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Abstract

The steeply dipping vein orebody of Bousquet 2 mine is extracted by

sublevel open stope method. The presence of structural discontinuities, high induced

stress distribution, and narrow stope widths are major factors wbich can seriously affect

ore dilution. Therefore, strict ore dilution control is necessary in order to keep the mine

competitive. The thesis describes the selective mining method adapted to tbis type of

orebody, and subsequent measures taken to minimize ore dilution. For tbis study, the

locations of stress relaxation are taken as fallures zones. Therefore, these zones are more

important since they are subjected to very low stresses which can provoke rock block

sliding or local wall caving (tension failure). Tracing the zone oftensile stress in the stope

wall gives reasonable prediction of dilution and permits to calibrate the numerical model

using the field data obtained trom the cavity Monitoring System (CMS). Stope mining is

made in severa! cuts according to the width of the ore zone. For an improved recovery,

sorne stopes are mined using primary and secondary stoping. Blasthole pattern and mining

sequences are closely linked to the ore zone configuration. The main causes ofore dilution

are summarized. They are a combination of severa! factors such as ground conditions,

blasting damage, state of stresses around the stope, and stope design. In order to minimize

ore dilution trom hanging..wall and foot..waU, cable support is installed. Numerical

modelling is carried out for a typical cable boIt pattern. The results of modelling have

demonstrated that the cable bolts were necessary to control hanging wall caving. This is

accompanied by a reduction of ore dilution. Consequently the study has shown the

effectiveness of cables boit as pre-support of the schistose walls in Bousquet sublevel

stoping environment.
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Résumé

Les caractéristiques associées au pendage prononcé des veines minéralisées de la

mine Bousquet imposent leur extraction par sous-niveaux dont le chantier demeure vide.

La presence de discontinuitée sructurales, de contraintes induites elevées, ainsi que

l'ouverture des chantiers d'abattage sont des facteurs majeurs qui peuvent provoquer la

dilution du minerai. Ainsi, un contrôle strict de la dilution est necessaire pour maintenir la

mine competitive. Cette thèse décrit la méthode sélective adaptée pour ce type de

minéralisation, et relate les mesures à prendre pour minimiser la dilution. Pour cette étude,

les zones de contraintes de relaxation ont été considérées comme des üeux ayant une

potentielle de rupture, par conséquent, eUes sont considérées puisque ces zones sont

soumises à des contraintes de cisaillement qui peuvent provoquer des glissements de

blocks ou des effondrements (tension de rupture). En reponant les zones de tension sur les

schemas des chantier il a été possible de predire les zone de dilution; et de calibre le model

numerique en utilisant les données de terrain obtenues a apartir du moniteur de mesure du

chantier (CMS). D'autre part, les zones de concentration de contraintes induites peuvent

être affectées par des engrènements, dans le cas majeur par des coups de terrain

(contrainte de rupture). L'extraction du minerai est faite en plusieurs séquences

dependenment de la largeur de la zone mineralisée. Pour un meilleur rendement, quelques

chantiers d'abattage sont repartis en chantier primaire et chantier secondaire. Les patrons

de trous de sautage et les séquences de sautages sont étroitement liés à la configuration de

la zone minéralisée. Les causes principales de la dilution du minerai se résumées. Elles

sont une combinaison de plusieurs facteurs tels que les conditions de terrain, les

dommages du sautage, l'état des contraintes autour du chantier, et le design du chantier.

Pour minimiser la dilution du minerai provenant de l'épontes supérieure,des câbles

d'ancrage ont été installées. La modélisation numérique est faite sur le patron de câblage

typique de la mine. Les résultats ont montré que des câbles étaient necessaires pour

stabiliser l'eponte superieure. Cela s'est accompagné par une réduction de la dilution. Par

consequent, l'étude a montré l'éfficacité des cables d'anchrage utilisées comme pre

support pour des roches schisteuse des epontes de la mine Bousquet.
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Cbapter 1: IatroductiOD

1.1 GeDerai

Ore dilution problems in bard rock mines, epecially in Abitibi gold vein mining, are

mainly attributed to induced failures that involve in the mining process (stress, blasting,

excavation, haulage, bacldiUing )and to the rock mass quality (discontinuities, rock mass

stiffitess, rock mass shear strength, etc.). Therefore, the failures of waste rock within the

stope are the direct consequence of wall instability. The inelastic and jointed nature of the

rock in archean areas make tbat this instability of ground the greatest cause of

underground mining problems. Thus, the effect of unpredieted ground failure due to the

close excavations and mining operation, is a matter of great economic importance. Waste

dilution increases the cast of production in that money will be spent in handling the waste

rock causing dilution, and that ore processing facilities will be engaged for material which

contributes very Iittle to final useful metal or minerai produetîon. Because of that, effort

will be made to at least minimize this unexpected add of waste rock. The solution of that

requires the understanding of ail the effects that directly or indirectly provoke wall rock

caving in the stope. This introduces an interdependence between scientist and mine

operator in the selection of principles which are of value in developing a working

knowledge of cause and effect. Because the acceptability of the scientific approach of

ground failure depends upon how accurately it cao simulate conditions to be observed in

practice, thus, through a better knowledge of the science of rock mechanics, practical

applications directed towards the study of cause, prediction, and control of rock failure

could he done. However, these principles are often obscured by local conditions.

Therefore the geomechanical implications are the cause of ore dilution problems in

sublevel open stoping. These are related to the physical properties and structure of rock

and their reaction to stress distribution arising with the geometry of openings. The

relationship cao be visualized as a shear/strength ratio and the critical failure come

essentially trom shear sliding and rarely trom compressive buckling. This means to test (by

numerical modelling) the rock mass instantaneous response to mining. The consequence of

poor performance of the rock mass involves instantaneous waste block stiding, or even

1-1
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important waste rock caving; which unfortunately are added to the ore. Consequently, the

factors to be considered in the design of the stope are the state of stress at the excavation

boundary and in the interior of the rock medium, compared with the strength of the rock

mass; and stahility of the immediate walls. Good judgement thus depends upon a judicious

blending of the praetical with the theoretical.

1.2 Study problem

Prediction and control of ore dilution is not easy; it means bath the analysis of

instantaneous failure behaviour of immediate wall stope, and the precise knowledge of the

geology of the orebody and the surrounding rocks. The phenomena accompanying the

mining process and the variety ofuncertainties on the geological knowledge of the deposit

make that ore dilution problems remain difficult to handle. By understanding and

controlling these phenomena there are sorne means pennitting to considerable reduce ore

dilution. Many charaeteristics associated to these deposits make their mining economical

difficult. In effeet, the rocks of Canadian Archean Shield had been submitted to severa!

tectonic brittle forces. As result, while these rocks are strong, they remain difficult to mine

economically because of the existence of sorne negative aspects of associated ground

conditions:

• The rocks are highly foliated; which foliation constitutes the weakness planes in

open stope conditions;

• These rocks are atFected by several set of joints of which the orientations and

charaeteristics change with the space;

• The area is locally atFected by brittle failures, faults and its associated shear

zones; the effect of the most prominent structural features of the hast rocks (east-west

trending, steeply south-dipping), cao not be ignored;

• The principal stress is perpendicular to the weakness planes (north-south) and

the vein orebody direction.

1-2
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Presently the mine bas attained a high lever of ore extraction with 17 000 tonnes

per day. On the other band, poor ground conditions and spatial distribution of rock stress

remain a challenge, especially for the recovery of planed stopes. The mining methods

involve by the parameters of these orebodies much require for these rocks already

weakened. From a rock mechanics perspective, the hanging wall and footwall rock as well

as ore zone are competent but highly jointed with evident foliation joint spacing (near the

wall contacts) and regional schistosity. Thus, the combination of the nature of the rock,

the state of stress and the design of openings could he the main causes of ore dilution

problems. in sublevel open stoping ore dilution come ftom the caving ofwall rocks.

1.3 Objectives and scope

The ground conditions associated with the above problems demonstrate the

difficulty ta efficiency extract the ore in narrow vein area. Therefore, the problematic of

ore dilution as ground conditions directly come to define all the aspects linked to ore

dilution problems. So, the principal objectives ofthis projeet are:

1) To identify and understand the ore dilution problems;

2) To create links between the unexpected 1055 of grade in ore mucked and bath

ground conditions (induced stress distributions and rock mass quality) and

blasting effects;

3) To analyse the measurements taken for reducing the dilution.

As the immediate host rocks are often highly sheared about the hanging waIl and footwall

contacts, our attention has been particularly oriented to induced instability of wall rock

within the stope which lead to immediate caving. Ta further understand the problem, we

has emphazed our study on Bousquet 2 mine.

The Complex of Bousquet mine is owned and operated by Barrick Gold

Corporation. It is located between the cities of Val d'Or and Rouyn-Noranda in North

western Quebec. The original Bousquet mine began in July 1979. In 1986, exploration on

the eastem side of the property led to development of what was to become Bousquet 2

1-3
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miney which opened in 1989. The mine has 1.1 million ounces of reserves, grading 0.25

ounces of gold per ton. An additional one million ounces of gold mineralized orebody,

grading 0.186 ounces ofgold per ton, have been identified. In 1996, exploration of a zone

between Bousquet 1 and 2 was foUowed by development work to bring tbis zone into

production in 1999. There is also further potential ta increase reserves at depth and

between the two mines. Since the beginning of minïng operations (1989), above 2.8

millions tons ofore with average grade of 10.3 g1t Au and 0.95% Cu, had been extracted

The aetual conditions ofminerai reserves at the Complex of Bousquet is shown in Figure

1.1 (August 1997)

At Bousquet 2, the improvement of mine operation efficiency is a prime

importance for going toward highest profitability. Therefore, it is not ooly to focus the

efforts on great tonnage extraction, but also to control the factors which maintain the

quality of ore producedll without compromising the human safety. Aetually, most of metal

mines in production become deeper and deeper, and the new mine discovered or will be

discovered are located far trom the surface. Consequently, the potential damage and/or

risk provoked trom material removed are not ignored. This reality led to take account ail

the associated ground effects susceptible to affect mining performance. The ground effeets

which must be considered are mainly the factors associated to the stress and those

associated to the ground rock itself. The effects of stresses are function of depth and their

orientation and distribution consequently are much critical. Therefore the performance of

mining process is assessed through the following production criteria: Rate of production,

Ore recovery, Ore dilution ll and Ore losses. The consequences involve each of these

productivity parameters cao negatively affect mine life. Howevery the qualitative controls

of ail these parameters are practically impossible due ta the inevitable lack of precision in

deposit knowledge, orebody estimation and mine planin& due to production constraints.

1-5
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1.4 Bousquet mine leologiwsettinl

The Bousquet mine is located within the southem margin of Abitibi greenstone

belt. The steeply dipping gold-bearing zones is a deformed pyritic polymetallic (gold and

copper) archean deposit located within a zone of intense ductileebrittle deformation. The

orebody consists of massive sulphide veins occurring between matic tuff (hanging wall)

and rhyolite tuif (footwall). Figure 1.2 shows the geology of the vertical section of the

mine. The orebody represents the west depth extension ofDumagami deposit. This district

includes lot of mines (Bousquet 1 and 2, Doyo~ and Dumagami) and approximately

represents about 43 % of Quebec gold production. In this area the rock mass are

competent but affected many orogeny events that provoke deforrnations, faults and other

structural discontinuities fjoints and foliations). In the scale of the mine, the orebody and

the wall rock show the evidence of four major defonnations (Dl, D2, D3, 04). As result

of these events, the wall rocks ore highly foliated paralletly to the orebody; and the

hanging wall is affected by a major fault. The rock mass quality, characteristics and

properties are described in geomechanical section.

The Bousquet orebody, through its minerai components and its structural

elements, belongs to massive sulphide with a volcaneuous source. The occurrence of

Bousquet district deposit along and near contacts between rocks of metasedimentary and

metavolcanic-volcaniclastic explains the synvolcanic origin of gold mineralization. The

mode of deposition of gold and the copper in Bousquet area still complicated since the

temporal and genetic relationship with the massive sulphide. The principal minerais

associated with the deposit are sulphidic minerais: pyrite, chalcopyrite, pyrrhotite,

sphalerite, galena; hydrothermal minerais silicate alteration produets: quartz, chlorite,

Magnesium, carbonates, etc.; and metamorphic minerai: biotite, cordierite, talc, kyanite,

etc. The genetic model for massive sulphide in Abitibian archean greenstone belts

emphases on the combioation of hydrothermal activities and the volcanic events. The~

those mineralisations are formed around the discharged vents of submarine hot springs in

the tectonically active, high heat flows environment of felsic volcanic centers (Franklin et

1-6
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al., 1981). According to this hypothesis, the presence of the mineralisation is linked to

hydrothermal dePOsition of gold along fissures and fault systems. In some localities

probably related to emplacement of mafie, intennediate or felsie intrusions. therefore such

mineralisation still controUed loci ofa varidy ofvolcanie and hydrothennal effects ranging

in age from pre- to post-mineralisation. Thus the location of many individual orebodies is

controUed by faults and fissures. The guides of exploration for those types of deposits

must be firstly on the specifie area selection. For that, wide variety of features which are

meaningful must be collected such as volcanic history of the area and ail parameters

controlling ore deposition sueh as favourable structures (faults and fissures), favourable

rocks (volcanic rocks) and favourable rnineralogy (presence of sulphide minerais).

Recently, the application of geophysical methods (indirect method) has further increased

the possibility to find these types ofdeposits.

1.5 Thesis oudine

The thesis is divided in six main chapters. In aU the chapters the topie begin by the

general definitions and/or general assumptions, and later from data provided by Bousquet

2 mine it has been possible to identify important items that can help in the development of

our conceptual ideas of the mechanism of fallure in the hanging wall and the footwall.

Chapter 1 gives the general information, the problem of narrow steeply dipping vein

mining in Abitibi area and geological conditions. The description of mining methods is

presented in chapter 2. Chapter 3 is foeused on the effects of rnining operations on ore

dilution. Chapter 4 is devoted to numerical modeUing of fallure mechanism on typical

stope of Bousquet 2 mine. The foUowing (chapter S) explains the estimation method of

dilution and the measures taken to reduce it. Chapter 6 discusses the relation between the

failure zones predicted by the numerical modelling and the stope boundary obseved by the

CMS. The conclusions of the work including sorne reconunendations are given in chapter

7.

1-7
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• 2.1 General

ChaRter 2: Sublevel MiDiDI .etbodl

The choice for a specific mining method result from target knowledge on orebody

characteristics as weU as ground conditions. Acxording ta Folinsbee and Clarke study

(1981), the procedure of choice should began with the preliminary selection of a rnining

method or methods on which an engineering evaluation will he carried out. Naturally for

steeply dipping vein orebody (where its configuration including size, shape, grade

distribution is provided through the geologica1 data), the preliminary choice must he

carried out on sorne sublevel mining methods (cut and fill minin& shrinkage stopin& etc.).

Then conceptual and engineering studies are done for each method , taken account the

technical and economical optimization. The factors considered for the evaluation are

multiple:

• Geomechanical data: competence of the ore and host rocks, joints systems,

foliation, faults, groundwater, etc.;

• • In situ stresses: Orientation ofprincipal stresses, stress levels;

• Economical data: grade of the mineable ore, ore grade distribution throughout

the orebody, the value of the ore in the ground;

• Geographical data: natural and societal conditions

Although experience and engineering judgment still provide major input ioto the

selection of mining method, subtle differences in the charaeteristics of each deposit, which

rnay affect the method chosen or the mine design, can usually be perceived only through

analysis of measured charaeteristics. Sublevel rnining is a large-scale mine stoping method

and cao be divided in five mains types of stoping methods: Sublevel CaVÏDg, Shrinkage

Stoping, Block Caving, Cut and FiJI, and Sublevel Open Stoping. Among these mining

rnethods, the sublevel open stoping is the most commOR method used in canada. In faet,

the open stoping method provides significant advantages in tenn of operational

perfonnance. As it can be seen in table 2.1, open stoping method with efficient cable boit

implementation otrer relativeUy lower dilution (S to 10 %) with better recovery (rather

•
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97% of recovery). Howevere sublevel open $lope mining is applied for vein orebodies

with the following characteristics:

-Steep dip: the inclination of the foot-wall must exceed the angle of repose of

broken rock by some suitable mar8Ïn. This is required to promote free flow of fragmented

rock to the loading cross cuts.

-Strong hanging-wall and foot-wall: sinee open stoping is unsupported from

inside, the strength of orebody and country rock must be $Officient to provide stable

walls, faces and crown for excavation.

-Competence of ore and Regularity of orebody boundaries: the orebody

boundaries must be fairly regular, since selective rnining is precluded by the requirement

for regular stope outlines, which are associated with the used oflong blast holes.

These charaeteristics define the nature and the quality of orebody and host rocks as

ilIustrated in figure 2.1 and 2.2. Hence sublevel mining method is $Oited to low grade

orebodies with regular stope outlines. Rock reinforcement May he used in particular areas,

but is not required as a routine operation as in cut-and-fill mining.

Mining Method Ore Dilution (%) Ore Recovery (%)

Sublevel Stoping 5 - 10 95 - 97

Shrinkage Stoping 10 - IS 93 - 95

Cut and Fill 15 - 30 93 - 9S

Sublevel Caving 10 - 15 85 - 88

Block Caving IS - 10 80 - 8S

Table 2.1: Sublevel mining methods with their recorded performance (Eustace W., 1983).

Under the need to continually improve efficiency in numng operations, more

selective is opted while a dilution action plan currently targets solutions to dilution and

cavity monitoring measuring system provides surveys of blasted stopes that cao be

compared to planned outlines. As a result, much effort is made on cablebolting process to

reduce ore dilution. Consequently this presents in first stage the sublevel stoping

methodology applicable to the steeply dipping orebody of Bousquet mine. Any
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• particularity which lead to modify stope geometries. In the second stage, the use of

cablebolt techniques to minimize the dilution coming from wall sides.

Regular Irregular to discontinous

Vertical cross section

-Parallellong holes mg an engt 0 ast 0 es a apt to
the irregularities and discontinuities of the
orebob .•

-Easy

Delimitation oforebody

-Difficult: density and total length of
prospecting holes must be increased.

Length and Orientation ofblast holes

Distance betwen sublevels

-Possibility to increase
the distance between
the sublevels and
application of bulk
minin method.

-Low, if rock
quality is adequate.

-Short, adapted to the irregularities of
walls and discontinuities.

Ore dilution

-High, for sub-Ievel and bulk mining
methods
-Cao be decreased through selective mining
methods

•

Figure 2.1: Nature of orebody and mining techniques (orebody dipping > 45j.

After Potvin (1988)

As it cao be noted above, greater detail rock mechanics infonnation at Bousquet

district must be used to provide realistic estimates ofunderground opening design, amount

of support, orientation of opening. If ground control or operational problems should be

2-3



• encountered, modifications could be made. Also other parameters that must he examined

include:

Geometry and grade distribution ofthe deposit

Mining casts and capitalization requirements

Environmental concems and other site -specific considerations.

WaU rock quallty

Figure 2.2: Influence of rock wall quality on the choice of mïning method. Potvin

(1988)
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•
Basically the method entails providing access to the orebody at various

subintervals between the main haulage levels in order to drill and blast the intervening ore.

Stope drilling is carried out from drilling drifts on the sublevels, and the ore is blasted in

slices towards an open face, which generally is vertical on the downholes and May be

inclined towards the open face for the up holes. The blasted ore gravitated to the bottom

of the stope and is collected through drawpoints. Dilution with waste rock May occur if

ore boundaries are irregular or if caving occurs (that currently happens in weak zones);

but 100% of the ore within the stope usually is recovered. While pillar recovery sometimes

is Cl problem.

•
Sublevel open stope mining methods can be classified into three methods, because

of local rock quality, depending ofextraction sense oforebody:
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• Vertical Crater Retreat (VeR) or Vertical retreat (figure 2.3);

- Transverse Blasthole (figure 2.3a)

- Longitudinal Blasthole (figure 2.3b)

• Horizontal Retreat (figure 2.4);

• Sublevel Retreat (figure 2.5);

- Longitudinal Longhole (figure 2.6)

This classification is based on foUowing parameters :

o Extraction direction:

=> Longitudinal: advancement ofblasting moves towards the extension of the orebody;

=> Transversal: generally consist to develop mîning in way to advance blasting sequence

from a wall side towards the other.

o Use ofpillar and bacldill

=> No pillar non bacldi11;

=> With pillars but no bacldiIl (medium recovery, for exarnple low grade orebody);

=> With pillars and bacldill (use ofprirnary and secondary $lopes).

• L- "__-

Figure 2.3: \' emcal Crater Ketreat (VCR). Potvin (1~&6J
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TRANSVERSE
BUSTHOLI:

-.,
Figure 2.3a: Tr~nsverse blasthole in subleveI vertical retreat. Potvin (1988).

LONCITUDINAL
BUSTHOLa

Figure 2.3b: Longitudinal blasthole in sublevel vertical retreat. Potvin (1988).
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Figure 2.4: Longitudinal longhole mining Horizontal Retreat. Potvin (1988).
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Figure 2.S: Typical sublevel retreat mïning. Potvin (1988).
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o blasthole diameters:

=:> Sma1l diameters 50 to 64 mm (2 - 2.5 inch.); usuallyadapted for longhole methods;

=:> Big diameters of 100 ta 200 mm (4 - 8 inch.), for blasthole methods.

2.2 Stability Aspects in Sublevel Miniag

Analysis ta detennine rock mass response to mmmg is apparently rarely

undertaken explicitly in mine design. To understand stability considerations in sublevel

mining, it is necessary to emphasize upon sorne indispensable geomechanical aspects.

Attention may be concentrated on predicting ground performance around blacks of

stopes, and on establishing an extraction sequence which will minimize any risks arising

from instability. Increasing depth of mining, or the need for increased extraction ratios

from near-surface orebodies, increases the potential for unstable rock mass behaviour.

Sublevel stoping excavation design is distinguished by uncertainties concerning the in-situ

strength of rock, and frequently by the need ta control an a large scale the performance of

overstressed or failed rock. Sometime adverse induced stress redistribution allow

propagation of cracks formed by overstressing, and the formation of tension cracking or

opening up of pre-existing structures adjacent to faults (currently associated to the ore

zones) showing large defonnation. Borton (1997) found that joints at a low angle to the

wall ofan excavation result in greater wall deflections than joints at high angle. High stress

effeets cao be aise apparent in the bored cut out raises and in long blast holes. These blast

holes have to be sometime pre-charged immediately after drilling and several months

before blasting. This has several undesirable effects like desensitization of explosive, cut

offs in the line of explosive and consequent hang-ups. In addition, the Most undesirable

eirect is the premature detonation of precharged holes due to rock movements under high

stresses. In sublevel steeply ore mining like Bousquet mine, small to large scale

displacements are induced in the rock mass and the energy is dissipated by slip and

crushing of wall sides. Then the evaluation of orebody ground conditions should start

before opening up the ground for development. Two important parameters in the

economics of a stoping method for which a rock mechanics study cao provide estimates
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are the with of the stopes and the size of the piUar (Nicholas, 1981). In the sublevel

stoping, the width of the a stope is a funetion of the immediate and intennediate roof

(AIder and Sun, 1968). The immediate roof is charaeterized with the pressure arch

concept. In the pressure arch concept, the rock is considered ta have maximum distance

that it can transfer the load. The ability of the rock ta transfer a vertical stress in a lateral

direction over an underground opening depends on the shear strength of the rock, the

horizontal stress, and the strength of the rock pillars. The maximum stope width is twice

the maximum pressure arch. The pillars spaced this distance must be able ta carry

tributary-area-Ioad. Joint orientation, spacing, and length cao he used to defined the stope

width. The pillars within twice the maximum transfer distance do not have ta carry

tributary-area-Ioad, but rather the Joad under the pressure arch, half way ta the next

support.

It can be concluded that, in sublevel mining several of the instabilities in crown and

rib pillars are associated with the development openings which caused high stress

concentrations. More attention appears desirable in mine planning, and also during mining

operations, to the possible stress concentration around such openings. An numerical

analysis 2D or 3D appears adequate ta define zone of possible failure (confined and

relaxation zones). Consequently, to remedy unexpected wall caving, ultimate site

investigation is needed for optimum stope design. The contribution of blast stresses to

piIIars failure near opening, and to the dilation of pillar and walls generally must warrant

investigations.

2.3 Bousquet Sublevel stoping

2.3.1 Mine final design

Mine design is conceived as a process oriented towards tcchnical and economical

optimization. Every major design and engineering decision is taken as the result of

technical feasible alternatives. The most relevant vertical design plane of bousquet 2 mine

is shown in Appendix A AetualJy the mine search about 1350 m depth divided in 91evels

along the orebody. Each planned stopes, now being mined or planned to be mined with
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• sublevel stoping, an be seen. A vertical shaft (shaft n° 2) gives access to ditrerent Ievels.

Originally it is planned with main levels at 30 m intervals. Main leveIs for personnel

material transport and haulage connect the shaft with the production blacks. Eventually

the main design parameters to think about in Bousquet mine should be situated in 4

questions; 1) SubleveI distance; 2) sublevel orientation; 4) ore recovery; and ore dilution.

A plan view of Ievel 7 -0 of the mine is shown in Appendix A Access to ore zone and its

transportation has involved several drift and ore-pass. Much data about geology, rock

mass quality and geostruetural data (discussed in last term topic) are available in this

figure.

•

•

Figure 2.6: The mining sequence for the stope 9-1-15 stope (Hyett, et al. 1997)

2.3.2 Bousquet 2 stoping

At Bousquet the ore zone is a steeply and dipping (80j vein of disseminated

sulphide. The shape of this orebody , its geometry and geomechanical charaeteristics of

host rock at Bousquet district, impose its extraction by SubleveI Open Stoping Method.

The open stope mining referred to here is the mining oflarge opening by non-entry mining

methods. This method of mining is initially development intensive, however, this is

compensated by more tlexibility (combination of other mining methods if necessary) and

of appropriated equipment. At the beginning of stoping, an aceess is developed in the fui
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length of the planned $lope (15 m); because to he able to drill production blasthole. The

diameter of those hole is 10 cm; and their pattern is 2 meter (fardeau) by 2.5 meter

(width); they are drilled parallel or in eventail depending to local shape of the orebody.

Also the length and the orientation of each blasthole is adapted to the local shape of the

orebody. Each $lape have a rise hole with a diameter of 1.2 meter used as initial opening

for the need of effective blasting. Generally, the explosive used for production blasting is

ANFO for the blastholes situated in the center as weil as those situated close ta the

footwall; while, blasthole along the hanging wall are loaded by faire$l energy explosive.

This blasting design result iTom specifie controUed blasting, and is used to minimized ore

dilution conting from the hanging wall. For efficient productivity, vertical bulk mining is

used for single $lope. But depending to planned $lope size, mining of the $lape may be

made in several bla$ling sequences the Figure 2.6 show the mining sequence for stope 9-1

15. Notice that stope number is established using number of the main level, the number of

the sublevel following by stope number. Sometimes, if geological and geomechanical

permit, large$l stope cao be planned and extracted. That is the case of stope 7-1-8 where

21 300 tonnes of ore material are mined. Mining such a large $lope has necessitated five

blasting sequences with much that 2 445 meters of blasthole drilled, as shown in figure

2.7. These blasthole are grouped in 13 ring (R-l to R-13): characteri$lics of blasting

sequences and patterns (type of explosive, weight of explosive charge, Basting delay) are

shown in Appendix A Usually the first three sequences are upwards blasted, that create

free space necessary for efficient blasting of the next sequences. Next sequences are

vertical bulk blasting sequences implYing larger volume of ore mucked. This process is

made somewhat the removal of the entire stope. The stopes must remain open until the

ore is removed and the opening bacldilled. This sublevel vertical retreat leaves the

possibility that any major dilution from the walls will fall into mined out area. It aise

aIlows for sill or rib pillac ta be quicldy established if ground conditions become

unfavorable. Blast hales are long-hales drilled trom upper level and its pattern depend of

local ore zone configuration. In regular ore zone blast hales are drilled rather underlying

level, parallel to the wall; therefore inclined at 2840 downwards. While in particular

irregular or large ore
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• Figure 2.7: Design ofBousquet stope blastholes and blasting sequences
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zone, blast hole patterns are disposed in fan of 1~. For this a relatively high powder

factor and drill factors are required in arder ta minimize wall failure mechanism and ta

ensure good fragmentation. The mining longitudinal sequence is east-west. As at Hernlo

Gold mine, the development of cable boit drifts increases induced instability; hence stress

conditions prevailing narrow the stopes coupled to existiDg development configuration

render the recovery of these stopes hazardous and difticult.

The relative economy of mining in this manner (compared with cut and fiII mining)

has become increasingly attractive al moderate depths with improvements in equipment

for long-hole drilling and ore loading, and increasingly large blasts are being used. The

development of extension steels and special long-hole rockdrills and more recently, the

large-hole blasting techniques, has made sublevel stoping a method of increased

popularity. The complicated and comprehensive development may be seen as a drawback

but is compensated by efficient ore production. The drilling, blasting, and loading

operations cao be performed independently of each other, offering the potential for bigh

utilization of equipment, and high output with few machine units and operators.

Knowledge of the of the geology, the ore boundaries and a careful control of hole

alignment in the long-hole pattern are key factors for the successful application.

2.4 Conclusion

The sublevel open stoping remains an improved mining method for Bousquet 2

orebody characteristics. The presence of several close openings, in jointed volcanic rock,

required by the mining laid the challenge of stress and instability distribution along the

stope walls. Open stope required lot ofdevelopment works, but because of that Many type

of equipment cao be used for increasing the production rate. The experiences from tbis

mining method are positive, that involve that the method in the will increase in popularity,

replacing methods as shrinkage and cut fill mining if geomechanical data are not very

unfavorable. However, the use of cable bolts as a pre- reinforcement method of ground

• control must be efficient to minimize ore dilution from stope wall rocks.
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ChaRter 3: Ore DilutioD

This chapter presents a study of various factors that may cause ore dilution in

sublevel mining.

3.1 Overview

Ore dilution is the addition ofwaste rock or non-ore material to the ore during the

mining process. The addition of waste rock decreases ore grade and increases the mined

tonnage for a given geological reserve. The adverse effects of this rernain a major

problem especially in gold vein underground mining. The nature of these types of mines is

such that extraction is always accompanied by the extraction of a certain amount of waste

rock. Sometimes the tonnage of waste rock mined is lacger than the strict allowable, and

the grade of the run of the mine ore will he lower than the estimated in-situ grade of the

deposit. For this reason geostatistians refer to dilution problem as ore losses. In fact, if

mine operators expeet a grade s and they recover y, there is a 1055 x-y, a relative loss of

{x - y} ; and it cao be said the dilution is {x - y} . On tonnage, if they expect s and end
x x

up with y, the harmfulgain is x-y, or relatively lx - y} . So, ore dilution is an imponant
x

mining parameter for evaluating the efficiency ofa mining method adopted for a particular

orebody. There are four main factors which cao result in ore dilution:

• Weak ground conditions;

• Mining method employed;

• Nature of orebody;

• Degree ofoperation controlled.

There are two types ofore dilution: intentional and unintentional.

Intention" ore dilution results from waste rock within the stope design

boundaries. Hence tbis type of ore dilution is planned and the coming ore grade justify its

extraction; figure 3.1 iIIustrates ore dilution problem in stope design. The improvement of

mine productivity resulted in heavy mechanization and bulk mining methods. The mining
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• engineer must consider the parameters associated with these ehoices. The design of

planned dilution is observed both in development works (drifting) and in

-----,
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1
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hm - orebody width
he - Planned stope width
br - aetual stope opening (width)

•
Figure 3.1: Dlustration of ditferent types of ore dilution in a production stope in steeply

dipping vein mining (Bourgoin et al., 1991).
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stope mining. In drift development within the orebody, dilution is linked to the size of

drifts imposed by the width ofequipment used. Ore dilution resulting from stoping is much

more important, because stoping remains the main purpose of mining activity.

Consequently, the design of the $l0Pe shape, especially in narrow vein extraction, May not

include more than the strict minimum waste rock (planned ore dilution). While the

incentive for high productivity aIlows for the use of bulk mining and wider mechanical

equipment; it is not simple to arrive at the final $lope design in vein orebody mining.

Figure 3.2 shows the intentional (planned) and the unexpected additional ore dilution in

stope mining. It takes ioto account the addition of cenain quantity of waste rock in ore

reserve calculation; consequently this expected addition of waste material is due to a

combination ofore deposit disœntinuity, its configuration and poor rock mass quality.

• Mineralisation

• Intentional Dilution

• Unintentional Dilution

Figure 3.2: Example of $lope design showing intentional and unintentional ore dilution in

sublevel mining.
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Unintentional ore dilution is the unexpected addition ofwaste rock not included

within the stope design. The impact ofthis unintentional addition ofwaste rock is that it is

mixed with stoped material and produced as ore. The unintentional dilution is hence, an

additional ore contamination which could he mainly due to wall rock caving. Figure 3.3

ilIustrates the sources ofadditional ore dilution. As can he seen, the geomechanical aspects

paya major raie. In general, main parameters to consider are:

• Wall rock qualities: competency ofhanging and foot walls. Tendency of the walls

ta cave or slip, depending on stope geometry and its production (blasting effect);

• State of stress: mining process involves induced stresses which directly or

indirectly lead to rock mass ftaeturing and displacements throughout the zone of

influence. This implies local instability of rock around individual stopes and other

excavations.

• Nature of orebody: mining of narrow vein is the challenge against ore dilution.

AIso, orebody local discontinuities and irregularities remain critical. The

irregularities of the orbody make it difficult to mine; while orebody continuity is an

essential element of its quality control. Deposit estimation depends on continuity

appraisals at two levels: 1) definition of the geometry or physical form of a

mineral-bearing, geological ~rueture, and 2) spatial variability ofa value or quality

measured (e.g. grade, thickness) within a mineralized zone. Another aspect linked

ta orebody nature is the facility or not to identitY the ore zones directly in the

mining field.

Other causes are directly linked to blast induced damage, bad stope sequencing

and lack of good knowledge of the orebody. As can he observed, geomechanical aspects

are the main sources of unintentional ore dilution. For this reason the present thesis is

mainly focused on rock mechanics aspects to understand unexpected ore dilution. Stoping

in fair ground conditions impües to process, at ail mining levels, for additional, yet useless

tonnage. Two other major parameters influence ore dilution: choice of stoping method

and mining technique or operational controls. Large deposits with relatively
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• homogeneous, mineralization are often mined with stope excavation sized smaUer than the

deposit dimensions. Intentional dilution may be included in the recovered stope; but

unintentional dilution is frequently excluded in this instance.

CAUSES OF ADDITIONAL ORE DILUTION

•

Geomcch.nical AspectS;
- Quality ofwall rocks
- State ofstress
- Nature oforebody
- Stope design /geometry

Eumple

Operation.1 Aspects;

- Blasting
- Stoping method
- Haulage ofbackfill material

Eumple

•

Figure 3.3 Causes ofadditional ore dilution (planeta, note course, 1992).

For example, dilution rnay take place as result of hauling with bacldill during the recovery

of pillars adjacent to filled stopes, stoping adjacent to physical grade boundaries.
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Knowing the tonnage of the mucked rock and ilS appropriate grade extraeted is

not simple. An oversight in orebody grade calculation is the omission of mineable grade

and implicitly the mineable tonnage. In effect orebody estimation is based on geological

basic information. Data provided by geological investigations give ooly the average grade

of the whole orebody, and geological tonnage (calculated geometricaUy). Often the ore

produced from mining process bas, its own grade and tonnage values which are ditrerent

from geological estimation. Mineable grade and tonnage include intentional dilution and

are estimated by adjusting the reserve outline to ref1ect the material within an economic

cut-off grade. Grade and tonnage found are imposed by the mining method and other

parameters linked at them (e. g. rock mass quality, ~ope design, equipment, etc.). The

effeets of these parameters involve both dilution and reduced recovery rate. The ore

recovery is linked to the lost ofore in the stope:

O.l:R [ {Planned tonnes - Ore lost in stope} ]
,.0 ecovery = x 100

Planned tonnes

On the other hand, dilution is linked to the decrease of ore grade; the amount of materlal

extracted will be Jarger than estimated to obtain the same equivalent metal content, and

the grade ofthe run-ofmine ore will be lower. This cao be expressed by:

0.1: DOl 0 [waste tonnes + Caving tonnes] 100
,.0 1 unon = x

Planned tonnes

For the economic aspects, ore dilution should not exceed 10 % (lower is better); while

mining recovery must be ranked between 65 % and 8S %, depending on the type of

deposit and the mining method employed.

In the geological context, the grade of the ore deposit is the value of ore taken

inside the orebody; and the configuration of this (orebody) is found by considering the

mineralized zone which has concentrations above the eut off grade of the desired metal.

Hence rock material around the orebody cao he cornpletely waste or rnay have sorne metal

concentration below the cut offgrade. By definition, rnaterlal below the econornic cut-off

grade will surround the economic mineable reserveo Material below cut-offgrade will aise

be included within this reserve as non-mineralized or lower grade inclusions resulting from
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geological or structural effects. If this material cannot he mined separately, it must be

included in the calculation as intentional dilution (see figure 3.2). Consequently final

dilution (intentional dilution + unintentional dilution), with some concentration of desired

metals, is not much worrying (rather some proportion). But for the archean vein orebody

of Bousquet, volcanic rocks which are in contact with the orebody, do not have gold

concentration; in this condition any unexpected addition of host rocks has considerable

negative consequences. However, using cavity Monitoring measurement combined with a

knowledge of rock properties, ground conditions, and previous experience with the

stoping method, an estimate of unintentional stoping dilution cao be made. Any grades

attributed ta such materia! would result trom its anticipated source. Ore dilution due to

waste rock caving trom the hanging wall or other source may be added as a percentage of

the designed economic mineable reserves or as a constant related to the stope width from

footwall ta han8Ïng wall. The estimated unintentional dilution is added to the mineable

reserve to give the total tonnage mined trom a stope.

3.2 Facton causinl ore dilution in sublevel miniog

In sublevel mining, the nature of the orebody and several processes involved to the

extraction of ore zones are sometime the sources of ore dilution. Dilution due to the

nature of the orebody is caIIed structural ore dilution. This dilution is inherent in the

occurrence of the minerai deposit (Wright, 1982). Two examples are: - the presence of

severa! barren fonnations within a deposit in such a way that selective mining is not

possible; - in-situ leaching caused by penetrating underground water (usually the case with

sorne copper and uranium ores). In vein and lense orebodies, structural dilution can be due

to irregular orelwaste contacts, but May a1so, be due to the ripping of waste rock to

provide sufficient working space in the stope (intentional dilution). On the other hand,

production dilution is generally unintentional dilution and has two sources: - in stoping

operation, wall waste rock cao cave in the $lope and dilute the broken ore; - and in filling

operations, the mixing of the filling material with the broken ore. Production dilution is

more unexpected, consequently, the understanding of the effeets causing related ore
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dilution should be useful. There are mainly five etfects leading ore dilution in sublevel

stoping: the efl'ects of ground conditions, effects of in-situ stress, effects of $lope

geometry, effects ofgeology and the effects ofblasting.

3.2.1 EfTects or ground conditions

ln open stope mining the mo$l important aspect of ore dilution control is the

knowledge of ground response to mining. This implies the requirement of sorne

knowledge of rock mechanic properties in compression, tension, and shear, under the

numerous conditions of loading which may exi$l and also of the various environmental

factors influencing the strengthl$lress relationship such as confinement, relaxation, and

structural conditions of the rock mus. For their needs, mine operators could refer to the

classifications based on these physical properties, rock mass quality, and evaluate the rock

mass behaviour under ground stress conditions. Data of many type of rocks are available

in rock mechanics literature. Particularly, the instability risks in Abitibian jointed rock, is

hence due to poor rock mass quality (see table 4.1) while the wall behaviour is closely

linked to joint systems and joint conditions. Among the rock mass properties which are

most relevant to be considered are: elastic modulus, Poison's ratio, Uniaxial Compressive

Strength, tensile and shear strength, cohesion and density. The rock in this felsic volcanic

area has medium to high strength with Elastic Moduli in the order of43 to 100 GPa and a

Poisson's ratio ranging ftom 0.16 to 0.30. The local instability of rock around individual

stopes are hence controUed by a combioation of the rock properties and constitutive

stress-strain relations.

The effects of near-field ground performance is controlled by pillar desi~ while

the stope peripheral rock performance is controUed by the $lape design itself (cf. Section

3.2.3). The near-field ground control is achieved by the development ofload bearing pillar

between the production $lopes. The instability inside the open stope is usually provoked

by unfavorable rock properties (low tensile strength, low cohesion, etc.) and unfavorable

rock mass nature (structural discontinuities, soft rock, etc.). The rock property affect on

stope wall instability cao be understand using numerical modelling; while discontinuity
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approach is based on field observations. Hence, poor ground conditions mean inevitably

the poor efficiency of piUar (transverse and longitudinal) left between the stopes. The rock

mass displacement generated under poor performance ofpiUars cao be the sources of rock

instability a10ng the hanging wall and the footwall. Theo, the ore dilution coming from the

wall caving could be linked to rock mass self-supPOn capacity. The instantaneous

weakness a10ng the stope wall have its source in the failures of pillars which must sustain

the imposed states of stress, and rnay result in the extensive coUapse of the adjacent near

field rock. If the volume of the unfilled mined void is hi~ the risk is that coUapse may

propagate through the pillar structure (Brady and Brown, 1985). Consequently, the design

ofstope and pillars is very significant in open stope mining (cf. 3.2.3); its design must take

account ofground conditions in order to minimize dilution problems.

3.2.2 EfI'ects of iD-litu tresles

In Abitibian jointed rock mines, the venical stress approaches the overburden load

while the horizontal stresses generaUy exceed the vertical ones (Arjang and Herget, 1997).

The majority of maximum and intennediate principal compressive stresses (~1 and ~2) are

aligned in a horizontal to sub-horizontal plane. The ma8JÙtude of principal compressive

stress increases with depth (Figure 3.4a). The increase of venical stress component with

depth is shown in Figure 3.4b. While the ratios of the maximum/minimum horizontal

stresses show a large scatter at shallow depth, such scatter decreases with depth exceeding

about 1000 m (Aljang and Herget, 1997). The relationship between stress ratios and the

configuration of mine openings suggests that most mining excavations are subjected to

high stress conditions.

The instability associated with stresses, in open stoping linked to post-mining

stress distribution. There are four stress-related factors which may influence ore dilution.

those are:

1. Stress concentrations and relaxations around mine stopes;

2. Stand-up time ofthe rock maS5 subsequent to a production blast;
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3. Magnitude and orientation ofin-situ stresses;

4. Venical stress due to gravity which is proportional to depth. The rock

elasticity implying a resultant horizontal stress.

Str•••, MP. G'V. MP.
SI .. ri N to flO

• •

A)
8)

•

Figure 3.4: A) Increase of principal compressive stresses with depth; B) Increase of

vertical stresses with depth in Abitibi shield rock (Arjang, 1997).

As can be anticipated, ore dilution problems due to stress conditions emanate

mainJy amang other things from shear sliding failure along set of inclined joints (associated

with relaxed zone); or rock crushing in the confined stress areas (stope back for example).

Figure 3.5 illustrates the possible post-mining with the induced failures provoking both ore

dilution and strainburst. Tensile stress associated with the relaxed zone produces induced

failures as well as the opening of existing discontinuities (joints, faults). As the relaxation

zones occur along the contact zones (hanging wall and foot wall), the leading instability

causes ore dilution by hanging wall caVÎng and foot wall sloughing. On the other hand, the
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compression stresses are concentrated at the roofand bottom ofthe stope as weB as in the

sill pillars. These confined zones are submitted to progressive or brittle deformation

depending to the rock mass properties. Generally, in these zones, potential strainburst is

caused by rock crushing or shear faiJure. Therefore, it is important to identifY highly

stressed and relaxed areas, 50 that mining engineers cao evaluate the mining cycle and

detennine the best approach to stope sequencing, or use destressing or preconditioning

techniques to relieve the stress.

MiniDI indu~ed stresses

.- 1 ...-- ..
Stress con~entratioD Stress relnation

(Compression) (Tensile stress)

"Large deformationsProgressive or brittle
defonnation opening ofjoints and

discontinuities.

"
- Rock crushing

- Cavmg, slabmg,

- Shear failure
~Ioughing, unravelling,

etc.

,,
"

Potential Strainbunt 1 1 Ore Dilution 1

Figure 3.5: Etfects ofmining induced stress in open stope.

According ta data on the joint systems provided by geological investigations, and those

from the laboratory and in-situ tests on the joints and waU rock, the faiJure mode of shear

sliding should he verified prior to the commencement of mining operation. to prevent the
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shear sliding it is suggested that when the joints have different shear proprieties, the

minimum shear strength should he taken as the critical shear strength.

The process of waste rock crushing in the stope is mainly linked to the

compressive failure. But this process occurs, usuaUy in the crown pillars (e. g. in cut and

fill mining). Thus, high compressive stress directly governs the behaviour of the rock

mass.

3.2.3 EfI'ect oC stope Dailll

The stability of the rock mass at the boundary of the stope is elosely linked to the

stope design. The design of eaeh stope must be optimized as a funetion of local rock mass

quality. Larger individual stopes generaUy have high productivity however, at higher risk

of instability. One of the useful design tools developed for the dimensioning of open

stopes is the empirical (stability graph method' originaUy proposed by Mathews et al.

(1981); and later by Diederiehs and Kaiser (1996) ta determine $lape eritical dimensions

(i.e., maximum), expressed in terms of the hydraulie radius of the roof and wall, to ensure

stability of the excavation. The hydraulie radius (HR) of a stope face is ealeulated as the

face surface area divided by the face perimeter. This stability of the open stope is

expressed in stability number N'and iIIustrated in figure 3.6.

RQD J,
NI= x - x A x B xe; where

J,. J G

RQD is rock quality designation (Deere and al. 1967);

J" is the joint set number from the rock tunneling quality inde~ Q (Barton et al.

1974);

J, is the joint roughness number (Barton and al. 1974) for the kinematically eritical

joint set;

Ja is the joint alteration number (Barton et al. 1974) for the kinematically critical

joint set; and

A, B, and C are respectively parameters which are: rock stress factor, joint

orientation factor and Gravity Adjustment Factor (see figure 3.7).
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Figure 3.7: Stability assessment at Bousquet 2 mine using the modifie Mathiew stability graph.
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Figure 3.8: Manner to found input parameters for the design of open stope by graph method
(Diederichs and Kaiser, 1996).

•

Consequently, the stability of an open stope is evaluated taking into account

excavation geometry, rock mass quality, and induced stress. If the rock quality is tao low

or if the stope is tao large (high HR), instability rnay oœur, which leads to dilution of

barren wall rock into the blasted ore. If the instability is severe, it cao prevent the stope

from being mined and prevent safe aceess to future mining areas. Using the above method

and available data, it is possible to evaluate Bousquet's stope stability. At Bousquet mine,

the stopes are excavated in a fair quality rock mass (RQD = 60) with four dominant set of

joints (Jn = 15) which are smooth planar and unaltered (Ja = 1.0; Jr = 1.0). The sulphide

ore has a compressive strength of 120 MPa., while the maximum induced wall stress

determined from modeUing is approximately 24 MPa in 1100 m deep. From figure 3.7 the
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Rock Stress Factor is A = 0.45. The critical joint set fonns an angle of 85° with the stope

face (which is E-W), giving a Joint Orientation factor B =0.2 and the Gravity Adjustment

Factor C = 7.0. Hence, the resulting stability number N~ ofBousquet's stope (at level 7) is

60 1.0
N'=-x-xO.45xO.85x 7.0= 10.7

15 1.0

The hydraulic radius, BR, ofBousquet stope can easily be found trom figure 9. The stope

analyzed is 15 m along striked and 38 m down dip. The resulting HR is:

BR = Area = 38x 15 _ 5.S
Perimeter 76+ 30

The associated point (N', HR) plotted on the stability graph as shown in figure 3.6~ is

located at the boundary between the stable and the unstable zones proposed by Potvin

(I988). This indicates that a hydraulic radius of 5.5 represents the maximum prudent

unsupported dimension to avoid instability and ore dilution in tbis stope.

Expeeted approach of underground mine opts for large open stape (desirably

unsupported). But according to Dierderichs and Kaiser (1996) probability studies, a stope

design like at Bousquet mine (which have hydraulic radius of 5.5, and stability number of

10.7) will have a 35% probability of instability and a 200/0 chance of major caving. Ore

dilution risk associated with these instability and caving for each stope could be

intolerable. Because of this, significant effort must be made for the implementation of an

efficient wall support system (section 6).

3.2.1 EIJects of Reology

Abitibi archean rock mass is not really intact rock; these are consolidated volcanic

rocks, which are jointed and are affected by shear zones and by both major and minors

faults provoked by tectonic evens. Consequently, the effects ofgeology on the stability are

strongly linked to the nature and distribution of structural features within the rock mass.

Joints are breaks of geological origin, when grouped in parallel are called joint set, and

joint sets intersect to fonn ajoint system. Ioints may be open, fiUed or healed.lointed hard
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rocks are subjected to wedge failure. This instability occurs when a set of joints strike

obliquely across the stope face. The shear zones represent zones of stress relief in which

fÏ'actured surfaces may be coated with low -friction rnaterials (produced by stress relief

process or weathering). Like faults, shear zones have low shear resistance but they rnay be

much more difficult to identify visually. The faults are recognised by the relative

displacement of the rock on opposite sides of the fault plane. They May be pervasive

features which traverse a mining area or they rnay be of relatively limited local extent on

the scale of meters; they often oceur in echelon or in groups. Their thickness rnay contain

weak rnaterials such as gouge (clay), fault breccia. The ground adjacent ta the fault MaY

be disturbed and weakened by associated structures such as drag folds or secondary

faulting. These factors result in faults being zones of low stren8th on which slip may

readily oceur. The spatial disposition and orientation (dip azimuths) of these

discontinuities relative to the faces of excavations have a dominant effect on the potential

for instability due ta falls of blacks of rock or slip on the discontinuities. At Bousquet

mine the main behaviour ofthe rock mass is controlled by weathered foliation. In faet, this

rock is highly foliated and as seen in the table3.1, there are 4 difFerent types of joints

identifiable by their charaeteristics.

Structure Dip Direction (degree) Dip (degree) Ioint spacing (m)

Dl (foliation) 185 85 0.01 to 0.1

D2 95 45 to 85 0.5

D3 270 20 to 60 0.5

D4 (sub-horizontal) 345 5 to 2S 1

Table 3.1: Typical joint sets at Bousquet mine (Henning, 1997)

InstabiIity causing dilution problem is also preoccupying in soft and sedimentary

rocks. Soft and soil rocks are very weak and are very heavily jointed or broken, as in a

waste rock dump; hence the dilution is provoked by circular failures which are defined as

single discontinuities but tend to follow circular fallure paths. On the other hand

sedimentary rocks are fonned by severa! strata separated by bedding planes. These are
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generally immediate failure planes because on these planes shear resistance would be

purely frictional.

3.2.5 EfI'ects of blutiDI

High production extraction in bard ore requires (at the present) high energy of

explosive. This blasting mechanism produces vibration energies, a major part of which

fragments surrounding rock material while a residual part travels beyond the far zone

before it finally drops below the background noise level. In hard vein blasting, like at

Bousquet 2 stopes, the vibration level cm be determined by observations (by camera

and/or monitoring systems) of damage along the wall faces. Under fair or poor ground

wall conditions, the scale of blast damage could be translated into induced failures, and

even sometimes, wall rock overbreak (which means ore dilution). To keep the mine

profitable, blasting process needs to be perfonned in a more efficient way to minimize

ground and induced structural vibration. On the other band, the dilemma is that the power

must remained high enough for maintaining good the fragmentation produet; because the

size of blasted muck will control ore haulage. Therefore, blast engineer must refer on the

maximum and minimum ground vibration velocity for Many combinations of interhole and

interrow delays. The spectrum of the blast sequence is the result of Fourier transform.

Effective delay rimes for each blast hole within muItihole blast cm be calculated by the

formula:

where

X,y and Z are coordinates ofthe vibration monitoring station

V is the propagation velocity ofthe seismic waves,

Tpi is the cumulative nominal (pyrotechnie) delay rime, and

Ti is the cumulative effective delay time.
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Minimization of blast vibration is restrieted by the production requirements, such

as good fragmentation and muck pile size. This means short interhole and interrow delay

times are not suitable. On the other hand, lower blasting energy condition, the rock

fragments remain too large for efficiency haulage; while highest blasting energy can

produce large waste slough in the stope. In tbis way, it is important therefore ta predict

likely size and the risk ofoversize sloughing tram the wall. An other option in dipper veins

blasting is the stabilization (by pre-installation of cable bolts) of the hangingwall and

footwaIl, and then increase the blast vibration energy ta obtain the desired fragment size.

In archeanjointed, it almost impossible ta achieve a perfeet design of the stope (minimum

dilution); the fragmentation is controlled by the distribution of jointing in the rock massa

Consequently, the control of ore dilution will refers to modify the type ofexplosive or the

placement of particular explosives such that the damage zone created by the perimeter

hales does not exceed the damage zone produced by the holes within the perimeter. This

process is called smooth wall blasting or controUed blasting largely experimented by
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Figure 3.10: Assessment of controllcd blasting design against ore dilution
caused by overbrcak in sublevel open stope.

CAMNET in drift developmen~ Lizotte (1996). The drift for experiment, shown in Figure

3.8, has about 2.4 m by 2.4 m as face dimension with 36 to 43 holes drilled to a depth of

2.4m. Even original objective is to assess a suitable controlled blasting techniques for

underground development drift, the damage criteria used could be validly adapted for the

control of dilution. There are direct relationship between aetual shape of the opening and

the level ofblast vibration. To understand that, it require to monitor the blastholes. For the

case of the Canmet experimen~ the blastholes were monitored with a multichannel blast
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vibration monitor, to which was attached sets of high-ftequency geophones and

accelerometers. The blasting damage level is linked to both the rock mass physica....

mechanical properties (elasticity plasticity, etc.), and its structural components (Joint,

foliation, etc.) as weU as the power of explosive used. See Figure 3.9. Under fair or poor

ground wall conditions, the scale ofblast damage could he translated into induced failures,

and even sometimes, wall rock overbreak. ControUed blasting is considered a better way

ta handle tbis problem. The blasting of the stope involves two aspects: The explosive

Charaeteristics (Wave propagation, vibration energy, vibration velocity, effective density)

and the rock mass physical-mechanical properties (elasticity, plasticity, stifthess, density

etc.). The interaction between the explosive material and the geological material creates a

Peak Particle velocity (pPV) which puts in evidence the behaviour of the rock mass under

given blasting parameters, then the blast damage and induced failure are assessed based on

the PPV, and the reflective tensile wave. In most cases, the overbreak causing dilution is

caused by these blast damage and induced failures. However, it is possible to reduce tbis

problem by controUed blasting. ControUed blasting also called perimeter blasting results

from various combinations of blasting design parameters. It involve the foUowing

components (single or in combination): modification of the firing sequence; the use of

different explosives; modification of the explosives placement procedures; and the

modification of the geometry of the volume where the explosives are placed. AIso the

blasting parameters could be changed (firing delay, blasthole pattern the effective density

of the explosive, type of explosive. Generally a suitable result is found after various

combinations of these parameters have been tried out. Naturally, inelastic rock material

has brittle behaviour under dynamic strain of the explosive. Because of the non

homogenity of geological rnaterial, the defennation is rather plastic and the limit of such

behaviour correspond to the zone where the strain lever has exceeded the strength of the

rock mass. From the classical e1asticity Hooke'5 law Oinear defomation =:), Holmberg

et al. (1984) have demonstrated tbis deformation is proponional to the strain of the

explosive:
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where

& is the strain

Ô is the stress

E is the young's modulus ofelasticity ofthe rock.

v is the vibration velocity, and

c is the wave propagation velocity.

The problem of controUed blasting is considerably complicated; MOst people focused their

attention only on the explosive parameter, forgetting the rock mass itself. However, as is

evident trom the above relationship, the rock mass physical-mechanical properties plays a

great role in controUed blasting. Thus rock mass cao be considered damaged when it no

longer reaets elasticaUy and the defonnation is plastic (Lizotte, 1996).

At Bousquet mine, several triaxial geoghones are used to measure the vibration

caused by blasting. The measures have been done for 2 isolated $lopes (one is primary

stope while the other is a secondary stope) in level 9. This study was made in 1997 by

Bousquet mine engineers (1. Henning, P. Gauthier, M. Ruest and C. Provenche). The

amplitude of blasting vibration was determined using the field constants for the mine and

the quantity of explosive loaded in the blastholes of 9-1-15 and 9-1-11 $lopes. The

fonnula of PPV have been used to detennine the constants uk" and ua" which depend on

the structural and elastic properties of the rock mass. Uk" is an indicator of scale of the

charge; and "a" is an indicator of vibration attenuation. The amplitude was found to be

lowest in the secondary stope than in the prirnary stope (table 3.2). That is not surprising

because there is highest attenuation ofvibration at the relaxation zone in the hanging wall.

Primary stope 9-0-1S Secondary stope 9-0-11

K a K a
Total database 498 1.19 498 0.70

Data for AMEX only 283 0.66 283 1.30

Table 3.2: Results ofthe blasting vibration indicators obtained (Henning et al., 1997).
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Figure 3.10 Blast vibration in the hanging wall al Bousquet stopes (J. Henning et al.,

1997,).

Muimum linear overbreak

Hangingwall Footwall

Prim.ry stope 4.0m O.Sm

Average 3.lm O.Sm

Second.ry Stope 2.0m 1.5 m

Average 2.2m 1.0m

•
Table 3.3: Results ofoverbreak measurement in Bousquet stopes hanging wall (1. Henning

et al., 1997,).
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In Figure 3.10, the curves of explosive quantity used versus maximum blasting vibration

predieted, show the effect of these constants (le and a) calculated for primary and

secondary stopes (Henning et al., 1997,). About the first five meters around the blasthole,

vibrations higher than 1000 mm/sec have been measured for the primary stope. Vibrations

calculated for the secondary $lope are relatively lowest. This is certainly one of reasons of

higher ore dilution in primary $lope. Ta compare the $lope overbreak volumes, equivalent

linear overbreak factor is used. This is detennined by calculating the area between the

planned stope boundary and the adUai geometry of the $lope. As can be noticed from

Table 3.3. the primary stope is affected by more overbreak volume than the secondary

stope.

Therefore, a good approach for reducing ore dilution is to understand the

explosive/rock mass interaction. This means good knowledge of both rock mass and

explosive characteristics, and the design of optimal fragmentation blasthole pattern. The

challenge of successful controUed blasting remains still ta minimize damages associated

with the explosive/rock mass interaction while ta optimize the fragmentation produced by

explosive energy.
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Chapter 4; NUDIerical ModeDial

4.1 Introduction

The presence and the distribution of fallures which are resPOnsible ofore dilution must

be extensively considered before any measure taken against the problem. Any underground

opening create varied degrees and magnitudes of stress in both the near and far field area.

Thus, the stoping operation being the essence ofminïng process, put in evidence the rock mass

stability behaviour within the orebody and in the hosted rock- This chapter describes the

response of stope boundary conditions under effects of stress redistribution in open stoping at

Bousquet mine. Numerical modelling techniques such as e...z tools is proven to be effective in

the analysis of these types of geomechanical problem. This software of numerical modelling

(created and developed at McGill University by. Mitri, 1992) using the finite element method

to divide a representative zone into an assembly of discrete, interaeting elements (meshes);

therefore, to define problem domains surrounding an excavation (a stope for our case study).

The mechanical behaviour of rock mass is evaluated in term of displacement, defonnation,

while, the stresses and the strains in the vicinity of the opening.. As discussed by Brady and

Brown (1985), the assumption in such method is that transmission of internai forces between

the wedges of adjacent elements is represented by interactions at the nodes of the elements.

This geomechanical study is used to analysis the effects that a large open stope has on the

stability of the stope walls and on the local stress field. Therefore, the main objective is

improved understanding ofore dilution involved by wall instability behaviour under fair ground

conditions.

The stope site selected for the numerical modeUing analysis is located about 1 156 m

under surface. Figure 4.1 shows a two~imensional view of this stope. Material data such as

rock mass charaeteristics and properties and in situ rock stress are obtained from previous

studies carried out by Henning et al., (1996). In order ta achieve a realistic analysis of the

behaviour of the hangingwaU and footwall, the influence of structural geology is used to

provide detailed information.
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Figure 4.1: Final sketch oC zone model for c-z taols modelling

4.2 Geomechanical data

The numerical analysis methods are mainly based, in addition of in situ stress, on rock
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mass quality and properties provided by geomed1anical data. In the others words, any

numerical analysis is not possible without a earlier assessment of rock mass classification of the

concemed field. Thus, the rock mass classifications have been assess to evaluated its quality

and its behavioural charaeteristics as a whole under various stress conditions. The strength and

failure (displacement and deformation) charaeteristics of the rock is govemed by the

charaeteristics of the naturally occurring fracture systems that occur in the rock masse The

rock quality is assessed from its containing in discontinuity (RQD) and associated parameters

such as compressive strength, joint spacing, joint condition and orientation, and ground water

conditions (RMR and "Q System"). Rock properties are assessed from laboratory tests

providing rock strength values and deformation properties. The rock mass classification studies

at an area like Bousquet involves firstly, investigation at two levels or scales: The identification

and mapping of geological structures that cao affect stope wall behaviour. Therefore, the

starting point for the development of an engineering understanding of the rock mass structure

is a study of the general regional and mine geolc,gy as determined during exploration. The

information founded (such as beddin& foliation, folds etc.) constitute an essential background

ofgeomechanical study of the mine. The second level is further studies involving underground

exposures, and logging core ofboreholes (RQD and RMR) drilled for tbis purpose. This gives

precise locale ground quality. The investigation for such study had been made in the level 7-0

at Bousquet 2 mine, the result is located in the Appendix A. The rock mass rating (RMR) and

the Q-system show a fair wall condition (see table 4.1 below), whereas the orebody is

relatively good quality.

Hangingwall Massive ore Footwall

Bieniawski RMR GSI RMR GSI RMR GSI

1976 50 50 65 65 5S 55

1989 50 45 66 50 59 50

Modified Q' 1.00 44 1.00 44 1.00 44

Table 4.1: Rock mass quality modefied Hoek" Brown criteria, Henning et al., (1996)
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The knowledge of pre-mining stress nature and their orientation is fùndamental to

coherent prediction of the response of the rock mass to mining ac:tivity. For dilution problem,

the attentions are foc:used on the displacement field generated in the boundary ofthe stope and

eventually in the stope previously backfilled. At Bousquet the pre-mining ground stresses have

been detennined at 900 meters depth. This had been done al Elliot Lake Laboratory by B.

AIjang (Canmet 1988). The results have indic:ated that the maximum and the intermediate

principal compressive stresses are horizontal and are oriented in northeast and southeast

directions. The minimum principal compressive is oriented verticaUy. The orientation of the

principal stresses relatively to the existence of the particular fabric element of the rock mass

such as foliation or schistosity, cao also help to understand the direction and the mode of

defonnation under stress conditions. The orientation of the principal compressive stresses and

the overall trend of the ore zones are iIIustrated in the Figure 4.2. The average horizontal

compressive gradient amounted to O.OSOS MPalm, with a ratio of O'Hmaxt'O'Hmia in the range of

1.5. In relation to the ore zones, the OHmax acts perpendic:ular while O'Hmia is oriented parallel to

the ore zones strike and the main structural features. As the in-situ stresses are fune:tion of

depth, they cao be determined as foUowing:

O'Hmu = 0.061 • D

O'Hmin = 0.041 • D

O'y=0.027· D

where av is the vertical stress; and D is the depth below surface (m). The stresses are

expressed in MPa.

Rock mass properties required for input parameters used in numerical modelling are

determined from laboratory and in situ measurement. These values are supplied by mine

Engineers. Note that fractures may be dominant influence on the strength of the rock mass.

Table 4.2 gives the elastic and Hoek &. Brown parameters of Bousquet rock mass. Uniaxial

compressive strength (UeS), young's modulus and poisson's ratio are obtained from uniaxial

testing of BQ size core. Under uniaxial testing almost aU the ore samples underwent brittle

failure. This is characterized bya sudden release of energy in an explosive manner. The results
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of these tests are adequately supported by previous research by Wawersk and Drace (1971),

Hoek and Brown (1980), Iaeger (1960).

N

Figure 4.2: Orientation al the principal compressive stresses
frcxn Mine grid noth in an equal area net, Iower hemispbere
projection. (B) orientations obtained from stress
determination at the Bousquet 2 Mine. (Arjang, 1988).

4.3 Statement of Problem

The adequate approach of efficient modelling involves two requirements: 1) A better

choice of numerical modeUing techniques which can provide high resolution of ground

behaviour around the stope and near field rock, in accordance with stope design and the

structural elements of the rock mass. Sometimes to avoid a choice, several numerical methods

• could be used in conjunctio~ allowing for the advantage of each method and providing a
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comprehensive anaIysis ftom ditrerent perspectives. 2) A better choice of a stope which

represents the design and rock nature of any stope in the mine. The respect of these

recommendations are fundamental for getting results that could help to define the type of

behaviours which are responsable of failures and caving. Numerical modeUing is carried on a

typical stope mined at Bousquet 2 mine. This stope is located about 1155 m under surface.

Design parameters are shown in the sketch zone model (Figure 4.1). Data conceming rock

mass characteristics as weU as rock mass properties used in modellin& are described in

geological conditions section. The dip of the orebody measured trom plan is about 75° west.

The in situ geomechanica1 data are shown in table 4.2; while the horizontal-to-vertical stress

ratio (Kx = 2.26, Kz = 1.52) are obtained tram previous publication. Datafile permitting

running ofthe program ofnumerical modelling (e-z tools) is available in annexe page.

Parameter HangingwaU Footwall Sulphide Ore

Young'modulus 70000MPa 70000MPa SOOOOMPa

Poisson's ratio 0.25 0.25 0.25

Shear modulus 28 GPa 28GPa 32GPa

Bulk modulus 43 GPa 430Pa 53 GPa

Density 2750 kg/ml 2750 kglm3 3000 kg/ml

Compressive strength 80MPa SOMPa 120 MPa

H/Bm 2.4 2.4 3.4

HIB S 0.007 0.007 0.02

Joint friction 20 degrees 20 degrees 20 degrees

Joint cohesion 1 MPa 1 MPa 1 MPa

Joint tensile strength 4MPa 4MPa 5MPa

Table 4.2: Rock mass properties at Bousquet mine, resulting trom uniaxial and triaxial tests.
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4.4 Analysis of results

The analysis of the results is the main rea50n of the modeIling. Many information are

produced iTom such analysis. Theo, data received are used to explore on stress conditions

around the stope, and understand sPeCific ground failures conditions, therefore to assess

relevant resolution. The procedure used for salviog the problem is to divide the concemed

failure zones into smaUer components in order to get numerical value for whole behaviour. The

parameters permitting the examination of rock mass behaviours are evaluated in term of stres

redistribution and stress displacements vector. For stope design purpose, the existence of both

stress concentration induced in rock mass and the failures around the stope is closely linked ta

the stope geometry and size. For our dilution study, the location of stress relaxation zones are

taken as failures, therefore, are more important since these zones are submitted to shear

stresses which tan provoke block sliding or local caving (tension failure). Otherwise, the zones

of induced stress concentration area cao be affected by crushing in major case by bursting

(compressive failure),. The presence of other close openings and the effect of progressive

mining sequence should be taken account for the both cases.

To have good analysis, 64 nodes have been necessary to create 49zones for the need

of modelling. Among these 49 zones, 4 are void zones that consist of a longwall stope and 2

drifts of production and 1 cablebolt drift. Mesh cao be seen in figure 4.3. This mesh is dense

near the drifts as weU as the hangingwall and the footwaU, to have much measurements in these

critical parts. The principal stress (Figure 4.4) is concentrated at both roof and bottom of the

opening. The open stope mining method used at Bousquet 2 implies a redistribution of the in

situ stress field in two mains zones: a relaxation zones in which an increase of strain energy is

stored; and fields where the stress are concentrated. The maximum principal stress, located at

corners, is about 243 MPa. The figure 4.S and 4.6 show vertical and horizontal stress

respectively. Like the principal stress, maximum values occur at the roof and the bottom, in the

corners. However, in these figures it possible to identify the tensional zones along the hanging

wall and the footwalt. The maximum vertical stress is about 127 MPa while tensile force is

about 14 MPa. Maximum horizontal stress is about 192 MPa.
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Figure 4.3: Defonned mesh for the purpose ofmodelling.

While there are relaxation of stress along hangingwall and footwall; then after, as the distance

• increases from horizontal and vertical axis of the stope, compressive stresses decrease.

Displacement stress vectors multiplied to factor 1S is view in Figure 4.7. Hangingwall and

footwall stresses are oriented toward the void. tbis is due to the greater mass of the wall

materials. As the distance inCTease from the stope, the displacement stress vector decrease. The

numerical modelling results include also material safety factor (Figure 6.2), that determines the

condition of the material under its state of stress and relaxation. It can be secn that near the

opening hangingwal and footwall are considerably unsafe.

4.5 Interpretation: Stope waU bebaviour

Extraction by longhole open stope method like in Bousquet mine, causes instantaneous

and continuous stress redistribution in the surrounding strata. The ability to deal with structural

stability problems in bulk mining and associated dilution and risks to mine personnel is highly

dependent on understanding stress redistribution during different stages of mining. As dilution

is provoked by slip and caving of waste rock, it can be possible to create 6nks between

• unexpeeted loss ofgrade in ore mucked and stress distribution and rock mass quality.
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Figure 4.4: Principal stress distribution around the stope.
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Figure 4.7: Displacement vectors multiplied by factor 1S.

1111111
14.43

1

SCALE

81--

......

&t.92 141.31

..........

1

4Ispl_œ-mt tactar : 15._

•



•

•

•

Independently ta the mining method and operation, poor ground conditions and

stress!shear are most Iikely ta induce instability leading immediate caving. In lbis manner many

factors directly contribute ta unexpected dilution. These are confined bigh stresses which are

concentrated in the corners of the stope, high shear stresses which are extended a10ng the

watts, and geological discontinuities. combination of these three factors are necessary for

understanding of geomechanical source of dilution al Bousquet mine. At the boundary of the

stope, the zone of relaxation along the hangingwall and footwall (Figure 4.5 and 4.6), potential

rockburst can occur during blasting. As seen in table 4.1, the matic tuff of hangingwa1l is

relatively weak quality, in aet, relaxation along tbis cao provide much waste material in ore

mucked. the three factors mentioned above a1lowed to say that there are two modes of rock

mass behaviour leading to rock mass instability. One mode involves crushing of rock occurring

close ta stope boundaries. The second mode involves slip on oatural or mining-induced planes

of weakness. In faet, instability is provoked bath to structural anomalies and induced stress;

near surface excavations are sisnificantly infIuenced by structural feature, while instability of

deep stopes depend more on the response of the rock mass ta the induced stress. A current

notion is that unstable discontinuity slip occurs because the dynamic coefficient of friction for

the discontinuity (joint, fracture) is less than the static value (Brace and Byertee, 1966). Thus,

excess shear stress on a joint or a foliation plan may be used an indicator of the potential for

unstable slip. Having identified state of stress in the hast rock mass favourahle ta unstable

discontinuity slip, the issue then is the measures ta be implemented ta prevent or reduce the

moment of the event. The response of rock joint to shear loading in situ depend ta a large

extent on its surface properties as weU as the boundary conditions that are applied across the

joint surfaces. The boundary conditions cao be represented by assuming that the the rockburst

of the rock mass surrounding the joint is modelled by a spring with stifthess k = d6.. / dv where

dÔn and dv are the changes in joint Donnai stress and displacement, respectively (Seb and

Amadei). AIso fractures can form from slip a10ng pre-existing joints. As slip increases a10ng

these pre-existing fractures, secondary fractures form and linle the slipping fractures ta form

major fractures. A high density of fraeturing develops adjacent to the slip surfaces and

increases unstable behaviour ofthe wall
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The mechanism of stope ore dilution closely results from the fundamental behaviour of wall

rocks. This mechanism of instability provoked by a discontinuity had been largely explain by

Brady and Brown in their rock mechanics book (1985). Theo, the presence of discontinuities

within the stress relaxation areu (situated a10ng the middle part of the wall) involve shearing

and splitting, and in the worst case the caving of wall waste rock inside the stope. The

mechanism of unstable slip on a single discontinuity plane has been firstly considered by Rice

(1983) and re-explain by Brady and Brown (1985). Otherwise, in strong and intact rock the

dilution problem remains relatively minimum. But this situation still rare in AbibDian area.

However, intact rock under high confined stress conditions, can be subject to crushing

behaviour. In the both cases, the mechanism goveming the behaviour of the stope faces stills

the opening and sliding of the existing and/or induced discontinuities a10ng and close the

boundaries of the stope. Theo, the behaviours of stope during mining means to assume the

behaviours of discontinuities in the analysis of large scale opening. In tbis instance, Yoshida

and Rorii (1997) has developed a constitutive model for analysis ofdiscontinuity behaviours in

rock mass, called micromechanics-based continuum (MDC). Initially proposed for civil

engineering (tunneUing), tbis theoretical analysis could be adapted in underground stope

mining, specially in jointed rock area like in Abitibi mining district; because it attempt to asses

relationship equations between average stress and average strain taken account a

representative volume ofelement which contains a lot ofmicrostructures.

The numerical results give the whole behaviour of rock mass during mining process,

and are expressed in displacement in rock mass (provoked by the effect of dominant joints),

joint deformation opening displacement. This later could he the reason ofwaste sliding in the

stope, because it is initiated by the stress relaxation and stress redistribution due to stope

opening.
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4.6 Conclusion

Numerical modelling has demonstrated that Bousquet mine stopes are confronted with

instability problems. These are due bath to manner of stress redistribution and poor quality of

wall rocks. Redistribution is expressed by confinement of high stresses in roof and bottom

corners of the stope; while relaxation and shear stresses oCQIr along the hangingwaU and the

footwall. A major consequence of this induced instability is a high risk of unexpected dilution

of ore mucked. From combioation of geomechanical data and structural anomalies, it bas been

identified that more waste material cao slide from the hangingwall.

The mechanical behaviour of the stope wall is difficult to accurately prediet. It is

governed by induced stress redistribution (relaxation, confinement), rock mass propenies

(Young's modulus, Poison's ratio) and rock mass quality and nature (rock mass stifthess, joint

sets orientation and distribution, joint effective length and quality). However, it possible to

adopt a numerical rnethod to analysis the effect of sorne parameters quoted on this behaviour.

An other possibility is ta adjusted the rock mass parameters in function of a proposed

numericaJ analysis from the field failure observations; the inverse in difficult to assess but much

relatively tangible for the control ofstability.
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Chagter S: Mcasurement lad Coatrol of Ore Dilution

The estimation and measurement ofore dilution takes place after the stope blasting

operation. Two methods of measurement of ore dilution cao be used by mine operators:

the theoretical calculation and the direct estimation by the cavity monitoring system. The

purpose of tbis chapter is to define an optimal strategy of stope extraction, integrating

both the geological, geometri~ technical and economica1 aspects ofstope operations.

5.1 Theoretical caleulatioR

The use of the theoretical approach ta estimate ore dilution is based on the data

provided by geochemical grade analysis ofboth the ore and the barren rock at the contact

with the orebody, or the knowledge of the parameters of the designed stope and the real

stope. The approach of the desirable result on the performance of the particular stope is

mainly qualitative; that means the evaluation of the 8I'8de of ore after mining operation.

Other criteria being the recovery and the selectivity of the mining method used. There are

Many theoretical formulas wbich cao be used for dilution estimation; we propose here

sorne of these. Laval University (Bourgoin, et al., 1991) have made investigations on

dilution equation fonnulation in the setting of its search and development project. The use

of one or another fonnula depends on the availability of parameters and its adaptability to

the mine stope design. In effect, dilution cao be estimated at different steps of the mining

process by the foUowing equation:

d. = gpi -gfi x 100
r

gpi

where: gfi ;: gpt x (1- D.Dld,)

di: dilution ofore at the illl phase (%)

8,i: grade of the ore at the entry ofith phase (% or glt)

gr.: grade ofthe ore at end ofthe i" phase (% or glt).

The knowledge of ore dilution al different phases of the mining pracess is important.

However, the solution of tbis problem requires knowledge of the percentage of dilution at
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each step of mining process; and to take the measures to reduce it at this step. The final

ore dilution which considerably influences the aetual profitability of the mine operation,

can be determined by two ways:

i) Using orebody reserve grade and the final grade ofore:

d
f

=g, - gf x 100 (5.2)
g,

where dr: final dilution ofmucked ore at the entry ofconcentrating process (%);

g,.: grade oforebody reserve (% or glt);

Sc: final grade ofthe mucked ore al the entry ofconcentrating process (% or glt).

ii) Using the values of'~n" ditrerent sources ofore dilution (Bourgoin, et al., 1991):

dl = 10:Z" -(IOO-dIXlOO-d:z). ..(IOO-dt)...(IOO-d,,) (5.3)
10:Z_2

where dl, d2, di, dn are ditrerent sources ofore dilution;

n: number ofsources of final ore dilution.

There are usually two sources of final ore dilution (n = 2): planned and unexpected ore

dilution. Therefore, the previous equation becomes:

df =dl +d:z - O.Oldld:z (5.4)

When the situation is perfect i. e. there are the addition ofooly the planned dilution (which

is far from being realistic in vein stoping), n = l, the final ore dilution is equal to the

planned ore dilution.

d f =dl

The uncertainty of the detailed shape of the orebody and difficulty to delineate the ore in

place (for sorne mines) make even the planned dilution difticult to estimate. However, it is

not acceptable to extract the matenal that you don't need. AU the parameters of the

material extraeted must be absolutely known for each individual stope of the mine. These

pararneters are the tonnage and the final grade of the ore. This latter must be known and

controlled. There are two graphs (Figure 5.1 and 5.2) established by Bourgoin, et al.,

(1991) which cao help mine operator to not he disagreeably surprised. As it cao be note

there is an inverse correlation between final dilution and the grade of ore mucked. A small
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• percentage of dilution considerably reduces the final grade of the ore. If the grade of the

orebody is, say, 2g1~ at 25% of dilution reduces the final grade ta 1.5g/t. Also it is

possible ta calculate the dilution having planned and unexpected dilution by foDowing

equation:

(5.5)

where

dr: final dilution,

dp: planned dilution,

du: unexpected dilution.

In most cases the final dilution is greater than the planned dilution (that cao be easily

observed by the change of ore qualitative and quantitative parameters). That means that

the final dilution bides the unexpected ore dilution which is mainly associated to the

stability of the wall rock. Even when the unexpected dilution (additional dilution) can be

estimated beforehand, it is possible ta calculate the parameters (tonnage and grade)

associated with the material added ta the ore.• ( ,,. xg,. )+(t
G

xg,,)
gf = t +1

,. G

(5.6)

(5.7)

(5.8)

•

where: gr: final grade ofore extraeted;

ta and g. are respectively the tOMage and the grade ofmaterial added;

Ir and 8r are respectively the tonnage and the grade oforebody reserve.

Generally, the waste rock has no desirable metal content (g. = 0). Thus it become easy to

find the tonnage of material added.

1 =(t,.xg,.) 1
" ,.

gf

Sometimes, the rock added to the ore has Iittle quantity of desirable metal <Ba ~ 0). In tbis

case its tonnage is estirnated and its grade is caIculated.

(1,. +1,,) x gf -(/,. x gr)
gG = t

G
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•

The addition of no waste rock reduces effect on the final grade of the ore extraeted.

Therefore its addition in the ore cao be tolerated rather sorne proportions orelwaste

established by mine operators. For that, the operational and economic impacts of planned

dilution must be evaluated. From the values such as planned dilution, as weU as orebody

and waste rock grades (g,. and g.), it becomes possible to evaluate:
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• The tonnage of waste rock provoking dilution by mineable orebody tonnes.

This is called the factor of rock provoking dilution (FR).

O.Old, xg,
FR= (5.9)

g,(l- 0.0 Id,) - gG

when the rock provoking dilution is waste for desirable metals (ga = 0), this factor

become:

0.0Id,
FR=--~

I-O.Old,

• The whole tonnage (ore + waste) by mineable orebody tonnes. That is known

as factor of planned dilution (FP):

FP= l+FR (5.10)

Consequently, the mineable tonnage must be determined in adjusting the tonnage of

orebody reserve according ta both the ore recovery (OR) and the factor of planned

dilution (FP). Theo the adjusted reserve tonnage (including planned dilution) is:

Ta=O.OlxORxtr (5.11)

• The tonnage ofwaste rock causing ore dilution is

la= TaxFR

• The tonnage ofore mucked To(ore + waste rock causing dilution) is:

To= TaxFP

• The grade ofore (so) after planned dilution is:

go = g,(l- 0.0 Id,) (% or g1t).

On the other hand, as seen in the Figure 5.2, the final dilution is directly correlated to the

additional ore dilution. That means the unexpected addition of waste rock is completely

independent from the planned dilutio~ since the latter is ooly associated with the width of

planned stope.

The effeets of unplanned addition of waste rock is expressed in terrns of decrease

of ore quality. Using the results ofprevious investigations and of other mines, it should be

possible ta estimate the rate of dilution. However, because of uncertainty knowledge of

all the local associated parameters and their implication it becomes impossible to predict
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• the rate of final dilution. The theoretical approach nevertheless, should help in a

preliminary estimation ofore dilution; and usuaUy is adopted before the extraction process

begins.

5.2 Practical musuremeut

Mine operators opt to manage their own production system. In effeet, it will mean

the implication of parameters that can be cootrolled in place. As the main source of ore

dilution is linked to the geomechanical and design charaeteristics ofthe stope, it should he

reasonable to use these characteristics in dilution estimation.

5.2.1 Background

The design characteristics of the stope cao be used to determine the planned ore

dilution. First, it is expressed by following quantitative relationship:• d =gr -go X 100
P gr

(5.12)

(5.13)

•

where 80 is the grade of ore produced (% or glt). This grade cao be calculated using the

dimensions ofthe stope (Figure 5.3)

gr X Wb + g.(w6 - Wb)
go =

where

gw is the grade in metal orthe waste rock causing dilution (% or glt);

w. is the width ofthe stope opened (m);

Wb is the width oforebody (m).

To express the dilution as function of stope design parameters, we cao introduce above

equation in the expression ofplanned ore dilution.

d, =[ 1- w6 _g.(w6 -wb ) ]xl00 (5.14)
Wb gr xw,
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In MOSt case the grade of the waste rock is nit or negligible (gw =0). Then the planned

dilution is:

d Wb=l--xlOO
P W

•
As can he noticed, the ratio ofstope widthlopening of the orebody (w';w.) is significant in

the assessment of planned dilution. The production management requires a strict minimum

planned dilution. That means the smallest possible opening. For that, the narrow orebody

should be mined using hand-held air leg drills, scrapers, and/or rail-mounted loaders.

These methods are manpower intensive and while productive enough to suppon a small

operation are not sufficiently flexible or oost effective to suppon a larger operation. But if

the ore has high grade or is concentrated in sub-produCls (Au, Ag, Cu Zn etc.), it should

be economical ta use specialised equipment. In effect, now there are smaU scale

equipment for orebodies under 3 meters wide. However, for large scale mining

(mechanized method), the drift sizes must exceed 4.5 m width. But large scale mining for

narrow vein (width at least that 3 meters) means the acceptance of high dilution ratios.

Such methods are typically used on even modest deposits while gold price is high. The

ideal performance is found when the vein width is 50 large that it is not necessaJY ta

include barren rock in the design ofthe stope: W b ~ 1 .
w,
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Wb - width ofthe orebody;
Wp - width of planned stope;
w. - aetual width ofthe stope;
tr• gr - tonnage and grade 0

ore reserve;
tw • 8w - tonnage and grade of
waste rock.

Figure 5.3: Ulustration ofparameters used for ore dilution estimation.

5.2.2: The Cavity Monitoring System and Dleasurement ofopen stope

The laser Iight sectioning measurement technique was fir$l appüed in 1969 to mine

tunnels by Chrzanowski and El Masri. Later it was used in civil engineering tunnels to

detect tunnel deformations over the time. The technique permits to capture the image on

videotape and then to enhance and evaluate it on a microcomputer. Now the light

measurement technique is improved and thus has become much more suitahle for the

measurement of $lope overbreak. In Europe, the prototype used is called Rig originally

construeted by Scott, now improved by Cambome School of Mines (Wetherelt and Beer,

1996). It consists of a camera fixed to a tube at the end of tbis section. The rods ta rotate

the light source are mounted on the upper surface of the boom. The second section is a 2

m length of boom with a rotation rod mounted on the upper side. In the cavity (or the

stope), the light source is rotated slowly using the handle at the end of the rotating rods

and a long exposure pieture is taken. Then the Iight section profiles are taken at various

intervals depending primarily on the stope advance or where there is overbreak or

underbreak that requires quantification. In Canada, the Noranda Technology Centre and

S-8



•

•

•

Optech System Inc. have created a prototype called Cavity Monitoring System (CMS)

whieh is efficient in stope measurement. This new tool provides ta operators significant

solution against dilution problem in open stope. The CMS consists of a laser scanning

device that cao be inserted into any cavity or stope and rotated in three planes to

aecurately survey the entire stope. The tirst laser system ("Optech G 150 Laser

Rangefinder") was successfully tested at Gaspe Mines in 1990. This prototype is aetually

used by several mines in Canada which are confronted with ore dilution problem; the

better example study of using the CMS is done at Golden Giant Mine by mine operators

(Anderson and Grebenc, 1995). After blasting, the opening area remains risky and must be

splitted and carefully tested against rock caving. However, in sublevel mining the aeeess

for men to the stope is strietly forbidden; thus measurement device (CMS) is used, after

ore mucking, ftom the upper level of the stope. The Optech laser is mounted on a set of

aluminium rads that could be inserted inside the stope where it must be oriented

downwards the opening.

The measurements are automaticaUy taken every four or five degrees and the

device itself is equipped with a core proeessor for storing the measurement data. After the

measurement operation, the CMS device is brought outside the mine ta be conneeted to a

computer which has the Optech software. From tbis computer the output of the CMS is

produeed as 3D AutoCad files (DXF or OWG). From the Optech program wire-frame

mesh files are generated which can be directly overlaid on the planned stope outline in

similar file format. In tbis way waste overbreak, bacldill sloughage and ore left unbroken

can be easily quantified by reference to the designed stope shape. Appendix 0 shows the

detailed results of stope 7-2-5B at Bousquet 2 mine. As cao be seen, the efficiency of

Opteeh program is that it becomes possible to obtain automatically on the same plan, the

planned design and the aetual boundaries of the stope. AIso, we can observe severa!

vertical levels and longitudinal sections of the $lope. The final result of the investigation is

very signifieant sinee it provides the performance parameters. It includes the real tonnage

of ore broken, the tonnage of wall overbreak, the tonnage of backfill sloughage; and

finally (when the density and orebody grade is available) the pereentages of ore dilution
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and the ore rec:overy. At Bousquet 2 mine aU the stopes are surveyed in this fashion, and

must have an operational report which contains both the CMS results and a detailed

description of the st0Pe: drawpoin~ behaviour of openings (deformations, sketch of

observation).

As it has been demonstrated above, in sublevel bulk mining conditions the accurate

stope measurement is an important practice for the efficient running of the mine. There are

then three main purposes ofuse ofCMS:

1) To establish the performance of stoPe extraeted;

2) The understanding ofthe various components ofore dilution in the $lope;

3) The understanding ofground movements (instability problem).

In the past it has been difficult or even impossible to establish any of theses parameters as

there was no satisfaetory method of accurately determining the dimensions of the empty

stope. Now the opportunity offered by this te<:hnique cao be ascertained with high degree

of accuracy and stope designs can accordingly he modified to reduce ore dilution and

overbreak while increasing ore rec:overy.

5.3 Control Against Ore Dilution

The praetical approach of dilution evaluation and measurement involves a tangible

help for the control ofore dilution problern. However, even ifwe cao evaluate the planned

dilution, it rernains difficul~ even impossible to prediet the aetual final dilution due ta

additional dilution. This additional dilution is proved (by nurnerical modelling and CMS)

as the direct produet of both blasting etreets and structural failures of the stope

boundaries. Consequently, the ooly way ta handle or reduce this unexpected dilution in

sublevel mining methods is the use ofcable boit.

5.3.1 Cable Boltinl in sublevel mininl

5.3.1.1 General
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Basically, cable bolts may he installed everywhere in target zones in the walls,

backs and piUars of proposed stopes trom lateral aeeess drives as shown in Bousquet 2

stope plane (Figure S.4). Unfortunately, installing cable bolts in radial fans from drives

outside ofproposed stopes means that reinforcement density is fairly low, especially in the

larger spans. An alternative method for narrow orebodies is to install radial fans of cables

from development sub-Ievels within the planned stope in Bousquet 2 radial cable boit

arrays. This creates bands of heavily reinforcement rock that effectively reduce the rock

caving. Careful scheduling of stope extraction and filling is required to minimize the span

open a10ng strike and to aIlow the complete orebody to be mined with minimum ore

dilution.

5.3. 1.2 Cable bolting Techniques in Sublevel miniog

The advent of cable insertion equipment and cable bolting machines means that

completely mechanized hole drilling, cable insertion and grouting is now possible. With

these machines stiffer grouts are used and the cable bolts are usually uplunged" into a pre

grouted hole. The technology of grouting has also improved from a simple cement-water

mix delivered by a single stage pump to bish early strength cements delivered by two

stage, continuous pumps. The praetice of pre-tensioning cable bolts is abandoned when it

is realized that tension quickly develops in untensioned pre-reinforcement in response to

rock mass movement induced by blasting or stress redistribution effeets during or after

excavation. Variation on pre-tensioning now includes placmg the cable boit in the hole,

grouting an anchorage at the far end, fitting face restraint, pre-stressing the cable boit and

then grouting the balance of the hole. Many operations replace tbis two-stage grouting

process by pre-stressing with a special expansion shell anchor and then grouting that has

been fitted. Some operations simply install a short debonding tube near the collar, grout

the full length of the hole, attach the restraint system and then pre-tension. When a pre

tension is applied ta a fully grouted strand to hold the face restraint only a small force

remains on the system (Thompson 1992).
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5.3.1.3 Cable Boit Design Procedures

The availability of geomechanicaJ data is the first stage of the procedure. Figure

5.5 (C. Wmdsor, 1992) schematicaUy ilIustrates the choice of an appropriate cable boit

relative to work man condition. When deciding on the arrangement of the cable boit array

rnay be made. There are four assessment methods that may be useful in a cable boit design

procedure (\Vmdsor, 1992):

1. Empirical methods.

2. Analytical methods.

3. Experimental simulation methods.

4. Numerical simulation methods.

The empirical methods and the analytical methods are useful in helping ta propose a

preliminary design. They are used to determine the overall stability of the $lape and hence

the need of cable. The experimental simulation techniques and numerical simulation

techniques are best suited to checking designs. Empirical and analytical approaches can be

combined to suggest an initial design. Therefore empirical and anaJytical methods should

be able ta assess rock mass stability, prediet and identify the type of instability, and the

component mechanisms ofinstability. The numerical simulation backed up byexperirnental

investigation is the ideal approach for the design of cable bolts. Ideally, cable

instrumentation is used ta help validate th numerical simulation and improve the accuracy

of future modelling studies of subsequent $lapes.

5.3.2 Facton controUiDI cable Boit performance

This section presents sorne tools which mine operator can use ta base operational

decision and ta achieve optimal cable boit design. Sorne key factors rnay influence, directly

or indirectly, cable boit performance. These factors cao be divided in two main categories

(see Figure 5.5): uncontrollable and controllable factors.
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Figure S.4: The choicc oran appropriate cable boit type relative to rock mass conditions; (Windsor, 1992).

5.3.2.1 UncoDtroUable f.cton

•

• Mining induced effects: Mine development and the extraction of orebody itself allow

the redistribution of stress field, rock mass quality and influence cable boit capacity by

shifting the design point on Figure S.6. This influence can occur in two ways. Firstly

mining induced stress increase, ifhigh enough, may cause stress fraeturing or slabbing

in stope backs which reduces the effective fracture spacing and hence the effective

cable boit capacity. This tends to shift initial design points such as A vertically down to

lower capacity such as B. Secondly, mining induced stress decrease (relaxation in

walls), causes a reduction in confinement, and hence in cable capacity. This shifts

initial design points such as A to the left to some lower capacity such as C. These

effeets are not yet weU understood and further reseach in the area of stress control on

cable boit capacity is needed.
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Figure 5.5: Cable Boit performance assessment, (Bawde~ et al, 1992).

• Rock mass effects: Cable boit capacity and behaviour are linked to rock mass quality

and properties. Three factors strongly intluencing these are: 1) natura! fracture

spacing; 2) confinement as related to rock mass quality; and 3) confinement as related

to in-situ stress levels.

5.3.2.2 ControUable Facton

Grout: The performance of grouted cable boit support is greatly linked to the type of

grout or the w:c ratio. Renee, depending of the test results, mine operator has the

choice between the proposed types or make bis own w:c mixture. The grout

water:cement ratio factor is largely dependent on the pumpinglmixing system used in
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• the mine. Nature of the cement and how cement is stored and handled on the site may

influence final grout characteristics. Type 10 and type 30 are two commonly used

cements; type 30 is Jess attractive in praetical mining than type 10 because of its

inéreased hygroscopicity, its higher cost and its lower uniaxial compressive strength.
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Figure 5.6: Effect of rock mass and mine induced stress change on ultimate cable boit

bond capacity (Bawden, et al., 1992).
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• Surface firtures: The use of surface fixtures on the ends of cable bolts is commonly

used to secure the ground between cable bolts, it increases the bearing surface at the

immediate coUar of the hole; and to ad, in effect, to reduce the negative effeet of

shon embedment lengths. The use ofsuch fixtures should: 1} reduce the span between

cable botls, 2) prevent ground from unravelling up the cable due ta short embedment

lengths and 3) prevent rotation of the free end of the cable under loading conditions.

Plates and straps are used ta secure thin slabby ground, eff'ectively creating a higher

embedment lengths immediately adjacent to the coUar ofthe hole.

• Cable boit configuration: Geometrically there are Many types of cable bolts such as

standard, birdcage and nutcase, etc.. For a standard cable the maximum potential

extent for geometric mismatch between the cable and cement annulus during cable

displacement is small and is equal ta the radius of a single strand. For birdcage and

nudcase cables the potential extent for geometric mismatch between the cable and the

cement annulus, (including the grout trapped within the case structure), is much

greater because the cage structure eff'ectively increases the radius of the cable.

Theoretically, cable geometries with a higher potential for geometric mismatch should

overcome, al least panially, the negative eff'eet of low radial confinement. That is,

birdcage and nutcase cables should perform better than standard cables in more highly

fraetured rock masses. [n addition they should be less susceptible to problems created

by poor quality grouts. The performance ofdiff'erent cables geometries under different

conditions of rock mass confinement and different embedment lengths is an issue

requiring funher research.

• Cable hait spacing and orientation: Cable boit pattern 2 x 2 m is most common, in

reality there are no method ta reliably determine cable boit spacing. A theoretical

method suggests the weight of unstable local rock mass divided by the cable capacity

and then adjust tbis for sorne factor of safety. The ooly justification for reducing cable

boit spacing would he the observation of broken cables in failures or ravelling failures

between cables. For cable boit orientation it is important ta assume that if they are

installed such that rock mass movements induce shear loading the maximum cable
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capacity wiU be reduced. Then, cable bolts should be instaUed perpendicular to rock

mass discontinuity planes.

Analysis of reinforcement by cable boit can show how the cable works in tenns of

its behaviour, load carried, and reduetion of local failure. The primary mechanism of load

transfer from the rock to the cable is fiietional (Stillborg, 1984). The fiietional bond

resistance and therefore the ultimate bond strength, "t, are directly related to the interface

pressure as foUows:

't = 6 tan <f + i)

where 6 is the DOmal stress

, is the bolt-grout friction angle

i the diIation angle.

However, the mechanics of a bonded cable boit in jointed rock are not 50 simple. The

cable boit installed in a hale which is already defonned in response ta the stresses in the

rock, is submitted to load al discrete intervals along its length at intersections with

discontinuities. Therefore, the cable bolts aet as grouted dowels that provide a passive

resistance to any movements in the rock mass. Where these dowels intersect a joint or

fracture, the tendency for the rock mass to separate due to tensile stresses or shearing

accompanied by dilation is resisted in the immediate area of the intersection. Ifa failure of

the grout bond oœurs near a joint, the dowel elongation that then occurs is confined to a

short section of its length. If such a joint separation was initiated across a point anchored

boit, the boit would he tensioned and strained unifonnly avec its entire length, resulting in

less resistance to joint separation. As the role of cable boit is to reinforce rock mass by

holding mainly, near surrounding discontinuities, it is possible for up ta six displacements

to occur. Three rotations and three translations {Windsor, 1992). These may produce

complex interactions involving axial, shear, bending and torsion loading of the reinforcing

element. As shawn in Figure 5.7, even when the displacement is simple, the orientation of

the discontinuity in relation to the reinforcement direction means that ooly under special

circumstances are loads simplified ta pure tension or pure shear.
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Figure 5.7: Schematic diagram ofthe modes ofreinforcing loading at a discontinuity (after

Windsor, 1992).

5.3.3 Cable bolting at Bousquet 1 Mine

In order to minimize the dilution coming from the hanging wall and foot wall~ an

important measure involved the development of cable boit drifts for the installation of

cable holts. From cabling drift, about eight rings of cable bolts are installed toward the

orebody in advance of stoping. Each comprising a fan configuration of about 9 cable

ransin8 from 18 m ta 27 m in length. A single bulge cable with a 12 inch bulb spacing was

placed in each 2.5 inches hale, and was grouted from toe to coUar using a 0.35 w:c ratio

grout (M. Ruest et al.). Figure 5.8. Show the cable boIt layout for the 9-1-15 stope. While

Figure 5.9 show the overall vertical section view of patterns of cable boit reinforcement.

The cable bolts used are standard seven-wire cables with steep strap (birdcage) installed

every 2 meters; the cross sectional area of the single boIt is 138 mm2~ with a modulus of

elasticity of200 000 MPa. As host rock at Bousquet is very foliated and affected by many

orogeny events that provided fractures, faults and joints, the objective of cable bolting is

based upon supporting sorne 2 or 3 m thick zone paralleling the wall. In fact the cables are

applied to prevent separation a.W1d slip a10ng planes ofweakness (foliation and joints) in the
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rock mass. Induced rock &aeturing due to stress distnbution is another prevailing reason.

Consequently suceess of these measures again$l immediate waste caving are observed by

reduetion of ore dilution and the distribution of tensional force in cables applied. One

other reason is the pre-reinforcement of wall rocks while increasing blast energy to get

better fragmentation of ore produced. Presently, the main effort of mine engineers is

focused on qualitative and quantitative cable bolting data for foUowing objectives:

• The improvement ofpre-existing cable boit design and pattern;

• The understanding ofload distribution along single cable boit; and

• QuaIity control.

For the purpose of efficiency of cable bolting at Bousquet mine, two experiments were

made. The first experiment is made in order to evaluate the use of cable bolts for back

reinforcement; while the second experiment is made in order to evaluate the use of cable

bolts for hanging wall pre-reinforcement, the benefit of changing conventional cable, the

pattern of cabHng. The results of these tests confirm the suceess of the conventional cable

(against the birdcage cable and the nutcase cable) which work with ooly 35% of its

capacity white for other cables the mpture oœurs at 30 mm of displacement. The results

also show that the cable bolts failed by two mechanisms: i) Bond failure involving pulJout

and, in particular, slip at the cable-grout interface; and ii) tensile rupture of the steel cable.

Consequently the decision t&ken about the choice of cable bolting depends upon the

results from detailed rock mechanics study which includes stability analysis and numerical

modelling.

Stope 9-1-15

Cable Bolts
Rings

9-1-H/W
Access

Figure 5.8: The Cable boit layout for 9-1-15 $lope in plan (Hyett et al., 1997).
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The need that the cable works again$l $lope boundary failures, has entailed the use

in place of tension measuring device. Hyett et al, (1997), have developed a multi-point

extensometer caIled Stretch Measurement ta Assess Reinforcement Tension or SMART

cable. The advantage of tbis technology is that it is possible to install sufticient disposable

instrumentation to understand how the patterns of cable bolts are working, not just a

single isolated cable boit. The result of tests made for the stope 9-1-15 with tbis

technology have shown that (Hyett et al):

• The movement of hanging wall; therefore the big part of load supported along

the cable is concentrated near the boundary ofthe stope (ftom between 4 m and 7m);

• The increase ofcable load for each blasting sequence ofthe $lope.

• The cable picks up load immediately after the blast and continues to pick up load.

Such behaviour of the stope indicate the readjustment of stress redistribution. The rate of

these events decreases with time as stability is progressively attained.

The analysis of cable boit pattern behaviour is discussed in the numericaJ

modelling section (next chapter). Without that, the data provided by Cavity Monitoring

system surveys have proved the performance ofcable boIt implementation. Other aspect of

rock support in the mine is the intensive use of rockbolts and mesh for reinforcement.

Because the rocks in the mine are highly foliated, ail the drifts are systematically bolted at

about 1.Sm distance. In poor ground zones, mesh is combined to the rockbolts.

Exceptionally, where drawpoints are hazardous, cable bolts are installed in the areas.

Cemented rocldiU is aise an option used at Bousquet 2 to reduce post mining induced

stress. The primary stope ($lope type A) should be bacldilled before the recovery of the

relevant secondary stope (type B).
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• Cbapter 6. Comparisou Between CMS Meuuremenu and Numerical Modellinl

Results

6.1 Comparïson

The comparison between the aetual $lope geometry (CMS results) and the

numerica1 modelling results is attractive sinee it permits to calibratelvalidate the numerical

model using the field data. The predieted caving zones given by the modelling are assessed

from: 1) the tensional zones in the $lope walls and 2) the safety factor using rock failure

criteria. Figure 6.1 shows the distribution of principal stresses around the stope. The

caving zones are identified as the areas of tensile stress where relaxation dominates.

Notice that tensional forees are parallel to the $lope wall a10ng the $lope wall, while they

are nearly perpendicular at the upper and lower part ofthe walls.

Figure 6.2 shows the safety factor distribution for a primary stope, according to

Mohr-Coulomb criterion (figure 6.2a) and Hoek and Brown criterion (figure 6.2b). Il cao

be seen that the zones where the safety factors are below 0.5 closely coincide with the

• zone of tensional failure zones observed in principal stress trajeetories (figure 6.1). The

rock strength parameters used in the safety level analysis are indicated on the figures.

Figure 6.3 presents a comparison between the CMS measurements and the numerica1

modelling results. Figure 6.4 and 6.S present similar type of comparisons while using

Morh-Coulomb and Hoek and Brown failure criteria, respectively. Referring to the safety

Ievel results, it cao be seen that numerical modeUing results correspond more closely to the

CMS results when the tensional stress zone is considered as a basis for evaluating the

caving zones. For the stress analysis of the secondary stope (7-2-5B), it was necessary to

reduce the field horizontal stresses since mining of the primary stopes causes the ground

to work (or relax). In order to determine the appropriate level of horizontal stress

reduction, a sensitivity analysis was carried out with the foUowing scenarios:

Analysis 1: 6n = 75 % of6n°

Analysis 2: 6n = SO % oftitf°

where:

•
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•

•

6H0 represents the pre-mining horizontal stress field which was used in the analysis

of the primary stope;

6H represents the pre-mining horizontal stress field for the secondary stope.

In the foUowing, only the results of the stress trajectory distribution are presented.

It has already been established from the primary stope analysis that tbis method correlates

better with the CMS results. Figure 6.6 and 6.1 present results which are superimposed on

the CMS measurements. For the two analyses condueted, as cao he seen, the first analysis

with ~ = 75 %6tf0 correlates better with the CMS results, since at «Sa = 50 o/ofiu:0 there are

not tension failure in the foot wall whereas a part oftbis zone is caved.

From the above analyses, the following remaries cao be made:

1. The use ofMorh-Coulomb and Hoek & Brown criteria does not appear to give

reasonable estimate ofore dilution due to wall caving and sloughing, i.e. in low

or even tensile stress zones.

2. A simple method based on tracing the zone of tensile stresses in the stope

walls, and considering such areas to be potentially caving, appear to give

reasonable prediction of ore dilution as it agrees more c10sely with the CMS

results.

3. Horizontal field stresses acting on the secondary stope are lower than those

acting on the primary stope. At 25% reduction factor of the original (pre

mining) horizontal stress gave reasonable results.
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• Notice: Dilution is relatively highest in this stope. Usually for open stope numng

acceptable ore dilution rank between S to 1S %. The problem ofthis stope could be due to

particular local ground conditions (Highly foliated and/or jointed); however, cable-bolt

have been efficient in the upper pan of the hanging wall since this zone is submitted to

much tensional failure force. Also the level of induced stresses is relatively highest in

primary stopes, that cao affect the stability ofthose stopes.

6.2 Discussion

The expressions "narrow vein" and "ore dilution" are a natural couplet in fair to

poor rock mass quality area. The decision to mine faster and deeper such orebody still

presents two inevitable options: to appreciate the lower production oost in high dilution

mining, or to opt the higher production cost in reduced dilution mining. For choice

between these options, the grade or the value ofore is the governing factor. Highest grade

• orebody should be extracted with possible measure against dilution, if necessary by a

relatively high cost method, and total recovery must be required, in the other hand, for

lowest grade orebody, however, higher dilution risk can be considered for lower costa

Another governing factor is entirely geomechanical therefore associated with the applied

stress and quality and the nature of the rock mass itself. For the understanding of dilution

problem, we have emphasised on the stope face behaviours; this undergoes the assumption

that the larger part of dilution results trom the consequence of ground instability

conditions. However the data given by CMS shows the stope configuration resulting trom

the cambination of overbreak and rock caving in the $lope. Therefore, it remains

complicated to identify the relative proportion of the effeet of each of these unexpeeted

components. Absolute better alliance of these two factors (appropriate blasting pattern

and efficient cable boit support) is the solution for excellent performance in $lope mining.

However, to attain these dextrous combination remains laborious; and it no rare that sorne

mines expire their active life without to achieve this objective. The efficient management

• of mining operation in such condition infers precarious responsibilities. In fact, the
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continuai need of efficiency performance at lower cost remains of paramount importance

to ail concemed in stoping operation. For the correction of ore dilution problem, field

studies and investigations for the assessment ofrecovering stope extraction as weil as their

working tirne require rnuch energy and cost. The application of their recommendations

also impose additional expensive development worle; therefore postpone any local active

operations. The cumulative consequences of these decisions make timorous mine

operational executives. However, if sorne measures are not taken it could evenly destroy

the profitability of the operation. Thus. It is no rational to still without imply the adequate

means to enhance or reduce this operational ailment. It is also important to report that

many operations have closed because of uncontrolled ore dilution, and in serious cases

before they even cornpleted their tirst year of production. Even if it has been rnentioned in

previous sections, it remains significant to signal tùrther that local geological occurrence

thoroughly stays the main source of ore dilution. The occurrence of orebody in weak host

rocks Gointed rocks, foliated rocks or soil rocks) are usually associated with high ore

dilution. Independently of the characteristical parameters of the concemed deposit, the

mining rnethod employed and the delicacy of mining operations proportionally induce or

control dilution problem. Without forgetting the structural nature of the orebody itself

(irregular orelwaste contacts, indistinct orelwaste contacts) which are also the potential

sources ofdilution.

For narrow vein mining in Abitibi area the effect of magnitude of stresslstability

have critical incidence of the dilution. The significant engineering judgement is to

emphasize that it cao bepossible for stability of the stope. This remains crucial big

challenge in jointed and/or foliated rocks as at Bousquet 2 mine. Because there still two

particular restraints in tbis types of orebody mining. One is that the better ore recovery

make uncertain the acceptable stope stability. It is known the stability of the stope as weil

as the factor of safety of the whole mine still closely linked to nurnber and the size of the

sill pillars. These pillars are in Many cases the ore leaving in place. While an ideal situation

should imposes maximum ore recovery. The second restraining factor imply the etrect of

depth on stope stability. Mining in deeper conditions involve the combination of the stress
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magnitude and discontinuities. AllO the sca1e of tress IiteraUy increase with the depth; with

crucial grow of stress, the resulting induce failure will be proportional. In the other hand

the existence of the combination (shear stress-discontinuities) may be the main cause of

dilution in open $lope. The mechanism of $lope ore dilution closely results from the

fundamental behaviour of wall rocks. This mechanism of instability provoked by shear

stress and discontinuity is explained in $lope wall behaviour section.
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CbaRter 7: Condusions and recommendations

7.1 Conclusions

Sublevel open stoping remains an improved mining method for steeply dipping orebody

in Abitibi archean area. The presence of several close openings, in jointed volcanic rock,

required by this mining method provokes the instability along the stope walls. In such

conditions, the mechanisms causing ore dilution cao be summarized by the combination of

severa! factors such as ground conditio~ blasting damage9 state of stresses around the stope,

and stope design. Thus, the evaluation of stope walls behaviour by numerical modeUing and

CMS has permitted to understand the various companents provoking ore dilution. It bas been

proved at Bousquet 2 mine that dilution comes from both wall rock overbreak (due to

explosive energy) and hansingwall caving and footwall sloughing (due to stress redistribution

and ground conditions). However, it is still complicated to identify the relative proportion of

overbreak and caving (or sloughing) because of the implication of various parameters such as

presence of joints and geological inhomogeneity. From a ground condition point of view,

dilution inside the stope is provoked by unfavourable rock properties and the occurrence of

discontinuities. Stope instability associated with stresses is linked to post-mining stress

instantaneous and continuous redistribution in two zones: stress concentration zones with

maximum principal stress about 240 MPa (in the corner of the stope) and stress relaxation

zones; these zones occurring a10ng the hansingwall and the footwall are submitted to tensile

stresses (about 0.65 MPa in horizontal direction, and 14 MPa in vertical direction) provoking

the opening as weU as the sliding of induced failures. In relaxed field, tensile stresses are

proved to be the main cause of dilution; that has permitted ta calibrate the numerical model. A

sensitivity analysis has proved that horizontal field stress acting on the stope is reduced by 25%

for the secondary stope; this cao be a cause of lower dilution in secondary stope. Otherwise,

stope overbreak caused by blasting etfects is due to the inelastic behaviour of the rock mass

under the explosive energy; and the proportion of overbreak is aIlied to the Peak Particle

Velocity generated by the interaction of explosive material-geological material. Controlled

blasting has been demonstrated as a good option for reducing dilution. It has been

7-1



• demonstrated by CMS observations and the numerical modelling results, as weil as the results

of blasting effects that the ore of the primary $lopes is much more diluted than this of the

secondary $lapes. This is due to the higher level of induced stress around the primary $lopes

and the higher vibration of wall during blasting. Larger part of dilution cornes trom C&ving of

the hanging wall (poor quality ofthis rock and etrect ofgravity). Thus, primary stopes must be

carefully prepared against dilution. To control ore dilution, cable bolting of the hanging wall

from parallel drift is still the satisfaetory way. The use of cable bolts as a pre- reinforcement

method of ground control has proved effective in minimizing ore dilution from $lope wall

rocks. The result of modelling has demonstrated the change in the stress field after cable boit

installation. This is accompanied by a reduction of ore dilution. Consequently, the study has

shown the eifectiveness of cable boit pre-support of the fair quality wall in Bousquet sublevel

stoping.

7.2 Suggestions (or Furtber Researcb

• The control of open $lape wall stability must be done for efficient and economical ore

recovery. In spite of several studies, ore dilution remains a problem implying various complex

parameters, difficult ta evaluate. Tbese parameters should be clearly identified and under$lood.

Even though we have emphasized our study on some items and data, our ability to quantify

field stress is probably limited, in part because stress measurements are difficult and expensive

to be carried out, and because the stresses vary ta an unknown degree from point to point

within the rock mass. Other future studies which can he considered are:

• The use of several numerical methods in conjunetion, a1lowing for the advantage of

each method and then providing a good analysis from different perspective.

• In a particular mine study, it should be intere$ling to compare dilution values obtained

from CMS survey with the corresponding $lability number N. The values N and R (hydraulic

radius) cao he plotted in modified stability graph (proposed by Mathew). The resultant graph

could help to create a relationship between ore dilution and $lope $lability.

• Further studies involving underground borehole drillings ta determine the location of

• discontinuities as faults joints etc. and their effect on stape stability.
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• Further investigation must he perfonned on the understanding of failure mechanisms

and criteria ta determine rock mass ability to sustain confined and shear stresses before stope

design.

• Assessment ofvarious cable bolting designs and patterns and then to choose the most

effective one for the $lope design.

7-3



•

•

•

Relerencn

Anderson B. and Grebenc B.: « ControUing dilution at the Golden Giant mine. » 1995

C/Mmine operators conference.

Arjang B. 1996: " In Situ Ground Stresses in the Abitibi Mining District". C/M

Bulletin; Vol.89, n° 996. Pp. 95 -71.

Arjang B. 1988' «Pre-mining ground stresses at the BousquetlDumagami mines,

Cadillac, Quebec. » CANMET, Mining research Laboratories. Division repport MRL

88 - (IR).

Bawden, W.F. Hyett, Al and Cortolezzis: "Towards a methodology for performance

assessment in cable boIt design." Proceedings of the International Symposium on

rock support, 1992.

Bawden, W.F. and Hyett, Al: «A field cable boIt puU test programme for Lac

Minerais at Bousquet Division - Mineshaft 2. » Bousquet mine internai report, 1994.

Bourchier, F., Dib, E. and Q'Flaherty, M.: "Pratical improvements ta installation of

cable bolts: Progress at Campbell mine." Proceedings ofthe International Symposium

on rock support, 1992.

Bourgoin C., Laflamme M. and Planeta S. "Techniques d'Exploitation Souterraine des

Gisements Metalliferes Filoniens; Annexes: Etude de la dilution, Rewe documentaire,

Bibliographie" . Université Laval, Projet de Recherche et Developpement Aout 1991

Brady B.H.: Rock mechanics and ground control for underground mining and

construction._ 1989. Proceedingofthe 30th U.S. Symposium.

R-l



•

•

•

Cassidy K. : '1mplementation of a cable bolting program at the Con Mine." Mining

Engineering Student; 1989. Undergorund Rock Engineering.

David M. "Dilution and Geostatistics". C/M hulletin, June 1988 vol. 81 no 914; p. 29

- 35.

Diederrichs M. S, and. Kaiser P. K., 1996 "Rock instability and Risk Analyses in Open

Stope Mine Design". Cano Geotech. J. 33: p 431-439.

Djordjevic N. "Minimizing the Environmental Impact of Blast Vibrations" Mining

Engineering April 1997; P 57·61.

Duk-Won Park & Vojtech Gall: "Supercomputer assisted three-dimensional finite

element analysis of a longwall panel." 1989. Proceeding of the 30th US.

Symposium.

Dune K., and Pakalnis R. "Dilution Aspects of a Sublevel Retreat Stope at Detour

Lake Mine". Rock Mechanics, Auhertin, Hassani & Mitri (eds) 1996 Balkema,

Rotterdam; P. 30S - 313.

Eberhard, E.; Stead, D. and Reeves M.J., and Connors, C.: « Design of tabular

excavations in foliated rock: an integrated numerical modelling approach.»

Geotechnical and GeoJogical Engineering, 1997; 15 47-85.

Germain P. and Hadjigeorgiou, 1997. "Int1uence of Stope Geometry and Blasting

Patems on Recorded Overbreak". International Journal ofRockMechanics & Mining

Sciences. Vol. 34. No 3h PaperNo 115.

Germain P. Hadjigeorgiou, J. and Lessard, J.F., 1996: « On the relationship between

stability prediction and observed stope overbreak. » Proceedings rd N.orlh American

R·2



•

•

•

Rock Mechanics Symposium on rock support (NARMS'1996), Montreal, pp. 277

283.

Graham E. P. "Law-Cast, High-Dilution Mining". C/M bulletin for Ju/y, 1968. P.

847 - 853.

Henning J. et al., 1996 " Elastic and Plastic Material Propenies of Core Samples From

Bousquet". Mine internai report.

Henning J., Gauthier P. and Ruest M, 1997 " Etude sur la Stabilite des Epontes

Superieures au Complexe Bousquet". Mine internai report.

Hyett A J., Bawden W. F., Lausch P., Ruest M., Henning J. and Baillargeon M., 1997

"The S.M.ART. Cable BoIt. An instnunent for the detennination of tension in 7-wire

strand cable bolts". Contrôle de Te"ain, 12e Colloque, Val d'Or 1997.

Hyett, AJ. and Hudson I.A.: "In situ stress for underground excavation design in a

naturaUy fraetured rock mass." 1989. Proceedingofthe 30th US. Symposium.

Hu Y." The Buclding Failure Analysis of a Cavem in lointed RockO'. Inter. J. Rock

Mech. &Min. Sei. Vol. 34, nO 3-4, nO 133 A; 1997.

Jones, P.R. and Durston K. J., "Mining Method selection - The Dilution Dilemma".

Presented at the C/MAnnual GeneralMeeting, Calgary, May 11'" 1993.

Kaiser, P.K., Diederichs M. and yazicj S.: « Cable boit performance during mining

induced stress change • Three case example.» Proceedings of the International

Symposium on rock support, 1992.

R-3



•

•

•

Lizotte Y.C. UControUed Blasting at CANMET Experimental Mine". Mining

Engineering, June 1996; p 74 - 78.

Mitri H.S.1997: ''Finite elements in mining rock mechanics." focus on underground

mining. Course notes.McGill University

Mitri, H.S., Edrissi R and Henning J. 1997, "Finite Element Modelling of Cable-Boite

Stopes in Hard Rock Underground Mines." Presentedfor SEMAnnual Meeting 1994,

paper number 94-116.

Po~ Y. 1988 "Empirical open stope design in Canada. Ph.D. thesis. Department of

Mining and minerai Processing. The university ofBritish Columbia, Vancouver.

Powers B., Rocque P. and Sprott D.: uProduetivity Improvements and cast savings at

Hernlo Gold Mine's Golden Giant Mine." Hemlo GoldMine' internai report, 1995

Rocque P. and Bawden, W.F.: « Recovery of a double width stope at Golden Giant

Mine: a successful application of numerical modeUing and conventional methods for

stability analysis.» Proceedings of the International Symposium on rock support,

1992.

Saeb S.and Amadei B. uEffect of boundary condition on the shear behavior of a

dilatant rock joint." 1989. Proceeding ofthe 30th U.S. Symposium.

Tourigny G., Doucet D., and Bourget A, 1983 "Geology of Bousquet 2 Mine, an

example of a deformed, gold-bearing, polymetalIic sulfide deposit.: Economie

Geology, vol. 88.

R-4



•

•

•

Tinucci J. P. ,. A ground control computer program for support analysis of three

dimensional critica1 rock blocks. Atasca Consulting Group Inc. Proceedings of the

International Symposium on rock support, 1992.

Windsor C., R., 1992 «Invited lecture: Cable bolting for underground and surface

excavations. » Proceedings ofthe International Symposium on rock support.

Yeung M. R. and Leong L.L. U Effects of Joint Attributes on Tunnel Stability". Inter.

J. RockMech. & Min. Sci. Vol. 34, n° 3-4, 1997, p. SOS n° 348.

Zelanko J. C. Mucho T.P. Iannacchione AT. &Barczak T.M "Stabilisation ofa Large,

Shallow, PotentiaUy Unstable Underground Opening". Rock Mechanics, Aubertin,

Hassani & Mitri (eds) 1996 Balltema, Rotterdam; P. 155 - 161.

R-S



•

•

•

Appendix A: Bousquet 2 Mine Planes



... ...

5000 m 5000 ",

-

4500 m

4000 m

.• ,JItIIV

.nv.-...s......,...-'11
L" .;.: .-

• SEPT
.1ItTIIIIE
.~
.DE~

4500 m

4000 m

3500 3500 m

...
·COMPLEXE BOUSQUET

PUITS '2Complexe Bousquet



•

•

•



.--~==:I

.--I-i.====t

• J 1
,

1
J i'..•

~ · 'C'

1 1-
f i 1 .~

; i' ·
~i-,

1 il, ~
a:: +

" ! ~ -~ ...
1 ~

== E C»

i 1 ~ .. ~......
CI) .....~

& ~
1 CI) 2 4»

~-3Oa

1
::i ~
0' ....

1
~ ~

• ~ _! 4»

• i 1 ~ .. ~.. i ~ ëI~..r U

1 1- 1
i J•ca ...,.-..,

- ':" - .~ o •••.•- ':' : ...... __ • . -.....

•



•

•

•

Appendix B: Blasthole Pattern & Blasting Sequences
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Datafile for NUDlericai ModeUiDg: .dat rde

HW support by cabIs-case2
64457710
5 10 3 103 10 10
10 10 10 13 3 10 10
1 3 0.00.0
229.1 0.0
3218.10.0
4222.3 0.0
5234.850.0
6241.85 0.0
72 71.85 0.0
8 3 178.55 0.0
9 1 0.0 120.0
100 33.3 120.0
Il 0 58.8 120.0
12 0 63.0 120.0
13 0 75.55 120.0
14 0 82.55 120.0
15 0 112.55 120.0
16 1 178.55 120.0
17 1 0.0 150.0
18 041.0 150.0
190 71.0 150.0
200 75.2 150.0
21087.75 150.0
22094.75 150.0
23 0 124.75 150.0
24 1 178.55 150.0
25 1 0.0 176.4
26041.0 176.4
270 71.0 176.4
28 0 75.2 176.4
29087.75 153.6
30094.75 153.6
31 0 124.75 153.6
32 1 178.55 153.6
33 1 0.0 180.0
34041.0 180.0
35 0 71.0 180.0
36075.2 180.0
37092.4 180.0
38099.4 180.0
39 0 129.4 180.0
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40 1 178.55 180.0
41 1 0.0 183.6
42041.0 183.6
43 0 71.0 183.6
44075.2 183.6
45 0 92.4 183.6
46 0 99.4 183.6
47 0 129.4 183.6
48 1 178.55 183.6
49 1 0.0213.6
50041.0213.6
51 071.0213.6
52 0 75.2 213.6
53 0 104.6213.6
540 111.6213.6
55 0 137.1 213.6
56 1 178.55 213.6
57 3 0.0 333.6
58 2 41.0 333.6
59 2 71.0 333.6
60 2 75.2 333.6
61 2 145.3 333.6
622 152.3 333.6
63 2 161.3 333.6
64 3 178.55 333.6
1 1 2 109000023 0
223 Il 10000023 0
3 3 4 12 Il 0 0 0 0 2 3 0
4 4 5 13 1200 0 0 2 3 0
5 5 6 14 13 000 0 1 3 0
667 15 1400003 3 0
778 16 15 00003 3 0
89 10 18 17000023 0
9 10 Il 19 18 0 00023 0
10 Il 1220 19000023 0
Il 12 13 21 20000023 0
12 13 14 22 21 0 0 0 0 1 3 0
13 14 15 23 22 0 0 0 0 3 3 0
14 15 16 24 23 0 0 0 0 3 3 0
15 17 18 26 25 0 0 0 0 2 3 0
16 18 19 27 26 0 0 0 0 2 3 0
17 19 20 28 27 0 0 0 0 2 3 0
18 20 21 29 28 0 0 0 0 2 3 0
20 22 23 31 30 0 0 0 0 3 3 0
21 23 24 32 31 0 0 0 0 3 3 0
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22 25 26 34 33 0 0 0 0 2 3 0
23 262735340000230
24272836350000230
25 28 29 37 36 0 0 0 0 2 3 0
27 30 31 39 38 0000 3 3 0
28 31 32 40 39 0 0 0 0 3 3 0
2933 344241 000023 0
30343543 42000023 0
32 36 37 45 44 0 0 0 0 2 3 0
34 38 39 47 46 0 0 0 0 3 3 0
35 3940484700003 3 0
36 41 42 50 49 0 0 0 0 2 3 0
374243 51 500000230
38 43 44 52 51 0000 2 3 0
39 44 45 53 52 0 0 0 0 2 3 0
40 45 46 54 53 0 0 0 0 1 3 0
41 46 47 55 54 0 000 3 3 0
42 47 48 56 55 0 000 3 3 0
43 49 50 58 57 0 0 0 0 2 3 0
44 50 51 59 58 0 0 0 0 2 3 0
45 51 52 60 59 0 0 0 0 2 3 0
46 52 53 61 60 0 0 0 0 2 3 0
47 53 546261 0000 130
48 54 55 63 62 0 0 0 0 3 3 0
49 55 56 64 63 0 0 0 0 3 3 0
011110101.511.0
1 .027 1
115000.. 10
2 .027 1
31000..21
3 .027 1
49000.. 15
40.025 1
3100. .4
5 0.025 1
4900. .4
-70.00.061 -31.00.027 -47.070.041 O. O.
00 1 0-1
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Datartle Cor Numerical ModeUiDI: .cab rde

'l' 200000 .000138 Il
'n' 2211 2212221322142215221622172218221922202221
's' 20 20 20 20 20 20 20 20 20 20 20
'2' 200000 .000138 11
'n' 2161 21622163 2164 2165216621672168216921702171
's' 20 20 20 20 20 20 20 20 20 20 20
'3' 200000 .000138 Il
'n' 2111 21122113 21142115211621172118211921202121
's' 2020202020202020202020
'4' 200000 .000138 Il
'n' 2061 20622063 2064 2065206620672068206920702071
's' 20 20 20 20 20 20 20 20 20 20 20
'5' 200000 .000138 Il
'n' 2011 2012201320142015201620172018201920202021
's' 20 20 20 2020202020202020
'6' 200000 .000138 Il
'n' 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971
's' 20 20 20 20 20 20 20 20 20 20 20
'7' 200000 .000138 Il
'n' 1911 1912 1913 1914 1915 1916 1917 1918 1919 1920 1921
'sr 20 20 20 20 20 20 20 20 20 20 20
'8' 200000 .000138 Il
rn, 1861 1862 1863 1864 1865 1866 1867 1868 1869 1870 1871
's' 20 20 20 20 20 20 20 20 20 20 20
'9' 200000 .000138 Il
'n' 1811 1812 1813 1814 1815 1816 1817 1818 1819 1820 1821
's' 2020202020202020202020
'ID' 200000 .000138 Il
'n' 1761 1762 1763 1764 1765 1766 1767 1768 1769 1770 1771
's' 20 20 20 20 20 20 20 20 20 20 20
'Il' 200000 .000138 Il
'n' 1711 1712 1713 1714 1715 1716 1717 1718 1719 1720 1721
's' 20 20 20 20 20 20 20 20 20 20 20
'12' 200000 .000138 Il
'n' 1661 1662 1663 1664 1665 1666 1667 1668 1669 1670 1671
's' 20 20 20 20 20 20 20 20 20 20 20
'13' 200000 .000138 Il
'n' 1611 1612 1613 1614 1615 1616 1617 1618 1619 1620 1621
's' 20 20 20 20 20 20 20 20 20 20 20
END
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Appendix D: Results of Stope Ligbt Measurement by CMS
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