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ABSTRACT

The failure of waste rock from the hangingwall and footwall of open panels dilutes ore grades,
creates significant costs for underground mines and can reduce production rates. This research
investigates the mechanisms causing dilution from the hangingwall and footwall of panels at

SSR Mining’s Seabee Gold Mine, located in northern Saskatchewan.

To conduct this research, estimations were made regarding the rock mass conditions and stress in
panels so conventional analysis techniques for dilution could be applied. Underground field
mapping and lab testing were conducted, and a new methodology was developed to assess large
scale joint irregularities. Three joint sets were identified with Q’ ranging from 10.6 to 14.1 for
the panel hangingwall. An instrumentation program was conducted with both closure stations
and an extensometer. New data interpretation techniques were applied which suggested stresses

normal to the ore body reached a stress of approximately 92 MPa, prior to panel mining.

Conventional empirical dilution estimation analyses indicated that less than 0.5 metres of
dilution should be expected from both the hanging wall and the footwall of all panels assessed at
the Seabee Mine. Cavity Monitoring Survey (CMS) data was collected and interpreted and

many dilution values were measured to be well in excess of 0.5 metres.

It is known that open panel dilution can be caused by many mechanisms. These mechanisms, or

causes of dilution, include:

e rock mass instability due to panel dimensions exceeding stable limits which would be
represented by an arch shaped failure;
e panel top sill and bottom sill drifts extending past the ore — waste contact; and,

e blast hole deviation causing the hangingwall and footwall rocks to be blasted.

Each of these mechanisms have characteristic failure or dilution profiles. The approach to this
research has been to link the detailed geometry of the hangingwall and footwall surfaces from
which dilution has occurred, to the expected failure geometry from the common causes of panel

dilution.
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This research shows that of the three failure mechanisms listed above, the dominant failure
mechanism is based on geometrical instability represented by an arch shaped failure. The failure
mechanisms of panel undercutting due to sill drifts extending past the ore — waste contact and
blast hole deviation were not found to be significant. Efforts to minimize panel dilution are
recommended based on their cause, and these efforts cannot be effective without an
understanding of the mechanisms influencing dilution. The methodology developed in this

thesis is applicable to all underground hard rock mining operations.
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CHAPTER 1
INTRODUCTION

The failure of waste rock from the hangingwall and footwall of open panels dilutes ore grades,
creates significant costs for underground mines, and can reduce production rates. This research
investigates the mechanisms causing dilution from the hangingwall and footwall of panels at
SSR Mining’s Seabee Gold Mine, located in northern Saskatchewan (Figure 1.1). Efforts to
minimize panel dilution are recommended based on their cause, and these efforts cannot be
effective without an understanding of the mechanisms influencing dilution. The methodology
developed in this thesis is applicable to all underground hard rock mining operations. This
chapter provides the background to the Seabee Gold Mine, defines dilution, identifies the

research objectives and scope of the research, and provides an overview of the thesis document.
1.1 Background

1.1.1 Mine Background and Geology

Seabee Gold Mine is in a narrow vein deposit located at Laonil Lake, Saskatchewan, Canada,
approximately 125km northeast of La Ronge. The mine has been in operation since 1991 and is
currently owned and operated by SSR Mining Inc. The mine is located in the Glennie Lake
Domain of the Canadian Shield. It is a part of the Laonil Lake Instrusive Complex which is a
triangular gabbroic intrusive body. The host rock of the area is a medium to fine grained
gabbro/granodiorite. The vein structures in the mine are quartz — tourmaline shear structures that
have a mineralogical composition of quartz, pyrite, pyrrhotite and chalcopyrite. The gold
inclusions occur as flakes and films and are found as replaced pyrite and at the sulphide
boundaries (Figure 1.2). The vein structures have a dip of 80 to 90° degrees, to both the east and

west, and are 2 to 6m in width (Claude Resources Inc., 2014).

The Seabee Gold Mine is an underground mine with ramp access for personnel transportation,
and shaft access for material transport. Current production is approximately 300 tonnes/day at a
maximum mining depth of 1400m. Due to the narrow nature of the orebody, mining is
longitudinal with development drifts driven in the orebody. Figure 1.3 shows a long section of
the entire mine. Noted on this is the location of the panels studied in this thesis, as discussed in

Section 1.1.2.
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Figure 1.1 Location of Seabee Gold Mine in Saskatchewan (SSR Mining, 2018).



Figure 1.2 Association of gold with sulphide boundaries (no visible gold).
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1.1.2 Mining Methods

Three primary mining methods have been used at Seabee Gold Mine; as follows:

e shrinkage stoping;
e sublevel open stoping; and,

e modified Avoca.

Shrinkage stoping (Figure 1.4) is a selective hard rock mining method that was used primarily
from surface to a depth of 500m. A shrinkage panel is started by driving a haulage drift parallel
to the bottom of the panel. Cross—cut drawpoints are driven perpendicular to the haulage drift in
intervals that allow for a uniform drawdown of the ore. Mining of the panel begins at the bottom
and consists of horizontal lifts that advance towards the top. Ore remains in the panel as this
provides a working platform to mine the next lift. When rock is blasted, it increases its volume
through swelling by approximately 30 to 40%. This extra volume of rock must be uniformly
drawn out of the panel to maintain a constant height from the back to the top of the ore.
Shrinkage stoping is a labour intensive mining method that is not easily mechanised. However,
using shrinkage stoping reduces dilution and increases ore recovery because operators locate the

vertical lifts such that the desired grade of ore is extracted.

Sublevel open stoping is a bulk mining method that is used in all the case study areas. It is the
primary mining method below the 500m level. At Seabee Gold Mine, a sublevel open panel is
mined longitudinally due to the narrow ore body. It is started by driving an undercut and overcut
in the orebody, along the strike length, with a vertical interval of 18m between the floor of the
undercut and the back of the overcut. Drilling and blasting is typically performed from the
overcut and mucking is performed from the undercut. A vertical slot raise is developed at the
beginning of the panel, and production blasts continue until the maximum stable span is opened
and a rib pillar of a strike length equal to the ore width is left. The ore is mucked from the
undercut after each blast. Once all blasts are complete, the open panel is backfilled with

cemented or uncemented rockfill.

Avoca mining is a variant of sublevel open stoping (Figure 1.5). The development is the same
for both methods; however, Avoca mining requires access from both sides of the panel on the

overcut, one for backfilling and one for drilling and blasting. The difference between sublevel



stoping and Avoca is that the maximum strike length of the open panel is maintained by
continuously backfilling at the same rate as the blasting. Therefore, no support pillars are

required, which increases recovery.

1.1.3 Case Study Areas

Four case study areas were analysed in this research. They were selected based on the mining
schedule, available access, and the quality of data. These areas are: 2b11013, 2b11011, 2¢10010
and L62. Figure 1.6 shows the location of the case study areas relative to each other whereas

Figure 1.3 shows these panels in relation to the entire orebody.

The first three areas were chosen because cavity monitoring surveys (CMS’s) were performed on
a large portion of these panels and the area contains at least 3 sublevels. L62 was chosen because
of its accessibility for the instrumentation program. The following are general descriptions of

each area:

e (Case study area 2b11013 is 1100m below surface, 273m on strike and 86m in height. It
consists of 4 sublevels and a total of 27 panels. The mining methods used in this area are
sublevel open stoping and modified Avoca. Mining commenced in 2010 and was
completed in 2013.

e (ase study area 2b11011 is 1000m below surface, 72m on strike and 73m in height. It
consists of 3 sublevels and 5 panels. The mining methods used in this area are longhole
open stoping and Avoca. Mining commenced in 2010 and was completed in 2011.

e (Case study area 2c10010 is 1035m below surface, 100m on strike and 71m in height. It
consists of 3 sublevels and 12 panels. The mining method used is sublevel open stoping.
Mining began at 2¢10010 in 2010 and was finished in 2012.

e (ase study area L62 is 1000m below surface and 62m on strike. The data collected is
from 3 sublevels that each contains 5 panels. The mining methods used are sublevel open

stoping and Avoca. Mining began at L62 in 2012 and was completed in 2016.
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1.2 Defining Dilution

Dilution in mining exists when uneconomical waste rock has been mixed with economical ore.
Dilution reduces the mill head grade which increases the cash cost of milling, it may reduce

recovery, and therefore, increases the cost of the overall mining operations.

Dilution is defined in many ways at different mining operations and is generally expressed as a
percentage. Pakalnis (1986) summarized the varying equations for calculating dilution that are
used across Canada (Table 1.1). The two most popular ways of defining dilution are Equations 1
and 2 (Scoble and Moss 1994). The main differences between the two methods are that Equation
2 is less sensitive to the amount of waste recovered, and cannot exceed 100%, whereas Equation
1 can. Figure 1.7 shows dilution calculated based on the two equations and plots dilution versus
the average width of slough (overbreak) or failure divided by the width of ore. At Seabee Gold

Mine, Equation 2 is used to calculate dilution.

Mining dilution takes two general forms: planned and unplanned. Planned dilution occurs
because of a varying orebody shape that makes it difficult to extract only ore. Planned dilution is
therefore waste rock that is mined within the panel boundaries. The amount of planned dilution
mined is a function of drilling and blasting practices, the mining method, and the orebody
geometry. Unplanned dilution occurs when waste rock enters the ore stream from outside the
planned panel boundaries. The difference between planned and unplanned dilution is shown in
Figure 1.8. When using the various methods to calculate dilution from Table 1.1, often only

unplanned dilution is defined as waste rock.

Table 1.1 Equations used to define dilution (after Pakalnis 1986).

Equation # Equation Expression
Eq. 1 Dilution = (T onnes waste mined) / (T onnes ore mined)
Eq. 2 Dilution = (T onnes waste mined) / (T onnes ore mined + T onnes waste mined)
Eq. 3 Dilution = (Undiluted in-situ grade as derived from dillholes) / (Sample assay grade at drawpoint)
Eq. 4 Dilution = (Undiluted in-situ grade reserves) / Mill head grades obtained from same tonnage)
Eq. 5 Dilution = (Tonnage mucked - Tonnage blasted) / (T onnage blasted)
Eq. 6 Dilution = (Backfill tonnage actually placed - Backfill tonnage theoretically required to fill void)
Eq. 7 Dilution = Visually observed and assessed
Eq. 8 Dilution = ("x" amount of meters of footwall slough + "y" amount of hangingwall slough) / (ore width)
Eq. 9 Dilution = (T ons drawn from stope) / (Calculated reserve tonnage) over the last ten years

10
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1.2.1 Dilution Economics

The economic impact of unplanned dilution is related to direct and indirect costs. The direct
costs of unplanned dilution are related to procurement and operation of the equipment and
manpower required to transport and mill the additional material. This includes the mucking,
hauling, crushing, hoisting, grinding, and processing. The indirect costs of unplanned dilution
are the costs that cannot be quantified or easily attributed to dilution such as increased
maintenance on equipment, longer panel cycle times, reduced head grade, increased backfill,

increased mining and milling infrastructure, and reduced rate of ore production.

The ability to determine a precise estimate of the total cost of dilution is difficult. Many of the
indirect costs are hard to quantify and associate solely with dilution. The cost of dilution can be
estimated using direct costs as $25/tonne (Stewart and Trueman, 2008). This is based on the
direct costs of mucking and hauling ($7/tonne) and milling ($18/tonne), and will vary for

different operations and mining methods.
1.3 Research Objectives

The primary objectives of this research project were to identify the mechanisms of failure for

unplanned dilution and propose methods to reduce this dilution.
The sub—objectives required for the study were as follows:

e collect field data to estimate the rock mass properties for rock classification;

e perform laboratory testing to identify the intact rock properties of Seabee Gold Mine;

o identify the effect that induced stress has on dilution;

e identify the causes of dilution at Seabee Gold Mine; and,

e improve the empirical design methods for predicting dilution for thin — veined

underground mines.
1.4 Scope and Methodology

This research project included the determination of the mechanism of failure of the panel walls at
Seabee Gold Mine through an analysis of rock mass quality, intact rock properties, geometrical
extents of panels, induced stress, undercutting, and borehole deviation. The approach used for

the analysis was:

12



e collect field data at Seabee Gold Mine to assess the quality of the rock mass;

e perform laboratory testing to define the properties of the intact rock mass (hangingwall,
footwall, and orezone);

e analyse cavity monitoring surveys (CMS’s) to quantify the extent of the overbreak and
underbreak (the difference between the blasted geometry and the planned geometry);

e analyse surveys of the development drifts to identify the extent of undercutting; and,

e perform field instrumentation programs that include multi — point borehole extensometers
(MPBX’s) and converge stations to provide data to estimate the induced stress in the

panels.

Not included in the scope of this research project was the effect of blasting on the rock mass and

the resulting dilution caused by blasting, or the time dependent nature of failure of the rock mass.
1.5 Thesis Overview
This thesis is organized into six chapters. The following is an outline of the chapters in the thesis.

Chapter 1 — Introduction provides background information on Seabee Gold Mine, the case
study area, mining methods in use at Seabee Gold Mine, and dilution. The problem is defined

and the research objectives are stated.

Chapter 2 — Literature Review provides a review of the pertinent literature for this thesis. This
includes an overview of various rockmass classifications systems, orebody delineation methods,
induced stress of the study area, instrumentation that was used and empirical methods that have

been applied for panel stability.

Chapter 3 — Data Collection categorizes the different methods used to collect data for
calculating the amount of panel overbreak/underbreak, rock mass classification, panel

deformation, induced stress, and laboratory testing.

Chapter 4 — Induced Stress Around Open Panels is a discussion on how induced stress will
affect the amount of dilution from each panel. Included are the methods used to measure the
induced stress in the field, numerical modelling that was performed, the classification of the case

histories based on the induced stress and a summary of the work.
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Chapter 5 — Analysis of Dilution Using Empirical Design Methods is a discussion on the use
of existing empirical design methods to predict dilution at Seabee Gold Mine. The methodology
used to create a new empirical method for predicting dilution based on the relative geometric
stability of a point on the panel wall is also discussed. The case history data is applied to this

method and the results are analysed.

Chapter 6 - Conclusions summarises the key findings and results and provides

recommendations for continuing research into dilution at thin — veined mines.
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CHAPTER 2
LITERATURE REVIEW

This chapter reviews the literature relevant to the work performed in this thesis. To be reviewed

in this chapter are:

- the various methods of rock mass classification that are commonly used in hard rock
mining;

- the development of the empirical methods used to determine the stability of open panels;

- the empirical methods used to predict the amount of dilution from open panels; and,

- the effect of induced stress on the stability of open panels.
2.1 Rock Mass Classification

Many rock mass classification methods are used in mine design. The most common techniques
to help estimate the properties of underground openings are summarized. In all methods, the
area under assessment must be differentiated into zones with similar rock mass properties which
are called structural domains. The size of the zone that is to be classified must make practical
sense according to the requirements of the activities of the area. Activities that are sensitive to
the risk of rock mass failure might be classified using relatively small areas while less sensitive
projects might be classified over large areas. The boundaries between zones with similar rock
mass properties often coincide with large scale structural features such as faults, dykes, or shears

or a change in rock type.
2.1.1 Rock Quality Designation (RQD)

RQD (Rock Quality Designation) is a measure of the degree of jointing as a percentage of
competent rock greater than 10 centimetres long in a given length of core (core run) (Deere,
1964). RQD was developed to provide an estimate of required tunnel support based on the rock

mass quality from drill core logs.

RQD is dependent on the direction of the drill hole with respect to the orientation of the joints or
fractures present. The orientation of the drill hole can significantly change the estimation of

RQD of the rock mass. To get the most relevant RQD estimation, the borehole orientation
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should be perpendicular to the orientation of the joint surfaces of interest. The calculation of the
RQD of the rock mass is for the in situ undisturbed rock mass. The drill core can be damaged
through the drilling and handling process. Only natural joints that would exist in situ should be
included in the RQD estimation.

The calculated RQD can have a range from 0 — 100 which represents a rock mass quality of poor
to excellent, respectively. The RQD values and their respective rock mass quality descriptors are

given in Table 2.1 and illustrated in Figure 2.1.

It is possible to estimate the RQD of the rock mass through a volumetric calculation using the
joints visible on the exposed surfaces of the rock mass (Palmstrom, 1982). The RQD that is
based on the number of discontinuities per cubic metre of rock mass (Jv) is given by the

relationship:

ROD = 115 — 3.3/, 2.1)

where:

Jv is the number of discontinuities per cubic metre of the rock mass.

It is important to include only the natural joints that would exist in situ and to not include
damage to the rock mass due to blasting. Calculating RQD using this volumetric method reduces
the directional dependency of the drill hole method and allows the practitioner to ignore small

joints.
2.1.2 Rock Mass Rating (RMR)

The original RMR (Rock Mass Rating) classification was developed by Bieniawski in 1976. In
addition to what became known as the RMR76 (Bieniawski, 1976), Bieniawski developed the
RMRs9 which proposed some modifications to the values attributed to the parameters of the
RMR76 system (Bieniawski, 1989). At Seabee Gold Mine, the system that is commonly applied
is RMR7. RMR is a single value rating from 8 to 100 that represents the strength of the

rockmass.
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Table 2.1 Descriptions and ratings for the RQD parameter (after Barton et al., 1976).

ROCK QUALITY DESIGNATION RQD
Very Poor 0-25

Poor 25-50

Fair 50-75

Good 75-90

Excellent 90 - 100

* Where RQD is reported or measured as < 10 (including 0) a nonimal value of 10
is used to evaluate Q in Eq. 2.2

Drilling it
Break\

‘ Total length of core run (e.g. 200cm) ‘

\
BN T

O
L # 29 # L 15 / # 1#L1 82— 24 33 #
& {Lost Core) # Intact core less than 10cm
_ Length of core pieces > 10cm B
RQD - Total length of core run X100 = (%)
6q 29+15+13+32+24+33 X 100 = 73%

200

Figure 2.1 Measurement of RQD (after Hutchinson and Diederichs, 1996).
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RMR is the sum of ratings given to different properties of the rock mass which include: UCS
(unconfined compressive strength), RQD, amount of water present, joint spacing, joint alteration
and joint orientation with respect to the surface under design. Table 2.2 summarizes the
parameters used to estimate RMR7s (Bieniawski, 1976). These different ratings for the
properties are given different numerical weighting that are dependent on their influence to the
stability of the rock mass. The RMR value is applied to the rock mass after it has been separated

into structural domains.
2.1.3 NGI Tunnel Quality Index (Q)

The Tunnel Quality Index (Q) was developed to quantify the stability of a tunnel based on joint
properties, ground water conditions and induced stresses in the rockmass (Barton et al., 1974).
The Q value is calculated from the following equation that is based on approximately 200 case

histories of underground excavations:

_RQD _J,
= X=X ——
Jn Ja  SRF

Q (2.2)

where:
RQOD s the Rock Quality Designation;
In 1s the Joint Set Number;
Jr is the Joint Set Roughness;
Ja is the Joint Set Alteration;
Jw is the Joint Set Water Reduction; and,
SRF  is the Stress Reduction Factor.

The RQD is a representation of the joint spacing in the rockmass and is as described in Section
2.1.1. The values use to calculate Eq. 2.2 are the actual RQD percentage for the rockmass and
range from 0 — 100 for a very poor RQD to an excellent RQD, respectively. For the Q system, a
minimum value of RQD greater to or equal than 10 is applied (Barton et al., 1974).

The parameter that represents the Joint Set Number (Jn) accounts for the number of joint sets and
the amount of random jointing that are present in the rock mass under study. The values

associated with Jn range from 0.5 for a massive rock mass with no jointing to a value of 20 for
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crushed, earthlike rock. The full range of values is given in Table 2.3. The presence of joint sets
is often determined through rock mass joint mapping and visualizing the data using stereonet
plotting. The joint sets can be determined through clustering of data points on the stereonet;

while random joints can be determined by a general spread of data points throughout the plot.

The Joint Roughness Number (Jr) represents the small and large scale joint surface roughness and
it is estimated for the most unfavourable joint set orientation with respect to stability. The values
of Jr range from 0.5 for a slickensided planar joint surface to a value of 4 for discontinuous

joints. The full range of values is shown in Table 2.4.

Originally, Barton et al. (1974), defined three classes of small scale roughness (rough, smooth,
and slickensided) and two large scale types of roughness (undulating and planar). Milne et al.
(1991) adapted a graph developed by Barton (1981) into areas that quantified the small scale
roughness (Jvr) and the large scale roughness (Jyw). The product of these parameters produces J:.

This modified graph can be seen in Figure 2.2.

The Joint Alteration Number (Ja) represents the degree of surface alteration and the amount and
slipperiness of mineral coatings on the surface of joints that are most critical to the stability of
the surface being evaluated. These values range from 0.75 for a joint that has been tightly healed
to 10.0 — 20.0 for joint surfaces that have infillings with > Smm thickness of gouge or clay. An
abbreviated list of the values that are most important for hard rock mining is given in Table 2.5.

A comprehensive list of values for differing joint alterations can be found in Barton et al. (1974).

The Joint Water Reduction (Jw) represents the effect that groundwater has on the reduction of
effective stress on the joint sets, as well as the washing out of joint fillings. The values for Jw
can range from 1.0 for dry excavations to 0.1 — 0.05 for exceptionally high inflow or pressure

that continues without decay (Table 2.6).

The Stress Reduction Factor (SRF) represents the destabilizing effect that low or high confining
stress conditions can have on a rock mass. The SRF term also assesses the effect of weak zones,
such as shears and faults, which can reduce stability by reducing confining stresses in the rock
mass. The most favourable conditions have SRF values between 0.5 — 2.0 which represents a

competent rock mass with a moderate confining stress. The worst conditions have SRF values
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between 10 — 20 and this represents areas that have multiple occurrences of weakness zones

containing clay and loose surrounding rock or heavy rock burst areas (Table 2.7).
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Table 2.2 The Rock Mass Rating Classification Table (after Bieniawski, 1976).

A, CLASSIFICATION PARAMETERS AND THEIR RATINGS
PARAMETER RANGES OF VALUES
For this low range -
Polnt-load - - R
s“%‘m strength Index > B MPa 4-8Mpa 2-4MPa 1-2MPa unltgllallscm " rI':sﬂlwe
Intact rock ;1 a| - - -
materlal | comprescive » 200 MPa 100 - 200 MPa 50- 100 MPa 25 - 50 MPa prtad et By
strength
Rating 15 12 7 4 2 1 o
Drill core quality RQD 90% - 100% 75% - 90% 50% - 75% 25% - 50% < 25%
Ratlng 20 17 13 8 3
Spacing of jolnts =3m 1-3m 03-1m 50 - 300 mm < 50 mm
Rating 30 25 20 10 5
Very rough surfaces s"cnnsld()!g surfaces, Soft e > 5 mm thlck
ot tontimuods. | Shghtly rough surfaces, SIEI'ghtI'f rough surfaces. | Goie ¢ 5 mm thick gouge 2o !
Condltlon of jolnts N tlon aratlon < 1 mm, eparatlon > 1 mm, !
o separat|on, OR Jolnt open > Smm,
Hard jolnt wall rock Hard joint wall rock Soft jolnt wall rock. Jolnt open 1-5 mm, Contlnuous Jolnts,
Continuous jolnts,
Rating 25 20 12 6 0
oo Pt ™ None < 25 Itres/min 25 - 125 litres/min > 125 ltres/min
P — OR OR OR OR
Ground Srecture
water | Rato —tug — 0 0.0-02 0.2-05 05
princlzal stress
OR OR OR OR
Molst only Water under moderate Severa
General condltions Completely dry (Interstitlal water) pressure water problems
Rating 10 7 4 0
B, RATING ADJUSTMENT FOR JOINT ORIENTATIONS
Strlke and dip Very Very
orlentatlons of jolnts favourable Favourable Fair Unfavouratle unfavourable
Tunnels 0 -2 -5 -10 -12
Ratings Foundations 0 -2 7 -15 =25
Slopes 0 -5 =25 -50 -60
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Rating 100 « 81 80 - 61 60 -~ 41 40« 21 <20
Class No, I 1 m v '
Description Very good rock Good rock Falr rock Poor rock Very poor rock
D, MEANING OF ROCK MASS CLASSES
Class No, I II m v v
Average stand-up time 10 years for 5mspan | 6 months for 4 mspan | 1 week for 3mspan | 5 hours for 1,5 m span |10 minutes for 0,5m span
Coheslon of the rock mass > 300 kPa 200 - 300 kPa 150 - 200 kP2 100 - 150 kPa < 100 kPa
Frictlon angle of the rock mass > 45° 40° -45° 35° - 40° 30° - 35° < 30°
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Table 2.3 Descriptions and ratings for the Jn parameter (after Barton et al., 1974).

JOINT SET NUMBER Ja
Massive, no or few joints 0.5-1

One joint set 2

One joint set plus random 3

Two jomt sets 4

Two jomt sets plus random 6
Three joint sets 9
Three joint sets plus random 12
Four or more joint sets, 'sugar cubed' 15
Crushed rock, earthlike 20

Table 2.4 Descriptions and ratings for the Jr parameter (after Barton et al., 1974).

JOINT ROUGHNESS NUMBER Je
Discontinuous joints 4
Rough or irregular, undulating 3
Smooth, undulating 2
Slickensided, undulating 1.5
Rough or wrregular, planar 1.5
Smooth, planar 1.0
Slickensided, planar 0.5
Zone containging clay minerals thick enough to prevent rock wall L0
contact
Sandy, gravelly or crushed zone thick enough to prevent rock wall L0
contact
Table 2.5 Descriptions and ratings for the Ja parameter (after Barton et al., 1974).
JOINT ALTERATION NUMBER Ja
Tightly healed 0.75
Surface staining only 1.0
Slightly altered joint walls, sparse mineral coating 20-3.0
Low friction coating (chlorite, mica, talc, clay) < Imm thick 3.0-6.0
Thin gouge, low friction or swelling clay 1 - Smm thick 6.0 - 10.0
Thick gouge, low friction or swelling clay > Smm thick 10.0 - 20.0
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Figure 2.2 The JRC Chart depicting the Jr/r values and the Jr/w values (from Milne et al., 1991).
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Table 2.6 Descriptions and ratings for the Jw parameter (after Barton et al., 1974).

JOINT WATER REDUCTION Jw
Dry excavations or minor inflow < 5L/min locally 10
Medium inflow or pressure
Large nflow or pressure with unfilled joints 0.66
Large inflow or pressure with outwash of joint fillings 0.5
Large inflow or pressure with outwash of joint fillings 0.33
Exceptionally high nflow or press.ure, decaying with time after 02 -0.1
excavation
Exceptionally high inflow or pressure, continuing without noticeable 0.1 - 0.05

decay

Table 2.7 Descriptions and ratings for the SRF parameter (after Barton et al., 1974).

STRESS REDUCTION FACTOR

SRF

(a) Weakness zones intersecting excavation
Multiple occurrences of weakness zones containing clay or chemically
disintigrated rock, very loose surround rock (any depth)
Single weakness zones containing clay, or chemically dismtegrated rock
(depth of excavation < 50m)
Single weakness zones containing clay, or chemically dismtegrated rock
(depth of > 50m)

Multiple shear zones in competent rock (clay free), loose surrounding
rock mass (any depth)

Single shear zones in competent rock (clay free) (depth of excavation <
50m)

Single shear zones in competent rock (clay free) (depth of excavation >
50m)
Loose open joints, heavily jointed or 'sugar cube' etc. (any depth)
(b) Competent rock, rock stress problems
Low stress, near surface
Medium stress

High stress, very tight structure (usually favourable to stability may be
unfavourable to wall stability)

Mild rock burst (massive rock)

Heavy rock burst (massive rock)

10

2.5

7.5

2.5

2.5

0.5-2.0

5-10
10 - 20
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Eq. 2.2 contains three quotients and each represents a factor affecting the stability of the rock
mass. The first quotient, RQD/Jn, is a rough characterization of the average block size (Barton et
al., 1974). The stability of the rock mass is partially governed by the average size of the blocks
within the rock mass. The use of RQD/Jx was initially developed by Cecil (1970) who plotted
case studies of unsupported span widths against RQD and found a large amount of scatter in the
data. It was then found that the correlation improved when RQD was divided by the number of
joint sets present in an area. While RQD is the representation of intact block size, Jn is a
representation of the degrees of freedom of movement. Combining these terms shows that a
rockmass with a low RQD when confined with limited degrees of freedom is just as stable as a

rockmass with a high RQD and multiple degrees of freedom for movement.

The second quotient in Eq. 2.2, Ji/Ja, is a characterization of the dilatancy and shear strength of
the joint surfaces. The joint roughness on the small and intermediate scale was viewed positively
due to the increasing of dilatancy that accompanies shearing. Alternatively, joint alteration and
joint filling was viewed negatively due to the reduction of shear strength from potentially lower
friction angles of the joint surfaces. This quotient should be applied to the joint set most critical
to the stability of the rockmass, which is generally joint sets that strike sub-parallel to the

opening surface under consideration.

The final quotient of Jw/SRF is a characterization of the stress state of the rockmass. The
pressure of water present will potentially destabilize the rockmass, partially due to the resulting
effective stress. Also, the differing levels of in situ stresses of the surrounding rockmass and

potential zones of weakness can also lead to stress related instability.
2.2 Empirical Open Panel Design Methods for Stability

In the authors’ experience, there are three main methodologies for the design of open panels:
empirical, numerical, and analytical methods, with empirical methods being more widely used
by the mining industry. Empirical methods use case histories of open panel performance to
predict future panel performance. The expected performance of the open panel is assessed based
on a quantifiable measurement (ie. a measurement of dilution) or a qualitative assessment of
stability (ie. stable, unstable, caved). These measurements or assessments allow for the creation

of a failure criterion.
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Empirical methods are well suited to the design of open panels because of the difficulty of
quantifying the engineering properties of the rockmass. An engineered material such as steel or
concrete is designed to engineering specifications whereas a rockmass is highly variable in its

properties.
2.2.1 Mathews Design Method

The Mathews Stability Graph was the first empirical open panel stability graph and was
developed by Mathews et al. (1981) (Figure 2.3). This graphical approach was developed for the
Canada Centre for Mineral and Energy Technology (CANMET) to predict the stability of open
spans for deep (> 1000m) open panels and was based on 50 case histories. On the graph the

Stability Number, N, is plotted against the Hydraulic Radius, HR, (or the Shape Factor, S).

The N stability number is a unitless value used to assess the stability of an opening’s surface. It
incorporates the in situ stress condition, major joint orientation, the dip of the given surface, and
a rock quality measure, Q’. Q’ is similar to Q (Section 2.1.3) except the SRF factor is set to 1.

The stability number is calculated as follows:

N=Q'XAXBXC (2.2)

is the Stability Number;
’ is the Tunnel Quality Index with SRF set to 1,

N

Q

A is the Factor related to the stress condition

B is the Factor related to the primary joint orientation, and,
C

is the Factor related to the dip of the analysed surface.

The A factor is a representation of the stress condition and intact strength of the rockmass so the
SRF factor is ignored in Q. It is based on the ratio of uniaxial compressive strength of the intact
rock to the induced stress parallel to the panel opening (oc/o7). In order to best identify the
induced stress condition parallel to the panel opening, a numerical stress analysis should be used.

The A factor can be determined from this ratio based on the graph presented in Figure 2.4. The 4
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factor reduces with a higher induced stress relative to the rock strength to reflect the increased

instability of the rock mass due to increasing stress.

The B factor is a measure of the orientation of the joint set that is most critical to stability of the
opening surface (critical joint), and is based on the angle between the opening surface and the
critical joint. This is based on the concept that the opening will be most stable when structure is
perpendicular to the opening surface, will be least stable when at a shallow angle to the opening
(20°), and will gain some stability when parallel to the opening surface. The panel gains stability
when structure is parallel because of the potential failure mode switch to a beam failure rather
than a sliding or cantilever failure. The values attributed to the different angles are seen in

Figure 2.5.

The C factor is a representation of the effect of gravity on the stability of the opening. This was
premised on the idea that there is greater potential of failure (due to falling, slabbing and gravity)
on a horizontal surface than a vertical surface. C factor can be determined by the graph

presented in Figure 2.6, or, or equivalently by using the following equation:

Factor C = 8 — 7cos(DipAngle) (2.3)

The second term used in Mathews Stability Graph is the hydraulic radius (HR) or shape factor
(S) of the opening surface (Eq. 2.4). The HR is a measure of the relative geometric stability of
the open panel. An increase in the dimensions of the panel will increase the HR and will
decrease the inherent stability of the opening. Increasing the aspect ratio of the dimensions will

converge the AR to a constant which equals half the span.
HRorS = A,P (2.4)
where:
HR  is the Hydraulic Radius;

Ar is the Surface Area; and

P is the Surface Perimeter.
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Figure 2.3 The Mathews Stability Graph (from Stewart, 2005, after Mathews et al., 1981).
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Figure 2.4 Graph to determine Factor A (from Nickson, 1992, after Mathews et al. 1981).
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Figure 2.5 Values of Factor B (from Nickson, 1992, after Mathews et al., 1981).
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2.2.2 Modified Stability Graph Method

The Modified Stability Graph was developed by Potvin (1988) and later Nickson (1992) from the
Mathews Stability Graph design method. Potvin (1988) added an additional 176 case histories to
the stability graph that were obtained from 40 Canadian mines. A transition zone was added
between the Stable and Caved zones on the graph; with the additional case histories further
defining the limits of the failure criterions. Potvin’s Modified Stability Graph can be seen in
Figure 2.7. Potvin (1988) also modified the input parameters used for the calculation of the
stability number (Figure 2.8). The 4 factor was modified to provide a minimum value of 0.1 for
any oc/o1 ratio of less than 2. The B factor was converted to a graphical form similar to the 4 and
C factors and the x-axis compensates for the strike of the critical joint set relative to the strike of
the opening, based on the premise that the greater the difference in strike angle of the joint set to

the opening the greater the stability will be.

Nickson (1992) continued the development of the Modified Stability Graph by studying the
effects of cablebolt support on the stability of open panels. To the supported case histories that
were accumulated by Potvin (1988), Nickson added an additional 46 case histories, and further
delineated the Modified Stability Graph by adding the zones of Stable with Support and the
Supported Transition Zone (Figure 2.9). Nickson added additional statistical rigour not present

in previous versions of the stability graph to define the new zones.

10
8
O
., ©
L
S 4
e
2
/
% 20 40 60 80
Angle of Dip from Horizontal (degrees)

Figure 2.6 Graph to determine Factor C (from Nickson, 1992, after Mathews et al., 1981).
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Figure 2.9 The Modified Stability Graph (after Nickson, 1992).
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2.3 Dilution Design for Open Panels

In addition to the efforts that were made to predict the stability of open panels, work has also

been performed to predict the amount of dilution that could be expected from an open panel.
2.3.1 Dilution Design Method

Pakalnis (1986) developed the dilution design method based on 133 case histories from Ruttan
Mine in Canada, as shown in Figure 2.10. This method is based on the RMR76 classification
system and is one of the first methods to estimate dilution that is not based on stable / unstable
predictions. This method empirically predicts the dilution for three different panel types
experienced at Ruttan Mine: isolated, rib, and echelon. A dilution equation was generated for
each panel type which considered RMR7s, exposure rate, and exposed area. The RMR76 term
represents the quality of the rockmass, the exposure rate accounts for the deterioration of the
rockmass with respect to time, and the exposed area considers the geometric stability of the

opening. The three equations based on panel type are as follows:

for isolated panels;

Dilution = 8.6 — 0.09(RMR) — 13.2(ExposureRate) + 0.0038(AreaExpose) (Eq. 2.5)

for rib panels; and,

Dilution = 15.8 — 0.18(RMR) — 7.7(ExposureRate) + 0.0026(AreaExpose) (Eq. 2.6)

for echelon panels;

Dilution = 10.3 — 0.13(RMR) — 14.8(ExposureRate) + 0.003(AreaExpose) (Eq.2.7)

2.3.2 ELOS Stability Chart

Clark (1998) developed a quantitative method to compare dilution for open panels with different
ore thicknesses called Equivalent Linear Overbreak and Slough, ELOS. ELOS provides a
measurement of dilution that is independent of the panel thickness. A visual representation of
converting the overbreak from an open panel into ELOS is shown in Figure 2.11. ELOS is

calculated from the simple equation:
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Volume of Slough from Stope Surface

ELOS =

Stope Height x Wall Strike Length

The ELOS Stability chart was developed using 85 case histories and is built upon previous work
on stability graphs (Clark, 1998).
however, rather than estimating whether the panel is stable / caved, the ELOS of the panel is
estimated instead. The zones representing ELOS on the graph were developed using logistic

regression and neural networks of the case history data. The ELOS Stability chart is shown in

(Eq. 2.8)

Similar to the other stability charts, it plots N vs HR;

Figure 2.12.
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Figure 2.10 Graphical representation of dilution anaylsis (from Capes, 2006, after Pakalnis,
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2.3.3 Modified Dilution Graph

Capes (2009) continued the development of the ELOS methodology by collecting an additional

169 case histories of panels with an HR less than 10m and a wide range of rockmass conditions.

Using the additional case histories, a logistic regression and classification analysis was used to

redefine the ELOS lines on the graph. These lines represented an 80% correct prediction of

ELOS for the case histories used. The Modified Dilution Graph is shown in Figure 2.13.
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Figure 2.11 Schematic describing the calculation of ELOS (from Clark, 1998).
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Figure 2.12 Empirical ELOS design chart (after Clark, 1998).
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Figure 2.13 Modified Dilution Graph (after Capes, 2009).
2.4 Induced Stress in Open Panels

There are two components of stress that can result in instability of the open panel: high induced
stresses that leads to stress damage of the rockmass, and stress relaxation of the panel walls that
leads to reduced confinement of the rockmass. Work has been performed that examines the
effects of both high induced stress and stress relaxation on panel walls and their effects on the

performance of the stability of the open panels.
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2.4.1 Stress Flows around an Opening

When an opening is created in a rock mass the in situ stresses will be re-distributed around the
opening. Hoek and Brown (1980) describe this re-distribution of the stresses around an opening
as conceptually analogous to undisturbed water flowing in a stream that encounters an obstacle.
This conceptual model of stress flow around an opening is shown in Figure 2.14. In the same
way that the water accelerates around the object in the stream to create fast moving water, stress
will “flow” around the opening to create zones of compression or high induced stress. When the
water flows around the object it will also form areas of slow moving water upstream and
downstream of the object in the same way that stress will create zones of tension or de-stress the
rockmass. The stressed and de-stressed (relaxed) zones will be induced in each principal

induced stress direction with the greatest influence from the maximum principal induced stress.

o Zone of streamline separation
r which 18 analogous to 'tension'
in an elastic model.

|_—Zone of streamline crowding which
18 analogous to 'compression' in
an elastic model.

—— e,

Zone of approximately three times
the diameter of the disturbing body
outside which negligible deflection
of streamlines occurs.

Direction of undisturbed stream flow
which 18 analogous to the direction
of the applied stress field in an
elastic model.

Figure 2.14 Conceptual stress flows around an excavation (from Hoek and Brown, 1980).
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2.4.2 Stress History in Panel Brows

Due to the use of incremental blasting of longhole rings in narrow vein open panels, there is the
potential for high induced stress in the brow to continuously move with the blasting of the panel,
as shown in Figure 2.15 (Stewart, 2005). Every blast has the potential to damage the rockmass
in the hangingwall and footwall adjacent to the brow. As the blasting of the panel continues, this
potentially damaged rockmass in the walls becomes exposed with a potentially greater chance of
failure due to the damage. Due to the configuration of narrow vein panels, blasting longhole
rings is often done in small increments, which exposes more of the hangingwall and footwall to
increased induced stress. A long section showing the sequence of blasting in a narrow vein
longhole panel, and the subsequent brows that are formed, is shown in Figure 2.15. The stress
state of the walls of the panel are accounted for in all the versions of the stability graph;

however, they only consider the stress state of the wall post-mining (Mathews et al., 1981;

Potvin, 1988; Nickson, 1992; Clark, 1997; Capes, 2006).

~3 malong
strike

—

SILL DRIVE

OPEN STOPE

Stress
concentrates
at the brow
after each

successive \

blast

£ .t .1

Brow Brow  Brow

SILL DRIVE

Figure 2.15 Long section of incremental blasting of a panel, showing how each brow is exposed

to induced stresses (darkness of shading represents increase in induced stress) (from Stewart,

2005).
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2.5 Summary

This chapter reviewed the literature on rock mass classification, empirical methods to predict the
stability of open panels, the empirical methods to predict the amount of dilution expected from

open panels, and the effect of induced stresses on open panels.

The work on rock mass classification that was reviewed includes the following classification
methods of the rock mass: rock quality designation (RQD), the rock mass rating (RMR), and the
NGI tunnel quality index (Q and Q’). These methods build upon similar characteristics of the
rockmass to create a classification system. The RMR and Q system both incorporate the RQD of
the rockmass that represents the frequency of jointing structure. RMR and Q both add additional
rockmass characteristics such as: intact rock strength, joint surface condition, the number of joint

sets present, groundwater, and various adjustments for orientation and location of the opening.

The empirical methods that predict panel stability incorporate these classification systems and
add additional factors to adjust for the modes of failure that the panel wall could experience;
kinematic failure due to the orientation of the joint structure (accounted for with Factors B and
C) and rockmass / stress related failure (accounted for with rock mass classification and Factor
A). The geometric and scale-related stability of the opening is then accounted for by using the
hydraulic radius of the opening. The empirical methods build upon each other and add
additional case histories to further populate the graphs, improve delineation of the stability

zones, and apply statistical analysis.

The empirical methods to predict panel dilution are also built upon the stability graph methods;
however, instead of using zones that delineate stability, they incorporate zones that delineate the
amount of dilution. The ELOS method compares the amount of dilution in a panel, independent
of its geometry. This is especially useful for thin-veined open panels, which are particularly
sensitive to calculations involving a percent dilution as seen in Figure 1.6. Similar to the
empirical stability graphs, the dilution graphs have been improved with the addition of case

histories and rigorous statistical analysis to delineate the ELOS zones.

The work on stress histories on the brow of the open panel was also reviewed. The pre-mining

stress in the panel walls is considered in Factor A of the empirical methods. However the stress
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history method considers the stress in the walls as the mining front of the brow is continually

moving.

The following chapter discusses the laboratory testing performed on rock from Seabee Gold

Mine, and the data collection and analysis of induced stress around the open panels.
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CHAPTER 3
DATA COLLECTION

This chapter presents a discussion on the data collected at the Seabee Gold Mine case study

areas. Presented in this section are:

¢ the methodology for collecting joint data information;
e asummary of the data collected; and,

e the laboratory testing results on the different zones.
3.1 Joint Data Collection Methodology

The stability of the open panels can be quantified by the amount of dilution that the panel will
experience. The panel stability is influenced by the panel geometry and the interaction between
the orientation of the panel walls and joint surfaces. This section will discuss the collection of

the joint data.

Joint data was collected from Seabee Mine to help quantify the rock mass behaviour and entered
into a joint database for analysis. This data was critical for understanding the rock mass
behaviour, to determine the transition between instability governed by discrete blocks bound by
joints, and to assess overall rock mass failure through unravelling of the panel walls. To predict
the likelihood of structural failure, the orientation of the joint surfaces must also be accurately
measured. To generate a rock classification, the joint frequency, roughness, and alteration must
be measured. Collecting joint data throughout production areas of the mine helps refine the

empirical methods discussed in Section 2.3.

The methodology used for joint data collection was focused on collecting key parameters from
the rock mass in order to aid in the characterization of the rock mass. These parameters were
later used for the calculation of potential structural failure and for rock mass classification. The
locations within the production area that were chosen for joint data collection were limited by the
production practices and the access that was available and included development access to the
overcuts and undercuts. The joint sets of primary concern are those that run parallel to the open
panel surface and these sets are most easily identified when mapping a development drift that is

orientated perpendicular to the open panel surface. For each panel discussed in Section 1.1
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(Figure 1.5), the distance that could be mapped was approximately 20m from the entrance of the
access to the undercut/overcut drift. The accesses that were available for measuring joint

surfaces were:

e 2b10010 #1,2, and 3 access;

e 2b11009 #3 access;

e 2b11011 #1,2 and 3 access;

e 2bl1011 #2 sill;

e 2b11013 #4,5,6 and 7 access; and,
e 162990 level.

The data parameters that were collected are shown in Figure 3.1. The instrumentation used for

the collection of this data include:

e Clar compass;
e profile or carpenter comb; and,

e folding ruler.

The dip and dip direction of the joint surfaces were recorded with the Clar compass with respect
to mine north (43° west of true north). The planarity of the joint surface was recorded by
measuring the maximum amplitude of the joint surface as a variation from planar, as measured
from a datum defined by the ruler lying across the joint surface. The roughness of the joint
surface was measured using the carpenter comb and recorded as a JRC for a 10 cm length. The
infilling, ends visible, joint length, amount of water present, and an estimation of block size were

recorded based on visual observations.
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Figure 3.1 Example sheet for the recording of joint surface data collection.
3.2 Cavity Monitoring System (CMS)

To quantify the amount of dilution from a panel, the Cavity Monitoring System (CMS) was used
to create a 3D image of the empty panel. The CMS surveys provided a database from which
overbreak/underbreak could be calculated for the open panels. This database of dilution data is
critical for the assessment of panel performance as it allows for the quantification of whether
there was lost revenue from mining the panel which could be caused by weak rock being mucked
with the ore and/or ore left in the panels. Additionally, this data is required for the development
of the empirical methodology of predicting panel performance and so was analysed for this

thesis.
3.2.1 Limitations of the CMS

The largest limitation to the CMS survey is its inability to measure to objects that are not in the

line of sight of the survey instrument; which is especially a problem in narrow vein mining. This
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creates shadows or pockets where there is no data recorded because the line of sight of the CMS
station was blocked by an object (Figure 3.2). A list of common underground conditions that can

create a blockage have been summarized by Clark (1998):

e blasted muck on the floor of the undercut or walls;

e mesh hanging from the walls;

e protruding ground support and support services;

e extreme fog and dust;

e Dbackfill on the undercut if the survey is not taken immediately after blasting, or ore on the
undercut if the survey is taken to soon; and,

e irregular shaped open panels (bends in the ore along the dip or strike).

In narrow vein mining, the two most significant factors of those listed are backfill in the open
panel and irregular shaped open panels. Often in narrow vein mines, there is limited area to store
excess waste rock and operations cannot wait for a CMS survey to be completed before they
must begin backfilling the open panel. If the team performing the CMS survey is unable to get
to the panel within the same day that the open panel is finished blasting and mucking, it can
often already be filled from 1/4 to 1/3 with backfill. This will hide a large portion of the open
panel walls from the CMS survey. Additionally, in narrow vein mines the effect of an irregular
open panel more easily creates shadowing on the CMS survey than an open panel of similar HR
but larger ore width. This effect can be seen in Figure 3.2. A narrow width open panel limits the
angle between the laser line of sight and the panel wall, a shadow then occurs if the angle to the
irregularity is equal to or greater than the angle that the laser is hitting the panel surface. With a
wide width panel, these angles soon become so large that they have no effect on the CMS

survey.

The scanning angle increment is the final variable that limits the accuracy of the CMS survey
and this is controllable by the user. This effect can be seen by comparing Figure 3.2 with Figure
3.3. The larger the incremental degree scanning angle, the worse the resolution will be away
from the station. A larger degree scanning angle is sometimes chosen to limit the scanning time

of the survey.
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Figure 3.2 Schematic showing the line of sight limitations of the CMS (from Clark, 1998).
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Figure 3.3 Schematic showing the line of sight limitations with a 2° interval (from Clark 1998).
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3.2.2 Data Collection

The data was collected from three case study areas: 2b11013, 2¢10010, and 2¢11011 (Figure
1.5). The CMS was performed as soon as possible after mucking so that wall failure due to
exposure time was not a significant factor. The CMS station should be extended into the panel at
a location that maximises the coverage area and minimizes shadowing. The CMS should also be
surveyed from control points so that its position within the open panel is accurate. The CMS can

then survey the finished panel walls and the data can be processed on surface.

This procedure to obtain a CMS of the open panel took approximately 1-2 hours. Once the data
was processed and transferred into the main computer system, it was analysed to determine the
amount of overbreak and underbreak that occurred in that open panel. This was achieved by
overlaying the CMS survey onto the designed open panel in AutoCAD. Sections were then cut
perpendicularly through the open panel on 1.5m intervals and the amount of overbreak and
underbreak could be seen in these sections. Figure 3.4 is an example of a cut section in
AutoCAD that shows overbreak and underbreak. The panels from the case history locations

were analysed using this method as part of this research.

The data from each section was then analysed to determine the average ELOS per blast ring by
taking the overbreak area and dividing by the height of the sections from the bottom of the
overcut to the top of the undercut. This is as per the procedure described in Section 2.3.2. This
data can then be presented in bar graph form as seen in Figure 3.5 and 3.6. The bar graphs are
presented with the ring number for the production holes presented on the x — axis. These rings
are spaced with a 1.5m burden along the strike of the panel. The panels are separated by rib
pillars which are represented by the boundaries of the boxes within the graph. The bars in Figure
3.5 and 3.6 represent the ELOS on the north and south walls of the panel respectively. The bar
graphs for each panel in the study can be found in Appendix A. The ELOS data was presented in
the bar graph format in order to easily identify trends in the data that can provide information on
where dilution is occurring. It can be seen in both Figure 3.5 and 3.6 that in the majority of the
panels, there is relatively little dilution close to the pillars (adjacent to the boxes), and the
majority of the dilution occurs towards the center of the panels. In Figure 3.5 and 3.6, Panels 3,
4,5 and 9, are not shown due to poor CMS data that was obtained. This relates to the limitations

of the CMS (Section 2.3.1), where too many shadows were present in the CMS data.
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Figure 3.5 A bar graph showing the ELOS against ring number for 2b11013 5-6 north wall.
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Figure 3.6 A bar graph showing the ELOS against ring number for 2b11013 5-6 south wall.
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3.3 Joint Data Collection in Case Study Areas

The data that was collected, and location, is summarized in Figure 3.7. This also includes a
stereonet of the joint orientations and a modified JRC chart of joint roughness. Summary plan

views for all areas the data was collected from can be found in Appendix B.

As part of this research, the JRC-Joint Amplitude chart (Figure 2.2) was modified for field data
applications. During data collection there was difficulty in measuring, or finding, joints that
were 1m in length or greater. Joints of that length are required in order to classify the Jyw (joint
waviness) as the waviness category on the graph does not extend below Im. The Jyw category
lines were extended to smaller joint profile lengths using Equation 3.1 (Barton and Bandis, 1982)
and results are shown in Figure 3.7. The zone for estimating Jiw was extended to include joint
profile lengths between 0.3m and 1.0m. It was felt that profile lengths less than 0.3m could not

reliably represent joint waviness.

[\ —0-02JRCo
JRC, = JRC, (—”) (3.1
L,
where:
JRC: s the scaled JRC;
JRC, is the original JRC;
Lo is the dimension of the surface used to measure JRCo; and,
Ln is the dimension of the actual sliding surface.

This data was also used in the calculation of N’ of the rock mass for each area. This data was
summarized in conjunction with the CMS surveys performed and open panel geometries and is
shown in Table 3.1. It is of note that all areas that were mapped were dry to moist which gives a

Jw value of 1.0 for all measurements taken.

A full summary of the collected data for the case study panels that includes the panel geometry
(strike length, exposed panel height, hydraulic radius, orebody dip, ore width, and stability
number), the level and number of panels mined adjacent to the panel, and the dilution data for
the panel is given in Tables 3.2 and 3.3. A full summary of the recorded joint information

including RQD, Jn, Jr/r, Jr/w, Jr, Ja, Jw and Q’ is given in Table 3.4.
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Figure 3.7 Joint mapping data collected from 2b11013 #4 access shown in plan view.
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Table 3.1 Panel summary sheet for 2b11013 5-6 Panel 12 (after Wang, 2004).

SEABEE MINE 2b11013 5-6 Panel 12 STOPE SUMMARY

Wall South
Strike Length 18 m
Exposed Height 16.7 [m
General Hydraulic Radius (HR) 438 |m
Dip 81 degress
Ore Width 3.2 |m
N' 17.5
Stope Level 2
Situation| Adjacent Mined |0 side / 1 side / 2 sides 1
L O/B Volume 96.4 |m’
Dilution
ELOS Avg. 0.328 |m
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Table 3.2 Panel information summary for all available case histories.

General

Stope Situation

Dilution

Stope Wall  Strike Length (m)  Exposed Height (m)  Hydraulic Radius Dip (°) Ore Width(m) N' | Level Adjacent Mined | O/B Volume (m3) ELOS Avg. (m)
2b11013 6-7 Panel 1 | North 329 18.9 6 87 3.24 16.8 1 0 103.2 0.204
2b11013 6-7 Panel 1 | South 329 18.9 6 87 3.24 16.8 1 0 173.6 0.346
2b11013 6-7 Panel 2 | North 20.5 18.7 4.7 78 6.04 16.8 1 1 58.4 0.14
2b11013 6-7 Panel 2 | South 20.5 18.7 4.7 78 6.04 16.8 1 1 535 1.321
2b11013 6-7 Panel 3 | North 19.5 19.3 4.7 87 6 16.8 1 1 2.3 0.004
2b11013 6-7 Panel 3 | South 19.5 19.3 4.7 87 6 16.8 1 1 247.2 0.741
2b11013 6-7 Avoca | North N/A 17.8 4.5 88 2.79 16.8 1 1 259.3 0.511
2b11013 6-7 Avoca | South N/A 17.8 4.5 88 2.79 16.8 1 1 88.4 0.168
2b11013 5-6 Panel 1 | North 23 17.2 4.88 84 2.14 17.5 2 0 71.2 0.218
2b11013 5-6 Panel 1 | South 23 17.2 4.88 84 2.14 17.5 2 0 222 0.068
2b11013 5-6 Panel 2 | North 17.9 17.2 4.42 88 1.8 17.5 2 1 68.1 0.29
2b11013 5-6 Panel 2 | South 17.9 17.2 4.42 88 1.8 17.5 2 1 49.2 0.208
2b11013 5-6 Panel 6 | North 13.2 17 3.65 82 2.8 17.5 2 1 524 0.217
2b11013 5-6 Panel 6 | South 13.2 17 3.65 82 2.8 17.5 2 1 198.4 0.815
2b11013 5-6 Panel 7 | North 16.8 16.7 4.17 83 34 17.5 2 1 93.7 0.27
2b11013 5-6 Panel 7 | South 16.8 16.7 4.17 83 34 17.5 2 1 148.7 0.434
2b11013 5-6 Panel 8 | North 16.3 17.2 4.18 80 5 17.5 2 1 132.8 0.535
2b11013 5-6 Panel 8 | South 16.3 17.2 4.18 80 5 17.5 2 1 11.9 0.047

2b11013 5-6 Panel 10 | North 19.3 17.6 4.61 82 3.6 17.5 2 1 144.8 0.441
2b11013 5-6 Panel 10 | South 19.3 17.6 4.61 82 3.6 17.5 2 1 157.9 0.486
2b11013 5-6 Panel 11 | North 16.4 17.6 4.24 81 3.8 17.5 2 1 75.5 0.262
2b11013 5-6 Panel 11 | South 16.4 17.6 4.24 81 3.8 17.5 2 1 86.2 0.277
2b11013 5-6 Panel 12 | North 18 16.7 4.38 81 32 17.5 2 1 120.5 0.409
2b11013 5-6 Panel 12 | South 18 16.7 4.38 81 32 17.5 2 1 96.4 0.328
2¢10010 1-2 Panel 1 | North 13.7 17.1 3.8 89 3.6 17.5 3 - 91.5 0.3

2¢10010 1-2 Panel 1 | South 13.7 17.1 3.8 89 3.6 17.5 3 - 13.9 0.045
2¢10010 2-3 Panel 1 | North 21.3 17.5 4.8 87 42 18.2 2 - 160.4 0.543
2¢10010 2-3 Panel 1 | South 21.3 17.5 4.8 87 42 18.2 2 - 2.8 0.01
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Table 3.3 Panel information summary for all available case histories (continued).

General Stope Situation Dilution
Stope Wall  Strike Length (m)  Exposed Height (m)  Hydraulic Radius Dip (°) Ore Width(m) N' | Level Adjacent Mined | O/B Volume (m3) ELOS Avg. (m)

2¢10010 2-3 Panel 2 | North 22.9 17.5 4.9 86 3.9 18.2 2 - 63.1 0.148
2¢10010 2-3 Panel 2 | South 22.9 17.5 4.9 86 3.9 18.2 2 - 144.4 0.342
2¢10010 2-3 Panel 3 | North 24 17.8 5.1 88 3.2 18.2 2 - 64.6 0.197
2¢10010 2-3 Panel 3 | South 24 17.8 5.1 88 3.2 18.2 2 - 101.4 0.307
2¢10010 3-4 Panel 1 | North 17.2 16.5 4.2 85 3.5 17.6 1 - 106.6 0.327
2¢10010 3-4 Panel 1 | South 17.2 16.5 4.2 85 3.5 17.6 1 - 43.7 0.134
2¢10010 3-4 Panel 2 | North 16.3 16.5 4.1 80 4.6 17.6 1 - 108.3 0.365
2¢10010 3-4 Panel 2 | South 16.3 16.5 4.1 80 4.6 17.6 1 - 71.9 0.241
2¢10010 3-4 Panel 3 | North 8.5 16.5 2.8 87 2.9 17.6 1 - 121.5 0.281
2¢10010 3-4 Panel 3 | South 8.5 16.5 2.8 87 2.9 17.6 1 - 66.8 0.155
2¢10010 3-4 Panel 4 | North 17.1 16.5 42 86 4 17.6 1 - 128.8 0.437
2¢10010 3-4 Panel 4 | South 17.1 16.5 4.2 86 17.6 1 - 97.9 0.339
2¢10010 3-4 Panel 5 | North 21.9 17.2 4.8 89 2.5 17.6 1 - 61.8 0.194
2¢10010 3-4 Panel 5 | South 21.9 17.2 4.8 89 2.5 17.6 1 - 207.3 0.654
2b11011 1UP Panel 1 | North 24.9 18 5.2 84 3.8 17.4 4 - 100.1 242
2b11011 1UP Panel 1 | South 24.9 18 5.2 84 3.8 17.4 4 - 170.4 0.397
2b11011 1UP Panel 2 | North 23.5 18 5.1 86 4.1 17.4 4 - 91.5 0.223
2b11011 1UP Panel 2 | South 23.5 18 5.1 86 4.1 17.4 4 - 388.6 1.073
2b11011 1-2 Panel I | North 18.1 17.8 4.5 89 2.7 16.7 3 - - 0.184
2b11011 1-2 Panel I | South 18.1 17.8 4.5 89 2.7 16.7 3 - - 0.641
2b11011 2-3 Panel 1 | North 18 18.2 4.5 87 3.1 17.2 2 - - 0.101
2b11011 2-3 Panel I | South 18 18.2 4.5 87 3.1 17.2 2 - - 0.149
2b11011 2-3 Panel 2 | North 27.9 18.2 5.5 86 3.4 17.2 2 - - 0.257
2b11011 2-3 Panel 2 | South 27.9 18.2 5.5 86 3.4 17.2 2 - - 0.392
2b11011 3-4 Panel 1 | North 14.1 16 3.7 89 3.5 18.9 1 - - 0

2b11011 3-4 Panel I | South 14.1 16 3.7 89 3.5 18.9 1 - - 0.533
2b11011 3-4 Panel 2 | North 12.9 16 3.6 88 3.8 18.9 1 - - 0.257
2b11011 3-4 Panel 2 | South 12.9 16 3.6 88 3.8 18.9 1 - - 0.539
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Table 3.4 Full joint information that was recorded at Seabee Gold Mine.

Stope # Joints Recorded RQD Jn Jr/r Jr/w Jr Ja Jw Q'
2b11013 #4 Access 20 75 12 1 2 2 1 1 12.5
2b11013 #5 Access 23 90 12 1 1.5 L.5 1 1 11.3
2b11013 #6 Access 28 80 12 1 2 2 1 1 13.3
2b11013 #7 Access 10 85 12 1 1.5 1.5 1 1 10.6
2b11011 #1 Access 20 75 12 1 2 2 1 1 12.5
2b11011 #2 Access 9 90 12 1 1.5 1.5 1 1 11.3

2b11011 #2 Sill 11 90 12 1 1.5 L.5 1 1 11.3
2b11011 #3 Access 20 75 12 1.5 1.5 2.25 1 1 14.1
2¢10010 #1 Access 26 100 12 1 1.5 1.5 1 1 12.5
2¢10010 #2 Access 21 75 12 1 1 1 12.5
2c¢10010 #3 Access 18 80 12 1 1 1 13.3
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3.4 Laboratory Testing of Core Samples for Intact Rock Properties

A laboratory testing program for estimating rock strength properties was conducted on 30.5mm
diameter core samples taken from the Seabee Gold Mine. The core samples, from diamond drill
holes U11-037 and U11-357, encompass the three zones of interest for panel stability
considerations: the hangingwall, footwall and orezone. The core boxes were shipped to the
University of Saskatchewan rock mechanics lab and cut to testing length according to ASTM

standards.

The following five tests were performed on the core: point load index test, Brazilian, triaxial,
ultrasonic velocity and the uniaxial compressive strength (UCS). The rock properties obtained
included UCS, tensile strength, internal angle of friction, cohesive strength and elastic properties.
Raw data is contained in Appendix C and the results are summarized by zone in Sections 3.4.6 to

3.4.8.
3.4.1 Uniaxial Compressive Strength (UCS) Test

The purpose of the UCS test was to obtain the strength of the core sample under axial load, with
no confinement. The samples were tested in a Tinius — Olsen testing machine with a
corresponding data logging system for load and strain, when required. A constant loading rate
was applied until sample failure occurred. The testing procedure followed was ASTM D7012-10
(2008). Each sample had a minimum length to diameter ratio of 2. Two variations of the UCS
test were performed. The first was with strain gauges attached to the sample to calculate the
static elastic modulus and Poisson’s ratio of the core sample. The second variation was without
strain gauges to obtain the UCS of the sample alone. Five samples were tested with strain
gauges for each zone and five samples were tested without strain gauges. The raw data is shown

in the appendix in Tables C.1 to C.15.
3.4.2 Point Load Index Test

The point load test is a quick and inexpensive test designed to find an index value for rock
strength. It is used as an alternative to UCS since sample preparation is much easier. The testing
procedure followed was ASTM D5731-08 (2008). The number of core samples tested ranged
from 19 to 21 samples per structure. The raw data is tabulated in Appendix C, Tables C.13 to
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C.15. The point load results were correlated to UCS using and Isis0) that was calculated using

Equation 3.2 as follows:

I—P 32
=5 (32)

where:
I is the Point Load Index;
P is the Failure Load (N); and
De is the Equivalent Core Diameter (mm).

Is 1s then corrected for size to Isso) (the equivalent of 50mm core diameter) by multiplying by the
size correction factor, F. The conversion factor, K, was found by correlating the UCS data and

Is(s0) data using the relationship expressed in Equation 3.3 as:

UCS = K X Iyso) (3.3)

3.4.3 Brazilian Test

The purpose of the Brazilian test was to obtain the tensile strength of the core sample. The
testing procedure followed was ASTM D3967-08 (2008), using the Tinius — Olsen testing
machine. Peak load and sample dimensions were used to calculate the splitting tensile strength.
The number of core samples tested for each structure was 10. The samples were cut to a length —

to — diameter ratio of between 0.4 — 0.7. The results are summarized in Tables C.4 to C.6.

3.4.4 Triaxial Test

The purpose of the triaxial testing was to measure the confined compressive strength over a
range of confining pressures. Results from multiple tests were used to define the strength
envelope for each of the structures, thereby providing the cohesion and internal angle of friction,

and the angle of the failure plane. The testing procedure followed was ASTM D7012-10 (2010).
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The number of core samples tested for each structure was 4. Each sample had a minimum length
— to — diameter ratio of 2. Each sample was protected against oil penetration using a rubber
jacket. The protected sample was placed into the triaxial cell between loading platens. The cell
was filled with hydraulic oil and placed into the loading frame. A confining pressure was
applied to the sample and the axial load was increased until the sample failed. The peak load
was used to calculate the strength of the sample at each confining stress. The results are

contained in Tables C.1 to C.3 and plotted in Figures C.16 to C.18.
3.4.5 Ultrasonic Velocity Test

The purpose of the Ultrasonic Velocity test was to estimate the dynamic elastic constants of the
UCS and triaxial core samples. The non — destructive testing procedure followed was ASTM
D2845-08 (2008). Fourteen samples were tested for each structure. For the procedure, IMHz P
and S — wave velocity transducers and lead foil were positioned at each end of the samples that
were placed in a loading frame. A load of 1 tonne was applied to ensure good contact between
the sample and transducer. Travel time of the waves between transducers was measured using an
oscilloscope. The true travel time through the sample was obtained by subtracting the correction
for zero transducer time. Velocity and dynamic elastic properties were calculated using the

sample dimensions and P and S wave travel time. The results are contained in Tables C.7 to C.9.
3.4.6 Hangingwall Structure Results

The total number of core samples tested in the hangingwall structure was 43. Table 3.5 provides
the location where each sample was taken, specimen dimensions and test type, and sample
densities. The corresponding raw data is found in Appendix C. The average density of the

hangingwall structure was 2950 + 95kg/m°.

A conversion factor, K, of 18 can be used to estimate UCS from the point load test results, based
on this testing. Assumed values of K are usually between 22 and 24, however, calibrating the K
value by conducting both tests from samples cut from a single length of core provides a site
specific calibration. The UCS to indirect tensile strength ratio was approximately 7.7. A
photograph of a Brazilian sample is shown in Figure 3.8. The average static elastic modulus was
43 + 11GPa and the dynamic was 54 + 6GPa. It is typical of laboratory data that the static

modulus is lower than the dynamic modulus because they measure elastic properties at much
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different loading rates. The internal angle of friction from the triaxial test was found to be 45°
and the cohesion 12MPa using the Mohr — Coulomb plot in Figure 3.9. Figure 3.10 shows a

failed sample. A summary of the testing results is in Table 3.6.

Table 3.5 Information on core samples from the hangingwall structure.

Sample Name Hole Number Depth (m) Test Type L(:i)h Di(a;;n;t)er Vz)rlnu?)ne Mass (g) ](31(6;/:;};
HW1 U11-037 162.15 Triaxial 69.51 30.49 5.08E-05 157.43 3102
HW?2 U11-037 162.25 Triaxial 69.56 30.52 5.09E-05 153.24 3011
HW3 U11-037 162.35 Triaxial 69.61 30.52 5.09E-05 155.7 3057
HW4 U11-037 162.45 Triaxial 71.26 30.5 5.21E-05 157.08 3017
HWS5 U11-037 162.70 ucCs 68.73 30.52 5.03E-05 152.6 3035
HW6 U11-037 162.95 UCS 68.87 30.5 5.03E-05 148.18 2945
HW7 U11-037 163.05 UCSstrain 67.52 30.55 4.95E-05 146.31 2956
HW38 U11-037 164.05 ucs 71.22 30.51 5.21E-05 145.45 2793
HW9 Ul11-037 164.20 UCS 70.22 30.49 5.13E-05 148.59 2898
HW10 U11-037 163.95 UCSstrain 68.03 30.5 4.97E-05 137.33 2763
HWI11 U11-357 165.00 Brazilian 19.70 30.52 1.44E-05
HW12 Ul1-357 165.94 Brazilian 19.37 30.51 1.42E-05
HW13 U11-357 165.97 Brazilian 20.00 30.55 1.47E-05
HW14 Ul11-357 166.01 Brazilian 20.50 30.51 1.50E-05
HW15 Ul1-357 166.04 Brazilian 19.23 30.55 1.41E-05
HW16 Ul1-357 172.05 UCs 67.60 30.24 4.86E-05 144.53 2977
HW17 U11-357 172.12 UCSstrain 68.26 30.24 4.90E-05 144.84 2954
HW18 Ul11-357 172.19 UCSstrain 71.84 30.23 5.16E-05 146.76 2846
HW19 Ul1-357 172.26 UCSstrain 67.44 30.24 4.84E-05 144.77 2989
HW20 Ul11-357 172.00 Brazilian 11.88 30.28 8.55E-06
HW21 Ul11-357 172.01 Brazilian 13.41 30.21 9.61E-06
HW22 Ul1-357 172.03 Brazilian 13.93 30.22 9.99E-06
HW23 Ul1-357 172.04 Brazilian 12.22 30.24 8.78E-06
HW24 Ul11-357 172.05 Brazilian 14.02 30.25 1.01E-05

AVERAGE 2953 £95
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Table 3.6 Summary of testing results for the hangingwall structure.

Zone / Box Conversion Factor, UCSPoint Load ucCs Tensile Strength Static E (GPa) Static v Dynamic E Dynamicv @ C
K (MPa) (MPa) (MPa) (GPa) (MPa)
HW /U11-037 18 100+ 19 (10) 102 +53 (6) 43+9(2) .29£.06(2) 56+10(10) .23 +.03 (10)
HW /U11-357 18 109+£29(9) 100+5(4) 13+24(10) 43+12(3) .19+.08(3) 51+£3(4) .28+.01(4)
AVERAGE* 18 105 £25 102 £41 13+2.4 43+ 11 23 +.09 54+9 24 +£.03 45° 12

*4verages are calculated from all test results

()Number of tests completed

Figure 3.8 Failure of sample HW11 after the Brazilian test.
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Figure 3.9 Mohr — Coulomb plot of triaxial results for the hangingwall with analysis results.
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Figure 3.10 Failure plane on sample HW?2 after the triaxial test.
3.4.7 Footwall Structure Results

45 core samples were tested in the footwall structure. Table 3.7 provides the sample locations,
specimen dimensions and test type, and sample densities. The corresponding raw data is found
in Appendix C (Figures C.6 — C.10, Tables C.2, C.5, C.8, C.11 and C.14). The average density
of the footwall structure based on 24 tests was 2930 + 34kg/m°.

A conversion factor, K, of 17 can be used to estimate UCS from the point load test results, based
on this testing. The UCS to indirect tensile strength ratio was approximately 11.1. The average
static elastic modulus was 77 + 18GPa and the dynamic was 67 = 11GPa. It is typical of
laboratory data that the static modulus is lower than the dynamic modulus because of the
difference in measuring techniques; however, the footwall samples possibly had a larger
frequency of micro-fractures which would increase the time for the acoustic waves to travel

through the sample and therefore lower the dynamic elastic modulus. Evidence for this also
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exists in the stress-strain graph of sample FW17 shown in Figure 3.11 where there is a
discrepancy in the data where there was possibly movement along a microfracture. The internal
angle of friction from the triaxial test was found to be 48° and the cohesion 30MPa using the
Mohr — Coulomb plot in Figure 3.12. A photograph of a failed sample is shown in Figure 3.13.

A summary of the results is contained in Table 3.8.
3.4.8 Orezone Structure Results

The total number of core samples tested in the orezone structure was 44. Table 3.9 provides the
location from which each sample was taken, specimen dimensions and test type, and sample
densities. The corresponding raw data is found in Appendix C (Figures C.11 — C.15, Tables C.3,
C.6,C.9, C.12 and C.15). The average density of the orezone structure was 2972 + 32kg/m’.

Based on the test results, a conversion factor, K, of 8 can be used to estimate UCS from the point
load test results, based. The lower conversion factor is likely due to the orezone being composed
of a different rock type (quartz zones interspersed with granodiorite) than the hangingwall and
footwall rock type (granodiorite). The UCS to indirect tensile strength ratio was approximately
4.0. The average static elastic modulus was 35 + 18GPa and the dynamic was 55 + 9GPa. It is
typical of laboratory data that the static modulus is lower than the dynamic modulus because of
the difference in measuring techniques. The internal angle of friction from the triaxial test was
found to be 57° and the cohesion was 23MPa using the Mohr — Coulomb plot in Figure 3.14. A
photograph of a failed sample is shown in Figure 3.15. A summary of the results can be seen in

Table 3.10
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Table 3.7 Information on core samples from the footwall structure.

Sample Name Hole Number Depth (m) Test Type L(:lli)h Di(a;;n;t)er Vz)rlnugle Mass (g) 13;;::3;
FW1 U11-037 174.06 Triaxial 68.64 305 501E-05 15132 3017
FW2 U11-037 174.15 Triaxial 70.37 30.5 5.14E-05  151.73 2951
FW3 U11-037 174.30 Triaxial 68.57 3052 5.02E-05  146.83 2927
FW4 U11-037 174.42 Triaxial 69.00 3048 5.03E-05 14891 2958
FW5 U11-037 174.60 UCSstrain 70.48 30.5 5.15E-05  151.05 2933
FW6 U11-037 174.74 ucs 70.27 3048  5.13E-05  150.44 2934
FW7 U11-037 174.87 ucs 67.83 30.48  4.95E-05 14544 2939
FW8 U11-037 176.11 ucs 67.34 30.5 4.92E-05  144.88 2945
FW9 U11-037 176.22 ucs 68.14 30.5 4.98E-05 14439 2900
FW10 U11-037 175.66 UCSstrain 70.34 305 5.14E-05  147.32 2867
FW11 U11-357 174.07 Brazilian 18.65 3051  1.36E-05
FW12 U11-357 177.96 Brazilian 18.38 30.54  1.35E-05
FW13 U11-357 177.98 Brazilian 21.65 30.52  1.58E-05
FW 14 U11-357 178.00 Brazilian 19.80 30.55  1.45E-05
FW15 U11-357 178.02 Brazilian 18.10 30.53  1.33E-05
FW16 U11-357 154.80 ucs 70.07 30.49  5.12E-05 14848 2902
FW17 U11-357 154.87 UCSstrain 69.48 30.48  5.07E-05 14838 2927
FW18 U11-357 154.94 UCSstrain 69.26 305 5.06E-05  147.50 2915
FW19 U11-357 155.01 UCSstrain 68.47 305 5.00E-05 14530 2905
FW20 U11-357 154.70 Brazilian 12.93 30.5 9.45E-06
FW21 U11-357 154.71 Brazilian 14.35 30.5 1.05E-05
FW22 U11-357 154.73 Brazilian 14.69 3052 1.07E-05
FW23 U11-357 154.74 Brazilian 15.66 3051  1.14E-05
FW24 U11-357 154.76 Brazilian 15.34 3051  1.12E-05
AVERAGE 2930 = 34
Table 3.8 Summary of testing results for the footwall structure.
Zone / Box ConversioKn Factor, UCS f}\(/)[ilil;)Load (II\J/[CP; Tensi(l]\e/[?;)ength Szathic;)E Static v Dy(néglai)c E Dynamic v @ (Mia)

FW /U11-037 22 169 £45 (10) 171 +48 (6) 75+£12(2) 20£.05(2) 62+7(10) .17 +.06 (10)

FW /U11-357 11 90+22(11)  90+35(4) 12.8+2.6(10) 7821 (4) 21+.11(4) 76+ 15(4) .22+.05(4)

AVERAGE* 17 138 £35 139 £59 12.8+£2.6 77 £ 18 21 £.09 67+11 A8 +£.06 48° 30

*4verages are calculated from all test results

()Number of tests completed
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Figure 3.11 Stress — strain graph for sample FW17 showing an inconsistent stress — strain curve.
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Figure 3.12 Mohr — Coulomb plot of triaxial results for the footwall with analysis results.
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Figure 3.13 Failure of sample FW2 after the triaxial test.
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Table 3.9 Information on core samples from the orezone structure.

Sample Name Hole Number Depth (m) Test Type L(:it)h Di(e;;n;t)er V?:nu}r;le Mass (g) l(jke;/f:}};
0z1 Ul11-037 170.60 Brazilian 11.95 30.52 8.74E-06
0z2 U11-037 170.61 Brazilian 15.58 30.51 1.14E-05
0zZ3 U11-037 170.63 Brazilian 13.56 30.55 9.94E-06
0z4 U11-037 170.64 Brazilian 14.79 30.51 1.08E-05
0zZ5 U11-037 170.66 Brazilian 13.16 30.55 9.65E-06
0Z6 U11-037 170.67 Brazilian 14.35 30.5 1.05E-05
oz7 U11-037 170.68 Brazilian 13.50 30.5 9.86E-06
0zZ8 U11-037 170.70 Brazilian 14.50 30.5 1.06E-05
0Z9 U11-037 170.71 Brazilian 13.94 30.5 1.02E-05
0Z10 U11-037 170.73 Brazilian 13.28 30.5 9.70E-06
0oz11 Ul11-357 165.10 Triaxial 69.85 30.22 5.01E-05 149.35 2981
0Z12 Ul11-357 165.30 Triaxial 68.52 30.24 4.92E-05 148.70 3022
0Z13 Ul11-357 165.90 Triaxial 69.68 30.23 5.00E-05 148.66 2972
0Z14 U11-357 166.10 Triaxial 70.74 30.2 5.07E-05 151.11 2982
0Z15 U11-357 166.30 ucs 69.48 30.18 4.97E-05 148.07 2979
0Z16 Ul11-357 165.45 ucCs 67.45 30.3 4.86E-05 140.56 2890
0z17 Ul11-357 166.50 ucCs 73.43 30.23 5.27E-05 155.67 2954
0Z18 Ul11-357 165.65 ucs 69.75 30.21 5.00E-05 150.55 3011
0Z19 Ul11-357 165.65 ucs 67.32 30.23 4.83E-05 143.20 2964
0Z20 Ul11-357 168.60 UCSstrain 66.90 30.21 4.80E-05 141.90 2959
0721 Ul11-357 168.75 UCSstrain 68.87 30.18 4.93E-05 147.34 2991
0Zz22 U11-357 168.90 UCSstrain 68.22 30.18 4.88E-05 146.81 3008
0723 U11-357 171.10 UCSstrain 68.77 30.24 4.94E-05 144.84 2932
0724 Ul11-357 171.30 UCSstrain 69.20 30.25 4.97E-05 147.63 2968
AVERAGE 2972 £32

Table 3.10 Summary of testing results for the orezone structure.

Conversion Factor, UCSPoint Load ucCs Tensile Strength ~ Static E . Dynamic E . C
Zone / Box Static v Dynamicv =~ @
K (MPa) (MPa) (MPa) (GPa) (GPa) (MPa)
0Z /U11-037 17.6 £2.0 (10)
0Z /U11-357 8 71+£26(20) 70=18(10) 35+18(5) .17+.05(5) 55+9(14) .21 +£.04 (14) 57° 23

()Number of tests completed
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Figure 3.14 Mohr — Coulomb plot of triaxial results for the orezone with analysis results.
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Figure 3.15 Failure of sample OZ14 after the Triaxial test.
3.5 Measurement of Induced Stress Around Open Panels

An instrumentation program was developed with the goal of monitoring changes in deformation
of the rockmass which could then be related to changes in induced stress. To measure the effect
of induced stress on the stope, two types of instrumentation were installed: a simple, inexpensive
three-point closure station system that could be installed anywhere in the mine, and a
sophisticated and more precise Multi — Point Borehole Extensometer which was installed at

focused areas. Sections 3.5.1 and 3.5.2 discuss these methods in greater detail.
3.5.1 Data Collection from Three Point Closure Stations

The deformation of an excavation can be measured with a three point closure station. At three
points on the wall of a circular tunnel (points A, B and C), a wedge anchor is firmly installed so
that it remains a fixed point on the wall. The distance between each anchor is defined as chords
AB, AC and BC. Additional mining in the area creates changes in the principal stresses (Ao; and

Ao?2), which in turn deform the tunnel walls. The application of these stresses on the circular
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tunnel creates an elliptical distortion proportional to the applied stress. The fixed points of A, B
and C move with the deformation of the tunnel and the resulting change in length of the chords is

AC’, AB’ and BC’ can be used to calculate the strain, eas, using Equation 3.4:

AB — AB'
s = 4B

3.4
The change in deformation of the chord length can be measured using a tape extensometer
(Figure 3.16). The tape is attached to hooks on two of the fixed point wedge anchors and
tensioned to the indicated limit for the tape extensometer to provide repeatability of
measurements. This process is then repeated for the other two chord lengths at that closure
station. The tape extensometer used at Seabee Gold Mine has an accuracy of +£0.05mm and a
repeatability of £0.05mm. The fixed locations on the walls were placed by drilling a smooth

hole with a hammer drill and inserting 6” wedge anchors that were threaded with eye bolts.

A closure station was installed in 2b11013 Sublevel 5; on top of the pillar between Panel 3 and 4
(Figure 3.17). It was installed on August 27, 2012 in the location seen in Figure 3.17. Mining
commenced with the first blast of the slot on September 4, 2012 and the slot was finished on
September 5, 2012. The panel production blasts continued until September 9, 2012 and mine
engineering personnel took measurements one day after each blast. The recorded measurements

are in Table 3.11.
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Figure 3.16 Picture of tape extensometer that shows the digital micrometer, tension, hooks and

tape. (from Geokon Inc., 2012)

Figure 3.17 Illustration of 2b11013 5-6 showing blasting from left to right and the location of the

closure station in the red circle.

Table 3.11 Data collected for the closure station at 2b11013.

Chord A - C Chord A - B Chord B - C

Date |Tape (m) Vernier (mm) Dial (mm) Total (m)|Tape (m) Vernier (mm) Dial (mm) Total (m)|Tape (m) Vernier (mm) Dial (mm) Total (m)
27-Aug-12  3.50 7 0.15 3.50715  5.75 13 0.75 5.76375  6.00 4 0.40 6.00440
05-Sep-12  3.50 5 0.60 3.50560  5.75 16 0.30 5.76630  6.00 3 0.05 6.00305
07-Sep-12  3.50 2 0.90 3.50290  5.75 15 0.85 5.76585  6.00 2 0.70 6.00270
08-Sep-12  3.50 3 0.20 3.50320  5.75 16 0.65 5.76665  6.00 0 0.05 6.00005
09-Sep-12  3.50 2 0.40 3.50240  5.75 12 0.20 5.76220  6.00 0 0.25 6.00025
10-Sep-12  3.50 1 0.55 3.50155  5.75 11 0.80 5.76180  6.00 0 0.10 6.00010
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3.5.2 Data Collection of Multipoint — Borehole Extensometers (MPBX5s)

Multi — Point Borehole Extensometers (MPBXs) are used to record relative deformations in
areas where there is no access for closure or tape readings. Extensometers were installed in the
L62 zone of the mine (Figure 3.18). Three MPBXs were installed, one in each of the following
areas; the 1000-1010 level, 990-1000 level, and 970-990L in September 2012. Readings were
recorded on a data logger at 10min intervals. The data from the data loggers was downloaded at
approximately 6 month intervals. The data from the first two MPBXs was unusable due to what

1s assumed as installation and/or manufacturer errors due to the fact that the data was erratic.

The MPBX installed between levels 970 — 990 level was collared from a drift with the toe of the
extensometer located in the centre of the planned panel. The orientation of the borehole, with
respect to the open panel, can be seen in Figure 3.18 and Figure 3.19, which is approximately
45° from perpendicular in both plan view and long section. The date of installation for this
MPBX is September 19, 2012. The data logger was attached to the instrument and was set to

record data from each of the nodes every 10 minutes.

The readings taken from this MPBX were recorded in increments of 1/100" of a volt. In order to
convert these voltage readings into displacements the following equation, provided by the vendor

(MDT), was used:

Vn B Vo
= 3.5
where:
On is the cumulative displacement of the node (mm);
Vn is the current voltage reading of the nodes; and
Vo is the original voltage reading.

Cumulative displacements are plotted in Figure 3.20, where positive numbers are tension and
negative numbers are in compression. The cumulative displacement values were then converted

to cumulative strain using Equation 3.4. The results are shown in Figure 3.21.
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This MPBX exhibits the displacement behaviour that is expected based on the in situ changing
stress field. That is, the MPBX went into compression as the mining front approached and
caused an increase in the induced stress. After the mining front passed the MPBX (blast 8), the
nodes entered into tension. This corresponds to a lower induced stress field of the zone in
relaxation. This is seen in Figure 3.22. These displacements values shown are the first MPBX
reading taken after a blast was initiated, allowing for the identification of the immediate (within

10 minutes) response of the rockmass due to the induced stress change.
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Figure 3.18 Longsection view of L62 970-990 after all 9 blasts were complete, showing the
location of the MPBX.
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Figure 3.19 Plan section view of L62 970-990 showing the orientation of the MPBX.
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Figure 3.20 Cumulative displacement plot of the L62 970-990 MPBX.
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Figure 3.21 Strain plot of the L62 970-990 MPBX.
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Figure 3.22 Cumulative displacement at each node location after each blast of the L62 970-990 panel.
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3.6 Summary

This chapter provided information on the data collection in this study. The data that was
collected from Seabee Gold Mine included CMS, joint and rockmass properties, information on
the panel geometry, laboratory data on the rockmass, and instrumentation data (three — point
closure stations and MPBXs). This data was collected over a period of 2 years between 2010

and 2012.

As part of this research the JRC-Joint Amplitude chart was modified for field applications. The
chart was modified to extend the criteria of joint waviness as joints greater than one meter in

length were not often encountered in the field.

The CMS data that was collected is crucial to quantify the amount of dilution for each panel.
The data was gathered for 28 panels which provided data for 56 panel walls. In conjunction with

the CMS data, panel geometry was collected for the analysis of dilution in Chapter 5.

Laboratory testing was performed on core that was brought from Seabee Gold Mine to the
University of Saskatchewan. The core was separated into three domains: hangingwall, footwall
and orezone. The tests that were performed were: UCS, point load, Brazilian tensile, triaxial,
and ultrasonic velocity. The purpose of the tests was to quantify the rockmass properties for

numerical modelling in Chapter 4 and empirical methods used in Chapter 5.

Instrumentation was installed to obtain data on the movement of the rockmass as a result of
induced stress changes. A three — point closure station and an MPBX were installed at two
separate locations of the mine, and the data was collected as the mining front approached the
instrument. This data is analyzed in Chapter 4 to quantify the induced stress change that occurs
in the rockmass due to mining activity, and then analysed in Chapter 5 to determine if induced

stress has an effect on the amount of dilution in a panel.

81



CHAPTER 4
INDUCED STRESS AROUND OPEN PANELS

An instrumentation program was developed with the objective of monitoring changes in
deformation of the rockmass, and then relating the deformation to changes in induced stress.
Stress is one of the major factors driving instability around underground openings and may not
be adequately accounted for in the current empirical design methods for estimating dilution. To
obtain an estimate of the stress state in the vicinity of the Seabee panels under study, three point
closure stations were used, as well as multi-point extensometers. Closure stations use relatively
inexpensive equipment and can be installed anywhere in the mine. The closure data was coupled
with data from more expensive borehole extensometers. The stress data was used in conjunction
with dilution data and analysed to determine if any relationship exists between induced stress

changes and dilution.
4.1 Analysis of Three Point Closure Station Data

To analyse the closure station data that was gathered, a program called “Converge” was used to
convert the three measured minor strains into the principal strains and stresses (Milne & Milne,
1993). Solving for the two principal strains and stresses from the three secondary chord strains
can be done using a strain gauge rosette, Hooke’s Law and the Kirsch solution (Kirsch, 1898),
and described by Goodman (1980) in Appendix A2. The required inputs for “Converge” are the
elastic properties of the rock mass (Young’s modulus and Poisson’s ratio), and a spreadsheet
containing the microstrains from the three directions of closure and their corresponding angle of
orientation. Using these inputs, “Converge” outputs the principal strains, principal stresses, and

their angle of orientation from horizontal.

There are two main challenges associated with estimating stress change using this approach. The
first difficulty is estimating an appropriate value for Young’s modulus and Poisson’s ratio for the
measured deformations. For a small tunnel in a competent rock mass with wide joint spacing
approaching the tunnel diameter, Young’s modulus equal to the intact rock modulus would be
appropriate. For a less competent rock mass with a closer joint spacing relative to the tunnel

diameter, a Young’s modulus closer to that of the overall rock mass would be appropriate. For
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the Seabee rock mass, an RMR76 of 75 is observed and was used with Equation 4.1 (Bieniawski,

1989) to give an estimated modulus 50 GPa.

Erock mass = 2 X RMR,¢ — 100 4.1)

A second difficulty associated with the analysis of induced stresses in circular tunnels is that few
underground mining excavations are circular. To determine the effect that a square tunnel will
have on the induced stresses, in comparison to a circular tunnel, an empirical approach was used.
In the empirical study the variable that is being considered is the Ki ratio. The Kj ratio is the
ratio of induced stresses that have caused the deformation measured at the closure station,
measured in a plane perpendicular to the tunnel direction. To determine the magnitude of
difference in induced stress, Examine2D was used to model a 10 m square drift with the
parameters of a depth of 1000 m, unit weight of 0.027 MN/m?, E of 50 GPa and a Poisson’s
Ratio of 0.2.

Two geometric correction scenarios were modelled where the orientation of the induced
principal stresses were different. The first orientation scenario was with the maximum induced
stress parallel to horizontal. The second scenario was with the maximum induced stress oriented

at 45 ° from horizontal (counterclockwise).

The results of the first scenario can be seen in Table 4.1 and in graphical form in Figure 4.1. The
values of both Aci and Aos, calculated with “Converge”, are higher than the actual values
modelled with Examine2D. This is because the deformation readings were taken from the center
of the walls and back, which responds under a stress change with more deformation than would
occur with a circle. The graph can be used to correct the principal stresses calculated by
“Converge” by reducing them based on the ratios found on the y-axis. This is accomplished by
calculating the Ki ratio from the “Converge” output of induced stresses. The Ki ratio is then

found on the graph and Ac1 and Aocs are reduced by their corresponding ratios.

The results of the second scenario can be seen in Table 4.2 and in graphical form in Figure 4.2.
The results indicate that for the maximum induced stress, the orientations of the principal

stresses that act on the opening does not have a significant difference if the opening is a circular
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or a square. “Converge” will calculate stress change values 1.3 — 1.6 times higher for any Kj

ratio.

Table 4.1 Results of empirical study on the geometric correction at 0° to horizontal.

Sigmal (MPa) Sigma3 (MPa)

Induced K Ratiol Converge Examine2D  Ratio |Converge Examine2D Ratio
1 8.1 5.0 1.62 8.1 5.0 1.62
2 14.5 10.0 1.45 9.4 5.0 1.87
3 20.4 15.0 1.36 10.4 5.0 2.09
4 26.8 20.0 1.34 11.6 5.0 2.33
5 333 25.0 1.33 12.9 5.0 2.59
6 39.8 30.0 1.33 14.3 5.0 2.86
7 45.9 35.0 1.31 15.3 5.0 3.06
8 52.7 40.0 1.32 16.9 5.0 3.37
9 58.9 45.0 1.31 18.0 5.0 3.60
10 66.1 50.0 1.32 19.8 5.0 3.97
11 72.2 55.0 1.31 21.0 5.0 4.20
12 78.8 60.0 1.31 22.5 5.0 4.49
13 84.9 65.0 1.31 23.5 5.0 4.70
14 91.6 70.0 1.31 25.1 5.0 5.01
15 98.3 75.0 1.31 26.6 5.0 5.31
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Figure 4.1 Geometric correction ratios of induced stresses of “Converge” to the numerical model

at 0° to horizontal.
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Table 4.2 Results of empirical study on the geometric correction at 45° to horizontal.

Sigmal (MPa) Sigma3 (MPa)

Induced K RatiolConverge Examine2D  Ratio |Converge Examine2D  Ratio

1 7.9 5.0 1.58 7.9 5.0 1.58

2 16.1 10.0 1.61 7.6 5.0 1.52

3 243 15.0 1.62 7.4 5.0 1.48

4 325 20.0 1.63 7.0 5.0 1.40

5 40.7 25.0 1.63 6.7 5.0 1.34

6 48.8 30.0 1.63 6.4 5.0 1.28

7 57.0 35.0 1.63 6.1 5.0 1.22

8 65.1 40.0 1.63 5.7 5.0 1.14

9 73.2 45.0 1.63 5.4 5.0 1.08

10 81.4 50.0 1.63 5.1 5.0 1.02

11 89.5 55.0 1.63 4.8 5.0 0.96

12 97.7 60.0 1.63 4.4 5.0 0.88

13 105.9 05.0 1.63 4.2 5.0 0.84

14 114.1 70.0 1.63 3.9 5.0 0.78

15 122.2 75.0 1.63 3.6 5.0 0.72
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Figure 4.2 Geometric correction ratios of induced stresses of “Converge” to the numerical model

at 45° to horizontal.
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Using the closure data obtained in Chapter 3, and the methods described above, the maximum
uncorrected principal stress change was estimated at 56 MPa and the minimum at 30 MPa. Using
the correction from Figure 4.1, the maximum principal stress change was reduced to 39 MPa and
the minimum to 16 MPa. It is interesting to note that the maximum principal stress change
neared its peak after the first primary blast of the panel while the minimum principal stress
change did not see a large change until the third primary blast. To identify the total maximum
and minimum stress from the estimated in situ stress and induced stress, a two dimensional stress
transformation was performed using the method described in Hoek and Brown (1980), the results
of which can be seen in Table 4.4. The maximum total stress change that is experienced during
mining activities in the overcut is estimated at 92 MPa. This is below the UCS of 120 MPa that
was tested for the rock. The rock mass had not failed in the overcut at the time of an inspection

after the September blast.

Table 4.3 Principal stress changes at the overcut at 2b11013 #5 sill.

Microstrain Principal Strain Change Direction Principal Stress Change Corrected Principal Stress Change

Date AB AC BC | €1 € | 0 | o1 o3  Induced K Ratio Gic o3c
27-Aug-12 0 0 0 0 0 0 0 0 - 0 0
5-Sep-12 442 -442 391 1083 -637 29 25 -7 -4 19 -3
7-Sep-12 1212 -364 616 1808 -476 36 49 6 8 37 2
8-Sep-12 1126  -503 724 1964 -708 33 51 1 51 39 1
9-Sep-12 1354 269 691 1541 261 45 50 25 2 35 13
10-Sep-12 1597 338 716 1735 338 49 56 30 2 39 16

Table 4.4 Summation of the stresses at the overcut at 2b11013 #5 sill.

Corrected Principal Stress Change In Situ Stress Summation of Stress Change
Date Gic O3C Angle o 03 Angle o 03 Angle
27-Aug-12 0 0 0 62 31 0 62 31 0
05-Sep-12 19 -3 29 62 31 0 72 37 18
07-Sep-12 37 2 36 62 31 0 88 44 26
08-Sep-12 39 1 33 62 31 0 89 44 26
09-Sep-12 34 13 45 62 31 0 88 53 18
10-Sep-12 39 16 49 62 31 0 92 56 20
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4.2 Analysis of Extensometer Data

In conjunction with the drift closure data, 3 extensometers were installed to monitor the hanging
wall response to approaching mining and eventual undercutting by a mined panel. As mentioned
in Section 3, two of the extensometers did not provide useable data. The remaining
extensometer recorded the hangingwall response to mining block L62 between the 970 level and
990 level. Challenges with drill access required the extensometer hole to be drilled at

approximately 45° to the panel strike and 45° to the panel dip direction.

To simplify the interpretation of the extensometer data, it was assumed that the recorded
deformation is due to movement of the hanging wall normal to the plane of panel hanging wall.
This assumption will ignore changes to the hanging wall stress with panel mining for stresses
oriented parallel to the panel (horizontally and vertically), as these stress changes should be

minor due to the narrow nature of the panels.

To relate recorded anchor movements to stresses, the anchor deformations must be interpreted as
strains between anchors. As discussed, the extensometer is installed at an oblique angle to the
panel hanging wall so the interpretation of the recorded deformation is more challenging. For
the extensometer in the hanging wall of L62, installed at 45° to both the strike and dip of the
panel, the anchors that are 1.4m apart would be 1.4m x (sin 45° x sin 45°) apart in the direction

normal to the panel (0.7m apart).

If it is assumed that the anchors will only move in the direction of the extensometer rods. 1mm
of recorded movement, measured between anchors 1.4m apart, would give 0.7% strain. If it is
assumed that extensometer anchors would move in the direction normal to the panel
hangingwall, Imm of movement between the anchors that are 1.4m apart, in the direction of the
extensometer, would correspond to anchors 0.7m distance apart in the direction normal to the
panel. To record the strain normal to the panel, Imm of measured movement between anchors
1.4m apart would give 1.4% strain (1mm/0.7m), or double the strain recorded between anchors

in the extensometer direction.

It is expected that the second strain estimating approach is correct since the hanging wall rock
mass is much stiffer than the extensometer. This means that the plotted strains are one half of

the actual strains normal to the panel hanging wall.

87



The strains normal to the panel (normal strains) will reflect the increasing stress as mining
approaches the extensometer anchor location. The effect of blast 7 (Figure 3.19) on the strain
between anchors 1 and 2 is approximately 0.012% compressive strain along the extensometer, or
twice as much normal to the stope (0.024%). With the assumption that the principal stresses do
not change significantly parallel to the stope, the stress increase due to blast 7, approximately 2

metres from the hanging wall can be expressed by Equation 4.2:
on, = €, XE 4.2)

where: E = Young’s modulus (50GPa from rockmass classification); and,

€n~ strain (0.02% in compression after blast 7).

The stress increase due to blast 7 is therefore approximately 10MPa based on the rockmass

elastic modulus and strain calculated from the MPBX.

Note that the minimum incremental change in strain reading is approximately 0.01%, as shown
in Figure 3.21. This suggests that the reading accuracy is approximately 0.01% or a

displacement of approximately 0.1 mm.

Figure 3.18 shows the panel configuration after blast 8§ when all of the extensometer anchors
have been undercut by the panel hanging wall. For strain due to elastic relaxation between
anchors close to the open panel, and at a significant distance from the end of the open panel,
Equations 4.3 and 4.4 can be used to estimate the pre-mining stress close to a spherical cavity
(Milne, 1997). Using a spherical simplification for a tabular excavation can only be a reasonable
approximation when both the distance between anchors considered and the furthest anchor from

the excavation are small relative to the extent of the opening.

_ (or 1+ U))

& = 5 (4.3)
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Or

(& X E)
1+v)

or = ( ) 4.4)

Using a Young’s modulus for the rockmass of 50GPa and a strain in tension of 0.02% gives a

stress change of ~1 1MPa.

It should be noted that 11MPa is less than the expected virgin in situ stress normal to the panel
hanging wall. This panel case history is at a depth of approximately 1000 metres so the vertical
stress would be approximately 30MPa and the stress normal to the panel would expect to range
between 30 and 75MPa, based on conditions common to the rocks in the Canadian Shield. It
should also be noted that the smallest measurable displacement would change the estimated
stress by about 100%, so from this perspective, the estimated stresses are surprisingly close to
the expected values. Unfortunately, this approach does not provide useful insight into stress

conditions at the mine.
4.3 Numerical Modelling Using ExamineTAB

The calculation of induced stresses present within a panel prior to mining was performed using
the numerical modelling program ExamineTAB (Curran et al., 1991). ExamineTAB is a pseudo
3D displacement discontinuity program for calculating stresses and displacements around tabular
ore bodies in a direction normal to the plane of the ore body. To analyse the induced stresses
before mining a panel, the excavated rock (including the mined out sills) were drafted in
AutoCAD and imported into ExamineTAB. The mining block that was analyzed using the

numerical modelling was 2b11013, which is the same block shown in Figure 3.18.

The rock properties used for the analysis are shown in Figure 4.3. Also shown as input in Figure
4.3 are the in situ stresses in the mining block prior to mining any of the panels. At this point,
the only excavated rock is from the sills used to access the block. When modelling adjacent
panels in this mining block, the rib pillars were modelled as excavated rock. The reason for this
is that the rib pillars between panels are only 3m wide and are designed as failed pillars. The

expectation is that the stress within pillars will be much higher than the strength of the rock and
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that when they fail, stress will be unable to transfer through the failed rock. The rest of the 17

panels that were modelled are included in Appendix D.
4.3 Classification of Case Histories Based on Induced Stress

The induced pre-mining stress in the 17 panels that were modelled using the ExamineTAB
program were used to classify the panels into stress categories. The classification of panels
based on the pre-mining induced stress allows for the comparison of dilution numbers for those
panels based on induced stress. It was expected that lower pre-mining induced stress would
result in lower amounts of dilution. The higher induced stress could cause failure or damage in
the rock mass before mining, effectively lowering the rock mass classification resulting in more

wall failure to occur once it is mined.

Classification of the panels based on induced stress is difficult because the induced stresses vary
across the panel extent. Because of this difficulty, the panels were classified based on the
estimated area of the panel with a modelled induced stress higher than 100MPa, immediately
prior to mining. The panels were classified into 3 groups: classification 1 is under 15% area,
classification 2 is between 16 — 50% area, and classification 3 is over 50% area. These limits
were chosen to break up the panels into 3 fairly equally groupings of stress conditions. Table 4.5
shows the percent area of each panel that was estimated to have higher than 100 MPa induced

stress, as calculated from ExamineTAB.

The results that are presented in this table correspond to the stresses expected with the mining
steps. The panel numbers named here are in reference to the order that they were mined out.
When Panel #1 was to be mined (east side of the mining block), there was only the excavation of
the sills that would provide a small amount of induced stress in the panel prior to mining (Figure
4.3). Panels #2 and #3 were then mined out on the same level as Panel #1 would have small
amounts of induced stress in the locations that are adjacent to the panels that were already

excavated (Figure 4.4).
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Figure 4.3 Induced stresses around the sill excavations at 2b11013 block prior to any panels being mined out.
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Figure 4.4 Induced stresses after Panels #1-3 have been mined out on the east side.
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Panel #4 was then excavated on another level on the far west side of the mining block from Panel
#1. The distance from Panel #3 to Panel #4 is quite large and therefore Panel #4 is still in a
similar stress situation to that of Panel #1 before it was mined. Panels #5-6 are mined adjacent to
Panel #4 on the bottom level and the induced stress prior to mining those panels is influenced

mostly by the proximity to Panel #4 (Figure 4.5).

Panel #7 does not have much induced stress influence because of the large pillar left between it
and Panel #6 (Figure 4.6). Panel #8 has a similar stress situation to that of Panels #2 or #5.
There is still only one panel adjacent to it and provides only a small amount of induced stress,
however, this time the adjacent panel is from below. The first large increase in induced stress
occurs in Panel #9; where there are now two adjacent panels that cause higher induced stress
flow into the panel. Both Panels #8 and #5 are causing a high induced stress to occur in the

bottom and left hand side of the panel (Figure 4.6).

This trend now occurs throughout the rest of the panels with an anomaly of Panel #12; however,
upon closer examination it is noted that Panel #12 sits on top of the pillar between Panel #6 and
#7, which causes it to have only one adjacent panel on the left hand side (Figure 4.7). The final
panel to be mined out also has the expectedly highest amount of induced stress. Panel #17
(shown as the pillar adjacent to Panel #16) has three adjacent panels that have been previously
excavated, and those areas are now flowing the stress into the Panel #17 area. Overall, the

relative amounts of induced stress in each panel are as expected (Table 4.5 and 4.6).

The panels in 2b11013 can then be classified based on the classification system mentioned;
Table 4.6 shows the classification of the panels. There are seven panels in Classification 1, six
panels in Classification 2, and four panels in Classification 3. With the panels classified based
on induced stress, a possible correlation between the amount of dilution and the induced stress
can be assessed. The comparison between induced stress within the panel and dilution will be

discussed further in Chapter 5.

It is important to note that for this analysis, the initial input values are not of great significance
since the point of the analysis is to identify relative changes in stress in the panels. The results

are categorized based on their relative stress changes.
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Figure 4.5 Induced stresses after Panels #4-6 have been mined out on the west side.
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Figure 4.6 Induced stresses after Panels #7-9 have been mined out.
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Figure 4.7 Induced stresses after Panels #10-16 have been mined out.
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Table 4.5 Percentage of the area of the panel higher than 100MPa.

Stope # Stope Area (mz) Area Over 100MPa (mz) Percent of Stope Over 100MPa (%)
1 380 0 0
2 370 47 13
3 370 52 14
4 592 0 0
5 461 50 11
6 428 63 15
7 1271 0 0
8 360 43 12
9 328 178 54
10 335 164 49
11 409 164 40
12 333 71 21
13 313 157 50
14 318 154 48
15 268 161 60
16 336 197 59
17 383 293 77

Table 4.6 Classification of panels based on amount of induced stress.

Classification Stope # Stope Area (mz) Percent of Stope Over 100MPa (%)
1 1 380 0
1 4 592 0
1 7 1271 0
1 5 461 11
1 8 360 12
1 2 370 13
1 3 370 14
2 6 428 15
2 12 333 21
2 11 409 40
2 14 318 48
2 10 335 49
2 13 313 50
3 9 328 54
3 16 336 59
3 15 268 60
3 17 383 77
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4.4 Summary

To use the three — point extensometer data that was gathered from Seabee Gold Mine, a
methodology was developed to convert the displacement readings into the changes in principal
stresses. To account for the difference in circular openings rather than square opening that are
more common in mining, an empirical method was developed to obtain a ratio that could be
applied to the calculated principal stress changes to estimate actual stress change. Extensometer
data was also interpreted to give estimates of induced stress and the stress state prior to mining.

It was found that the extensometer data was not accurate enough to produce useful results.

A numerical model was also used to calculate the amount of induced stress present in panel areas
prior to mining. The changes in induced stress are caused by mining out adjacent panels which
re-distributes the stresses. The panels were then classified according to the amount of induced

stress.

The next chapter is an analysis of dilution in the study panels. The classification of panels by
induced stress will be analysed to determine if there is any trend of increasing dilution with
increased stress; dilution will be analysed using existing empirical design methods; and a new

method of analysing dilution in narrow vein mines proposed and evaluated.

98



CHAPTER 5
ANALYSIS OF DILUTION DATA USING EMPIRICAL DESIGN METHODS

This chapter presents the analysis of the dilution data from the Seabee Gold Mine case study
areas. The current empirical methods of predicting dilution are inadequate for thin veined
orebodies where predicted dilution is < 0.5m. A new method of determining dilution was
created that identifies dilution at points over the panel wall instead of predicting a single average

dilution for the entire panel. This section includes the following:

e an initial analysis using Clark’s ELOS method of predicting dilution based on previous
case histories;

e an analysis of panel dilution based on the classification of the panels by pre-mining
stress levels;

e the introduction of the terms used in a new method of determining dilution using a
detailed surface dilution analysis conceptual model; and,

e the analysis of the panels from the 2b11013 mining block using the new method of

detailed surface dilution analysis data.
5.1 Analysis Using Clark’s ELOS Method

The CMS data, panel geometries, and joint data collection for the three stoping blocks (2b11013,
2b11011, and 2c10010) were analysed. The Hydraulic Radius versus Modified Stability
Numbers from Tables 3.1 and 3.2 were plotted on the Modified Dilution Graph to determine the
distribution of actual dilution compared to the predicted dilution (Figure 5.1). The distribution of

data shows that the N’ and HR of the panels is approximately 16-19 and 3-6m, respectively.

The N’ values vary due to the variability of the Q’ measured during data collection. These
narrow ranges of values fall within the predicted ELOS of < 0.5m for all panels. Whereas, the
actual ELOS ranges from < 0.1m to > 0.5m (minimum ELOS is 0.01lm and maximum ELOS is
1.3m). The gradient of predicted ELOS on the Modified Dilution Graph is not refined enough to
be useful for thin veined orebodies where experienced dilution is often less than 0.5m but still of
a significant economic impact to the mining operations. The next section investigates the effect

of pre-mining stress on hanging wall dilution.
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MODIFIED DILUTION GRAPH
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Figure 5.1 Modified Dilution Graph depicting ELOS for the 56 Seabee Gold Mine case study
panels in this study (after Capes, 2009).

5.2 ELOS Dilution Analysis using the Induced Stress Classifications

To identify the effect of pre-mining induced stress on panel dilution, the stress classification
system from Table 3.7 was applied to the geometry of each panel. This comparison of dilution
based on stress classification is shown in Figure 5.2. If the ELOS of each panel was affected by
the pre-mining induced stress, it would be expected that classification #1 (which contained the
panels with the least amount of pre-mining stress) would have a lower ELOS than classification
#2 and classification #3 (which had the highest amount of pre-mining stress). What is seen in
Figure 5.2 is no discernible trend going from classification #1 to #3 on the north wall or the
south wall dilution. There are panels of high and low ELOS in all three classifications. This
indicates that pre-mining stress is not a significant factor for determining the amount of ELOS in
a panel. In all cases, the predicted dilution was less than 0.5m so it was not necessary to

compare the difference between actual and predicted dilution.
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5.3 Methodology of Increasing the Spatial Density of Panel Dilution Data

A current shortcoming with the Modified Dilution graph is the lack of delineation of ELOS in
the range < 0.5m. Since dilution greater than 0.5m can give a high percent dilution and is often
considered excessive for narrow vein panels, this is a particularly important area of the dilution

graph.

The empirical dilution prediction techniques explicitly account for dilution from rockmass
instability through the N’ term; whereas, the average amount of dilution caused by drill hole
deviation, blast damage, and undercutting are implicitly accounted for through the empirical
approach that incorporates the average effect of these parameters on the case histories used to
develop the technique. More detailed information can be obtained from studying the spatial
location of dilution on the HW and FW surfaces and is a focus of this research. In addition, the
depth of underbreak (DoU), or the ore left on panel walls, can further assist in determining the

factors influencing the behaviour of panel walls.
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Figure 5.2 Comparison of ELOS for each 2b11013 panel based on its stress classification (blank
panels did not have a CMS).
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The first of two variables that were used to increase the spatial resolution of dilution data is the
Effective Radius Factor (ERF) (Milne et al., 1996). The ERF replaces the HR as a measure of
the geometric stability of an openings surface. HR was replaced due to several drawbacks to the

term, as follows:

e it is difficult to apply a HR to an irregularly shaped surface; and,
e the HR can only provide one measurement at the centre of the panel, representing the

overall stability of the panel.

ERF is calculated by measuring the distance from any point on the panel surface to the
supporting abutments. This measure of the distance to the supporting abutments can be found by
using a number of rays, n, projected at set angles, 0, and recording the distance to the abutment,

1o as shown in Figure 5.3 and 5.4 and Equation 5.1:

ERF = T(l) (5.1)

n 9—15

The ability to calculate a geometric stability at any point of the panel surface provides the ability
to relate dilution to the stability of the point with regards to its distance from an abutment. The
ERF value is greatest at the centre of the stope and smallest at an abutment. If the distance to a

wall is zero, the denominator becomes infinity, and ERF tends to zero.

The second variable that was used is a new term called the Depth of Slough (DoS). DoS is a
linear measure of dilution at any point on the panel surface. DoS augments the ELOS term for a
quantification of the amount of dilution occurring. ELOS is calculated by cutting a cross-section
of a panel and taking the area of the overbreak and dividing by the height of the panel as shown
in Figure 5.5. The benefits of the ELOS methodology for calculating dilution is its ability to
provide an objective measure of dilution that can be directly compared to other cases. The
drawback of the ELOS method is that it can only be calculated over a single surface or section of

the surface.
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The DoS term is calculated in a similar manner to ELOS. Cross sections of the open panel are
cut at regular intervals that match the grid pattern used to find the ERF values (a grid of 1.5m x
1.5m was used for this study). Within the cross section, the linear amount of dilution is taken at
the intervals equivalent to the grid spacing (Figure 5.6). This process of calculating dilution
allows for the same objective comparisons between panels as the ELOS method but additionally
allows for dilution to be compared spatially across the rest of the panel surface. With the two
terms of ERF and DoS defined, it is now possible to compare the spatial distribution of stability
over a panel surface to the corresponding dilution at that same point. The next section will

explain the conceptual model created to estimate maximum overbreak from various causes.
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Figure 5.3 Panel back showing the radius factor and effective radius factor (from Milne, 1997).

103



Figure 5.4 Conceptual model of the ERF contours where an ERF of 0 is at the abutments and the maximum ERF is at the centre.
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Figure 5.5 Schematic showing the calculation of ELOS (from Clarke 1998).
5.4 Creation of a Conceptual Dilution Model for the Open Panels

A conceptual model was created to compare the actual data plotted against a hypothetical model
of expected overbreak. The three failure mechanisms that are spatially controlled factors that

were expected to have the largest influence on panel dilution are:

e geometrical instability represented by an expected arch shaped failure;
e borehole deviation; and,

e panel undercutting due to the sill width being greater than the panel width.

5.4.1 Conceptual Model of Arch Shaped Failure

This study represents the geometrical instability in the wall of a stope with the shape of a
parabola as shown in the left hand wall of Figure 5.7. This shape was chosen because the panel
wall should progress to an arched shaped (Milne, 1997). Using this shape provides a failure

envelope where there is no failure at the pillar walls and maximum failure in the panel centre
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(Figure 5.7). The shape of the parabola was calculated based on the ELOS of either the north

panel wall or south panel wall.
5.4.2 Conceptual Model of Borehole Deviation

Borehole deviation is expected to increase with increased drilling distance from the collar on the
overcut. No data exists at Seabee Gold Mine on the extent of borehole deviation for the
production blast holes. Based on a hole size of 2.5”, it was estimated that the borehole would
deviate up to 4% of the drilling distance at the end of the drill hole (Hamrin, 1995). This results
in a maximum deviation of 0.72m for a 16m drillhole. The shape of the deviation was modelled

using a quadratic equation (Milne, 1997) (Figure 5.8):

Borehole Deviation = 0.72m = 0.0028 x (Distance from Collar)? (5.2)

Blast damage is also implicitly included with the borehole deviation in the conceptual model. It
is assumed that the blast damage will be constant throughout the panel and will follow a similar

shape as the borehole deviation.

Taking the total effect of borehole deviation on the failure profile would result in no net change
in total dilution because it is assumed that the borehole deviation has an equally likely chance to
deviate to any angle from the designed borehole location (Figure 5.9). This assumption is

required due to the lack of borehole deviation monitoring performed at Seabee Gold Mine.

Often in production longhole drilling, the borehole will have a preferential deviation due to drill
rotation, joint orientations, and differing material properties from the orebody to the host rock.
For example, with the primary joint set following a similar strike and dip as the ore structure, the
borehole deviation will likely deviate along the same plane as the strike of the orebody rather
than away or into the orebody. If the primary joint set has a dip steeper than the dip of the
orebody but along the same strike, the borehole will likely want to deviate into the orebody and
along the strike of the orebody. But as noted above, without measurements on the deviation of
the borehole at Seabee Gold Mine, it has been assumed that the borehole will deviate in all

directions, with equal likelihood.
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Figure 5.6 Schematic showing the calculation of DoS.
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Figure 5.8 Cross section view of conceptual model of borehole deviation.
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Figure 5.9 Plan view of possible locations of borehole deviation from the designed borehole location, at bottom sill of Figure 5.7.
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5.4.3 Conceptual Model of Undercutting

Undercutting was calculated by taking the average amount of undercutting of the panel wall, at
the overcut and undercut on each wall. Figure 5.10 represents how the average undercutting was
plotted on a panel surface. The undercutting extends from the abutment of the designed panel
wall to the abutment at the existing panel wall and it is expected for the panel wall to tend to fail

to this free face.

Undercutting is only added to conceptual models containing a single panel as the amount of

undercutting is calculated on a per panel basis.
5.4.4 Conceptual Model of all the Panels and of a Single Case Study

A conceptual model of potential slough combining both the arch failure and borehole deviation
scenarios was created for the 2b11013 case history database (Figure 5.11). This model is based
on the worst case scenario of maximum borehole deviation even though an average value would

be preferred in design. The average dimensions of this stope are: 48m strike by 24m high.

As discussed in Section 5.4.2, the maximum drill hole divation is 0.72m into the hangingwall
and represents overbreak. The minimum deviation is -0.72m into the orebody and represents

underbreak. These are plotted as dashed lines.

With the stope dimensions of this case history applied using Equation 5.1, the maximum ERF is
estimated at 8m and the minimum is Om. For this calculation, a grid spacing for calculating
ERFof 1.5m x 1.5m was used throughout the stope. The maximum value of 8m is calculated at
the centre of the stope as shown in Figure 5.3. The minimum value of zero is at the abutments of

the stope as described in Section 5.4.1

When the actual stope data was analysed, the average value of undercutting for the entire panel
was calculated from sections that were 1.5m apart. For every section, the undercutting at the top
sill and bottom sill was determined and averaged, so that a single value could be assigned as per
Figure 5.10. The average undercutting of all the sections was averaged and the stope was

assigned an undercutting value of 0.3m.

111



Figure 5.12 shows the upper bound for expected overbreak for a particular panel in the study
area depicted in Figure 5.11. The underbreak is removed as this is not the worst case scenario.
The overbreak at any ERF value is the sum of the arch based failure, undercutting, and maximum
expected borehole deviation. At the abutments with an ERF value of 0, the depth of potential
slough is only attributed to undercutting. As the ERF approaches its maximum value, the
potential slough is attributed to all three scenarios of arch based failure, undercutting and
borehole deviation. At the bottom of the stope, the arch based failure is reduced but borehole
deviation increases. This indicates that there is higher expected dilution at the bottom of the
stope where the borehole deviation is greater than the top of the stope where the boreholes are

collared.
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Figure 5.10 Cross section view of conceptual model of undercutting.
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5.4.5 X-Axis of the Conceptual Model

The x-axis of the Figure 5.11 and Figure 5.12 increases from the left side to a midpoint and then
decreases again. This is due to the nature of attempting to graphically represent the 2D spatial

data of the panel onto a single axis of the graph.

As shown in Figure 5.4, ERF has a value of 0 on the abutments, and increases as the point gets
further from the abutments. The dashed line represents the two vertical halves of the panel; the
top half of the panel is represented on the left hand side of the graph (Figure 5.11 and 5.12). For
example, any value of 0 that is on the top half of the panel will be represented by a single value
of 0 on the left hand side of the graph, any value of 2 on the top half the panel will be
represented by a single value of 2 on the left hand side of the graph, etc. The opposite then
follows for any ERF value on the bottom half of the panel; i.e., it will be represented on the right
hand side of the graph.

The reason for choosing to split the panel into a top half and a bottom half rather than a left half
and a right half is due to the representation of the borehole deviation on the graph. The
important aspect of borehole deviation for this study is its effect on the dilution of the panel, and
so only deviation into and out of the plane of the panel is of importance. Representing the left
side and right side of the graph with the top half and bottom half of the panel, respectively,
allows for an increasing or decreasing amount of borehole deviation as the graph goes from left
to right. Since the left hand side of the graph represents the top of the panel, borehole deviation
will always be zero as the hole is collared at the top of the panel. If a different representation of
the panel within the graph was chosen, then an average borehole deviation would have to be

shown, which is not as ideal as showing the actual borehole deviation through the panel.

The other two mechanisms of dilution (geometric instability and undercutting) are not influenced

by the method of plotting on the graph, as they are both vertically and horizontally symmetrical.
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5.5 Analysis of the High Resolution Dilution Model against the Conceptual Model

The entire 2b11013 case study area (Figure 1.5) was plotted onto the chart of “Depth of Potential
Slough versus ERF” to determine how the entire dataset matches against the model. The data

(Figure 5.13) can be represented by the equation:

DoS = —0.0066ERF? + 0.0928ERF — 0.047 (5.2)

This equation is represented by a population size of 4230 data points and has an R? of 0.04 which
is very small (regression was done using the trendline function in Excel). The 4230 data points
were gathered from the 13 panels of the stoping block 2b11013. The R? of the data corresponds
to the visual appearance of the data; the data very generally follows an arch shape, but at any
point along the x-axis, corresponding to ERF values, each ERF value can correspond to a large
range of DoS values. The line provides a very similar shape of failure as the arching mode of
failure. There is minimal amounts of underbreak or overbreak near the abutments at an ERF of

0, and large amounts of overbreak at the maximum ERF.

There is consistently a large amount of underbreak for any value of ERF with this dataset. Based
on the conceptual model, there should only be a minor amount of borehole deviation that could
account for the underbreak, and this would be completely offset by the arch failure being at
maximum at that point. This odd behaviour can be explained after spending time with the
production drillers at Seabee Gold Mine. In the design phase of the longhole design, the mine
planner often designs the hole layout to have the minimal amount of clearance from the wall to
the drill because the sill was driven at the exact dimensions of the orebody. When the production
driller sets up to drill those holes along the wall, he often cannot get the drill in the designed
location due to protruding wall rock that reduces his wall clearance. In this case, the driller will
set up the drill as close as possible to the designed wall offset and recalculate the hole design as
best as possible. If he miscalculates or uses the original design dip and dump, it would result in

underbreak from the designed panel shape.
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Figure 5.13 DoS for each ERF value for the case history database of 2b11013.

To reduce the noise in the dataset that is seen in Figure 5.13, the data was refined to produce an
average value of DoS for all the data points with the same x-axis value (ERF values on the left
side of the graph were not combined with ERF values on the right side of the graph). The
average values can be seen in Figure 5.14 where the trend of the plotted data provides a similar

shape to the conceptual model of the arch failure and is represented by the equation:

DoS = —0.0089ERF? + 0.132ERF — 0.112 (5.3)

This equation is represented by a population size of 132 data points and has an R? of 0.37.
Taking the average of all the data points provides a clearer understanding of the different
mechanisms of failure in the various parts of the panel. The underbreak near the panel pillars at
an ERF of 0 is approximately 0.25m. The trend of increasing depth of slough towards the centre
of the panel is also clearer than the graph of all the data. Where Figure 5.13 indicates all the
possibilities of the range of overbreak and underbreak for a given ERF, Figure 5.14 provides the

most likely average amount of overbreak or underbreak.
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Figure 5.14 Average DoS for each ERF value for the case history database of 2b11013.

The same techniques that were used to reduce the noise in the dataset for all the panels, was also
used for the dataset of Panel 10 — Sublevel 5-6 in the 2b12013 block. The average values of the
depth of slough for each ERF can be seen in Figure 5.15. The trend of the dataset can be
described by the equation:

DoS = —0.0448ERF? + 0.4446ERF — 0.554 (5.4)

This equation is represented by a population size of 58 data points and has a R? of 0.63. Again
the trend of the dataset closely matches the arch failure conceptual mechanism. Although it is
interesting that it did not match the sum of all the sources of slough. The sum of the failures for
an individual panel also included the undercutting of the panel walls by the silling development,
which was calculated to add an additional 0.3m of slough along all values of ERF. Because the
dataset does not give any indication of matching the sum of the dataset, it can be assumed that
undercutting did not affect the amount of dilution for this panel. This is consistent with visual

inspections of panels after blasting.
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Figure 5.15 Average DoS for each ERF value for the Panel 10, Sublevel 5-6 in 2b12013.
5.6 Summary

In summary, three stoping blocks were identified as case study locations with suitable CMS data
for this study. Three of the mining blocks (2b11013, 2b11011, and 2c10010) were used in the
traditional ELOS vs. HR method, and one block (2b11013) was used with the new method of

dilution analysis.

It was determined that the traditional method of ELOS vs. HR would not work for this panel
dataset because of the limited range of HR and N’ values with the dataset encompassed.
Because the size of the panels did not vary significantly, a method of determining the amount of
dilution at a single point rather than for the entire panel was devised. The ERF term was used

instead of HR, and DoS was used instead of ELOS.

The effect of pre-mining stress was analysed against ELOS. The classification system used in
Chapter 3 was used to group the panels together into pre-mining stress categories, and ELOS was
plotted for the north and south wall of each panel. No trend was determined from this analysis,
and it was determined that pre-mining stress was not a significant factor contributing to dilution

for those panels.
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A conceptual model was created to analyse to the dataset with a new method. The conceptual
model contained the mechanisms of failure that are anticipated for these panels: arch failure (due

to rockmass instability), borehole deviation, and undercutting.

This new method of dilution analysis was applied against the conceptual model using the data
base from one of the stoping areas. Too much scatter was found, so the scatter was reduced by
taking the average of the DoS for each value of ERF. This provided a clear trend of dilution that
matched the arch mechanism of failure. The same method was applied to a single panel within
the dataset, where an undercutting correction was also applied. The results were similar to the
entire dataset, however, undercutting was shown to not significantly influence dilution in this

particular case study.
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CHAPTER 6
CONCLUSION

Unplanned open panel dilution is a major issue and cost for underground mining. For narrow
vein mines, this issue is more acute as relatively small amounts of dilution can severely change

the economics of the operation.

The initial objectives of the research included collecting field data to estimate rockmass
properties, measuring field deformation to estimate induced stress changes, performing
laboratory testing to identify the intact rock properties and, where possible, improving the
interpretation of this data. This interpreted data was then coupled with observed hangingwall

and footwall dilution to:

e assess existing empirical methods of dilution estimation;
e quantify the effect of pre-mining induced stress on dilution; and,

e develop new approaches for prediction the causes of dilution for the Seabee Mine.

Existing empirical methods of dilution estimation were not sufficiently accurate to predict
dilution in the narrow Seabee ore. Pre-mining stress levels were shown to have no quantifiable

effect on hanging wall and footwall dilution.

A new method was developed for interpreting the failure geometry of panels after dilution has
occurred. The method linked the depth of slough (DoS) of a point on the hangingwall or footwall
surface, to the effective radius factor (ERF) of that point. Based on the trend between ERF and
DoS, the dilution could be linked to rock mass instability, blast hole deviation and/or hanging
wall undercutting. Findings from the Seabee Mine suggest that undercutting of the panel
hangingwall and footwall did not significantly influence dilution. A generally arched failure
occurred, suggesting rock mass instability. Of note is that ore was often left in the panel close to
the overcut drift, highlighting problems getting the blast hole drill set-up close enough to the

hanging wall contact.

Other outcomes of this thesis include:
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e Modified the JRC chart for easier use in field applications. The Jrw lines were extended
for smaller joint profiles so that determining the proper Jiw is more methodical;

e Collected field data including CMS, joint properties, panel geometries for 28 panels for
dilution analysis;

e Collected field data for three — point closure stations and MPBX instrumentation that
recorded the displacement of the rock as mining activity changed the induced stresses;
and,

e Analysed the three — point closure data to determine the induced stress in the panel as the
mining front approaches the instrumentation location. Also, used numerical modelling to
determine the pre — mining induced stress in a panel due to the mining of panels in the

area prior and categorize the panels based on the amount of induced stress.
6.1 Recommendations for Future Work

This research has created a new method of predicting and evaluating dilution for panel walls in
thin — vein underground mines using ERF and DoS. The method can be used to evaluate a group

of panels or individual panels. The recommended future work for this topic are:

e increase the number of individual panels analysed;

e perform the new methodology on panels of different hydraulic radius. Panel sizes at
Seabee Gold Mine were limited and no data was gathered on panels of large hydraulic
radius;

e Perform a more rigorous statistical analysis on the results of the new method to determine

its efficacy.

A specific recommendations for Seabee mine is to investigate the possibility of increasing the
overcut width to allow the blast hole drill to set up closer to the hangingwall and footwall
contact. Data suggests that undercutting the hangingwall by at least 0.3m does not significantly
decrease stability. Increasing the overcut width could result in improved blasting for greater ore

recovery, without risking significant increased dilution.
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APPENDIX A
ELOS BAR GRAPHS

This portion of the appendices provides the figures from the ELOS of each individual

ring from the Seabee Gold Mine case study areas.

Figures A.1 to A.18 provide the ELOS data for each ring that was analysed using the CMS data

for each panel in the case study areas.
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Figure A.1 A bar graph showing the ELOS against ring number for 2b11013 6-7 north wall.
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Figure A.2 A bar graph showing the ELOS against ring number for 2b11013 6-7 south wall.
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Figure A.3 A bar graph showing the ELOS against ring number for 2b11013 5-6 north wall.
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Figure A.4 A bar graph showing the ELOS against ring number for 2b11013 5-6 south wall.
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Figure A.5 A bar graph showing the ELOS against ring number for 2b11011 3-4 north wall.
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Figure A.6 A bar graph showing the ELOS against ring number for 2b11011 3-4 south wall.
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Figure A.7 A bar graph showing the ELOS against ring number for 2b11011 2-3 north wall.
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Figure A.8 A bar graph showing the ELOS against ring number for 2b11011 2-3 south wall.
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Figure A.9 A bar graph showing the ELOS against ring number for 2b11011 1-2 north wall.
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Figure A.10 A bar graph showing the ELOS against ring number for 2b11011 1-2 south wall.

132




2b11011 1UP NORTH

PANEL 1

10 12

PANEL 2

14 16 18 20 22 43 45

RING NUMBER

Figure A.11 A bar graph showing the ELOS against ring number for 2b11011 1UP north wall.
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Figure A.12 A bar graph showing the ELOS against ring number for 2b11011 1UP south wall.
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Figure A.13 A bar graph showing the ELOS against ring number for 2c10010 3-4 north wall.
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Figure A.14 A bar graph showing the ELOS against ring number for 2c10010 3-4 south wall.
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Figure A.15 A bar graph showing the ELOS against ring number for 2c10010 2-3 north wall.
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Figure A.16 A bar graph showing the ELOS against ring number for 2c10010 2-3 south wall.
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Figure A.17 A bar graph showing the ELOS against ring number for 2c10010 1-2 north wall.
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Figure A.18 A bar graph showing the ELOS against ring number for 2c10010 1-2 south wall.
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APPENDIX B
DATA COLLECTION DATA

This portion of the appendices provides the data and figures from the data collection of

rock mass properties from Seabee Gold Mine.

The following Figures B.1 — B.11 are the stereographs and JRC chart that are formed from the
data collected. On the stereograph the poles of the joint orientations are plotted and contoured
using the RocScience DIPS program. The average joint orientation of the joint set clusters was
manually inputted. On the JRC chart the data was graphed onto a modified version of the chart;
where the Jr/w portion of the chart has been extended to joint lengths of 0.3m, to account for the
difficulty in obtaining measurements for joints that are greater than 1m in length. The Jr/r data
was plotted on as a histogram on the Y — axis, this gives a visual indication of the number of

recordings each JRC value obtained, the longer the bar the more readings.
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Figure B.1 Stereograph of joint orientation and JRC Chart for 2b11011 #1.
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Figure B.2 Stereograph of joint orientation and JRC Chart for 2b11011 #2.
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141



N
...ﬁt

[ svenbol  Feature
[ - Pole vectors
Color Density Concentrations.
000 - 200
20 - 40
400 - 600
600 - 800
800 - 1000
Wo0 - 1200
1200 - 1400
MO0 - 1600
800 - 18.00
1800 - 2000
Massimum Density | 19.65%
Cantour Data | Fole Vectors
Contour Distribution | Faher
Counting Cirele Sl | 1.0%

Flot Mode | Fole vecurs
Vector Count | 20 (20 Enfres)
Hemisphere | Lower
Projection | Equal angie

(E) 2b11013 #4

\ SMOOTH

=

400 20
300 16
12
200 10
8
I 6
100 5
Jor I Jow 4
1 g 3
1 -] Wwavy /
E LA Tow~20 2
: A
.;g 7| PLANARTOWAVY 1
; Jow~15
2 )
a A .2 05
S PLANAR
o ] sow~10
b=
=2
£
E
<

By
0 0.1

02 03 05 1

2 3

Length of profile - m

45

10

Joint Roughness Coefficient (JRC)

Figure B.5 Stereograph of joint orientation and JRC Chart for 2b11013 #4.
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Figure B.6 Stereograph of joint orientation and JRC Chart for 2b11013 #5.
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Figure B.7 Stereograph of joint orientation and JRC Chart for 2b11013 #6.
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Figure B.8 Stereograph of joint orientation and JRC Chart for 2b11013 #7.
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Figure B.9 Stereograph of joint orientation and JRC Chart for 2¢10010 #1.
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Figure B.10 Stereograph of joint orientation and JRC Chart for 2c10010 #2.
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APPENDIX C
LABORATORY TESTING RAW DATA

This portion of the appendices provides the raw data and graphs from the laboratory testing
performed on rock samples from Seabee Gold Mine.

The following Figures C.1 — C.15 are the stress — strain graphs for core samples that
underwent UCS testing with attached strain gauges. The strain gauges were used to measure the
elastic response of the rock while under compressive load. Four gauges were attached (two
vertical and two horizontal) at mid — height along the sample at 90° intervals which were
averaged to identify the radial strain and axial strain. The elastic modulus was calculated as the
average modulus over the straight line elastic response. The Poisson’s ratio was calculated as the

ratio between the axial strain and radial strain over the straight line elastic response.
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Figure C.1 Stress — strain graph for sample HW7.
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Figure C.2 Stress — strain graph for sample HW10.
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Figure C.3 Stress — strain graph for sample HW17.
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Figure C.4 Stress — strain graph for sample HW18.
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Figure C.5 Stress — strain graph for sample HW19.
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Figure C.6 Stress — strain graph for sample FWS5.
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Figure C.7 Stress — strain graph for sample FW10.
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Figure C.8 Stress — strain graph for sample FW17.
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Figure C.9 Stress — strain graph for sample FW18.
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Figure C.10 Stress — strain graph for sample FW19.
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Figure C.11 Stress — strain graph for sample OZ20.
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Figure C.12 Stress — strain graph for sample OZ21.
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Figure C.13 Stress — strain graph for sample OZ22.
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Figure C.14 Stress — strain graph for sample OZ23.
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Figure C.15 Stress — strain graph for sample OZ24.
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The following Tables C.1 —CA.3 contain the triaxial results for the three structures. Four

samples were tested from each structure at different confining pressures. The corresponding

Mohr — Coulomb plots are shown in Figures C.16 — C.18.

Table C.1 Triaxial testing results for the hangingwall structure.

Sample Confining Pressure ~ Confining  Vertical Load Final Vertical Load Final Final Load Actual Final Stress Vertical
P (psi) (kPa) (bs) (kN) (kN) (MPa)
HW1 1560 10748 37196 165 148 203
HW2 2900 19981 11000 48 17 24
HWS3 3827 26368 44848 199 158 216
HW4 4350 29971 61515 273 227 310
Table C.2 Triaxial testing results for the footwall structure.
Sample Confining Pressure Confining Vertical Load Final ~ Vertical Load Final ~ Final Load Actual Final Stress Vertical
P (psi) (kPa) (Ibs) (kN) (kN) (MPa)
FWI1 4354 29999 51156 228 181 247
FwW2 2900 19981 94345 420 389 532
FW3 3641 25086 61515 274 235 320
Fw4 1450 9990 52681 234 219 299
Table C.3 Triaxial testing results for the orezone structure.
Sample Confining Pressure Confining Vertical Load Final ~ Vertical Load Final ~ Final Load Actual Final Stress Vertical
P (psi) (kPa) (Ibs) (kN) (kN) (MPa)
0Z11 1565 10782 48947 218 201 280
0z12 2206 15199 65409 291 267 372
0Z13 3250 22392 73470 327 292 406
0zZ14 656 4519 34508 154 146 204
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Hangingwall Triaxial Data

Mohr-Coulomb Criterion
cohesion =12.432 MPa
friction angle = 45 256 deg
tensile strength = O MPa
unisial compressive strength = 6041 MPa
alpha = 8038 deg
Analysis of TRIAXIAL Lab Data
Mo. of lab dsta poirts = 4
o from analysis of lab data= 12 432 MPa
phi from analysis of lab dats= 45.256 degrees
Sum squsre of errors (Residuals) = 35481 001
Curtent fit method = L EVENBERG-MARGQUARDT
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Figure C.16 Mohr — Coulomb plot of triaxial results for the hangingwall with analysis results.
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Footwall Triaxial Data

Mohr-Coulomb Criterion
cohesion = 30 MPa
friction angle = 48 deg
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Figure C.17 Mohr — Coulomb plot of triaxial results for the footwall with analysis results.
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Mohr-Coulomb Criterion
cohesion = 23.301 MPa
friction angle = 57.514 degy
tensile strength = 0 MPa
uniaxial compressive strencgth = 160 MPa
alpha = 58515 dey
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Figure C.18 Mohr — Coulomb plot of triaxial results for the orezone with analysis results.
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The following Tables C.4 — C.6 contain the Brazilian results for the three structures. Ten

samples were tested from each structure.

Table C.4 Brazilian testing results for the hangingwall structure.

Sample Name Peak Load Peak Load Splitting Tensile Strength
(Ibs) (kN) (MPa)
HWI11 2392 10.6 11.3
HWI12 2577 11.5 12.4
HW13 2784 12.4 12.9
HWI14 2071 9.2 9.4
HW15 3714 16.5 17.9
HW20 1502 6.7 11.8
HW21 1904 8.5 13.3
HW22 2468 11.0 16.6
HW23 1777 7.9 13.6
HW24 2227 9.9 14.9

Table C.5 Brazilian testing results for the footwall structure.

Sample Name Peak Load Peak Load Splitting Tensile Strength
(Ibs) (kN) (MPa)

FWI11 0 0 0

FW12 3363 15.0 17.0
FW13 4454 20.0 19.1
FW14 3171 14.1 14.9
FWI15 3196 14.2 16.4
FW20 1852 8.2 13.3
FWw21 1966 8.7 12.7
FW22 1901 8.5 12.0
Fw23 1942 8.6 11.5
FW24 1879 8.4 11.4
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Table C.6 Brazilian testing results for the orezone structure.

Sample Name Pezﬁ(&)oad Peal((N Iioad Splitting }‘f/r{l}s’ziil)e Strength
0z1 2433 10.8 18.9
072 3745 16.7 223
0Z3 2204 9.8 15.1
0Z4 2572 11.4 16.2
0zs5 2418 10.8 17.0
0Z6 2855 12.7 18.5
0z7 2315 10.3 15.9
0Z8 2841 12.6 18.2
0Z9 2361 10.5 15.7
0Z10 2648 11.8 18.5
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The following Tables C.7 — C.9 contain the acoustic velocity results for the three structures.

Fourteen samples were tested from each structure.

Table C.7 Acoustic velocity testing results for the hangingwall structure.

Powave  S-wave P-wa\_/e S-wa\_/e Young's Rigidity Poisson's Lame's Bulk
Sample (us) (us) Velocity Velocity Modulus Modulus Ratio Constant Modulus
(m/s) (m/s) (GPa) (Gpa) (GPa) (GPa)
HWI 20.45 33.05 5326.44 3310.00 77 33 0.19 19 41
HW2 21.05 372 5095.97 2765.81 59 23 0.29 32 47
HW3 21.5 37.05 4936.88 2784.40 58 23 0.27 26 42
HW4 22.65 36.65 4672.79 2896.75 59 25 0.19 15 32
HW5 229 37.85 4434.19 2663.95 52 21 0.22 16 31
HW6 235 38.7 4277.64 2584.24 46 19 0.21 14 27
HW7 23.7 39.7 414233 2441.95 47 19 0.23 17 30
HW8 21.45 35.7 5069.04 3011.42 66 27 0.23 22 40
HW9 23.1 39.1 4472.61 2595.93 48 19 0.25 19 31
HW10 23.6 39.9 4199.38 2442.73 43 17 0.24 17 28
HW16 21.55 37.85 4777.39 2620.16 53 21 0.28 28 41
HW17 21.9 38.5 4707.59 2580.72 51 20 0.29 26 40
HW18 23.45 41.05 4476.01 247724 47 18 0.28 23 36
HW19 21.8 374 4683.33 2660.36 53 21 0.26 23 37

Table C.8 Acoustic velocity testing results for the footwall structure.

Powave  S-wave P—wa\_/e S—waye Young's Rigidity Poisson's Lame's Bulk
Sample (us) (us) Velocity Velocity Modulus Modulus Ratio Constant Modulus

(m/s) (m/s) (GPa) (GPa) (GPa) (GPa)
FWI 21.75 35.25 4783.28 2958.62 63 26 0.19 16 34
Fw2 22.60 36.50 4629.61 2878.12 58 24 0.19 14 31
FW3 20.80 34.70 5117.16 3027.37 66 27 0.23 23 41
Fw4 20.45 32.35 5287.36 3399.01 78 34 0.15 14 37
FW5 23.35 35.70 4418.81 2980.13 56 26 0.08 5 23
FW6 21.85 34.40 4862.98 3144.07 66 29 0.14 11 31
FW7 21.40 33.70 4845.00 3133.03 66 29 0.14 11 31
FW8 22.30 34.45 4586.58 3050.89 60 27 0.10 7 25
FW9 21.00 37.25 5010.29 2703.97 55 21 0.29 30 45
FW10 22.30 36.15 4720.81 2918.67 58 24 0.19 15 31
FW16 21.90 37.80 4832.41 2721.17 54 21 0.27 25 39
FW17 18.75 31.15 6121.59 3637.70 95 39 0.23 32 58
FWI18 19.40 32.65 5771.67 3362.14 82 33 0.24 31 53
FW19 20.60 32.50 5187.12 3348.17 74 33 0.14 13 35
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Table C.9 Acoustic velocity testing results for the orezone structure.

Powave  S-wave P-wa\fe S-waYe Young's Rigidity Poisson's Lame's Bulk
Sample (us) (us) Velocity Velocity Modulus Modulus Ratio Constant Modulus
(m/s) (m/s) (GPa) (GPa) (GPa) (GPa)
0Z11 20.45 33.05 5352.49 3326.19 78 33 0.19 19 41
0Z12 21.05 37.20 5019.78 2724.45 57 22 0.29 31 45
0Z13 21.50 37.05 4941.84 2787.20 59 23 0.27 26 42
0Z14 22.65 36.65 4638.69 2875.61 59 25 0.19 15 31
0Z15 22.90 37.85 4482.58 2693.02 53 22 0.22 17 31
0Z16 23.50 38.70 4189.44 2530.96 45 19 0.21 14 26
0z17 23.70 39.70 4504.91 2655.70 51 21 0.23 18 32
0Z18 21.45 35.70 4964.41 2949.26 64 26 0.23 22 39
0Z19 23.10 39.10 4287.90 2488.72 46 18 0.25 18 30
0720 23.60 39.90 4129.63 2402.15 42 17 0.24 16 28
0721 22.35 36.70 4606.69 279391 56 23 0.21 17 32
0722 22.05 34.50 4656.66 3038.75 63 28 0.13 10 28
0723 23.75 37.10 4206.12 274531 50 22 0.13 8 22
0724 23.50 37.90 4298.14 2676.98 50 21 0.18 12 26
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The following Tables C.10 — C.12 contain the UCS results for the three structures. Ten samples

were tested from each structure, five with strain gauges and five without.

Table C.10 UCS testing results for the hangingwall structure.

Sample Strain Max Load Load Stress
(Ibs) (kN) (MPa)
HW5 No 3631 16 22
HW6 No 25512 114 155
HW8 No 27692 123 169
HW9 No 21525 96 131
HW16 No 16321 73 101
HW7 Yes 9730 43 59
HW10 Yes 12854 57 78
HW17 Yes 15989 71 99
HW18 Yes 17353 77 108
HW19 Yes 15002 67 93

Table C.11 UCS testing results for the footwall structure.

Sample Strain Max Load Load Stress

(Ibs) (kN) (Mpa)
FW6 No 19886 88 121
FW7 No 23824 106 145
FW8 No 35036 156 213
FW9 No 35925 160 219
FW16 No 6591 29 40
FWS5 Yes 17559 78 107
FW10 Yes 36287 161 221
FW17 Yes 19552 87 119
FWI18 Yes 20505 91 125
FW19 Yes 12360 55 75
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Table C.12 UCS testing results for the orezone structure.

Sample Strain Max Load Load Stress

(Ibs) N) (Mpa)
0Z15 No 12197 54 76
0Z16 No 15478 69 96
0z17 No 15757 70 98
0Z18 No 11764 52 73
0Z19 No 12829 57 80
0720 Yes 7489 33 46
0721 Yes 9054 40 56
0722 Yes 13102 58 82
0723 Yes 7573 34 47
0724 Yes 8130 36 50
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The following Tables C.13 — C.15 contain the point load results for the three structures.

Nineteen to twenty one samples were tested from each structure.

Table C.13 Point load testing results for the hangingwall structure.

K Conversion

Orientation wrt

Sample Box Depth (m) D, (mm) Load (kN) Lisoy (MPa) Factor UCS (MPa) Foliation
1 Ul11-037 162.50 30.5 7 5.9 18 106 Parallel
2 Ul11-037 162.65 30.5 8 6.7 18 121 Perpendicular
3 Ul11-037 162.90 30.5 6 5.0 18 91 Parallel
4 Ul11-037 163.15 30.5 6 5.0 18 91 Perpendicular
5 Ul11-037 163.50 30.5 3.5 2.9 18 53 Parallel
6 Ul11-037 163.50 30.5 7 5.9 18 106 Perpendicular
7 U11-037 163.70 30.5 7.5 6.3 18 113 Parallel
8 U11-037 163.90 30.5 6 5.0 18 91 Perpendicular
9 U11-037 164.10 30.5 7.5 6.3 18 113 Perpendicular
10 U11-037 164.45 30.5 8 6.7 18 121 Parallel
11 Ul1-357 166.70 30.5 3.8 3.2 18 57 Perpendicular
12 Ul11-357 166.85 30.5 8 6.7 18 121 Perpendicular
13 Ul1-357 167.05 30.5 7 5.9 18 106 Perpendicular
14 Ul11-357 167.15 30.5 6.8 5.7 18 103 Perpendicular
15 Ul1-357 167.25 30.5 6 5.0 18 91 Perpendicular
16 Ul11-357 167.35 30.5 10.5 8.8 18 159 Perpendicular
17 Ul11-357 168.10 30.5 7 5.9 18 106 Parallel
18 Ul11-357 168.52 30.5 6 5.0 18 91 Parallel
19 Ul11-357 168.30 30.5 10 8.4 18 151 Parallel

AVERAGE 6.9+1.7 58+1.4 105 £25
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Table C.14 Point load testing results for the footwall structure.

K Conversion

Orientation wrt

Sample Box Depth (m) D, (mm) Load (kN) L s0) (MPa) Factor UCS (MPa) Foliation
1 U11-037 174.25 30.5 12 10.1 22 222 Parallel
2 U11-037 174.57 30.5 8 6.7 22 148 Parallel
3 U11-037 174.98 30.5 8 6.7 22 148 Parallel
4 U11-037 175.06 30.5 9.75 8.2 22 180 Perpendicular
5 U11-037 175.42 30.5 11 9.2 22 203 Parallel
6 U11-037 175.65 30.5 4.5 3.8 22 83 Parallel
7 U11-037 176.09 30.5 8 6.7 22 148 Parallel
8 U11-037 176.09 30.5 12 10.1 22 222 Perpendicular
9 U11-037 176.30 30.5 56 47.0 Perpendicular
10 U11-037 176.65 30.5 13 10.9 22 240 Parallel
11 Ul1-357 176.65 30.5 10 8.4 11 92 Perpendicular
12 Ul11-357 152.10 30.5 14 11.8 11 129 No Foliation
13 Ul1-357 152.20 30.5 13 10.9 11 120 No Foliation
14 Ul11-357 152.30 30.5 10 8.4 11 92 No Foliation
15 Ul1-357 152.40 30.5 8 6.7 11 74 No Foliation
16 Ul11-357 152.50 30.5 10 8.4 11 92 No Foliation
17 Ul1-357 152.60 30.5 8.5 7.1 11 79 No Foliation
18 Ul11-357 152.80 30.5 9 7.6 11 83 No Foliation
19 Ul1-357 152.90 30.5 5.5 4.6 11 51 No Foliation
20 Ul11-357 153.90 30.5 10 8.4 11 92 No Foliation
21 Ul11-357 154.00 30.5 8 6.7 11 74 No Foliation

AVERAGE 9.6+2.4 8.1+2.0 129 + 56
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Table C.15 Point load testing results for the orezone structure.

K Conversion

Orientation wrt

Sample Box Depth (m) D, (mm) Load (kN) L s0) (MPa) Factor UCS (MPa) Foliation
1 Ul11-357 169.60 30.5 4 3.4 8 27 Parallel
2 Ul1-357 169.70 30.5 9.5 8.0 8 64 Perpendicular
3 Ul11-357 169.80 30.5 8.5 7.1 8 57 Parallel
4 Ul1-357 169.90 30.5 8.5 7.1 8 57 Perpendicular
5 U11-357 170.00 30.5 5 4.2 8 34 Parallel
6 U11-357 169.40 30.5 5.5 4.6 8 37 Perpendicular
7 Ul11-357 169.30 30.5 6 5.0 8 40 Parallel
8 U11-357 167.90 30.5 17 14.3 8 114 Perpendicular
9 Ul11-357 167.50 30.5 15.5 13.0 8 104 Perpendicular
10 Ul1-357 166.60 30.5 7 5.9 8 47 Parallel
11 Ul11-357 166.70 30.5 9 7.6 8 60 Perpendicular
12 Ul11-357 166.85 30.5 12 10.1 8 81 Perpendicular
13 Ul1-357 167.05 30.5 17 14.3 8 114 Perpendicular
14 Ul11-357 167.15 30.5 17 14.3 8 114 Perpendicular
15 Ul1-357 167.25 30.5 13 10.9 8 87 Perpendicular
16 Ul11-357 167.35 30.5 11.5 9.7 8 77 Perpendicular
17 U11-357 168.10 30.5 12 10.1 8 81 Parallel
18 Ul11-357 168.20 30.5 11 9.2 8 74 Parallel
19 Ul1-357 168.30 30.5 10 8.4 8 67 Parallel
20 Ul11-357 168.40 30.5 13 10.9 8 87 N/A

AVERAGE 106 £4.0 89+33 71 £26
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APPENDIX D

NUMERICAL STRESS MODELLING

This portion of the appendices provides the figures from the numerical stress modelling
performed in ExamineTAB.

Figures D.1 to D.17 provide the induced stress that exists prior to mining each stope.
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Figure D.1 Induced stresses prior to mining Stope #1.
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Figure D.2 Induced stresses prior to mining Stope #2.
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Figure D.3 Induced stresses prior to mining Stope #3.
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Figure D.4 Induced stresses prior to mining Stope #4.
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Figure D.5 Induced stresses prior to mining Stope #5.
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Figure D.6 Induced stresses prior to mining Stope #6.
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Figure D.7 Induced stresses prior to mining Stope #7.
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Figure D.8 Induced stresses prior to mining Stope #8.
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Figure D.9 Induced stresses prior to mining Stope #9.

179



Figure D.10 Induced stresses prior to mining Stope #10.
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Figure D.11 Induced stresses prior to mining Stope #11.
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Figure D.12 Induced stresses prior to mining Stope #12.
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Figure D.13 Induced stresses prior to mining Stope #13.
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Figure D.14 Induced stresses prior to mining Stope #14.
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Figure D.15 Induced stresses prior to mining Stope #15.

185



Figure D.16 Induced stresses prior to mining Stope #16.
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Figure D.17 Induced stresses prior to mining Stope #17.
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