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ABSTRACT

This thesis reviews. analyses and classifies extraction methods and

sequences used in steep, tabular orebodies in Ontario hardrock mines and how

new bulk mining techniques have affected them.

The thesis examines, as a r;ase study, the complexities of sequencing the

extraction of the Hemlo orebody through three adjacent mines and details the

planning and monitoring of extracting one section of the David Bell orebody. It

examines the use of numerical modelling as a tool in extraction sequence

planning and demonstrates how, in ccnjunction with an instrumentation

program, the results assist successful completion of the plan.

The thesis concludes that bulk mining sequences have increased resource

extraction and productivity,lowered costs and improved ground control aspects

of extraction planning; but have compromised grade control. This aspect should

be improved to maximize the economic benefits. In addition, as automated or

continuous mining methods are developed. their benefits should be analyzed in

the context of overall sequence planning objectives.
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RESUME

Cette thèse revise, analyse et classifie les méthodes d'extraction et les

séquences utilisées dans les gisements tabulaires fortement inclinés des mines

de l'Ontario, et comment elles ont été affectées par les nouvelles techniques

d'exploitation en vrac.

La thèse examine, sous forme d'étude, la complexité de déterminer

l'ordre d'extraction du gisement Hemlo à travers 3 mines adjacentes, et détaille

la planification et le contrôle de l'extraction d'une partie du gisement David Bell.

Elle examine l'utilisation du modelage numérique comme outii pour planifier

l'ordre d'extraction et démontre comment, conjointement avec un programme

d'instrumentation, les résultats aident à compléter le plan avec succès.

La thèse conclut que les séquences d'exploitation en vrac ont augmenté

le pourcentage d'extraction des ressources et la productivité, diminué les coOts

et amélioré le côté stabilité de la planification de l'extraction, mais ont

compromis le contrôle de la teneur. Cet aspect doit être amélioré pour

maximiser les avantages économiques. De plus, lorsque des méthodes

d'extraction continue ou automatisées sont développées, leurs avantages

devraient être analysés dans le contexte des objectifs de planification globale

de la séquence d'extraction.



•

•

•

iii

ACKNOWLEDGMENTS

1would like to thank management and staff of the David Bell Mine for

the access they provided me to the mine and their data during this research

project. 1would particularly Iike to thank Ed Kardis .• Francis Sherridan, and Ken

McKirdy for their support and advice. 1 am grateful to the staff at the many

other mines who provided tours, guidance and access to varioüs mine reports

to help with developing my ideas regarding mine sequencing.

1sincerely thank my supervisor, Dr. Malcolm Scoble of the Department

of Mining and Metallurgical Engineering at McGiII University. He provided advice

and support through the never ending process of preparing this thesis and yet

allowed me the freedom to develop my ever changing ideas.

1would like to acknowledge the financial support of the Teck-Corona

Operating Corporation and the University Research Incentive Fund of the

Ontario Ministry of Colleges and Universities.

Finally 1would like to thank my wife Yvonne and children Jennifer, Karen

and Andrew for putting up with me during this period. The research project was

not always my first priority but too often was placed ahead of family events.



•

•

•

iv

TABLE Of CONTENTS

ABSTRACT .

ACKNOWLEDGMENTS iii

LIST Of TABLES xii

LIST Of fiGURES xiii

CHAPTER 1. INTRODUCTION 1

1.1 MINE DESIGN OBJECTIVE 2

1.2 THE DESIGN STAGE 4

1.2.1 Information Availability 5

1.2.2 Choosing a Mining Method . . . . . . . . . . . . . . . . .. 7

1.2.2.1 The Physical Dimensions . . . . . . . . . . . .. 8

1.2.2.2 The Physical Parameters . . . . . . . . . . . .. 10

1.2.2.3 Deposit Depth 10

1.2.2.4 Grade of the Deposit 11

1.3 DEflNING THE MINING SEQUENCE 11

1.4 OWECTIVES Of THE MINE SEQUENCE 14

1.5 THE SHORT RANGE PLAN 15



•

•

•

v

1.6 JUSTIFICATION FOR RESEARCH 17

1.7 RESEARCH OBJECTIVES 18

1.8 METHODOLOGY 19

1.9 THESIS STRUCTURE 22

1.10 CONTRIBUTIONS TO ORIGINAL KNOWLEDGE 23

CHAPTER 2. A REVIEW OF ONTARIO MINING ACTIVITY 26

2.1 THE MINING AREAS OF ONTARIO 26

2.2 FACTORS FOR COMPARISON 30

2.2.1. History 30

2.2.2 Geology 34

2.2.3 The Geotechnical Environment . . . . . . . . . . . . . . . 43

2.2.4 Orebody Economies 48

2.3 CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

CHAPTER 3. TRADITIONAL MINE EXTRACTION SEQUENCES . . . . . .. 54

3.1 LONGITUDINAL SEQUENCING PRACTICES . . . . . . . . . . .. 55

3.1.1 The Lakeshore Mine 60

3.1.2 The Falconbridge Mine 67

3.1.3 The Campbell Red Lake Mine 71

3.1.3.1 The F Zone Mining Sequence " 72

3.1.3.2 The A Zone Mining Sequence 75



•

•

•

vi

3.1.3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . 77

3.1.4 The Macassa Mine 79

3.2 TRANSVERSE SEQUENCING PRACTICES 34

3.3 A DISCUSSION OF THE PROBLEMS 88

3.4 CONCLUSION 93

CHAPTER 4. CONTEMPORARY MINE SEQUENCES 96

4.1 MECHANISED CUT AND FILL SEQUENCES . . . . . . . . . . .. 98

4.1.1 Post-Pillar Cut and Fili Mining 98

4.1.2 Ramp Cut and Fili Mining 102

4.2 THE TERTIARV MINING SEQUENCE 11-5-91 105

4.3 SINGLE PASS MINING SEQUENCES . . . . . . . . . . . . . . .. 113

4.3.1 The Kidd Creek Sequence . . . . . . . . . . . . . . . .. 113

4.3.2 The Creighton Mine Sequence . . . . . . . . . . . . .. 117

4.4 ALTERNATE MINING SEQUENCES 121

4.4.1 The Mount Isa Sequence 122

4.4.2 Top Down Sequences. . . . . . . . . . . . . . . . . . .. 123

4.5 CONCLUSION .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 127

CHAPTER 5. A CASE STUDV OF THE HEMLO MINING AREA . . . . .. 130

5.1 OVERALL OREBODV OPTIMIZATION 132

5.2 SEQUENCING BETWEEN ADJACENT MINES . . • . . . . . .. 135



•

•

•

vii

5.2.1 The Golden Giant Shaft PiUar . . . . . . . . . . . . . .. 135

5.2.2 The Williams - Golden Giant Crown Pillar . . . . . .. 136

5.2.3 Orebody Wide Sequencing 139

5.3 SEQUENCING AT THE GOLDEN GIANT MINE 141

5.3.1 The Mining of Block One 141

5.3.2 The Mining of Block Two 145

5.3.3 The Mining of Block Three 146

5.3.4 The Mining of the Quarter Claim . . . . . . . . . . . .. 148

5.3.5 The Flatback Retreat Area 149

5.3.6 Mining to the West of the Diabase Dyke 149

5.3.7 A Summary of the Golden Giant Sequence . . . . .. 150

5.4 SEQUENCING AT THE WIlliAMS MINE 151

5.5 SEQUENCING AT THE DAVID BELL MINE. . . . . . . . . . .. 154

5.5.1 Mining Methods . . . . . . . . . . . . . . . . . . . . . . .. 155

5.5.2 The Main Zone Mining Sequence 158

5.6 CONCLUSION 161

CHAPTER 6 NUMERICAL MODElLING OF THE DAVID BElL MINE .. 163

6.1 THE STRESS REGIME . . . . . . . . . . . . . . . . . . . . . . . . .. 164

6.2 ROCK MASS CLASSIFICATION 166

6.2.1 Joint Set Description 169

6.3 ROCK STRENGTH ANALYSIS 174



•

•

•

viii

6.4 THE INITIAL MODELLING WORK .. , . . . . . . . . . . . . . .. 180

6.4.1 Choie!l of Nurnerical Model 180

6.4.2 Model Description 183

6.4.3 Predicted Closure trom MINTAB . . . . . . . . . . . .. 188

6.4.4 Measured Closure 189

6.4.5 Predicted Stress Accumulation 193

6.5 COMPARISON OF THE MODELLED AND THE ACTUAL

SEQUENCE 195

6.6 VALIDATION OF THE MODELS 197

6.6.1 Mine Site Validation . . . . . . . . . . . . . . . . . . . . .. 198

6.6.2 Detailed Model Validation 201

6.7 ONGOING NUMERICAL MODELLING 204

6.7.1 The TC4 Model 204

6.7.2 The TC5 Model 208

6.7.3 The TC6 Model 211

6.7.4 The TC7 Model 212

6.7.5 The TC8 Model 212

6.7.6 Summary 213

6.8 PRACTICAL LIMITATIONS OF NUMERICAL MODELS 214

6.8.1 The Displacemeflt Discontinuity Models . . . . . . .. 215

6.8.2 The FLAC Model 217

6.8.3 Boundary Element Models 219



•

•

•

ix

6.8.4 Finite Element Models . . . . . . . . . . . . . . . . . . .. 220

6.8.5 Summary 221

6.9 CONCLUSION 222

CHAPTER 7. PRACTICAL ASPECTS OF MINE SEQUENCING 224

1.1 THE MINE MONITORING PROGRAM 225

7.2 IHANGINGWALL GROUNDFALLS 227

7.3 THE COLLAPSE OF UNDERCUT DRIFTS . . . . . . . . . . . .. 229

7.3.1 The Failure in 7B Sublevel . . . . . . . . . . . . . . . .. 230

7.3.1 .1 The Stress Effect .. . .. .. .. .. .. 231

7.3.1.2 The Effect of Barite 233

7.4 THE CHOICE OF PRIMARY STOPE SIZE 235

7.4.1 Theories on Hangingwall Stability . . . . . . . . . . .. 235

7.4.2 Stress Cell Evidence . . . . . . . . . . . . . . . . . . . .. 236

7.5 THE ALTERNATE MINING METHOD 238

7.6 THE 8D SILL PILLAR 241

7.6.1 Documenting the Failure . . . . . . . . . . . . . . . . .. 243

7.6.2 The sm Removal Sequence 245

7.7 STRESS TRANSFER WITH GOLDEN GIANT 249

7.8 CONCLUSION 251



•

•

•

x

CHAPTER 8. SEQUENCING OBJECTIVES AND STRATEGIES 254

8.1 THE BASE CASE .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 254

8.2. MAXIMIZING MINERAL RESOURCE EXTRACTION 256

8.2.1 A Financial Discussion 256

8.2.2 A Discussion of Examples 259

8.3 THE OPTIMAL SUSTAINABLE RATE OF EXTRACTION 263

8.3.1 A Financial Discussion 263

8.3.2 A Discussion of Examples . . . . . . . . . . . . . . . .. 266

8.4 MINIMIZING UNIT COSTS . . . . . . . . . . . . . . . . . . . . . .. 267

8.4.1 A Financial Discussion 268

8.4.2 A Discussion of Examples . . . . . . . . . . . . . . . .. 269

8.5. MINIMIZING THE INITIAL DEVELOPMENT 270

8.5.1 A Financial Discussion 271

8.5.2 A Discussion of Examples . . . . . . . . . . . . . . . .. 272

8.6 GRADE CONTROL STRATEGY 275

8.6.1 A Financial Discussion 275

8.6.2 A Discussion of Examples . . . . . . . . . . . . . . . .. 276

8.7 MINIMIZING GROUND CONTROL PROBLEMS 279

8.8 OPTIMIZING THE MINING SEQUENCE 282

8.9 CLASSIFICATION OF MINING SEQUENCES 285

8.10 COMMENTS ON THE FUTURE OF MINING SEQUENCES . 290



•

•

•

xi

8.11 CONCLUSiON.............................. 292

CHAPTER 9. CONCLUSIONS AND RECOMMENDATIONS 294

9.1 CONCLUSiONS.............................. 294

9.2 FUTURE WORK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

9.3 CLOSING COMMENTS .. . . . . . . . . . . . . . . . . . . . . . . . 302

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304

APPENDIX A 312



•

•

•

xii

LIST OF TABLES

Table 2.1 Macassa Mine - Physical Rock Characteristics 44

Table 2.2 Elliot Lake - Physical Rock Characteristics 44

Table 2.3 Stress Measurements at the Campbell Mine 45

Table 2.4 Rock Properties from the Campbell Mine 46

Table 2.5 Sudbury Geotechnical Parameters 47

Table 6.1 A Summary of in-situ Stress Measurements,

Hemlo Area .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

Table 6.2 ln-situ Stress Measurements from the David Bell Mine . .. 167

Table 6.3 ROD of Different Rock Masses . . . . . . . . . . . . . . . . . .. 168

Table 6.4 Joint Set Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . .. 169

Table 6.5 Rock Strength Analysis 176

Table 6.6 Rock Strength of Hangingwall Geological Units . . . . . . .. 177

Table 8.1 Base Case Economie Parameters . . . . . . . . . . . . . . . . .. 255

Table 8.2 The ROI Sensitivity of Variation from

Sequencing Objectives 283

Table 8.3 A Classification of Mining Sequences 286



• xiii

LIST OF FIGURES

Figure 2.1 The Main Hardrock Mining Areas of Ontario 27

Figure 2.2 The Scattered Ore Pods of the Hollinger Mine 37

Figure 3.1

Figure 3.2

Figure 3.3

Alternate Stope Extraction Sequences 58

A Longitudinal Section of the Kirkland Lake Mining

Area, from Morrison 62

A Cross Section of the Lakeshore Mine 64

Figure 3.5

•

•

Figure 3.4 The Steep Rill Mining System at the Lakeshore

Mine 65

A Longitudinal Section Showing Faults at The

Falconbridge Mine . . . . . . .. . . . . . . . . . . . . . . . . . . . . 69

Figure 3.6 Underhand and Overhand Methods used below a

Flat Fault 71

Figure 3.7 A Longitudinal Section of the F Zone at the

Campbell Red Lake Mine 73

Figure 3.8 A Longitudinal Section of the A Zone at the

Campbell Red Lake Mine 76

Figure 3.9 A Riii System of Siii Pillar Recovery at the Macassa

Mine 81

Figure 3.10 A Destress Blast in a Sill Pillar at the Macassa

Mine 81

Figure 3.11 The Rill Mining System Developed for the Macassa

Mine 83



• xiv

Figure 3.12 A Longitudinal Section of the Trial Mining Method

at the Macassa Mine 84

Figure 3.13 An Historical Longitudinal Lavout from the Frood

Mine 85

Figure 3.14 A Conventional Transverse Mining Lavout Using a

Domed Sequence 86

Figure 3.15 A Mechanized Transverse Mining Sequence 87

Figure 3.16 A Plan of the Stanleigh Mine Design, fram Golder

Associates 92

Figure 4.1 A Vertical Pillar at the Onaping Mine 100

Figure 4.2 A Longitudinal Section of Brunswick Mine 103

A Mining Sequence for Wide Ore 106• Figure 4.3

Figure 4.4 The 1-5-9 Sequence as Described bV Potvin 108

Figure 4.5 The Tertiarv Mining Sequence from the Lockerbv

Mine 1'0

Figure 4.6 A Longitudinal Section ofthe Extraction Sequence

at Kidd Creek Mine 115

Figure 4.7 A Plan View of the Single Pass Mining Sequence

at Kidd Creek Mine 116

Figure 4.8 A Two Tier Extraction Sequence at Kidd Creek

Mine 116

Figure 4.9 Siii Pillar Removal at Kidd Creek Mine 117

•
Figure 4.10 Excavating the Drill Access Using an Alpine

Miner 119

Figure 4.11 Creating a Destress Siot at the Creighton Mine ... . . .. 120



• xv

Figure 4.12 The Mining Sequence for Deep Ore at Creighton

Mine 121

Figure 4.13 The Eggcrate Sequence at Mount Isa Mines as

adapted fram Alexander and Fabjanczyk 122

Figure 4.14 The Creation of a Stable Arch in Undermined Fiii . . . . .. 126

Figure 4.15 The Formation of a Stable Arch in Caving Backfill ..... 126

Figure 5.1 A Longitudinal Section of the Hemlo Mines. . . . . . . . .. 131

Figure 5.2 The Golden Giant - Williams Boundary Pillar 137

Figure 5.3 Inventory of the Golden Giant Crown Pillar . . . . . . . . .. 138

Figure 5.5 The Golden Giant - David Bell Boundary

Sequence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140•
Figure 5.4 The Williams - Golden Giant Boundary Sequence 140

Figure 5.6 Mining Areas at the Golden Giant Mine,

from Bawden 142

Figure 5.7 Golden Giant Mine, Sequence in Blocks 1 and 2 143

Figure 5.8 Golden Giant Mine, Sequence in Block 3 147

Figure 5.9 Mining Sequence at the Williams Mine . . . . . . . . . . . .. 152

Figure 5.10 A Longitudinal Section of the David Bell Mine 156

Figure 5.11 A Longitudinal Section of the Pr<lsent

Mining Area 159

Figure 6.1 Joint set A and C 170

Figure 6.2 Joint set A on Hangingwall . . . . . . . . . . . . . . . . . . . .. 171

Figure 6.3 Joint set Band C 172

• Figure 6.4 Dilation of Joint Set B 173



• xvi

Figure 6.5 A Sericite Band in the Hangingwall 178

Figure 6.6 A Barite Rich Band in the Undercut of

K78C Stope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 179

Figure 6.7 Stope Numbering at the David Bell Mine. . . . . . . . . . .. 184

Figure 6.8 The Five Year Plan, Steps 1 to 4 . . . . . . . . . . . . . . . .. 186

Figure 6.9 The Five Year Plan, Steps 5-8 . . . . . . . . . . . . . . . . . .. 187

Figure 6.10 Closure at Step 11, 12-Metre Model 190

Figure 6.11 Closure at Step 11, Eackfill Only at Siii Mat 191

Figure 6.12 Modelled Stress at Step 6 195

Figure 6.13 The Actual Extraction Sequence to Stope 50 196

•
Figure 6.14 Stress Cell: L86D, 80 Undercut

Figure 6.15 Stress Cell: L86D, 80 Undercut

Figure 6.16 Model TC4, Steps 1-4

Figure 6.17 Model TC4, Steps 5-8

200

201

205

206

Figure 6.18 Model TC4, Steps 9 and 10 . . . . . . . . . . . . . . . . . . .. 208

Figure 6.19 Model TC5, Steps 5-8 .. . . . . . . . . . . . . . . . . . . . . .. 209

Figure 6.20 Model TC5, Steps 9-12 210

Figure 6.21 Model TC6, Steps 5, 7, 8, and 9 211

Figure 6.22 Model TC8, The last 4 Steps 213

Figure 6.23 A Cross-sectional FLAC Model of the David Bell

Mine 217

Figure 7.2 Barite Content Contour in Longitudinal Section 234•
Figure 7.1 Stress Cell: K74C, 7C Undercut 232



xvii• Figure 7.3 Stress Cell: K72C-FW, 7C Haulage 239. . . . . . . . . . . . . . .
Figure 7.4 Stress Cell: K72C-FW-AS, 7C Haulage ............. 240

Figure 7.5 Stress Cell: L86C-FW, 8C Haulage ............... 244

Figure 7.6 Stress Cell: L86C, 8C Undercut · ................ 245

Figure 7.7 Stress Cell: L84C, 8C Undercut · . . . . . . . . . . . . . . . . 246

Figure 7.8 A Longitudinal Section of the Stapes at the

80 Sill ......•........................•... 248

Figure 7.9 Stress Cell: M838, 8B Undercut · ................ 250

Figure 7.10 Stress Cell: M84C, 8C Undercut · ................ 251

Figure 7.11 Stress Cell: M84D, 7 Level Undercut ..........•... 252

Figure 8.1 Alternate Levels of Recovery, fram Carlisle .......... 257

• Figure 8.2 Alternate Rates of Recovery, from Carlisle . . . . . . . . . . 265

•



•

•

•

CHAPTER 1

INTRODUCTION

Technological developments in the past ten years have enhanced the

economic competitiveness of underground mining in Canada. mainly through

the application of bulk mining technology. To remain competitive. research is

continuing into new mining techniques. particularly into the use of continuous

mining systems and the applicability of automation and robotics.

This research began when the conversion to bulk mining systems was

ongoing at many mining operations. These new systems were based on the

increased drilling accuracy possible in longer and larger diameter blastholes

from using the in-the-hole drill. The bulk methods include longhole. blasthole

and vertical retreat stoping. Large openings are created and the placement of

backfill is delayed until individual stope extraction is complete.

A series of rockbursts which began at the Campbell Mine in December

1983 had culminated with a burst killing four miners at the Falconbridge Mine

on June 20. 1984. The introduction of bulk mining systems was considered by

some as a possible cause of this increased incidence of rockbursting in Ontario

mines. This research was undertaken to analyze and assess how tha switch to

bulk mining systems had affected the ore extraction strategies of hardrock

underground mining operations .



•

•

•

2

These new systems are capital intensive and generally provide increased

productive capacity from individual working locations. As a result, there are

fewer working areas but the extraction ratio in the initial mining area increases

more rapidly and interaction with backfill and pillar removal occur earlier in the

mine life. This makes the mine design and planning functions more critical to

the safe and economic extraction of the minerai resource.

It is certain that the future mining operations in Ontario will be required

to extract ore at increasingly greater depths. The future will also see the

introduction of continuous, automated and robotic mining systems, partiallyas

a result of the problems of mining at depth. These systems will bring further

changes to mining sequences. Before new mining systems are introduced their

effect on the overaH mine design and personnel safety should be assessed. This

research would serve as an initial analysis of the possible sequences required

for such systems to be safely and successfully implemented.

1.1 MINE DESIGN OBJECTIVE

Ali mining operations must extract and market a minerai commodity at

a profit. Proven ore, as defined by the Association of Professional Engineers of

Ontario, requires a closely spaced geological sampling program providing a

reliable estimate of the minerai resource and that a current design exists which
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is both technically and economically feasible. The technical and economical

feasibility of the mine design is provided by optimizing a complex set of

variables thraugh the long range plan or mining sequence.

An extensive literature review on open pit mine design optimization was

recently pravided by Koniaris (1). He states, "the objective of open pit design

is to develop the best strategy for the depletion of an economic ore reserve"

and describes the primary objective as, "the maximization of the net present

value of the orebody". This requires three design stages: determining the final

pit Iimit and creating both long and short range production plans. In discussing

the practical limitations of optimizing open pit design, Koniaris states "the

engineering time required to produce the optimum solution is often not

justified", and argues for deriving a feasible solution under the constraints of

accepted behaviour or ru les of thumb.

The objective of underground mine design is also to develop a depletion

strategy which maximizes the economic benefits fram the ore reserve. This

requires the same three design stages; definition of the minable orebody and

facilities and the development of both long and short range plans, but they are

more complex and the constraints more varied than for an open pit operation.

The engineering effort required to produce the optimum design is increased by

constraints such as ground control or ventilation requirements and often by a
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reduced level of information available on the geological, economic and

geotechnical aspects of the orebody at depth. There is an interdependence of

certain critical decisions, for example, the final design of a mine access system

is dependent on the delivery of the personnel, equipment, ground support

supplies or backfill demanded by the mining method.

While this thesis deals with developing the extraction sequence as part

of the long range plan, the three aspects of the overall design are discussed

briefly in the following sections.

1.2 THE DESIGN STAGE

The successful implementation of a mining operation begins with the

design of the physical plant and openings to support the extraction plan. This

is an Iterative process, often seeing the design change during the mine life

based on additional information or changed economics. Information required by

the design team is often supplied by a separate exploration group whose

priorities are to gr,ologically define the orebody and quantify its content of

economic mineralization. It should be emphasized that a mining engineer should

become involved in such a project at the earliest possible time to ensure the

collection of the geotechnical data required for the design process.
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Designing an underground mine requires determining the eventual depth

of the operation, outlining the permanent mine openings, and designing the

physical plant to support the extraction. Minimizing the capital cost of these

facilities is one method of maximizing the NPY of the operation. The extraction

sequence, however, is directly affected by extraction facilities which may or

may not initially provide access to the entire orebody. If access is Iimited, the

sequence which maximizes the NPY may be precluded due to grade variations

in the orebody or by the increased costs in a second stage of mining. The

chosen productive capacity of the main mine access, generally a vertical shaft,

will constrain the capacity of the mine for ril<:'1Y years .

As an example of this, a study by Makuch (2) examines methods to

maintain the productive capacity of the Campbell Red Lake Mine to depth. He

recommends an entirely new hoisting facility as the present capacity can not

be maintained without major modifications requiring significant production

losses. The siting of this new facility will significantly affect the extraction

sequence of the ore at depth, yet little information on the nature of the reserve

at depth is presently available.

1.2.1 Information Availability

The major reason for limited information availability at depth is that the

cost and complexity of drilling to depth limits the number of surface exploration
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holes which will be attempted. The cost of each wedged hole drilled on INCQ's

Victor deposit was reported to be approximately $1,000,000 to give three

orebody intersections, so the sinking of an exploration shaft is planned.

Environmental approval for an exploration shaft at Cameco's McArthur River

project was justified by the impossibility of obtaining adequate information from

surface drilling to produce a design which could meet the rigours of the final

environmental review process. Based on Iimited surface driiling, a 1500 metre

circular concrete shaft was sunk at the Ansil Mine to complete exploration from

underground, a shaft which eventually serviced the production phase.

Even when more detailed drilling is carried out, however, information

required for the design process is often not recorded or is permanently lost if

only exploration objectives are considered. The minimum requirement should

be that the Rock Ouality Designator (ROD) of the core be recorded near and in

the ore zone. While the ROD gives an approximation of the jointing of the rock

mass, no recording of the joint orientation is normally attempted. If the ROD is

not recorded immediately, core in the vicinity of the ore zone is normally split,

obviating the possibility of a core relogging program to recover this information.

Data provided for a geotechnical study carried out by the author on a

property in Eire, consisted of over 200 holes drilled in the shallow carbonate

deposit without recording water levels encountered either in the overburden or
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the bedrock. No RQD's were recorded. requiring a complete core relogging

program after ore intersections had been split for analysis. Only two holes

extended more than one metre into the orebody footwall although this is where

ail extraction drifts would be located. Preventing water inflows from the

overlying soil aquifer is considered critical to success of the mining operation,

yet no holes had been grouted and so were open to the bedrock surface. While

this example may be extreme. it demonstrates how information critical to the

design and sequencing of an orebody can be lost.

1.2.2 Choosing a Mining Method

The initial design of an underground mining operation requires that a

mining method be chosen to form the basis of the feasibility study. The detailed

design usually occurs after project financing has been committed and methods

are often adjusted as the project proceeds and additional information becomes

available. If a major method change is required. the economics of the project

can be severely altered. If ground conditions require a selective method such

as cut and fill versus a lower cost bulk method for example. a significant

change in operating costs can occur. If a less selective method is required, even

though the cost per tonne may decrease. limitations of the hoisting or milling

facilities may prevent handling a higher volume of lower grade material.

The choice of mining method restricts the long range plan by limiting ~h:;
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possible extraction sequences. The following factors affect the choice of mining

method with each factor being evaluated based on the assumption that some

form of bulk or longhole method will be chosen wherever possible.

1.2.2.1 The Physical Dimensions

The overall size of a deposit forms the basis of selecting a mining rate

and justifying the capital expenditures to provide permanent mine openings.

The most important physical characteristics affecting the choice of a mining

method are the following:

A. Deposit Thickness

Narrow deposits generally preclude certain methods from consideration.

If the orebody is regular in shape, the increased accuracy of drilling systems

has considerably reduced this restriction. Longhole mining systems have now

been used in thicknesses approaching 1 metre (3) (4), although the drill access

sublevel spacing is reduced accordingly.

ln thicker orebcdies, longhole methods can be used successfully in more

irregular ore or the sublevel spacing can be increased. Longitudinal stope

layouts continue until the ore becomes so wide that openings cease to be self

supporting, usually at around 15 metres. Transverse layouts are then used with

the stopes elongated perpendicular to the strike. Stopes are then designed at
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an optimal width and can accommodate irregularity in the footwall and

hangingwall, but the reduced ratio of the strike length of the pillars to their

transverse extension may place tight constraints on the extraction sequence.

B. Orebody Dip

The dip of the orebody determines if gravity can be used in the mining

method with the approximate 50° angle of repose being the key parameter.

Generally speaking, below that angle sorne adaptation of room and pillar

methods will be applied. As the thickness of flat-Iying orebodies increases, the

geometry can be adapted to the use of longhole methods. Even though room

and pillar methods have been used in ore thickness up to 30 metres, these

deposits would likely be adapted to bulk methods today, as is the case at

Mount Isa in Australia where a unique extraction sequence has been developed

as will be described in Chapter 4.

C. Orebody Shape

The major item of importance in defining orebody shape is the regularity

of the orebody boundaries. The decision to use a bulk method versus a more

selective method is determined by the waste which would be included as

dilution by drilling a straight hole from an overcut to an undercut horizon.

Alternately, if rich offshoots could be expected at the stope boundaries,

recovery of these offshoots must justify the cost of the more selective method .
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One must also consider the cycle timing problems developed by mixing

mining methods. An irregular stope observed at the Fraser Mine contained a

high grade nickel "onionskin" complexly intertwined with a core of waste

material. The entire stope was being mined as a bulk stope although the dilution

was expected to be 50%. To do otherwise would require the supply of special

skiIls and services not available in the area to service the more regular stopes

and the longer mining time would place the entire level off schedule. In

summary, any switch to selective methods in a mine normally using bulk

methods has to be economicé:lly justified.

1.2.2.2 The Physical Parameters

The physical or geotechnical parameters include rock strength, fracturing,

jointing, or large scale geological features such as faulting or bedding. The host

rock characteristics are as important as those of the ore. These will determine

how large an opening will be stable, how long it will remain stable, how large

a load can be carried by pillars and how they are expected to shed it. Detailed

information on these parameters may not be available during the initial design

and flexibility should be available in the extraction sequence to allow for design

adjustments as more information becomes available during mining operations.

1.2.2.3 Deposit Depth

Rock stresses increase with depth and influence the mining method
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which can be used and the primary extraction ratio which can be achieved. As

an example, shrinkage stoping methods have not been successful at depths

much in excess of 1300 metres. Mining methods and extraction sequences

developed and proven successful at the upper limits of the mine may fail as the

depth and stresses increase.

1.2.2.4 Grade of the Deposit

The grade of the deposit affects the selection of a mining method or

extraction sequence in two ways:

1. The overail ore value determines the recovery which is economically

justified. Increasing the overall recovery may increase mining costs for

the entire deposit and the additional ore recovered must justify these

additional costs.

2. Grade variations in a deposit may demand the use of a selective

method or require additional working locations to provide grade control.

These extra locations may complicate the extraction sequence.

1.3 DEFINING THE MINING SEQUENCE

The second phase of mine design is to develop a plan for the orderly and

optimal extraction of the reserve. In underground mining, this long range plan

involves the sequencing of mining activity throughout the overall orebody. A

high degree of flexibility exists, in steeply dipping orebodies, as any area of the
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orebody can be accessed independently. There are, however, many constraints,

ground control problems for example, which must be considered when defining

the sequence.

Morrison (5), presented a general classification of mining methods which

also applies to describing or classifying the overall mining sequence. He states:

"It is impossible for any classification to embrace ail the differences in practice

flowing from the possible variations in physical conditions. However, a general

classification should indicate the basic requirements for different methods.

Ground control facilities are the primary consideration in the selection of a

mining method and should be a distinguishing feature in any classification."

He continues: "Even when favourable initially, bad ground can result

from the inept application of the most appropriate method. In ail mining

operations, ground conditions gradually progress towards failure and, within

limits, mining methods must be adaptable to such changes. In the process, the

ground control facilities of one method may gradually displace those of another.

Thus, in practice methods are compromises with clear-cut demarcatioo1 lines

only under ideal conditions." (5)

Morrison concentrated on stope scheduling to cause a coalescence of

openings and thus induce shedding of rock stresses to the solid abutment. This



•

•

•

13

control of strain energy and its associated closure, and the associated ground

control problems and costs. is still considered as an important consideration in

the choice of both mining methods and mining sequences.

It is not the only factor to be considered, however, as with the large

capital investment required to develop a modern mining operation and within

today's legislative environment. these mine extraction sequences must be

formulated within the following constraints:

1. The Management Environment. Management objectives are often
based on the availability of capital funding and the requirement to
provide a return on that funding. The requirement to quickly establish
and maintain a positive cash flow is often critical to company survival.

2. The Legislative Environment. Mines must operate within the legislative
guidelines of the jurisdiction in which they are located. Maximizing
extraction of the minerai resource, generation of revenues through
taxation systems, ensuring the safety of the workplace. and protecting

the physical environment are usual priorities of controlling legislation.

3. The Geologicai Environment. Both the geotechnical and economic
parameters of the orebody and the variation in their values occurring
spatially in the orebody and along its margins are critical in choosing the
optimal sequence.

4. The Technological Environment. The technology used to extract the

ore determines many aspects of how the extraction must be sequenced .
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Based on these constraints, the overail objectives of the extraction

sequence should be defined early in the planning process and the sequence

should be rigorously implemented, bearing in mind that flexibility to adapt to

changing or unexpected conditions should be built into the plan. As shown in

chapters 6 and 7 of this thesis numerical modelling and instrumentation can

provide important tools in planning and adapting the mine sequence.

1.4 OBJECTIVES OF THE MINE SEQUENCE

With the high development and financing costs of today's industrial

climate, most managers agree that the overail objective of any long term mining

plan is to maximize the net present value of the mining investment. To achieve

this however, one must optimize or maximize the following individual

sequencing objectives as part of that long range mining plan.

1. To maximize the overall percentage extraction of the mineraI resource.

2. To develop an optimum sustainable rate of extraction.

3. To minimize the cost per unit extracted.

4. To minimize the initial development time and cost.

5. To provide a grade control strategy.

6. To minimize ground control cost and problems.
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It is obvious that not ail of these objectives are complementary; in fact,

they may be somewhat in conflict. The development of a high level of grade

control, for example, may require more initial development. To maximize the

economic returns, ail of these objectives must be considered by the design

team and some optimal solution accomplished through the overall mine

extraction sequence.

These objectives should be kept in mind as mining sequences are

reviewed in Chapters 3 to 5. Each of these objectives will be discussed in more

detail in Chapter 8 in the context of developing a sequencing classification

system.

1.5 THE SHORT RANGE PLAN

The short range plan establishes the day to day objectives of operating

personnel and generally deals with weekly or monthly time intervals. This plan

covers the drilling, blasting, mucking, filling and ground support activities which

are part of the extraction process. It is dependent on the long range plan as, in

an underground mine, development openings must be established as part of the

long range plan or the short range operations can not proceed. Delays in the

short range activities, in backfilling of stopes for example, can, however, have

a serious effect on the long range extraction sequence.
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At some strategie time interval, usually on an annual basis, the short range

plans must be adjusted to bring the extraction sequence closer to the long

range plan or the long range plan itself has to be adjusted.

ln conventional mining, such as shrinkage or eut and fill stoping, short

range planning activities are dictated by the method. There is considerable

flexibility in overall sequence planning as the number of stopes is limited only

by the number of levels available and the cost of maintaining these levels. Pillar

recovery is often delayed until late in the mine life.

With the advent of bulk mining methods some of the flexibility of

working places was removed and a long range plan of the extraction sequence

is necessary to minimize the interaction of one mining area with another. The

absolute necessity of controlling this interaction to avoid dilution and expensive

ground control activities placed more emphasis on mine sequencing and closer

co-ordination of long and short range planning activities.

While this thesis deals mainly with the long range planning of mine

extraction sequences, the case study of the David Bell Mine described in

Chapter.7 shows how the stope extraction method was adapted to meet the

requirements of the planned mining sequence.
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1.6 JUSTIFICATION FOR RESEARCH

ln the early 1980's, there was a dramatic increase in rockburst activity in

Ontario mines in Elliot Lake (6), at the Macassa mine in Kirkland Lake (7). at the

Campbell mine in Red Lake (81, and at the Creighton and Falconbridge mines

(9) in Sudbury. The Stephenson Commission was appointed, by the Ontario

Government, to investigate the occurrences and to recommend ways to

mitigate the problem. In its brief to the Commission (10). the United

Steelworkers Union presented the opinion that the high productivity techniques

being introduced were the cause of this increased rockburst activity .

The mining industry considered that continued development of high

productivity methods was essential if Ontario mines were to compete in world

markets. This research program was undertaken to evaluate the new bulk

mining methods, sequences, ground control techniques and monitoring

raquirements, and to provide a better understanding of they affected the safety

and economic aspects of the mines. It concentrated on Ontario mines where

over half of the hardrock mines in Canada are located, and which represent a

diverse geological, geotechnical, economic and management spectrum.

This was significant, as no standard cr code of practice existed for mine

sequence planning and no prior research into this area had been published. It
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became more significant when, in 1989, the Ontario Ministry of Labour

legislated that owners of a mine must prepare and maintain a mine design that

should, "describe the mining method including stope sequencing" and that it

must "describe measures planned and used to assess potential ground

instability such as instrumentation and computer modelling" (11). While many

such sequencing plans have been developed, often with the assistance of

external consultants, little follow-up has occurred to evaluate their success.

A review of both traditional and contemporary extraction sequences is

provided in this thesis, along with the detailed analysis of a mine extraction

plan over a five year period, including an evaluation of the use of both

instrumentation and numerical modelling as required by legislation. This is seen

as a significant advancement of the knowledge and understanding of the design

and planning process of underground mining operations.

1.7 RESEARCH OBJECTIVES

The following objectives were selected for this research:

1. To determine the main factors which have governed extraction

sequencing planning, within the various mining areas of Ontario.

2. To understand and to classify the sequencing strategies used in both

historical and contemporary Ontario mines and how the strategies have

evolved with the change te bulk mining metheds.



•

•

•

19

3. To examine the various extraction sequences in Iight of how they

meet the objectives demanded of a successful mining operation.

4. Through a detailed case study, at an operating mine, to evaluate the

application of numerical modelling in planning the ground control aspects

of an extraction sequence.

5. To evaluate the effectiveness of an instrumentation program in

monitoring an extraction sequence and providing the data necessary to

adjust the mining plan to meet the day to day demands placed on

production personnel.

6. To provide a design rationale for the advancement of future mine

sequencing planning, especially in the Iight of rapidly evolving extraction

technologies .

1.8 METHODOLOGY

The research began by first reviewing the factors which influence the

outcome of mining activities within the underground hardrock mining industry

of Ontario. Site visits were carried out to ail mining areas in Ontario and

augmented by visits to mines in Manitoba and New Brunswick. In addition, a

thorough Iiterature review was carried out on both historical and contemporary

mine sequencin., activities. The varied approaches to extraction sequencing and

the factors causing these variations were compared and contrasted to develop

an understanding of the rationale involved in sequence planning.
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The second step of the research involved finding and developing a case

study where the extraction sequence could be planned and evaluated through

monitoring of the rock behaviour. Two initial sites were chosen for this work

but the very slow extraction rates involved at both sites and changes in mine

personnelled to these locations being abandoned.

The eventual case study chosen was the David Bell mine, owned and

operated by Teck-Corona Operating Corporation in the Hemlo area. This area

was the most significant new mining area to be developed in Canada in several

years and the presence of three operations on the one orebody, as described

in Chapter 5, gave an excellent opportunity to compare and contrast

sequencing planning. In addition, the mine was a new operation moving to a

new portion of the orebody, a portion which would go to complete extraction

within a five year operating period.

The author became involved in the planning process in May of 1988

although a visit to the mine was made in 1986 as the ir::li31 eut and fill stopes

on the upper levels were being excavated as described in Chapter 5. Numerical

modelling required during the initial planning of the main ore zone was carried

out by the author in 1988 in conjunction with the mine's rock mechanics

consultant. Ongoing modelling work, as the sequence was adjusted, was

carried out directly by the author in conjunction with mine personnel. Most of
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the numerical modelling was carried out using the MINTAB displacement

discontinuity code as ndapted by CANMET, although the FLAC finite difference

code from Itasca (12) and the Examine3D boundary element code from the

University of Toronto was also used. Regulai' mine visits were conducted over

a five year period to discuss the results of the modelling and to plan the

extensive instrumentation program.

The instrumentation program initially begun by the mine in conjun.::tion

with its rock mechanics consultant was augmented under a mine funded

research contract to the author in March 1991 and matched by the University

Research Incentive Fund of the Ontario Government in October 1991.

Undergraduate student research assistants were employed at the mine during

the summers of 1991 and 1992 to assist with the rockmass characterization

and data collection. The in-situ stress measurements were carried out by Mr

Peter Lausch, a Queen's University technical assistant, and funded by the

research.

Ali production statistics during the period as weil as the data collected

by mine survey personnel from the installed instrumentation were supplied by

the mine. Deviations from the plan necessitated by operational constraints were

discussed regularly during site inspections and by telephone.
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Both the David Bell Mine and the interaction of the two other mines

operating on the same orebody provided an excellent opportunity to plan,

observe and document the extraction sequence. Also, the plan's interaction

with the short range operational and safety constraints which are part of the

day to day life of the operation could be observed and evaluated.

1.9 THESIS STRUCTURE

Chapter 2 of the thesis reviews the factors which have affected mining

practice and sequencing philosophy in the various mining areas of Ontario and

evaluates which factors have produced differences. Chapter 3 presents an

analysis of the traditional sequences developed and used in these mining areas

and how they were restricted by more traditional mining methods. Chapter 4

continues with a description of the sequences developed in conjunction with

more mechanized or bulk mining methods. Both chapters provides examples

from outside of Ontario where they are considered to be significant.

Chapter 5 describes the mining sequences used internally at the three

mining operations in the Hemlo area and how the three mines interface on

extraction planning. Chapter 6 gives a summary of the geotechnical information

gathered to classify the rock mass and to serve as input for numerical modelling

studies. The numerical modelling carried out as part of planning the extraction
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sequence at the David 8ell Mine is described and evaluated. Finally a discussion

of the limitations of the various numerical models used is given. Chapter 7

discusses data provided by the mine's comprehensive instrumentation program

and examines the practical problems encountered and how mining practice or

the extraction sequence was changed to overcome them.

Chapter 8 evaluates the economic sensitivity of a project to the various

sequencing objectives, providing examples from Chapters 3 through 5 of how

the move to bulk sequences has affected the ability to achieve them. The

chapter also presents a classification of these sequences and discusses the

possible implications of new technology on the sequencing options. Finally

Chapter 9 presents the conclusions arising from the research and gives

recommendations for future work to better evaluate the optimal planning and

sequencing of an underground mining operation.

1.10 CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

There has been very little written on the subject of optimization of mine

design. Zambo (13) looked at optimizing the location of extraction entrances

to minimize underground development; unfortunately this often gives rise to an

entrance which is poorly placed geomechanically. Some work has been carried

out on optimizing stope layout in flat-Iying deposits (14), generally in coal or
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other soft rock deposits. Yi and Strugal (15) look at optimizing the cutoff grade

for underground orebodies but the work simplifies the problem by assuming

that there is only one fixed and one variable cost factor involved.

The bulk of recent Canadian mine design research activity has focused

in three main areas. Firstly, in the area of stope design the work 0-1 Mathews

as modified by Potvin (16) has concentrated on developing a design process for

sizing stope openings. Secondly Bawden (17) concentrated on designing wall

support leading to a handbook on support principles and requirements.

Associated with this latter project, considerable work has been carried out to

develop numerical modelling tools to help estimate stress behaviour, leading to

the development of the Examine3D program (18). Other models such as BEAP

were developed in conjunction with CANMET. Bawden et al. (19) mentioned

stope sequences as part of the overall design process, but there is no

description of any attempts to classify mining sequences or their interaction

with the operational problems of day to day production.

This research is the first to examine both historical and contemporary

mine sequencing strategies and to evaluate them not only in a geotechnical

manner but in terms of the financial and operational objectives of the mining

company. It provides the first published record of an extraction cycle which led,

during a five year period, to one area of a large mine successfully reaching
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complete extraction. The work docum~nts the role played by numerical

modelling studies, by an intensive instrumentation program, and by adaptations

in mining practice in helping to successfully advance the extraction sequence.

As research continues into additional automation of the underground

mining process, it is important to understand the lessons of the past and

problems of the present. This research is considered to be an important first

step in understanding how to best manage mine extraction strategies to ensure

the optimal use of the minerai resource.
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CHAPTER 2

A REVIEW OF ONTARIO MINING ACTIVITY

To determine the main factors which have affected mine sequencing

practice, this research concentrated on the hardrock underground mines of

Ontario since over haIf of the Canadian mines in this category operate in that

province. While that number may change frequently, at the time this project

began there were around 40 such operations. Since the intention was also to

examine historical practices, there was also a wealth of published information

on previous operations in Ontario.

2.1 THE MINING AREAS OF ONTARIO

ln Ontario, notable geographical clusters of mining activity exist, the

Sudbury area for example, with over 30 of the 40 operating mines situated in

six major mining areas. Theseôme areas have also been the location of much

of the historical mining activity. While variations in mining methodology may

exist within these areas, common attributes often dictate similar general

approaches to mining. In the Sudbury area, while the economic minerais and

the attitude of the orebodies are similar, they range from the wide deposits of

the Frood Mine to the narrow tabular veins of the Falconbridge Mine, to the

complex lens type deposit at Strathcona. Vet within this wide range of
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orebodies, the stress regime, mining methods, the management of pillar

removal, and the nature of mast rockbursts are similar.

The initial stage of this research examirocd mining methods and

sequences used in the six primary mining areas shawn in Figure 2.1. After a

thorough literature review, site visits ta each area were carried out.

Figure 2.1 The Main Hardrock Mining Areas of Ontario

1. The Kirkland Lake Area

The Kirkland Lake area is defined as the goId mines whic;'-. were clustered

along the 5.5 kilometre length of the "main break" of the Kirkland Lake fault
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from the Macassa Mine on the west to the Toburn on the east. The Macassa

operation of Lac Minerais Ltd. is the only active mine remaining.

2. The Porcupine Area

For the purpose of this research, comments are restricted to gold mining

activity in the Timmins area. There has tgen a notable absence of rockburst

activity in these mines, making an examination of the reasons for this absence

important. Two mines, the Dome Mine of Placer Dome and the Pamore

operation of Royal Oak Mines, continue to operate.

3. The Sudbury Area

The initial examination of the Sudbury region concentrated on the

following three mines, thought to be representative examples of area mining:

(1) The Falconbridge Mine of Falconbridge Limited: a steeply dipping,

narrow, tai:lular orebody with a long operating history. This mine was

closed as this project began but much published information existed on

the mine and the author had worked there in the summer of 1971.

(2) The Strathcona Mine of Falconbridge Limited which is at the

northwest corner of the Sudbury basin.

(3) The Creighton Mine of INCa Ltd. which is an excellent case study of

mining methods and changing technology since it began underground

operations in 1904. It is also the deepest mine in the area and as such

has developed novel mining methods to handle high rock stress.
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ln addition, site visits were later carried out to the South and Frood-

Stobie mines of INCO Ltd. and to the Onaping, Lockerby and Fraser Mines of

Falconbridge Limited.

4. The Elliot Lake Area

Mining in this area is confined to a tabular flat-Iying orebody. While the

bulk of mining in the area is relatively shallow, there has been an important and

intensely researched series of rockbursting events. Until 1990, mining activity

was carried out at three Rio Aigom Mines and the Denison Mine.

5. The Red Lake Area

The Campbell Red Lake Mine and the Dickenson Mine carry out adjoining

mining activitiesin the area. Rockbursting has been present since the 1960'5

and a major series of rockbursts in late 1983 at the Campbell property have

resulted in important changes in the approach to mining activity in this area.

6. The Hernlo Area

The newest Ontario mining area, it is one of the most important gold

mining areas in Canada with combined production of over 500,000 ounces

coming from three underground mines exploiting a common orebody. While

many features are common to the three operations, physical ore differences and

management philosophy provide an interesting comparison of mine sequencing
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strategy among the operations. It is this area in general and the David Bell Mine

in particular which was chosen as the prime case study for this thesis.

2.2 FACTORS FOR COMPARISON

Within each mining area a series of factors or circumstances influencing

mining activity were chosen for review.

2.2.1. History

The history of a mining area is considered important as the time of mine

development determines the mining methods and technology used. The mining

sequence is influenced by one's ability to explore the orebody to depth and the

materials handling systems available.

ln the Kirkland Lake area, the Wright-Hargreaves was discovered in

1911, began production in 1921, and peaked at 1120 t per day in 1940. To

the east, the Sylvanite and Toburn Mines were also brought into production.

To the west, the Lakeshore Mine's production peaked in the mid 1930'5

until rockbursting problems caused its production to decline. Production ceased

in 1965 with the crown pillar mined in 1985 by Lac Minerais. Farther west, the

Teck-Hughes Mine was developed in 1923 at the point where the orebody
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ceased to outcrop on surface. Still further west, drilling in 1924 by Kirkland

Lake Gold Mines established the presence of ore at a depth of 550 metres. At

the extreme western end of the ore zone, Macassa Mines was explored from

the 750 metre level of the Kirkland Lake Mine and in 1934 a shaft was sunk

to the 915 metre javel. This is the only active mine in the area today. After

over 20 years of development activity, the result was seven mines in operation

along a 5.5 kilometre stretch of the main ore-bearing zone.

ln the Porcupine area, gold was discovered in 1909 with the most

notable deposits being the Dome, Hollinger and Mclntyre mines. Over the

years, up to 36 mines have operated in the area. While standard mining

technology has been used in the area, rcJckbursting has not been a problem.

The Dome Mine of Placer Dome Ltd.and the Pamore Division of Royal Oak

Mines Ltd. are the only active mines in the area.

The first record of mineralization in the Sudbury district was in 1856 and

in 1886 open pit mining began at Copper Cliff, followed by underground mining

at Creighton in 1907. By 1900 ail of the major INCa deposits in the immediate

Sudbury area were known. In 1901 Thomas Edison outlined the Falconbridge

orebody by a dip-needle survey but failed to reach it by a shaft in overburden.

It was discovered after diamond drilling technology was developed by E.J.

Longyear in 1916-17.
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Mining development began in the Elliot Lake area in 1953 with capital

expenditures of about $350,000,000 to develop a combined daily capacity of

31,300 tonnes. Development took place on 11 properties and involved the

sinking of 19 shafts ranging in depth from 180 to 1160 metres. This activity

is weil documented by Morrison (20). With the completion of the contracts in

the early 1960's and a decline in world priees for uranium, only two companies

survived, Rio Aigom with its Quirke, Panel and Stanleigh Mines, and

Consolidat'!d Denison. Only the Stanleigh Mine is still in operation after

termination of long term Ontario Hydro col1tracts in 1992.

The first major find in the Red Lake area, the Howey Gold Mine, started

production in 1930. Other mines such as Cochenour-Willans, Madson Red

Lake, and McKenzie Red Lake, operated in the area starting in the 1930's. The

Dickenson and Campbell Red Lake Mines began production in 1948 and are the

only remaining operations.

The newest mr.:ljor mining area, the Hemlo area, was discovered in 1982

and began operation in 1985. The three operating mines are the David Bell

Mine to the east and Williams Mine to the west, both owned by the Teck

Corona Operating Corporation, and the Golden Giant Mine of Hemlo Gold

Limited in the central portion of the orebody. The orebody decreases in

thickness from west to east and decreases in grade in the opposite direction.
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Within the areas examined, with the exception of the Elliot Lake and

Hemlo areas, mining had commenced by 1930. While improved diamond drilling

tcchnology would have allowed better pre-production orebody definition, other

factors precluded extensive definition drilling. At Elliot Lake, for example,

precise definition of the orebody wCiuld have been prohibitively expensive. In

most room and pillar operations, the flexibility of the method allows the plan to

deal with ore variability. In the Hemlo area, the rush to bring the mines to

production resulted in minimal drilling definition, even to the point of a major

production shaft being sunk through an adjoining company's orebody.

The final extraction sequence often developed from operational

constraints rather than good planning. In the older mining areas the general

sequence of mining from top to bottom was often based on a Jack of

knowledge of the orebody at depth. Final ore definition in many early mines

was based on establishing a drift on the ore vein above and below the stope

and driving a raise through the ore at a 50° angle. The stope was then ready

for the start of production.

ln terms of production technology, only the Hemlo area started out using

bulk mining methods. Ali other areas have now adopted or adapted sorne bulk

mining method, depending on the thickness and other parameters of the

orebody. The use of shrinkage mining in the Kirkland Lake and Red Lake areas
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led to rockbursting problems, as discussed in Chapter 3, but technology has not

direc'Iv affected ground control in the various areas. The most significant

difference in mining practice among the areas is the amount of backfilling

practised. In the Sudbury and Hemlo areas, backfill was used at an early stage,

whereas in the other areas large expanses of open stopes were left.

2.2.2 Geology

ln reviewing and comparing the geology of the various mining areas from

a ground control perspective, the following points were considered important:

(1) The relationship between the host rocks and the ore.

(2) The degree of faulting which controlled the ore deposition and

post-ore faulting, silicification or dike intrusion.

(3) The orebody depth, attitude, regularity in dip, strike, and thickness.

Kirkland Lake lies in a gold bearing belt which runs 250 kilometres from

Swastika in Ontario to the Cadillac area in Quebec (21 J. Thomson describes

the area as bounded on the north by mafic volcanics which to the south are

interbedded with sediments and felsic volcanics. These volcanics occur in long

narrow bands, have been heavily folded to a near vertical position, and have

been faulted alo;lg strike both in a pre-ore and post-ore manner. From a

mineralization point of view the following points are considered important:
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(1) The mineralization shows a close relationship to structure. It occurs

in a variety of rock formations but regardless of the rock type exhibits

a direct relationship to the faulting.

(2) There has been pre-ore and post-ore faulting with post-ore

movement found to occur on pre-ore faults. Pre-ore movement has

created subsidiary fractures, drag folds and brecciated zones that are

ore-bearing while the main fault in the area may be barren.

(3) The presence of a brittle competent rock adjacent to a fault or lold

tends to be the best ore deposition location due to the increased

fracturing. In some locations, rocks not normally brittle have been made

so through pre-ore silicification ..

The "mein break" or Kirkland Lake fault is a thrust fault striking N 67° E

with a steep southerly dip and vertical movement of up to 425 metres at the

western end. Worked to a depth of 2500 metres at the Lakeshore Mine, the

fault may occur as a single plane, as parallel planes a few metres apart or as

fault planes up to 30 metres apart. Mining of these parallel structures and

particularly of their junctions has caused many rockbursting problems.

The longest ore stoping length was on the 1000 metre level where the

Teck-Hughes, Lakeshore and Wright-nargreaves Mines shared 2000 metres of

ore. The ore width averaged 2 metres but varied from a minimum of about 50

centimetres to a maximum of 30 metres at certain vein junctions.
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The geology of the Porcupine area is characterized by the following:

(1) The orebodies occur as vein stockworks in fractures formed at the

crests of intense folding.

(2) The various orebodies do not occur along a major structural trend

but in fact are scattered along a complex fold structure.

(3) Even within individual mines such as the Hollinger or the Dome, the

ore occurrences are a series of scattered pods as shown in Figure 2.1.

(4) The host rocks include mainly metamorphosed sediments which are

described as schists. Dunbar (22), :'1 de!'c;ibing the predominate host

rock, writes: "The intensive fracturing caused by cross-folding

superimposed on relatively porous and schistose rocks .... tended to

create a spongy layer in which veins formed."

(5) The mineralization accompanied a hydrothermal solution which

percolated into these fold induced openings. There was not the degree

of silicification which occurred in Kirkland Lake.

ln describing the Porcupine area in his 1942 report, Morrison (23) refers

to the serpentine of the porcupine as "obviously a weak rock". He states: "In

comparing such camps as Kirkland Lake and Porcupine, one can only suggest

that elastic characteristics predominate in the rocks at the former as against

plastic in the latter." Because of the sotter highly sheared host rocks and the

fact that openings of large areal extent along a continuous orebody were not

present, rockbursting was not a problem.
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Figure 2.2 The Scattered Ore Pods of the Hollinger Mine (22)

Sudbury area deposits occur immediately adjacent to the rim of an oyster

shaped norite, in quartz diorite and greenstones in three characteristic manners:

1. As disseminated ore confined mainly to the quartz diorite.

2. As massive sulphides, usually along a definite fault or breccia zone.

3. As an intricate pattern of sulphide stringers in various types of

shattered and brecciated county rock.

The main structural system, the Creighton fault, runs along the south-

eastern edge of the basin with horizontal displacement of up to 600 metres.

Other numerous localized faults are associated with the various area orebodies.
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The Falconbridge Mine ore zone was a near vertical sheet of sulphides

approximately 1.6 kilometre long and over 1800 metres deep. The ore was a

breccia cemented by a matrix of sulphides. The contact between the ore zone

and the norite coincided generally with a shear zone known locally as the "main

fault" composed of gouge material up to 1 metre in thickness. Where there was

a deviation in the contact in dip or strike, tangential shears could break away

fram the main fault towards the north or south. Where these shears occurred

in the greenstone, they formed the loci for "south wall" ore shoots which were

bodies of massive sulphides Iying south of the main ore zone. Where the

shears brake away into the nOiite they resulted in localized widening of the ore.

The Creighton Mine lies on the outer rim of the norite basin at an

embayment into the footwall rocks. The norite serves as the hangingwall with

the footwall being metamorphosed volcanics and granite. Of interest is the

presence of varying grades of ore with high grade massive sulphides occurring

adjacent to faulting in the area. Disseminated ore grades away fram the faults

and into the quartz-diorite and the norite of the hangingwall.

The Strathcona ore reserves occur in three areas:

1. The Main Zone, 1000 metres on strike and 500 metres vertically

from the 1475 to 3025 level. The dip is 60° to the south at the west to

30° at the east. Mineable widths vary fram 3 to over 100 metres.

2. The Deep Zone which is approximately 150 metres in length, width

and height from the 2250 to the 2750 level.
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3. The Hangingwall Zone of scattered lenses parallel to ti-,a main zone

and Iying between the 2000 and 3150 levels.

The major feature of Elliot Lake geology is a large Z-shaped exposure of

an unconformity between gently folded Huronian sediments and the highly

folded and metamorphosed basement rocks. The northern portion of the "Z" is

a synclinal fold plunging about 5-10 degrees to the west. The Quirke, Panel and

Denison Mines operated on the north limb of the syncline where economic

uranium had been outlined over an area of abûut 4 kilometres on strike and 8

kilometres down dip. On the south limb the Stanleigh Mine is now operating .

Mineralization occurs in a quartz pebble conglomerate reef which varies

widely in dip on the individual properties. In some locations, at Denison for

example, a second ore reef occurs about 45 metres above the lower reef. The

ore horizon is intersected by numerous faults and dykes which can be up to 30

metres wide and persistent on strike. Important operationally, is the presence

of numerous, weil developed joint sets which have resulted in many wedge

failures of the stope backs and in difficulty to calculate true pillar strengths.

As reported by Horwood (24), the Red Lake Basin is a huge remnant of

volcanic, intrusive and sedimentary rocks, about 60 km long from east to west

and up to 37 km in width, which was intruded by granitic masses. The volcanic
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and sedimentary formations are heavily folded. The fractures and shear zones

are thought to be related to compressive stresses caused by the intrusion of

several granitic masses and occur within various rock types.

Several ore zones exist at the Campbell Mine as follows:

1. The A zone is a fracture filled vein from 30 cm to 2 m wide, 450 m

long and presently developed to the 920 m level. It terminates against

an altered zone to the west but continues east to the Dickenson Mine.

2. The F2 zone is a continuation of the A zone to the west of the

altered area. An offset of this zone to the south ;.' known as the F zone.

3. The L zone is a series of veins formed in altered rock. The main

portion, striking northeast is a replacement type vein containing varied

sulphides and free gold. The zone is over 15 metres thick and 60 to 100

metres long with smaller veins perpendicular to the main zone.

4. The G zone is similar to the L zone. It is developed to 920 metres, is

10 to 15 metres wide and up to 200 metres long.

The A and F zones are narrow but of large areal extent, contained within

the andesite, and have undergone fracture filling by the goId quartz solutions.

The replacement Land G zones have greater thickness and reduced areal extent

and are also associated with altered chloritic rock.

The Hemlo area rocks are part of an Archean age greenstone belt which
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hosts several gold deposits. The ore is found near the bottom of the Heron Bl.1~'

group in the south 11mb of the Hemlo Syncline which formed during deformation

and metamorphism of the original volcanic-sedimentary rocks. Important to the

mine design and sequencing activity in the area is the presence of up to 5 joint

sets, the highly altered rocks which may include sericite bands of up to 15 to

20 mm in thickness, and the presence of barite in the ore zones. At Golden

Giant, for example, the ore reserve was publlshed as containing up to 13%

barite. These points will be covered in more detail in Chapters 5 thraugh 7.

The main Hemlo orebody, while somewhat irreglJlarly shaped on

longitudinal section, is a continuous sheet of appraximately 2500 metres strike

length and extending fram surface outcrop on the Williams property to near

1000 metres in depth. It strikes approximately 100° to 110° with a dip of 40°

to 70° to the north. It varies in thickness from approximately 2 metres on the

east to 45 metres on the west.

Rrom the examination of the geology of the Porcupine area, it can be

seen that the ore occurs in a series of scattered pods which reduces the areal

extent of the excavation on any pod. In addition, the schistose rocks aet as a

stress relief shadow. The mining sequence was not critical as the various pods

were discovered and mined. No serious rackbursting has occurred in the area

and, even though much of the mining was completed before numerical
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modelling was available, the existing operations have not become greatly

involved in research in this area. Because of the differing geology and lack of

rockbursting, no further examples from the area are included in this study.

The Kirkland Lake and Red Lake areas are both structurally controlled,

have zones of significant areal extent, are contained in brittle rocks, and both

have had post faulting and silicification of the ore zones. Both mining

operations deal with a "stiff" mining environment and they have experienced

significant violent ground failure.

ln the Sudbury area both stratigraphic and structural controls exist. Ali

orebodies occur along the norite greenstone contact, but the exact nature of

the individual orebodies varies, depending on local faults or shear zones.

Both the Elliot Lake and Hemlo areas have strong stratigraphie controls

and the mining activity is affected by strong joint patterns which can cause

back instability. The nature of the orebearing material is completely different,

the Elliot Lake pebble conglomerate being very brittle and the barite bearing

Hemlo ore being relatively soft. Elliot Lake is also a "stiff" mine whereas the

Hemlo rocks are much more compressible.



•

•

43

2.2.3 The Geotechnical Environment

The geotechnical environment is defined as:

(a) The physical characteristics of both ore and host rocks including

their strengths and elastic moduli.

(b) The in-situ stress field, including the stress gradient with depth, the

ratio of horizontal stress to vertical stress, and the orientation of thpse

stresses to the orebody.

For the reasons mentioned in the previous section, no geotechnical

parameters fram the Porcupine area have been included.

At the Macassa mine, in-situ stress measurements conducted by Arjang

and Vaillancourt (25) show the maximum principal stress to be in the NNE-SSW

to NW direction and perpendicular to the orebody. The intermediate stress is

parallel to the orebody, while the vertical stress is lower. The general

relationship is given by:

Vertical Stress (MPa.)
Perpendicular Stress Horizontal
Parallel Stress Horizontal

= 0.026 MN/m x depth
= 1.56 to 1.68 x vertical
= 1.00 to 1.27 x vertical

•

The brittle nature of the rock in the Kirkland Lake area is demonstrated

by the rock strengths of the Macassa Mine published by Cook and Bruce (8)

given in Table 2.1 .
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TABLE 2.1

MACASSA MINE - PHYSICAL ROCK CHARACTERISTICS

ROCK TYPE COMPRESSIVE STRENGTH (MPa.) ELASTIC MODULUS
UNIAXIAL TRIAXIAL GPa.

PORPHYRY

TUFF

BASIC SYENITE

227

193

145

386

386

317

69

82

62 +

•

Rock strengths of the Elliot Lake area were examined in detail by Morrison

et.al. (20). A summary of these results for the ore is given in Table 2.2. The

high deviation results from the individual pebbles present in the test samples.

TABLE 2.2

ELLIOT LAKE - PHYSICAL ROCK CHARACTERISTICS

UNIAXIAL COMPRESSIVE STRENGTH

AVERAGE VALUE
MINIMUM VALUE
MAXIMUM VALUE
STANDARD DEVIATION

NORTH ZONE

MPa.

195
51

408
60

SOUTH ZONE

MPa.

160
72

280
54

•

ELASTIC MODULUS

POISSON'S RATIO

29.3 - 91.3 GPa.

0.10 - 0.20, average 0.17
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Stress studies show horizontal stresses to be weil above the vertical

stress, which is close to the gravitational forces of the overlying rocks. Stress

determinations at the Stanleigh Mine, Arjang (26), are summarized as follows:

STRESS VERTICAL
STRESS HORIZONTAL ALONG STRIKE
PERPENDICULAR TO STRIKE

= 0.0263 MN/m x depth (m)
= 2.0 x vertical
= 1.4 x vertical

•

•

At the Campbell Red Lake mine, stress measurements were carried out

by CANMET and the results from Arjang (27) are summarized in Table 2.3.

ln addition to this work, stress measurements wertl carried out in

different rock types along the 14 level to determine if the stress field was

equivalent for ail rock types or if, in fact, some formations acted as stress

concentrators. The results showed equivalent stress for ail rock types.

TABLE 2.3

STRESS MEASUREMENTS AT THE CAMPBELL MINE

Depth(m) Horizontal Vertical Ratio
Normal Parallel Vert. Parallel
MPa. MPa. MPa.

625( 14L) 27.0 16.0 16.0 1.7 1.0
1000(22L) 54.0 24.0 26.0 2.0 0.9
1220(27L) 73.0 43.0 32.0 2.3 1.3
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Rock properties from the Campbell mine were summarized by Makuch

(28) from test results obtained from EX core and six inch overcore samples.

The results are given in Table 2.4.

TABLE 2.4

ROCK PROPERTIES FROM THE CAMPBELL MINE

Rock Type Sample UCS Modulus Poisson's
Size MPa. GPa. Ratio

Andesite EX 33.0 to 41.0 82.4 .21

Andesite 6" NIA 85.0 .20

Chloritic EX 17.0 60.0 .16
Rock• The geotechnical parameters are quite varied among the deposits in the

Sudbury area depending on the rock types present in the hangingwall and

footwall. The strike of the orebodies is quite varied as they lie around the

perimeter of the basin, yet with the exception of the Creighton Mine, the

maximum principal stress is roughly perpendicularto the orebody. At Creighton

the maximum principal stress is parallel to the orebody although it approaches

being hydrostatic at depth (29).

Table 2.5 gives the parameters used in recent Examine3D modelling by

•
the geomechanical design group at Queen's University. The high modulull

shown for the Lockerby Mine is based on the footwall granites but it must be
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remembered that a shear zone of several metres in thickness exists in the

hangingwall of the ore zone so the true in-situ modulus is difficult to quantify.

TABLE 2.5

SUDBURY GEOTECHNICAL PARAMETERS

Vertical Stress (MN/m x depth)
Maximum Horizontal:Vertical
Intermediate Horizontal:Vertical
Young's Modulus
Poisson's Ratio

Strathcona

0.025
1.68
1.43
42,000 MPa
0.30

Lockerby

0.0198
2.09
1.57
65,000 MPa
0.22

• The initial modelling carried out by the author for the David Bell Mine was

provided internally from in-situ measurements taken at the Williams Mine and

at the Golden Giant Mine by Golder Associates, The normalized stress state,

discussed further in Chapter 6, is as follows:

Vertical Stress (MPa.)
Perpendicular Stress Horizontal
Parallel Stress Horizontal

= 0.024 MN/m x depth
= 1.8 x vertical
= 1.15 x vertical

The rock parameters used in the modelling were as follows:

•
Young's Modulus
Poisson's Ratio

Initial Models

25,000 MPa
0.25

Later Models

24,000 MPa
0.17
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The initial values were based on a weighted average of the rock values

assuming the presence of baritic zones as discussed further in Chapter 7. The

values used in the later models are those used after on-site model calibration

was carried out. Detailed parameters for the Hemlo area are given in Chapter

6. In summary, the stress regime at Hemlo is typical of the Canadian Shield and

the lT'odulus of the rock is greatly reduced by sericite zones in the hangingwall

and baritic zones in the ore material.

From this data it can be seen that the general order of magnitude of

stresses are as expected in ail mining areas. The rock properties of the Kirkland

Lake, Elliot Lake and Red Lake areas, as dictated mainly by the elastic modulus,

are such that they can be expected to fail violently. As such, mining operations

in this area are dealing with "stiff" rocks where stresses have to be managed

on a 'Jery local scale. The Hemlo and Sudbury areas have lower modulus rocks

and a different stress management procedure can be expected to be successful

in these areas as will be shown by examples in later chapters.

2.2.4 Orebody Economies

Ore value determines the pre-development exploration and developme"1t

which can be justified. It determines the '-,1ining method used and the degree

of extraction which is attempted. Variations with time as markets or grade

fluctuate affect the consistency of the mining approach.
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The gold mining operations went through the very lean post-war period

when gold priees in Canada were fixed at $35.00 per ounce ($1.09 per gram)

but production costs increased dramatically. During this period, only the higher

grade operations survived by minimizing production costs.

For the gold operations in the Timmins area, grades varied dramatically

in various ore zones. The Hollinger operation had certain very high grade ore

zones. The Dome Mine continued operations in high grade areas but avoided

lower grade material. Low grade ore around the shaft collars, for example, is

now being mined by open pit methods with a much larger open pit operation

now in the final design stages. The Pamore division continues as a low grade

operation, but struggled through low gold priees. The spotty nature of the ore

zones, as described above, allowed the selective mining of higher grade zones

without serious effect on mine sequences.

ln Kirkland Lake, the Lakeshore Mine continued operations until the high

cost of production shut them down in 1965. The grade of the Lakeshore crown

pillar mined in the 1980's by Macassa was reported to be around 17.2 grams

per tonne. With the exception of the Macassa operation, ail other mines in the

area were shut down but some exploratory work was carried out in the late

1980's to see if the materialleft behind could justify reopening the operations .
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Ore grade at Macassa has been remarkably close to 14.3 grams per

tonne for almost 60 years of operation. During periods of low goId prices, lower

grade areas were not mined thus decreasing the overail extraction and reducing

the rockbursting pct0ntial. The very irregular stope outlines produced by the

close attention to grade in every cut, however, certainly increased rockburst

potential. In fact, the first rockburst reported by Cook (8\ .,.,'as in a small tear

drop pillar left behind in a shrinkage stope, presumably due to î:~le grade.

Campbell Red Lake Mines Limited's production to the end of 1990 was

10.7 million tonnes of ore containing over 224 million grams of gold; in other

words, the production grade has averaged just over 20.9 grams per tonne

during the life of the operation. Estimated ore reserves as of 1991 were

reported at 4.9 million tonnes grading 16 grams of gold per tonne. The

decision to mine at the orebody average was a management decision as the

narrow vein A and F2 zone:" were above the orebody average and were mined

at a rate to maintain the average.

When we later examine the extraction sequence followed in these two

high grade zones, it must be remembered that the grade would certainly have

justified any attempts to ensure total extraction. It must also be remembered,

however, that at a time of low gold prices the introduction of more expensive

techniques involving fill into these zones would have increased the overall

mining cost and consequently the overall mine cut-off grade.



•

•

•

51

Sudbury ore grades vary from 1.5% to 3.5% nickel with aroun<l 1%

copper. By-product minerais include cobalt, gold, silver, platinum and

palladium. While there is considerable grade variation, it must be remembered

that the large proportion of the free world's production which came from the

Sudbury mines for many years led to price stability. There is little evidence that

the variations in grade caused much of a variation in extraction sequences. The

main effect was that because of the disseminated ore in the hangingwall, the

cut-off was varied with price or mining costs. Examples of this are given in

discussions of the Strathcona and Onaping mines in Chapter 4.

Elliot Lake experienced a boom period when uranium prices soared in the

early 1950's, then experienced controlled growth and stability until the recent

expiration of long term supply contracts. With ore grades of 0.10% to 0.20%

uranium, in order to remain economically viable, high productivity primary

extraction was necessary. No exacting mining sequence was present at most

operations except the maximization of extraction as the operations proceeded

to mine down dip from the access point. Design control concentrated on pillar

design which saw rib pillar alignment generally parallel to the dip. Exceptions

to this were the square pillars on the Denison property and the elongated pillars

at Quirke which were oriented along strike, leading to regional collapse as

documented by Hedley (6). Regional pil!ar stability was built into the Stanleigh

Mine design but the overail extraction and costs have suffered.
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The geological grade ot the Hemlo orebody, as provided in annuai

reports, varies from 5 grams per tonne gold at the Williams property on the

west, through 10 grams per tonne on the Golden Giant property, to about 25

grams per tonne at David Bell. In fact, certain mining periods have averaged

from a low of approximately 3.5 grams per tonne at Williams to a high of over

30 grams per tonne at David Bell. Ali of this ore justifies extraction at today's

prices and the mining sequences are discussed in detail in Chapter 5.

2.3 CONCLUSION

Ontario has had a rich history of mining since the turn of the century and

mining remains an important contributor to the province's economy. Much of

the activity has been centred in six major mining areas scattered from the

eastern to the western extremities of the province. This activity also represents

a major portion of the mining activity of Canada.

A comparison of the factors influencing mining shows that the evolution

of mining technology, while concentrated in the Sudbury area, has rapidly

spread to ail areas of the province. The greatest technological improvements

have been in ground support, backfill placement, mechanization, the level of

knowledge and understanding of rock reactions to openings, and in new bulk

mining methods which have improved the level of productivity in the industry.
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ln the geotechnical area, much of the stress regime is predictable within

the accuracy required for initial design by using data compiled from numerous

measurements over the past fifteen years. One major geotechnical factor

causing differences in the mine extraction sequences in the various areas is the

brittleness of the rocks, generally provided through measurement of the elastic

modulus. The presence of sheared material in the Porcupine area has greatly

reduced the importance of sequencing to the extraction plan so it was excluded

from further study. The brittle rocks of the Kirkland Lake and Red Lake areas

have caused mining practices to differ from those of the Sudbury area.

ln looking at the economics of the areas, ail but the Elliot Lake area have

ore values to justify the coses to effect a high level of extraction where the

orebody is continuous. The lower value ore and the flat-Iying orientation of the

Elliot Lake area greatly restricted what could be achieved in optimizing the

extraction sequence and the area was excluded from further examination. The

subsequent research focused on the remaining four Ontario mining areas and

the development of a case study of the newest, the Hemlo area.
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CHAPTER 3

TRADITIONAL MINE EXTRACTION SEQUENCES

One objective of this research was ta review and classify bath histarical

and current mine sequencing practices and ta understand haw they have been

affected by changes in mining methads. Separating histarical sequences fram

thase used taday is difficult since, in sorne instances, taday's sequences are

similar. S:::parating the sequences based on narraw vein or bulk methads is

camplicated by the fact that longhale or bulk methads are being adapted ta

more narraw ore. The idea of separating on the basis of stiff versus yielding

sequences was cansidered, but again a clear eut demarcatian is difficult.

It was decided ta use the term "traditianal" ta separate past practices

fram the cantemparary sequences described in Chapter 4. There is an averlap

in time as mines continue ta use established mining methads; twa mines in

Canada cantinued ta use square set staping until the early 1990's. These

traditianal methads tend ta be based on narraw vein mining of higher madulus

ore, althaugh the Sudbury area can be cansidered an excüptian. Changes in

technalagy have decreased the develapment time ta advance tracked headings,

using hand-held drills, versus trackless headings using a drill jumbo. There was

increased sequencing flexibility available fram the histarical practice of

praviding lateral ore transport on each level versus the present narm of reducing
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the number of full service levels for sublevels where ore removal may or may

not occur. This is significant because it leads to more dependence on ore

passes located in the vicinity of the ore blocks.

ln May 1992, the author visited phosphate mines which have been in

operation since the turn of the century on the Red Sea coast in Egypt. An

unsuccessful attempt had been made to operate a Dosco roadheader in a mine

where materials handling is still by hand-pushed rail cars, pointing out the

difficulty of changing one aspect of mining practice independently of others.

It is equally difficuit to evaluate or classify mine extraction sequences

totally in isolation of this overall provision of services. Under this constraint, the

terms traditional and contemporary seem appropriate to describe the evolution

of overall mining practice in hardrock mines during the past 60 years.

3.1 LONGITUDINAL SEQUENCING PRACTICES

ln examining traditional narrow vein practices it is difficult to separate "in

stope" sequencing practices from "extraction" sequencing practices. Much of

the planning was carried out with little advanced information on the orebody.

The traditional approach was to progress downwards from the top of the mine

with development preceding production by a few levels. Ore was often defined
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by in-ore level development above and below a stope and a raise connecting

the levels. This raise was often driven at an oblique angle to achieve an angle

of 50° on "apparent dip", allowing it to be driven as an open raise and avoiding

the requirement to drive a separate two compartment timbered raise. The

oblique angle between these raises and the advancing stope cut created the

ideal geometry to initiate rockbursting.

The term "narrow vein" is a relative one and as such has many

Interpretations. In choosing a mining method, the thickness of the orebody is

critical. In more narrow ore the choice has traditionally been shïinkage mining.

As the ore widened, cut and fill was the predominant method, with the degree

of mechanization increasing in wider ore. Recently, ore with regular outlines has

been successfully mined by longhole methods using closely spaced sublevels

down to widths approaching one metre . Longitudinal extraction sequences,

however, remain in effect until the ore becomes too wide to be mined by

longitudinal stoping layouts. This critical distance, generally around 10 metres,

is the width at which the ore is not easily supported over it's width, at which

point transverse mining sequences are used.

The first major Canadian' publication on mine sequencing was by

Morrison in 1942 (23). He had returned from the rockburst prone Kolar Gold

Field in India and was asked to study the problem in Ontario mines. The major
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problems at that time were in Kirkland Lake ônd in Sudbury where over 120

"heavy" rockbursts had occurred between 1934 and 1940. To overcome the

problem, he recommended a "coalescence" of openings to form a dome. His

"Dome Theory" became the classic sequence adopted by the Lakeshore Mine,

several Sudbury operations, the Campbell Red Lake Mine, and is reflected today

in the sequence adopted at the Golde~ Giant operation in the Hemlo area.

MacMillan and Ferguson (30) introduced sorne principles of stope

sequencing for ground control in longitudinal stopes. Figure 3.1 represents a

5 m thick orebody 275 m high by 225 mon strike. They suggested dividing the

strike length into five 45 m cut and fill stopes along strike wilh a production

capacity of about 1800 tonnes per month each, thus requiring about 10 years

to mine the orebody. The objectives of the suggested approaches were to

minimize horizontal sill pillars and reduce level maintenance.

The "fiat back" method shown in Figure 3.1 (a) has the advantage of

allowing ail stopes to begin at the sametime. The fiat front of advance,

however, has often proven unstable. In addition, the scheduling of blasting and

filling would be very difficult as individual stopes approached each other.

The staggered sequence shown in Figure 3.1 (b) reduces the interference but

delays the second and third stopes until the first has advanced several cuts,
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Figure 3.1 ,A !ternate Stope Extraction Sequences (30)

similarly delaying the final two stopes. Each level would have to be maintained

through the mined out areas to the orebody extremities or an off-ore haulage
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established. The retreat sequence shown in Figure 3.1 (c) eliminates this

problem but now delays the stopes on an individual basis. The sequence shown

in Figure 3.1 (dl accounts for a zona! variation in grade and increases the

productive capacity. It will not double, however, as more expensive and less

productive methods are now required to deal with a horizontal sill pillar.

The general rules listed by MacMillan and Ferguson were as follows:

1. Establish as few pillars as possible. Commence mining on as few

levels as possible within the limitations of maximizing the production rate

consistent with safety, irregUiarity in the orebody, available shaft depth,

and/or a financial or time limitations.

2. Take advantage of barren or low grade material to establish

permanent pillars, which should be oriented according to stress direction.

3. Attempt to maintain a retreat sequence to reduce level maintenance

and avoid bad ground conditions.

4. Simulate the position of the stope faces throughout the extraction.

5. Schedule pillar extraction as soon as possible.

6. Correiate geological structures with stope and overall geometry.

These ru les and the preceding discussion emphasize the critical

interaction between stope sequencing, productive capacity, grade control and

overail mining costs. The flexibility and increased productive capacity afforded

by bulk methods makes the first ru le more achievable. The larger openings
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caused by the delayed fill cycle have reduced flexibility thus making rules 3 and

5 more critical. The increased use of numerical modelling helps in achieving rule

4, with the use of the modified Matthew's analysis helping to achieve ru le 6.

Examples from four Ontario mining operations will now be presented to

better illustrate historical narrow vein practices. The first three are from mines

with very brittle rocks where stress relief generally occurs violently through

rockbursting. The final example comes from a mine with more forgiving rocks

where undercut and fill mining was used successfully to mine failed sill pillars.

3.1.1 T:-Je Lakeshore Mine

The rockbursting problem at the Lakeshore Mine was described in 1942

by Morrison (23) and in 1946 by Robson (31). Morrison and Robson recognized

three factors which are favourable to rockbursting: depth (high stress), a high

percentage of extraction on longitudinal section and brittle rocks. Ali three of

these factors were present in Kirkland Lake, particularly at the Lakeshore Mine

which operated from 1914 to 1965 and achieved a depth of 2500 metres. The

brittle nature of the rock was discussed in Chapter 2 and demonstrated by the

rock strengths from the neighbouring Macassa Mine in Table 2.1. The effect

of depth on stress as measured at Macassa by Arjang (25) was also outlined

in Chapter 2 and showed the maximum principal :;tress to be perpendicular to

the orebody.
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The extent of extraction achieved early in the Lakeshore operation and

adjacent mines is shown in Figure 3.2. Morrison noted a lack of rockbursting

to the east where waste zones act as barrier pillars separating minil1g activities

from the extensive excavations.

The first rockbursting at Lakeshore was in May 1932 when a floor pillar

burst in a drift on the 1200 foot (365 ml level. In 1934 bursting assumed

"noteworthy proportions" according to Robson. Three types of rockbursting

and the actions taken to prevent it are summarized from Robson as follows:

(a) A series of floor pillars from the 2200 to 2575 horizons.

"Mining down to the 1600 level was by shrinkage stoping and, although

attempted, backfilling was difficult and incomplete. Below that, mining

was converted to horizontal eut and fill using unconsolidated rock fill.

Mining above the 1800 and 2000 levels was completed without incident

but above the 2200, 2325, 2450 and 2575 !evels bursting started when

within 12 metres of the level. These series of long horizontal sill pillars

were then divided into smaller pillars by driving raises and mined by a

series of short ril!:;, This gave rise to a large number of isolated pillars

which were being reduced in size and eventually severe bursting

occurred. Floor pillars eventually burst over a distance of 75 metres

along strike."

These sill problems are similar to problems encountered in many mining

operations where fiat upward-advancing eut and fill mining has been employed .
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(b) Parallel and branching veins from thL 2700 to the 3825 foot (825

to 1165 ml level.

"In the southeast part of the mine two parallel vein structures, the No.

1 vein to the south and the Middle vein to the north, separated by fram

5 to 21 metres, ran from the 1600 level to the 3700 level at which point

they merged, as shown in Figure 3.3. When mining these structures

simultaneously serious bursting occurred. Some relief was accomplished

by mining the No. 1 or hangingwall vein in advance of the main vein. In

one section on 3450 level 23 bursts occurred and ail but six were major

bursts. At that point the No. 1 vein had not been mined but the level

drifts had been established; in two bursts 18 m of drift were completely

closed and damage occurred over 180 m."

As can be seen, the relief achieved by mining the No. 1 vein first was

provided by stress shadowing but the severe problems occurred in the Middle

vein while mining in the abutment of the large area opened up on No. 1 vein.

The use of stress shadowing to prevent stress related bursts has more recently

been tried at Campbell Red Lake Mine and the effects will be interesting when

the overlapping C zone ore will be mined at the David Bell Mine.

(c) Footwall side of ore zone 3075 level to 4325 level.

"As mentioned in (al. the horizontal square-set mining used above the

2575 level resulted in sill pillar hursts. Below 2575 a steep square set rill

system was employed with a pianned stoping sequence from raises 125

and 365 metres west of the main cross-cuts. As mining approached tne

3825 level it was anticipated that the vertical pillar of decreasing size
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Figure 3.3 A Cross Section of the Lakeshore Mine (31)

•

was going to become a problem. Below that level, therefore, the

sequence was reduced to one stoping area from a raise mid-point in that

ore shoot. Becau<;e there was a branching of veins below 3825 level, a

250 foot pillar was left from 3450 to 3700 level. Even this pillar did not

prove to be adequate as severe bursting occurred from 3825 level to

~'\950 level with subsequent extension upwards to 3075 level and

oownwards to 4325 level."
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These steep rill or cascading sequences are shown in Figure 3.4. At

depth this later single raise sequence was carried out without any major

problems. The fact that this reduction in working sites was required at depth

to control rockbursting necessitated a reduction in production tonnage.

The Steep Rill Mining System at the Lakeshore Mine (31)

A;::··W~~~:'..ifk 'l""~
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=======~,<f!::j'I="'"~=======
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3825

3950• 4075

4200

4325

Figure 3.4

The initial daily production at Lakeshore exceeded 6000 tons but was

reduced to about 3000 tons during the last 25 years of its operating life. While

other factors may have contributed to this reduction, the reduced number of

working areas was a major factor.

•
ln 1936 Weldon published a set of rules to control rockbursting,

stemming from the Lakeshore experience (32), summarized as follows:
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1. "Bursting often occurs at the time of, or closely following, blasting.

2. Complete extraction of the ore is desirable, and the leaving of small

pillars, whether in ore or waste, is to be avoided so that a graduai and

uniform subsidence of the hangingwall may take piacE).

3. Horizontal pillars are a menace and must be avoided, or removed as

quickly as possible.

4. Mining out a remnant from two directions 13 not good practice,

regardless of the form of the triangle established.

5. Steep ri Ils avoid the formation of horizontal remnants and hence are

least susceptible to bursts .

6. Long rills, extending from level to level, and advancing in the direction

of unmined ground, are less susceptible to bursts then those mining out

a remnant.

7. The method of mining vertical cuts in short sections is useful in

particularly heavy ground, but is higher in costs.

8. Bursts at either side do not transfer through the shaft pillar, nor in

most cases do they occur close to it.

9. No bursts have occurred in the vertical pillars formed by the Teck

Hughes boundary and the diabase dyke."

Many of today's ground control practices, for example, the usefulness

of mining to an abutment or creating a regional boundary pillar, can be
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recognized in these principles. It is interesting that we have had to re-establish

these principles subsequent to the high incidence of rockbursting which

occurred in the early 1980's in Ontario mines.

ln summary, rockbursting occurred at the Lakeshore Mine at relatively

shallow depth. Pillars of strong, high elastic modulus rocks caused large stress

concentrations in pillars near openings of large areal extent. This was controlled

at depth by a mine sequence which reduced the available stoping areas and the

mine output. Even at that time, suggested research into these problems

included seismic monitoring systems, closure monitoring and attempting to

monitor the frequency of microseismic events for rockburst prediction.

3.1.2 The Falconbridge Mine

Deve10pment of the Falconbridge Mine began in 1928. The following

schedule o'; shaft deepening activity demonstrates the vaditional sequence of

mining from the top down with development just preceding production.

Number 1 Shaft
Completed to 1000 ft (305 m) level 1929
Deepened to 2100 ft (640 m) level 1937
Deepened to 2800 ft (850 ml level 1945

Number 5 Shaft
Completed to 1400 ft (425 ml level 1934
Deepened to 2450 ft (745 m) level 1938
Deepened to 3150 ft (960 ml level 1942
Deepened to 4347 ft (1325 m) level 1953



• Number 7 Shaft
Collared on 2450 ft (725 ml level
Completed ta 4025 ft (1225 m)level

1948
1950
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Number 9 Shaft

Collared on 3850 ft (1175 m) level in 1956. ·It was completed below

the 6200 ft (1890 ml level, the deepest development of the mine.

As described in Chapter 2, the main ore zone is a near vertical sheet of

sulphides approximately 1600 m long and over 1800 m deep. The north wall

is norite and the south wall metamorphosed greenstones. Faulting has been

very important in controlling the mining sequence at the mine. The controlling

feature of the orebody, and the contact between the ore zone and the norite

is a shear zone known as the "main fault". It is composed of gouge material up

ta 1 m thick and in places is present on bath sides of the ore breccia.

Three major cross faults, the 14 East and 78 East vertical faults and the

No. 1 Flat Fault, intersect and displace the main fault and the ore as shawn in

Figure 3.5. The No. 1 Flat Fault has a northwesterly strike and dips 45° ta the

northeast. Apart from localized control of sheared ground in stoping areas, the

main ground problems at Falconbridge were associated with this fault. With

the development of number 9 shaft, mining activities were carried out below

the fault causing the ore surrounding it ta be left essentially as a horizontal

pillar. The author worked at the mine as a student during the summer of 1971
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and recalls a longitudinal section in which the remaining ore reserves, which

were coloured red, were shown dipping at approximately 45° along the fault.

Cut and flll mining accounted for 90% of production by the early 1970's.

Sequencing involved the use of primary and secondary stopes of approximately

equallongitudinallength, 60 to 80 metres. Undercut and fill, developed at the

Falconbridge Mine to replace square set techniques in sill pillar recovery or

secondary stopes in failed ground, was described by Tims (33). Figure 3.6

shows the interfacing of overhand and underhand cut and fill beneath the No.

1 Flat Fault. This mixing of methods of differing productivity demonstrates how

geolcgical structure can affect mine sequences. A similar situation at the

Fraser Mine on the western edge of the basin was handled much more easily

by bulk methods as described in Chapter 4.

Subsequent mining retreated towards the number 5 and number 9 shaft

pillars where both the number 1 and number 2 ore pass faults cross the No. 1

Flat Fault. This is a classic example of an ever shrinking pillar in a large areal

extent of longitudinal mining. A series of major rockbursts on June 20, 1984,

associated with movement along these faults, caused the death of 4 miners

and the even~ual mine closure as described by Hedley, et al (9).
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3.1.3 The Campbell Red Lake Mine

Campbell Red Lake Mines Limited began production in 1949 at 350 tons

per day with graduai expansion to reach 1170 tons per day in 1986. Mining

was entirely by flatback boxhole shrinkage stoping until 1961, with stopes

mined to sill pillars, With the advent of rockbursting on the Dickenson property,

R.G.K. Morrison was consulted and his report (34) in August 1961 gave several

recommendations including the introduction of cut and fill mining which

accounted for 30% of production through the 1970'5 and increased to 90% by

•
1986. In the late 1980'5, longhole methods were introduced, even in narrow

vein mining areas.
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As described in Chapter 2, several zones exist at the Campbell Mine but

sequencing and rockbursting problems occur in two main zones, the A zone and

the F zone. These two zones are thin tabular gold-quartz veins contained in

andesite whereas other zones are contained in altered rocks.

3.1.3.1 The F Zone Mining Sequence

The initial flatback boxhole shrinkage mining provides an excellent

example of a stiff mining sequence. In the F zone, shown in Figure 3.7, only

17% of the ore was left as pillars in the initial mining and no backfilling was

carried out. This zone extends from surface to the 15th level, a depth of

approximately 675 m and tapers from a strike length of about 450 m at the top

to about 150 m at the bottom. The standard operating practice was to

establish chutes on 8 m centres (35). in a sill of 4 to 6 m, thus creating the

boxhole pillars. This high extraction rate had been practised down to the 12th

level with no ground control problems.

When problems began, the sill elevation was increased to 8 to 9 m in

stopes started in 1981 after a pillar burst on the 1lth level. Such adjustments

in mining layout should be part of overall sequence planning as mining depth

increases, and should not be initiated only after problems have developed. In

aarly 1982, there was a deterioration in pillars on the 14th level and attempts

to destress them have been described by Neumann et. al. (36). It is interesting
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that high stresses developed in a pillar so near to the abutment of the mining

area, although it was suggested that this may have been due to a fault acting

as a stress concentrator.
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Figure 3.7 A Longitudinal Section of the F Zone at the Campbell Red
Lake Mine

After a September 1982 destress blast, several boxhole pillars burst on

•
the 9th, 10th and 11th levels and mining was stopped. Attempts to rehabilitate

the 7th level were abandoned in December 1982 and ail mining in the zone
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stopped for 10 months. In September and October 1983 attempts to re-enter

the 7th and 12th levels were accompanied by additional bursting. A major

sequencing of bursting which began on December 30th, 1983 and ended on

January 10th, 1984 has been described by Hedley et al.(8). During this time,

1300 seismic events were recorded, 22 of them of sufficient magnitude to be

recorded 180 km away in Pinawa, Manitoba. The largest had a magnitude of

3.3 ML with 13 others over 2.0 ML'

This provides an excellent example, over a zone of significant areal

extent, of potential energy being stored in pillars containing less than 20% of

the original longitudinal area. Aiso significant is that the remaining material is

ail contained in small pillars which in themselves must have blast damage

surrounding the effective solid core. The strategy of increasing the standard

pillar s.ize as the depth increased began only after mining had reached the 12th

level and trouble had already started. The potential energy was rapidly released

as individual pillars shed their load to adjoining pillars which in turn failed. The

proc<Jss stopped only after sufficient !()~d had been shed to the abutment to

allow the higher level pillars to remain intact.

One alternative strategy would be to remove the pillars from the mined

out stopes above in a timely fashion as suggested by Morrison (;;;4). This woulcl

bring more load cnte active mining areas and increase the size requirements of



•

•

•

75

the pillars with depth more rapidly. Another alternative would be to leave

behind pillars of adequate geometry to carry the regionalload and which could

then possibly be mined at a later date subsequent to being destressed.

3.1.3.2 The A Zone Mining Sequence

The A zone at Campbell is separated by a 12 metre thick boundary pillar

from the adjoining Dickenson property, where, above the 300 metre level,

mining has been carried out by shrinkage with no backfilling. The A zone varies

fram 20 cm to 1 metre in width, dips 80 0 to the south and has a strike length

of 400 metres on Campbell. The first recorded rockburst occurred in 1965 with

ail bürsting pior to 1970 confined to boxhole pillars or small sills .

Above the 10th level, mining Wé!-S by shrinkage methods as in the F zone.

The 4 metre sill pillars which were left were intended to be removed on retreat

from the "party wall", or boundary pillar. in early 1989, while attempting to

remove one of these pillars below the 11 th level, a miner was fatally injured by

a sudden and violent rockburst.

ln 1962, the fi,st eut and fill stope was started on the 11 th level, again

against the boundary. When that stope was undergoing the rernoval of the 6-9

m sill pillar, bursting occurred. Stopes above the 17th to 20th levels were

established in an inclined "stair step" retreat sequence from the Dickenson
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Figure 3.8 A Longitudinal Section of the A Zone at the Campbell Red
Lake Mine (35)

boundary and were begun as 40 metre stopes to reduce the length of the sill

pillar created. Both of these recommendations came from Morrison and are

shown in Figure 3.8. As described by Neumann et. al. (36), these stopes were

•
later extended to 80 metres because of the low productivity and very slow

mining rate caused by their length. Neumann describes the destress program
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for the crown pillar of the 1902 stope and the sill pillar of the 1802 stope

initiated atter miners reported "working ground" and microseismic activity was

reported. This allowed the crown pillar to be mined without incident.

The recent A zone cut and fi!! mining provided low productive capacity.

Individual stopes generally had only single crews assigned, allowing 16 hours

between shitts for the ground stress to re-adjust when the stope was empty.

Initially, the adoption of longhole methods were resisted fortwo reasons: it was

felt that dilution would be excessive in such narrow ore and that possible high

grade stringers which occasionally occurred would not be recovered. O'Flaherty

et. al. (37) describe the conversion of areas of the zone to longhole methods

and measures taken to overcome initial dilution problems. An increase of 25%

in productivity and a decrease of 25% in the mining costs are quoted, even

atter the development work required to make the conversion. The initial trials

of the method were necessary both from a safety point of view and because

the sequence demanded that the ore in the narrow ore zones be depleted at a

rate equivalent to the other mine reserves.

3.1.3.3 Summary

Examination of mine sequences, methods and the ground control

problems, as described in the mine report to the Stephenson Commission (35),

confirms that:
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1. That ail bursts have beel1 confined to the A, F and F2 zones which

are narrow fracture-filled quartzite ore zones in the andesite.

2. That the bulk of the bursts have occurred in boxhole and sill pillars

in unfilled shrinkage areas.

3. That the other bursts occurred in cut and fill sill pillars away from the

Dickenson boundary pillar.

While the effects of introducing the longhole mining method have yet

to be evaluated, the problem of rockbursting was initially controlled by the

following methods:

1. Increased use of cut and fill mining.

2. Using timbered backs in shrinkage stopes to eliminate boxhole pillars.

3. Mining sill pillars immediately in cut and fill mining.

4. Extensive use of ground support systems.

5. Pillar destressing wherever possible.

6. Microseismic monitoring.

While many of these solutions are not directly related to mine

sequencing, these examples from the Campbell Red Lake Mine contribute to our

understanding of how to deal with brittle rocks while attempting to achieve a
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very high degree of extraction. It demonstrates a top-down sequence which

achieved high extraction but which was Iimited by the increase of stress with

depth. It also demonstrates how a move to introduce a more vertical aspect to

the stope geometry was limited by productivity restrictions. Finally it provides

an example of the successful use of destress blasting to eliminate areas of

problem stress accumulation.

3.1.4 The Macassa Mine

Traditional Kirkland Lake area mining has been described in the

discussion of the Lakeshore Mine. The Macassa Mine has operated at the

western end of the seven mines along the "main break" for almost 60 years.

The mine progressed to the west and down the orebody plunge via two shafts

and two interior winzes to a depth approaching 2000 metres. While the mine

contains brittle rocks and high stress levels, the extraction ratio on the various

levels was reduced by a discontinuous ore zone. Arjang and Nemcsok (38) have

estimated, however, tnat 400 bursts occurred during a 50 year period with only

10% considered heavy. Mining was by shrinkage stoping and cut and fill

stoping using unconsolidated rock fill.

The high stress and brittleness of the rock in the area are demonstrated

by the problems encountered in sinking the number 3 shaft to a depth of over

2200 metres (39). The shaft, a conventional four compartment shaft, has
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subsequently caused ground control problems. In addition, in order to minimize

development costs at depth, tr.e shaft was located so as to penetrate the

orebody at the 1600 m elevation, necessitating a 60 by 180 m shaft pillar.

Important to the discussion of mine sequencing is the difficulty in

removing sill pillars in cut and fill stopes and the introduction of new stope

sequences to overcome this problem in the future.

The first method attempted to extract the sill pillars by removing vertical

slices retreating from the end of the sill. This method, as outlined by Hanson

et. al. (40) and shown in Figure 3.9, is similar to the approach described by

Robson. The method necessitated the building of fill fences for every cut to

contain the unconsolidated rockfill so was a very slow and costly approach.

The second method was to destress the sill as described by Hanson et.

al. (40) and shown in Figure 3.10. The destress blast, which was detonated

before a holiday weekend to allow rock reaction time, was heavily instrumented

with extensometers and monitored by a portable microseismic system. The

author inspected the blast during loading and the very high stress level was

demonstrated by the pear shaped destress holes. After blasting, an exploration

hole was drilled through the sill to determine the condition of the rock. The

measured closure, the microseismic activity, and the observed rock condition
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Figure 3,9 A Rill System of Siii Pillar Recovery at the Macassa Mine (40)
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suggested that the blast had not been successful. partially due to the difficulW

in loading the holes. The sill pillar later burst. as did sorne 50 metres of the

level beyond the stope which was completely fi lied with rubble (41).

The completion of number 3 shaft allowed the use of cement slurry (42).

Numerical modelling suggested that the use of cemented rockfill would reduce

closure. and showed that high quality fill was necessary to stabilize the shaft

pillar. Mine personnel designed a new stopin::l sequence to eliminate sill pillars

through the use of a rill mining system. again similar to the Lakeshore Mine.

whereby consolidated rockfill would be introduced through a raise in the centre

of the ril\. The stope would then advance outwards in both directions. as

described by Quesnel and de Ruiter (42). and illustrated in Figure 3.11.

When pillars burst. the damage above the sill destroyed the timber

holding the unconsolidated fill in the stope above and made drift rehabilitation

very difficult. To overcome this problem, a method under trial uses a 5 metre

trench excavated above the sill and filled with consolidated rockfill to act as a

buffer against this damage. The sill created above the conventional overhand

eut and fill stoping will be removed by a rill with fill placed through a series of

vertical eulverts left in the already placed fill as shown in Figure 3.12. This fill

will have to be placed by slushers with subsequent addition of the cementing

agent meaning fill quality could be inconsistent and tight filling will be
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Figure 3.11 The Rill Mining System Developed for the Macassa Mine (42)

impossible for subsequent cuts. Also the miners will be required ta work

beneath this fil!.

While the use of consolidated rockfill has reduced the incidence of

rockbursting, mining problems persist in extracting such deep ore in the brittle

and highly stressed ground.
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3.2 TRANSVERSE SEQUENCING PRACTICES

As outlined above, when the orebody becomes too wide to be self

supporting in a single eut, the stopes are oriented perpendicular to the strike as

transverse stopes. Within Ontario, this situation ~eally only existed in the

Sudbury area. In a 1975 paper Oliver (43) gives a summary of the evolution of

the traditional sequencing strategies developed in the Sudbury area.

With the advent of transverse eut and fill stopes at the Frood Mine in the
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1930'5, stopes within a stoping block were 13.7 m wide and rib pillars 10.7

m wide. The primary extraction rate within these blocks was 64%. The overall

sequence consisted of creating a series of these blocks with a strike length of

125-150 m. Barrier rib pillars, 20 m wide, separated these blocks and major

sill pillars 15 m thick, were left every second level to control subsidence as

shown in Figure 3.13. The blocks were sequenced from the ends towards the

middle of the orebody.

•
\ Sequence

\ CD
\
\ 1 1

•

Figure 3.13 An Historical Longitudinal Layout from the Frood Mine (43)

With difficulty in controlling the back, cut and fill was converted to

square-set mining. As block mining approached within 12.2 m of the level,

ground control problems developed 50 the stopes were reduced to 9.3 m (5

sets + overbreak) and the pillars to 5.8 m (4 sets - overbreak). This relationship

developed through trial and error, allowed mining to proceed without problem.
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As mining progressed, the barrier, rib and sill pillars caused rockbursting

problems. Based on the Morrison Report in 1942, the doming theory was

adopted and the barrier pillars were eliminated, as shown in Figure 3.14. Below

the 4000 level at Creighton Mine the geometry had to be changed to 5.9 m

stopes (3 sets + overbreak) and pillars of 4.1 m (3 sets - overbreak). This

reduced primary extraction from 62% to 59% but en!'ured a yielding pillar.
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Figure 3.14 A Conventional Transverse Mining Layout Using a Domed
Sequence (43)

With the advent of hydraulic fill in the early 1950'5, of rockbolts in the

late 1950'5, and cemented hydraulic fill in the 1960'5, the mining method

reverted to cut and fill with undercut and fill for sill recovery. The mid-1960'5

saw the introduction of mechanized cut and fill and the sequences were
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changed (Figure 3.15) to allow a series of stopes to advance together in order

to take advantage of the productivity possible with mobile equipment.

Figure 3.15 A Mechanized Transverse Mining Sequence (43)

The recovery of the crown pillars and the secondary stopes in these

sequences was originally accomplished using square set mining but was

converted to underhand cut and fill mining methods in the 1960's. The pillars

designed at 5.8 metres to equal four sets minus overbreak were specifically

designed for square set mining but were convertible to undercut and fill through

double pass mining. It was to recover these pillars at Levack that Vertical

Crater Retreat (VCR) mining methods were developed. By leaving a skin of ore

along each wall, these pillars were successfully recovered from within

unconsolidated hydraulic fill.
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The philosophy in the Sudbury area was to eliminate stiff pillars whenever

possible. The use of rib pillars which were narro"N enough to yield in a

non-violent manner and a sequence of mining which allowed this became the

standard procedure. This subsequently gave rise to post-pillar mining, to the

single pass mechanized cut and fill stopes using recoverable rib pillars such as

used at Creighton Mine above the 7000 level, and to the one-pass system now

designed for the Creighton deep area as discussed in Chapter 4.

To achieve this goal of eliminating stiff pillars, an agreement was reached

between INCO and Falconbridge to mine the boundary pillars completely. At the

Fecunis and Strathcona mines of Falconbridge which connected with the Inco

Levack and Coleman mines respectively, whichever company first mines to the

boundary supplies the other with complete plans of stoping in the area. One

company can then mine to the fill of the other and any other facilities, for

example, ventilation or drainage control, are created to allow this.

3.3 A DISCUSSION OF THE PROBLEMS

To better understand these conventional approaches to sequencing, it is

necessary to examine what factors are common, where they differ, and what

the constraints are in developing alternate approaches. The first point that

should be noted is that transverse sequences using conventional stoping
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methods will not often be used in the future. Where ore thickness permits,

bulk methods will be chosen unless 50me exceptional reason such as highly

oxidizing ore precludes their use. The alternate sequencing strategies using bulk

methods are discussed in Chapter 4.

ln narrow vein mining, conventional mining methods such as shrinkage

and cut and fill stoping will continue to be used:

1. Where the orE' boundaries are 50 irregular that drilling longholes will

cause either too much dilution or too great an ore 1055.

2. Where the host material is 50 heavily sheared that the walls of the

stope will not stand more than the one lift opening height created using

breasting or the two lift opening created when using uppers.

3. Where the grade of the ore is 50 variable that 50me selectivity needs

to be achieved by leaving material in place.

Using these methods guarantees that the slender f1at-lying pillars will

continue to be created. Because of the suggestion by Morrison that a more

vertical aspect to the sequence be achieved, the cut and fill stopes on the 19

and 20 levels at the Campbell Mine were started 40 m in length but were

subsequently converted to 80 m because of low productivity. The fill cycle and

the advancing of raises and millholes represent such large time constraints in

a cut and fill stope that any shortening of the stope increases the proportion of

time that the stope is stopped to carry out these tasks.
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This geometry gives rise to a crown pillar that often causes problems

when the stope advances to within 10 metres of the level above. In stopes

having 60 to 80 metres strike length, the ratio of longitudinal to dip extension

of this pillar is 6 or 8 to one. If one considers that there is some blast damage

along the top of the sill from the level or undercut of the stope above, this ratio

is increased even further. The centre portion of this pillar is isolated from the

longitudinal abutment with the areas above and below mined out. With the

maximum principal stress usually perpendicular to the ore with some up-dip

component, this pillar orientation is incorrect. A modelling study of these pillars

would be interesting although it would demand three dimensional models in

order to properly apply the stresses.

The rill system using unconsolidated fill used at Macassa to recover

crown pillars was a move to introduce the vertical component to the sequence

to reduce the rockburst potential of these fiat sills. Using unconsolidated fill

meant fill fences were required if the fill was to stand up above the angle of

repose. The system using consolidated fill as shown in Figure 3.11 uses the

consolidation of the fill to provide a stable slope to mine against. It is felt,

however, that a great deal of potential exists for failure of this slope as blasted

material moves down the fill face, causing a dilution problem.

The standard operating procedure has been to leave secondary stopes
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with a length equivalent to the primary stopes. These stopes in a "stift" mine

were extracted using a similar mining method although the increased ground

pressures often necessitated tight fill and breasting rather than using uppers.

ln relaxed or failed secondaries, undercut and fill methods were used so again

productivity would have required an equivalent length secondary stope.

Developi.1g new methods to recover the secondaries would allow this

geometry to be changed. In "stift" mines, for example, larger pillars could be

established to ensure regional stability. The design of the Stanleigh Mine in

Elliot Lake ofters an interesting example of this, if one can imagine the layout

in longitudinal section rather than in plan in that flat-Iying orebody.

The Stanleigh Mine is operated by Rio Aigom Limited on the south limb of

the Quirke Syncline at an approximate depth of 1500 m. Before reactivating

the mine in 1984, the planning group looked at the best design, considering the

increased depth of the operation, to ensure regional stability while still

maximizing extraction.

ln order to ensure stability, it was considered necessary to design rib

pillars with a safety factor of 1.5. One alternative was to use rib pillars with

a factor of safety of 1.2 in conjunction with regionalload bearing pillars. This

increased the overali extraction ratio and improved regional stability. From a
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practical point of view, stoping blocks of about 300 metres square were

considered convenient and the system of mining stopes in grOl'ps of three was

planned. This meant these larger pillars would be placed nine stopes apart.

After detailed design by Golder and Associates (44), the final design comprises

nine stopes of 20 m width with 3 m pillars between and 23 m barrier pillars,

as shown in Figure 3.16.
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Figure 3.16 A Plan of the Stanleigh Mine Design, from Golder Associates (44)
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Such pillars, interspersed within the shrinkage stopes as described at the

Campbell Mine, might have provided the load bearing capacity to allow

recovery of ail the boxhole pillars and crown sills without major problems. If

recovery of these pillars was then economically justified, methods could be

developed to do 50. They couId be destressed in a concentrated manner from

a remote drift 50 that rehabilitation of extensive lengths of on-ore drifts was not

necessary. Even if longhole methods were used to recover them, the dilution

or ore lasses would only be incurred on this portion of the orebody.

ln mines where a yielding sequence was desired, these secondary pillars

could be designed to yield or caused to yield by destressing from the ends of

the primary stopes as they advanced upwards. The pillars could then be

recovered by longhole methods or even from a raise-bored hole using a drill

stage as was successful at Namew Lake (45).

3.4 CONCLUSION

The traditional sequences of narrow vein shrinkage or cut and fill mining

were carried out without much regard for optimization. Orebody definition was

not carried out very far in advance of the development. The rate of advancing

the development was slow but 50 was the rate of depleting a stope. With two

to six cuts per year depending on the stope width or degree of mechanization,
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stopes could have a life of up to ten years. Many levels were placed in

operation at the same time and secondary stopes were mined after completion

of the primary stopes with the method dependent on the ground conditions.

ln reviewing traditional mining sequences, two philosophies can be

recognized depending on the brittleness of the rock mass. In mining areas with

high modulus or brittle rocks three sequencing approaches were identified:

1. A stiff mining sequence whereby closure is prevented during the

entire extraction process can be adopted. An example of this is provided

by the boxhole shrinkage mining at the Campbell Red Lake Mine F zone.

As long as adequate pillar size is maintained to support the regional

stress mining can be carried out in a flexible and economical manner. If

failures occur, the damage to access drifts can be difficult to repair. The

situation could be improved by providing larger load bearing pillars as

shown at the Stanleigh Mine. The recovery of these pillars can be

delayed until late in the mining cycle. Any decision to recover them

must be based on a separate economic study.

2. The stope sequencing strategy is based on destressing pillars as

mining progresses. This approach has been demonstrated from the A

zone at Campbell Red Lake Mine and from the Macassa Mine. The

destress blasting can be slow and expensive and the transferred stress

can cause damage elsewhere. Methods are being tried at Macassa to

reduce rockbursting damage to access drifts.

3. A mine sequence can be adopted which eliminates pillars. This is the
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approach taken at depth at the Lakeshore Mine. The use of this more

vertical sequence was tried in the A zone at Campbell Red Lake and is

reflected in the sill pillar removal methods tried at Macassa. Introduction

of this sequence can restrict the availability of working areas.

ln mines with lower modulus rocks, the creation of yielding pillars has

been important to the overall mining sequence. The reduction in pillar size to

ensure that no stress accumulates has been the practice in the Sudbury area.

This latter practice is more in line with the sequences used in conjunction with

bulk mining methods as described in the following chapter.



•

•

96

CHAPTER 4

CONTEMPORARY MINE SEQUENCES

The mine sequences discussed in this chapter were made possible by the

introduction of new mining methods and equipment. Mechanized equipment

allowed the development of new sequences in transverse mining stopes and

eventually post-pillar cut and fill and ramp cut and fill mining. The advent of

large diameter in-the-hole drills and precision machined drill steel allowed the

increased drilling accuracy necessary for blasthole mining from widely soaced

sublevels. Finally, the advent of remote controlled equipment allowed flexible

drawpoint designs and removed the requirement to condition the walls or backs

of large open stopes after blasting. Higher productivity achievable in individual

stopes requires fewer working places for the same longitudinal mine area.

With wider orebodies, the aspect ratio of the pillars is more dependent

on the thickness of the orebody. In wider ore, a mining sequence is less likely

to be dependent on a "stiff" mine philosophy for two reasons:

1. The thicker pillars are less likely to be comprised of a homogeneolJs

rock type based on the natural variability which occurs in a rock mass.

2. Pillar stability is more likely to be affected by structure; with a given

joint frequency, more joints are going to be present and the likelihood of

intersecting joint sets being present is greater.
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This can be equated to the variability of the modulus of a rock mass

estimated fram a laboratory sample compared to its true in-situ modulus. The

reduced modulus of this increased thickness will be important in managing

stress during the ongoing extraction sequence.

As the ore becomes thicker, as discussed in Chapter 1, the details of the

orebody outline become less critical as the boundary dilution or the ore 1055

incurred is proportionately less important. Some aspects of grade control will

be sacrificed to a reduced mining cost.

Finally, cor.c;iderations other than just rock mechanics give impetus to

more rapid pillar extraction. Mechanized equipment demands larger openings

which are more expensive to develop and maintain. The equipment also

requires that more service facilities, garages for example, be availab1e; this can

lead to inefficiency if they are too widely separated. Ali levels must be

ventilated if equipment is to move to widely dispersed mining areas, thus

greatly increasing the overail air supply requirement.

ln short, there is a concentration of mining activity which will Iikely see

an earlier interaction between secondary stopes and the backfill of the primary

stopes.
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4.1 MECHANISED CUT AND FILL SEQUENCES

As described in Chapter 3, modified transverse mining sequences took

advantage of the productivity available from mechanized equipment. There was

little benefit in having expensive mucking equipment sitting idle in a stope

during the drilling or filling cycles. As openings were created between the

individual stopes, the remaining pillars were reduced in size. What evolved was

a one pass mining sequence, the discussion of which is kept separate fram the

one pass bulk mining sequences described later in the chapter. The first of

these sequences became known as post-pillar cut and fill mining.

4.1.1 Post-Pillar Cut and Fill Mining

The initial development of post-pillar cut and fill mining occurred at the

Strathcona Mine of Falconbridge ltd. The development of this mining method

evolved from a novel approach to maximizing total ore recovery. The original

planning for Strathcona was ta mine transverse stopes 13.4 metres wide where

the ore was in excess of 15.2 metres thick, separated by 5.5 metre pillars.

This was a conventional Sudbury layout where the pillars were to be mined by

undercut and fill methods.

The hangingwall was a gradational one which, through applying a cutoff

grade to individual stopes, would have seen the lower cost primary stopes
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mined farther into the hangingwall than the higher cost secondary stopes.

Because of production restrictions and because pillar recovery was going to be

difficult in the relatively flat-Iying ore, it was decided to implement the

post-pillar mining method. The variation from tradition was that the ore pillars

were, by design, left behind. The additional mining of the hangingwall of the

secondary stopes, justified by using lower cost methods, compensated for the

15% of the ore tied up in pillars; in fact the total recovery of metal approached

91 %. This method proved to be very successful as mechanized "triplets" of

15.2 metre wide stopes up to 122 metres long and joined through the rib pillar

created openings not previously considered possible .

One of the major problems involved in sequencing post-pillar cut and fill

stopes is the virtual impossibility of bringing one stope up beneath another.

This could possibly be accomplished through the use of undercut and fill

stoping methods or developing an in-fill drill access above the sill to remove it

by longhole methods. 80th of these solutions became impossible at

Falconbridge mines subsequent to a corporate decision never to work beneath

fill made following the quadruple fatality in an undercut and fill stope at the

Falconbridge Mine.

To avoid this sill problem beiow the 4000 level at the Onaping Mine of

Falconbridge Ltd., mine personnel used a vertical sill wall as shown in Figure
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4.1. The limited extent of the orebody, bounded by a gradational hangingwall

with a fiat dip of approximately 40°, required development on severallevels to

maintain production. The top stope had experienced ground control problems

when approaching within about 12 metres of the mined out areas above. Sill

recovery had been attempted by drilling uppers from the stope on a retreat

basis, leaving a skin to support the fill, and remotely mucking the ore. Due to

the shallow dip, however, only about 50% of the ore was recovered and
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Figure 4.1 A Vertical Pillar at the Onaping Mine
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significant rehabilitation of the openings was required between blasts. The

possibility of using more expensive mining methods was precluded due to the

low nickel priees at the time.

There are several problems associated with this use of vertical sills.

Productivity is reduced in the small working area available in the initial and final

phases of the stope. Stope access from the footwall becomes impossible when

the stopes begin to overlap, thus necessitating development at the ends or in

the hangingwall of the orebody. The ground control implications of the stress

load being placed on the wedge shaped pillar just before the fill wall in the

overlying stope is exposed have never been evaluated. There may also be

stability problems for the fill wall when it is exposed but this will be dependent

on what regional support is provided by the pillars which are imbedded in the

fill. The till placed along the exposed wall has to be entirely consolidated to at

least a 20: 1 ratio, or a thin skin of material left to prevent unravelling of the

layered fill material.

The economic impact of this approach became obvious when the priee

of nickel suddenly jumped to record high priees in 1989. Not only was 15% of

the ore still being lost in pillars, but it was impossible to rapidly extend the

stopes into the now economic ore on the gradational hangingwall and still

maintain the integrity of the vertical wall.
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4.1.2 Ramp Cut and Fill Mining

Ramp cut and fill mining developed to exploit thick orebodies which had

a somewhat more shallow dip. The method provides high productivity as

equipment access is available at ail times. The Trout Lake operation of

Hudson's Bay Mining Ltd. claimed to be one of the most productive mining

operations in the world with productivity of 4 tonnes per man-hour. Also,

because access was provided by a spiral ramp to the 450 metre level, a stope

could be started at any elevation. It is interesting to note, however, that the

mine has switched to a bulk method for the deeper ore, partially because of a

fatality caused by a fall of ground in a cut and fill stope in 1991 .

As ramp cut and fill mining is development intensive, the orebodies

mined by this method tend to be relatively thick and are generally mined in one

pass. As in post-pillar cut and fill mining, sequencing of stopes is hampered by

the difficulty of interfacing stopes along a common vertical wall and the virtual

impossibility of bringing one stope up beneath another. Also, because of the

large volumes of waste generated in the ramp and sublevel development, the

backfill used tends to be unconsolidated rockfill.

The Brunswick Mining and Smelting operation at Bathurst, New

Brunswick was the largest ramp cut and fill mining operation in Canada until its

recent conversion to blasthole stoping. The Brunswick orebody was silled out
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on three main levels and was mined in one pass with waste pillars left for

support. Unconsolidated rockfill was used exclusively with waste material from

older open pits being used initially as Till material and a waste pit put into

operation v!hen this material was exhausted. In looking at the longitudinal

section of the mine shown in Figure 4.2, it can be seen that Iittle thought was

put into removal of the siIls created by choosing this mining sequence. There

is presently about 18 million tonnes of ore tied up in three sill pillars within the

last three cuts of the unconsolidated rockfill overlying the sills.
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Figure 4.2 A Longitudinal Section of Brunswick Mine

This mine has now been converted to the blasthole stoping method
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below the 1000 level. The main reasons for this conversion. given that the

initial financial studies predicted mining costs to be virtually identical for both

methods (46). were quoted as follows:

1. The fear that, as the depth and overail extraction level of the mine

increased, serious ground control problems would develop in the large

fiat sill pillars which would decrease the productivity and increase the

costs of the existing method.

2. The fact that the waste pil\ars had been carried up the approximately

70° dip as opposed to being oriented vertically. This was accomplished

by using specialized push plate dump trucks to ensure that the

unconsolidated waste fil\ was packed tightly around the pillars and

tightly to the back. It was also felt that this practice would not be

possible at depth.

3. The fact that only one more major ore lift remained in the mine and

it was judged possible to retain the productive rate of the mine for a

longer period because of the higher productivity per longitudinal area

available from a bulk mining method.

Brunswick Mining provides an excellent example of how mining methods

and economics have affected the mining sequence. When the decision to sill

out on three main mining elevations was made, the mine was experiencing

economic problems, mainly as a result of poor metallurgical recoveries. The

development of the presently widely used bulk open stope mining methods had

not taken place. The use of hydraulic fil\ was impossible because of the high

sulphur content of the ore and the very fine grind required for Iiberation.
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Any decision to recover the 18 million tonne reserve, now tied up in sill

pillars, must be based on an independent economic study. If one considers the

present value of the increased cost of placing cemented rockfill and of

disposing of the development waste in an alternate manner for the past 20

years, however, the decision taken at that time was likely the optimal economic

one. It is not until the threat of additional ground control problems places the

existing operating system in jeopardy that the increased cost of improving the

fill placement methods can be justified.

4.2 THE TERTIARY MINING SEQUENCE (1-5-91

The first of the bulk sequences to be discussed can be seen as an

evolution of sequencing strategies at Falconbridge Ltd.'s mines, as described

by MacMillan and Ferguson (30). They describe a sequence initially being

considered for the Onaping deep ore. As shown in Figure 4.3, they describe the

orebody as being 24.4 metres wide so that, to ensure adequate wall support,

they require a pillar that is 9.1 metres wide. They show primary extraction of

only 25% of the ore with another 25% on secondary extraction. This initial

extraction was planned using overhand stoping methods with the 50% of the

ore to be mined by tertiary extraction using underhand methods.

Support for the hangingwall comes from 75 % of the ore during the
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Figure 4.3 A Mining Sequence for Wide Ore (30)

primary extraction and from 50% of the ore plus consolidated fill during

secondary extraction. It was thought that, during the remaining extraction, the

consolidated fill would prevent pillar crushing beyond the point where

underhand techniques could not be used.

They point out the importance of strictly following the sequence during

the entire extraction process, thus Iimiting the number of operating stopes at

any one time. They express concerns about the pillars bursting rather than
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failing gradually, the high cost of secondary extraction, and the increased costs

of cement addition to the backfill of the primary stopes.

From these initial ideas the mine sequence used in the bulk mining stopes

of the Fraser and Lockerby mining operations of Falconbridge Ltd. has evolved.

This has been described by Potvin (16) as the 1-5-9 sequence. In effect every

fourth stope is considered a primary and is extracted with 75% of the ore still

intact. The third and seventh stopes are taken as secondary stopes in the

sequence, still with no fill interface but with only 50% of the ore now intact.

ln a bulk mining situation, the restriction on production areas is offset by the

higher productivity of the individual stopes and because tertiary production can

begin before either the primary or secondary extraction has reached the top of

the ore zone. While consolidated fill is still required in the two initial extraction

phases, there is no requirement to consolidate the fill during the 50% tertiary

extraction 50 the cost and productivity of this phase are greatly improved.

Potvin's diagrams as shown in Figure 4.4 are based on the Fraser Mine.

The Fraser operation extracted several ore lenses which were not of major areal

extent; this sequence was ideally suited to provide early production from each

area as it was developed. Each stope was mined transversely across the lenses

which could be in excess of 40 metres thick to an irregular gradational

hangingwall.
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Figure 4.4 The 1-5-9 Sequence as Described by Potvin (16)

Of major interest in Potvin's drawing, although not discussed in his

thesis, is the presence of the fiat faults. A similar fault at the Falconbridge

Mine was described in Chapter 3. When the fault was encountered at Fraser,

the level development which would normally have occurred in the faulted area

was eliminated and the stopes were double Iifted through the difficult ground.

This is a major increase in productivity and eliminates the additional support

required for personnel to enter the area. The major penalty would be extra

dilution from drill hole deviation or from the increased fill wall height. However,

operating personnel reported no major problems in achieving this extraction•
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This extraction sequence was also used at the Lockerby mine when ail

cut and fill mining was converted to bulk mining methods from the sill pillar left

above the 3600 level cut and fill stopes up to a sill pillar left above the 2600

level. Another similar sequence was carried out above this sill pillar. The bulk

stopes have now been successfully extracted and removal of the sill pillars is

being attempted.

The importance of strictly following the extraction plan is demonstrated

by the Lockerby sequence, as shown in Figure 4.5. at the stage when ail

primary and secondary stopes have been removed and only the tertiary stopes

remain. It can be seen that one tertiary stope sequence, the 154 stopes, is

beginning to lag behind the removal of the others. As this pillar of stopes

immediately paralleled the main orepass in the footwall of the mine, stress

transmitted through this tertiary stope caused failure of the orepass (47),

necessitating the eventual establishment of a new orepass to bypass this level

of the mine. This was considered unusual as these tertiary pillars would have

been expected to fail and destress before their removal.

One would reasonably expect difficulty in developing the undercuts for

these tertiary stope columns. In fact, with the use of extensive cablebolting,

the ground above the undercuts was quite stable. Since these tertiary stopes

are literally suspended in backfill, there was considerable pressure placed on the
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backfill itself. The backfill was kept from unravelling through the extensive use

of splitsets in the backfill walls. These splitsets were installed in undersized

holes drilled using auger steel into the consolidated 12:1 backfill. In observing

these splitsets beneath the 154 stope just above the 36 sill, the load on them

had developed to the point of the heads beginning to buckle. Movement in the

fill mass had seemingly bent the ends of the splitsets to secure them and the

squeezing of the fill mass had produced the load.

ln evaluating this mining sequence, the above experiences indicate sorne

advantages and dangers. The main advantage is that high productivity can be

obtained early in the mining cycle. If primaries lead secondaries by two levels

and secondaries lead tertiaries by two levels, the removal of ail the primary

stopes on four levels and the secondaries on two levels is possible before any

fill faces have to be exposed. Stopes will then be available on five working

levels to allow high productive capacity.

No ground control problems should develop until the secondary removal

has advanced above a level, at which point the condition of the tertiaries will

depend on the longitudinal extent of the ore zone, the depth of mining and the

rock failure mechanism. If the retreat is to an overlying abutment or ore zone

Iimit, no violent failures should develop if the tertiaries are not allowed to lag

behind the secondaries.
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The Fraser example also points out the possibility of avoiding problem

ground near major structural features by eliminating the required entry of

personnel. The height of a lift would be limited only by the stability of the high

rock face, the quality of the backfill, ore irregularity, and drilling accuracy.

This sequence could be improved by adopting a "domed" removal

sequence through starting primaries in the central part of the ore zone ahead

of those toward the side ore Iimits. This might delay the development of

productive capacity but in a wider ore zone this delay would be minimal.

The main problem lies in having to establish and develop the bottom of

the ore zone to eliminate sill pillars, even though the bottom of the ore zone

may not be yet defined. Other problems can develop, however, if the sequence

is not closely followed. If the tertiaries are allowed to lag weil behind the

secondaries and failure is not progressive, violent failure becomes a possibility.

If graduai failure takes place, ground support requirements in order to establish

undercuts and overcuts could become considerable. Also, when the bulk of

mine production comes from tertiary removal, backfill dilution may seriously

threaten the profitability of the reserves unless the ore value is very high. The

dilution quoted for Lockerby has ranged as high as 60%.
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4.3 SINGLE PASS MINING SEQUENCES

The key consideration in classifying a bulk mining sequence as a single

pass sequence is the virtual elimination of secondary pillars. Pillars may be used

early in the sequence to establish productive capacity, but this is at a time

when ground control problems would be expected to be minimal. After that, ail

stopes are mined in contact with the backfill of the previously mined stope.

This lack of initial productive capacity and the requirement to place good quality

consolidated fill in ail stopes are characteristics of the sequencing strategy.

Two Ontario examples of this sequence will now be discussed. The

"domed" sequence implemented at the Golden Giant Mine, which is also

considered a one pass sequence, will be discussed in Chapter 5.

4.3.1 The Kidd Creek Sequence

As described by McKay and Duke (48), mining at Kidd Creek began as

an open pit to the 220 metre levaI. Underground mining began in 1978 from

the Number 1 Mine which was developed to the 790 metre level, and has

continued to the Number 2 Mine which was developed to the 1400 metre

horizon. Presently, ore below that horizon is mined and transported up to the

existing services using Kiruna electric trucks, with development of the Number

3 Mine nearing completion.
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ln the Number 1 Mine, sublevel blasthole stoping was used with stopes

18 to 24 m wide, 30 m long, and 90 m high. Pillars between stopes were 24

m wide and sill pillars 30 m thick were left between mining horizons. The

concept of total removal was practised; in fact, the first lift beneath the pit was

removed without fill making the pit over 300 metres deep. The walls of the pit

are slowly caving into this unfilled portion. The use of fill was only begun at the

point where the eventual caving of the walls ta the angle of repose would

affect the stability of the headframes serving the underground operations. The

fill used is cemented rockfill utilizing the waste rock from the pit.

As planning for the Number 2 Mine began, mine personnel felt that,

because of the increased depth, cut and fill mining would be the only adequate

method (48). Both the ramp cut and fill and Avoca mining methods were

considered. One level was developed to allow ramp access to mechanized cut

and fill stopes and an Avoca stope was subsequently tested on the 2800 level.

After observing the success of blasthole mining as used at the Lockerby mine,

a trial stope was tried at Kidd with such success that the method was adopted.

It was decided to make the individual stopes 15 m wide by 30 m long

by 60 m high. The one pass system as practised at Kidd Creek uses a triple lift

of these 60 metre stopes with the ore silled out every 180 vertical metres to

increase working levels, as shown in Figure 4.6. The first stope on a level is
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mined adjacent to the hangingwall and after it is filled and the fill allowed to

cure, the next stope in the same panel is mined to the footwall. Adjacent

stopes are then mined along the strike of the orebody.

•

Sill Pillur U1
3

•

Figure 4.6 A Longitudinal Section of the Extraction Sequence at Kidd Creek
Mine (48)

The delay required for the fill to cure is overcome, as shown in Figure

4.7, by taking a second stope before completing the slot. The sequence is

established by stope 3. If additional productive capacity is required, a two core

extraction can be established as shown in Figure 4.8. The extraction sequence

of the three le. els follows a domed sequence with the sill pillar eventually

removed by drilling upholes in a radial pattern from the overcut and dropping

the material through an adjacent unfilled stope as shown in Figure 4.9.
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Figure 4.7 A Plan View of the Single Pass Mining Sequence at Kidd Creek
Mine (48)
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Figc!re 4.8 A Two Tier Extraction Sequence at Kidd Creek Mine (48)
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Figure 4.9 Sill PillaI Removal a~ Kidd Creek Mine (48)

This one pass system allowing 100% extraction has been practised at

Kidd Creek with considerable success. Mining has now gone below the 1400

metre level and a minimum of ground control difficulty has been experienced.

It should also be pointed out that sequencing has been diligently followed at

Kidd Creek and backfill quality control has been a model for other operations.

4.3.2 The Creighton Min~ Sequence

The Creighton Mine be:gan as an open pit operation in 1900 and moved

underground in 1907. In 1969, the number 9 shaft serving the present

operation was sunk from surface to the 7137 foot level to become, at that

time, the deepest continuous mine shaft in the western hemisphere. Ore

mineralizatïon is known to extend to the 10,000 foot level.
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During its 85 years of uninterrupted operation, the Creighton Mine has

seen more development and adaptation of mining methods than any Canadian

operation. With the development of largo. diameter underground drills in the

mid-1970's, an almost complete conversion to vertical retreat mining has

occurred. Important to this discussion is the single pass mining sequence

developed for mining from the existing 7000 level to the 10,000 foot elevation,

which began with experimentation on the 6800 level.

The first experiment on the 6800 level involved the elimination of the upper

sill drift normally developed in ore and its replacement by a drill drift excavated

in the backfill of the level above. This drift was excavated in backfill by an

Alpine continuous miner, as shown in Figure 4.10, to avoid the problems of

drifting in highly stressed ground. This concept has subsequently been

abandoned for the approach of excavating the drill horizon immediately below

the backfill in the destressed rock at the edge of the underlying abutment.

Two main reasons have been given for abandoning the approach of

excavating in backfill. The first was the fear of having personnel work in a

backfill drift without complete surrounding support. While éemold screen and

Armco arches were tried for support, the final decision was to utilize

timber sets. The installation of these sets delayed the excavation considerably.
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Figure 4.10 Excavating the Drili Access Using an Alpine Miner
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Secondly, ail material below the 6600 level has to be elevated by conveyors

before hoisting so it was difficult to dispose of the excavated tailings.

A second experiment saw the creation of a destress slot across the

orebody above the 6800 level by mining an initial line of stopes as shown in

Figure 4.11. This was done to divert the maximum principal stress, which at

Creighton is parallel to the orebody.

•
The success of these experiments gave rise to the method presently used

between the 7000 and 7200 levels and planned for successive levels. A 12.2
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m square panel of ore is first mined in the centre of the orebody. After filling,

mining radiates outwards from this slot, panel by panel, as seen in Figure 4.12.

There are difficult scheduling and layout problems Inherent in this system,

including the requirement of both hangingwall and footwall access and difficulty

excavating beneath the ore wedge left at the bottom of each stoping block.
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Figure 4.11 Creating a Destress Siot at the Creighton Mine

These problems may reduce the production level of the mine as the

pillars remaining above the 7000 level, which now augment the production, are

mined out. Succeeding levels can only begin production after the diamond

shaped slot of the level above has been established entirely across the orebody.

• The approach, however, is seen as the only alternative to controlling the
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Figure 4.12 The Mining Sequence for Deep Ore at Creighton Mine

immense stress at such depth and demonstrates an impressive adaptation of

mining methods and technology to overcome stress related probl6ms.

4.4 ALTERNATE MINING SEQUENCES

To this point, a tertiarymining sequence applied in longitudinal section

and single pass sequences applied in plan have been discussed. Several mines

use a primary-secondary sequence in longitudinal section and this, as used at

two Hemlo area mines, will be discussed in Chapter 5. This section describes

a possible tertiary sequence which could be applied in plan and discusses the

possible adaptation of other sequences to a top down approach.
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4.4. 1 The Mount Isa Sequence

The Mount Isa Mine in Australia is a high tonnage base metal operation

producing from a thick, flat-Iying tabular deposit. The "eggcrate" sequence

developed at that operation (16) is shown in Figure 4.13.
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Figure 4.13 The Eggcrate Sequence at Mount Isa Mines IAfter Alexander and
Fabjanczyk 1981)

It is a tertiary sequence using square stope outlines similar to the

sequence developed for the deep ore at Creighton. Mount Isa's sequence is

different in that larger productive capacity is possible because the availability

of working places is not Iimited by the curing time of the fill. This is more

critical in a flat-Iying orebody where different working levels cannat be
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developed. To start mining at various points along the orebody would create

the ground control problems of the ever shrinking pillar between working areas.

The sequence at Mount Isa is implemented using access for drilling and

filling operations in the hangingwall, and developing drawpoints in the footwall.

The system could be adapted to a thick, steeply-dipping deposit if drilling and

filling access were developed in the backfill of the level above and drawpoints

were created in the abutment of the ore beneath. Production from the level

beneath could then begin when the upper level had reached the tertiary

extraction stage at one point across the orebody section.

4.4.2 Top Down Sequences

From a development standpoint, a sequence beginning at the top of the

orebody and proceeding downwards provides the earliest access to ore.

However, the majority of the bulk longitudinal sequences used today progress

upwards from some main access level. The progression may be to the top of

the orebody or to some previously created mining sequence. In this latter case,

a major sill pillar is created which requires special methods or a higher level of

ground support to complete its extraction. The situation often develops when

the mine's ultimate depth is not determined and additional ore is discovered at

depth or early production is developed at the upper levels of the mine.
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The single pass sequences previously discussed in this chapter are in

reality "top down" sequences, the Creighton Mine sequence progressing by a

single lift and the Kidd Creek sequence advancing by three lifts and a removable

sill pillar. Ali of the bulk mining sequences discussed, the 1-5-9 sequence for

example, could progress from the top down if access for the drilling and filling

operations were created in the backfill of the overlying stopes. Such sequences

would be somewhat less productive than the standard practice as the cure time

of the fill in the previous lift becomes a factor and the access drifts could not

be established in advance. These sequences should be considered for second

stage extraction when mining additional ore below a previously established

upwards advancing sequence.

Excavations in previously poured hydraulic fill were tried at Creighton

Mine as described above. A drift being developed in hydraulie fill at the Denison

Mine led to a fatality (49), when a skim of highly eonsolidated fill left between

the opening and the original back subsequently failed cnte the seooptram

operator exeavating the materia!. Openings have been suceessfully excavated

in cemented rockfill at the Kidd Creek Mine using a Doseo roadheader as

described by Wittchen et. al. (50). An extensive researeh program was carried

out by the author (51) to assess the stability of openings in hydraulie fill and

to evaluate the potential use of such openings in mine sequeneing.
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This research program involved both physical and numerical modelling of

the stability of openings in hydraulic fill as described by Pelley and Mitchell

(52). Physical modelling was carried out on cemented tailings material from

Falconbridge's Strathcona Mine using the centrifuge installed in the Department

of Civil Engineering at Queen's University. These tests showed the openings

to be inherently stable; even when the fill was undermined the backfill failed to

a stable arch as shown in Figure 4.14. Numerical modelling was carried out

using the FLAC finite difference code from Itasca (12). The results also

suggested such openings to be stable and, when undermined. the fill also failed

to a stable arch as shown in Figure 4.15.

The presence of large pieces which fail into the open stopes before

backfilling and disposai of the excavated material were the main operational

problems to be expected when creating openings in backfill. Excavation

systems could be developed to create such openings even in unconsolidated

backfill or graded unconsolidated rockfill (51 J. As described by Wittchen et. al.

(50), pods of unconsolidated rockfill were encountered at Kidd Creek because

of the segregation which occurs when filling a bulk stope. One would expect

this problem to be lessened in hydraulic fill. especially when high cement ratios

are generally used in the lower levels of the stope to form a stable drawpoint

plug. In summary, the use of openings in backfill could allow the development

of sequences to remove ore at the bottom of mines in a downward retreating
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Figure 4.14 The Creation of a Stable Arch in Undermined
Fill (52)
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Figure 4.15 The Formation of a Stable Arch in Caving Backfill (52)
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manner. This would place the initial high extraction areas at a mid-mine

elevation and allow retreat to occur towards both the upper and lower

abutments. The somewhat increased costs of the downward retreating

sequence would be compensated for by reduced early development at depth

and by eliminating the high cost sill removal.

4.5 CONCLUSION

This chapter has descril:;ed the development of mechanized and bulk

mining methods which have led to significant changes in mining practice over

the past 10 years. Section 3.2 demonstrated how the requirement to get more

productivity from mechanized equipment required a change in a traditional

transverse mining sequence in the Sudbury area. The further development of

post-pillar and ramp cut and fill mining saw impressive increases in productivity

but little emphasis on sequencing, leading to problems in recovering sill pillars.

The move to bulk mining techniques with delayed fill allowed the use of

more flexible mining sequences which increased productive capacity and

reduced both costs and ground control problems. The 1-5-9 sequence allowed

the entire strike distance of a deposit to be placed into production after primary

stopes had advanced a maximum of five levels. The traditional sequence would

have required that primary and secondary cut and fill sLopes reach the top of
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the ore zone before the underhand eut and fill stopes began to advance

downward. Only one half of the backfill needs to be consolidated in the bulk

sequence as opposed to the entire backfill mass in the earlier sequence.

Single pass mining sequences provide better management of stress at

depth. Important in these sequences is the fact that the vertical dimension of

the individual stopes is at least equal to or exceeds th€> maximum horizontal

dimensional dimension of the stopes. This allows more material to be broken

in individual blasts of the drill, blast, muck, fill cycle and has ail of that material

report by gravity to a single drawpoint. This has also allowed increases in

productivity. This geometry also simplifies the delayed placement of backfill.

Important in ground control, is that this geometry has eliminated the creation

of the large horizontal sills of previous sequences which proved difficult to

recover and which often gave rise to rockbursts.

These sequences, however, demand more adherence to the long range

plan as they lead to localized high extraction rates early in the Iife of an

operation. Ground control problems and dilution early in the life of an operation

can more seriously affect the economic viability of the project than the loss of

reserves or high cost mining late in the mine's life. Grade control has been

made more difficult, especially in lower tonnage mines where a large proportion

of the daily production may originate from only a few individual stopes.
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The early development of high extraction rates also increases the

requirement to monitor ground behaviour so that methods can be modified for

extraction sequences in other areas of the mine. The benefit of such programs

will be demonstrated in the case study of the Hemlo area mines as presented

in the following chapters. Continued research into alternatives such as the

creation of openings in backfill is required to allow future sequences to be as

flexible as possible.
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CHAPTER 5

A CASE STUDY OF THE HEMLO MINING AREA

The Hemlo mining area is located near the northeast corner of Lake

Superior, approximately 40 kilometres east of Marathon, Ontario, along

Highway 17 which serves as the Trans-Canada Highway in Ontario. The

junction with Highway 614 which serves as the access to Manitouwadge is

approximately one kilometre to the east of the mine.

The area includes three mines along one orebody as can be seen in the

longitudinal section provided in Figure 5.1. The David Bell Mine lies on the

eastern extension of the orebody with the Golden Giant Mine of Hemlo Gold

Mines being immediately adjacent to the west and the Williams Mine on the

western edge of the orebody. Both the David Bell and the Williams operations

are owned jointly by Teck Corporation and International Corona, the latter now

merged with Homestake Mining Corporation.

This chapter begins a detailed look at mine sequencing planning by

describing the difficulties created by operating three adjacent mines on one

variable grade orebody. It describes the overall sequencing at the Williams,

Golden Giant and David Bell Mines. The planning of extraction sequencing at

the David Bell Mine and the interface with operational problems is then

described in more detail in Chapters 6 and 7.
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5.1 OVERALL OREBODY OPTIMIZATION

The claim staking rush which occurred in the Hemlo area, superimposed

on some previously existing claims, saw three major property owners initially

emerge with a share of the orebody. It has been argued that the way to

optimize an orebody is to form one operating company and for the various

owners to share expenses and profits. While this did not occur at Hemlo, even

if it had the wide differences in tonnage and grade along the orebody would

have made the optimization of an extraction sequence a challenge.

The boundaries between the three operations is the vertical projection of

an irregular surface property outline projected onto a dipping and plunging

orebody. The three operations began as subsidiaries of three companies which

had very different priorities. The David Bell operation, 50% owned by the then

junior mining corporation, International Corona, had as a main objective the

early establishment of cash flow. That objective was aided by the near surface

narrow vein zone developed as the first three mining levels.

Noranda acquired the Golden Giant property by agreeing with its owners

that it would bring it to production within two years or incur significant

penalties. The Williams mine was initially involved in litigation over ownership

between the developer, Lac Minerais Limited, and the Teck-Corona Operating
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Corporation who eventually prevailed. It had the benefit of the only surface

outcrop of the deposit which allowed an open pit operation as underground

development proceeded. In the early stages of the underground operation,

certain claims not part of the disputed Williams' claims were preferentially

mined as the profit from this ore was not subject to the dispute.

With three companies having different objectives, two of which were

litigating ownership, mining an orebody with great variance in grade and

thickness, there is little wonder that one operating corporation to expioit the

deposit was not formed. Without becoming involved in the discussion of the

potential benefits of one operation, it makes an interesting academic exercise

to theorise on how such an operation would handle the optimization process.

The entire orebody at Hemlo had a combined reserve of about 62.5

million tonnes grading 6.5 grams of gold per tonne. That grade varied byone

order of magnitude from the western to the eastern extremities of the orebody.

ln the same way, the thickness varied by one order of magnitude from east to

west. Using Taylor's equation to estimate the optimum production level from

such an orebody, the mine would have produced about 12,500 tonnes per day

for a period of 20 years.

To produce ore at the reserve grade would likely have seen the operation
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begin on what is now the Golden Giant property. With this portion of the

orebody being thinner than on the Williams property, it would have been

difficult to achieve the desired production level without at least two major

stoping areas. The open pit operation would have assisted with the early

production but the reduced grade in the pit would have demanded that a higher

grade be produced from underground to maintain the average deposit grade.

As the mine advanced east and west to the ends of the orebody, a large

variation in grade between the areas would have developed. Scheduling from

the two ends of the mine would now become critical to avoid wide grade

fluctuations in the mill. Even on an hourly basis the goId recovery might

fluctuate greatly as the grade varied. In fact, the best approach would likely be

two separate mill circuits, with the high grade being sent to·a scavenging

circuit before combining with the !aV\! grade ore for final treatment. If that were

the case, two hoisting shafts would be required so as not to combine the

product before the mil!.

ln other words, even if the Hemlo orebody were to be operated as one

mine, because of the wide variation in thickness and grade, there would likely

have been two very separate operations. Obviously there would have been a

savings in capital investment and operating economy of scale, but from a

sequencing point of view, certain of the problems which presently exist would
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still have required solutions. In fact, many existing problems are more a result

of the rushed development than the fact that three operations were created.

5.2 SEQUENCING BETWEEN ADJACENT MINES

The existance of adjoining operations is not unusui'll, the same situation

has been described in Kirkland Lake and Sudbury for example. With three

adjacent mines operating along a high value orebody, however, agreements had

to be reached to ensure one operation did not seriously impact on the safety

or profitability of the other. The main cooperative agreements reached in the

Hemlo area are described in the following sections.

5.2.1 The Golden Giant Shaft Pillar

Because only Lac Minerais had access to the footwall of the orebody, ail

other shafts had to be collared on the hangingwall of the orebody. The David

Bell shaft had a substantial waste zone between the eastern and western ends

of the orebody so no problems were encountered. The Golden Giant shaft was

to be sunk on the quarter claim optioned from the Teck-Corona Operating

Corporation through what was thought to be a waste window. A small change

in the dip of the orebody, however, caused the shaft to be sunk through the

widest and highest grade ore on the David Bell property. This necessitated a

shaft pillar agreement under which Golden Giant was forced to buy the gold
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tied up in the pillar and to trade off reserves at depth, an exchange not yet fully

developed as exploration at depth is ongoing.

More importantly, by virtue of the grade and thickness, the David Bell

Mine chose to first mine the ore immediately adjacent to the shaft pillar. While

that was accomplished with no major problems developing, it necessitated a

major shaft instrumentation program at Golden Giant and some anxious

moments. David Bell has also closely monitored blast vibration in order to avoid

any potential Iiability.

5.2.2 The Williams· Golden Giant Crown Pillar

By virtue of the property configuration, Lac Minerais' open pit operation

was directly up-dip from the top of the Golden Giant operation. This

necessitated a crown pillar between the two operations. The boundary pillar,

as now demanded by Ontario legislation, is a 60 metre horizontal zone on each

side of the boundary as shown in Figure 5.2. Ali mining within this area must

be carried out under the close scrutiny of the Ministry of Labour. Due to the

projection of this zone on a dipping orebody, the area within the boundary pillar

represents a major ore tonnage. In order to transpose this into an acceptable

geometry, an agreement was reached between the two parties to establish a

40 metre crown/sill pillar as shown.
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This represents an exchange of minerai inventory of equivalent value with

the material tied up by each party shown in Figure 5.3. This pillar is left in

place until such time as good mining practice dictates its removal; sound mining

practices must be carried out above and below this pillar to ensure that

maximum extraction can be realized. Both parties must exchange mining plans

and schedules and allow inspection as required.

•
The agreement (53) includes, as an appendix, a memo fram Golder

Associates which attests to the fact that:
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Pillar Ore
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Figure 5.3 Inventory of the Golden Giant Crown Pillar

(a) "the stresses imposed on a proposed 40 m pillar will be quite small,

even with total extraction of the orebody above and below the pillar."

(bl "A pillar of this geometry and proposed dimensions is expected to

be satisfactory not only in terms of overall stability, but also in not

resulting in small scale shear or dilational movements which in turn may

result in significant water flows from Lac Minerais' property into

Noranda's property."

As described by Bawden et. al. (19). because of delays in fillin'J the

upper stopes in the first mining block and poor rock support, about 8 metres

of the sill pillar left below this crown pillar caved above the initial stopes on the

4900 level before being stabilized by cablebolting .
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5.2.3 Orebody Wide Sequencing

Orebody wide sequencing became important to avoid creating an ever

shrinking pillar as a result of activities on separate properties. Ali of these

sequences have been numerically modelied by Golder Associates using the

NFoid disp:acement discontinuity code (54). Figure 5.4 illustrates the model for

the Williams - Golden Giant interface as predicted for the end of 1991 and

Figure 5.5 shows the Golden Giant - David Bell interface (55) for the end of

1990. While the timing and some detail of these sequences have been

changed, the overall plan remains valid.

Along the Williams boundary, the diabase dyke is a natural feature and

the initial upper level mining at Golden Giant extended to the dyke onto the

Williams property. In the intermediate elevations, the bulk of the material up to

the dyke will be mined by the Williams operation with one small area above the

4400 level of Golden Giant being mined by that operation. Below that level,

Williams will mine to its boundary first and the rer,:aining material between the

boundary and the dyke will be mined by Golden Giant.

Along the David Bell boundary, ail initial mining will be done by that

operation.
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• Figure 5.5 The Golden Giant - David Bell Boundary Sequence
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5.3 SEQUENCING AT THE GOLDEN GIANT MINE

Totally apart from any interaction with its neighbours, there has been an

interesting evolution of sequencing strategies at the Golden Giant operation. As

described in 1985 by Hurley (56) and as outlined in Figure 5.6, the mining of

block one blasthole stopes was to commence with the one lift above the 4900

level. The stopes and pillars were to be 25 m on strike, the full orebody

thickness of approximately 25 m, and 100 m high. Drilling was to be carried

out from 25 m sublevels but with the entire height extracted before filling. A

second sequence, block two, above the 4750 level, was to use 25 m primaries

with a secondary and tertiary stope extraction sequence to remove the 50 m

pillar. There was to be a sill pillar between this lift and the lift above.

Successive lifts in block three, above the 4400 level, were to progress without

using sill pillars and with 33 m sublevels. The objective of this block sequence

was to commence production immediately and as described by Pieterse (57)

they ware successful; 9.6 million grams of goId were produced before the

Golden Giant and David Bell shafts were completed ta their ultimate depth.

5.3.1 The Mining of Black One

As described by Bawden et al, (19) and Bawden (17), serious ground

control problems had already developed during mining of block one, the 100

metre high series of 9 stopes above the 4900 level as shown in Figure 5.7.
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Figure 5.6 Mining Areas at the Golden Giant Mine, from Bawden (19)
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This was at a point in the extraction sequence when approximately 1,000,000

tonnes of the total 19,000,000 tonne reserve had been mined. In the 1988

publicatior" the authors state: "Secondary stopes have tended to dilate open

along existing structure during filling of adjacent primaries", and"Aiso large

blocks have, in some cases sloughed off the secondary stope walls, especially

along cross cutting diagonal shears" (19). They stated that these events were

not surprising since numerical modelling had predicted stress levels of one third

of the intact ore strength. Increased stress levels should not normally cause

dilation in a pillar except at the pillar edges where bulging into the open stope

dilation is similar to failures which wililater be described at the David Bell Mine.

is occurring. These effects may be the result of the presence of Barite and the

•

•
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•
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Figure 5.7 Golden Giant Mine, Sequence in Blocks 1 and 2
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ln the 1993 publication (17), Bawden describes the removal of the three

main pillars in block one, stopes 6, 7 and 9. These pillars are described as being

in the "yielded condition -- characterized by excessive loose, long continuous

cracks in the back and severe deterioration of development openings near the

stope end walls." Rehabilitation of the development openings was required and

there was difficulty Ir. drilling and loading the 54 millimetre blastholes. The

blasting was switched to 165 millimetre holes and the use of the VCR mining

method but deteriorating conditions necessitated a mass blast of the entire

pillar causing significant damage to the overlying pillar. Closure readings

confirmed continuing block closure .

The events in block one indicate several important points. The pillars

were designed at a 4: 1 height to width ratio and were as thick as they were

wide. Considerable schistosity ran along the bedding and "hourglassing" of the

pillars was reported, likely increased by blast damage from primary stopes,

making the effective strike width of intact pillars much less. There is an

indication from the dilation that these pillars had failed very early in the mining

sequence even considering the low extraction opening and the relatively

shellow depth. The presence of continued closure reinforces this assumption.

The use of homogeneous elastic modelling to indicate pillar stresses

seems of iittle value in such a situation. Any elastic model not Clilowing r"ost-
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failure analysis will show increased stress build-up in the pillars. Even if post-

f<lilure analysis is available, the failure criteria would be difficult to estimate.

Two main lessons can be learned trom the events in block one. First,

grolJnd control can rapidly becom8 critical in a bulk mining extraction sequence.

Secondly, it is important to monitor the critical parameters so that adjustments

can be mad!! in the long range plans for remaining mining areas. In this case,

designers relied on numerical modelling for stress prediction, but stress

monitoring early in the mining operation would have been valuable.

The problems encountered in block one brought about adjustments to

mining practices in subsequent blocks. The production delays, however,

<lemanded alternate producing iocations and permanently affected the long term

sequencing plans.

S.S.:? The Mining of Block Two

The mining adjustments made in block two as a result of the problems

encountered in block one have been described by Bawden (19). The overall

development was already in place so changes had to be incorpora~ed into the

already defined geometry. The major changes involved mining the stopes with

a 15 metre strike length and only a 50 metre height. Also the extraction

sequence was changad to a retreat sequence from west to east as shown in
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Figure 5.7. Bawden makes an important statement about implementing the

retreat sequence as follows:

"Production requirements are more difficult to achieve with the retreat

system since a stope cannot go into production until the one next to it

or below it has been backfilled. This leads to a crowding of resources

and some inefficiency in a mining block the size of block 2."

ln fact that inefficiency again restricted production and increased the

requirement to produce from other areas, the flatback retreat area for example.

Mining of block two was completed with the only reported problems being the

dilation and sloughing of some brow areas.

5.3.3 The Mining of B!ock Three

The mining sequence of black three was develaped as a result of

prablems experienced in block one and the stability provided by the sequence

in black twa. The sequence, as shown in Figure 5.8, has been described by

Bawden as the pyramidal sequence. Established on the 4400 level, it is

designed to advance !!pwards for six stope heights to the bottom of block two.

Stopes are designed to be 15 m on strike, 66 m in height, full orebody

thickness of an average 20 m and with drilling carried out on 33 m sublevels.

This sequence is very similar to Morrison's "domed" sequence described in

Chapter 2.

Bawden (17) describes this sequencp. as minimizing the development rate
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Figure 5.8 Golden Giant Mine, Sequence in Block 3

since the access ramp will intercept each level near the centre of the pyramid

and advance east and west as required ahead of the mining. This, of course,

requires the mixing of development and production crews on the same level

demanding increased ventilation and handling of both ore and waste off the

levaI. It also demands that each level and ail services be maintained until mining

to the orebody extremities is completed. Costs are increased by requiring the

addition of a consolidation agent to ail backfill after the initial dome has been

created. Establishment of such a sequence initially reduces available working
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locations. To overcome this problem, mine staff report that 50me stopes were

double lifted with a major failure of one stope wall.

Bawden also describes a very interesting occurrence. In order to provide

an additional working location the sequence was started by leaving a pillar

between the first two stopes on the 4400 level. This pillar is reported to have

faHed based on convergence measurements, overdraw from adjacent stopes,

and deterioration of the crasscuts to the pillar. This failure occurs in essentially

virgin ground after the extraction of only two stopes. Based on experience at

the adjacent mines this failure was Iikely caused by blasting damage and a

delay in filling .

The sequence of block three is now established and proceeding with

apparent success.

5.3.4 The Mining of the Quarter Claim

A fourth Golden Giant mining area exists on the quarter claim, optioned

fram the Teck-Corona Operating Corporation, where the thin ore to the west

of the shaft was mined early in the mine's life, as shown in Figure 5.6. Mining

was by the Avoca mining method on a retreat bas!s, which allowed disposai of

development waste into the mined out stopes at a time when production shaft

hoisting was restricted by ongoing shaft deepening activities .
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The presence of this area means that eventually the expanding pyramid

of block three will have to interact with an opening filled with unconsolidated

wasta material. This will require a sill pillar to separate the two mining areas.

5.3.5 The Flatback Retreat Area

A fifth mining area exists above the 4500 level which has been mined

on a retreat sequence from the boundary of the 8 level at the David Bell Mine.

This area was inspected by the author during a site visit in the summer of

1991. At that time, the stope backs had caved to an unknown height over a

strike distance of some 75 metres. This points out the prablems of ilatback

mining sequences. It also creates another mining area which will cause an ever

decreasing pillar with the expanding pyramid of block three.

5.3.6 Mining to the West of the Diabase Dyke

As mentioned in section 5.3.3, one section adjoining the Williams Mine,

above the 4400 level and to the west of the diabase dyke, is to be mined by

the Golden Giant operation. That mining area was just starting during the

summer of 1991. This isolates the diabase dyke; the stress accumulation on

the dyke will be of great interest as the pyramid of block three approaches it

fram the east. Grant and Potvin (58) indicate that when mining on both sides

of the dyke is completed over a vertical height of 100 m the dyke yields and

stress shl;!:::ding occurs.
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Their paper also describes the highly stressed environment in which

mining in this area will occur. They describe alternate sequences for mining ore

immediately below this area as modelled using BEAP and recommend a

sawtooth sequence as used at both the David Bell and Williams properties,

based on placing the recovery of less ounces of goId in jeopardy .

5.3.7 A Summary of the Golden Giant Sequence

ln summary, the emphasis in the early stages of the Golden Giant

operation was to achieve early production. With a high grade goId mine and

contractual arrangements to meet, the economic benefits of achieving this

objective were significant. Problems were experienced with the production

sequence chosen for the first block of ore which placed additional pressures on

designers to achieve the goal of early sustained production.

The problems which developed in block one were analyzed and the

results used to design alternate sequencing strategies for the additional

reserves. The use initially of several mining areas, however, requires a

coalescence of these various areas as the overall recovery increases. Siii pillars

already exist beneath the number one and two mining blocks and one will be

required beneath the unconsolidated fill of the quarter claim area. Merging the

mining cf block three with the flatback area will be carried out in a highly

stressed area as the ore to the east, on the David Bell prüpeny, has aiready
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been mined. As described in the previous section, recovery of ore below the

4400 level adjacent to the Williams Mine is also difficult. This will provide

future sequencing challenges or innovative mining methods if the ore recovery

is to be maximized.

5.4 SEQUENCING AT THE WILLIAMS MINE

The initial mining at the Williams mine was by open pit and in the B zone.

Schedu!ing of this production was based on objectives involving early

production and the ongoing litigation and will not be discussed here. Of interest

is the ·sawtooth" production sequence now being carried out in the B zone as

shown in Figure 5.9.

The mining method is blasthole stoping, with stopes 25 metres high and

25 metres on strike. Where the ore is thicker than 25 metres, it is mined in two

passes with the hangingwall stope mined and filled before the footwall stope

is removed. The backfill used is cemented rockfill in ail primary stopes.

Basically there are two sequences underway. The upper sequence is

advancing in a domed manner and at this elevation the Williams operation will

continue cnte the Golden Giant property to mine ail material up to the diabase

dyke. The lower sequence is a retreat sequence away from the Golden Giant
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boundary where the ore on the Williams prcperty is scheduled for mining first.

At that elevation, Golden Giant wililater mine the ore between the property line

and the diabase dyke.

•

32

3

121110987654

•

Figure 5.9 Mining Sequence at the Williams Mine

The sequence is designed to have primaries lead secondaries by a

maximum of two levels. On one occasion the secondaries began to lag behind

the primaries and a fall of ground was experienced from a wall in a garage

office immediately overlapping the secondary (59). While it is impossible to

equate this incident with stress build-up, it is similar to problems in pillars of

100 metres and 66 meters in height as described at the Golden Giant Mine.
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Of particular interest in this sequence is the fact that the bottom requires

the removal of a sill pillar underneath the cemented fill of the upper sequence,

a problem similar to that at the David Bell Mine which will be described in detail

in chapters 6 and 7. The difference here is that ail stopes above this sill have

been filled with cemented rock fill containing 7% by weight to a height of 25

metres above the sill. Ali undercuts were reportedly cleaned before filling to

avoid the presence of debris at the bottom of the fill. The stope spans are much

wider at Williams, up to 40 metres, and the stability of the fill over such a wide

span remains uncertain.

The first stope in this sill, 25 m high by 20 m on strike and full orebody

thickness, has now been removed and the procedure evaluated in a report by

Golder Associates (60). Drilling was carried out from a 4 m overcut drift driven

immediately beneath the fill with the fill supported by shotcrete. The fill was

reported as having formed an arch 0.5 to 1.0 m above the drift immediately

upon blasting and remained stable after shotcreting. Stability of the fill

persisted on removal of this first stope.

It is planned to remove the sill on a continuous retreat sequence away

from the Golden Giant boundary as this allows individual stope lengths to be

adjusted as necessary. Also, in thicker ore, the stopes can be mined in slices

on retreat from the hangingwall. In narrower sections it is proposed to drill the
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ore from the footwall, a method developed at the David Bell Mine as will be

described in chapter 7. It is also proposed to measure convergence during the

sill removal. This will provide a critical source of data for planning such

sequences in future, especially data on the stability of cemented rock fill when

exposed to closure strain.

The placement of higher strength fill for 25 m above the sill is another

example of the sequence at Williams being planned in advance. The i;1itial plan

was modelled by Golder Associates using NFold, and the plan is followed

rigorously. Ali out-of-ore development is in place early. One can walk along the

level at the top of the bottom sequence and see the progr,ession of activities

from stope overcutting, to drilling, to blasting, to filling. The unique ore

handling system using four ore passes, Eagle crushers, and conveyors for

lateral transport seems to work weil to ensure no bottlenecks exist in the ore

flow process. The mine appears to be weil planned and the operational

execution of the plan is taken seriously.

5.5 SEQUENCING AT THE DAVID BELL MINE

The David Bell Mine, discovered in 1982, began production in 1985. The

present mining rate is 1280 tonnes per day. In 1991 it produced 283,128

ounces of gold at a per ounce cost lower than any Canadian operation. The
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following sections introduce the operation and explain the long range mining

sequence in preparation for the detailed analysis presented in Chapters 6 and

7.

5.S.1 Mining Methods

Mining at David Bell began with the use of narrow vein mechanized cut

and fill on levels 1, 2 and 3 to the east of the shaft as shown in Figure 5.10.

Ali levels are spaced at 100 metres vertically; these first stopes were silled out

on ail three levels over the approximate 100 metre strike extension of the

orebody. The ore was about 2 metres wide with a dip of approximately 45°.

Ore from this area was used to supply the mill while development of

extraction openings was completed on levels 7 and 8 and the ore transportation

system was developed on 10 levaI. The crown pillars of these three stopes

have been left in place with no present plans for their rocovery. The early

extraction of this ore, however, allowed the establishment of cash flow at the

mine before reaching the main part of the orebody in a manner which did not

affect the planning of the main ore zone.

The predominant mining method Uf2d in the main ore zone is sublevel
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blasthole stoping using a bored slot raise and small diameter blastholes. The

sublevel interval is 25 m vertically. The initial design was to use 25 m strike

length primary stopes and 25 m pillars. This was later changed to 20 m

primarie:: and 30 m secondaries as will be described in chapter 7. The stopes

are the full width of the orebody ranging from 15 m at the west end to as

narrow as 3 m at the east end. Development and access are ail in the footwall.

Backfill is hydraulically placed and consists of approximately 15%

classified mill tailings and 85% alluvial sand. Fill barricades are poured at an

aggregate to cement ratio of 20:1 with primaries filled at a 30:1 ratio and

secondaries with uncemented material. Initially, normal portland cement was

used in the backfill but this has been replaced by Reiss Lime slag activated by

10% normal portland.

Mucking of the stopes is done with remotely operated 6 yard LHD's.

There are three ore passes, spaced approximately 75 metres apart, that empty

at 10 level into a rail haulage system for transport to the shaft.

An adaptation of the blasthole stoping has seen the elimination of the

slot raise with ail drilling being carried out in a fan pattern from the footwall

haulage drift. This adaptation has been important in ground control

management as will be described in chapter 7.
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5.5.2 The Main Zone Mining Sequence

Ouring the first two years of the operation, development was completed

on the central portion of the main orebody. That development, as shown in

Figure 5.10, included: the 5 level as required to connect to a ventilation raise

from 7 level, the 7 and 8 levels along with a ramp system connecting the two

levels, the orepass system connecting with the main 10 level haulage system,

footwall sublevel extraction levels with crosscuts to the orebody on 25 metre

spacing, and si"ing out of the orebody at the sublevels. This development is

shown in more detail in Figure 5.11. The development upwards from the 7 level

was designed to remain ahead of the advancing stoping operations .

The silling out of the ore at the sublevels was generally carried out 4

metres high to full ore width to a maximum width of up to 15 metres and often

preceded the sublevel development in waste. In fact, a decision was made to

creste an additional 80 sill midway between 8C and 7 level, ostensibly to allow

the use of uppers in removing the ore below the previously mined 7 level

stopes, but which also supplemented the ore supply during the difficult

transition period. This meant that the approximately 21 metre ore pillar planned

between the top of the SC sill drift and the bottom of the 7 level undercut was

now reduced to two 8 to 9 metre sills. The early creation of these in-ore sill

drifts caused problems leading to ground falls and drill drift rehabilitation .
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Whether the creation of the 80 sill drift caused problems or ln fact caused early

destressing of the pillar will be discussed in more detail later.

The initial plan called for mining 50 metre high stopes beginning on both

the 8 and 7 levels starting at the Golden Giant boundary and retreating towards

the shaft. The offset to the east of the boundary on 7 level defines the location

of thE! Golden Giant shaft pillar immediately above the 8C stopes. Mining was

planned to proceed in a "sawtooth" pattern similar to the system previously

described for the Williams mine but the extraction sequence sometimes became

much more "flatback" because of lagging development. This mine plan

necessitated the removal of a pillar between the 8C sublevel and the

consolidated tailings backfill in the previously mined 7 level stopes, complicated

by the presence of the 80 sublevel. This also necessitated placing consolidated

fill in the bottoms of both the primary and secondary stopes of the 7 level.

This sequenc... of mining above the 7 and 8 levels, especially planning the

successful extraction of the sill pillar between the 8C sublevel and the 7 level,

which was chosen as the detailed case study for this research. Numerical

modelling of the extraction sequence, instrumentation of ground behaviour

during extraction, and observa',ion of how operating prtJ(1uctivity demands

affected the planned sequence, provided an opportunity to better understand

the demands of designing and executing a long range production sequence.
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5.6 CONCLUSION

The Hemlo mining area is one of the newest and most important mining

areas in Canada. The orebody is extremely diverse in terms of varying thickness

and grade from one end to the other. The presence of three mines along this

orebody introduces a complication of sequencing planning as they must interact

along the common boundaries. The three mines have also been influenced by

differing management priorities and the results of the efforts of three planning

groups can be directly compared under similer geotechnical environments.

Two of the mines had access to 'In initial ore zone which provided an

early cash flow without affecting the sequence of the main orebody zone. Two

of the mines have adopted a "sawtooth" mining sequence which sees primary

stopes lead secondary stopes by one levaI. The other mine has converted an

initial 100 metre high primary and secondary stope sequence to a pyramid

extraction sequence due to severe pillar failure problems. The implications of

these approaches will be further discussed in chapter 8 by providing examples

of the various sequencing objectives.

There has been a high ;ev':ll of cooperation among the mining operations

which share information and have monthly meetings to discuss ground control

problems. To better understand and i1lustrate the problems of developing and
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monitoring a mine sequencing plan, the sequence for the first two levels of the

main ore zone at the David Bell Mine will now be discussed in detai!.
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CHAPTER 6

NUMERICAL MODELLING OF THE DAVID BELL MINE

The author first became involveà in planning at the David Bell Mine in

early 1988. John D. Smith Engineering Associates Limited, the rock mechanics

consulting firm for the mine, had been contracted to design a fill mat for the

stopes on 7 level. The design was to ensure that failure would not occur when

the ore beneath was extracted. The design process included extensive physical

modelling carried out in the Queen's University centrifuge laboratory as reported

by Mitchell (61 J. While the fill mat was never installed as designed, the stability

of the fill on extracting the 8D sill is described in chapter 7.

ln support of the centrifuge modelling, the author was requested to carry

out i'lumerical modelling to predict the closure, as a percentage of orebody

thickness, to which the fill mat would be exposed when the supporting ore was

extracted. While the closure prediction was considered critical, insight into

likely areas of high stress concentration and possible failure zones would also

become available. This work was carried out using the MINTAB (62)

displacement discontinuity code and will be described later in this chapter.

To undertake numerical modelling studies of the David Bell Mine, and tI>

understand the ground behaviour, required information on the geotechnical
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environment. Information assembled from the three mining operations in the

area is summarized in the following sections. While not ail of this data has been

used directly in the numerical modelling studies, ROD for example, it is included

for completeness and because the state of the rock mass affects decisions

made about the mining sequence.

6.1 THE STRESS REGIME

To adequately carry out predictive stress modelling, knowledge of the in-

situ stress regime is essential. In many feasibility studies, this data may simply

come from the use of Herget's equations (29) for stress prediction in the

Canadian Shield. The initial MINTAB modelling carried out for the David Bell

Mine was base"; :;)'1 thr:le in-situ measurements taken at the Williams Mine and

the Golden Giant Mine by Goiàer Associates. The virgin stress state normalized

for N-fold input (MiNTAB requires the same normalized input) as provided by

internai Golder reports (54) (55) is as follows:

Stress Component MN/m2/m depth

OAil43
0.028
0.024 {Gravity)

•
The model input stress parameters were modified as more information

became available and after on-site model validation. Table 6.1. as iadaotad from

Kazakidis (63) provides a summary of stress measurements in the Hemlo area
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Table 6.1 A SUMMARY OF IN-SITU STRESS MEASUREMENTS, HEMLO AREA

Average Magnitude Plunge l21 Bearing Ratio ta
Holelll Principal (MPa) (dip) (azimuth) G3

# Stresses

a, 36.1 01° 98° 3.17
3 a2 16.0 20° 188° 1.41

a3 11.4 70° 6° 1.00

a, 12.3 02° 04° 1.98
5 a2 8.3 40° 96° 1.34

a3 6.2 50° 271° 1.00

a, 29.0 20° 158° 1.93
1 a2 24.1 20° 50° 1.59

a3 15.2 58° 280° 1.00

a, 35.2 5° 34° 1.96
2 a2 24.2 7° 304° 1.30

1
a3 18.6 80° 160° 1.00

1080 m a, 37.09 68.3° 291.4° 1.28
Level a2 34.74 18.3° 77.6° 1.19

Williams a3 29.03 11.3° 171.4° 1.00

PRINCIPAL STRESSES
r-

Trend l31 Plunge Magnitude

a, 358° 10° 0.0437 (MPa!m depth)

a2 093° 28° 0.0299 (MPa!m depth)

a3 250° 60° 0.0214 (MPa!m depth)

(1) Hales 3 and 410cated at Williams mine, level1 01 00 (300 m below surface). Holes
1 and 2 located at Golden Giant mine, level 4600 (720 m below surface).

(2) Positive plunge below horizontal
(3) With respect to mine north
Source: Kazakidis (63)
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to 1990. It should be noted that the result from the 1000 metre levelat the

Williams mine shows near isotropie results and was considered an anomaly. A

series of tests in four holes by Golder Associates (64). using CSIRO hollow

inclusion cells and the USBM deformation guage confirmed theresults for this

area, but the report points out the sensitivity of the results to the modulus

assumed in calculating the stress results, especially when the stresses

approach hydrostatic levels.

To ensure the validity of data used for this study and to provide data for

ongoing analysis of mining of the 9 and 10 levels at David Bell, two in-situ

overcoring tests using CSIR ceIls were conducted in the first week of June

1992. These two tests were carried out in one borehole in the 10B west drift

at the mine. The results of these tests along with the data from the core

material testing, as provided by Queen's University laboratory staff, are given

in Table 6.2. The results are similar to tests 2 and 5 from Kazakidis and to the

general theory used in ail the models that al is generally perpendicular to the

orebody with a ratio of 1.4 to 1.8 times a3 , which is steeply dipping and

comparable to what would be expected from gravitational loading.

6.2 ROCK MASS CLASSIFICATION

Data on the rock mass was collected by research assistants during the
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summers of 1990 and 1991 by carrying out joint line mapping in eight different

areas of the mine (65). The joints were analyzed for spacing, orientation, and

Table 6.2 IN-SITU STRESS MEASUREMENTS FROM THE DAVID BELL MINE

(Depth approximately 1000 m.)

1-10B West 2-10B West
Test # 1(a) 1(b) 2(a) 2(b)-

Unconfined Compressive 220.9 244.0 193.7 200.8
Strength (MPa) Avg.- 232.5 Avg.- 197.3

Young's Modulus 55.8 61.0 67.0 51.9
(GPa) Avg.- 58.4 Avg.- 59.3

Poisson's Ratio 0.26 0.24 0.28 0.20
Avg.- 0.25 Avg.- 0.24-

Prim:ipal Stress 0", = 44.6 0", = 34.7
Magrütude (MPa) 0", = 25.6 0", = 25.5

0"3 = 23.5 0"3 = 18.5

4° 359°
Vector Azimuth 100° 267°

218° 137°

23° 10°
Vector Dip 14° 9°

62° 76°

structure as required for the NGI classification system and a modified Mathews

analysis was carried out by Leduc (65). Diamond drill core analysis was started

by the geology department during the summer of 1991 and will continue in the

future. A summary of the rock queiity designator (ROD) as given by Leduc is

provided in Table 6.3.



•

•

•

168

TABLE 6.3 ROD OF DIFFERENT ROCK MASSES, THE DAVID BEll MINE

HOlE ROD FIW ROD ORE ROD H/W

6A-1 63.9 87.0 35.2

6A-2 --- 80.1 54.3

6A-4 --- --- 69.9

6-19 --- 60.6 79.3

9D-14 90.2 70.2 ---

9D-15 89.5 70.9 94.i

7B-23 (C-ZONE) 84.7 --- ---

During both summers, 1335 joints were mapped in 8 different traverse

locations and the results as analyzed using the DIPS program are shown in

Table 6.4. The ROD values are determined by finding the mean joint spacing

for each joint set present, then the value of Jv was found using the formula:

Jv = (1 /Joint Spacing A) + (1 /Joint Spacing Bl + ...

ROD was then found using the relationship:

ROD=115-3.3*J v
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Table 6.4 JOINT SET ANALYSIS, THE DAVID BELL MINE

LEVEL # OF SETS RaD LOCATION

5 WEST 2 + RANDOM 59.5 FIW

6 EAST 3 + RANDOM 82.7 HIW

7C WEST 3 66.0 H/W

7B WEST 3 63.7 HIW

7 WEST 3 60.4 HIW

7 EAST 2 35.4 HIW

9D CENTRE 2 + RANDOM 70.3 ORE

10A CENTRE 3 63.4 H/W

Diamond drilling information from one hole within 25 metres of the

mapping area gave an RaD value of 79.3 which compares weil to the mapping

value of 82.7.

6.2.1 Joint 5et Description

The three main joint sets identified at the David Bell Mine correspond to

those identified by the detailed mapping carried out by Kazakidis (63) at the
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Golden Giant Mine. His work includes stereographie projections of these joint

sets which were not repeated in this thesis. Set A is roughly parallel to the

orebodyand lithological contacts with the northerly dip increasing from 57° on

the fifth level to 65° on the 10A sublevel. This corresponc;s to the A set as

described by Kazakidis as having a dip direction of 009° and a dip of 64°.

Figure 6.1 is a west facing photo of the east end of the 6 level hanginllwall

which shows the steeply dipping A set in the lower left of the photo. Figure

6.2 is a photo of the intersection of the footwall and the back in the K78C

stope undercut. The footwall is dominated by the strong A joint set.

Figure 6.1 Joint sets A and C
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Figure 6.2 Joint set A on Footwall in K78C Stope

The B set is a steeply dipping joint set with a strike of 340°. Kazakidis

describes it as dipping at from 76° to 90° to direction 074° to 122°. This set

varies over the mine and tends to dilate if there is an open stope immediately

adjacent to the mapping area. Figure 6.3, a south facing photo, shows the

nearly vertical B set on the footwall of the K7BC stope, on the 7C sublevel.

Also seen ,lere is the oblique C set running from the top left to the bottom

right. Figure 6.4 shows the dilation of the B .set in the secondary stope's

undercut. This picture is of the J76C footwall and was taken facing south .
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Figure 6.3 Joint sets Band C

The C set is a flat-Iying set with a general 090° strike and 20° dip.

Kazakidis describes it as dipping to the south at an average of 15°. The C set

IS seen in Figure 6.1 as the fiat portion of the wall in the middle of the pictW8.

The presence of the shallow dipping C set can cause wedge typa failures in the

backs of both the undercuts and the haulage drifts. In fact, at the Golden Giant

Mine, development headings are driven with a "shantyback" profile to conform

to the C set joints .
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Figure 6.4 Dilation of Joint Set B

As can be seen, the three main joint sets provide almost ideal conditions

for block failures. In development openings and ore undercuts the failure would

be a wedge failure along the C set joints abutting the A set joints and bounded

along strike by the B set joints. In the hangingwall, failure can occur along the
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A set joints, sliding out along the C set joints, and being bounded along strike

again by the B set joints. When one considers the degree of sericite alteration

which occurs along the A set joints, the stress behaviour can be greatly

affected by movement which occurs along the jointing.

6.3 ROCK STRENGTH ANALYSIS

Rock sample testing to determine the strength characteristics of the

various rock types, particulariy the Modulus of Elasticity and Poisson's Ratio to

be used in numerical modelling studies, was carried out at the rock mechanics

laboratory at Queen's University on three occasions. The analysis procedure

meets ISRM standards as described by Archibald (66).

The initial testing was carried out early in 1988. Core came mainly from

the footwall of the orebody as most exploratory drilling was carried out from

foot'Nall drifts. The data from these initial tests were used for the bulk of the

modelling work carried out at David BelL

No data existed on the hangingwall rocks as liUle drilling had been carried

out from surface il1to the main area of the orebody and no hangingwall core had

been testp.d. In 1990, a limited test was carried out on core provided from the

hangingwall during drilling carried out to install an extensometer on 7 level. In



•

•

•

175

1991 an additional 10 samples were tested with core provided by ongoing

exploration. Table 6.5 gives the. results of the 1991 tests and the results from

the p~evious 1990 hangingwall tests. The 1990 samples were undifferentiated

in terms of their rock type. Table 6.6 shows the mean values for the various

rock types of the hangingwall and for the hangingwall as a whole.

Several sampies failed along shear planes, in tests tests 6-2 and 7-1 for

example, failure occurred along fine sericite layers orientated at approxomately

50 degrees to the core length and no lateral strain was recorded. The data

demonstrates the wide variation which can occur in the rock parameters

depending on the amount and grain size of the sericite pre.sent in the

hangingwall or the amount of barite present in the ore.

The 7C rock type of the hangingwall ranges in strength from 10.15 MPa

to 162.19 MPa, the weaker sample being a medium grained quartz sericite

schist showing a very weil developed schistosity while the stronger rock was

highly silicified and weakly schistose. The shear strength of the hangingwall

rock is therefore greatly dependent on the coarseness and the content of

sericite. While there has been Iittle access available to the hangingwall, when

a stope overcut has allowed access after filling, movement along the sericite

zones has been noted confirming this lack of shear strength along these planes

parallel to the orebody. While these zones may not greatly affect the
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SAMPlE UNCONFINEO YOUNG'S POISSON'S ROCK COMMENTS ON
# STRENGHI MOO'JLUS RATIO TYPE TEST ROCKS

(MPa) (MPa)

1-1 54.17 13079 ••• 70 GOOO SH'=AR,
HIGH BIOTITE

2-1 91.70 12776 0.17 7F GOOO SHEAR,
MEDIUM BIOTITE

2-2 116.84 16729 0.16 7F GOOO SHEAR,
MEDIUM BIOTITE

3-1 70.04 12708 0.16 7C GOOO SHEAR, VERY. HIGH COURSE SERICITE

4-1 98.50 15098 0.11 7C/F GOOO SHEAR,
FINE BIOTITE

5-1 112.06 18000 ... 7C GOOO SHEAR,
SILICIFIEO

5-2 162.19 19251 0.25 7C GOOO SHEAR,
SILICIFIEO

6-1 19.17 4084 0.26 7C GOOO SHEAR, VERY HIGH
MEDIUM SERICITE

6-2 10.15 4673 ... 7C SCHISTOSITY, VERY
HIGH MEDIUM SERICITE

7-1 36.55 9549 ... 50 SCHISTOSITY, HIGH
MOLYBNOENITE ALONG

SHEAR

1 91.5 20525 0.15 H/W 1990 SAMPLE

2 43.8 13840 0.19 H/W 1990 SAMPLE

3 40.8 9493 0.14 H/W 1990 SAMPLE

4 43.0 10239 0.14 H/W 1990 SAMPLE
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Table 6.6 ROCK STRENGTH OF HANGINGWALL GEOLOGICAL UNITS

HANGINGWALL UNCONFINEO YOUNG'S POISSON'S
ROCK STRENGTH MOOULUS RATIO
TYPE (MPa) (MPa)

70 CALC-SILICATE 54.17 13079 0.07
RHYTHMITE

7F METASILTSTONE 104.27 14753 0.17

7C META-ARKOSE 92.5C 13828 0.19

TOTAL 78.64 13818 0.16

transmission normal stresses, they may have a thiekness up to several mm with

the grain size of the serieite ranging from 1 to 5 mm. To estimate a single

elastie strength parameter for the hangingwall as input for numerieal modelling

would be very diffieult eonsidering the variable thiekness and eonsisteney of

this serieite zone. In faet, movement along these serieite zone is a likely cause

of seeondary pillar destressing as diseussed in section 7.4.1. A Iight eoloured

band of serieite in the hangingwall of the M84D stope is shown in Figure 6.5.

The other problem minerai whieh exists in the ore zone is barite. The

whitish barite is found in bands up to 1 metre wide whieh eontain up to 75%

barite. These bands are generally found in the wider western part of the

orebody and have been assoeiated with falls of ground in the baeks of the ore

undereuts. Figure 6.6 shows one of these barite-rich bands in the baek of the

undereut in the K78C stope, on the 7C sublevel. The band is the dark area in

the middle of the pieture with few rockbolts in it. The band, whieh appears
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dark because of staining from the rnercury minerai cinnabar, has failed 3 cm up

into the back. The failure of these bands occurs slowly upwards with smail

rocks falling out. As the failure advances higher into the bdCk of the undercut,

a brow is created in the adjacent rock which can then fail into the undercut.

Figure 6.5 A Sericite Band in the Hangingwail
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Figure 6.6 A Barite Rich Band in the Undercut of
K78e Stope

Again, a problem exists in estimating the strength parameters of the ore

zone. The approach which was taken in the numerical modelling was to use a

weighted average assuming about 15% of the ore was barite-rich. In reality. it
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could be argued that the ore zone is only as strong as its weakest part,

especially when that zone tends to squeeze and unravel as described above.

It is felt that both of these occurrences probab!y contribute to the fact

that secondary stopes tend te ûtlstress after the primélries are removed as

discussed in Chapter 7.

6.4 THE INITIAL MOOELLING WORK

As described previously, the initial modeiling work by the author was in

support of a project to design a 7 level sill mat to provide fill stability when the

8 level stopes came up from bel1eath. Based on design principles supplied by

Mitchell (61), it was felt that exposing the cemented backfill to more than 2 %

closure would cause instability. This work (67) was completed at the time the

first stopes were being excavated on the 7 javel. Since this numerical model

had not been validated through comparison to actual mine conditions, the

results were considered to be relative only.

6.4.1 Cheice of Numerical Model

At the outset of this modelling work, it was decided to use the

displacement discontinuity model which is extensively used in Canada under

various names, for example, MINTAB, OZTAB, ExamineTAB (18). The MINTAB
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code used in this project was provided to the author by CANMET (62) as

adapted by them from the original South African code (S8) to allow the

inclusion of backfill and the capacity to restart the program after any step. This

code also forms the basis of the NFOLD program, used by Golder Associates,

which in addition allows overlapping orebodies and provides a post failure

capability. Ali models were run on the Queen's University mainframe computer.

The following attributes of a MINTAB based program provided the

justification for choosing this model for this project which involved the planning

of an overall mining sequence:

1. It presents the mine in longitudinal section, the orientation of interest,

and allows stress loading perpendicular to the plane of the orebody. Ali

three stress directions are applied in the pseudo three dimensional model.

2. It allows a progressive mining sequence to be developed so that

intermediate results can be evaluated.

3. It presents the results in longitudinal section to allow for ease of

analysis, for example, by using contouring packages as shown in Figure

6.10.

4. It allows the use of three materials: the pillars, the ore and the

backfill. In a tabular orebody such as the one at David Bell, the pillars

and ore are generally the same material.
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The alternatives to the use of MINTAB were generally '111'10 dimensional

boundary element or finite elemer.t programs. Two dimensional programs are

best used in assessing an in-stope stability problem, the sill pillar between two

cut and fill stopes for example. While the model assumes that the sectional

geometry projects infinitely into the plane of the model, in the case of a 60 to

80 metre long cut and fill stope this is a valid approximation. They are of little

use in depicting the geometry of a verticalmining sequence such as those used

in the Hemlo area where, if the section is taken through a primary stope,

the s",'ondary stope 10 to 15 metres away in both directions is ignored.

At the time of this work, the development of three dimen'3ion<:! models

was underway. The three dimensional boundary program, BEAP, had been

developed by CANMET but pre-processors and post-processors were not

available. Three dimensional finite element programs were available on main

frame computers but access charges were high and the learning curve long.

The use of three dimensional models on PC based systems as described by

Zhang and Mitri (69) was unavailable. Even now, the complexity of a 3D model

required to evaluate a mining sequence requires so many elements that

computing resources become a limiting factor. These problems are discussed

in more detail in section 6.8.
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6.4.2 Model Description

The initial analysis involved creating an 11 step extraction model based

on the five year mine plan. Because the orebody in the area of interest varies

in thickness from 12 n on the west to 6 m on the east and since the

percentage closure was significant to the stability of the cemented sill mat, the

model was run at thicknesses of 6 and 12 m. In addition, a third mOeJel was run

at 6 m with 5 m of high quality backfill placed in the position of the sill mat.

The model, the portion from 8 level to 6 level being depicted in Figure

6.7, also outlines the stope numbering system as discussed in various sections

of this and the following chapter. It should be noted that where the stope

numbering system at the mine was changed at the latter stages of this praject,

the old numbering system has been maintained for consistency. The model

consisted of an 80 by 80 matrix of 5 m square elements extending fram 580

m below the surface (50 m above the 6 level) down for 400 m (50 m below 9

level). The model extended 400 m eastward from the Golden Giant boundary

on the west. Mining Activity extended from the first six stopes above 9 level

up to 6 level with ail excavations being 25 m wide and 50 m high, in effect ail

stopes being double lifted as initially planned.

As is the convention in MINTAB, ail stopes fram a previous step were

backfilled prior to excavation of the stopes in the present step. This means that
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L72D L74D L7BD L7BD K72D K74D K76D <7BD J72D J74D

L72C L74C L7BC L78C K72C KNC K76C K7BC J72C J74C

L718 L738 L70B L778 K718 K73B K7aS K778 J718 J738

L71A L73A L715A L77A K71A K73A K7M KnA J71A J73A

M82D~~D=fM86D?B8D=*LB2D*=L84D=?B6D+=LBBD=?82DfKB4D*K86D?8BD JB2D

1M82C MB4C M86C MBBe LB2C LB4e L86C LBBe KB2e K84e KB5e KBBe JB2e

MBl8 MB3B MBaB M87B L81B L83B L8aB LB78 KB1B K838 KBaB KB7B JB18

1-
MB1A MB3A MBM M87A L81A L83A LBM LB7A KB1A KB3A KBM KB7A JB1A

Figure 6.7 Stope Numbering at the David Bell Mine
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the model has reached convergence to the pre-determined level, the default is

1 % or twenty iterations, before the backfill is introduced. This means that no

convergence occurs with the backfill present until the next step is excavated.

Whether this represents the reality in underground excavations is difficult to

evaluate. This subject of timing models to the closure in the real world is

further discussed in section 6.4.3 and has been included as a recommendation

at the end of this thesis.

The input pararneters for this modellir.g, again based on the Golder

Associates input parameters from the William's Mine, were as follows:

• ln-situ Stress State

Young's Modulus

Poisson's Ratio

Backfill Modulus

As reported on page 164

25,000 MPa

0.25
50 MPa

•

The 11 step model was designed to show conditions at the most critical

stages of the planned extraction sequence. Steps 1-4 are depicted in Figure 6.8

with steps 5-8 depicted in Figure 6.9. The graphies used in this thesis to

illustrate the various model steps were created using ExamineTab whereas the

initial work was carried out using MINTAB. The final three steps involve

extraction of the final 8D stopes remaining in step 8 and six stopes above 9

level. The steps are described as follows:
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Figure 6.8 The Five Year Plan, Steps 1 to 4

Step 1. The first six stopes above 7 level.

Step 2. The first free fill face exposure, a 50 m wide opening, and a

first single width pillar. The first stope was excavated above 8 levaI.

Step 3. The first four stope width excavation (100 m ) and the first time

backfill is exposed on both sides.

Step 4. The first six stope excavation adjacent to a 25 m pillar and the

worst loading condition on a fill wall above the 7 levaI.

Step 5. The removal of the remaining stopes between 7 and 7B and

between 8 and 8B, the first two stopes were excavated beneath the

Golden Giant shaft pillar and the first stopes up to 6 levaI. This would be

the condition before the first stope was removed beneath the sill mat.
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• Figure 6.9 The Five Year Plan, Steps 5-8

Step 6. Excavation of the first stope beneath the sill mat.

Step 7. The second stope beneath the sill mat.

Step 8. The first double width exposure of the sill mat. The first stope

above 9 level.

Steps 9, 10 and 11. Removal, advancing from west to east, of the

~cmaining stopes beneath the sill mat to observe the increase in closure

and the stress expected for the remaining pillars.

•
The two main output parameters from MINTAB models are the predicted

closure which will occur in an underground opening and the stress
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accumulation normal to the orebody in the rock surrounding the orebody. Otiler

parameters such as the stresses along the orebody and the energy released

during the excavation are also calculated but were not used in this analysis.

6.4.3 Predicted Closure from MINTAB

The discussion of the closure results is based on the model having an ore

thickness of 12 metres as this model predicted the greatest closure, although

only rP.arginally greater than the 6 metre modal. That is predictable as the

absolute stress applied to the model in longitudinal section is the same but the

reaction occurs in a pillar of greater thickness to size ratio. In terms of its effect

on free standing fill walls or on the sill mat, however, damage based on percent

strain would be more severe in narrower ore.

ln the elastic mod0ls, closure on the individual stopes of steps 1 and 2

was predicted to be about 20 mm. It is difficult to relate the modelled closure

to real time. Whether this closure occurs before backfill placement is critical in

assessing if any support is gained from the fill and how much damage may be

caused with the additional closure from excavation of the adjoining stope.

Backfill only assumes load if closure occurs after its placement.

Maximum predicted closure increases to 54 mm with the two adjoining

stopes of step 2, and to 68 mm for the four open stopes of step 3. Closure
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increases gradually. as the open excavation increases. to reach a maximum of

183 mm for the 12 metre model as depicted in the contour plot in Figure 6.10.

This maximum closure is shown to occur at a point in the extraction sequence

which would overlap the 8D sill area on its complete removal. The maximum

closure predicted for the 6 metre model was 177 mm.

This represents 1.5% strain lior the sill mat in the thicker ore and 3% in

thinner areas. Above 2% strain would likely cause failure in high cement

content backfills. With a retreat sequence of sill pillar removal. however. the

stope below the sill pillar would be extracted and filled before the maximum

closure would be reached .

To determine the effect of the backfill in Iimiting closure, the 6 metre

model was run without backfill throughout lit is impossible to place backfill with

two parameters at different points in the model), but with very high quality

backfill in a row of elements along the location of the sill mat. This in effect

equates to a 5 metre thick layer of high qualitv concrete along the 7 level. The

results as shown in Figure 6.11 show the ripple effect of the reduction in

closure along the 7 ievel sill mat.

6.4.4 Measured Closure

This data demonstrates the importance of predicting closure as input to
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Figure 6.10 Closure at Step 11, 12-Metre MINTAB Model

the design process but also the difficulty of predicting the timing or validating

the magnitude of the predicted values. Seven grouted, pre-assembled multi-

anchor borehole extensometers were installed early in the life of the operation

in an attempt to monitor mining induced ground movements and to validate

•
closure predictions.



•

•

191

Figure 6.11 Closure at Step 11, Backfill Only at Sill Mat, MINTAB

Four of these extensometers were installed in the K75 A and B stopes

immediately west of the 4th and 5th stopes to be mined. Two were installed

from the overcut to the undercut to monitor vertical movement and two across

the ore to measure closure. Sorne heaving of the floor of the K75A overcut was

noted as the K77 stopes and the K73A stope were removed. The extensometer
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in the K75B pillar was monitored from October 21, 1988 to July 26, 1989,

with the K75A stope being blasted on May 20, 1989. While up to 25 mm of

movement were measured in total, the majority of this did not occur until July

12 to 26, 1989. The across ore extensometers gave conflicting results. The

K75A extensometer monitored from October 21, 1988 until the pillar was

blasted on May 20, 1989 showed very little movement with both compression

and expansion taking place. The K75B instrument showed very little reaction

to the K75A blast and again showed movement in both directions.

The other three extensometers were installed across L73A (stope 22)

and across M87 A and B. Again, the results were inconclusive. The initial

interpretation of this data was that slippage of the heads had occurred. With

the subsequent observation that destressing of the secondary pillars was

occurring, as discussed later, this confusion with this extensometer data may

have been as a result of differential dilation of the pillars.

This points out the practicallimitations of gathering valid closure data in

bulk mining operations, especially in the absence of hangingwall development.

The ideal condition would be to have a surveyed anchor point on both sides of

the orebody sorne distance from the ore. Heads on the walls of the stope would

then differentiate stress related closure from relaxation of the rock layers.

Installing an extensometer in the rock mass means information is not available
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at the critical time, just after the pillar has been removed. Installing an

extensometer previous to filling or even during the fill pour would likely give

extraneous results due to fill settling and is not possible as access to the stope

by personnel is denied unless extensive rack conditioning has been carried out.

An alternate would be to place an extensometer through the fill after it

had consolidated. In fact, a hole was drilled through the fill fram the footwall

immediately above the 7 level to install an extensometer to measure closure as

the SC to 7 level sill was removed. Installation difficulty was encountered due

to water draining fram the fill. By the time the water flow had dccreased, the

sill was thought to have failed and further attempts were abandoned .

6.4.5 Predicted Stress Accumulation

The resolution of the stress parameters, as stated in section 6.1, to

stresses normal to the 65° orebody would give model background stresses fram

just below 20 MPa at the top to just below 30 MPa at the bottom. This

corresponds to the in-situ results recently obtained on the 1OB drift at the mine.

The increases in stress reported in the model are a resolution of the stresses

from the excavated elements into the elements surrounding the opening. Since

in MINTAB, the first element surrounding an opening reports an abnormally high

result, the key result is an overail stress level in the core of a pillar. Since this

model did not allow post failure analysis, the stress would increase beyond the
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rock strength if so calculated. It should again be emphasized that this initial

modelling was not validated to mine results so can only be considered as

relative or as being indicative of where high stresses are Iikely to develop.

ln general, the stresses on pillar corners increase by 10 to 15 MPa up to

step 4. As mining progresses between 8B and 7 level, the corners of ail pillars

are highly stressed, peaking at 98 MPa for the 12 metre mode\. In the 6 metre

model, stresses were 10% to 15% higher than the 12 metre model, peaking

at 113 MPa. In the sill mat model, the peak stresses were lower as load was

shed to the high quality sill mat. In fact, the load reported on the sill mat

reached 10 MPa, weil above what it could actually support.

From this modelling work, it was concluded that the main area of

concern was extraction of secondary stopes between 8B and 7 levels. It was

considered likely that the sides and corners of these pillars would fail and that

they should be contained rapidly in backfill to provide confining pressure to

protect their cores. The overall increase in stress on these pillars was a

maximum of about 70 MPa, above the 50 MPa increase measured by stress

meters prior to failure as discussed later. It should also be noted that these

models considered double lift or 50 metre stopes, not the 25 metre stopes

which were extracted, and did not take the damage caused by 80 into account.

ln reality, this pillar will be shown as having failed earlier than predicted. Figure
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6.12, a contour plot of the 12 metre model at steo 6, demonstrates the

locations of high stress concentration as the first sill stope is removed.
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Figure 6.12 Modelled Stress at Step 6, MINTAB

6.5 COMPARISON OF THE MODELLED AND THE ACTUAL SEQUENCE

•
To better understand the ongoing modelling and instrumentation program

since evaluating the initial plan, it is important to document where and why
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changes in the original mine plan occurred. Figure 6.13 gives an outline of the

actual extraction sequence up to October 1990 at the time of removal of the

50th stope. This corresponds approximately to the end of step 5 in the initial

model as shown in Figure 6.9 at which time 48 stopes had been excavated.

The actual timing of the stope removal sequence for the first 100 stopes is

given in Appendix A to better allow interpretation of modelling data and of

stress cell graphs.

Figure 6.13 The Actual Extraction Sequence to Stope 50
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The actual situation is, in fact, very close to the 5 year plan with the

following notable exceptions:

A. The ·sawtoothn pattern above 7B level and along 8B level is a

reflection of the decision not to have primary stopes lead secondaries by

more than one lift.

B. It was decided to shift to 20 metre primaries and 30 metre

secondaries at stope 39 where mine geometry permitted.

C. An additional 4 stopes have been extracted to the eastern end of 8

and 8A levels thus extending the length of the sill pillar.

D. While a basic retreat pattern from the Golden Giant boundary is in

evidence, it also can be seen that the use of single lift stopes will see an

eventual sill pillar of only 25 metres in thickness.

6.6 VALIDATION Of THE MODELS

The initial numerical modelling was stated as giving only comparative

results as the models were based on parameters available from adjoining

operations and had never been validated by comparison with actual mine data.

It has always been the opinion of the author that numerical modelling is best

used by mine site personnel who can correlate observations from underground

with modelling predictions.
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6.6.1 Mine Site Validation

ln January of 1990 mine management agreed and Examine2D, a two

dimensional boundary element program, and ExamineTAB, the microcomputer

version of MINTAB (both available from the University of Toronto civil

engineering group), were installed on the mine's computers. This allowed rock

mechanics personnel who dealt regularly with the underground conditions to

validate the numerical modelling process. At that time, the author !ipent a

week at the mine, training personnel in the use of the models and setting out

a modelling program.

ExamineTab modelling carried out at the mine has been reported in an

internai company report (70). A sensitivity analysis was carried out by varying

input parameters until results agreed closely with the observed underground

rock conditions. Following this analysis, the following parameters were chosen

for ongoing modelling studies:

Young's Modulus
Poisson's Ratio
Unit Weight of Rock
Dip of Orebody
Stoping Thickness
Horizontal to Vertical Stress

24 GPa
0.17
0.0288 MN/m3

62°
7 metres
1.4

•
The first two parameters are based on a weighted average of the rock

values assuming the orebody contains 85% non-barytic ore and and 15% of

thp. baritic zones. The density is based on tests carried out on hangingwall
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rocks and the stress ratio based on one series of in-situ tests done at Golden

Giant at a level equivalent to the 7 level.

The first model run at the mine was a 5 step model based on stress cell

observations from stopes mined up to the beginning of 1990 as follows:

Step 1. Stopes 1, 2, and 3 which were excavated prior to installation

of the first stress cells.

Step 2. Stopes 4 to 26: the stress cells on the 80 sublevel had shown

a constant trend during this period and deteriorating ground had been

observed. Ali the 7 level stopes immediately above the 80 are mined

during this period with the primaries mined above 7A and 8A. Adjoining

secondaries, L73B and L75B, have been left on 8A immediately above

L84D and L86D; one of these is then removed in the next step.

Step 3. Stope 27: the rock containing the L86D stress cell was thought

to have failed. Increased stress on removing L73B is shown in Figure

6.14 but cell access was lost before the relaxation was documented.

Step 4. Stopes 28 through 34: the stress cell in L84D, Figure 6.15,

shows a constant trend; ongoing ground deterioration is observed on 80

sublevel. Ali mining is, in fact, restricted to the 8 and 8A secondaries.

Step 5. Stopes 35 and 36: At this time when the rock containing the

L84D stress cell is thought to have failed. Stope 35, L75B, is the second

of the secondaries on 7A just above the 80 stress cells. Figure 6.15

shows the jump in the stress cell in L84D, 80 undercut, at the time of

the L75B blast and the subsequent relaxation of the rock. Rapid

deterioration of the undercut prevented further access.
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Figure 6.14 Stress Cell: L860, 80 Undercut

ln their analysis of the results, mine personnel pointed out several areas

of agreement between the predicted results of the numerical modelling and the

actual recorded stresses. A 17.5 MPa stress increase was predicted during step

2 of the model for the L860 cell versus the 24 MPa actually recorded, and a

17.5 MPa increase predicted for steps 2-4 of the model compared to the

measured 20 MPa. After this validation of the modelling process, the mine

carried out an analysis of the 1990 mine plan with predictions of where

problems might occur. Because of changes in mine personnel, the predictions

for this period were not compared to actual occurrences.
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Figure 6.15 Stress Cell: L840, 80 Undercut

6.6.2 Detailed Model Validation

Ali further modelling work carried out by the author used the input

parameters developed in this initial validation work as showm on page 198.

Subsequent detailed validation of the ExamineTAB models was carried out

using two 8 step models. It should be pointed out that the modelling work in

this project was initially carried out using MINTAB and this validation was

•
carried out using ExamineTAB. The only difference in the models is that

MINTAB allows the input of backfill but this does not sigificantly affect the
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predicted stresses. Aiso the Mintab work was always predictive. that is it

followed a proposed mining sequence, whereas this validation follows the

actual mining sequence.

The first model concentrated on validation of the 80 sill area, the area

critical to this thesis. A stepped model of the first 40 stopes to be mined was

created, corresponding to the stress cell data displayed in Figures 6.14 and

6.15. The steps in the model were chosen based on the stopes closest to these

stress cells to best approximate the transfer of stress to them as follows:

Step 1: The first 11 stopes up to February 22, 1989. These include 5

primary 'stopes above 7 level and 3 above 7A levaI.

Step 2: The next three stopes to March 26, 1989. The L75A stope

directly above the L8BD cell is removed.

Step 3: The next 4 stopes to April 30, 1989. Removing Stope K71 A

now leaves 4 adjoining stopes open above 7 level

Step 4: The next 3 stopes to June 23, 1989. Stope K75A removal

leaves 6 adjoining stopes open above 7 levaI.

Step 5: The next 5 stopes to September 20, 1989. Removing the L73A

stope immediately above the L84D cell, and two prirnaries above 7A.

Step 6: The next 8 stopes to December 15. 1989. One secondary stope,

L73B, is removed above the 7A levaI.
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Step 7: The next 2 stopes to January 25, 1990. Four adjacent stopes

are now open above 7A level and directly above the 2 cells.

Step 8: The next 4 stopes to April 10, 1990. Two more secondaries are

removed above 7A. Only one stope now remains on both the 7 and 7A

levels only one stope from the eastern end of the mining block.

The results of the stress increases predicted by the model after step 1

are plotted in Figures 6.14 and 6.15, using the triangular points, on the same

time scale as tlle stress cell results. A stress level of 45 MPa was subtracted

from the value predicted at the end of step 1 to correspond to the time of

installation of the cells .

From Figure 6.14, it can be seen that the correlation of the model with

the L86D stress cell data is very good from the start of stress increases in late

March until the rapid rise begins in mid October. This difference at the end of

the cell's life can be explained by stress transfer to the cell by the graduai

failure of the intact rock above and to the east of the cell. The model considers

ail of this rock to be intact and so underestimates the stress level.

Figure 6.15 shows even better correlation. The final peak leading to the

failure again does nor occur for the same reason discussed above. The fact that

the cell fails at a somewhat lower stress level may be indicative of the higher

barite content present to the west of the orebody.
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The results presented here provide strong evidence of the validity of the

models used up until the rock failed. Results from the second model validation

will be presented in section 7.3.1.1 in discussions on stope back failures.

6.7 ONGOING NUMERICAL MODELLING

ln the faU of 1990, atter on-site discussions with engineering staff,

additional modelling was carried out to aid in the planning of the extraction of

the remaining stopes up to the first two stopes beneath the 7 levaI. It was

realized that using elastic models to predict stress in this area atter the stopes

between SC and 7 levels had likely destressed would not give quantitative

results. It was still fait, however that the results were valid for comparative

purposes when deciding on alternate extraction sequences. It was hoped to

minimize the effects of the additional mining on the area and to look at the

predicted stress level for the Golden Giant shatt pillar.

6.7.1 The TC4 Model

This model was run at the time when the 50th stope had been extracted.

Four steps were used to reach the existing extraction level in order to get

results at critical points in the actual sequence. The remaining stopes were

removed with an additional 6 steps. The first four steps of the model are

illustrated in Figure 6.16, steps 5-S in Figure 6.17 and the final two steps in

Figure 6.1S, and analyzed as follows:
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Step 1. Excavate ailleveis and 11 primary stopes. The maximum stress

level is 41 MPa at the corner elements of M87, L83 and J71. Secondary

stope cores are at 25-30 MPa, general abutments stresses at 20·25

MPa, with the 80·7 level sill at 30-35 MPa.

Step 2. Excavate up to stope 21. Six adjoining stopes are open above

7 level (L75A to K77A). The maximum closure is 47 millimetres. Up to

50 MPa is predicted in corner elements of secondary stopes above and

below 8A, up to 45 MPa in 80-7 level sill with 5 millimetres of closure

on intact rock. In general, secondary pillar cores are still at 25-30 MPa.

Step 3. Excavate up to stope 34. There is a double lift in K81 A & B,

Ka3 A & B, and K85 A & B for 75 strike metres, a double lift on L71 A

& Band L73 A & B. In secondary cores above 7 level the stress is 30-40
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MPa and is similar in secondary stopes below BB but with a maximum

stress of 71 MPa on the corners above BA. Stress levels in the BB-BC sill

are 30-35 MPa with BD-7 level in the mid 40's. No real problems are

indicated in K72C but failure was known to have begun. The maximum

closure is 70 millimetres on KB3.

Step 4. Excavate up to stope 50 (October 1990). The 7 and 7A levels

are complete. Three secondary stopes remain above BA. Secondaries

above 7B have 60 + MPa on the corners but general pillar stress is

around 35-40 MPa. The maximum stress occurs in the secondaries

above 8A isolated by the early mining of K83B and K87B with a

maximum of 74 MPa at the corners. The abutment stress has increased

to 50 MPa from 42 MPa in step 3. The BD-7 level sill is shown at 50-60

MPa but has in fact failed. Maximum closure is 81 millimetres on 7A.
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Figure 6.17 Model TC4, Steps 5-8



•

•

•

207

Step 5. Remove three stopes above 7C and the first secondary above

7B. Remove M87B, M84C and M86D. The cores of L87B, L83B and

M88C are now in the 45-50 MPa range, approaching the levels at which

the 8D-7 level sill failed. Closure changes by only 3 millimetres.

Step 6. Excavate stopes 59-62, the next secondaries above 8A and 8B.

The stress jumps to 90 MPa in the adjacent secondary above 8B (L84C)

but no major change occurs elsewhere. Closure jumps to 103 millimetres

as 3 levels are now open along a 5 stope distance above 8B and 7B.

Step 7. Excavate stopes 63-66, remove the first secondary above 8C.

The stress jumps to 92 MPa in one element of M88D but there are no

major changes elsewhere and closure increases only 3 millimetres.

Step 8. Excavate stopes 67-76 (75 and 76 are not in the model). The

stress jumps to 106 MPa on the corner of L88C as the secondary beside

and below are removed. Stress increases on L82D as mining gets away

from the shaft pillar. The corner element on the shaft pillar increases but

the overall stress level in the pillar is low. There is a ;najor jump at this

step and outlines a possible decision point: whether the material

between 8C and 7 should be allowed to catch up with the material

between 8B and 8C before L84C is removed. It may be that an inclined

front will work best when there is an abutment above to which the load

may be shed. In this situation, it leaves the aC-7 level sill in isolation.

Step 9. Excavate stopes 77-79. The stress jumps to 117 MPa on L84D

and the shaft pillar corner to 97 MPa from 79 MPa. This is only one

element, now contained in backfill. No other major changes occur.

Step 10. Excavate stopes 80-83 (the end of the 1991 plan). The only

problem is the corner of 8C at L86D. Closure below the 7 level fill

increases to 120 millimetres (1 % te i .5%1 so failure might be expected.
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Figure 6. 18 Model TC4, Steps 9 and 10

ln summary, as mining progresses above 7 level, no major changes

occur, as long as the sequence of primaries and secondaries is maintained, the

load sheds to the abutment. It is obvious that the early removal of K83 and

K87 stopes above 8A has caused, in the model, the remaining secondaries to

display increased stress levels as they are isolated from the main abutment. An

alternative to the sequence from step 7 to step 8 would be retreating 8B and

8C as a fiat front as opposed to an inclined front.

The final MINTAB modelling was carried out in early June 1991. Four

models were run starting from step 4 of the above model, that is at completion

of stope 50 in October 1990. The models which were run in this series are the

TC5, TC6, TC7 and TC8 and are described in the following sections.

6.7.2 The l'CS Madel

This model included an additional seven steps ta follow the latest plan
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submitted by the mine. The stopes mined to that time were extracted as step

S, that is, up to stope 63. The stopes to the east of J74 were eliminated as

they would have no significant impact on the 7 level sill. Steps S to 8 are

illustrated in Figure 6.19, steps 9 to 12 are iIIustrated in Figure 6.20 which is

zoomed to better show the 80 sill, and the results are analyzed as follows:

41''''6
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Figure 6.19 Model TCS, Steps S-8

•
Step S. The maximum stress level at step 4 was 74 MPa. This jumps to

87 MPa at the corner of M88C and to around 80 MPa at the corners of

L87B. These two stopes were being extracted at the time of modelling

and would indicate the ground behaviour at this model stress level.
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Step 6. On the corners of the three 8C stopes, the stress level is in the

mid 80's, with one extreme value of 95 MPa on the lower western

corner of L84C, again providing a good validation reference.

Step 7. The maximum stress on the lower corners of M88D jumps to

just over 100 MPa, with the core at 60-80 MPa.

Step 8. The maximum stress in M88D increases only slightly but the

stresses in stopes 13 and 15 are high, up to 110 MPa at the corners but

with the entire stopes highly stressed.

Figure 6.20 Model TC5, Steps 9-12

Step 9. High stresses are predicted up to 130 MPa in the second

lagging stope. The corner of M88D is at 118 MPa.
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Steps 10, 11 & 12. Stresses remain high at about 140 MPa in the

isolated last stope and remain constant at about 125 in the lower corner

of M88D.

6.7.3 The Te6 Model

This model, as illustrated in Figure 6.21, followed the existing plan up to

step 7, the extraction of L82D. It then followed a retreat sequence for the

remainder of the 80 to 7 level sill which was retreated in 20 metre wide slices

as it was felt that the width of stopes on a retreat sequence would not be

DElElliiElral 7 E1EJl:ilfalIiJ
.liliiii••11111IIIIIIII.
111.11111111••
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Figure 6.21 Model Te6. Steps 5,7,8. and 9
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From analysis of the model data it couId be seen that the maximum

stress levels in the sill pillar are just over 130 MPa, approximately 10 MPa

lower than those created under the existing plan. Aiso. this appears in only the

two corner elements of the lagging sill which would be blast damaged and

unloaded. The remaining core, however, is more stable than in the isolated

lagging stopes.

6.7.4 The TC7 Model

This model was identical to TC5 except that MSSD was extracted on

step 9. This was just to see the effect of removing this stope on the level of

stress in the sill.

The removal of MSSD only slightly increases the load on the retreating

sill beyond stope 15. This was only of theoretical interest since this block was

being used for access to the hangingwall and had to be mined last.

6.7.5 The TCS Model

This model, depicted in Figure 6.22, followed a different sequence after

step 5 in that it delayed the removal of LS4C, L88C, and K84C to retreat with

the sill pillar. It is realized that delaying these stopes would cause production

probll ns but might be considered if potential results justified the delay.
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Figure 6.22 Model Te8, The last 4 Steps

This sequence did not significantly reduce the stress levels in the lagging

sill stopes. In addition, the scheduling problems and possibly extra ore placed

at risk do not justify any change in schedule up to the extraction of L82D.

6.7.6 Summary

The key points regarding the extraction of the 80 sill can be summarized

as follows:

1. The plan ta extract 15 metre stopes along the 80 sill would cause

very high stress levels in the lag!Jing stope.

2. The closure in the area would be greater than on a retreat sequence
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and there would be an increased chance of dilution fram a backfill failure.

It was felt that the backfill would fail to a stable arch as demonstrated

in the centrifuge and FLAC models run as part of a previous Mining

Research Directorate research program (51 l.

3. A trial of the retreat sequence would not prevent reverting to the

alternate extraction sequence if necessary. The retreat sequence would

Iikely slow down the rate of extraction but if longer strike length is

possible there would be savings in slot raises and fill fences.

As will be described in Chapter 7, points 2 and 3 formed the basis of the

actual extraction sequence used.

6.8 PFiACTICAL LIMITATIONS OF NUMERICAL MODELS

Thraughout this research, extensive use was made of numerical models.

At the early stages of the research, while a search for a case study was

underway, MINTAB models were developed of mining practice at the Campbell

Red Lake Mine, alternative mining practice which were being considered for the

Macassa Mine and theoretical sequences which might prove useful in steeply-

dipping tabular deposits. While the results from those models are not reported

in this thesis, they l1elped the author gain an understanding of both the

modelling proceSS and the importance of developing a planned sequence early

in the life of a mining operation.
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This section is intended to summarize points the author feels are

important in using numerical models during both the sequencing planning and

the operational phases of the mine. No attempt is made to describe the

mathematical basis of any of the models discussed.

6.8.1 The Displacement Discontinuity Models

While section 6.4.1 justifies the use of MINTAB for this research work,

the following cautions must be applied to the use of the program:

1. The model overestimates the loading on elements immediately

adjacent to mine openings, so general pillar loadings should be taken

from data in the core of the pillar. This problem is increased as the

modulus of the rock increases. The author, in running a model of the

Macassa Mine, once made an error of three orders of magnitude in

inputing the normal 80,000 MPa modulus through an input data file. The

results were not immediately obvious as being different from the

previous modal.

2. The boundary of the model is considered stiff so care must be taken

in assessing data in boundary areas. If openings are placed too close to

the boundary the stress and closure calculations will be affected by the

boundary. At least one opening distance should be allowed.

3. The model is controlled by stating the number of Iterations allowed

during a model run or by stating the percentage of unbalanced forces

allowed at the conclusion of the run. It must be remembered that this

process in no way relates to real time. Adding backfill at the end of a

step does not provide the closure control which can be achieved by

rapidly filling a stope underground.
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4. Problems can develop during the iterative process in the backfill

model. During a run of a David Bell model using backfill in the sawtooth

extraction sequence, the model ran to completion during 19 iterations

but developed positive stresses on pillars surrounding one stope that

were an order of magnitude too high. These were balanced by high

closure and negative stress on the stope in question. Other areas of the

model with the same geometry behaved normally.

The ExamineTAB version of the model provides an ease of developing the

model through the AUTOCAD based system and provides good interpretation

10015 through the HOOPS based graphies. By zooming into the model and by

altering the colors and the ranges of the filled contours it is easy to evaluate the

stress level at any point. There is no restart capability 50 any model over 9

steps has to be re-run, and there is no use of backfill. The model1er should also

be aware that any element in the model which is not numbered in the

extraction sequence defaults to step 1. In general, however, it offers a very

user friendly modelling system for extraction sequences

These examples point out the need for users of numerical models to

understand both the modelling process and the actual ground behaviour before

the absolute values of model output can be used. DZTAB was used with

considerable success at the Campbell Red Lake Mine because the mine behaves

elastically, as discussed in Chapter 3, and because the users interpreted the

results in connection with observed rock behaviour underground.
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6.8.2 The FLAC Model

The author has successfully used the Fast Lagrangian Analysis of

Continua (FLAC) code from Itasca to estimate the stability of openings in

consolidated backfill (51) and to assess the stability of backfill using alternate

binding agents (71). The program was used successfully to examine the

stability of baritic zones in ore pillars (72). The author developed a mine wide

model of the David Bell Mine to help in assessing the stope back failures. That

model, as shown in Figure 6.23, was very complex but, apart from providing

Figure 6.23 A Cross-sectional FLAC Model of the David Bell Mine
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some colourful and thought provoking stress contours, did not provide

definitive help in assessing the problem. The problem is that these situations

are too complex to be modelled or evaluated using a two dimensional model.

Certain features of the FLAC program, however, demonstrate some very

valuable attributes that any modelling code should possess.

1. The model can represent several material types which can have

different constitutive laws. It allows large strain, non-linear stress-strain,

plastic and elastoplastic material behaviour.

2. The program has a stepped problem solving process which allows

events to be sequenced as they occur during the mining process. Again

it must be remembered that this stilpping process bears no resemblance

to a real time process but if on-site observations were used to validate

the model the real world couId be approximated.

3. The program provides excellent graphical output capabilities. The

capability of keeping up to 100 histories of individual parameters at any

point in the model and to present these graphically aids greatly in the

interpretation of the results.

The main disadvantages of the model are that it is only two dimensional

and that input of the excavation geometry and the model parameters is tedious,

time consuming, and requires an experienced user although later versions have

improved the user interface. The model requires considerable run time, so if it

were made three dimensional this could become a Iimiting factor.
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6.8.3 Boundary Element Models

Except for MINTAB, the author has not extensively used boundary

element models. Grant and Potvin (58) and Kazakidis (63) have described BEAP

modelling at the Golden Giant Mine, and Pakalnis et al. (73) describe a BEAP

model of the Detour Lake Mine.

A four step model was developed, using the EXAMINE3D program from

the University of Toronto, of the David Bell Mine based on the TCS model as

described in section 6.7.2. More precisely, four models were developed as the

program does not provide any stepping capability. This program became

available only recently, therefore, these models were run merely to evaluate the

program and no interpretation of the results was carried out.

There are several comments arising from the evaluation of the program:

1. Excavation geometry input is made easy by an AutoCad interface

allowing the use of mine drawings. The input of model parameters is

done interactively.

2. The model has no stepping or restart capability so the analysis of

what happens at any step in the sequencing process requires the

comparative analysis of two complete sets of output data.

3. The output data are very graphie and are provided through contour

plots and isometric surfaces. Output at certain points or along certain

planes are available but these must be predefined. This aids
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interpretation but makes comparison to empirical data difficult. One must

remernber that contour plots are mathematical approximations.

4. The model assumes homogeneous, isotropie, linearly elastic material

and allows only one material type. Even with that restriction, run times

are long and output files are significantly large.

5. To give good results, the element size has to be small enough to fit

into the excavation geometry. While element size can be varied

throughout the model, more elements rapidly increases run times.

The EXAMINE3D program was developed to assist researchers

investigating the mechanisms causing microseismic activity. The output is

designed to provide data along certain planes for comparison with the measured

microseismic activity. The model is not considered user friendly when

developing mine extraction sequences.

6.8.4 Finite Element Models

While the author has not used finite eler ~nt models, research at McGiII

has advanced their applications to Mining. Publications by Mitri et al. (69), (74).

(75) describe both two and three dimensional applications. A paper by Quesnel

and Chau (76) describes a thr.'3e dimensional application at the Doyon Mine.

The author can appreciate the advantages of finite element modelling,

specifically the ability to include multi material types in the modal. The
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compute time for sequence based modelling remains a constraint but one which

may be overcome as computation power increases, by use of Digital's new 64

bit Alpha chip for example.

6.8.5 Summary

Numerical modelling can be a useful tool in developing mine extraction

sequences. While no ideal model exists, both MINTAB and FLAC have been

used with success to evaluate certain aspects of ground behaviour during the

extraction process.

The successful use of numerical models demands that the user

understand both the modelling limitations and the expected ground behaviour.

Models should be validated through on-site observations. Output should be

considered relative rather than absolute values. Using models to perform a

sensitivity analysis of the effects of the various geotechnical parameters is seen

as a very useful exercise. As an example, if a boxhole shrinkage layout were

modelled using varying input stresses, the results would show that eventually

the stress would exceed the carrying capacity of the boxhole pillars. If the

model were then validated as depth increased, one could the.. predict at what

depth this was likely to occur. The mining layout could be modified in advance

instead of waiting for the first rockburst to signal that a change was necessary.
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Finally, in order for numerical models to be used at the mine site they

have to be user friendly for the busy operating personnel. This means that input

of opening geometry should coincide with the electronic mine plans. Output

should be in a format that can easily be compared to empirical data from the

mine. In the mine planning process, the planner must visually interact with a

complex set of mine parameters. The use of thrE;e dimensional computer

graphies to provide an interface between such tools as numerical models and

the planning process is essential to the future of their development.

6.9 CONCLUSION

This chapter has described the level of information required both to carry

out a geotechnical assessment of a mining property and to undertake numerical

studies of the extraction sequence. Information gathered at the David Bell Mine

by the author, by summer resear.::h assistants. and by the rock mechanics

consultant has been merged with information from the two other mining

operations in the Hemlo mining area. This information has served as the basis

of numerical modelling studies of the David Bell Mine.

Numerical modelling studies of the David Bell Mine are described starting

from the initial design stages of the main zone to the final extraction of a major

sill pillar separating two initial mining areas. The process of validating these
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models has been discussed along with the difficulty of collecting certain

information vital to the validation process, closure data for example. These

numerical models have been used by mine personnel as one tool in planning the

extraction sequence. The actual extraction sequence is compared to the

planned sequence to show that while operational requirements and sorne stope

size adjustments caused variations along the way, no significant variation

occurred to the initial plan.

Finally, a comparison of the numerical models used by the author has

been provided to better understand the usefulness of these tools in planning the

extraction sequence. In the following chapter, the use of empirical data

collected from an ongoing mine instrumentation program to augment these

planning tools will be described .
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CHAPTER 7

THE PRACTICAL ASPECTS OF MINE SEQUENCING

The initial five year. main ore zone, mining sequence at the David Bell

Mine was developed in conjunction with the mine's rock mechanics consultant,

to meet management objectives. Mining began on the 8 and 7 levels in the

thickest and highest grade material, allowing production to commence before

exploration and development were completed at depth. This established an

upwards progressing sequence from the 7 level to the upper orebody limit. Ore

along the common boundary with the adjacent Golden Giant Mine was mined

first, thus eliminating a potential future problem area. However, the fact that

two levels began production immediately necessitated a sill pillar below the 7

level. It also meant that a second major sill pillar would be required below the

8 level as mining progressed upwards from the 9 level.

As shown in section 6.5, the actual extraction sequence of the first 50

stopes did not radically differ from the initial 5 year plan which was numerically

modelled.lndividual stope extraction timings differed, as would be expected by

the requirements of the short range scheduling activities. The major departures

from the initial plan were the decision to extract 25 metre high stopes as

opposed to 50 metre high stopes; and the failure to establish a retreating

sequence away from the Golden Giant boundary.
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This chapter documents and analyzes some of the departures from the

plan which were necessitated by unforeseen conditions or the necessities of

the short range planning priorities. It demonstrates the importance of the

results from the extensive mine monitoring program which had been in place

since mining of the main zone began, interpreted in conjunction with on-site

observations of ground behaviour and numerical modelling results. to control

and revise the mining sequence as mining progrf1sses.

7.1 THE MINE MONITORING PROGRAM

As part of an instrumentation program begun in 1988. the mine has used

Ground Movement Monitors (GMM's). generally in very unstable ground, to

detect large ground movements, and Geocon vibrating wire type stress cells for

stress monitoring. The GMM's are used for short periods. generally less than

one month, to monitor ground movement in critical areas when personnel must

be present. Generally. there are approximately 15 active stress ceIls and data

exists on more than 40 inactive cells from mined out areas. The location of

many of these stress cells was decided by the ground control supervisor in

conjunction with the author. During 1990 and 1991 the mine assumed the

installation cost of cells purchased by the author on a research contract.

The stress cells are installed in two different mine openings. in the back
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of the ore undercut or in the back of the haulage ways. The cells are placed

in 5 metre diamond drill holes that are drilled up dip into the back. The stress

cells are unidirectional so are aligned to detect changes in stress perpendicular

to the bedding, and consequently perpendicular to the orebody. Some haulage

cells in the footwall have been aligned to detect changes along strike.

Results from two of these cells have already been shown in section 6.6.

The identification numbers of the stress cells correspond to the identification

number of the nearest stope block, for example L86C-FW,eC would be li cell

installed close to the L86C stope in the 8C footwall drift.

ln general, the two types of stress cells behave in an expected manner.

Firstly, the ceIls in the ore tend to show increases in stress as mining

progresses towards them but reductions in stress are rarely recorded as the

cells or access to them are lost as the stope immediately below is blasted.

Secondly, the ceIls in the footwc:li t.aulage show surprisingly small stress

increases as mining advances towards, them but show stress reductions when

the stope immediately above is blasted. These cells, because of the orientation,

are immediately down structure from the overlying stope.

Rather than carry out an analysis of individual cells, it was decided to

include pertinent cell records in the discussion of events critical to sequence
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planning. The graphed records were deveioped using a Quattro Pro spreadsheet

used at the mine to record the stress data. Ali files were annotated by the

biasting dates of the various stopes to aid in interpretation of the results.

7.2 HANGINGWALL GROUNDFALLS

The most common ground failure at the David Bell Mine is that of various

sized blocks falling from the hangingwall into the open stopes, either during

active ore removal or while the stope is open and awaiting backfill. These

failures are not dangerous to personnel as ore removal is by remote control LHD

machines so no access to the stope is required. They do, however, cause a

dilution problem when they occur into an active stope and they necessitate

secondary blasting if they produce b!ocked drawpoints. While an analysis of

hangingwall stability is not considered primary to this thesis, a modified

Matthew's analysis of stope stability was carried out by Leduc (65) as part of

this research project. The following points are included as they are considered

important in certain decisions which have been made about stope sequencing.

The hangingwall failure is facilitated by dilation of the A joint set which

is parallel to the orebody and by the presence of sericite schist bands. These

bands can be described as 90% sericite, with the sericite grains up to 5

millimetres in size, and can be several centimetres thick.
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The B joint set, which is near vertical and perpendicular to the orebody,

also plays a role in the failure. This set also dilates when the ore is removed

and forms potential failure planes along the strike of the orebody. The

hangingwall is further weakened if C set joints are present. These sub

horizontal joints are not always present, but when they are they have a spacing

of '-4 metres and are very continuous. This joint set, along with joint sets A

and B, form large blocks which can fail with time if the mucking or filling cycles

are delayed or the hangingwall is damaged by blasting.

A decision was made at the David Bell Mine not to install cablebolt

support in the hangingwall of the bulk mining stopes. The usefulness of

cablebolts installed in a radial pattern from overcut and undercut drifts to

control such failures can be questioned. As weil, the cost of hangingwall

openings to provide proper cablebolt installation geometry would be significant

in the relatively narrow ore of the David Bell Mine.

The fact that hangingwall stability is improved if the A and B joint sets

have not dilated can be observed in the Level " 2, and 3 cut and fill stopes

(65). These hangingwalls have been exposed for several years over a distance

approximately 300 metres long by '0-15 metres high. These walls were

supported by both cablebolts ana Swellex and have remained stable. The

differing ratio of the horizontal to vertical wall exposure in these stopes as
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compared to bulk stopes and the openings" interaction with the spacing of the

joint sets are also significant factors. The stability of these walls convinced

management to attempt a retreat sequence to remove portions of the 8D sill.

Hangingwall stability is also adversely affected by blasting damage.

When overbreak causes the rupture of an individual bed or structural feature on

the hangingwall it is difficult to prevent failure of the remainder of that feature

into the open stope. This relationship was also observed in the cut and fill

stopes. The adoption of a stope extraction method using radial blastholes

drilled from the footwall drifts could only be considered if blast damage to the

hangingwall could be avoided. With this method, increased é.1ttention to drilling

patterns and reduced powder factors along the hangingwall due to increased

spacing of the ends of the radial holes seemingly reduced the dilution problem.

7.3 THE COLLAPSE OF lJNDERCUT DRIFTS

The David Bell Mine has had a history of stope backs failing along

undercut drifts. In the early stages of mining, the ore undercuts were opened

the full width of the ore zone, in some areas up to 10 metres wide, along the

fuillength of the orebody. For support, 1.5 metre mechanical rockbolts were

used. Many of the undercuts were created weil before mining was scheduled,

in fact, sometimes before the waste development was complete. This practice
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was stopped as soon as the problem was diagnosed and this has reduced the

number of back failures. In previously established undeicuts. additional ground

support in the form of 3.6 metre grouted rebar was installed.

7.3.1 The Failure in 78 Sublevel

The tirst major stope back failure occurred in the 78 sublevel below the

K72C and K74C stopes on September 29, 1989 (77). The fall of approximately

1500 tons was along a 40 m strike length and 9 more width and extended

approximately 1 m into the back on the footwall and 2 m on the hangingwall.

Crews were installing grouted rebar in the L76C area at the time. A tape

extensometer in the L76C area had shown 4.64 mm of convergence in a 20

day period prior to the groundfall. Personnel just prior to the fall noted spalling

in a bored slot raise in the K718 stope immediately below the fall area.

The author inspected the area in January 1990 and noted that the

cablebolts which had been installed in the area were visible hanging from the

back; the grout had obviously failed along the cables. Another smaller failure

occurred in the area to the west of the initial failure :n March 1990. Inspection

of that area in January 1990 had shown cracks along the hangingwall and

spalling along the footwall as if the back were attempting to rotate.

Much effort and discussion have gone into determining the mode and
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reason fOi the failure. Obviously the width and extended exposure time of the

opening and Inadequate initial support were ail factors in the failure. Other

recent failures have occurred, however, without these factors being present.

Failures have also occurred at the adjoining Golden Giant Mine.

7.3.1.1 The Stress Effect

The presence of high stress was indicated by the inspection of the raise

on the day before the failure. However, a stress cell at the top of the stope had

not shown any appreciable increase in stress. The graph of the measurements

from that cell, the K74C, 7C undercut cell, is shawn in Figure 7.1. It was

installed during the blasting of the two primary stopes, the L778 and K778

stopes, immediately to the east and west of the fall of ground.

The timing of the installation of the stress cell, as shown in Figure 7.1,

corresponds weil vliith the end of the second step in the TC4 numerical model

as described in section 6.7.1. The predicted stress at the bottom of the K74C

stope at the time of the failure was approximately 23 MPa. The graph of the

stress cell corresponds weil with the numerical modelling results. At the end of

step 4, to early October 1990, at about the time of the K72C blast, the stress

increase is about 7 to 8 MPa, very close to that shown in the stress cell. With

the removal of the K76C stope in step 6 of the model, the stress jumps rapidly

by about 20 MPa, again very similar to the reaction of the stress cell .
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Figure 7.1 Stress Cell: K74C, 7C Undercut

Neither modelling nor stress cell data predicts the stress at the bottom

of the K74C stope. Further validation ot this comes from a model of the actual

extraction sequence was run to stope 69, the point at which this stress cell

was lost. The results, ploted in Figure 7.1, show close agreement of the

numerical modelling and the instrumentation results. As will be showl1 in

section 7.4.2, the stress level in the secondary stopes increases rapidly only

after removal of the adjoining primaries.
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7.3.1.2 The Effect of Barite

The ore zone contains variable amounts of baritic ore. The baritic bands

not only vary in thickness but also in barite content. The baritic bands are

characteristically buff white, quite soft and range in thickness up ta 2 metres

but are generally 0.5 metre wide. Since these bands are 50 soft, they fail very

easily and small pieces of the barite zone fall from the back. This leaves a

trough in the back with brows on either side, allowing the adjacent layers ta fail

as the trough moves further up into the back.

Recent numerical modelling by Bos (72), using the FLAC modelling code

has shawn that the barite bands start ta squeeze out of the model even at the

moderate stress levels developed adjacent ta one open stope. Work by Bos

during the summer of 1992 led ta the production of a contour map of the

thickness of baritic zones as a percentage of the total ore thickness as logged

in the diamond drilling at the mine. This contour plot, as shawn in Figure 7.2,

shows very close correlation between the location of groundfalls, the dark

shaded areas in the plot, and the presence of high levels of barite which are

shawn plunging ta the west across the orebody.

It is evident that the presence of baritic bands has been a major

contributing factor in the occurrence of groundfalls .
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7.4 THE CHOICE Of PRIMARY STOPE SIZE

The initial choice of mining geometry had both primary and secondary

stopes at 25 m in strike length, 50 m in height. This was quickly changed to

25 m in height, largely due to development delays during initial mining. Mine

personnel observed. during the mining of approximately the first 20 stopes, that

more stress related problems were encountered while extracting primary stopes

than secondary stopes. Stopes 25 and 26 were initially designed as 15 m

primaries along the Golden Giant boundary and based on the success of mining

these stopes; stope 27 was the last primary designed at 25 m stope length.

Another important discovery was that there was a noticeable difference

in the stability of the hangingwall in secondary stopes. There have been various

theories put forward to explain this difference.

7.4.1 Theories on Hangingwall Stability

One expianation is that the hangingwall failures in the primaries are

caused by bending failure from the intermediate principal stress which is parallel

to the strike of the orebody and which is reinforced by the stress trajectory of

the maximum principal stress bending around the opening of the primary stope.

The failure of the hangingwall in the primary stope cuts the intermediate

principal stress and the removal of the secondary stope cuts the maximum
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principal stress. The stress field is then greatly reduced as the near vertical

minimum principal stress is only about 50% of the maximum principal stress.

It is still adequate to provide a clamping action to overcome failure by

gravitational load.

Important in ê111 of these theories is the presence of the jointing planes

and the sericite zones in the hangingwall. Access to the hangingwall is rarely

provided but on a few occasions the author has been able to observe the

Immediate hangingwall from the overcut of a filled primary stope. Evidence of

movement along the smicite shears was plainly visible.

The author's opinion is that the secondary pillars are in fact destressed

to some degree as relaxation of the hangingwall occurs into the primary stope.

Horizontal movement along the sericite shears allows adequate closure for the

maximum principal stress to be reduced. While details of the rock behaviour

can be crucial in choosing the optimum mine sequence, confirmation woulr:l

require a specially designed instrumentatiol' program installed from hangingwall

access drifts.

7.4.2 Stress Cell Evidence

The behaviour of the stress front can be seen from an analysis of the

stress cell data. The graph of the K74C, 7C undercut cell, as shown in Figure
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7.1, depicts the stress behaviour at the top of the K74C stope, stope 73 in the

extraction schedule, or more precisely the stress at the bottom of the K74D

stope. It was installed just prior to the removal of the L776 and the K736

stopes, the number 23 and 24 stopes, which were the remaining primaries

between the 7A and 76 levels immediately below the stope. During the removal

of the remaining primaries and secondaries between the 7A and 78 levels the

stress level changes by only 5 MPa. This is an unusually low stress increase

when total extraction has been achieved along the level immediately below. It

must also be remembered th.:;t the K74C stope had partially failed and that

sublevel spacing in this area was somewhat reduced .

The first significant jump in stress level occurs when the primary stope

to the w~'st, the K72C stope, is removed as stope 48. This increase escalates

when the primary to the east, the L76C stope, is removed as stope 54.

Two other stress cells were located in adjacent holes in the 7C haulage

drift of the K72C stope. The results fram the K72C-FW, 7C haulage stress cell

are given in Figure 7.3 and the results of K72C-FW-A5, 7C haulage are given

in Figure 7.4; the latter being a cell oriented to give stress readings along strike.

Figure 7.3 shows that there is no measured stress increase as the stopes along

the 76 drift are extracted, even the removal of the K72C stope immediately

below does not affect the cell. The only major measured change is a 6 MPa
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drop when the K72D stope immediately up foliation from the cell is removed.

The along strike stress jumps briefly and then is stable until sorne relaxation

occurs with the removal of the K72D stope.

Exactly which theory this data supports is difficult to determine. The

stress increase ahead of the mining front seems to have a very limited

extension into the abutment, advancing in conjunction with the primary stope

removal. Numerical modelling of low modulus rocks would predict a more

graduai stress gradient. The changes in the footwall haulage are less than

expected in a drift only 20 metres from the ore but the relaxation of the stress

with stope removal is weil documented.

7.5 THE ALTERNATE MINING METHOO

An interesting adaptation of blasthole mining has been developed at the

David Bell Mine, initially in response to the falls of ground which occurred in the

stope overcuts. The entire stope is drilled in a radial pattern from the footwall

haulage drift of the level below. Since the footwall drifts are approximately 20

metres away from the ore zone, this requires the drilling of more than twice the

hole depth in waste for the average 10 metre ore.

The initial cost savings were achieved because there was no need to
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Figure 7.3 Stress Cell: K72C-FW, 7C Haulage

rehabilitate the overcut drifts in caved ground. However, even if the ground

has not caved, blasting of the primary stopes may require rehabilitation of the

overcut of the secondary stopes before personnel can enter. Not only is there

a cost associated with rehabilitation but the time required may delay the

extraction cycle.

There are additional savings to be gained from this method. In certain

situations, the overcut can be eliminated entirely. Aiso there is no requirement

for a slot raise or for two stages of blasting to expand the slot raise before the
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Figure 7.4 Stress Cell: K72C-FW-AS, 7C Haulage

remainder of the stope can be mass blasted. The stope can be run as a vertical

retreat stope without the requirement for the large diameter holes; this could

improve the stability of the hangingwall if broken ore was left in the stope

during the blasting process.

This method could not be successful if fragmentation was not maintained

or if the holes were not terminated promptly at the hangingwallleading to blast

damage and dilution fram hangingwall failures. There is no controlling feature

to alert the drillers to terminate the holes; that is, no change in drill cutting
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colour or drill advance rate would be expected at the hangingwall limit. The

orebody outline is quite regular however, so the plans for the blasthole depths

can be accurately fixed.

Another potential problem is damage to the footwall from the collars of

the radial holes if the loadil1g of the holes is not closely controlled. None of

these problems appear to occur and mine personnel report improved

fragmentation.

This method helps deal with stress related ground control problems. The

drilling and loading is carried out from the safety of the footwall haulage drift

and a remote controlled LHD removes the broken ore. A remote controlled

blockholer has the capability to drili and load oversize material for secondary

blasting. The fill fence is erected in the safety of the crosscut away from the

st.:..pe brow and the fill pipes installed from the top. This is, in effec'(, a non

entry mining system which has allowed the removal of the 8D sill pillar with a

minimum of increased costs.

7.6 THE 8D SILL PILLAR

During development of the main zone, the mill was supplied from the cut

and fill stopes on levels 1 through 3. As already stated, the main Lone was
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si lied out in ore quite early in the development stage. An extra sill was driven

off the ramp halfway between the 8C and 7 levels, over a distance of

approximately 275 metres, although no sublevel was developed at this

elevation. Ostensibly, this drift would serve as a drill drift for upholes to extract

the ore beneath the 7 level, although opening such a drift so far in advance of

ore extraction would not t'e considered good mining practice.

The more obviou'l reason for this drift was to augment the ore supply

during the transition fram the upper levels to the main ore zone. While this may

sound trivial, the undercut represents about 30,000 t of ore which in this area

has an approximate value of $6,000,000; this is certainly not trivial for a junior

company developing a new mining operation.

As a result of this decision, the 8C to 7 level sill which would have been

..:5 metres thick horizontally was now two 10 metre sills, both of which would

have had a blast damaged zone along the top and bottom. As discussed in

section 6.6, this sill was shown to have failed quite early in the extraction

sequence.

The first sign of problems in the 8D sill drift was the snapping of rackbolt

heads, the development of cracks in the back of the drift, and the increase in

stress readings in the stress meters installed in the drift. A rehabilitation crew

was assigned to the drift to install 3.6 metre grouted rebar. The author
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inspected the drift on the day the rehabilitation crew was pulled out of the

area. Heads were snapping off both the rockbolts and the rebar. Cracks up to

25 centimetres wide had developed along the hangingwall and spalling was

seen along the footwall similar to that observed in the 78 sublevel prior to the

failure. Within two weeks of that inspection, the back had failed along much

of the drift although inspection was impossible as access was available only at

the ramp access and through one raise at the western end.

To control the further deterioration of the area the drift was filled with

hydraulic backfill .

7.6.1 Documenting the Failure

The stress cell readings in the 8D undercut have been presented in

Figures 6.14 and 6.15. The initial drop in stress was recorded in the L84D, 8D

undercut cell but further access to these cells was not possible; in fact, the

author still remembers the rapidity with which the final readings were taken.

This relaxation corresponds to the observed cracks along the hangingwall.

Additional evidence of the failure can be seen in Figure 7.5 which shows the

results from the stress cell installed in the L86C-FW, 8C haulage. The relaxation

which begins in late January 1990 cannot be correlated to any of the blasts but

corresponds to the failure recorded in the 8D drift. The failure in the 8C hauiage
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Figure 7.5 Stress Cell: L86C-FW, 8C Haulage

involves the material between the 80 drift and the 8C undercut, whereas the

previous readings are for the material between the 80 and the 7 level. This

progressive relaxation to November 1990 is consistent with a graduai failure of

this lower sill.

Figure 7.6 shows the results for a cell installed in the L8GC, 8C

undercut. It was installed late so it shows only the end of the stress build-up

but documents the relaxation in late January 1990. The results in Figure 7.7

show the graduai increase of stress on the L84C, 8C undercut cell on the
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western edge of the documented failure. There are several intact stopes to the
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consistent with a graduai failure of the 80 to 8C sill. The rate of increase

accelerates on removal of the adjacent primary, the L82C stope, as stope 42.

The rapid increase on removal of the M838 stope is unexplained unless there

has been additional failure to ti.,. west along the overlying sill.

7.6.2 The sm Removal Sequence

It was intended to use the aitGrnate blasthole mining method described

in section 7.5 to extract the 8C to 7 levd sill pillar. The first difficulty presented
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Figure 7.7 Stress Cell: L84C, 8C Undercut

by the presen..e of the 80 sill was that these holes couId not be drilled from the

8C footwall drift into ail the ore in the sill as the 80 drift created a section of

ore which could not be reached through the collapsed rock and backfill. This

necessitated hangingwall access for drilling this portion of the ore.

To overcome this problem, an access drift was developed across the

backfill at the M88D stope as shown in Figure 7.8. This drift was created by

placing an Armco arch and pouring backfill around it. A drift was then driven

in the hangingwall for drill access as far east as L88D. To the east of L88D, the
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80 drift was full ore width so ore above the drift was drilled by downholes from

the 7 level footwall drift and the ore below it drilled from the 8C footwall drift.

Section 6.7 described the numerical models which were run to assess

the stress build-up consequences of various sequences of extracting the 8C to

7 level sill. Although it was known that the graund had already failed, it was

hoped that the elastic models would give relative data on resulting load and

closure fram the various alternatives. The stability of the overlying backfill was

considered critical, as a major backfill failure would cause considerable ore

dilution.

The first stope extracted was the K86D stope near the eastern end of

the sill. The thickness of the ore at this point was 3 to 4 metres. Considerable

rock rubble had been left on the floor of the 7 level, through which the

cemented hydraulic fill had percolated causing consolidation; in fact, the rack

rubble was more stable than the hydraulic fill exposed at the eastern end of the

stope. The material failed to a stable arch appraximately the height of the

opening width, exactly as predicted by the centrifuge and numerical models

described by Pelley and Mitchell (52).

The K82D stope was removed next and the results in the wider ore were

similar to the previous stope. The stability of the hangingwall in these two
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stopes, and a trial retreat sequence tried in thin ore at the eastern end of 7B

level, led to the decision to extract three stopes together. The L82D, L86D and

the L84D were extracted ir, ~l'at order using the radial holes and blasting the

holes in a retreat sequence from the bottom up. Ali three stopes were extracted

before the area was backfilled. When the final skin of ore was blasted below

the backfill, the fill failed again to a stable arch. Considering the approximate

9 metre ore width at this end of the sill, however, this represented significant

dilution and 50me ore loss was experienced.

As these three stopes were being mined, the K84D stope was extracted.

Subsequent to filling these stopes, the L88D and M88D stopes were extracted

to successfully complete the removal of the 80 sill by the end of 1992.

7.7 STRESS TRANSFER WITH GOLDEN GIANT

An interesting study in stress transfer is provided by the stopes at the

western end of the 8B, 8C and 7 levels near the Golden Giant property . Figure

7.9 shows the results from the stress meter in the M83B, 8B undercut, in

reality in the bottom of the M84C stope. The stress readings increase rapidly

with the blasting of the adjacent M82C primary and continue with the blasting

of the second primary, the M86C stope. The level of increase with removal of

the first primary is higher than expected until one realizes that the flatback
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Figure 7.9 Stress Cell: M838, 88 Undercut

stopes as described in section 5.3.5 at the Golden Giant Mine is immediately

adjacent to the west.

The same situation is demonstrated by the results fram the M84C, 8C

undercut stress cell as shown in Figure 7.10. This cell, actually in the bottom

of the M84D stope, shows a much higher stress increase with removal of the

adjacent primaries than demonstrated by the cells at the upper mine abutment

as discussed in section 7.4.2. Again, the proximity to the flatback opening at

the Golden Giant Mine is a factor.
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Finally, the stress cell results in Figure 7.11 are from the M84D, 71evel

undercut, in reality in the bottom of the Golden Giant shaft pillar. The removal

of the adjacent M82D and M86D primaries caused a stress increase of only

about 10 MPa because the stress is now transfening to the abutment, in this

case the Golden Giant shaft pillar.

7.8 CONCLUSION

A mine monitoring program is important in understanding the ground
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behaviour; understanding that behaviour often leads to adjustments in the mine

plan. Knowing that the 80 sill had failed led to a complete change in the

philosophy of extraction planning. The intent to maintain a sequence which

offered pillar stability was changed to one th!lt ensured maximum ore extraction

in the event of a major backfill collapse. Those adjustments changed the

detailed extraction sequence but the changes were compensated for by the

flexibility of the long range plan.

Adaption of the mining method to meet the objectives of the long range
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plan leads to a more logical mine sequence. The operating personnel did not

divert to an alternate area when a major ground failLire occurred but adapted

the method to provide a timely extraction of the underlying stopes. While trois

decision may have been inspired by a lack of advance development, the result

was the timely upward advance of the extraction front.

The decision to create an 80 drift was a decision of convenience made

early in the mine Iife which has had long term consequences. This decision

caused the early failure of the 80 sill area which in hindsight may nave been

fortuitous. The failure necessitated the extra development in the hangingwall

and caused dilution from the backfill placed in the 80 drift. The dilution from

the 7 level backfill was probably not much more than if the original sill had been

intact, and possibly' the dilution from the hangingwall was reduced by increased

stability in a destressed state.

The important consideration is that operational decisions based on a

knowledge of the ground conditions gained from numerical modelling, on-site

observations, and instrumentation data led to successful completion of the

extraction sequence with minimal delay, loss of ore, or increased costs .
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8.0 SEQUENCING OBJECTIVES AND STRATEGIES

This chapter accomplishes two goals set out for this research project.

First, the sequencing objectives introduced in section 1.4 are discussed in more

detail in i;;rm~ of their financial impact on a mining venture. Examples from

Chapters 3 through 5 are used to illustrate how the move to bulk mining

sequences has affected the mine designer's abiiity to achieve each objective.

The classification of mine extraction sequences is then discussed based on

recent changes in mining practice.

Ta evaluate the sen::itivity of a project's economic outcome to the varied

sequencing objectives, an analysis of their effect on the profitability of a mining

venture was carried out. The following simple economic model was chosen as

the base case for this analysis. Any similarity with the case lltudy used in

Chapters 6 and 7 is for convenience only, it is not based on actuôl mine costs.

8.1 THE BASE CASE

A first step in evaluating a deposit as described in Table 8.1, would be

to establish the initial production level, possibly using Taylor's equations (78),

at approximately 650,000 t per year or 2500 t per day based on a 5 day per

week operation. Assuming such an operation required a capital investment of
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$150,000,000 over a two year pre-production period, an annual operating

profit of $50,000,000 would be required to give an after tax retum of 18.6%

on the investment, a modest margin over the 15% hurdle rate that would

considered a minimum retum on such a venture.

TABLE 8.1
BASE CASE ECONOMIC PARAMETERS

•

Ore Tonnage (t)
Ore Grade (gm/t)
Annual Production Rate (t)
Years of Operation
Gold Price ($/gm)

Effective Tax Rate (%)
Gold Recovery (%)

Revenue per tonne

6,500,000
12.8
650,000
10
12.5
50
93
$148.80

•

To achieve the required $50,000,000 per yesr operating prof~t requires

the mine to have an operating profit of $76.92 / t, o. tri operate at a cost of

not more than $71.88 / t. This equates to a cash cost of $6.04 per gram

($193.22 per ounce), not unusual for a mine of this grade and tonnage.

The economic sensitivity of this mining venture to a faiiure to achieve

each of the objectives will be examined in the following sections. The results

are summarized in Table 8.2. Examples of sequences which either attempt to

achieve or which are counter to ôchieving each of these objectives are then

provided, drawing on the discussions of sequencing from the previous chapters.
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8.2. MAXIMIZING MINERAL RESOURCE EXTRACTION

Maximizing overall minerai resource extraction should be an objective in

ail high value orebodies. Governments may dictate this or encourage it through

taxation. For example, in 1933 South Africa intraduced an excess profits tax

which favoured high recovery, low profit producers over low recovery, high

profit producers in an effort to eliminate high grading and extend the life of

orebodies. Similar Minnesota ru les forced the Reserve Mining Company to

operate a pit almost ten km long to produce at the deposit average iran grade

although the grade varied on!:, .3lightly fram one end to the other.

8.2.1 A Financial Discussion

ln 1954 Carlisle (79) described a pit where zonal grade variation allows

increased metal recovery by decreasing the cutoff grade. His graph, reproduced

in Figure 8.1, shows the average fixed costs (AFC) and average rate variable

costs (AVCR) which decrease with an increased level of recovery. The AFC

depend on the fixed capital costs of the mine and its infrastructure and the

AVCRon the capacity dependent capital costs, the cast pel' metal unit of both

being lowered as more tonnes are recovered. Carlisl& ;;hows the average level

variable cost (AVCL) increasing as the marginal level variable cost (MCL)

increases, as does the average total unit cost (ATUC). Since the additional

recovered material is at a lower grade, the marginal cost increases mainly as a
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Carlisle then shows that the maximum profit is realized as long as MCl

remains be!ow the priee of the product. The profit per metal unit is maximized

at a point where the MCl is the same as the ATUC, as will the profit per unit

of time at a fixed production rate. The net present value will be maximized

somewhere between these points, the exact optimum point depending on the

relationship between the costs and the discount rate.

ln underground mines the relationship is more difficult to evaluate. The
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fixed costs would be similar to those in an open pit and the rate variable costs

would be based mainly on the main access facilities, the shaft and ventilation

system for example, and should behave in a similar manner. There are,

however, three major components to the MCl curve as follows:

1. Similar to the gradational cutoff grade described by Carlisle, a cutoff

grade may be applied to the hangingwall or footwall of the orebody

based on the metal content paying for the marginal costs of mining,

removing and milling the material. This is based on the assumption that

ail development costs for that stope have already been incurred reaching

the higher grade materia!. Ore losses at this point are normally

permanent as, once the stope is mined, the cost of returning for the

remaining low grade material would be greatly increased.

2. There is a development cost required to access eâch area of the

mine. If lower grade materi,,1 exists at the orebody extremities, additional

development costs must be incurred to access it, requiring a different

cutoff grade. As lateral development costs are generally fixed based on

longitudinal area, there is also a variable development cost per unit of

metal based on the thickness of the orebody.

3. Both of these marginal cutoff grades are further affected by increased

ground control costs required to maximize extraction. Increased ground

support or better quality backfill may be required in ail stoping areas, for

example. These costs will usually be incurred throughout the mine life

whereas increased extraction benefits only the total mine life.

To examine the economic sensitivity of the base case mining venture to

maximized resource extl3,~tion, it was assumed that only 80% of the ore was

recovered over an 8 year operating life at the same grade, capital cost, and
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operâting costs. This would be the situation if 20% of the ore was left in

pillars. The return on investment now drops by 10.9% to 16.56% from 18.6%.

It is realized that the rate of access level development would be

increased per recovered tonne but this may be compensated for by eliminating

some development, cross-cuts to pillar drawpoints for example. With less ore

being recovered, however, savings in operating costs may be achieved, by

eliminating a cementing agent in the backfill or by eliminating a more expensive

pillar recovery mining method for example. If the operating costs could be

reduced by 10%, to $64.70 ft, the return is once again 18.6%. If it were

possible to reduce the ore recovery by leaving lower grade material, the

situation would be even further improved.

Even in relatively high grade material, it can be seen that project

economics, at the feasibility stage, are not sensitive to complete orebody

extraction. Of course, as the mining operation proceeds, the future NPV will be

maximized by extending the mine's life, particularly if decommissioning costs

can be delayed. These are separate decisions, however, to be made under more

certainty later in the life of the mining operation.

8.2.2 A Disc'.'ssion of Examples

It is difficult to show that the change to bulk mining methods and
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sequences has enhanced the level of resource extraction, in fact it is difficult

to provide an example where that was the prime objective. While there are

excellent examples of where it has been achieved, there are other examples of

where it has not been attempted or where it has been precluded or placed in

jeopardy for other considerations.

The first highly mechanized mining method, post-pillar eut and fill mining,

does not attempt complete recovery of the resource. Section 4.1.1 describes,

at the Strathcona Mine, how metal recovery can be improved over ore recovery

by reducing mining costs to allow a lower eut-off grade along a gradational

hangingwall contact. Increased hangingwall recovery was precluded at Onaping

by the vertical sill pillar shown in Figure 4.1, which prevented timely access.

From the traditional methods, total extraction has been precluded at the

Campbell Mine by the boxhole shrinkage stoping described in section 3.1.3.

While a high extraction ratio was achieved, approximately 83%, removal of the

ore now tied up in sill and boxhole pillars has been impossible. In the F zone,

broken ore in shrinkage stopes has been placed in jeopardy. While O'Flaherty

(37) states that A zone sill pillar recovery was abandoned in 1970, a fatal

accident occurred in 1989 while attempting just that. The use of an alternate

layout, a vertical extension of the Stanleigh design as described in section 3.4

for example, might improve the possibility of recovering the total reSCiurce.
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Total resource extraction has been placed in jeopardy at Brunswick

Mines, as shown in Figure 4.2, although based on the economics of the time

that was Iikely the financially optimal decision. Chapter 5 described the series

of decisions which has caused some ore at the Golden Giant mine to be lost or

placed in jeopardy. Not considering the ore tied up in the crown and shaft

pillars which may eventually be recovered, there is ore in a sill pillar between

blocks 1 and 2, below the quarter claim ore, and other pillars will develop as

mining areas converge. Grant and Potvin (58) have described ore below the

4400 level near the William's boundary which will also be slow and more

expensive to recover.

The evolution of the Sudbury philosophy of complete extraction, except

for post pillar mining, was described in section 3.2. A major exception to that

philosopny occurfl:!d at the Falconbridge Mine where ore adjacent to number 1

fiat fault was lost on mine closure. Some ore has been lost on conversion to

bulk methü::!s. the skin of ore left around the VCR stopes at Levack for

example, or placed in jeopardy as in the sill pillars left between the 1-5-9

sequences used at Lockerby, as shown in Figure 4.5.

The Hemlo area provides two examples of sil! pillars between converging

sequences, created in orderto provide two working levels. The detailed analysis

of Chapters 6 and 7 described the numerical mcdeiling, instrumentation and
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mining method adaptation which aided the recovery of the 8D sill pillar at the

David Bell Mine. That recovery was at the expense of a reduced production rate

during removal, increased operating and development costs, and increased

dilution. The recovery of the pillar at the William's mine is underway. Early

planning and preparation for the removal of this sill should ensure success.

The best example of total resource extractio~ is provided by the

Lakeshore Mine as described in section 3.1.1. Under advérse rockbursting

conditions, a rill system was adapted which greatly reduced productive

capacity. The temptation must have been to go deeper and place new areas

into production, thus jeopardizing some reserves. That WllS not done, however

and the extraction of the resource ended with the recent recovery of the crown

pillar by Lac Minerais.

ln general, ail the single pass mining sequences provide complete

extraction. The sequence adopted by Kidd Creek, shown in Figures 4.6 to 4.9,

provides a high mining rate by repeating itse!f every three levels but extracts

the sill pillars in a timely and complete fashion. The Creighton example given

in section 4.3.2 shows a system which provides a large number of working

stopes once the initial slot of stopes is established.

Generally, the switch to bulk mining sequences has improved the ability
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of most mines to increase resource recovery through the increase in productive

capacity of the individual stoping areas. Therefore, fewer working areas are

required to reach a certain productive capacity creating fewer pillars which

either increase costs or place ore recovery in jeopardy.

8.3 THE OPTIMAL SUSTAINABLE RATE OF EXTRACTION

ln an underground mine, the optimal sustainable rate of extraction is

based on the thickness and longitudinal area of the orebody. The initial

production rate may not be sustainable, for example, if a separate deposit is

found late in the life of the operation and a mine capacity already exists or if

the orebody thickness decreases in the latter stages of the operation. In

general, especially from a ground control point of view, the greater the rate per

area the greater is the difficulty of developing the optimum sequence

8.3.1 A Financial Discussion

Generally, developing a higher production rate for an underground mine

requires a larger capital investment, although the increased investment is not

linear per unit of productive capacity. As an example, the cast of a larger

capacity shaft per unit of capacity decreases rapidly compared to the basic

costs of providing the initial opening .
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Carlisle (79) developed the graph reproduced in Figure 8.2 for a uniform

deposit, mined by open pit, in which the Ii~its of grade and tonnage are fixed.

He assumes that the average fixed costs (AFC) and average variable costs

based on the level of recovery (AVCL) remain constant per unit of production.

As the production rate increases, the marginal cost (MCR) decreases as long as

the economy of scale applies and the average total unit cost (ATUC) decreases.

As the extractive effort becomes too concentrated, the economy of scale

is lost and costs may escalate rapidly. The total profit is maximized at a point

where the ATUC is minimized, the point at which the MCR increases above the

,/l\TUC. The profit per unit of time is maximized at the point when the MCR

matches the product price. The net present value is maximized between these

points; the higher the cost of capital, the higher the justified production rate.

Again, the situation underground is more complex as an increase in

productive capacity carries a higher cost than in an open pit. Koniaris (1)

assumes that mining capacity in an open pit can be added at no cost, which is

the situation in some heap leach operations in the United States where mining

is contracted out. In an open pit, additional production units causes Interference

among units although not as r3pidly as in an underground mine. In an open pit

the productive capacity ca') be increased by increasing the size of productive

~quipment. In underground mines, that increases the cost of development
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openings and possibly increases ground control problems. The provision of

additional working places underground also generates sequence problems.

ln examining the effect of increased production on the base case

economics it was calculated that a 10% increase in the production rate, at the

same operating cost, in conjunction with a similar increase in capital costs in

•
fact would reduce the return on investment by 5% to 17.7%. A 10% increase

in productive capacity with no increase in capital costs would see the return
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increase by 7% to 19.9%. The reality is somewhere in between but is also

dependent on how the operating costs varied with the changes in production.

Generally, the profitability of short Iife projects is not greatly enhanced

by increases in productive capacity as the increased capital requirement is not

justified by the reserve base. Aiso other "lactors are likely to affect the final

choice of productive capacity, financing for example. Banks generally Iimit loans

to amounts which can be repaid in half the reserve life using haIf the positive

cash flow. This will Iimit the size of physical plant many junior companies ;;an

finance, placing a limitation on the mining rate which is attempted.

8.3.2 A Discussion of Examples

The introduction of bulk mining methods and sequences has enhanced

the possibility of increasing underground production rates. D'Flaherty (37)

describes the A zone at Campbell producing only 10,000 t per year using

conventional cut and fill stoping and, as such, having 75 years of reserves.

Since that is longer than the overall life, a reserve sequencing problem was

developing. The move to longhole methods S3W 56,971 t removed i,' one stope

blasting sequence. Although the productivity per manshift increased by only

25%, because of the increased development required, the ability to produce

from the area increased greatly.
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One stated reason (46) for going to bulk mining at Brunswick Mining was

that with only one major level, the , 000 level, remaining at depth to replace

the three upper ramp cut and fill levels the area productive capacity had to be

increased. The productive capacity of the Creighton mine, at depth, will have

to be maintained from two to three levels maximum when the pillar removal

from th\> upper levels is completed. The examples of the '-5-9 sequences from

the Falconbridge operations, as described in section 4,2 and discussed more

fully in the following section as a cost reduction example, also greatly increased

the productive cap'3city of the individual stoping areas.

While the capital cost of the physical plant and services will likely be the

limiting factor in a mining operation's capacity, the use of continuous bulk

sequences certainly provides the capability of increasing mining rates.

8.4 MINIMIZING UNIT COSTS

Minimizing the cost per tonne of ore extracted is a stated objective for

most mine operators. It should be emphasized, however that the cost per unit

of product is a more important criterion. Productivity may be increased and the

cost per tonne hoisted may be reduced by handling dilution either from the host

material or from backfill. This will have a detrimental effect on the cost per unit

of product however.
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8.4.1 A Financial Discussion

The profitability of a mine is moderately sensitive to changes in operating

costs. The sensitivity is r'educed somewhat by the Canadian taxation regime

whereby decreased costs, and therefore increased profitability, leads to more

rapid depreciation of capital expenditures and the more rapid assumption of full

scale taxation. Conversely, increased costs are shared by governments to the

level of the taxation rate, although the move to a minimum tax in some

jurisdictions provides added incentive to increase profitability.

ln the example under consideration, a 10% increase or decrease in the

operating cost sees the base case 18.6% ROI change by 11.8% to 16.4% and

by 11.5% to 20.75% respectively. Decreasing operating costs below the base

case by 10% for the first five years of the operation, while allowing them to

increase by 10% in the last five years, increases the ROI by 5% to 19.5%. As

discussed in section 8.2.1, it would be better to lose 20% of the ore than to

incur a 10% increase in operating costs to ensure its extraction.

Cost control has been changed with tho introduction of bulk methods,

however, because of increased difficulty i~ assigning costs to individual stopes.

The provisi;;n of general services has become a larger proportion of the overall

cost and beccmes spread over production from various areas. For example, an

LHD unit may muck from several stopes on multiple sub-Ievels in one shift. If
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there is a grade variation between individual stopes, the services are charged

on a per ton basis as opposed to a unit of product basis. This complicates

applying eut-off grades on an individual stope basis. There is a recent move to

Activity Based Costing (80) in the mining industry to provide management

better cost control in making such decisions.

8.4.2 A Discussion of Examples

Bulk mining practice has provided significant cost reductions in

underground mining operations. There has been a major increase in both

personnel productivity and in the productive capacity of stoping areas. The

entire development of VCR tec'miques at the Levack Mine was driven by the

requirement to provide a cost efficient alternative to undercut and fill mining to

recover pillars between unconsolidated fil!.

Two good examples of this increased productivity were provided by

Falconbridge operations. As discussed in section 3.1.2, undercut and fill

operations as described by Tims (33) were required to mine under a major flat

Iying fault at the Falconbridge Mine. A similar fault at the Frazer Mine, as

shown in Figure 4.4, caused little delay in advancing the 1-5-9 sequence

described in section 4.2. In the same section, the sequence described by

MacMillan and Fergu:.on (30) required that primary eut and fill stopes be

advanced to the level above before secondary undercut and fill stopes could
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advance downward. Ali stopes would have required consolidated backfill and

ground support would have been required on each lift. The 1-5-9 sequence

provides a more productive and much less costly alternative.

A continuing cost reduction program is necessary if underground mining

operations in Canada are to continue to compete in world markets. Regardless

of whether bulk mining sequences meet ail of the required objectives, they are

going to continue to be used. A better activity based control of service costs

will be essential to fully evaluate new cost saving methods.

8.5. MINIMIZING THE INITIAL DEVELOPMENT

Minimizing the capital cost and time required to reach revenue generation

greatly increases the profitability of a new mine. In an underground mine, the

time and cost include both vertical and lateral development. The initial vertical

development is often reduced by using a staged development process. Lateral

development can be minimized by mining ore closer to the shaft first or by

choosing a mining sequence which allows early removal of secondary stopes.

ln orebodies with variations in thickness or grade, this may include a

strategy of developing the thickest or highest grade ore first, as the lateral

development per tonne or per contained revenue unit would be minimized .
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8.5.1 A Financial Discussion

ln examining the profitability of the base case, a 10% decrease in capital

costs to $135,000,000 increases the ROI of the project by 12.9% to 21%.

Again it can be generalized that shorter Iife projects would be more sensitive

to capital cost reductions than longer life projects. In an underground operation,

however, reduced capital expenditures are not without potential problems. The

capital cost of underground workings is very shaft and development opening

intensive, the first being an area where reliability is more critical than priee and

the second is a function of the orebody geometry.

More typically, the timing of the capital expenditures can be controlled

more successfully, the final depth of the shaft being delayed until a second

stage of development for example. In the example, spending only $50,000,000

in each of the first two years and delaying $25,000,000 to years three and

four increases the ROI by almost 20% to 22.3%. This is a very optimistic

expenditure schedule, of course, which shows only moderate sensitivity. For

a company with a cash shortage, however, the early establishment of positive

cash flows while minimizing capital expenditures may have importance beyond

just ROI implications.

Again, a staged development program is not without its pitfalls. A staged

shaft deepening project presents conflicts between production and operating
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crews which can increase operating costs and cause difficulty in meeting

hoisting schedules, particularly for development waste. The mine may be

required to follow a two stage mining sequence giving rise to ore losses. Finally

if adequate development is not available the mine may be forced to take short

cuts to meet production schedules which may be costly in the long term.

8.5.2 A Discussion of Examples

Many of the examples given in this thesis come from early estab:ished

operations where a progressive expansion of productive capacity and the

associated capital expenditures were the norm. Much of the ongoing expansion

and capital expenditure was internally financed from the initial operation.

As examples, mining in the Campbell Mine F and A zones, as described

in section 3.1.3, began near surface and progressed downwards to the 20

level. The initial 350 t per day production expanded gradually to 1150 t per

day. Development was kept two to three levels ahead of production and ore

was defined by a drift above, a drift below, and a raise through it as shown in

Figure 3.8. The shaft sinking and deepening schedule from the Falconbridge

Mine, given in section 3.1.2, also demonstrates this progression downwards.

ln these and other operations, the sequence was not critical as the

extraction rates were slow and stability was maintained by in-stope pillars. At
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the Campbell Mine however, the failure to adapt the layout and the sequence

with depth, to decrease the extraction ratio, led to the permanent 1055 of some

high grade reserves.

The introduction of bulk mining seq'Jences better allows the delay of

development as the productive capacity of individual stoping areas has

increased dramatically. In fact, certain sequences can lead to reduced overail

development mainly through increased main level spacing, with only ore

extraction occurring on sub-Ievels along the orebody. Reducing the initial

development openings, however, requires an earlier interaction between

secondary stopes and backfilled primary stopes. The potential for ground

control problems early in the life of the operation increases the requirement for

a flexible mine design which can be adjusted with experience.

This thesis provides two Hemlo examples of delaying development. As

discussed in section 5.3, both the Golden Giant and David Bell Mines were

producing gold weil before final completion of the shaft and bottom levels. This

was accomplished at the David Bell operation mainly by relying on the cut and

fil) stopes on levels 1 through 3 as shown in Figure 5.10, sacrificing the ore in

the sill pillars of the three stopes. There was an additional delay, however, of

the ore between 9 and 8 levels which will have to be mined below the main ore

zone as discussed in detail in Chapter 6. Whereas the 7 level sill mat underwent
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detailed design, no such design carried out for the 8 level. While the rock mass

classification, numerical analysis, and instrumentation described in this thesis;

and the experience gained by the n-,ining of the 80 sill, will assist in the removal

of the 9C to 8 level sill, additional ore has been placed in jeopardy.

The delay at the Golden Giant operation was based on rapid extraction

of the number 1 mining block. When that block experienced problems, other

areas had to be opened up. The quarter claim not only provided an additional

ore source, but the use of Avoca mining helped to overcome the problem of

hoisting development waste at a time when competition between production

personnel and shaft deepening contractors existed for use of ~he shaft. The

problems of recovering the ore beneath this fill have already been discussed.

While bulk mining sequences allow a delay of development, the financial

consequences of not properly planning or not achieving the planned goals are

greater. Problems are likely to occur earlier in the mine Iife as the extraction

ratios of localized areas increase rapidly. The increased capital investment

demanded by the modern mine and the requirement to externally finance much

of it demands that the objectives ot the chosen sequence be weil defined and

that the sequence be adequately flexible to meet unforeseen problems.
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8.6 GRADE CONTROL STRATEGY

The grade control strategy may be to stabilize the grade over the mine's

life or to extract a higher grade initially. Most certainly, short term grade

fluctuations should be minimized as mill recovery losses can have serious

revenue implications. In poly-metallic orebodies or those containing undesirable

elements, this strategy may also include stabilizing the blend of the various

metélls into the mill so that ail may be concentrated to levels acceptable to

today's environmentally conscious smelters.

8.6.1 A Financial Discussion

Mine profitability is most sensitive to variations in revenue whether they

stem from variation in grade, plant recovery or product priee. In the case study,

a 10% grade increase, accompanied by a 10% loss in ore volume, produces a

15.6% increase in the ROI to 21.5%. This would be difficult to achieve as the

grade of the remaining material would be only 1.28 grams (0.04 our•.:es) per

tonne, in effect this would be sorting out contained waste.

Interesting, however, is that a 10% increase in grade accompanied by

a 20% IOS5 in ore volume also increases the ROI, by 10.75% to 20.6%. What

is startling in this case is that the grade of the material now left behind is 7.68

grams (0.24 ounces) per tonne. This is material above the eut off grade of 5.75

grams (0.18 ounces) based on the overall mining cost of $71.88 per ton used
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in this example. This is material internai to the orebody which could be left in

regional pillars for ground support to possibly also decrease the mining costs.

The same ROI, 20.6%, would be achieved by recovering the entire

orebody at a variable grade, increasing the grade 10% in the first five years and

decreasing it by 10% during the last five years. The costs associated with such

a strategy would be entirely dependant on the orebody geometry.

Another aspect of grade control is dilution prevention. In the case study,

dilution of 10% reduces the ROI of the 11 year operation by 22% to 14.4%.

Dilution of 20% reduces it by 42% to 10.7%. Dilution can stem from the

failure of the host material, from backfill, or from dilution caused by the bulk

mining system. This latter dilution of the reserve might, in fact, not be quoted

as it would be built into the initial minable orebody.

8.6.2 A Discussion of Examples

The move to bulk mining methods has reduced grade control capability.

As the production from a bulk stope is much greater, the number of required

working areas has been reduced. With no selectivity in a bulk stope, if the

grade fluctuates at the drawpoint, that fluctuation may find its way to the mill.

This is more of a problem in smaller mining operations where one or two stopes

may supply the required production.
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The bulk mining sequence itself offers little grade control capability. The

pyramid sequence as developed at the Golden Giant operation, described in

section 5.3.3, is based on beginning the sequence at the bottom of the ore

block and expanding outwards and upwards in a continuous manner. To leave

behind low grade or waste material would require re-establishing the sequence

on the far side of the inclusion. Leaving the pillar of waste behind would, in

fact, destroy the ground control philosophy of establishing the sequence in the

first instance. The same could be said of the one pass sequences described at

Kidd Creek or Creighton Mines.

The other question is whether the use of bulk methods and sequences

contribute to increased dilution. D'Flaherty (37), in describing the conversion

of the A zone at the Campbell Mine to longhole methods, states that the

potential exists for reduction of dilution. This is because longhole stopes can

be mined at 1.2 metres wide whereas cut and fill stopes require a minimum of

1.8 metres to support personnel and equipment access. He also reports,

however, that inappropriate blasting practices led to dilution of up to 100% in

one stope. Dilution can also occur from backfill in cut and fill stopes, whether

it be the unconsolidated rock fill previously used at the Macassa Mine or, more

commonly, Iightly consolidated hydraulic fill, when slushers or oth",r mucking

equipment dig below the ore fill interface.
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ln examining the methods in isolation, if irregular ore outlines exist

waste within the stope boundary will be taken with the ore. The justification

is that the reduced cost or cycle time compensates for the dilution. If blasting

is not closely controiled, serious dilution can result. This dilution can come !r'Jm

the host rock failing into the stope from generally unsupported stope walls, or

from backfill. Backfill dilution can occur in two ways. If overbreak reduces the

size of the secondary stope the backfill now contained within the original

volume is often designed into the system. In addition, failure of free standing

fill faces can introduce high levais of dilution.

The sequence itself can also affect the level of dilution, particularly

backfill dilution. In a one pass sequence ail stopes except the first havE> at least

one backfill wall. In the sawtooth sequence practised 3t the David Bell Mine

40% of the ore was taken as primary stopes with 60% being exposed to two

backfill walls. In the 1-5-9 sequence, 50% of the ore is extracted before a fill

wall is exposed but the remaining 50% is exposed to two fill walls. Unless

primary, secondary and tertiary extraction are carried out simultaneously, the

dilution at the tertiary stage can be significant.

50 in this most economically sensitive objective of sequence planning,

the use of bulk methods and sequences has reduced the capacity to control the

grade and increased the potential for dilution. This points out again the
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requiremeht for good activity based accounting systems to allow more soundly

based management decisions on the true economics of certain mining activities.

8.7 MINIMIZING GROUND CONTROL PROBLEMS

One of the initial justifications of this research was to analyze and assess

how the switch to bulk mining sequences for underground ore extraction had

affected personnel safety. The safety implications of sequencing fall under the

objective of ground control. Consequently, discussion of this objective has been

treated differently fram the previous five because, in fact, achieving this

objective affects the achievement of the others. The ability to control graund

conditions affects the rate and level of extraction recovery, the operating and

development costs, and the capability to control dilution. The inability to control

the ground affects the safety of personnel and effectively causes the cessation

of mining operations.

Bawden (17) discusses the implications of geomechanical design on the

bottom line of a mining operation. He states "Inadequate attention to the design

of stope dimensions, support, etc., can quickly eliminate prafitability from high

productivity bulk mining methods". He lists the most critical costs as being

dilution, support costs, blast damage and safety. In describing his perception

of the relationship between the mine operator and designer, he states:
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"Unless the characteristics of the rock mass have been seriously

misjudged during the feasibility stage or the wrong mining method

chosen, the first few years of mining are generally rcasonable and the

owners can enjoy a retum on their investment without having to worry

about underground stability problems and rockbursts."

He then continues:

"The next stage of the process OCCours when the mine has reached

maturity and when extraction ratios are high, pillars are being recovered

and rockburst occurrences are relatively frequent."

While these latter comments may have been applicable to the mining

activity as described at the Campbell Mine, the same author in a separate

publication (19). describes how serious ground control problems developed in

the initial mining block at the Golden Giant Mine. He further describes the

failure of the initial pillar of the block 3 pyramid sequence at the stome mine.

While it is usual that primary stope extraction will not incur ground control

problems, in many of today's bulk mining sequences the requirement to extract

secondary or tertiary stopes may come early in the life of the operation. In the

case study presented in Chapters 5 through 7 of this thesis, a major area of the

mine advanced to full extraction in just over 5 years.

There is no evidence to indicate that bulk mining sequences have

increased ground control problems as they apply to personnel safety. In fact,

the evidence is to the contrary. Q'Flaherty (37) states that the danger of being
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exposed to the ever decreasing pillars common in eut and fill stopes was one

reason for switching to longhole methods 8t the Campbell Mine. Adapting the

mining method at the David Bell Mine, described in Chapter 7, to handle the

problems of ground falls in stope overcuts removed the requirement for

personnel to rehabilitate the area, in tact it eliminated the requirement for the

overcut. The use of the 1-5-9 sequence to mine through the fiat fautt at the

Frazer Mine allowed the sequence to skip the overcut in the area of the fault

thus avoiding any personnel exposure to the failed ground. Personnel operate

in vertically spaced openings in which the ground has been conditioned and are

not constc;ntly exposed to new ground as in eut and fill stopes.

The earlier complete extraction of certain areas of the mine places more

responsibility on the designer. The fact thot probtems can arrive earlier in the

mine life means th8,( the financial returns of the project are placed at increased

risk. This places more pressure on the mine operators to provide a solution

which may have negative long term implications. Part of the problem, however,

is the perceived separation of the responsibilities of the mine designer and the

mine operator. The design must be flexible and both engineers and operators

must work closely togethel" to achieve the objectives.

There is often too narrow a definition of ground control. It includes the

support installed by the development crews, the care taken with blasting design
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and operational implementation, the ability of backfill crews to accomplish a

timely filling of empty stopes, and many of the other operational activities

critical to the mining process. The operators can be greatly aided by specialists

who provide advice through numerical modelling and instrumentation. Results

of the research program described in Chapters 6 and 7 were of benefit because

they were presented to the operators by two senior ground control engineers

who had operational experience. The author's numerical modelling results were

interpreted by them in practical terms of how the short term plan might be

affected by the indicated problem areas.

8.8 OPTIMIZING THE MINING SEQUENCE

There is no mining sequence which will provide the optimum solution for

ail orebodies. In the previous sections, the sensitivity of a project's economic

outcome to various sequencing objectives was described and the results are

summarized in Table 8.2. The most sensitive area involves grade variation or

reduction, particularly early in the life of the operation. That may occur from

grade variation inherent to the orebody or from diluting its initial quality with

host or backfill material.

While there is little evidence of grade control affecting the mining

sequences chosen in the Hemlo area, there is a wide variation in grade across
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TABLE 8.2
THE ROI SENSITIVITY OF VARIATION FROM SEQUENCING OBJECTIVES

Parameter Percentage Variation ROI Variation

Resource Recovery ·20% - 10.9%

Recovery and Operating Cost - 20% Recovery Unchanged
- 10% Cost

Mining Rate and Capital Cost + 10% Rate, + 10% Capital - 5.0%
+ 10% Rate, Same Capital + 7.0%

Operating Cost +10% - 11.8%
·10% + 11.5%

• - 10% 5 years, + 10% 5 years + 5.0%

Capital Cost ·10% + 12.9%
- 33.3 % for 2 years +20%

Grade and Recovery + 10%, 90% of ore +15.6%
+ 10%, 80% of ore +10.75%
+ 10% 5 years, -10% 5 years + 10.75%

Dilution 10%, 11 year Iife - 22%
20%, 12 year Iife - 42%

the total orebody. The main ore zone sequence at the David Bell Mine began in

the highest grade material yet that was also the lowest accessible level at the

time and to mine next to the Golden Giant Mine boundary made more sense

•
from a geotechnical point of view. Grade control does not seem to be a priority

at the various Hemlo mines, although the presence of variable amounts of
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barite and some refractory ore has caused minor problems. The fact that the

orebody has been divided into three operations has reduced the grade variations

at the individual properties. As discussed in Chapter 5, had one operation been

established along the entire orebody the situation would have been very

different. The one order of magnitude grade variation from west to east would

have demanded separate mining sequences.

The main emphasis in choosing the mining sequence has been control of

the increased stresses Inherent at depth. Kidd Creek continued to use bulk

methods at depth rather than switch to mechanized cut and fill mainly because

of the success of the one pass sequence in controlling ground problems. Mining

at Creighton below the 7000 level is only possible if the high stresses can be

controlled by the one pass sequence used there. Mining should not retum to

traditional methods since both safety and operating costs have been improved

by the newer sequences.

Operators can not, however, ignore the sensitivity of the economic

outcome to grade control and dilution. This requires a refinement of the existing

practices to pay more attention to ground support and backfill stability. The

continued emphasis, however, re!mains on productivity and automation. A re

examination of the objectives is necessary in conjunction with the ongoing

research in these areas if truly optimal solutions are to be found .
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8.9 CLASSIFICATION OF MINING SEQUENCES

ln classifying mining sequences, it is difficult to provide definitive classes

because of the overlap of factors which occurs. Morrison (6), in classitying

mining methods stated, "It is impossible for any classification to embrace ail the

differences in practice flowing from the possible variations in physical

conditions." A classification of the sequences described in chapters 3 through

5 is presented in Table 8.3, based on the interaction between primary stopes

and pillars. In some cases pillars remain to carry the regional stress load, in

some they are allowed ta fail and in some they are totally eliminated.

Classifications such as ascending or descending could be considered,

especially as more experience is gained in operating under backfill. However,

the control of strain energy, as originally offered by Morrison (6) to classity

mining methods, seems to be of prime importance. With traditional mining

practice in narrow high modulus orebodies, this strain energy was carried by

small intact pillars which have proven both coetiy and unsafe to recover. The

suggested improvements are to use larger regional pillars or to destress the

pillars. The use of longhole mining as described at the Campbell Mine (37),

while still being based on a "stiff" approach, allows the final horizontal stope

length slice to be up to 15 metres thick and removed in one mass blast. The

use of regional pillars in low grade material is also suggested.
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Table 8.3 A CLASSIFICATION OF MINING SEQUENCES

1. ORE THICKNESS 1 TO 5 METRES

1. A Stiff Sequence. The lnodulus of the ore would likely be above 35,000 MPa.
Primary and secondary stopes are not required as the ground is not allowed to yield.
Stopes can be started consecutively along strike, restricted only by Interference
between stopes.

1. Stiffness maintained by stope pillars

Mining methods: Boxhole shrinkage, cut and fill

2. Stiffness maintained by regional pillars
Mining methods: Boxhole shrinkage methods, cut and fill mining,

longhole - reduced sublevel spacing

3. Pillars destressed to allow ciosure
Methods are as in 1 and 2 but individual pillars may have to be larger
to carry the stress transferred from destressed pillars.

2. A Yielding Sequence. The modulus of the ore would be below 35,000 MPa. Primary
and secondary stopes are sequenced along strike and pillars must be of a size to ensure

failure. Different mining methods are required in the failed pillars.

1. Primary Stopes

Mining methods: Boxhole shrinkage methods, cut and fill mining,

longhole - reduced sublevel spacing

2. Secondary Stopes
Mining methods: Square set, undercut and fill mining,
10l'ghole - underhand advance or drilled from off ore drifts

3. Pillar Elimination Sequences. The modulus of the ore would affect only the size of

initial stope pillars. Stopes are mined sequentially on strike and vertically, stope pillars

are removed on stope completion to shed the stress to the abutment.

1. Primary Stoping
Mining Methods: Rili mining, cut and fill, longhole retreat

2. Pillar Removal, by vertical slices or by mass blasting
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Table 8.3 A CLASSIFICATION OF MINING SEQUENCES (cont.)

2. ORE THICKNESS 5 METRES PLUS - The thickness must justify the access development. The

in-situ ore modulus is expected to be lower due to fractures in the rockmass and affects only
the sizing and the timing of the removal of secondary or tertiary pillars.

1. Single Pass Sequences. These sequences extract the orebody in one pass leaving
no recoverable pillars. either as one stope or as a series immediately adjoining stopes.

1. Mechanized cut and fill methods
Mining Methods: Post pillar cut and fill, ramp cut and fill

2. Pattern expanding in plan - one level
Mining Methods: Blasthole mining, VRM

3. Pattern expanding in plan - multilevel
Mining Methods: Blasthole, VRM

4. Pattern expanding in longitudinal section, the pyramid sequence
Mining Methods: Blasthole, VRM

2. Multi-pass Sequences.

1. In longitudinal section, a secondary (1-3-5) or a tertiary sequence (1-5-9),
Mining Methods: Blasthole. VRM

2. In plan, a secondary (1-3-5) or a tertiary sequence (1-5-9)

Mining Methods: Blasthole. VRM

3. A Retreating Front Sequence.

1. A sawtooth retreat sequence
Mining Methods: Blasthole. VRM

ln operations with narrow lower modulus ore, pillars were allowed to

yield in a non-violent manner. This requires both consolidated backfill and more

expensive underhanded stoping methods to recover the pillars. The recent use
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of longhole methods has reduced the cost of recovering these pillars. Pillar

elimination methods have really only been practised in the high modulus rocks

at the Lakeshore Mine. The difficulty in placing backfill without pillars to

contain it has been part of the problem. This was overcome at the Lakeshore

Mine by rill mining, a difficult and labour intensive approach.

ln thicker ore, a stift approach is less likely as the thicker the rock mass

the higher the likelihood of a reduced in-situ modulus. Pillar elimination methods

become easier to manage with longhole bulk methods as the use of delayed

backfill in larger voids means the interface with backfill occurs less often

although the exposure area is greatly increased. While post pillar cut and fill still

used a pillar for local support, it was designed to fail after being confined in fill

and was not recoverable. The other one pass methods, the single level pattern

at Creighton deep, the three level pattern used at Kidd Creek or the longitudinal

pattern at Golden Giant ail eliminate pillars completely and allow rapid closure.

The key in multi-pass sequences is controlled failure of the secondary

pillars. The 1-5-9 sequence retains intact pillars until 50% of the ore is

extracted allowing the tertiary stopes to yield. The same ratio is true for a 1-3-5

sequence but fewer initial working locations are available. As described at the

Lockerby Mine in section 4.2, problems may develop if the yielding ground is

allowed to lag too far behind the primary stopes.
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ln the advancing front sequences, as practised at the David Bell and

Williams Mines, the secondaries can be allowed to fail or be maintained intact.

This would depend on the nature of the ground and on how far ahead of the

secondaries the primary stopes were allowed to advance. This offers many of

the advantages of one pass sequences but provides additional working

locations and removes the requirement to consolidate the total backfill mass.

Another differentiation between traditional and modern sequences is

considered important. In traditional mining methods the ore was removed În

slices which were 3 to 4 metres high by the entire stope length, up to 60

metres. In-stope lateral movement of the ore was required in eut and fill stopes.

This was necessary because personnel required access to each advancing

portion of that slice for drilling and blasting. Morrison recognized the

advantages of a more vertical component to the removal geometry, in fact a

closer balance between the vertical and horizontal dimensions of the stope

geometry. This was achieved at the Lakeshore Mine by the tedious rill mining

system, a system also proposed for Macassa but never used. It was tried at the

Campbell Mine by shortening the length of the eut and fill stopes but reduced

productivity saw it eliminated. It was introduced at Macassa in recovering the

sill pillars at the top of eut and fill stopes.

With the advent of longhole methods, a greater vertical to horizontal ratio
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was possible. In narrow ore, a 60 metre high stope can be removed in three 20

metre slices, the last being removed in one mass blast. The newer bulk mining

sequences use individual stopes from 15 to 30 metres on strike, similar

dimensions across the orebody, and from 25 to 66 metres in height. The main

limitations in height are the regularity of the ore outline, the stability of the

stope walls, the stability of the free standing fill mass, and the accuracy of the

drilling. Gravity is used for ail in-stope ore movement and remote controlled

equipment to remove it from drawpoints.

This geometry eliminates the stability problems inherent in extended fiat

mine openings. Reduced sub-Ievel spacings allow secondary stopes to be mined

shortly after primary stopes. The geometry is possible by distributing the energy

required to break the ore into long blastholes drilled from widely spaced sub

levels. The significance of this is discussed further in the next section.

8.10 COMMENTS ON THE FUTURE OF MINING SEQUENCES

ln examining mine sequencing objectives, it was apparent that the ability

to achieve the financially sensitive objective of grade control has been reduced

by both bulk mining methods and their associated removal sequences. Other

objectives have been greatly enhanced, however, so the methods are here to

stay. Two items should be considered to alleviate the grade problem.
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Firstly, more accurate assigning of the increased service costs must be

available to better assess the marginal eut-off grades. This may be done

through activity based costing. As an example, the cost of disposing of large

volumes of salt tailings at Central Canada Potash has brought about a

redefinition of the true eut-off grade of the potash ore. While the total tailings

volume will not be critical in a gold mine, the cost per ounce of material

movement or of the leaching acid consumption would be of more interest.

The second possibility is to provide primary separation of the waste or

backfill before hoisting. To date, most pre-concentration has been based on size

differential or magnetic properties of the rocks. The author was involved in

designing an underground pre-concentration facility for a Botswana nickel mine

based on permaroll magnets. The capability exists to upgrade ore based on its

optical or fracture characteristics but these techniques are unproven and

generally require large facilities. The economic advantages of upgrading ore

underground will increase as the mining depth increases and if improved

fragmentation or continuous mining machines provide reduced ore size.

The grade control problem may be worsened by introduction of both

continuous and automated mining systems. Even in bulk stopes, a measure of

selectivity can be achieved from blasthole drill logs a'ong the ore waste

contact. Geologists provide 50me grade control from drawpoint sampling.
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These activities will become more difficult as automation increases and

intensifies the requirement to carry out some upgrading underground.

Just as the introduction of the in-the-hole drill served as the basis of

many of the bulk sequences described in this thesis, automated or continuous

mining machines will have a significant impact on the mining sequences of the

future. A machine which continuously breaks rock requires access to every

individual piece of the rockmass. As ill hand heId or carrier mounted drills, the

machines which are being planned will require horizontal slices to achieve this

access. The horizontal slices may have to be even longer to provide the

productivity to justify the high capital costs of the equipment. This may require

a complete revision of mining sequences, to ones which have proven to be

detrimental to good ground control. A re-examination of the objectives is

necessary in conjunction with this ongoing research into new mining methods.

8.11 CONCLUSION

Bulk mining sequences have enhanced the mine designer's ability to

improve resource recovery, the mining rate, and greatly improved the unit cost

of producing a tonne of ore. While mine development can be staged more easily

using these sequences, the development costs of today's mines are high and

the more rapid increase in the percentage extraction of individual mining areas
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can lead to earlier ground control problems. Any problem which Interferes with

sustaining the initial mining rate increases the economic risk of the project.

The safety of today's mines has been improved by the introduction :of

bulk mining. The reduced underground workforce is confined to conditioned

access drifts away from the blasted ore in the stope. Many sequences have

been designed to better manage stress related problems. This is not surprising

as it is necessitated by the high extraction rates achieved early in a mine's life.

The most logical classification of the mining sequences observed at the various

mining localities is based on this control of the release of strain energy.

One major economic objective of mining, stabilizing the grade of ore to

the mill, has been adversely affected by the bulk mining sequences. This is due

to the reduced ability to mine selectively and the increased dilution which often

comes from bulk methods. The effect of this may be compensated for in better

calculating eut-off grades, in imposing more discipline and sound management

during mining operations. and in introducing new underground ore sorting

practices. Finally the effects of automation and continuous mining systems on

the total economics, not just on productivity, and on the required changes to

mining sequences should be evaluated before such systems are introduced.
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9ot) CONCLUSIONS AND RECOMMENDATIONS

This research was carried out to aid in the understanding of how to best

manage the underground extraction of a tabular hardrock orebody and has

concentrated on an analysis of mining sequences used in steeply dipping

deposits in Ontario.

To properly manage an extraction sequence, a set of objectives must be

defined and the optimal strategy to meet them chosen. Factors which have

influenced the success or failure of other operations must be understood and

the mine plan developed using the best available information and modern

planning tools. Finally, the ongoing operation must be monitored and methods

or sequences adapted to ensure the success of the plan.

9.1 CONCLUSIONS

ln comparing the factors influencing sequence planning in the various

Ontario mining areas, the most significant technological change has been the

introduction of bulk mining methods leading to completely new extraction

sequences. From a design standpoint, the initial stress levels were predictable

within the accuracy required for initial mine design. The most critical

geotechnical factor differentiating the mine extraction sequences used in the
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various areas was the rockburst potential of the high elastic modulus rocks

present in the Kirkland Lake and Red Lake ar"as.

The traditional mining practices in narrow vein shrinkage or cut and fill

mining were carried out without much regard for optimization. Ore was not

delineated much in advance of mining and the rate of development and stope

depletion was slow. With low productive capacity per stope, many working

locations on severallevels were required. A mining operation could operate for

several years before rockbursting or the high cost of secondary stope removal

became a problem. Mining started near surface and progressed downwards and

there often was a graduai expansion of mining capacity.

ln the mining areas with high modulus or brittle rocks the extraction

sequence was managed in three ways. Mine stiffness was maintained by small

pillars above and below the level to allow flexible and low cost ore extraction

but creating rockburst prone areas. The pillars were sometimes destressed

before removal but this was slow and expensive and the stress shed to other

pillars often initiated additional damage. Finally, one pass mining sequences

were developed to eliminate pillars but these again were low productivity

methods using conventional drill and blast techniques.

ln mines with lower modulus rocks, the creation of yielding piilars was
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critical to managing the rock stresses during the extraction sequence. This

latter practice is similar to the sequences used today and, as mechanisation

increased, the modern sequences developed from them. This was done,in part,

to take advantage of the increased productivity available from new drilling and

materials handling equipment.

Increased mechanization led to the development of post-pillar and ramp

eut and fill mining which provided impressive productivity increases with some

sacrifice of total recovery. The introduction of bulk mining techniques with

delayed fill allowed more flexible mining sequences, further increases in

productive capacity, reduced costs and better ground control.

The changes in ground control practices were possible because of a total

change in stope geometry. The vertical dimension of the individual stopes

became at least equal to or exceeded the maximum horizontal stope dimension.

The use of long blastholes, drilled from one pre-conditioned opening, allawed

more material to be broken in the drill, blast, muck, fill cycle. Gravity and

remote controlled mucking equipment eliminated the requirement for personnel

to enter the stope atter blasting. This geometry also eliminated the large

horizontal sills of previous sequences which had proven d!fficult to recover and

which otten gave rise to rockbursts.
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These sequences require more advanced planning as localized high

extraction, with possible ground control problems and dilution, can be effected

early in the life of an operation. Increased costs or reduced production early in

the life of an operation can seriously affect the project's economic viability.

The case study of the Hemlo area orebody, demonstrates the increased

complexity of sequencing planning as three mines interact along common

boundaries. The David Bell Mine provided an excellent opportunity to plan,

observe and monitor a mining sequence to complete extraction with the

removal of the 80 sill pillar. While a lack of advance development sometimes

affected detailed stope sequencing, the initial planned sequence was followed

relatively closely and the ore was extracted in an efficient manner. The only

quantifiable cost of the approach adopted was the requirement of additional

hangingwall development and the dilution caused while extracting the 80 pillar.

The case study demonstrates that numerical modelling is useful in

planning extraction sequences but with some limitations. The structural

discontinuities in the orebody, the baritic or sericitic zones for example, could

not be introduced into the MINTAB models; nor can they be introduced into

most three dimensional models, Examine3D for example. While the behaviour

of these zones can be examined using FLAC, their implications on a mining

sequence can not be modelled.
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When the numerical modelling results were used in conjunction with a

mine instrumentation program, however, the results proved very useful.

Knowledge of the failed state of the rock mass in the 8D pillar allowed

modifications to the planned extraction. In conjunction with a very flexible

mining method developed by operating personnel, the ground control problems

were handled in a safe and cost effective manner.

The introduction of new bulk sequences has increased the chances of

achieving most of the objectives of a mining project, especially the important

objective of improved personnel safety. These sequencing practices will

become more important as the depth of mining continues to increase. The

research began at a time when tragedy had been caused by serious rockbursts.

The problems of rockbursting have been reduced but not eliminated, however,

as at the time of writing two miners are missing at the Macassa mine as a

result of a rockburst on November 26, 1993 (81).

However, grade control and dilution, very sensitive factors in project

feasibility, have been adversely affected by these bulk methods. A classification

of the mining sequences described in the early chapters, shows that the control

of the release of strain energy, as used by Morrison to classify mining methods,

remains a viable criterion to differentiate extraction practices .
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ln looking to the future, however, improved methods to assign the

increased costs of overall mine services to individual mining areas will be

required to better assess the economics of changes in mine sequencing

practices. The potential for such changes is great as the use of automation and

continuous mining systems increase. It is also important that these systems be

developed in such a way that they do not preclude the use of the improved

sequences which have evolved during the recent pasto

9.2 FUTURE WORK

The main recommendations for future work arising from this thesis are

as follows:

1. The effects of new technology on mining sequences must be assessed.

A major trend identified while classitying the past and present mining

sequences was a move to a more vertically oriented sequence as opposed to

the flatter mining areas required to maintain the productivity of shrinkage and

cut and fill stopes. New technology being developed must be examined in the

light of how it will affect the mining sequences of the future. Research is

ongoing into the development of continuous extraction machines to replace the

drill blast cycle and into the use of plasma blasting techniques. Both of these

technologies, delivered through a large capital intensive machine, may demand
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a sequence that requires a long fiat slice of ore to be removed. In fact,

maintaining the productivity of such a machine will require even longer stopes

so that backfill and ground support cycles will not Interfere with the machine's

operation.

As an alternative, if plasma blasting could be delivered through a vertical

platform, along a borehole for example, much more vertical sequences could be

developed. Cost benefits from ground control and materials handling could be

significant. These technological changes should be evaluated in an integrated

manner so that they can be adequately assessed .

2. Oevelopment of 3D computer graphics tools.

Systems should be developed in 3D computer graphics which allow

empirical mine data to be displayed in relation to the structural data. Certain

stress cell measurements at the David Bell Mine were erratic, likely because of

a structural feature separating the cell from the advancing stress front. Three

dimensional displays would make interpretation simpler and allow easier

comparison to output from numerical models.

3. Continued Oevelopment of 3D Numerical Models

The continued development of 3D numerical models should allow the

introduction of structural discontinuities, work begun by Wiles (82) and Fotoohi
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(83). While the capability of modelling varied rockmass behaviour is important,

there is some question as to the detail that this capability can be introduced

into 3D models that are large enough to model mining sequences. It is

important that there be a stepping capability to allow the analysis of alternate

sequences without detailed comparison of the results from two models.

Perhaps the answer to both of these problems lies in having output capability

to three dimensional solids models which could serve as input into more

detailed modelling of specifie areas of the mine or allow the comparison of

output parameters. These solids models would also serve as the point of

Integration of the overail planning system as outlined in recommendation 5.

4. Instrumentation programs are required.

More and better instrumentation is required to further evaluate the

numerical models. As discussed in section 6.4, numerical models operate in an

iterative or a stepped nature and there is no correlation of timing in the models

to timing in the real world. This is important, for example, if the effects of

backfill on limiting mine closure or the stability of backfill in top-down mining

sequences is to be assessed.

Also, instrumentation would better correlate the boundary conditions

imposed on models to the far-field stress conditions in a mine. Model

boundaries can be fixed or allowed to move as internai closure occurs, with
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quite different predictive results. At some distance from an orebody, closure

ceases and stresses redistribute. While having a large boundary area around a

model may reduce this effect, an understanding of these far-field reactions

could greatly improve the formulation of numerical models.

5. Development of an integrated planning system for underground mines.

Systems are available to carry out geostatistical analysis of orebodies

although some problems still exist with tabular deposits. Geomechanical design

is advancing rapidly, although as noted above the display of empirical data

could be enhanced. Mine openings can be displayed in various computer aided

design (CAO) packages but the systems do not provide the qualitative and

quantitative data necessary to carry out economic analysis. Integration of these

systems with an activity based cost system is required so that the optimality

of a design can be judged through the rapid evaluation of the alternate

extraction strategies.

9.3 CLOSING COMMENTS

A complete geomechanical design has three phases (17), (58). The first

phase involves collecting ail available geomechanics data including rock

strength and the stress environment. The second phase involves choosing the

method of extraction and evaluating the potential effects on the rock mass
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through the use of stability analysis and stress modelling. This should be

carried out keeping operational constraints in mind. The third phase closes the

design loop through monitoring the rock mass by visual observations or through

instrumentation programs. This allows the initial design to be enhanced and the

design tools to be calibrated.

That design rationale has been documented in Chaptsrs 6 and 7 of this

thesis. In addition, however, the thesis goes beyond this single example to

examine how varying geomechanical parameters have affected operating

practice at various operations, mainly in Ontario. The extraction methods and

sequences used at these various operations are described, analyzed and

classified. The practices are compared not only to the production constraints

of a mine but to the parameters affecting project profitability. The response of

the rock mass has been documented from site visits to many of these

operations and from the analysis of publications describing the rock behaviour.

It is hoped that this analysis of the design process will assist in the

production of safer and more productive mine extraction sequences in the

future.
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APPENDIX A

Table A1. STOPE BLASTING SCHEDULE

Note: The first date is for the slot blast,
the second date for the final blast.

BLOCK BLOCK BLAST DATE
EXTRACTION DESIGNATION

NUMBER

1 L71A Feb-May, 88

2 L77A May 20-Jun 8, 88

3 L71B Jun 6·Jul 8, 88

4 K77A Oct 13·30, 88

5 K77B Nov 4-12, 88

6 L81A Nov 23-25, 88

7 K73A Dec 5-20, 88

8 L85A Dec 28, 88·Jan 17, 89

9 J73A Jan 27, 89

10 M85A Feb1-18,89

11 J73B Feb 21-24, 89

12 L75A Mar 3-15, 89

13 K81A Mar 13-14, 89

14 K81B Mar 24-30, 89

15 K71A Apr 3-5, 89

16 1 K85A Apr 16-18, 89

17 K85B Apr 25-28, 89

18 L81B Apr 25· May 9, 89

19 K75A May 20-25, 89

20 L85B Jun 4-9, 89

21 M85B Jun 20-28, 89

22 L73A Jul 17, 89

23 L77B Aug 3-18, 89

24 K73B Aug 5-28, 69

25 M81A Sep 18-27, 89
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Table A1. (Conti

BLOCK BLOCK BLAST DATE
EXTRACTION DESIGNATION

NUMBER

26 M81B Sep 18-27, 89

27 L73B Oct 14, 89

28 L83A Nov 3, 89

29 L87A Nov 3, 89

30 K83A Nov 15-18, 89

31 K83B Nov 15-18,89

32 J81A Nov 27, 89

33 J81B Dec 4, 89

34 M87A Dec 14-16, 89

35 L75B Dec 29, 89-Jan 5, 90

36 M83A Jan 23-29, 90

37 K75B Feb 9-16, 90

38 M82C Feb 27-Mar 8, 90

39 M86C Mar 18-24, 90

40 K71B Apr 6-15, 90

41 L72C Apr 20-May 5, 90

42 L82C May 15-25, 90

43 K87A Jun 6-16, 90

44 K87B Jun 18-28, 90

45 M83B Jun n-Jul 2, 90
1

46 J71A Jul 5-17, 90

47 J71B Jul 19-5ep 11, 90

48 K72C Jul 25-Aug 11, 90

49 L76C Aug 19-5ep 3, 90

50 M82D Sep 4-30, 90

313



•

•

•

314

Table AL (Cont)

BLOCK BLOCK BLAST DATE
EXTRACTION DESIGNATION

NUMBER

51 M87B Oct 10-16, 90

52 L72D Oct 23-28, 90

53 L86C Oct ,O-Dec 19, 90

54 K76C Nov 13- 23, 90

55 L76D Dec 3-13, 90

56 M86D Dec 20, 90-Jan 29, 91

57 K72D Jan 3-13, 91

58 K82C Feb 1-23, 91

59 L74C Mar 5-12, 91

60 K76D Mar 20-23, 91

61 L83B Apr 2-12, 91

62 M84C Apr 20-May 15, 91

63 J72C May 27-29, 91

64 L78C Jun 11-21,91

65 J72D Jun 23-28, 91

66 M88C July 5-16,91

67 J76C Jul 18-26,91

68 J76D Jul 26-Aug 6, 91

69 L87B Aug 3-14, 91

70 K4,6 (K61A)' Aug 21-28

71 K86C Sep 2-24, 91

72 L84C Sep 19-26, 91

73 K86D Oct 6-12, 91

74 K74C Oct 7-17, 91

75 K78C Oct 22-Nov l, 91

Note': The stope numbering system at the mine changed. The old numbers given in brackets
correspond to the numbers shown in the Figures in Chapter 6.



•

•

•

315

Table A1. (ContI

BLOCK BLOCK BLAST DATE
EXTRACTION DESIGNATION

NUMBER

76 Note'

77 M84D Nov 10-18, 91

78 L88C Nov 24-Dec 2, 91

79 K2,61K65A) Dec 6-21, 91

80 L2,6 (L65AI Dec 28, 91- Jan 31, 92

81 J74C Jan 16-27, 92

82 J4,6 (J61A) Jan 28-Feb 16, 92

83 K4,8C (K82DI Feb 19-Mar 21, 92

84

85 L1,7C (L78D) Mar 2-30, 92

86 L4,6 (L61A) Mar 10-16, 92

87 K3,7C (K74D) Mar 26- Jun 6, 92

88 L4,8C (L82D) Apr 3-15, 92

89

90 J2,6 (J65AI Apr 11-25, 92

91 K1,7C (K78D) May 7-Jun 3, 92

92 K3,8B (K84C) May 20-Jun 5, 92

93 L3,7C (L74DI Jun 8, 92

94 K3,8C Ik84DI Jun 18-20, 92

95

96

97 L2,8C (L86D) Jun 1-8, 92

98

99

100 J3,7C (J74D) Jul 22-Aug 3, 92

Note': Where the stope number is not shawn, the stope was either above or ta the east of the
modelled area.




