. Commonly used shapes are triangles and quadrilaterals. These two
shapes can have nodes on the corners, or on the corners and in the middle of each side. To determine
the shape and the amount of nodes of the mesh elements is similar to the mesh style. More nodes in
the elements gives a higher level of detail, but it also increases the computation time of the model.

The parameters that are used to create the mesh are given in table 5.1. This table shows the mesh
type, element type, gradation factor and the default number of nods on excavation. The graded mesh
type has been chosen because it lays the focus of the model close to the excavations. The 6 noded
triangle element type has been chosen because it increases the level of detail, without increasing the
computation time too much. The gradation factor has been set to 0.1 and the default number of nodes
on excavation has been set to 1000, because these settings create a mesh network that is suitable for
the goal of this model.

Table 5.1: Mesh parameters

Mesh type Graded
Element type 6 noded triangles
gradation factor 0.1
Default number of nodes on excavation 1000
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The following part is the selection of the constitutive model and to use the right material properties for
each material. The major choice in constitutive model is between plastic and elastic. If the material
is not allowed to fail during the computation, elastic should be used. This option also has the lowest
computation time. The other possibility is plasticity, which allows elements to fail, if the stress becomes
too high. This option has a higher computation time. The plastic constitutive model can be divided into
other models, which represent the behaviour in the rock mass in different ways. Because the param-
eters of the rock mass are hard to estimate after failure, the elastic plastic constitutive model can be
used. The post-failure strength of this model is the same as the peak strength of the rock. With the
constitutive model selected, the other material properties can be determined. First, the failure crite-
rion has been chosen. The Hoek and Brown failure criterion has been used in all the models, because
the criterion is based on the brittle fracture concepts which give a good representation of the behaviour.

A list of all the materials in the model is given in table 5.2, with all the parameters that are used for
each type of material. The values for the materials have been determined in other parts of this the-
sis or are values based on literature. The Nepheline Syenite is the rock type that is dominant in the
model, most of the model consists of this rock type. The Syenite K rock type, is a very similar rocktype.
However, it has been set to elastic because of the consistent failure of the area above T-stollen, which
made the model unstable. The model parameters schwebe 33% and schwebe 66% are the modelled
material types that are used in the schwebe in stope 1 and stope 2. The schwebe is the part of the stope
that is still left in place when part of the stope has been mined. The schwebe 33% has one third of the
stope still in place and the schwebe 66% has two thirds of the material still in place. These materials
are included in the model, because that is the current situation and they may have an effect on the
stability of the pillar. The backfill material is elastic and weaker than the rock mass. The material that
is used to backfill is broken rock from the open pit mine. This kind of material will have lower material
properties than the original rock.

Table 5.2: Parameters used in the RS2 model

Parameter | Unit | Nepheline Syenite | SyeniteK | Schwebe 66% | Schwebe33% | Backfill
Erm MPa 35000 35000 25000 15000 20000
E; MPa 61000 61000 - - -
GSlI - 75 75 75 75 75
D - 0.4 0.4 0.4 0.4 0.4
Density g/cm3 2.67 2.67 2.67 2.67 2
Poisson - 0.24 0.24 0.2 0.15 0.24
ucCs MPa 135 135 135 135 135
M, - 9.172 9.172 6.172 3.172 4172
S - 0.041 0.041 0.028 0.014 0.00043
- - Plastic Elastic Plastic Plastic Elastic

The next step is the application of the initial stress conditions and the boundary conditions for the model.
The boundary conditions for the model are set in the modelling software and can be a roller lateral con-
straint and fixed base. If a roller lateral constraint is used, the displacement is limited. The gridpoint
is only able to move freely in the plane of the base. For a model with a large size, the roller lateral
constraints are commonly used for the sides and the bottom. However, if the model is large enough,
fixed base constraint can also be used. For the top of the model, which is the topography of the area,
the fixed based constraint is used, because it is not allowed to move. The initial stress conditions for
the model should be set in such a way that the are similar to the initial stress for the mine. The initial
stress conditions are difficult to determine, because there were no stress measurement before the min-
ing operation. The first stress measurements that have been performed were in 1973, when the mine
was already in production. The first part of mine 1 was mined out and the stress measurements were
performed in the area close to mine 2, in a drift. This test will be discussed in the data used chapter,
part of the results. The initial stress condition is gravity driven, which makes in possible to work with
horizontal divided by vertical stress ratios. One ratio for the horizontal in plane stress and one for the
horizontal out-of-plane stress. If the modelled stress levels are not in the same range as the stress
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levels that were measured, locked in horizontal stresses can be added into the model to increase the
horizontal stresses.

The last step is to let the model compute and to make sure that the model is representing the real
rock mass behaviour. This can be done by determining the stress in some points in the mine and to
compare the modelling results with the results from the testing. To check this, three areas have been
chosen. In two of the areas flat jack testing has been performed. One of the tests was done recently
and the other test was done in 2018. The other area that was used is a large cavern that is used for the
first mineral processing steps in the mine. This is an area where rock burst and/or spalling has taken
place, which indicates that the stress levels in this area are high. For the last point, a value is not know
for the stress in the area. However, for the two flat jack tests, the stress values are known. With these
test areas defined, the computation of the model could start. The first stage is the model without the
mine. With the results from the first run, the behaviour of the model can be analysed, which can lead
to some changes in the model. As well the results of the computation for the three monitoring zones
that have been defined can indicate that some changes are necessary. The calibration of the model is
an iterative process, until the results are satisfactory.

The process of getting the right stress field for the initial or early mining stages is an iterative process.
A location is selected from which stress data in an early stage is known. The stress at this location is
reviewed with each adjustment till it is at the right level.

Table 5.3: Stress field parameters

Field stress type - Gravity
Effective Stress ratio Horizontal/vertical in plane 1.2
Effective Stress ratio Horizontal/vertical out-of-plane 1.8

Locked-in horizontal stress in plane 0 MPa
Locked-in horizontal stress out-of-plane 0 MPa

The effect of the new stopes on the stability of the mine will be investigated with the model. Different
mining layouts will be reviewed and also the effect of leaving part of stopes in place or the use of rock
bolts. These scenarios will be reviewed by looking at the stresses at the pillar between mine 1 and
mine 2 and other key areas. Furthermore, the strength factor will be reviewed for each model. The
strength factor is a factor that can be calculated by dividing the rock strength by the induced stress at
each point in the mesh. All the stress parameters (o,, g; and o3) have an influence on the strength
factor, which is why it is a three dimensional factor.

One of the areas that is used as a reference is a drift that is located at the 460 level. The drift has
been developed for exploration purposes and located approximately two stopes higher than the cur-
rent stope level. The drift is one of the locations where a flat jack tests has been done. The results
for the tests will results in higher values than the far field stress in that location. That is why Kirsch
equations have been used to calculate the far field stresses and so calibrate the model further.

5.3. Data Used

The data that was used to create the model can be divided into two categories. The first one, is data
from fieldwork and laboratory research. The other category is the data that was used from previous
research projects or measurements. An important source for data for the numerical model were reports
from SYNTEF, a norwegian consulting company and a report from the university of Liege. Two differ-
ent syntef reports were used for this thesis a report. The first report is about two-dimensional stress
measurements on the 320 level (Johannsson 2001). The second report is about basic numerical mod-
elling of Mine 1 (Dahle 2007). The last report that has been used is a partly finished report from the
university of Liege about numerical modelling. The report of syntef 2007 focusses on the general stress
conditions at the mine site, before Mine 2 was created. The report of the University of Liege focusses
on the location of a new underground processing plant.
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To validate the numerical model, stress data is used that has been acquired by flat jack testing in
during different areas of the flat jacks that were placed in the walls of tunnels or stopes. The results
of the flat jack tests are stresses in a certain direction. By combining multiple flat jack test results, the
stress field can be determined. The results from the numerical model should be approximately the
same. The flat jack testing has been done by employees of Sibelco.

Table 5.4: Stress testing historical values to be used to validate model.

Parameter Unit | SYNTEF | Flat jack stope 1 | Flat jack above stope 3
vertical stress MPa 10 35 37
horizontal stress | MPa 7.5 Unknown 27
out of plane stress | MPa 18 25 Unknown




Cost Model & Mine Planning

The mining method theories about sublevel open stoping and vertical crater retreat have provided theo-
retical information about the mining methods. This information will be used to review the mining method
that is used and to make two plans to continue mining with each method.

This chapter will describe the methods that have been used to answer the objectives for the cost model
and the mining methods that have been stated earlier. The approach which was used to achieve the
objectives will be explained.

The following steps will be:

+ cost calculations for sublevel open stoping,
+ cost calculations for vertical crater retreat,
» mine planning for sublevel open stoping,

» mine planning for vertical crater retreat.

6.1. Approach

The decision which mining method will be used for the new levels is influenced by the production and
by the costs of the method. Therefore, it is necessary to have a clear understanding of the different
aspects of the costs and the production of each method. The calculations are based on an approach
from the bottom up. Currently, there is not a clear overview of costs available, which is why the costs
for each step in the mining process are calculated. All these costs are added and adjusted so they
are correct for the units used. To start, the unit that is used is a stope. The costs of drilling, loading,
blasting, materials and more are calculated for a stope. From the cost value of a stope, the costs of a
tonne of ore or a cubic meter of material is calculated.

Other cost values that are calculated are the drifting cost and development cost. These two values
are calculated based on the sublevel open stoping method, and used as well for the vertical crater
retreat method.

Lastly, the two mine plans are compared.
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6.2. Sublevel Open Stoping Cost Model

The cost models for sublevel open stoping and vertical crater retreat are based on a bottom up ap-
proach. This means that no clear overview of costs existed within the company. To get an overview of
the total costs, the important steps in the mining process were reviewed and categorized. the steps in
the mining process are divided into the following groups:

* blasting,
 operations,
* personnel,

* equipment.

6.2.1. Stopes

The first part of the model is the blasting section. In this section, the steps involved for blasting are
reviewed. This involves calculations to determine the number of explosives that are needed to blast a
certain area. The first step is the borehole volume calculations for footwall stopes, hangingwall stopes,
drifts, vertical slot, top slice development footwall stope and top slice development hangingwall stopes.
The volume of explosives can be calculated with the following equation:

2
sz*rt*l—ZO*d (6.1)

Where,
V: volume of explosives in borehole in cubic meters (m3).
d: diameter of borehole in meters (m).
I: length of borehole in meters (m).

The first part of equation 6.1 is the volume calculation of the whole borehole. However, not the whole
borehole is filled with explosives, the top part is filled with stemming or left open. The last part of the
equation, twenty multiplied with the diameter, is the stemming height, which needs to be deducted
from the total volume of the borehole to get the volume of the explosives used in one borehole. The
stemming height is determined by using a rule of thumb that is frequently used in mining. The rule of
thumb is that the stemming height is 10 to 20 times the diameter of the borehole.

The following step is to determine how many boreholes there are in one stope. To determine the
number of boreholes in a row, the width of the stope is divided by the spacing between the holes. The
spacing is the distance between boreholes in the same row. To calculate the number of rows, the length
of the stope is divided by the burden between the rows. The burden is the distance between different
rows. However, dividing the width and the length by the spacing and burden will give one row and one
borehole per row more than in reality. This is because there is no hole at the edge of the stope, the first
hole is located a certain distance from the final wall of the stope. the number of boreholes in a stope
can be calculated with the following equation:

N=(—=x*=)- (6.2)
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Where,
N: number of boreholes in a stope.
W: width of the stope in meter (m).
S: Spacing between the boreholes in a row in meter (m).
L: Length of the stope in meter (m).
B: Burden between the rows in meter (m).
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6.2.2. Drifts & Top Slice

This process is followed for the footwall stopes and for the hangingwall stopes. For the drifts, the same
process is followed, except that the boreholes are horizontal instead of vertical and the length of the
boreholes is 5 meter. The other steps are similar. For the vertical slot that is used to create a free face
for blasting, the calculation steps are similar to the steps for the stopes. The calculation for the top slice
development is partly the same as the calculation for the drift. The top slice is developed by creating
drifts next to each other, so the whole top slice is created by the drifting method. This results in the
calculation for the top slice being the materials and cost for the drift multiplied by the number of drifts
in the top slice. This number can be determined by area calculations.

6.2.3. Working Hours

The next step is to determine the amount of man hours that is required for each process. This has been
done by reviewing mine plans, by personal communication with the people that work in the mine and
with personal communication with the people in the office. The communication resulted in estimates
from the people that plan the work and people that perform the work, which were quite similar. No
actual timing of work on stopes or drifts has been done, because during the time of the field visit other
work was performed in the mine. This resulted in time estimates for the drilling and loading of the holes.

For the mucking of the drifts and the top slice, estimates from the Caterpillar handbook are used,
which is indicated in the model. The estimation that have been used are for the scooping of material,
dumping and for the travel time underground. The assumptions also correlated with very rough esti-
mates done by the people in the mine.

6.2.4. Consumables

The next part of the underground operation that is important is the estimation of the consumables that
are used underground. Consumables that are considered in this model are:

+ explosives

* Diesel,

* electricity,

* lubricants,

* track,

* tires,

* drilling rod,

+ drilling bit,

* bucket teeth.

Each of the consumables are used in a different way. Most of the consumables can be estimated by
reviewing maintenance and cost reports or by comparing them to similar machines in mining engineer-
ing handbooks. These handbooks contain guidelines for different equipment sizes and the right size
can be selected.

With the number of boreholes and the volume of each borehole known, the weight of explosives for a
stope can be calculated. The information required of the explosive that is used is given by the manu-
facturer of the explosive. The information required about the explosive is the density of the explosive.
With the density known, equation 6.3 can be used to calculate the total weight of explosives for a stope:

Q=V=x*N=xp (6.3)
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Where,
Q: total weight of explosives used for a stope in kilogram (kg).
p: density of explosive in kilogram per cubic meter (kg/m3).

With the weight of explosives per stope and with the stope size dimensions, the powder factor for the
blast can be determined. The powder factor is the weight of explosives per tonne of material original
in place. The powder factor serves multiple purposes, such as a guide to plan shots and an indicator
for hardness of the material. The powder factor can be calculated with equation 6.4.

_ Q
PowderFactor = WrlrH (6.4)

Where,
H: Height of stope in meter (m).

The other consumables that are used for blasting are detonators, boosters and shocktube. The usage
of these consumables depends on the length and size of the borehole and are mostly standard for a
certain type of borehole.

With the costs for each individual process known, the overall costs for drifting per meter can be deter-
mined. Or per cubic meter of material.

6.3. Mine Planning

The mine planning is based on the annual underground mining rate and mining layout. It is affected
by the stability of the mine and the mining method that will be used. The maximum height of the
underground stopes of mine 2 is the 500 level, due to the advance of the open pit mine. The mine
planning will focus on how much material is needed and how many stopes are needed to achieved
this goal. As well as the development needed to make sure that the stopes are accessible during the
planned time. A drift is already created at the 460 level, which will be reviewed if it is profitable to use
that drift in the coming mining plan.

6.4. Mining Method

The mining method will be selected based on the mine planning, costs and the stability assessment
of the planned work. The aspects for the mining methods will be compared and the most suitable
will be selected. The most suitable mining method is the method that is not to complex to use in the
mine, results in reaching the production targets in the underground mine and the method that is not
significantly more expensive than the other mining method. It is possible that the cheapest mining
method is not always the best in the mine. To review the complexity of the mining method, the different
steps of the process are compared to make sure that it is achievable.

6.5. Data Used

The data that has been used for the cost model comes from different sources. The biggest difference
for data used for this part is that part of the data is acquired during the visit at the mine or during review
of mine specific files, such as cost overviews. The other part of the data that is used is from handbooks
or guidelines that are common in the industry. This has been done for data that was not available at
the company itself, but was needed to get a comprehensive cost model. The data that was acquired
from guidelines and other assumptions is given in table 6.1 with reference where the assumptions
were based on. The data that is acquired from personal communication is from correspondence with
a Principal Geotechnical Engineer at Vale Base Metals, who is experienced with the Vertical Crater
Retreat mining method.
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Table 6.1: Assumptions in Cost model

Parameter Unit Value Source
Shocktube length meter 35 based on hole length
Set up time drifter min/hole 1 SME handbook
Cycle time mucking sec 15 SME handbook
speed front loader km/h 12 Caterpillar handbook
explosive length VCR m 0.912 Personal Communication
thickness VCR slice m 4572 Personal Communication
consumables for equipment
drill rig: lubricants liter/hour 0.89 costmine handbook longhole rig 3.0 to 6.5 in
drill rig: track number/hour 0.002 costmine handbook longhole rig 3.0 to 6.5 in
drill rig: electricity kWh/hour 100.55 | costmine handbook longhole rig 3.0 to 6.5 in
drill rig: maintenance labour hour/hour 0.42 costmine handbook longhole rig 3.0 to 6.5 in
explosive truck: diesel liter/hour 15.13 costmine handbook ANFO loading truck
explosive truck: lubricants liter/hour 0.49 costmine handbook ANFO loading truck
explosive truck: tires number/hour 0.017 costmine handbook ANFO loading truck
explosive truck: maintenance | labour hour/hour 0.28 costmine handbook ANFO loading truck
drifter: electricity kWh/hour 77 costmine handbook 2 boom jumbo 6.1x8.3
drifter: lubricants liter/hour 0.63 costmine handbook 2 boom jumbo 6.1x8.3
drifter: tires number/hour 0.00053 | costmine handbook 2 boom jumbo 6.1x8.3
drifter: drilling bits number/hour 0.1125 costmine handbook 2 boom jumbo 6.1x8.3
drifter: drilling rod number/hour 0.05 costmine handbook 2 boom jumbo 6.1x8.3
drifter: maintenance labour hour/hour 0.35 costmine handbook 2 boom jumbo 6.1x8.3
loader: gasoline liter/hour 45.62 | costmine handbook 9.3 cu yard wheel loader
loader: lubricants liter/hour 1.05 costmine handbook 9.3 cu yard wheel loader
loader: tires number/hour 0.002 | costmine handbook 9.3 cu yard wheel loader
loader: bucket teeth number/hour 0.01 costmine handbook 9.3 cu yard wheel loader
loader: maintenance labour hour/hour 0.33 costmine handbook 9.3 cu yard wheel loader
support vehicle: gasoline liter/hour 15 costmine handbook utility vehicle UG
support vehicle: lubricants liter/hour 0.313 costmine handbook utility vehicle UG
support vehicle: tires number/hour 0.018 costmine handbook utility vehicle UG
support vehicle: maintenance | labour hour/hour 0.13 costmine handbook utility vehicle UG
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Part IV

Results & Discussion



Fieldwork & Laboratory testing

The results from the fieldwork and the laboratory testing will be given in this chapter. First, the results
from the fieldwork will be given and after that the results of the laboratory testing. The fieldwork results
consists of two rock mass classifications and a scanline survey. The rock mass classification results
are shown in table form, and the scanline survey with the program DIPS from Rocscience.

7.1. Fieldwork

The results from the rock mass classifications are given in tables 7.1, 7.2 and 7.3. Table 7.1 shows the
results for the rock mass classification for the two classifications that have been performed. These re-
sults are acquired following international standards (Ulusay & Hudson 2007) (Ulusay 2015) and Sibelco
standards and spreadsheets (Schmitz 2016). The first parameters are giving information about the ex-
cavation type and the quality of the excavation work. With the disturbance class for Mine 2 Stope 1
being 0.25 and for the drift 460 level 0.4. The next section of the table shows the information that was
collected by of the joint sets and of the block shape. The last section of the table shows strength and
other parameters. The rock strength is given in the qualification R4 which means a strong rock, the
specimen requires more than one blow of geological hammer to fracture it. The stress reduction factor
is given in G for the first classification and in H for the second. G means competent mainly massive
rock with medium stress with favourable stress conditions. H means competent mainly massive rock
with high stress and a tight structure. The weathering grade 1A means that there are no visible signs
of rock weathering. The results for both locations is quite similar, although both locations are located
100 meter above each other.
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Table 7.1: Results from the fieldwork for three locations

Parameter Unit Mine 2 Stope 1 Drift 460 Level
Rock type - Nepheline Syenite | Nepheline Syenite
dip degree 90 89
strike degree 10 226
width outcrop m 7.5 4.8
height outcrop m 6.10 5
Opening type - Tunnel intersection | Tunnel intersection
Method of excavation - Drill & Blast Drill & Blast
Half barrels - no no
Blasting Influence - Not Affected Not Affected
Disturbance Class - 0.25 0.4
joint set number # 4 3
volumetric joint count # joints per m® 10 11
Observed mode of failure - slabbing wedge failure
block shape - flat block long or flat block
block shape longest dimension m 0.6 1.5
block shape shortest dimension m 0.16 0.2
Mi - 28 27
GSlI - 70 75
Rock strength - R4 R4
Groundwater - completely dry completely dry
Stress reduction factor - G H
weathering grade - 1A 1A

The results for the joint sets and Schmidt hammer tests of Mine 2 Stope 1 and for the drift level 460
can be found in table 7.2 and table 7.3. The Schmidt hammer results are the first part of the table,
with results from a Schmidt hammer ranging from 0 to 100. The values of the hammer correlated to
strength values are given in the table as well. The relation between the value of the Schmidt hammer
and the strength value is based on research by Saptono et al. 2013. In the other part of the table,
the joint properties are discussed. The joint roughness number, joint roughness coefficient and joint
roughness profile are ways to describe the roughness of the joint. The three ways are used, to allow
for comparison of results for different methods used. The results for the roughness are approximately
the same for each method. The joint alteration number is given in category B, which means that the
joint is unaltered and has only surface staining.
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Table 7.2: Results from joint analysis fieldwork for Mine 2 stope 1 classification
Mine 2 Stope 1
Joint Set
dip direction degree 303 65 100 219
dip degree 89 57 50 90
Parameter Unit 1 2 3 4
Schmidt hammer # 100 100 88 100
Schmidt hammer orientation degree 90 90 90 90
Schmidt hammer Strength MPa >200 >200 >200 >200
joint number # 1 2 3 4
linear joint count # joints per m 6 2 2 1
Joint roughness number - Rough or irregular | smooth smooth smooth
undulating undulating | undulating | undulating
Joint roughness coefficient # 11 8 14 9
Joint roughness profile # Rough Smooth Smooth Smooth
undulating undulating | undulating | undulating
Joint Alteration number - B A F A
Joint spacing m 0.07 0.66 0.3 0.09
Joint length m 0.8 1 0.75 0.25
Joint separation mm 0 0 <1 0
Joint infilling # none none hard none
Joint infilling # 0 0 <1 0
Length longer than outcrop - no no no no
tilt test degrees 45 45 45 45
Table 7.3: Results from joint analysis fieldwork for drift 460 level classification
Drift 460 level
Joint Set
Parameter Unit 1 2 3
dip direction degree 359 30 225
dip degree 69 72 84
Schmidt hammer # 72 48 100
Schmidt hammer orientation degree 90 90 90
Schmidt hammer Strength MPa >200 >200 >200
joint number # 1 2 3
linear joint count # joints per m 3 3 2
Joint roughness number - Smooth Smooth Rough or irregular
undulating | undulating undulating g
Joint roughness coefficient # 8 9 10
Joint roughness profile # Smooth Smooth Smooth
undulating | undulating undulating
Joint Alteration number - B B B
Joint spacing m 0.45 0.05 0.5
Joint length m 1.1 0.6 0.5
Length longer than outcrop - no no no
Joint separation mm 0 0 0
Joint infilling # none none none
Joint infilling # 0 0 0
tilt test degree 55 53 55
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Figure 7.1: Four major joint sets that are present in the rock mass

The scanline mapping that has been performed resulted in four major joint sets that have been included
into the stability analysis. The joint sets can be seen in a stereographic representation in figure 7.1,
with the dip and dip direction for each joint set in table 7.4.

Table 7.4: Dip and dip direction of each joint set that has been found in the scanline mapping

set | dip | dip direction
1 | 66 270
2 | 87 81
3 | 19 174
4 | 69 12

7.2. Laboratory Testing

The results of the laboratory testing are given in table 7.5 and table 7.6. The cores that have been
tested for the UCS are the largest cores that were created during the fieldwork. The cores that have
been tested for the tensile strength, are cores that were smaller. The test results for the UCS test will
be reviewed first. The table shows the diameter and height of each core that has been tested for the
UCS test. The tests that have been performed are the sonic velocity test, the unixaxial compression
test and the deformation modulus (Young’s Modulus). The sonic velocity test shows a range in the
velocities from 4344 m/s to 6383 m/s. The last column is the Young’s modulus divided by the UCS,
otherwise known as the modulus ratio. The modulus ratio ranges from 345 to 447, which is a small
spread around a mean value of 398. The UCS ranges from 91 MPa to 135 MPa. The samples had a
different height to diameter ratio than the recommended value. The column of UCS corrected gives the
results after the correction formula has been applied. The formula is given in the chapter about rock
mechanics. The UCS test for core 7 was stopped before rupture was observed, because the loading
system has a limitation of 155 MPa.



7.2. Laboratory Testing

61

Table 7.5: Uniaxial compression tests results

Sample | Diameter | Height | Density | Sonic velocity | UCS UCSsS Deformation | E4/R,
Corrected Modulus
p Vz R, Eq
(mm) (mm) | (kg/m?3) (m/s) (MPa) (MPa) (MPa)
Core 2 39.8 54.6 2615 5009 121 115 41 750 345
Core 4 39.8 60.4 2609 4344 91 88 36 800 405
Core 5 39.8 74.7 2604 6383 135 134 56 910 420
Core 6 39.8 53.1 2639 5797 107 101 47 760 447
Core 7 39.8 75.1 2638 6108 155* - 69 473 -
Core 8 39.8 66.0 2609 4455 119 116 44 690 376

The results of the UCS tests are also given in figure 7.2. Here the stress strain curves of the six different
cores are given. The stress in MPa is plotted against the strain for the six different cores, which results
in the axial stress-strain curves for the cores. There was no data for the radial strain. What can be seen
from the graph is that core 5 and core 7 have a different path than the other four cores. Core 7 was the
core that did not yield during the test, so it is possible that something went wrong there or there may
be another reason for the high values of this test. Core 5 and core 7 are also from a different level in
the mine, so it is not likely that there is a structural reason for the difference between these cores and
the rest. The other four cores, are all following a path that is quite similar. Some cores are stronger
than others, but the slope of the graphs does not differ significantly.
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Figure 7.2: Stress strain curves for the six cores that have been tested for UCS strength by Liege University.
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The Brazilian tensile strength test results are given in table 7.6. The tests have been performed on
three samples with a height diameter ratio less than 1. The density values for these samples are
slightly lower than for the samples of the UCS test. The same trend can be seen with the results for
the sonic velocity tests, the values for the samples used in this test are slightly lower than for the UCS
test samples. The tensile strength of the material ranges from 7.38 MPa to 13.66 MPa.

Table 7.6: Brazilian tests results

Sample | Diameter | Height | Density | Sonic velocity | Brazilian strength
p |4
(mm) (mm) | (kg/m3) (m/s) (MPa)
Core 1-a 39.8 24 2583 4948 7.38
Core 1-b 39.8 32.1 2592 4686 13.66
Core 3 39.8 23.6 2525 4677 11.88

7.2.1. Historical Data Comparison

In this section, the differences between the data acquired during testing and with the historical data
are given. The sonic velocity of all the samples is spread out over a large range. This range can be
compared with historical data acquired. The sonic velocity should be not dependent on size of the
sample that is tested. The smaller cores, which were used for the Brazilian test, have a sonic velocity
of 4677 m/s to 4948 m/s. The larger cores, that were used for the UCS testing, show a sonic velocity
of 4344 m/s to 6383 m/s with an average of 5349 m/s and a standard deviation of 15%. The value that
was acquired in the historical tests for the sonic velocity is 5359 m/s with a standard deviation of 3%.
The samples they have tested show results that are clustered together and do not have large outliers.
The average values for the sonic velocity are almost the same.

The values for elastic modulus from the historical tests are significantly higher than the results from
testing. The results from testing range from 36.8 GPa to 69.5 GPa, with an average value of 49.4 GPa
and a standard deviation of 22%. The results from the historical tests give an average elastic modulus
of 61 GPa with a standard deviation of 11%. The results for the UCS testing show values ranging from
88 MPa to 134 MPa, with an average value of 121 MPa and standard deviation of 17%. The historical
test results show an average value of 135 MPa and standard deviation of 29%.



Stability Analysis

The results of the stability analysis will be shown in this chapter. The stability analysis consists of
multiple parts and first the results of the stability graph method will be given. After which the results for
the numerical model will be shown. The results for the justification of results with the Kirsch solution is
given at the end of this chapter.

8.1. Stability Graph

The stability graph method is used for different areas in the mine, for a stope size with the highest level
of stress, for different layout stopes of stope 5 and to test if the method is working with a new workshop
at a higher level. The first step of the method is the calculation of the factors A, B, C, Q' and N. Table
8.1 gives the results for the Mine 2 stope and the new workshop.

Different options for stope 5 are discussed in this part of the thesis. Option A is a long and small
stope, with a width of 10 meter and the original height and length. The width is set to 10 meter so there
is room for an additional pillar in the original stope. Option B is to keep the width and height of the
stope the same as the normal stopes, but to change the length to 27.5 meters, so that there is room
for a pillar in the middle of the stope.

Table 8.1: Results of the stability graph method for the mine 2 stope and for the new workshop

Mine 2 Stope New Workshop
Parameter Unit Roof Hanging Wall Roof
Induced Stress | MPa 14 18 5
ucs MPa 120 120 120
Ratio - 8.6 6.6 24
Factor A - 0.8 0.6 1
Critical Angle | degree 54 46 44
Factor B - 0.65 0.51 0.44
Mode of failure - Gravity Fall | Gravity Fall Gravity Fall
dip of stope degree 70 70 90
Factor C - 5.8 5.8 8
RQD - 69 69 70
In - 12 12 12
Jr - 3 3 3
Ja - 1 1 1
Q - 8.8 8.8 8.8
| N [ - | 264 | 155 | 314 |
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The parameters and results for the calculation of the stability number are given in table 8.2 for different
layouts of stope 5. The different layouts of stope 5 will have the same parameters for the calculation
of the stability number. The parameters for the rock quality, stresses and the joint properties do not
change, so the stability number will be the same. The difference with the different layouts is the hydraulic
radius.

Table 8.2: Results of the stability graph method for two variations of stope 5

Stope 5
Parameter Unit Roof Hanging Wall
Induced Stress | MPa 14 18
ucs MPa 120 120
Ratio - 8.6 6.7
Factor A - 0.3 0.64
Critical Angle | degree 54 46
Factor B - 0.65 0.51
Mode of failure - Gravity Fall | Gravity Fall
dip of stope degree 70 70
Factor C - 5.8 5.8
RQD - 69 69
Jn - 12 12
Jr - 3 3
Ja - 1 1
Q - 8.8 8.8
] N \ - \ 26.4 \ 17.6 \

The Hydraulic radius of the different stope layouts can be calculated with the dimensions of the stopes.
The results for the four different stopes are shown in table 8.3. The calculation for the hydraulic radius
differs for the hanging wall and the roof.

The table also shows the results of the stability graph method, in which zone the stope falls. The
first three stope options are reviewed with the stability graph for unsupported excavations. The new
workshop has been evaluated with the stability graph for cable bolting, because bolting has been ap-
plied in the new workshop area. Most of the stopes fall in the stable zone. However, the hanging wall
of the stope mine 2 falls in the transition zone. This is also the case for the hanging wall of stope 5
option A. Both cases that fall in the transition zone are due to a high hydraulic radius in combination
with a lower stability number than the other cases.

Table 8.3: Hydraulic radius calculations for the different stability graph versions that have been performed.

Stope Mine 2 Stope 5 Option A Stope 5 Option B Workshop

Parameter Unit Roof | Hangingwall | Roof | Hangingwall | Roof | Hanging wall Roof
Dip degree 90 70 90 70 90 70 90
Height m 50 50 50 50 50 50 16
width m 27 27 10 10 27 27 27
length m 60 60 60 60 27.5 27.5 60
HR m 9.31 13.64 4.29 13.64 6.81 8.87 9.31
N’ - 26.4 17.6 26.4 17.6 26.4 17.6 31.1

Zone - Stable Transition Stable Transition Stable Stable Stable

8.2. Numerical Model

The results for the numerical model will be given in this section. The first step is the design of the
model. After which the results of the model will be shown.
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The model is given in figure 8.1 and in this figure the layout of all structures in the model is shown.
One of the first things that is visible in the figure are the two faults that are present. These faults are the
orange and brown lines that run through the whole figure. The stopes left of the barrier pillar are the
old stopes (Mine 1) and the stopes right of the barrier pillar are the new stopes (Mine 2). The pinching
shape at the bottom right is the primary processing and blending location. The stopes of Mine 1 and
Mine 2 consist of an outer dark blue line, which represents a final stage of the stope. The green lines
in the stopes are the different stopes itself. The stopes have been simplified to make sure that the
numerical model was able to compute. The real layout is that the stopes of Mine 1 that retreat upwards
are connected so that the material from the top right stope still falls to the lowest level. This is the same
case for stope 5 of Mine 2, the inclined part of the stope is modelled, however it is not excavated in this
model. Furthermore, the large stopes (the most left one in the figure) is a stockpile stope for the raw
material from the open pit. However, it used to be two smaller stopes, but the pillar in between those
two stopes (partly) collapsed. To make it possible to model this, a small pillar is left in place. Why the
inclined parts are modified, will be explained later in this thesis. The green box around the primary
processing location is a material boundary and that will be explained later on in this thesis.

Some areas of the model are less relevant for this thesis as other areas, which is why for some re-
sults the focus will be on the area around mine 2 and the barrier pillar. It was necessary to recreate
the whole mine in the model and not only partly, because of the effects of all excavations on the stress
distribution.
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Figure 8.1: The layout of the numerical model. With Mine 1, Mine 2, the primary processing and faults.

8.2.1. Stages

As can be seen in the bottom of figure 8.1, this model consists out of 42 stages, with each stage being
a step in the development of the mine. The first step is to calculate the stress distribution without the
mine present (nothing excavated). The following steps are to slowly excavate all the stopes in the right
order to come to the current situation. The stopes of Mine 1 are excavated in smaller stages than mod-
elled, to make sure the model did not become too large. The first stage is the whole model, without
any excavations, given before in figure 8.1. The following eight stages are shown in figure 8.3. Stages
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2 to 7 are stages in which Mine 1 is excavated. Stage 8 is the first stage that has material back in the
stopes. At these early stages, the material is raw material, which has fallen down from the top of the
stopes to the bottom of the stopes. This raw material is modelled as loose material. In stage 9, the
primary processing plant location is opened up. This cavern has an elongated shape that pinches at
the end, at which it is connected by drifts to the surface of the island. The next eight stages are stage
10 to stage 17 and can be found in figure 8.4. These stages continue the development of Mine 1 and
the stopes being filled with material during excavation. What has not been modelled is that change of
material when the stopes are fully developed. If the stopes are fully developed, such as in stage 11, the
raw material is drawn from the bottom of the stope, the exit has been blocked and the stopes are being
filled with waste material from the open pit. At stage 14, the material around the primary processing
location has been set to elastic. Stages 12 to 18 show the progress of the development of Mine 1.
Stage 18 to stage 25 are given in figure 8.5 and stages 26 to 33 are given in figure 8.6.

At stage 18, the development of Mine 1 is complete and at stage 19 the first stope of Mine 2 is created.
The development of Mine 2 continues through stage 20 to 34. Stage 29 shows the development of the
first slice of the stope, which is modelled as the stope with lower parameters. In stage 30, the same
parameters as stage 29 are set for stope 1 of mine 2. At stage 31, the middle slice of stope 1 of mine 2
is blasted which causes the material qualities to decrease even further. The stages 32, 33 and 34 are
build in to make it possible to adjust the stopes that are left in place in this example. After this stage,
the mine is at the current situation. Stages 34 to 41 are given in figure 8.7 and stage 42 is given in
figure 8.8. Stages 35 to 42 show the development of the future stopes.

Figure 8.2 shows the name of each modelling material that has been used. The N.S. stands for
Nepheline Syenite.

Mepheline Syenite
Syenitek

M.5. schwebe 669G
M.5. schwebe 339%
Backfill

Figure 8.2: The different modelling materials that are used.
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(a) Stage 26 (b) Stage 27

—

(c) Stage 28 (d) Stage 29

— i“l

(e) Step 30 (f) Stage 31
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(g) Stage 32 (h) Stage 33

Figure 8.6: Stages 26 to 33 show the development of the model. At stage 29 the first part of stope 2 is blasted. At stage 30, the
first part of stope 1 is blasted, and at stage 31, the second part of stope 1 is blasted. This is modelled like this to recreate the
current situation.
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Figure 8.8: Stage 42

8.2.2. Mesh

The discretization and the mesh that has been used for the model is shown in figure 8.9. The mesh
consists out of 6465 elements that are focused around excavations. The areas with the highest density
of elements is around Mine 1 and Mine 2 and the primary processing location. The other areas, are of
lesser interest for this thesis. That is why the density is lower in that area, if those areas had the same
density as around the excavations, the model would take significantly longer computation time.

Figure 8.9: Model with discretization and mesh.

8.2.3. Stress Distribution

The stress distribution of the model before any excavation work is done is given in figure 8.10 with the
stress in MPa. The stress contours follow the topography of the model. At the top of the model, the
stress becomes zero. At the bottom of the model, at the highest point of stress, the stress is 26.10
MPa. For some unknown reason, the outline of the primary processing location is partly not present
on this figure, however when zoomed in the whole outline is visible. The stress distribution before all
the excavation work has been given to make sure that the stress field behaves naturally. The next
step that was done to check the stress distribution was when Mine 1 was partly developed. Stress
measurements from SYNTEF research showed different stresses at certain levels. The stress levels
that are shown in table 8.4 and in appendix 14.1 are very close to the stress levels that were measured
in the 1970’s by SYNTEF.
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Figure 8.10: Sigma 1 Stress distribution in the model before all excavation work.

Other points that were used to determine if the model represented the actual stress field were in the
top of stope 1 of mine 2, and in a tunnel at the 460 level. The tunnel has been modelled in the model
at the top of stope 3 of mine 2. Flat jack tests were performed at these locations according to the
internal Sibelco standard (Schmitz & Bergtes 2020). Furthermore, above the location of the primary
processing, evidence of high stress levels are visible. This is mostly seen as spalling of the rock in the
tunnel wall and in a pillar. This indicates that the stress is high at these points. The stress level for
these areas are given in table 8.4. The first column has been discussed above and for the top of stope
1, the values are close to the measured values. The rest of the values in the table are all modelled
values. The modeled values do not differ that much from the measured values. For the values above
the processing location, they are expected to be this high if spalling failure has been found.

Table 8.4: Stress testing historical values to be used to validate model.

Parameter Unit | Measurement 1970’s location | Top stope 1 | Top stope 3 | Above processing location
vertical stress MPa 10.70 30.6 6.9 72.26
horizontal stress | MPa 6 4.8 2.10 15.25
out of plane stress | MPa 17 18.5 8.25 32.3

The stress values for the top of stope 3, in the drift at the 460 level, are not correlating with the results
of the flat jack measurements. The first thing that should be noted is that the flat jack tests are tests in
the tunnel wall, which will have a higher stress than far field stress values. This can be compensated
by using the Kirsch equation, which allows for the calculation of far field stresses from measurements
in the tunnel wall. However the compensation of the values from the model do not reach the values that
were measured. The attempt to back calculate the stresses with the shape factor of A=1.8 and B=3.9,
see figure 8.11, did not give the correct results. The results are for the maximum roof stress 8.4 MPa
and for the maximum sidewall stress 15.4 MPa, which is significantly lower than the measured values.
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Figure 8.11: Kirsch variation that was used to calculate the stress with a different tunnel shape.

8.2.4. Stope Connections

The reason why there is a difference in the model and the real layout of the mine with aspect to the
connection of the lower parts of the stopes is that it becomes unstable in the two-dimensional model.
Figure 8.12 shows the scenario what happens in the stopes are connected at the bottom between stope
4 and stope 5 of mine 2. In the figure, the yielded elements are also shown. The yielded elements can
be divided into two different categories, the shear yielded elements, which are shown by a cross, and
the tension yielded elements, which are shown as a white circle. This is the same situation for part
of Mine 1, where some stopes are connected to each other by chutes as well. What can be seen in
(b) is that the amount of yielded elements is increased compared to the number of yielded elements in
(a). The number of yielded elements is increasing massively in the pillar in (b) However, the number of
yielded elements below the pillar is less than in (a). Which is logical, because the stress cannot flow
through the pillar anymore and therefore it does not impact the area below the pillar and the stope. This
increasing in yielded elements causes a non-convergence in the model, which means that it is not a
stable option.
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(a) The stopes when they are not connected. Also shown are the (b) The connected stopes with a chute. The yielded elements in
yielded elements in this part of the model. this part of the model are also shown.

Figure 8.12: The yielded elements in the pillar between stope 4 and stope 5 of Mine 2.

8.2.5. Effect of Bolts

The effect of bolting on the stability has also been modelled. The bolts that are used in the model are
four meter long and have a spacing of 2 meter and a out-of-plane spacing of 1 meter. The bolts have
been placed in the final stope form in the top of each stope and in stope 1 the side towards the barrier
pillar to strength the pillar. Figure 8.13 shows the out-of-plane stress for two scenarios; one without
bolts (a) and one with bolts installed in the areas that have been stated (b). The bolts are the blue lines
that are visible in (b). The bolts that are used in this model are 19 mm end anchored bolts with a bolt
modulus of 200 GPa.

The effect of the bolts on the top of stope 1 is that without the bolts, there is a 1.85 MPa tension in
the roof of the stope. However, with the bolts installed, the tension in the roof of the stope is converted
into a stress of 8.25 MPa. The stress in the sidewall of the top of stope 1 is decreasing after the instal-
lation of the bolts. The stress drops from 29.05 MPa to 25.45 MPa. The effect of the bolts in the top of
stope 2 is that the stress of 0.30 MPa (without bolts) is increased to 6.20 MPa (with bolts). The same
effect can also be seen in the top of stope 3, 4 and 5. The effect of the bolts in the top of stope 1 and
2 is also that the area of tensile stress is very small or not existent at all.
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(a) Without bolts

(b) With bolts

Figure 8.13: The effect of bolts on the stress distribution around the stopes.
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8.2.6. Strength Factor Evaluation

One way to evaluate the effects on stability of the different options, is to evaluate the strength factor
of the material. This is an option that can be set in RS2, so that it displays the strength factor of that
element. Sigma 1, Sigma 3 and Sigma Z have an influence on the strength factor, which makes this
strength factor a three dimensional factor. The strength factor is the rock strength (based on failure
criteria) divided by the principal stresses.

From now on, the focus of this results section lies on the effects on mine 2 and the changes that
have been made in Mine 2. If some changes were made in Mine 1 or somewhere else, this will be
stated clearly. The effect of removing the schwebe (the part of the stope that has not been produced
yet) of stope 1, stope 2 and the top stopes of stope 2 and stope 3. will be first assessed. Three models
will be compared for this problem. One with the schwebe of stope 1 and stope 2 left in place and with
the top of stope 2 and stope 3 left in place. This will result in a production loss. The second scenario
is to remove the schwebes from stope 1 and stope 2, but leave the top of stope 2 and stope 3 in place.
The third model that will be given is one with everything mined out, all the stopes have been developed.

The results for the different options are given in figure 8.15, with in (a) and (b) the first option, (c)
and (d) the second option and (e) and (f) the third option. The legend for this figure is given in figure
8.14. These options are compared on their last stage, with all the mining finished. What can be seen is
that in (a) and (b), the area of the rib pillar has a safety factor of approximately 1 or higher. A small area
has an safety factor of less than 1. In the top of the stopes, above the top slice development in stope
1 and 2, the safety factor become very large, that is due to the low stresses at these points. Subfigure
(c) and (d) show the option with all the stopes fully developed. What is a difference between this option
and the first option is that the area with a safety factor lower than 1 is larger and it stretches out across
the whole stope. From the old stope of Mine 1, low strength areas form towards the stopes of Mine 2.

Subfigure (e) and (f) show the third option, which was to leave in only the top stopes of stope 2 and 3.
The zones with a low strength factor are almost connecting the stopes of Mine 1 and Mine 2 with each
other. As can be seen in the subfigures, there are more zones with a low strength factor than the first
option. The difference with option two is that the low strength factor zones do not get as close to each
other. However, there are more zones with a low strength factor at the top of stope 2 and there is one
zone with a low strength factor at the middle of the barrier pillar at the top of stope 3.
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Figure 8.14: The legend for figure 8.15 and figure 8.16
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(b) First option results. Close up of the barrier pillar at the final stage with
(a) First option results. Close up of the barrier pillar at the final stage. values for the strength factor at certain points.

(c) Second option results. Close up of the barrier pillar at the final stage. (d) Second option results. Close up of the barrier pillar at the final stage
with values for the strength factor at certain points.

m (f) Third option results. Close up of the barrier pillar at the final stage with

(e) Third option results. Close up of the barrier pillar at the final stage. ~ Values for the strength factor at certain points.

Figure 8.15
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8.3. Sensitivity Analysis

The UCS strength of the Nepheline Syenite is a very important factor in the model. The effects of a
lower strength than used in the initial model can be very large. To test the model, the UCS strength of
the Nepheline Syenite has been changed to lower values. With these lower values, the effect on the
strength of barrier pillar can be seen. The UCS strength that was used in the initial model is 135 MPa,
which was based on historical data. The UCS strength that was acquired from testing, is 121 MPa,
which is the strength that has been used in figure 8.16. This is a 10% decrease of the UCS. The figure
shows the factor of safety for the final development step in the mine, with certain stopes left in place.
What can be seen is that the area with a factor of safety of 1 or lower (see figure 8.14) is larger than
with the higher UCS strength. The area of low factor of safety in (a) is quite large, it extends almost to
the backfilled stopes of Mine 1. At (b), (c) and (d) the effect on the factor of safety is shown if different
stopes are left in place. The difference between (a) and (b) is minimal, however with (c) the area of low
factor of safety is significantly decreased. However, the number of stopes that are left in place is also
higher than in (a), (b) or (d).

(b) The factor of safety with an UCS of 121 MPa, with one stope
(a) The factor of safety with an UCS of 121 MPa. more left in place.

(c) The factor of safety with an UCS of 121 MPa, with 5 more (d) The factor of safety with an UCS of 121 MPa, with 2 more
stopes left in place. stopes left in place.

Figure 8.16: The effect of different UCS value on the factor of safety for the barrier pillar.
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The next step is to decrease the strength of the material by 20%, so that the UCS is 107 MPa. The
effect of this can be seen in figure 8.17. The area with a low factor of safety in (a) is larger than with a
strength of 121 MPa, and significantly larger than with 135 MPa strength. What can be seen in (b), (c)
and (d) is that the area of low factor of safety is significant, unless the top of each stope is left in place.
This will result in a loss of ore. The difference between a UCS strength of 121 MPa and 107 MPa is
less, than the difference between those two and a strength of 135 MPa.

(a) The factor of safety with an UCS of 107 MPa. (b) The factor of safety with an UCS of 107 MPa, with one stope
more left in place.

(c) The factor of safety with an UCS of 107 MPa, with 5 more (d) The factor of safety with an UCS of 107 MPa, with 2 more
stopes left in place. stopes left in place.

Figure 8.17: The effect of different UCS value on the factor of safety for the barrier pillar.



Cost model

The results for the cost model will be given in this chapter. Two different models have been made, one
for the sublevel open stoping and one for vertical crater retreat. Both models follow the same procedure
to get to the final cost estimation.

9.1. Operations

The results for the operations part of the cost model are given in this section. The cost model was
divided into different steps and the first step was the calculation of the the material needed for blasting.
Table 9.1 shows information about the time required to create a stope, a drift or to muck the material from
a drift blast. The loading of the longhole holes is done in vertical slices for the sublevel open stoping, in
horizontal slices for vertical crater retreat and for the drift in blocks of 5 meter. The horizontal slice for
VCR consists of all the holes in the stope. The difference between the methods from the table is the
drilling time and the loading time. The drilling time for a hole with the VCR method is 0.5 hour longer
then with the sublevel open stoping method. The loading time for a slice is increased with almost 17
hours.

Table 9.1: Preparation times for the different operations for sublevel open stoping and vertical crater retreat.

Operation Unit Sublevel Open Stoping | Vertical Crater Retreat
Drilling longhole | holes/shift 2.5 3
Loading Longhole | hour/slice 12.85 294
Drilling drift hour/block 25 2.5
Loading drift hour/block 25 2.5
Mucking drift hour/block 14 2.5

9.2. Drifting & Production

The results for the drifting and production calculations are given in table 9.2. The first part of the table
gives the longhole drilling and blasting costs. The longhole cost are given in NOK per hole and NOK
per meter. The drifting costs are calculated for a block with a depth of 5 meter. This is done because
the drifting is done in blocks of 5 meter due to equipment constraints. The footwall stope production
is the longhole production of the whole footwall stope and the hanging wall stope production is the
production for the whole hanging wall stope.

One of the first things that is visible from this table is the higher cost for the drifting per cubic meter of
material and per tonne. The difference between drifting and longhole sublevel open stoping production
is a factor 6. The factor between drifting and VCR mining is 5.4. The production of vertical crater re-
treat is more expensive than for sublevel open stoping. The VCR mining method is approximately 0.60
NOK/tonne more expensive than the sublevel open stoping method.
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The tables with the values that have been used to get to the results are given in appendix 15.1 to
appendix 15.10 for sublevel open stoping and in appendix 15.11 to 15.17 for vertical crater retreat. The
powder factor that has been calculated for sublevel open stoping is for the stope 0.165 kg/tonne and
for drifting 0.996 kg/tonne. For vertical crater retreat, the powder factor for drifting stays the same and
the powder factor for the stope is 0.136 kg/tonne.

Table 9.2: Cost model results sublevel open stoping

Unit Sublevel Open Stoping | Vertical Crater Retreat
Longhole drilling NOK/hole 2,040 2,451
Longhole drilling NOK/m 45.34 54.47
Longhole blasting NOK/hole 2913 3089
footwall stope production NOK 965,976 1,058,213
footwall stope production NOK/m3 13.06 14.57
footwall stope production NOK/tonne 4.93 5.50
hanging wall stope production NOK 797,549 875,381
hanging wall stope production NOK/m3 12.95 14.47
hanging wall stope production NOK/tonne 4.89 5.46
drifting NOK/5m block 25,521 25,521
drifting NOK/m3 78.53 78.53
drifting NOK/ tonne 29.63 29.63

9.3. Planning

The mine planning is partly based on the stability assessment of the model. Some parts are left in
place which can be mined to make sure that the stability of the pillar is not affected. The stopes that
are planned to be mined are the stopes that are given in table 9.3 given below. The table shows the
results for each stope, the volumes and tonnages per stope and the costs for the production of that
stope in NOK for sublevel open stoping and for VCR. The last two columns are the cost of the stopes
per level combined to get an overview of the production costs per level. The costs are given in million
NOK for each stope and for each level. The costs for the stopes of the 420 level are slightly lower then
the costs for the other two levels, because the stopes are slightly smaller.

Table 9.3: Stopes to be mined in Mine 2 with costs for each stope and per level

Both Cases Sublevel VCR Sublevel VCR
Level | Stope | volume | Tonnage cost cost total/level total/level
(#) (m3 (tonnes (NOK (NOK (NOK (NOK
x1000) | x1000) | x1000,000) | x1000,000) | x1000,000) | x1000,000)
420 2 93.6 248.0 1.74 1.91
420 3 93.6 248.0 1.74 1.91
420 | 4 936 | 248.0 1.74 .91 6.95 7.62
420 5 93.6 248.0 1.74 1.91
460 3 95.0 251.7 1.76 1.93
460 4 95.0 2517 1.76 1.93
460 | 5 | 950 | 2517 176 103 529 5.80
500 3 95.0 251.7 1.76 1.93
500 4 95.0 2517 1.76 1.93
500 | 5 | 950 | 251.7 176 103 529 5.80

The drifts are needed to create access to the stopes. One of the drifts has been mined already, so only
two new drifts are needed. The length of the drifts is 150 meter. With a width of 10 meter and a height
of 6.5 meter, the volume of one drift is 9.8 thousand cubic meter. The cost for each drift are 766,000
NOK.
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Table 9.4: Drifts to be mined with length, volumes and costs.

Level | length | Volume | Tonnage Cost
(m) (m3 (tonnes (NOK

x1000) | x1000) | x1000,000)
420 150 9.8 25.8 0.766
500 150 9.8 28.8 0.766

The top slice access for each slope is required to make sure that the drilling and loading can be done
properly in each stope. Table 9.5 shows the costs for each top slice to be developed. The costs are
given in million NOK for each top slice. The development costs for one top slice are getting in the same
range as one stope production cost and the development for a top slice gives less material than a stope
production.

Table 9.5: Top slice for each level to be mined.

Level | Stope | Volume | Tonnage Cost Total/level

(#) (m3 (tonnes (NOK (NOK
x1000) | x1000) | x1000,000) | x1000,000)

420 2 18.2 48.1 1.21

420 3 18.2 48.1 1.21

420 4 18.2 48.1 1.21 4.83

420 5 18.2 48.1 1.21

460 3 18.4 48.8 1.23

460 4 18.4 48.8 1.23 368

460 5 18.4 48.8 1.23 '

500 3 18.4 48.8 1.23

500 4 18.4 48.8 1.23 368

500 5 18.4 48.8 1.23 '

The costs per level are given in table 9.6. The table shows the number of stopes on that level, volume,
tonnage, cost and percentages generated from the top slice and drift. The percentages for the drift and
top slice are cost percentages, they show what part of the costs is generated by the development and
what part is from the stope production. For both methods, the percentage for the developments around
40%. The percentages for VCR are a bit lower than for sublevel open stoping. The volume percentage
is the percentage of the total volume is from the development work, the drifts and top slice.

Table 9.6: Cost per level and the percentage of the total cost and volume is from the top slice and drift.

Sublevel VCR sublevel VCR
Level | Stopes | Volume | Tonnage Cost Cost drift + top slice | drift + top slice | Volume
(m3 (tonnes (NOK (NOK (% NOK) (% NOK) (%)
x1000) | x1000) | x1000,000) | x1000,000)
420 4 486.1 1288.2 12.5 13.2 0.45 0.42 0.17
460 3 340.2 901.5 9.0 9.5 0.41 0.39 0.16
500 3 369.5 979.0 9.8 10.2 0.46 0.43 0.15

With a production per year of 50.000 tonnes for the underground mine, the mine can continue for each
level for a large number of years. Each stope will provide enough raw material for a production of 5
years, with in addition the volumes of the drifts and the top slice. Each top slice will provide enough
raw material for a year of production. The 420 level, as proposed in table 9.6, will provide enough raw
material for 25.76 years, the 460 level will provide for 18 years and the 500 level will provide for 19.58
years. Combining the level volumes and the level costs for both methods, results in a cost per ton for
each method in NOK/tonne. For sublevel open stoping, the cost per tonne is 9.86 NOK. For VCR the
cost per tonne is 10.39 NOK.
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9.4. Capital Cost

To be able to drill the holes for the stopes, a new drill rig is needed. There are two options for drill
rigs that are considered during this thesis. Both are from Sandvik and the difference between them is
the size of the drill holes they can produce. Table 9.7 shows the costs for two different drill rigs and
one with a zero emission autonomous package. The DL421 is a rig that should be used if the mining
method is sublevel open stoping, and the DU412i should be used if the mining method is VCR. This is
due to the difference in drill hole size.

Table 9.7: Costs of different drill rigs

Type Cost (NOK x1000.000)
DL421 9
DL421 (zero emission) 12
DU412i 12




10

Discussion

In this chapter the results from chapters 7, 8 and 9 will be discussed. First, the results of the fieldwork
and laboratory testing will be discussed. After that, the stability analysis results will be discussed. The
last part of the discussion is the cost model.

10.1. Fieldwork and Laboratory Testing

The results for the fieldwork and laboratory testing have been given in chapter 7. The first part of that
chapter are the results for the fieldwork. The fieldwork has been done in multiple sites in the mine. The
fieldwork consisted of two rock mass classifications and one scanline mapping. The two rock mass
classifications show a uniform rock type through out the area of Mine 2. With the result that the rock
type is uniform, the rock in the numerical model can be set as one rock type.

The results for the Schmidt hammer tests for the classifications are high, the strength of the rock is
higher than 200 MPa according to the test. The test results were checked and dit not match with previ-
ous readings and did not correlate to literature (Ulusay 2015). Therefore the testing was stopped and
the Schmidt hammer was send for calibration to the TU Delft.

The results for the joints of the scanline mapping have been used for the whole mine. After the joint
sets had been found in the scanline, the assumption was made that these sets are present in the whole
mine, and no other major sets are present. This was done to simplify the stability analysis. It was not
possible to use different zones with different joints sets in the program.

The results for the laboratory testing done in this thesis are showing different values for the differ-
ent samples. The UCS test ranges from 88 MPa to 134 MPa, which is a large range. The difference
can be caused by a sligth change in mineralogy. It has been observed in historical tests that if the
percentage of darker minerals in a sample goes up, the strength of the sample goes down. It is also
possible that there is a difference in strength of the cores at different locations in the mine. However,
four of the five samples give a UCS tests higher than 100 MPa, which would be more similar to litera-
ture. The laboratory testing was performed on samples taken in the field. The samples were created
with a handheld drill, which made it difficult work. This degree of difficulty resulted in various quality
of the samples. Some were long, others short and not all had the required size guidelines for testing.
This is that the length should be at least 2 times the diameter of the sample. For the UCS testing, the
corrected values are given in the results section. The three brazilian tensile tests that have been done,
show one result with a lower tensile strength. The difference between core 1-a and core 1-b should
be investigated further, because they were part of the same core, that broke in half. It is possible that
in one of the parts is a transition between minerals that weakens the rock or there is a difference in
mineralogy. The difference in sonic velocity for the UCS test samples and the Brazilian test samples
should also be investigated further. The samples that have a lower velocity also have a lower UCS
value and vice versa. All samples of the Brazilian test are lower with the sonic velocity than the UCS
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test values.

The results from the laboratory testing have been compared to the results from historical testing. The
results from the laboratory testing had a large range. However, the average values of the sonic velocity
test and the UCS test are in the range of the average values from historical testing. The results for the
elastic modulus differ significantly from the results from historical tests.

10.2. Stability Analysis

The results for the stability analysis start with the analysis of the stope size with Mathews Stability graph
empirical method. The results for four different excavation sizes have been given in chapter 7. The
first point of discussion is that how correct the method is when in close proximity to a fault. There are
two faults that run through the area, with one being very close to Mine 2. In literature, it is stated that
the method is not as useful in the proximity of a fault. However, it is not stated how large the distance
should be between the fault and the zone of interest. Some results of this method should be used with
caution if the literature is right. However, the calculations for the stope sizes do apply for areas that are
further away from the faults.

The results of the new workshop at the 560 level with the stability graph method mean that the method
works for this mine. One remark is that a slightly different stability graph has been used, because rock
bolting has been applied in the new workshop area and that affects the type of graph that should be
used. Basically, it is the same shape of graph, with the same step sizes on the axes, but the graph is
shifted so that the stable zone is larger than the graph that is used for the unsupported stopes.

The results for the different stope 5 options show that a very long stope (stope option A) has a sta-
ble roof and a hanging wall that is less stable, the hanging wall is in the transition zone. This can be
caused by the fact that this stope option is very long and high compared to the width of the stope. Stope
option B is a more square stope size which both the roof and the hanging wall falling into the stable
zone. This can be caused by the fact that it is less a thin sheet compared to stope option B. One factor
that has not been taken into account with the smaller stope size is the increasing number of pillars.
With more smaller stopes, the number of pillars will also increase, which means that there are more
pillars that are not allowed to fail.

The results of the numerical modelling are divided over multiple models with 42 stages. Each stage is
a different step in the development of the mine. When the schwebes of stope 1 and stope 2, the top of
stope 2 and the top of stope 3 are left in place, the factor of safety becomes at one point in the barrier
pillar below 1 (0.96) and at the other points, it stays above 1. Some areas right above stope 1 and 2
have a very high factor of safety due to the stress distrubtion which goes to zero at those points. The
second option is to remove all the planned stopes. Which will result in an area with a very low factor of
safety in the barrier pillar near the top of stope 1 and stope 2, towards Mine 1. The third option, which
leaves only the top stopes of stope 2 and stope 3 in place, shows that the areas with a low factor of
safety are larger than in option 1, but smaller than in option 2. However, they are still present in the
barrier pillar and they can have a large effect on the stability of the pillar.

The behaviour of the stress field of the model is as expected at most points that were selected to
validate the model. The very high stress state around the underground primary processing location
in the model is also seen in the mine. Spalling happens around different points near the primary pro-
cessing location. The very high stresses in the model caused non-convergence in the model in early
stages. This means that there was no solution for the model at which it was stable. This is why the
different material is added in the rectangle around this location, to make sure that the model did not
fail. This material was set to behave elastic. This can be justified by the fact that this area is far from
the area that is of interest for this thesis. The high stresses that were measured with a flatjack in the
top of stope 1 in Mine 2 were also visible in the model. However at the drift in the 460 level, the stress
field model was lower than the measured flat jack results. The stresses in the drift were high, maybe
too high to be caused by the stress field only. Some modeling was done to understand this area of
high stress. However, no results came close to the measured results. Explanations that were tried are
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faults with different orientations and or strength. But this did not recreate the effect.

The effect of decreasing the strength of the Nepheline Syenite by 10% and 20% is significant. The
decrease of 10% has the effect that at least the top three stopes in stope three must be left in place
to not have a zone of a low factor of safety close to Mine 1. However, this area is still close to Mine
1. If the top two stopes of each stope are left in place, the area of a low factor of safety is significantly
smaller and not as close to Mine 1. The decrease of 20% of strength of the material has almost the
same effect as a decrease of 10%. The same number of stopes must be left in place, all the top stopes,
to make sure that the area with a low factor of safety is not close to Mine 1.

The last point of discussion is the fact that the model is a two-dimensional model. The real situa-
tion is three-dimensional, which means that a two-dimensional model is a simplification of the reality.
However, within this thesis it was not possible to create a three-dimensional model. The effect of a
two-dimensional model is that some stresses can be higher than in reality. When a stress field is
created around a circle in a two-dimensional model, the stress can only flow around the circle in one
dimension, which can lead to higher pressures around the circle. In a three dimensional model, the
stress can move around a sphere in multiple ways, which leads to a better distribution of the stress,
and possible lower values for some areas. The layout of the mine was simplified to make sure that the
model was converging. The stopes of Mine 1 are in reality connected by a type of chute, which was
not possible to model in the two-dimensional model.

10.3. Cost Model

The results for the cost model are given in chapter 9, which shows the results for the sublevel open
stoping and the vertical crater retreat method. The last section of the chapter shows the difference be-
tween the results for the two mining methods. With the VCR being the more expensive mining method
compared to sublevel open stoping. The higher cost for VCR is caused by the higher cost for drilling of
a hole. The fact that the number of holes for both methods is the same in the model, caused the higher
cost for the method. It maybe possible that the burden and spacing can be larger when VCR is used.
However due to no ability to test the effect of changes in the drilling pattern, the choice was made to
keep the burden and spacing the same. The increasing diameter of the holes in VCR causes a small
increase in drilling time. The costs for blasting for both methods are approximately the same. The
larger volume due to the larger diameter for the VCR method is compensated by the fact that only part
of the borehole is filled with explosives. Which resulted in a total cost for blasting for VCR that is in the
same range as the total costs for blasting for sublevel open stoping. The result of the cost modelling
is that the sublevel open stoping is cheaper option than VCR, which is not in line with literature. From
literature, it was expected that use of VCR as a mining method would result in lower mining cost. This
difference can partly be explained by the variations of sublevel open stoping they are using. It can
be possible that the cost savings between VCR and sublevel open stoping is for a more horizontally
focussed sublevel open stoping, and not the variation used at Stjernoy.

Drifting cost for each drift on each level is the same, this is because at each level, the size of the
stopes is the same. The drift on the 460 level has been mined already. There is a drift, which was
probably made for exploration purposes, that continues for the whole width of Mine 2. This is why the
development cost for the 460 level is lower than for the other two levels.

The costs for sublevel open stoping and VCR comparing the development work to the production work
result in high costs percentages for the development work. The development work for sublevel open
stoping is in percentage a bit higher than VCR. This is caused by the fact that the development work
is the same for both methods, only the production cost for VCR is higher than for sublevel open stoping.

One of the factors that is comparable between the mine and the cost model that has been made is
the powder factor that is used in sublevel open stoping and the powder factor for drifting. The powder
factor for stoping that is used in the mine is 0.16 kg/tonne. The result of the model for sublevel open
stoping is a powder factor of 0.165 kg/tonne. For drifting, the powder factor used in the mine is 0.96
kg/tonne and the powder factor calculated in the model is 0.996 kg/tonne. Both modelled values for
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the powder factor are close to the values that are used in the mine. This indicates that this part of the
model is a realistic representation of the reality.

There are potential differences between VCR and sublevel open stoping regarding production rates
and manhours that are required for certain tasks. However, the development work that is required for
both methods is the same. The only potential differences are created by the drilling of the holes and
the loading and blasting of the holes. The drilling of the holes for sublevel open stoping is assumed to
be faster than the drilling for the VCR holes. This is due to the larger diameter of the hole, this has been
incorporated into the cost model. The difference in loading time for each blast is also incorporated into
the cost model by the larger loading time for a slice for VCR blasting. More holes need to be loaded
per slice. The loading time for each individual hole is set to the same time. Loading of a part of the hole
(for VCR) is quicker than the whole hole (for Sublevel open stoping), however there are more steps to
determine the exact height of the hole for VCR. The potential difference in production rates between the
methods is not of high importance, because the low production rate for the underground mine (50.000
tonnes per year) is possible for both methods.

The risks of both methods are for a large part the same for both methods. The only difference in risk
is that when part of the stope has been blasted. With VCR, there are slices blasted from the bottom,
which means that the floor on which the work is done is getting thinner. The last slices are blasted at
the same time, which increases the difficulty of the blast, which increases the risk of a negative event.
With sublevel open stoping, after the first slice has been blasted, a part of the stope is open. This partly
open stope increases the risk for personnel working in the stope. However, the amount of work left in
the stope is limited and the need for vehicles in the stope is also limited. This means that there is a
larger risk with sublevel open stoping than with VCR, but it should be a manageable risk.

Some costs for sublevel open stoping and for VCR are not determined for this thesis, but are based
on industry guidelines and or handbooks. For example the maintenance cost of the equipment that is
used underground has been based on these sources. During this thesis, it was not possible to get a
clear overview of those costs. This is the same for some consumables that are used. The amount of
material that was used for some blasts, blasting cord and bottom charges, did vary for some holes. The
estimations for the duration of each part of the process are made with the help of people from the mine,
which partake in those steps or who have been working at the mine for numerous years. This gave an
indication for most of the processes, however, some of these processes are so variable or they did not
know. For these unknowns, industry standards have been used as well.
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Conclusion

This chapter will elaborate the conclusion that can be formed from this thesis regarding the analysis of
the two mining methods, the fieldwork and laboratory work and stability. The conclusion will be given
as answers to the research questions given in the introduction chapter.

11.1. Cost Model

The first research question that can be answered in the conclusion is: For how long is the use of sub-
level open stoping mining method economically feasible. The conclusion that can be made from the
cost model regarding this question is that the use of sublevel open stoping as a mining method for this
mining operation is economically feasible based on the results of the cost model that was created. The
final cost per tonne for this method is 9.86 NOK/tonne. The development work (drifting and top slice) is
a large part of the costs of each level. However, it is necessary to continue mining with this method. To
continue mining with this method, a new drill rig is needed, which will be a significant capital investment.
The investment is justified by the fact that there is no suitable other drill rig that can be used to create
the stopes of this size. The mine can continue using this method for almost 65 years, if the annual
underground production (50.000 tonnes per year) is kept at the same level.

The next research question that can be answered is: Is the use of Vertical Crater Retreat as a mining
method in this operation economically feasible and technically possible? The second conclusion that
can be made from the cost model is that the second method that was considered for this thesis is the
vertical crater retreat method, which is an economically feasible method if the parameters for the blast-
ing are used as described in this thesis. The final cost per tonne for the use of this mining method is
10.39 NOK/tonne. The method is technically feasible as well, for the extent that was possible to test in
this thesis. However, further investigation on the cratering technique is required if this mining method
will be used for the next phase. The results from this can effect the burden and spacing of the drilling
pattern, which can have a large influence on the economical feasibility of the method. This method will
require a large drill rig, which means that there is a large capital investment to make when the method
is implemented. However, the fact that there is no suitable drill rig at the moment justifies this capital
investment. The production for the underground part of the mine does not differ for this method or
when the sublevel open stoping method is used, the use of this method will also result in 65 years of
production.

11.2. Stability

The third research question that can be answered is: How does the proximity of stopes affects the
stability of the barrier pillar? The stability of the barrier pillar is affected by the mining activities that are
done close to the barrier pillar. The barrier pillar will have a lower factor of safety if the schwebes of
stope 1 and stope 2 are removed. This make itimpossible to also mine the top part of stope 2, because
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the material has nowhere to go. Additionally, the removal of the top of stope 2 will also have a negative
effect on the factor of safety of the barrier pillar, it will become lower than 1 for areas in the barrier
pillar. The last stope that has an effect on the stability of the barrier pillar is the top stope of stope 3.
The removal of this stope will also have the effect that the factor of safety in part of the barrier pillar
becomes lower than 1. The effect of leaving the stopes in for the stability results in an production loss
of approximately 750 tonnes. However, the mine can continue for 65 years with the underground part
if the production level stays the same. A loss of 750 tonnes to increase the stability of a vital part of the
underground infrastructure is a manageable loss. The effect of a lower UCS of the Nepheline Syenite
is that more stopes need to be left in place to get a factor of safety that is larger than 1.

11.3. Stope Size

The last research question that can be answered is: What is the optimal stope size to continue mining
without affecting the stability? The stope size is an important aspect for the costs of production and the
layout of the mine. Based on empirical stability assessment done with the stability graph method, the
current stope size results in a stable roof of the stope and a hanging wall that is in the transition region.
Due to the shape of the stope, with a dip of 70 degrees, the roof is the most important part of the stope
that should be stable. Two different stope options have been tested for stope 5, with one being a small
long stope and one being a more square stope. The more square stope option has a stable hanging
wall in contrary to the long stope. However, the changing of stope sizes to smaller stopes, will result in
additional pillar in the planned mine area. This will result in extra loss of raw material. Furthermore, it
is uncertain what the effects of those small pillars are on the stability of the area. Changing the height
of the stopes is also an option when reviewing stope size. However, the current infrastructure that is
present is favorable for stopes with the same height as the current stopes. If the height of the stopes
is decreased, more development work is needed, which is expensive. If the height of the stopes is
increased, the drift that has been made at the 460 level will become abundant and this will cancel the
potential savings of using an existing drift.

It is now possible to provided an answer to the goal of this thesis. The goal of this thesis is to:

Prepare a mine plan to continue mining in Mine 2 with the most suitable mining method. Differences
between the vertical crater retreat method and sublevel open stoping method must be analyzed and
described. Additionally, the effect of the mining activities on stability of the mine should be analyzed.

Based on this research, it can be concluded that the use of sublevel open stoping is the most suit-
able mining method to continue mining in Mine 2. The difference in costs per tonne between both
methods is a small difference. However, the fact that sublevel open stoping is a proven method at
this mine and it is the cheaper option according to the cost model, justify the choice for sublevel open
stoping. Furthermore it is important to leave certain stopes in place to not negatively affect the stability
of the mine. The hypothesis, which is stated in the introduction, was tested with this research and it
was not found to be true.
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Recommendations

Based on the research and conclusions provided earlier in this thesis, it is now possible to give recom-
mendations on how to move forward.

12.1. Cost Modelling

The first recommendation is to create an overview of different costs and standard operating times which
were not available during this thesis. For some of these parameters, assumptions have been made
in this thesis. To improve the cost model, the real values are needed. For example, an overview of
maintenance work for the underground mine would be beneficial. Maintenance work should be logged
with time spend on the process and the materials that were used to fix the problem. An overview of
operating times for certain operations is also useful for planning purposes for the operation.

12.2. Stress Modelling

The next recommendation is that there should be more research into the stresses in the Mine 2 area.
A three dimensional model can be used to model the mine completely. This will give results that are
more reliable than the results from the two dimensional model. This three dimensional model can be
used to find an explanation for the stresses at the drift at the 460 level. The high stresses at that point
are not predicted by the two dimensional model, but they could have a high impact in the stability of
that region. If this region is not modeled in a three dimensional model, other types of research are
needed to explain the high stresses. As agreed with the site, the current flat jack testing program will
be extended to see how the stress behaves at different areas. It is possible that there are features
that have been missed that have a high influence on the area. Furthermore, the effect of a lower UCS
strength should be further investigated. If the solution of leaving more stopes in place if the quality of
the Nepheline Syenite is not as expected or that some other solution has to be determined.

12.3. New Mining Area

The final recommendation is to investigate the possibility to mine the area behind the fault next to stope
5 at the east side of Mine 2. There is a larger area which has not been mined behind the fault, and
this is a possible option for the underground production. A whole new mining method can be used,
because it is not dependent on previous used mining methods with stopes and chutes.
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Table 3.6 The effects of joint strike and dip in tunnelling (afier Bienizwski, 1089).

Sirike perpendicular in tunnel axis

Sitrike parallel to funne] axis

Dirive with dip Dirive against dip
Dip OF-IF
Dnp (] Dnp Chp Dip [hp rmespeciive
45*_0(r NF-45 45*_0(r NP A5 45~ _9iF NF A5 of strike
very favourahle fair unfavourahle fair fair
favoumable unfavourahle

Figure 13.2: Rock Mass Rating (RMR) system rating table. Brady & Brown

GEOLOGICAL STREMGTH INDEX. FOR
JOINTED ROCKS (Hoek and Marinos, 2000)

From the lithclogy, structure and surface
conditions of the discontinuities, estimate
the average value of GS1. Do nol iry fo
b= too precise. Quoting a range from 33
to 37 is more realstic than stating fhat
G5] = 35 Nole thal the table does nol
apply to structurally controlled failures.
Where weak planar structural planes are
pregent in an unfavourable orentation
with respect to the excavation face, these
will dominate |he rock mass behawiour
The shear strength of surfaces in rocks
that are prone to deterioration as a result
of changes in moslure content will be
reduced is water is present. \When
working with rocks in the Eir 1o very poar
calegones, & shifl lo the rght may be
mada for wat conditions. YWater pressure
is deall with by effective shess analysis
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farmed by many inlersecting
discontinuity sets. Persistence
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Figure 13.3: General chart for Geological Strength Index from geological observations.

Marinos, Marinos & Hoek 2005
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Figure 13.4: Geological Strength Index for heterogeneous rock masses. Marinos, Mari-

nos & Hoek 2005
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The disturbance factor D should never be applied to the entire rock mass surrounding an excavation

Appearance of rock mass

Description of rock mass

Suggested value of D

Excellent quality-controlled blasting or excavation by a
road-header or tunnel boring machine results in minimal
disturbance to the confined rock mass surrounding a tunnel.
The blasting design for this tunnel is discussed in http://
www.rocscience.com/assets/resources/learning/hoek/
Practical-Rock-Engineering-Chapter-16-Blasting-Damage-
in-Rock.pdf

Mechanical or manual excavation in poor quality rock
masses gives minimal disturbance to the surrounding rock
mass.

Where squeezing problems result in significant floor heave,
disturbance can be severe unless a temporary invert, as
shown in the photograph, is placed.

Poor control of drilling alignment, charge design and
detonation sequencing results in very poor blasting in a
hard rock tunnel with severe damage, extending 2 or 3 m, in
the surrounding rock mass.

Small-scale blasting in civil engineering slopes results in
modest rock mass damage when controlled blasting is used,
as shown on the left-hand side of the photograph.
Uncontrolled production blasting can result in significant
damage to the rock face.

In some weak rock masses, excavation can be carried out by
ripping and dozing. Damage to the slopes is due primarily to
stress relief.

Very large open pit mine slopes suffer significant
disturbance due to heavy production blasting and stress
relief from overburden removal.

D=0

D = 0.5 with no invert

D = 1.0 at surface with a linear decrease to D = 0 at + 2 m
into the surrounding rock mass

D = 0.5 for controlled presplit or smooth wall blasting with
D = 1.0 for production blasting

D = 0.7 for mechanical excavation effects of stress reduction
damage

D = 1.0 for production blasting

A transitional D relationship incorporating the effects of
stress relaxation can be derived from the disturbance
rating®

Note: *A disturbance rating for open pit slopes has been published by Rose et al. (2018).

Figure 13.5: Guidelines for estimating disturbance factor D. Hoek & Brown 2019.
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Rock | Class Group Texture
type Coarse [ Medium | Fine [ Veryfine
Conglomerates® Sandstenes  Siltstones Claystones
(21£3) 17=4 722
Breccias Greywackes
> | Clastic (19£5) (18=3)
=
z
s Crystalline Sparitic Micritic Dolomites
g Carbonates | Limestone Limestones  Limestones =3
E (12% 3) (10=2) =2
Non- Gypsum
Clastic Evaporites 82
Chalk
Organic 752
Marble Homfels Quartzites
Non Foliated 923 (194) 2023
Metasdstone
(19=3
Amphibolites
Stightly foliated =6
Foliated** Schists Phyllites Slates
12£3 =3 7=
Granite Dictite
3223 2
Lizht Granodiorite
(29=3)
Plutonic
Gabbro Dolerite
Dark 3 (16=5
% Norite
= 20=5
Hypabyssal Porphyries Diabase  Peridotite
5 (Q0+5) as=s) (5=3)
Obsidian
Lava ) (19=3)
Volcanic Andesite Basalt
2523 25=3
Pyroclastic | Azglomerate  Breccia Tuff
(1923) (195 (13=5

* Conglomerates and breccias may present a wide range of 71, values depending on the nature of the
cementing material and the degree of cementation, so they may range from values similar to sandstone to
values used for fine grained sediments.
* *These values are for intact rock specimens tested normal to bedding or foliation The value of m; will be
significantly different if faiture occurs along a weakness plane.

Figure 13.6: Guidelines for estimating Mi value if laboratory

testing is not possible. Hoek 2007



14

Appendix B

Effective

Sigma L

min (stage): —0.07 MPa
1o

2.50

6.20
10.70
1440
16.50
22.40
26.30
30.20

34,10

35,00
max (stage) : 37.51 MPa

(a) Sigma 1 at the point of measurement. Sigma 1 is approximately the vertical stress at this point.

Efzective
Sigma Z
min (stage): -0.35 Mpa
1,00
s.00
7.00
11.00
15.00
15.00
23.00
27.00
s1.00

35.00

38.00
max (stage): 33.67 Mpa

100
350
.00
a.50

100

13.50

16.00

[11]

1250

21.00
max_(stage) : 20.79 MPa

(c) Sigma 3 at the point of measurement. Sigma 3 is the horizontal in plane stress at this point.

Figure 14.1: Stresses at the point that was measured by SYNTEF.
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Appendix C

In this appendix, the results for the cost model are given from the excel file in which the model has
been made. The first part of this appendix is for the cost model of the sublevel open stoping method.
The second part is for the Vertical Crater Retreat mining method.

15.1. sublevel open stoping

Stope [footw all) Stope [hangingw all)
width m 275 width m 27.9
height m 45 height m 45
lenath m B0 lenagth m S0
BCHM m3 73350 BCHM m3 G605
LCM md 5174 LCM md 0057
weight tonnes 136047 weight tonres | 163253
Production Drilling |Per stope Production Drilling |Per stope
borehole diameter mim [ borehole diameter mim [
barehole length m 45.0 barehole length m 45.0
stemming length™” m 15 stemming length™ m 1.5
explozive length m 435 explozive length m 435
barehole volume mg 0.2041 barehole valume m3 0.2041
stemming volume mid 0.0063 stemming volume m3 0.0065
enplosive volume m3 0arz explosive volume ma 01973
burden m 2.70 burden m 2.70
spacing m 3.0 spacing m a0
boreholes # 135 boreholes" # 161
total volume holes m3 28463 total volume holes ma 3T
Blasting Blasting
density explosive kalm3 G40 density explosive kalm3 G40
weight kg 22303 weight kg ZBEDS
powder Factar kaltannes 0165 powder Factar kaltonne| 0163
Oetanatar #ihole z Detanatar #ihole 2
¥ 380 # 322
bottom charge #lhole 2 bottom charge #lhole 2
¥ 330 # 322
shockiube mihiole 45 shockiube mihale 45
¥ a775 # 7245

Figure 15.1: Stope calculations
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Dirifx Per 5 meter black Vertical slot
width m 10 width m 3
height m E.5 hieight m 45
lenath m = length m 2
BCM m3 325 BCM m3 270
LCM m3 4225 LM m3 351
weight tonnes 86125 weight tonnes T=.5
drift drilling Yertical slot drilling
borehole diameter mm 51 borehole diameter mm TG
barehale length m 5.0 barehale length m 4.0
stemming length™” m 0.5 stemming length™” m 15
explosive length m 4.5 explosive length m 43.5
borehole volume ma 0,002 baorehole volume ma 0.2041
stemming volume md 0.0010 stemming volume md 0.0063
enplozsive volume md 0.003z2 enplozive volume md 013arz
burden m 0.9 burden m 1.0
spacing m 0.9 spacing m 1.0
bareholes # 100 bareholes # 12
total volume holes m3 1.021 total volume holes m3 2.450
Blasting Blasting
density enplosive kalma 240 denszity enplosive kalma 40
weight kg [t weight kg 2058
powder Factar kaftonme| 0,336 pow der Factar kaltonme| 2876
Detonatar #hole 1 Detonator #hole =
¥ 100 # =11]
battom charge #hole 1 battom charge #hole =
# 100 # =11]
shockiube mihcle = shocktube mihcle 35
¥ 500 # 42EI.

Figure 15.2: drift and vertical slot calculations
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Stope top slice development [(footw al Stope top slice Development [hangingw all)
width m 275 width m 275
height m 6.5 height m 6.5
length m B0 lergth m &0
BCHM m3 10725 BCM m3 5335
LCM m3 13343 LM m3 1513
weight tonnes 2841 weight tonnes 23684
development Dri| per 511016, 5m black Development Dril per 5210:6.5m block
barehole diameter | mm =1 barehole diameter  |mm =1
barehole length m 5.0 barehole length m 5.0
stemming length™ |m 05 stemming length™  |m 05
explosive length |m 4.5 explozive length m 4.5
barehole volume |m3 0.0102 barehole volume mg 0,002
stemming volume | m3 0.0010 stemming volume  |m3 0.0010
explosive volume  [m3 0.0032 explosive volume m3 0.0032
burden m 1.00 burden m 1.00
spacing m 1.0 spacing m 1.0
boreholes # 100 boreholes # 100
total volume holes [m3 09319 total volume holes |m3 0319
development dril whale slice development drill| whale zlice
blocks # 26 blocks # 22
boreholes # 2600 boreholes # 2200
total volume haoles | m3 23.30 total volume koles  |m3 2022
Blasting Blasting
density explosive  |kglm3 G40 density explosive kalm3 G40
weight kg 20077 weight kg B985
powder Factar kagltonne| 0.706 powder Factor kaltonnes| Q717
Oetanatar #hole 1 Detaonatar #hole 1
# 100 ¥ 100
baottam charge H#lhale 1 baottom charge #lhale 1
# 100 # 100
shockiube mihole 5 shockiube mihiale 5
# =] ¥ 500

Figure 15.3: top slices calculations

Amount of explosives

ANFO kg 98977
ma 783

Detonatar # 072

Booster # 072

shockiube m 17340

Figure 15.4: Amount of explosives
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drilling time Mucking

Longhole volume muckpile drift 5m block

holes per shift # 25 width m 10

time per hole hour 2.2 height m 6.5

haoles per stope # 195 length m 5

holes per slice # 49 BCM m3 325

shifts for drilling # 196 LCM m3 4225

2 shift days # 9.8 weight tonnes BB1.25

drift holes mucking of drift

drill speed m/min 25 bucket size m3 6.5

length holes m 5 weight loose material tonn 16

time per hole min 2 weight bucket tonnes 10.4

booms of drifter # 2 SCO0pS # B3

holes per drift block*|# 102 cycle time mucking

holes per boom # 51 loading sec | 15|

set up time min/holeg 1 dumping seC 15

time per drift miri 153 spead*® km/h 12
m/s 3.33

Loading distance m 50

longhale cycle time seC 60.00

holes # 10 cycle time min 1

loading holes hour 15 time needed for drift min B3

loading of 1 hole min 9

loading of slice hour 7.35

setup time** hour 55

total time hour 12 85

total per hole min 16.00

drift

holes # 100

loading time hours 25

loading of 1 hole min 15

loading of block miri 153

setup time** min 0.9

total time min 2448

total time hour 4.08

total per hole min 24

Figure 15.5: Operations calculations
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Figure 15.6: Personnel calculations

shift times shift length |effective length
shifts hours hours
miners monday - Thursday 13 12
Friday 6.58 5.5
mechanics Monday - Friday 12.58 11.5
wages
Operator MNOK/year 577200
foreman MNOK/year 613800
NOK/maonth 48100
average working days per month 9
average working hours* |hour/month 104.16
effective working hours® |hour/month 95
average salary NOK/hour 462
NOK/shift 2540
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Drilling rig per unit |[per hour |per hole
gasoline liter 0 0
lubricants liter 0.884667 1497
track # 0.002 0.0044
drilling bits # 0 0.1125
drilling rod # 0 0.05
electric power |kWH 100 5556 22122
maintenance time 0429782 0.95
Explosive truck per hour

diesel liter 15.13

lubricants liter 0.49

tires # 0.017

maintenance time 0. 276513

drifter perunit |per hour

gascline liter 0

electricity kWh 77

lubricants liter 0.626667

tires # 0.000553

drilling bits # 0.1125

Drilling rod # 0.05

maintenance time .345278

Loaders .lper hour

gascline liter 4562

lubricants liter 1.05

tires # 0.002

bucket teeth # 0.01

maintenance time 0.334867

Support vehicles |per unit |per hour

gascline liter 15.13462

lubricants liter 0.313333

tires # 0.01865

maintenance time 0.132688

Figure 15.7: Equipment calculations
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longhole drilling cost

per hole
operator MOK 101584
drill bit MOK 152.62
drill rod MOK 183 .43
electricity MOK 12.509
track MOK 44
lubricants MOK 13394
Maintenance MOK 45791
total MOK 2040.33
total MOK/m 4534

Longhole Blasting costs

per hole
Operator MNOK 24629
ANFO MOK 2240 .96
bottom charge MOK 138.13
Shocktube MOK 3481
loading truck MNOK g4.24
Maintenance MNOK 188 .96
Total MOK 2913.39

Longhole cost total

footwall stope

hangingwall stope

MOK 965976 797549
MOK/m3 13.06 1295
MOKtonne 44593 488

Figure 15.8: Finances calculations part 1
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drifting cost per 5m block

Figure 15.9: Finances calculations part 2

Figure 15.10: Costs for certain spare parts

15.2. Vertical Crater Retreat

The table for personnel and for costs of certain consumables is the same for sublevel open stoping and

vertical crater retreat.

Maintenance MOK 22072
operator MNOK 129532
drill bit NOK B3.B0
drill rod NOK 196.88
electricity MNOK 479
lubricants MNOK 4691
tires MNOK 2493
Total MOK 1851.35
drift loading per 5m block
ANFO NOK 11604 55
detonators MOk 100
bottom charge MNOK 6206.38
shocktube MNOK 386.75
operator MNOK 1884 10
loading truck MNOK QB2 B3
Maintenance MNOK 18B.96
Total MOK 22053.57
drift mucking
Operator MNOK 638 81
front loader MNOK 76176
Maintenance MOk 21591
Total MOK 1616.49
Drifting total MOK 2552141
Costs MNOK/m3 78.53
nok/tonne 29.63258173
Costs Unit Price
MOK
Diesel liter B.118
Electricity kWH 0.05654
lubricants liter 68.05
drill bit 51 mm 1 677.16
drill bit 76mm 1 1356.6
drifting rod 1 3579.6
longhole rod 1| 366B52
Track 1| 10000.00
tires 1| 5000.00
bucket teeth 1| LOe00. 0



15.2. Vertical Crater Retreat 115
Stope (northern) Stope (Southern)
width m 27 width m 27
height m 45 height m 45
length m 60 length m 50
BCM m3 72630 BCM m3 BO4B0
LCM m3 04419 LCM m3 78624
weight tonnes 192469 5 weilght tonnes 160272
Production Drilling Per stope Production Drilling Per stope
barehole diameter mm 152 borehale diameter mm 152
explosive length mm 912 explosive length mm 912
explosive length m 0.912 explosive length m 0912
explosive volume m3 0.017 explosive volume m3 0.017
explosive weight kg 13.90 explosive weight kg 13.90
thickness slice m 4572 thickness slice m 4572
slices # 10 slices # 10
total explosive volume [m3/hole 0.165 total explosive volume |m3/hole 0.165
burden m 270 burden m 270
spacing m 3.0 spacing m 3.0
bareholes* # 191 boreholes*® # 158
total volume holes m3 31 609 total volume holes m3 26.147
Blasting Blasting
density explosive kg/m3 BAD density explosive kg/m3 BAD
weight kg 26551 welght kg 21964
powder factor keftonnes 0.138 powder factor keftonne 0.137
Detonator #/hole 10 Detonator #/hole 10
# 1910 # 1580
bottom charge #/hole 10 bottom charge #/hole 10
# 1910 # 1580
shocktube m/hole 150 shocktube m/hole 150
# 28650 # 23700

Figure 15.11: Stope calculations for VCR
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Drift Per 5 meter block Vertical slot
width m 10 width m 3
height m 6.5 height m 45
length m 5 length m 2
BCM m3 325 BCM m3 270
LCM m3 422.5 LCM m3 351
weight tonnes B61.25 weight tonnes 715.5
drift drilling Vertical slot drilling
borehole diameter  |mm 51 borehole diameter mm 76
borehole length m 5.0 borehole length m 45.0
stemming length** m 0.5 stemming length** m 15
explosive length m 4.5 explosive length m 43.5
borehole volume m3 0.0102 borehole volume m3 0.2041
stemming volume m3 0.0010 stemming volume m3 0.0069
explosive volume m3 0.0092 explosive volume m3 0.1972
burden m 0.9 burden m 10
spacing m 0.9 spacing m 10
bareholes # 100 boreholes # 12
total volume holes m3 1021 total volume holes m3 2450
Blasting Blasting
density explosive kg/m3 B4D density explosive kg/m3 B40
weight kg B58 weight kg 2058
powder factor kg/tonne 0.996 powder factor kg/tonne 2.876
Detonator #/haole 1 Detonator #/hale 1
# 100 # 12
bottom charge #/hole 1 bottom charge #/hole 2
# 100 # 24
shocktube m/hole 5 shocktube m/hole 5
# 500 # 60

Figure 15.12: drift and vertical slot calculations for VCR

Stope top slice development (northern) Stope top slice Development (Southern)
width m 27 width m 27
height m 6.5 height m 6.5
length m 60 length m 50
BCM m3 10530 BCM m3 B775
LCM m3 13689 LCM m3 11408
weight tonnes 27905 weight tonnes 23254
development Drilling |per 5x10x6.5m block Development Drilling |per 5x10x6.5m block
borehole diameter (mm 51 borehole diameter  |mm 51
borehole length m 5.0 borehole length m 5.0
stemming length** |m 0.5 stemming length®* [m 0.5
explosive length m 45 explosive length m 45
borehole volume m3 0.0102 borehole volume m3 0.0102
stemming velume  [m3 0.0010 stemming volume m3 0.0010
explosive volume  [m3 0.0092 explosive volume m3 0.0092
burden m 1.00 burden m 1.00
spacing m 1.0 spacing m 1.0
boreholes # 100 boreholes # 100
total volume holes |m3 0.919 total volume holes  |m3 0819
development drilling |whole slice development drilling  |whole slice
blocks # 26 blocks # 22
boreholes # 2600 boreholes # 2200
total volume holes |m3 23.90 total volume holes  |m3 20.22
Blasting Blasting
density explosive  |kg/m3 B40 density explosive keg/m3 BAD
weight kg 20077 weight kg 16988
powder factor kg/tonne 0.719 powder factor kg/tonnes 0.731
Detonator #/hole 1 Detonator #/hole 1
# 100 # 100
bottom charge #/hale 1 bottom charge #/hale 1
# 100 # 100
shocktube m/hole 5 shocktube m/hole 5
# 500 # 500

Figure 15.13: top slices calculations for VCR
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Amount of explosives
ANFO kg 22496
m3 105.35
Detonator # 3802
Booster # 3814
shocktube m 53910
Figure 15.14: Amount of explosives for VCR
drilling time Mucking
Longhole volume muckpile drift 5m block
holes per shift # 2 width m 10
time per hole hour 275 height i 6.5
holes per stope # 191 length m 5
hales per slice # 48 BCM ma3 325
shifts for drilling # 24 LCM m3 422.5
2 shift days # 12 weight tonnes B61.25
drift holes mucking of drift
drill speed m,/min 25 bucket size m3 6.5
length holes m 5 weight loose material tonn 16
time per hole min 2 weight bucket tonnes 10.4
booms of drifter # 2 SCOOPS # 83
holes per drift block*|# 102 cycle time mucking
haoles per boom # 51 loading seC 15
set up time min/hole 1 dumping seC 15
time per drift min 153 speed® km,/h 12
m/s 3.33
Loading distance m 50
longhole cycle time sec 60.00
holes # 10 cycle time min 1
loading holes hour 15 time needed for drift min B3
loading of 1 hole min 9
loading of slice hour 2B.65
set up time** hour 55
total time haur 3415
total per hole min 11.00
drift
haoles # 100
loading time hours 25
loading of 1 hole min 15
loading of block min 153
set up time** min 0.9
total time min 2448
total time hour 4.08
total per hole min 24

Figure 15.15: Operations calculations for VCR
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longhole drilling cost

per hole
operatar MOk 1263.32
drill bit MOk, 152 62
drill rod MOk 183.43
electricity MOk 15,636
track MOk 55
lubricants MOk 167.43
Maintenance MOk G07.06
total NOK 2451.09
total NOK{!m od 47

Longhole Blasting costs

per hole
Operatar MOk 163,532
ANFO MOk, 158015
battom charge MOk 530.64
Shockiube MOk, 1E.03
loading truck MOk 4416
Maintenance MOk 155.36
Total NOK 308923

Longhale cost total

Footwall stope

Harging w all stope

Figure 15.16: Finances calculations part 1 for VCR

NOK 055213 a7o3E1
NOK{!m3 1457 14,47
NOK!tonne 550 546
drifting cost per 5m block
Mairtenance MOk 22072
operatar MOk 1235 32
drill bit MOk 53.80
drill rad MOk, 196,55
electricity MOk, 4.73
lubricants MOk 4E.91
tires MOE 233
Total NOK 1851.35%
drift loading per Sm block
ANFO MOk 604,55
detonatars MOk 100
battam charge MOk, 6306.35
shacktube MOk 3EE.7S
operatar MOE 158410
lzading truck MOk 352,53
Mairtenance MOk 128.96
Toral NOK 22053.57
drift mucking

Operator MOk 53581
fromt loader MOE TELTE
Maintenance MOk 220.71375352
Total NOK 1621.239
DOrifting total NOK 25526.21
costs MoK m3 T8.53

MNOKtonne 2363

Figure 15.17: Finances calculations part 2 for VCR
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