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• ABSTRACT

Canadian hard rock mine extraction practices have commonly created shallow

stopes, 12% of which have caved to surface. from instabilities originating from stope

hangingwalls. crowns or footwalls. To date. however. mine operators have applied few

of the availabie data gathering and design tools to strike a balance between maximum

economic excavation dimension and stope viability. The preference has been to use

personal mining experience.

Severa! common rock mass environments are surveyed as weil as the various ways

in whieh shallow stopes have failed. It has been found that these rock masses develop

gravity-induced movement in the form of plug failures, ravelling of rock blocks, slrata

failures, ehimneying disintegration, and rock mass block eaving.

The literature surveyed pertaining to shallow stopcs deals essentially with

descriptions of case studies rather than the development of design methods dedicated to

these environments. The mine operator in the past has had to tum, by-and-Iarge. to

conventional rock meehanies analytieal and numerieal design methods which are

inadequate to represent eomplex meehanical behaviours related to shallow stopcs. Some

limited analytieal and empirieal means have recently been specifically developed but not

applied.

New failure-speeifie analytical equations are developed here for these common

failure meehanisms. They address the mechanics of the failure process and incorporate

the capability to arrive at the ultimate failure outline, for eomparison to the location of

the bedrock surface.



• Six ::asr.. studies arc r~viewed with regards to the application of the developed

analytical equations. conventional numerical modelling. and empirical methods. In this

fashion. the suitability of each method as a design tool for planned stope design and as

a predictive tool to review known failures is examined. The case studies were selected

to rellect the range of common Canadian hard rock mine geologieal environments.

potential failure mechanisms. nature of planned shallow stope activity. and importance of

historical eave-ins.

This researeh has shown that: plug failures occur along steep. uninterrupted

discontinuities bounding large blocks. Plug l'ailure potential reduces substantially with

eonfining compressive stress. discontinuity inclination. the absence of low friction

surfaces and shearing of intact rock interrupting the discontinuity. Ravelling requires Iittle

pcripheral eonfining stress for stabilization and prevention of bloek l'ails or slides.

However. inherent conditions such as shallow dipping or vertieally dipping joints ean

cause block l'ails to develop to surface. Low confining stresses. resulting l'rom multiple

stopc extraction in orthogonal horizontal directions. would offer conditions suitable for

plug and ravelling failures. Strata failures are caused by excessive stope spans. but the

Iimiled loading received l'rom above strata is such. that the l'ailure cavity created is of

Iimited vertical extent. some 25% of the stopc width. Chimneying disintegration occurs

in weak rock masses with low cohesion. over narrow opcnings that can be as deep as 275

m. The onset of chimneying disintegration can Ile created by compressive stresses. but

develops as a result of mobilization of the rock mass by gravity in active shear. Block

caving requires large spans to develop. and stabilizing could be overcome l'rom arching

stresses overcoming bulk arching strength. Controlling instability elements are tabulated
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for these failure mechanisms. A Iimit equilibrium correlation betwecn span anù cohesion

for chimneying disintegration is presented. and the controlling Iimits bctween the

occurrence of chimneying disintegration and block caving is discusseù. Raveaing anù

chimneying disintegration are the most expected failure mechanisms for shallow stopcs

of hard rock mines. Although failure of the shallow stope may start around its pcriphery.

stope failure to surface would Iikely occur in or close to the surface crown pi1lar.

Although the analytical equations developed require input of in situ stresses

defined by numerical modelling in order to yield a precise answer. conventional numerical

modelling or empirical methods are shown to bc unable to predict stope failures a~, the

analytieal equations have. The development of the case studies has also shown that

extensive laboratory and field data gathering work is required to obtain the required

parameters and their potential variation in order to perforrn a design taking into

consideration various failure modes anticipated, and that timely ground support with

respect to the prevention of the development of graduaI failures (ravelling. strata.

chimneying disintegration and block caving failures) is essentiaI. A step-by-step stability

analysis procedure is presented. incorporating rockmass environment. expccted failure

meehanism(s). and applicable data gathering and anlytical methods.

iii



•
RÉSUMÉ

L'exploitation canadienne des gisements en roc dur a couramment eréé des

chantiers peu profonds qui ont subit des effondrements dans 12% des cas. Ceux-ci ont

débuté à partir des épontes supérieures, inférieures et des couronnes. Jusqu'à date

cependant. les opérateurs miniers ont peu utilisé les méthodes de collectes de données et

de conception disponibles pour équilibrer la dimension économique optimale du chantier

et sa stabilité. L'outil de préférence a été l'expérience personnelle.

Plusieurs massifs rocheux communs ont été identifiés de même que les divers

mécanismes de rupture encourus. Ces derniers se sont propagés par l'action de la gravité,

notamment en: ruptures en bouchon, égrainage de blocs, ruptures des strates,

désintégration en cheminée et foudroyage du roc.

Les ouvrages de références consultés sur le sujet des chantiers peu profonds s'en

tiennent aux études de cas plutôt qu'au développement de méthodes de conception dédiées

à ces milieux. L'opérateur de mine a dû, jusqu'à maintenant, utiliser des méthodes de

mécanique des roches conventionnelles analytiques et numériques, qui sont inadéquates

pour représenter les comportements complexes propres aux ouvertures peu profondes.

Des méthodes analytiques et empiriques d'application limitée ont récemment été mises

au point mais non utilisées.

De nouvelles équations, spécifiques au mécanismes de ruptures, ont été créés.

Elles décrivent la mécanique du processus de rupture et permettent de calculer la forme'

ultime de la rupture pour fin de comparaison à la limite du socle rocheux.

iv



• Six cas d'études sont élaborés vis-à-vis l'application de ces équations analytiqut's.

de la modélisation numérique conventionnelle et des méthodes empiriques. De celte

façon. la convenance de chacune de ces méthodes fut éva1:Jée pour la conception des

chantiers et la prédiction d'effondrements connus. Les cas d'études furent choisis alin

de représenter: les divers milieux géologiques canadiens de roc dur, les possibilités de

mécanismes de rupture, le genre d'extraction planifié, de même que l'importance des

effondrements déjà encourus.

Les résultats de celte recherche ont démontré que: les effondrements en bouchons

se développent dans des blocs définis par des discontinuités ininterrompues à pendages

élevés. La possibilité de telles ruptures diminue considérablement avec une augmentation

de contraintes de confinement, une réduction du pendage, l'absence de surfaces à basses

friction et l'advenanee de cisaillement de roc situé au travers des discontinuités.

L'égrainement de massif peut être stabilisé avec peu de contraintes. Cependant, des

conditions pré-existentes telles des diaclases à faibles pendages ou des diaclases verticales

peuvent permettent l'égrainage à sc propager jusqu'en surface. De basses contraintes

causés par l'extraction de chantiers dans deux directions horizontales orthogonales,

offriraient des conditions propices aux effondrements en bouchon ct par égrainage. Les

ruptures de strates sont causées par des portées excessives de chantiers. Les strates

inférieures reçoivent des charges limitées des strates supérieures, ainsi réduisant la limite

ultime verticale de rupture qui est quelque 25% de la portée du chantier. Les ruptures

par désintégration en cheminée se produisent dans les massifs faibles à basse cohésion,

au dessus d'ouvertures à faibles portées mais aussi profondes que 275 m. Le

déclenchement de ces ruptures pait être aidé par des contraintes compressives, mais la

v
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rupture se mobilise par gravité à cause de déplacements en cisaillement aetif. Le

foudroyage nécessite des chantiers à grandes portées pour se produire. La stabilisation

peut étre empéchée par une résistance en masse de l'arehe stabilisatrice plus basses que

les contraintes imposées. Les éléments d'instabilités pour ces mécanismes de rupture sont

énumérés. Une corrélation d'équilibre limite pour la désintégration en cheminée entre la

portée et la cohésion est présentée, et la limite entre le développement de la désintégration

en cheminée ct le foudroyage est discutée. L'égrainage en bloc ct les ruptures par

désintégration en cheminée sont les plus attendus des mécanismes de rupture. Bien que

J'effondrement du chantier peu profond peut débuter aux paroies, son développement

jusqu'en surface sc fera dans ou aux abords du pilier de surface.

Même si les équations analytiques nécessitent l'inclusion des contraintes calculées

par la modélisation numérique, la modélisation numérique conventionnelle ou les

méthodes empiriques sont incapabll's de prédire les effondrt.ments identifiés par les

équations analytiques. Cependant, la définition des cas d'études a démontré qu'une

conception requiert une campagne approfondie d'essais en laboratoire et sur le terrain, qui

définirait les paramètres impliqués et tiendrait compte des divers mécanismes de rupture

anticipés. De plus, ces cas d'études ont démontré que la prévention du développement

de ruptures graduelles (égrainage en bloc, ruptures de strates, ruptures en cheminée et

foudroyage) nécessite l'apport immédiat de soutènement du massif. Un processus

d'analyse de stabilité par étapes est présenté. li incorpore le milieu géologique considéré,

de même que le(s) méeanisme(s) de rupture anticipé(s) et les méthodes de collectes de

données et d'analyses.
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CONTRIBUTION TO ORIGINAL KNOWLEDGE

The subject of this thesis fa Ils within an emerging branch of rock mechanics: the

study of rock mass behaviour around shallow underground openings of hard rock mines.

The research forms the first systematic and comprehensive development. application and

evaluation of dedicated design methods which would address the wide-ranging and

complex rock mass mechanics of those environments. Furthermore. generic empirical and

numerical methods are evaluated with regards to their usefulness versus these dedicated

methods.

The geological setlings for Canadian hard rock mines have been eatalogued with

respect to relationships to rock quality. Common failure mechanisms of these setlings and

their level of oc....lITences have been established.

From this dcvelopment of behavioural knowledge. analytical methods were created

to describe the mechanics of these faHures. The methods are elaborated to provide an

indication of rock. or rock mass. strength versus imposed stress. In this fashion.

equations providing levels of confidence against failure now exist where no such

dedicated design tools existed before.

Apart from this evaluation of inception of failure. methods to calculate the extent

of zones of instabilities have also been dcveloped. This now providcs the means to

evaluate the extent of expeeted failure in the roek mass around shallow stopes for

comparison to the location of surface elements which may affeet worker safety or

disruption of infrastructure function.
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Conventional numerical. empirical and rock mechanics mcthods have becn shown

to have limitcd or no applicability as design methods of shallow stopcs of hard rock

mines. However. they can be used to generate values of pammeters (precise stress and

deformation from numerical modelling. approximate slTength and mechanical paramelcrs

from empirieal means) that are used in the derived analytical equations.

Based on the analytical equations developed and case studies reviewed. critic<ll

stability parameters. as weil as their inter-relationships. for the common Canadi<ln hard

rock environments have been enumerated. The likelihood of failure mechanisms

occurring in a wide ranging variety of geological environments. stope geometries and

stope dispositions is treated. Development of the ease studies and expccted extent of

failure types has also indicated for the tirst time, that although failure may start around

the periphery of a shallow stope. its development to surface will most likely occur in the

surface erown pillar.

Several different failure cases have been classitied and explained geomechanically

for the tirst time through back analysis using developed analytical equations.

The tirst step-by-step procedure to evaluate the stability of shallow stopes is

presented.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Canada is one of the world's most active countrics in extracting variolls melal

bearing ores. Mining for sueh ore has primarily centercd around extraction from

underground stopcs in hard rock environments. Because Canadian metalliferous orcbodies

usually extend to the Iimit of bedrock, shallow stopes have bcen routinely created at the

boundary to overburden, bodies of water, and surface infrastructures.

Mining operators must therefore strike a balance bctwecn maximum economic

excavation dimension and the stability for worker safety and overlying infrastructure

viability. It is the hazard to human Iife and effects on mining activity thal a failure to

surface could engender which underscores the neeessity to have stable shallow openings

and to avoid the consequences of stope failures. The stability of shallow underground

mine extraction was brought into focus with the Belmoral mine accident of May 21, 19HO.

A shallow stope cave-in which reached overburden allowed the inl10w of some 100,000

tons of wet overburden into the underground workings. This mining catastrophe resulted

in 8 mine worker fatalities and a lengthy cessation of operations. Belmoral represents one

of several Canadian operations that have recently bcgun extracting ore from particularly

weak rock mass environments.

It has also been learned that several other shallow stope failures in active mines

have taken place over the last 50 years. Such failuTes continue to occur. as witnessed by
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INCO's Casa Berardi Mine failure of April 1992. Furthermore. failures of shallow stopes

of abandoned mines are also commonpla~.:.

Mining operators must also recognize the limitations of their design and the safety

of extraction when rock environments are difficult to stabilize. Despite the advancements

in the field of rock mechanics, shallow stopes remain complex environments to design

for. A variety of geological terrains with different types of rock mass quality and

disposition of discontinuities exists. The na. ~ of the mining extraction method may also

adversely affect the rock competence, as may the geometry and sizc of the opening. The

geotechnical maxim "each case is a unique case" is applicable here. But unlike other

engineering disciplines, the design engineer is forced to work with materials he eannot

change and loads he cannot alter. In such circumstances, a suecessful design must

satisfactorily address the range of possible OOhaviours so that the oost design methods are

used and that results OOeome meaningfuI.

Given the lack of dedieated design methods for shallow stopes, it was feIt that

there exisled a need for design techniques addressing specific stope threatening

instabilities. These techniques. although detailed enough to represent the problems to 00

solved. could 00 used by, and 00 intelligible to, practitioners in industry. who do not have,

sufficient knowledge or understanding of the complex rock meehanics issues involved.

1.2 DEFINITION OF PROBLEM

Shallow stopes are defmed as the underground mine extraction openings c10sest

to surface, usually within 30 m of the OOdrock limit [l]. Depending on the shape of the

2



orebody and distribution of ore grade. various stope contigurations arc useù for extmction.

Figure 1.1. Unlike deepcr stopcs. where mine extraction takes place surrounùeù by rock.

shallow stopcs are situated at or very near overburùen and/or bodies of wmer.

The design of shallow stopes takes on a wider scope than that of ùcepcr openings.

Stability in this case implies

i) proteetion of workers l'rom rock. soil. or water movements

ii) prevention of interference with surfaee activity

iii) requirement of long-term ground suppon.

The basis for design is also different. Natural ground stresses may not be

sufficient to prevent gravity failures. Unless a rock material is very weak. l'ailure by

exceeding rock strength is not expeeted. Roek mass instabilities originate wilh geological

diseontinuities and rock fabrie (bedding. foliation, etc.).

Gravity movements can oceur in the rock mass at any point around the opcning.

Therefore, the integrity of the opcning docs not neeessarily and uniquely depcnd on the

rock above the top of the stopc (known as a surface crown pillar).

One of the goals of preventing shallow stope failures is to stop ground instabilities

from reaehing surfaee at whieh point disastrous consequences can occur. The challenge

of designing in these circumstances is to stop any size of l'ailure opening l'rom rcaching

surface and a1lowing wet soil or water inflow. For shallow stopes, small sizc instabilities.

as small as 3 meters wide. to large features tens of meters in dimension, have been known

to occur [2][3][4].
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Figure 1.1 Common shaIlow siope configurations in hiICd rock mines.
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1.2.1 Literalure Review

A study of existing information WolS carried out to provide an understanding of the

stability issues and corresponding design aspects related to shallow stopes of hard rock

mines. Il also served as the foundation for the development of the subject carried out in

this research program.

The starting point of this literature review WolS the examination of the Roche 121

report. The purpose of this report WolS to establish the state of knowledge regarding the

stability of shallow hard rock mine stopes. following the Belmoral mine accident. It WolS

the first such survey performed. A comprehensive literature search WolS carricd out. As

weil. this. and the Roche [3] survey. contained a total of twenty-four case studies of

mines where on-site investigations of shallow stopes were carried out. Examination of

these two surveys showed that up ta then

i) there was littte information on the occurrence or type of shallow stope failure

H) there was no information on design methods to use for stope creation. or to

estimate stope stability

iii) there was no systematic design or problem-solving approach scientifically

developed. or used by mine operators

iv) there was liule information which could be recommended to consider in

developing the subject.

Further research for this thesis found that before 1985 only subsidence over soft

rock mines (coal. evaporites) had been seriously lreated. A few international incidents

of failures reaching surface were brietly documented by Allen [5] and Riee [6).
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A breakdown of the 24 Roche case studies was performed by Bétoumay [1] and

Bétoumay ct al [7). Table 1.1 and Figure 1.2 present the summary of these analyses.

Table 1.I summarizes the basic geological and mining characteristics encountered

at these sites. Steep dipping orebodies of limited lateral extent (veins and tabular

orebodies) predominate. These. overlain by considerable overburden. contain

hangingwall/footwall of littte competence located within host rock containing portions of

pronounced alteration. Two or three joint families and faults usually transect the rock

mass. No preferred mining method was found. and backfill as permanent stope stabilizer

was only used half the time.

Dther information. geophysieaI and geomechanical field work on the condition of

shallow rock masses at hard rock mines [8][9][10]. has indicated that the top 2 to 8 m of

bcdrock is often seriously weakened by alteration and contains a higher degree of

fissuration. with enlarged joint apertures.

The approaches used to create shallow stopes at the study sites are analysed in

Bétoumay and Bétoumay et al in regards to the geomechanical data collection stage

(which provides the input values for the application of design methods). and the design

formulation and application stage (which forms the basis for the creation of the stope).

Basic data collected for analysing potential stability problems usually consists of

lab tests and field tests [1]. In addition to describing the site geology and the existing

soil and rock units. field tests are performed to provide quantification of rock mass

bchaviour. such as deformation. natural ground stresses and distribution of rock quality.

as weil as soiltests to evaluate their potential stand-up or flow capabilities.· Lab tests arc

required to help identify the strength characteristics of rock and rock masses.
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Table 1.1 Summary of Site Characteristics for Sballow SIOpes of Hard Rock Mines [1]

•
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• Of the field tests pcrformed. the Most common. yet not always carried out. was

the measurement of natural ground stresses: unfonunatc1y. this was not carried ouI at

shallow stope depths. Location of weak zones and rock mass deformation propcnies werc

racely addressed. Sorne form of discontinuity mapping was usually donc. as was a

restricted range of lab strength tests. Even so. no analysis of the data was donc in order

to classify surrounding conditions and define potential problems.

When performing the design. 46% of the mines prec1uded the use of existing

methods (e.g. theoretical elastic solutions. numerical modelling. etc.). preferring to use

"personal experience" in selecting stope geometry. sizc and methods of ground control.

In other cases. 29% used an empirical method bascd on rock mass classification. e.g. the

NOl system [11]. 17% used numerieal modelling. and 8% uscd conventional theoretical

calculations (not related to shallow openings). Only 1 of 24 mines uscd more than 1

design method. The empirical and theoretical applications only considered the integrity

of the surface crown pillac of the opening. rather than ail of the rock mass around il. The

thickness (top of bedrock to stopc root) to widlh (smallest stopc wallto wall dimension)

ratio as a selection for surface crown pillac dimensions was the preferred design choice

based on personal experience. A total of 75% of such pillars surveyed were designed

with a ratio less than five. The application of this non-scientific approach. when

examined, reveals that no matter what rock mass condition existed in the pillars. Figure

1.2. Iittle difference in the selected ratio existed. A thickness to width ratio less than five

was used for ail rock mass conditions. competent to incompctent.

The choice method of ground support was the application of conventional

mechanical bolts. Backfill was used in stopes where one or several ground problem
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clements occurred. In cenain cases. grout was used to render the mass impcrmeable at

the contact with overburden. Monitoring of stopcs was pcrformed in 62% of the cases.

Visual evaluation predominated. but was often paired with measuring instruments. In

32% of the cases. neither monitoring nor backfill was uscd.

Since 1985. in pan because of the Roche surveys. more publications have become

available on the subject. New cases were studied. [12][13][14][15][16][17][18][19].

where site characteristics have been weil defined and application of conventional rock

mechanics and numerical modelling have been performed.

Some publications dealt wilh the development and application of data-gathering

techniques such as improved diamond-drilling sampling for incompetent near-surface rock

masses [20]. three-dimensional geotomography using seismicity and radar [8][9]. and the

application of rock mass modulus measurements [10].

The Golder Associates [4] survey of privately existing information on shallow

stopc failures has provided numerous other examples of abandoned and active stopes, and

focused on the sensitivity of various geomechanical parameters on the back-analysis of

failures. An empirical classification seheme for evaluating the stability of surface crown

pillars was developcd.

Two publications presented the development of new analytical design methods for

the surface crown pillars of shallow stopcs. Hoek [21] introduced a limit equilibrium

analysis in the case of plug type failures, based on shear resistance of the rock mass. Gill

et al [22] developed a 2-D Iimit equilibrium analysis to evaluate the stability of block

clements within a pillar.

10



• Various other publications have examined the design process III and the

imponance or kind of parameters involved at various design stages 12311241. Bétoum"y

[24] outlines the three generations of design methods currcntly bcing used. The flrst. the

rudimentary experience. is Iimited to the application of person"l experience in selecling

stope outline and ground control means (anificial support "nd surfllce crown pm"rs) with

Iittle scientific information or other considerations such as stllbility of the entire opening:

Iimited effectiveness is achievable. The second consists of applying conventionlll rock

mechanies methods (finite element analysis. general elastic methods. geneml f"ilure

estimation) which use a Iimited proponion of the key clements influencing the stability

of shallow stopes on a small number of stress overcoming strcngth fllHure possibilities

(mechanisms) given the geological contexts of these openings. The third genemtion

would incorporate dedicated analytical. empirical. and numerical tools for the f"ilure

mechanisms anticipated;· it is now taking shape with the prcviously mentioned dedicllted

methods and numerical modelling with "block codes". but has yet no analytical methods

developed.

Back-analysis of failures [4] has shown that a small variation in natural ground

stress has a profound influence on allowing or preventing gravity l'aHures to occur.

Published results of stress measurements in Canada relate to depths bclow 80 m (25)[261.

leaving extrapolations to be performed for in situ stresses existing at shallow levcls.

Severe limitations might aceompany the application of eonventional measuring methods

as shallow depth [27]. Measurements applying hydraulic fracturing require high ground

stresses to confine the rock mass in order to avoid seepage along discontinuities. a

condition not existing in a near-surface segmented rock mass. Funhermore. the method
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assumes a value of the vertical stress and depcnds on fraeturing orientation to determine

the horizontal stresses. Overeoring with the U.S.B.M. deformation gauge might introduce

more measurement error than the neeessary aceuracy for small rock deformations. The

relatively new borehole slotter has had d!ffieulties [28] and is more suitable for fine

grained rock. There has becn to date no c1ear examination of in situ stress conditions

near surface. although field tests are presently under way [29]. These eonfirm the

extrapolations and indicate signifieant levels of horizontal stress. In these tests overcoring

was pcrformed in vertical holes driven from surface. using doorstopper eells. In order to

obtain repcatable results. this method requires consideration of a bonding agent and

installation tool for water filled holes. The cell is suffieiently sensitive to capture the

micro deformatlon anticipated, but these must be faetored for temperature and other

measuring variations. Thus reliability of results become questionable unless great

expertise and evaluation of results is applied. The values obtained may not represent the

level of confidence usually associated with strain cell measurements at deeper levels. A

more satisfaetory approach could be to use strain cells in upward dipping holes

underground to shallow depths [29]. requiring aceessibility underground and a relatively

undisturbed shallow rock mass whieh. as mentioned. is not always available.

The estimate of general and fraetured nature of the rock mass. by mea.~uring the

Vetriation of modulus of elasticity. has become important. The data is used to quantify

the extent of rock mass competence indieated by the RQD drill core. Instruments such

as the dilatometer [10] are used to supply these measurements. which can also be used

as input to improve numerical modelling precision.
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This and the application of diagnostic geophysiclll methods such as geotomography

[8][9] oudine the variations of rock mass integrity in 3 dimensions which can be uscd

in defining the anticipated failure mechanism(s). The additional potential benetit of

geotomography is to locate the trace of the major joints in the rock mass around the

stope. This has not been entirely suceessful duc to the highly tissured nature of the upper

bedrock hindering full application of seismic signal velocity and frequcncy variation

techniques [8].

1.3 ANALYSIS OF CONDITIONS

The cornmon rock mass environments extracted l'rom a review of the case studies

of shallow stopes of hard rock mines arc presented in Figure 1.3. These can be

summarized as consisting of one or more of three geological conditions (massive to

blocky rock. foliated rock. weak [fissuredlaltered] rock) in different relationships a.~

hangingwall. footwall. and orebody.

For the purpose of this research. failure is detincd as rock mass movement that

stans from the shallow stope and reaehes surface. This has been commonly referred to

as caving. Thus. caving regroups all the different meehanisms of failures.

The effeets of mining. sueh as eaving. on lowering the ground surface is ealled

subsidence. Depending on the extent of eaving two types of subsidence arc possible [30]

[31]. continuous and diseontinuous. Common over broad extraction such as coal mining.

eontinuous subsidence involves the formation of a smooth dipping surface profile that has

no abrupt changes. Discontinuous subsidence involves IOCl\lized large surface
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Figure 1.3 Common rock mass environments of sballow stopes of bard rock mines.
a) poorly jointed rock. b) jointed and blocky rock mass.
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Figure 1.3 Common rock mass environments of shallow stopes of hard rock mines.
c) weak, schistose orebody, competent walls, d) massive orebody, weak,
schistose walls.
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Figure 1.3 Common rock mass environments of sballow stopes of bard rock mines.
e) generally foliated, slaty, 1) weil developed stratification.
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Figure 1.3 Common rock mass environments of shallow stopes of hard rock mines.
g) fault weakened. altered rock mass.
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displacements. Failures. or caving. of shallow stopes are commonly of the discontinuous

type. Figure 1.4. Shown thcrc are the common failure types identified by examining the

literature; each of them is taken to bc causative and have distinct mechanics of failure.

They are: plug failures. block ravelling failures. destratification failures. ehimneying

disintegration. and block eaving. Sorne authors [30) refer to several different types of

failure by a generie name such as chimneying. The final shape of the failure for sorne

or ail of these mechanisms may bc chimney-like. Thus plug failure. chimneying by

disintegration. and piping through caved material are describcd there as chimney caving.

The nomenclature of these failures used here is based on their mechanical

behaviour to avoid confusion with terminology related to the shape of the failurc and to

allow for a more basic approach for scientific communication.

Table 1.2 makes the link between the host rock mass environments and types of

failures. Possible root causes. affected portion(s) of the rock mass around the opening.

and progression of failure are also presented.

Because orebody emplacement is often related to and contains faults. potential

failure conditions May exist. By virtue of their extensive dimensions. such discontinuities

seriously weaken the rock mass and contribute to the mobilization of large or small rock

blocks that can use these surfaces to slide or MOye upon. as is the case for the large scale

plug or the smaller scale rock block.

By virtue of the zone of damage imposed by their creation and movement. faults

can be related to and adjoin extensive ami continuous zones of weaker rock that contain

more fragmented rock. even rock material that has been physically and chemically altered

resulting in significantly lower strength. In these cases. faults create natural paths along

18
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Figure 1.4 Common failure mechanisms of shallow slopes of hard rock mines.
a) plug failure. b) ravelling failure.
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Figure 1.4 Common failure mechanisms of shallow stopes of hard rock mines.
c) strata failures. linear arching, d) chimneying disintegration failure.
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Subsidence

Figure lA Common failure mechanisms of shallow slopes of hard rock mines.
e) block caving failure.
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Table 1.2 Catalogue of Failure Mechanisms

•

l::j

Type of Failure Mining Environment Mobilized Rock Mass Possible Possible Instabilily Elements
C+) (Figure 1.3) C*) Lack of Ground

Suess Clamping

Plug failure d. e. f CR Yes Large-seale steeply dipping
m, r diseonlinuilies

Ravel1ing b. et f FW. CR, HW Yes Well-developed and continuous jointing
p, s

Strata failure e, f CR. HW No Persistent parallel joints
p, s

Chimneying disintegration Ct d, e, g CR, HW Yes Weak malerial
p, s

Block caving b, e. g CR,HW Yes Diseonlinuities or malerial wcak in
p, s Icnsion

(*)
CR - Crown
HW - Hangingwall
FW - Footwall
(+)
m - Massive
p - Piecewise
r - Fast
s - Graduai
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which weak failure types such as chimneying disintegnuion and block caving can casily

develop.

The failure mechanisms outlined reinforce the need for a design approach thal

considers the entire stope surroundings. The usual question "how much of a surface

crown pillar should be left between the stope and overburdenlsurface?" (on which the

justification to use the thickness to width ratio is based) should thus be rephrased "what

portion of the rock mass around the stope is mobilized in potential failure by the creation

of the opening?" Funbermore, any weak bedrock in contact with the overburdel1 must

be discounted from providing resistance to failure.

Table \.3 presents an aecounting of known Canadian shallow stope failures. their

geological environment, and presumed failure mechanisms. 1t summarizes the information

gathered from the Roche and Golder Associates surveys as weil as the available literature.

Generally weak (altered, numerous weak zones) and faulted rock masses arc the most

prone to complete failure, followed by blocky ground and generally foliated rock masses.

Massive and poorly fissured rock masses have not recorded complete failures.

1.3.1 Plug Failures

The case of large blocks ("plugs"), the height of the surface crown pillar,

collapsing down into the shallow stope has occurred on well-defined, continuous joints

such as foliation and fault planes. A few of the plug failures have occurred at depths Jess

than 30 m [4][32], but Allen [5] reported that a 600 m high block dropped down the stope

height of sorne 20 m, along geological planes of weakness defined by subvertieal dykes

in a Michigan mine. Other plug failures have been recorded in areas with numerous
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Table 1.3 Summary of Failed Canadian Shallow Stopcs of Hard Rock Mines

•

~

Geological Massive Blocky Weak Massive General WeIl Fauhed.
Selling Orebodyl Orebody/Weak Foliation Developcd Weak

Massive Walls Walls Stratification

Numberof 0 6 3 5 Il 3 4
Failed Stopes

Mode of Failure - b.e d a. d a, b, c, d, e a, c b, d. e
(Figure 1.4)

Total Number of 25 31 63 44 67 28 9
Stopes

Failure Percent 0 20% 5% 11% 17% 11% 44%
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1

interspersed shal10w stopes [32] such as the Sullivan Mine. British Columbia.

In such cases. an initial underground void must exist for this mechanism to occur.

The meehanism seems to develop on discontinuity surfaces \Vith 10\V shear strength.

without encountering break-up of the plug.

1.3.2 Ravelling Failures

When left unsupported. graduai failure of the periphery from unfavoumbly oriented

rock blocks and subsequent enlargement of an opening is commonplace when the span

exceeds self-support capabilities. Commonly. the blocks of the rock mass fail

sequentially without the remainder of the rock mass mobilizing on a large scale. unless

a stable. self-supported arch cavity is formed. which transfers the rock load from the

unsupported span to the opening sides. This generai arch shape local1y takes on the

jagged profile of the rock blocks that have fallen.

Depending on the severity of span versus self-support capabilities. progression of

ravelling can reach the top of bedrock before stabilization oecurs.

These observations have been reported generally for sorne failcd and ullfailed cases

[4].

1.3.3 Strata Failures

Behaviour of stratified rock masses takes on partieular dimensions when they arc

located around shal10w underground excavations of hard rock mines. Canadian hard rock

mine settings ean present surface crown pillars or hangingwallslfootwalls in which

continuous parallel joints predominate. such as gneissic fabric. or even sedimentary
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bcdding joints. These dominant rock structures extend continuously over the mine site.

effectively separating the rock into strata. Strata thickness may vary from site to site.

typically from a few to tens of centimelTes.

Strata failures occur by several meehanisms. Intact strata fail when gravity is

sufficient to impose flexure Icading to tensile failure. or impose load causing shear failure

at the wall contacts.

Failure of horizontal strata in surface crown pillars is known to have occurred.

such as at the Niobcc Mine [33]: but because most slTatiform structures in Canadian

mines arc dipping. flexure and shear are expeeted in the hangingwalls of shallow stopes.

1.3.4 Chimneying Disintegration Failures

Chimneying by disintegration is a mining induced failure which refers to the

formation of isolated holes or "ehimneys" in weak rock extending in an upward fashion

from an underground opening towards surface either following a vertical path in a

homogeneous mass or up dip in a weak unit bounded by competent rock. In the former

setting. failure oceurs by progressive collapse of a locally disintegrating rock mass which

leaves bchind intact steep walls whieh have similar dimensions as the opening from whieh

the failure originates. Over the height of the chimney. its cross-sectional area usually

remains the same. In the latter setting. failure can progress up dip in the weak unit or

bctween the bounding rock.

The progression of this degradation of the rock mass can develop quiekly. Rice

[6] describes such a development over an opening with horizontal dimensions of

4.3 x 8.5 m in a relatively ineompetent graphitic slate dipping at 60". In this instance.
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a cave was initiated for the purpose of obtaining material for cUl-and-lill sloping. In

about one year, the chimneying had worked through to surface. venically, a distance of

275 m cutting diagonally through the slate bedding.

Supplementary cases of chimneying disintegration have been reponed by

Picciaccia [34] and Bétoumay [35] who observed and diseussed with mine personnel such

failures in the hangingwalls of the Bousquet 1 and Belmoral Mines, respcctively. In both

cases, the rock was sehistose and weak. In the latter case, it was rcportcd that such

chimneying, whieh was seen to have reaehed the contact with overburden, commonly

oeeurred from depths of up to 250 m with quick development. The Belmoral mine

accident of 1980 is presumed to have occurred as a result of a chimneying disintegration

[36].

Chimneying disintegration has also occurred in other environments, such as a rock

mass altered to weak kaolinized rock, at the Selbaie Mine from the crown of a near­

surface opening to the overburden [37]. This chimney continued in the dense till-Iike

overburden until it reaehed surface. Such failures have also been witnessed above

roadways in a Nova Scotia coal mine, Figure 1.5, and in English ironstone mines, wherc

subsequent to the failure of the stratified roof beam, a weak mudstone would disintegrate

and ehimney, Figure 1.6 [31].

At the Bousquet and Belmoral Mines, sorne amount of debris was removed,

allowing the ehirnneying to continue before it choked itself off; at Selbaie the failed

material feU in a large stope also aUowing the failure to continue. However, these sons

of materials are not expeeted to have a high bulking faetor (the amount of supplemental

volume occllpied by a broken and eaved material compared to ils initial volum/:) once the
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Figure 1.5 Chimneying disinlegration in shale above Nova Scolia coal mine
accessways.
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Figure 1.6 Characteristics oC chimncying disintegration over a
preliminary beam Cailure. [31].
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rock/soil mass breaks down.

Both block ravelling and chimneying disintegration are mechanisms which involve

a progressive limited portion of the rock mass. and can stabilize themselves when rock

mass quality improves. These must be compared with block caving which involves the

general gravitational flow of a broken down. extended mass into the upper portion of an

underground opcning. This is stopped if arching occurs within the loosened rock mass.

or if the rock mass conditions vary.

1.3.5 Block Caving Failures

Although rock block displacements can stan the block caving process. it is

assumed that in the latter the blocks are moving relative to one another over a large

volume of the rock mass. unlike block ravelling which predominantly affects the

pcriphery of the opcning. Several caving failures have been alluded to in the Golder [4]

survey of failures. but no definite identification of such a failure mechanism as an

unplanned cvent has becn measurcd or reponed during actual mine practice or abandoned

mine failuTe.

1.4 REVIEW OF EXISTING DESIGN METIIODS

The methods used in designing the shallow stopes of reviewed mine case slUdies

belong to established rock mechanics practice. No method dedicated to specific or

gencral stability of shallow underground openings issues has yet been applied. Nor. by

and large. has the integrated design approach been used. i.e. using more than one method
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• and framing the application of design with respect to limitations of cuch method.

New rock mechanics problems. such us instabilities relatcd to shallow stopcs. ure

usually first approached by using pre-existing. conventionul methods. In the c:lse of

shallow stopes. various conventional methods have been used. which can be c1assified us:

i) analytical equations

ii) empirical methods

iii) block caving prediction

iv) numerical procedures.

The use of the Hoek [21] and Gill et al [22] methods (for surfuce crown pillurs

only) has not been reponed. They are presented in this Chapter.

1.4.1 Analytical Formulas

Historically. the first approach to designing shallow stopes has been to use general

analytical equations such as

i) beam theory

ii) plate theory

iii) arching formulas

iv) imposed redistributed stress.

Ali of these approaches pre-suppose that the rock matcrial is continuous. isotropic.

homogeneous and behaves in a Hnear clastic fashion. Sorne variants exist to adjusl these

equations to consider simple types of discontinuities. They will also he reviewed.

However. these approaches contrast with the scgmented and variable quality rock masses

normally found at each site.
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• The advantage of applying these equations lies in their simplicity to use and

interpret. where an imposcd stress (l'rom the self weight of the rock withlwithout

consideration of imposed ground stress) can be compared to available rock strength. The

analysis. except for plates. is 2-dimensional (plane strain) which simplifies the expectation

of failuTe location. Failure is expccted to lead to complete collapse of the surface crown

pillar or hangingwall. tensile resistance of the continuous material being surpassed by

stress.

ln the cases studied. the entire pillar has been considered a beam or a plate. This

in most cases is larger than the Iimiting thickness to span ratio of 0.5 above which the

beam bcgins to behave more Iike a thick bcam (where shear l'allure may be predominant

over tensile l'ailure at the abutments) requiring a complex and panicular solution l'rom the

theory of elasticity.

The beam theory assumes that the structural element is very long in the third

dimension. thereby only considering its thickness and span. The cross-section of the

bcam is essentially uniform. and a double-cantilever (fixed at both ends) situation is

expected to exist (rock is continuous between the beam and the stope walls). The

general formula to specify induced stresses at any point along the span is

(1.1)

where

M

- imposed stress at any point in the beam

u moment at that point
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- distance from the bcam neutral axis to that point

- moment of inertia for the bcam cross section

It is maximum at the bcam ends with

qUa =_
Ind,,«J 21 ~

where

t - thickness of the memher

L - heam span

q - load, per unit length

(1.2)

At this location the tension found at the top of the heam and compression at the

boUom can he compared to the rock material tensile and compressive strength.

Elastic plate theory can he used where the spanning dimensions are similar (one

is less than twice the other) but much greater than the plate thickness [38J. The stability

of a stratum as a single plate involves the derivation of complex equatiolls.

Timoshenko and Woinowski-Krieger [38J. based on the thcory of elasticity.

developed a solution for induced stresses in a fully restrained plate. The maximum

moment oceurs at the centre of the longest edge b. Figure 1.7 shows moment values

ca\culated by Timoshenko and Woinowski-Krieger for various plate gcometries. The

general formula to ealculate the maximum stress (at mid-span of the longest dimension)

is

611qa 2

,2 (1.3)

where

Il - coefficient which varies with the span ratio
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bla (M.)x-bl2.y-o (M,.)x-o.y-al2 (M.)x-o.y-o (M.)x-o.y-o

1.0 .0.0513qa' .0.0513qa' 0.0231qa' 0.0231qa'
1.1 .0.0581qa' .0.0538qa' 0.0264qa' 0.0231qa'
1.2 .0.0639qa' -o.0554qa' 0.0299qa' 0.0228qa'
1.3 .0.0687qa' ·0.0S63qa' 0.0327qa' 0.0222qa'

1.4 ·0.0726qa' .0.0S68qa' 0.0349qa' 0.0212qa'
1.5 .0.0757qa' .0.057ûqa' 0.0368qa' 0.0203qa'
1.6 .0.078ûqa' -o.0571qa' 0.0381qa' 0.0193qa'
1.7 .0.0799qa' -o.0571qa' 0.0392qa' 0.0182qa'

1.8 -o.0812qa' .0.0571qa' 0.0401qa' 0.0174qa'
1.9 .0.0822qa' -o.0571qa' 0.0407qa' O.Ol6Sqa'
2.0 ·0.0829qa' .0.0571qa' 0.0412qa' 0.0158qa'
00 -o.0833qa' .0.0571qa' 0.0417qa' 0.0125qa'

Figure 1.7 Moment values for a fully c1amped plate [38].
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• a - shortest span dimension

These beam and plate formulations do not take into consideration the variability

between rack compression and tension modulus of elasticity [391 which locate the neutml

axis away l'rom the beam mid-height position assumed by the elastic behaviour of a

member of one materiaI.

When stratum failure involves tensile cracking. the elastic beam approach requires

that. by the bending moments imposed and mechanics of stratum movement. the stratum

breaks at its centre with parailei cracking developing at the abutment contacts. This could

result in the formation of blacks supponed at mutual contact points. at the upper pan of

the beam midspan. and at the abutments. Figure 1.8. Provided rack strength at the

contact points is sufficient to resist the compressive and shear stress imposed. the black

system will stay in place. This black system has been called a "linear arch" or "voussoir

beam" by several authors [40][41](42) who showed that Iinear arching was possible in

two or more blacks making up a beam. However. no information has been found on the

analytical representation of a linear arch system of more than two blacks.

The physical description of the problem has been made by Evans (40) who

analysed the force distribution for a linear arch condition of two blacks with the following

assumptions:

1) The rack behaves elastically. under compressive stress.

2) There is no tensile stress operating due to the breaks in the undermined strata.

3) Sufficient shear strength for stability is generated by the frictional resistance due

to the horizontal compressive force acting across the breaks.

4) The segmented beam is at the same level as the initial stratum horizon.
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Figure 1.8 Linear arch behaviour.
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• 5)

6)

Elastic strain of the abutments under horizontal compressive stress is negligible.

No horizontal pre-stress is present in the bcam.

To these can be added the following assumptions. also implicitly made by olher

.1

authors [30][42]:

7) The original bcam has failed at mid-span to form the linear arch.

8) The magnitude and distribution of compressive thrust is the same al mid-sp.m as

at the abutments (Figure 1.9).

9) Failure is by imposed stress exceeding material strength (location of failure nol

indicated).

Linear areh failure has bcen defined in three ways: crushing at the contact points

when imposed stresses are greater than material strength. buckling due to eccentricity

from beam slenderness. or shearing at the abutments caused by block weight.

To evaluate the potential for crushing. Evans equated the maximum allowable

(F,-l) block thiekness for a given span to the distribution of block compressive thrust

(triangular shape) from block weight moments. Figure 1.9 (half-bcam analysis).

Y, tL2

8
(1.4)

where

imposed compressive stress equal to compressive strength of rock

t

L

n

-
-
-
-

thickness of failed strata

opening span

unit weight of rock

load to depth raûo
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Figure 1.9 Distribution of stresses in a linear arch system [41].
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The solution to calculate the maximum value of an imposed triangular

compression thrust at the contact points was outlined by Beer and Meek (42) and

expanded by Brady and Brown (30). The latter publication suggcsted the panicular

solution path to obtain the imposed normal contact block stress. lt proceeds by iteration

of severa! formulas (relaxation technique) to calculate the uctual n value. using

sequentia!ly

1 (2 n)f =-/. -+-.. 2 c 3 2

216 Z.
AL =L + -­

3 L

_[3L (16Z: _ ]1-\
l: - - - ML16 3L

3 Z
n = - (1--)

2 t

where

z - thrust arch height

L - beam span

fc - imposed maximum compressive stress
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1

f" - average imposed stress over height

'Y, - unit weight of rock

AI. - arch length

Em - field modulus of elasticity

z., - original value of z selected

Zc - z value l'rom the previous computational cycle

n - Joad to depth ratio

t - bcam thickness

The first equation retums a value of the moment arm z., l'rom an initial n, the second

calculates the compression level, the third the average thrust compression across the arch

in one block, the fourth determines the length of the arch, the fifth the elastic shonening

duc to the compression at the contact points (beam only), the sixth the arch height and

lever arm, the final equation the recalculated depth ratio n. The iteration stops when the

last calculated n converges with the previous input in the first equation. Brady and

Brown suggest taking the final value of fc for comparison to the unconfined compressive

rock strength Oc to obtain the factor of safety, F,

F = J., °, (1.12)

The Beer and Meek process to solve for maximum span is as follows. Based on the

Evans equation, modified to include strata dip, Beer and Meek outlined an expression for

moment cquilibrium

'Y, t L 2 cose
8

= /, ntz
2
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• which here has been corrected by using unit weight nuher than wcight as prcscribed by

the authors. The relationship between lever arm and thmst zone is

(1.14)

The compression arch between loading points is in a parabolic form. givcn by Bmdy and

Brown. its length is

2
S Z.

AL = L + -­
3 L

The deformation of this parabolic arch from loading is

M=lIfcA
L 24 E L

m

The new lever arm shortening is

(1.15)

(1.16)

z =
(

2 )3 Sz.
iLT -ML

(1.17)

Substitution of z into equation 1.13 gives a fourth order equation for L in terms of n and

wherc

C =A2 2[1 _Il 1.]
, LZ. 24E
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• z" _ t (1 - ~ n)

4nf.
AI. - "l, cosa

a - dip of strata

Finding the span is a function of n and fc' Beer and Meek do not explain how n is to bc

calculated. only that by using different values of Cc. a value of L will tirst increase with

a. peak reached at a panicular stress and then deerease. The largest value of L is the

,
critical span and the imposed stress is the critical stress imposed. These values represent

\imit equilibrium of the \inear arch system. For thin bcams, f", is lower than the

compressive strength of the rock and the stability is dependent on the eccentricity of the

bcam. For larger values of t, the stability may depend on the uncontined compressive

strcngth of rock. At very large strata thickness. shear failure of the \inear arch system

occurs if the weight imposed exceeds shear resistance.

V < 0.5 "l, Lt

v - maximum shear resislanee

(1.19)

A non·elastic analysis of jointed bcams was proposed by Pender [43]. Figure 1.10.

This flat bcam can eontain a numbcr of discrete blocks detined by venical joints. The

system of blocks retains its stability if, after consideration of axial thrust within the blocks

and dilatant joint bchaviour. tensile stresses are not introduced bctween the lower penion

of the blocks that eould allow blocks to s\ide out by gravity. When the following
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Figure UO Distribution of forces on blocks of a joinlcd bcam [43J.
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equation yiclds a negative value. sliding of blocks from the beam is expected:

where

n

w

kn

k,

t

L

-
-

-
-
-
-

nurnber of equal sizc blocks making up the beam

weight of eaeh block

slope of normal-shear displaeement curve

normal stiffness of the joint

shear stiffness of the joint

beam thickness

beam span

1
The stability of this beam can be compared to a surface erown pillar under study.

if the pillar ean be decomposed into several large vertical blocks.

The method cannot provide a eomparison between imposed stress and strength

available. for a factor of safety analysis. However. a modification of this approaeh could

conceivably consider the effect of lateral ground stress.

The use of an arch shape has been considered a more stable structural member

beeause of a more developed Hne of thrust it can accommodate. Rock load above an

opening can be estimated to be distributed to the sides of the opening rather than

completely imposed to the roof [44](45). For a surface crown pillar. an elastic semi-

circular arch is assumed to exist within the pillar to distribute the pillar load to the side

of the stopc. Figure 1.11a. The minimum thickness required for the surface crown pillar

becomes the arch radius (stope half span) plus the radial thickness: The minimum radial
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Figure 1.11 Approaches to the slllbility of a surface crown pillar as an arch shape.

a) elastic arch, b) masonry arch, c) boulder arch.

4S



• lhickness for a circular arch is calculaled from the ultimale load for an elaslic arch [45]

W"
El (1.21)= "Ir -,
r-

where

'Y, compressive force faclor

r arch radius

E - malerial modulus of elaslicity

- cross section moment of inertia

For an arch made up of interloeked bloeks. as in the case of a masonry arch,

Figure l.llb, the required thickness to arch radius ratio for minimum stability is [46]

tIr = 1.06 (1.22)

To demonstrate stability of such an arch, tensile stresses must be avoided between

the blocks. The thrust \ines must be constructed in equilibrium with ail the loads acting

on the arch and Iying wholly within the masonry. The distributed load can be considered

as a sum of several point loads around the circumference.

Another areh method has been formulated to analyse a : ·oken rock mass

consisting of boulders or untightly matched blocks [45], Figure l.llc. Faill.re is expected

to occur in one of three modes:

i) high loads opening the spaces between blocks permitting them to fall

ii) crushing of small areas leading to the possibility of freer movement

iii) blocks s\ipping out from low frictional resistance.
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• The horizontal reaclion of this arch at each abutmcnt is

wUR = __

" 8d (1.23)

where

W

L

d

-
-
-

weight of the structure

span of the structure

rise of the line of thrust

When slip occurs. the vertical component R, of the reaction is

where

" -angle of friction of the block surfaee

(1.24)

Ry is the shear strength that the abutment offers to resistthe actual loading of half

the arch. WLl2. If the actual loading is greater than the abutment resistance. failure will

occur.

Various ground movement theories have been proposed to account for observed

movements leading to arch formation in the back of underground opcnings. The general

approach in the literature is to compare in two dimensions available strength to imposed

stress to account for failure.

ln the case of stratified rock masses Rziha and Fayal (in Hackett [47]) advanced

theories stating that the overlying rocks are acted on by two forces only: cohesion and

gravity. Only if gravity overcomes cohesion, collapse will occur. The collapsc shape is

a circular dome. related to the width of the excavation. Concepts also presented there

relate to a limit of such failures with depth. i.e. the greater the depth the less Iikely the
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1

rock mass is to bc affected.

Széchy [48] presents a historical review of approaches to estimate the location of

one failure surface (leaving a stable cavity bchind) from rock material expected to fail

above an opening. It is wonh noting that none of these look at the eavity shape as a load

translcrring mechanism.

Of the theories presented in Széehy. the Bierbaumer. Balla. and Ritter theories

assumed a failure shape for the rupture of overlying rock masses. The first two assumed

the rock failed in shear. Ritter assumed failure in tension. Ritter also derived the equation

of his assumed parabolic shape based on a hydraulie radius approach. i.e. the failed

weight of the material between opening and the failure surface was a maximum for the

length of the perimeter of the parabola.

Terzaghi's rock pressure theory. developed originally for dry eohesionless soils

[49].can bc extended to cohesive soils and rock [48]. Once the opening is created. pan

of the rock mass is sliding down. bounded by venieal shear planes. Sorne of the rock

load shearing on eaeh plane is transferred laterally from these onto a stationary part.

Figure 1.12. This means that only pan of the rock load over the opening is being earried.

Rock loads from shearing stresses oriented at 4so+~/2 are plaeed on the sides of

the opening. If the unit weight of the material is 'Y, and the lateral and venieal pressures

arc related by the constant K (K - ali/a')' then it can he shown that the venieal pressure

at depth H is
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Figure 1.12 Terzaghi arch analysis. shallow case [48].
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ll]• Y, - li ( -Kla,"" ~JI)
l' =8 I-e ïr,

2Ktan cjl (1.25)

where

B opening width

c - material cohesion

cjl - material internai angle of friction

No rock pressure will develop if B < 2c/y,.

With opcnings at greater depth, arching action no longer extends to the ground

surface. In his experiment Terzaghi found the value of the coefficient K to increase

gradually from 1to 1.5 ovcr a height corresponding to B. Beyond heights greater than 2.5

B, the displacement of the lower areas did not affect stress conditions in the upper area.

Rock pressure for a deeper opening can be separated into two terms, that which describes

the zone of action and thal of the rock load which acts on lop of the active zone roof,

Figure 1.13.

ll]cy, - li ( -K.... 2/1,)
1'=8 I-e T

, 2Klancjl

(1.26)

With great depth the load lerm (with a height of H2) becomes negligibly small.

Denkhaus [50) in his approach to roof failure at depth distinguishes between

cohesive rock and insufficiently eohesive rock. The sufficiendy cohesive approach bas

a separation of rock occurring in a dome shape, Figure 1.14, wben the span of the

opcning (and thercfore the dome) becomes too large. The weight of the dome exceeds

the material's cohesive rcsislance. resulting in a sudden collapse of the dome. The

Iimiting equation is given by
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Figure 1.13 Terzaghi arch analysis. deep case 148].

51



•
x Surface

777777)7)))J7)'''))777'!'77??77777)?)))))7Tj[

z d
~
~

§ Dame core h
<?
'"[

<::i

1· 5 ./

Figure 1.14 Denkhaus dame theary [50].
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• L = J8~:d (1 - ~) ( 1.27)

( I.2N)

1 20d
Lm..

= ~-t
( 1.29)

where

L r. span of the dome

h - height of the dome

d - dcpth of eover above excavation

1', - unit weight of the rock

0< - uniaxial compressive strcngth of the rock

which dces not relate directly to material cohesive or tensile resistancc.

In the case of insufficiently cohesive rock material. ponions will scparate from the

dome boundary gradually or at shon intervals while the span is being increllsed. The

relationship between the span and dome height is givcn by:

L =
80,d h h
- (1--) log (1--)

1', d d
( 1.30)

h = O.63dmAX
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•
The analylical solution to obtain a global description of imposed stresses around

an underground opening is to apply the theory of elasticity in obtaining tangential. radial.

and shear stresses around an opcning. The theoretical solution to determine for an elastic.

isotropie. homogeneous medium in which a eireular opening is plaeed. is

3r.}+ _. os2Ç
rd

(1.33)

1
(1.34)

t" = - (Oy -OxJ (1 + 2r
2

2
_ 3r

4

4
}in2Çl 2 rd rd

where

(1.35)

•

0.... - tangential stress at a point, distance r from the centre of a eircular opening of

radius r

Orod - radial stress at a point, distance rd from the centre of the opening

t n - shear strcss at a point, distance rd from the opening centre
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• r - radius of circular opcning

- radial distance from center of opcning to point

- angle measured counterdockwise from the +x axis

•

The drawback with this approach pcrtains to the shape of shallow slopes which

are not usually circular and. allhough doser to rectangular shape. cOIn be of variable

geometry. The elliptical and ovaloid shape has been used by Dhar el al 1511 to get a

doser stress distribution approximation for stopcs. These solutions are for Iwo­

dimensional plane strain conditions. which mOlY not bc suitable for aClual geomelrics

under study.

Since the advent of numerical solutions. accurate approximOllions of slress

distribution around underground opcnings with complex geometries in two or three

dimensions has become possible. based on several rock mass bchaviour assumplions (e.g.

elastic. elasto-plastic) even allowing for such material bchaviour as rock block movemenls

within a rock mass. This is covered in detail in section 1.4.4.

In summary. although basic analytical formulas cOIn be used to approximate daslic

behaviour of the surface crown pillar and shallow stope surroundings. gravily failurr.s

(displacements from and within the rock mass) usually involved in destabilizing a shallow

stope cannot be approximated nor quantified. Neither cOIn the interaction effecls belween

the pillar and the stope walls. or the surrounding rock bc quantified.

Hoek [21] presented a limit equilibrium analysis to evaluate Ihe potential for a

rock block failure ("plug") defined by the entire surface crown p,illar. Figure 1.15. The

analysis was bascd on the ratio of rock mass shear strength available 10 induced shear

stress:
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Figure 1.15 Hoek limit equilibrium ana1ysis for p1ug failure [21].
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•
where

F =,
2(1:.irz) + 1:.,~(yz))

y, (xyz)
(1.36)

x. y. z CI the dimensions of the entire surface crown pillar spanning the shallow

opening

the shear strengths on the xz .nd yz faces respectivcly

Yr - the unit weight of rock

The shear strength of the rock mass is used as 1:" and 1:)., inputs. It is obtaincd

from the Hoek and Brown [52] failure criterion.

The procedure to calculate rock mass shear resistance begins with the Mohr failure

envelope caleulated for intact rock. This is obtained by using lab derived Mohr circlcs

of the tensile test and compression tests with various levels of confinement. From the

regression of results to generate the failure envelope is calculated an m value for the

tested rock material; a value of s - 1 is given to lab tested material.

The basic equation relating the m and s parameters and Mohr circles is

( 1.37)

•

where

al - major principal stress at failure

a) - minor principal stress at failure

Oc ~ unconfined compressive strength as calculated by the regression

These Mohr circ\es are tangent to a Mohr envelope given by a, and 1: the normal and

shear stress thal exist on the material failure surface al failure obtained by solving lhese
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• equations

ma
1: = (eot<l> - cos<l» _c

8

1
<1> = arctan --;::====

V4hCOS 28-1

8 = ~ (90 + aretan 1 J
l Vh 3-l

(1.38)

(U9)

(1.40)

where

h = 1 +
16(ma + .la.)

3m 2ac (1.41)

•
h,8 = solution constants

<1> material angle of friction

The slope of the t:tngent to the Mohr failure envelope at a normal stress of cr is given by

0. The corresponding cohesion e of the intercept of the tangent on the 1: axis is

c = 1: - cr tan<l> ( 1.42)

By translating the laboratory "m" and the "s" value to field behaviour using the eqllations

derived by Brown and Roek [53] and rock mass qllality

m = m e (RMR-lOO)i28
f 1

s = s e (RMR-lOO)/9
f 1

where

(1.43)

(1.44)

•
RMR = Bieniawski [54] roek mass quality rating

the roek mass Mohr failure envelope can be obtained by using equations 1.38 to 1.42.

58



•
The Hock and Brown m and s constants arc, rcspcctivcly, very approximatcly analogous

to the angle of friction (instantancous indication of failure envclope sIope) and failure

cnvclopc cohcsive strcngth at that slopc [55].

Lateral stresses which confine the plug are defined by the natural, pre-mining

ground stresses distributed according to ratios between vertical stress (rock weight) and

horizontal stress, from which the effcct of groundwater pressure is subtracted
i!

Y, ZKx

,
cr =

Yw Zl~--x 2 2Z

Y, ZK Z2
cry = y "/11' W--2 2Z

(1,45)

(1.46)

•
whcrc

K, and Ky = the ratios of horizontal to vertical stress in the x and y directions

rcspectively

Yw = the unit weight of water.

the height of the water table

•

The Gill et al [22] mcthod to evaluate block movements within a surface crown pillar

rock mass is based on the block surfaces' stress-strain behaviour. The blocks are

considered rigid. The method is two dimensional and considers the stability of a single

block or the entire overlying surface crown pillar block assembly. In the case of the

latter, the number of equilibrium equations to solve are the sum of those related to each

of the constituent block sides. These relate to the sliding movements and consider shear

and normal joint stiffness effects as weil as possible pore pressure, seismic, and external

loads. The method requires separating the surface crown pillar into a mesh representing
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•

individual blocks. Tite application of lincar programming through compllling is rcquircd.

The method does not allow for block rotation or nct block movcmCI\lS but can provide

factors of safety for portions of the crown pillar as weil as thc rcquired stabilizing forcc.

1.4.2 Empiricai Methods

Empirical methods are based on information gathcrcd and experiencc from other

case studies, and are usually applied to conditions anticipated at a givcn site. The

simplest empirical method used for shallow stopes has been the thickness to width ratio

described in section 1.2. The more advanced methods have been based on large

populations of ground stability conditions which, when classified under well-delined

systems, can provide conditions similar to those considered for design/stability evaluation.

Two rock mass classification systems, which incorporate the Deere [56] approach

to describe the broken nature (rock quality designation, RQD) of a rock mass, have been

applied in designing shallow stopes.

The Bieniawski [55] or RMR system, utilizes six measurable parameters (strength

of intact rock, drill core quality represented by the RQD, spacing of discontinuitics,

groundwater condition, condition of discontinuities, and orientation of discontinuities) to

calculate a rock mass rating (Table lA) used in describing average stand-up time of

unsupported openings, rock mass cohesion, and angle of friction. Each factor is weighted

by its importance in affecting stability. The orientation of discontinuities to the extraction

aetivity adjusts the ealculated rating. The maximum rating is 100, indicating very good

rock.
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Table lA Rock Mass Rating Empirical Evaluation System [51]

•

0--

PARAMETER RANGES OF VALUES

Strength Point load >8 MPa 4 - 8 MPa 2 - 4 MPa 1 - 2 MPa For Ihis low range·
of strength index uniaxial comprcssh'c lest

1 inlact rock is prercrrcd
matcrial

Uniaxial JO·25 3·10 1·)
compressive > 200 MPa 100·200 MP. 50· 100 MP. 25 - 50 MP. MPa MPa MPa

strength

Rating 15 12 7 4 2 1 0

Drill core quality RQD 90% - 100% 75% - 90% 50% - 75% 25% - 50% <25%
2

Rating 20 17 13 8 )

Spacing of joints >3m 1 - 3 m D.3-lm 50 - 300 mm <50mm
3

Rating 30 25 20 10 5
.

Very rough surfaces Slightly rough surfaces Slightly rough ·surfaces Slickcnsidcd surfaces Soft gaugc > 5 mm thick
4 Conditions of joints Not continuous Separation < 1 mm Separation < 1 mm Gouge < 5 mm thick or Joinls open> 5 mm

No separation Soft joint wall rock Soft joint wall ruek or Cominllons joints
Han! joint wall rock Joinls open 1-5 mm

Continuous joints .

Rating 25 20 12 6 0

Innow per JO m None < 25 litres/min 25·125 litres/min > 125 IUres/min
tunnel lenglh

Ground
water Joint water

5 Ralio Pressure
0 0.0 - 0.2 0,2·0.5 > 0.5

Major principal
stress

General conditions Completely dry Moist on1y Water under Severe walcr problcms
(inlcrslilial walcr) modcratc pressure

ROlling JO 7 4 0



•
B. RATINO ADJUSTMENT FOR JOINT ORIENTATIONS

•
Table 1.4 (Continued)

•

R3

Strike and dip Very favourablc Favourable Fair Unfavourahle Very unfavourablc
orientations of joints

Tunnels 0 -2 -5 -10 -12

Ralings Foundalions 0 -2 -7 -15 -25

Siopes 0 -5 -25 -50 -60

C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINOS

Rating 100 - 81 80 - 61 (,() - 41 40 - 21 < 20

Class No 1 Il III IV V

Description Very good rock Good rock Fair rock Poor rock Very poor rock

D. MEANINO OF ROCK MASS CLASSES

Class No 1 JI III IV V

Average sland·up lime 10 ycar.;: for 5 m span 6 monlbs for 4 m span 1 wcck for 3 m span 5 hours for 15 m span 10 min for 05 m span

Cohesion of the rock m;lSS >300 kPa 200-300 kPa 150-200 kP;l 100-150 kP. < 100 kPa

Friction angle of the rock mass > 45° 40"·45° 35"_40" 30"·35" < 3D"

E. THE EFFECT OF JOINT STRIKE AND DIP ORIENTATIONS IN TUNNELLINO

Strike perpendicular la tunnel axis Strike parallel Dip
10 tunnel axis 0" - 200

Drive with dip Dri\'C againsl dip irrespeclivc
of strike

Dip 45" _ 90" Dip 200 - 45" Dip 45° - 90"' Dip 20°_45" Dip 45" - 90:> Dip 20"·45"

Very favourable Fa-.ourable Fair Unfa\'ourable Very unfavourable Fair Unfavourable



•
The NGI system (Barton ct al [Il j), also utilizes six measurable parameters (RQD,

numbcr of joint sets, joint roughness, joint aiteration, ground stress levels, and

groundwater condition) to calculate the quality Q index of rock mass quality (Table 1.5).

The Q value is also used in calculating the need (versus no requirement) for support, the

type and pressure of the support, for the roof or the sicles of an opening reflecting various

engineering purposes (the "ESR" value), Figure 1.16.

The equation

Q
_ RQD J, Jw

(1.47)
- __ x_x __

J
"

Ja SRF
where

RQD = rock quality designation

Jn = factor for the number of joints

J, factor for the roughness of joints• J, = factor for the alteration of joint surfaces

Jw = factor for the water pressure on the joint surfaces

SRF factor for the level of imposed ground stress

reflects a breakdown of the Q index into three main factors: size of rock mass blocks

(RQD/Jn), resistance to block movement (J/1,), and natural rock mass effects (JjSRF).

The logarithmie scale for Q ranges from the very poor rock to the very good rock.

The database of both these classification systems originates for the most part from

civil engineering projects located relatively deeper within a rock mass than shallow

stopes. Furthermore, such cases have by-and-Iarge been related to better ground

•
conditions than shallow stopes of hard rock mines. Barton [57] undertook a careful

examination of the Q system to determine the specifie requirements necessary to ensure
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Table 1.5 NGI Empirical Rock Mass Quality Evaluation System [1 1]

Description Value: Nl)ICS

1. ROCK QUALITY DESIGNATION RQD

A. Very poor 0-25 1. \VhefC RQU is rcpor1l'd or
measun"1J as 10 (inc1udin~

B. Poor 25·50 0), il nominal \'alue of 10 is
uscd hl ('\'aluaIC Q.

C. Fair 50·75
2. RQD intcfvals of 5. i.e.

D. Good 75·90 100. 95.90 cie arc
surlicicnlly accUralc.

E. Excellent 90·100

2. JOINT SET NUMBER J. 1. For inlcrscctiolls use p.O .\ J
Il

)

A. Massive. no or fc\\' joints 0.5·1.0 2. For panais use (2.a :\ lu)

B. One joint set 2

C. One joint set plus randem 3

D. Two joint sets 4

E. Two joint sets plus modom 6

F. lluec joint selS 9

G. Three joint sets plus rondom 12

H• Four or more joint sets. random.
heavily jointed 'sugar cube' ctc. 15

J. Cn:shed rock. eanhlike 20

3. JOINT ROUGHNESS NUMBER J,

a. Rock wall contaCI and

b. Rock wall contact befure JO
cms shear

A. Discontinuous joinls 4

B. Rough or irregular. undulating 3

C. Smooth, undulating: 2

D. Slickensided. undulaling 1.5 1. Add 1.0 if the mcan spacing of
the relevant joinl sel is grealer Ihnn

E. Rough or irregular. planar 1.5 3m

F. Smooth. planar 1.0 2. J, .. 0.5 can be uscd for planar.
slickensided joints having

G. Slickensidcd. planar 0.5 lineations. provided Ihe Iinealions
are orienul.Ied for minimum

c. No rock wall contact when slrength
sheared 1.0

H. Zone containing clay minerais
thick enough to prevent rock wall
contact 1.0
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Table 1.5 (Continued)

• 4. JOINT ALTERATION NUMBER J. 9. (appro:o>.)

a. Rud: wall cull1acl

A. Tighlly healed. hard. non softening.
impcmlcablc filling 0.75

B. Unallcrcd joint walls. surface staining only 1.0 (25°-30')
1. Values of 9.: the residual

c. 5lighlty altered joint walls non·soflening friction angle. are intended as
minc:ral c03lings. sandy particles. c1ay·free an approximate guide to the
disinlcgraled rock. etc. 2.0 (25°-30°) minernlogical properties of the

alteration products, if present.
o. Silty-, or sandy-clay c03lings. small clay-

froctinn (non·soflening) 3.0 (20"-2S")

E. Softcning or low friction clay minerai
coalings, i.e. kaolinite. mica. Also chiante.
lalc. gypsum and graphite elc.• and small
quanlilies of swelling clays. (Discontinuous
cOôllings. 1~2 mm or Icss in thickness) 4.0 (8°-16°)

b. Ruck 11'011 contact befare /0 cms sllear

F. Sandy particles. c1ay·frce disintegratcd rock
clC. 4.0 (25°-30°)

G. Strongly over-consolidated. non·sortening
clay mincral fillings (continuous. < 5 mm
thid) 6.0 (16°-24°)• H. Mcdium or low over·consolidation,
sortening. clay minerai fillings.
(continuous. < 5 mm thick) 8.0 (12°-16°)

J. Swelling clay fillings. i.c. montmorillonite
(continuous. < 5 mm thick). Values of JI
dcpend on percent of swelling c1ay-size
particles, und access to walcr. 8.0-12.0 (6".12°)

c. Na rock wall contact when slleared.

K. Zones or bands of disintegrnted or crushed 6.0
L. rock and clay (sec G. H and J for clay 8.0
M. conditions) 8.0-12.0 (6"-24°)

N. Zones or bands of silly- or sandy clay. small
clay fraction. (non-softening) 5.0

Q. Thick. continuous zones or bands
P. of clay (sec G. H and J for clay 10.0-13.0
R. conditions) 13.0-20.0 (6°-24°)

•
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Table 1.5 (Conlinued)• 5. JOIr-.'T WATER REDUCTION FACTOR J. appro\. \V:\ler
prc:-surc

A. Dry ~xca\'ations or minor ionow. i.e. < 5 (Kg.r/cm~)

Hl/min. locall)' 1.0
1.0

B. Medium ionow or pressure. occasional
outw3sh of joint lillings 0.66

1.0-2.5 1. Factors C 10 F arc cml1c
C. Large ionow or high pressure in compc:tenl cSlim:ucs. Incr~'asc J.. if

rock with unfilled joints 0.5 drainage mcaSUTl'S ,ln:
2.5-10.0 Înslalh.'l1.

D. Large ionow or high pressure. considerable
outwilsh of fillings 0.33

2.5·10.0 2. Special problcms causcd by
E. Exceptionally high ionow or pressure ;11 ice fonnatiOil arc not

blasting. decaying with lime 0.2-0.1 consillcn'd. Factors C 10 F
> 10 arc cnlt.lc .:stinm!cs. Incrcasc

F. Exceplionally high ionow or pressure 0.1· .1 .. if drainage lllCilSurCS arc
continuing withoul dccay 0.05 inslallctl.

>10
6. STRESS REDUCTION FACTOR

SRF
a. Weakness zones ;ntcrsec:ticm e:cca\'atiun. whit-h 1. Reducc lhcsc villucs uf SRI~

may cause luosening uf rock mass whcn tunnel by 25 • 50% if lhe relevanl
is e:ccamted shcilr zones only influence bUI

do nol inlcrsC'CI the excavalion
A. Multiple occurrences of weakness zones 10.0

containing clay or chemicaUy distintegrated
rock, very loose surrounding rock (any depth)

• B. Single weakness zones containing clay, or chem- S.O
ieally disintegraled rock (excavalion depth < 50 m)

2. For strongly anisotropie virgin
C. Single weakness lones conlaining clay, or chem· 2.S stress field (if measurL"tI):

ically disintegrated rock (excavation deplh > 50 m) when 5 ~ olo.. S ID, reduce
0< 10 0.80" and 01 10 0.801,

D. Multiple shear lones in compelent rock (clay frcc), 7.5 When 0 1/0,. > ID, rcducc 0,

loase surrounding rock (uny deplh) and al 10 0.60< and 0.601,

where 0.- unconfincd
E. Single shear lones in competent rock (clay free), S.O compressive slrcnglh. and

(deplh of excavations < 50 m) al - tensilc slrcnglh (point
load) and °1 and 0 .. arc the

F. Single shear lones in competent rock (clay fre~), 2.S major and minor principal
(depth of excavalion > 50 m) stresses.

G. Loase open joints, heavily joinled or 'sugar cube' S.O 3. Few case records available
(.ny depth) where dcpth of crown bclow

surface is less Ihan Spart

widlh. Suggesl SRF incrcasc
from 2.5 10 5 for such cases
(se<: H)

•
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• Table 1.5 {Continuedl

l" CompcunI rock. rock strc.'fS prub/el1/s
SRF

H. Low stress. ncar .•urf;]c.:

J. Medium stress

>200

200·10

>13

13·0.66

2.5

1.0

K. High stress, very light structure
(usually favourable to slability.
may lx: unfavourable for wall
slability) 10-5

L. Miki rock burst (massive rock) 5·2.5

M. Hcavy rock burst (massive rock) <2.5

c. Squce:,in!: rot·k. plastic Jiu\\' of incompetent rock undcr the
influence of hi/:11 rock pressuu

N. Mild squcczing rock pressure

O. Hcavy squeezing rock pressure

0.66·0.33 0.5-2

0.33·0.16 5·10

<0.16 10·20

SRF

5·10

10·20

d. SWCffiflR rock, chen/ieal sl\'cllinJ: ac/MI)' depending "l'cm presence vfwater

•

•

P. Mild swelling rock pressure

R. Hcavy swelling rock pressure
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•

that safe spans predicted could be achieved in practice.

These methods do not relate to the identitieation or design based on a particular

failure mode. nor can they help select shallow opening geometry and proximity to surface.

An opening affected by several geological materials is addressed based on the worst

conditions. Furthermore, the problem is treated in two dimensions without eonsidering

the effect of the spail in the third dimension. The NOl method allows the selection of

stope dimensions (with or without support requircd), but the mcthod has been shown to

he conservative in regards to minimum critical span of surface crown pillars [58].

The idcal cmpirical method should he based on failed and unfailed shallow stopes

of hard rock mines. Golder Associates [4] developed a three-dimensional empirical

method for evaluating surface crown pillar self-stability. A relationship was derived

representing stope span (L), stope strike length (S), pillar thickness (t), major diseontinuity

dip ('0/), and rock unit weight (1,) (tons/m3
). This sealed erown spanexpression (measured

in meters) encompassing these parameters derived as

[ ]
o~

C-L 1,
, t (1 + L/S)(I-0A eos'IjT)

(1048)

was used to plot against rock mass quality, Figure 1.17, for 237 individual pillars.

From this distribution, a "critical span" relationship (between stable and unstable

conditions) was obtained whieh is very similar to the NGI relationship

•
Critical Span = 3.3 Q 0.43 (sinho.OO16 (Q))

but not the 1976 review [57]:

Critical Span = 2 Q0.66

,
il
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The process to calculatc a stable surface crown pillar is to use the chart or equation 1.49

to obtain C, which is thcn used to calculate the required span or thickness using equation

1048 (representing F, = 1).

104.3 Block Caving Prediction

Caving can be defined as the uncontrolled break-up and gravitational flow

movement of a portion(s) of a rock mass unable to support itself, towards and iuto an

opening.

Il becomes especially important to predict such a failure before an unstable

opening is ercated to prevent the mobilization of a great portion of the roek mass over

the opening which couId lead to surface element such as water inflow from surface bodies

of water or rain.

Although a number of authors have studied caving as a field induced process, none

have outlined conditions or analytical equations leading to its inception, though it could

be argued that minimum conditions to allow caving couId be used as maximum conditions

for maintaining an integral rock mass.

Coates [45], Bucky [59], and Kendorski [60] discuss field experience with induced

caving from which the following parameters controlling caving were Iisted:

1) rock mass fracturing: caving depends on the effective existence of discontinuities.

Blocks of similar shapes formed by persistent fracturing a1low for unstable

conditions compared to a rock mass composed of interloeked blocks formed by

non-persistent fracturing that can key together, maintaining an interlocked rock

mass, Figure 1.18.
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Figure 1.18 Jaint continuity and its effects far caving [60] .
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block size: the larger the blocks created by discontinuities arc, the better the

resistance to caving onset and the better the chance for block interlocking and

arching once the mass is mobilized.

3) rock strength: given the stresses imposed on rock blocks within a loosened rock

mass, blocks are subjected to compression and shear stresses. Fragmentation of

blocks to varying sizes becomes important, thereby depending on compressive

strength. Movement of blocks during gravity flow is dependent on bloek surface

cohesion and angle of friction.

4) ground stresses: high lateral stress will prevent general downward rock mass

movement by eonfining rock blocks.

5) span of underground opening: a wider span will prevent effective arehing action

amongst bloeks by forcing a greater tensile stress to a block arch.

Kendorski [60] attributes the start and continuity of caving to awell-developed low

dip discontinuity joint set, which if not present, might mean that rock even if vertically

jointed may have difficulty to cave.

The physical definition of the initiation of caving is not described in the literature.

However, Mahtab and Dixon [61] and Coates [45] have coneluded after elastic stress

analysis of underground openings increasing in width, that caving may occur under the

int1uence of increasing shear or tensile stress accompanying such larger spans.

No analytical formula for predictability of caving inception or stability of caving

activity has been created. Empirical classifications on the other hand have been

developed to evaluate the potential for caving based on rock mass quality [62][63].
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Diering and Laubscher [63] created a chart to design stope geometries for caving

extraction layouts, Figure 1.19. The limiting curves for self-support und cuving ure buscd

on adjusted Rock Mass Rating values for variations in dip of the orebody and geological

structure.

Model studies of sands and grains In silos [64] have found upplicution in

predieting the geometry of the flow pattern. This pattern consists of u limit ellipsoid

beyond whieh material will not move and an interior ellipsoid of motion which limits the

source of material falling into the stope, replaced by matûrial within the limit ellipsoid.

Figure 1.20.

Coates [45] describes the behaviour within the ellipsoid of motion as irrotational

where material moves downwards without rotation. The material in the limit ellipsoid

rotates as a result of rotation indueed by shearing at the boundary of the ellipsoid of

motion.

Sueh flow models. however, are based on flow of relatively uniform material.

Therefore, the interloeking effeets of bloeks of various assortments of sizes might not

make the flow ellipsoid concept valid.

The extent of the ellipsoid of motion is given in terms of its ececntrieity [64]:

where

E = .!..h + b 2
a

=
6V +1, (1.51)

•
a = semi-major axes of the draw ellipsoid

b = semi-minor axes of the draw ellipsoid

74



•
100

90 Transition
zone

80

"
III
Cl~
c: 0 70- i>'
0.... -
III

c: 60cuIII E0
E -III 50::l

"'" .~

Covingu "0
0 0....

X 40
"0 0::cu- ~III
::l 0:: 30
.~

~"0• <t NOTE:20
Adjusted Rotings =

10 Insitu Rotings x Adjustment factors

0 10 20 30 40 50 60

Hydraulic radius =
Area of undercut {ml

Perimeter

•

Dip of surface Adjustment. %

0-30· SO
30-50· S5
50-70· 90
70-S0· 95
SO-90· . 100

Figure 1.19 Caving chart and stability according to rock mass rating [63]

75



•

H

h
Drow cone

Ellipsoid of motion
(drow ellipsoid)

•

\

1
•

1

/
•

,-"--------------.-
./ '\

/ "

1 \
•

•limil ellipsoid~

\
•
\
\
\
\
•

•

w
(

•
Figure 1.20 Ellipsoid drawing pattern for caved rock (4).

76



L

h
v,

= stope span

height of draw = 2a
4

volume of ellipsoid of motion = ---:-~
3rrab 2

•

•

1.4.4 Numerical Procedures

The delineation of stress conditions and expected displacements adjacent to and

around shallow openings is now possible, given the increasing range of computer

modelling programs available. However, few of the codes directly address the complex

geometrical characteristics and behaviour modes related to shallow stopes of hard rock

mines.

Linear elastic analysis, widely used in 2- and 3-dimensional finite element and

boundary element computational codes, can only be considered relevant to provide general

stress distribution around shallow openings located in a material(s) behaving in a linear

elastic fashion. Tension, or shear failure from imposed stresses, rather than gravity

movements, can be obtained given the application of a failure criterion such as the

Drucker-Prager [65] or Hoek and Brown [52].

The Hoek and Brown criterion is an empirical approach based on the best fit curve

of laboratory generated rock strength (expandable to field strength based on general rock

mass quality). It considers major and minor principal stress imposed, and takes into

account both compression and iensile modes of failure. The Drucker-Prager yield

criterion takes into account triaxial stress conditions but fails to consider any tensile

failure. Therefore, the application of this criterion may not be suitable, because of the

probability of tensile failures in the near-surface environment.
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ln one application of finite clements for shallow stopes. results have been shown

to be very sensitive to small changes in the m and s Hoek and Brown parameters when

these are low. as is the case for rock masses of poor quality [16]. Application of linear

elastie finite elements has been performed for shallow stopes. below the Kidd Creek Mine

[66] and Thompson [12] open pits, and shallow stopes of variable dips sueh as the Pierre

Beauchemin Mine stopes (45 0 dip) [67] and the Niobee Mine stopes (900 dip) [68]. A

boundary element code has been used for stopes below the RUllan Mine open pit [151.

Large strains imposed to rock leading to rock block movements or large rock mass

strains occur during the failure of shallow stopes. Large displacements have been

modelled for shallow stopes in bloeky environments of abandoned mines by Golder

Associates [4] and Picciaccia et al [69] for the Pamour Mine, using the UDEC distinct

clement code. Such codes aIlow for a 2- or 3-dimensional analysis of blocks muking up

a rock mass. Flexibility in selecting individual or generalized block geometry is possible.

Application of the 2-dimensional version is usually not representative of complex 3­

dimensional geometrical effeets; however, many 3-dimensional programs arc difficult to

use for such cases. Multiple trials of 2-dimensional analysis arc therefore usuuIly rclied

on to provide indications of sequences of bloek movements.

Large strain models using the ADINA code have ulso been used to model

movements in altered rock environments, at the Selbaie Mine [70] and the Guys River

Mine [19].
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1.5 OBJECTIVES

The general purpose of earrying out this researeh program is to improve the

methods mine operators eurrently use to seeure shallow stope mining aetivity and reduee

fu turc stope stability problems. This might ultimately enhanee the safety of workers and

the viability of mining.

Six specifie objectives have been defined for this thesis. The fiist is to frame the

situations in which faiIures of sueh stopes become possible, i.e. how and why failures

occur. This entails establishing the rock environment types in which hard rock mine

stopes are commonly loeated, c1assifying the variety of faiIure mechanisms whieh can and

have oceurred in each type, and identifying the geomechanieal parameters associated with

the development of the faiIure types.

The second objective is to eontribute to rock mechanics knowledge by developing

concepts and appropriate analytical equations hitherto non-existent for individual faiIure

mechanisms cornmon to shallow stopes of hard rock mines. These are meant to be

praetical and useable for the praetitioners in industry. For the first time faiIure-specifie,

rather than global sUITounding behaviour will be evaluated.

The third objective is to employ ar.d evaluate numerical modelling as a design tool

for shallow stopes of hard rock mines. Close simulation of the rock mass, mining

geometry, and in situ loading conditions will be followed for the selection of partieular

numerieal codes.

The fùurth objective is to baek-analyse well-known, but unresearehed, faiIures of

shallow stopes to identify the geomeehanical conditions whieh led to failure, and rate the
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analytical, numerieal and empirical design approaches according to their cffectivencss in

predieting the type of failure that oceurred.

The fil'th objective is to devclop case studies of active mines tha! arc planning to

ereate or expand shallow stopes. This will address several different needs. It will

complement the information obtained l'rom known failure cases (whieh represent limit

equilibrium). Supplemental rock masses of varying properties will afford a range of

factors of safety for eaeh type of failure analyses. In this sense a databank of cases

becomes available to develop concepts and ranges of stability as weil as l'ailure for mine

operators and future research. The opportunity will thus cxist to measure the effects of

particular rock mass parameters on the sensitivity of the various analyses. General

conclusions about the geomechanieal parameters controlling failure can bc obtained.

The operators of each mine will have indications on the possible failure

meehanism(s) anticipated and limitations to the extraction planned to avoid stope l'ailure.

Furthermore, some basis will exist for the selection of ground support and monitoring

techniques.

Aeeess to the site will allow the studying of existing conditions, quantifying of

stability parameters and performing of laboratory and field measurements, to provide

precise data to the analyses. Design will be based on an integrated approaeh, using the

developed analytical equations, numerical modelling, and empirical methods. In this

fashion, the suitability of each approach will be evaluated.

The final objective is to recommend design approachcs for specifie rock mass

environments and expected failure mechanisms. The geometry and depth of stope would

also be considered.
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CHAPTER 2

DEVELOPMENT OF ANALYTICAL METHODS

This Chapter outlines mechanical representations of the common failure

mechanisms identified in Chapter 1. Each mechanism is distinct from the other and

represents an elementary form of failure. Each mechanical behaviour is formalized into

a limit equilibrium equation. This follows the common geomechanical factor of safety

approach to compare the influences of load~ against the capacity of the rock mass to resist

movement.

Although a limit equilibrium approach simplifies the problem to one of strength

relationship without considering deformation, when properly defmed, it can represent a

rigorous analysis that is usually adopted as a norm in rock mechanics [30].

These analytical equations consider the redistributed ground stresses caused by and

around the shallow stopes. This allows for their application to any particular situation.

Numerical modelling is used to generate redistributed stress conditions from known

naturai stress distribution and stope geometry. This is a sophisticated method which

provides not only a realistic stress distribution for any given problem, but aise represents

a good quantification of values which, when combined to the well-defined values for the

other equation parameters, will yield an accurate representation of stability conditions.

CUITent field and Iaboratory tests can provide equation parameters as accurate as the stress

values returned by numerical modelling. It is left to the users of these equation~ to

perform the appropriate in situ and lab tests to obtain the most representative and accurate

parameters for application of the equations and numerical modelling. Major efforts in this
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direction is crucial for dctcrmining stability bascd on accuracy. comp\ctcncss of data and

range of parameter values.

The following broad lines of failure mechanisms and sub-types. presented in

Chapter 1, will be developed analytically:

1) plug failure

2) ravelling failures (block falls; block slides)

3) strata failure

- intact strata (multiple and single layers)

- voussoir arching

4) ehimneying disintegration

5) bloek caving

These analyses are outlined for self-supported openings. i.e. no artificial ground

support is considered. This a1lows for a full comprehension of the' meehanics of the

problem, and for a proper consideration of the location and type of artificial ground

support to be applied.

2.1 PLUG FAILURES

The plug failure mechanism affecting surface crown pillars of shallow und~rground

openings involves the displacement of a large single block ("plug") downward during

failure, driven by gravitational loading. Movement takcs place on well-dcfined

discontinuities bounding the block in three dimensions and extcnd from the opening

upward to the top of bedrock.
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The analytical equation developed here will consider the following issues:

J) The confinement stresses, 0; & Oy', considered in Hoek's [21] approach are based

on the linearly distributed natural, pre-opening ground stress values.

A more representative consideration would be to use the redistributed stresses in the

rock mass around the opening, once it has been created. These changes in direction

and value from the natural ground stresses depend on the depth, size and geometry

of the opening and relationship to others, the materials' moduli of elasticity,

Poisson 's ratio and unit weight as weIl as the properties of the natural stress field.

The confinement stresses to be considered in the analysis must therefore be based

on resultants of the redistributed stress field portion acting on the discontinuities

where the block can potentially fail. It is conceivable that such resultants may in

part be tensile (effectively adding no normal stress to the discontinuity) rather than

only compressive which is anticipated by the Hoek analysis.

2) A potential failure black can originate ','Iilhin or as ail of the surface crown pillar.

This must he expected in light of the stress variations within the surface crown pillar

and the presence of failure surfaces that can exist within il, not just at its boundary.

3) A block can fail on a number of large failure planes (if they exist or can be created

by shearing), a minimum of three to defme a three-dimensional block [30].

4) Plug failures commonly occur on continuous failure surfaces, usually defmed by

large-scale discontinuities such as faults, well-developed rock fabric (bedding,

foliation, etc.) or large joints. It is unreasonable to expeet that a rock mass of higher

quality with few, if any, properly oriented weaknesses will fail in this fashion.

Although a condition where sorne solid rock shearing is possible, shearing of large
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• quantities of intact rock is not representative of the problem as it usually presents

itself.

A failure analysis should, however, be capable of considering bath shearing on a

discontinuity and rock bridges occurring across them. Strength properties of joint surfaces

are not implicitiy included in Hoek's [21] analysis, considered only qualitatively in the

RMR rating employed. Specifie and quantitative details, on fault and fabric shear strength

and infilling properties for example, are worth considering.

Sorne of the commonly-used shear failure criteria, such as the Mohr-Coulomb

•

t = C + on tan <1>

where

<1> = internai angle of friction of the roek material

On normal stress imposed on the sheared surface

t = shear strength of the surface

c cohesion of the discontinuity surface

the Newland and Allely [71],

t = C + on tan (CP + i)

where

(2.1 )

(2.2)

i = average angle that joint surface asperities make with the plane of the discontinuity

t =

•

the Ladanyi and Archambault [72],

CJn(1-a,)V + tan<l> + a"

1-(1-d,) V tan<l>

where

as ratio of the sum of areas of sheared asperities ta the total sample area

V the rate of dilation at the instant of peak shear strength

a" = shear strength of the intact rock (asperities)
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•
and the Barton [73J criterion

"C = 0" tan rRC 10g'D [J~SJ+ $,]
where

1RC = roughness of the joint, on a defined seale

lCS = compressive strength of the joint surface

(2.4)

•

•

$, angle of friction of the joint surface defined by the basic internai angle of

friction factored to refleet joint surface properties (asperity and infilling)

indicate that shearing strength of discontinuities is primarily influenced by the cohesion,

the internai angle of friction, including the asperity (roughness) of the discontinuity

surface.

Wide discontinuities which allow plug failures to occur must take into

consideration the effects of joint properties, asperities, surface profiles, and infilling on

strength of surfaces meters to tens of rneters in size.

Barton and Bakhtar [74] in their review of the effects of joint properties on large

scale strength of discontinuities concluded that small scale discontinuity topology has

small effects on the very large size joint shear strength.

The roughness effects on joint shear strength decrease substantially as discontinuity

size increases, according to Patton [75]. Srnall size irregularities are ignored when

estimating the i value on a tens of centimetre scale; only the asperity angle of the larger

irregularities is, Figure 2.1. This is also seen in tests to determine leS and 1RC for larger

size joints, Figure 2.2. Therefore, the asperity component added to the basic angle of

friction of the joint surface can be substantially reduced. On a scale of several meters

involved in the shear strength of surfaces with potential plug fallures, it is reasonable to
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• discount the asperity componcnt and adopt a simple shear faillire criterion such as the

Mohr-Coulomb criteria to describe the potential for plug faillITe which only relates

cohesion and internai angle of friction of the discontinuity surface as direct shear strength

parameters. The composite angle of friction for joint surface (including wall and coating)

should he used to represent the discontinuity angle of friction value.

The equation to calculate the factor of safety against downward sliding by gravity

of a block defined by vertical joints can be generally defined by

F = forces resisting movement
, forces inducing movement

(2.5)

The components involved in caleulating this factor are total shear resistance. total weight.

•
and effects of groundwater in reducing shear resistance.

The shear resistance from each side of the plug defined by vertical sides is

where
c; = cohesion along the discontinuity forming the ilh side

an; normal stress on ilh side

CPri = angle of friction of the ilh discontinuity surface

This contributes to resisting the downward force of the plug given by its weight

(2.6)

•

W = Vpg (2.7)

where

V = volume of block

p mass density

g = constant of gravity

Brady and Brown [30] have shown that groundwater pressure distribution on the ilh side
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• bctwccn thc top of thc watcr tablc and thc stope roof Zi' follows a parabolic water

prcssurc distribution. Figure 2.3.

Thc total prcssure over this distance. for a 1 m wide side is

Z "1 - 'Yw

3

or from thc top of the block

whcrc

Hi = vertical distance from surface to the bottom of the ilh side

(2.8)

(2.9)

•
'Yw = unit weight of water

d = depth to the water table

Thc normal stress imposed on each block side can be obtained by using the actual.

rcdistributed ground stresses which exist around the shal10w stope. Numerical modelling

can provide these stresses through the elements 10cated at the exterior boundary of the

block. Transformation of the principal stresses for each element will provide the normal

componcnt and shear component in contact with the block side; in two dimensions:

(a +0] (a -a]anj = li 2 3 + li 2 3 cos2a
(2.10)

- a ]2 3 sin2a
(2.11)

•
where

al. 0 3 = modelling element major and minor principal stresses respectively
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. top of shallow stope [30].
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• stress normal to black surface

'= shear stress parallcl to block surface

(J. = angle bctween the plane on which cri aets and the block surface, positive

counterclockwise from the a, plane.

Transformation of principal stresses in three dimensions to normal stress along one

of the three axes used to define the model (e.g. y vertical, x and z horizontal) is

performed using the direction cosines, l, m, and n, representing the cosine of an angle

bctween a major principal stress direction and the direction along one of the three

reference axes [76]:

cr =a /2 +cr m 2 +a n 2
n 1 2 3

(2.12)

•

•

where

an = resultant normal stress along reference axis x, y or z

cr" a2, cr3 modelling element major, intermediate and minor principal stresses

~ cosine of angle bctween x, y or z, and crI

m cosine of angle bctween x, y or z, and cr2

n cosine of angle bctween x, y or z, and cr3

The sign convention follows rock mechanics usage, compression is positive and positive

shcar stress produces a clockwise rotation about a point taken inside the infinitesimal

stress clement.

The normal component provides a resisting shear force which when added to the

normal components of the other elements provides the total normal shear resistance for

each side. This must a1so bc added to the cohesion a10ng the block side.

The normal force imposed by the in situ stress for each side is

(2.13)
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where

crnj = normal stress imposed for the jlh element of one block side

Aj = area of each model element (length times unit width for 2D)

J = j'" element of m elements for one side

= ilh of n block sides

The equation to calculate the factor of safety against downward falling by gravity

of a plug defined by vertical joints or joints dipping outward (giving the block a wedge

shape) so that the block can fall into the stope, is composed of shear resistance providcd

by the imposed normal forces induced by the in situ stresses and the cohesion along the

surface, divided by the driving force of the block, its weight plus the downward force

provided by the force in the case of a block with non-vertical, dipping sidcs (Brady and

Brown [30) in analysing the peripheral stability of a triangular block in this fashion

include the downward vertical component of the normal force into the equation to satisfy

equilibrium):

F, =

Where

,
n m 'Y, (H -d)2b
~ C, A,+ ~ crn) A) - w 1 i

tan$ri sin'l',
i=l j=l 3

m m Yw (H,-df b,
Vpg + ~ ~ crn) A) - cos'l',

i=l j=l 3
,

(2.14)

•

'l'i dip of the iith bloek side

bi = width of the ith block side

When cohesion is zero and $, is greater than 'l'i the shear force component provided by

the confining stress on this side will not be sufficient to contribute to resist the downward

force [30). This side then is not available for clamping and should not be included in the
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• summation. Should two adjoining sides of a four sided block be subjcct to this condition,

plug failure is assured.

The possibility that a plug may slide into a stope on an inclined surface must also

be cxamined. In this case sliding can be assumed to occur only if the block side opposite

the sliding side is of equal or lesser dip and the clip of the other sides are vertical or

towards the stope periphery.

To avoid the geometric complications of resultants of 3D force vectors acting in

one sliding direction, the sliding plug analysis will be limited to one sliding side, an

opposite side with the same strike but lesser or equal dip, and two other sides, parallel,

vcrtically dipping with strike orthogonal to the dipping sides.

" (H -d)2b
'''' of .r

3

The limit equilibrium equation of such a sliding plug becomes

Y., (H,-âib,

3
+ VQgcos'l', -

m
c,A, + :E cr",/ A,/

j=lF, =__-..l~'::""....".._L- .,,-_--i.'---_ +

VQgsin'l', + [~
j=l

•

VQg sin 'l',

m YJ"H - â)2 b
C,A2 + :E crn1/ A2/ - ' 3 2 cO~'l', - 'l'2) tan$'2

j=l
-_-..l~--7"'"--i.~-----....L-.,,----'---+

[~ A Y... (HI -d)2b'] . ( )+ ~ crn1/ 2/ - 3 • sm 'l', - 'l'2
j=I

•
(2.15)
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where• s =

'l', =

'1'2 =

•

•

subscript indicating strength parameters of the sidc on which the block slides

dip of side on which the block slides

dip of plug side opposite sliding side

If a two-dimensional approach is used, the elements arc assumed to have unit

thickness. In this instance the opening is very long in the 3rd dimension and plane-strain

conditions assumed to exist. If this clamping force resultant on the l'ailure surface in 2-D

is sufficient, analysis may not require consideration of the third-dimension surfaces.

When the block's plan dimensions arc similar, a complete three-dimensional limit

equilibrium analysis is necessary using 3-D modelling. In this case the three directional

cosines of eaeh model element of each plug surface must be used to ealculate the normal

stress imposed by each element and calculating the resultant over each surface as the

normal stress component of equations 2.14 or 2.15.

The drawback of this plug failu!(,approach is that it is computationaily intensive

in considering the conversion of stresses for eaeh relevant mesh clement to shear and

normal stress effeets. However, it affords a detailed analysis and close geometric

representation of each plug failure problem and uses a representative problem-specitic

stress condition on potential bloek sliding surfaces. The equation can, however, be

simplified by using the stress distribution preferred by the user.

2.2 BLOCK RAVELLING FAILURES

Field observations indicate that l'ailures in the erown of underground openings (by

ravelling or weak rock material failure) is commonplace when eritical spans are exceeded.
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Indeed, ravelling may even extend ta the hangingwall and/or footwall, and lead to new

cavities after continuous rock falls or block s!ides (from blocks defined by a minimum

of three joints [30D.

Stable cavities imply that the rock mass is capable of sustaining compressive thrust

through the peripheral blacks which effectively redistributes the weight of the blocks and

imposed stresses to the sides of the openings, while resisting the shear stress between

blacks. Continuous development of raveIling to surface ean proceed if the material

properties and/or lateral stresses are insuffieient ta stabilize it, leading ta a possible failure

of a shallow stope.

Effective weight transfer may not develop in rock masses that are sufficiently weak

ta cave, section 1.4.3, involving general flow of rock within the rock mass beyond the

peripheral area of the opening. The weight transfer proeess becomes more efficient as the

size of rock blocks increases, where in such rock masses larger unsupported spans are

possible before raveIling leading ta a stable cavity oeeurs [45].

Ta date no limit equilibrium method exists ta calculate the factor of safety or

expeeted eavity location and (dome) shape that can develop from block falls given the

span of an opening, its rock mass properties, and the ground stress conditions. A !intit

equilibrium between forces has been outlined by Brady and Brown [30] but only for an

isolated triangular block, falling from the periphery. This method does not eaiculate

ultimate cavity growth for a rock mass based on imposed stresses, considers restraining

forces rather than existing stresses, and does not consider other bloek shapes.

As weil, the meehanies of sliding bloeks at the periphery of a rock mass has not

been addressed. In the approaeh used here, the physical development of erown and
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• periphery ravelling involves the progression of parallelepipcd black falls <md/or si ides

from the immcdiate stope surroundings until the state of ground stress is slIch ta provide

a limit equilibrium ta each black, i.e. the black weight is supported by damping l'rom the

ground stress. Regardless of the geometry of a black, it will remain in placc whcn thc

component of the shear resistance mobilized atthe sidcs of the black cxcccds thc block's

weight imposed shear stress.

The approach ta limit equilibrium is based on the sum of the forccs in the

direction the weight is acting, wrillen in factor of safety form

F = :Ev
, W (2.16)

•

•

where

W black weight

LV = sum of shear force resistance in the same line of action as black wcight

In this approach, the tangential stress atthe stope periphery is used as thc damping

stress that may or may not be sufficient ta allow a black ta fall or slidc from the

periphery. Black falls and black slides wcrc defined by Brady and Brown [30] and Hoek

and Brown [52] using stereographic projections. The formcr occur whcn blacks are

defll1ed by discontinuities which enclose a verticalline (center of thc projections), Figure

2.4a, Figure 2.5. In this case the black drops out of the rock mass without sliding. If this

line lies outside the interseeting diseontinuities, a black may slidc if its sliding surface or

intersection of surfaces dips more than the black surface's angle of friction $" Figure

2.4b, Figure 2.5.

The analyses developed here ta obtain a stable cavity outline is two-dimensional.

Only two joint families making up the black will he used, in a given plane, ta analyze the
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Figure 2.4 Stereographie conditions for a black faH and black slide [30].
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Figure 2.5 Disposition of block at stope periphery for ravelling analysis.
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stability of a block, the third joint family assumed to be parallel to the plane of the

problem at unit width spacing and offering ne, shear resistance. This simplified approach

is therefore conservative but has been utilized commonly by other authors [30] [77] in

analytical and numerical analysis. A three-dimensional analysis would increase

complexities significantly and would not respect the objective to provide operators with

simple methods of analysis.

This joint distribution implies that thi -'"ock mass is composed of parallelepiped

blocks. The method could be expanded to include more joint families. By describing

block geometry using representative joint family spacing, joint surface properties, and

joint orientation, ail geometrical and mechanical aspects are defined. The block is

considercd rigid (no deformations) and the block surfaces respect the Mohr-Coulomb

failure criterion which for a tens of centimetre scale incorporates roughness and joint

infilling effects represented by an angle of friction <1>, for the block surface, equation 2:4.

The procedure to calculate the extent of the cavity that will be produced by

ravelling blocks is a process with two consecutive analyses. Since block falls would

occur from the periphery before block slides (Figure 2.5), the procedure is to first analyze

for block fall extent (if the conditions outlined in Figure 2.4a exist), then to analyze for

block slides if falling blocks occur at the crown, and at the periphery.

Il is conducted as follows:

1) The block weight is calculated from the spacing for each joint family to supply the

block area which is multiplied by unit thickness; this will be multiplied by unit

weight.
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In the case of a block fall only the upper two of the block's four sides will be used

as contact surfaces on which tangential stress acts, Figure 2.6. These are intersecting

sides that are assumed to be in contact with the rock mass whcrcas thc other Iwo

sides form part of the boundary surface.

In the case of a block slide, three surfaces in contact with the rock mass arc used in

the analysis, assuming one non-sliding surface forms part of the cavity boundary

surface.

4) For ravelling to be continuous in the crown, bloek slides will occur after block falls,

given that joints are not vertically oriented in which case only block falls occur.

5) The geometrical information is input in the limit equilibrium equation to represent

the block ravelling type existing at that location of the periphery, and the value of

the tangential stress at that location of the periphery necessary to provide support

shear stress is calculated for a given location of stope boundary.

6) This value is compared to the tangential stress existing at the opening periphery, as

returned by the numerical modelling which is run with the desired stope shape.

Where this tangential stress is less than required, ravelling would occur. This will

be the condition until sufficient stress levels exist to maintain an integral rock mass.

The locations where compressive stress is just sufficient to clamp the blocks (F, ­

1) represent the expected stable cavity oudine formed after ravelling. The final

shape of this oudine is compared to the bedrock boundary to evaluate for stope

failure. In reality, numerical modelling should be redone progressively to confirm

that tangential stresses with this expanded stope outline conform to the stress levels

required. This is a process requiring computing time which is made casier by
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Figure 2.6 Stress distribution on ravelling, falling block.
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• constructing the modelling mesh in a fashion which can approximate the irreglilar

periphery when elements are removed to represent ravelied blocks.

The analysis of a block fall is shown in Figure 2.6. The peripheral stress is tirst

decomposed into a force acting on a vertical projection of the block side

The shear force resistance along a block face imposed by the tangential stress is. using•

FllJllg = (1tang Ai COSCX'j

where

Ut = internai block angle between vertical and the il" block face

Oung = tangential stress at the periphery of the opening

Ai area of ith side (length for 1 munit width)

The component of that force normal to the block face is

F", = (0,.". Ai cosai) cos a,

the Coulomb criterion

where

Ci = cohesion on ith block face

CPri = angle of friction of ith block face

The vertical shear force component resisting block weight is

(2.17)

(2.18)

(2.19)

(2.20)
2 2
E V, = E (Ci + O,a". cos2ai tancp,i) Ai cosa,
i=l i=l

Brady and Brown [38] in analysing a triangular block in this fashion include the

downward vertical component of the normal force

• in the eqllation to satisfy static equilibrium
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• 2
W + E AP,an.c0s2a,sinai

i=l

whcrc

2
= E

i=l

(2.22)

•

•

W = weight of the block

A; = length of thc block's ith side (unit length, 3rd dimension)

n number of sides considered in the analysis

from which minimum required tangential stress is obtained. But when cohesion is zero

and a; > $0' the vertical shear force component provided by tangential stress on one side

will not be sufficient to contribute to resist the downward force

(AP,"n. cos2ai sin ai > AI (J'an. cosa; cosal tan $ri) in shear [38]. Because only two

sidcs arc available for clamping, the lack of clamping on one side guarantees failure.

Thereforc, a rock mass composed of such rock blocks will have blockfaIls irregardless of

thc tangential stress value, unless support is provided. The result of such unsupported

ground is to have a cavity created at the extent of block faIls, Figure 2.5. Therefore

modeIling to yicld peripheral stresses after all block faIls occur and block slides take over

around this new cavity, can start with a new stope periphery which incorporates this

ultimate block faIl cavity.

Examination of the discontinuities' orientation can lead to the geometric outline

of this block faIl cavity for modelling purposes and to examine if such a cavity would

reach surface.

If the intersection of two limiting discontinuities drawn from the upper stope

periphery corners lies inside the bedrock boundary, block faIls will not reach the top of

bedrock, Figure 2.5.
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• The ultimate cavity height created by such block falls alone. is given by its hcight

from the highest of the stope corner involved:

where

Cl) = dip of crown periphery

'If, = dip of discontinuity in the same direction as the crown periphery

'lf2 dip of discontinuity in the opposite direction as the crown periphery

L = horizontal stope span

This can then be compared to the depth of this stope corner.

(2.23)

•
If sliding of blocks occur after bloek falls. then the cavity will have a diffèrent

shape than that shown in Figure 2.5.

The analysis of sliding block equilibrium in the direction of the sliding motion can

be performed by taking into consideration the dips of the joints and the angles made

between a normal to the periphery and the block sides, Figure 2.7. It is assumed that the

block will slide on the steepest dipping side with respect to the opening.

A sliding block (with sliding side dip of 'If,) supports part of its weight normal to

the sliding surface, W cos 'If,. leaving the remainder of the weight W sin 'If, to represent

the failure driving force component of block weight.

The tangential stress provides a normal and equal force to each of the sides

parallel to the directions of sliding. Figure 2.7:

•
F., = 2 (OlDO, A, COS<1.,)COS<1.,
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Figure 2.7 Stress distribution on ravelling, sliding, black.
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(2.25)

• where

<Xns = angle between normal to periphery and block sliding surface

This normal force, when added to the resisting weight component, provides the total

resisting force

F, = 2cA, + (2a"",gA,cos2U", + Wcos'l') tan 4>"

At limit equilibrium

Wsin'l', = 2cA, + (2a"",g A, cos2u", + W cos'l',) tan 4>" (2.26)

•

•

In this fashion potential failures around the shallow stope are identiticd when the required

tangential stress is compared to that provided by modelling for representative periphery

geometry.

The block slide and block fall analyses should be performed for each rock mass

sector that shows varying joint orientation and properties. In this fashion a representativc

final cavity outline of the entire rock mass can be obta1ned. Comparison of this cavity

outline to the bedrock profile is used as verification against possible disruption of

overburden and other surface elements. This analysis can include forces imposed on

peripheral blocks to maintain them in place.

This analysis is simplified compared to the more sophisticated analysis of rock

mass block movements afforded by discontinuum numerical codes such as the Block

Spring Model [78] and other similar numerical block modelling codes. These allow for

rotation as weil as linear movement, while more sophisticated failure criteria than the

Mohr-Coulomb criterion can be used.

However, the block code approach is still dependent on block geometry as input

information. In both analytical and numerical approaches. even when an exhaustive

()
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geophysical, mapping, and roek core examination program is undertaken, the aClUal

geometry and distribution of rock blocks around a shallow stope remains arbitrary,

justifying a simple block geometry approach. The block codes are used to model simple

block geometries and can indicate displacement and effect of ground support but will not

provide factor of safety against ravelling. Furthermore, the analytical approach presented

here will be faster in calculating ultimate block faIl cavity height versus bedrock location.

The application of block codes for shaIlow stopes would seem more appropriate

for large scale rock mass block mobilization such as caving. Progressive block ravelling

from the periphery can be represented by this combined analytical and numerical

approach.

2.3 STRATA FAILURES

Stratification of rock introduces distinct behaviour of rock masses. Because of low

bonding at the strata interfaces. parting of the layers is easier than for intact rock.

Failures are expected to originate. in part at least, from such weaknesses. The evaluation

of performance of such environments requires different procedures than those applied in

unstratified. but otherwise jointed rock masses.

The particular behaviours to design for are: slippage of strata leading to strata

separation, stability of the lowest exposed stratum, stability of the stratum when it has

failed but is self supporting through Voussoir action (linear arch).

If several strata fail, the extent of the failure zone around the stope has to be

determined for comparison to possible break through to surface. Gravity loading is
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usually taken as the sole mechanism driving the failures. resisted by the shear. tensile or

compressive strength of the rock strala. Lateral stress should be considered as an

affecting agent. as should the reduction in gravily loading occurring in dipping stmla.

Depending on the longitudinal extent of an opening. the problem can be studied in either

two or three dimensions.

2.3.1 Strata Separation

Movements leading to strata separation and deformation must first overcome the

shear resistance between strata. A joint behaviour model. such as those deseribed in

section 2.1, ean be used to establish strength against interbed shearing. ln the simplest

approach, the Coulomb mode1 can use the imposed stresses, 't and crn• obtained from

theoretical elastie stress analysis or from numerieal modelling at points coinciding with

the location of the bedding planes. Inter-strata shearing will occur when the shear stress

imposed at the inter-strata joint boundary is greater than the shear bond strength. Once

individual strata have separated, stability of single or stacked stratum must be examined.

2.3.2 Two-dimensional Strata Stability

Failure of a rock stratum by gravity involves eomplex loading mechanisms of one

stratum or several strata on one another. If a less rigid stratum lies bclow a more rigid

one, it will be only loaded by self-weight. When the lower stratum has more rigidity it

will carry sorne of the upper load. Field observations indicate that metamorphie and

sedimentary terrains associated with hard rock mining ean occur in a stratified form with

regular strata thickness and geomechanical properties [14][17][79]. On this basis, the
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• analysis of strata behaviour considered in this research will bc based on identical stratum

overlying each other. In this section, the stability of a single stratum is treated. Loading

of the lowest stratum by overlying stratum is outlined in the next section.

Elastic beam theory (where stratum thickness < 114 roof span) and plane strain

conditions can be used to quantify the imposed stresses to a stratum under consideration

in two-dimension situations (where the length of excavation is much greater than roof

span).

The rock stratum can be considered as an elastic bcam structure with both ends

cantilevered. This reflects the continuity of the strata into the opening abutments.

where

• Yr

The self load per unit length of one stratum is

q = Yr t

= unit weight of rock

= thickness of the strata

(2.27)

°lnJul't'd

The induced stress considering a plane strain analysis is

_ My--
1

where

M = moment applied to the beam by the load

y = distance from the beam neutral axes (half depth) to point of reference

1 = moment of inertia of the beam cross-section

(2.28)

•
The gravity load q is used to calculate the imposed bending moment which, in the

case of a double cantilever bcam, is highest at the ends with a value of M = q L2/12. At

the strata centre M = q L2/24.
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• For a perfectly elastic material the modulus of elasticity is thc samc in tension and

compression resulting in the same level of imposed tension and comprcssion. Howcvcr,

lab tests by Pandey and Singh [39] have shown that rock has a highcr modulus of

elasticity in compression than in tension. The rock type analyzed in their various tension

and compression tests, a sandstone, displayed a compression modulus of 15 GPa, while

the tensile modulus was 10 Gpa. This would produce differing levels of imposed tension

and compression.

These authors locate the neutral axis of rock material subject to bending as

h = t
c

1+~E,

h = t• ,

.~1 + -'
Ec

where

(2.29)

(2.30)

•

he = distance from the concave surface to the beam neutral axis

hl = distance from the convex surface to the beam neutral axis

Ee = modulus of elasticity of rock in compression

El modulus of elasticity of rock in tension

The beam of "two materials" can be transformed into one of equivalent material,

Figure 2.8, for application of the elastic beam formula. In this case, the ncutral axis

coincides with the boundary between material in compression and tension, and is thcrefore

known. Both materials have the same unit width. At the center span the upper portion

"with a modulus of elasiicity Ee is under compression from bending, the lowe~cp&rtion is
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Figure 2.8 Transformation and stress distribution in a beam of "IWo materials".
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• in tension with a modulus of elasticity E" At the end of the beam the reverse occurs.

The basic deformation assumption used in the flexure theory remains valid. i.e.

plane sections at right angles to the axis of the beam remain plane. Thercfore. the strains

must vary linearly l'rom the neutral axis, Figure 2.8 (c). For this elastic case the stress

is proportional to strain and the stress distribution for a higher modulus of elasticily in

compression is also shown, in figures 2.9(a) following Hooke's law.

E = :!..
E

(2.31 )

•

The transformation of the section is accomplished by changing dimension of a

cross-section perpendicular to the neutral axes in the ratio of the elastic moduli of the

materials. The transformed section is shown in Figure 2.8 (b).

The moment of inertia around the neutral axis is the sum of two rectangles about

their base, which here is the neutral axis. Therefore, thc moment of incrtia is

(transformed to the tension material)

1 = [Ee ] (b) h; + (b) h,3

El 3 3

with b = unit width, therefore

(2.32)

(2.33)

•

In the case of a double cantilever beam the highest imposed stress, atthe bcam ends, are

at the top and bottom at a distance of he and h, respectivcly for compression and tcnsion.
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Figure 2.9 Effeet of imposing lateral ground stress to a "two materials" roek bcam.



This reduces equatioll 2.28 to• Mh, E E qL 2 Il,
cr, max = , = ,----

1 E E
{;'h: + h,3)t , (2.34)

cr, max
(2.35)

•

The m::ximum tensile and compressive stresses imposed should be compared to

their respective strengths to obtain a factor of safety against failure. Using the sandstone

moduli obtained by Pandey and Singh, a stratum la cm thick spanning a la m opening

will be subjeeted to 10% less tensile stress than the stratum calculated with the elastic

theory. As the rock takes on a higher modulus of elasticity, as for hard rock, this

differenee couId increase.

The four point beam test prescribed by Pandey and Singh is simple to carry out,

and given the potential difference in the calculation of imposed stresses, is worthwhile

versus using the conventional elastic approach.

In the case of dipping strata the load q is reduced

(2.36)

•

where

e dip of the strata

because part of the load is transferred to the lower abutment.

The presence of lateral ground stress imposes a load along the axis of the beam,

Figure 2.9. This axial stress cr, can be added directly to equations 2.34, 2.35, adding to

the compressive stress, but lowering the tensile stress.
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• When the bcam has a high slendemess aspect, amplification of the moment can

occur by the action of a high axial stress (the moment is increased by a large value equal

to the axial force limes the beam defiection). Based on the theory of elaslicity, the

moment induced was calculated by Timoshenko and Goodier [80]. The amplification of

the moments at the beam end, where it is highest, is

(2.37)

whcrc

r = 3r(tan À - À)]
LÀ2 tanÀ

•
L

t

Œ:crÀ=L __a

E t 2

beam span

= beam thickness

(2.38)

cr, = axial stress

E = the uniform modulus of elasticity for the material which can be replaced for

rock. If J;,. the bending modulus of elasticity is used, its value is [34]

Eb = 4E, /(1 + JE, /Et )

Verification of possible shearing of the beam at the abutment must also be

performed. Shearing occurs commonly when the beam is very thick. equal to or greater

than span. The shearing stress imposed for a 2-D case is

t = qL
2t

where

(2.39)

t = beam thickness

•
q

L

= horizontal beam load

= beam span
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Comparison to the shear strength of intact rock will also yield a safety factor which can

be eompared to the safety factor against tensile or compressive failure in ordcr to idcntify

the most likely mode of fa ilure.

The most important shortcomings of using elastic bcam theory are

a) The roof must be continuous, with no discontinuities across its span.

b) The failure mode in rock beams depends on the geometry of the beam size. Wright

and Bucky [81] and Stephansson [82] showed that "thin" or "sIender" beams (Jess than

hall' the thickness span) failed by tensile failure as expected by the beam theory, but

that "thiek" or "deep" beams (thickness greater than hall' the span) failed by an arch­

shaped failure in the lower eentral beam area, Figure 2.10.

e) If the lowermost stratum is under sorne loading l'rom above strata, there is aetllally

a limit to the number of beds whieh aetllally impose load. The Fayol [83] experiment

with identieal beam staeking to confirm field behaviour showed that starting with the

lowest beam, the defleetion measured l'rom each new staeked beam beeame

progressively less until additional beams did not change the deflection of the lowest

beam.

d) Sophisticated analysis of multilayered roofs of various geological material has been

performed by Stephansson [82] and Shorey [84]. The former calculated deflections

and moments at any point of individual stratum of layered systems with variable

properties and included abl!tment compression, whereas the latter ealclllated

defleetions of strata in a double layer system using deep beam elastie analysis. They

indieate that deformations 'eontinue into the opening abutments.
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Figure 2.10 Failure mode for a "thick" or "deep" beam [81][82].
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2.3.3 Extent of Failure Zone

If severa! poorly jointed strata have detached. incrcascd loading of the lowcr

stratum occurs. The ultimate bearing capacity of each of the lowest stratum is of interest

in order to predict the cavity height that wouId be created if progressivc rock stratum

failures occur. Such a progression has been shown to be different than that predicted by

the elastic beam theory [83], Figure 2.11. In the elastic case, failure of cach stratum

would be identical, involving strata breaking at the abutment. Field observations.

however, indicate that strata fail at progressively shorter intervals, leaving behind a cavity

shape over the opening [35][85].

The Fayol experiments [83] consisted of measuring the deflection of artificial

beams as they were subjected to loading from progressive stacking. Starting with one

double c1amped beam, a deflection was measured under its own weight. The experiment

was repeated with two similar beams stacked one on top of the other. The lower beam

deflection was greater, and the upper beam less than that of a single beam. With each

additiona! beam, the deflection imposed on the lowest beam decreased until any additional

beam did not affect the deflection of the lowest beam. Furthermore, these additional

beams did not themselves deflect, indicating that ail or most of their load was transferred

to lower beams. Load sharing of the upper beams to the lower beams is therefore in

effec!.

Delineation of the relative stability of each stratum under multiple identical strata

loading must begin by identifying the load being distributed to each stratum.

In the case of hard rock mine stratification, each stratum can be assumed to have

the same thickness and geomechanica! properties (section 2.3.2), and each stratum is also

118



• /
Il
V-I - -

/
/

// ,
/

/ /

/ /
1 /

1 /

1 . /

1 /
'/

(a)

• --------r-------,---- ---

---.-----'

( b)

•

Figure 2.11 Simplified elastic beam behavioul' (a) and actual field behaviour (b).
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• supported in the same way (double cantilever). The stacking of identical strata can be

represented by a vertical eolumn of springs with identieal spring constants.

A solution is obtained if eaeh stratum is considered as a spring loaded by its own

weight. Because of the similarity, the load l'rom each stratum will be divided equally

between it and the lower strata, Figure 2.12. The totalload on eaeh stratum then bccomes

the sum of ail the fractions of loads given by the overlying strata, as weil as that of ils

own weight.

The total load imposed on the lowest (first) beam l'rom itself and above loading

"/, = unit weight of rock

t = strata thickness

i = ilh stratum numbered l'rom the lowest stratum

n = total number of strata loading lowest stratum

This series satisfy all of the Fayol observations: that the lowest stratum earries the

Pl = "// cosS

•

strata, eonsidering the dip of the strata, is

~ 1

i=1 i

where

(2.40)

•

highest load; that the strata l'rom the bottom up are subjeeted to a decrease in load and

therefore deformation; that given a high number of strata staeked, the effeets on the

lowest stiata decrease; and that the upper staeked stratum carries very !iule of its own

load.

If the lowest stratum l'ails, the second lowest stratum must now carry all of its own

weight plus the load of the upper strata that the lowe~t strata was carrying, Figure 2.12.

In summation form, the load on the lowest stratum per unit length l'rom itself and

above strata after part or none of the n strata have failed is
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Figure 2.12 Consideration of strata loading.



• Il-j
= y, t cose :E ~

;=1 t

where

j = jth strata that has failed (j ?: 0)

(2.41)

•

•

Figure 2.13 shows the behaviour of a loaded lower beam with friction table

modelling. Although tension cracking at the upper portion of the beam end is shown. the

lowest stratum fails by growth of a shear crack. This condition exists when the

compression load placed at the bottom corner of the stratum exceeds the strength of the

material.

The general development of stratum failure can be described as follows. When

the tensile stress imposed by the load surpasses tensile strength. a vertical crack grows

from the tip of the beam towards ils neutral axis at the beam end. This reduction in

effectiv'e beam thickness amplifies the imposed compressive stress at the bottom of the

stratum, by a factor proportional to the inverse of the square of the availablc thickness,

lit". Because a rock stratum behaves as a beam of "two materials", equations 2.34, 2.35

and Figure 2.8. the value of the compression imposed for a given thickness will be higher

than the tension. With a reduction in thiekness the differenee increases significantly and

the compressive stress imposed quickly reaches the material 's strength before tensile

failure is complete. A shear failure in the bottom stratum at the abutment commences to

grow and aecelerates because the thickness of the stratum becomes smaller, until the shear

crack reaches the top of the beam. Figure 2.13. In this case because the crack grows from

the edge of the intact thickness. shear stress is zero as is vertical stress, leaving induccd

compressive stress acting parallel to stratification.
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• The failure therefore occurs as an uncontincd comprcssion failurc. oricntcd at 450

+ $/2 to the plane on which a, the induced compressive stress acts, rcspccting Mohr's

strength theory. The failure is assumed te follow a linear path l'rom thc lowcr stratum

corner to a distance of dj l'rom the end of the stratum:

d
j

= (1) tan (450 + $/2)

where

t = stratum thickness

(2.42)

•

Because of the acceleration of this shear failure due to compressive stress increasing to

very high values, the tensile crack is assumed not to continue its growth.

The process of shear failure is therefore dependent on tensile cracking forming first.

Tensile cracking will not occur when the total load on the lowest stratum is insufficient

to begin the tensile rupture.

Tensile cracking will begin when the imposed stress equals that of tensile strength,

l'rom equation 2.35

where

T,

a,

r

Pj.!

Lj.!

• j

= material tensile strength

= imposed axial stress

= amplification of imposed moment on slender beam

= load on the lowest stratum

= spanning length of the lowest unfailed stratum

= L -2Udj)

= jth stratum to have failed

124

(equation 2.37)

(2.43)



• e = dip of strata

The span Lj+! can provide the cavity height created after the jth strata has failed by

shearing. as describcd above. The total cavity height normalto strata expected as a result

of several strata failures will be made up of the sum of the thicknesses of the strata that

have failed:

H=
<

where

j = rand last strata to fail

t = strata thickness

Therefore using equation 2.42

jd} L-L}+!

tan (450 + cj>/2) 2 tan (450 + cj>/2)

(2.44)

(2.45)

•

•

This approach respects the field and experimental observations about strata failures. The

disadvantage of such an approach is that il is two dimensional and therefore does not

properly represent how the failure develops in the third dimension. Because sorne support

exists in the third dimension the results calculated err on the conservative side. However.

the calculation of such a failure for a plate (three dimensional stratum problem) requires

very complex calculations to account for the neutral axis location away from center

thickness [30]. This would not provide a simple design tool. The method does not

indicate a lower limit for stratum thickness for this failure to be valid. i.e. can there be

a minimum thickness below which tensile failure will proceed to failthe beam completely

rather than allow for continued shear growth in this fashion? (the shear and tensile cracks

coaloesce. or the tensile crack is too close to the strata botlom and forces a tensile failure

before the shear crack failure).
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2.3.4 Two-dimensional Linear Arch Performance

Once a stratum has failed, it can enter into a linear arch contiguration. This

configuration will be in equilibrium unless one of three failure conditions prevail: by

shearing, (equation 1.36); by buckling within a block because of cccentricity of loading

where thickness is much smaUer than span (this occurs before the peak compressive

material strength is reached); or by exceeding material compressive strength.

The compressive thrust generated by the linear arch has been historically assumed

[30][40] to be triangular over a portion of the voussoir blocks, Figure 1.6. The vertical

extent of the thrust zone is over a portion of the block height nt.

Sterling [41] examined through experimentation the likely value for n and the

distribution, shape, and size of the contact compression distribution zone at failUii:; of the

linear arch. Several types of stress distribution zones were examined to compare to his

test result findings. Figure 2.14 shows the distributions considered and the value of the

parameter /3 which is representative of each distribution. This parameter is obtained by

equating the value of the thrust distribution resultant H to its location e from the beam

half-height, Figure 1.6. For a triangular distribution

•

H = 1/2(ntba)

e = tl2 - 1/3 (nt)

where

b :, beam width

If n from equation 2.46 is substituted in equation 2.47 and if

/3 = ba, (.!... - eJ
2H 2

n yields /3 = 0.33 for the triangular distribution.
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Figure 2.14 Stress distribution zones during linear arch testing [41].
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After monitoring the location and the thrust zoneresultant from lab tests on linear

arches of sedimentary rocks, Sterling registered a reduction from high to low 13 value

without a change in the nt value, indicating a change from a power distribution to

triangular distribution to rectangular distribution. At peak load application, the average

13 value was 0.23. This value fits closely the rectangular thrust distribution. After peak

load, the sampie went through a rectangular/triangular, then partial rectangular

distribution, accompanying crushing of rock from the edge towards the stratum mid­

height. Sudden diagonal cracking completes the coIlapse of the stratum.

The rectangular distribution reflects the lowest 13 value and represents a condition

of plasticity over the height of thrust distribution, nt, at peak strength.

Based on Sterling's laboratory results and the fact that crushing failure requires

a compression failure zone distributed over the height nt rather than a triangular

distribution indicating compression failure limited to the edge of the block as indirectly

assumed by the Beer and Meek [42] and Brady and Brown [30] triangular distribution,

the rectangular thrust distribution offers a more representative consideration of failure

conditions and indicates materiai has reached plasticity before failing as is normal in

compression failures. The criticai span based on compressive failure therefore must be

calculated using the rectangular thrust zone.

The Beer and Meek solution can still be used to calculate the maximum

compressive thrust for a given critical span. If this thrust is less than compressive

strength, then stability depends on eccentricity of loading (buckling) or imposed shear

stress versus block-abutment shear strength.
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• Previous authors have accepted that when compressive failure occurs. the

material's unconfined compressive strength is surpassed. In reality. the block portion in

contact with the abutment is subjected to compressive thrust and to shear l'rom block

weight. Shear stress has an inereasing effeet as the block thiekness inereases for a given

span. Examined in a Mohr diagram. Figure 2.15, this stress condition indicates that the

maximum compressive stress imposed at failure must he less than the uneonfined

compressive strength. The imposed stresses, thrust compression t~, shear " and lateral

groul}d stress a" must be used to calculate the distribution of stress in the block at contact

points, using Mohr stress equations with

a =f. + a (ay = 0):c C Q

fc + a (fc : a.J+,2a, = • +• 2

fc ( J+a lie : a. +,2a3 = a

2

where

fc = imposed compressive stress

(2.49)

(2.50)

(2.51 )

whieh ean then be compared to the Mohr strength envelope. Definition of the Mohr

strength envelope ean best be handled by using the Hoek and Brown [52] failure 'ériterion

to define the envelope

(2.52)

•
Beeause the option to use a field size rock strength envelope can be generated, the

eriterion is weil known, and' it offers a simple means to ealculate maximum stress
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Figure 2.15 Stress condition at 1inear arch contact point.
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• allowable, Chapter lA. It provides a more flexible method.

The procedure to verify if imposed stress is greater than strength requires the

eomparison of 0, values obtained from equations 2.50 and 2.52. At the minor principal

stress imposed (equation 2.51) a value of strength (Ci,) is returned from equation 2.52

using problem specifie values of m and s. This value is compared to that of the imposed

0, stress, equation 2.50:

01 strengthF, = _

0, stress
(2.53)

The values m and scan be seleeted to reflect tïeld conditions, including

weaknesses parallel to stratification.

To obtain fc for peak strength based on the rectangular distribution, the substitution

•
of z for a rectangular distribution must be used in equations 1.21 to 1.25:

z = t (1-n)
o

(2.54)

•

If the value of fc for the rectangular thrust when input in equations 2.51 and 2.52

provide for a factor of safety greater than one, then the strata peak strength is not

surpassed. If further verification against buckling. and shear, indicates satisfaclory

resistance to failure the linear arch is stable.

This linear arch approaeh represents a more conservative and realistic approach

than that developed by other authors.

2.3.5 Three-dimensional Linear Arch Performance

The Brady and Brown and Beer and Meek solutions for the stability of three-

dimensionallinear arch systems adopts the approaeh for reinforced concrele plates having
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failed by plastic collapse along diagonal rupture lines, resulting in a diagonallinear arch

configuration. Thisimplies that plastic collapse occurs when the material is stressed

bcyond its elastic maximum, into ',=plastic zone. This creates a dilemma in the case of

rock, since the tcnsile peak strength of rock coincides with yield strength; no plastic

bchaviour is possible. Plastic analysis, on this basis, does not appear to be representative.

ln reality, rock strata are often weakened by existing or inherent discontinuities

which make the anticipated behaviour different from that expected by theoretical

considerations leading to yield lines. Furthermore, visual observations of strata plate

failures indicate that transverse rather than diagonal failures [41][85] occur.

Such failures also fit the stress distribution of fully c1amped plates, based on the

maximum tensile stress imposed, Figure 1.5. If the rock fails a10ng the location of

highest tensile stress, cracking will start at the mid-point of the longest sides and progress

along the length of these. The plate effectively becomes supported at the smaller sides

only, and, because the load is now greater a10ng these sides than that which caused failure

to begin, the plate fails similarly to a beam condition leaving a linear arch with cracking

having occurred parallel to the short sides, at the center.

The analysis, therefore, reverts back to applying equations representing a two­

dimensional case.

2.4 CHIMNEYING DISINTEGRATION FAILURES

Chimneying disintegration occurs in weak rock (severely altered rock, sercitic or

chlorite schists, graphitic slate) above openings, when upward (vertical) progressive failure
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by gravity without stoppage lcads ta the creation of vertically sidcd cavitics ("chimneys").

These chirnneys eut across rock fabric such as slatey cleavage and form abovc rclativcly

small openings with spans of less than 5 m [6][18][34][35].

The mechanical conclusions that can be drawn from the observations of

chimneying disintegration failures presented in Chapter 1.4 arc:

a) the resisting strength of the rack mass above an opening is surpasscd;

b) existing 1ateral ground stresses are not sufficient ta prcvcnt the rock mass l'rom

failing by gravity at the developing chimney front;

c) chimneying disintegration is unlike black caving; sufficicnt cohesion cxists ta

maintain competent ehimney walls. Black caving can he modcllcd by flow of

granular materials [64];

d) lateral stresses are insufficient ta force a failure resulting in a shape diffcrcnt than

vertical walls;

e) the inherent fabric of the rock mass plays a raIe in failurcs, at Icast allowing

movement and/or a partial breakdown ta smaller rock mass particlc sizc.

Chimneying disintegration therefore lies in between the bounds of black caving

(flow) and a stable rock mass. A survey of the literature indicates that there has bcen no

work carried out ta formulate models or analyse for predicting the possible onset of

chimneying disintegration, or that of black caving, based on physieal or numerieal studies,

or field trials.

Chimneying oecurs in weak rock, which can disintegrate but, in the cases visually

observed (Chapter 1.4), with sorne degree of cohesion in order ta maintain resistanee to

the vertieal·wall l'allure. This ean be used as a basis for considering the rack as a e-41
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geotechnical materia1. For the development of analysis it will be assumed that failure at

the top of the ehimney is related to the mobilization of aetive earth pressure under gravity

loading. In the aetive condition, shear strength opposes the effeet of gravity [86] until it

is surpassed by shear stress. This would explain the shearing of material fabric also

noted.

Resistance in the horizontal plane to stresses is provided by the form of the

chimney cross-section, which remains approximately that of the stope's plan dimensions.

Imposed stress, obtained from simple elastie equations such as that for cireular openings,

or numerical modelling, ean be eompared to material resistanee.

The formation of aetive stress induced ruptures in the stope roof is assumed to be

developed in the following manner. Once an underground opening is ereated, ils roof

starts to deform. Due to this deformation, movements take place in the weak rock

materia1. If these displacements are great enough, the shear strength of the material is

mobilized, along active pressure rupture lines. For a homogeneous material, a first
A,

"rupture Hnc develops in the rock" mass above the opening involving the fall of rock

between it and the stope. Rupture lines continue to develop sequentially above the cavity

created and material slides down, in a progressive fashion, from a new rupture line to the

cavity below resulting in the upward growth of the cavity, Figure 2.16. Chimney

development can be stopped,I1{;àr surface if the load is insufficient to activate a rupture
~/

,:';./

Hne. Formation of a rupture line implies that material weight is sufficient to surpass the

material's cohesion resistance provided along the rupture line.

To set up the problem mathematically, the most simple approximation of rupture

lines is to use a 2-D circular shear slip surface, as has been assumed in active pressure
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Figure 2.16 Assumed progression of a chirnney failure by shear rupture,

from mobilization of active earth pressure in homogeneous
rock material.
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shear failures in slopes of cohesive soils or slopes of wcak rock material and even rock

rubble [87]. This is an approximation to a 3-D situation, representing a more

conservative, but simpler to use approach, which has also been used in slope stability

issues. By its potentialto breakdown to smaller partiele size, such a material is able to

develop failures approaching a circular shape. Geological features such as joints are no

longer the single important feature to control fai!ure. The failure surface is free to find

the line of least resistance through t.'le material. Rock mass cohesion is low, allowing the

case with which shearing can fail a broken down solid. Each rupture line is composed

of two circular arcs each reflecting symmetry. Half the weight is distributed to each arc.

The junction point of the arcs of the first rupture line and tunnel walls are tangents. The

rupture line apex represents a point where passive earth pressure exists, Le. where the

material is being compressed in a horizontal direction as a result of the opposite

components of shear resistance acting at this point.

Therefore, each rupture line limb is defined: circular arc segment drawn from a

horizontal diameter, reaching a point where the slope of the circular arc is the sliding

plane of passive earth pressure, 45°-41/2. In order for this passive earth pressure condition

to be respected, subsequently higher rupture lines must also have a 45°-41/2 tangent at the

apex, meaning that the rupture lines are parallel to the frrst one and that shearing also

occurs vertically between arc segments, (Figure 2.16). This progression in effect creates

vertical walls as the failure continues, which is representative of the vertical walls

oberserved in cases of failure.

This chimneying progression assumes that material failure along the fmt rupture

line must occur for the others to follow.
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The problem of solving for the stability of the first rupture in a homogeneous

material is best resolved by using the method of slices. which is commonly used to

calculate the factor of safety related to mobilization of active pressure circular arc failures

in slopes composed of soil and rock material [86][87][88].

Each slice mobilizes a vertical component of shear resistance that when added to

the other components. resists the total weight acting in the opposite direction. The

horizontal components of shear resistance for slices of both ares of the rupture line are

cancelled due to the symmetry of the problem. Since in a homogeneous material case

each arc subtends half the weight. and resists equally to the other arc. the problem can

be simplified by considering only one arc. When material properties vary so that the

strength varies. both arcs should be used.

The general relationship to calculate the factor of safety in a method of slices is

F = I: resistance/or each sUce (2.55)'
, t weight for each sUce

This reflects the approach that each slice has a weight and each slice has a vertical

component of shear resistance. With a sufficient number of slices dividing the problem,

the arc portion over each slice can be assumed to be straight.

For the flTst rupture line in a homogeneous material above the opening, the radius

of the rupture arc can be obtained if it is assumed that the center lies on a horizontalline

spanning the stope's upper boundary and if the angle it subtends over its height is known;

for a circular segment Figure 2.17, the geometry of such an arc is [89]:

•
br = __...::....,__

[I-cos (a12)]

where

a12 = 45° + epl2
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Figure 2.17 Chimneying rupture outline with arc and s1ice definitions.
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b

= rock mass angle of friction

= O.5L

L = stope span

This radius is then used to calculate the height of each slice for a given sliee width s.- -
The height of the line to the apex of such an arc is [89]

h = Vb (2r - b)
~. (2.57)

and the eireumferential length of the arc is

aJ2
CI = 360 (2rrr)

the area subtended by this arc is

A = (45 0
+ $/2) rrr2 _ hN

T 360 2
where

(2.58)

(2.59)

•
N r - 0.5L

the weight under the arc is

~=AT% ~.~

The shear resistanee cm along eaeh sliee portion of the arc is rock mass cohesion which

has one value in isotropie conditions or can use values representing resistance along eaeh

segment if anisotropism or inhomogeneities oeeur.

The vertical eomponent of this resistancc depends on the angle from horizontal the

radius makes when il is at mid point of eaeh slice, Figure 2.18.

If the highest side of the ith sliee is hih, then the angle through which the vertical

component of shear resistanee aets is

•

~i = tan-I [(hi!' + h(; + l)~) 0.5]
N + (i- _)s

2

hi!. = JI; (2r - 1)
where
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Figure 2.18 Chimneying rupture resistance per slice.
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li = O.5L - (i-l)s• = ph of n slices

s = width of each slice

Since thc vertical component of this shcar rcsistance is

(2.63)

and that it acts over an area of

then the vertical shear force resistance for cach slice is

V, = _-r~~"-_s~~~~", C cos [ tan _1(I1 i1, + 11('''l " ) 0.5]

(

'" N + (i-l/2)s
sin tan-I (11 i1,+I1('+lllo)0.5

N + (H/2)s

(2.64)

(2.65)

(45° + $12) Ter 2
Y, 1-'---=-36":"0""':--

•
The factor of safety against chimneying disintegration in homogcncous matcrial is

1 nF, = _",..-- -.." L _r-_r-_s <"1 •

i=l sin tan-I (I1 i1, + "(I+lll,) 0.5
N + (Hl2)s

C'" cos [tan-I
[

(hl/' + 11(1+1)',) 0.5]
N + (H/2)s

(2.66)

•

When resistance within the rock mass varies, thc analysis considcrs thc matcrials undcr

both arcs: the weight and shear resistance must bc summated from cach slice undcr both

arcs of the rupture line.

The second and subsequent rupturc lines will bc parallel to thc tirst and cach will occur

at sorne height, h" over the previous one when the subtended weight excccds shcar

resistance. The same angle ~i is used for the same number of slices. to ca!culatc thc

vertical rock mass shear resistance. At the vcrtical sides of subsequent rupture Iinc,
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•
shearing over the height h, occurs. The value of h, is an unknown quantity which will

bc obtained through this limit equilibrium equation.
L n s

"l, h, "2= h, cm + .E ] Cm 0

1=1 s tan-' (hu, + he/. Il,,) 0.5
N + (i-l/2)s

1_I[(hu + h("'ll/) 0.5]cotan "I

N + (i-l/2)s

(2.67)

•

•

This approach implies that the rupture mechanism is continuous once the first

rupture level and ground fall has oceurred. This is representative of the non-stop

development of chimneying disintegration as seen in the field.

In the case of a weak, clipping homogeneous material bounded by competent rock,

the development of chimneying must take into consideration that a vertical path is not

possible. A known cxample was encountered at the Selbaie Mine [18] where only one

of the two arcs of the rupture proceeded progressively up-dip to surface, Figure 2.19.

This was demonstrated by physical, numerical modelling and field observations. In such

a case the analysis to identify the possibility for the first failure to develop remains the

same. Since sufficient weight can be mobilized for the second and subsequent rupture up

dip then the process is again self-driving. The limitation to such a chirr. ~y clisintegration

up-dip will occur for the second rupture arc when the clip "\jf of the weaT.:: zone is

sufficiently shallow for the normal component of the weight on the footwall (W cos "\jf)

plus the resistance against tensile rupture of a rupture arc are sufficient to resist the

driving force W sin "\jf, Figure 2.20.
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Figure 2.19 Development of chimneying failure at Selbaie Mines,

numerical modelling and actual behaviour [18].
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Figure 2.20 Up-dip potential for chimneying disintegration.
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The limit condition for chimneying disintegration failurc to continue up-dip is•
where

1 = I: Ti + WT cos 'IV tan $,

WT sin 'IV
(2.68)

•

•

I:Ti = sum of the tensile resistance for ail slices along an arc parallcl to the first rupture

arc.

$, footwall surface angle of friction

The lowest dip that chimneying disintegration failure will occur on is when the

material has no tensile resistance, therefore, chimneying will occur when 'IV > $. This

does not take into consideration confinement effeets that may be imposed to the weak

zone from redistributed ground stresses, which may not be a factor if the hangingwall and

footwall have reaehed their maximum displacement with mining and mobilization of the

weak material.

2.5 BLOCK CAVING FAILURES

The main controlling parameters for the continuous gravity flow of disintegrated rock

masses, block caving, have been outline in Chapter 1.4.5. These arc block size, rock

strength, block surface cohesion, opening span, and lateral grou";d stress. But given the

large body of information existing on the subject and the numerous studies that have been

made (Chapter 1.4.5) and the absence of dedieated analytical equations (only empirical,

reflecting the difficulty of the problem), solutions to predict the onset of caving would

require mure intense studies than can be derived here. It can be expected, however, that

146



•

•

•

identification of block falls and slides from the upper stope periphcry, as described in

Chapter 2.2, could lead to caving.

The approach used hcrc to cvaluatc the propensity for caving is not the conditions

that will initiate the caving proccss (mobilization and break up of the rock mass), but the

mechanical action that would prevent caving from continuing. This is an arching action

that effectively stops the caving process. The closest analogy to arching action in caving

circumstances is that identified in vertical rough walled bins; this is similar to the outline

of caving boundaries described theoretieally by flow ellipsoids. In this case the boundary

of the limit ellipsoid represents the bin walls.

Loosely placed material in these circumstances in which friction exists between

material and wall are partially supported by friction of the vertical walls [45][90][91][92].

Krynine [91] in defining this friction showed that the usual flat arch element considered

in soil arching, Figure 2.21, cannot have principal stresses acting orthogonal and parallel

to bin walls. Vertical stresses at the wall are in fact shear stresses. Krynine resolved the

distribution of stresses at the walls using the Mohr circle, Figure 2.22. Minor principal

planes drawn through the Mohr circle poles show radiating major principal stress

directions, whereas the trajectory of the minor principal stress defines a continuous

compression arch that dips downward instead of upward. This argument requires that the

matcrial be in a state of plastic equilibrium and that the net movement must he vertically

downward by randomized interparticle shear movements [88] (which occur in block

caving). Moment equilibrium requires that the stresses he constant throughout the arch.

If the element is of uniform density and thickness, the shape will be a catenary, by acting

in a supportive role [92].
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Figure 2.21 Conventional flat arch element defining soil arching [49].
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• The horizontal and shear stresses at the wall, where urching is occurring, l'rom thc

force equilibrium on the triangular element of Figure 2.22 are:

'a . 'aOh = a, cos- + 0 3 sm-

1: = (a, - 0 3) sina casa

where

(2.69)

(2.70)

a, major principal stress equal ta the unit weight of rock times the depth, Yr Z

0 3 minor priilcipal stress related ta a, by the active stress ratio, K,

a 45° + cjJ/2, indicating active earth pressure mobilized along a rough wall

cjJr = internai angle of friction of the rock material surface

Considering the sail ta be in an aetive stress state against the bin walls

01K=_
a a

3

1 - sincjJ,
=---.;,.

1 + sincjJ,
(2.71 )

the catenary arch maintains its integrity through the compressive action of the miner

principal stress. The principal stress a, is known for any given depth, it is

• a = y Z (2.72), r

where

Z = depth l'rom surface

Yr = unit weight of rock

This approaeh has the following implications for the stability of the areh:

i) Arehing is possible in ail granular materials, irrespective of the muterial surfaee

internal angle of friction, cjJr

ii) The arching shape is a catenary, which wouId be the shape expected of a linear

arch composed of several blacks

iii) Arching is possible irregardless of span

iv) A limit equilibrium shear relationship exists at the wall contact

• v) A certain thickness of arch exists ta ailow for the formation of lines of thrusl~ ta
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• vi)

transmit the loads to the walls.

The arch is made up of fragments of cohesionless rock materiaI.

Therefore failure can occur either from surpassing intact material compressive

strength from stresses imposed through block contacts [45] or from exceeding the bulk

compressive strength of the areh [93]. Rock bloeks with eohesive surfaces would inerease

the bulk resistance of the arch and its ability to form and remain stable at the wall

contacts.

The factor of safety to obtain the ability of the rock block within the catenary arch

to resist compressive stress is

°eF =-, °1

(2.73)

•

•

where

0e = unconfined compressive strength of a block.

From Figure 2.22 the highest imposed stress is expected in blocks within the arch

subject to gravity loading, Le. 0,.

Jenike [93] postulates that gravity flow of a solid in a channel will take place

provided the yield strength which the bulk solid deyelops as a result of the consolidating

pressure is insufficient to support arching.

There is insufficient data in the literature to help defme the strength envelope of

gravity flow of large size bulk solids, resembling block caving situations. Wilkins [94]

theorizes that strength is proportional to initial void ratio, number of contact points and

number of particles broken. The strength relationship depends on contact stress point

forces and orientation:
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• !.... = tan (<1> + a)Q ,1-'

where

P = average force on a single stone in the direction of 0,

Q = average force on a single stone in the direction of 03

~ angle made by tangent plane at point of contact with direction of 0,

(2.74)

•

•

Therefore without specific lab or field tests to obtain such detai1cd data. it wouId be

diffieult to define the bulk strength envelope.

An alternate method eould be to use approximate relationships developed by Boek

and Brown for roek masses [95] including "disturbed" rock mass situations, Table 2.1,

under the material "waste rock with fines".

As per equation 2.52 in which the m field and s field values are used, a value of

resisting 0, ean be used to the 03 level for the required depth, presenting the factor of

safety as per equation 2.53.

2.6 EFFECTS OF DYNAMIC LOADING

Rock masses supporting mining aetivity are regularly subjeeted to dynamic loading

originating with blasting aetivity. In certain cases, seismie aetivity from earthquakes can

also be imposed. Wave effects on rock masses are numerous. They include imposition

of stress, rock mass deformation and physieal damage. Their response will depend on the

nature and location of the source as well as the dynamie eompliance.
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TablL' 2.1 Approximatc Rclationship Bctwcen Rock Mass Quality and Malenal Constants [95]
Disturbcd ruck man ni and S \"o/ucs Undisturbcd rock mass m and s values

EMI'I~ICAL FAILURE CRITERION
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w '" ,.w -' ....
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INTACT ROCK SAMI'LE5
Laboratory si::.c specimens Jree m 7.00 10.00 15.00 17.00 25.00
Jrom discofll;nuities , 1.00 1.00 1.00 1.00 1.00
CS/R rating: RMR = 100 m 7.00 10.00 15.00 17.00 25.00
NOl raling: Q -500 s 1.00 1.00 1.00 1.00 1.00

VERY GOOD QUALITY ROCK MASS
Tightly imerlocking undisturbcd rock m 2.40 3.43 5.14 5.82 856
with un"'carhercd joints at } to 3 m. , 0.082 0.082 0.082 0.082 0.082
CSIR rating: RMR =8S m 4.10 5.85 8.78 9.95 14.63
NOl raring: Q c 100 s 0.189 0.189 0.189 0.198 0.189

GOOD QUALITY ROCK MASS
Fresh ta s/ighlly weathercd rock, m 0.575 9.821 1.231 U95 2.052
.f/ighlly disturbcd ",ith joint nt } ta 3 m. , 0.00293 0.00293 0.00293 0.00293 0.00293
CSIR raûng: RMR =65 m 2.006 2.865 4.298 4.871 7.163
NOl raring: Q = /0 s 0,0205 0.0205 0.0205 0,0205 0.Q205

FAIR QUALITY ROCK MASS
Sel'eral sels ofmoderalely wearhered m 0./28 0.183 0.275 0.311 0.458
joillls spaced tU 03 ta } m , 0.00009 0.00009 0.00009 0.00009 0.00009
CSIR rating: RMR =44 m 0.947 1.353 2.030 2.301 3.383
NOl raring: Q = 1 s 0.00198 0.00198 0.00198 0.00198 0.00198

l'OOR QUALITY ROCK MASS
NUlIlertJllS weathered joints ar 30-500 mm, m 0.029 0.041 0.061 0.069 0.102
some gouge. Cicon cumpacted wasre rock , 0.000003 0.000003 0.000003 0.000003 0.000003
CSIR rating: RMR =23 m 0.447 0.639 0.959 1.087 1.598
NOl raring: Q = 0./ s 0.00019 0.00019 0.00019 0.00019 0.00019

VERY l'OOR QUALfI'Y ROCK MASS
Numerous hca\'Uy I\'cathcrcd joints spaccd ni 0.007 0.010 0.015 0.017 0.025
<50 mm Wilh gouge. Wasrc rock wirlr fines , 0.0000001 0.0000001 0.0000001 0.0000001 0.0000001
CSIR raling: RMR =3 m 0.219 0.313 0.469 0.532 0.782
NOl raring: Q =0.0/ , 0.00002 0.00002 0.00002 0.00002 0.00002

.
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Bath of these dynamie sources l'mit p and s type seismic waves. In the case of

earthquakes, the seismic front is taken ta move parallel ta surface in a planar fashion.

Owing ta the high intensity and frequency distribution of origin, the attenuation of the

wave occurs over several hundreds of kilometres. Blasting waves attenuate over several

hundreds of meters and approach a particular point in a rock mass l'rom ilS source around

the mine in a spherical wave front. Referc~lces on dynamic bchaviour of rock masses

[30][96][97] use p wave effects from orthogonal incidence of these waves. Shear wave

effects are not discussed with respect to the stability of openings.

As a conservative approach, the impact of the seismic source can be baseù on ilS

intensity at the source, acting normal ta the surface examined. This ùoes not take into

consideration the attenuation imposed by the rock mass bctween source and point of

interest nor the angle of incidence which may occur.

The spalling of rock mass blacks from the periphery of an underground opening

is often registered after blasts [30][97]. There are four mechanisms induced by dynamic

loading which ean be responsible for such occurrences [30][96][97].

(1) added thrust towards an underground opening imposed by the seismic wave front

which adds ta the block-failing forces,

(2) spalling at free-face (stope periphery) because of the action of internally reflecteù

waves,

(3) the successive wave direction changes,

(4) effects on discontinuities (between blacks) from the wave stress imposcd.

During the propagation of the elastic wave, each material particie l'xecules

transient motion. This velocity is associated with adynamie state of stress which is

superimposed on any static stress existing in the materia!. Therefore the component of
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this stress in the direction having failure (down dip and towards lm opening) will change

the limit equilibrium equation by adding a force to the sum of destabilizing forces. This

loading has the most influence on block slides and l'aIls. and strata failurcs l'rom

hangingwall or crown. The intensity of the effects depends on the location of the seismic

source and the wave peak particlevelocity.

When a compressive wave is reflected at a free face (such as the pcripherY,ot :l

stope) a tensile wave is generated and internally reflected within the rock mass. As this

wave sweeps past the original oncoming wave there will be a moment and also a distance

l'rom the free surface where the resulting stress will becorne tensile [30][97]. This can

effeetively open rock mass joints that are nearly parallei to the periphery. But the role

of such a reflected tensile pulse is !imited in space duc to joint separation, trapping the

wave near the free face.

With respect to failures from block or strata, seeondary action of dynamic waves

ean continue to weaken the rock mass from successive shoeks incorporating reversais in

motion, and from internai reflections within the rock mass from free surfaces and open

diseontinuities. Roof bloeks that ean potentially fall arc supported only by lateral

damping stress and may be affeeted by sueh tensile stress when it is sufficientto reduce

the effeet of the clamping stress. Successive changes of wave direction or reduction in

damping stress leading to insufficient block support are other, if temporary, effeets on

block or plug failures. In this case the ground motion may come and go bcfore the block

(s) has (have) travelled very far from their position or the duration of the stress reduction

sufficient to prevent a return to the statie stress elamping thereby allowing total block

slippage. Thus successive bloek movement with a series of destabilizing events ean oeeur
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(temporary and partial mobilization on failure surfaces) or even allow the largest of blocks

to slip-out totally (full failure plane mobilization).

Th~ fourth effect relates to the loss of strength at the failure plane due to dynamic

loading. Tests reported by Barton and Bakhtar [74] show that even at low norma! stresses

(e.g. < 2 MPa) the first (less so for sub~equent) cycles of loading significantly reduces

joint aperture by dcstroying asperities and therefore reducing shear resistance, affecting

small block surfaces more. A further loss of shearing strength along a potential failure

plane can arise if dynamic loading can build up porc pressure along the failure surface.

i.e. the joint not being able to drain effcctively during the application of load. In this case

the dynamic load adds directly to the pore water pressure. This case is more

reprcsentative of a long plug failure surface(s) because smaller blocks around the

periphery of the opening have no water pressure imposed, Figure 2.3. Barton and Bakhtar

summarize that typical joint permeability at low normal stress « 2 MPa) is of the order

of .01 to .001 m/s~c which, over the lengths of plug discontinuities of severa! tens of

meters may not allow significant drainage cven after several dynamic wave impacts.

Reduction of vibrations which can affect the integrity of a shallow stope can be

done in two fashions. Blast damage can be used to monitor the effect of the location

(periphery and failure type) and energy of blasting activity. In this case, reduction in the

powder factor should be balanced between production efficiency and damage. In weak

rock masses, reduction in the powder factor can reduce the break-up of the mass,

inccption of shear rupture and mobilization of chimneying disintegration. Seismic

monitoring could indicate peak particle velocity values for comparison to blast damage

and for input values to calculate the reduction in stabilizing forces.
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CHAPTER 3

THE PIERRE BEAUCHEMIN MINE CASE STUDY

3.1 GENERAL GEOLOGY

The Pierre Beauchemin Mine is located in Quebec. 20 km north-west of Rouyn-

Noranda, Figure 3.1. The site is situated in the Superior Province of the Precambrian

Shield.

The host rocks are tonalite and diorite, portions of the Flavian Pluton. Il is 17 x

18 km in extent, the largest of regional intrusives, Figure 3.2. The diorite, the youngest

roek type, cuts older ones sueh as the tonalite. The mineralization eonsists of a series of

smalllenses, striking Northeast-Southwest and dipping approximately 38" Southeast. The

gold is finely disseminated, found in the tonalite eountry roek as weil as the diorite

intrusive, and believed to have been concentrated by the action of, and along, a wrench

fault [98]. The ore grades 6.4 g of gold and 1.03 g of silver per ton of ore.

Several structural geology elements arc present at the mine site. Two major

discontinuities, faults, are located close to the orebody, Figure 3.3. One is found in the

footwall, the seeond accompanies the orebody, loeated between the immediate

hangingwall and footwall of the ore. Their strikes are similar to that of the orebodies, but

the dip varies from 35-45°, and can be steeper locally.

The faulting, besides forming large scale weakness planes, is associated with

surrounding zones of alteration and schistosity. The alteration products in diorite are

carbonate stringers paralleling the sehistosity and the fault. In tonalite. the surrounding,
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QUEBEC

PIERRE BEAUCHEMIN

~
ROUYN·NORANDA

Figure 3.1 Location of the Pierre Beauchemin Mine.
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Figure 3.2 Regional geo1ogy, Pierre Beauchemin Mine.
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Figure 3.3 10+S0N mine cross-section, Pierre Beauchemin Mine.
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rock is silicitïed and moderately hematized. Gouge. up to 45 cm thick. is located on the

fault traces. Il has high plasticity and a low water content. The gouge is surrounded by

hard schistose material which easily breaks. The total thickness of the faliit zone is

usually 2 m but can extend to 5 m. For this research program the components of the fault

zones were identified but could not be sampied undisturbed because of their weak nature.

The joints intersecting the openings in the vieinity of the shallow stopes are well

defined. The structural survey performed for this thesis on rock core and drifts in the

vieinity of ore zone indieated that four joint families exist. Three families are regularly

present, Figure 3.4: S65E 85NE, N20E 50NW, N25E 45SE, with a fourth family S50E

60SW occurring randomly. The N25E 45SE joints are wide joints which effectively

stratify the rock mass surrounding the shallow stopes.

The properties associated with these joints are summarized in Table 3. J. Water

inflow was not seen during the in situ surveys. Except for the N25E 45SE famil)'. the

joint distribution is not regular. Spacing is usually greater than 30 em. When the joint

families intersect to form blocks, their sizes are at least 0.5 -1 m'.

Figure 3.5 performs the block movement analysis described by Hoek and Brown

[48] for the recognition of block roof falls and block slides using the stereographie

method (Figure 2.4).

The Pierre Beauchemin joint surfaces are llnaltered. Barton [II] prescribcs an

angle of 35° for slightly rough, unaltered joint surfaces; it is drawn in Figure 3.5. The

joint relationship drawn there indicates that three block geometries can potentially fall and

one type of block geometry slide is possible along the orebody cross-section, which

coincides with the S65E 85NE joint family.
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Figure 3.4 Stereographie projection of joint families around the 105N-1 shallow
stopes, Pierre Beauchemin Mine.
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Table 3.1 Properties of Pierre Beauchemin Mine Rock Joints

Joint Family Spaeing Average Joint Condition
(m) Joint Length

(m)

N25E 45SE 0.25 >40 Planar, slightly rough;
no alteration

N20E 50NW >1 >2 Planar, slightly rough;
no alteration

S65E 85NE >0.3 >5 Planar, slightly rough;
no alteration

S50E 60SW >2 >2 Planar, slightly rough;
no alteration
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------ Siiding surface 1 crown

Figure 3.S Analysis of potential joint-defmed block movements around shallow
stope lOSN-l, Pierre Beauchemin Mine.
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Because the tàmily S50E 60SW randomly occurs, and because its strike is similar

to the S65E 85NE family, the joint will not be considered in block mo\'ement analysis.

One block form detïned by the three other joints is capable of sliding l'rom the crown or

hangingwali, and falling l'rom the crown.

3.2 MINING EXTRACTION

Between 1955 and. 1962 a previous operator, Eldrich Mines Ltd., carried out

underground mining to a depth of 300 m, creating severa! long drifts and open stopes.

This included eight shallow stopes, eaeh mincd l'rom the depth of approximately 30 m to

a depth of about 130 m. These had a longitudinal span of IIO to 125 m, and footwall to

hangingwall heights varying l'rom 6 to 15 m.

In 1984, Mines Sullivan Ine. aequired the mining rights and, al'ter a period of

diamond drilling exploration, re-opened the mine to extend the shallow stopes closer to

surface and mine a new and extensive zone situated deeper and to the cast of the known

lenses. In 1988, Cambior Ine. purehased Mines Sullivan Ine. and renamed the mine as the

Pierre Beauchemin Mine.

Beeause fill has been eonsidered uneeonomical, bolting and pillars have been the

only means of support. The general mining method is by longhole. Drill patterns arc

performed at a set distance along the dip of the stope, within the stope, Figure 3.6. After

the ore is blasted, a scraper is used to bring the ore to an ore chute at the center of the

bottom of the stope. In the case of the shallow stope extension up-dip, a two-bench

approach was used where jaek-Ieg drills and blast cycles would be performed on the upper
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bcnch followcd by the lower bench.

3.3 SELECTION OF CASE STUDY

The Pierre Beauchemin Mine was sclected as a case study for the following

reasons. Il is representative of the Canadian hard rock mine characteristics defined in

Table I.l: several joint families and faults transecting the rock mass. considerable

overburden. and long stopes that arc not backfilled. The case retlects a rock mass

environment where well-developed hangingwall stratification exists. (Figure 1.31").

Furthermore. other joint families l'an combine to provide possible forms of block failures

around the shallow stope periphery. Three types of failure mechanisms arc thcrefore

evident and couId be designed for: ravelling from blocks formed by joint intersections.

strata failure related to the wide joints existing throughout the rock mass but affecting the

hangingwall, and also possibly allowing a plug failure.

These mechanisms l'an oecur over the wide shallow stopes, representing a case

where failure potential is high. Beeause the problem is geometrically (severai stopes on

clip) and geomeehanically eomplex (several materials of varying propertics), global

analysis sueh as modelling is required to obtain representative stress and dis placements

affecting every opening. In this case modelling l'an possibly also indieate areas of failure.

Comparison between the developed shallow stope analytical equations and modelling is

therefore worthwhile.

The Pierre Beauchemin Mine is an active mine where the potential for failure

beeomes an important issue for worker safety. For the shallowest stope only 17 m
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scparatcs saturatcd ovcrburdcn (sand and gravcl ovcrlying low plasticity clay), conditions

similar to thc Bclmoral soi! inflow which followed the collapsc of a shallow stope.

Thcrcforc, furthcr mining cxtraction towards surface must be carefully evaluated. The

work performed under this thesis would supply the mine operators with information that

would havc a bcaring on further shallow stope expansion that is currently planned.

Bccausc sitc access was possible, rock core available and in situ tests already performed,

supplcmcntary rock and rock mass property evaluations could be added which would weIl

dcfinc thc site geomechanically and provide representative results of analyses.

3.4 NUMERICAL MODELLING

3.4.1 Numerical Model Selection

Applications of numerical models in rock mechanics provide the possibility of

obtaining approximate solutions to the behaviour of surface or underground excavations

whilc considering a large number of influencing factors such as natural earth stresses, rock

propcrties, ground support, geometry of opening, etc.

ModcIling of solid materials such as rock masses can be divided into two

approaches: one approximating the mass as a continuous medium, the other a

discontinuous approach, regarding the mass as a group of independent blocks.

The differential type of continuum models, including boundary and finite element

tcchniques, characterize the entire region of interest. Boundary element models, in two

or threc dimensions, feature discretization only along interior or exterior boundaries. The

interface between different material types and discontinuities are treated as internai
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boundaries which must be similarly discretized. Boundary clement procedures arc most

apt for modelling linear. homogeneous elastic systems. although certain forms of non-

Iinearity can he treated. They provide economic means of two- and three-dimensional

rock mass analysis.

The finite element method is weil suited to obtain continuous stress distribution

in two or three dimensions and carry out estimation of mining induced fracture and

weakness zones adjoining openings, by utilizing suitable failure criteria. Mining induced

displaeements are caleulated. Irregular geometries, non-uniform material, non-uniform

loadings, and location of stopes close to surface can be addressed. Non-linear material

behaviour can be modelled.

Discontinuum models feature numerical procedures involving thc cquations of

motion of blocks. Distinct element analysis is an example of a discontinuum mode!. The

response to applied load on these relatively large block systems arc calculated in time

steps taking into account block interactions. In this method, the solution process is based

on a force-displacement law specifying the interaction between the blocks and a law of

motion which determines displacements induced by out of balance forces. The bloeks ean

be treated as rigid or endowed with the ability to deform. This method is restricted to

two dimensions unless very large computers are used. As with continuum models, it is

still neeessary to compute using a pre-determined mesh, with precise location of ail joints.

The selection of a particular numerical code therefore depends on a proper

definit!on of the problem to be modelled. In examining the geometry of the opening(s), ,

.:,'

a 2-D or 3-D approaeh can be selected. A 2-D approach assumes that the openings,

geological units and rock mass properties are infinitely continuous in a direction
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perpendicular to the 2-D section modelled. Openings which arc very long can be so

modelled with representative results; those that are not will have such modelling predict

conditions, such as redistributed stresses and displacements, which raay be more

accentuated than the real case.

A continuum model can be used when the material in reality remains continuous

after openings are created. Otherwise, a discontinuum model should be used where

movements arc sufficiently large to break down the continuity throughout the rock mass.

Treatment of the material load-deformation response is linear elastic when it

follows a linear relation between the components of stress and strain, Le. Hooke's law.

When irrecoverable strain is produced by stressing a material, non-linear behaviour

must be considered.

Finally, geological materials must also be examined in regards to their mechanical

properties in various directions. Isotropism reflects the same mechanical properties in ail

directions. Anisotropism, whereby mechanical properties of rock are expected to be

different in various directions, should be considered in the mode!.

In the case of the Pierre Beauchemin mine the following material properties were

used in selecting the type of numerical model and its material properties. Laboratory tests

performed (section 3.4.2) indicated that the diorite and tonalite rocks behaved elastically

and had no anisotropie behaviour. AlI samples tested, which were obtained from drill

holes at different orientations, showed similar results. Visual inspection of the rock core

also revealed no physical rock composition variations.

Inspection of the rock mass at the site, in access drifts and stopes, has revealed no

disassociation of the rock mass before ground support was installed.
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The shallow stopes of the mine arc opened 110 - 125 m in the longitudinal

direction. The Pierre Beauchemin shallow stopes can therefore be justitïably modelied

using a 2-D linear elastic code. Ideally, this code should also be able to model the non­

linear behaviour expected of the faults cutting the rock mass.

The SATURN code developed at McGill University is such a numerical code. It

is a 2-D boundary element code, written to represent the rock bchaviour as linear cIastic.

Faults cao be considered as separate material, behaving in a linear elastic fashion (using

the Coulomb or Goodman [99] discontinuity failure criteria) or non-linear fashion (using

the Barton-Bandis [74] discontinuity failure criterion). The fault zone thiekness at Pierre

Beauchemin (approximately 2 m) would be sufficient to consider each as distinct

geological units, capable of being stressed and showing representative strains for given

stresses encountered (as opposed to a fault with only a thin weak zone which would

always show large, unrepresentative strains). At this point in time, however, consideration

of ground surface as a limiting plane had not been completed so that shallow stopes could

not be properly modeIIed.

Instead, the MSAP2D numerieal model was adopted. MSAP2D (Microcomputer

Statie Analysis Package for 2-Dimensional Problems) is a finite clement numerieal model

developed at MeGiII University for use on personal computers equipped with

mathematieal coprocessor and fixed disk [\00]. The system is composed of five modules.

The first three modules-oZONE, PRESAP and MESH 2D--represent the preprocessor and

the graphies interface of the system. The fourth module, program MSAP2D, is the core

processor of the system. The flfth module, program POSTSAP, is an enhanced-graphics

postprocessor. Screen or printer output are possible for the entire, or portion of, model
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mcsh. clement and nodc numbcrs. as weIl as vectorial nodal displacements. major and

minor principal stresses of aIl elcments. Moreover. the Coulomb, Hoek and Brown [52].

and Druckcr-Pracger [65] failure criteria are incorporated in order to aIlow for the

calculation of the safety level of a problem.

The fault zones are sufficiently thick to have been considered as distinct geological

units.

3.4.2 Geomechanical Properties

Input of geomechanical material proprrties as weIl as natural ground stress values

was neccssary for analysis with the analytical failure and empirical equations. as weIl as

modelling with MSAP2D. In particular, the material weight. Young's modulus of

clasticity. Poisson's ratio, and initial stress data in the model's x and y direction were

rcquircd. Furthermore, the field value of the m and s parameters were also reOll;>:':. as

input data into the Hoek and Brown failure criterion used to evaluate global rock mass

stability around the mine openings modeIled.

The Hoek and Brown failure criterion was selected because it can translate

laboratory test intact strength values to field values, using rock mass quality, and aIlows

a Mohr-Coulomb rock mass strength envelope to be generated. Furthermore, if laboratory

or rock mass strength properties are not available, tables of approximate parameter values

exist from which representative values can be selected (Table 2.1).

For this research the lab tests performed to supply model input parameters and

material strength characteristics consisted of uniaxial and triaxial compression tests, and

Brazilian indirect tensile tests, using rock core obtained from three diamond-driII holes
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used for dilatometer testing (I?Cated in the hangingwall of shallow stopes). As mentioncd

earlier, no visual evidence of rock fabric was evident. Lab test resu\ts showcd no

variation in strength results with samples originating from these holes.

The results showing the mean values of the compression strength results and the

mean value of the Brazilian tensile strength are shown in Table 3.2. The intact rock

cohesion intercept and angle of friction are also included, as is the calculated Hock and

Brown failure criterion laboratory m value. This represents the intact rock m value. It

was calculated using the regression calculations prescribed by Hock and Brown [52]. The

s value is always equalto unity for intact rock. This failure criterion also allows the rock

mass value of the m and s parameters to be calculated, based on rock mass quality

developed by Bieniawski's Rock Mass Rating [55].

The Rock Mass Rating for tonalite and diorite was calculated after examination

of the rock core (Appendix 1), and used to transform lab intact strength to rock mass

strength, Table ::.3, as per Brown and Hoek [54], equations 1.43 and 1.44.

The geomeehanieal parameters of the fault zone were not measured directly,

however, because undisturbed sampling of the weak fault zone material could not be

performed by diamond drilling or manual sampling. Instead, representative values for the

model input parameters were sought from referenees.

The fauit is eomposed of two weak materials, the clay gouge on the fault

discontinuity and the schist material surrounding il. Shear strength tests on fault gouge

or fault gouge and surrounding material have been few, Table 3.4. The results show that

in the low normal stress range tested (whieh is also the expected range for shallow

openings) in situ cohesion varies from 0.\ ta 0.24 MPa and angle of friction from 25°_45°.
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Table 3.2 Pierre Beauchemin Mine Rock Material Laboratory Test Results

•

-~

Compressive Strength Tensile Modulus of Poisson's Cohesion '" Hoek & Brown Unit Weight
(MPa) Strength Elasticity ratio (MPa) (degrees) m value MN/m'

(MPa) (GPa)

Confinement Peak
Strength

0 184.5 14.9 76.7 0.27 33 50 11.2 .0269
5 195.8

Tonalite 10 225.3
15 259.2
20 296.2

0 58.8 12.8 72.2 0.28 18 46 4.7 .0272
5 88.0

Diorite 10 100.2
15 116.0
20 138.8
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Table 3.3 Pierre Beauchemin Mine Rock Mass Rating Parameters

1 1 RQD 1 R;:,M" m Fœld , 1

Tonalite 1 60 1 74 1 4.42 0.056

•

--l
Vl

Diorite 77.6 75 1.83 0.06



• •
Table 3.4 Shear StrengJJ Parameters for Fault Materials (Tabulated in Barton and Bakhtar [74])

•

~

-..J

'"

Faulted Description of Type of 'J'est c' 0' a' Referencesm •
Malerial Type Filling (MPa) (degrees) (MPa)

Granile Clay·fïlled faulls in situ direct
(30% 5~ clay) shear test 0.1 45 0.1-1 Rocha [98]
(40% 5~ clay) 0.1 25 0.1-1

Basait Clayey basaltic in silU direct 0.24 42 0-2.5 Ruiz et al [104]
breccia: wide shear test
variation from
clay to basait
content

Evdokimov
Granite Tcctonic shcar in situ direct 0.26 45 0-4-0.7 and Sapegin [94]

zone: schistose shear test
and broken
granites,
disintegrated rock
and gouge
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The assembly of schist and gouge at Pierre Beauchemin is similar to the Evdokimov anù

Sapegin [101] value shown.

As for the mne" and sne]d value ta adopt for the fault material. neither Hock [53]

nor Hoek and Brown [95] which provide approximate relationships for fault zones and

material constants discuss fault material values. Sinee the s value represents relative rc':k

mass cohesion and m relative rock mass angle of friction [53], and since fault zone

material could be classified in the lower rock quality RMR values, Table 2.1 was uscd to

couple rock mass quality with Hoek and Brown m and s values. Assuming an RMR < 22

("Poor" quality), an m = 0.2 and s = 0.0001 were chosen. The s value takes into

consideration the plasticity of the fault gouge and zone shear strength, the m valu0 the

lower angle of friction provided by the sehistosity planes. Calculation of the fault zone

cohesion with these values (Appendix 1) using the Hoek and Brown equations 1.45 to

1.49 returns a value of cm ~ 0.25 MPa, in the lower stress range, which is comparable to

the Evdokimov and Sapegin values (Table 3.4).

In situ field tests carried out by private consultants for the mine have determined

the rock mass modulus of elasticity using the Ménard pressuremeter in 7.5 cm size

boreholes [102] at a deptp, of 10 m to 30 m. Also determined at this site were the

direction and values of pre-mining ground stresses performed by CANMET [27]. In this

case, the method of overcoring using CSIR triaxial strain cells ("Leeman cells") was used.

Test measurements were carried out at a depth of 115 m, sorne 640 m laterally from the

stope being modelled. Table 3.5 presents the in situ modulus of elasticity and natural
'/

/'

ground stres5:-vâî~~s.
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Table 3.5 Pierre Beauchemin Mine Summary of In Situ
Geomechanical Field Parameters [26][102]

Average Modulus of Elasticy. Em

(GPa)

Tonalite 20.0

Diorite 12.6

Natural Ground Stresses

Orientation Value (MPa)
(bearingldip) (depth = Ils m)

Major Principal Stress 96°112° 10.8

Interrnediate Principal 2°/20° 6.3
Stress

Minor Principal Stress 192°/66° 3.3
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Dilatometer tests and lab tests were not carried cm in the fault zone material.

Reference to values obtained by other authors had 10 be made.

Cording et al [103] and Rocha [104] present values of 8 to 14 OPa for modulus

of elasticity values of sehists. A lower modulus value, 3 OPa, was chosen for a combined

fault-schist value because of the lower schist integrity surveyed in the lield. Similarly.

0.29 for Poisson's ratio was chosen as a eombined value.

3.4.3 The Pierre Beauchemin Mine Numerical Model,

The MSAP2D numerical modelling code was used to model a representative

shaIlow stope of the mine. The model required input of the modulus of elasticity,

Poisson's ratio and unit weight of eaeh geological material, as weIl as in situ stress

distribution in order to ealculate displaeements and stress redistribution.

Severallenses have been extraeted leaving behind shaIlow stopes but one stope in

particular would be advantageous to mode!. The 105N-1 stope, Figure 3.7, is the mine's

shallow stope situated c10sest to surface, 17 m verticaIly from the top of bedrock. 1t is

the uppermost of a series of stopes extraeting ore from the 105N lenz. Furthermore, the

mine was evaluating the possibility of advancing this stope doser to surface.

The current dimensions of the 105N-1 stope are: 43 m on a 45° dip, with a

measured height of 5.4 m. The longitudinal dimension is 120 m. The modelling section

is assumed to be located at longitudinal mid-span. The tonalite (material 1) forms the

greater portion of the surrounding rock mass, whereas diorite (material 2) forms the

immediate rock mass of the shaIlow stope. One fault (material 3) and associated

weakness zone crosses the 105N-1 stope between the footwall and hangingwal1, whercas
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the second fault zone is 20 m into the footwall. Figure 3.7.

Numerical modelling was carried in three runs to represent three mining steps:

current stope size - 17 m fro.m the overburden; mining extraction expanding the stopc to

Il m, and to 6 m from surface, creating an on-dip stope span of 50 m and 57 m

respectively for mining steps two and three.

In eaeh case the model width was 780 m and the height, starting l'rom surface. was

540 m deep. The mesh is eomposed of smal1er clements, 1 m x 2 m on average. around- .

the periphery of the shallow stope, especially the hangingwall and surface crown pillar

in order to arrive at a good representation of the redistribution of stresses around the

opening. In this fashion a beller definition of eritical and failure areas couId be afforded

with the model's failure criteria, and with the applications of the analytical equations

whieh use distributed stress values as the input parameters. The first mining step was

defined by a mesh of 2650 elements; the second, 2930; and the third, 2900 clements.

Figure 3.8 shows the mesh for the outiine of the eurrent 105N-1 stope. Figures 3.9- 3.10

show the mesh for the two planned expansions.

3.4.4 Modelling Results

Figure 3.11 is an enlargement of the displaeements caleulated to have oceurred

around the eurrent shallow stope. The maximum displacement is 2.2 mm and oeeurs at

the central periphery of the stope hangingwall. The pattern of rock mass displaeements

is similar for the next two mining steps. The hangingwall displacements remain

unehanged, but the displacements in the surface crown pillars increase as extraction

advances.
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Figure 3.8 Enlargement of the Pierre Beauchemin Mine numerical model mesh around the shallow lOSN-l stope. CUITent
stope size (mining step one).
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The major principal stress at this site is horizontal in the plane of the section

modelled and is 3.3 times the vertically oriented minor principal stress. This high ratio

would account for the net horizontal displacements towards the shallow stope as weil as

the displacement trend above the shallow stope, towards surface. This trend becomes

more evident with mining extraction, displacement IOward surface reaching 1 mm at the

third mining step.

Figures 3.12 to 3.14 show the stresses around the shallow stope for each mining

step. The tensile stresses located at the surface crown pillar/upper footwall area increase

in magnitude, and extend in the surface crown pillar area with each mining slSP, wher:as '_
. ~ .. "-. "-

tensile stresses in the hangingwall (radial) extend along the periphery and at depth but do

not appreciably increase in magnitude with each mining step. A level of 0045 MPa is

reached with step three at a 12 m depth into the hangingwalI.

The tangential stresses remain constant and cOnipressive over most of the stope

periphery, as the stope span is expanded. In the sill pillar between the first and second

stope Il MPa compressive is recorded; the surface crown pillar is subjected to up to 6.5

MPa compressive stress at its periphery. Tensile tangential stresses increase significantly

in the upper footwall from 0.8 MPa for that first mining step to 2.1 MPa in the third step.

Application of the Hoek and Brown failure criterion incorporated in MSAP2D

allowed for the relative estimation of failure given elastic behaviour of the material under

the stress conditions imposed around the shallow stope. Based on material values outlined

in Table 3.3, this is shown in Figures 3.15 - 3.17.

The diorite andtonalite are at a high safety level (safe: F, > 104) with each mining

step. Only two elements at the stope footwal1 fall below this category at the third mining
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Figure 3.15 Hoek and Brown fallure criterion safety levels for the rock mass around stope 105N-1. mining step one,
Pierre Beauchemin Mine.
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step due to the high tensile stress approaching or surpassing the diorite rock mass tensile

strength of 2.0 MPa (Appendix 1).

The two fauIt zones arc for the most part failed (F, <1) in the tirst mining step and

almost eompletely so by the third step.

3.5 APPLICATION OF ANALYTICAL EOUATIONS

As outlined in section 3.1, suftïcient discontinuity families exist to create blocks,

thereby requiring analysis for ravelling potential in the crown and hailgmgwall.

Stratification is weIl developed, parallei to the stope hangingwall; strata failures arc

therefore possible. Furthermore, beeause the stratification joint family is so eontinuous,

it is possible that it ean form the boundaries of a long inelined bloek, within the surface

erown pillar, whieh eould fail as a plug.

Chimneying disintegration, whieh is known to occur in poor rock, may not readily

occur in sound rock such as the diorite surface crown pillar but will neverthcless be

examined as to its relative potentia!. Caving aspects will also be addressed, potentially

important when the rock mass is weIl segmented by joints.

3.5.1 Plug Failure

The persistenee of joint family N25E 45SE and the existence of cross joint S65E

85NE aIso of potentiaIly influencing Jength (> 5 m) indieates that a plug could be formed

within the surface crown pillar and slide on one of the N25E 45SE discontinuities.
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Appendix 1 calculates the factor of safety against a plug failure defined by N25E

45SE joints forming the extension of the hangingwall and footwall into the pillar.

Numerical modelling stress results are used as the imposed stress on the plug.

Considering only the resistance from the N25E family (2-D analysis), the factor of safety

against plug failure runs from 13.5 to 18.9 to 14.9 from mining step 1 to mining step 3.

Therefore, a higher safety factor would be anticipated once the resistance along the S65E

family is calculated.

3.5.2 Ravelling Failures

Block ravelling from the surface crown pillar or hangingwall is possible since

block falls (when the crown periphery is horizontal, the mine has so far created an

inclined periphery parallel to the dipping N20E 50NW family) and slides are expected.

The joint orientations would not permit block slides from the footwall or block fall from

the hangingwall. Of the four joint families occurring it is practical to consider two in the

plane of the cross section of the shallow stope. Joint family S65E 85NE is nearly

perpendicular to family N25E 45SE and parallel to the model cross- section. Therefore,

it can be considered as the third joint family needed to form blocks. The other two

families needed to represent the block condition in the section are the N25E 45SE and

N20E 50NW families. The S50E 60SW family will not be considered because il occurs

at random and has similar strike to S65E 85NE.

To obtain a true geometry of the bloek in the plane of the section, the apparent dip

of N20E 50NW in the plane of S65E 85NE has to he obtained. By using the

stereographie method the apparent dip is 49° NW. Similarly the apparent dip for N25E
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45SE is 45° SE. The spacing between joints is outIined in Table 3.1 .

Although joint intersections are not common, analysis of block behaviour will

indicate stability as a worse case situation in areas whcrc such intersections arc common.

Ravelling analysis will be carried out assuming the entire rock mass, except for the fault

zones in the cross section plane, is cut by regularly spaced joints of these two families.

The occurrence and joint properties outIined are the same for tonalite and diorite.

Application of equation 2.22 (in Appendix 1) indicates that because $ri <ai' roof

block falls would occur irregardless of stress conditions at the periphery. Calculation of

the ultimate cavity height from block falls (equation 2.23) indicates that a cavity height

of 3.8 m would occur from block falls. This is close to the depth of the stope, 6 m, after

mining step 3. Applying equation 2.26 (Appendix 1), sIiding of blocks from the crown

will occur when 0.005 MPa compressive tangential stress or less occurs. The minimum

tangential stress at the periphery of the crown occurs in mining step l, il is 2.8 MPa

compressive. Block slides from the crown are therefore not anticipated, and since block

slides are required to permit ravelling to continue, failure to surface wouId not continue

beyond block falls. Similarly, the tangential stress at the hangingwall periphery is

compressive, having values of at least 0.4 MPa occurring in mining step 3, which is more

than the required 0.021 MPa to prevent hangingwall block slides as calculated by equation

2.26 (in Appendix 1).

3.5.3 Strata Failures

Because the hangingwall of the mine is weil stratified from the N25E 45SE joint

family, and because cross-joints occur infrequently, strata failures are plausible.
"
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Appendix 1 outIines the calculations performed 10 locate the ultimate failure cavity

of the stTatified hangingwalI. Laboratory beam samples of diorite and tonalite were tested

to obtain the bending properties outlined in Chapter 2.3.2.

As per the Pandey and Singh four-point beam test procedure [39], similar sized

beams (-20 cm x 8 em x 8 em) with parallel sides were tested to provide the modulus of

elasticity in tension which couId then be used to calculate with the modulus of elasticity

C" of compression the location of the neutral axis (equations 2.29, 2.30), and induced tensile

stress, equation 2.35. The results of the lab tests indicated that the modulus of elasticity

in tension for diorite is 42.6 GPa, for tonalite it is 38.2 GPa.

Using equations 2.41, 2.43, 2.44 and 2,45, Appendix l, progressive stratum failure

leading to an ultimate eavity outline was examined. Including the 45° dip of the same

line strata, it was ealculated that the maximum stable hangingwall on-dip span would be

9.4 m. The ultimate failure cavity wouId reach depths of 7.6 m, 9.0 m, and 10.5 m into

the respective. hangingwalls of mining steps one to three. This represents a vertical depth

of 11.8 m, 9.2 m, and 6.4 m respectively from the top of bedrock for steps one to three.

Therefore ultimate strata failure will not reach surface.

If the strata that are failing enter into a Iinear areh configuration, calculations show

that, with a thickness of 0.25 m the diorite strata will fail by buckling rather than

compressive thrust failure or block slippage, Appendix 1. The Iinear arch would be stable

at a maximum span of 10.75 m.

This is more than the maximum 9.4 m expeeted for a loaded stratum. Stabilization

by voussoir action however may be difficult if some other failed strata are loading the

Iinear arch system.
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3.5,4 Chimncying Disintegration Failurc

Although the Pierre Bcauchemin rock is sound and thc rock mass is unlikc thc

weak rock mass encountercd in cascs where chimncying disintcgmtion has occurrcd. a

chimneying failurc analysis is performed to measure thc dcgrce of probability of such a

failure.

A value of ljl and cm for rock mass conditions are applicd to cqumion 2.66. These

were selected based on the derivation of the rock mass failurc cnvclope from the Hoek

and Brown failure criterion (Appendix 1, Table 2). The calculations. Appcndix l, indicatc

that a factor of safety of 44,4 exists against chimneying disintegration.

3.5.5 Block Caving Failure

If the rock mass above thc shallow stope mobilizcs into a caving failurc

mechanism, caleulations of caving pressures (Appendix 1) indicate that compression will

he smaller than the required levels to force a block compression failure: the bulk strength

expected of the caved material will be sufficient to resist imposcd stress (F, = 1.20). Thc

imposed comprcssion will also be insufficient to fail intact blacks within a stabilizing

arch. Therefore the potential for caving stabilization exists.

3.6 APPLICATION OF EMPIRICAL METHODS

The critical spans provided by empirical methods can be compared against results

obtained by numerical modelling and analytical equations. The NGI system and the

Golder empirical calculation provide a maximum opening span for given rock mass
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properties. The Diering and Laubsher empirical chart will also be used to test for

capability.

Design with the NOl system permits a more detailed evaluation of the rock mass

and identification of stability elements. Furthermore, the application of the Golder

empirical approach is based on the NGI Qvalue, and since more case studies have been

examined compared to the RMR system, it will be used in the case studies. Figure 1.14

shows the NGI tunnel support chart [11] which is commonly used to estimate stability of

openings and ground support required. The vertical axis calculates the ratio of span or

height of opening to the Excavation Support Ratio (ESR). The recommended ESR ratio

for permanent mine openings is prescribed as 1.6. For shallow stopes long-term stability

is an important issue as water inflow must be prevented during the life of the mine at

least, as must any subsidence that can affect surface infrastructure.

With a horizontal stope span of 7.0 m (in each of the 3 mining steps), the opening

situated in diorite of Q = 3.88 (calculated in Appendix 1) plots slightly above the critical
"

self support line, indicating support is recommended to avoid failure. The support

category includes tensioned grouted bolting with shotcrete. The original NGI publication

does not specify the treatment dipping of hangingwalls as spans or height. The approach

used here is to accept, as a worse case situation, the hangingwall as a roof which would

currently have a horizontal span of (43 m x cos (dip)) or 30.4 m. The span to ESR ratio

versus Q for this diorite hangingwall also plots above the critical span line. More

intensive ground support is prescribed compared to the previous small(:r span, tension

grouted bolts with mesh reinforced shotcrete. With the next two mining steps, the

hangingwall span expands to 35.5 m and 42.5 m which would require progressively more
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intense ground support according to the NGI mcthod.

For the diorite crown, the application of the scalcd critical span cquation

(Appendix 1) yields a minimum pillar thickness of 4.7 m for a span of 8.4 m. If this

chart was used to help identify the proximity to surface for stope expansion, the third

mining step (planning 6 m of surface crown pillar thickness) would be close to failure.

The Diering and Laubseher procedure to evaluate block caving potential, Figure

1.19, will also permit unsupported spans to be evaluated as stable, in necd of support, or

prone to caving.

From the chart in Figure 1.19, the current shallow stopc with a hydraulic ntdius

of 2.63 (43 m x 6 m/(86 m+ 12 m» and an adjusted RMR of 64 (75 x 0.85; 45° orebody

dip) plots in the open stoping region. Mining step 2 would have a hydraulic radius of

3.06, the third of 3.49, which also fall in the 'no support requircd' category.

3.7 SUMMARY

An integrated design using numerical modelling and shallow underground

empirical and analytical methods has been performed for a typical shallow stope of the

Pierre Beauchemin Mine. Applications of the developed analytical equations indicate that

the most likely mode of failures are block falls from the crown (if its periphery is

horizontal) and strata failures in the hangingwall, and that neither will lead to complete

failure to surface. Gther types of failures are not anticipated.

Application of numerical modelling indicates that the unfaultcd rock mass

surrounding the current opening will not readily fail. Failurc by cxcecding rock mass
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strength is unlikely exccpt for the fault zones.

Empirical methods indicate thatthe span for the surface erown pillar is very close

to the criticai stable line for self-support (and to failure for the largest expansion), but that

the hangingwall requires ground support. Caving is not anticipated around the opening

(applying empirical methods) but that if it occurs it may be able to form a stabilizing

arch. Currently no bolting is used in the surface crown pillar.

C6nventional 2.1 m mechanical anchors on a 1.5 m spacing are usually applied

shortly after each new excavation round and have been sufficient to maintain hangingwall

integrity.

Observations on the current stope stability (mining step 1) confirm anaIytical

equation, modelling and empirical results: Le. that the 105N-1 stope periphery's is

integral block falls are few, and bloek slides do not oceur in the crown, and no indications

exist of plug movement. Hangingwall strata failures but not block slides have oceurred

bcfore bolting is performed. Roek mass strength has aIso not been exceeded.

Based on the field behaviour versus the application of these methods, mining step

two can bc earried out without ground control problems other than those aIready

encountered. but mining step three would be at the limit of stability before failure is

anticipated to surface because block falls would reaeh a depth of 2.2 m from surface. The

empiricaI chart indicates a minimum pillar thiekness of 4.7 m. Hangingwall support is

required to prevent ground falls.
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CHAPTER 4

THE NIOBEC MINE CASE STUDY

4.1 GENERAL GEOLOGY

The Niobec mine situated in Quebec, Figure 4.1, is in a portion of the St-Honoré

carbonatite complex sorne 8 miles North-East of Chicoutimi. Figurc 4.2. The complcx.

one of several regional intrusives, is located in the Precambrian Grcnville Province of thc

Canadian Shield. The carbonatite and satellite rocks are cappcd by Palaeozoic limcstonc

belonging to the Trenton group. Most likely related to thc Sagucnay graben movemcnt

parented by the St. Lawrence rift system, the complex is thought to be a plutonic or a

hypabbysal event [105].

The St-Honoré complex is 3.2 km in diameter in a kidney shape showing well­

differentiated Iithological units. The central core is composcd of coarse graincd

dolomitite carbonatite in which subverticallenses rich in rare earth clements and niobium

occur irregularly.

Site investigations for this research revealed that the limestone is composcd of

calcareous units (2 to 5 cm thick) with alternating shale bands (<1 cm thick). It is

horizontal, even, regularly bedded, dense and of uniform composition. The stopcs whcrc

limestone forms the roof provide an indication that this unit is unjointcd. Similar Jack

of jointing exists in raises, drifts, ramps and rock core. Furthcrmore, the bedding does

not easily part.
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Figure 4.1 Location of the Niohec Mine.
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Figure 4.2 Niobec Mine geology: unilS 1 and 2, ultra-mafic; unit 3, fenctizcd rocks;

units 4 and 5, syenites; units 6 to 8, carbonatitc; unit 9, limcstonc; unit ID, '-.<

overburden, cross section along A-B [106].
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The carbonatite rock core examined contained two categories of structural

discontinuities. The first consists of large extension joints >10 m (created by the

stress/destressing activity of the intrusive [106]) with sub-horizontal and sorne vertical

orientations. The second of small «50 cm) joints oriented similar to the large joints.

The small joints occur throughout the rock mass in a non-intersecting fashion. Few rock

mass blocks were found on site. The stereographic plot of joint orientations surveyed on

site is pictured in Figure 4.3. The large sub-horizontal joints predominate between 200

m and 300 m depth. the large sub-vertical joints occur at random throughout the mine.

The intersection of large joints form "T" or ".L" patterns.

The joints are generally smooth with large scale undulations. Alteration around

sub-horizontal joints can be intense. but alteration of small scale joints is rare. No

faulting has been revealed.

4.2 MINING EXTRACTION

The Niobec mining pattern follows the economical concentrations of niobium

outlined in the sub-vertical lenses. The irregular distribution of these lenses results in an

irregular stoping pattern. thereby creating several shallow openings and Iirnestone surface

crown pillars.

Mining is presently being performed at two levels. The upper level. where the

stope roof (depth of 70-90 m) is the underside of the Iimestone surface crown pillar. has

stopes opened to a depth of 180 m. The second level. separated from the fmt by a 30 m

sill pillar. has stopes developed to the 300 m level. Most of the lower level stopes follow
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Figure 4.3 Stereographie projection of joint families, Niobec Mine.

205



•

•

•

the same lenses as the upper level, with sorne lateral shift due to the mineralization dip.

Mining was starteJ on the first level and goes on concurrently with the second

level. For economic reasons, baekfill has not been used. The stopes, at least 90 m high

and 25 m x 25 m wide, have been léft opened since their excavation. Only the stope

back is bolted, the stope walls are unsupported. Long term sloughing never exceeds 3-4%

of original stope volume mined.

The mine uses large diameter blast hole stoping, Figure 4.4. Creation of the stope

progresses by first blasting into a vertical raise, then by vertical slices into the existing

void. Ore is retrieved by means of traekless equipment operating at draw points under

the stope.

4.3 SELECTION OF CASE STUDY

The Niobec Mine "represents two rock mass environments: well-developed

stratification and massive, poorly jointed conditions, Figures 1.3 a,c. Furth~rmore, the

very large stoping carried out would greatly affect natural ground stresses around these

stopes. Consecutive open stoping might create low stresses in sorne of the stope

peripheries. Such redistributed stresses could induce tensile stresses which might

adversely affect rock mass integrity. This could also be seen in the light of the thick

limestone cap and to what degree it would be affected. In this case numerical modelling

would be an indispensable tool.

Owing to the large, open stope dimensions created at this mine, the limestone

located in the surface crown pillars would represent a good opportunity to apply the
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analytical equation for realistic estimation of intact strata failure.

Furthermore, the lack of natural jointing would make the application of linear

elastie considerations more relevant. Strata failures have oeeurred in stope roofs that were

left unbolted, reaehing a stable eavity configuration; this could be eompared against

analytieal and modelling predictions. Even if failure oeeurs to surface, the overburden

is thin « 8 m), dewatered and no infrastructure exists above mine workings.

Site access was possible, to carry out rock mass evaluation, discuss previous

shallow stope integrity with mine operators, and obtain rock samples for testing and rock

quality evaluation. In situ stress measurements were available. The work performed

would provide indications to the mine as to the effeets of the size and positioning on

shallow stope stability and would complement work already performed [68] [107].

The design performed here would supply mine operators with information that

would have a bearing on the removal of support pillars between stopes, that is currently

planned, leaving behind a very large shallow stope: 360 m long, 25 m wide and 90 m

high.

4.4 NUMERICAL MODELLING

4.4.1 Numerical Model Selection

The numerical code to model the upper stopes of the Niobec mine was selected

based on the geometry of the stopes and the rock mass behaviour.

The stope plan dimensions being similar, a 3-dimensional modelling code would

provide more representative results and would model more closely the actual stope
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geometry rather than a 2-dimensional code which would assume the openings to be

suftïciently long in the horizontal direction. The excellent rock mass quality of the

limestone and carbonatite bordering on the massive shown in the ticId. responding

elastically in the lab tests. and the absence of faults and weak zones around shallow

openings justified the use of a code using linear elastic material behaviour.

The numerical code selected was the BMlNES program. This tinite clement

program developed for the U.S. Bureau of Mines [108] is capable of modelling complex

geometries in 2 or 3 dimensions. Several geological materials can be considered with

isotropy and linear or non-linear behaviour, although the latter option was not operational

at CANMET. Geological material disposition can be vertical, horizontal or inclined.

Gravity or initial state of stress can be considered. Mesh generation and mesh plolting

is possible as weil as the plotting of stress and factor of safcty contours (Hoek and

Brown, Drucker-Praeger or Mohr-Coulomb e-ljl l'ailure criteria). BMlNES is currcntly

designed to operate at CANMET on a SUN Sparc station. Various modclling projects

other than shallow stopes have been performed l'orthe Dumagami [109], Sigma [110], and

Kidd Creek [66] mines with BMINES.

4.4.2 Geomechanical Properties

The material properties obtained l'rom the zone 1 carbonatite and limcstonc arc

presented in Table 4.1. These comprise compressive strength (tcsted only at two

confmement levels due to lack of samples supplied by the company), Brazilian tensilc

strength, modulus of elasticity, Poisson's ratio, cohesion interccpt value, and anglc of

friction. The carbonatite represents the belter portion of the rock mass which hosts most
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Table 4.1 Niobec Mine Rock Material Laboratory Test Results

•

N-o

Compressive Strength Tensile Modulus Poisson's Cohesion 0 Hoek & Unit
(MPa) Strength of Ratio (MPa) degrees Brown Weight

(MPa) Elasticity m value (MN/m')
(GPa)

Confinement Peak
Strength

Carbonatite 0 140.5 9.4 56.4 0.25 28 47 20 0.027

14.1 295.0

Limestone 0 92 5.6 30.0 0.20 14 40 16.3 0.027



• of the zone 1 extraction.

Average values for the RQD and rock mass rating surveys performed were used

to calculate Hoek and Brown rock mass parameters m and s with equations 1.43 and 1.44.

Table 4.2. Ground stress measurement data performed for the mine by CANMET [27]

is presented in Table 4.3. Although no in situ test of rock mass modulus of elusticity wus

performed at Niobee. the Serafim and Pereira [103] empirical equation retumed values

based on calculated rock mass rating values (Appendix 2). Application of the eljuation

RMR-IO

Et/lass = lO~ (4.1)

•

•

returns a value of 28.2 GPa for the carbonatite and 63.1 GPa for the limestone. The

carbonatite value appears reasonable versus the laboratory modulus (56.4 GPa) given its

poorly jointed nature. The calculated field value for limestone is greater thun the

laboratory value (30.0 GPa) and is therefore not representative. A reduced value of field

modulus is in order because of the existing discontinuities. A field modulus value of 50%

lab value is often used for high quality rock masses [112] such as the Niobeè limestone

(RQD=92. RMR=82). Therefore. a value of 15 GPa will be used.

4.4.3 The Niobee Mine Numerieal Model

Of the shallow openings existing at the mine, those located in the northern portion

of the mine, "zone 1", were seleeted for analysis. There. several consecutive stopes occur

in the fliSt mine lev~1 with openings situated immediately below them, Figure 4.5. These

stopes are 90 m'high and have horizontal dimensions ranging from 25 m x 25 m te 30 m
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Table 4.2 Niobec Mine Rock Mass Rating Parameters

1 1

RQD
1 Rock ;:~~ating 1

Field

1
% m s

Carbonatite 87 68 6.4 0.03

Limestone 92 82 8.6 0.1

:;'
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Table 4.3 Niobec Mine Summary of In Situ Geomechanical Field Parameters [26]

1

Modulus of Elasticity

1
(GPa)

Carbonatite 28.2'

Limestone 15.0+

*using equation 4.1 + using a reduction of 50% from lab tests

Natural Ground Stresses

Orientation Value (MPa)
(bearingldip) (Depth 300 m)

Major Principal Stress 90%5° 22.3

Intermediate Principal 180%° 9.4
Stress

280°/85° 7.2
Minor Principal Stress
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Figure 4.5 East-west longitudinal section of zone 1 stopes.
Niobec Mine. looking north.
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x 75 m. The sequence of stopes and pillars is located in part in altered carbonatite (up

to 50%). which is of poorer quality. Beeause no other area in the mine wOlild offer slich

stope proximity and numbers. this area would otIer a "worse case" situation.

Two numerical modelling sequences were performed to simlilate the events

representative of current stope distribution and planned future pillar extraction. which

would remove ail rib (support) pillars but leave in place the sill Oevel) pillar betwecn the

two mining bloeks. The resulting upper excavation wouId be 360 m long. the lower.

75 m long.

A 3-D mesh of 18.144 elements was used to model the extracted rock mass with

pillars. A 3-D mesh of 15.552 elements was used to model the large openings created

with pillars removed. Beeause of limitations on the number of clements used. the

smallest dimension of elements was limited to 5 m. a series of which were used in the

stope erown and hangingwalllfootwall periphery. to arrive at a better representation of the

redistributed stresses around the stopes. The model, with pillars in place was 1240 m

high. 2350 m wide; the model with pillars removed was 1240 m high. 2339 m wide.

4.4.4 Modelling Results

Figures 4.6 and 4.7 respeetively show the major and minor principal stresses in

a longitudinal section of zone 1 with the pillars in place. This represents the eurrent

arrangement of stopes as seen in Figure 4.5. Figures 4.8 and 4.9 respeetively show major

and minor principal stresses on a cross section at mid-length of stope C-I03-23. Figures

4.10 and 4.11 present the major and minor principal stresses on a cross-section at mid­

length of stope C-103-l9.
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• Figure 4.6 Major principal stresses, zone 1 with pillars in place, longitudinal section.
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Thc surface crown pillars of thc upper stopes are subjccted to very low

comprcssivc minor principal stresses, in the 0 to 1.1 MPa range, Figures 4.7, 4.9 and

4.11. In particular, thc largcst stopc shows zero minor principal stresses. The stope

crowns are subjccted to compressive major principal stresses of the order of 5 to 7.1 MPa.

Thc pillars between the upper stopes, Figures 4.6, 4.7, are for the most part in

comprcssion, up to 11.2 MPa, except for smalltensile areas (,0.43 MPa) at the western

pcriphcry of C-103-25 and between stopes C-103-19 and C-103-15.

The lower sill and support pillars are subjected to compressive stresses 1.1 to 19.6

MPa, Figurcs 4.6, 4.7, 4.10, 4.11. Figures 4.12 to 4.17 respectively show the modelling

resu\ts of zone 1 with pillars removed: major and minor principal stresses on a central

longitudinal section, major and minor principal stresses at the cross section previously

located at the center of C-103-23, and major and minor principal stresses at the cross

section previously located at the center of C-103-19.

The minor principal stress in the immediate surface crown pillar of the 360 m

stopc remains low, but compressive and higher than in the case with pillars in place, with

a range of 0.6 to 1.6 MPa. The major principal stress there has a range of 5 to 15.5 MPa

which is also higher than the condition with pillars.

The sill pillar between mining blocks is subjected to compressive stresses of the

order of 0.4 to 17.5 MPa which is somewhatlower than the modelled stresses with pillars

in place.

Application of the Hock and Brown failure criterion incorporated in BMINES

allowcd for the rclative comparison of strength versus imposed stress. The material

values outlined in Table 4.2 and the geological distribution of Figure 4.5 yields the results
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shown in Figures 4.18 to 4.20 for the sections used earlier with pillars in place, 4.21 to

4.23 for sections used earlier with piJ\ars removed.

The lowest factor of safety in the surface crown piJ\ar is of the order of 3.4, above

C-I03-23. The lowest factor of safety once the pillars arc removed is 3.14 occurring in

the surface crown portion of the previous T-102-l7 pillar.

The lowest value around the support pillars of the first level is 1.9 in the area

underlined as being in tension. The siJ\ and pillars of the second block rate al a factor

of safety of at least 4.2. When the pillars are removed from the upper mining block, the

lowest factor of safety, 1.7, oceurs in the bottom of the siJ\ pillar. The periphery to the

fully opened lower block is at a factor of safety of at least 3.9.

4.5 APPLICATION OF ANALYTICAL EQUATIONS

Few discontinuities except bedding exist in the limestone surface crown pillar.

Strata failures are therefore expected, while plug failures, ravelling and caving are not

because blocks do not exisl. Chirnneying disintegration, which is known to occur in poor

rock, may not readily occur in sound rock such as the limestone but will nevertheless be

examined as to its relative potentiaI.

4.5.1 Strata Failures

Because the crown of the shallow stopes are stratified from bedding,

destratification is plausible.

Appendix 2 outlines the calculations performed to locate the ultimate failure cavity
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of the longest of the current stopes, C-103-23, Figure 4.5. The calculations are based on

tensile strength from four-point beam tests of similar sized beams (- 15 cm x 8 cm x 8

cm) with parallel sides. The results indicate a modulus of elasticity of 30.0 GPa in

compression, 22.3 GPa in tension. With a span of 75 m strata failures are expected to

a height of 17.0 m which will stop sorne 45 m away from surface. Two strata failures

have occurred at Niobec [33], stope 209-27 and 202-12. The former had 25 m x 60 m

plan dimensions. Failure (not measured) occurred over ?jJj)rè>ximately 40 m in the center

of thc longest dimension and over the entire wid;h~f 25 m. The cavity height was 4 to

7 m. In the second stope of dimensions 25 m x 45 m, the failure (not measured) occurred

over the entire crown to a cavity height of 4 to 7 m. It is not possible to conclude that

failures in long stopes 60 m or more (thesl:ù: of C-103-23 and the future 360 m long

stope when piIlars are removed) will be limited to sorne 40 m in length. However, the

analytièal equlition predicts a cavity height of 10.0 m for a span of 45 m. The

overestimation by the analytical equation may lie with this 2-D beam approach versus the

actual dimensions being closer to those of a plate which offers better support.

If the strata that are failing enter into a linear arch configuration, calculations show

that with a thickness of 0.06 m, the limestone beds will fail by buckling rather than

compressive thrust or block slippage, Appendix 2. The linear arch would be stable at a

maximum span of 3.53 m. This is more than the maximum 1.71 m expected for a loaded

stratum. Stabilization by voussoir action, however, may be difficult if sorne other failed

strata are loading the linear arch system.
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4.5.2 Chimneying Disintegration Failure

The massive limestone surface crown pillar is unlike thc wcak rock mass

environments where chimneying disintegration has occurrcd. Howcver, a failllrc analysis

was performed to measure the degree of probability of sllch a failurc.

The selected $ and cm for rock mass conditions wcrc sclcctcd bascd on thc

derivation of the rock mass failures envelope from the Hock and Brown failllrc critcrion

(Appendix 2, Table 2). The calculations, Appendix 2, indicate that a factor of safcty of

30.7 exists against chimneying disintegration.

4.6 APPLICATION OF EMPIRICAL METHODS

The critical spans provided by the NGI and surface crown pillar methods can be

compared "against results obtained by numerical modelling and analytical equations.

The NGI system (Table 1.5, Figure 1.14) classifies the limestone at Q=61.3, "very

good" rock quality (Appendix 2) which, with a span of 25 m for the smallest stope, 75 m

for the largest CUITent stope, and 360 m for the largest future stope, and an E.S.R. of 1.6,

Chapter 3.6.1, ail plot in the required support range. Untensioned grouted bolts for the

smallest to tension grouted bolts for the largest opening is recommended. Conventional

2 m rock bolts on a 2.5 m pattern have been sufficient to support the stope crowns. The

carbonatite stope walls, usually 90 m high, have a Qof 32.6, "good" rock quality. This

plots into the support required area, lension-grouled bollS wilh chain-link mesh support

prescribed. Field observations of the pillars lefl unsupported show no degradalion.
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The surface crown pillar empirical method renlms (Appendix 2) a minimum pillar

thickness of 2.2 m for a surface crown pillar spanning 25 m. (75 m longitudinally; 2.9 if

the stope is 360 m longitudinally) \Vith the quality on structural properties of the

limestone rock mass.

4.7 SUMMARY

The Niobec case has provided the opportunity to examine several shallow stope

stability aspects: the effect on stress distribution from several consecutive large stopes

and vertical mining blocks and from the size of stopes, the level of stress from these

conditions and its effectson the integrity of the poorly jointed rock mass, as weil as

destratification of the surface crown pillar.

Numerical modelling indicates that near-zero compressive minor principal stresses

currently exist in the crowns of the consecutive slopes and that the levels will remain the

samc whcn the pillars are removed and a 360 m long 85 m wide and 90 m high opening

is created above another large mining block. This can explain the reason for historical

destratification but application of the Hoek and Brown failure criterion from modelling

results did not indicate failure.

These stresses will not be sufficient to fail the massive rock in the limestone cap

or hosting carbonatite, the factor of safety being at least 1.7. There is little evidence with

this natural stress distribution (major principal stress parallel to the longitudinal direction)

that longitudinally consecutive stopes result in significantly lower stresses over the central

stopes.
""0-'-
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However, alignment of the major principal stress with the cast west distribution

of zone 1 of stopes and the 360 m long planned stope once pillars arc removed represents

a belter condition than if it was orthogonal to it [113].

The limestone bedding which parts with difficulty and the lack of other jointing

in this unit reduces the anticipation of failure by destratification. Over the current 75 m

C-102-23 stope span failure of the 0.06 m stratas would result in a 17 m high cavity using

the analytieal equation. Cases of failure at Niobec show that irrespective of span, failures

in unsupported ground are limited to a span of 40-45 m and create cavities 4-7 m high.

The cavity height predieted l'rom the developed analytieal equation for such a span is

10 ID but refleets a eonservative plane strain analysis versus aetual plate conditions.

Voussoir bloeks l'rom failed strata would only he stable over a stope a span of 3.5 m.

Destratifieation failures would stop weil before surface is reaehed, leaving some 45 m of

rock above stopes.

Because of absence of more than one family of joints (bedding) the conditions for

ravelling, plug failure and block caving are not present. An analysis for chimneying

disintegration was nonetheless performed as a bench mark for the upper values of such

an analysis in massive rock. The factor of safety against chimneying disintegration is

30.7.

The NOl empirical method indicates support is needed, which confirms the

occurrence of failures, but recommends conservative ground control means. The surface

crown pillar empirical chart required minimum thickness of the order of 2.3 m. This is

weil below the 4 to 7 ID high failures recorded.
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The massive carbonatite stope walls, which are dissected by two joint sets rather

than three sets to form blocks, were not analysed for block slides. Observations of

several shallow stopes in zones 1 and 2 indicate that the stopes are stable and that no

failures are evident. This confirms the numerical modelling results. Conventional support

of the stope crowns in limestone is sufficient to prevent destratification, the only expected

failure mechanism.

Based on these results, planned retrieval of the support pillars can be carried out

without shallow stope failure and that minimum degradation will occur if the stope

crowns arc supported as soon as they are created. Serious dilution is not expected from

the limestone crown, or the carbonatite which is unsupported, as indicated by the

modelling. The shallow stopes should therefore remain stable and no failures to surface

are anticipated.
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CHAPTER 5

THE DUMAGAMI MINE CASE STUDY

5.1 GENERAL GEOLOGY

The Dumagami Mine, a division of Agnico Eagle Mines Ltd., is loeated 60 km

west of Val d'Or, Quebee, Figure 5.1.

The orebody of massive pyrite with disseminated gold averaging 7 giton is

oriented east-west with a thickness of 5-15 m. The orebody has a longitudinal extent of

about 300 m, a dip of 85° south and a plunge of 60° west. It is loeated in the Superior

Province of the Precambrian Shield, in a geologic setting dominated by metavulean ic rock

sequences, Figures 5.2, 5.3.

At depth, the plunging orebody crosses into the Bousquest no. 2 property, where

Lac Minerais Ltd. also mines. A boundary separates the two properties, although current

plans are to mine the orebody without leaving a boundary pillar.

The orebody is located in a sequence of fine to medium grained volcanoclastie

rock sequence. The sequence of geological units from hangingwall to footwall can be

generalized as follows, Figure 5.3: a mafic tuff becoming more foliated towards the ore

zone; a 15 m wide highly foliated, sometimes sericitic tuff (with talc coated laminas 0.5-1

. cm thiek) at the contact with the orebody; a massive pyrite orebody; an immcdiate

. footwall 20 m wide of poorly to moderately foliated rhyolite with disseminated, or

stringer, pyrite; a 15 m highly foliated schistose unit; and moderately foliated rhyolite.
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Figure 5.1 Location of the Dumagami Mine.
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Few structural geology elements have been identitïed while surveying the site.

Figure 5.4. Rock core and tïeld mapping for this rescarch have shown that

foliationlschistosity is the predominant type of discontinuity in the units. Sorne large sub­

vertical joints orthogonally cross the orebody. spaced 0.8-3 m.

Sub-horizontally oriented joints, equally wide, occur in the massive pyrite with an

average spacing of 2-5 m. The hangingwall ore boundary can be considered as a pl:mar

discontinuity over the extent of the orebody. On occasion, the massive pyrite is

segmented by poorly developed east-west foliation; spacing is greater than 30 cm. Figure

5.5 indicates that blocks defined by the orebody boundary, by sub-vertical and sub­

horizontal joints, can fall from the roof. However, field examin:llion has shown only

prismatic sliding blocks occur. If the N8W 85SW joint family extends to surface, plug

failures could be possible bounded by this and the planar ore boundarics. Joint propcrties

are shown in Table 5.1.

5.2 MINING EXTRACTION

The Dumagami Mine came into production in 1986, after diamond drilling

exploration had delineated a gold bearing ore zone. Mining has followed a progressively

deepening pattern. Extraction is complete between depths 140 m and 350 m.

The mining method used for this area has been blasthole mining practised in a

multi-Ievel sub-Ievel retreat fashion, starting from the longitudinal extremities of the

orebody and fmishing at the stope center. This approach has reduced development costs,

to a central cross eut and a drift located in the ore. Ore is removed from draw-points at
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Figure 5.4 Stereographie projection of Dumagami Mine diseontinuities.
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Figure 5.5 Bloek failure potential, stereographie analysis, Dumagami Mine.
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Table 5.1 Properties of Dumagami Mine Rock Joints

Joint Family Spacing Average Joint Joint Condition
(m) Length

(m)

N82W 10NE 2-5 >9 Undulating,
sIightly rough,
no aiteration

N8W 85SW 0.8-3 >9 Planar, sIightly
rough,
no aiteration

N90E 85S > 0.3 >3 Planar, smooth,
(orebody) talc covered

(schist)
0.01-0.02 regional
(schist)
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main levels with trackless loaders fccding ore to an ore pass system.

Mining is now being carried out at a depth of 680 m in an upward 'Uld retreut

fashion away from the property boundary to reduce the effects of stress redistribution

caused by the Bousquet 2 property extraction. Mining has progressed there from a depth

of 800 m.

5.3 SELECTION OF CASE STUDY

The Dumagami Mine represents a roék mass environment of competent ore zone

bounded by weak rock (on one side), Figure l.3d. In this case the anticipated failure

mechanisms are plug drop from the massive pyrite orebody, ravelling from the crown, and

chimneying within the immediate hangingwaIl schist. Caving will also bc cxamincd.

Without existing stratifications, strata failures are not expected. Stope walls arc

commonly affected by deformation of the schist into the opening which can affect the

confmement of the crown. Saturated overburden and a small lake arc located above thc

orebody. The stability of the shallow stope is therefore an important consideration.

This massive and vertical pyrite orebody is boundcd by low friction boundarics

and crossed by extensive, vertical joints which couId form a plug. Plans arc underway

to mine a shallow stope that, with subsequent progressive expansion, will join a larger

stope at depth, Figure 5.6. This progression might at sorne point adversely affect the

stress distribution around the opening in regards to failures. Specialized modelling will

be helpful in examining the potential failure of the current 210 m and future 330 m high

schist hangingwall and whether this might continue to surface. The work performed
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Figure 5.6 Longitudinal (a) and transversal (b) sections of the existing stope and

planned (cross-hatched) shallow stope development. The sequence
of shallow stope extraction is indicated.
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under this thesis would supply the mine operators with information thm would have a

bearing on designing the shallow stope expansion. Beeause site aceess was possible, rock

core available and in situ tests performed. supplcmentary rock and rock mass property

evaluations could be added whieh would weil define the site geomechanically and provide

representative results of analysis.

The sehistose materiallimiting the orebody is similar. but better in quality to that

in which the Bousquet Mine chimneying disintegration occurred (chapter 1.3.4). Site

observations when the Bousquet Mine was visited indicate that the sehist material at that

site is eompletely sericitie and disintegrates more rapidly and seriously than the

Dumagami sehist.

5.4 NUMERICAL MODELLING

5.4.1 Numerieal Model Selection

The Dumagami rock mass is made up of two types of materials: material with

expeeted !inear elastic behaviour (ore zone, mafic tuff, rhyolite) because they arc

eomposed of sounder and homogeneous rock, and have shown elastic behaviour in the

compression tests performed; and a material with distinct anisotropy (schist) w.hich is

composed of weak sericitie material which could exhibit more non-elastic (plastic)

behaviour. This has been seen in the shallow and deep mine openings into whieh the

sehist has permanently deformed. In fact, sampling.of this material only provided flakes

or plates of rock, unsuitable for testing.
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ln order to obtain a representation of the behaviollr of the schist zone. e~pecially

the han§:ingwall contact where chimneying is a possibility. a 1I1imerical mode! capable of

handlinf; non-linearity was used.

The program PCEPFE (Personal Computer Elastic Plastic Finlle Element stress

analysis program) developed at CANMET [1141 is a static non-linear tinite clement

program for analysis of two-dimensional structures (p\<Ule strain). Initial stresses,

simulation of mining sequences (excavation and/or backfill). and arbitrary distribllted

loading. gravity loading as weil as concentrated force loading can be handleu by this

program.

Il assumes an elastic perfeclly plastic malerial following a generalized Mohr­

Coulomb yield crilerion and increm~nlal plaslicity. Elements in plasticity arc indicated

as "failed" elements on the factor of safely plots and remain failed in subsequent mining

steps. The model does not handle anisotropie material behaviour.

The two-dimensional feature of the model represents the longitudinal cxtent of the

problem. Ideally a three-dimensionai mode! would provide better stress uistribution for

a potential plug failure analysis. However. the three-dimensional non-linear model

availabJe (the CANMET BMINES) w<!s not operational in the non-linear mode during the

modeIling stage of this researeh program.

5.4.2 Geomechanieal Properties

The Dumagami Mine supplied rock core eontaining aIl of the site unitli except

rhyolite. The core was obtained from a diamond drill hole driven orthogonal to foliation

and the orebody for the purpose of carrying out in situ modululi of elasticity telits.
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As part of this research ail rock units supplied were tested, from rock core for

intact strength and deformation properties. Table 5.1, exccpt for the schist units, their

highly segmented nature preventing such tests from being carried out. RQD was

performed on the rock core. From thesc values and the rock mass rating (Appendix 3),

the Hock and Brown m and s field values were ealeulated using equation 1.43 and 1.44,

Table 5.2. For the schist, representative field values of m and s were obtained by

examining the Hoek and Brown recommended va\ues [95], Table 2.1, and that ealeulated

for the parent voleanie units. The unit is of very poor quality, RMR = 25. The parent

rock material for the schist is voleanic rock (fine grained polymineralie rock). The tuff

and rhyolite (similar to tuff in composition, RQD, joint properties and orientations) rate

at m = 1.0 and s = 0.004. The more diseontinuous sehist will have a lower rock mass

cohesion, whereas the angle of friction will also be lower due to the effect of talc

covering the schist's plates. Therefore an m = 0.4 and s = 0.0001 were chosen. Silice

one joint family usually exists (foliation) and that the rock mass is divided into extensive

but thin plates indicates that the m and s values were somewhat better than the worst

rating given for that RMR, in Hoek and Brown.

Appendix 3 outlines the Hock and Brown [95] calculations to obtain rock mass c

and ~ values, based on these m and s parameters. These were then used in the 2-D model

to define the strength envclope. They are summarized in Table 5.3.

Although modulus of elasticity values were obtained from dilatometer tests, the

orthogonal hole direction provided values parallel to sehistosity. The~e field values shown

in Table 5.3 are expeeted to be higher than test values in the weakest direction, tested

from drill holes parallel to sehistosity. Drill holes oriented parallel to sehistosity eaved
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Table 5.2 Dumagami Mine Rock Material Laboratory Test Results
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N
Vl
.j>.

Compressive Strength Tensile Strcng;th Modulus of Poisson's Cohesion ~ Bock & Brown Unit Wcight
(MPa) (MPa) Elasticity Ratio (MPa) (dcgrccs) ru Value (MN/ml)

(OPa)

Confinement Peak Strcngth

Mafie Tuff 0 98 19.1 32 0.44" 30 43 S.7 0.0268

S IS6.3
10 173.7
15 191.8
20 203.5
25 213.4

H:mgingwall schist - - - - - - - 0.027

Massh'c Pyrite 0 86.0 7.4 84 OS 17 54 14 O.OS

5 126.3
10 159.8
15 181.2
20 213.0
25 229.3

Footwall Rhyolite 0 56.0 9.3 28 0.20 27 38 4.4 0.0274

5 87.9
IO 97.9
15 107.3
20 115.7
25 123.3

Footwall Schisl - - - - - - 0.0274

Rhyolite - - - - - S.7 0.0274
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Table 5.3 Dumagami Mine Rock Mass Rating Parameters

RQD Rock Mass Field
Rating

(RMR) m s cm <1>

(MPa) (degrees)

Matie Tuff 37 50 1.0 0.004 2.4 35

Hangingwall Sehist 17 25 0.4 0.0001 0.8 25

Massive Pyrite 90 82 7.4 0.14 5.5 52

Footwall Rhyolite 76 54 0.9 0.006 2.0 32

Footwall Schist 8 25 0.4 0.0001 0.2 25

Rhyolite 50 50 1.0 0.004 2.4 35
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readily and \Vere not used. Only the massive pyrite values mcasureu might be

representative because. unlike the other units. foliation is not weil uevclopcd. Table 5.:­

therefore presents the other units' values adopted for mouellillg. baseu on the empirical

Serafim and Pereira [111] approach, equation 4.1.

Natural ground stress orientation and values \Vere obtailled by CANMET 1271

using overeoring of C.S.I.R. strain eells. Table 5,4, at a depth of 190 m.

5,4.3 The Dumagami Mine Numerical Model

Seven mining steps were mn with PCEPFE, to simulate the currelltly exisling

shallow stope (step 1: 9 m \Vide, depth 140 to 340 m) and the progression for six

consecutive openings that are planned to be created (each 20 m high) starting l'rom a

depth of 20 m and reaehing the existing stope, Figure 5.6. The steps were carrieu out

consecutively, Le. the effects of a new mining step \Vas bascd on the resulls of the

previous one.

One finite element mesh was used from which clements \Vere removeu for each

mining step. AmadeI simulating a 3,000 m width and 1,000 m height \Vas used because

of the high opened stope existing at the site. Sufficient distance had ta be provided for

stresses and displacements ta retum ta natural values before the model boundaries were

reaehed. A total of 4620 elements made up the mcsh bcforc caeh mining stcp was

ereated, Figure 5.7, representing the 5 geologieal materials (tuff, schist, ore zone, footwall

rhyolite, rhyolite), Figure 5.8. Vertical stopes were uscd ta approximatc the 85° dip of

the orebody.
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Table 5.4 Dumagami Mine Summary of ln Situ Geomechanical Field Parameters [26]

Modulus of Elasticity
(GPa)

Mafic Tuff - 10.0*

Hangingwall Schist IS' 2.4*

Massive Pyrite 23+ 23.0

Footwall Rhyolite 22+ 12.0*

Footwall Schist 33.2+ 2.4*

Rhyolite - 10.0*

+ measured parallel to schistocity * using equation 4.1

Natural Ground Stresses
(depth = 190 m)

Orientation Value
(bearingldip) (MPa)

Major Principal Stress 034%6° 14.6
Intermediate Principal Stress 030°/12° 7.0
Minor Principal Stress 152°/76° . 4.8
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Figure 5.7 Sequence of extraction of the seven planned mining steps,
Dumagami numerical model.
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Only partially backfilled with loose rockfill. the currellt stope (mining step 1) and

the planned mining extraction. which does not anticipate backfilling. were eonsidercd open

in the modelling.

5.4.4 Modelling Results

Figures 5.9 - 5.28 present the displacemellts. stresses. and failed clements for

mining steps one. two. six and seven, which represent important changes in conditions.

Displaeements are highest in the sehist hangingwalI. Incrementai mining steps

would increase the displacements of the hangingwall in the new stope (step 2 to 7). l'rom

14 cm to 28 cm. The erown and footwall periphery movements of this stope would nevcr

exceed 2 cm.

The hangingwalls and footwalls of the existing stope would generally be subjectcd

to a reduetion in stress with the creation and expansion of the shallow stope. The crown

stresses a~ove the existing stope would remain compressive and when the shallow stope

cornes doser and merges with the existing stope, values there would increase.

The surface crown pillar ereated in step 2 would be subjeeted 10 gradually

inereasing tangential compressive stresses, with subsequent stope expansion. These would

be horizontal and start l'rom 6 to 12 MPa, to reach 22 MPa before stopes merge. When

this oecurs, a signifieant inerease to 40 MPa wouId be imposed. Radial stresses in the

surface erown pillar would deerease to tensile values with expansion of the shallow stope.

Low tangential compressive stress values (0 to 2 MPa) wouId originally exist in

the hangingwall and footwall of the shallow stope. Reductions to tensile values over the

entire footwall wouId develop with each mining step, but the hangingwall would only
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Dumagami Figure 5.10 Stress orientation and intensity after mining step one,

Dumagami model.
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Figure 5.11 Major principal stress levels after mining step one~ Dumagami model
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MlNOR PRINCIPAL STRESSES

Figure 5.12 Minor principal stress levels after mining step one, Dumagami model~
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FAlLED ELEMllNJS+ Dumagami Figure 5.13 Failed portions of the rock mass after mining step one, Dumagami model.
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Figure 5.14 Rock mass displacements after mining step two, Dumagami model.
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Dumagami Figure 5.15 Stress orientation and intensity after mining step two, Dumagami model.
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MAJOR PRINCIPAL STRESSES

Figure 5.16 Major principal stress levels after mining step two, Dumagami model.
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Figure 5.17 Minor principal stress levels after mining step two, Dumagami model.
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Dumagami

•
Figure 5.18 Portions of the rock mass after mining step two, Dumagami model.
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~ DUDlagaxoi Figure 5.20 Stress orientation and intensity after mining step six, Dumagami model.
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M1NOR PRINCIPAL STRESSES

Figure 5.22 Minor principal stress levels after mining step six. Dumagami model.
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Dumagami Figure 5.23 Failed portions of the rock mass after mining step six, Dumagami model.
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STRESS ORIENTATION AND INTllNSI'IT
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Figure 5.25 Stress orientation and intensity after mining step seven, Dumagami model.
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Figure 5.26 Major principal stress levels after mining step seven, Dumagami model.

MPa
Dumagami

1400 1450 1500 155Œ600
i , , \ - ,

.H!' " ,.,' 1,.~1iI_-·fr ! iJ ';~! :.;!~ ~j .: ~h··. "~l: ',,,·'l"!} ", .1' .. ,.. '. i'. lb. Lf ,·fU": ~:.;.'t: : 1':1.~-_f ;. __ .~-'J _-.; ::}'!rhl, d,. t .", .p, ! !li' ,1: ,""'';'; J! j ',l,! l, ',"
}:l':iilJI'i '1!~!;I;*'rl' ," '~~'$ "-' "\~'! :.'.l",
'•.• 1,"'. '.'1' ''''.' ;":~ ." '." \1 !" . '''fi'.i'. iI1...l,.!,•.'.:.', '.
"1 "l' , . ,". ., ", " .!'II '. , ,l ,"1 l' :,:'1 'i "", i' 'i' :;' " '1 ;. '~. 'l' , ,1 ",'. ''l' '1"" ,". '. "1 " '1 ,l' ""'iL' '

,! t ~ : :.q.!;l 'l~" ::: , ,; :. i:'!II"ll} i:~ ;: .
ilJil' :i:ltlltl il'" ,:1 , j!:~ :'!:lllMI'j,j"'i; " .
; i '", ,,":, • :.,' t . . :i' r ""H, II i ,', .'
, '"'1:' ; i l''~. - - r' 'il ~ . 1 ':.<1 -~'r'! H, 1Ji ". ','! _:
t,l:';::i~; 'iiJ~'_'~ :1 ô:. '~';.; :.~.,~~ .. ~~:, 1,·I.~J" ".'. 1.1 '.': " ,,1\ '.' ,. I.....! l~ "~:Ilfl.l•. }:il"t-i!l!~lt:,ln~~ ,1,Li'inill[!ill!J tHI

-400

-300

-100

'"
ex: -200



• • •
MINOR PRINCIPAL STRESSES

Figure 5.27 Minor principal stress levels after mining step seven, Dumagami model.
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have a restricted tensile stress area. No tensile tangential or radial stresses wouId occur

in the schist at the elevation of the surface erown pillar. Only compressive stresses would

occur there.

In the first mining step (the existing deeper stope), failed elements occur in the

upper footwall and hangingwall due to compressive stress exceeding strength. These

rcgions would progrcssivcly dcvclop more failed elements with the opening an:! expansion

of thc shallow stope.

Failed elcments would occur near surface in the hangingwall and footwall schist

as a rcsult of compressive stress action. Thc failure of the upper portion of the

hangingwall schist, above thc shallow opening, extends with deepening of the shailow

stopc. The upper portion of footwall rhyolite also enters into failure aIthough it fails from

thc high tcnsilc stresses developed there. By the time the shallow stope merges with the

dccpcr stopc, ail of upper hangingwail schist has failed. The massive pyrite surface crown

pillar rcmains essentially intact.

5.5 APPLICATION OF ANALYTICAL EOUATIONS

5.5.1 Plug Failure

The persistence of the sub-verticai geologicai break between the orebody and schist

on thc hangingwall and orebody and foliated rhyolite on the footwaii forms discontinuities

on which a plug can fail. Given the persistence of the cross-cutting sub-vertical joint

family, thc gcomctry for a plug collapse is weil defmed. The near vertical nature of the

joints aIso crcatcs a worse casc situation.
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Appendix 3 calculates the factor of safety against a vertical plug failure using the

numerical model results for a 2-D analysis. In reality a calculation including the third

dimension stress would provide a higher factor of safety. The currently excavated

opening has a high 2D factor of safety against plug failure for the 140 m high plug, it is

17.2. When the shallow stope is created, and a 20 m high plug can develop, the 2D

factor of safety would drop to 4.5 (step 2) and increase with the exp.msion of the shallow

stope to 21.8 when it merges with the deeper stope.

5.5.2 Ravelling Failures

Potential block falls were identified in Chapter 5.1 for the stope crown families

from the three joint families occurring there. Because a poorly developed foliation is the

predominant joint family in the footwall rhyolite and very few other joint families occur,

bloek slides from this vertical periphery are not anticipated. The hangingwall schist is

also dominated by the foliation with the occasionai sub-horizontal jOiolt, insufficient as to

the number of joints and the dip needed to cause block slides.

The smallest value of tangential stress existing at the surface crown pillar

periphery occurs in mining step 2 when the shallow stope is first created. It is 2.3 MPa,

compressive. Very large blocks can be formed in the crown periphery, ail of them more

or less defined by near vertical and horizontal joints. The largest block can span the

opening (9 m), have a height of 5 m and strike width of 3 m and the smallest block

would be 0.5 m wide.

Appendix 3 calculates the required tangential stress to prevent block slides.

Although a minimum of 0.93 MPa is required, for maintaining the largest block in place,
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this is weil bclow the projected confining tangential stress existing at the periphery.

5.5.3 Chimneying Disintegration Failures

With the neighbouring mine, Bousquet, having been subjeeted to a schist

chimneying disintegration failure, evaluation of such a failure at Dumagami needs

examination. The Bousquet sericite schist is however qualitatively weaker, easier to break

down.

The numerical modelling results show that at no time is the Dumagami

hangingwall schist in tension, especially in the surface crown pillar area. However, the

compressive stresses existing are sufficientIy high to cause materiai failure. The failure

increases in extent within the upper hangingwall with the enlargement of the shallow

stope.

Appendix 3 provides the ealculations for chimneying based on intact rock mass

values. If failure oeeurs within the hangingwall into an access drift or cross-eut, with a

span of 4 m, the factor of safety is 5.1. This drops to 2.5 for an opening that is 8 m

wide. CUITent aeeess cross-cuts arc 3.5 m wide.

The 9 m wide pyrite orebody, because it has such a high rock mass quality and

RQD (RQD = 82, RMR = 82, Q = 18, Appendix 3), would be Iess likely to chimney.

Appendix 3 calculates a factor of safety of 21.6 against ehimneying disintegration.

5.5.4 Block Caving Failure

The possibility exists that weak rock such as the schist can bloek-cave, after

hangingwall failure has bcgun, aithough more efficient rock mass fragmenting (through
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imposed failure or with one more joint family to form 3-D shapes) is needcù.

Appendix 3 presents the potential for cavc arching with the current opening ùcpth

of 135 m, intact block compression failure in schist cave arching is not expectcù (F, =

15.1) but bulk failure in the arch is (F, = 0.9). Therefore, caving stabilization for schist

at that depth would be difficult. At the depth of the new opening 20 m. stnbilization

eould be achieved for eaving in the schist. Factors of safety against intact compression

and bulk failures rated at 103 and 114 respectively.

If the massive pyrite orebody was to block-cave, stable a,ching cOllld develop at

135 m (intact block failure F, = 22.1, bulk arch failure F, 1.64) and 20 m depth (intact

bloek failure F, = 148.3, bulk arch failure F, = 1.78).

5.6 APPUCATION OF EMPIRICAL METHODS

The NGI system (Table 1.5, Figure 1.14) classifies the massive pyrite orebody with

Q = 27.3 as "good" rock quality (Appendix 3) which, with a span of 9 m and an E.S.R.

of 1.6 (Chapter 3.6.1), plots slightly into the zone of required support. The system

reeommends untensioned grouted bolting at every 1.5 m. The hangingwall schist, rating

of Q = 0.71 "very poor", plots weil into the zone of required support for the heights

encountered during the mining steps. Severe ground support is reeommended at any

height above 3 m. The footwall quality, Q = 2.75 "poor", is limited to an unsllpported

height of 4.8 m.

The surface crown pillar empirical method for a massive pyrite surface crown

pillar span of 9 m yields a C, of 12.0 m which when compared to its qllality Q = 18
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indicates that a minimum thickness of 2.8 m is required.

5.7 SUMMARY

Given the existing large stope and the extensive shallow stope development that

is planned, stress distribution around the opening will be a key factor in influencing

hangingwall schist stability as weil as surface crown pillar viability.

Numerical modelling indicates that the CUITent large sto~e at depth is, and will

continue to be, subjected to stresses inducing failure in the schist hangingwall with the

creation and expansion of the planned shallow stope. The stresses imposed to the massive

pyrite will not cause failure. Field observations of this 210 m high wall corroborate the

modelling results. The schist has massively moved into the opening, buckling to a depth

of 5 m into the hangingwall. Such a condition is not anticipated in the hangingwall of

the shallow stope planned.

The hangingwall schist from the stope crown to surface is expected however to

bccome increasingly failed as a result of increasing compressive stresses with shallow

stope creation and expansion.

Peripheraltangential surface crown pillar stresses will be sufficiently compressive

to prevent block ravelling at any mining stage. Stresses on potential plug failure planes

are also expected to be sufficient to prevent such a failure mechanism as it presents itself.

No gravity failures are thus expected in the massive pyrite and neither is strength to be

surpassed. If sub levels are created below the shallow stope, modelling should be

performed to indicate any possible destressing around them that could eliminate the
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compressive stress required to prevent block slides. Massive block slides have occurred

in sub levels near the base of the existing stope (mining step 1).

Caving is not expected in the pyrite because of its massive nature. nor in the schist

because the schist has only one dominant joint orientation. In the case of the former

arching would be possible to interrupt a block caving. but not in the schist.

The most likely mode of failure is in the hangingwall schist as a result of

compressive failure, weakening rock mass resistance and perhaps allowing chimneying

disintegration to occur. The factor of safety using intact schist strength varies l'rom 5.1

for a 4 m opening to 2.5 m for an 8 m opening. Access cross-cuts or drifts located in the

schist hangingwaii at a depth of 0 to 30 m would be affected. Effective and immediate

screening wouId prevent original rock mass degradation necessary for chimncying

disintegration.

Although the surface crown pillar empiricai mcthod also evaluates the pyrite crown

pillar as stable, it couId not address schist stability. Only a thin surface crown pillar is

deemed necessary with this approach; however. schist f~ilurc l'rom as dcep as 40 m into

the hangingwall could occur if chimneying disintegration occurs. The NOl system

confirmed the need for stope wall support and pyrite crown stability.

Based on these results planned mining extraction can he carried out provided

support is applied to the hangingwaii schist. Serious dilution is not expected in the

developing shaliow stope. but is in the existing stope.
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CHAPTER 6

THE BELMORAL MINE CASE STUDY

6.1 GENERAL GEOLOGY

The Belmoral Mine is located approximately 10 km northeast of Val d'Or in

northwestcrn Quebec, Figure 6.1. The area is in the southeast part of the Archean Abitibi

greenstone belt; the mine is located within the Bourlamaque Batholith, a granodioritic

intrusion cutting older Volcanic rocks.

A full site geology has been written by Vu et al. [115]. Gold-bearing quartz veins

occur at the site in a shear zone which cuts the batholith. The host rock to the shear zone

is massive, coarse granodiorite, Figure 6.2.

A typical cross-section would consist of the following units (Figure 6.3): sound

granodiorite in the far-field hangingwaIl and far-IÏeld footwall; variable alteration and

increase in fracture frequency, and schistosity within the immediate granodiorite

hangingwall and footwaIl; and a shear zone of variable width consisting of chlorite schist

inter-Iayered with quartz. Large scaIe quartz veins occur which carry gold, but the ore

grade is highest when the quartz is intimately inter-Iayered with the schist, which is

usually in the poorer quality schist sectors. The average grade of the deposit is 7.3 g/t

of gold. Mineralization occurs randomly within the sehist zone, but is about 3 to 4 m

wide.

This shear zone is between 1 rn and 15 m wide and has been traced for 2 km

along strike and to a depth of 450 m. On average, the shear zone strikes N70E and dips
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Figure 6.1 Location of the Bclmeral Mine.
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Figure 6.2 Regional geology, Belmoral Mine (Ferderber deposit) [115].
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65SE, however the strike varies locally from N50E to cast-west and the dip dccreases

!ocally to 50°. The schist is fine grained and, bcsides its schistosity, has a foliation

striking paralle! to the shear zone but with varying dip. At shallow level, 0-200 m, the

dip is vertical; at intermediate Icvels, 200 m - 350 m, the dip is 80SE; at deeper levels

>350 m, the dip is parallel to the shear zone and sehistosity.

Faults which ereated one or several gouge layers up to several centimeters in size

arc observed in many places cutting both the shear zone and the enclosing granodiorite

close to the hangingwall contact. They strike N75E and dip 65SE. In many places they

follow the margins of the shear zone but locally they cut the schist and quartz veins

within it. Several joint families have been surveyed at Belmoral for this research, Figure

6.4. Few discontinuities, apart from the schistosity, occur in the mineralized zone. In the

immediate granodiorite footwall and hangingwall, two families occur: N12W 44NE and

S36W 70NW with a spacing of less than 50 cm. The same joint families occur in the far­

field granodiorite but with a spacing of about 2 m.

Three random families also exist: S75W 81NW, N56W 60NE, S47E 65SW, with

a spacing similar to the two main families. The joint properties are listed in Table 6.1.

Joint configurations which will form blocks that can slide from the hangingwall are

shown in Figure 6.5, using the joints orthogonal to the orebody and strike of the walls,

S75W 8INW.

6.2 MINING EXTRACTION

The Belmoral Mine came into production in 1978 after sufficient grades were
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Figure 6.4 Stereographie projection of joint families, levels 6 and 8, Belmoral Mine.
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Table 6.1 Properties 0f BelmoraI Mine Discontinuities

Joint Family Spacing Average Joint Condition
Joint Length

(m) (m)

Nl2E 44SE

-2 2 to 5
S36W 70N\\

(far field) roug;1 undular;

chlorite covered;
opened, < 2 mm

< 0.5
S75W 81NW

(immediate 1 to 2
N56W 60NE hangingwall/footwall)

S47E 65SW

Schistosity < 0.002 Smooth, interlayered
with occasional gouge
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• Figure 6.5 Bloek failure potential, stereographie analysis, Bclmoral Mine.
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indicated with diamond drilling exploration carried out between 1975 (the year of the

discovery of the orebody) and 1976.

The orebody is covered by 20 - 40 m of overburden of variable compositions and

characteristics [36]. The stratification from the bedrock upward is coarse gravel, fine

sand, silty clay of low ta moderate plasticity, and a varved clay of high sensitivity. The

water content of these units was about 40% at the time of the 1980 shallow stope failure

[36].

In the upper stopes shrinkage stoping was used. Cut-and-fiIl is now used at depth.

The 2-7 stope, Figure 6.6, where the 1980 failure started, was 60 m longitudinally and

60 m deep. The width of the stope was 3.8 m, located in schist with altered granodiorite

boundaries. The ore, accumulated by the progressive mining of horizontal overhand cuts,

was recovered with draw-points at the base of the stope. It was kept partially filled for

working and for support of stope walls. The ore was loaded onto haulage trucks whieh

hauled eaeh load ta a stoekpile located on surface.

6.3 SELECTION OF CASE STUDY

The Belmoral Mine represents Canada's most important failure of a hard rock

mine 'shallow stope. Although it was related ta great movements of overburden into the

underground operations, the failure of the rock mass leading ta sail inflow has never been

baek-analyzed. Either chimneying disintegration or hangingwall ravelling is alluded ta

in the report of the enquiry examining the disaster [36]. The rock mass environment is

that of a weak ore zone, surrounded by competent rock, Figure 1.3c. Numerical
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modelling in thesc environments wouId not only provide an indication of the nature of

redistributed stresses but might be able 10 indicate material failure.

Bclmoral is one of the Canadian mines with a wcak rock mass environment that

couId have failcd by chimneying disintegration. Such failures have already been

registered at Bousquet [34] and Selbaie [37].

Belmoral mine operations, having started again in 1986, continue to work at

shallow levels. Plans are underway to mine shallow stopes to the highest possible

elevations. The back analysis of the 1980 shallow stope failure will provide mine

operators indications of the stability elements and propensity for various failure

mcchanisms. This becomes important in the light of chimneying failures that have

occurred since then, from levels as deep as 260 m [35]. Further mining extraction

towards surface in this sense must be earefully evaluated.

Because site access was possible, rock core available and in situ tests performed,

supplementary rock and rock mass property evaluations could be added which would well

define the site geomcchanically and provide representative results of analyses.

6.4 EVENTS LEADING Ta FAILURE

Thc 1980 mine disaster occurred during mining of the gold bearing sehist zone.

From the record of testimonies and mining information provided to the Belmoral Mine

accident enquiry, the following progression of events leading to failure is probable.

The progression of the instabilities leading to the 1980 shallow stope failure

involved the 2-7 stope, extending from a depth of 35 m to 55 m and the exploration drift
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1-7 10catcd 5 m above this stope, Figures 6.7-6.11. The 1-7 drift \V,IS created al'ter the

2-7 stope \Vas \Vell advanced.

Amongst the Belmoral Mine stopes, stope 2-7 had the reputation of being the

worst. Mine inspectors reported that the rock mass had diftïculty having enough

"cohesion" to support ils own weight. Severe dilution \Vas observed. The stopc

hangingwall was composed of altered granodiorite. Exploration drift 1-7 was eondemned

soon al'ter its creation due to roof faillITes.

Furthermore, in that sector, the hangingwall granodiorite was blocky, in part

beeause of north-south joints that cross the orebody in that sector. Sorne geoteehnical

experts believed that the stope faillITe was related predominantly to a north-south fault

intersecting the east-west orebody, where hangingwall ravelling occurred followed by

massive schist failures. But based on other site observations taken during the excavations

of these openings, the commission concluded that failure of the rock mass started above

drift 1-7 followed by the sill pillar between drift 1-7 and stope 2-7, and progression l'rom

the merged single opening to overburden contact.

The removal of the blasted material stored in the stope l'rom the draw-points

allowed continuation of the faillITe which had begun earlier, and did not permit the caving

process to choke itself off l'rom bulking of failed material.

The second version of the failure mechanism is one in which weak granodiorite

blocks wouId ravel to surface. The hangingwall faillITe version, however, docs nol

explain the fact that the ore pulled l'rom the stope one week before the ultimate l'ail ure

was of high grade indicating that l'ailure was occurring l'rom the mineralized schist zone.

This version was not found credible by the commission. Either version has also to
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Figure 6.7 Beginning of schist zone failure, exploration drift 1-7, located
above stope 2-7 [36]. Scale: 1 cm = 2.8 m.
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Figure 6.8 Progression of schist zone failure: l:Jeginning of stope 2-7 failure [36].•
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account for the following. On the morning of the accident. muddy water was enlering

stope 2-7 and exiting at the draw-points. This wouId preclude a very wide opening at

contact with the overburden at first (serious mud tlow would have occurred otherwise).

6.5 NUMERICAL MODELLING

6.5.1 Numerical Model Selection

The Belmoral roek mass is made up of three types of material: granodiorite.

altered and sehistose granodiorite, and ehlorite schist. It has been alluded to by the

commission witnesses that the granodiorite was poorer at the h,mgingwall schist contact.

The site geomeehanieal survey earried out for this researeh has indicated that the tirst 3 111

of hangingwall and footwall granodiorite is often segmented into blocks that are formed

by "joints that are more closely spaeed than the far-field granodiorite ,md that the

granodiorite is more schistose.

The far-field granodiorite will be assumed to behave elastically, bccause the rock

is sound, homogeneous and isotropie with large joint spacing and because it behaved

elastically in compression lab tests. The immediate granodiorite was not tested in

compression, however the alteration and schistosity were not so pronounced that it was

expeeted to behave elastieally. The far-field and immediate granodiorite will, however,

be treated as geologieal units with different geomeehanieal properties.

The ore zone sehist is weak, diffieult to sample, and is composed of materials

which may behave plastieally when stressed (ehloritie micaceous minerais interspersed

with gouge). This will be treated as the third geologieal material.
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The PCEPFE modcl described in Chapter 5.4.1 was used to model a 2-D cross­

section of the 2-7 stope of the mine. The model assumes an elastie, perfectly plastic

material following a generalized Mohr-Coulomh (c-<I>l yield criterion and incremental

plasticity. 'This would model the expected non-linear behaviour of the schist. The stope

was 60 m long and separated longitudinally from stope 2-9 and stope 2-5 (also 60 m long

with similar widthsl by 3 m rib pillars, Figure 6.6.

Failure is presumed to have occurred over 40 m of the stope length. Ideally a 3-D

non-linear code could be considered to give more representative stress and displacement

tields around the failure zone. The combined length of ail three stopes is of the order of

186 m, representative of a 2-D case. The non-linear, elasto-plastic approach is adopted

to consider the behaviour of the .chist zone. This material would be expeeted to retain

an unrecoverable strain when stressed. With higher stresses, large permanent

deformations occur which should not be calculated as elastic. A 3-D elasto-plastic code

was not available for this research, therefore the 2-D PCEPFE was used.

6.5.2 Geomechanical Properties

Lab tests were performed on materials which eould provide sufficient intact

samples for representative testing. The far-field granodiorite was subjected to uniaxial

and triaxial compressive stresses, and Brazilian indirect tensile tests, as input values for

the calculation of Hoek and Brown [52] rock mass failure envelope. Rock core supplied

by the mine was obtained l'rom diamond drilling driven into bedroek from surface for the

purpose of dilatometer testing to obtain rock mass modulus of elastieity [9].
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The diamond drillinl! was unable to recover sufticient lenl!ths of l!ranodiorite- - -
schist (hangingwall and footwall rock) and ore zone schist for testing. However. some

large intact blacks of schistose granodiorite were sampled manually. and then saw-cut into

prismatic specimens. tested with a point load tester. whieh provided indirect tensile and

compressive strength values using the International Society of Rock Mechanics (lSRM)

suggested methods [116] and Hassani ct al. [117] correlations for tensile strength. Table

6.2 provides the results of lab testing of Belmoral geological materials.

Rock mass quality RQD. RMR, and Q (Appendix 4) values were calculated from

rock core, and haulage drifts and cross-eut exposures of the mine at the 200 level (samc

depth as the draw-points of stope 2-7). Values arc presented in Table 6.3.

The field m and s properties were ealeulated using equation 1.43 and 1.44 which

use the RMR as a basis for translation. From these values the Mohr failure envelope for

the rock mass was generated (Appendix 4) and the cm and <1> values for modclling

seleeted, Table 6.4. Where no value for the sehist eould be developed based on lab tests,

Table 2.1 was used. Based on the RMR of 16 and a field evaluation of quality, an m of

0.35 and s = 0.00008 were seleeted.

The modulus of elasticity modelling input values were obtained from the

dilatometer tests performed under a CANMET eontraet [10]. Results arc shown in Table

6.5. In situ ground stress measurements have not been performed at BelmoraI. The

selection of natural ground stress orientation and values was performed on the following

basis. Firstly, ground stress measurements in the Precambrian Shield have shown that the

major principal stress is close to horizontal, perpendicular to the intermediate principal

stress (also close to horizontal) and the minor principal stress (close to vertical)[26][27].
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Table 6.2 Belmoral Mine Rock Material Laboratory Test Results

•

lN
o
--l

Rock Type Compressive Strength Tensile Modulus Poisson 's Cohesion <Il Hoek and Unit
(MPa) Strength of Ratio (MPa) (degrees) Brown Weight

(MPa) Elasticity m value (MN/n~
(GPa)

Confinement Peak
Strength

Granodiorite 0 116.4 12.1 65.2 0.25 12 47 10.2 0.0274

5 143.9

10 174.0

15 193.2

20 214.8

Altered
granodiorite 0 60.4 6.9 - - - - - 0.0274

Schist - - - - - - - - -
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Table 6.3 Belmoral Mine Rock Mass Rating Parameters

1 1

RQD
1 Rock ~~~~ating 1

Field

1
(%)

m s

Far-field 83 79 4.8 0.1
Granodiori te

Hangingwall 72 53 1.9 0.005
Granodiorite

Schist 0-25%* 16 0.35 0.00008

* proporlional to quartz content
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Table 6.4 Summary of Modelling Parameters. Belmoral Mine

y, 1) Em cm tP
(MN/m') (GPa) (MPa) (degrees)

Far-field granodiorite 0.0274 0.24 10 5.9 52

Hangingwall/footwall 0.0274 0.29 3 1.4 42
granodiorite

0.028 0.34 0.5 0.04 14
Schist

•
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Table 6.5 Belmoral Mine Summary of In Situ Properties [10][26]

Average Modulus of Elasticity, E
(GPa)

Far-field granodiorite 10.0

Hangingwall granodiorite 3.0

Schist 0.5

Natural Ground Stresses (adopted)

Orientation Value
(bearing, dip) (MPalm)

Major Principal Stress N20W/Oo 0.065

Intermediate Principal Stress N70E/0° 0.036

Minor Principal Stress Vertical 0.0274
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Furthermore, the major principal stress direction is usually oriented north-west to north­

cast. Secondly, the minor principal stress is 2.0 to 3.0 times smaller than the major

principal stress and lA to 1.7 times lower than the intermediate principal stress [118].

The closest stress measurements published were performed at Dumagami, sorne

85 km away along the same cast-west Cadillac fault break structural region. Therefore,

sorne degrce of correlation could be made between the two. Table 6.5 shows the

principal stress conditions adopted , reflecting these common shield values. Variations

of the 0, to 0, and 0, to 0, values, from 2.0 to 2.5 and from 1.3 to 1.5, did not

appreciably vary the lcvel or distribution of stresses and failure zones around the openings

modelled.

6.5.3 The Belmoral Mine Numerical Model

Two numerical modelling sequences were performed to simulate the events

representative of the two versions of the development of failure described in the accident

inquiry. These arc the progressive ore zone failure and the progressive ravelling failure

of the hangingwalI. The "mining step" option of the PCEPFE program used allows to

remove "failed" elements (yielding clements). Simulation of the progression of the failure

of the material from the rock mass was done by removing the failed elements of a

"mining step" and using this new excavation outline for the next step.

From a finite clement mesh of 5286 elements, both sequences involved removal

of rock material to create the next "mining step". In the case of the ore zone failure,

Figure 6.12, seven steps were modelled. The sequence involves the development of the

stope, the exploration drift, loss of sill pillar, and progression of failure to surface. In the
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case of the hangingwall failure, eight steps were modelied, Figure 6.13, the first two

bcing identical ta the ore zone model, followed by the sloped portion of the 2-7

hangingwall (the bottom vertical hangingwall was not considered beeause blasted material

would rest against it as reported to the commission, confming it from failure) and the

remaining hangingwall progressively ta surface.

Il is possible that one type of failure might have caused or influenced the other.

That possibility will bc discussed based on results obtained from these basie failures.

The modelled section is assumed ta be at the longitudinal center of the failure,

(along mine section 12620). Material distribution is shawn in Figure 6.14.

6.5.4 Modelling Results

The modelling results are presented in Figures 6.15 to 6.44 for the ore zone failure

progression, 6.45 to 6.74 for the hangingwall failure progression showing only the

hangingwall ravelling.

The creation of stope 2-7 has imposed compressive tangential stresses in the crown

(up ta 3.75 MPa) and the stope fioor (up ta 5.5 MPa), which are sufficient to bring the

schist into failure. Failed elements occur ta a depth of 2.4 m in this case, Figure 6.16.

Tensile tangential stresses oecur in the footwall, starting at the contact between

altered granodiorite and far-field granodiorite, reaching a value of 0.6 MPa at the stope

periphery forcing failure in sorne elements. The upper altered granodiorite footwall has

also failed.

Smaller values of tension « 0.2 MPa) are registered at the hangingwall periphery

and continue into the far-field granodiorite. These are suffieient ta cause only loealized
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Figure 6.13 Hodelling mining steps to simulate hangingwall failurc progression.
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Figure 6.14 Geological cross-section of the Belmoral numerical model
(Far-field granodiorite, material 1; peripheral altered granodioritc,
material 2; schist, material 3).
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+ Balmoral Figure 6.15 Rock mass displacements after mining step one,
creation of stope 2 - 7, Belmoral Mine.
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+ BelIDoral Figure 6.16 Stress orientation and intensity after mining step one,

creation of stope 2 - 7, Belmoral Mine.
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Figure 6.17 Major principal stress levels after mining step one,
creation of stope 2 - 7, Belmoral Mine.
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MINOR PRINCIPAL STRESSES

•
+ Balmoral

•
Figure 6.18 Minor principal stress levels after mining step onc.

creation of stope 2 - 7, Belmoral Mine. MPa
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Belmoral Figure 6.20 Rock mass displacements after mining step two,
creation of drift 1-7, Belmoral Mine.
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Figure 6.21 Stress orientation and intensity after mining step two,

creation of drift 1-7, Belmoral Mine.
STRESS ORIENTATION ANI> INTIlNSl'IT

BelmQral

~:- 7 7 C""I"l--l~Z-'T"77"f!JJ)[JJ7JjJ7/-t Z'l-~-l Î11 J J 1 -J~FI /+/-~/+I-~·Tt-/I ., f f • 1 • i . . / -<-J. j.cI,-J- . -
1 .~ / -' /~/+-/--/"1-' j--/··I·' 1+/-'--N+/-If-/.N/I/N1/. '·1, --;../.-/,. j- ·1

1 ." 1 ..- J.- ·J--/'··I-II-j;-j-/,·/+/tI'/I/'//vl/·/'iN/-/ ,]-.. :/,-/-./ .-1 'f
/ .' / .- /J-/~-F-/"'I·'I"I-'I·+'/'I·I---IN!I-N-firIlIN--I';"/-/'-/"/'-;

_-0--·-

...•.-"
•..\-- -

--,.~., .- ,.- _."t-" _.. 1 ~;~ -': .•
.'" .•" .....- .--. :.- __J_: .' J -'-. ,".;

• .-r _- ~ t-" 1-- .. ,. _J; ... ; ..;

_~-- i.

...·.f

7

.....' 1 -.,- " /-,/.

-,:..'

.- ......-
,."

._4"-'-

": -
.--."

+-

-20

-30
Il 1",/-- '-/--"'/.-'-'/.- 1-~I-'I· -/- --f,··P171,IYJ'I'AN·/<I-/ ~:-:-/-;·I-;.I ,.j'" /'./" /' ,/,,: / ' 1

f ,"I··T:'I~I -7--1--1-/ --/. ..DII/1il4'p/o'lIrIJZ,.-/· / l '! r'ii7-'/U il i /
..-", /.--,/-''/.''/,·I,f.·/.-/,··/·-I·o/·f,fI'jJ-I1IPI:N-IN,.:··I--/'' 1"./"/ ,/.• / •.f'i /"./
;." 1>. J·'f'f,I-/- ]·1·/-· vF!iFTNINIINIT.I~7:J',II'I·,f ,·f·/ 1

,y
:/:... . ...

Or ..<;" ~ • ." - .. ,.. J. z ~ ~ , .,-. 1-·

..:.: \. • ~ ,~,~ I.'I./~'

.1""- .~~. .' , ,~~,i!1,'7'.'-f-_-f-:--7''--;f-.:--f-7"'-,·",-7''--;f-'-f:-7"'~I.-.7'--
__0 - -- ._~.- :., • ., Z :1. 1 , 1- .. / -

+ -+ _.. ··1--·... • • , ,. 1. ". • ,._. ,; :

- ..- ~i~ --f. -1 -t· Of ' , 1 J. '1. , ~'. - -\ .~-

'- ~ 'f- !:. ,.:.. -1 - 4- ,. ., 1 1. , • __~, -, • f

.~•....:..."'!' .~.~. .'- • , ~ ~ • .:, ~--

W
N
N

-40

-50
-~··t:'!-I:'~I> ,1' <1 .'-.' "

."
01·,1 .,1 •

""1 0 11

.• 01,
" "

~

l ".,r~·tl·
- - ( l

i
( 1 )

- ..",- fC, i 1 r-· . l ' . l'"-- ,:- :_ ."1- ,0,

-,.:l:,:..~-/ 1'>:l',..~ /,"-.1 i

••> 1 -",

.
It/::r!J!,,/J//'/:'/::/lli/r/jlv'/lllfl"/ .J. j'Il,'ff'l/'/ .:: " / , j (,

-60 ~~~i2~~~~-;f~gf;'~:~~:>~~'/'sU/' / ,c .-' 1 -.-.­-if1~~i2'~ 07 -/f;iiiii-iiI51~i5/-l'-:- / --'..-./ ", l r­
i j-

_. 1.

1 j 1 -1 1 1

250 260 ?""O.. { 280 290 300



,., ... .,.

MAJOR PRINCIPAL STRESSES

'Çl
"

7

10
, ;j

MPa

'1" '~t.~]~Ip~ :'k,~
l'iIJ !,' . ~ 1

1..,; , . ' .J

300

..:

!

,-- ~~~- - ~--- -r

'250

i

Figure 6.22 Major principal stress levels after mining stcp two.
creation of drift l - 7, Belmoral Mine.
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Figure 6.23 Minor principal stress levels after mining step two,
creation of drift l - 7, Belmoral Mine.
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Failed portions of the rock mass after mining step two,
creation of drift 1 - 7, Belmoral Mine.
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BeIDloral Figure 6.25 Rock mass displacements after mining step three.

ore zone failure, Belmoral Mine.
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+ BelDloral Figure 6.26 Stress orientation and intensity after mining step three,

ore zone failure, Belmoral Mine.
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Figure 6.27 Major principal stress levels after mining step three,

ore zone failure, Belmoral Mine. MPa
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Figure 6.28 Mînor principal stress levels after mining step three,
ore zone failure, Belmoral Mine.
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Failed portions of the rock mass after mining step three,
ore zone failure, Belmoral Mine.
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VECJORS OF DlSPLlCEMENT+ Belmoral Figure 6.30 Rock mass displacements after mining step four,

ore zone failure, Belmoral Mine.
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Belmoral Figure 6.31 Stress orientation und intensity after mining step four,

ore zone failure, Belmoral Mine.
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Figure 6.32 Major principal stress levels after mining step four.
ore zone failure, Belmoral Mine.
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Failed portions of the rock mass after mining step four,
ore zone failure, Belmoral Mine.
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BelD10ral Figure 6.35 Rock mass displacements after mining step five,
ore zone failure, Belmoral Mine~
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Belmoral+ Figure 6.36 Stress orientation and intensity after mining step five,

ore zone failure, Belmoral Mine.
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Figure 6.37 Major principal stress levels after mining step five,

ore zone failure, Belmoral Mine.
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Figure 6.38 Mînor principal stress levcls after mining step five,
ore zone failure, BcimoraI Mine.
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Belmoral Figure 6.39
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Failed portions of the rock mass after mining step five,
ore zone failure, Belmoral Mine.
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BelDloral ~igure 6.40 Rock mass displacements after mining step six,
ore zone failure, Belmoral Mine.
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Figure 6.41 Stress orientation and intensity after mining step six,

ore zone failure, Belmoral Mine.
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Figure 6.42 Major principal stress levels after mining step six,

ore zone failure, Belmoral Mine. MPa
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MPa

mining step six,Figure 6.43 Minor principal stress levels after
ore zone failure," Belmoral Mine.
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Belmoral Figure 6.44 Failed portions of the rock mass after mining step six,
ore zone failure, Belmoral Mîne.
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Belnloral Figure 6.45 Rock mass displacements after mining step three,

hangingwall failure, Belmoral Mine.
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BelDloral Figure 6.48 Minor princ~pal stress levels after mining step three,
hangingwall failure, Belmoral Mine.
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+ Belmoral Pigure 6.49

•
Pailed portions of the rock mass after mining step three,
hangingwall failure, Belmoral Mine.
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Belmoral Figure 6.50 Rock mass displacements after mining step four,

hangingwall failure, Belmoral Mine.
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8elDlorai Figure 6.52 Major principal stress levels after mining step four,

hangingwall failure, Belmoral Mine. MPa
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Beltaoral Figure 6.53 Minor principal stress levels after mining step four,

hangingwall failure, Belmoral Mine.
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Pigure 6.54 Pailed portions of the rock mass after mining step four,
hangingwall failure, Belmoral Mine.
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BelDioral Figure 6.55 Rock mass displacements after mining step five,
hangingwall failure, Belmoral Mine.
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Bel~oral Figure 6.57 Major principal stress levels after mining step five,
hangingwall failure, Belmoral Hine. MPa
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Belnloral Pigure 6.58 Minor principal stress levels after mining step five.
hangingwall failure. Belmoral Mine.
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Fai1ed portions of the rock mass after mining step five,
hangingwa11.fai1ure, Be1mnra1 Mine.

Figure 6.59
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BelOloral Figure 6.60 Rock mass displacements after mining step six,

hangingwall failure, Belmoral Mine.
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Belnloral Pigure 6.62 Hajor principal stress levels after mining step six,

hangingwall failure, Belmoral Hine. MPa
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Figure 6.63 Minor principal stress levels after mining step six,
hangingwall failure, Belmoral Hine.
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+ Failed portions of the rock mass after mining step six,

hangingwall failure, Belmoral Mine.
Figure 6.64
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BelEmoral Figure 6.65 Rock mass displace.ents after mining step seven,
hangingwall failure, Belmoral Mine.
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Belmoral Pigure 6.67""Hajor principal stress levels after mining step seven,
~ ~ hangingwall failure, Belmoral Mine.
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BelEDoral Figure 6.68 Hinor principal stress levels after mining step seven,
hangingwall failure, Belmoral Hine.
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+ Failed portions of the rock mass after mining step seven,
hanglngwall fallure, Belmoral Hîne.

Figure 6.69
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BelDioral Figure 6.70 Rock mass displacements after mining step eight,
hangingwall failure, Belmoral Mine.
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Be1D1oral Figure 6.71 Stress orientation and intensity after mining step eight,

hangingwall failure, Belmoral Hine.
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BellDoral Figure 6.72 Major principal stress levels after mining step eight,
hangingwall failure, Belmoral Mine.
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BelD10ral Figure 6.73 Minor principal stress levels after mining step eight,
hangingwall failure, Belmoral Mine.
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•
Belmoral Figure 6.74

•
Failed portions of the rock mass after mining step eight,
hangingwall failure, Belmoral Mine.
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failure.

The creation of 1-7 exploration drift has imposed higher stresses in the erown

above 2-7, leading to an increase in failed elements in the schist crown, Figure 6.21.

Failed clements from compression are now registered in the lower stope hangingwall, but

the tensile stresses remain small in the rest of the hangingwall and no failures are

registered.

Most of the elements in the schist around drift 1-7 have failed, to a depth of 2.4

m. The schist between 2-7 and 1-7 has failed over 55% of its area, Figure 6.24.

Removal of the sill pillar in the third mining step has increased the number of

elements failed above and around the crown of the old 1-7 drift, Figures 6.24 and 6.29.

Compressive stresses there have increased to 5.0 MPa. The trend to increase the depth

of the failed elements in the footwall and lower hangingwall with a larger opening has

continucd. The tensile stresses are "distributed much deeper into the far field granodiorite

hangingwall and over the entire height of the footwall altered granodiorite.

With subsequent and progressive removal of schist from the crown, compressive

strcsses remain constant or reduce somewhat in the crown. This then limits the extent

of the failed elements to less than 2.4 m, Figures 6.24, 6.29, 6.34 and 6.39.

The tensile stresses expand deeper into the hangingwall and footwall, but are

sufficiently low not to cause failure of the hangingwall altered granodiorite. Failure of

elements in the footwall altered granodiorite does inerease.

In the second modelling sequence, the development of ravelling within the

hangingwall is represented by mining steps which progressively expand to the surface,

after stope 2-7 and drift 1-7 have been created.
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Removal of the altered granodiorite from the 2-7 hangingwall does not provoke

any increase in tensile stress that existed in the original 2-7 footwall and far-field

hangingwall, Figures 6.21 and 6.46. Compressive stresses in the 2-7 crown also rcmain

at the same levels and the newly formed altered granodiorite portion of the crown is

mainly in compression. The compression is sufficient to fail clements in the schist to a

depth in the crown of 2.4 m, Figure 6.49. Removing the immediate 2-7 hangingwall

increases the number of failed clements in the schist between 2-7 alid 1-7.

The subsequent and progressive removal of the altered granodiorite to surface

(mining steps 4 to 8) progressively increases the tensile stress zone in the far-field

hangingwall granodiorite and in the immediate footwall granodiorite, Figures 6.51, 6.56,

6.61 and 6.66. This increase is not sufficient to cause expansion of failure areas in the

hangingwall or footwall.

The crown of drift 1-7 remains fully in compression, at similar values. The crown

in the hangingwall remains in compression, increasing only moderately, with each step.

The mining steps between removal of the 2-7 hangingwall altered granodiorite and the

penultimate mining step do not impose compressive stresses sufficient to exceed altered

granodiorite hangingwall crown strength nor impose tensile stresses.

6.6 APPLICATION OF ANALYTICAL EODATIaNS

The testimony of consultants and mine personnel given at the inquiry into the

Belmoral shallow stope failure point to a failure by ravelling of the hangingwall or the

chimneying disintegration of the schist ore zone. These will be examined as weil as the

possibility of block eaving and stabilization.
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As the rock mass is not stratified into distinct strata, nor the weak schist ore zone

composed of massive material or capable of moving as a plug on well·defined

discontinuities, these will not be examined as potencial failures.

6.6.1 Ravelling Failures

As per the hangingwall ravelling theory, the sequence of failure hegins with the

immediate 2-7 hangingwall followed by the progression of ravelling in the crown of this

newly created cavity, Figure 6.13.

From the information in Table 6.1, the geometry of the ravelling blocks is as

follows. The two principal families, along with one or more of the random sets that

could provide block sides parallel to the plane of the analysis, would form the blocks that

could ravel into the stope. The angles of joint families S36W 70NW and N12E 44SE that

are made in a direction orthogonal to the orientation of the hangingwall are" obtained by

using stereographie nets. The former makes an angle 45° dipping NW, the latter one 45°

dipping SE.

A joint spacing of 50 cm will be used as a worse case (heavier block) situation.

Barton [11] suggests using a low friction angle value (8° to 16°) for low friction

coatings such as chlorite which coyer the Belmoral joint surfaces. Given that the joint

surfaces are undulating and slightly rough the higher value, 16°, will he used.

The initial block slides from the hangingwall require a minimum of 0.04 MPa

compressive tangential stress, Appendix 4, to he prevented.

Modelling has shown that tensile tangential stresses exist at the lower portion of

the hangingwall when stope 2-7 is created. More elements become in tension with the
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creation of drift 1-7. The conditions for hangingwall ravelling (blocks sliding out) to

begin therefore exist.

Appendix 4 also indicates that once a cavity in the hangingwall has bccn initiatcd

by blocks sliding out, blocks in the new cavity crown can fall bccausc thcy cannot bc

stabilized by compressive tangentiaI stress. Block falls are thereforc cxpectcd from lack

of effective damping. As pointed out in Chapter 2, block slides would be ncccssary in

the new cavity crown to continue the ravelling. Because compressive stresses arc found

in the crown of this cavity during hangingwaIl mining steps (4-7), and thesc arc grcatcr

than the minimum 0.04 MPa required to prevent block slides, it is possible that undcr this

sequence, hangingwaIl ravelling stopped long before surface was reachcd. The dcpth at

which ravelling from block faIls was expected to stop is at a distance of 1.8 m abovc the

level of the opened hangingwaII.

If, however, failure progresses fIrst by chimneying disintegration in the schist ore

zone, then block slides from the hangingwaIl can continue up to but not above the level

of the highest opening in the schist.

6.6.2 Chimneying Disintegration Failure

The development of chiiimeying disintegration in the schist must takc into

consideration that a vertical path is not possible since the dipping altered and the

unaItered granodiorite hangingwalliie in the path of such a development.

A prior example of a dipping, weak orebody surrounded by competent walls

situation [l8] was encountered with chimneying failures within the Sclbaic Mine altered

surface crown pillar where only one arc of the rupture line developed progressively to
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surface. Figure 2.19. This was dcmonstratcd by physical. numerical modelling and field

observations.

Thcrcfore. the single mpture line arc analysis can he performed as a means to

cvaluate the schist zone failure scenario.

Appendix 4 indicates that for the approximate rock mass cm and cil values

calculated. a factor of safety of 0.98 exists against chimneying. The cm and cil values

reflect peal: rock mass strength. A lower factor of safety would be obtained for a failed.

residual strength rock mass. predicted by the numerical modelling.

Although the analytical approach for arching in caving stopes is based on

cohesionless material. il should provide a conservative estimate of arching within this

cohesive schist. Only bulk failure (Fs = 0.8) would he expected within a block caving of

this schist.

6.7 APPLICATION OF EMPIRICAL METHODS

Application of empirical methods in the Belmoral case will he a good indication

of their effectiveness as this is a known case of failure.

The schist is qualified as "extremely poor" rock in the NGI rating system. because

of its Q= 0.01 rating. This plots weil into the required support zone. The surface crown

pillar chart. Figure 1.15. indicates that a Q of 0.01 retums Cs = 0.45 which calculates the

pillar thickness at a minimum of 226 m for the 3.8 m stope span.
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6.8 SUMMARY

Conditions existing at the Belmoral Mine at the time of the 1980 shal10w stope

failure provide sufficient information to back analyse mine stability conditions and make

evaluations of stability. Quantification of geomcchanical parameters through field and
',"

lab work complemented the description of the event leading to failure.

Numerical model1ing, analytical equations and empirical methods indicate that

failure around the Belmoral 2-7 stope was expected. However, only the analytical

equations using as input numerical modelling stress data indicated how the failure to

surface most likely happened.

Numerical modelling has indicated that stresses remain compressive in the schist

surface erown pillar, and that the hangingwal1 is subjected to tensile stresses. Modelling

only provides a limited view of the failure that occurred in that it fails to indicate the

ultimate extent of the failure as it developed. Mining steps to remove the failed clements

had to he carried out. Potential hangingwall ravelling was not indicated with this

continuum code. Model1ing established that at no time were te~ile stresses imposcd to

the schist surface crown pillar and that compressive stresses were sufficient to exceed the

strength of this weak material. It also indicated that as the opening was enlarged

vertically in the schist, towards surface, tensile tangential stresses also moved up at the .

hangingwall periphery.

Analytical equations provided estimates of stability whieh were very representative

of known or suspeeted failure events. This was the case for chimneying of the schist

zone and ravel1ing of the hangingwall. In the case of the former, representative intact
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rock mass parameters were used. Using lower values to represent residual strength of the

failed schist would have yielded a lower factor of safety, also in the failure range. In the

case of the latter, numerical modelling stress distribution was required as an indication

of lack of clamping action. Ravelling from the sloped hangingwall was indicated but

would only carry on to a limited depth in the hangingwall before compressive stresses

would maintain this rock mass integral. But once new portions of the hangingwall

became exposed due to the schist failure, ravelling would continue.

The dedicated surface crown pillar empirical method could have indicated the

failure that occurred there and those that occur to a depth of 226 m, but that a small

change in C, (based on rock mass quality which is difficult to quantify in the low range)

yields significantly different critical pillar thickness (C, = 0.45, t = 226 m; C, = 0.5 t =

183 m). The known failures from level 260 m would not be predictable with this method.

Based on the analysis·performed, the following failure scenario might explain the

1980 accident. Opening of the 2-7 stope caused shear failure from compressive stresses

in the crown. Subsequent opening of the 1-7 drift above il precipitated compressive

failure above both openings. This follows mine observations.

Complete failure of the pillar between openings occurred followed by chimneying

disintegration above drift 1-7 to surface which was in part or in whole in failed schist

rock. Hangingwall block slides, which may have started during the creation of 2-7,

followed, but did not overtake, the chimneying development. .

This would also explain the mine's observations [119] that both hangingwall and

schist appeared to be opened at the bottom of the cone of failure in the overburden.

382



•

•

•

Design of any stope should take into consideration the mechanism of schist failurc.

Particularly long ground support must be used to anchor the schist beyond its zone of

anticipated failure. Reduction or elimination of rock mass movement on active rupture

lines must be minimized by installing ground support without delay and reducing blast

damage, e.g. using perimeter blasting.

Plans to expand stopes to surface or creating any new shallow stopes extracting

in this schist environment will be subjected to chimneying disintegration and hangingwall

ravelling unless proper ground support is used to prevent mobilization of the rock mass.

Occurrences of such failures to depths of 260 m indicates these precautions should be

routinely taken.
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CHAPTER 7

THE BRIER HILL MINE CASE STUDY

7.1 GENERAL GEOLOGY

The Brier Hill Mine is one of the State of Michigan iron mines foundin the

Menomenee Iron Range. It is situated in the northern Michigan peninsula near the town

of Norway, Figure 7.1, near the border with the State of Wisconsin. It is located in a

Precambrian Sedimentary formation [120] with an orebody consisting of alternating

jasper-hematite, to hematite laminae, 0.5-3 cm thick.

It strikes N75W and dips 60° to 70° to the south, Figure 7.2. The orebody extends

from a depth of 150 m to 450 m. Its thickness varies in cross section, lOto 25 m; and

reaches 200 m longitudinally at the 7th mine level.

The orebody is surrounded by jasper on the footwall and crown but its immediate

hangingwall is a slate. The portion neighbouring the orebody is more graphitic and

softer, tending to break into small pieces and having sorne gouge, 15-20 cm thick at the

contact with the ore. The far-field footwall is also a slate formation. Overburden, 25 m

to 35 m thick, is found above bedrock [6].

7.2 MINING EXTRACTION

The star! of mining at Brier Hill has not been identified by the only reference for

the case study [6], but by 1913 it appears there was sufficient mining completed to allow
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Figure 7.2 Geological cross-section, Brier Hill Mine [6].
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for the recovery of pillars left behind by mining of primary stopcs. Mine extraction

stopped in 1923. The mine was owned by the Penn Iron Mining Co.

Primary extraction was performed by using cut-and-tïll mining. Stopes of 7 m

width were extracted to a height of about 'j0 m before filling with \Vaste rock was

performed. Pillars also of 7 m \Vidth were extracted after several rooms had been

finished. Filling of these secondary stopes was performed only when the top of the pillar

\Vas reacheà.

By November 1913. primary stoping was finished down to the tenth level. with

primary pillars still remaining between the seventh to ninth level. The pillars in the

eighth and ninth levels having shown the effect of pressure. pillar recovery changed from

overhand cut-and-fill to underhand cut-and-fiiI.

Chimneying disintegration occurred sometime between November 1913 and

October 1916 as a result of a" slate extraction area created in the hangingwall. The slate

was used for stope fill. Mining below the tenth level had not begun by 1916.

No further information is available on the exact location of the slate extraction

stope, nor on the results of visual or instrument monitoring of the progression of caving.

The chimney \Vorked ils \Vay up 275 m to surface in one year and left a conical pit on

surface. 10 or 12 m deep.

7.3 SELECTION OF CASE STUDY

The Brier Hill mine represents the tirst known case of chimneying disintegration

failure to have been described. It has been quoted in other publications [30][121] and is
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striking enough in ils occurrence to bc worthwhile back-analyzing.

In his comprehensive presentation of rock mass movements due to mining at the

site, Rice [6] rccounts the occurrence of the chimney over a deep but small opening 4.3

m x 8.5 m in the graphilic slate unit. The opening was meant to cave to supply slate as

fill for cut-and-fill mining. The cave easily worked ilself as a chimney reaching surface

with approximately the same lateral dimensions, having cut across the 60° dipping slates.

The site is well described as far as geology and mine extraction is concemed.

However, this early publication, and none have since described the conditions further,

fails to provide any quantitative description of rock mass properties such as rock strength,

in situ stress, modulus of elasticity, etc. Through the use of other references,

representative values for these parameters will bc obtained to study the causees) of thi~

occurrence. The site represents a case of a well-developed slaty rock mass environment,

Figure 1.3e.

7.4 NUMERICAL MODELLING

7.4.1 Numerical Model Selection

The Brier Hill orebody has been extracted over ils 200 m longitudinallength, and

the geological units are continuous over this distance with similar geometric relationships.

In the case of the rock mass quality, no indication has been given of longitudinal change

in properties. It will be assumed that no significant change occurs.

Therefore a 2-D approach can be justified. Furthermore, it will be assumed that

the rock mass will behave elastically. Although slates vary in integrity and strength [122]
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these rock properties are normally considered to behave eiastically in a rock mass away

from openings [53]. As for jasper and jasper bound iron ore, no data has bccn found on

lab tests or previous modclling work. However, jasper, a predominantly silica based rock,

and iron ore when massive or continuous, are rock materials with integrity, supporting the

possibility of elastic rather than non-elastic behaviour. The MSAP2D linear clastic

numerical modelling code (Chapter 3.4) was adopted for this case study.

7.4.2 Geomechanieal Properties

No geomechanieal properties have bcen found related to this particular site. The

basic modelling rock properties and rock mass strength were obtained by consideration

of other sources and are meant to be representative approximations. Table 7.1

summarizes the properties selected.

The slate unit weight range is given by Hoek and Bray [76] as 0.025 fo 0.029

MN/m3
• A value of 0.029 MN/m3 was selected for hangingwall and footwall slate unit

;, weight. Jasper is a quartz rich rock with a small amount of hematite concentrations.

Hurlbut [123] provides a unit weight of 0.0269 MN/m3 for jasper. The banded iron ore

commonly has altemating bands of hematite and jasper. Therefore an average unit weight

of 0.039 MN/m3 was seleeted (hematite being 0.052 MN/m3
).

The modulus of elasticity values vary for slate depending on its state of alteration.

Rodrigues [122] provides a range of 7.8 to 85 GPa for laboratory derived values. He also

provides a range of 0.28 to 0.33 for Poisson's ratio. Because the slate was evaluated as

weak by Riee, a field value of E = 4 GPa and 'U = 0.29 were selected for the hangingwall.

For the footwall whieh was rated as bctter than the hangingwall, values of E - 6 GPa and
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Table 7.1 Selected Geomechanical Properties for the
Brier Hill Mine Numerical Model

1, E lJ m s (Je

(MN/m3
) (GPa) (MPa)

~. ::1"
Hangingwall Slate 0.029 4.0 0.29 0.9 :0.0006 85.0

Jasper 0.0269 16.0 0.25 2.8 0.02 150.0

Footwall Slate 0.029 6.0 0.28 I.3 0.001 60.0

Orebody 0.039 14.0 0.27. 2.0 0.004 110.0
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1) = 0.28 were used. The hangingwall is known ta have been easy ta cave when

unsupported over the Brier Hill Mine openings. A lower quality rock mass is thus

. :pparent. Table 2.1 from Hoek and Brown [95] indicates that for a lower quality RMR

("fair" or worse) values of m less than 1.35 and s less than 0.002 should he used for slate.

Hoek [53] uses a value of m = 1.66 and s = 0.006 for good quality slate.

For these reasons the hangingwall slate parameters are eonsidered ta be lower than

these values, falling between fair and poor quality rock mass, Table 2.1. Values of

m = 0.9 and s = 0.0006 were seleeted. For the footwall slate, a better quality slate,

m = 1.3 and s = 0.001 were selected.

A value of 60 MPa was used as uneonfined compressive strength for weak slate,

85 MPa for stronger slate based on values quoted by Lama and Vutukuri [112] for weak

slates.

No point of reference exists for jasper properties, banded with hematite or

otherwise. In this case, being fine grained sedimentary rock, it should be eonsidered

under the lithified rock classification of Hoek and Brown.

A good quality Hoek and Brown rock mass rating was assigned ta the jasper,

m = 2.8, s = 0.02, a fair quality raûog ta the banded ore, m = 1.3, s = 0.002, becausc the

alternating laminations might weaken it in eomparison ta .the purely jasper content.

Respectively, 150 MPa and 110 MPa were used for uniaxial compressive strength,

representative of siltstone, (a fine grained lithified argillaceous rock) [112]. As for

modulus of elasticity, 16 GPa and 14 GPa were used respectively for the jasper and ore

body. This was selected as a comparison ta the slate moduli and the competence of the

formations. The competent field elasticity modulus range is defined greater than 6 GPa
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[112]. Bccausc of the laminated nature of the ore, a weaker Poisson's ratio, 0.27, was

uscd comparcd to that selectcd for jasper, 0.25.

The initial ground stress field existing at the" site was not available. However,

publications related to northem Michigan peninsula stress measurements were examined

to provide this data.

Adams [124] indicates in his summary of North American ground stress

trajcctories, that measurements in a mine of the northem Michigan peninsula iron range

retum values of major principal stress that are oriented NllOW to N75W. Aggson [125]

obtained the following values of major principal stress for a depth of 975.4 m: using the

ovcrcoring mcthod 01 = 31.9 MPa, 0, = 25.8 MPa, 03 = 18.6 MPa. The major principal

stress was oriented at N82W.

This vertical stress value is lower than Herget's database [118], Le. 0v = 0.026 to

0.034 MPalm.

However, Herget's ratios of minimum and maximum horizontal to vertical stress

O"nw; 253.87
+ 1.45=

°v depth(m)

°hmln 279.72
+ 0.88=

°v depth(m)

(7.1)

(7.2)

e'

for the depth at which these measurements were performed are close to the ratios of stress

measured; therefore, the stress value to use for the model will follow the Herget load

assumptions.

The orientation of the major principal stress in that area (N75°W to N82°W) is

parallel with the orientation of the strike of the orebody. Therefore, the intermediate
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principal stress, usual!y horizontal in the Canadian Shield [27][118] and perpendicular to

cri' is, in this case, orthogonal to orebody strike. The vertical stress fol!ows the trend as

the minor principal stress. Therefore, overlying weight can be used for crv in the model,

and equations 7.1 and 7.2 ean be used for the horizontal stress values.

7.4.3 The Brier Hill Mine Numerical Model

The central transverse section of the Brier Hill Mine orebody was used in

model!ing the rock mass response to mining using the MSAP2D modelling code, Figures

7.2 and 7.3. Although some pillars existed between footwail and hangingwal!, from level

8 to level 9, the amount was not enough to show rock pillars in the mode!. Because

loose rock ml was used to fil! the extracted portions of the orebody, its contribution to

stress transfer is expected to be negligible. Therefore, the model was mn without backfill

leaving the stope open as a worse case situation. The unextracted ore bclow level JO was

included in the model, Figure 7.3, as per conditions on site [6].

The stope dimension is 10 m wide on a 65° dip, located 150 m below surface.

The stope was plaeed in the middle of a 530 m high by 830 m wide mode!. The finite

element mesh seleeted is composed of 2937 elements. Figure 7.4. The size of the

elements is smal!er around the opening, about 1 m x 1 m, and in the hangingwall, where

the chimney has occurred, to arrive at a good representation of the redistribution of

stresses around the opening. In this fashion, a beller definition of critical and failure

areas eould be afforded with the modeYs failure criteria and with the applications of the

analytical equations. Because no information was given by Riee as to the exact location

of the opening that eaused the ehimney, no provision was made to ereate this opening into
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the mode!. However, il can be assumed that, for economic reasons, this opening was not

placed far from the orebody.

7.4.4 Modelling Results

Displacement, imposed ground stresses, and evaluation of the safety levels for the

modelled rock mass of the Brier Hill Mine were obtained from the application of

MSAP2D.

Figure 7.5 shows an enlargement of the calculated displacements at the periphery

of the stoped out area. A maximum displacement of 3.8 mm occurs in the hangingwall

slate. The generaI rock mass movement is toward the opening.

Figures 7.6 and 7.7 show respectively the stresses in the rock mass surrounding

the mined area and a c1ose-up of the hangingwall, where chimneying has occurred. The

immediate hangingwall has tensile radial stresses over its full height, and in the lower

portion both tangential and radial stresses are tensile. The radial stresses decrease from

5.6 MPa to 0.06 MPa, tension, at higher locations up the hangingwalI. The tensile

tangential stresses reach a maximum of 0.15 MPa. The radial tensile stress zone is 4 m

deep at the lower hangingwalI and reaches a depth of 18 m into the upper hangingwalI.

The lower and upper footwall are subjected to an 8 m thick zone of radial tensile

stresses which are less than 0.4 MPa. The mid-height portion of the footwall is subjected

to a 4 m thick zone of tensile tangential stresses ranging from 0.15 to 3.7 MPa.

Compressive radial and tangential stresses are found in the stope crown, the former

ranging from 1.2 MPa to 8.8 MPa, the latter from 26 MPa to 31 MPa. Compressive

radial and tangential stresses are also found beyond the immediate hangingwall and
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footwall .

The Hock and Brown failure criterion available on MSAP2D was used to verify

imposed stress conditions versus material resistance in the form of a Mohr envelope. The

m and s parameters selected for the various geological units. Table 7.1. were applied to

dcfine the failure envelope.

The footwall jasper is indicated to have failed CF,<l.O) where tangential stresses

surpass the rock mass tensile strength calculated at 0.9 MPa (Appendix 5). Figure 7.8.

Thc jasper rock mass has failed by compression over a limited portion of the crown

periphery. The orebody below the modelled opening is safe CF, > lA).

The hangingwall slate shows the most extensive failed and critical areas. Figures

7.6 and 7.8 indicate that tension is responsible for most of the immediate hangingwall

failure. but that compression is responsible for the failure and critical areas at and above

levcl 10 wherc chirnneying disintegration started. and in the far-field hangingwalI.

7.5 APPLICATION OF ANALYTICAL EQUATIONS

7.5.1 Chimneying Disintegration Failure

The Brier Hill Mine failure has been described by Rice [6] as a chirnneying

disintegration failure. Applications of the chimneying analysis has been performed in

AppendiX 5.

Equation 2.66 is used to describe the potential for the f!Tst rupture line above the

opening. Although the opening which was subjected to failure was 4.3 m x 8.5 m in

section. its location is not known in the hangingwall of level 10. but is assumed close to

400



• •
1'---"---------'---- ---- ---..._-- ----_...-- - ---- -- -.-- __o.-. - -_ ..

brier hill. safety levels SAFETY

LEVEL

•

,'"\
)1
li

~
o...

'))
!.'

1
!L o' • _

FAILED

•
CRITICAL:

mi
'i

" '# 1
. ,

'?C,
'-'

SAFE 1

V -7
-,.- 'J', ./.- ,. ,,,- . .

v' / ,,' //_/
1/ '/ .
l~-:_, LA

1. . ._0. _.. __ ._. 0 . . .....J

Figure 7.8 Hoek and Brown failure criterion safety Ievels for the rock mass around the extracted area. Brier Hill Mine.



•

•

the stope for economic reasons.

The factor of safety against chimneying disintegration using an 8.5 m width and

the approximate values selected for intact strength is 1.6.

75.2 Block Caving Failure

The possibility exists that eaving rather than chimneying oeeurred. Empirically,

the Diering and Laubsher charr indicates that the opening eould have eaved if, for Q=0.32

(Appendix 5), asIate dip of 60° and a width of 8.5 m, the opening was very mueh wider

than the 4.5 m it was. If block caving was to continue, ,the factor of safety for a stable

arch forming is insufficient (F, = 0.78) in the case of bulk failure of such an arch.

7.6 APPLICATION OF EMPIRICAL METHODS

An approximate value of Q = 0.32 was derived for the hangingwall slate. Laek

of information with regards to the jasper rock mass precluded the application of the NGI,

although from the site description a range of values of Q = 3 to 10 could be asserted

using the rock mass elasticity modulus value used, translated to the Q value using the

Serafim and Pereira [18] relationship between RMR and Em (equation 4.1) and the

conversion of RMR to Q using

RMR = 9 ln Q + 44
(7.1)

•
The surface crown pillar ëharr method (Appendix 5) (Figure 1.15) indicates C, = 2.0 for

::ihe slate Q = 0.32 and C, = 6.5 for the jasper Q = 4.7. The minimum thickness needed

for rock above the slate opening is 13.1 m, that for the jasper is 1.1 m.
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7.7 SUMMARY

Numerical modelling has shown that a largc ponion of thc hangingwall slatc has

failed, given the selected approximate m and s input valucs. Thcse same values, when

used to calcuIate chimneying disintegration potential, provide a realistic factor of safcty

of 1.6, close to the value of the rock mass that has failed (F, < 1.0). Chimneying

disintegration is more likely for the small borrow stope as a failure than block caving, as

indicated by empirical means. However, block caving is known to have occurred ovcr

much wider lengths, above the extracted orebody, a possibility indicated by the

calculation showing the unlikeliness of stabilizing arches forming. The empirical surface

crown pillar method only indicated 13.1 m for stability above the 4.3 m x 8.3 m opening,

compared to the failure that developed l'rom a depth of 275 m.

To reconcile the numerical modelling with the analyticai equation results, lower

values of m and/or s are required in order to provide lower cm values. Depending on the

effeets of rock mass weakening of gouge and graphitic componcnts, the m and s values

could be lower affecting not only emfor the analytical equation but also the extent of the

failure zone predicted by the modelling. Altematively, Hoek and Brown [95] provide

lower m and s values for disturbed rock masses (Table 3.5) such as those that have failed

and are in a residual strength condition. The failure does indicate that gravity rock mass

failures to surface are likely to occur when geomechanical conditions allow for it, at deep

as weil as shallow levels.
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CHAPTER 8

ATHENS MINE CASE SruDY

8.1 GENERAL GEOLOGY

The Athens Mine is located in the northern peninsula of the State of Michigan,

Figure 8.1. ft was one of the largest producers of sedimentary iron ore from the

Marquette Formation of the Marquette iron range. Descriptive site elements were

provided by Allen [5].

Like the Brier Hill Mine, the ore consists of inter-layered hematite and jasper

bands, each less than a few centimeters thick from geologic formations of Precambrian

age. The orebody plunges west at an angle of 15° and is bound on the north side by a

60 m wide diorite dyke, on the south side by what is described as a "fault" dyke, Figure

8.2, so called because of the horizontal displacement of the ore on either side, but no fault

has been identified. The orebody thickness is fairly constant at 100 m, and the average

width is close to 80 m. The orebody enters the east boundary of the property at a depth

of about 480 m and reaches a depth of 800 rn at the west boundary.

The dykes extend subvertically to surface. The portions of both dykes in contact

with the orebody are composed of "soap rock" or fault gouge, and are planes of shearing

weakness.

The orebody is capped by jasper and underlain by i;late, which are not described

in Allen's article. Sand and gravel covers part of the bedrock, up to a thickness of 45 m.

404



• •

Athens Mine

•

....
o
U>

é'

,:;..-,

"::-'

.--..;.

PRECAMBRIAN

::~::::: Early, volcanic rocks

S\
,)

r,·

ËI

D

Lote, sedimentary rocks

Middle, metasedimentary rocks
(includes Marquette Iron Range
Group)

o
Ë9

PALEOZOIC

Middle, sedimentary rocks

Early, sedimentary rocks

~,~~(~,~ Early, granitic rocks

Figure 8.1 Location and regional geology, Athens Mine, Michigan.



• • •
SECTION LOOKING EASTVERTICAL PROJECTION LOOKING NORTH

10

l CA~E .- !
iSURFACE CAVEr-- --Ni ;:;r- -- ------------ -- -- --- ~~-- ----ii.EDGE "

_/
"~

0
SAND AND GRAVEL l' :! 1 ~ Il ~ ------------,

"

1
" • li "

"
Il •

"
...

":' "- ,
"

Il,,- "a • Il

0
.~ !!~ ~; '"''

,
"

Il, ,
èl IlG j i;~ , il "z "w '1'"

,
" "::> 116 I,~

•
" "a ...

"ID . ho: ID i!~ • ~

"D
un. , • ,

·W ,r w 'it : i'
~ ,'f- Z ""

,
":; " .... :; ',r ...
"," u>i

I,u> 1 \k) SEA L' VEL
'Ir SEA "LEVEL 191~ '1 95°,u>

" ~I i:.u> G Il lIJ "
1 1

z 1
C~P'P\N ,,--- Il i= Il I W 1 "W Il

r ~~ " " J Il 1~ 1

"f- />oS\' .' ~ " Il 1- 1 Il

)
.. J ....,-,-' O~. ___.JI 4 TH LEVEL (1800) IL _________j_~_ 1

"
~ , ,-o~"7 _, 1

"
, .JASPEr;( v

• 1. __...... -- JI . ,
1 1 :. ~-it~"".A' ,-OC,/, ,- \.. -=,:6TH LEVE (2000) 'F"===
: tu 'MINEd~~oc1- 6 O~€. .......' ;1'lJp..t.: Il

")
9" ,---.00 _ _...Ji ATH 'EVE,I'22001 IL____ 1 t: ,,0

:V -';;'/>o"{~ " :' 1 a 10R~~'j

--- \.. ...Ji 'l 1 ë t'~" ~_ - -"IOTH LEVE (2400) I~=::;:.== 1 \::>- "
u

l~

80

40

160

120

-80

-40

-1200

.l>­
o
0\

\,
il

Figure 8.2 Geologicallongitudinal section (Iooking north) and cross-section (Iooking east), Athens Mine [5].
The East-West outIine of the plug failure. extrapol~ied by Allen [5] is shown as a dashed !ine:
the dikes formed the North-South boundary.



•

•

•

E.2 MINING EXTRACTION

The Athens Mine was held under lease by the Athens Iron Mining Co., and was

owned and operated by the Cleveland-Cliffs Iron Co.. and the Pickands-Mather Co. The

mine was opened in 1913 with aclivity ongoing at the lime of the Allen article.

The orebody was divided into mining blocks which would be mined progressively

from deep to shallow levels, Figure 8.2. The benefits of this progress were to delay the

cave expeeted to reaeh surface above the mined out block and locate this eventual cave

over a mined area below the working places. In this way, reports Allen, prohibitive

ground pressures would be avoided, providing a saving in limber cost; dry working places

(avoiding water inflow from surfaces) would increase efficiency and allow a saving in

freight in shipping dry ore, as weil as reduce pumping costs.

The mining method used was underhand cutting starting from the jasper

hangingwall of each block. Each bloek was to be sueccssively mined. The ore was

reported to have a tendency to "swell" when newly developed.

After bloek 1 was extracted, blocks 2 and 3 were mined simultaneously. The

considerable amount of water encountered in developing block 1 had reduced substantially

by the time block 2 as mined. Figure 8.2 shows the outline of the excavated blocks when

the failure of the stope occurred.
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8.3 SELECrrON OF CASE STUDY

The Athens Mine suffered a major plug subsidence in 1932 of a rock block

overlying mining blocks 1 and 2, having a vertical dimension equal to the depth of the

orebody, 660 m, a width of 80 m spanning the orebody between the dykes and length of

70 m. This is one of the few plug failures mentioned in the literature, and the only one

to he well described in the context of a mining operation, even though no geomechanical

information has since then been available.

Though the mining extraction at the Athens Mine was carried out at deeper

horizons than that defined for shallow stopes, the case study becomes important to

identify which geomechanical element(s) influenced the occurrence of the failure. A

repeat of such conditions at shallow levels would be critical as confinement ground stress

levels there would be less than deeper conditions, which in this case were insufficient to

prevent failure. Furthermore, this failure shows that when conditions are propitious for

gravity failure, deep openings can be affected.

The continuous structural feature usually associated with plug failure, Chapter 1.3,

exists here as the bounding dikes.

The applied numerical modelling, while selected to represent site conditions, will

be evaluated for its performance versus the analytical and empirical equations in

predicting this particular type of failure that occurred.

Although geomechanical parameters are not available, sufticient description of site

geology and ground control problems exist to select approximate but representative values

for stability analysis.
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8.4 EVENTS LEADING TO FAILURE

The mining strategy adopted, starting at lowcr levels and progressing upward. was

meant to remove the effects of the expected caving of overlying jasper and water intlow

that might ensue, by moving away from previously mined areas. Although a

considerable amount of water was encountered in mining bloek l, !iule water had becn

encountered in the working places of block 2.

In June of 1932 the plug bounded by the diorite"ûYkt:s.:~~llhing a distance of
1

80 m. 70 m in the longitudinal direction. and reaching surface f~;;m the mine opening

(660 m), failed suddenly as a unit into the stopes of the open 1 and 2 blocks below.

Sorne water inflow into the mine occurred. presumably from a surface source which

amounted to approximately 1500 litres per minute. A slump in the 45 m thick overburden

was observed, bounded by the vertical extent of the plug failure planes, Figure 8.2. No

preeursors to failure were noted.

The portion of both dykes in contact with the orebody and overlying jasper was

described as "soap rock" or fault gouge. No information on joint families or faults was

provided to explain the formation of the cliscontinuities bounding the other plug faces.

Speculation by Allen led him to believe that the rock was unjointed, originally intact.

which failed by double cantilever mode.

Observations by Allen [5] and Crane [126] of regional mines with similar

geological distributions indicate that expressions of surface failures from the caving, or

angles of draw, were found to be planar. and strike north-south with an 80° to vertical

clip. Furthermore, these were found to segment the rock into portions which were
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arrangcd on strikc in a stcp-likc fashion. Thcse brcaks would follow thc east-west

advancc of the mining extraction.

Thc possibility cxisted then that the block sides orthogonal to thc dykes were

planar and along discontinuities, at least in the upper portion, even if the bottom of the

block failcd by excccding rock strength.

8.5 NUMERICAL MODELLING

8.5.1 Numcrical Model Selection

Thc numerical code to model the mining blocks of the Athens Mine was selected

based on the geometry of the excavation, the nature of the failure, and the hehaviour of

the rock mass components.

Although the mining blocks are successive, longitudinally spanning sorne 350 m,

the vertical height of the extraction is variable and plunging. In this case a 2-D code

which rcpresents constant geometrical conditions in the third dimension would not he

rcprcsentative. And although the geological units are longitudinally consistent, they also

arc dipping. Furthermore, the plug failure mechanism had weil defined cross dimensions

rather than continuous longitudinal extension.

Therefore, a 3-dimensional modelling code would provide more representative

rcsults and provide the stress distribution on each plug surface for analysis of failure

conditions. As for the approach taken in Chapter 7, jasper is expected to behave

elastically, as is the diorite. In the case of the latter, the contact surface with the orebody

is taken to he altered or infilled because of geological emplacement or movement.
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However, the material was assumcd to bc intcgral.

The numcrical code selected was thc BMlNES program. prcscntcd in Scction

4.4.1. The 3-D finitc e\emcnt capability would allow thc rcquircmcnts of thc gcomctry.

elastic consideration, and failure mechanism to be met. Stress distribution and application

of the Hoek and Brown failure criterion to gcneratc factor of safcty contours could bc

performed.

8.5.2 Geomechanical Properties

The material properties selected are presented in Table 8. I. Since no

geomechanical properties have been found related to this site, thc basic modelling input

parameters were obtained by considering other sources and are rneantto be representative

approximations.

A simplified geological environment to meet the continuity requirernents of

BMINES was taken to be as foUows: far-field jasper, diorite dykes, and jaspcr above and

below the mined-out blocks. Although the immediate footwall of ore would not be

represented, the failure originating from the hangingwall (crown) would rcquire

representative contact jasper properties.

In this case, the immediate jasper was given slightly lower rock mass elastic and

strength values than the far-field owing to possible effects of dike emplacement or

faulting and because caving was expected above mined-out blocks. The values sclected

were based on the premises outlined for the Brier Hill Mine, Table 7.1. The diorite dyke,

composed of coarse grained igneous rock, was assumed to be of "fair" quality. As a

conservative estimate, Table 2.1 ofHoek and Brown recommende:Lvalues inclicates values
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Table 8.1 Geomechanical Properties Selected for the Athens Mine Modelling

•

~-Iv

. ,,/, E u m s cr,
(MN/m') (GPa) (MPa)

Jasper 'Crown, 0.027 10.0 0.26 2.0 0.004 120
Ore and Footwall
Slate

Diorite Dykes 0.027 8.0 0.25 2.5 0.001 140

Far-Field Jasper 0.027 12.0 0.26 2.8 0.02 150

•
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of m = 3.4 and s= 0.002 for such conditions. Slightly lower values were selected bccnuse

of possible emplacement effects weakening, as reported by Crane [126], dykes in the iron

range, or from faulting activity, and to take into considemtion the weakness of its cOnlnct

with the orebody.

This would reflect the "several sets of moderately weathered joints" accompnnying

the values under the Hock and Brown fair quality designation.

The diorite rock mass elasticity value E=8.0 GPa is a tmnslation using the RMR

value of 45 associated with the m and s values of "fair rock" in Table 2.1, using Serafim

and Perreira's empirical equation [Ill], equntion 4. J. Poisson 's mtio is a mid-mnge
"

(between intact and weak) value for coarse grained igneous rocks.

The mine is also loeated in the northem Michigan peninsula; the initial ground

stress field existing at the site is assumed to be the same as the Brier Hill Mine. discussed

in Chapter 7.4.2. The major principal stress is approximated as east-west to coincide with

the orebody longitudinal direction, orthogonal to and 1.47 times the intermediate principal

stress; both are horizontal, the minor principal stress, 1.74 limes less than the major

principal stress, is vertical and represents the weight of the rock.

8.5.3 The Athens Mine Numerical Model

The longitudinal and ~ross section of the mine provided by Allen (Figure 8.2) was

used in model1ing the rock mass response to mining at the lime of failure using the

BMINES modelling code. Although sorne pillars existed the amount was not enough to

show pillars in the model, and the stopes remained opened, timbering providing ground

support. Thus, the model was run with the mining blocks left open as a worse case
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situation.

Given the restriction on the number of elements available and the shape of the

mining extraction, the modelling mesh was constructed to yield a representative outline

of the mining activity. Furthermore, densification of the mesh around the known plug

failure surfaces was made to arrive at a good representation of the redistribution of

stresses there. In this fashion, a better definition of critical and failure areas could be

afforded with the model's failure criteria and with the applications of the plug failure

analytical equation.

The extracted mining block, 175 m high by 365 m long and 80 m wide, was

placed in the middle of the 1535 m high by 2795 m long and 840 m wide mode!. The

finite element mesh selected is composed of 14,850 elements.

8.5.4 Modelling Results

Figures 8.3 and 8.4 respectively show the major and minor principal stresses in

a central longitudinal section, Figures 8.5 and 8.6 the major and minor principal stresses

on a cross section mid-way between the estimated east and west plug boundaries.

The crowns of the mining blocks are subjected to a compressive minor principal

stress varying from 0.3 MPa to 11.7 MPa. The lowest value occurs at mid longitudinal

and mid cross-section span in the area included in the plug failure. The footwall of the

mining blocks are for the most part subjected to 2.6 to 11.7 MPa of compressive minor

principal stress.

The major principal stress levels are 17 to 42 MPa, in the crown, the highest

values recorded at the west side of the plug. In the footwall the values are less on
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average but ranging from 20 to 39 MPa.

The cross sections, Figures 8.5 and 8.6, indicates that the upper stope corners have

high concentrations of compressive stress and the stope sides low compressive (to tensile

values) stresses. Application of the Roek and Brown failure criterion, Figures 8.7. 8.8.

indicate possible limit equilibrium areas in small portions of the footwall and areas of

failure immediately in the crown and periphery of the mining bloek subjected to the plug

failure.

The indication of partial failure in the crown was supported in Allen 's publication,

the eapping immediately over the orebody breaking into relatively small masses of rock

in the arehing process above earlier mining operations. This broken rock is thought to

have aeted later as a cushion above the timber mat for the much larger mass released by

the failure .

The factor of safety contours follow the outline of the diorite dykes but arc always

at a value of 1.7 or better there and in the overlying jasper, to surface.

8.6 APPLICATION OF ANALYTICAL EQUATIONS

8.6.1 Plug Failure

Allen has deseribed the failure as the plug type which neeessitated rupture through

jasper erown as weil as slippage along the weak dykes. This then implies that shearing

in the jasper erown occurred and therefore that the plug weight was sufficient to exceed

confmement from redistributed ground stress and the shear resistanee of this jasper rock

mass.
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Figure 8.8 Application of the Hoek and Brown failure criterion to the Athens Mine

at the time of failure, cross-section within the plug failure area.
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The application of the developed analytical equation indicates that confinement

was sufficient to resist plug failure, F, = 4.5. The analysis was performed assuming

effective vertical jointing in the jasper as well as the diorite dyke contact to define such

a block. Crane [126] indicates that apart from horizontal bedding in the jasper,

continuous vertical joints are the rule in the region 's iron nùnes. Groundwater, the

presence reported by Allen, was included in the analysis.

Because the boundary of the dykes has been described as weak "soap rock" by

Allen, and generically so in the iron mines of this region by Crane, a low friction angle

of 40 was adopted which reflects the Barton et al values [11], Table 1.5, for such

conditions. A friction angle of 160 was adopted for the plane and smooth jasper joints.

The stresses were calculated using the normal component of the three principal

stresses on 306 elements making up the boundary of the 3-D plug geometrically defmed

by Allen.

Since this calculated of safety is relatively high, the plug eould not have developed

by shearing through intact rock but more probably on discontinuities.

The value for the factor of safety being higher than Iinùt equilibrium could reside

in the orientation and value of the ground stresses used to numerically generated

confining stresses. A change in orientation (which was approximated as E-W from a

value approximately N82W) would reduce the effect of the major natural principal stress

as it is currently normal to the jasper discontinuity and parallel to the weak dyke

boundaries. The intermediate natural principal stress used in the model is a1so higher than

that measured at other sites.
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Furthermore, the stepped shape used in the model for approximating the actual

shape of the extracted blocks could have concentrated stresses around such corners and

thereby artificially increase eonfining compressive stresses.

8.6.2 Chimneying Disintegration Failure

Chimneying disintegration potential is important to consider as a starting

meehanism which might have been followed by the plug failure.

Appendix 6 indieates that the 80 m width of the orebody would place the jasper

erown at a factor of safety of 1.04 against ehimneying. This assumes that the timbcring

used for ground support was insufficient to prevent rock mass mobilization. With the

stope crown in the area of the plug failure shown by modelling to be locally failed, this

might have weakened the rock mass to help chimneying disintegration develop or

encourage block ravelling failure. Sueh ehimneying however. would require that the

Jasper rock mass ean be sheared effeetively which, from the Allen [6] or Crane [126]

referenees is neither weak but rather blocky implying shearing of intact rock, which is

probably not plausible. The possibility that chimneying disintegration in one or both

dykes eould have developed, and removed stresses in the lower plug areas, is plausible.

This might have led to sufficient uneonfmement and allowed the plug failure to develop.

8.6.3 Block Caving Failure

Appendix 6 outlines the ealculations that show that a stabilization arch to black

eaving would not fail by internai bloek failure, but by bulk failure of a stabilizing arch

if the height of the bloek cave is 180 m or more.
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The Deiring and Laubsher chan Figure 1.19 indicates that this opening of

hydraulic radius 15.4 m in a rock mass with RMR of 50, with a longitudinal dip of 15°,

is in a transition stability mode, where dilution rather than caving occurs.

8.7 APPLICATION OF EMPIRICAL METHODS

A value of Q= 1.1 was approximated for the crown given the generic descriptions

of Michigan iron mines jasper and diorite dykes structure by Crane [126] and the modulus

of elasticity of rock mass, Appendix 6. This is in close agreement with the rock mass

quality level at which the m and s values were chosen.

The NOl system indicates that support is required for this quality. Bath the diorite

dykes and the usual extensive vertical jointing in jasper [126] are very nearly vertical.

With a strike length of 350 m covering blacks 1 ta 3, a width of 80 m, the scaled critical

span of 5 based on Q = 1.1 (Appendix 6) indicates that a thickness of 563 m would be

required for Iimit equilibrium compared ta 660 m that failed.

8.8 SUMMARY

The Athens Mine failure occurred rapidly and involved the downward

displacement of an integral large rock black, a plug.

Approximate redistributed stress level and direction calculated from numerical

modelling, along with plug friction properties retum a factor of safety of 4.3 against

failure of 3D plug. This value would he sensitive (lower) ta changes in original stress
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direction as weil as lower natural values.

The modelling used orientations and values that for the purpose of construction

were slightly off that actually measured at one other Michigan minesite. Numerical

modelling application of the Hoek and Brown failure criterion predicted only a limiled

failure of the crown, which might have been a prelude to plug failure, in the form of

chimneying disintegration, ravelling or caving.

Chimneying disintegration calculations, F, = \.04 do not reflect the quality of the

orebody rock mass which would not have lent itself to shearing thereby making this

failure mechanism a remote possibility. It is likely, however, that chimneying

disintegration could have occurred in one or both dykes thereby removing plug

confmement and led to the plug failure. Block caving is not indicated empirically, and
";,

would be expected to stabilize itself at the onset, a caving height of 130 m above the

stope required to prevent such a formation. The empirical surface crown pillar chart

indicated a value of required thickness of 563 m compared to 660 m that actually failed.
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DISCUSSION

Common shallow hard rock mine environments have been described, as well as

the nature of failures encountered at these levels. Failure specifie equations have been

developed to describe the failure process and the expected extent for the purpose of

designing stable stopes.

The six case studies reviewed represent the typical rock mass environments of

Canadian hard rock mines and the five common failure mechanisms.

From these cases four examples of failures of shallow stopes has been examined:

1) Destratification in part of the surface crown pillars at Niobec not resulting in

• 2)

failure to surface;
'~ ,

Chimneying disintegration and related block ravelling at BelmoraI, leading to

failure to surface;

•

3) Chimneying disintegration and block caving failures to surface at the Brier Hill

Mine;

4) Plug failure to surface in the Athens Mine to surface, with a possible block

ravelling or chimneying disintegration precursor.

These and other failed case studiés [4] can yield information on the likelihood of
~::/

stope failure to surface from the hangingwall, crown or footwall. Potential for

hangingwall ravelling from the Pierre Beauchemin Mine and the Belmoral Mine indicate

that witho~t tensile stresses (usually localized), ravelling will not continue deep in the

hangingwall. HangingwaIl strata failures have a low probability of developing to surface
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unless the dip is low, since the resulting cavity is of limitcd dcpth into the hangingwall

(analytieal equation prediction and failure at Picrrc Beauchemin, Niobec mines). One

hangingwall failure was registered at the Brier Hill Mine from block caving over a very

large, deep stope. The extent of the cavity from crown block falls increascs with thc dip

of the discontinuities constituting block surfaces-ici the extent wherc vertically jointed

rock masses, when lacking confinement, have failed to surface such as scvcnll mincs

within the wide regional mining of Cobalt [4]. Chirnneying disintcgration has dcvcloped

in the crowns of stopes, at Belmoral, Brier Hill and Selbaie Mines, and continued to

surface. No such stope hangingwall failure was recorded at the Brier Hill Minc, nor has

such a footwall failure been reported. However, it is probable that thc Bousquct 1

hangingwall failure adjoining the surface crown pillar was by chirnneying disintegration.

The back-analysis of the Pamour surface crown pillar failure [43] showed that in a

generally foliated environment ravelling of thin slabs from the steep dipping stope

periphery led to sill and surface crown pillar collapse.

It would appear, therefore, that the failure of shallow stopes is expectcd to occur

within or very close to the surface crown pillar.

Examination of the failed and unfailed cases also provided data for the effeet of

geomechanics parameters on each type of failure.

Plug failure potential depends considerably on the distribution of stresses available

to resist movement, and on the dip of the delimiting discontinuities. This is seen by

examining the Pierre Beauchemin, Dumagami and Athens cases. For Dumagami, slight

increases in compressive stresses are sufficient to increase the factor of safety

significantly. For similar plug weights and resisting stress levels (pierrc Beauchemin
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mining step 3 and Dumagami step 2), the effect of a venical plug failure versus a 40°

inclined plug provides a factor of safety of 14.8 for the inelined block versus 6.7 for the

vertical one (standardized to surface angle of friction of 35° in both cases).

Deep plugs, such as the Athens Mine (660 m high), are for the most part confined

by natural stresses, only the bottom 150 m being affected by high, redistributed

compressive stresses. In this case a 10% reduction in the values of the original stress

field would only reduce the factor of safety from 4.5 to 4.0. Therefore these cases show

that for the common shallow stopes, with depths to 50 m, the effects the original stress

field value (and ils proper measurement), the stope geometry, diseontinuity dip and depth

of stope are imponant.

The Athens Mine case study also indicated the effect of the friction propenies on

the factor of safety. With a reduction or increase in the surface angle of friction of 2°

from the 4° used for "soapy" gouge, the factor of. safety range is 4.1 to 5.3 compared to

the 4.5 caIculated. The diffieulty aIso arises in defining an angle of friction for very

weak material surfaces in situ, which if in the case of the Athens Mine dykes is as bad

as it is described by Allen [5] may not contribute to shear resistance.

Similarly, resistanee against plug failure would be greatly increased if part of the

discontinuities on which a plug will fail was composed of rock or rock mass material to

be sheared, Le. the discontinuities were not uninterrupted to surface. A one meter length

by 1 m wide area of intaet roek interrupting the path of one of the bloek's discontinuities

would provide from 10 MN to 60 MN of direet resistance to weight. This is based on

cohesion of typical intact rock [104]. In this case of the Pierre Beauchemin Mine, this

compares to a weight force of 2.5 to 7.1 MN for rock of average density (0.027 MN/m3
)
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and respective plug heights of 6 m ta 17 m.

Black sliding in the crown periphery has been considered in case sllldies where

the sliding plane dipped from 41° ta 85°. Even in the case of the highest dip, where

black weight and size were ~IS0 high, the required tangential compressive stress ta

maintain stability is less than 0.50 MPa. Compared ta this requirement, crown periphery

tangential stress has been compressive, varying approximately from 0.8 ta 31 MPa for

stope dips of 45° - 90°. The required compressive tangential stress was therefore

available. These redistributed stresses, in a two-dimensional section, arc based on natmal

horizontal stresses 1.5 ta 3 times vertical stress and stope height ta width ratios of at \east

one. When diseontinuities are dipping, black falls wil!lead ta a cavity after which black

slides must oceur for failure ta continue. In this case the extent of the eavity eaused by

falling blacks becomes important versus available surface crown pillar thickness. ln the

case of vertieally jointed rock masses developmcnt ta surface without stoppage would

oceur if confining stresses are insufficiently compressive. Furthermore, il has been shawn

that when the dip of the black sides which are confined by ground stresses are less than

the friction angle of that surface, black falls ""il! oecur irregardless of the imposed stress.

Black ravelling fallure in the surface erown pillar is therefore not anticiapted in the $, ta

- 80° clip range.

Depending on the geometry and stope size, portions of stope hangingwalls and/or

footwalls of case stuclies are subjected ta tensile tangential stresses. Hangingwall black

slide failures are therefore possible as witncssed by the Belmoral case study, but may be

limited ta the local near-stope tensile areas. Law compressive stresses arc nceded for

stabilization.
/:' .

.,
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Stratified rock failurcs can lead to stable cavities. Only a limited load is expeeted

from overlying strata because of load sharing. Progressively shorter stratas are expected

to fail because of stratum thickness and variation in bending properties of rock.

In the Niobec Mine destratification case, where only bedding joints occurred,

failures were of limitcd span, sometimes less than the stope span. The height of such

failures were less than that calculated using the analytical equation, which predicts a

developed cavity height approximately 25% the cavity width. This could be due to

similar stope dimensions resulting in plate conditions which are more,.$'elf-supportive than

J,:
beam conditions used in the analysis. ;1I,

l'
The case studies indicate that chimneying disintegration to)i~rface occurs in rock

/,'

masses wilil:1ow cohesion. The analytical equation developed has confirmed the known

cases of failure which occurred in rock masses with copesion less than 0.14 MPa. Figure

9.1 shows the calculated relationship between factor of safety and span for lower cohesion

values.

The general correlation between stope span and rock mass cohesion values to

define chimneying disintegration, at F, = l, is

(9.2)

•

where L is expressed meters and cm in MPa. lnsufficient numbers of case studies exist

to indicate if this correlation should be used for rock mass cohesion greater than

0.14 MPa, but the Athens Mine case, indicating a factor of safety of 1.04 for a rock mass

of cm = 0.8, has shown that chimneying did not occur to surface.
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Figure 9.1 Relationships between stopc span L. rock mass cohesion cm and
factor of safcty F,. chimneying disintcgration failurc analysis
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ln ordcr to accommodate chimncying the failure arcs would have to incorporate

the trace of the discontinuities. Contrary to the path of least resistance in degradable

schist and altcred rock that shear ruptures can take, blocks in a rock mass would in effect

force a failurc surface to go around the blocks involving large interlocking asperities

which would imply shearing of intact rock. Therefore the boundary for chimneying

disintegration could lie with the smallest size which the rock mass is broken down to and

allow rockmass shearing to occur. In the case of schists and altered rock this can be a

naturally existing small size, down to the particle size.

In the case studies, the effeet of the imposed compressive failures brought about

by redistributed stresses which accompany chimneying disintegration, is to break the rock

mass. This has for effect not only to break down the mass but also to remove part or

significant ponion of its confinement thereby allowing gravity action to occur, the basis

for the chimneying disintegration analysis.

Application of the equations to calculate the potential for stabilization of block

caving rock masses has shown that at shallow levels caving would be difficult to stabilize

itself. Stresses within a stabilizing arch would be sufficient to overcome integral bulk

material strength. High lateral ground stresses would be required to develop compressive

failures of individual caving material blocks. Bloek caving is known to have occurred

to surface at the Brier Hill Mine in the hangingwall of a large extraction area. The

immediate portion of this periphery was in tension. Stabilization with arching in this case

was not indicated by the analytical equation.

The Iimit between potential for block caving versus potential for chimneying

disintegration in poor rock would seem to depend on the stress conditions imposed and

432

/ ......, .



•

•

•

span of the opening. ln the Brier Hill case where block caving has occurrcd in the

hangingwall of the main 15 m wide. ISO m high stope, the chimneying disintegration

oceurred over a 4 m x 8 m (plan) borrow stope (with an estimated height of 2.5 m).

These dimensions and Belmoral's 3.8 m wide by 3.8 m high 1-7 exploration drift where

chimneying also occurred can he compared to the Diering and Laubscher caving potential

chart, Figure 1.17. In the Brier Hill and Belmoral cases an adjusted RMR of 15 to 20

would require a hydraulie radius of 8 to 10 for block caving to occur. This would rcquire

a stope larger than the openings involving chimneying disintegration. The almost

exhaustive extraction of the Brier Hill orebody, its main stope, provided this condition.

The case studies considered provided insight into several aspects of design.

They confumed the distribution of failure mechanisms and cause for instabilities outlined

in Table 1.2. Two reviews can he made, Table 9.1: that most failures to surface will

occur from the surface erown pillar and that chimneying disintegration is not seen as

occurring beeause of a laek of clamping stress with contribution from compressive

stresses sufficiently high to fail weak rock and reduce shear resistance. Two operational

decisions permit such a failure to occur: 100 large a period of time bcfore support is

imposed, allowing for the weak mass to mobilize and start failing, and allowing for a

space in which failed material (with low bulking factors) and failure proceed without the

failure choking. Block slides which require little confinement arc not expected to develop

to surface within in the footwall.

With regards to Tables 1.2 and 1.3, the most expeetedJailure meehanisms are

ravelling and ehimneying. Block fall ravelling has bcen shown to be possible in case

studies (pierre Beauchemin, Belmoral, and Athens) where blocks and structures are well
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Table 9.1 Summary of Instability Element for Failures of Shallow Stopes of Hard Rock Mines

•

t;
"""

Type of Failure Propitious Environments Mobilized Rock Mass Lack of Ground Stress Conrrolling
(Figure 1.3) Clamping Instability Elements

Rock fracturing a FW,CR,HW No Stress loading (p)
(gmvity or induced)

Plug failure dt CI f CR Yes (s) Near-vertical dipping
continuous discontinuities
(p); low friction properties
(1)

Ravelling b, c, f, g CR,HW' Yes (s) Blocky rock mass (p);
steep dipping joints (s)

Strata failure f CR,HW' No Stratification (p); stope
span (s)

Chimneying disintegmtion C, d, CI g CR,HW No' (s) Malerial of low cohesion
(but not cohesionless (p»;
sman size rock mass
particles

Black caving b, C, g CR,HW Yes (s) Weil developed
jointing and blocks (p);
stope span (t); tensile rock
mass failure

+ overstressed Order of Importance:
• shallow dipping

p primary
s secondary
t tertiary



•

•

•

defined, and chimneying disintegration in aIl case studies where the rock mass is weak

bccause of strong metamorphic fabric such as graphitic slate or mica schist as weIl as in

altered rock examples presented. Ravelling would account for the 20% failures of blocky

"
rock masses and perhaps sorne of the 11 % failures of stratified masses. Chimneying

disintegration would probably account for most of the 5% failures of weak orebodies,

Il% failures of weak walls, sorne of the 44% failures of the faulted and weak masses and

sorne of the 17% failures of the generally foliated rock masses.

Although a limited cross-section of stope geometries (including sizes) were

examined, failure based design of shallow stopes can be seen to depend on the levcl of

imposed stress and the effectiveness and orientation of discontinuities. Stope size does

dictate the level of imposed stope periphery stresses as shown in the Dumagami, Niobec

and Athens Mine case studies. Specifically, vertically high stopes concentrate high

compressive stresses in the crown when the major principal stress is orthogonal to the

longitudinal direction compared to long extraction areas with stresses parallel to this

direction which will have low stresses in the crown. The case studies examined were not

representative of irregular geometries. The proximity of on-dip stopes seen in the Pierre
.

Beauchemin, Dumagami and Belmoral cases indicate an effect on the nature and location

of redistributed ground stresses. But the horizontal longitudinal proximity as at Niobec

does not substantially reduce the crown stresses for the stopes in the center of such a

sequence. Case studies with stopes distributed in both directions (e.g. grid) have been

known to fail by block falls and plug failures [4][32].

Intact or poorly jointed rock environments are difficult to fail in the case of

very large stopes (Niobee Mine) which reflects the few failures seen in this environment.
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Conventional numerieal modelling, although useful to provide stress

distributions, was unsuccessful in providing the extent and development of known

failures. Only where weak material was involved, was failure predietable but not

indicated to reaeh surface.

The conventional NOl empirical method was only successful in predicting need

for support. The dedicated empirical surface crown pillar method was successful in

anticipating failures, but not to provide the minimum dimensions to avoid these. It

commonly underestimated the required surface crown pillar thickness and in the case of

weak rock, might provide widely varying answers for a small variation in the estimate of

rock mass quality.
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CHAPTER 10

STABILITY ANALYSIS PROCEDURE

Whether at the pre-extraction stage or when considering established shallow stope

configurations, a standard methodology to evaluate the related stability shou!J be followed

as a reference point for decision making and communication purposcs as weil as to guide

the necessary work with regards to data collection, analysis and application of <UHllytical

methods. This Chapter summarizes and places in perspective the clements involved in

analysing the stability of shallow stopes of hard rock mines. A step-by-step procedure

is defined for such stability evaluation, identical to that used in constructing the case

studies of Chapters 3 to 8.

An overall design process was established by Bétoumay [1], Figure 10.1. It

retains the concept of following a step-by-step procedure, but is sufficiently generic to

maintain a flexibility for various site configurations, Figure l.1. It incorporates deeision

making and changes in mining strategy.

The stability analysis procedure defined here will provide details to the four

related steps of this process: Identification of Deposit and Regional Characteristics,

Geotechnical Investigations, Data Analysis, and Stability Analysis (Dimensioning).

Ground control and monitoring aspects will also he discussed.

The shallow stope analysis procedure eonsists of following a decision flow chan

which attempts to direct the analysis based on the rock mass environment in place

(dependent on geological classification, evaluation of the predominant discontinuity and

their disposition and intact material strength), the expected failure mechanism (s) and the
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IDENTIFICATION OF DEPOSIT AND
REGIONAL CHARACTERISTICS

j

GEOTECHNICAL : ESTABLISHING MINING STRATEGY AND ADVANCE NO
INVESTIGATIONS, SCP

-~ YES SCP
t

DATA ANALYSIS : 1 INITIAL DIMENSIONING 1

~ BACK ANALYSIS
1

---i 1I0NITORING 1 MINING ACTlVITY
11

16EOTECHNICAL.-
1NVESTI GATI ONS

SURFACE CROWN PILLAR FINAL
RECOVERY DIIIENSIONING

IIIINING ACTIVITY 1

~ BACK ANALYSIS ~

~ 1I0NITORING

1 DESIGN EVALUATION 1
', ..._' ,

Figure 10.1 SUiface crown pillar design process [1]
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analytical methods applied to arrive at a stability evaluation. This is shown in Figure

10.2. In support of this analytical progression is Table 10.1. a catalogue containing the

range of investigations. parameters and methods toseleet from for guiding the analysis

with respect to the support work required and the order in which it should be performed.

The end result of this analysis will be the obtention of one or several factors of

safety representing the cross section of possible failure mechanisms. In order to properly

evaluate the most likely development of instability leading to failure (from one or a

sequence of failure mechanisms), the way in which the safety factor was calculated as

weil as the limitations of each limit equilibrium equation must be understood.

Table 10.2 summarizes the Advantages of these analyses, Table 10.3 summ~\rizes

the limitations associated with the stability analysis equations (Chapter 2; Table 10.1).

As mentioned in Chapter 2, these are limit equilibrium equations representing actual

mechanical conditions of the common failure mechanisms.

Simplifications have been adopted to reduce the complexity of block to black

interactions. In the case of ravelling equations, only peripheral activity is considered as

representative of the graduai black dislocation process. Therefore, continuum stress

distribution and no internai rock mass movement is considercd. A simplification of the

black size distribution (one size for each geomechanical unit) is also made for the benefit

of less complex calculaiions and lab testing procedures.

A 2-D plane strain analysis is also adopted to significantly reduce the complexities

of a third joint set out of the plane of analysis. This does, however, result in a more

conservative stability evaluation, because the shear resistance provided by such a third

side is not considered.
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Figure 10.2 Stability analysis procedure for shallow stopes of hard rock mines.
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Table 10.1 Compendium of Analysis Procedure Elements
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S,'" Class of Element Descriptive Element App!ied Equation (Reference Table) Parametcr(s) Oblained
Wark

Geoltthnical Laboralol)' LI Inlact rock $t~nglh; tensile lests, uniaxial and triaxial E. u, 0',. 0',. t/> (unia:daJ)
InveslÏgalÎoDS ClJmpression lests

L2 CalcuJalions of HockJc and Brown intact siunglh Mohr cnvelope. m~

using LI data

L3 Discominuity properties; roughness. alteration. orientation.
spacing; rock core SUl'Vcy

L4 Calculaiion of rock con:: rock man RQD and qualilY (CSIR or RQD. RMRor Q
NGI) from L3 data

{.tIlI·Hlll
Il'Ir..... sr"ld' c_. (T al a. =L5 Calculalion oC Bock and Brown rock mass slrI:ngth Mohr m/l<W .. mw ~--rr--

cnvelope. using U 10 lA data 0),1) mass
loUI~·ltol

Storil " e---r--

T = (COl Q _ cos Q)m~.

Q = arclan 1

J4 h cos1e 1

•• 113 [90 • "'''''' __'_]
~

l6(m.- t1 ... sforiJ 0')
h = 1 • •

. - J m~a•
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Table 10.1 (continucd)
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L6 PhysicaJ propcnies of disconlinuilY surface ToCI relalionship; shear ...... ,,~.

lest

(~.~)
L7 Empirical calculation of rock mass modulus of claslicity from L3 E." la lII"""" E,.

or I3
.

L8 Sclet:tion of Hoek and Brown rock mass slrcnglh parametcr Table 2.1 m,..Iol' sr....

L9 Bearn lensile test; lhickness of stratum F.". h,. 1\. 0',. 1

ln situ Il Natural ground stress values and orienlalion: measurement of Distribution and values of
undisturbed nalural ground stress al • 100 m. a•• al' aJ

12 Rock m.ass modulus of elasticity; dilatame1er lests in boreholes al E,.
levels comparable 10 shallow nopes

13 Evaluation of rock mm RQD and quality (CSIR or NGO. RQD = 115 • 3.3 J.
groundwater RMR. Q. level of wacer

lable

51ability Numerical Ml 2-D eJastic finitc clement applicalion, for slopes of extensive
Analysis Modelling longilUdinal dimension will1in a rock mass of elaslic behaviour.

Failure criterian: Beek and Brown.

M2 3·D elastic finite element application. for slopes of limited
longitudinal dimension. within a rock nws of elastic behaviour.
Failure crilerion: Hoek and Brown.

M3 2-D elasto-Ftastic finile element application. for stopes. of
extensive longitudinal dimension. with a rock mass where one or
more unit exists with non-elastic. irrecoverable slratn. Failurc
criterion: (;-9.

M4 3-D elasto-plastic finite element applicalion. for Stopes of limited
longitudinal dimension. witbin a rock mass wbere one or more
unît exisls wilh sorne non-elastic. irrecoverable strain. Failurc
criterion: c-4J. ' .
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Table 10.1 (continued)

•

o

.;1;

t....,

MS 2·D large strain finite etement applicalion for stopes of
extensive longiludinal dimension, with a rock mass where one or
more units exists wilh large non-.elastic, irrecoverable straÎn.

M6 2·0 discominuous. block. application for stopes of extensive
longitudinal dimension, wilhin a rock mass of effective block
dislribution.

Anal}1ical AI UninlcmJptcd disconlinuilies parallel and vertical, or dipping
Equalion away from the SlOpe (wcdge shape), at or belWeCn extension of

n f' ·ftm,l ,(H-à)'b 1 ·1stopes walls, inlcrscctcd by vertical cross discontinuilies 10 fonn E c j A,+ E a.,. A) - .. , j tant" sinlj/,
3-D plug. Calculaiion of nonnal stress componcnt 10 stope

F, - loI [ !ïml' :H -df b1walls (Plug surfaces) for cath modeUing clement in contact with
plug. Comparision to driving weight and stress imposed force Vpg +.1: E altJ A

j
- .., 'COSIj/,

in the direction of driving weight. .=1 J-t 3

A2 Unintcn1.lpted dipping paraUd discontinuilies at or bctwcen

[[jm.] , CH -dl'b,]exlension of stopc walls, wilh inlcrsecting cross vertical
discontinuities 10 fonn 3-D plug. Calculation of nonnal stress cjf. + .1: a.. At,; + V(!gcOSIj/. - .. ; • tant..
companent to Slope wal1s (plug surfaces) for cach modelling F= Jal 1 +

clement in conlact with plug. Comparision to driving weight ' [m ,CH-dl'b1
and stress imposed force in the direction of driving wcight. V"gsinlj/. + .1: 0.11 11.11 - ..; • sin (Ij/. -Ij/z)

J"

~m l ,,(H, -'1'b'l ( I~c:Az +J~I 0a:" A~ - 3 cos 'V. - 1jI: lant., +[m ,(H-dfbl
Vl:1g sin 1jI. + 1: a. A~ - w j '1 sin (1jI. - ljI,l

J-I ""J 3

~m 1 CH-dl'bl::ii~3 cj A, +j~1 a..;f, - T. ') • lan'..

1'0..inO, • [E o~. A. - '.CH,-dfb, l,in (O. -0,)- j=1 3
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A3

A4

AS

A6

A7

A'

Calculation of minimum DOnna] force required for (WO supponing
sides of a pcripheral [alliog crown black 10 develop shear
resistance for suppon (valid ooly if ~.> (9\J-dip) of aXe or more
block sides).

Calculalion of ullimalt cavity height from crown black falls.

Calculalion of minimum nonnal fon:e requirw ID confine sid~s of
a pcripheral sliding black 10 develop shear resislance for suppon.

Calculation of minimum Icngth <1..,+1) of a loaded slr3lUm.

Calculation of uhimatc raiture cavity height from consecutive
stnuum railurc due to overlying Joad causing diagonal (shear)
(ailure of strata al al :lbutment.

Calculalion of stable lenglb for voussoir arching of failed slrata.

2 2
IV + ,1: A,D''''''lcos'a,sina/ II' .r (c.+I1_, cosJa.tan(~n) ) A, caser,

1=1 1=1

_-=L-,'c:;n:"("~T' _-_w:.!):..'_in-,~.'c'-:;h •
, cos", sin (180-(,,!-1 • ,,!-J))

Wsinlf.. c 2cA. + (211_ A. cos!".. + W coslf..l lan (4l"l

+..:..:...::..::::: r - 0.

H" L-LJo1
c ? r~n 14. .... .. ",rH

l .. cl(l-n)

h".!. "Y,L2
4 -­nI,

1 [2. ~II.-Y; 3" 2

Al. .. L + 16 z~
"TT

dAl. '" !" A
E. '



• •

Table 10.1 (continued)
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Table 10.2 Advantages of Analytical Equations

Plug Ravelling Destratification Chimneying Block Caving
Disintegration

Representative of Representative of Representative of Representative of Considers
failure failure mechanisms failure mechanism mechanism stabilizing
mechanisms mechanism

Simple Simple Simple Simple

Accurate (exact Compares ultimate Considers Provides minimum
conditions and stable cavity overlying strata rock mass
mechanics outline versus and axial loads resistancc required
considered) location of surface to avoid failure

Allows for input Allows for input Compares ult:mate Allows for input
of ground control of ground control stable cavity of ground control
effect effect outline versus effect

location of surface

Allows for input
of ground control
effect
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Table 10.3 Limitations of Analytical Equations

•

t.....,

Plug Ravelling Destratification Chimneying Block Caving
Disintegration

Preparation and Simplified 2-D Block Elastic unjointed Pre-determined Failure Assumes Arbitrary
computationally distribution Analysis material strength
Intensive

No complex block 2-D 2-D Assumes vertical cave
motion walls

Modelling intensive May not represent thin
strata

Continuum stress Strata of identical
Distribution properties
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The plug failure equation. precise in its representation of aClUal conditions.

requires detailed preparation and computation work: numerical modelling with proper

mesh distribution around the surface crown pillar, calculation of normal plug surface

stress components from the modelling resuits. and calculation of total normal force on the

plug surface.

The analysis of destratification is based on an elastic plane strain distribution of

stresses. which may not be representative of crowns with sintilar longitudinal length and

span. This avoids the eomplexities in considering each stratum as a clamped plate. The

analysis. which considers the development of shear cracks away from the abutment, is

dependent on identical strata properties with sufficient thickness to behave in this fashion

rather than the case of thin strata expected to fail completely in shear at the abutment.

Chimneying disintegration considers a failure surface pre-determined with circular

components and in 2-D to avoid complexities brought on by 3-D analysis and/or non­

eircular consideration. This parallels the general slope stability circular analysis. Il may

not be entirely representative in cases where material foliation thickness or mechanical

behaviour variations occur within the rock mass.

Caved material strength, being used to examine the propensity for a stabilizing

arch to develop, is based on bulk arch strength or block to block intact rock strength. In

order to satisfy the Krynine prineiple of granular soil arehing, the rock mass joints, and

therefore block sides are assumed to be eohesionless. This may be a conservative

approaeh to the self stabilization of such a rock mass, as block with cohesive surfaces

cave poorly and readily form stabilizing arches [45].
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A cornmon limitation to several of these analyses relates to the bounds of

applicability. As such, what is the boundary between ravelling and block caving, and

chimneying disintegration and block caving? However, because the raveIling, chimneying

disintegration and block caving incorporate simplifications which err on the side of

underestimating stability. designs using these can effectively reduce the onset for sueh

occurrences.

Ground control and monitoring aspects to consider vary according to the failure

mechanism anticipated and the mining method practised but must nonetheless address the

anticipated extent of failure and prevent failure from reaching surface.

Only plug failures oecur rapidly, without appreciable movement to warn of need

for artificial support. In this case. because the mass involved is potentially large.

sufficient support may not be found. thereby placing the entire emphasis of sueh failure

prevention on monitoring of changes in stabilizing and destabilizing' parameters:

variations in groundwater pressure. reduetion in shear strength with time and clamping

stress change. It must be anticipated that proximal mining aetivity will change the

redistributed stress field. Removal of destabilizing forces include removing lower

portions of a plug by blasting. sueh as Vertical Crater Retreat. if plug weight or removing

all of a crown pillar is desirable. and lowering the groundwater table by weil purnping.

Block caving and ehirnneying disintegration represent an uncontrollable and self

progressive rock mass failure started at sorne point during the creation of a shallow stope.

Ground control becomes a preventative measure in the sense of keeping the rock mass

integral without allowing failure to begin and proceed beyond the operators' capability

to apply support when failures develop rapidly. Mobilization of sueh a rock mass can be
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prevented if ground support such as cable bolting is pre-applied to areas of future

extraction. In this fashion ground support would be present at the moment of and around

newly ereated stope periphery.

Ravelling and destratifieation is another example of progressive failure, but has

oecurred reasonably slowly so that control of periphcral block movcmcnts can he

achieved when peripheral and conventional support is applied during stopc expansion.

Areas not accessible, such as those created during bulk mining (longholc mining,

blasthole mining, VeR, etc.) should consider installation of cable bolts from remote

accessways.

The pattern and therefore meehanical contribution to the stabilizing forces against

failure by artificial support can he calculated and input as forces in the analytical

equations. In the case of block movements (plug, ravelling) the total contribution of the

ground support opposing the direction of weight destabilization should be considcrcd.

Against surface shear movement such as put forward for chimneying

disintegration, the contribution to shear resistance at the failure surface, in the respective

slice distribution, can be calculated. Practically, however, artificial ground support has

not physically perforrned weil in weak rock masses which offers poor anchoring

capabilities [34][35][37].

In the ease of stratified rock, ground support has the benefits of artificially

stopping the inception of failure and creating strata (beam) of thickness corresponding to

support length, thereby increasing the resistance to fallure.

Generally, ground support can be applied so that transfer of load is allowed to fall

to rock mass areas beyond the calculated extent of failurc (ravelling, destratification,
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chimncying, block caving).

ln mast cases dcvclopment of failure involves displacements in shear. Until

rcccntly, no displaccment monitoring instrumentation was able to providc continuous

indication of shcar movement, extensometers, for example, providing displacement

indication along its axis. Time Domain Reflectometry, originally used to locate breaks

in transmission cablcs, is now regularly used with respect to shallow stope stability

[127]128][129][130]. Using a grouted rigid co-axial cable in boreholes, the method

providcs for monitoring movements of shear, tensile or combination of displacements, at

any point along the length of the cable which can be as long as 600 m. The method is

also able to quantify the type of movement. Several cables placed around the periphery

and in the surface crown pillar of a shallow stope can and have been able to delineate the

growth of failure to surface with time as weIl as the type of failure mechanism

developing.

Ail of the analysis and ground control approaches stress the importance of

evaluating the geomechanical parameters which are required, especially in situ stress

dctermination, of major importance as a stabilizing factor or initiator of failure. As

discussed earlicr, the sensitivity of solutions often depends on variation of input

geomechanical parameters. For this reason, major efforts should he spent on evaluating

the key failure parameters identified in Chapter 9.

The options open to a designer to represent the relative stability of a shallow stope

are:

•
J) the use of a factor of safety (limit equilibrium method) calculated using one value

for each parameter.
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the general probability approach, comparing the statistical distribution of the

resisting forces to that of the driving forces.

3) the probabilistic approach which allows for the statistical distributions for ail

parameters involved in a particular limit equilibrium calculation, based on a

specific failure hypothesis.

4) the reliability approach, whereby event trees or rates of failures, for structural

components, together with their respective probabilities of occurrence are detined

and the probability of l'ailure derived for a given period of service of the overall

structure.

Design of mining structures in general are made for relatively short periods of

time (e.g. up to 30 years) whereas the integrity of a shallow underground opening, if it

is allowed to l'ail (progressively or suddenly), is of concern for eurrent and funlre surface

infrastructures and surrounding population. The design life is therefore very long. This,

together with the faet that a low 12% rate of failure has been registered (Table 1.3), let

alone several for eaeh type of failure meehanism, would seem to preelude adopting a

reliabHity approaeh.

The open ended factor of safety so far has been used as a reference point for

desired level of protection against failure, and also as a "coefficient of uneertainty" where

it ean be arbitrarily faetored to aeeount for ignorance of the eompleteness or reliability

of parametrie inputs. This provides for a false sense of security. A l'ailure can oeeur at

a factor of 2 as weil as one of 5. Furthermore, no standards exist to indieate what level

should be adopted for a partieular failure mechanism.
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Thc factor of safcty calculated on the single value of parameters does not reflect

thc natural variations cncountered for each geomechanical parameter, especially in shallow

undcrground cnvironmcnts wherc variations are wider than for deeper rock masses.. Nor

docs it provide for missing field or lab tests or biased results.

Thc probability and probabilistic approach define the level of stability using

definite bounds, 0 to l, making it easy to provide a better evaluation of each design.

Furthermore, the variability factor can be treated. The probability approach, Figure 11.3,

compares the statistical distributions of the resisting factors with that of the loading

factors.

Probabilistics enables the distribution of each paramcter's values to be used within

the cquilibrium analysis, yielding a factor of safety that is also statistically distributed.

The process is simplified if the parameters' values are assumed to be distributed normally,

which yield a calculated quantity· which is also normally distributed. Probabilistics also

allows for factoring of levels of confidence on quality and quantity of data, as weil as

thoroughness of investigations.

However, the application of probabilistics, as for factor of safety, is hypothesis

(failure mechanism) dependent, therefore reinforcing the notion that performing an

integrated analysis of the problem, Le. comparing results for several different failure

mechanisms, is more representativ-::.

The physical meaning that can be attributed to a certain factor of safety or

probability of failurc is not evident: what time span or how many similar situations would

statistically fail given the same probability? Furthermore, each shallow opening is unique,

if not in geomechanical properties, in geometry and size. To the extent that the
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Figure 10.3 Effect of dispersion of stress and strength on probability of

failure (represented by the hatched area) [45]
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hypothcsis for cach failurc mcchanism is diffcrcnt, comparing levels of factor of safety

may not bc correct. It appears that both, the single value factor of safety and the

probabilistic calculatcd factor of safety, have inadequacies. However, the application of

probabilistics to the factor of safety has a lower degree of built-in uncertainties and could

bcttcr reflcct the variability in design of shallow underground openings.

Application of the probabilistic method involves the calculation of a probability

of failurc (or success) for a given factor of safety. The Monte Carlo technique randomly

gcncratcs a value for each parameter used in the factor of safety calculation (each

paramcter is assumed to be normally distributed). A factor of safety is then calculated

for each set of randomly gencrated equation parameters. This requires several hundred

such calculations to be performed for statistical accuracy. It can be replaced by the

Rosenbluth method [131] applicable to a function oftwo or more random variables. which

uscs only two values for each variable, at one standard deviation on either side of the

mean. Therefore. 2" factors of safety can be calculated. where n is the number of

normally distributed variables involved in the limit equilibrium analysis.

The probability of failure for a given factor of safety is the area under the factor

of safcty distribution covered from 0 to this factor of safety. Figure 10.4.

Probabilistic designs have been used in geotechnical projects by Cali et al [132]

and Priest and Brown [133] for rock slope stability, by Nguyen and Chowdhury [134] for

stability of soil slopes and by Hoek [21] for surface crown pillar plug failure analysis.

Nguyen and Chowdhury report insignificant differences in the calculation of

probabilities between the two methods.

455



•

MEAN SAFETY FACTOR

•
PROBABILITY OF
INSTABILITY

1.0
SAFETY FACTOR

•
Figure 10.4 Example of a probabilistic distribution of safety factors used

to calculate probability of instability
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CHAPTER Il

CONCLUSIONS

This thesis has cxamined the conditions influencing the stability of shallow stopes

of hard rock mines and the factors that control their stability. By having studied the

mcchanical behaviour of failures associated with these environments and examples of

stable shallow stope cases, and the geomechanical parameters that effect stability,

conclusions can be made on the following issues: occurrence of failures, evaluation of

design methods, case studies and design approach for each type of rock mass setting.

11.1 OCCURRENCE OF FAILURES

•

•

i)

ii)

iii)

iv)

Most Canadian hard rock mine settings can be described as moderately to poorly

competent, affected by joints, faults, and rock alteration.

Natural conditions cxisting at Canadian hard rock mines are such that gravity

driven failures can be anticipated in many types of common geological settings.

Failures that have occurred can be classified into five categories: plug, ravelEng,

destratification, chimneying disintegration, and block caving. A shallow stope

failure involves caving to surface.

Failures are not necessarily limited to star! from the shallow stope surface crown

pillars but could star! from the stope hangingwall or footwall and most probably

lead to failure within the surface crown pillar. The parameters controlling the

stability/occurrence of failures are discontinuities (orientation, persistence),
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•

•

confining stress. stope span. rock mass cohesion but not pillar thickness. Design

should therefore address the question "Which portion of the rock mass is

mobi!ized in the failure to surface" rather than "what should be the thickness of

the surface crown pillars?".

v) Plug failures occur in areas that are low in redistributed compressive stresses and

are bounded by steep dipping through-going discontinuities with !ittle or no intact

rock interruptions and lower friction properties.

vi) Ultimate ravelling to surface is not expected to incorporate blocks s!iding out of

the rock mass into the underlying cavity, after ravelling from block falls. The

latter, faeilitated by blocks with sides dipping 0° to block surface angle of friction

l\lr and approximately 90°, offers the most chance for such a failure to reach

surfaee.

Chimneying disintegration has oceurred in weak rock masses with low cohesion

over narrow openings, < 8 m, that have been brought to failure by compression.

For low mass quality, openings severa! times these dimensions are required to

cause block eaving.

viii) Chimneying can develop at depths of up to 275 m and rapidly work itself to

surface.

ix) Block caving ean develop natural support arches, even when material angle of

friction is low and cohesion absent.

•
x)

xi)

Ravelling and ehimneying are the most expeeted failure mechanisms for shallow

stopes of hard rock mines.

The distribution of natural ground stresses in the Precambrian Shield whcre most
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• of Canaùa's unùerground mining occurs normally provides high confinement in

the upper periphery of the shallow stope (surface crown pillar). Lower

compressive stresses are present when the stope longitudinal direction, sequence

of stopes is parallei to the major r,,'ncipal stress direction. Ravelling can locally

occur at peripheries where tangential redistributed stresses are tensile but is not

expected to lead to stope failure from there.

xii) A number of proximal shallow stopes distributed in a grid pattern could affect

stress distribution thereby reducing considerably compressive stresses imposed to

the rock masses in surface crown pillars. facilitating failures.

11.2 EVALUATION OF DESIGN METHODS

•

•

i)

ii)

Conventional rock mechanics analytical equations will not indicate the nature or

extent of failures of shallow stopes of hard rock mines.

The analytical equations developed to represent the mechanical behaviour of

failure mechanisms provide realistic representation of failure potential and field

behaviour as has been surveyed in several case studies.

The analytical equations developed which described gravity movements of rock

mass elements (blocks, plugs) require a representative distribution of stresses

around the shallow stope to obtain a representative factor of safety against failure.

Modelling is necessary to provide this distribution of stresses around shallow

stopes which usually do not have simple geometries. Theoretical and existing

surface crown pillar analytical formulas are not appropriate.

459



Iii)•

•

•

The analytical equations developed which describcd the rupture of intact or rock

mass material (destratification. chimneying disintegration) do not ncccssitatc actual

imposed stress as input values in designing. Howcver. strata failurcs can bc

described more precisely with stress input obtained from modclling.

Iv) Numerical modelling can only anticipate failures in weak rock masscs around

shallow stopes where chimneying has historically started. not to surfacc.

v) Conventional continuum modelling (e.g. finite elements. small strain) which arc

often used in mining cannot predict the nature nor the out1inc of shallow stopc

failures to surface.

vi) Although a discontinuum code was not available to cvaluatc as a dcsign tool of

discontinuous rock masses. the ravelling equation using continuum modclling

codes was sufficient to represent actual field behaviour including hangingwall

ravelling of a historical shallow stope failure.

vii) Conventional empirical methods provide only an indication of need for support.

However. the use of the NOl system indicates that cases whcrc failurc occurrcd

were all prescribed as needing support.

viii) The surface crown pillar chart successfully indicated the stability of non-failcd

cases but usually underestimated the depth of stope required to maintain stability.

Furtherrnore. il may provide undependable dimensions in low quality rock masscs.

ix) Shallow stopes of hard rock mines should be designed with the anlllytical

equations developed in this research progran~. using continuum numerical

modelling as stress input only. Empirical methods could provide an approximatc

indication of potential stability (stable vs unstable). Designs based solely on
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x)

xi)

empirical methods and personal experience are not quantifiable nor successful in

outlining the extent and location of failure.

Mine operators must perform sufficient field and lab tests in order to obtain the

necessary geomechanical parameters for each type of failure mechanism

anticipated. In particular, in situ stress measurements are necessary to obtain

representative redistributed stresses which play an important role in ail the failure

mechanisms except for destratification. Representative shear resistance of weak

rock masses are also necessary to fully evaluate the potential for chimneying

disintegration, one of the most common failure mechanisms.

Mine operators must perform a design based on the cross section of failure

mechanisms anticipated and apply dedicated ground control and monitoring

techniques accordingly.

iii)

•

11.3 CASE STUDIES AND DESIGN FOR ROCK MASS ENVIRONMENTS

i) The analytical equations developed in this research can be used as design tools to

avoid complete shallow stope failures and to indicate relative stability.

ii) The Belmoral (Québec) failure of 1980 occurred as a result of chimneying

disintegration in the schist ore zone to the contact with wet overburden.

Hangingwall ravelling developed to surface following behind but not ahead of

chimneying.

The Brier Hill (Michigan) failure over a small opening occurred as a result of

chimneying disintegration in the hangingwall graphite slate without caving being
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•

involved.

iv) The failure at the Athens Mine was probably a plug failure which occurrcd undcr

the influence of low friction boundaries, water pressure and in situ major principal

stress not aligned with the mining blacks' longitudinal direction. Initial crown

black falls or chimneying disintegration in the bounding dykcs, may have occurrcd

to unconfme the lower plug ponion.

v) These and other failures began in unsupported areas or devcloped aflcr limitcd and

undedicated ground suppon had been applied.

vi) Massive, poorly jointed rock masses fail when stresses are sufficiently high. Such

failures are expected only when high-extraction large or multiple openings exist.

In this case, conventional numerical modelling is required.

vii) Blocky, well-jointed rock masses may fail by ravelling or black caving.

Conventional numerical modelling is required to assess background stress

distribution. The ravelling equations developed here can he used effectivcly to

design shallow openings; this offers a simpler and more rapid design tool.

Block caving analytical equations are not available. Empirical means arc

available, as a general design tool for caving potential, as are the block numerical

programs. Conditions which would lead to inception of caving are still not well

defmed although tensile stresses might have contributed to the black caving of the

Brier Hill Mine. The analytical formulations developed here for evaluating black

caving stabilization have confrrmed the development of caving activity around the

main Brier Hill Mine stope.

viii) Rock mass environments with extensive discontinuities such as stratified and
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ix)

x)

faulted tcrrains aliow for several types of failures such as plug, ravelling, and

strata failurcs. Analytical equations for these have been developed here which

aliow for the calculation of extent of expected failure; existing rock mechanics

equations do not, irrespective of discontinuity orientation.

Wc&k rock mass environments such as walls and orebodies are susceptible to

chimneying disintegration which is a strength-related and not discontinuity-related

failure. Design and stability evaluations can be performed using the analytical

equation developed here. Numerical methods have potential application for

predicting the development of failure only when several mining steps based on the

removal of failed fini te elements or large strain elements are used. The dedicated

surface crown pillar empirical method has not been suitable for such cases.

In rock masses of low cohesion, ground support should be applied as soon as an

opening is created to prevent the mobilization of the rock mass chimneying

disintegration failure process. If chimneying disintegration has started, the

chimney cavity should be sealed and filled. It should not be allowed to grow by

allowing a void sufficiently large to prevent bulking from choking the failure.

Bulking is low in materials subject to chimneying.
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CHAPTER 12

RECOMMENDATIONS FOR FUTURE STUDY

The research performed for this doctoral program has initiated several new

elements of rock mechanies as well as expanded upon others. Based on its findings. the

following are recommended to be pursued with regards to the stability of shallow stopcs

of hard rock mines.

i) Sorne of the analytical equations would benefit from more applications to case

studies of failures. This would define more c10sely rock mass paramcters and

allow for further evaluation of the analytieal methods developed. In particular, the

":"'iting span and conditions separating chimneying from eaving potcntial. which

is not well known at this point, would require identification.

ii) Similarly, verification by sophisticated numerical modelling should be considered.

In partieular. modelling of weak rock masses with a large strain program whieh

can remove failed clements might parallel the development of chimneying

disintegration as predicted Gere. Modelling for large scale plug failurc.

development of strata failure eavity as well as ravelling expeetations. should bc

performed using discontinuum programs.

iii) The effects of several proximal stopes especially disposed in a grid pattcrn on the

stress distribution within the surface erown pillars of central stopes are critical to

understanding gravity ravelling and plug failures which have oeeurred in such

settings.
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Rcfinemcnt of data gathering techniques in regards to precision and depth of

application bccomes important to provide specifie 3-D distribution of

discontinuitics and anomalous zones. Geophysical methods such as

gcotomography and ground penetrating radar have allowed for this and need to be

applied more routinely. In this fashion, site specifie ultimate failure mechanisms

may be recognized at the design stage before extraction occurs.

v) Distribution of stresses around generic shallow stope geometries for various stress

orientations and values would provide stress level curvesltables for hangingwall,

footwall, and crowns which may be used with the analytical equations developed

here.

vi) Development of field tests to quantify rock mass cohesion modulus of elasticity

and unconfined compressive strength for weak rock masses are needed. CUITent

sampling and' testing methods are inadequate to provide useable values for

analysis. With such a method, typical weak geological environments (schists,

slates, shales) and degree of alteration of rock could be profiled.

vii) The dcvelopment of analytical equation(s) to predict the onset of block caving are

not yet available and are reqllired not only as a stability evaluation method but

also to help establish the boundary between chirnneying disintegration and block

caving.

viii) Close monitoring with instruments addressing failure-specific rock mass

movements would confrrm and quantify failure mechanisms, at sites with historical

failures.

465



•

•

•

ix)

x)

Time dependent behaviour of discontinuity shcar strength. from Joss of strength

and material degradation is important to cvaJuate in thc eontext of structurally

controlled failure mech.anisms.

Incorporation of more case studies of low rock mass quality wouJd make the

surface crown pillar empirical chart more precise and address a comparison versus

the analytical equation developed for chimneying disintegration.
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APPENDIX 1

ANALYTICAL AND EMPIRICAL STABILITY CALCULATIONS

PIERRE BEAUCHEMIN MINE
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APPENDIX 1

Table 1. Caiculation of Rock Mass Rating for Pierre Beauchemin Mine
Geological Materials

Unit Rating Parameter

Strength RQD Joint Joint Gmund Joint Total
Spacing Condition Water Orientation

Diorite 7 17 20 25 10 - 5 74

Tonalite 12 13 20 25 10 - 5 75

Fault Zone 2' 0 10 0 10 ·5 22

* Nominal, orthogonal to schist
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Table 2. Calculation of Rock Mass Strength Envelope for Pierre Beauchemin Mine
Geological Materials, Based on the Hoek and Brown Failure Criterion

Tonalite

a h e ljl 't Cm

(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.015 55.9 62.4 5.8 5.8

5 1.050 52.8 53.8 13.8 7.0

10 1.083 50.8 49.5 20.0 8.3

15 J.l18 49.3 46.5 25.3 9.5

20 J.l53 48.0 44.1 30.5 IJ.l

25 J.l87 46.9 42.2 35.2 12.5

sa
a, =_c = 2.2 MPa

m

ae ~ 176.6 MPa

m ~ 4.42

s ~ 0.056
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Table 2. (continued)

Diorite

(J h e <il t cm
(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.096 50.2 48.3 3.6 3.6

5 1.337 43.4 36.5 7.5 3.8

10 1.579 40.1 31.3 10.8 4.6

15 1.821 38.0 28.0 13.7 5.7

20 2.062 36.6 25.7 15.89 6.2

25 2.301 35.5 23.9 18.6 7.5

S(J
(J, = _c = 2.0 MPa

m

(Je = 60.3 MPa

m = 1.83

s = 0.06
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Calculation of Plug Failure Factor of Safety. Pierre Beauchemin Mine

The potential plug failure would slide on the dipping N2SE 45SE joint; the

opposite side is parallel to the sliding plane

2-D ANALYSIS (omitting sides 3 and 4)

'1',= 'l', = 45°

cp"

CPr'

"Ir

c,• c,

= 35°

= 18° (Barton et. al. [1 I] recommend 6° to 24° for such a fault zone gouge)

= 0.027 MN/m3

= 0

= 0.25 MPa

Dry conditions. no water pressure

Mining Step 1

Vpg = AT"Ir

_ 6 m (43 m + 40 m) x 1 m (unit width) x 0.027 MN/m3

2

= 7.1 MN

From equation 2.15

1

,
'IJ (H _d)2 b
Il" S S

3
+ VQgcos'l', -c.A, +

,
m

}:Icr",! A,!
F, = --~.I:--r-~'-----------o:,......-L-_- +

•
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,
rn {ll d)'b

c,A + I: an2j Aj - y" '3- - , cos ('V, - 'V,) lan4>"
j=l__....I.l.lL-__...,--'c-- L-_..,,-_----'c--_+

(

rn (ll d)'b
VQg sin 'V, + I: an2j Aj - yU' 3i i sin'V, -'V,

j=l

4
., ,

rn Y",(lli -d)'biI: Ci Ai + I: ani/ij - lan4>ri
i=3 j=l 3

V' ( E A Y..{lli - d)'bi sin ('V, - 'V,)Qgsm'Vi + an2j 'j-

j=l 3
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Element an.~j 't~* A'j Element °nj 'tj Aj
(MPa) (MPa) (m) (MPa) (MPa) (m)

1 0.40 0.40 6 9 0.56 0.47 5m.

2 0.63 0.49 6 10 0.66 0.67 5m

3 0.94 0.63 6 11 0.78 0.76 5m

4 1.03 0.70 6 12 0.90 1.06 5m

5 I.19 0.81 6 13 1.05 1.11 5m

6 1.38 1.05 6 14 1.36 1.30 5m

7 2.00 0.90 6 15 2.00 1.50 5m

8 1.57 0.18 6 16 3.12 1.69 5m

1 1 1 1 1 1 1

Sliding side: 1: A,j a~,j = 54.0 MN

(* 'tn is negative when directed against weight action)

Side 2 l;A'j an'j = 52.2 MN

F ­, (54.0 + 7.1 (0.71»0.7 + (0.25 (40) + (52.2)(0.32»
7.1 (0.71)

•
- 13.5

Mining Step 2
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= 6((35 ; 26) ) x 6 m x 1 m (unit width) x 0.027 MN/m'

= 4.8 MN

Element O'nsj 'tsj Asj Element O'nj t j Aj

(MPa) (MPa) (m) (MPa) (MPa) (m)

1 0.50 0.68 4.0 Il 0.92 -0.89 2.20

2 0.74 0.75 4.0 12 1.25 -0.94 2.20

3 1.02 0.84 4.0 13 1.41 -1.06 2.20

4 1.4 0.96 4.0 14 1.47 -1.26 2.20

5 1.58 1.09 4.0 15 1.55 • -1.49 2.20

6 1.76 1.19 3 16 1.59 -1.69 3

7 1.79 1.26 3 17 2.00 -1.82 3

8 1.84 1.36 3 18 2.70 -2.24 3

9 1.99 1.16 3 19 4.12 -2.51 3

10 2.5 0.42 3 20 5.73 -.294 3

Sliding side: LA'P"'j = 50.6 MN Side 2: LA,pn2j = 62.9 MN

Fs = (50.6 + 4.8(0.71»0.7 + (0.25(26) + (62.9)(0.32))
4.8(0.71)

•
= 18.9
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Mining Step 3

(
20 + 11 J= 2 m x 6 m x 1 m x 0.027 MN/m'

- 2.5 MN

Element O'nsj 'tsj A,j Element °nj 'j Aj

(MPa) (MPa) (m) (MPa) (MPa) (m)

1 0.49 0.35 4 6 0 -1.20 2.2

2 0.68 0.51 4 7 1.49 -0.97 2.2

3 1.17 0.41 4 8 1.82 -0.80 2.2

4 3.37 0.69 4 9 0 -1.15 2.2

5 1.05 0 4 10 0.93 0.91 2.2

Sliding Side: 'EA,p"'J = 27.84 MN Side 2: 'EA2Pn2J = 9.3 MN

F, -
(27.84 + 2.5(0.71»0.7 + (0.25(11) + (9.3)(0.32»

2.5 (0.71)

•
-14.9
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Calculation of Required Tangential Roof Stress to Prevent Crown Block Fal\,

Pierre Beauchemin Mine

Such crown falls assume the periphery is horizontal (which is not the case).

The minimum tangential stress required to maintain blocks from falling out of the

crown is given by equation 2.21:

AI = 0.25 m = 0.251 m
cos4°•

2
W ~ A 2'+ L..J 1 (J,un/OS a, sma,

i=1

2
= E

i=1

•

A
2

= 1.00 m = 1.002 m
cos4°

W = 0.25 m x 1.00 m x 1 m x 0.0272 MN/m3

= 6.8 X 10-3 MN
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Equations 2.22 becomes

6.8 X 10-' MN +

(0.251 m x 1 m x cr
lUnK

(0.752)(0.66) + 1.002 m x 1 m crlUn.(0.71)2(0.71)) =

(cr"ng(0.75)2(0.70))(0.251 x 1 m)(0.75) + (cr"ng(0.71)2(0.70)(J.OI9 m x 1 m))(0.71)

6.8 x IO-'MN + 0.45 m 2cr"ng = 0.33 m 2cr"ng

Since cr',ng will be calculated as negative, the analysis suggests that the block cannot be

stabilized because of geometrical consideration, here a, and ct., >($+i).

Ultimate height of block faIl cavity

• assuming stope crown has a flat roof

• h, =
L sin ('If1 - (l)) sin 'If2

cos (l) sin (180 - ('If, +'lf2))

'lf2 = 50°

L = 4.5 m = 7.0 m
sin 50°

h =r
4.1 sin 45 sin 50

sin (180-(95))

•
hr = 3.8 m

499



•

•

APPENDIX 1

Calculation of Reguired Tangential Stress to Prevent Crown Block Siide,

Pierre Beauchemin Mine

Such block slides assume the crown periphery is dipping. The minimum langenlial

stress required is given by equation 2,26:
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The analysis becomes

6.8 x 10-3 MN (0.71) ;

(20,,,,. x 1.002 m x 1 m x (0.71? + 6.8 X 10-3 MN (0.71») 0.7

0la•• ; 4.9 X 10-3 MPa
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Calculation of Reguired Tangential Stress to Prevent Hangingwall Block SIide,

Pierre Beauchemin Mine

Although very few cross-joints (family N20E 50NW) occur in the hangingwall,

for the purpose of completeness block slides will be analyzed using the smallest joint

spacing surveyed.

The factor of safety existing for a potential sliding block is given by equation 2.26

Wsin'l's ; 2e As + (2<J,an.Ascos2a", +wcos'l's) tanep"

where

• 'l's = 50°

ans = 40°

As = 0.255 m

Cs = 0

•
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($,,) = 35°

W = 6.8 X 10'3 MN

The analysis becomes

6.8 X 10-3 MN (0.65) =

(2o
ln

" x 0.255 m x 1 m x (0.65)Z + 6.8 X 10-3 MN (0.75») 0.7

0,,", = 21.4 X 10-3 MPa
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Caiculation of Strata Failures and Cavity Height. Pierre Beauchemin Mine Hangingwall

The load imposed on a strata depends on the number of strata that have detached

from the rock mass. Since the stresses imposed across the lower strata are tensile.

according to the numerical model, to a depth of 36 m into the hangingwall, 36 m of strata

load is assumed.

For the lowest stratum the load is given by 36 meters of 0.25 m thick strata, or 144

strata. As discussed in Chapter 2, the total load on the lowest stratum is

n-j 1
= "Ir t casa:E .

i=l 1

"Ir = 0.0272 MN/m3

j 0

Lj = 45 m

t 0.25 m

n = 144

a = 45°

«1> = 46°

T, = 12.8 MPa
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h,

1 0.25 =0.11m= =

I+W +J 72.2
E, 42.6

h,
1 0.25 =0.14 m= =

1+ W 1+J42.0
E, 72.2

Pj+1 = 0.0272 MN/m' x 0.25 m (4.46)' x 1m

- 0.030 MN/m

(' 4.46 is used because the sum of the series does not converge the increase in the sum

•
becomes loo sma)) after 50 strata)

Using equation 2.44

Using a. = 0.8 MPa. the minimum tangential stress existing for the various spans

12.8 MPa :5
0.30 MN (Lj :,) (0.14 m)

4 72.2 (0.1 1)3 + (0.14 m)3
42.6

- 0.8

•

L j+' = 5.2 ni

In this case the height of a cavity is given by equation 2.46

L - Lj "
H = ..,.-_.,..,."::-,-....,.."",,

2 tan (45° + $/2)
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For mining slep 1, L = 43 m, H = 7.6 m; for mining slep 2, L = 50 m, H - 9.0 m; for

mining slep 3, L = 57 m, H = 10.5 m.
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Calculatian of Linear Arch Stability, Pierre Beauchemin Mine Han!!ingwall

The sequence of calculatian ta evaluate linear arch stability is given in Chapter 2.

Applying first, equatians 1.13 ta 1.18 ta evaluate f"

'Yr - 0.0272 MN/m3

t - 0.25 m

Em - 12,700 MPa

n - 0.25

e - 45°

(1) Iterating ta find [ with L

if f, - 9.0 MPa, L4 + 26.7L2
- 9,507 - 0

L-9m

if f, - lI.O MPa, L4 + 48L2
- 14,173 = 0

L - 9.9 m

if f, = 13.0 MPa, L4 + 80AL2
- 19,771 = 0

L = 10.3 m

if f, - 15.0 MPa, L4 + 123AL2
- 26,270 = 0

L - 10,6 m

iff, - 17,0 MPa, L4 +179.7L2 -33,81O=0

L = 10.7 m

if f, - 19.0 MPa, L4 + 250.9 U - 42,234 = 0
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L = 10.75 m

if fc 21.0 MPa, L4 + 338.8L' - 51,593 = 0

L = 10.7 m

iffc = 23.0 MPa, L4 + 445L2
- 61,888.0 = 0

L = 10.5 m

Therefore fc = 19 MPa, providing maximum span of L=10.75 m

(2) Comparing f, to peak strength

Shear stress imposed at edges, from loading of voussoir

't = 10.75 m x 0.0272 MN/m) x 0.25 m = 0.036 MPa
2

Using the peripheral compressive tangential stress of 0.8 MPa existing at the largest span.

19 + 0.8

2

= 19.8 MPa

19 + 0.8
2

•
"'0

. .. '.
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Therefore astate similar to unconfined compressive stress is imposed. Since the

unconfined compressive strength according to Hoek and Brown calculations for diorite

is 60.3 MPa,

F = 60.3 = 3.0
, 19.8

Therefore failure is by shear or buckling, not compression.

The shear factor of safety, considering a Mohr-Coulomb surface (*) is

(3) Verification against block drop shear failure

crntancp f n t tancpF, = = _c'-- _
't 't

19.8 MPa x 0.25 x 0.25 m x 1 m tan 35
= -------::'0.""'0""'36,..-------

= 24.1

Therefore since the factor of safety is greater against voussoir shear failure; failure would

occur by buckling.

(* as per the block ravelling analysis, a cp = 35° is used)
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Calculation Against Chimneying Disintegration Failure. Pierre Beauchemin Mine

The requirements to calculate the factor of safety against chimneying disintegration

are to sum the vertical component of shear forces and divide by the sum of the slice's

weight.

or 8.4The Pierre Beauchemin 105N-1 stope has a horizontallength of
5.4 m

sin (40°)

m. Because the problem is symmetrical, only one half the span is required. Dividing the

•
arc into six slices of 0.7 m width provides the vertical shear resistance given based on the

following calculations:

C ma" = 3.6 MPa

aJ2 = 45° + <1>/2

s = 0.7 m

L = 8.4 m

calculation of first rupture:

r =
0.5 (8.4)

[l - cos (45 + 24.2)]

r =6.5 m

•
N = 6.5 - 4.2 =2.3 m
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l, =0.5L = 4.2 m

h lh =V4.2 (2 (6.5) - 4.2)

= 6.1 m

l, =0.5 (8.4) - (2-1) 0.7

l, = 3.5 m

h,. = V3.5 (2 (6.5) - 3.5)

= 5.8 m

1
3

=0.5 (8.4) - (3-1) 0.7

1
3

= 2.8 m

h3h =V2.8 (2 (6.5) - 2.8)

h3h = 5.3 m

14 =0.5 (8.4) - (4-1) 0.7

14 = 2.1 m

h4h = V2.1 (2 (6.5) - 2.1)

h.. =4.8 m
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~I = tan-' 1(6.1 + 5.8) 0.5]
L2.3 + 0.5 (0.7)

= 66.0°

~2 = tan-' 1(5.8 + 5.3) 0.5]
L2.3 + 1.5 (0.7)

= 59.0°

~3 = tan-' 1(5.3 + 4.8) 0.5]
L2.3 + 2.5 (0.7)

~4 = tan- I 1(4.8 + 4.0) 0.5]
L2.3 + 3.5 (0.7)

= 41.5°
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/S = 0.5 (804) - (5-1) 0.7

hSh = VIA (2 (6.5) - lA)

hSh = 4.0 m

/6 = 0.5 (804) - (6-1) 0.7

16 = 0.7 m

h6 = ';0.7 (2 (6.5) - 0.7)

=2.9m

APPENDIX 1

I3
s

= tan-I r(4.0 + 2.9) 0.5]
L2.3 + 4.5 (0.7)

= 32.30

13
6

= tan' [ (2.9) 0.5 ]
2.3 + 5.5 (0.7)

= 13.1 0
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Slice ~ Cm <P Vi
(MPa) (MN)

1 66° 3.6 48.3° 1.1

2 59° 3.6 48.3° 1.5

3 51.2° 3.6 48.3° 2.0

4 41.5° 3.6 48.3° 2.8

5 32.3° 3.6 48.3° 4.0

6 13.1° 3.6 48.3° 10.8

~ 22.2
.

The weighl is

WT = AT 'Y,

aJ2 2 h1hN
Ar = _1tr ---

360 2

A = 45 + 48.3/2 1t (6.5)2 _
T 360

6.1 X 2.3 = 18.5 m2
2

•

WT = 18.5 m 2 X 0.027 MN/m2

= 0.5 MN

F, = 22.2 = 44.4
0.5

Because no firsl rupture line is expected, a second rupture line and chimneying will not

occur.
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Calcnlation of Arching Stability in Caving Above the Pierre Beauchemin Mine

Shallow Stope

'Y, = 0.0272 MN/m3

L = 8.4 m

c = 0 MPa

Z=17m

e = 45° + <jl/2

= 62.50

Bnlk failnre of the arch

F,

. Stress

=
strength available

imposed stress

•

cr :'\1 Z
1 "

Z
(

l-sin"')cr = 'Y '1'
3 , 1+sin<jl
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cr, = 17 m x 0.0272 MN/m' = 0.46 MPa

(
1-0.57) )cr, =0.46 MPa = 0.12 MPa
1+0.57

. Strength

From Table 2.1, for diorite

mr~'d = 0.025

5
field

= 1 x 10-7

cr, = 0.12 + VO.U25 (58.8) 0.12 + 1 X 10-7 (58.8)'

= 0.55 MPa

F, =
0.55

0.46

•

= 1.2

Block Compression failure

With equation 2.69
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a
F =_',. a,

58.8
=

0.55

106.9

APPENDIX 1
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Ca1culation of NOl Rock Mass Cuality C, Pierre Beauchemin Mine

Surface Crown Pillar

. Material: diorite

RQD = 77.6

Jn = 6 (three joint sets and random)

J, = 1.5 (planar, sorne irregularity)

J. = 1.0 (unaltered, staining only)

Jw = 1.0 (dry excavation)

SRF = 5.0 (single weakness zone containing clay, < 50 m depth)

Q = 77.6 1.5 1.0 =·388__ x_x_ .
6 1.0 5.0

Hangingwall

. Material: diorite

RQD = 77.6

Jn = 6

J, = 1.5

J. = 1.0

SRF = 1.5 (stress versus strength is low, but opening near surface)

(fault, zone below hangingwall, is excavated with opening)

Q = 77.6 x (1.5) x 1.0 = 12.93
6 1.0 1.5
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Calculation of Critical Crown Pillar Span, Pierre Beauchemin Mine

Q = 3,88

From Figure 1.15, the value for Fs = 1 Cs = 7.3 m

Ta calculate the minimum pillar thickness:

[ ]

u

C =L 'Y,
s t (1 + US) (1-0.4 cos 'If)

L 8.4 m

'\J = 2,72 T/m3
Ir

S = 120 m

7,3 = 8.4 r 2,7 ]0.5
Lt (1 +8.41120) (1-0.4 (0.707))

t = 4.7 m
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ANALYTICAL AND EMPIRICAL STABILITY CALCULATIONS

NIOBEC MINE
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Table 1. Calculation of Rock Mass Rating for Niobee Mine Geological Materials

Unit Rating Parameler

Strength RQD Joint Joint Ground Joint Total

Spacing Condition Waler Orientation

Limestone 7 20 30 25 10 -10 82

Carbonatite 12 17 20 20 10 -10 69
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Table 2. Calculation of cm and cp Values for the Niobec Mine Geological Materials

1

Limestone

1

0 h e cp 't cm

(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.007 57.2 66.9 3.5 3.5

5 1.041 53.4 55.2 12.3 5.1

10 1.075 51.3 50.4 18.8 6.7

15 1.108 49.7 47.3 24.1 7.9

20 1.142 48.3 44.7 29.6 9.9

25 1.176 47.2 42.7 34.5 11.4

= 1.07 MPa

Oc - 92 MPa

m - 8.6

s - 0.1
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Table 2 (continued)

Carbonatite

a h a 4> t Cm

(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.004 57.9 69.9 2.5 2.5

5 1.034 54.0 56.9 11.8 4.2

10 1.063 51.9 51.8 18.9 6.2

15 1.093 50.4 48.6 25.3 8.3

20 1.123 49.1 46.1 30.4 9.6

25 1.152 48.0 44.1 35.3 11.0

----1

sa
a =_c =0.65 MPa, m

(Je = 140.5

m = 6.4

s = 0.03
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Calculation of Strata Failures and Cavity Height. Niobec Mine Surface Crown Pillar

The load imposed on a strata depends on the number of strata that have detached

from the rock mass. As indicated in Appendix 1 the sum of the load of each new stratum

is significant only to the fiftieth strata (which adds 0.02 of its weight to the lowest strata).

In the case of the Niohec limestone forming the base of the surface crown pillar

and roof of the stopes it is reasonable to assume that if the bedding joints were weak the

strata could fail owing to non-support and the wide span of the single or large openings

created once pillars are removed.

The limit span after several strata have failed would be (provided sufficient strata

are still loading the frrst stable strata):'

'Ir = 0.027 MN/m'

t = 0.06 m

n = 50

a = a

cp = 40°

T, = 5.6 MPa

Ee = 30 Gpa:

Eb = 55.6 GPa

El = 22.3 GPa

0. = 0.8 MPa
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0.06

c = ----:==
1 + J30.0

22.3

thl = - =

1 + re,­
~~

h
0.06

,=--==
1 + J22.3

30.0

p)" = 0.027 MN/m3 x 0.06 m (4.46) x 1 m
= 0.007 MN/m

T,:5
E

c h 3 + h3
- C 1

E,

-0
a

•
0.007 (L):,) (0.032)

5.6 :::.<-n":7'"':""-----~ - 0.8 MPa
30.0 (0.028)3 + (0.032)3
22.3
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L J.l = 1.71 m

if L = 75 m

75 - 1.71
H = --:-C----C;'7;:"'"---:=

2 tan (45 + 4012)

= 17.0 m

ifL=45m

45 - 1.71
H =~_-;-;-;:_-:;:-;:~

2 tan (45 + 4012)

= 10.0 m
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Calculation of Linear Arch Stahility. Niohec Mine Surface Crown Pillar

y, = 0.027 MN/m3

t = 0.06 m

Em = 15,000 MPa

n = 0.25

a= 0°

cp = 35° (Iinestone joint, slightly rough and unaltered (Barton [11])

(1) Iterating to find f, with L

if fc = 6 MPa, L4 + 2.26L2
- 123.1 = 0

L = 3.16 m

if fc = 8 MPa, L4 + 8.03L2
- 219.0 = 0

L = 3.37 m

If fc = 10 MPa, L4 + 15.7U - 342 = 0

L = 3.5 m

If fc = 12 MPa, L4 + 27.14L2
- 493 = 0

L = 3.53 m

If fc = 14 MPa, L4 + 43.lL2
- 671.8 = 0

L = 3.49 m
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• Thcrcforc fc = 12 MPa. providing a maximum span of L = 3.53 m

(2) Comparing L to peak strength

Calculating the imposed shear stress at the voussoir block cdge

t = 3.53 m x 0.027 MN/m
3 x 0.06 m =0.002 MPa

2

Using the smallest tangential compressive stress of 0.8 MPa existing at that span

12 + 0.8
2

= 12.8 MPa

=0

Therefore astate similar to unconfmed compressive strength is imposed. With lab test•
o =3

12 + 0.8

2

•

Oc = 92 MPa

F =~ =7.2
s 12.8

Therefore failure is by shear or buckling, not compression.

(3) Verification against shear (block drop) failure

= o. tanljl = le nt tan ljl
F,

t 't

12.8 x 0.06 x 0.25 tan 35
= ----;:0'"".0"'0""2---

= 67.2

Therefore failure would cccur by buckling.
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Calculation Against Chimneying Disintegration Failure. Niobec Mine

The requirements to calculate the factor of safety against chimneying disintegration

are to sum the vertical eomponent of shear forces of failure arcs' sliees and divide by the

sum of the slices' weight.

Currently Niobec stopes are either 25 m x 25 m square in plan or longer in one

direction. Furthermore, very long openings, with a width of 25 m will be created when

support pillars are created. Therefore a width of 25 m will be used for the analysis.

Because the problem is symmetrical, only one half of the span is required. Dividing this

arc into six slices of 2.1 m provides the shear resistance given based on the following

calculations:

cm.., = 3.5 MPa

<\lm.., = 66.9°

al2 = 45° + <1>12

s = 2.1 m

L = 25 m

calculation of the fcrst rupture

0.?-5 (25)
r = -;::---"7:":---'-::-::-=:-::­

[l - cos (45 + 33.5)]

r = 15.6 m

N = 15.6 - 12.5 = 3.1 m

12 = 0.5L = 12.5 m

•

h'h = /12.5 (2 05.6) - 12.5)

= 15.2 m

/2 = 0.5 (25) - (2-1) 2.1

= 1004 m

(j = tan-! f0 5.2 + 14.7) 0.5]
, L10.4 + 0.5 (2.1)
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h,. ; bO.4 (2 (15.6) - 10.4)

= 14.7 m

13 = 0.5 (25) - (3-1) 2.1

= 8.3 m

h,. ; /8.3 (2 05.6) - 8.3)

= 13.8 m

1. = 0.5 (25) - (4-1) 2.1

= 6.2 m

Il.,, ; J6.2 (2 05.6) - 6.2)

= 12.4 m

/, = 0.5 (25) - (5-1 2.1

= 4.1 m

h'h ; J4.1 (2 (15.6) - 4.1)

= 10.5 m

16 = 0.5 (25) - (6-1) 2.1

= 2.0 m

h
6h

; J2.0 (2 (15.6) - 2.0

= 7.6 m

(3, ; tan" [04.7 + 13.8) 0.5]
- 10.4 + 1.5 (2.1)

(3, ; tan,J03.8 + 12~4) 0.5]
LIO.4 + 2.:> (21)

(3, ; tan" r(12.4 + 10.5) 0.5]
LI0.4 + 3.5 (2.1)

= 32.8°

(3, ; tan'! [(10.5 + 7.6) 0.5]
10.4 + 4.5 (2.1)

= 24.5°

(36 ; tan" [ (7.6 + 0) 0.5 ]
10.4 + 5.5 (2.1)

. = 9.8°
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Slice ~ Cm $ Vi
(MPa) (MN)

1 52.6° 3.5 66.9° 5.6

2 46.4° 3.5 66.9° 7.0

3 39.9° 3.5 66.9° 8.8

4 32.8° 3.5 66.9° 11.4

5 24.5° 3.5 66.9° 16.1

6 9.8° 3.5 66.9° 42.6

~ 91.5

The weight is

= 45 + 18 11: (15.6)' _ 15.2 (3.1)
360 2

= 110.2 m2

WT = 110.2 m2 x 0.027 MN/m2

= 2.98 MN

F = 91.5 = 30.7
, 2.98

Because no flfst rupture line is expected, a second rupture line and chimneying will not

occur.
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Calculation of NGI Rock Mass Quality Q.

Niohec Mine

Surface Crown Pillar

. Material : limestone

RQD = 92

Jn 3 (one joint set plus random)

J, = 2 (smooth. undulating)

J. = 1.0 (unaltered)

Jw = 1.0 (dry. no inflow)

SRF = 1.0 (based on stress ratios in compression and tension for 60 m depth)

Q = 92 2 1.0 = 6·1 3-x-x- .
3 1.0 1.0

StoRe Walls (vertical)

. Material : carbonatite

RQD = 87

Jn = 4 (two joint sets)

J, = 1.5 (irregular planar)

J. = 1.0 (unaltered at shallow depth)

= 1.0 (dry, no inflow)
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SRF 1.0 (based on stress ratios in compression and tension for 60 m depth)

Q = 87 1.5 1.0 = 32 6-x-x- .
4 1.0 1.0
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C~lculation of CritieaI Crown Pillar Span, Niobee Mine

Q = 61.3

From Figure 1.15, the value for F, is C, = 31

To ealeulate the minimum pillar thiekncss

C = L r~'Y,....,....-----,]0.5
, Lt (1 + US) (1-0.4 cos'ljf)

L =25 m

'Y = 2.7 T/m3

'Ijf =0

S =75 m

t = 2.2 m

if S = 360 m

t = 2.9 m
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ANALYTICAL AND EMPIRICAL STABILITY CALCULATIONS

DUMAGAMI MINE
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Table 1. Calculation of Rock Mass Rating for Dumagami Mine Geological Materials

Unit Rating Parameter

Slrength RQD Joint Joint Ground Joint Total
Spacing Condition Water Orientation

Mafie Tuff 12 8 10 20 10 -10 50

Sehist 7 3 5 12 10 -12 25

Pyrite 7 20 30 25 10 -10 82

Footwall Rhyolite 7 17 10 20 10 -10 54

Rhyolite 7 13 10 20 10 -10 50
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Table 2. Calculation of Rock Mass Strength Envelope for Dumagami Mine
Geological Materials, Based on the Hoek and Brown Failure Crilerion

Maflc Tuff
Rhyolite

0 h e II> 't cm
(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.020 55.2 60.2 0.9 0.9

5 1.288 44.4 38.1 6.0 2.1

10 1.555 40.3 31.7 9.6 3.4

15 1.821 38.0 28.1 12.3 4.3

20 2.088 36.5 25.5 15.0 5.5

25 2.355 35.4 23.6 17.2 6.3

SO
o = __' = 0.4 MPa

1 m

0e = 100.2 (from Hoek and Brown intact rock regression)

m 1.0

s 0.004
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Table 2 (continued)

Schist

a h e Ij> 't cm
(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.033 54.2 57.2 0.2 0.2

5 2.700 34.3 21.6 3.2 1.2

10 4.367 32.1 16.4 4.8 1.8

15 6.033 31.3 13.8 6.2 2.5

20 7.700 30.9 12.1 7.4 3.1

25 9.367 30.7 11.0 8.2 3.3

sa
a =-' = 0.\ MPa (parallel to foliation)

1 m

a, = 50 MPa

m = 0.4

s = 0.0001
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Table 2 (continued)

Massive Pyrite

cr
1

h a ljl 't Cm

(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.014 56.2 63.1 3.6 3.6

5 1.057 52.3 52.7 12.0 5.5

10 1.100 50.0 47.9 18.3 7.2

15 1.15 48.2 44.4 23.4 8.8

20 1.19 46.9 42.1 27.5 9.4

25 1.23 45.7 40.2 32.7 11.6

scr
cr =_c = 1.6 MPa

t m

cre = 83.0 (from Hoek and Brown intact rock regression)

m = 7.4

s = 0.14
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Table 2. (continued)

FootwaII Rhyolite

a h e <P 1: cm
(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.039 53.6 55.6 0.9 0.9

5 1.514 40.8 32.5 5.1 1.9

10 1.989 37.0 26.3 7.8 2.9

15 2.460 35.0 22.9 10.2 4.0

20 2.940 33.8 20.6 12.0 4.5

25 3.414 33.0 18.8 13.9 5.4

sa
a, = _c = 0.4 MPa

m

a, - 62.4 (from Hoek and Brown intact rock regression)

m - 0.9

s = 0.006
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Calculation of Plug Failure Factor of Safety, Dumagami Mine

The potential plug failure would slide on an assumed vertical schist-orebody and orebody-

foliated rhyolite boundary, as weil as joints crossing the orebody,

2-D ANALYSIS

'Ijf = 90°, approximation from 85° to simplify calculations

'Y, = 0,05 MN/m3

Mining Step 1

Dry conditions. no water pressure•
c; = o

Vpg = AT 'Y,

= 9 m x 140 m x 1 m x 0.05 MN/m3

63 MN

•

F, =

cr A j-
, ,

n m 'Yw (H,-d)2b,
L Ci Aj + L tan$'i sin'ljfi

Î=l j=l
n) } 3

m m 'Y.. (Hi _d)2 biVpg L L crn) A} - COS'ljfi
Î=I j=1 3, , ,
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Element an; Tj Aj Element an; Tj Aj

(MPa) (MPa) <ml (MPa) (MPa) (m)

1 0.8 0 4 36 0.6 0 4

2 1.6 0 4 37 1.3 0 4

3 2.5 0 4 38 2.4 0 4
4 2.75 0 4 39 2.58 0 4
5 3.0 0 4 40 3.0 0 4
6 3.5 0 4 41 3.5 0 4

7 3.9 0 4 42 3.75 0 4
8 4.25 0 4 43 4.42 0 4
9 4.6 0 4 44 4.7 0 4
10 4.8 0 4 45 4.9 0 4
Il 5.1 0 4 46 5.25 0 4
12 5.4 0 4 47 5.5 0 4
13 5.7 0 4 48 5.75 0 4
14 6.2 0 4 49 6.28 0 4
15 7.1 0 4 50 6.78 0 4
16 7.4 0 4 51 7.14 0 4
17 7.8 0 4 52 7.55 0 4
18 8.3 0 4 53 7.85 -0.3 4
19 8.45 0 4 ·54 7.9 -1.12 4
20 8.6 0 4 55 7.95 -1.74 4
21 8.9 0 4 56 7.96 -2.0 4
22 9.71 0 4 57 8.6 ·1.83 4
23 10.2 0 4 58 8.76 ·2.2 4
24 10.0 0 4 59 8.9 -2.25 4
25 10.5 0 4 60 9.6 -2.5 4
26 11.6 0 4 61 10.0 ·2.69 4
26 11.8 0 4 62 10.38 ·2.74 4
28 12.6 0 4 63 10.64 -2.87 4
29 13.6 0 '4 64 10.95 ·3.03 4
30 14.2 0 4 65 11.8 -2.8 4
31 15.8 0 4 66 12.8 -2.15 4
32 16.2 0 4 67 14.4 -2.2 4
33 17.6 0 4 68 15.8 ·1.67 4
34 18.4 0 4 69 17.83 -0.85 4
35 20.0 0 4 70 19.0 0 4

=

•
Side 1:

F,

~ Aj O'nr1211 MN
(112+1465) 0.47

63
= 20.0

Side 2: ~ Aj 0nj = 1465 MN
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Mining Step 2

W=AT'Y,

= 9 m x 20 m x 1 m x 0.05 MN/m3

=9MN

Element (Jnj 'Cj Aj Element °nj 'Cj A J
(MPa) (MPa) (m) (MPa) (MPa) (m)

1 0.82 0 4 6 0.91 0 4

2 1.25 0 4 7 1.35 0 4

3 2.02 0 4 8 2.54 0 4

4 3.05 0 4 9 2.94 0 4

5 3.32 0.25 4 10 3.39 0 4

• F, =
(41.8 + 44.5) 0.47

9

Side 2: :E Aj (J"j = 44.5 MN

•

= 4.5
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Mining Step 3

W = ATr,

= 9 m ;; 20 m x 1 m x 0.05 MN/m'

=9 MN

Element °nj 'tj Aj Element °nj 'tj Aj
(MPa) (MPa) (m) (MPa) (MPa) (m)

1 1.0 0 4 6 1.0 0 4

2 3.0 0 4 7 3.0 0 4

3 4.0 0.23 4 8 4.0 0 4

4 4.7 1.0 4 9 4.63 0 4

5 504 1.1 4 10 5.75 0 4

Side 1: I: Aj 0nj = 56.4 MN

• F,

Mining Step 4

(56.4 + 73.5) 0.47

9

6.8

Side 2: I: Aj cr"j = 73.5 MN

Element °nj 'tj Aj Element °nj 'tj Aj

(MPa) (MPa) (m) (MPa) (MPa) (m)

1 1.3 -0.12 4 6 lA 0.14 4

2 2.5 0.21 4 7 2.6 0.23 4

3 3.8 0.5 4 8 4.49 0.55 4

4 4.7 1.85 4 9 4.7 1.02 4

5 5.5 1043 4 10 5.95 0.7 4

•
Side 1: I: Aj crlj = 71.2 MN

(71.2 + 76.6) 0.47

9

= 7.7
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Mining Step 5

Element °nj 'j Aj Element °nj 'j Aj

(MPa) (MPa) Cm) (MPa) (MPa) Cm)

1 1.5 -0.30 4 6 1.6 0.27 4

2 3.0 0.19 4 7 3.2 0.55 4

3 404 0.57 4 8 4.8 0.80 4

4 6.0 1.06 4 9 6.3 0.96 4

5 7.3 1.60 4 10 7.9 0.59 4

•
(88.8 + 95.2) 0047

9

= 9.6

Mining Step 6

:E Aj 0 2j = 95.2 MN

Element °nj 'j Aj Element °nj 'j Aj

(MPa) (MPa) Cm) (MPa) (MPa) Cm)

1 3.1 -1.19 4 6 4.9 0.64 4

2 5.2 -DA 4 7 8.7 1.84 4

3 7.25 0 4 8 6.8 2.25 4

4 8.8 1.56 4 9 8.3 1.7 4

5 9.3 2.6 4 10 13.0 3.0 4

Side 1: :EAj 0'j = 134.6 Side 2: :E Aj 0'j = 166.8 MN

•

=
(134.6 + 166.8) 0047

9

15.7
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Mining Step 7

Element °nj 'j Aj Element °nj 'j Aj

(MPa) (MPa) (m) (MPa) (MPa) (m)

1 4.3 -2.13 4 6 9.6 0 4

2 7.8 -1.54 4 7 10.2 1.38 4

3 10 0 4 8 9.7 4.5 4

4 13.8 +2.5 4 9 11.4 4.6 4

5 11.4 +4.8 4 10 16.4 4.1 4

Side 2: :E Aj 0nj = 189.2 MN Sidc 1: :E Aj 0nj = 229.6 MN

•

•

F, =

=

(189.2 + 229.6) 0.47

9

21.4
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CalcuJatian of Reguired Tangential Roof Stress ta Prevent Crown Black Slide.

Dumagami Mine

Using equatian 2.26, the minimum tangential stress required is given by

ans 5°

"Ijf, 85°

A,
5 m

~ 5.02 m=
casSo

Cs = a

($,,) 25°

"Ir = 0.05 MN/m3

W = Ar 'Y,

= 9 m X 5 m X 1 m X 0.05 MN/m3

= 2.25 MN
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The analysis becomes:

2.25 MN (0.99) =

(a"ng x 5.02 m x 1 m x (0.99)' + 2.25 MN (0.087)) 0.47

a'ong = 0.93 MPa

"

•
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Calculation Against Schist Chimneying Disintegretion Failure. Dumagami Mine

The Dumagami Mine has no openings, except cross-cuts, in the hangingwall

schist, 4 m wide. An opening of this dimension and of a larger size, 8 m, will be

calculatcd:

L-4m

'V = 0.027 MN/m'l,

C mass = 0.2

aJ2 = 45° + $!2 = 73.6°• n =5

•

s = 0.4

L = 4m

Calculation of the first rupture line

0.5(4)
r = -;-:-_-..:,=~

[I-cos (73.6)]

= 2.79 m

N = 2.79 - 2 = 0.79
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l, ; 0.5L + 2 m

•

•

h'h : V2 (2(2.79)-2)

; 2.70 m

12 ; 0.5 (4) - (2-1) (0.4) ; 1.6 m

h'h ; b.6 (2(2.79) - 1.6)

; 2.50 m

1
3

; 0.5(4) - (3-1) 0.4 ; 1.2

h
3h

; Vl.2 (2(2.79) - 1.2)

; 2.30 m

/. ; 0.5 (4) - (4-1) 0.4 ;0.8

h.h ; VO.8 (2 (2.79) - 0.8)

; 1.95 m

549

~, ; tan" [(2.7 + 2.5) 0.5 ]
0.79 + 0.5 (0.4)

~. ; 67.8°

~2 ; tan" [(2.5 + 2.3) 0.5 ]
0.79 + 1.5 (0.4)

; 60.0°

~ ; tan" [(2.3 + 1.95) 0.5]
3 0.79 + 2.5 (0.4)

; 49.9°

~. ; tan" [(1.95 + 1.43) 0.5]
0.79 + 3.5 (0.4)

; 37.7°
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!, = 0.5 (4) - (5-1) 0.4 = 0.4

h,. = {0.4 (2(2.79) -0.4)

= 1.43 m

~ = tan-' r (1.43) 0.5 ]
, lO.79 + 4.5 (0.4)

•

•

Slice ~ Cm lj> Vi
(MPa) (degrees) (MN)

1 67.8° 0.2 57.2 0.030

2 60.0° 0.2 57.2 0.046

3 49.9° 0.2 57.2 0.068

4 37.7° 0.2 57.2 0.104

5 15.4° 0.2 57.2 0.290

~ 0.538

F, = _---r""==--::----:0:-:.5:::38-:;----::-::-:-:-=::-1 = 5.I
0.027 (73.6) 1t 2.792

_ 2.7 (0.79)
360 2

L=8m

'Ir = 0.027 MN/m'

C mass 1:: 0.2

ai2 = 45° + lj>/2 = 73.6°
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n=S

s = O.S m

L=Sm

Calculation of the first rupture line

O.S (S)
r ; -;:-_---:=--===

[1- cos (73.6)]

; S.S7 m

SN ; S.S7 - _ ; I.S7
2

h
'h

; ';4 (2 (S.S7) - 4)

; S.3 m

/2 ; O.S (S) - (2 -1 )(O.S)

; 3.2 m

h2h ; ./3.2 (2 (S.S7) - 3.2

; S.O m

APPENDIX 3

13, ; tan-' [(S.3 + S.O) O.S]
I.S7 O.S (O.S)

; 69.1 0

13 ; tan-' [(s.O + 4.6) O.S ]
2 I.S7 + I.S (O.S)

; 60.00
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/, ; 0.5 (8) - (3-1) (0.8)

; 2.4

Il,,, ; /2.4 (2 (5.57) - 2.4)

; 4.6 m

/, ; 0.5 (8) - (4-1) (0.8)

; 1.6 m

h" ; /1.6 (2 (5.57) - 1.6)

; 3.9 m

/, ; 0.5 (8) - (5-1) (0.8)

; 0.8 m

h'h ; /0.8 (2 (5.57) - 0.8)

; 2.9 m

APPENDIX 3

~, ; tan- I [(4.6 + 3.9) 0.5 ]
1.57 + 2.5 (0.8)

~4 ; tan- I [(3.9 + 2.9) 0.5 ]
1.57 + 3.5 (0.8)

~ ; [ (2.9) 0.5 ]
, 1.57 + 4.5 (0.8)
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Slice ~ Cm l\l V;

1 69.1° 0.2 57.2 0.06

2 60.0° 0.2 57.2 0.09

3 50.0° 0.2 57.2 0.13

4 37.9° 0.2 57.2 0.21

5 15.7° 0.2 57.2 0.56

~ 1.059

w

•
A = (45 + 57.2/2) 1t 5.572

T 360

15.8 m2

1.57(5.3)

2

w

F,

0.43 MN

1.059 = 2.49
0.43

•

Because, in either size opening, the first rupture line is not anticipated, a second rupture

line will not develop.

553



•

•

APPENDIX 3

Calculation Against Massive Pyrite Chimneying Disintegration Failure.
Dumagami Mine

'\J = 0.05 MN/m'l,

Cma~~ = 3.6 MPa

ct>ma~s = 63.1 °

ai2 = 45° + <1>/2 = 76.5°

n = 5

s = 0.9

L =9m

Calculation of the first rupture line

0.5 (9)
r = "";7""--~;;-;;;'" = 5.87 m

[1 - cos (76.5)]

N = 5.87 - 4.5 = 1.37

/1 = 0.5 (9) = 4.5 m

•

"lh = .j4.5 (2 (5.87) - 4.5)

= 5.7 m

554
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1.37 + 0.5 (0.9)

= 71.80
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/, = 0.5 (9) - (2-1) 0.9 = 3.6 m

•

•

/z'h = VJ.6 (2 (5.S7) - 3.6)

= 5.4 m

/, = 0.5 (9) - (3-1) 0.9 = 2.7 m

/z3l' = J2.7 (2 (5.S7) - 2.7)

= 4.9 m

/4 = 0.5 - (4.1) 0.9 = I.S m

/z4h = As (2 (5.S7) - I.S)

= 4.2 m

/5 = 0.5 (9) - (5-1) 0.9 =0.9 m

/z5h = [0.9 (2 (5.S7) - 0.9)

= 3.1 m

555

~, = tan-' [(5.45 + 4.9) 0.5]
- 1.37 + 1.5 (0.9)

= 62.2°

~, = tan-' [ (4.9 + 4.2) 0.5 ]
1.37 + 2.5 (0.9)

= 51.5°

~4 = tan-' [(4.2 + 3.1) 0.5]
1.37 + 3.5 (0.9)

~5 = tan-' [ (3.1) 0.5 ]
1.237 + 4.5 (0.9)

= 16.0°
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•

Slice ~ Cm lj> V;
(degrees) (MPa) (degrees) (MN)

1 71.8 3.6 63.1 1.06

2 62.2 3.6 63.1 1.70

3 51.5 3.6 63.1 2.57

4 38.9 3.6 63.1 4.02

5 16.0 3.6 63.1 11.3

:E 20.6

= 0.05 [(45

= 0.95 MN

+ 63.1/2) 1t 5.872

360
_ 5.7 ~.37)]

•

•

20.6 = 21.6
0.95

Because the first rupture line is not anticipated, a second rupture line will not develop.
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Calcu1ation of Arching Stability in Caving Schist. Dumagami Minc

'V 0.027 MN/m'
"

c 0 MPa

Against intact block compression failure:

Z = 135 m

ah cr,cos28 + cr,sin28

a, "Il

•

cr,

cr,

=

=

Z (I-Sin$)
"Ir 1+sin$

135 m X 0.0272 MN/m' = 3.67 MPa

3.67 MPa (1-0.28) = 2.08 MPa
1+0.28
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a,.
F, =

a,

F =~
, 3.67

= 10.9

Z = 20 m

•

a,

a,

F,

= 20 m x 0.0272 MN/m' = 0.54 MPa

0.54 MPa (1-0.28) = 0.30 MPa
1+0.28

40_ = 74.1
0.54

•

Against bulk material failure:

Z = 135m

strength available

imposed stress

. Stress

a, = 3.67 MPa

a, 2.08 MPa
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. Strength

From Table 3.5, for volcanic rock,

ffifio'd = 0.017, Sfidd = 1 X 10-7

= 2.00 + VO.017 (40) (2.08) + 1 X 10-7 (40)'

= 3.27

F, = 3.27 = 0.89
3.67

Z=20 m

. Stress

a, 0.54 MPa

a) = 0.30 MPa

. Strength

a, = 0.3 + VO.017 (40) (0.3) + 1 X 10-7 (4W

0.75

0.75
0.54

= 1.39
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Calculation of Arching Stability in Caving Pyrite.
Dumagami Mine

'\1 0.05 MN/m'
"

c 0 MPa

e = 45° + lJl/2 ; 57.5°

Against intact block compression failure:

Z = 135 m

•

•

0,

0,

0,

F,

'l, Z

z (l-sinlJlJ
'l, 1''''+sm'j'

= 135 m x 0.05 MN/m' ; 6.75 MPa

= 6.75 MPa (0.58 J; 2.75 MPa
1.42

0,

86
=

6.75

= 12.7
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z= 20 m

cr,

F,

20 m x 0.05 MN/m' = 1.0 MPa

= 1 MPa (0.58) = 0.41 MPa
1.42

86
=

1.0

= 86.0

•
Against bulk material failure:

z = 135m

F,

. Stress

strength available

imposed stress

•

cr, = 3.67 MPa

2cr, 2.08 MPa
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. Strength

From Table 3.5, for fine grain crystalline rock (approximation for massive pyrite),

mfi<ld =0.017, Sfi.ld = 1 X 10-7

cri = 2.08 + JO.Ol7 (86) (2.08) + 1 X 10-7 (86)2

= 3.82

F = 3.82
s 3.67

= 1.04

Z = 20 m

. Stress

cr, = 0.54 MPa

cr, = 0.30 MPa
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. Strength

cr, = 0.3 + JO.017 (86) 0.3 + 1 x 10-7 (86f

= 0.96

F =0.96
, 0.54

= 1.78
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Calculation of Nor Rock Mass Ouality O. Dumagami Mine

Surface Crown Pillar

. Material: massive pyrite

SRF = 1.0 (medium stress)•

RQD

J,

r
J w

82

6 (perpendicular to orebody, sub horizontal, random parallel to orebody)

2.0 (smooth undulating)

1.0 (unaltered)

= 1.0 (dry excavation)

•

Q = 82 2.0 1.0 = 2 73_x_x_ .
6 1.0 1.0

Hangingwall

. Material: schist

RQD = 17

Jn = 6 (parallel to orebody (schistosity), sub horizontal, random perpendicu1ar to

orebody)
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•
J, 1.0 (smooth planar)

J, = 4.0 (talc coating)

Jw 1.0 (medium inflow)

SRF = 1.0 (dry excavation)

Q = 17 1.0 1.0 = 0 71_x_x_ .
6 4.0 1.0

Footwall

APPENDIX 3

• . Materia1: foliated rhyolite

RQD 66

Jn 6 (foliation, vertical, random)

J, 1.0 (smooth p1anar)

J, 4.0 (talc coating)

Jw = 1.0 (dry excavation)

SRF = 1.0 (medium stress)

• Q = 66 1 1.0 = 275_x_x_ .
6 4 1.0
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Calculation of Scaled Crown Span. Surface Crown Pilla! Empirical Method.
Dumagami Mine

Q = 18.0, using worse rock around the stope

From Figure J.] 5, C, = 12.0

e = 85°

L = 9 m

"Ir = 5t/m3

'1' = 85°

S = 125 m

[
5 ]U12.0 = 9

t (1 +9/125) (1 -0.4 (0.09))

t = 2.8 m
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ANALYTICAL AND EMPIRICAL STABILITY CALCULATIONS

BELMORAL MINE
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Table 1. Calculation of Rock Mass Rating for Belmoral Mine GeoIogicaI Materials

Unit Rating Parameter

Strength RQD Joint Joint Ground Joint Total
Spacing Condition water Orientaticn

Granodioritc 7 17 20 25 10 a 79
(far·field)

Granodiorite 7 13 la 25 la ·12 53
(altered)

Schist a 3 5 10 la -12 16
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Table 2. Calculation of Rock Mass Strength Envelope for Belmoral Mine
Geological Materials, Based on the Hoek and Brown Failure Criterion

Altered Granodiorite

0 h e lj> 't cm
(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.007 57.1 66.5 0.5 n.5

5 1.227 45.8 40.4 5.9 1.6

10 1.460 41.5 33.5 9.6 3.0

15 1.709 38.8 29.4 12.8 4.3

20 1.943 37.2 26.7 15.6 5.6

25 2.177 36.0 24.8 17.9 6.4

soc
= 0.160=-

1 m

Oc = 60.4

m = 1.9

s = 0.005
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Table 2 (continued)

Schist

cr h e lj> 't cm
(MPa) (degrees) (MPa) (MPa) (MPa)

0 1.003 58.3 71.8 0.04 0.04

3 5.571 31.45 14.3 1.30 0.54

5 8.619 30.75 11.4 1.78 0.77

10 16.238 30.29 8.3 2.58 1.12

15 23.857 30.16 6.8 3.23 1.44

20 31.476 30.11 5.9 3.80 1.73

25 39.095 30.08 5.3 4.28 1.96

s cr
cr, __< = 0.002 MPa

m

cre 10 MPa

m = 0.35

s 0.00008
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Table 2. (continued)

Far-Field Granodiorite

a Il e 4> t cm
(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.023 55.0 59.6 5.6 5.6

5 1.071 51.5 50.9 12.7 6.6

10
1.119 49.2 46.4 18.3 7.8

15
1.166 47.5 43.3 23.3 9.1

20
1.215 46.1 40.9 27.8 10.5

25
1.263 44.9 38.9 32.1 11.9

sa
a ; _c ; 2.43

1 m

a, 116.4

m = 4.8

s = 0.1
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Calculation of Required Tangential Stress to Prevent Hangingwall Block Slides.

Belmoral Mine

The geometry of the problem is defined in Figure 6.73, the analysis is the same for a

block sliding from the crown. The minimum tangential stess required is given by

equation 2.26

Wsin'" = 2cA + (20" A cos'a +Wcosll') tan('" )'Ys oS lang s Ils 'Ys 't'rs

A, = 0.5 m

= 0

W = 0.5 m x 0.5 m x 0.0274 MN/m3

= 6.85 x 10 ·3 MN

6.85 x 10-3 (0.71) = (20""ng (0.5) (0.71)' + 6.85 X 10-3 (0.71)) 0.20

O""ng = 0.04 MPa
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Calculation of Reguired Tangential Stress to Prevent Crown Block Falls. Belmoral Mine

45°

The minimum tangential stress required to maintain blocks from falling out is givcn by•
w

0.5 m

0.5 m x 0.5 m x 1 m x 0.0274 MN/m' = 0.00685 MN

•

equation 2.21:

2 2
W + L Ai o,,"g cos2ai sinai = L Ai (Ci +0""8 cos2ai tancp,;l cosai

i=1 i=1

Since cp < a, the block wiII not be able to be supported irrespective of imposcd stress, Le.

a negative value is retumed for O,,,,,g:

0.00685 MN + 2 (0.5) O"mg (0.71)2 (0.71) = 2 (0.5) (o,,"g (0.7\)2 (0.29)) (0.71)

0.00685 + 0.250,,"g = 0
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• Ultimate height of block fall cavity

L sin ('V, - û.l) sin 'V2h, = ---,,--,.;..,,:::---;----=--,-,­
cos û.l sin (ISO - ('V, + 'V2»

o

45°

45°

L =
3.0

cos 65
= 3.S

•

•

3.3 sin 45 sin 45
h = -,,--'"'"""'=---=,,-, sin (ISO - 90)

= I.S m
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Calculation Against Schist Chimneying Disintegration Failurc. Belmoral Mine

L 3.8 m

s 0.38 m

n 5

•

•

'Y, 0.028 MN/m2 (assumed)

0.5 (3.8)r = .,.:.-..-:., _

[1 - cos (45 + 71.8/2)]

= 2.26 m

N = 0.26 - (0.5) (3.8)

= 0.36 m
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l, ; 0.5 L

; J.9 m

h'h ; VJ.9 (2 (2.26) - J.9)

; 2.23 m

l, ; 0.5 (3.8) - (2-1) 0.38

= J.52

h'h ; VJ.52 (2 (2.26) - 1.52)

; 2.13 m

1
3

; 0.5 (3.8) - (3 - 1) 0.38

; J.14 m

h3h = VI.14 (2 (2.26) - I.I4)

; 1.96 m

APPENDIX 4

~I = tan -1 12.23 + 2.13) 0.5 Jl
lO.36 + 0.5 (0.38)

= 75.8°

~, = tan-I 1(2.13 + 1.96) 0.5]
lO.36 + 1.5 (0.38)

= 65.5°

~3 = tan-' 1(1.96 + 1.69) 0.5]
lO.36 + 2.5 (0.38)

= 54.3°
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1. = 0.5 (3.8) - (4-1) 0.38

= 0.76 m

h4h = JO.76 (2 (2.26) - 0.76

= 1.69 m

1
5

= 0.5 (3.8) - (5 -1) 0.38

= 0.38 m

hSh = JO.38 (2 (2.26) - 0.38)

= 1.25 m

APPENDIX 4

~4 = lan- I r[l·169 + 1.25] 0.5]
l 0.36 + 3.5 (0.38)

= 41.00

~S = lan- I r (1.25) 05 ]
lO.36 + 4.5 (0.38)

= 16.80
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Slide 13 cm <1> Vi
(MPa) (degrees) (MN)

1 75.80 0.04 71.8 0.004

2 65.so 0.04 71.8 0.007

3 54.30 0.04 71.8 0.010

4 41.00 0.04 71.8 0.017

5 16.80 0.04 71.8 0.050

~ 0.088

Wr = Ar"y,

A = {45 + <I»1tr 2
_ h'hN

r 360 2

= 3.2 m 2

WT = 3.2 X 1 m X 0.028 MN/m3

= 0.0897 MN

F, = 0.088 = 0.98
0.0897

Continuation up-dip

0, =0 MPa

'1' = 650
• footwall surface <1> = 160

Since '1' > <1>. failure will continue up-dip
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Calculation of Arching Stability in Caving Hangingwall Altered Granodiorite,
Belmoral Mine

0.0274 MN/m'

16°

c °MPa

Z 40m

e 45° + q,/2 = 53°

Against intact block compression failure:

0, '/,Z

•

0, =

=

40 m x 0.0274 MN/m' = 1.1 MPa

1.1 MPa (0.72) = 0.62 MPa
1.28
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F, =
al:

cr,

60.4
=

1.1

= 54.9

Against bulk material failure:

= strength availableF,
imposed stress

. Stress

cr, = 1.1 MPa

cr
J

= 0.62 MPa

APPENDIX 4
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. Stren!!th

From Table 3.5, using lithified rock values ta represent the schistacity,

mfidd = 0.01 Sfi'id = 1 X 10-7

= 0.62 + JO.OI (0.62) (10) + 1 X 10-7 (ID)'

= 0.87

F, = 0.87 = 0.79
1.1

581



•

•

•

APPENDIX 4

Calculation of NO! Rock Mass Ouality O. Belmoral Mine

Surface Crown Pillar

. Material: schist

RQD = 10 (nominal value of 10 is used if RQD < 10 [10])

Jn = 6 (schistosity, sub horizontal, random)

J, = 0.5 (schistosity)

Jn = 8.0 (gouge, < 5 mm)

Jw = \.0 (dry)

SRF = 10 (multiple weakness zones)

Q ~ 10 0.5 1.0 ~ 001_x_x_ .
6 8.0 10

Hangingwall

. Material: schistose granodiorite (in contact with schist)

•
RQD = 60

Jn = 12 (heavily jointed - blocky)

J, = 3 (rough, irregular)

Jn = 4 (softening minerai)

Jw = \.0 (dry)

SRF = \.5 (stress versus strength is low, but opening near surface)

60 3 1Q ~ _ x - x _ ~ 2.5
12 4 1.5
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Calculation of Scaled Crown Span. Surface Crown Pillar Empirical Mcthod.
Belmoral Mine

Q = 0.01

'II 2.8 T/m3
Ir

L 3.8 m

S = 60 m

C, = 0.45

[ ]

0.5

C=L 'Y, .
, t Cl + US) Cl - 0.4 cos 1jJ')

= 226 m
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ANALYTICAL AND E~'!PIRICAL STABILITY CALCULATIONS

BRIER HILL MINE
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Table 1. Calculation of Rock Mass Mohr Envelope for Brier Hill Geological
Materials, Based on the Hoek and Brown Failure Critcrion

Hangingwall Slate

a h e <P t cm
(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.004 57.9 69.9 0.14 0.14

5 1.500 41.0 32.7 4.8 1.59

10 1.992 36.9 26.3 7.6 2.66

15 2.481 34.9 22.8 9.8 3.53

20 2.975 33.7 20.4 11.8 4.38

25 3.469 33.0 18.7 13.5 5.04

sa
a = _c = 0.04 MPa

1 m

Oc 60 MPa

m = 0.9

s 0.0006
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Table 1 (continued)

Footwall Slate

a h e <P 't cm
(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.003 58.2 71.3 0.23 0.23

5 1.260 45.0 39.0 6.0 1.9

10 1.516 40.8 32.4 9.5 3.2

15 1.773 38.4 28.6 12.4 4.3

20 2.029 36.7 26.0 15.0 5.2

.
25 2.285 35.6 24.0 17.3 6.2

sa
0, _,. = 0.06 MPa

m

Oc 80 MPa

m = 1.3

s 0.001
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Table 1 (continued)

Jasper

cr h e <1> "t cm
(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.014 56.2 63.1 2.4 2.4

5 1.090 50.5 48.8 9.5 3.8

10 J.J66 47.5 43.3 14.6 5.2

15 1.242 45.1 39.7 19.1 7.6

20 1.316 43.8 36.6 25.5 8.2

25 1.395 42.5 35.0 26.6 9.1

scr
cr, _' = 0.89 MPa

m

cr, = 125 MPa

m 2.8

s 0.02
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Table 1 (continued)

Banded Iron Ore

a h e 4> '[ cm
(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.005 57.7 68.8 0.7 0.7

5 1.127 48.9 45.8 7.6 2.4

10 1.242 45.4 39.7 12.0 3.7

15 1.364 43.0 35.8 15.8 5.0

20 1.485 41.2 33.0 19.8 6.8

25 1.606 39.8 30.9 22.4 7.4

sa
a, = _'; 0.22 MPa

m

a, 1JO MPa

m 2.0 MPa

s = 0.004
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Calculation Against Slate Chimneying Disintegration Failure, Brier Hill Mine

'" .. = 69.9°'t'mass

s = 0.85 m

L = 8.5 m

n = 5

0.5 (8.5)

r = [1 _ cos (45 + 6~.9 )]

= 5.14• N = 5.14 - (0.5) (8.5)

= 0.90

= 4.25 m

h'h = V4,25 (2 (5.14) - 4.25) ~ = tan' I[(5.06 + 4.83) 0.5]
1 0.9 + 0.5 (0.85)

•
= 5.06 = 75.0°
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2

; 0.5 (8.5) - (2 -1) 0.85

; 3.4 m

h
2h

; V3.4 (2 (5.14) - 3.4)

; 4.83 m

l, ; 0.5 (8.5) - (3-1) 8.5

; 2.55 m

h'h ; V2.55 (2 (5.14) - 2.55)

; 4.44 m

/4 ; 0.5 (8.5) - (4-1) 0.85

; 1.7 m

h4h ; VI.7 (2 (5.14) - 1.7)

; 3.8 m

APPENDIX 5

13
2

; tan-' 1(4.83 + 4.44) 0.5]
l 0.9 + 1.5 (0.85)

13, ; tan-' 1(4.44 + 3.8) 0.5]
lO.9 + 2.5 (0.85)

13. ; tan-' [(3.8 + 2.83) ).5)]
0.9 + 3.5 (0.85)

; 40.5 0
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/, = 0.5 (8.5) - (5 -1) 0.85

= 0.85 m

h'h = JO.85 (2 (5.14) - 0.85)

= 2.83 m

~, = tan -1 r (2.83) 0.5 J
lO.9 + 4.5 (0.85)

= 16.7°

•

Slice ~ cm $ V;
(MPa) (degrees) (MN)

1 75.0° 0.14 69.9 0.03

2 64.9° 0.14 69.9 0.06

3 53.7° 0.14 69.9 0.09

4 40.5° 0.14 69.9 0.14

5 16.7° 0.14 69.9 0.41

~ 0.73

Wr = Ar'Y,

A = (45° + $/2) 1tr 2
_ h1h N

r 360 2

= 16.16 m2

Wr = 16.16 X 1 m X 0.028 MN/m3

= 0.45 MN

= 1.6•
F, =

0.73

0.45
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Calcu lation of Arching Stability in Caving Slate, Brier Hill Mine

'Y, = 0,028 MN/m'

cjl = 16°

c=OMPa

Z = 275 m

e = (45° + cjl/2) = 53°

Against intact block compression failure:

crh = cr, cos' e + cr, sin' e

cr, = 'Y, z (1 -s~ncjl)
1+smcjl

cr, = 0.028 MN/m' x 275 m = 7.7 MPa

cr, = 7,7 (0,724) = 4.4 MPa
1.276

F = cr"
s cr

1
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60
=

7.7

= 7.8

Against bulk material failure

F =s
strength available

imposed stress

•

•

. Stress

cri = 7.7 MPa

cr, = 4.4 MPa

. Strength

From Table 2.1, using lithified rock values,

m field = 0.01, sfield = 1 X 10-7

cri = 4.4 + JO.OI (4.4) (60) + 1 X 10-7 (60)2

= 6.0 MPa

F = 6.0
s 7.7

= 0.78
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Calculation of NGI Rock Mass Ouality O. Brier Hill Mine +

Hangingwall Slate

RQD = 35 (weak slate, graphitic near stope)

Jo 9 (three joint sets: slaty cleavage, foliation commonly occurring in slates [117]

and a third perpendicular to these to allow free caving)

J, = 1.0 (smooth planar - slaty cleavage)

Jo 4.0 (graphitic coating)

Jw 0.66 (sorne water inflow, as quoted by Rice [6])

SRF = 2.0 (medium ground stress, based on depth vs strength)

Q = ~ x _1_ x 0.66 = 0.32
9 4.0 2.0

Ja5per Crown

Em = 16 aPa

(RMR -10)
E

m
= 10 :w

RMR = 58

RMR = 9 InQ + 44

Q = 4.7

+ approximated from site description, due to lack of geomechanical data

594



•

•

•

APPENDIX 5

Calculation of Scaled Crown Span. Surface Crown Pillar
Empirical Method. Brier Hill Mine

Hangingwall Slate

Q = 0.32

L 4.3 m

"Ir 2.9 T/m'

'!' 60°

S 8.5 m

Cs 2m

[ ]
~

C=L' 'Y,
s t (1 +US) (1-0.4 cos'!')

4.32 (2.9)t = _-,-- ...:..:....~ _

(2)2 (1 + 4.3/8.5) (1-0.4 (0.5))

t = \3.05 ID

Jasper Crown

Q 4.7

'Il 2.69 T/m'
"
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s

c,

60°

8m

200 m

5.5 m

•

•

8.3 (2.69)
1 ; -::-::-:;-:-:----:-::-:=--:-'--,-":--:--:--:-:cc:-

5.52 (1 + 4.3/8.5 m) (1 - DA (0.5))

= 1.36m
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ANALYTICAL AND EMPIRICAL STABILITY CALCULATIONS

ATHENS MINE
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Table J. CaleuJation of Roek Mass Mohr Envelope for Brier Hill Geologieal Materials,
Based on the Hoek and Brown Failure Criterion

Far-Field Jasper

0 h e ct> t cm
(MPa) (degrees) (degrees) (MPa) (MPa)

a 1.014 56.2 63.1 2.88 2.88

5 1.077 51.2 50.2 10.1 4.1

la 1.141 48.4 44.9 15.6 5.6

15 1.204 46.4 41.4 20.3 7.0

20 1.268 44.8 38.8 24.5 8.4

25 1.331 43.5 36.7 28.3 9.7

sa
cr = _c = 1.1 MPa

1 fi

cr = 150 MPac

m = 2.8

s = 0.02
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Table 1 (continued)

Crown Jasper

cr h e <1> t em
(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.005 57.6 68.6 0.8 0.8

5 J.116 49.3 46.6 7.8 2.5

10 1.228 45.8 40.3 12.5 4.0

15 1.339 43.4 36.5 16.4 5.3

20 1.450 41.6 33.8 20.0 6.6

25 1.561 40.3 31.6 23.1 7.7

saca ; _ ; 0.24 MPa
1 m

m = 2.0

s = 0.04
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Table 1. (continued)

Diorite Dykes

cr h e <j> 't cm
(MPa) (degrees) (degrees) (MPa) (MPa)

0 1.001 59.0 75.7 0.3 0.34

5 1.077 51.2 50.2 8.5 2.5

10 1.153 47.9 44.0 13.8 4.1

15 1.229 45.7 40.2 18.3 5.6

20 1.305 44.0 37.5 22.3 7.0

25 1.381 42.7 35.4 26.0 8.2

sa
a = _e = 0.06 MPa

1 m

ae = 140 MPa

m = 2.5

s = 0.01
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Calculation of Plug Failure Factor of Safety. Athcns Mine

The plug failure is analysed based on a block defined as per Allen [5]: 80 m between the
dyke boundaries. a 70 m span longitudinally in the crown and the height from the mining
bloek to the surface of 660 m.

West Face Ea-\I Face

Element a. A Element a. A Elemem a. A Ekmenl ". A
(MPa) (m 2) (MPa) (ml) (MPa) (ml) (M!'a) (ml)

20S 3.6 750 4366 27,4 75 362 3.6 750 4520 27.1 75209 3.6 2250 4367 26.8 225 363 3.6 2250 2521 ;!7,6 225210 3.6 3000 4368 26.8 300 364 3.6 )000 4522 24.9 3lX)
211 3.6 3000 4369 27,4 300 365 3.6 )000 4523 27,01 :mn212 3.6 2250 4370 27.9 225 366 J.6 2250 4524 29.5 225213 3.6 750 4371 28.4 75 )67 3.6 750 2525 30.3 75

S02 10.7 750 4960 28.0 50 956 10.7 750 5114 24.1 50
S03 10.7 2250 4961 26.7 ISO 957 10.7 2250 5115 IM,l) 150
S04 10.7 3000 4962 27.0 200 95S 10.7 3000 5116 IM.9 200SOS 10.7 3000 4963 28.0 200 959 10.7 )000 5117 IH.3 200
S06 10.7 2250 4964 28.7 ISO 960 10,7 2250 SI18 29.3 150S07 10.7 750 4965 29.2 50 961 10.7 750 5119 31,9 50

1396 16.6 500 5554 28.6 25 1550 16.6 500 5708 19.3 251397 16.6 1500 5555 27.5 75 1551 16.6 1500 5709 IDA 751398 16.6 2000 5556 27.5 100 1552 16,6 2000 5710 IOA 1001399 16.6 2000 5557 28.6 100 1553 16.6 2000 S7J1 19.4 100
1400 16.6 1500 5558 29.5 75 1554 16.6 1500 5712 27,7 75
1401 16.6 500 5559 29.9 25 1555 16.6 500 5713 32.9 25

1990 21.2 500 6148 29.3 25 2144 21.4 500 6302 13.2 25
1991 21.2 1500 6149 28.1 75 2145 21.4 1500 6303 J.• 75
1992 21.2 2000 6150 28.1 100 2146 21.4 2000 6:104 3.6 100
1993 21.2 2000 6151 29.4 100 2147 21.4 2000 6304 13.2 100
1994 21.2 1500 6152 30.3 75 214S 21.3 1500 6J06 29.7 75
1995 21.2 500 6153 30.7 25 2149 21.3 500 6307 :14.7 25

25S4 24.7 300 6742 30.9 25 2738 24.9 JOO
25S5 24.7 900 6743 29.6 75 2739 24.8 900
25S6 24.6 1200 6744 29.6 100 2740 24.8 1200
2587 24.6 1200 6745 31.0 100 2741 24.9 1200
25SS 24.7 900 6746 31.9 75 2742 24.9 900
25S9 24.8 JOO 6747 31.9 25 2743 25.0 JOO

3178 26.3 ISO 7336 33.1 2S 3332 26.3 ISO
3179 26.1 450 7337 32.1 75 3333 25.9 450
3180 26.1 600 7338 32.1 100 3334 25.9 600
3181 26.2 600 7339 33.2 100 3335 26.3 600
3182 26.4 450 7340 34.0 75 3336 26.7 450
3183 26.6 ISO 7341 34.1 25 3337 27.0 ISO

3172 27.0 100 7930 51.3 25 3926 26.9 100
3173 26.6 300 7931 54.3 75 3927 26.0 300
3174 26.6 400 7932 54.3 100 3928 26.0 400
3175 26.9 400. 7933 51.5 100 3929 27.0 400
3776 27.2 300 7934 49.6 75 3930 27.7 300
3777 27.6 100 7935 39.5 25 3931 28.2 100

ta.A. 822.212 MN Ea.,A - 763.375 MN
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North Face Soulh Face

Element n. A Element 0. A Element 0. A Element 0. A
(MPa) (012) (MPa) (012) (MPa) (01

2
) (MPa) (m!)

235 2.5 750 4393 20.5 75 228 2.5 750 4386 20.6 75
257 2.5 1500 4415 20.4 150 250 2.5 1500 4408 20.6 ISO
279 2.5 3000 4437 20.2 300 272 2.5 3000 4430 20.3 300
381 2.5 3000 4459 20.0 300 294 2.5 1500 4452 20.1 300
323 2.5 1500 4481 19.8 150 316 2.5 1500 4474 19.9 150
345 2.5 750 4503 19.8 75 338 2.5 750 4496 20.0 75

809 7.3 750 4987 20.9 50 822 7.3 750 4980 21.0 50
851 7.3 1500 5009 20.7 100 844 7.3 1500 5002 20.8 100
873 7.3 3000 5031 20.4 200 866 7.3 3000 5024 20.5 200
895 7.3 3000 5053 20.3 200 888 7.3 3000 5046 20.4 200
917 7.3 1500 5075 20.3 100 910 7.3 1500 5068 20.3 100
939 7.3 750 5097 20.1 50 932 7.3 750 5090 20.3 50

1423 Il.4 500 5581' 21.3 25 1416 Il.4 500 5574 21.4 25
1445 Il.4 1000 5603 21.0 50 1438 Il.4 1000 5596 21.1 50
1467 Il.4 2000 5625 20.5 100 1460 Il.4 2000 5618 20.6 100
1489 Il.4 2000 5647 20.9 100 1482 Il.4 2000 5640 21.0 100
1511 Il.4 1000 5669 22.1 50 1504 Il.4 1000 5662 22.2 50
1533 Il.4 500 5691 22.0 25 1526 Il.4 500 5684 22.2 25

2017 14.7 500 6175 21.7 25 2010 14.7 500 6168 21.8 25
2039 14.7 1000 6197 21.4 50 2032 14.7 1000 6190 21.6 50
2061 14.7 2000 6219 20.5 100 2054 14.7 2000 6212 20.7 100
2083 14.7 2000 6241 21.9 100 2076 14.7 2000 6234 22.1 100
2105 14.7 1000 6263 25.9 50 2098 14.7 1000 6256 26.0 50
2127 14.7 500 6285 26.4 25 2120 14.7 500 6278 26.3 25

2611 17.5 300 6769 22.3 25 2604 17.5 300 6762 22.4 25
2633 17.5 600 6791 22.0 50 2626 17.5 600 6784 22.1 50
2655 17.5 1200 6813 20.9 100 2648 17.5 1200 6806 21.0 100
2677 17.5 1200 6835 22.6 100 2670 17.5 1200 6828 22.8 100
2699 17.5 600 2692 17.5 600
2721 17.5 300 2714 17.5 300

3205 19.1 ISO 7363 24.4 25 3198 19.1 ISO 7356 24.4 25
3227 19.1 300 7385 24.2 50 3220 19.1 300 7678 24.3 50
3249 19.1 600 7407 23.4 100 3242 19.1 600 7400 23.4 100
3271 19.1 600 7429 27.9 100 3264 ,19.1 600 7422 25.2 100
3293 19.0 300 3286 19.0 300
3315 19.0 150 3308 19.0 150

3799 19.9 100 7957 25.6 25 3792 19.9 100 7950 25.6 25
3821 19.9 200 797~ 26.5 50 3814 19.9 300 7972 26.3 50
3843 19.8 400 8001 26.8 100 3836 19.8 400 7994 26.7 100
3865 19.7 400 8023 28.2 100 3858 19.8 400 8016 27.8 100
3887 19.6 200 3880 19.7 200
3909 19.6 100 3902 19.6 100

l:o. A - 498.071 MN l:o. A - 498.050 MN
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The analytical equation to calculate the plug stability is equation 2.14•
F, =

/ , ,
n /Il YI\' (H;-d)'b;
2: Ci A/ 2: (J/lj Aj

- tanljJri sin,!,;
i=1 V=I 3

(
m[m J y. (H-d)' b.JVpg +.2: .2: 0nj A

j
- ..., , cos,!,;

/=1 J=I 3

The numerica! modelling assumed the dykes to be vertically dipping, rather than the 85° -

80° of the plug-dyke contact sides, the plug will be analysed with vertical walis. Water

was still reported to originate from the plug boundaries.

bi north = bi south = 70 fi

hi west = bi eusl = 80 m

H j = 660 m (water table at bottom of overburden)

d = 0

• ljJ "onh ljJ''',"lh = 4° (Table 1.5; Allen details the contact as weak "soap rock", and

Crane [126] mentions intrusive dykes are often weak and

disintegrated at contacts from emplacements; this addresses both

the low friction mineraI coating and "no rock contact when

sheared"

•

ljJw,Sl = ljJeaSl = 16° (unaltered joint in jasper crown, smooth, planar)

'Y, 0.027 MN/m3

'Yw 0.01 MN/M3

v = 660 m x 80 m x 70 m - 15 m x 15 m x 80 m

3,678,000 m3
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•

•

•

F = 55,440 + 389,540
, 99,306

= 4.5
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•

•

APPENDIX 6

Calculation Against Hangingwall Jasper Chimneying Disintegration Failure, Athens Mine

"{, = 0.027

cma...... = 0.8

012 = 450 + <1>/2 = 79.30

n = 5

s = S m

L = SO m

Calculation of the first rupture line

0.5 (SO)
r = -:-:-__='""="='~

[1- cos (79.30
)]

= 49.1

N = 49.1 - 40 = 9.1

l, = 0.5 (SO) =40

•

h'h = J40 (2 (49.1) - 40)

= 4S,2 m

~ = tan- I i!4S.2 + 46,0) 0,5]
1 l 10.3 + 0.5 (S)

= 73.1 0
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•

•

•

l, = 0.5 (80) - (2-1) 8 = 32 m

h, = VJ2 (2 (49.1) - 32)

= 46.0 m

1
3

= 0.5 (80) - (3-1) 8 = 24 m

h
3

= {24 (2 (49.1) - 24)

= 42.2 m

1. = 0.5 (80) - (41 -1) 8 = 16 m

h. = {16 (2 (49.1) -16)

= 36.3 m

Is = 0.5 (80) - (5-1) 8 = 9 m

~, = tan- I [(46.0 + 42.2) 0.5]
10.3 + 1.5 (8)

= 63.2°

~3 = tan- I [(42.2 + 36.3) 0.5]
10.3 + 2.5 (8)

= 52.3°

13. = tan- I [(36.3 + 26.9) 0.5]
10.3 + 3.5 (9)

= 37.1 °

606



• hs = /8 (2 (49 -1) - 8}

= 26.9 m

13 = lan- I [ (26.9) 0.5 ]
5 10.3 + 4.5 (8)

= 16.2°

•

•

Slice 13 Cm li> V;
(degrees) (MPa) (degrecs) (MN)

1 73.1 0.8 68.6 1.90

2 63.2 0.8 68.6 3.23

3 52.3 0.8 68.6 4.95

4 37.1 0.8 68.6 8.46

5 16.2 0.8 68.8 22.03

~ 40.6

=39 MN

F = 40.6
s 30

= 1.04
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APPENDIX 6

Calculation of Arching Stability in Caving Jasper Crown. Athens Mine

"Ir = 0.027 MN/M3

$ = 16°

c = °MPa

z = 660 m

e = (45° + $/2) = 53°

Against intact black compression fai1ure

- sin $]
+ sin $

•

cri = 0.027 MN/m) x 660 m = 17.8 Mpa

= 17.8 [0.724] = 10.2 MPacr) 1.276

120
=

17.8

= 6.75
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Against bulk material failure \Vith jasper boundaries• Z

Stress

0 1 =

°3

20 m (based on modelling failure contour)

"l, Z = 0.41 MPa

0.23 MPa

Strength

From Table 2.1 using lithified rock values

ffifield = 0.01, sn'Id = Ix10·7

•
01 = 0.41 + VO.OI(0.23)(l20) + IxIO -7(120)2

0.94 MPa

F = 0.94
s 0.41

2.3

Z = ?, for F, = 1

1 = 0.027(2)(0.57) + VO.OI(0.027)Z(0.57) 120 + IxIO -7(120)2

0.027(2)

•
Z = 130 m
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• APPENDIX 6

Calculation of NGI Rock Mass Quality Q, Athens Mine +

Jasper Crown

Em = ID GPa

E =m ID
(RMR - 10)

4ô

•

•

RMR = 50

RMR = 9 InQ + 44

Q = 2

This compares with Q = 1 to 10 for the m and s values selected From Table 2,1.

Because the vertical geological contacts can act as weak joints Q should be

reduced. It is assumed that, as per the jasper of Michigan iron mines [126], three families

of joints exist, with irregular planar surfaces, The addition of a fourth (contact) family

with a zone of soft minerais reduces Jn from 9 to 12 and Jr 1.5 to 1, and therefore, Q to

1.1 (equation 1.47).

+ Approximated From site description, due to lack of geomechanical data
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APPENDIX 6

Calculation of Critical Crown Pillar Span, Athens Mine

Q = 1.1

From Figure ],115, the value for F, = 1 is Cs = 5

C, = L [-t7.(1:--+--;U7.S):;:-;/;-1,----,O:-.4,---CO-S--;<\>7J'

L = 80m

y = 2.7 Tlm'

S = 350 m

5 = 80 [--,-,..---=-=2.,.,.7....,.,.._=""""""'''""]
t (1 + 80/350) (1 - 0.46)

t = 563 m
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