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ABSTRACT

This thesis evaluates the factors that influence the
stabllity of large, open stopes for an existing mining
operation. The Ruttan mine, a 6000 tpd base metal operation has
mined by open stoping methods since 1979. This has
resulted in a large data base of information which includes
forty~-three (43) stopes at various stages of extraction,

thereby yielding 133 observations of:

Rock Mass Rating (footwall, hanging wall, ore)
Stope Dimensions (height, width, length)
Observed Dilution

Excavation Rates

Stope Configuration (isolated, rib, echelon)
Mining Sequence/Method

In addition, the observations were supplemented with in-situ
measurements, structural mapping, stress and deformation
monitoring and historical observation. It was concluded through
numerical modelling, observation and measurement that the
hanging wall and footwall of the individual stopes are in a
state of relaxation, thereby enabling structural blocks to be
released. This would generally be the case for most stope
gecmetries whose major in-situ stress direction lies
perpendicular to the long dimension of the opening.

Consequently the critical parameters were quantified in terms
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of their effect on dilution by employing multivariate analysis.
The relationships derived were entirely confined to the Ruttan
operation as they were empirically delineated and quantified.
The Ruttan operation is a multi-leased orebody with
individual stopes dipping at 70°. The following empirically
derived relationships were found to correlate strongly with the

observed dilution:

PLAN ISOLATED STOPES (61 observatioms) Flgure 8.7a

Dil. = 8.6 - 0.09(RMR) - 13.2(Exp.Rate) + 0.0038(Area Exp.)

PLAN r= 0.79 S=23%

PLAN ECHELON STOPES (44 obs.) Figure 8.7Db
Dil. = 10.3 - 0.13(RMR) - 14.8(Exp.Rate) + 0.003(Area Exp.)

r= 0.83 8=222

| pLAN |l PLAN RIB STOPES (28 obs.) Figure 8.7c
Dil. = 15.8 - 0.18(RMR) - 7.7(Exp.Rate) + 0.0026(Area Exp.)

r= 0.80 5=*42

where:
DIL(%) - refers to predicted stope dilution (tons
waste/tous reserves)

RMR(Z) - Rock Mass Rating of the critical wall contact,
generally the hanging wall

Exp. Rate(’lOOOmz/mth) - refers to the rate at which the
hanging wall {s exposed (excavation rate/stope width)

Area(m?) - refers to the exposed surface area of the
hanging wall
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r,s — refers to the correlation coefficient and the
unbiased standard error of estimate respectively

The empirical relationships were related to stopes mined
subsequent to the study aad yielded errors of estimate (8) of
predicted dilution to within 2 - 4% of the observed dilution.
The blast induced dilution was subsequently added to the
predicted dilution. This value is difficult to estimate and is
presently recorded as the dilution that is observed as the slot
(initial cut) is being excavated. The design equations were
based on a relatively large data base, considering, that the works
of Bieniawski (1973) and Barton (1974) were based on 49 and 200
case histories respectively. It 1Is suggested that the empirical
methods of design outlined in this thesis be attempted at other
operations where structural failure is the main factor
contributing to stope dilution. This would augment the data
base and extend its applicability. Parameters unique to Ruttan
that were employed in establishing the data base are as

follows:

hanging wall and footwall of all stopes are in relaxation
groundwater is not a factor
mean stope inclination = 68°: 9
mean stope dilution = 10% % 6%
mean RMR = 567 : 20%

mean exposure rate = 0.18m2’.09m2(x1000)/mth

o

mean excavation rate = 2700m3%1300m3 /mth
mean span = 3lm ¢ 13m

mean stope width = 15m 2 8nm

mean stope height = (68ma 2 20m 5

nean exposed surface area = 2250m 21120m2
aean stope depth = 360m :48m below surface

mean blast correction factor = 3% % 6%
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CHAPTER ONE

INTRODUCTION

1.0 Introduction

This thesis is the culmination of three years of study
both on site at the Ruttan Mine of Sherritt Gordon Mines Ltd.
and at the University of British Columbia . The objective of
this thesis is to deiineate and to quantify the factors that
influence the stability of large, open stopes for an existing
mining operation. This thesis will assess the governing
" hypothesis that the "Optimum Stope Geometfy" cén be quantified
in terms of the rock quality, the extraction rate and the
exposed surface area., Optimum is defined as that stope geometry
that would yield a minimal acceptable dilution. Dilution is a
measure of the quality of the design since it records the
amounﬁ of hanging wall and/or footwall slough with respect to
the stope reserves expected to be removed.

The Ruttan Mine, a 6000 tpd underground operation, is
located in Northern Manitoba, 760 km. north §f Winnipeg and 20
km east of the town of Leaf Rapids. The Ruttan copper-zinc
orebody 1s a multi-lensed, steeply dipping (76 ) en echelpn
deposit., Individual ienses have a maximum strike length of 350m
with widths varying from 7 to 6lm. The mining method is open

stoping with delayed backfilling which extends from surface to



860 m below surface. Stope spans at the Ruttan Mine were
initially designed employing classical beam theory. Failures at
the mine were found to be controlled primarilj by structure,
and this could not be explained by the previous homogeneous
model. There exists no accepted design method of predicting
stope spans in jointed materlials. Beam theories, numerical
models and empirical criteria have been employed in the past
with some degree of success, however, the major drawback is
that many of our classical design approaches have been based on
the assumption that homogeneous, isotroplc, elast;c.cénditions
do exist.

Forty—-three (43) stopes at the Ruttan operation were
analyzed in terms of the hypothesis stated previogsly. This
data base represents 432 stope geometries and resultant
dilutions as recorded by the mine. The prevailing stress
conditions at Ruttan cause the hanging wall(HW) and
footwall(FW) to be in a relaxed state. This is an important
addendum to the above statement of hypothesis, since the effgct
on dilution from stress induced failure and the confinement of
individual structural blocks 1is eliminated. Itvhas been shown
by Brady and Brown (1985) that a confining stress will retain
blocks that would otherwise slough into an opening. It is not
attempted in this thesis to quantify the critical confinement
since stope walls at Ruttan will be shown to be within a zoune
of relaxation. The governing hypothesis will be empirically

developed given the Ruttan data base.



The cases involved at Ruttan are for that particular
stress regime which causes the rock mass in the vicinity of the
ore contacts to be in a state of relaxation. The term "zone of
relaxation” is employed rather than a zone of tension. While it
is true that thils region is unconfined, it may nqt_be in pure
tension. The reason being that in order for tensile stresses to
be sustained in the rock mass ,.the rock mass must have a
tensile strength which is generally assumed to be non existent.
An ore contact thgt is in a highistate of shear or éompression
will result in entirely different failure modes. The deviations
that may occur from the Ruttan data base will be addressed and
discussed, however, the thesis will generally be applicable

only to a Ruttan type situation whereby:

- hanging wall and footwall of an individual stope is 1in
a relaxed state

-~ stope plunge ranges between 60-70 degrees

- stope is not choke blasted ie. stope 1is voided prior to
blasting next cut

This thesis is,diﬁided into relevant chapters which by
themselves can stand alone, however, they are ultimately
incorporated into a cohesive unit in formulating the solution
to accépt or reject‘the stated hypothesis. The chapters are as

follows:

A) The Ruttan Orebody: This is a general chapter



summarizling the ore geometry, lithology, stope configuration,

mining method and history.

B) Stope Design Methodology: This chapter outlines the
complexity of the Ruttan dehosit with respect to arriving at a
methodology for stope design. It also summarizes a literature
search tﬁat assesses the state of the art of a)stope design in
jointed materials and b)of exisﬁing rock mass classification:
systems. A survey conducted by the author which reviews the
present state of stope design as is practiced by open stope
operators throughout Canada 1is summarized. This questionnaire
was sent to all Canadian base metal open stope and room and
plllar operators whose production exceeded 1000 tpd. A>58%
response was achieved which represented.twenty-two (22) mines,
fifteen (15) of which practised open stoping methods. This
survey was conducted in order to assess the present state of

stope design in Canadian operations.

C) Stress : This chapter assesses the influence of stress
on'thevstope geometries at Ruttanmn. Iﬁdividual stopes are
modelled by employing a two dimensional "boundary element” .
numerical code and a post-processor developed for this study.
Nomograms are employed in estimating the stresses given a
particular stope 1ength/width dimension. A two dimemsional’
analysis 1is employed‘and cﬁmpared to.observational and

quantifiable measurements made throughout the mine. A three



dimensional boundary element program, modified for the Ruttan
operation, compares the validity of modelling stopes at Ruttan
by the 2D process. This chapter describes a methodical approach
to the estimation of the in-situ stresses at Ruttan. The
results were subsequently verified by conducting CSIRO hollow

inclusion overcoring measurements.

D) Rock Maﬁs Assessment: The Ruttan operation, including
all forty-three (43) stopes, has been assessed in terms of a
sultable rock mass descriptor. A selection of the most suitable
classification was chosen upon identifying the relevant rock
quality parameters with respect to the Ruttan data base. The
most critical parameters were evaluated in terms of resultant
dilution. This is the "control™ parameter that will enable
the hypothesis to be quantifiably.assessed. All'development
areas, mined stopes and future mining areas were assessed a

Rock Mass Rating.

E) Dilution: This parameter is a measure of the quality
of the stope design. It 1s a parameter that 1s recorded by most
open stope operators in Canada (Questionnaire, '1985). It is a
measure of the degree bf wall slough with respect to the
expected stope reserves mined., Various definitions exist and
are summarized in this chapter. These definitions are derivedb
from the survey conducted previously. Dilution 1; recorded for

all mined stopes at Ruttan at various stages of extraction.



These are statistically correlated to the rock quality
parameters identified as critical. It will form the test for
hypothesis acceptance or rejection. Dilﬁtion is a quantifiable
assessment of stope design,howevef it is assessed in most

instances by observation.

F) Data Base:'Upon the assessment of the significant
factors affecting dilution, akdata base is derived for the
individuai minedbstopes at Ruttan. The data base is comprised
of stope dimensions (span, height, width), stope configuration,
~stope depth, inclination, extractiom rate, resultant recorded
dilution, rock mass rating of the critical wall contact, and
observed damage due to blasting. This data baée is comprised of
43 mined stopes ylelding 432 recorded stope geometries which

were subsequently averaged into 133 case histories.

G) Stope Design Assessment: The best fit parameters are
incorporated through single/multiple correlation testing.
Lineér;planar,linear hyper-surface, and quadratic curved lines
and surfaces are fitted to the relevant parameters in order to
assess the level of acceptance of the proposed hypothesis.
Statistical assessment in terms of multiple and partial
correlation coefficients, levels of significance, and
confidence limifs ‘are determined for the best fit surface. It
is concluded at this stage that stress is not significant in-

terms of dilution since numerical modelling indicated that the



hanging and foot wall of individual stopes at Ruttan are in a
state of relaxation, thus resulting in structurally controlled
failures. This statement will be further reinforced through

measurement and observational approaches.

H) Application: This chapter analyzes the relationships
derived from the existing data base to stopes subsequently
miﬁed. A brief comparative analysis is made between the most
prospective existing methods of stope design and the empirical

method proposed in this thesis.

1) Conclusions: The acceptance or rejection of the
following hypothesis 1is made:
Optimum Stope Geometry = f(Rock Quality, Extraction Rate,

Exposed Surface Area)



CHAPTER TWO

THE RUTTAN MINE

2.1 Introduction

In order to understand the parémeters involved in
developing a method of stope.design for the Ruttan orebody, it
is important to know the histofy, geology, mining practice and
the mine geometry. Studying the influencing factors requires
that the methodology be Integrated into the overall mine
regime. This involves, in addition to numerical and analytical
analyses, a coordinated field effort drawing from all the
available information and re—-analyzing that information from a
different perspective. This chapter describes the first stage
of deVeloping a data base which will outline the associated
geomeﬁric complexities associated with the Ruttan orebody.

The Ruttan mine is located in northerq Manitoba, 760km
north of Winnipeg and 20km east of the town of Leaf Raplilds,
Figure 1.1. The Ruttan copper-zinc orebody is a multi-lensed,
steeply dipping (700)'en echelon deposit. Individual lenses
bave a maximum strike length of 350m and widths varying from 7
to 6lm. The mining method practiced is blasthole open stoping
with deléyed fill. Production, Figure 1.2, commenced by open
pit in April of 1973 and continued until Dec, 1980. The pit at

- this time was 1000m long, 600m wide and 200m deep. The Ruttan



orebody is considered to be open at the 860m level (below
surface). The underground operation was developed to 430m below
surface and is commonly referred to as the "Upper Mine".
Production from the Uppe; Mine commenced in March, 1979 and is
presently at 6000tpd. The removal of the entire surface crown
pillar in the summer of 1988 will complete the mining of the
Upper Mine. Delineated reserves exist to the 860m level
yielding tonnages sufficient for mining until 1992 at a
production rate of SOOOtbd. The "Lower Mine™"” is defined as that
portion of the operation that exists between the 430m level and
the 860m level. In October of 1985 mining of the Lower Mine
commenced while.the Upper Mine was phasing down.

A significantly large data base of information is
available from the Upper Mine, containing approximately 56
stopes of which 48 have been mined at the time of the
completion of this study. It was decided to terminate the data
gathering stage in February'1985 with the subsequently mined
stoﬁes (8) sérving to reinfdrce or disprove the proposed

formulated hypothesis.
2.2 Geology of the Ruttanp Deposit

The Ruttan Orebody is a copper-zine rich, exhalative,
massive sulphide deposit contained within a sequence of
Proterozoic volcanic rocks and their derived sediments. Ruttani

is located within the Churchill Geologic Province of Manitoba,
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Figure 2.3. This geologic province is characterized by two
east-west treunding volcanic arc belts, the Wasekwan Group to
the north and the Amisk Group to the south, separated by a wide
sedimentary basin termed the Burntwood River Suite, Figure 2.3.
This is particularly important in relating the orogeny of the
deposit to its.present configuration and stress regime. The
Ruttan deposit is Aphebian in age and is interpreted to be a
synclinal deposit associated with island arc dévelopment. This
i1s graphically shown in the subsequent sectiomn concerning the
tectonic hiétory of Ruttan. The Wasekwan Group consists of a
conformable sequence of volcanic flows, tuffs, agglomerates,
breccias and volcaniclastic sediments. Overlying this package
of rocks are the shallow water sediments of the Sickle group.
Archean basement borders the Wasekwan and Sickle Groups to-the
north.

The volcanic rocks of the Wasekwan and Sickle Groups have
been considerably altered during regional metamorphism to lower
amphibolite, amphibolite and greenscﬁist facies. Basic volcanic
rocks and sediments have Been converted to schists and banded
gneisses locally characterized by epidote, hornblende, biotite,
éhlorite,.garnet, staurolite, cordierite and andalusite

alteration.
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2.2.1. Local Geology

The Ruttan mine is thought to be a geosynélinal deposit
assoclated with island arc development. This is where a plate
of lithoséhere is slowly plunging downwards into the mantle.
The volcanism that builds the volcahic'mothains is presumably
caused by the melting of the downgoing plate, Figure 2.4,
:Therefore,’the Ruttan deposit is assumed to have been formed
-along a flank of a large volcano. This volcanié arc trends
east-west as shown in Figure 2.3. A schematic section, drawn
perpendicular to the trend of the island arc, is employed to
describe the sequence of events leading to the formation of the

Ruttan deposit, Figure 2.5. It is best summarized as follows:

- Ruttan was formed beneath sea level ag a result of
magma being vented within a granitic host.
- Basalt flows were deposited then subsequently overlain

by a sequence of volcanically'derived sedimeﬁtg.tPillow

R

structures are found within the basalt unit indicating ;ﬁgt
this unit was emplaced at a rock-water interface. The_footwall
volcaniclastics are as a reéult of acid volcaﬁism‘and its
subsequent erosion. The rock is quite uniform, thinly to
thickly bedded, relatively unaltered and composed of fine
grained, intermediate, clastic fragments. This unit grades into
the footwall altered volcaniclastics which 1is characterized by

increased alteration and the presence of cordierite, staurolite
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- and mégnetitef

- The mire rhyblitesv(duarCZites) follow inléequencé.
They are the products of erosioh from the flanks of the
volcaﬁo. These rhydlites were interbedded withvchannelways of
mud deposits, This is a felsic rock which was subsequently',.
replaced by copper and zinc fich,solutions originating frdm the
.mineralized vent. The mud zones were hydrothermally altered to
chlorite and chlorite—talé schist on both the footwall and
hanging wall éontacts of the ofe lenses. |

- Overlying the mine rhyolite is the exhalite horizon.
which was formed as a precipitate resulting from the mixing of
the hydrothermal fluids and seawater on the sea floor. The zinc
rich lenses of the Ruttan deposit are found in the Exhalite
unit and are characterized by pyrite-sphalerite-silicate and
chert banding. Well bedded detrital sedimentsnaominate the
upper portions of this horizon. The sulphide lenses formed are
sedimentary in formation unlike the igneous origip of tﬁe
_ lenses within the mine rhyolites.‘ ,;_”

- Finally, low (sediments) and high energy (turbidites)
volcénically derived deposits settled dver the exhalative
horizon, It (PM unit) consists of 1nterbeddéd graywackes and
volcanic(erosion) derived conglomerates. Subsequeﬁt deformation
was in the form of shearing of the weaker sulphide deposits and
the further intrusion of a system of dykes throughout the above

horizons.

The above sequence of events are sedimentary in nature
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reshlting iIn flatly dipping deposits. It 1s posﬁulatéd that,
aftéf the déposition of thebRuttanvdeposit, the Churchill
province had subaucted vnderneath the Superior province. This
teétonic activity resulted in the inclination of the ore body
to that shown in Figure 2.6. The combined tectonic activity of
the initial island arc developmenﬁ and the subsequent
subduction resulted in a late phase of regional metamorphism to
Vinfluence'the Ruttan deposit. This late phase of metamorphism
converted the basic volcanic rocks to hormblende, plagioclasev
schists and banded gneises with variable amounts of epidote,
biotite and chlorite. The sediments were converted to biotite,
muscovite,quartz schists and gneisses. An alteration zone is
associated with the Ruttan deposit which is dominated by a
bifurcating shear zome. The shear zone at Ruttan ié oriented at
N70° E dipping at 68° SE. It is up to 30m wide aﬁd bifuricates
into three main shear. zones: Art”s Fault, North Wall Shear and
. East Shear, Figure 2.7. The overall effect of the shearing was
to significéntly change the geometry of the ore.}e;ées and
alteration zomnes. The individual mine rock units ;111 be !
further described in the context of "rock masss
cﬁaracterization", Chapter 5. Figure 2.8 is a geologic plan of

the Ruttan area.
2.3 Orebody Geometry

The Ruttan orebody comprises nine ore lenses all
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. subparallel in attitude and echelon iﬁ'naturé,Figure 2.7. The
orébody strikes N70°E, dips 70° SE and'plunges'70°to the east.
The maximum dimensions of.the ore zone are 120 metres wide by
700 metres long; An open pit 1lies imﬁediately above the
underground workings to a depth of 210 métres.

The geometry of the lensés is such that to the west of
the east shear, five major lenses fo;m a zone with a strike
length of 350m at the 260m level‘(below surface) which narrows
to 200m atvthe‘430m level. These are known as the."west lenses™ -
and the width of the individual lenses range from 7 to 35m.

The west lenses bottom out at the 660m level whereas the "east
lenses” continue to a yet unknown depth. These lenses lie east
of the east shear and are comprised of four lenses. Generally,
the. ore contacts are irregular both in plan and section and
~pinch and swell down dip, thereby‘enclosing narggw bands of
waste,Figure 2.9,2.10. Consequently, in order to properly
delineate the stope geometfy y diamond drilling is conducted on
a 15m byv15m'pattern along the ore cbﬁtact, Figuns;;.ll. .

- The complexity of the ore geometry is indicated by FigureVZ;JZ.
Individual stopes are defined by draw level, a letter
desigqating the lens énd a number defining the stope within
that lens. An example is 320-11B. This stope 1s drawn off the
320m 1eye1, is a "B" lens as defined in Figure 2.9 and is_stope’
number "11" within that lens. Generally, a stope having a
similar number is located either in the footwéll or hanging

wall of the preceding stope. The "B" lenses are located in the
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footwall of the "C" which are located in the footwall of the
“D" lenses. This terminology will be useful in identifying
areas of the mine. Stope numbers increase from west(7 to 16) to

eaét(17 to 22).
2.4 Mining Practice

The Ruttan orebody is a complex arrangement of ore
lenses. These lenses are located in close proximity to each
~other and join in certain locations. Such complexity and
irregﬁlarity of ore outlines require that mining of the
individual lenses be carried out in a predetermined sequence in
order. to ensure maximum ground stability. The stoping method 1is
blasthole open stoping with delayed fi1ill. Two variations of
open stoping are used. In one, conventional small diameter
(51mm) holes are drilled from levels spaced at 30m vertical
intervals. In the second, large diameter (165mm) holes are
drilled from levels spaced at 60m vertical interva{sf The
blasting séquence in these "large diameter stopes"kiS'a
combination 6f'vertica1 crater retreat and slash.

Stopes.and piilars are laid out on a regular pattern and
reseﬁble the dimensions ocutlined in Figure 2.13. In gemneral,
stopes and pillars are approximately 30m and 15m in length
respectively. Pillar recovery is an integral part of the nérmal
stoping progression. When a stope is mined out, it is planned

to be backfilled using classified mill tails. The adjacent
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.stope is mined back to the predetermined pillar line, thén'the
rémaining pillar is‘blasted into the opeﬁ stope leaviﬁg 5'6m
remnant of ore to retain ;he fill. In practice, this 1is
geﬁerally not ;he case since the filling cycle is well.behind
schedule, thereby not enabling the filling of stopes prior to
the mining of the adjacent stope. Consequently, the rib pillar
is blasted to the 6m remﬁapt without the benefit of fill. After
-removal of ﬁhe broken pillar:ore, the stope and pillar void is
then backfilled with mill_tails. The f111l forms the draw level
for the next mining lift.

Drawpoint levels are established at 60m vertical
intervals. Active draw levels are currently the 260m, 320m,
370m- and 430m levels. Due to the irregularity of the ore
lenses, it 1s sometimes necessary to locate additional
drawpoints on levels other than the main levels. This
consequently results in stope heights being less than 60m.
Intermediate drill levels are driven between the main levels

‘creating a 30m level interval in stoping areas whére small

;«_;

diameter blastholes are utilized. All production blastiﬁé ;s
with ANFO and packaged water gels, Non-electric delays are used

to effect proper sequencing of initiation.
2.4.1 Stoping Method

Generally, transverse open stoping is employed at Ruttan.

leaving a remnant pillar as shown in Figure 2.13. Mine practice
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_dictétes that where the ore width exceeds 30m, a 1ongitud1nal
pillar is left, thereby ensuring that the stope widtﬁ does not
exceed 30m. These values have Seen deﬁermined empiricﬁlly
through trial and error.

As previously indicated, the Ruttan operation employs two
variations of opeh stoping. Figure 2.14 depiéts the
conventional method of open stoping employing 51mm diaﬁeter
holes. Initially, the undercut is silled out for a vertiéal
height of 12m from footwall to hanging wall and remnant to
remnant.piilar. The 2m x 2m slot is mined either conventionally
or raise bored to a 12m height above the upper drill level. In
addition to slot development, it 1Is required to develop a
footwall and hanging wall drive which.are normally located at
the ore contact. It is the practice at Ruttan that a single
drill drive be driven through:the centre of the stope if the
ore width does not exceed 15m, Similar development occurs on
the intermediate level. The 2m x 2m slot raise 1is Subsequently
slashed to 3.7m x 3.7m for the full stope ﬁeight.%Subseﬁuently
the slot is slashed full width from hanging wal%“to footwall.
Rings are then slashed into the void for the full stope wiéth
on either side of the slot, assuming access exists on either
side. Normally, the rings that are blasted frbm the
intermediate level correspond to a similar set of rings on the
upper drill level, thereby ensuring that a continuous vold
extends from the draw level to 12;2m above the upper drill

drive. The stope is generally drilled off prior to the
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commencement of slot blasting. The upholes on the intermediate -
and draw level are required to ensure that proper "inter-leaf”
coverage between drill holes occurs between levels. Normally,
the rings are spaced at a spacing of 1.5m and a toe burden
of_2.lm, and only a sufficient number of holes are drilled for -

that particular blast.

L <

,_bThe second method,lFiguré 2.14, involves a modifiea form
of "verticalscrater retréaf" and slash. Large lSlmﬁ diameter
holés are'émployed,‘thereby allowing longer hdles to be drilled
by ﬁsing in the hole hammer type 0f‘drill equipment., This
enables the deletion of intermediate levels. Similarly, an’
undercut is taken as with the conventional method. The "ver
slot” is drop raised from the upper drill level to a 3.7 x 3.7m
raise. The slot 1s not necessarily taken through to'the upper
level prior to production blasting. The production blasting .
requires the widening of the slot to 6.1 x6.1m and.subsequently
slashing full stope width from hanging wall to footwall. The
main tonnage 1s achieved through slashing decked charges intd
the void. The decked rings are blasted full stope width as in
the conventional method described previously. The rings are
spaced 3m apart with a toe burden of 4.2m. The slot, therefore,
is the only part of the stope that is advanced employing the
"vertical crater fetreat" method of miﬁing, which is
characterized by spherical charges (6:1=L/D).

Deviations of the abovevmethods lie in the following:

- The initial slot is bored by machine from the draw -



level to the upper drill level.

-~ The VCR-Slash method may have the slot entirely
complete prior to commencement of slasﬁing. Subsequently, long
parallel rings will be blasted for the full height of the
stope. ' | |

The stope is ultimately filled to 12.2mvabove the upper
d;ill level. Upon fill consolidation, the previous upper-drill
df}vg will f%fm the draw level for the next 1ift. The draw
cones are formed out of the fili. The sequence of extraction
for an individual stope is as summarized by Figures 2.15,2.16.
The extraction sequence for an individual lens iévgenerallly
from the hanging wall lens to the footwall and from the center
of an individual.lens to the extremities. This again is not
génerally followed since production requiremeﬁts
necessitated changes to individual mining areas. The
significance of mining sequence will be aﬁalyzed in Chapter 4

(Stress)
2.5 Observations/ Conclusioans

‘This section was 1included to docﬁment the difficultiés
that will present themselves in trying to categorize the
individual'stopes into a data base,bor to even commence
analyzing by a éuitable numerical code. The following

categories of stopes generally occur at Ruttan, Figure 2.17:

19
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- isolated
- rib: stopes exist along strike
- echelon: stopes exist along dip

The variance in mining sequence, Figures 2.15,2.16 is not
systematic or methodical but 1is primarily a function of
production requirements. This 1is the case in most mining

v

dpe;ations_%& Canada. The controlled experiment that one would
like to achiéve for a thesis now is starting to accumulate many
variables. An experimental stope would yield quantitative and
qualitative observations..The difficulﬁy arises in |
extrapolatihg*thé results to other areas of the mine exhibiting
different rock qualities, stope configurations and mining'
practices. The data bége would have to be enlarged, which would
mean an "experimental mine"” rather than an individual‘stope
would have to be instrumentéd. At the time of the study, the
Upper Mine was in an advanced stage of extraction and had
reserves for onlyAthree more years. A test stope, that would be
isolated from adjacent workings, was.not available. A further
restriciion Qas that it takes approximately ten (10) months for
a stope.to'be completely excavated and another seven months to
fill. The approach taken was to énalyze the existing daté base
and to derive, if possible, critical parameters and areasvto be
further studied. A rpck mechéniés program at Ruttan had beén
implemeﬂted from incebtion»which basically included stress
gaugeé and extensometérs. Stopes, as ;hey have been extracted,

were evaluated in these terms with minor success. A program has
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now been implemented at Ruttan where an isolated stope is being
monitored in the Lower Mine fo prove or disprove the theories

and ideas brought forth in thilis thesis. The stope will be mined
from October 1985 to October 1986 and the rgsults will be analysed.
This thesis is the first phase of the development of a
méthodical_approach to assessing the parameters that are of

particular significance to stope design at Ruttan.

g
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Figure 2.17: Categorization of Stopes - Plan View

The term "echelon" is synonomous with "parallel”

for the context that it is employed in this thesis.
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CHAPTER THREE

STOPE DESIGN METHODOLOGY

3.1 Introduction

A thesis is defined by the "Oxford English Dictionéry" as
"a theory put forward anﬁ supported by arguments”. This chapter
will identify the probiém; setfing forth the objectives,
delineating the input‘requireménts and formulating whether to
accept or reject the governing hypothesis. The first part of
the chapter will summarize a literature search of methods in
stope design and "Rock Mass Classification” systems.currently
avalilable. A section is included on the design methods employed
bat Ruttan prior to this study and a discussion on why the
previous theory was not app%icable. The final part of the
chapter Qill review a questionnaire thatiexamines the state of
rock mechaniés'design and, in particular, opening design in "~
Canada today. This questionnaire was included to show that the
problem of stope design is universal and not a "Ruttan”

problem.
3.2 Literature Review

- There exists no accepted comprehensive design methods of

predicting stope spans in jointéd materials
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(Kersten,1985). Beam thebries, numerical models and empirical
criteria have been employed In the past with some degree of
success. The major drawback 1is that most of our classical
design approaches have been baééd on assuming that homogeneous,'
isotropic elastic conditions exist. |

‘Stope design practice has ranged from solutions involving
~trial and_errrbr, rule of thumb, beam theories, to‘numerical'
modelling. Rule of thumb approaéhes such as the stope span_‘
should equal oﬁé-half ﬁhe stope height (Morrison, 1976), havé 
evoived from field trials. The elastic bean énd plate solutions
are based on concepts derived from solid mechanics (Evans,
1940). They assume that the rock above the excavation behaves
as a series of elastic beams or plates loaded by self-weight
agd the roof span is designed on the tensile strength of the
beam.vA further modification (Beer and Meek, 1982) to beam
theory is the "Voussoir” beam which recognizes that cross
joints may exist within the beam and éonsequently, may not -
allow any téuéile stresses to develop. In addition, the
Voussolr beam theory assﬁmes that the beam carries 1its weight
by arching, resulting in a confined situation. The basic
assumptions common to beam and Voussoir théory'are that:

- The ground.aﬁove the hanging wall 1is completely
destressed in the direction normal to the plate;

- The rock maés has parted along smooth bedding plane
breaks,-fbrming a series bf beaﬁs or plates.

Horizontal confining stresses may also be incorporated in
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the above analysis, It is belleved that the "Voussolr Beam "
theoryvhas definite possibilities 1in predicting stope spans at
Ruttan. The major limitation may be the assumption of evenly
distributed cross-joints, well defined bedding planes and the
use of elastic, homogeneous, isotropic theory. Possibly a
combination of mass predicted strengths and "Voussoir Theory™
may result in a more realistic solution, Figures 3;1,3;2. This
-will be further evalueted in Chapter 9, "Applicatioms™. |
Numerical modelling'(Mathews'et al, 1983) of mine' 
.openings would outline the state of stress present around the
excavation. Relating the induced stress to the rock mass
bstrength would outline possible fajlure areas. Figure 3.3
outlines typical failure modes that may result. A combination
of structural and stress controlled failure is also a poSsibIe
mode of instability.

This method of analysis requires accurate input into the
model, in terms of the numerous parameters affecting the
stability of the opening. The designer is offered am invaluable
tool in comparing the stability of one opening relative to
another configuration. In order to employ the results
quantifiably, computer verificetion through field observation
- and measurements muet be conducted. This, however, is not .
always a possioility espeeially In the preliminary design
'stages of a proposed operation. The use of analytical methods
1n_stopebdesign can best be summarized by Mathews et al (1981)

whereby in general, the number of variables to be considered



36

is too high to permit other than empirical approaches to stope
design. However, analytical methods are often used to identify
excessive stress conditioqs or excessive deformations.,”

Input barameters, such as the rock mass modull, are
"generally‘derived from performing a rock mass evaluation. Rock
mass classification s&stems‘haveievolvéd from the need to
relate'roék substance properties t0'thoée of the jointed rock_'
mass. Rock mass classifications providg a common language“and
consequently, improve cbmmunications among all personnel
concerned with the.safe_extraction of ore. It seems to overcome
the problem.caused by the complexity of the rock masses in -
terms of quéntifying thelr properties..

‘ Several rock mass classification systems have been
developed since Terzaghi (1946) proposed his'classificatiﬁn fof
the prediction of rock load on steel arch design. Several rock
mass classification systems have been developed and the

following are the most widely used:

Deere (1971), RQD
Wickham (1974), RSR
Barton (1976), Q
Bieniawski (1973), RMR

A summary of the comparison of the application of the rock mass
classification systems reviewed is shown in Table 3.1, with
limitations highlighted in Table 3.2. A review of the critical

parameters.used.for the major systems 1is outlined in Table 3.3.
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Rock mass classifications have been successfully employed
in the overall design of civil ehgineering structures since the
late 1940”°s. It is only recently that this success is being
transferred to mining related problems. Laubscher (1976) has
devised a modified rock mass rating patterned after the
Bieniéwski system, which has been successfully employed in the
design of bulk mining layouts. Nicholas (1981) employs a |
classification system in order to aid in the selection of an .
optimum mining method by.characterizing the footwall, ore énd
hanging‘wall. Kendorski et él (1981) has proposed a method of
classification for caving operations.

Recently, studies have been ﬁndertaken by Mathews et al
(1981) whereby a modified NGI system has been emplbyed to
predict empirically the dimensions of 1isolated open stopes at
depths below 1000 metres. Conclusions as stated by Mathews et
al (1981), are as follows: " Résults obtained from the limited
data avallable were considered sufficient to.develop the
conéepts presented, but insufficient to confirm them”. The
classification combines selected geotechnical factors into a
“stabiiity number"” and plots, Figure 3.4, these values against
a "shépe factor" which accounts for the size and shape.bf the
surface of the open stope to be investigated.'These values are
gmpirically calibrated against open stope data obtained from
mine visits and literature (55 points) and assessed in terms of
stable, potentiaily uﬁétable, and potentially caving regiomns.

The stability number used accounts for the rock mass qualitY‘
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(Q), the state. of stress and the orientation of exposed
surfases. It is envisioned to incorporate the concepts and
expand on the study since it strongly pafallels the studies

" proposed to be conducted at Ruttan. The major criticism of this
method is the limited number of case studies actually
incorporating ssope walls, since only seven (7) cases involved
stope walls,‘ths remainder were horizontal stope backs. The

following parameters were discussed: St

- relaxation effect on the HW or FW is not fully assessed
- blasting effects

- excavation rate

- quantitative assessment of instability

- stope configurations other than "isolated”.

- effects of fill

The methods of design particularly relevant to the Ruttan
orebody will be discussed in subsequent chapters on "Rock Mass

Assessment”, Chapter 5 and "Applicationf,’Chapter 9.
3.3.p¢sign Philosophy

;Stope spans at_Rﬁttan had been based on the assumption
,thap:the‘hanging wall acts as a simply supported beam that can
bénd;oqiy_to the psint'that the strength of the intact rock
_wii;;siioﬁ, figure 3.5. The tensile stresses created at the
scensfé“sf the beam, due to bending, must be less than the

existing in-situ tangeutial compressive stress, in order to
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ensure that the beam is in confinement (Smith,1976). Smith~”s
désign was based on experience and theory available at the

time of the study. Subsequent research has shown that the
resultant stress at mid-span is tensile under the prevailing
stress régime, The balancing of bending stresses to the induced
tangential stresses must take into account the three
_dimehsion31 state of étress and resultant‘geometry of the
opening.

The beam approach to analysis, as described above,
recommended two stope lengths, the longer stope length being in
areas having a higher in-situ fangential stress. Figure 2.13
outlines the typical stope and rib dimensions employed at
bRuttan. The abeve method of design was employed inm all rock
types 1lrrespective of the rock méss conditions.-The_above
analysis was not able to explain local instabilities that
occurred? which generally were due to the release of blocks
along existing.structures.

A different approach to stope design>was incorporatéd in
1983 by the author whereby numerical modelling techniques were
augmgn;ed by a largg émpirical data base. This forms the basis
‘forlfhe devélopment of a solution to the governing hypothesis
staﬁed in Chapter One. Figure 3.6 is a plot of stress
trajectories_for the mined out stopes on the 320m leVEi, 
. Tensile zohés are.evident adjacent ﬁo most hanging and footwall
v éontacts, The size df the zone 1s dependent upon the excavation

geometry'and'thé prevailing stresses. Visual observations at

the mine indicated that the hanging wall and footwali;contécté
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are more foliated in certain areas than others. The Tresult was

‘sloughing along preferential planes that were not restrained by

a confining stress, Figure 3.7.

The absence of a confining stress, coupled with a
foliatedbwall contact, enables one to arrive at a relationship
showing that a higher dilution results in mining a stope having
a poorer "Rock Mass Rating”.

The»Ruttén orebody is a multi-lensed echelon type deposit
which requireé one to deterhine,the influence of mianing
geometry. Sufficiently large pillars separating individﬁal
stopes would 1imit this effort. Mathews (1981) suggests that
pillar dimensions along striké should exceed the stope span by
ét 1éast 25%. Pillars separating adjacent stopes at Ruttan aré
only 6m. in length with stope spans varying from 40 to 50m,.
Employing tributary theory, i; had béen shown that the rib
pillars would exhibit factors of safety much less than one.
This indicates that the pillars are in a state of post-failure,
Figure 3.8. The remnant pillar exhibits sufficlent rock mass

_strengfh to remain standing. The pillar separating adjacent
Stopes may be conéidered as crushed, however, it will influence
the stability of adjacent stopes by increasing the effective
sﬁope dimensions. Pillars at Ruttan were observed to fail in
vthis manner rather than by an uncontrolled violent ;elease.ofv
energy.

Other factors'affecting stope span that must be

investigated are:



- Blasting
-~ Rate of Excavation
- Geometrical Configuration of Stopes
- Excavation Sequence
- Depth Below Surface
and, as previously discussed:
-~ Rock Quality; parameters as defined as in Table 3.3

- Adverse Structure
- Stress Regime; sequence of mining, £fill

Artificial support methods will nét be addressed in this
bthesis, since Ruttan does not employ any method of stope
support other than fill.

Groundwater is not considered to be a problem at this
stage at Ruttén, sincé the deposit has been delineated on 15
15m centers, thus.providing adequate depressurization, Figur
2.11. This will be further discussed in Chapter 5, "Rock ﬁas
Assessment"”.

The above will be incorporated to determine empirical

stope design guidelines based on a stability assessment for -

each individual volume‘of_excavation.

Dilution at the Rﬁttan operation is recorded for each
individualvstope at:various stages of excavétion. It is
envisioned 'to employ this value as an iundicator of the
stability of the opening. Dilution is an indirect indicator
the quantity of slough originating from the stope walls. The
défa bése is éomprised of forty—threev(43) stopes at various

stages of extraction, thereby yielding 432 stope geometries.
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3.4 Survey of Opemn Stope Operators

A questionnaire (Pakalnis, 1985) was distributed to
thirty-eight(38) underground base metal mine operations
>throughout Canada. It was designed to assess the present state
ef knowledge with’reepeet to stope design amongst mine
operators. The selection criteria for this study were as
follows:

- only Canadian underground base metal operations were
surveyed

- the extraction method had to include either open
stoping and/or room and pillar

- the daily production from underground had -to exceed
1000 tonnes per day

All underground eperations satisfying the above requirements
were contacted; The questionnaire was sent out in March of
1985. Twenty—two(zz) operations had responded representing a
>58% response rate.

The following areas were investigated by the

questionnaire:

a) Mine Profile:

~Production rate
-Maximum depth of mining
-0re dip, type

-Mining Method

b) Geomechanical data base that is available at each
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operation :
~Rock strength parameters
~Stress investigations
-Rock mass parameters
~Monitoring
~Instrumentation

c) Sfope and Pillar design, evaluated in terms of:

-methods employed
-success of design

-stope characterization
-resultant dilution

A copy of the questionnaire is enclosed in Appendix I.
Table 3.4 1dentifies the individual operators that responded to.
the questionnaire. Parameters that are particularly relevant to

the scope of this thesis are summarized within this section.

3.4.1 Mine Profile

- Twenty-two mining operations cdmpleted and returned the
enclosed questionnaire (Appendix I). The size distribution of
participating operations is shown in Figure 3.9. The smallest
tonnage producer responding was equivaleﬁt to 800 tpd.
Distribution of mining method in terms of percentage of total
tonnage attributed to that>method is shown in Figure 3.10. The
~classification of individual mining methods for the ﬁurposes of

‘this study are as follows{

a) Open Stoping Mining Methods:
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- blasthole, longhole (I.T.H.)
- sub-level stoping
- vertical crater retreat

b) Room & Pillar Mining Methods

¢) Backfill Mining Methods
-overhand cut & fill
-underhand cut & fill
-mechanized cut & fill

d) Other Mining Methods
—shrinkage

-pillar recovery
-development mining

Figure 3.10 indicates that under the selection criteria
stated previously, approximately 50%Z of the data base 1is
composed of “open stope operators” . This compares favourably
to a survey conducted by the Ontario Ministry of Labour (1985)
that indicated that 51% of all ore production by underground
métal mines in Canada is derived directly from Qpen stoping
qperations. |

Mining depth distribution is shown in Figure 3.11. The
shallowest'operation is at 240 m, and the deepest at 1250 m.
ﬁiﬁing depth is a critical factor in determining the iﬁ—situ
stress that may be encountered during mining. In additidn, at
each depth interval the distributidn of production, in termsvof
tonnage attributed to each methqd divided;by.the total tonnage
.for that particular ﬁethod, was‘determined ( ie. between -
300-600 m depth, 17% of the total openbstope production is

" mined).
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3.4.2 Rock Hech#nics,

Significant advances have occurred in the science of rock"
mechanics throughout the past twenty years. These have included
the development of comprehensive failure critera for intact and
fracthred rock,.sopﬁisticated computer codes for mOdelling.rock
structures, and in determination of rock properties. In
addition, advances in iqstrumentation have enabled the operator
to more precisely determine the prevailing in-situ stress. In
terms of monitoring, advanced early warning systems ﬁave been
developed, and are, in addition, being used in the calibration
of the design process.

The level of rock mechanics activity Iin this area has
been investigated through the questionnaire.

Figure 3.12 shows the different intact rock étrength
properties that have been investigated by the partici?ating

mines. The following parameters have been referred to :

-unit weight (UW)

-elastic modulus (E), Poisson”s ratio (V)
-unconfined compressive strength (UCS), tensile
strength (TS), internal friction angle, triaxial testing (TR),
sliding angle of friction (SS) RS ' ‘

4employment of a fallure criterion to estimatef:he rock
strength (FC) : : L
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figure 3.13 outlines the percent utilization of numerical
modeling for mine design. In addition, it shows that in-situ
stress measurement has been conducted in 857 of the mine
operations. These two techniques are often associated, in that
the virgin stress 1s a critical iﬁput parameter for numerical
modelliﬁg. Photo-elastic methods of modelling were not used.

The distribution_of stresses around underground dpeﬁings
coupled witﬁ the rock strength parameters, 1s an indicator of
instability. Rock mass classifications ﬁave evolved from the
_neéd to relate the rock substancg propérties to those of the
jointed rock mass. Figure 3.14 shows that structural mapping is
conducted by all operations, with Deere”s (1964) RQD
classification being the most widely used. The following were

the classification systems surveyed:

~Rock Quality Designation(RQD) - Deere(1964)
-Q system - Barton et al(1974)

-RMR system - Bieniawski (1973)

-=-Modified RMR system - Laubscher(1974)

The classification system coupled with the laboratory strength
results enables the operator to assess the properties of the-
rock mass.

3.4.2.1 Stope and Pillar Design

The problems of‘estimating "critical stope spans" and
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"pillar dimensions” are complex. This is because the rdck mass
behaviouf is dependent upon a large number of inter-related
variables such as the rock mass quality, stress distribution,
and the mine geometry among others. Several pillar (Potvin,
1985) and opéning design methods have been developed
(Pakalnis, 1985). This report classifies the methods in the

following categories:

-Empirical methods; such as those derived from a large
data base, ie. Hedley pillar formula (1972)

, ~Analytical solutions; such as beam theory in the design
of stope spauns o

-Practical experience; observational approaches

-Numerical modelling methods; such as boundary element,
finite element codes

Figure 3.15 indicates that all mines in the data base utilize
practical experience in their design followed by empirical and
numerical techniques of modelling. Figure 3.15, howe?er, shows
that only 34% of the mines rely solely on practical experience
as their main input to.design.'The most widely used combination
was that employing practical and empirical experience as well:
as computer modelling derived results.

The term "pracﬁical" refers to'frial—and—error approaches, .
whereas empirical.refers to pillaf and stope formulae as

derived throughout the literature.
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Dilution is a measure of external waste that has sloughed

into the dra%point. Stope dilution as estimated by the

participating mine operators, is a quantitative parameter that

enables the operator to évaluate'the quality of his design. The

following are the most common methods of estimating dilutiod as

indicated by the questionnaire:

-% Dilution = (weight of external slough x 100)/(weight
of ore reserves)

-Dilution = (undiluted in place grade (DDH))/ (sample
assay grade at drawpoint)

-Dilution = (undiluted in place grade reserves)/(mill
head grades obtained for same tonnage)

-Dilution (total waste tonnage)/{(total tons mined)

-Dilution (total waste mined)/(tons of ore reserves
estimated) '

~difference between tonnage mucked and that blasted

~difference between tonnage of backfill placed and that
theoretically required to fill "ore reserves"” vold

-dilution is visually observed and assessed

" " (1} "

: -"x" amount of feet in the footwall plus "y" amount of
feet in the hanging wall divided by the stope width '

, ~historical average over past 10 years = actual tons
drawn from stopes/calculated reserve tonnage ' »

The level of acceptable dilution is highly depeundent upon

grade since a higher grade stope can be economical, whereas a
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lower grade stope with the same dilution will no longer be
mineable.
It is proposed.that the following thresholds be employed

for comparative purposes:

-less than 10% dilution
-10 - 19% dilution

-20 - 35% dilution
~greater than 357 dilution

The non-entry methods of’mining, such as open stoping,
can accept a certaiﬁ degree of wall slough without injdry to
the workers. Figure 3.16 shows the amount of dilution as
determined by the open stope operators. The percent occurrence
was measured as the number of operations exhibiting an average .
dilution divided By the total number of operations in the data -
base. The open sﬁope dilution statistics reveal that 477 of all
open stope operations havé more than 20% dilution. It was
generally stated by the operators that dilutions under 5% are
acceptable and ﬁefe classified as low. This is considered
normal due to recording accuracy, blasting effects, and

variabiiity in the ore geometry and in the rock mass strengths.
3.4.4 Stope Characterization

The individual mine operations were further categorized

,f7byv"Rock-Mass Rating";'this_is shown by Figure 3.17 and Table



50

3.5. The rock mass assessment was conducted as shown 1in the
questionnalre. This categorization of thé rock maés in terms of
strength, RQD, spacing and joint condition were as defined by
Nicholas (1981). This system was employed due to its simplicity
and similarity to the RMR system which is described in
subsequent chapters. Appeudix I shows ;he relationship emp1§yed
between the two systems. Nicholas had préposéd a classifiéation
system for the selection of an optimal mining method given the

following constraints:

- geometric considerations
- rock mechanics considerations

It was intended to delineate those mining methods that will be
most effective given the above constraints. Nicholas suggested'
the following conditions be present if an bpen stope method 1is

to be considered:

v - rock substance strength in the hanging wall and the ore
zone to be at least of moderate strength, wide spacing, and
moderate joint condition. .

vahe‘groundwater rating was assessed as dry‘for all
operafidns considergd. This was due to: a) the difficulty in
estimating water pressures,during.logéing of core, b) most mine
wérkings'are depreséurized due to the presence of exéloratory

~drill holes, development headings etc. Unless indicated
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otherwise by the mine operator, the groundwater rating was
assessed as "RMR=10". This was also found to be the case in the
Ontario Ministry of Labour survey (1985) where groundwater,
Figure 3.18, wes found to'be of little or no concern to open
‘stope operators except in the vicinity of the crownm pillar,

The rock quality of the hanging wall was assessed for
open stope operators. This 1s due to the reasoning that most of
the dilution'is.probably from the adjacentAOVerhang. Cases
where lower footwall RMR ratings prevailed required one to
assess the stepe cheracterization individually. This situation
did eot occur. The ore RMR was evaluated for charactefization
of pillars for open stope operations, Table 3.6. Appendix I
outlines the terminology employed in identifying stope and

pillar dimensions.
3.4.4.1. Stope Assessment

The exposed surface area was further analysed in tefms of
hydraulic radius. Mathews et al (1981) have attempted to relate
the rock quality for open stopes in terms of the area of.wall
exposed. The term "hydraulic radius” is employed which is
defined by the exposed éurfaee area/surface perimeter. fhis
value tends to incorporate the stope configuration as well as.
the size;ie. opeeings whose long span to.short span exceed
approximately four to ome have minor variations in hydraulic
radius with increased span ane therefore represent one way

spanning geometries (tunnel)
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Open stope dimensions for the data base are shown in
Figure 3.19. A further analysis was conducted for the larger
open stope data base (24 stopes) that compared the following

parameters iIn order to determine 1if a correlation existed:

a) f1l1l/no £111 wvs. depth

Figure 3 2 indicates that 697 of open stope operators employ
fi1l. There was found to be no correlation between mining depth
and fill option (fi1i1l/no £i11). :

b) dilution vs. RMR
The average dilution was 19% 215%
The average RMR value was 53% 1 167%
Correlation was: r= =-.74 (highly significant at the 997 level)
¢) dilution vs. stope depth

The average stope depth was 388m X 237m
Correlation was: r=+.23 (not significant at 90% level)

d) dilution vs. hydraulic radius(HR)

The average hydraulic radius was 10.5m *4.2m .
Correlation was: r=-.26 (not significant at 907% level)

e) dilution vs. exposed surface area

The average exposed'surface area was 2751 m> % 2213n°

Correlation was: r=-.,29 (not significant at 90% level)
f) dilution vs. RMR,HR

Multiple correlation is: r= .8 (highly significant at the 997
level, sllght improvement over b) :

g) dilution vs.vstope depth,RMR

Multiple correlation is: r= .75 (highly significant at the 99%
level, no 1mprovement over b) :
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The above linear correlation coefficients indicate that the
only parameter directly correlative to dilution is the rock
quality..A combination of individual parameters would be a
better estimate of dilution as shown by e) RMR, hydraulic

radius but not in f) stope depth, RMR.

3.4.4.2._P111ar Assessment

A further analysis was also conducted on the rib pillars as
shown in Figure 3.21 for the open stoping operations (data base

= 24 stopes). The following were compared:

"a) RMR vs. Lp/Wp
The mean RMR=67 :20
The mean Lp/Wp=3.923.4
‘Correlation:r= 0.08 (no correlation) -

b) RMR vs. Lp/Lo

The mean Lp/Lo=.8 % .5
Correlation:r=+.36 (not significant at 95% level)

¢) Stope depth vs. Lp/Wp
Correlation:r=-.26 (not significant at 95% level)
d) Stope depth vs. Lp/Lo

Correlation:r=-~.33 (not significant at 957 level)

‘The variables investigated were found not to be correlative at
" the 957% significance'level. This 1is possibly due to the mahy

variables involved in the estimation of plllar geometry. In
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addition, it was not possible to determine the state of pillar
distress whereas dilution is a quantitative measure of opening

instability.

3.4.5. Observations

Historically Canadian underground mines have been
.‘designed based on experience, and optimized through a
trial-and-error process. This approach in the long term can
lead to an optimum mine layout, however, the real cost of such

procedures can often be measured in terms of:

-injuries to the worker

-dilution

~additional artificial support requirements

-production delays and/or isolation of ore due to
instability '

The degree of ;ock'mechanics data available at the
individual mine operations surveye& suggested thatlgrqund
control is an integral paft of the mine design process. There
is no single accepted method of design in jointed materials,;as
'_1s shownbby the variability in design methodolqu and the
'ekceptidnally high levels of recorded dilution.

The rock qudiity was found to be strongly cérrelaﬁed to
dilugion in terms of opening design and conséquently, shouid
play an important role in the design process;» Values for Lp/Lo

and Lp/Wp for open stope operations averaged .8 .5 and 3.9*
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3;4 respectively. This was determined over an average depth of
388m * 237m. Correlations among the pillar variables were poor.
This is partly due to the'difficulty in estimating the state of
pillar distress, whereas dilution is a quantiﬁative parameter .
and more easlily determined.

Figure 3 18 summarizes the ground control problems
identified by the Ontarilo survey of Canadian operators. The
Ontario Ministry of Labour sponsored a study whereby
1nf§rma;ion.was obtained from approximately 65 base metal
underground Canadian mines. This represents most of the
'opérating Canadian mines at the time of the survey (March
1985); The questionnaire was completed by céntacting the
individual mines or group of mines by telephone. The following

is a breakdown of the individual mine operators:

-open stoping 31 mines
-cut & fil1l 23 mines
-caving 4 mines
-room & pillar 7 mines
‘Total 65 mines

3.5 Conclusions

This survey along with the‘Ontario(1985) study indicated
: tﬂa£ dilution 1is of parﬁicular concern to open stoping
foéérators. Neither backs nor pillars will be addressed in this
Qghé§is since?

S “the observed dilution at Ruttan is solely a measure’ of
‘gthe hanging wall and footwall slough

deterioration of stope backs and pillars has caused
only minor problems at Ruttan
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It is realized that back and pillar stability is an important

design requirement. The author must limit the scope of this
study to the factors affecting "wall slough” at Ruttan.
Mechanisms other than relaxation may prevail and consequently,
.may require a procedure of design different that that suggested
in this study.

‘The design methods thét are available for assessing the

stability of mine openings can be categorized as follows:

a) Analytical
b) Observational
¢) Empirical

Analytical methods are based on the analyses of stresses and
deformations around openings. Observational methods rely on the
monitoring of ground movement during mining to detect
measureable instability.‘Empifical methods assess the stability
:of mingé by the'dse of statistical analyses of undefground
obsérvatipns{ Analytical methods are primarily employed for
comparativebdésign and parametric studies. The observational
abproachAwould require a large daté base and would have to be
1mplgmentedvin the iniﬁial stages of mine development in order
to achieve some reliable measurement of»opening stability. The
Ruttan §rébpdy 1s in an advanced stage of extraction and
cbnseqﬁéntly,»observational methods are of limited use 1in
predictihg'hanging wall or foot wall dimensions in various rock

types aﬁd-stope configurations. Bieniawski(1985) states that in
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order to meet the immediate needs of the mine practioner,
studies should be directed to the development of empirical
failure criteria. Jaeger and Cook (1979) suggest that a failure
criteria‘haé yet to be developed that describes the actual
vmechanism of fracture and that empirical equations fit the
experimental results much better. Bieniawskil suggests that such
criteria can be selected by fitting a suitable equation to
experimental data which do not necessarily require a
tﬁeoretical basis. The empirical relation will serve to meet
the requirements of adeqqate prediction, simplicity‘of use and
speed of application. It is therefore proposed to employ an
empirically based approach that evaluates the parameters that
may have aniinfluence on hanging and foot wall stability design

and ultimately develop a relation whereby:

Z = A + Bx + Cy + Du + ....
or
- | 2 2 .
Z = A+ Bx + Cy + Dx- + Ey“< + Fxy + ....

where:

Z: refers to the control variable which 1is quantifiable
and will be for this study "Dilution"”

A,B,C,...: are constants determined by regression
analysis perfomed on a linear hyper-surface or quadratic
surface

S x:-réefers to the dimensions of the hanging wall
or footwall

v ysu,v ....: refers to the variables that are
critical to the evaluation.
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The best fit will be evaluated‘in terms of a statistical
regfession anaiysis performed oﬁ linear and quadratic
equations. The correlations and probability theory will
determine the acceptance or rejection of the hypothesis. A
rejection of the hypothesis would not enable an empirical
equation to be estimated whereas an accebtance would suggest

that an emplirical formulation may be possible.
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Applications
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-Table 3.4: Participating Mining Operations

No. | PROD. RATE(TPD) | MINING DEPTH(m) | ORE TYPE ORE_DIP(deq) MINING METHOD
1 £500 1220 Hi Sulph. £3-70 36% 05,451 C4F, 197 VCA
2. . {1000 960 Au~-Ag . 90 100% QS
3 4200 520 Pb-In-Cu 80 1007 05
4 10500 910 Pb-In-Cu-Ag £5-75 1001 CAF
5 800 460 Au 75-80 901 05,107 SHR
6 2000 610 Cu-Au 55-85 541 05,241 SHR
7 1400 850 NS 40 100% 05 | Legend
8 2600 270 Pb-In Sulp 20 1001 03
9 10000 &0 Fe-Pb-In-Ag 30-35 1007 05 C&F: Cut and Fill
10 11800 950 Cu=Pb-In 75-85 971 05,34 SC 0S:  Open Stope
11 1425 . 20 Brecria - 15-30 60% CAF,40% 0S VCR: Vertical Crater Retreat
12 <1000 400 Chert, Sul f £5-90 80 VCR,20% PR | SHR: Shrinkage '
13 1400 260 HS 55 1007 CLF ' SC:  Sub-Level Cave
14 1400 1070 HS 65 S01_5C,304 05 R&P: Room and Pillar
15 {1000 30 HS 80-85 1001 VLR _ PR:  Pillar Recovery )
16 <1000 1100 HS 42 901 CAF, 101 05 % Percent of Total Production
17 <1000 1000 HS 70 807 VIR, 201 C4F ’
18 126800 910 0TZ-Conq 19 100%_R4P
19 4000 - 1250 QY7-Cong 9-15 100% R4P
20 5000 850 0T1-Cong 20 1007 RLP
21 3000 530 0T1-Cong_ 20 1007 RAP
22 3350 300 Niobiun 90 _ 1001 0S

19



Table 3.5:

No,

NINING DEPTH(n) | RMR(X) | WIDTH(m)| SPAN/HEIGHT(w) |  HYD.RAD.(n) DIL, (1)

1 £70 &6 4.5-18 1246 5 50 2

2 137-960 63 9 61/91 18 15

3 520 68 3 30/122 12 30 2

5a 250 80 8 13/45 5 5

5h 250 63 5 25145 8 15

62 160 36 2 15/61 3 32

6b 251 45 2 18/79 i 25

- B 343 45 2 18/73 7 30
&d 610 42 2 18/62 1 50
1 823 68 46 46/61 13 10
b 823 68 30 23/61 8 17
8 120 60 10 101/25 10 0

b 149 60 15 _101/60 19 0

92 107 70 61 61/41 12 12

9b 366 70 21 168/55 8 12

10a 47 57 18 46/91 15 10

| __10b 914 57 15 30/61 10 -9
1 230 57 15 40/20 ] 5

12 271 51 10 16/28 5 2%

14 39 59 24 30/122 12 NA
152 200 48 10 80/45 14 30
15b 300 60 10 80/45 14 NA
172 £40 . 25 10 37743 10 50
17b(sh) 366 25 10 107/37 14 .30
17¢(sh) 1914 25 10 91/37 13 30

22 243 52 24 46/91 4

—
Colen

Open Stope Mining Operators (Stope)

Legend

Sh: Open Stope Shrink
. RMR: Ruk!hﬂ;&mmgofﬂmgmgﬂﬂl
HYD RAD: f(Span,Height)

9



Table 3.6: Open Stope Mining Operators (Pillar)

Mo. | MINING DEPTH(m) | RMR(D) | Lptw) () | Lp/Mp La(n) Lp/lo

i 670 6] NA NA NA 12 NA

2 137-960 63 5 4 1.3 61 .

3 | 520 67 21 34 .8 30 .9

Sa 250 80 25 8 3.2 13 1.9

Sb 250 80 25 5 5.0 25 1

6a 160 29 4 2 2.0 15 3

&b 251 34 3 2 3.0 18 3

be 343 37 5 2 2.5 18 31 Legend

&d 610 . 37 5 2 2.5 18 .3

73 523 68 15 T3 .3 46 .3| RMR Rock Mass Rating of Pillar
b 823 68 15 30 .5 23 J Lp Length of Pillar '
8a 120 58 100 10 10, 101 1, Wp Width of Pillar

8b 149 69 100 15 6.7 100 L, Lo Length of Opening

93 107 69 122 61 2. 61 2. NA - Not Applicable - Isolated Stope
9 366 69 168 18 9.3 168 L,

10a 421 100 I3 24 1.8 45 1,

10b 914 100 NA NA NA 30 NA
11 230 90 40 10 4, 40 1.

12 M g0 4 3 1.3 16 .3

14 3% 89 5 34 .2 30 .

152 200 61 80 10 8, 80 _ 1,

15b 300 61 80 1 10 8. 80 1.

17a 640 87 21 1 1.9 37 .6

175(sh)] _ 3k6 87 107 T 9.8 107 L

1Tctsh)| 4914 87 91 M 8.3 9 1,

2 243 . 52 46 U 1.9 46 1.

€9
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To compensate for original assumptions,
a factor of safety of six is generally

employed. (Wright,1980)

Figure 3.1: Beam Theory

TR R Figure 3.2: Voussoir Arch

The beam is assumed to be supported by
resultant arching action. Note shear
stresses (interslice forces) must be
overcome for a single block to fall out.

. Tensile stress: in the back
is an indicator that the re-
gion is in a state of relaxa-
‘tion and consequently,struc-
tural blocks may be released.
If the back is a homogeneous
beamythe tensile strength of
the beam must be exceeded for

failure to occur.

. High compression in the roof,
coupled with low compressive
forces normal to the roof may
result in buckling failure.
This is particularly true if
structures paralleling the
roof are present. '

]
t

| Figure 3.3: Numerical Solution " of the rock is exceeded

Failure when the shear strength'
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1000.0

100.0

/0.0

Stobility Number (Al

s w0 s zo 2s
Shope Foctor (S) = Areo/Rerimeter (i7)

Figure'3.k:'ﬂathews Method of Stope Design
(Mathews et al, 1981)

Figure 3.5: Hanging Wall and Footwall Beam Deflection
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MINE PRODUCTION SIZE (TPD)

DATA BASE m 22 MINES

>8000TPD (18.0%) .

-UNDER 1000TPD (27.0%)

" 5000-8000TPD (3.0%)

3000-5000TPD (18.0%)

1000-3000TPD (32.0%)

Figure 3.9: Distribution of Mine Production Sizeli

MINING METHOD — DATA BASE (22 MINES)

OTHER ( 3.0%)

OPEN STOPE (50.0%)

CUT & FILL (19 .0%)

ROOM & PILLAR (32.0%)

Figure 3.10: Distribution of Mining Method
MINING DEPTH (METERS)

DATA BASE = 22 MINES

>1200m (9. ox)
'97 OS 18‘7C&F 147 R &
187, ot

<300m (14.0%)

0% Oth

900m=—-1200m (23.0%)

*357,os 69% C & F,
457 R & P, 53% Oth

300m-600m (36.0%)

17 0S, 0% C & F,
1127 R & P 117 Oth

600m-900m (18.0%)

312 05, 0. C & F, 18% R & P

8% 0S, 132 C% F, 122 R & P,

Figure 3.11: Distribution
of Mining Depth
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- STRESS INVESTIGATIONS

DATA BASE = 22MINES

100

-
IN—SvITU : PHOTO COM.MOD.

- Figure 3.13: Stress Investigation
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Figure 3.14:vkock Mass Investigation
~ DESIGN METHODOLOGY

DATA BASE = 22MINES

PRAC. & COMP, (11.0%)

PRAC. & EMPIR, (11 o%

PRAC. & EMPIR. & COMP. (44.0%)

PRACTICAL ONLY (34.0%})

Figure 3.15: Methods of Design
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DILUTION — OPEN STOPING METHODS

DATA BASE = 15MINES

>35% DILUTION (21.0%)

<10% DILUTION (32.0%)

20--33% DILUTION (28.0%)

10—19% DILUTION (21.0%)

Figure 3.16: Stope Dilution

ROCK MASS RATING — OPEN STOPES

DATA BASE == 23STOPES (13 MINES)

B« , 7
v O

Y £ -
100-11 80-01 60—41 40-21 <20

Pigu;e 3.17: Rock Hasszating

OPEN STOPING 31 MINES
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~ Flgure 3.18: Ground Control

Problems in Open.Stoping Operations
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TOPE :DIMENSIONS — WIDTHS

DATA"VBASE. = 23 STOPES (15_MINES)

OPEN STOPE DIMENSIONS — SPANS OPEN s

DATA BASE =~ 25 STOPES (15 MINES)

- 0 - 5 m (20.0%
>20 m (24.0%) ( )

. >80 m (32.0%)

0 — 30m (40.0%)

3~ 10 m (16.0%)
18 - 20 m (12.0%)

- 30 - qo m (28.0%) 10 — 1S m (28.0%)
OPEN STOPE DIMENSIONS — HEIGHTS ' HYDRAULIC RADIUS — OPEN STOPES
‘ 'DATA BASE = 25 STOPES (1S MINES)

DATA BASE -~ 23 STOPES (13 MINES)

0 -~ 30m (4.0%)

18 ~ 20m (12.0%) 0 — sm (8.0%)

>60 m (48.0x)

30 - 60 m (48..09:). 5 — 10m (40.0%)

10 = 15m (40.0X)

Figure 3.19: Open Stope Dimensidns
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OPEN STOPE PILLAR DIMENSIONS (Lp/Wp)
DATA BASE = 24 STOPES, 1S WINES

R f////

R

N\

FILL UTILIZATION — OPEN STOPES

DATA BASE = 15 MINES

\

12 4

lo-l

NO FILL (31.0%)

Avg. Depth
= 660 m 418 m

NN
N

PILLAR LENGTH /PILLAR WIOTH (Lp/Wp)

Avg. Depth
£ 691 m £361 m

Figure 19z B2 b
OPEN STOPE PILLAR DIMENSIONS (Lp/Lo) FILL (69.0%)

" DATA BASE = 24 STOPES, 15 MINES

50 » /

8 w0 | ;222: | ~ Figure 3.20: Fill Utilization
§ wd - /4; |

° 30 //

£ 20

N
\Q\

///
4 .
>1.0
PILLAR LENOTH /STOPE LENOTH (Lp/Lo)

- Figure 3.21: Pillar Dimensions

r = .04 (Depth/Fill Option
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CHAPTER FOUR

STRESS

4,1 Introduction

This thesis,atfempts to delineate allbparameters that
contribﬁté towards wall slough. Brady and Brown (1985)étaté
that upon “identifying the feasible block collapse modes
gssoéiated with joint attitudes and excavation surface
geometry, iﬁ is necessary to determine the potential for block
displacement under the ambient conditions which exist in the
post-exéavation state of the opening periphery”. The
contriButing stress factors that would affect the stability of
an individual block are gravitational, hydrostatic and.
confining stresses. This chapter will show that the hanging
wall and footwall of stopes at Ruttan are in a state of
relaxation. This dictates that all stresses (other thén
gravitational) acting on a particular wall segment are less -
than or equal td.zero. Consequently thatvparticular segment 1s
nbt confined and coupled with a jointed'méterial would result.
in the block to slip out under its” "owﬂ weight”, This chapter
Qill study the validity of the‘assumption that the‘hanging wall
and footwall‘of thevindividual stopes are 1in a state.of

relaxation.
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4.2 In-Situ Stresses at Ruttanm

Prior to understanding the effect of stresses on openings
at Ruttan, it is important to determine the magnitude»and
orientation of the in-situ rock stfesses influencing the Rut;an
opération. These stresses are related to'thekweight of the
. overlying sﬁrata and the geological history of the rock mass.

| "Doorstopper-photoelastic” techniqqes have been emploYed
>in tﬁe past at Ruttan (Smith,1977). These résults, while
similar in.orienta;ion to tﬁe most recent measurements doﬁe at
Ruttan,.were concluded to be anomolous since they were recorded
in too close proximity to the tunnel face (0.2 x drift
diameter). This section describes a methodical approach to the
estimation of the orien;ation and the magnitude of the in-situ
stresses that exist at Ruttan. Initial estimates were made

based upon:

- structural interpretation

, —'virgin’stress measurements .conducted In other areas
(world wide, regional)

iThe verification of the prevailing stress regime was made
‘by cdnductiﬁg CSIRO hollow inclusion overcqring measurements
(Wordtniéki‘andIWalton, 1976) The current cost_for virgin stress
dgtermination is about $7000 per‘measuremeﬁt and the difficulty _

encountered in attaining a good feading is high. Three overcore



75

tests were performed at the 660m level in order to evaluate the
in-situ stress magnitudes and orientations. The prevalling

stress ‘regime can be summarized as follows:

-Vertical stress = &v (MPa) = 0.027 x depth (m)

-Major principal stress = &1 2.54&v (340°/ -20°)
-Intermediate principal stress =&£2 = 1,24v (070°/0°)
-Minor principal stress =43 0.8&v (160°/-70%)

o i

Thé_above are expressed as azimuth from true'nbrth/plunge with
~individual tests performed 660m below surface.
A detalled analysis of the findings reported in this section

can be found in Pakalnis and Miller (1983)
4.2.1 Structural Interpretation

The Ruttan deposit, as stated previously (Chapter 2), is
located in a greenstone belt which 15 postulated to be an
island.arc. The 1sl§nd_arc, i1s a product of crustal_moveﬁents,
whereby a plate of lithosphere is'slowly plunging downward -into
the mantle. This tetonic activity 1s thought to have fesulted

in the inclination of the Ruttan orebody as shown in Figure 2.6

It is postulated that tﬁe Churchill province éubducted
underneath the Superior province and consequently induced the
in-situ for¢és indicated in Figure 2.3.

There is great evidence to suggest that'étresées in fdck
arevfeiated to géqlogic structure (Parker,l973){’Figuré.4.l

shows the fracture pattern that may result in the crushing of a
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rock cylinder. The orientation of the fracﬁure pattern is
uniqué to the applied stress condition. It must be emphasized
that only the most "recently formed"” structures must be
analyzed in 6rder to aid in estimating the orientation of the
e*isting stress fileld.

Local geological mapping outlined qﬁartz veining and
_dykes having a trend of approximately N20°W. This corresponds
to a major regional,feéture, the "Mackenzie Dyke Swarm” (F;gure
2.3), which is found throughout Northern Manitoba. These
strucﬁures‘are tensile features which paraliel the majof
principal.stress direction, Figure 2;3. In addition, loéal
folding of quartz véins and the evidence of boudinage all
predictv? major stress direction, trending approximately §20°W.
Foliation paralleling the deposit is the most dominant
structure at the mine. It 1s thought to have formed during the
. formation of the deposit, wheréby due to vertical burialA‘
forces, a preferred orientétion of platelets parallel to the
deposit were estéblished, Figure 4.2.

The aﬁove geological environment influencing the Ruttan.
orebody suggests that the existing stress orientation may be

‘trending N20°W to S20°E.
4.2.2 Previous Measurements

A study of virgin stress meésurements_conducted in other

areas throughout the world will greatly aid im the . -
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determina;ion of the in-situ stress at the proposed location.
Figure 4.3 1s a plot of vertical stress with depth as compiled
by Hogk and Brown (1980). Figure 4.4 1s a plot of horizontal to
vertical stress as aAfunction of depth, Herget (1980), and is
based on numerous measurements conducted within the Canadian
Shield. Virgin stress measurements at Ruttén were confined to
the 661m levei below surface. This would imply the followipg

~existing stress magnitudes:

"Vertical Stress = 18 Mpa
Horizontal Stress = 27 Mpa
(refer Figures 4.3,4.4)

In-situ stress measurements in the vicinity of the_Ruttaﬁ
orebody have been performed at the Thompson Mine (Moss and
Niemi,1985), Thompson and the MclLellan Mine (Rotzien and
Millef,1985), Lynn Lake (Figure 2.3). The results indicate that.
‘the magnitudes of stress can be approximated by Figures
“4.3,4.4. The orientations for these two oéerations can be

summarized as follows:

- major principal stress trends N70°W, plunges 10° °
- intermediate principal stress trends N30°E, plunges 10
- minor principal stress 1is near vertical

4.2.3 Virgin Stress Measurements

To determine the stress at a point in the rock mass, it
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1s necessary to change the stress from its unknown value
(in-situ) to zero, and comnsequently measure the associated
change in strain. This change 1s introduced by an overcoring
operation which completely relieves the stresses acﬁing on a
'piece_of core. Since the state of stress at any point in a-body
can be completely defined by its three normal stresses and.
three associated shear'componehts, it is necessary to carry out
six independent measurements in the rock. The elastic constants
ofvthe rock must aiso be determined, since strain is related to.
stress by a deformation modulus.

The CSIRO hollow inclusion cell was employed. The'CSIRO
cell contains nine gauges; two axially, three circumferéncially-
and four angular gauges oriented relative to the borehole axis.
It is installed in-situ and subsequently overcored with
corresponding strains recorded. Theory and installation
procedure for the CSIRO cell can be found in a paper by
Worotnicki and Walton (1976).

Threé measurements were carried out iﬁ a Single borehole
at 660m belbw surface, Figure 4.5. The first test was conducted
at a borehole depth of 6.7m, with subsequent tests at 7.lm and
7.4m. This was required in order to ensure that the tests were
performed away f:om any stress influences, (two tunnel.
diameters). The test hole was'inclined'ac +23 from horizontal
and d:illed.perpeqdiéular to the trend of the orebody. A
_ébnﬁinuous recording unit was employed, capable of #éanning

each strain gauge every 20 seconds. Standard HX bits were
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employed which produced an 86.7 mm diameter overcore.
4,2.3.1 Discussion of Results

Figure‘4;6 summarizes the resultant magnitudes and
directions of the principal stresses as derived for each‘CSIRO
test, Note that for ceftain gauges two strain values were.
extrépoléted since a singlé value could not be delineatedm A
modulus of deformation of 70 GPa and Polsson”s ratio of.0.18'
'were‘employed..Figure 4,7 shows a plot 6f overcored distanée
versus released strain for CSIRO Test #2. Partial debonding
occurred in CSIRO #1 and #3. This resulted in a considerable
.'variation In the measured stress magnitudes. One.method for
checking the validity of the results is to see how the derived
vertical stress deviates from the overburden stress caused by
the welght of the overlying rock. CSIRO vaiues are also
compared to other measurements obtalined from the literature.

The stress magnitudes, as predicted from the literature,

would be as follows:

SLv = 18 MPa
ALh = 27 MPa
Xh/dv = 1.5

Stress.measurements conducted at Ruttan indicated a £h/&v ratio
ranging from 1.3 to 1.9, which is in agreement with values

obtained in other localities, Figure 4.4, Figure 4.6 also shows
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that the normalized principal stresses &1/4&v, &2/4v, £3/4v for

all three CSIRO measurements were in general agreement:

A1/Av ratio varies 2.1

- 3.1
L2/v ratio varies .9 - 1.2
.8

"A3/4v ratio varies .7 -

The above shows that eveun though the stresé-valueS"for
CSIRO #1 and CSIRO #3 were excessively extreme and variable,
the normalized values were in general agreement. These extremes
are most likely due to stress concentrétidns that result from
alr bubbies in the vicinity of the gauge.

Figure 4.8 1is a plot of stress directions recorded
throughout the‘Canadian Shield. In addition, the measured
principal stress orientations at Ruttam are also indicated.
"The measured stress directions and magnitudes are in good

‘agréement with:

- the orebody geometry

- geological environment '
: - other measurements conducted 'throughout the Canadian
.Shield " : T

4.2.4 Observations

It 1s generally coancluded that stress magnitudes and

directions are as shown in Figure 4.8. The CSIRO technique



81

allows one to record the entire strain relief history as
overcoring commences. This proved to be invaluable information
in utilizing the results from Test #1 and Test #3. The results
will bé employed in modelling of the induced stress behaviour
surrounding openings at Ruttan. Four successful CSIRO stress
measurements have Béen recently conducted on the 620 and 800m
level indicating similap results to those described in Figure.
_4.4. The recent measurements are pért of a broader program of
research sponsored by CANMET and Sherritt Gordon Mines on the

development of stope and pillar design guidelines;
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4.3 Stress Configuration

The stfess magnitudes and orientations, shown in Figure
4.8, wili be employed in order to determine the state pf
induced stress thét exists at the wall contacts. Parametric
studies were perfofmed on the éeometric shapes shownAin Figure
2.17. Thg variance of axial to diametrical (span/width)
dimensions were evaluatea in terms of the effecﬁ on the state
of induced stress. The hypothesis 1is bésed upon a “relaxéd"
state of stress existing in tﬁe wall contacts (HW/FW).
Consequently, the analysis 1s more concerned with the
' qualitative comparisons than with absolute quantitative
results. The stregs induced regime is evaluated based on the
assumption of two dimensional plane straim. It is them verified
in the qualitative sense by a three dimensional boundary

element numerical code.
4.3.1 Numerical Code

A two dimensibnal boundary element program was émplbyed.
The solution is used to identify and compare the state of |
stress resultingbfrom different stope configurations. "Bitem”,
a computer program, obtained from the CSIRO (Commonwealth
Scientific and'Indusﬁtial'Research Organization),'is capabie of
two‘dimensional boundary element modelling Qf up to five

plecewise homogeneous regions._Thié program was modified to run
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on the U.B.C Amhdahl computer system. Further modifications
were in enlarging its modelling capabilities and in developing

a post-processing program that would graphically display :

-~ Principal Stress Contours

- Maximum Shear Stress Contours
~ Stress Trajectories

- Displacenents

In addition, the following'failure criteria were incorporated

into the program:

- Mohr Coulomb
- No Tension
- Hoek Rock Mass Failure Criterion.

Thé fajilure criteria were incorporated to identify
possible failure zénes. This, however, does not form an
integral-part to the solution of ‘the statedAhyp§thesis..The.
reader is referred to a report produced by the author "Bitem
Operating Manual” and "Plot-Bite” for fufther details. In
addition ,"BbBELM", a’ﬁhrée dimensional boundary element
program was obtained through CSIRO . The program models thév
boundar; by biecewise flat triangles err which the boundary

data varies linearly; Modifications to'the program are as

follows:

- Modification of code to enable it to run on the U.B.C.
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Amhdahl system

- Increase in problem size ie. number of elements and
nodes allowed

This program can model multiple openings, however ‘in practice,.
the aééociated costs limit its application. Unlike Bitem, it
can only model a sihgle_piecéwise homogeneous region. Téble 4.1
summarizes the brogram specifications for "Bitem"‘andvthe

"3DBelem"” programs respectively.
4.3.2 Parametric Study

The in-situ stresses at Ruttan as shown in Figure 4.8
were employed in modelling typical sﬁope gebmetries. Figure 4.9
shows that for opening geometries where thebin-situ stresses -
are greatest, perpendicular to the longest dimension result in
the immediate sidewall stresses to be tensile. The "k” wvalue,
‘as défiﬁed in Figure 4.9, would be greatest in the vertical
"plane of the orebody and'least in the horizohtalxplane,vFigure
4.10. This would yield lower teunslile stresses in the horiz§ntal

plane of the'orebody. For purposes of conservatism, the .

" numerical analysis was conducted on the horizontal plane only.

The magnitude and extent of the tensile zone would only be
ﬁagnified in.;he vertical plane of the orebody. Parametric
studies were conducted whereby the gtopevspén/wid;h ratios, as
definéd in‘Flgufg 4.10,»were altered under a constént stress

regime. It wés shown that for the isolated stépe case, for
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stoées having a span/width ratio exceeding 0.66:1, the hanging
wall and footwall commenée going into tension, Figure 4.11. The
stress configuration showing minor principal strésses (dashed)
and major principal stress coantours (sol;d) for the isolated
cases analyzed is shown in Figure 4.12. The extent of the
tensile induced zoné is shown by Figure 4.13 as a function of
the stope geometry. Typical stope geometries at Ruttan approach
.the 2:1 and 4:1 span/width ratios. Thisbwould ensure that the
ore contacts (span) will always be in a state of relaxatlon.

A typical stope span to width of 4:1 would indicate that
the extent of the tensile zone would correspond to a wall
slough extending 0.55 stbpe widths beyond the reserve wall
~contact. The maximum stope dilution recofded at Ruttamn is
approximately 207% which if, assuming it is generated entirely
from'the hanging wall, would ensure thatvthe dilution would be
entirely confined within the zohe of rel;xation, Figure 4.14.

The zone of relaxatioﬁ is more suitable a descriptor of
the tensile region since in order for tensile_stresses to
exist, the rock mass must be able to have a tensile strength.'
Brady and Brown (1985) suggest that the tgnsile.stfength of the
~rock mass 1is minimal if nomn-existent. This may be true..The‘
author, however, belleves that a fock mass does have some
ﬁensile strengﬁh depending upon its fock quality. The feader'is
.referréd to a treatise.on the subject by Hoek (1983).'The term
 :29ne of relaxation is taken‘to_mean a zone that is unconfined,’

' consequently, enabling a structural block to be released under
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its owan weight.

The above analysis 1Is based upon a."k" value.of 2.1. This
1S'the in-situ stress as determined at the 660m Level. The data
base for this study 1s derived from.stopes ranging in depth
from.surface_to:430m below surface. It is-predicted that the
in-situAstress ratios will foilow patterns similar to those
shown in Figure 4.4. This would alter the magnitude and lateral
extent of the zone of relaxation. It would be incfeased since
vthé horizonﬁal to verticallst:ess ratio is generally foundvto
‘increase nearer to the surface, Figure 4.4. A lower stress
ratio "k", as shown in Figure 4.15, would cause the sidewall
stresses to be more in compression than in temnsion. In
addition, the extent of the zone of relaxation would reduce as

shown in Figure 4.16. The analysis has been based on assuming:

- that a plane strain condition exists

- opening is within an isotropic, elastic and homogeneous
medium. '

The first condi;ion assumes that all disélécements will
occur within the plane being analyzed, Consequently.resulting
in the third dimension being an intermediate principal plane.
"This assumption‘and its implication on the hypothesis will be.
further aﬁalyzed'in the section on 3D modellihg._The'seéond
assumptiqn is valid po the exteét of what this parametric study

was intended to show. That was that the hanging wall and
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footwalls of the Ruttan stopes are in a state of relaxation
under the prevalling stress regime. The conditions also enable
the ;arametric sﬁudy to be reduced to stress magnitudes that‘
are independent of the elastic constants.

The effect.of rib and echelon configurations are shown by
Figures 4.17,4.18. Figures 4.17,4.19 and 4.20 show the
magnitude of major and minor(temsile) principal stresses
surrounding two and three stopes located along strike. It
.differs from the base case shown in.Figure 4.21 in that the
ﬁhanging wall and footwall are in a greater temnsile state.

| ~The lateral extent of the zone of relaxation has not
greatly increased beyond that of the base case. This is due to
the integrity of the plllar that is modelled as a rigid
element. In actual fact, due to the high compressive stresses
in the ribbéillars modeiled,_these piilars will-ﬁltimately
crush. The final stress éonfiguration.will more closely
resémble that of the isolated case with dimensions 8;1 and 12:1
(span/width). |

The echelon configuration shown in Figure 4.18 as
compared to the base case reyeals that -the wall contacf forming
the longitudinal pillar is not in a state.of relaxation, but in
a state of confinement. The stope span that.forms the abutment
1s in a lower state of tensile stress than that found for the
‘base éase. Invaddition, the latefal extent of the Zone of
 re1axation has been reduced, Figuré_4.20. The.echelon

configuration,-Figure>4.18, commences to resemble the stress
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configuration for the 2:1 and 1.3:1 span/width ratios for the
isolated stopes Investigated in Figure 4.12. Ultimately, the
tensile reglon surrounding the footwall and hanging wall
abutments will be replaced by compressivée stresses upon the
addition of more echelon lenses. The echelon stopes can also be
envisioned as beiné mined in a destressed area which is in the
"stress shadow" of thé previously mihed stope., This results in .
‘an overall more -stable stope extraction confliguration assuming
that the longitudinal pillar remains intactvénd the area to be
fmined'has not.been greatly disturbed by the extraction of the
adjacent stope. The mining of the succeeding echelon stopes.
should therefore be facilitated in terms of ﬁhe resulting
stress regime.

fhé above parametric study enables observations made in
subsequent chapters to be correlated to the state of stress
encompaésing_the individual hanging wall and footwall contact.
Further ahalysis on the effect of £i11 and stope sequencing.

_wiIl be discussed in following chapters,
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4;3.2.1 Verification of 3D Model

Brown (1985) states that the plane strain boﬁndary stress
usually approximates the correct three~dimensional stresses to
within less than ten, and sometimes five per cent at locations
‘removed by at least two excavation "diameters”™ from excavation
‘ends and in;eréectioﬁs. The above is particularly valid for
uniform excavatién cross-sections ie. axial ratios are not
‘extreme (span/width). Thé rule of thumb, "two excavation
diameters”, 1is no; particularly valid for all in-situ stress
magnitudes and orientations since it has been derived for a
circular opening in a uni-directional stress field
(Elissa,1980). It starts to becomé invalid Qhen openings begin
to resemble axis ratios as shown in Figure 4.22. Figure 4.22
shows how the "end effects” of individual stopes may come into
importance in modelling individual planes. Case A of Figure
4.22 1s truly a plane sﬁrain'situation with resultant
intermediate stresses paralleling the dimension perpendicﬁlar
té the stope (z).,Thié ié a further assumption made in plamne
strain and 1s generally valid since the third’dimension will
not result in a stress concentration due to far removed end
effects. The resultant stress will be equal to or less than
in-situ stfess paralleling this direction. On thé other hénd,
the stresses modelled 1n the plane strain-will‘bg mddifiedbdue
to stress concentrations and redistributions occurring within

that plane. Case B of Figure 4,22 shows that employing a "one
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or two" excavation diameter zone of influence, the modelled
plane will bevinfluenced.by the individual end configurations.
The dimension perpendiculér to the plane will also undergb
stress concentrations and consequently, will not necessarily be
an assumed intermediate principal stress plane upon excavation.:
Mathews (1981) ﬁas adopted an approach to modelling open stopes
in a ﬁethod discussed in Chapter 3.2 whereby étresses in the
sidewall are dé;ermined employing a plane strain énalysis for a
"horizontal and a vertical section through the midspan of the
»par;iculér wail. Mathews empl&ys the larger of the two values
in subsequent anaiyses. The resﬁlts‘are calibrated to empirical
observations which is the method normally employed by
practioners. The three dimensional codes presently in use are

generally:

- difficult to apply

- expensive in terms of computer time usage

: ‘- require a high degree of experimental and theoretical

skill '
: - (Hoek,1983)

In addition, Brady (1985) states that " in the aeSign.of
an underground rock structure, such as a mining structure
consisting of a set of stopes and pillars, the system of
6penings and support members 1is frequen;ly too complex to allow - -
adequate 3D mpdelling of the structure and it is necessary to
fesorﬁ to plane strain methods of analysis”™. It is the author’si

opinion that upon undertaking a thorough literature search of
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ﬁwo»dimensional and three'dimensional comparisons that:

- minimal published works if any exist on the
comparison of 2D and 3D models

- accepted practice is to employ plane strain analysis
and to calibrate the model.

A similar apprdach was taken by Chen ét 51(1983) whereby
mﬁltiple sub-level open stopes were modelled employing
.ﬁwo-dimensional,.non—iinear elastic=-plastic finite element
methods. It was re&lized that the geometry was
three—dimensional and the method employed was not entirely
correct. However, due to the large computer costs incurred with
3D modelling, therefore limiting the‘number of cases that could
.be simulated, ﬁhe investigators opted for a calibrated 2D plane
strain analysis. Chen (1983) states that theoretical studies
have shown that stress concentrations around Symmetrically'
shaped openings in two-dimensional cases are'always'slightly
' greater thah those in three-dimensional.

Figﬁre 4,23 shows an example of five adjacent stopes that
form part of a much larger mining block of the Mt. Isa mine .
The extreme axial ratios and geometric irregularity required
;hat a complete ﬁhree—dimensionai analysis be carried out to
accdrately determine the true pillar boundary stresses. The
méjor and minor‘principal'in-situ st;esses are in the "xz"
plane with 41 and 43 fotated clockwise by 25" from the x and.z

axes, reSpectively. The intermediate principal in-situ stress

acts in the y direction. The three-dimensional stress analysis
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carried out by Watson and Cowling (1985) gave :

- Lower maximum stress concentrations than those which
were calculated by use of plane strain approximations.

- The effect of the group of openings on the stress field

was found to_be more localized in three-~dimensional than in
two-dimensional solutions. »

A three dimensioﬁal solution was attempted for this study
By eﬁploying "3DBELM" . The objective of this portion of the
study was to show that the hanging and foot wall is primarily
in a state of relaxation aﬁd consequently, dilution is .
attfibuted to the release of étructural blocks under gravity.
The existing~literature on three-dimensional modelling is
minimal and too general in substance. A three-dimensional
 approach was applied to the base éase shown in Figure 4.21. A
stope 30@ high,20m in span and 5m in width was generated. These.
‘dimensions are similar to the_éctual’axis ratios that exist at
Ruttan. Figure 4.24 shows the model employed with the
triangular surface eIemen;s indicated. In-situ stresses .as

determined previously were employed:

- x direction 2.5 &4
- y direction 1.2 £
- 2z direction 0.8 &

Seventy (7Q) nodes and one hundred and thirty—éix (136)

triangular elements were employed. The cost of running this
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program on the U.B.C. Amhdahl 580/5850'system was $40.00 or 1in
| terms of CPU timé equal to 120 seconds. The rates are based on
UBC charges of $480/hr CPU time (normal priority) and é factor
of 3.2 which represents additional charges for memory usage and
file input/output. Commercial bureau :atés would be five times
this ampunt}  | |
Verticél»énd horizontal sections of the generated stress

distributions were produced asbshown in Figures 4,.25,4.26.
Stress magnitudes in terms of &x,4Ay,48z and 41,452,483 were -
determined at various intervals on and external to the
boundéry. Figure 4.25a shows that'the tangential stresses at
the midpoint of the horizontal plane are in tension in either
direction within the "yz" plane (JSy=43 = -49 MPa,dz= 42 = =27
MPa). The extent of the relaxed zone has been contoured and
represents the‘furthest extent that tension is observed. This
tension is recorded within the "xy" élane. The magnitudes and
relaxed zone‘distribution tend to be extreme when related to
the base case 2D-plane straln analy;is, Figure 4.21. Reasons

for this are as follows:

- end effects not accounted for

- mésh 1s particularly coarse since each element is 5m in
length ' : :

A further analysis was conducted whereby the height of

the stope was extended to 300m with the remaining‘parametefs
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unchanged. The horizontal profile H-H” is shown in Figure 4.25b
for the modified geometry. A comparison is as follows between

2D and the 3D models:

Comparison : N | 2D 3D
Tangential stress mid-span -9MPa -7MPa (&£3= -9 MPa)

Extent of relaxed zone ~ .55W .6W (W=stope width)

The contours drawn.in Figure 4.25 refer to the tangential
‘stresses on thé boundary and the minor principal stresées of £
the boundary. fhe'minor principal stress was found tbvbe
consistently located within the "xy” plane. The in—sitﬁ'minor
.principal stress 1s oriented iIn the "z"direction prior to
excavation and upon excavation becomes the intermediate stress
direction. This_Has been discussed previously. The above
comparison'dées indicate the importance of end effects, .
however, the author must caution the reader in pointing out .
that the magnitudes of the coarser mesh are extreme.»A‘vertical
section was also analyzed with the original stope
configuration, Figure 4.26. The magnitudes again are extreme,
héwever, the zones of relaxation can be contoured and
_represented as shown 1n Figure 4.27. Figuré 4.28 shows the
modelled stope outlining thé_elements which are‘in a complete
éfate of relaxation.

Finer meshes or more complei geometries were not
mbdelled in three-dimensions due ;o.the high computer costs and

time of preparation involved. Two stopes having similar coarse

!
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meshes to that previously modelled would cost $200 per rumn. It
is assumed that the results generated, however, would not alter

the prémise that the HW/FW are in a state of relaxation.
4.3.2.2 Observational Approach

In addition to the analytical approach discusﬁed prgviously,
measurements and observatioﬁs were made at Ruttan to reinforce |
the premise that the wall contacts are in a state of
relaxation. Extensometers and stress meters were installed at
the inception of underground_miniﬁg, March 1979, in order to
monitor the first stopes mined.

Stréssmeters throughout the mine were evaluated in order
to understand the mechanism of stress transfer that occurs due

to mining. The following areas were analysed:

- 400mL west lenses extractlon, Figure 4.29
- 340mL west lenses extraction -
- 340ml east lenses extraction

'Vibrating wire stressmeters (Irad,1977) and éxtensometers
.(Smith,l976) were embloyéd. The stressmeters were able to
measure directional change in stress and were oriented as showp
in Figure 4.29. They were locaﬁed primarily in pillar
'crOSS—cuts-and.footwall and hanging wall drives. Orientations
were elther north'f south(N), east - west(E) or vertical (V).

The extensometers were located perpendiculaf to ore contacts
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and within pillars. The results were analyéed as part of this
IStudy in order to establish a mechanism of stress distribution
bby observation. Problems that occurred with the analysis are in

the:

- poor location of certain stressmeters ie. at corners of
openings .

_ - stressmeters not oriented in the direction that would
yield maximum benefit for interpretation

- extensometers drilled to lengths that exceeded 100m

which are excessive in terms of giving reliable and repeatable
results

Upon excavation, the north/south and eaét/west stressmeters
located in the vicinity of the hanging wall and footwall
decreased, Figufes 4.30,4.31. Extensometers indicated that upon
extraction, the HW/FW commenced converging towards the opening,
Figure 4,32,

An investigation of stope sequeﬁce, Goldbeck (1985), was
analytically assessed employing the BITEM code. Figure 4.33 isv
a typlcal extraction sequence at Ruttan generally duplicating
thevcohfigdtation and extraction sequence of the
stopes previously identified. Individual Qbservation points
were analyzéd and for purposes of this thesis, only ﬁhe hanging
wall obserVaﬁions will be-rgﬁroduced. A detailed analysis is
found in "Analysis of Stress Changes at Ruftan Mine" by
Goldbeck (1985). Location "A and C"‘is shown 1in Figufe 4.34b,

'indicating.that upon excavation Iin the vicinity of the
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observation_points, the nofth/south stresses decrease. Prior to
excavation, a stress buiidup is observed as shown in iocation.C.
for cuts 1 through 5. Similarly for the east/west stresses,
Figure 4.34b, a large tenslle stress change is observed upon
excavation. The results have been plotted in terms of change of
stress from in-situ, in order‘to'be-rélated to the_récorded'
§tress gaugeg. A quantitative assessment may bé made, however,
for purposes of this study, it is sufficient to say that " the
~hangiﬁg wall and foétwall are analytically shown to be‘in a |
relaxed state”. | |

A photograph depicting the effect of.stope relakation is .
shown in Figure 4.35. Initially, the rock mass exhibited closed
joints and upon‘excavation_bf the adjacent stope, joint |
separation occurred. Figure 4;35 shows joints paralleling the -

hahging'wall of 320-12B stope on the 240m level.
4.4 Conclusion

Tﬁe purpose of this chapter was to prove an 1mpor£ant
assumption in order to employ the data base under the premise -
that failﬁre is kinematically controlled. Subsequgnt chapters
will show that adversely oriented discontinuities exist and are
primarily responsible for the resultant dilution. The degree‘of
dilution will theﬁ be’related to parameters thaﬁ will have the
greateét impact on its magnitude, stress not'being one of those

factors. The relaxed zone was concluded in this chapter to
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encdmpass all isdlated, rib, aﬁd echelon stopes having
coﬁfigurations resembling those of Ruttan. The resultant
Hilutions'are well within the zones of relaxation and
consequently are not considered to be great;y effected by
geometry. This will be discussed further in Chapter 6,

"Dilution™”.



Title:
Program:

Capacility:

Input:

Qutput:

Language:

Origin:

Information: -

Documentation:

-and Riccardella (1973).

Table 4,1:

Boundary Integral Technique for Multiple Matcrials
BITEM

Solves two-dimensional eclasticity problems for a

" piecewise homogenecous, isotropic elastic solid using

the boundary integral equation method with linear
variation of displacements and tractions along the
boundary segments, and allowing mixed displacement and
traction boundary conditions.

The solid may be composed of at most five homogeneous
regions with differing elastic constants. Problem
symmetry can be taken into account.

" Facilities for automatic data generation are available.

Problem geometry - node coordinates, symmet ry propertxes.
Elastic properties of each homogeneous region.

Nodel boundary conditions.

Points within solid at which stress and displacement
solutxons required.

Statement of input data, plus data generated by the
problem.

Tractions and dxsplacements on all boundarles of the
problem.

Stress and displacement solutions for selected interior
points.

ANSI FORTRAN 1V .

BITEM was written at the CSIRO division of Applied
Geomechanics and is based on program BITE which analyses
homogeneous solids only. Refer Crotty and Wardle (1977)
The program was converted from
CDC to IBM FORTRAN by R. Pakalnis (1983), Un1versnty of
British Columbia.. ~

‘Further infomation may be obtained from -

Commonwealth Scientific and -
Industrial Research Organization

Institute of Carth Sciences

Division of Applied Geomcchanics

Mining and Mineral

6350 Stores Road
University of B.C.

P.0. Box S4 Vancouver, B.C.
Mount Waverley, Vic. 3249 V6T 1WS
Australia Canada

CSIRO and supplemented by work of R. Pakalnxs,
Unxvcrsxty of British Columbxa

" Process Engincering Dpt.

Numerical Code

Title:

Program:

Capacity:

Input:

Output:

Language:

Origin:

Three Dimensional Boundary Element Program for

"Mining Applications

3DBELH

Program models a (hree—d{mensloﬁal boundary by
plecewise flat triangles over which the
displacemeats and tractions vary linearly.

The boundary may be composed of multiple openings
within 8 single homogeneous region. Probles
symmetry‘can be taken into account.
Problem geometry =- node coordinates, symmetry
properties. )

Elastic properties of the homogeneous region.

Nodel boundary conditions.

Points within solid-at which stress and displacement

solutions required.

Statement of input data, plus data genmerated by the

problem.
Tractions and displacements on all bouadaries of the

'problem.‘x, Ay,A’z,éxy,sz,lyz,‘oct,dnorwal.

.Stress and displacement solutions for selected

interior points.

ANSI Fortram IV

3DBELM was written at the CSIRO Division of Applied
Geomechanics and is based on program Bite which
analyses homogeneous solids. Refer Crotty

and Wardle (1977) and Riccardella (1973).

The program was copverted from CDC to IBM FORTRAN

by R. Pakalnis(1983), Ualversity of British Columbfz.

66
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Figure 4.1: Fracture Pattern Caused by Crushing of a Cylinder

(refer to Section 4.2.1)
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Figure 4.2: Possible Explanation for‘the’Formatioﬁ of Foliation

Platelets
(refer to section 4.2.1)
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Figure 4.3: Vertical Stress Vs Depth (Hoek, 1983)
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CHAPTER FIVE

ROCK MASS CHARACTERIZATION

-S.I_Introduction

This chapter identifies the parameters describing the
rock mass tha;'have the greatest inflﬁence upon stope dilution.
It begins with a critical évaluation of existing rock mass
classification_systéms. A particular system was selected in
Order‘to relate the rock quality of individual stopes at Ruttan
to a much lérger data base that has been derived throughout the
liﬁerature. This enables the rock quality to be evaluated
quantifiably in terms of existing relationships that have been
developed by other investigators. The significance of the
parameters incorporated into the classification are
subsequently énalyzed‘in order to asseés their relative
1mportanée in terms of stope dgsign at Ruttan, Chapter 7. A
structural_asséssment, in férms'of delineating potentiai
failure modés of individual stope hanging wall and footwall
contacts, is presented. A kinematic analysis identifies

structure as being a principal factor affecting dilution.
5.2 Rock Mass Classification

Rock_mass classification systems have been developed:
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primarily to assist in recommending support for unergfound
civii pfojects. Generally, civil structures are normally
isolated from any nearby openings, do not account for the
extréction process, are at moderate to shallow depth, and
expose a minimum of open ground. These deficiencieé do not
enable them to be directly applied to.the design of underground
mining structures. The classifications, although on their own
aré not adequate to predict mine design requirements, do
provide a procedurevfor invesfigation. The rock mass
classifiéation systéms of particular-relevénce to underground

mining applications are the:

- Geomechanical Classification System (RMR) (1973)
- Q System (1974)

These systems have empirically evolved from a large data
"base. In addition, fhey not only reflect the experiences of the
developers, but also the preceding investigators such as
Terzaghi’(1946), Lauffer (1958), Stini (1950), Déere (1964),
Wickham et al (1972) among others. The systems were primarily
derived for the design of‘civil engineered tunnels. However,.
they provide tﬁe basis for subsequent modifications that enable
them to be applied to mining. Lavbscher (1976), Mathews ét al
(1981),.Kendorski (1983), and Hoek (1983) have applied
adjus;mepts to the existing systems to aild 1nbthe design of

mining St:uctures.
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An ideal mine ciassification system must have the
flexibility that allows it fo be used for various mine
applications, and it must be simple so that it can be easily
assessed and uﬁderétood. It is oﬁly in this manner that it cén
function as’an importaqt tool in the design and operation of a
mine, The RMR and Q Systems satisfy the above criteria.
Deficiencies'dovéxist with the two classifications, but through
adjﬁstments,‘oné'is éble»to overcome the'criticisms; In'
particular the Q Syétem is said to be too rigorous (Kendorski, 
1983), has a poofly defined factor that accounts for sfress,
vandvdoes not account for structural orientation. These
criticisms are incorporated into adjustments by Mathews (1981)
and Kirsten (1983). The RMR systeﬁ_is sald to be too simple; it
does not accoun; for stress and the input parameters aré toa
qualitative. These limitations are incorporated into
adjustments by Laubscher_(1976), Rendorski (1983).

A classifiéation system for the Ruttan operation should be
pattefped after the "Q or RMR" systems with the relevant
gepteéhnical parameters assoclated with each mining mgthodv
identified; This requifes the generation of a la;ge empirical
data base specifically categorized in terms of similarities of
applicétions for open stope design. This data base was equally
sparse when Terzaghi pfopdsed»his system 1in 1946; This-data
base has sihce,expénded and grown aund the systems hévé'been
refined dué to 1its aéceptance among the civil éngineering

community. This was largely due to the continued success



124

~achieved in tunnel support prediction.

| Onevof the major differences between the civil and mining
disciplines is the requiremeﬁt of mines to gemerally operate
wifhin a rock méss of which the peak strength has been
exceeded. In addition, controlled and predicted failure is
vaéceptable:in mining which is not tﬁé case in civil
édnstruction. The temporary requirements of mine openings are
genérally not reflected within the confines of civil
engineering. These factors, plus the geometrical and excavation
cbnsideratiqns, réquire one to modify the existing system
through the collection of empirical data relevant to open stope
design..‘ |

The majority of thé classification systemé,include,

either directly or'indirectiy, an_aéseésment of the following

parametersA, Table 3.3:

- Intact rock strengths (unconfined éompressive
strength). It {s a nécessary parameter since it forms the upper
strength limit of a rock mass which is subsequently reduced due

to rock defects.
- Rock quality designation (RQD) . This parameter is an
indirect measure of fracture frequency. It is a quantitative

index based on a modified core recovery procedutre.

- Spéclng of discontinuities.
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= Condition of discontinuities. This includes roughness,

continuity, separation, joint wall weathering and infilling.
- Orientation of discontinuities.

- Groundwater conditions. This is a measure of inflow

rates and water pressures.

- Stress field. This refers to the prevailing in-situ

stress environment.

The RMR system was selected as the vehicle for stope wall
characterization due to its incorporation of the many vafiables
that are considered to influence the behaviour of a rock mass.
The‘intér:elationship between the variables and the
éonstitﬁtive equations linking the different variables to fhé
rﬁck_mass,behaviour are complex. Therefore, an apprdécﬁ was
selected thaﬁ_could be empirically calibrated to the optimum
Stope design through observed resultant dilution measufements.

The RMR system was selected since:

- it incorpofates key parameters affecting :hé rock mass

behaviour as defined by the literature.

- the system 1s simple to employ and is readily
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appIicabie to existing me;hods of core logging and mapping
techniqueé‘as practioced at Ruttan, Table 5.1. This 1is
particularly important in relating historic core logs in terms
of a roqk mass number, since the logs generally form the only
aVailable desc:iptor for a particular stope. This is due to
either limited stope wall access and/of the unavailability of

drill core due to sampling.

The RMR system was employed in isblated,areas of the mine
‘and was found to be a good predictor of mine behaviour. Areas

having a low RMR rating were found to have problems with:

- dfawpoint plugs due to falls of ground from the FW/HW
and from the exposed benched back, Figure 2.15.

- excessive dilution from the FW/HW.

- large amount of re-drills.

This study will be particularly concerned with
quantifying the RMR parameter in terms of its effect on
dilution. Not all the parameters shoﬁn in Table 3.3‘are
incorporated into ﬁhe RMR fatiﬁg and fhese will be discussed
individually in Chapter 7, "Déta Base". The 1ndividua1>~
bafamefefs incorporated into the RMR number will be assessed in

terms of their influence on stope design.

5.2.1’Geomechan1és Classification (RMR)



127

A thorough treatise on the RMR system and on 1its

application is found in-Appendix II.
5.3 Rock Mass

The data base for this study 1s comprised of 54 stopes

and is distributed as follows:

- 46 stopes mined at the time of completion of this study
of which 43 were suitable for subsequent analysis.

- 8 additional stopes mined subsequent to the completion

of the study and will be employed to reinforce or disprove the
formulating equation. :

A detailed.structural investigation of the Ruttan
operation was conducted by.the author in order to identify
domains with potentially similar ground behaviour. This,
howevef, is not critical to the.focmulating hybothesis,'sicce
individual scopes will be related to observed dilution upon
extraction. In terms of mine design, it is imporcant to
idectify.areas that would exhibit similar rock mass behaviour
upon extraction. These would enable a mine plah to be
implemented The concepts of domain analysis were employed
(Brady,1985), however, individual stopes were attributed rock
mass characteristics and analyzed individually. The reeder is
referred to alscudy conducted in cooperation with the authof "

Determination of Structural Domains and Structural Design

Sectors for the Ruttan Mine", Seki (1984).
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Histograms have been developed for the Ruttan operation
establishing the following parameters for the hanging wall,

footwall ., and ore zones:

- point load 1index (Iss

- rock quality designat?on
- joint spacing

- rock mass rating (RMR)

The intact rock strengths for the main geological units
at Ruttén are shown in Table 5.2. The above have been derived
for each rock type that forms the individual contact zones. The
rock mass information has been compiled from core logs
information aﬁd has been raugmented by strugtural mapping.'Thé
diamond dr111 ¢ore was AQ size(27mm).iF1gure 5.1 is a stope
bchatacterizétiOn procedure employed for all stopes at Ruttan. A
stope 1s characterized by two drill holes per section and two
sections pér stope,.Figure 2.11, In essence ,‘four holes are
analyzed which are represenpative'of the footwall, ore and
hanging wall for a particular stope. Three metres of the
immediate hangiﬁg wall and footwall were évaluated in addition
to the full length of the ore.for a particular drill hole.
However, the rbck quality of the drill core within two stope
~diameters was studied, but in less detail. Majorfstructures are
recorded in aﬁdition to the geometry of‘thé proposed stbpe'and
1tSVCOqfigurétion (open ground) at fhé timé'of.mining{bThevrock_

mass rating is further grouped into the following classes:
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Class Rock Mass Rating

A 81 - 100%
B 61 - 807

- C 41 - 60%
D 21 - 40%
E

0 - 20%

Through Visual estimates and historic observatién, it is
generally accepted.that wail slough at Ruttan is primarily
confined t§ the hanging wall. This has been determined
primarily fhrough visual observation at the drawpoints and the
drill levels. It is for this reason, that the-roék quality in
the vic;nitybof the hanging wall will be employed in
characterizing an individual.stope.,In certain instances,
however, it was found that an assessment of the footwall Qas

more critical when:

- a major fault intercepts the footwall

- the rock mass rating of the footwall was much lower
than that of the hanging wall (one class or more difference) -

A further practice was reducing the Rock Mass Rating by a
"single class when a major structure intercepted elther of the.
wall contacts. The RMR system classifies the méannrOCR mass
paraméteré.-A.major structure must be treated separateiy from
the adjacent bdundiné units. This modificétibn was éhOwn.ton

empirically be a good estimator of dilution, Chapter 7. It is
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‘realized thaﬁ kinematically each major structure should be
hnalyzed in greater detail. However, for purposes of this
investigation, it waé found that by feducing the RMR‘value.by a
class, resulted in stati#tically higher correlations between
the modified RMR and dilution. The orientation of the
individual structqres.was not incorporated into the
classificétion, éince structureS'aﬁ,Ruttan are geherally
:oiiented parallel to the stope contact. The major difference is
found 1in the fréquency and strength of the individual jointing.
This is described in'dEtail in subsequent chapters. Groundwater
was not ihcorporated into the characterization, Figure 5.1.
This is primarily due to the absenée of water as evidenced by
dip tests conducted on the 430m, 370m, and 260m level. The
close diamond drill pattern generally ensures that any trapped
gfoundwater has an access to drain (Pakalnis/Groundwater,
1986).

Figure S;Za,b,c show the distribution of hanging wall,
ore and footwall rock units for the stopes at Ruttan. The rock

units can be generalized as follows:
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Hanging Wall and Footwall Units

Chlorite Tale Schist (CTC)
Quartzite (QTZ)
Acid Sediments (AS)
Basic Dyke (BD)
Massive Sulphide (MS)
Ore Units
Semi-massive Sulphide with Basic Dyke (SMS-BD)
Semi-massive Sulphide with Quartzite (SMS-QTZ)
Semi-massive Sulphide with Chlorite Talc Schist (SMS-CTC)

Semi-massive Sulphide with Chlorite Schist (SMS-SC)
Massive Sulphide (MS)

The distribution is delineated for stopes located in the
west and east lenses respectively. The distribution of rock
" mass parameters for the immediate hanging wall contaét are
summarized-in Figure 5.3a,b and recorded for the individual FW,
ore and HW in Table 5.3. Oniy minor variations in
claSsificatidn parameters existed when the individuél.rock
units_were séparated iﬁ'terms of HW, ore or FW given the same.
rock type (Pakalﬁis/Rock Mags,1985)..Figure 5.4 shows fhe
distribution'of RMR for the hanging wali of all stopes at
Ruttan. The east lenses generally exhibit higher RMR values and_
are nofmally associated with lower stope’dilutidns. The average

"RMR ratings for the individual wall contacts are as follows:

Location RMR (%)
" Footwall(54) - . 58+ 18
Ore(54) 63+ 17

Hanging Wall(54) 60+ 19
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Figure 5.5 and 5.6 show typical RMR sections and plans for the

Ruttan opefation (Pakalnis/Rock Mass,1985).
‘5.3.1 Fabric Analjsis

A detailed line mapping survey was conduéted in the
vicinity of the 1ndi§idual lenses. This'waé supplemented by
geologic mapping conducted by Ruttan geologists. The
information was compiled onto lower hemisphere stereoplots

yielding the following observations:
1) Total Structural Analysis (Figure 5.7a)

This net encompasses all structures for all levels atb
Ruttan (6717 observations). Three major sets were found

throughout the Ruttan Mine:

Most Dominant - Joint set parallel to the orebody having
a strike of N50°- 80°E and dipping 75°SE.

Moderately Dominant - Flat joint set dipping at Oo—-ZQQ.
Minor Occurrence - Joint set oriénted perpendicular to

the orebody haviang a strike of NO°- 30°E and dipping steeply(80°
- 90°). . _

2) Plot of Faults
‘The major structures are shown in Figure 2. 7 and 5. 6 and

are summarized below:
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North Wall Shear (trending N70°E, dip 80°S)
Art”s Fault (trending N45E, dip 30°SE)
East Shear (trending N10°W, dip 85-90°E)

3) Footwall, Ore, and Hanging Wall

Minimal structural information exists for the hanging
wall, since most of the stope development 1s in ore and
footwall rocks. In addition, the core was not oriented and
consequently makes joint dip determination difficult. Isolated
areas where access to hanging wall drives were possible
indicated that the hanging wall fabric typified that of the ore
and the footwall, Figure 5.8.

4) Dykes and Quartz Veins

Dykes generally trend N20°E and dip 40° - 90° towards the
SE. :

Veins trend parallel to the ore and plunge 20° - 90°

towards the SE.
5);wést and East Ore Lenses
No distinct differences exist, however, flatter joints

"are more dominant in the east than the west.

Stereonets for each ore lens were produced at various
levels, Figure 5.9. Figure 5.10 1is a photograph identifying the
major design sets which are summarized below:

Set 1: Most Dominant - N50-80°E/75°SE
. Set 2: Moderate Occurrence - Flat structure 0°- 20°dip.
Set 3: Minor Occurrence - NO-30°E/80°- 90°SE.

The continuity of the stucture was observed as exceeding
200m and iOOm respectively for design set one and two. Design
set three.gas disjointed and cut by set'bhe", it is eStimeted
to be lees than 15m in length. Tﬁe continuity'wes.primarily

recorded from pit mapping, Figure 5.11.
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5.4 Kinematic Analysis

'Reéidual friction angles on saw-cut joints were performed
by Smith (1975) employing direct shear tests on‘samples of
quartz-biotite-chlorite gneiss. The results indicated a
residual friction angie of 29°based upon six staged shear
tests., Figdre 5.12 shows an isometric outlining the potentiél
for failure aiong the design sets. Embloying a simpified
analysis, as outlined by Hoek and Bray (1977) and reproducéd in
figure 5.13, it is shown thét toppling failure of the hanging
wéll is possible. This is derived from employing a base (b) to
block height (h) ratio equivalent to a joint spacing of 3m and
a height of 60m. The maximum joint spaqing according to Figure
5.3b should not exceed three meters. fhé‘footwall is generally
more stable than the hanging wall, however, a combination of
planar and toppling-failure is a possibility. A more rigorous
solution 1is possible, but in thekauthorfs opinion not
warranted, since»it 1s the purpose of this.section,to outline
that.instability due to structure is a possible failure.
mechanism.

Stereonets of indiv1du51 stbpes-indicate that struétures
"exist which would generally yield failure in the footQall.as
shown in Figure 5.14. Joint set_3 is consideted‘to be arlateral
_réiéase.plané for the'failure modes iﬂditated,in,Fiéure.S.lé.
‘This was also thé observed method of slpugh for the majority'df

V-Stopes at Ruttan (Pakalnis/Back-Analysis of Stope
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Fallures,1984).

Toppling or slabBing ffom the hanging wall is generally the
:observed method of instability at Ruttan. The parting is along
a foliation br‘joint surfaqe that parallels tﬁe ore lens. The
observed failure mdde 1s simulated by Figure 5.15. This is a
base fripfion model of which the dimensions and failure

geometry typifies .the observed conditions for stopes at Ruttan.-
5.5 Observations/Conclusions

This chapter summarizes the charac;eristics of the rock
fabric identifying the possible failure modes. Structural
 instability is evident through toppling on joints. sets
paralleling the stope contact and résting on flat cross-cutting
joints. Further‘investigations will be based upon the

conclusion that:

- the hanging wall and footwall for a particular stope is in a
relaxed state _ ' B
- failure due to structural instability 1s a possible mechanism



136

t -~ Ruttanm
Table 5.1: Core Logging Forma
MDOFAL TYPE JOCK_ TXPX, MIE INIT MDEBAL DESCRIPTIONS
=-Q Footwall Volcaniclastics <#¥ lAltered P¥W VolcaniclasticseaV Five =P
Plagicclase = P Bagic Sediments -3 Quartzite -z Modium -M
Qrthoclase  » OC Intermediate Sediments =IS | Diorite 0l | Coarse wC =a’
Cnlorite - Acid Sedimenta =S | Granite =R Granular =G -
Biute - B Rhyolite Y| Extalite =X | Blewy =B Thicly lamnsted  QOI-icH
Sericite - Dacite A | HY Sediments -5 Viens -V ol 7 H
Tale - Andesite At lorite en! Thinly laminated € Thineer mﬁ- o‘
Hornblende - H Basalt -2A =C
gimm - CA Diorite =1 CQRIENTATION
- P Granite «R =R
Cordierite = D Chert < LIS ESRIIRS 0-10*
Andalusite = AD Altered F¥-VolcaniclasticmaV None -N 10-20°
Staurolite = ST Granodnrite ~GFD Weak -¥ 20-30*
Garnet = T Spotted United U Moderate = M 30-40°
Tremlite - TR Breom Eyes 8¢ Strong =8 40-50°
Actiolite = AC Quartzite - Excesaive =E S0-60°
te = AN Chlorite Schist LY 60-70°
Apatite - AP Biotite Schist -sC 70-80¢
Gypmm - g Sericite Schist 55 80-90"
e e Dyke = GRUERAL TEXTURE TESCR
m“"ﬂ“ 1 prerEi = CTURE IPTORS
Pyrite - Py Qurizview - Schistose =8 TEXTURAL WDGERAL SIZE
Pryhotite = RO Lost Core = Massive -N LICK » 0
Chalcopyrita = (PY Semimassive 3ulfide =S Goessic =G 1-2 ~ -l
Sphalerite = SPH lagsive Sulfide -s 33 -2
Chlorite Talc Schist =CTC § 34" -3
Quertzite - Chlorite o7 of “PECIFIC TEXTURE DESCRIPTORS ” -
Quartlite - Sericite Q= g » - ;
Quartzite - Biotite -zZB Breccia -X 67" =6
Tremolite Schist ~TSC PorphyTobiastic = B 7-3 " -7
Granite with IS =18 Clastic -c 89" =8
Granite with 5% =39 tic -p 910" =9
Granite with AS “Gas
NUMBER QF BREARS
SECONDARY STRUCTURE PER 10 FEET GODE
=0 506086
poded 2B 510 =1 60707
s 10-20 -2 T70~80 - 8
Faulted =L
Shear -s 20-30 =3 X0 =9
H 3040 LK)
l 40-30 -5
01d Format (Prior
Al
MINERAL TYPE ROCX TYPE MINE INIT MINERAL_DESCRIPTIONS uumm_‘__
Ruxrrz ~Q [Footwall Volcuniclusrics = FV Altered F¥ Volcuniclustics = AV Fine -P o - 10
E:moclusq =~ P |Busic ts = BS fuarrzire -2 Mecium a) 16 - 2°
T.hOC Luse = OC | Intermediate Sediments = IS Diorire = DI Coarse =C 0 - 30°
Chlorice = CH | Acid Sediments = A3 Grantre - R Graputar aG 0 - W
Biorire = BI | Rmwolice = RHY Exhalire =-EX Blebby -B 40 ~ 50*
[Sericite = SR | Ducite = DA HE Sediments = 13 Viens LR 0 - 60°
Tulc = TC | Andesire = AN Mineralized Chlorite & - 0°
Hornblende = H |Basalt =B Schist .  uSC 70 - °
urtonare = CA {Diorire = DI INTEYSITY DESCRIPTORS 80 - °*
idore = EP | Brunire -@R -
bonﬂerlre = @ |Chert = CH PRIMARY STRUCTURE TEXTURAL MINERAL SIZE
fArdulusire = AD | Alrered F¥-Colcuniclastic = AV Sone %
ISruurolire = ST | Granodnrire «gp | Pock Quality Designarion (RD) ¥euk -y uct =0
[Curnet = GT | Sported (nired = SU - I (7 AN -1 Yoderate -y 1-2 U8 =1
[Tremlite = TR | Brown Eyes = BE 75 - W = 4 Srrong =8 2-3 LG =2
lAcTinolire = A [Fuarrzite -2 5% - 751 = 3 Excessive =E 34U =]
Antydrite = AN |Chlorire Schist = C 25 - WL o= 2 4- 5L = 4
Aput.ire = AP |Biorite Schist - BSC U~ 25T « 1 56 LN =5
un GY | Sertcite Schist =S55C | . 8- TULQI =6
etite = MG | Busic Dyke = RP = I Solid » 1u cm, GENERAL TEXTURE DESCRIPTORS . 7- BLIOM =7
Galena » GA | Actd Dyke = AD oral - 8 9L =8
Tite » PY | Quartzview aqQv 9-10 LIOM = 9
?wm“w « FO | Lost Core - 3 (meusure centre to centre) Schistose .
halcopyrite » CPY| Semimussive Sulfide - S Record under Primary Structure Massive - NUSBER OF BREAKS
Sphalerire = SPHjMusstve Sulfide =)\ Gnessic =G PER 1U FEET COCE
- |Chlorire Talc Schist =CI¢ o-1 o 4l-80=6
Quarrzire - Chlorite - Qc - - - -
Quarrzite - Sericire = QS SPECIFIC TEXTURE DESCRIPTORS 2.3 =1 Bl-+ =7
Quartzite - Bfotire - Q78 +4-8 =2
Tremolire Schist - TSC 7-11 =2
Granire with IS = ClS Breccia =X 11 -20 =4
Granire wirh BS - @S PorphyToblustic =B 21 -4 =5
Granire wirh AS -GS Clastic =C
Porpayrific -p
SECONDARY STRUCTLRE
Bunded =B
Folded - F
Faulred | =L
Shear =S

:New Format (Post_1983)v

‘Point Load'Strength Values Recorded on Both Formats

1983)
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Table 5.2:

Intact Rock Strength Parameters

uniaxial
Comprasaive Modulus of Number
Strength Poisson's Deformation of
| Rock Type {MPa) Ratio (GPa) Samples *
Semi~Massive
Sulphide-
Chlorite 70 + 24 0.23 ¢ 0.05 66 ¢t 19 13,
Massive
Sulphlde 89 ¢ 17 0.2 % 0.08 88 ¢ ‘37 39
Basic Dyke 202 & 66 0.2 2 0.07_ 81 ¢ 14 10
Acid Seds. 135 & 43 0.19 % 0.07 77 £ 19 6
Quartzites 113 ¢ 49 0.12 t 0.06 54 ¢ 23 4 '
1
Chlorite . .
Schists 49 £ 11 0.34 % 0.12 S0 ¢ 17 14 .
Chlorite Talc 1
Schists 25 & 14 0.33 ¢ 0.09 39¢ 9 13 J

Table 5.3: Summary of Rock Mass Parameters

' * Unconfined Compressive Strength

| %% Refers to Number of Stope Walls Affected

() Sémple Size

Lssg X 24 (Smith, 1981)

ROCK TYPE| OBSERVATIONS | Is * lRQD(%) SPACING (m)
FW Ore HW
cTC(7) 5 - | 2 <1 25+ 8 162 .2
'SC(31) 17 | - |14 2.12 1.1} 47+ 19 .97% .7
QTZ(34) 16 | - |18 4.81.9|69: 18 1.4+ .8
AS(8) 1] - 3.9+ 1.8 68+ 22 1.24 .7
BD(6) 31-13 5.322.6 |70 20 1.1% .7
MS(63) | 12 | 41| 10 2.9+ .9(82210 1.7% .8
|SMs-sc(9) -1 9] - 1.6 * .6 |48 13 .88% .7
|sMs-BD(1) - 1| - 6.0 68 1.3
SMS-QTZ(1) - 1 - 3.0 70 1.6
SMS-CTC(2) - 2 - 1.5 1. 144%24 .3+ .3
(54) {(54) | (54)
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STOPE :

CLASSIFICATION RARAMETERS AND THEIR RATINGS

PARAME TER RANGE OF VALUES
"’qﬁ'“vségg »8MPa | 4-BMPo | 2-a MPo | 1-2 MPa ';f",';:,‘?'ﬁ
Y . - - R 10-13- [1-
ot [vieiive | > 200 WP 00-200 Mo [50-00 MPa 2550 MPo | 1O-T3-T1- |
rating 15 2 7 4 2{t 10O
2PRcotasity RGO | 90-100 % | 75-90% | 50-75% | 25-50 % | <25 %
Tolng 20 V7 13 8 3
3 spocing of joinly > 3m 1-3m 03-tm 50- 300 mm < 50 mm
roting 30 25 20 10 5
condition of v.1ough,nat ot | it surl [ o) rough surf. i, qouge «< 311 goge >Smm
a jownts no sepor. sepor <l Sepor. < lmm I_rgn,r\ coen |in open > Smm
hed. jn wollrock | hed . wotrock {51, jn.wall rock men,cont i | eony jn
ratng 25 20 12 6 (4]
ROCK MASS RATING
FOOTWALL ORE. HANGING WALL
STRENGTH ) CLASSIFY
RQD. ISOLATED ——
SMCING RIB —_—
CONDITION ECHELON .
TOTAL
MAJOR STRUC,
COMMENT
ROCKX TYPE
HOLE NUMBER _
SECTION .
e He §Lgﬂz_¥£a Yle gle Ye ¥
QIMENZIONS R
{sketchv fill)
__LEVEL SPAN WIOTH
qemuy':
BLASTING :
voLume, m3 T
EXCAV, RATE S000 | 10,000 ] 20,000 ] 30,000 S20NG
(01000 m 3/mih} Fw ORE HW.

Figure 5.1: Stope Charac

terization
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. : S
Figure 5.7: Total Structures at Ruttan (6717 obs)

. 5
Oore (855 obs)

‘Figure 5.8: Jointing/Foliation for "C Lens"

on 260m Level'..




J260(789 OBS)

2

D400(245 OBS)  p400(55 OBS)

._6-10% Contour

0- 5% Contour

Figure 5.9: Pole Concentrations Including Foliation and Jointing
' (ie. "C320" Refers to "C Lens” on 320m Level)

iyl
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HANGING WALL

FOOTWALL

Figure 5.10: Photograph Identifying the Major Sets at Ruttan
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i 5.11: Photographs Showing the Continuity of Structure
Figure ». :
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Figure 5.12b: Schematic

RUTTAN MINE: 3780 mL - Fast lenses looking north from, above.
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/
/
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Figure 5.12: Design Sets

(section) Identifying Design Set "1 & 27
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Figure 5.15: Base Frictiomn Model
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CHAPTER SIX

DILUTION

6.1 Introduction

.This barameter i1s a measure of the quality of the’stopé
design.bVarious definitions-exist, however, it is a_parametér
recorded by.most open stope operators, Chapter 3.4.3. Dilution.
will be considered as the dependent control variable. The
Significance of the individual stope characteristics will be
evaluated embirically in terms of dilution. Dilution figures
fromyforty?three stopes will be analyzed at various stéges of

extraction yielding 432 dilution values. These values are

subsequently averaged into 133 observations.
‘6.2 Definition

Various definitions ekist as indicated in Chapter 3.4.3.
Dilution has a direct affect on profitability (Kersten,l983)
and stope scheduling. The calculation of a diluted geological
' ore reserve at Ruttan has been historically determined iﬁ the
folloWing manner. As each mining block is defined, a certain

amount of dilution is attributed to the block, this being one

meter of the footwall and 1.8 meters in the hanging wall



N

154

(historie method). These numbers have no theoretical basis, but
‘reflect the fact_tha; because of the 70 degree dip of the
orebody, most of the dilutien'is,attributed to the:henging
wall; This width of dilution divided by the width of the ore
reserve block glves a volume pefcentage_of dilueion;vThis value
is then.converted to tonnes dilution which when divided by
in—situ tonnes of ore for the 5lock, gives a welght pereentage
of dilution. Thisrweight percent external dilution is then
eombined with bthef blocks forming the reserve for a given
stope and an average weight percent dilution is then
determined. Consequently, prior to mining, one has an estimated
dilution attributed to each stope. At the end of the stope
life, an actual dilution figure based on the history of mining
of that stope is required in order to properly reconcile it |
back to the original ore reserve., This is aehieyed by visual
observation of each producing stope on a daily besis-by grade
control geolegists.

| A visual_interpretaeion of the.volumebperCentage of
massive sulfide, semi-massive sulfide, disseminated material
and dilution based on iron content is made for each producing
-drawpoint, Dilutien_is classified as anything with lees than
10% iren or less than one ﬁercent cop?er. It can be classified:
as either intereal.or external to the ore reserve. Based on
.prior knowledge_of‘;he rock tybes inherent to a particular
stope, the size of muck and/or the presence of blasp holeé

¢

within the muck, the geologist can estimate what pereentage of
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fhe dilution is Internal or extermal., These visual estimations
are compiied at the end of each month and a total average
dilution figure for internmal and external dilution is derived.
"The external dilution is converted to a weight percent .as

follows:

Dilution. Weight %Z = (Dilution Volume % x Tonnage.Factor
for Ore/Tonnage Factor for Waste)/(100-Dilution Volume 7% x
Tonnage Factor for Ore/Tonnage Factor for Waste)

An averagé weight percent for the external dilution is
determined for a particular stope life. This enables the
geologist to reconcile back to the origipal estimated reserve
to determine the accuracy of thé original ore reserve
estimation and therefore determine subsequent mining losses.
This method has been employed at Ruttan since 1979.

The "rule of thumb” quantity of 1m and 1.8m of wall‘
slough 1is empléyed irrespective of depth, rock quality, stope
configuration or stope width. The diluﬁion, as estimated in
termé éf ore reserve welght, enables the operator to quickly
assess the amount of material mined external to.the ore. It is .
a more meaningful vélue'than a volume dilution in that. the
variébility bf ore density 1is 1ncorpora;ed into the definition.
This definition will be employed for purposes of this étﬁdy.

It is impo:tént to chmenf on the accuracy of ﬁhe
procedufe. Dilution 1is an observed parametér that‘has_been:

recorded in most instances on a daily basis for each drawpoint.
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The frequency of observation and the consistancy of measurement
-has produced a figure tbat is a reliable measure of the waste |
tonnage that comes from a éarticular stope. In addition t§ the
dilution being observed, the copper and zinc grades are
estimated on a monthly basis for eéch producing stope. They are
détermiﬁed from grab samples, drill holé assays and frém the
observed dilution. The §bserved grades ﬁere foun& to bg
'historically within 3% of milled grade (1979 -.present);

Dilution evaluated solely on a grade basls would yield:

Dilution (%) = (Go - Gm)/{(Gm - Gd)
‘where: Go - 1s the grade of undiluted ore
Gm - is the grade of tonnage milled
Gd - 1s the grade of dilution

The‘problem associatedeith this method 1Is in determining the
value "Go and Gd". Presently work is being conducted in better
estimating the two grades on a monthly basis and relating the
value to the observed dilution. In addition, sonic probes are
being developed by Rpttan/UBC in enabling the_operator td
profile the void created. It is assumed that the accuracy of
grade observation extends to thaﬁ of dilution estimation since
one has an effect on the other. However, the dilution approach
at Ruttan is valid for Ruttan and the absolute values must be
vcalibrated4for dthef operations intending to employ this

methodology towards stope design.
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6.3 Observed Dilution

" The following outlines the method employed in determining
the pesultant dilution at various stages of stope extraction.
As mentioned, the observed dilution is a measure of the
externai wasté for a particular stope and can be defined as -
shown in Figure 6.1.'Dilution meaéurements are recorded daiiy '

-and tabulated monthly as indicated previously. This is
subsequéntly converted by'the author iﬁto a given volume of -
stépe'excavation exhibiting a pa:ticular lgvel of dilution.
Monthly tabulations a;é made and plotted as shown in Figure 6.2
for a pérticular stope. The.cumulative dilution is recorded
versus the volume‘e#tracted..This volume excavated is
determined through recording the trammed tonnes for a
particular stope. |

The voiumé drawn is related to the volume excavated since

it is general practice at Ruttan to :

- hﬁck evenly from all drawpoints. This 1é required in
order to ensure that the dilution i; evenly>distributed,vie.
the'&ilutioﬁ values recorded are representative fo; thé void
mined. By shutting down a drawpoint) one would‘bias the

dilution estimates.

- muck all'stopes until empty, thereby ensuring a

free-face for the subsequent blast. Normally a maximum lag time
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between tonnes blasted and mucked is two months. The undercut
may be full, therefore the blasted reserves may not exactly be

related to the dilutions determined for the tonnes trammed.

" The volume,associated with the resultant dilution was
estimated in this manner rather than employing blasted
reserves, in that the dilﬁtion estimate is.directly related to
the tonnes drawn and/of the void created. It is not neceésarily
related to the tannes blasted espécially if not all the blasted
reserves ﬁave.been trammed. |

The incremental dilution.(%) is a measure of the amount
of'wall slough over an increment of excavated volume. Figure
6.2 depicts the resultant incremental dilution for suécessive
mining intervals that.are equivalent t0110% of the totallstope
reserve volume. It gréphicaliy shows that as fhe stope is
initially excavated, ie., first 10% of ore volume removed, the
dilution Is low. However, when the stope is almost completely
.excavated (80%), for an additional 10%Z of stoﬁe volume removal,
the dilution assoclated with that 10% volume has 1increased to
16Zf
This incremental dilution will be employed subsequently in-
estimatiog blast induced damage, error in estimafion and other .

factors that are difficult to quantify.

6.3.1 Volume Trammed Versus StqpeAbimensions Mined
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Stope span was determined by employing either of two

'methods:

: Method 1: Average span recorded from stope longitudinals,
Figure 6.4. '

Method 2: Average spaﬁ back-calculated from the volume
trammed, Figure 6.5, whereby:

Inferred Span = (Volume Trammed)/(Vertical Stope Height x
Apparent Stope Width), Figure 6.5. : -

Generally, when intermediate levels are employed, thé
stope was blasted_for the full stope height and width, Figute
2.15. frior to January, 1983, ITH stopes were benched, Figure
2.16, where after they were blasted for the full stope height,.
Method 2 would Be‘a poor approximation for benched stopes. It
is true that the benched stopes were blasted for the full stope
width, however the stope height was variable. In employing
method 2, calculation of the span would be underestimating the
true spén by employing the final stope height. This affected
eight (8) stopes in our data base of forty;three(43). The stope
extréction profile cbuld’hot‘be reproduced for these stopes
prior to 1983. These stopes were 1ncluded within the data base
by recording solely the final stope geometry and the résultaﬁt

oyerall dilution.
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Figure 6.3: Volume Trammed
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Figure 6.5: Inferred Measurement of Stope Span

Stope Volume = H x W~ x L
Stope Volume = H” x W x L

where:
H” = Apparent Stope Height in Plane of Hanging Wall
W = True Stope Width
L = Stope Span
W™= Apparent Stope Width Heasured in Horizontal Plan
H = Vertical Stope Height
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CHAPTER SEVEN

DATA BASE

7.1 Introduction

' This.dhapter ideﬂtifiés the most ﬁriticai paraﬁeters as
determined through single and multivariate statistica1 
analysis. Trend sﬁrface analysls has been used to summarize
daté that is too nuﬁerous té be grasbed readily by eye..Linear
correlations between variableé_as defined by Spiegel, ‘1972 were -
employed initially to determine'tﬁe relationship between\the:
most critical parametefs in ordef to formulate a governing
~empirical relationship. A section describing the statistical
technique is briefly presented.which will outline the general
councepts employed in arriving ét a statistically significant
_rélétioﬁshiﬁ.
| The identification of_the parameters formulating the data
base are reproduced, which will be subsequently analyzed in
determining the'mosf critical parameters in terms of their
effect on dilution. The blast correction factor will be
discussed in detaill since it forms an all encompaséing term:
which will partly compedsate for.recording error and any blast
 inducéd‘démage; The.critical parameters will be'subsequently
1hcorpora;éd into a governing equation 1in Chapteg 8 which will

analyze further the significance of stope configuration.
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7.2 Statistics

In order to assess the suitability of individual sample
populations to be déséribe& by an appropriate fuqction,
multivariate statistical methods were éﬁployed. This analysis
has been used to describe data that is t06 numefﬁus to be
visually:aﬁalyzed._This allows Values to be_predicted aiong
with é quantitative appraisal of the reliability of the
prediction.
| Koch(1980) suggests that selecting avSUitable model
depends on "taste, judgement and luck"”. It is also suggested
that the predictive model be chosen in‘relation to the data
»base'available. A simple model such'és a linear or quadratic
polynomial is preferred when the data base parémetersvare not
' well defined. A more complicated model such as a higher-order
'polynomial or fourier series may be useful if‘the data base 1is
well defined and local variasility i1s low and well controlled.
A sufficiently éomplicated funcﬁion will fit any given. set of
_aata; however, this function is not uniqué (Koch,1980).
The;efore,-one shoﬁld ﬁot employ multivariate statistical
analysis with ﬁhe hope of generating'increasingly more -
complicatedbfunctions.with the goal of 1dentifying a “"correct"
predictive relationship.

This chapfer employs multivariate linear correlations
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betweeﬂ the control parameter "dilution" and the parameters
influencing the control paraheter. Initially linear.
correlations between two parameters, ie. Dilution and Area,
willvbe assessed and subsequentl& a curve to a plane will be
fitted and extended to a linear hyper-surface. This form of
expression exhibits a linear variance between the.depeﬁdent and
1ﬁdependent variablesvemployed. They.may be réproduced as

follows:

Dilution(% liﬁe

) = A + B(x)
Dilution(%) = A + B(x) + C(y) plane : ‘
Dilution(%) = A + B(x) + C(y)+ D(w) + ... linear hyper-surface
where:
Dilution - Independent parameter
A,B,C,D - Constants :
X, VW - Dependent parameters

The next most complicated expression will be attempted,
Chapter 8, which is a quadratic surface. It is expressed as

follows:

A + B(x) +C(x2) quadratic line
‘A + B(x) + C(x2)+ D(y) + E(y2) + F(xy)
quadratic surface

Dilution(Z%)
Dilution(%)

»Thié section will briefly outline the statistical concepts
_émplbyed.'The reader is referred to Kpch(l§80) for a more

‘detailed treatise on this topic.
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7.2.1 Definition of Statistical Terms

Multivariate analysis attempts to relate independent
parameters to the dependent parameters, in terms of a
relationship expressed in mathematical form, by determining an
‘equation connecting the variables. A first>step is ﬁhe
coilection of data shohing corresponding values of the
variables. Figure 7.1 shows how a curve 1s fitted to'a'"scatter
diagram” . In order to avoid individual judgement in
constructing lines, pafabolas, or other approximating curves, -
it is necessary to agree on a definition of a "best-fitting
curve”. In Figure 7.1 the independent parameter is "x" and the
dependeht is "y"(dilution). The goodness of fit is determined
by the deviation of the "y predicted” from the "y observed”
parameter(yl). Consequently, where the following relation is a

minimum, one arrives at the best fit curve defining the

relationship between the variables:

: 2 .
dl2 + d2  + .... + dn2v= a minimum

" where: v
dn = (y predicted) - (y observed)

A curve approximating the data in Figure 7.1 is said to
‘fit the data in the’least—squares.sense and is called a
least-sqhares line,curve or surface. The dependent parameter,

in the.context of this thesis, is defined as‘dilution and is
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also the control parameter. The independent pérameters, among
others; are areé, rock quality, exposure rate and stope
configuration.‘

The least-squares line approximating the set of points
(xl,yl); «e.y (xn,yn) has the equation " y = A + Bx " where the
constants "Af and "B" are determined by simultanedusly solving

the equations:

Least Squarés Line

y = A + B(x)
Sy = An + BZx
£Xy = A¥x + BY x2

(n = no. of observations)

Similarly, the least squares plane, hyper-surface and quadratic
surfaces are also determined from the "normal” equatious

represehted below:

Least Squares Plane

z = A + Bx + Cy v

£z = nA + BEx + CZy
Sxz = Afx + BEIx + CELxy
= AZy + BEIxy + CEy2

Zyz
Least Squares Quadratic Line
z = A + Bx + Cx2
£y = nA + BEx + CEx?

s xy ATx + BEx? + CEx3
£x2y = Arx?® + BEx3 + cEx?
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Least Squares Hyper-Surface

z
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]
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A+ Bx + Cy + Dw + Et

CXy + DEw + EEZt

+

+
+
ER

CEyx + D=wx + EEtx
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Least Squares Quadratic Surface

z-
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£2zy2

CEzxy

A+ Bx + Cy + Dx2 + Ey2 + Fxy

nA + BEx + CEy + D=x + Efy + F&xy

AEx + BEZx2+ CExy + D=x3 + Efy2x + FgxZ2y

AEx2 + BEx3+ CEx2y + Dex? + Eey2x2 + FuxJy
ATy + Bgxy + C=y2 + DEx2y + Efy3 + FExy2
ASy2 + B=xy2 + Ce=y3 + D=x2y2 + E=y4 + Fsy3x
= ATxy + BEx2y + CExy + DEx3y + EExy3 + FEx2y2

A correlation coefficient measures how well a predicted

surface will fit the sample data. It is calculated as follows:

where:

r2=§iy est -

obs) = Explained Variation

2(y obs -

¥
y

obs) Total Variation

y est = predicted valﬁe of independent parameter

y obs

mean value of the observed independent parameter'

y obs = value of the observed independent parameter

The value r

2 can be interpreted as the fraction of the -

total variation which is explained by the least-squares

regression line. "r

measures how well the least-squares

regression line fits the sample data. If the total variation 15

entifely explained by the regression line, ife. r = +1, 1£ is

said that there 1is perfect correlation . If the total

variation 1is entirely unexpiained, then the eXplained variation



169

is zero and so "r =0". In practice, the quantity "r" lies
_between "0 and 1". A correlation coefficient of =-0.81
indicates that 66% (100 x (-.81 )) of the variability of the
control (dilution) parameter is explained by the fitted
relationship. A correlatibn of -.27 indicates that only 7% of
the variability is explained by.the fitted relationship. Tﬁé
deviations "y éstfiy oﬁs" follow a definite and predictable
pattern.

| " The above concebts can be generalized to more variables.
Since the multiple correlation coefficient, as defined
previously, is not evalﬁatéd in terms of the independent
parameters but, only by the control and_eéfimated control
paramete;.
| A further important parémeter describing the best fit
curve ér estimate of the dilution parameter 1s determining the
"confidence levels” for the regression curve. A measure of the"
scatter of the estimated dilution parameter (y est) forva gliven

value of x1,x2,... xn is determined as follows:

Unbiased Standard Error of Estimate of y on x

Sy.x jZ(y obs -~ y est)2

N
~where: _ - ‘
n = number of sets of observations
N = number of degrees of freedom.

ie. y.x then N = n - 2
y.x.t then N = n - 3
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This value 1s called the standard error of estimate of
thé predicted dilution given the indepeundent variables from
which it was calculated. It is inherent to the definition of
the least squareé regression curve that the difference between
the observed and predictéd (z - z est) dilution be'a minimum.
Thi;,will result in the Smallest‘standard error of estimate
than for any other possible regression curve.

The standard error of estimate has prbperties analogous
to fhose of standard deviation. ConStruéting a pair‘of lines
parallel to the regression line of y on x at fespective
vertical diStances Syx,IZSyx and 3Syx‘from it, and 1if "n" 1is .
large enough, then there would be inciuded between these pairs
of lines about 68%, 95% and 99.7% of the samﬁle points
respectivel&, Figure 7.2. This assumes that the sample
poﬁulation is large and does not require one to estimate the
normal distribution of the populatiom by means of the "t"
statistic. for sample sizes exceeding thirty(305, it is cailed
‘a large sample, and can be approximated by a normal
distributioﬁ and'the.approximation will improve with 1increasing
"n". For sambles of size "n" less than thirty(30), called small
samples, this approximation ié not as desirable and worsens
with decreasiﬁg "n". This reﬁuires that "small sampiing theofy"
be employed. The above definition for the unbiased standard
error of eSﬁimate forbthe population is satisfactory fpr sample
sizes exceeding tﬁipty (Spiege1,1972).'This is the sitﬁation

for the Ruttan data base.
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A further statistical test must be introduced - the
"level of significance"v. This test is required in order to
determine that the correlation values that have been
~calculated, have not done so by chance. This involves
hypothesis testing, whereby one 1is able to determine whether
the-value.of'the correlation coefficient found for a sample has
arisen from a nérmai univerée.»A normal universe is
characterized by having a correlation coefficient of zero;
Associated with a sample correlaﬁion éoeffiéient s a
" distribution. If is therefore important to determine whether -
achieving a population correlation coefficient of zero is-
entirely possible; given the spread of the sample-results. This
requires that the sample correlation distribution be
approximated by a "t” distribution. The probability must then
be determined that the étandardized distribution, which
_répresents the population correlation cbefficient, exceeds zero
at a gilven significance level. Values of correlation
coefficients for different levels‘of significance and degrees
of freedom are shown in Table 7.1. This table shows tﬁe
probability of error in accepting a sample correlation as
significant when it should have been rejected. Generally"
statistlicians adopt the terminology that fesults that'a;e:

(Spiegel, 1972).
- significant‘at the 0.01 level ére “"highly significént"

: . .- significant at the 0.05 level but not the 0.01 level
-are probably slgnificant 4

- significant at levels larger than 0.05 are "not significant”
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7.3 Distribution of Data Base

Figure 7.3 shows the distribution of the data formulating
the Ruttan data base. Forty-three (43) stopes were assessed
from a total of forty-six (46) since the commencement of
mining. It.was intended to incorpora;e all stopes at Ruttan and
~not to bias the results by a‘selection proceduré. The stopes

that were not selected were:

- 320 - 19B, a shrinkage-type of stope . ie. entire stope
blasted then tramming commenced. Consequently, trammed dilution
is not related to void created.

- 370 - 14D, a -shrink stope

- 370 - 11D, a mine develdpment problem cauéed premature
stope shut down

Tables 7.2a,b,c identify the individual parameters. for
each isolated, echelon and rib stope configuration. An

observation consists of the following:
1) No. of Observation
2) Stope Name

This is defined by the draw level,the stope number and a

lens descriptor (letter)
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3) Rock Mass Rating [RMR(%)]

This 1s defined for the critical wail contact..It.

normally refers to the hanging wall classification.

4) Stope Height [Ht.(m)]
This is a measure of the apparent stope height (H") as

defined in Figure 6.5,

5) Stope Width [wWdth.(m)]
This is a measure of the true stopé width (W) as defined

in Figure 6.5.

6) Stope Volume [Vol.(m3)]

Thié is a méasurevof the volume of reserves mined.
Observation points were selected at intervals of volume
ylelding 5C00m3 , 10000m> and subsequently in 10000m3

intervals.

7) Dilution [Dil.(%)]
This parameter was calculated as described in Chapter 6.

It was interpolated from plots of "cumuiativg dilution versus
"volume extracted”, Figure 6;2. The interpdlaﬁion pfbcedure 1s 
actually a summary of monthly observatlons recorded throughogt
" the stope excavation history. For e*ample,'thevisolated stope

data base consists of twenty-two (22) stopes, yielding

sixty-one (61) observations which are baéédvupon 200
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recordings. This value 1is recorded as the total cumulative
dilution for the stope volume extracted. It has been corrected
for the dilution that 1s recorded at the time of "slot
blasting”. This will be described subsequently, however, the
control parameter has been corrected by subtracting the "blast
cbrrection factor” from the observed cumulétive dilution. The
.valﬁe reqorded in Table 7.2.represents the dilution for a
particular volume 6f mined reserves. The total dilution,
however, is actually the recorded value plus the wall slough

attributed to slot excavation.

8) Span [m]
This represents the stope span for the volume of reserves

removed. It has been determined as outlined in Chapter 6.3.1.

- 9) Hydraulic Radius [m]

This value»has been employed throughout the literature by
authors who have conducted work in the field of empirical stope
design, Laubscher (1976), Mathews et al (1981). It was employedvto
determine if it Qould be a cr1tica1 parameter iﬁ relating the
exposed surface area to the conrol parameter. It is a fluid
mechanics term (Vennard and Street, 1975) that has been extended to
describiqg the ratio between the exposed 3urface area/exposed
surfacé perimeter. Mathews has coined this term as the “shape
factor” and it is reproduced in_Figure 7.4. It is employed to

distinguish between one way spanningbsituations where one
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‘dimension 1s particularly large with respect to the other. It
is shown by this figure that when the long to short span
exceeds approximate1y 4:1, the change in the hydraulic radius
is minimal. It is for these geometries that Mathews aﬁd
Laubsher were particularly trying to distinguish. The initial
premise was that a one way spanning situation (le. tunnél
having an exposed sprface areé of 1000m2 or 100m long by 10m
high) is more étable than-a stope wall of which long and short
dimensions are similar (32m long by 32m high). This was shown.
empirically, by.both Laubscher and Mathéws, to be true. Narrower
openings would tend to add a degree of confinement and/or
inhibit the occurrence of exposed structures. The hydraulic
radius was determined for the Ruttan study in an attempt to
relate the results to a wider data base as compiled by prevfous
researchers.It i1s generally the case for open stoping
operations that the hanging wall and footwall surfaces are
.two-way spanning. It is unlikely that the span ratios would
exceed 4:1. Tﬁis was the case at Rutﬁan where average span
ratios ranged fromAlzl to 3:1.7The exposed surface area was
also calculated from the span‘and stope heigh; and correlaféd

to the control parameter.

"10) Exposure Rate [m2/mth]
This value refers to the rate of excavation for a
particular stope. It is expressed, initially, as the volume

excavated per month, Figure 6.3. The exposure rate is
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subsequently calculated as ;he rate at which the hanging wall or
footwall area is exposed. It 1s.éxpressed as the surface area -
exposed per month. An example is shown in Figure 6.3 whereby,
for the first three months of mining, the shaded area shown - in

Figure 6.3 has been extracted, consequently:

Rate of Excavation = L1 x H x W/(3 mths) = Volume/. 3 mths

Exposure Rate = L1 x H/(3 mths) = Exposed Surface
' Area/3mths
or alternatively
Exposure Rate = Rate of Excavation/Width

where width(w) is measured perpendicular to strike and refers"
to the true stope width.

11) Blast Correction Factor [ BCF, %Dilution]

It was found that an initial dilution was present at
lower volumes éf excavation. This value was higher for stopes
exhibiting a lower rock maés quality. Figure 7.5 shows the-
effect éf stope configuration'on the extent of the zone of
rglaxation. A slot'is initially excavated fromvfootwall:to
'hanging wall which has the dimensions shown in Figure 7.5. - The -
slot excavated exposes a minimal wall contact under the most
favourable confining conditions; Generally the slot is 3.7m x
3.7m for sub-lévél stopes and 6.1lm x 6.1m fo? ITH stopes,
extends for the full stope height and 1is subsequently slashed

,'forvthe full stope widph This initial dilution was analyzed
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separately from the dilutions observed subsequently. It is
generally assuﬁed by Ruttan that dilution in the slot area is
negligible and 1if present, iIs due to blasting. This dilution is
then assumed to be constant over the remainder of the stope
.1ife, since the blast practice does not:change. Subsequent

séctions will evaluate the significance of incorporating»this

~ correction to the data base. This initial value was subtracted

from the subsequent dilution figures recdrded to result in a
corrected dilution reading..This factor would also tend to
compensate for observation error in estimating dilution, since
this value should also remain constant for a given stope.
Figure 7.6 shows that the incremental dilution is fairly
constant until 302 of the -stope has been excavated. The slot
generally encompésses a volumé of 25003— 3000m> . The
incremental dilution shows that 7% 1s constant for the first
3000m3, after which, it increases and will be subsequehtly
shown to be directily correlated to the enlarged surface area
exposed dué to mihing. Blast damage for 270 Z-Zdne is assessed
at 7%Z. This value 1is genérally between 0-- 32. 1t has been
systematically recorded for thg stopes in the calibrated data.
base as‘the dilution resulting from the slot area.’The‘slot
dilution was calculated as shown above employing incremental
dilution'estimatés and relating the value to tﬁe slot area
‘exposed. Figures 7;7,?.8,7.9 summarize the parameter
'distribution that forms the Ruttan Data Base for the isdlated,

‘echelon and rib configufations respectively. A Statistical
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evaluation for the rglevant parameters analyzed for each
individual configuration and for the total data base is shown
in Table 7.3. A mean and a standard deviation is recorded for
each paramefer outlined in Figure 7.7,7.8,7.9 and'TaBle 7.3.
The average dilution for the forty—three(43) isolated stopes is
lO%, whereas the average dilution as derived from:tﬁe
intermediate geometries (133 observations) i1s only 6%. In order
to de§cribe the datg base, one has to look at the'individual |
observations for the final and inte?mediate stope geometfies;lt
‘is important‘to know the limitations of any empirically derived
fofmulation, since it is only as accurate as its data base.
Extrapolating ﬁhe observations beyond the observed quantities

may have a poorer chance of prediction.

7.4 Identification of Critical Parameters

Thé observations recorded in Tables 7.2 a,b,c form the
ﬁasis for the selection of the parameters which have the
‘greatest effect on the control variable "dilution”. Initially,
dilution was cor:elated by applying a linear regressioh'<'
Uanalysis to the paramefers outlined 1n Figure 7.10. The:
dilution sensitive parameters Qere eﬁaluated with respedt to
the isolated data base, thereby ensuring that stope

'configuration would not bias the resulting correlations. The

‘mutual correlations were as follows: .
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a) Rock Mass Rating
o The individual parameters which combine to form the "Rock
Mass Rating” were analyzed with respect to the control
parameter for the isclated data base., The data base is shown 1in
Table 7.4. A statistically significant correlation coefficient
must exceed 0.295 given “n-2" degrees of freedom;(6l—2=59).
Iﬁdividually3 each coefficient is not statistically
significant, Figure 7.11. The highest correlation was obtained
between the RQD and dilution (r=-.24). The statistical test.is:
true in the sense that it would select or rank the most
critical parameters assuming that the other parameters would
hof overly bias the correlation. In order to isolate the éffect
of the other-parameters, such as the expoﬁed surface érea,
multivariafe analysis must be employed. This would enable the
resultant marginal increase in the‘overéll "best fit"
expression to be assessed, Figure 7.10.

Grouping all the parameters that combine to form the
"Rock Maés Rating" results in.a multiﬁle correlation of 0.3.
Relating the RMR value with dilution results in an increased -
bsignificant correlation of +0.36, Figﬁre 7.10. Consequently,
the RMR is selected as a ﬁarameter that will reflect ﬁhe
importance of rock quality on dilution. This is not to imply
that the NGI system will not be an equal or‘e§en better
correlative parameter. The RMR was chosen due to its
compatibi;ity ko'the method of data gathering employed at

Ruttan., Incorporating “"Exposed Surface Area” with the
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individual RMR parameters indicates that they would all improve
the mutual correlation that exists with dilution and area -

' alone._A third criteria for selection of critical parameters 1is
described. The difference bétween a correlation of 0.71 and

. O.73_1s not statisticaliy different at the 957% significance
level (Koéh;1983) and'should.be treated joinmtly. Howéver, in
order for the difference to be statistiéélly significant, the
correlations would have to generally differ by 0.20 for the
isolated data base. The approach taken by the author is ;o
define the most significant parametéré "Primary Pa:ameters" and
to gfoup the remaining into a linear or quadratic equation that
would yield the highest correlation coefficient. A second
criteria was the “Criteria for Semnsitivity”. In order for a
parameter to be classified as being dilution sensitive, it must
pass'the test outlined in Figure 7.12. The governing.equatioh
will incorporate the most dilution sensitive and correlative

paramet‘ers .

'b) Stope Dimensions

The best fit parameters were that of exposed surface
are#, hydraulic radius and span. A mutual correlation between.
area exposed and hydraulic radius yielded a correlation of

+0.96 and the following expression:

2y = -460 + 250{Hydraulic Radius(m)]
r= +.96 5=%300m® '
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‘Among the three parameters invéstigated, hydraulic radius
and area resulted in higher corfelations, Figure 7.10. The
primary parameter "Area" will be employed rather than hydraulic
radius, dﬁe to the high correlation that exists between ;he
two.»Hdwever, a governing equation in terms of hydraulic radius
will also be generated in order for the author to enable
comparison of results to other researchers. Figure .7.13 shows
the resultant mqltipie correlations upon combining RMR and
stopé geometry with that of dilution.

Historically mine operators éssoéiated dilution with th#t
of increased span. It was found that for the 1301a£edvdata‘ba$e_
that : |

Dilution (%) = 0.45 + 0.27(span in meters) r = 0.68 & =%3,8%

The governing equation will also be generated in terms of span..

c)'Stress

The significance of depth on dilution was assessed in
Figure 7.10. It did not yield a statistically significant
vcorrelation on its own. Upon combining RMR and "Area”, as shown
in Figure 7.13,‘it only marginally increased the combined
Cofrelatign (.76 to .77). It, however, was not sensitive as pep
the original definition, Figure 7.12. | |

The use of fill and no fill was correlated to the
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"echelon” data base since fill in adjacenf stopes would only
affect the echelon and rib configurations. Upon cl§ser
examination of the mining sequence and filling cycles, it was.
concluded that f11ll was only used as a working platférm and nbt
as a means of stabilizing adjacent areas as initially plauned,.
Only five stopes had benefited from having £111 in the adjacentb

stopes, all of them béing of the echelon configuration:

320-18J
370-20KN
370-19K
430-12D
430-13D H/W
(19 obs.)

Employing mul;ivariate‘analysis on the echelon daté base
does not result in an improvement in either correlétion or
sensitivity, Figure 7.14. The results were significant at the
- 99% confidence lévei, however, it is of the author”s opinion
that the data base 1s not sufficiently large to be a reliable

estimator.
d) Mining Method

The excavation and exposure rate were mutually correlated
to dilution as shown in Figure 7.10. Upon combining RMR and
‘Area, this resulted in multiple correlétions as shown in Figﬁre

7.13. The exposure rate was subsequéntly employed as
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augmenting the primary parameters since it yielded an overall
highér correlation and sensitivity.

A further analysils was conducted on.stopes employing 51lmm
(conventional) and 151mm (ITH) drilling and their resultant
effect on dilution. The 51lmm stopes are as_follows, refer Table
7.2a:

370-108B

370-15¢C

370-19J
370-12/13F

430-13D F/W

430-14D

430-12F
no. obs= 29

Multivariate analysis showed that this parameter was not
statistically significant, Figure 7.13.

Mine sequeﬁce, which refers to the direction of mining,
ie. footwall to hanging wall lenses.or vice versa, was
correlated to the expression shown in Figure 7.14 for the
echelon configuration. The following echelon stopes were mined

from hanging wall to footwall:

320-18J
370-20KN
370-19K-
370-21J
370-21KN
430-21J F/W
» . no. obs=21

Flgure 7.14 indicates that the correlation coefficient
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improved upon incorporating mine sequence into the empirical
equation and was marginally sensitive. This was further
assessed by introducing the "mine sequence parameter”™ as an
option. A mining direction from hanging wall to footwall would
dicﬁate that the parameter "opt.=0" otherwise, it would be set

to "opt.=1". The following equation was derived:

D11(%Z)=7.1 =~ .003(Area) + 1.4(0Opt)

Upon combining.the secondary parameter "Exposure Rate” with the
existing governing equation, Figufe 7.14, 1t is determiﬁed that
the mine sequence does not ﬁarginally improve the overaill
cdrrelation/éensitivity. In addition the partial correlation
céefficient (Sect. 7.4}1) for "mine sequence” was.found to not
be_statistically‘significant, Figure-7.l6{

The "Blast Correction Factor" was correlated to the RMR
and was shown to be statistically significant at the 99%
confidence level. It éhowed that as the Rock Mass Rating‘
increased, the BCF decreased. Other parameters affecting the
BCF were not studiéd since the factors that would contribute to
the BCF were not recorded in the original data Base, Chaptgr
7.3. Thesé factqrs would be difficult to quantify (dther»fhan.
RMR) since they Should include a detailed assessment.of .
biasting/drilling practiceé, sampling error in dilution

estimate and a study of possible stress induced failure that
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may exist within the slot area. These, among other factors,
.éhbuld be studied in greater detail in determining the extent
of the BCF. Present practice at Ruttan 1s to reduce the Bcf to
where the governing'eéuation is able to account for all the
dilution that is attributed to a stope.

The governing equation is a.combination of the primary

parameters :

Area
Rock Mass Rating

and the secondary parameter:

Exposure Rate

A sensitivity analysis.ﬁas performed on the best fit equation
incorporating the relevant parameters for the "total stope "
data base (l3i obs.), Figuré 7.15.

An alternate method of analyzing the above relevant
parameters 1is described in the follows section employing
"partial correlation coefficients". This was employed in order

to determine the secondary parameters critical to the governing

equation,
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7.4.1 Partial Correlation (rp)

It is often required to measure the correlation between

the dependent variable (dilution) and oune independent variable

when all other variables involved are kept constant. This can
be obtained by defining a coefficient of partial correlation

(Spiegel,1973). It is derived as follows:

rl2.3 = r12 - r13 x r23

{(1-r213)x(1-r223)

r12.34 = rl12 - r13.4 x r23.4

{ (1-r213.4)x(1-r223.4)

A + B(Area) - C(RMR) -D(Exp.Rate)

given: D11(7%)
) (3] (41 (2]

Parameter [1

r12.3 correlation coefficient between.parameter [1]
and [2] while parameter [3] is constant. In obtaining this
coefficient other parameters are not considered.

rl2 =.corre1ation coefficient between parameter [1]
and [2]. ' '

rl2.34 =.represents correlation coefficient between

~parameter [1] and [2] while parameters [3] and [4] are constant .
and others are not considered.:

Figure 7.16 shows the partial correlation coefficiént
(rp) bepween thevsecondary parémeters and the‘control parameter,
keeping "RMR and Area"” constént. Similar resultsbto that of
Figures 7.13,7.14 are obtained. The only étatistically |
significanf secondary parémeter being that of "Exposure Rate”.
Figufe 7.;0 shows that dilution is largely insensitive to the
"étope span/width"” fatio whén‘area and rock mass ratiang are

held constant.
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7.5 Quadratic/Linear Interpretation

The above analysis was based upon a linear 1ﬁterpretation
of variance between parameters. A_quadratic expression was also
attempted as'shown in Figure 7.17. Figure 7.18 compares the
correlations as derived bétween the.primary parameters. Table
7.5 compares the predicted dilutions for the best fit linear
and quadratié expressions employing the primary parameters., The
‘quadratic equation yilelds a méan sample difference between the
observed and predicted Qilution of 2.1%, whereas the linear
eXpressioﬁ resulted in 2.5%. It is trﬁe that the quadratic
correlation results in a statistically more significan£
coefficient than the linear expreSsion, however, upon closer
examination of the expression, this 1Is to be expected; The
qﬁadratic best fit expression,Figure 7.17, actually
incorporates the linéar expression and therefore would produce
a better fit,

Given "n" observations, a cﬁrve having "n" number §f
parameters‘wéuld yield a perfect correlation. This Qf qourée
‘could be theoretiCaliy possible, bﬁ; practically difficult to
employ and understand. Consequently, the additional quadratic
surface that would incorporate all the significan; primary and
secondary parameters would have to be of the form of expression
shown in Figure 7;17(3). The marginal increase in predictive
accuracy does,nOt’warranf the additional compiexity 1nherent_to
- the quadratic eéuation. CopseqUently,vlinear interpretation
will be employed'since it has produced significaht correlations

comprised of simply defined relationships.
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7.6 Observations/Conclusions

This chapter summa;izes the parameters tha; were found to-
be particulafly significant and sensitive to the control
parameter "Dilution"‘ The governing equation will incorporate
"Area, Rock Mass Rating and the Exposure Rate” which
statistically are significant at a 99% confidence level.

The hypothesis at this point concludes that:

DILUTION IS DIRECTLY RELATED TO THE ROCK QUALITY, THE EXPOSED
SURFACE AREA AND THE RATE OF MINING GIVEN THE CONDITIONS
~PREVAILING FOR THE RUTTAN OREBODY.



189

. Table 7.1: Values of Correlation'Coefficient for Different

Levels of Sigunificance

DEGREES | PROBABILITY
OF
FREEDCM 051 .01
1 .988 | 1.00
2 .500 .980
3 .805 934
4 .729 .882
) .669 .883
6 .621 .789| .
7 .582 750
8 .549 .715
9 .521 .685
10 .497 .658
11 476 .634
12 .457 .612
13 .441 .592
14 426 574
15 412 .558

DEGREES | PROBABILITY
OF
FREEDOM .05 |.01
16 A 542
17 .389 .528
18 378 | .515
19 .369 .503
20 .360 .492
125 .323 445
30 .296 | -.409
35 .275 .381
140 .257 .358
45 .243 .338
30 .231 .322
60 211 .295
70 .195 .274
80 .183 .256
90 .173 .242
100 .164 .230
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Table 7.2a:

Isolated Stopes Data Base

ISOLATYD STOPES BASE MIMBER OF STOPES = 22
Y. | Stope RR(Z) | He.(m)| Wdth. (m) vol.@®)| o11.(x)| Span(m) H.R.(m) | ER.(R/nth] B.C.E.(Y)
1 |20uF 60 45 8 5000 5 15 6 .0.19 3
2 (26011 F 60 %5 ] 10000 10 53 V) 0.23 3
T (260 18 J 51 A 10 00 3 5 3 0.0 5
% 1260 18 J 51 84 10 10000 5 17 5 (R 3
S {26018 3 51 3 10 20000 3 % E] 0.20 3
6 260 18 J 31 % 0 00 g % ¥} 0.30 3
7 260 16 H 80 95 13 5000 2 6 . 3 0.2> []
8 | 260 16 0 30 35 3 10000 3 5 7 0.% 0
7 {70 16 § 80 35 13 20000 7 p) 3 0.37 ]
10 1260 16§ 0 % 3 000 ) ] 3 0.3 0
11 260 16 H 80 g5 13 40000 F] 46 16 0.21 Q
12 1270 02 73 73 8 000 5 13 5 0.15 7
13 1200 02 73 7] 8 0000 3! % 5 0.09 7
14 320 14 BE 25 105 10 5000 i) 3 16 0.21 3
15 |30 B E 79 80 0 5000 3 3 7 0.1 7
6 |30 R 3 75 17 000 0 % 2 0.10 3
17 320154 66 75 17 10000 | 1 9 4 0.14 5
18 30154 66 75 17 20000 2 17 - 7 0.22° S
9 130 5a 5 75 Y 30000 3 5 g 0.3 5
20 |30 150 % 75 7 30000 3 k7] 7 0.22
711320 18 N 81 75 3 5000 ] 17 55 0.2 =
2 |30 199 8% 75 pa 5000 0 3 3T 0.5 0
B |30 19J 3 75 pil 10000 ) % 7 0.18 7
% |30 19 8% 75 % 20000 5 E7] 3! 0.16 0
25 320 11 B 41 77 . 9 5000 22 45 14 0.20 -1
% | ZOILC 53 ) 8 00 5 1% 3 0.13 0
5 | %011 ¢ 73 0 ] 70000 ] 2 0 0.14 10
B | 370 2L W 3 52 10 000 I ~37 TI 032 1
% | 370 5 & 80 76 3 5000 3 px) 9 0.09 -1
%0 | 370 10 B S 63 T 5000 7 g 3 0.12 10
3L (30108 51 63 11 10000 3 16 5 0.11 1
32 [3015C 51 53 5 000 0 g Z 0.71 p2)
T3 [ 37015 C 51 63 g 10000 7 19 7 0.19 b
% [ 30 15C 51 53 g 20000 11 a3 3 0.17 ]
(35 [ 37019 J %3 80 pE] 5000 0 % 7 0.16 7
% 3019 43 % 3 10000 0 3 4 0.9
37 1370 19J @3 <) 3 20000 5 5 5 0.20 2
B | 370 19 J 43 0 px] 30000 13 p] 0 .13 7
ENELRE 80 76 P 5000 7 7 0 .12 1
W0 [ 370 12 IOF 70 0 10 5000 0 3 % 0.1 0
31 ] 370 12 I3F 70 ) 10 10000 3 71 g 0.13 0
%2 | 430 13D F/W| 8 &0 32 5000 7 3 T 0.08 1
3 |40 30| %0 5 32 TO000 % 5 7 0.13 0
W | 430 13D F/W]| 80 & 32 70000 5 0 73 0.1% 0
% | 40 13 DF/MW] 80 50 k7] 30000 5 % 3 0.16 [}
% |40 13DFM| 80 & k7] 2000 5 71 3 0.16 0
%7 | 40 13D /W] 80 &0 32 50000 % % 3 0.16 0
@ |40 BDFW] % ] k7] 50000 3 B! 10 0.13 0
9 | 40 13D F/W]| 80 5 kY] 70000 7 = I 0.15 )
0 | 430 130 F/W] 80 0 T2 50G00 0 7] ¥} .3 (4
51 [ 430 14 D 80 & K3 5000 1 3 T 0.06 0
3 [ 4% 14 D 50 ) ) T0000 3 6 3 5.00 [
53 | 430 16 D 80 0 ED) 20000 3 ] 5 0.11 0
% | 430 14 D 80 %0 £ 0000 g 17 7 0.03 0
5] 430 14 D 80 60 X L0000 9 2 B . B.O03 ]
7% 14 D 0 5] K] 50000 Z ) Y] 0.03 0
57 430 21 K 70 52 10 5000 1 10 4 Q.21 0
58 430 21 K 70 52 10 1000 1 20 7 0.20 0
59 430 21 K 70 32 10 20000 2 40 11 0.25 0 .
60 430 12 F 32 85 10 5000 1 [ 3 0.11 [}
SR RYRI ki BS )y OO0 il ) T 0.10 0
BCF -1 Refers to Benched Stope
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Table 7.2b: Echelon Stopes Data Base

ECHELON STOPES DATA BASE

F STOPES = 12
| M. Stope RR(Z) | He.(m) | With. (o) val.(m3) | D11.(X) | Span(m) H.R.(m) | E.R.(m2/mth) | B.C.F.(Z)
1 320 12 BE 47 80 7 5000 11 9 4 0.10 4
2 (320 12 BE 47 80 7 10000 12 27 10 0.1 5
3 320 18 J 56 73 9 5000 4 15 6 0.21 9
[ 4 32018 J 56 73 9 10000 10 35 12 0.10 9
5 370 20 KN 45 b4 15 5000 1 6 3 0.09 2
[ 370 20 KN 45 64 15 10000 3 11 5 0.12 2
7 1370 0 &N %5 54 15 20000 9 ] 8 0.15 ]
§ (370 X KN 5 4 5 30000 17 73 13 0.13 7
9 370 20 KN 45 64 15 40000 13 49 14 0.13 2
10 370 13 D 49 30 25 5000 1 4 2 0.18 3
11 37013 D 49 30 25 10000 3 8 3 0.24 3
12 370 13D 49 50 25 20000 3 16 6 0.20 3
13 370 13 D 49 50 25 30000 7 24 8 0.11 3
14 370 13 D 49 0 25 40000 10 35 10 0.10 3
15 370 19 K 62 115 13 5000 0 3 2 0.18 [}
16 370 19 K 62 115 13 10000 1 7 3 0.22 Q
17 370 19 K 62 115 13 20000 3 14 6 0.21 1]
18 37019 K 62 115 13 30000 4 21 9 0.22 )
19 370 19 K 62 115 13 40000 5 28 11 0.25 0
20 370 19 K 62 115 13 50000 8 35 13 0.22 v}
21 370 21 J 60 65 15 5000 [1] 3 2 0.23 2
22 370210 60 65 15 10000 1 10 4 0.23 . 2
23 370 21 J 60 65 15 20000 3 20 8 0.21 2
24 370 21 J 60 63 15 30000 4 X 10 0.19 2
25 370 21 KN 23 44 8 S000 2 16 6 0.28 7
26 370 21 KN 23 &4 8 10000 12 30 9 0.28 7
27 370 12 D 26 85 24 S000 2 3 1 1.04 3
28 370 12 D 26 85 24 10000 7 5 2 0.07 3.
29 370 12 D 26 85 24 20000 11 10 4 0.08 3
0 37012 D 26 85 24 30000 15 38 13 0.08 3
31 430 I3 F 33 42 10 5000 1 16 6 0.19 8
32 430 13 F 33 42 10 10000 9 35 10 0.28 ]
33 430 12 D 26 85 24 5000 2 3 1 0.04 3
34 430 12 D 26 85 24 10000 7 5 2 0.07 3
35 430 12 D 26 85 24 20000 11 10 4 0.08 3
36 430 12D 26 85 24 30000 15 B 13 0.08 3
L 430 21 J F/W 65 53 24 5000 4 4 2 0.05 2
38 430 21 J F/W 65 53 24 10000 5 18 7 0.04 2
39 430 13 D H/W 52 - 64 18 5000 2 S 2 0.10 0
40 430 13 D H/W 52 64 18 10000 4 9 4 0.14 [
41 430 13 D H/W 52 64 18 20000 6 19 7 0.16 0
42 430 13 D H/W 52 64 18 30000 7 28 10 Q.17 0
43 430 13 D H/W 52 64 18 40000 8 37 11 0.13 [4]
[74 43 13 D HW 52 64 18 50000 8 ) 12 Q.11 0
"BCF = -1

Refers to Benched Stope
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Table 7.2c¢: Rib Stopes

Data Base

RIB STOPES CATA BASE NUMBER OF STOPES = 9
No. Stope RMR(Z)| Ht.(m) |wWdth.(m) Val.(n3) | Dil.(2) [ Span(m)| H.R.(m) E.R.(n/mth)| B.C.F.(%)
1 320 10 B 34 112 12 5000 Q 4 2 0.22 Y
2 320108 34 112 12 10000 8 7 3 0.22 0
3 320 10 B k2 112 12 20000 13 15 7 0.25 0
4 320108 34 112 12 30000 16 22 9 0.27 0
5 320 10 B 34 112 12 40000 16 X 12 0.29 0
6 320 10 B 34 112 12 50000 16 37 14 0.30 0
7 320108 .34 112 12 60000 16 [ 16 0.31 Q
8 320 10 B 34 112 12 70000 - 16 4 16 J.28 0
9 320128 23 106 10 5000 27 20 8 0.24 ~1
10 j34012¢C EY) 40 20 5000 8 6 3 0.12 5
11 [ 34012¢C Ed] 20 20 10000 10 13 5 0.16 5
12 37020 J 69 75 22 5000 5 3 1 0.04 1
13 370 20J 69 75 22 10000 7 6 3 0.08 1
14 370 14 C 47 65 7 5000 8 12 5 0.16 22
15 3014 C 47 65 7 10000 13 32 11 0.20 22
16 37018J 54 75 10 5000 2 7 3 0.20 2
17 370 18 J 4 75 10 10000 9 14 6 0.3 2
18 370 18 J 34 75 10 20000 14 2 11 0.37 2
19 370 18 J 4 75 10 30000 14 43 14 0.31 2
2 [301F 57 - X 10 5000 9 10 4 0.04 15
21 (430 15D 51 64 15 5000 2 6 3 0.19 0
22 {43015D s1 64 15 10000 6 11 S 0.23 0
23 143015D 51 64 15 20000 9 22 8 0.23 0
24 {43015D 51 64 15 30000 11 33 11 0.24. Q
25 430 15 D 51 64 15 40000 14 47 13 0.15 Q
2% 430 20 K 74 46 10 5000 1 11 4 0.28 4]
27 430 0 K 74 46 10 10000 1. 22 7 0.18 [4
28 140 DK 74 46 10 20000 2 B 10 Q.21 0
BCF = -1 Refers

to Benched Stope

PARAMETER TOTAL LSOLATED ECHELON RIB
No. OF STOPES 43 - 22 12 9
No. OF OBSFRVATIONS 133 61 44 28
Rock Mass Ratinz (2) | 55%19 64%19 G7¥10 48416
(562 20) (59%22) | (45¢15) &9 17)
EXP. RATE (10002 /mth) .182 .09 1B .09 | .15%.07 22%.09
18% 08) | (.17 .07)] (.15¢.08) | (.18%.09)
HYD. RADIUS (m) 7¥4 724 754 BES
(i1%3) (11% 3) (11£2) (10 £4)
PAN (m) V14 21214 19514 2115
. (311 13) (32¥13) | (34E3%) (24216)
SURFACE AREA (mZ) 450X 1120 1420ET020 | 1360 21085 | 1705% 1545
22502 1120) 1 (2254 ¥570) [(2360% 924) (2090 £.15%0)
SPAN/WIDIH RATIO 1.621.3 .6=1.5
N\IZYTLT) (3.2%1.8)
STOPE HEIGHT (m) 71¥2] X5 72¢23 78828
@B E20) (68=16) | (68%20) | (70225)
KF (%) 336 3%5 3%3 337
DILOTION (%) 1213 6%5 ¥4 0% 7
(10ET) (10¥6) (10 ¥4) (12t 7y
STOPE DEPTH (m) 6315 3561 65 38517% %I E47
: . 3%0X48) (366L55) | {BIEW) | (%9 240)
STOPE INCLINATION () 6749
(68%.9)
STOPE WIDIH (m) 189
. (151.8)
NG SPAN/IIORIT SPAN 5125
(2.131.1)
{ ) Refers to Final Stope.Configuration

Table 7.3: Data Base - Statistical Summary
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Table 7.4: Isolated Stopes Data Base

- Typical RMR Classification

SOLATED STOPES DATA BASE - TYP M CLASSIFICATION
No. Stope DIl (L) Stren. RID _Spac, tgggjll
L Lo ur 3 7 8 20 ;
2 |60 1F 10 7 8 20 2
3 | 260 18 . 3. 4 8 10
|6 13 ] b 4 3 10 2
S 1 %0 18] 5 I 8 10 20
§ | 260 187 9 l g 16 0
7 1260 t6# 2 7 17 25 2
8 [ 260 16K 3 ] 1 25 20
3 [ 260 t6# 7 1 17 2 70
0 [ 260 164 8 7 17 25 %
THEIE 3 7 17 25 20
12 129 01 § g 10 15 12
13 1210 01 i 3 19 1S 12
1220 raee 20 4 2 10 5
15 20 3¢ b 7 17 25 20
16 [ 20 5 ¢ o 7 10 ! 2
17 [ 220 15w 1 7 19 2t 12
1e 320 :54 2 ? 19 21 12
19 |20 (54 3 ] 10 o 12
20 1320 15w 3 7 10 2 1z
3 30 18N 9 12 7 2 2
% 1320 191 [ 12 i1 25 2
2 130 197 4 12 17 25 2
. 24 1320 19¢ £ 12 [ )5 20
- 25 |30 e 7 7 3 2 &
%6 [0 11t 5 2 8 20 5
FI T 3 2 3 I 3
B 370 21 N 1 2 3 S 3
29 370 154 § 8 17 25 20
30 |30 108 2 4 g ) §
3 370 103 3 4 ] 20 5
32 13 15¢ o 7 8 20 20
33 1310 15¢ 7 7 8 20 20
34 310 15¢ T 7 2 20 20
351370 137 0 1 8 10 g
%310 19 ; 7 3 10 [
[ 370 19) 5 1 8 10 3
3| 310 19} 13 1 3 10 ]
39 [ 370 16w 7 8 7] 25 20
4 |3 12 13 G 7 13 20 20
it [ 370 12 1aF 3 7 13 20 20
4 13 0_f/N 2 7 18 25 20
43 130 FN 4 7 19 25 2
L 130 F/u 5 3 19 25 20
45 13D F/¥ s 7 18 25 20
4 130 F/u s 7 18 25 20
Iy 13PN § 7 18 25 20
45 12D F/ 8 7 18 25 20
43 13 0 F/¥ 7 7 18 25 2
50 13D /e | 1o 7 12 2 20
S1 140 i ? 17 25 20
52 140 3 7 \7 25 %
53 149 5 7 17 z 20
S 140 3 ] 17 25 20
53 4 g 3 7 \7 25 20
3t 10 R I 25 20
< G 1 | 17 i3 5
56 v 1 [ 7 i3 6
) ¢ 2 ! i7 13 £
S0 127 ) S 2 20 3
g o 12 F 25 S 8 2 3
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Table 7.5: Isolated Stopes Data Base

Comparison Quadratic and Planar Surface Empirical Equations

ISOLATED STOPES DATA BASE - COMPARISON QUADRATIC AMD PLANAR SURFACE EMPIRICAL UATIONS

DIL(X) = 6 - 8(RMR) + 3.5(ARFA)
r= .76 8=23.4%
DIL(%) = 1.1 + )O.3(ARFA) ~ 11.2(RMR) - .7(AR£A)?'-+ I3.2(Rm)a- 7.1(AREA)(RMR)
= 82 5=%2.9

No. RMRU(X) MREA () | Res. DUL(X) [Quad. DLL(X) Diff. (%) | Lin. DLL(R) Dif€. (%)
1 60 675 5 3 2 4 1
2 ) 2385 10 10 0 10 [}
3 51 504 3 2 T ) 1
4 51 1008 6 5 1 5 1
5 51 016 5 CH 3 g 3
6 51 285 9 12 3 12 3
7 80 570 2 3 1 2 1]
[ %0 1425 6 3 ] 3 1
9 80 1900 7 7 0 6 1
10 30 2755 8 8 0 9 1
11 80 4370 9 7 2 15 6
12 . 46 624 6 3 3 5 1
13 46 1248 11 6 5 7 4
14 25 4620 0 24 4 20 0
5 79 1250 6 3 1 [ 7
13 6 300 0 I T 7 2
17 66 675 1 3 2 3 2
18 ‘66 1275 2 5 3 5 3
19 66 1875 3 8 5 -7 4
o) [ 250 ] 3 3 (] I3
21 81 900 9 4 5 ] [
22 84 600 .0 3 3 1 1
pi] L 20 N3 5 T 3 1
24 84 2400 6 7 1 8 2
25 41 3465 2 16 6 15 7
26 43 640 5 3 2 5 0
27 43 1680 9 9 [1] 8 1
28 3 1924 14 18 4 12 2
23 80 1748 6 7 1 6 [
3] 3T LA 7 7 0 % 7
31 51 1008 3 5 2 5 2
32 51 567 0 2 2 4 4
33 51 1197 7 6 1 o [
34 51 2709 11 12 1 11 0
35 43 240 ] 0 0 3 3
36 43 4380 0 2 2 4 4
7 43 900 5 5 0 6 1
N 33 ) T3 3 ] ] 3
39 80 2052 7 7 0 7 [4]
[7s) 70 480 0 2 2 2 2
4] 70 1260 3 5 2 5 2
42 80 180 2 1 1 Q0 2
73 30 30 4 2 Z 1 3
44 B0 &0 > k) Y < s
45 80 960 5 4 1 3 2
46 80 1260 S 5 0 4 1
47 80 1560 [ 6 0 5 1
48 80 1860 S 7 1 6 0
49 80 2160 7 7 0 7 [1]
X 80 ay.s] 0 3 4 g 7
51 80 180 1 1 [} 0 ot
52 80 360 3 - 2 1 i 2
53 80 660 [3 3 k] 2 4
54 80 . . 1020 8 5 3 3 5
55 80 ) 1320 9 5 4 4 5
56 80 2400 12 8 4 8 4
57 70 520 1 2. 1 2 1
58 70 1040 1 5 4 4 3
59 70 2080 2 8 6 8 6
&0 ) 2 510 1 3 Z 5 4
61 32 2550 25 15 10 12 13
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(x, ¥n)

(x1, ¥1) .

(12, y2)

Figure 7.1: Scatter Diagram

Figure 7.2: Example of Standard Error of Estimate




I SOLATETD

| CLASS A: 2 STOPES, 4 OBS. (20)
22 STOPES .~ CLASS B: 9 STOPES, 33 OBS. (89)
62 OBS. —_——— CLASS C: 8 STOPES, 20 OBS. (60)
(200) ' CLASS D: 2 STOPES, 3 OBS. (21)
‘ CLASS E: 1 STOPE, 1 OBS. (10)
TOTAL ECHELON
12 STOPES
43 STOPE
133 OBSS 44 OBS. | | CLASS B: 2 STOPES, 8 OBS. (17)
(432) _ (142). | === | (CLASS C: 6 STOPES, 24 OBS. (88)
CLASS D: 4 STOPES, 12 OBS. (88)
RIB
9 STOPES CLASS B: 2 STOPES, 5 OBS. (18)
28 OBS. e | CLASS C: 4 STOPES, 12 OBS. (38)
(90) : CLASS D: 3 STOPES, 11 OBS. (34)

Figure 7.3: Disttibutioﬁ_of Stopes
- - Data Base

961
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DISTRIBUTION OF STOPE INCLINATION
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%

ROCK MASS
r = ~-_.36

' STOPE

STRENGTH

r=-.13

RQD
r = —-.24

SPACING
r = -.18

CONDITION

_ r = +.71

r =-.18

AREA

HYD. RAD.

r =+.71
SPAN ‘

DIMENSIONS

STRESS

.r = +.68
HEIGHT

. r = -.15
* VOLUME

. r = +.,17
SPAN/WIDTH

rp = +.01
DEPTH

MINING

r = —.07

FILL -

r = .01
EXPOSURE RATE

r = +.02

MINING RATE

r = —-.17

"ITH VS CONV.

METHOD

Figure 7.10:

r = +.06(ITH)
MINING SEQUENCE

r = +.25 (FV - HW)

BLASTING

Critical Parametérs

RMR & BCF r = -.35
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DILUTION ]

I 3
r= ~-.10

-.24

STRENGTH + RQD + SPACING + CONDITIO;J}r= 0.3 + SENSITIVE

DILUTTION

'

SPACING r=.73 + SENSITIVE
" AREA . STRENGTH ' r=.72 + SENSITIVE
RQD r=.73 + SENSITIVE
CONDITION r=.73 + SENSITIVE

Figure 7.11: Rock Mass Analysis
ACCEPTANCE
100X INCREASE IN THE MEAN VALUE OF A PARAMETER HAS

GREATER THAW A 1X (ABSOLUTE) AFFECT ON THE CHAKGE IN DILUTION.

EXAMPLE

DILUTION (Z) = 1.8 - .08(RMR) + .0037(AREA) + «.002(DEPTR)

MEAN AREA = 1418m2

MEAN DEPTH = 368a
A) TEST: DEPTH

BASE = |.002%#368] = 0.7% DILUTION

SENSITIVITY = |.002%(368%2)] = 1.5% DILOTION
" {BASE - SENSITIVITY| ¢ 1% “REJECTED"
B) TEST: AREA

BASE = |.0037+1418] = 5.2% DILUTION

SENSITIVITY = [0037%(1418%2) ) = 10.52 DILUTION

© |ease - szusxrlvxrrl > 1%  “ACCEPTED"

"Flgure 7.12: Criterlia for Sensitivity
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DILUTION

.*. - 0.76 + SENSITIVE
R MR ﬁ%gf RAD. = 0.76 + SENSITIVE
SPAN = 0.73 + SENSITIVE

RMR +ARE

r= 0.7 77
B R ¥ =,
r=,
7 =79 £=.77
DEPTAH EXP. RATE MINING RATE ITH VS CONV
INSENSITIVE " SENSITIVE . IRSENSITIVE

SENSITIVE

RMR + AREA + EXP. RATE

DEPTH r= 0.79
INSENSITIVE

Figure 7.13: Governing Equations

- Derivatlon for Isolated Stopes

DILUTION

l

RMR + AREA r=.79 ’
SENSITIVE

FILL/NO FILL  gxp. RATE MINE SEQUENCE
‘r=0.79 r=.83 ) r=.81
INSENSITIVE. . SENSITIVE MARG. SENSITIVE

RMR + AREA + EXP. RATE

MIKRE SEQUENCE
r=.83 .

IHSBNSITIVE

|IFlgure 7.14: Governing Equations - Derivation for Echelon Stopes.
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SENSITIVITY ANALYSIS — ALL STOPES

DIL =9.1—.1(RMR)~8.7(EXP.RATE)+.003(AR)

40
~~
L
~
+]
c
3
o
B
z
uj
Q
z
<
b
>
—40 T T T ; T T T ;
—-40 -20 ) 20 40
VARIANCE IN PARAMETER (%)
Figure 7.15: Sensitivity Analysis - Data Base = All Stopes
ISOLATED
-DILUTION
r
RMR + AREA
r A A 3
PABTIAL‘CORIKLATION
DEPTH EXP. RATE MIRING RATE ITH vS CON#
rp=+.19 rpu-.33  rp=-.19 rp=.19

ECHELON

DILUTION

'

RMR + AREA

L4 ) )
PARTIAL CORRELATION

/b N

FILL/NO FPILL EXP. RATE MINE S!QU!“CE
rpio.Ql - rp=~-.42 cp=.28 .

Figure 7.16: Partial Correlation
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LINEAR : Z = a + b(X) + c(Y) + d(W) +.....

a + b(X?) + c(X)

QUADRATIC : Z

Z = a+ b(X) + c(Y) + d(X2) + e(¥3) + £(X)(Y)

Z

]

A + b(X) + c(Y) + d(W) + e(X2) + £(Y2) + g (W2)
+ h(X)(Y) + 1(X)(Z) + F(Y)(W) + k(X)(Y) (W)

Figure 7.17: Comparison - Type of Equation (Linear/Quadratic)

DILUTION(Z) =

£ (AREA)

- - LINEAR QUADRATIC
r=.71 . re.71
a=t3.72 f=t3.72

tILUTION(l) = f(RHR

7\

LINEAR QUADRATIC
re-. 36 r=—.45
N
324,92 §-24.61

DILUTION(Z)=~ f(RMR,AREA)

/ 0\

LINEAR »  QUADRATIC

-6 - RHMR) + .0035(AREA) EA
PILn) = 6 - s(aun) p1e(a) = 1-4% A Ba0000r (anea

=.76 =% 3.4% + 13.2(RMR)® - .0071(AREA)
' X (RMR)

r=.82 4A=%2.92

Figure 7.18: Quﬁdtatic/Linear Correlation - Isolated Stopes
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CHAPTER EIGHT

STOPE DESIGN

8.1 Introduction

This chapter employs the critical parameters "Rock Mass
Rating, Afea and Exposure Rate",éndfincorporates them 1into a‘
governingbequation for each 1ndividua1 stope configuration. The
1nfiuence of stépe_configﬁratioﬁ on the predicted dilufion is
vestimated and the blést corfection factor is quantified
statisﬁically. This is shown to be an important parameter in
estébiishing an empirical set of equations thét would be a

reliable predictor of dilution.
>8.2 Stope Configuration

The governing equations for the Ruttan data base are sﬁown
in Figures 8.1; 8.7a,b,c. Théy have been determined from a>1east
squares regressionvanalysis and are based upon the observations

'established in the precedingvchapter.
| In order to‘detgrmine the significance of stope

configuration, the following analysis was employed:

" a) Isolated + Echelon + Rib

© A data base incorporating all 133 observations was
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employed 1in generaﬁing a best fit hyper-surface. This empirical
equation does not distinguish between the different sfope
configurations. The governing equation 1is as shown in Figure
8.2. Employing this equation and the observations for the
isolated data base results in a correlation poefficient of
0.78. Equally fﬁr the echelon.and rib observations,‘the
predictive equatién would result iﬁ correlationé of .71 and .72
respectively. In all three Situations the correlationézand

- therefore thé'best fit 1s lower than that outlined in Figure
8§.1. In addiﬁion, a_further analysis was performed whefeby the
_isoléted stopes were designated a value'"opt=0" and the
remaining observations assessed a vélue of "opt=1“. This
resulted in a mulfiple_correlation‘as shown in Figure 8.2 of
0.77, and a partial correlation of 0.01.'In addition, the
sensitiviyy of the option parameter 1s less than 1%. However,
"the remaining configurations resulﬁ in significant cbrrelation§
and sensitivities. This implies that the échelon and rib
configurations cannot be incorporated with the remainder of the

data base sincé configuration is a critical pafameter.

b) Grouped Stopes

A similar analysis Qas conducted on the grouped
configurations. The isolated and echelon cohbination,'as shown
‘in Figure 8.3, results 1in a mtltiple correlatioh of 0.79 and a
partial correlation of 0.3. Similarly, isolated/rib and

echelon/rib combinations indicated that the configuration is
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‘'significant and sensitive. The grouped empirical equation gave
lower correlations for an individual configuration than if a
single equation describing that same data base was employed,
Figure'8.1. The above indicates that the individual stope
_configurations are statistically significant and their effect
 on dilutioh particularly semnsitive. They éannot, therefore, be
grbuped without employing some parameter (opt) which would.
account for configuration. Indiv£dual governing equatipns will
be employed in reléting dilution to the critical parameterS‘for
va particular stope configuration. The gdverning design |
éqﬁations are summarized iﬁ Figure 8.1. Thé equivalent
:hydraulic radius and span formulation is shown in Figure 8.4. It
‘interesting to note that -a relaﬁive comparison of generated
‘dilﬁﬁion can .be made from the_previous analysis, Figure 8.2,

The isolated option would yield approximately 2% more dilution
that the echelon and 1.5% less dilutiom than the rib
configuration. The rib would yield approximately 4% more than
the echelon. ConsequentLy, the echelon yields the loweét
dilution followed by the isplated and rib‘géometrieﬁ. This

observation has been partly explained by Chaptef 4.3.2.
8.3 Blast Correction Factor
" This has been previously discussed ahd will be analyzed

in a statistical context 1in this section.

'Figure 8.5 shows the option of incorporating the "BCF"

is
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factor for individual stope geometries. The 1solated.data baﬁe
bwould result in the multiple correlation for the governing
equation to be reduced to 0.64 from 0.79. This represents a
partial correlation of 0.6.'Similar1y, significant results are
shown for the ethglon and rib configurations. Figure 8.6 shows
thé.resultant correlation for a data base, whereby stopes
haviang a BCF value greater than zefo are omitted. This would
greatly reduce the number‘of Qbservafions, howevef, théy are
statistically significant at the 99%'confidence ievel.
Obviouély,‘thgy may pasé ﬁhe test of statistiés, but not the
test‘of practical aéceptance that is inherent to the study

through the experienced observations made by the author.
8.4 Predictive Equations(Governing Equations)

Figure 8.1 shows the governing equations that have been
derived from this stﬁdy and will be subsequently employed in
éstimating<optimum exposed design dimensions. Since afea is
employed rather than span or hydraulic radius,vthiskwou1d
reduce the efrorsvthatvmay occur In estimating the stope
vdimgnsions from a given excavated.volume, Chapte: 6.3.1. Tables-.
8.1,8.2,8.3 show the critical parameters fbr the individual
sﬁope COnfiguratidns as idéntified in the preceding chapters.
"The governing équationsvare employed to predict the dilution.
These equations are‘subseqﬁently compared to the observed

dilution. The average absolute difference in estimation is 2.47%
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for the isolated, 1.8% for the echelon and 2.7% for the rib

cdnfigurations. These errors of estimation are determined for
the samplé and for the population estimate, Figure 8.1. Figure
8.7 graphically depicts the predicted vérsus observed dilution
for‘the‘individuél stope data bases. The upper and lower bounding
lines,Figure 8.7, represent a.682 (one standard deviation)
COnfidence';hat'the observed Qalue will fail within the ranges
délineated. A further observation is that one is 84% confident
that the observed diluﬁion woula be less than the mean
estimated dilution plus one standafd deviation. The above 1is
only true‘if the éample population can be approximated‘by a
normal distribution. Probability graph paper is emplbyed which
plots the cumulative ‘relative frequency of the differences
Betﬁeen the estimated and observed dilutions for the isolated
case, Figure 8.8. The sample 1is "normally distributed” since'a
linear plot 1is adhieved (Spiegel,l973). This is generélly the
case since it is,inhereﬁt to the definition of‘correlation that
the predicted dilu;ion is the mean‘estimate of the best fit

expression.
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Table 8.1: Comparison Predicted/Observed - Isolated

ISOLATED STOPES DATA BASE NUNSER OF STQPES=22
ENFIRICAL EGUATION ¢ DILUTIONY) = 8.6 - C.09(RMR) - 13.2{E.R.} *+ ¢ 00ZBIAREA)
r: 079,50
No 3 e £ R (a8 2 nilfY 4 i lpieran
a. tage (LIRSS £ R (n/nth) Areaipt) | Res, Diifi)d Pred, DBi1e3) ID{ff.(7
: 286 11 f 5y o013 §7% S 3 2
2 Be 4T gl 2.23 2388 19 9 I
3 260 187 b} 0.3 o4 3 L ;
4 20 1817 5t 2,40 100¢€ & 3 kl
b 260 18 ] i A 2015 3 8 -0
£ 260 18 ¢ b 0.30 2g5¢ ¢ 1 -2
7 260 16 H 2 9,28 579 : 3 ka
8 256 16 H 20 0.36 1428 g 2 )
9 200 16 W 3 9,37 1900 7 [ 3
0 ) 16K ) 0.38 55 g8 7 ! .
il 20 15 H 80 . 0.21 4370 3 {5 bt T
2 001 46 0.15 (¥ 6 3 \
12 2001 46 0.09 1248 11 8 3
14 320 14 8¢ 23 2.21 4620 20 b -
13 320 13§ 9 9.13 129 8 3 !
1€ 320 15 H 66 0.10 300 9 2 -2
17 320 154 £6 0.14 673 1 3 =2
18 320_15 K 88 9.22 1275 2 3 -3
1§ 320 15 H - 88 8.2 1873 3 ! -4
20 3 _15H 3 0.22 2400 3 3 -6
2 329 18 0N 2l 9.22 900 3 2 7
22 137 24 : 2.15 500 ] | )
23 320 194 94 .18 1200 4 3 !
K] 3% 193 84 9.16 240 3 8 -2
2 320 11 B 4t 2,20 3463 2 i5 :
bl3 M0 11 C 43 0.13 640 S 3 -0
27 M0 11 ¢ 43 9.14 1680 S 3 -0
28 370 21 M 3 0.32 1924 4 it 3
29 30 1sH 80 0.99 1749 6 7 )
30 370 198 ¢ 212 504 2 4 a
3 370 _108 St 5.1 1008 3 £ -3
2 79 45 ¢ 3t 4.2 SE7 9 3 b
kx] 3 45¢€ 3t 0.3 1197 7 £ !
34 36 15 ¢ 3i ¢.47 2793 1 i2 -t
38 3M_19 3 6,18 249 3 4 )
36 379 197 33 0,13 489 ) 4 -4
7 370 183 33 2.0 308 b 3 o1
| 36 370 18] 43 0.13 1740 12 i 3
33 370 !5 H 30 9.12 2052 7 3 b
40 370 12 13F it 0.11 480 [} 3 -3
4] 37012 13F 70 0.13 1260 - 3 3 -2
42 430 30 F/wp 80 0.08 180 2 i !
43 430 130 r/w[ B0 9.13 300 4 t 3
34 430 130 Fm) 89 0.16 60¢ S 2 K
43 430 130 7/W 30 9.1 66 s 3 Z
46 430 13 0 F/5] 80 3.15 126¢ s 4 L
47 430 139 Fief 90 9.16 1960 5 3 :
48 430 13D F/6l 89 G616 1860 8 § -0
43 430 13D F/ul 80 9.13 2160 1 3 -l
S¢ 430 135 Frel 80 9.13 2520 10 9 1
31 430 141D 89 9,06 180 ! ! ')
32 430 149 30 9,09 360 3 2 A
31 430 143 i) 9,11 850 $ 2 4
54 430 140D 80 9.63 1029 8 3 3
S 430 143 40 203 1320 3 : i
36 430 149 2 .23 2400 12 10 2
57 430 2L K 70 a2 320 { 2 -t
38 430 21 K }s L 1140 ! -3 -2
39 430 21 & 7 0.2 980 : 7 -3
80 430 12°fF 32 .41 : Sit 1 6 -s
51 430 128 ° e D) 2530 2 14 1
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Table 8.2: Comparison Predicted/Observed - Echelon

TCHELON STOPES DATA BASE NUMBER OF STOFES = 12
T EWPIRICAL SOUATION : DILUTIONCY) = 10.3 -0.13(RNR) - 14.B(E.R.) + 0,003(AREA)
v =083, 5% .4 v
2 , _ , Table 8.3: Comparison Predicted/Observed - Rib

No. Stige RMR (L) E.?.(lzluth‘r Areata®) | Res. Dil(l)) Pred. Dilti}] Diff, (L) B

! BE 3 0,10 120 1 3 I R1p SIOPES DATA BASE NUNBER OF STOPES - §

2 1 B A1 0.H 2160 12 3 K ENPIRICAL EQUATION ; DiCUTICN<L) = IS8 - 0 18(RNR) - T.74E.B.) « 0.90c5ca3Cs

3 2 ) 5 0,21 1995 4 3 1 [ - 0.00.2% 4.0

[ ! 56 0,19 2555 10 3 1

3 KN__1 45 0.03 3¢ 1 4 = Ko Stope A | e 0% | areaa®) | Res, giti fPres.diven | onition

§ XX 45 0.12 704 3 5 -2 ! o ;

7 Xh 45 0,15 1408 9 6 3

8 KN 45 0.13 2944 12 1t 1 )

9 KN 45 0.13 23 13 12 ] 1 20 10 B 14 0.27 443 ) g -3
10 2 43 0.18 2% ! Z o 1 | 320 108 3t 0.2 784 8 0 2
1} 2 49 0.2 400 3 : } 3 | 320 108 3 0.25 1680 13 1 1
17 0 33 9,20 809 3 2 -0 s | 320 103 14 0.2 7464 16 14 2
13 2 43 0.11 1250 i 3 ! S} 320 108 3 9.23 3360 16 1€ -0
14 ? 45 0,10 1756 16 § 2 6 | 320 108 3 0.30 4144 16 i8 -2
15 3 62 9.18 kIH (1} 1 -l 7 320 08 34 ¢.31 - 4528 It Y -4
15 X 52 0.2 805 1 1 -0 B | 320 108 H 0.28 5182 if 2 -5
1 4 £2 0.2t ik 3 4 -1 9 | 32 128 23 .24 2120 1 15 12
18 ¢ M 0.2 2413 L] 1 2 0 | 0 12¢ 30 0.12 240 § 10 -:
13 3 £2 0.25 220 3 8 3 T 30 .16 524 10 1 -1
2 19 ¥ 62 2.22 033 8 U 22 12 ] 3 20 5% 9,04 25 5 ‘ j
21 ) £9 523 23 9 ¢ 2 13 | 370 204 £9 0.08 450 ] 4 3
2 i L) 9,23 830 I ! -0 te ] 370 ¢ 47 0.1€ 780 8 8 -0

H M 5 2.2 1300 3 3 -0 15 | 310 t4g 4 0.20 2080 13 1 Z
K ! L 0.13 195 L & - € | 30 181 54 2.2 525 2 3 -4
2 4] 22 20E 104 2 s 3 0o 310 (87 54 2,30 1056 9 ! 2
126 21 KN 23 Y. L& 1320 12 i 2 18] 370 18] 54 0.37 2178 14 [ S
i LI i 2.04 253 2 7 -3 19 | 370 18 54 0.31 1058 14 12 2
28 129 i 0.7 425 1 ! -0 20 370 U F 57 0,04 500 9 7 2
3 S i 2,08 850 | § 3 2 | 43 15D i 0.19 384 z 5 -4
30 120 % 2,08 3230 13 15 ht'} 2 | 43 151 ct 0.23 704 b 1. -1
i 13F b} 9.19 72 ! 5 ! 23 430158 5 0.23 1408 [ 9 ]
32 13-F 32 9.8 1470 3 b N 4 1 4% 1% 5t 3.24 2112 1t 10 ]
3. 120 2% 2.04 233 2 ! ht) 25 ] 43 15¢ 51 0.15 2008 14 13 i
kl} 1232 i3 9.07 435 1 ! -0 2 430 20K 74 0.28 505 1 ? -1
£ 120 % 2.08 850 1 8 3 n 14w »y i 0.18 1012 1 4 -3
3¢ 12t 26 9.08 KV 1] i3 'l 2 1 430 0« 74 0.2 . 1H8 2 S -3
(37 dEMbEs | 908 2 4 ? 2 i

33 SRS 0.04 354 5 4 1

3 130 R 52 0.10 320 2 | -1

40 13D AM] 32 0.14 576 4 3 1

4 | 430 13D K] 52 - 0.16 1216 € 3 1

42 ] 430 130HM] 92 017 1792 7 § ]

43 [0 30N & 0.13 288 8 4 -1

44 J 430 13gmml s .11 250 § 10 2

612
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ISOLATED STOPES (61 OBS)

DIL(Z) = 8.6 — 0.09(RMR) -13.2(EXP.RATE) + .0038(AREA)

1
r=0.79 5= 132
ECHELON STOPES (44 0OBS)

DIL(Z) = 10.3 - 0.13(RMR) - 14.8(EXP.RATE) + 0.0026(AREA)

0>
]
'+
N
N

r=%0.83
RIB STOPES (28 OBS)

DIL(Z) = 15.8 ~ 0.18(RMR) — 7.7(EXP.RATE) + 0.0026(AREA)

r=¥0.8 &= faz

where:
DIL(Z) — DILUTION (Z)
.RHR‘— ROCK uASs RATING (%) |
. EXP.RATE —'xxposuni RATE ( “100m /mth)

"ARFA - EXPOSED SURFACE AREA (ma)

Figure 8.1: Governing Equatious
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ISOLATED + ECHELON + RIB (133 OBS)

DIL(Z) = 9.1 - .1(RMR) - 8 .7(EXP.RATE)
+ .0033(AREA) r=0.77 8=t 32

I X
ISOLATED(0) - ECHELON(O)

ZOMMYO

DIL(Z) = 10 — .11(RMR) - 8.81(ER)
' 4 0.0033(AREA) - 0.7(CPT) |

r =0.77
= 0.01

\ 4

RIB(0)

DIL(Z) = 11.0 — -09(RMR) — 11.3(ER)
+ 0.0033(ARFA) - 2.4(0PT)

r=0.79
p= 0.30

rumz.=m3—4xmm-dzxm)
) ~+ 0.0033(AREA) - 2.7(0PT)

r=0.8
rp= 0.34

_Figure 8.2: Stope Configuration - All Stopes

ISOLATED + ECHELON
DIL = £ (RMR ,AREA ,EXP.RATE)

r=0.77 (109 OBS)

1 (EoL(L)

DIL(Z) = 8.3 ~ 0.1(RMR) - 13.8(EXP.RATE)

RIB + ECHELON

DIL = £(RMR,AREA,EXP.RATE)
r=0.77 (72 0BS)

+ .0034(AREA) + 1.97(0PT)

‘r=0.79 ﬁ- ".'3.02
.rp=0.30

DIL(Z)= 11.2 -

ISOLATED + RIB

DIL = f(RMR,AREA,EXP.RATE)
r=0.77 (89 O0BS)

1 ISOL(1)
RIB(0)

pIL(Z)= 11.7 - _11(RMR) - 12.4(EXP.RATE)
+ .0034(AREA) - 1.5(OPT)

= 0.8 &= *3.5%
cp= 0.35

"Flgure 8.3: Stope Configuration

|r11)
‘| ECHEL(0)

+ .0028(AREA) - 4,1(0OPT)

r= 0.84 3= Y2 92
rp= 0.53

- Combined

.16(RMR) - 11.8(EXP.RATE)
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LISOLATED STOPES (61 OBS)

DIL(Z) = 8.2 - .12(RMR) -~ 5.3(EXP.RATE) + .9(HYD.RAD) r¥e 0.78 5 =%3.312
DIL(Z) = 7.0 - .08(RNR) - 7.4(EXP.RATE) + .26(SPAN) = 0.74 5§ =13.62
ECHELON STOPES (41 OBS)

DIL(Z) = 8.8 - .12(RMR) ~ 18.2(EXP.RATE) + .8(HYD.EAD) ct= 0.83 § =22.31
DIL(Z) = 8.8 ~ .10(RMR) - 17.1(EXP.RATE) + .23(SPAN) . et~ 0.83 § =%2.42
RIB STOPES (28 0BS)

DIL(ZX) = 16.2 - .22(RMR) - 11.4(EXP.RATE) + .9(HYD.RAD) rl= 0.81 § =% 3.82
DIL(X) = 17.6 - .25(RMR) - 3.7(EXP.RATE) + .22(SPAN) = 0.79 £ =%4.12
where:

RMB = ROCK MASS RATING (1)
EXP.RATE = EXPOSURE RATE ( ~1000m? /ath)
HR = HYDRAULIC RADIUS (m)

SPAN = SPAN (m)

Figure 8;4: Hydraulié Radius and Span Derivation

I1SOLATED

. ¥ .
BCF RO BCP

4 \

. . =t 6.
= .79 B=t3.21 r= .64 £=% 6.5%

£p=0.6 (OPTION: BCF/NO BCF)

ECEBELON

Y 4 A
BCF . NO BCF .

4 N\

= .74 B= 3.7

= .83 B=%t 2.8%
' rp=0.56 (OPTION: BCF/NO BCF)

R1B
Y 4 \
BCF NO BCF
r= .8 b=t 4% r= .55 B=% 7.82

rp=0.69 (OPTION: BCF/NO BCF)

Figure 8.5: Incorporating Blast Correction Factor
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PREDICTED DILUTION (X)

_ - DIL(Z) 1.9 - .12
_ I SOLATETD - 12.8(EXP. é%%%;
(13 STOPES, 36 0BS.) —- + 0. 0035(AREA)
. =o 78 £=13 4%

ECHETLUOWMN
(2 STOPES, 12 0BS.)

—pp» r= 0.98 §=%0.697

R IB

[4 STOPES, 16 -OBS.)1 —  r=0.84 5=14.42

Figure 8.6:

PREDICTED VERSUS OBSERVED DILUTION

ISOLATED STOPES (61 OBS.)

Stopes With "BCF > 0" Omitted From Data Base

4 8 12 16 20 24
OBSERVED DILUTION (%) "

Figure 8.7a: Predic:ed Vs Recorded Dilution




224

PREDICTED DILUTION (R)

PREDICTED DILUTION (X)

PREDICTED VERS_US OBSERVED DILUTION

_ _ OBSERVED DILUTION (%)’
Figure 8.7b: Predicted Vs Recorded Dilution

PREDICTED VERSUS OBSERVED DILUTION !

0 4 8 12 - 16 20 24

4 )\ § | ] T T T T T T T
12 16 20

.OBSERVED DILUTION (%) '

Figure 8.7c: Predicted Vs Recorded Dilution

24
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)
4
°

-
@<

Cumulative relative frequency (%)
e
(=]

“‘“\; -'a -°v» 2 .," _..6..”
DILUTION DIFFERENCE (%)

Figure 8.8: Cumulaﬁive Relative Frequency VS Dilution Difference
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CHAPTER NINE

APPLICATION

9.1 Introduction

The governing equations, Figure 8.1, were employed to
estimate dilutions for eight(8) stopes that were mined
subsequent to the study. A brief comparison between the most-

promising methods is also summarized.
9.2 Calibrated Data Base

‘The stopes that comprise the calibrated data base are

shown in Table 9.1. They consist of:

one isolated stope (2 observations)
two echelon stopes (7 observations) .-
five rib stopes (19 observations)

The governing equations, Figure 8.i, were employed to arrive at
an estimated dilution. Thesé results are shown in. Table 9.2. An
average error of estimate of 2.47% was obtalined. The avefage
error of estimate‘EOr the final configurations was 3%. The
vaiueé were tabuléted by the Ruttan miné pe;sonnél gnd the
WBCE" values were'recérded-as dilutlon.attributed to_the‘sloﬁ

removal. The results were subsequently édded to the originai
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data base to arrive at the empirical equations shown in Figu;e
-9.1. The coefficients for the augmented data base are similar
t§ the original‘governing equations other than for the rib
.configuration. The difference, however, in the absolute
dilution, és derived through the respective equations, does not
differ greatly. This was,determined by comparing rib data Base
‘predicted.dilutions for both equations, Tablés 9.3,8.3. The
resﬁlts indicated that for the original rib data base,,thé
governing equafi&n,résﬁlts 1n‘an estimate of sample error of
2 ,.7% and -the augmented.equation would_yiéld an error of +3.17.
‘The larger augmentéd data base similarly showed that the
original governing equation yielded'an error of *2.47% whereas
'the augmentéd equation yielded a mean samplé error estimatevof
*2.6%. The augmeﬂted data base will not be incorporated into
the predictive solution since thése results have been derived -
by the mine.personnel and have not been thoroughly analyzéd, as
was the case with the ofiginal data bése.

The célibréted stopes are in close abprokimation to the
predictive dilutions yielded by the governing equations: |

outlined in Figure 8.1.
9.3 Other Methods
The isolated data base was compared to the empirical

methods of Mathews et al(1981), Laubscher(1976), Barton(1974) and

Bienlawski(1972). It is intended to introduce the methods and
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to relate them fo that observed at Ruﬁtan. Figure 9.2 show; the
rélationship that exists between that of Mathews and the
observed data base at Rutﬁan. The reader 1s referred to
Pakélnis/Rock Mass(1985) for a thorough discussion concerning
this'methodfblt incorporates the following four parameters,

Figure 9.2; into a stability number:

- Barton”s Q rating. This value can be derived from the
"Rock Mass Rating"”. '

- Stress Factor (A). This factor empirically relates the-
strength of the intact rock to the induced stress. This value
is equated to "1.0" where tensile zones are observed (Ruttan).

~ Structure Defect Parameter. This factor relates
empirically the orientation of structure with respect to the
stope. This factor is equated to "0.5" for structure--
paralleling the stope walls (Ruttan).

- Stope Inclination Parametdr. This factor accounts for.

the stope inclination. This value is equated to "5.6" for
stopes inclined at 70 degrees (Ruttan).

Figure 9.2 shows that thé stability number (N), once
plotted against the shape féctor (hydraulic radius), can be
categbrized.into stéble, potentially unstable or.potenfially
caving regions. Observations were plotted in terms of obser§ed
dilution, Figure 9.2. The results correlate (visually) well,
in that higher dilutiéns were plotted‘ﬁithin zones of
~instabilicy, whereas lower dilutions were‘associated'with more
sfable areas.

Figure 9.3a relates.RMR to the ériticallhydfaulic radius

that would cause inétability for an open stope operation as
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defined by Laubscher. For rock mass ratings similar to that of
Ruttan, Laubscher suggested ;hat the hydraulic radius should
not exceed 24m. A stope height of 60mvwould dictate a maximum
stope span of 240m. This method of design is not based upon
observations from open stoping, but from caving operations. The"
exposed surface area in caving operations is gently sloping,
whereas in open stope operations, the hanging wall is generally
"inclined. The aqthor would like to note that the definition as
originaily stated by Laubscher in desctibing hydraulic radius -
for an open_stope,'is vague since it_wasvderived for caving
-opérations where flat backs are the norm. The hydraulic radius,
as>defined in Chaptér 7 was embloyed in the author’s
interpretation of critical span.

Figure 9.3b shows that Barton would design unsupported
spans between 10 to 20m fof the average'rock mass ratings
recorded at Ruttan.-Bieniawéki would predict unsupported spans
‘of between 4 to 9m,.Figure 9.3c¢c. This shows the conservatism
associatéd with the individual da;a bases which were derived
‘primarily from ci&il'prdjecté.

Figure 9.4 shows the method as proposed.by Beer and
VMeek(lQSé) in terms of predicting stope spans employing
Voussolr arch theory. It is particularly applicable in the
" design of excavations in well-bedded formations wherevﬁhe
direction'of the beddiﬁg'planes‘parallel thé long‘dimension of
ﬁhe'opening. It is assumed that ﬁhe ground above the hanging

wall 1s completely destressed in the direction normal to
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bedding. Inladdition, it assumes that the rock mass has parted
along smooth bedding plane breaks, thereby forming a series of
“"no-teunsion" beam membe:s.‘Failure could be by "flexural” or
"shear” failure,vas indicated in Figure 9.4a. Figure 9.4c shows

the suggested critical span given the:

- strata thickness (0.3m - 1Im)

- modulus of deformation for the rock mass (8000MPa)
- stope Ilnclination (65°)

- uniaxial compressive strength (100 MPa)

Curve "A" in Figure 9.4c describes the plane strain situation,
whereas_curve "E" describes that of a square hanging wall. The
intermediate curves relate the critical design for the
rectangular configurations, Figure 9.4b.

The following parameters are'required for input into’

Figure 9.4c:

- the average joint spacing at Ruttan for the isolated
-data base 1s 0.3m to Ilm ,Table 7.4

- the in-situ modulus of deformation for an "RMR=64%Z" s
22GPa, Appendix II. According to Brown(1985), the value should
be halved, thereby employing a factor of safety of two.
Consequently, the in-situ modulus is 11GPa for the Ruttan data
base.

- The uncdnfined compressive strength 1is SO-IOOMPa,vTable

Employing the curves shown In Figure 9.4c would

appfoxiﬁate_the critical suggested span given the above input .
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parameters. This analysis suggests that the critical épan
should not exceed 20m to 45m. The similarity in the predicted
and actual observed spans emplo}ed at Ruttan indicate that the
Voussolr method does have applications for stope design. The
difficulty arises in estimating the strata thicknesé and in
‘calibrating‘ the'strengﬁh parameters to that of the mine data
base.

The alternative methods were introduced to show that
workable solutionuns can_be obtained with the increased
épplication of the individual methods and the subsequent
calibration to actual observations. This would result in a more

comprehensive method for the design of open stope spans.



232

Table 9.1: Stopes Xined Subsequent to Study

CALIBRATED DATA BASE - STOPES MINED SUBSHQUENT 10 STUDY (8 Stopes)

H.R.(m)l E.R.(mzlmch)l B.C.F.(%) ] ‘

NoT Stope [RI‘R(Z) LHt.(m) I wdth. (m) ] Vol.(m?) l Dﬂ.(;rsi)an(m)

ISOLATED STOPES

1] 30 o1 | 80 125 7 so00 | s 6 3 0.21 0..
2] 30 01 |80 125 7 000 15 3 3 0.24 0

ECHELON STOPES

3 490 10D 9 | 45 23 5000 3 5 2 0.12 3

% %0 1D %] %5 D 10000 3 10 5 0.13 3

5 W0 10 45 %5 73 20000 3 20 7 0.14 3

6 1 490 1D %5 %5 X} 0000 5 Q) ] 0.16 3"
7 S0 1D ;5] &5 pi) G000 7 ) 1T 0.16 3
g 370 14 Cw 57 B 7 5000 5 15 b 0.15 3

g 370 14 Cw a7 50 7 5400 5 5 3 0.15 3

RIB SIOPES

10 260 17J 53 5 13 5000 1 15 5 0.21 4

11 260 17 J 53 %0 %) 10000 7 19 % ] 0.25 )

17 60 17 J 53 ] 60 13 20000 3 2% [ 041 e
3 %0 17 J 53 ) 13 3000 8 0 12 0.33 %

1 60 17 J 53 50 13 36000 17 0 1) 0.33 3

T3 B0 4 /5XR0P| 67 75 13 5000 3 5 2 0.26 3

16 260 & /500P]| 67 75 13 10000 3 10 'S ) K]

7 B0 % /5R0P| 67 75 3 20000 [ 21 8 .| 0.33 3

18 260 4 [5@ROP| 67 75 3 30000 5 K] T 7.5 3

5 60 4 /SCROP| 67 75 13 50000 5 Al 13 0.37 3

20 B0 4 /5ROP| 67 75 13 4000 5 50 15 ~0.36 3

20 %0 158 7 78 121 1360 k] k7] L) V.57 ]

22 30 9 C % 2 3 5000 ] K3 7 0.35 3

3 %0 9 C 26 b 6 7100 1) ] ] 0.35 3

% a0 0 J 7T 3 17 00 T 3 3 0.1 0

> X 204 . |71 ) 17 10000 3 j¥] 5 0.13 0

% % 20 J 71 8 17 20000 % 25 g 0.19 0

7 20 M J 71 8 17 30000 3 37 10 0.20 0

) 0 D J 71 Y 328000 3 ] iy 0.21 0




Table 9.2: Calibrated Data Base - Predicted Dilution

CALIZRATED DATA EASE - STOPES MINED SUBSEQUENT TO STUDY (8 Stopes)

Table 9.3: Augmented Rib Data Base
LD} Stope KRR () E.P..(lzll!h) Areala®) | Res, Diden) | Pred. 0il (1) | Diff. (1)
. 1% _STCPES DATA BASE NUMBER :
(SOLATED STOPE: 01L:¢0y=8.6 - . 09(RMR) - 13.2(E.R.) + ,003B(AREA) E:PIP!CE? COUATION: DIL{L) = 11.3 --.Xl(iﬂ—ﬂf(g- grzfggssf .OZINAHA)
. r= 76 %%y
-
Loy a0 01 ERIE Y R T - TS WA B 13
7 | 30 o1 E O TS [ 5 - 1 4 11
Xo. Stope RMRCY). | E.. (Da/llh! APEA(:EJ Res, M1 Prad DILCINL Do ff (3}
ECHELON STOPES: DIL(1)=10.3 - ,13(RMR) - 14.8(E.R.) + ,003(AREA)
i 320 108 34 0.226 ) 0 1 -7
2 320 108 ;34 0.220 - 184 8 8 -0
3 43010 43 9.120 223 3 3 9 3 320 108 34 0,250 1660 ki 10 3
T T 0 11 P 0,130 450 3 3 - s | 320 108 | 3 0,270 2464 : 2 4
5 9 1D 43 0.140 900 3 b} -2 5 326 108 34 0.290° 2360 ) 13
£ 450 1D i3 0.160 1350 b] b -4 [ 320 108 24 9,300 4144 16 17 -t
! 9 1D 4 0.169 1800 1 ] 9 7 320 108 34 6.310 4928 16 18 -3
g 370 14 LW 57 - 0.150 150 3 4 1 9 326 108 (] 0.280 3132 16 20 -4
3 370340 47 9.156 1250 3 6 o 3 320 128 25 0.240 220 7 12 14
10 40 12 ¢ 30 9,120 2490 § / i
: : 1l 40 1i € kD) 0.169 320 10 & Z
RiB STOPES: DIL:%r=t5.8 - .18(RNR) - 7.7(E.R.} + .002E(AREA) : 12 e ) 55 0,040 2< 3 2 z
: o3 30 20 89 0,081 450 7 3 4
4 370 441 47 0.160 780 B £ 2
] 260 17 9,210 315 ) £ ] 13 I EELEY 47 0.200 . 209¢ 12 10 3
i1 60 173 0,.25¢ 166 2 [ -4 . 16 e 15 J 34 0.%00 525 2 5 -3
12 260 17§ 0.318 1560 3 8 e 17 370 18! L 9.300 1059 9 £ 3
13 260 17} 0.330 2400 8 10 22 ! 30 .= 54 0.370 2175 14 3 3
4 9 47 0.330 3000 12 12 i} 13 370 1817 54 0.31¢0 3225 14 12 2
| 1S 4 /5(ROP| &7 0,260 375 3 3 0 20 0 i F 51 0.040 . 369 9 4 S
1< 4 JSEROPY ET 0.300 750 3 3. -0 2 43¢ 15 ¢ Sl 0.190 384 2 S -3
i 4 JSCPOPY E7 0.33¢ 1573 4 3 -1 ' 22 430 590 . St 0.230 704 £ 5 !
13 4 /JSCROF | £7 ~0.35¢ 2250 ] 7 =2 i 3 430 15 ¢ H 9.220 - 140s bl 7 2
13 3 _f3CROF L ET 0,370 3075 ] 9 -4 : Pl 436 15 & St 0.240 2112 11 9 2
i 4 /SEROP] 67 0.360 3750 [ 1t -3 28 430 150 - 51 0.150 3008 14 12 2
o1 20 1S H g 0.370 _ 2496 3 4 N ; 2% 430 204 74 9.280 S08 -1 2 -1
SR 3 0.330 840 9 i -2 71 43¢ ok 7 0,180 1012 ! 3 -
23 349 9 ¢ 2 0,250 1409 14 12 2 28 430 20K 74 -0.210 1745 2 3 -3
K] 430 20 J I 0.2 288 ! 3 -2
3 4% 207 A 0.13¢ 576 3 4 -1
K] 430 0.0 i 0.130 1200 L) S hd |
7 LRI 3.200 1776 & & =0
a2 433 ) 9,210 1920 8 [ 2

€ee
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" ISOLATED STOPES (63 OBS, 23 STOPES)

DIL(Z) = 8.4 — .08(RMR) - 12.6(EXP.RATE) + .0038(AREA)

r=t0.79 5= 13. 22

ECHELON STOPES (51 OBS, 14 STOPES)

DIL(Z) = 10;3 - .13(RMR) - 14.8(EXP.RATE) + .0030(ARE3)
r=%0.83 s=7%2.3%

RIB STOPES (47 OBS, 14 STOPES)

DIL(Z) = 11.2 - .14(RMR) - 2.3(EXP.RATE) + .0027(AREA)

r=0.76 5=*ax

Figure 9.1: Augmented Data Base
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‘Shape Factor, S = Area/Perimeter (m)

STABILITY NUMBER “N”

~ The stability number N is determined irom
the following equation:

 N=Q'xAxBxC

where Q'

O m >

modified NGI rock mass rating
rock stress factor

rock defect orientation factor

“orientation of design surface factor

Figﬁre 9.2a: Mathews Hethod of Span Determination

(Mathews et al, 1981)
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Laubsher Approach to Span Design (Laubsher, 1976)
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Two Basic Modes of Roof Failure: a) Snap through and b) Shear Failure
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1Figﬁre 9.6'V0u5301r Beam Method of'Sban Determination

(Beer et al, 1982)
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CHAPTER TEN

CONCLUSIONS

10.1 Concluding Remarks

The hanging wall and footwall at Ruttan was concludea to -
be in a state of relaxation, given the prevailing stress
conditions aﬁd stépe configuration. This, coupled with a
foliated hanging wéll, was determined to be the dominant
failuré mechanism. Optimum'stope_geometry.was equa£ed to stopes
ylelding lower observed dilution. The factors fhat directly

contributed to increased wall slough were:

- the rock quality of the individual critical wall
contact

— the exposed surface area

- the rate at which the wall contact was exposed.

- Figure 8.1_summarizes.the empiricaliy derived expressions
as quantified through observation(133) recé:ded for the Ruttan
"data base. It_was_concludéd through multivariate'analySes; tﬁat_
the predictive expressions were highly.significant_and
correlativé to ‘the observed dilutioas.

Dilution was found to be largely insensitive to the
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following factors:

- the stope span/width ratio

- the mining depth

- the method of open stoping ITH versus conventional)
- the mine sequence (FW-—» HW)

The predictive‘equations were defined for the isolated,
rib and echelon configurations. Generaily, it was found thatn
the echelon geometry yilelded the lowest dilution (2% less than
isolated) with the rib stopes exhibiting the greatest dilutidn
(1.5% greater than isolated).

Further research should be directed in the following

areas:

1) Attempt to develop a more comprehensive predictor for
the blast induced dilution.

2) Instrument a test stope in order to reinforce the
observations made in this study.

3) Develop alternate methods of recording stope dilution
that do not rely;solely on visual assessment

, 4) Augment the present data base by observations made at
other mine operations. In particular, attempt to assess the

effect of stope inclination, support and groundwater on
dilution :

The Ruttan operation has adopted the-methods'propdsed in
this thesis. It has been able to predlict 'better stope
dilution55‘deéign optimum stope spans and to forecast bétter

the mining costs incurred due to wall iastability. It is
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suggested that the empirical methods of design outlined in this
thesis be attempteﬁ/ealibrated for other operations where
similar failure mechanismé.prevail.‘lt should be noted that the
characteristics unique to the Ruttan operationm be assessedv

prior to extending the study to other operations.

The author”s contribution ﬁo the exisfing state of
knobledge concerning open stope design 1s in the eﬁpirical
approach to the development of a design methodology. That

'felationship being primarily a functionvof "exposed surface
area, exposure rate and rock mass rating”. The goVerﬁing
equatiené ere applicasle for the Ruttan operation, however the
methodology is valid for all open stoping operetions.'The.

'absoluteAmagnitudes of stope design are exﬁressed in terms of
dilution. Tﬁis parameter'is difficult to assess accurately, |
however once calibrated,vit is a useful indicator of
instability for any mine operation. To draw this thesis to a
elose, the author has selected ghe fo;lowing'from

Terzaghi(1939):‘

- "A good theory 1is one that works in practice. There is a _
tendency among the young and inexperienced to put blind faith
in formulae forgetting that most of them are based on premises
which are not accurately reproduced in practice, and which, in
any case, are frequently unable to take Iinto account collateral
disturbances which only observation and experience can foresee
and common sense provide against".
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STOPE & PILLAR DINMENSIONS

Indicate the stope and Pillar dimensions on the sketch or on the
"STOPE CHARACTERIZATION" Table (next page).

ROOM & PILLAR MINING
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ROCK MECHANIC DATA BASE
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APPENDIX II

RMR SYSTEM OF CLASSIFICATION
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Excerpt from Review of Rock Mass 61qssificdtion Systems

Pakalnis (1985)

3.1. DEERE'S ROCK QUALITY DESIGNATION

The concept of the rock quality designation was proposed in 1964 by Deere
(1975) and was originally based on fourteen tunnels. It was subsequently
expanded and incorporated by numerous classification schemes. (Einstein,
1979). ’

The RQD is a quantitative index based on a core recovery procedure in which the
core recovery is determined incorporating only those pieces of hard, sound
core which are 100 mm or greater in 1éngth. Shorter lengths are ignored,
Figure 14, It can be determined from the following expression:-
RQD(%) = 100 x Slength of core in pieces 100 mm or longer
length of core run

Core of at least 50 mm in diameter should be used. If core of lesser or greater
diameters is to be used, the nominal length of 100 mm should be altered to
correspond to two times the core diameter. The International Society of Rock
Mechanics recommends that the length of individual core pieces should be
assessed along the centre line of the core, so that the discontinuities that
hapen to parallel the drill hole will not unduly penalise the RQD values of an
otherwise massive rock mass (Figure 15). It is important to distinguish
between mechanical and natural breaks found in the core. A mechanical break
caused by hand] ing‘should not adversely affect the RQD index which is a measure
of the in-situ rock quality. The mechanical broken core segments should be
approximated into a solid unit of core in order to arrive at a reliable RQD
value, Over consolidated gauge is treated as having a core length less than
}100mm. ~ This is due to the RQD being ameasure of only "hard, sound core.” The
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RQD should be evaluated over an interval generally not less than .5m-2mand is
typically between 1.5 m - 6 m. Shear zones or extremely weak zones must be
delineated for subsequent analysis. This value will generally be a function
of the intactness of the core. The interval evaluated should be of a similar
structural design unit,

The RQD procedure is simple, inexpensive and reproductible. The following
re]at10nsh1p exists between the numerical values of the RQD and the genera]
quality of the rock for engineering purposes:

RQD : ROCK QUALITY
> 25 per cent very poor
25 - 50 per cent poor
.50 - 75 per cent fair
75 - 90 per cent good
90 - 100 per cent very good
RQD
Core Mod:fed {rock quotity
recovery (in) core recavery (in) desgnation)
)
10 U 10
5 0-23
2 = 25 - 50
2 = 50 - 75
3 = 75-90
4 % 4 9C 100
5 E§ 5 :
3 5]
4 & 4
6 6
4 %
2 =
s il 5
50 Core 33
Runz
to-
Core recovery RQD
»50/60:83% 134/60+57%
FIGURE 14

MODIFIED CORE RECOVERY AS AN INDEX OF ROCK QUALITY (DEERE,1975).
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FIGURE 15

Recommended method of measuring fracture lengths: examples of three possible
interpretations of the length of core pieces. The centre line length is

~ suggested as the most realistic measurement and is recommended (a). The

cylindrical interpretation (b) would unduly pena]izé the RQD values of an
otherwise massive mass.

In order to determine the RQD of rock surfaces a tape is suspended
horizontally along the surface and oriented at a right angle to the dominant
fracture direction. ' ’
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In this way, an assessment of the true fracture spacing is obtained. Twometre
lengths are assessed. (Laubscher, 1972).

The R.Q.D. is a core recovery technique that can be applied to rock surfaces
provided the following points are observed:

a) Experience in determining the R.Q.D.of core is necessary before attempting
'the R.Q.D. assessments of rock surfaces.
b) Do not be misled by blasting fractures.
c) Weaker bedding planes do not necessarily break when cored.
d) Where a joint (slip) face forms the sidewall, assess the opposite wall,
e) Shear zones greater than two metres in width must be classified
separately.

The correlation between core R.Q.D. and rock surfaceR.Q.D. will be obtained by
drilling boreholes parallel to excavations. This wll also give correlation
between the other items. -

Barton (1983) suggests the following relationship:

- When borehole data is unavailable, RQD can be estimated from the number
of joints per unit volume, where the number of joints per meter for each joint
are added together. A simple relation can be used to convert this number of
joints to RQD. For the results of a clay free rock mass: '

» RQD = 115 - 3.3 Jv (approximate)
where Jv is the total number of joint per m3. (RQD=100 for Jv = 4.5).

Priest and Hudson (1976) developed a chart showing the correlation that exists
between RQD and joint spacing, Figure 16.
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THEORETICAL RELATIONSHIP BETWEEN RQD AND DISCONTINUING SPACING.

(PRIEST AND HUDSON, 1976)

3.3 GEOMECHANICS CLASSIFICATION (RMR)

This classification system was developed for the South African Council for
Scientific and Industrial Research (CSIR) by Bieniawski in 1973. It employs
five parameters:

a) the uniaxial compressive strength of intact rock material

b) rock quality designation

c) spacing of fractures .

d) condition of fractures i.e. frictional properties and continuity
e) ground water conditions

Each of these parameters is given an importance rating for a particular
situation. The ratings were determined from 49 case histories investigated
by Bieniawski (1984) and augmented by the work of Wickham et al (1974). The
total rating is an indicator or rock quality and ranges from less than 25% |
(worst rock conditions) to 100% (best rock conditions). The rating is
subsequently adjusted to account for the influence of structural orientation
on stability. This adjusted rating is used to classify the rock into one of
five classes which empirically can be related to the stand-up time of
unsupported openings, support requirements, and rock mass strength indices.
The classification assesses the typical rather than the worst.rock mass
conditions. ’
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3.3.1.1. UNIAXIAL COMPRESSIVE STRENGTH OF INTACT ROCK MATERIAL:

The intact rock strength is the average uniaxial compressive strength of

the rock.

The strength of the rock material constitutes the highest .

strength limit of the rock mass for a given confining pressure. The rock
mass strength will consequently be lower than the intact rock strength due.

to alteration, ground water and the presence of discontinuities.

A number

of strength classifications have been proposed and are compared in Table
The RMR system employs the rock strength groupings as derived by Deere
(Table 13). Typical rock strengths are summarized in Table 14.

12.

TABLE 12 Classifications fbr Strength of Intact Rock (Bieniawski, 1973)
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TABLE 13 BIENIAWSKI CLASSIFICATION FOR INTACT ROCK STRENGTH (BIENIAWSKI,1973)

Very high strength

Uniaxial
Description compressive Examples of rock
strength,MPa types
Very low strength 1 - 25 Chalk, rocksalt
Low strength 25 - 50 Coal, siltstone, schist
Medium strength 50 - 100 Sandstone, slate, shale
High strength 100 - 200 Marble, granite, gneiss
| > 200 Quartzite, dlerite,

gabbro, basalt.
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' TABLE 14 STRENGTH DATA FOR INTACT ROCK (BIENIAWSKI, 1973)

Uniaxial compressive strength
MPa
Rock Type
Min. Max Mean

Chalk 1,1 1,8 1,5
Rocksalt 15 29 22,0
Coal 13 41 31,6
Siltstone 25 38 32,0
Schist 31 70 43,1
Slate ' 33 150 70,0
Shale 36 172 95,6
Sandstone 40 179 95,9
Mudstone 52 152 99,3
Marble 60 140 112,5
Limestone 69 180 121,8
Nolomite : 83 165 126,3 ' o
Andesite 127 133 128,5
Granite 153 233 183,4
Gneiss 159 256 195,0
Basalt 168 359 252,7
Quartzite 200 304 252,0
Dnlerite 227 319 230,3
Gabbro 290 326 298,0
Banded ironstone 425 475 450,0
Chert , 587 683 635,0

The reasons for these groupings (Table 13) are as follows:
- the classification is widely recognized throughout the world
- groupings are practical and realistic

- easy to remember

- It must be noted that a value of 1 MPa is taken as the lowest strength limit for



264

rock materials and consequently defines the division between soil and rock.
Furthermore, the terms of description such as low, medium or high strength are
preferred to weak or strong, thus avoiding ambiguity when dealing with
weathered rocks. No divisions are given for rock strengths less than 25 MPa
other than being classifed as having a very low strength. The reason for this
is that rocks exhibiting intact strengths under 25 MPa do not behave
drastically different and therefore are grouped as a single unit,

The uniaxial compressive strength, (UCS), can be determined by laboratory
techniques or in the field by use of the point load apparatus. Bieniawski
(1975) had determined that the point load derived UCS is within 20% of the
laboratory derived value. It is recommended to use laboratory procedures to
evaluate rock strengths whose values are less than 25 MPa.

3.3.1.2 ROCK QUALITY DESIGNATION (RQD)

Refer to Deere's definition, Section 3.1

3.3.1.3 JOINT SPACING

- The term joint means all discontinuities which may be technically joints,
faults, bedding planes or other surfaces of weakness. The spacing of joints
is the mean distance between the planes of weakness in the rock mass in the
direction perpendicular to the joint planes.

The presence of joints reduces the strength of a rock mass and the joint spacing

governs the degree of the reduction. The classification of joints based on
spacing is derived after Deere as follows:

Description : Spacing of Joints Rock Mass Designation

very wide >3m ‘ solid

wide ‘ : 1-3m . massive _
-moderately close 0.3 -1m blocky/seamy
close ' o 50 - 300 mm fractured
very close > 50 mm crushed
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Bieniawski states that the data on spacing of joints must be obtained from a
joint survey, for each joint set, and not from borehole logs. It isdifficult
to distinguish between joint sets from drill cores; however, where possible
one should attempt to determine a mean joint spacing. It is our experience

~ (Sherritt Gordon Mines) that where site information is restricted to
boreholes, a good estimate of joint spacing is derived as follows:

1) choose a borehole interval that exhibits similar rock mass
characteristics i.e. RQD, rock type, frequency of fractures, normally
between 1.5 to 6 m,
joint spacing =logged interval

number of joints
2) an alternative is to group each joint accordingto its dip, i.e. 0-30°, 30 -
60°, 60 - 90°, and determirie a spacing for each, Otherwise relative values
are obtained for vertical or near-vertical drill holes.

Jointsmust also be continrous if they are to be included within the definition
of "“joint spacing”. A joint is continuous if its length is greater than one
diameter of the excavation or three meters, It is also continuous if it is
less than three meters but extends from one joint to another, i.e. define
blocks.

The RMR system of importance ratings for joint spacing apply to rock mésses
having three joint sets. The rating is conservative if only two sets exist.
(Bieniawski, 1984).

Bieniawski (1984) has recently applied the work of Priest and Hudson (1976)
into developing a single rating incorporating The RQD and joint spacing. In
either knowing the RQD or joint spacing one is able to arrive at the RMR rating
which sums the two parameters.
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3.3.1.4 JOINT CONDITION

Condition of joints refers to the separation of joints (distance between joint:
surfaces), continuity and roughness of joints as well as gouge material. If
gouge is present, its type and thickness should be specified, Tight joints
with rough surfaces and no gouge have a high strength, Continuous, smooth
open joints will facilitate unrestricted in flow of ground water, thus
dictating a lower mass rating.

Bieniawski proposed the following descriptions:

ROUGHNESS
- very rough: near vertical steps and ridges occur on the discontinuity
surface. A
- rough: some ridge and side-angle steps are evident, asperities are

: clearly visible, and joint surfaces feel very abrasive.
- slightly rough: _
Asperities on joint surfaces are distinguishable and can be
felt.
- smooth: surface appears smooth and feels so to the touch.
- slicken sided:
visual evidence of polishing exists.

SEPARATION BETWEEN JOINT WALLS

- very tight < 0.1 mm

- tight : 0.1 - 0.5 mm
- moderately open 0.5 ~ 2.5 mm
- open 2.5 ~ 10 mm
- very wide 10 -~ 25 mm

(If separatidn exceeds 25 mm the joint should be treated as a major
discontinuity.) '
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WEATHERING

a). Unweathered. No visible signs are noted of weathering; rock fresh;
crystals bright,

b). Slightly weathered rock. Discontinuities are stained or discolored and
may contain a thin filling of altered material. Discoloration may extend
into the rock from the discontinuity surfaces to a distance of up to 20 per
cent of the discontinuity spacing.

Cc). Moderately weathered rock. Siight discoloration extends throughout the -
rock, and the rock material is partly friable. The original texture of the
rock has mainly been preserved, but separation of the grains has occurred.

e). Completely weathered rock. The rock is totally discolored and decomposed
and in a friable condition. The external appearance is that of soil.
Internally, the rock texture is partly preserved, but grains bhave
completely separated.

3.3.1.5 GROUND WATER CONDITIONS

Ground water is known to have an important effect on the behaviour of jointed
rock masses. The rate of inflowof ground water greatly affects the stabiﬁty
of tunnels. A value of 10 is employed for a completely dewatered situation
whereas a rock mass rating of 0 indicates severe water problems.

3.3.2  APPLICATIONS
The above parameters are incorporated into table 15.

The classification parameters discussed previously are to be prov1ded by the
engineering geologist from his measurements conducted in the field. One
complete set of data is needed for each structural region as encouncered along
the tunnel route. A structural region is defined as a zone in which similar
geotechnical stability can be expected. The geologist should supply any
additional information which he considers useful and re]evant.

A number of observations should be made with respect to Table 15. It will be
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noted that rock parameters and rock masses are grouped into five classes.
This is considered sufficient to provide for meaningful discrimination in all
the parameters. More classes could be difficult to work with while fewer
classes may not offer sufficiently clear distinctions.

In applying various parameters to a rock mass classification, it is necessary
to note that different parameters are not equally important for the overall
classification of a rock mass. Accordingly, importance ratings are also
given in Table 15 for each parameter and its subdivision. These ratings are
partly derived from a study by Wickham et al (1974). Two points should be
noted in connection with these ratings.

Firstly, the ratings given for joint spacings apply to rock masses having three
sets of joints. Thus, when only one or two sets of joints are present; a
conservative assessment is obtained. Secondly, some difficulties may be
experienced in deciding whether strike and dip orientations are favourable or
not in a given tunnel. (Refer to Parameter B, RSR).

- Once the importance ratings of the classification parameters are added, giving
the total rating for the rock mass, i.e. its structural region under
consideration. Note that the higher the total rating, the better the rock
mass conditions.

The Geomechanics classification has established itself as a useful and
versatile technique for assessing rock mass conditions on engineering
projects. The main applications of rock mass classifications have
traditionally been in tunnelling., The RMR system has been employed by various
authors on rock slopes ( Steffen, 1976), dam foundations (Bieniawski for 1976)
ground rippability (Kirsten, 1982) coal mining (Bieniawski, 1983) and in meta)
mining (Laubscher, 1978).



A. Classification parameters and their ratings

PARAMETER RANGES OF VALUES
Strengtn’ | Pount-load > 10MP, 410 MP, Ow range
s - a 2-4MPs 1+2MPs compres.
af strength indes e test s praterced
y | et rock ga"':;"' ve 525 | 18 1
933 - B <
mataeiat | strengin >250 MPa 100 - 250 MPa 80 - 100 MPa 25+ 50 MPs wmPs | mMPe | MPa
Raung 15 12 b4 4 2 1 ]
Onil core quaty RGO $0% - 100% 5% -90% 50% - 75% 25% - S0% - %%
2
Ranng 2 7 13 8 3
Spscing of discontinuiies SIm 06-2m 200 - 600 men 60 -200 mm 60 mm
3
Rating 0 18 10 L) H
Shehensided surtaces
Vary rough surtaces.
Not conti Siightty rough surfaces. | Slightly rough surtaces. Soft gouge > Smm thicx
Condiion of disconmuities No :::.'::":;:‘ Separation < 1 mm S.p.l.l.:c.; ZVmm “GWW < $mm thicx OR
. Unwesthered wall rack. | Signtly walis| Highty walls | 1-5 mm. pa > $mm.
Contnuous Continous
Rating » 4] F 10 [
Inflow per 10 m None <to 10-25 23-128 > 128
tunnet lengin tirag/min itressmin htres/min
OR OR OR OR OR
Groung
wster ° 0.0-0.4 0.1-0.2 0205 08
s OR OR OR OR OR
General conditions Complately ary Oamp wat Dripping Flowng
Rating ) 0 7 [ °
B. Ranng for di ity
Strike and op Very t very
orientations of joints favourable Favourable fur uniavourtie untavourabie
Tunneis 0 -2 3 -10 2
Ranngs Foundations [ -2 7 -5 ad
Slopes o -5 -23 50 <0
C. Rock mass classes determined from total ratings
Rating 100-— 81 80~61 60 e-at 4031 <20
Crass No ¢ " m w v
Description Very good rock Good rock Fair rock Poor rock Vvary poar rock
TABLE 15

GEOMECHANICAL CLASSIFICATION SYSTEM
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3.3.2.1. SUPPORT, ACTIVE SPAN

The classification has been applied to highway, railroad and water conveyance
tunnels as well as to underground caverns for hydroelectric schemes. A total
of 49 case histories were compiled which served as the basis for preparing the
span versus stand-up time diagram outlined below in Figure 24.
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FIGURE 24
GEOMECHANICS CLASSIFICATIONS - Output for min’ing and tunnelling. Black dots
represent mining cases; squares are tunnelling cases. The contour lines are
1imits of applicability (Bieniawski - 1983)

The above figure gives a relationship between the stand-up time and the roof
span for various mass ratings. Span is defined as the distance between the
drift walls or distance from the support to the face if this is less than tunnel
width, '

Example: 1) Roof strata rating of RMR = 35 means the maximum unsupported span
© possible inthis rock is 5.2 m, however, it will stand unsupportd only for four
“hours and will subsequently collapse (Figure 24). In order to ensure long
term stability, support along the length of the tunnel should be placed. A
roof span of 1.5 m and an RMR = 35% will stand indefinitely. 2). A tunnel
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required to be 10 m wide and which has an RMR = 50%: It will stay open for six
days unsupported; by placing support, (Table 16), at less than 3m intervals it
will remain stable indefinitely. Note that the active span is the distance
from the support to the face since it is less than the tunnel width.

Permanent support recommendations are given in Table 16,

TABLE 16 RMR GUIDE FOR EXCAVATION AND SUPPORT IN ROCK TUNNELS
(BIENIAWSKI, 1984)

Rock mass class Excavation Support
Rockbolis (20 mm dia, fully boaded) Shotcrete Steel sets
1. Very good rock Full face; ’ Generally no support required except for occasional spot bolting
RMR: 81-100 3m advance
2. Good rock Full face: Locally bolts in crown S0 mm in crown where None
RMR: 61-80 1.0-1.5m advance; 3m long, spaced 2.5m required
Complete support 20m from face with occasional wire mesh
3. Fair rock Top heading and bench: Systematic boits 4 m long, 50-100mm in crown None
RMR: 31-60 1.5-3m advance in top heading; spaced 1.Sm-2m in cromn and 30 mm in sides
Commence suppart after each blast; and wails with wire mesh
Complete support 10m from face in crown -
4. Poor rock Top heading and bench: Systematic bolts 4-5m long. 100-350 mm in crown Light nibs spaced
RMR: 21-40 1.0~1.5m sdvance in top heading; spaced 1-1.8m in crown and and 100mm in sides 1$m where re-
. Install support concurtently with walls with wire mesh qQuired
excavation-10m from face
5. Vers poor rock Multiple drifts: Systematic bolts 5-6m 150-200 mm in crown Medium to heavy
.RMR: <20 0.5-1.5m advance in top heading; Tong. spaced 3-1.5m in 150mm in sides and nbs spaced 0 7S m
Install support concurrently with crown and walls with wire 50mm on face with steel lagpng
excavation; shotcrete as soon as mesh, Bolt invert ard forepoing

required. Close

possible after blasting
nvert
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3.3.2.2. ROCK LOAD

Unal frdnuPennsylvania State (Bieniawski, 1984) had correlated support load to
the RMR index. The rock load height is given by:
ht = 100-RMR B
100

Where: ht = rock load height (m)
RMR = rock mass rating
B = tunnel width (m)

The above relationship is presented in Figure 25
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: FIGURE 25
VARIATIONS OF ROCK LOAD WITH ROOF SPAN FOR DIFFERENT RMR VALUES
V (BIENIAWSKI, 1984)
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3.3.2.3 MODULUS OF DEFORMATION

The Geomechanics Classification was found to be a useful method of estimating
the in-situ deformability of rock masses (Bieniawski, 1978). This is
demonstrated by Figure 26, whereby the following correlation was obtained:

EM = 2 x RMR - 100 (Correlation coefficient = 0.96)

where EM is the in situ modulus of deformation in GPa.

The above correlation was derived on the basis of 22 case histories involving a
wide range of in situ tests conducted in various parts of the world. The
accuracy of the modq]us prediction by the Geomechanics Classification is
within 20% (Bieniawski, 1978) which is quite acceptable for rock engineering
purposes. '

Serafim and Pereira (Bieniawski, 1984) extended the above re]ationship
between EM and RMR to cover lower values of EM,by adopting a log-linear form: -

: - 1o(RMR - 10)/40

This was shown to give an improved fit to the lower values of modulus in the
range 1 - 10 GPa (Figure 26)
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CORRELATION BETWEEN THE IN SITU MODULUS OF DEFORMATION AND RMR.
(BIENIAWSKI, 1984)



3.3.2.4. ROCK MASS STRENGTH

Serafim and Pereira (1983) utilized Bieniawski's (1979) RMR system to estimate
the rock mass cohesive and frictional properties. This was determined
through relating the intact strength properties to the mass properties by
adjusting for joint condition and ground water. The roughest unweathered
joints under dry conditions were assessed a mass friction angle (&) of 45°,
"Flowing water caused an effective reduction of 8% on - and values for gouge-
filled discontinuities were put as low as 10°. The following summarizes the
relationship between the shear'strength parameters and RMR:

‘Class No I 1] n
Average stand-up hme 10yearsfor 15 mspan & months for8 mspan 1 week for 5m span
Cohesion of the rock mass > 400 kPa 300 - 400 kPa 200 - 300 kPa
Friction angte of the rock mass < 45° 35° - 45°¢ _ 25° - 35°
Class No

v \E

Average stand-up tme " 10hoursfor2.5mspan | 30 minutesfor ¥ mspan

Cohes:on of the rock mass 100 - 200 kPa ‘ < 100 kPa

Fricion angle of the rock mass 15¢ . 25° - < 15°

3.3.3. LIMITATIONS

- The Geomechanics Classification is a means of didentifying the
engineering parameters needed to design safe and efficient mine
openings.

- RMR is relatively simple to use and repeatable

- The Geomechanics Classification does not account for the virgin
-streéses which can have an influence on the condition of
discontinuities by maintaining them under compression or tensions.
(Mathews, 1981) '
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The Classification sc-heme as proposed by Bieniawski is arranged with
succesive reductions of roughness as weathering or gouge filling
increases. These two processes are not necessarily related.
(Barton, 1983) ‘

The strength of the joints in the ground mass is one of the most
important parameters contributing to the stability of a tunnel. In
the geomechanics system, this parameter is almost ignored in that the
total rating is relatively insensitive to the joint condition. A
difference of 15 points in the joint condition rating out of atotal of
25 should represent amajor difference in the stability of the tunnel.
However, the joint condition rating can change by as much as 15 points
without changing the overall rock mass class. The insensitivity is
partly due to the summation principle on which the system is based.
(Kirsten, 1983) |

Bieniawski over-emphaizes joint spacing by employing both an RQD and a
joint spacing rating. Rock quality and joint spacing together
comprise a measure of block size. By making allowance for these
parameters, an unjustified importance is assigned to block size
compared to, for example, Jjoint strength. This 1is the case
particularly in viewof the fact that together, rock quality and joint
spacing represent ratings between two and three times larger than that
of any one of the other parameters over most of their respective
ranges. (Kirsten, 1983)

The RMR was based initially on Lauffer (1958) which is generally
acknowledged to be excessively conservative, In best qualities of a
rock mass, it is extremely conservative in terms of stand-up time.

The RMR system cannot be employed in the design of structures in rocks
containing swelling materials, i.e. shales (Kirsten, 1983)
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