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ABSTRACT

Rosh PinalZinc underground mine is located in the south of Namit8zkm from the
Orange River and 100 km from the town @fangmund. The zindead deposit is
extracted viathe open stoping mining method. The stability of open stopes was

analysed with empiricalral numerical modelling.

The application of the stabilityrgph method proposed by Potwiras used to analyse
the stability of stope surfaces. Care was tai@rcerning théimitationsof the stability
graph method, which does niatke intoaccountthe stress orientation relative the
stoping method. Furthermore, the stability graph doesaomiderthe blasting effects

occurring during stope blasting as well as in the viciaityundthe stoping area.

This project explores the impact of using@nlinear ImprovedUnified Constitutive
Model (IUCM) using FLAC3D, which can provideestimates of the amount of over
break to be expecteab well asusingtraditional empiricabktability methodgo predict
dilution. Over breakin numerical modellingvas intepreted using both the principal
stresses and volumetric strain to forecast the expected level of dilution during the
mining processusing the numerical methodFurthermore dilution using empirical

methods was estimated using the equivalent linear oadrisieugh.

The resultsrom numerical modellingndicatedthat the upper mined out stopes were
stable and no major dilution was envisagauthis wasproved by use of the &vity
Monitoring Systemfor mined out levels of 230 and 2@urthermoreit was foundhat
bothempirical models&ind numerical modellingpdicated a large amount of dilution to
be exgctedasmining progresses downwarftom Level 050 to Level0407 owing to

an increase in size of the stopes.
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1 Introduction

1.1 Background

The increase in demand for raw material has placed a significant pressure on mining
companiesas this has led to a depletion of high grade ore bodies with good spatial

conditions and less complex mineralogy for which operational costs were generally

lower.Hence, the increase demand has led to the exploitation of deeper orebodies with
lower ore grade and more complex mineralogy that in turn has led to an increase in
operational costs as well as increased diluthkotording to Le Roux (2@), dilution

abovel0% can affect the profitability of the mine.

In underground minesn ealy attemptto minimise costs of mining is to ensure that
minimum dilution takes place during the extraction of the orebddygording to
Ponierwierski (2005)istope sizes shouldebas large as possible to obtain high
productivity and low unit costsyet also small enough to achieve sustained production
rateso Hence,as a result ofless dilution a mining project an become more
economical resuling in cost saving that can vyieldigh returns for the company.
Cepuritis (2010) noted théain order to develop an appropriate mine desagihorough
understanding of the rock mass conditions #@adootential response to mining is
requiredo The use of both empirical methods and nunancodelling is required to
assess the potential of dilution. When both empirindlrsumerical modelling argsed
togetherwith sitebased experience,godunderstanding of theehaviourock mass
can beattained Cepuritus (2010) highlighted th& major stumbling block in the stope
design process is theay in which geotechnical data are collected, analysed, interpreted

and used to construct a geotechnical model i

1.2 Objective and scope of the thesis

The objective othis researchs to enhance tb understanding dhe desyn of open
stopes to be mined for tI8F3 orebody using both empirical methods and numerical
modelling The proposed mining sequence and mining method for the SF3 orebody is
a total extractiortop/down sublevel open stopinghich will be assessedBy using

both empirical andumerical techniges an estimate of the future dilution and stability

of the stopscan be anticipated.



Theresearchhasthe following objective:

Carry out geotechnical mapping and loggingharacterise the rock mass
Discuss different measures to reduce dilution

Discuss and apply empal methods to estimate stogtability

= =/ =4 =4

Discuss and apply numerical modelling techniquebeip with stope stability

investigation

==

Estimate the amount of dtion for the envisaged stopes

1 Evaluate the outcomes of the study @nolviderecommendations

1.3 Research methodology

Il nternal | iterature based on the geotechni
will form part of data collectionMapping will focus orsidewallsforming the hanging
walls andfootwalls, in order to gather adequate information to estimate the mechanical

properties of the rock mass that will be usmdempirical and numerical methods.

In this research two designetimods will be used timvestigatethe stability of stopes

a) Empirical methods
b) Numerical modelling methods.

An investigation of the relevant parameters required to understand the geotechnical
environment will beobtainedfrom mapping as well as intact laboratory strength tests.
According to Le Roux (2®), fiempirical design methods involvaaking use oflesign
criteria and design lirsg which are estimated from the analysis of field data for case
studies, coupled with enggering judgemeni. Furthermore,the use of numerical
modellingwill be carried out using the Improved Unified Constitutive Model proposed
by Vakili (2017).



The methodology adopted can be summarised as follows:

Determine the Nwes$tabisl Qby fmnombewoc&s mass
Calculate the hydraulic radius from open stopes

Obtain the equivalent linear overbreak slofghall stopes

Carry out numerical modelling using the Improved Unified Constitutive Model

Evaluate the obtained volumietstrain from numerical modelling

= =4 4 4 A -

Compae the dilution obtained from empirical methods vs numerical modelling

1.4 Content of the dissertation

Chapter lprovides an overview ahe research project and its objectives. Chapter 2
details the literature review of both empirical methods and the IUCM constitutive
model used in FLAC3DThe strengths and limitations of both empirical and numerical
modellingareexplored Chapter 3 cousthe application of empirical methods by using
the mechanical properties of the rock nthss were obtained from mapping to estimate
the dilution of open stope$he use of the Improved Unified Constitutive Model will
be discussed i€@hapterd, whichdiscusseshe numerical modellingsedto determine

the stability of open stope¥he IUCM will be built into FLAGD and results will be

analysed.

The last chapter provide summary and conclusieof the finding of the research.

Future work ad recommendations will also be included.



2 Literature Review

This chapterdescribs concepts used in the evaluation of stgpability, whichwill
includeempirical and numerical methodshe SF3 stopes will benalysedindividually
by use ofempirical methods such as Matthews dtabiity number as well as the
concept of equivaleniriearoverbreak lpugh

2.1Background

2.1.1Sublevelopen stoping mining method

According to Pakalnis et al199%), open stoping miningnethod has grown in
popularitysince 1970 and at the end of thé2@ntury more than 50% of all Canadian
underground metal mines in production were udimgunderground open stoping
mining methodThe siblevel open stoping method is often usedxtvactmassiveor
tabular orebodiescharacterised athe high productivity methodBrady and Brown
(1985 suggested that open stopimguallyrequires freestanding stope boundaries and
hencethe orebodys well as theountry rockshould have sufficient strength to provide
stable wdlfaces and crown for excavatiodsually, open stoping methods anen

entryandareknown as onef the low cost and safest mining methods.

The configuration of sipes follows two basic concept®ngitudinal and transverse
configurations Accordingto Villaescusa (2014)ifor thick orebodiesthe stopesare
oriented perpendicular (transverse) to the strike oflép®sit with pillars left between
the primary stope8 With narrow orebodies, a longitudinal configuration is favoured
Firstly, footwall haulage drifts are developed parallel to the oreletdihe top and
bottom of the orebodly from where blasted ore will be transportad shown irFigure

1. Cross cuts perpendicular to the orebody are developetoFomethodsblast holes
are drilled in fans from sikhccesslrives and are charged with explosiv@sce the ore

is blasted, it is mucked from the draw points &dansported via the haulage drift to
an ore pass or may be transportedagcanveyor belt to the pnary crusher.



Hustrulid and BlUock (2001) emphasised th#éideveloping the set of drifts and
drawpoints underneath the stope is an extensive and postigdured Furthermore,

sublevel open stopingcanleadto high dilution resulting from design parasters from

a planning and geotechnical perspective.

Top sill

Footwall

Bottom sill

' Endwall

Figurel. Basic geometry of an underground open siafré, 2015).

2.1.2Dilution and its effects
According to Urli (2015)the definition ofdilution in the conte of open stoping

methodis the amount of waste material that is drawn from the stopevhiuth enters

theore-processingtreamloweling the average grade of the ore known as head grade
There are quite a numbef definitions outlined by Pakalnit al (1995); however, a

more common definition of dilution is given equatior2.1 as
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According to Elbrond (19 4 ) ife @ mine, net presemalue,cost of producing metal

and loss of metal aral affected by dilution ®sually, dilution is introduced into the
stope from caved material in the hanging veasl well as thdootwall of the stope.
Severafactors that contribute to dilution are mostly related to factors that boterio

stope wall instabilitysuch as poor drilling and blasting practices, weak ground
conditions, irregular stope shapes and siz€ne of the common systems used to
estimatedilution is by using rock mass classification systems in order to understand the

inherent strength of the rock mass which will be explored in the next section.

2.2 Rock mass classification systems

According to Crockford(2012, ficlassification systems are pirical correlations
between various quantifiable rock mass properties and the observed mechanical
properties during underground excavationérious rock mass classification systems
have been used by practitioners around the world and some of the wgkaly
classification systems are RotkinnellingQuality Index (Barton et al1974); Rock

Mass Rating (Bieniawskil989); Geological Strength Index (Hoek et al., 19@2d

the Rock Quality Designatidipeere et al., 1967)

Bieniawski (1993) noted thaibck mass classificatiomethods had been designed to
behave as amngineering desigtool; however they were not intended to substitute

field observation, analytical considerationeasurements and engineering judgement.
Onre of the advantages of rock mass classification isithaeasy to apply and acas

a means of understanding the geotechnical environment at the feasibility stage of the
project. Hoek (2007)noted that a classification entity loses its significance and
reliability when utilized in aarea for which it will not be designeor when it's utilized

on asite with circumstances that had been not analysed within the empirical growth of

the system.



2.2.1Rock Quality Designation RQD)

The oncept of RQD was dewgbed byDeere et al(1967) to provide a quantitative
means of measuring the quality of drilleate toassess support requiremeRQD can

be defined as the percentage of intact core pieces of natural fractures that are greater
than 10 cmong over the btal core run(Figure 2) (Hutchinson& Diederichs,1996)

One of the advantages using theRQD is that it is a quick and inexpensive method to
determine the quality of the rock magscordingto ASTM (1997, RQD is widely

used asmindicatorof low-quality rock zones that may need greatézntionor require
additional boring or other investigational worigure 2 illustrates how the RQD can

be calculated from the total length of the core run

Dovdile Tube
Chamond Ohill Core
Diametor =54 mm

.@4? :

L| :?f-f|;2.4|3.'5‘

.ff ast ¥ jact core fess Mhan 0 om
Corg o

r’::m

. 2 Length of core pieces » 10 cm X 100 ‘y
! 'I"J'II_"J - ! O'*a i Leﬂl_’;u"} l::l'l‘ C\G'E £ 1J\'.~"ﬂ' o )J

S+ 5+ 13+532 24+ 35
o X100 = 73 %
f?.‘:f pﬁj{j

Figure2. Conventional method of evaluating RQD from drill core (Hutchin&on
Diederichs1996)

On the other hand, it is also noted that RQD caraffected by orientation of the
borehole with respect to joint setéillaescusa (2014) further statéoht some of the

disadvantages of using the concept of RQPhighly dependent on factossich as



data collection from different core sizes, core loss experience in heavily fractured rock

massesas well as mechanical disturbances during the processlioigd

A The RQD varies between 0 and 1008goor rock mass is represented by an RQD
in the range of 25% whilst a good rock mass is represented by an RQD greater than
75%.

2.2.2Geological Strength Index GSI)

In searchof a solution for a problem of emating the strength of jointed rock masses
and to provide a basis for design of underground excavations, Hoek and Brown
(1980a,b)Figure 3)developed the GSb estimate thetrength of the rock mass from

the lithology, structure and surface conditiarighe rock mass-Hence the GSI was
developed out of a neddr a quantifiablecharactesgation of the rock mass for use in

the HoekBrown failure criterion and hence to overcome some of the deficiencies
identified in the RMR (Hoel& Brown, 199). On the other handhe GSI does not
exclusivelyinclude the UniaxialCompressiveéStrength of the intact roclas well as

water and stress levels within a given rock mass.

The GSI ofarock mass can be defined by several chaith the general chart show

in Figure3. According toCrockford(2012), a high GSvalueimplies that the structure
degrades the rock mass to a lesser extent from measured intact properties; whereas a
smaller GSI valuémpliesthat the structal featuresnfluence the rock massrehgth

and intact values are npresentative.



GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)

From the lithology, structure and surface
conditions of the discontinuities, estimate
the average value of GSI. Do not try to
be too precise. Quoting a range from 33
to 37 is more realistic than stating that
GSI| = 35. Note that the table does not
apply to structurally controlled failures.
Where weak planar structural planes are
present in an unfavourable orientation
with respect to the excavation face, these
will dominate the rock mass behaviour.
The shear strength of surfaces in rocks
that are prone to deterioration as a result
of changes in moisture content will be g
reduced is water is present. When
working with rocks in the fair to very poor
categories, a shift to the right may be
made for wet conditions. Water pressure
is dealt with by effective stress analysis. §

Slickensided, highly weathered surfaces with soft clay

coatings or fillings

Slickensided, highly weathered surfaces with compact
coatings or fillings or angular fragments

VERY POOR

Rough, slightly weathered, iron stained surfaces

SURFACE CONDITIONS

AIR
mooth,
POOR

GOOD

STRUCTURE

A INTACT OR MASSIVE - intact
7 rock specimens or massive in
situ rock with few widely spaced
" st

BLOCKY - well interlocked un-
disturbed rock mass consisting
of cubical blocks formed by three
: o d .

VERY BLOCKY- interlocked,
partially disturbed mass with
muiti-faceted angular blocks
formed by 4 or more joint sets

BLOCKY/DISTURBED/SEAMY

- folded with angular blocks

formed by many intersecting

5 discontinuity sets. Persistence

of bedding planes or schistosity

DISINTEGRATED - poorly inter-

locked, heavily broken rock mass
with mixture of angular and

4 rounded rock pieces

<—= DECREASING INTERLOCKING OF ROCK PIECES

LAMINATED/SHEARED - Lack
of blockiness due to close spacing
] of weak schistosity or shear planes

Figure3. Geological Strength Index (GSI) for jointed rock masses (Hoek, 2003)



2.2.3Rock Mass Rating System (RMR)

The Rock Mass Rating System developed by Bieniabwskieen 1973 and 1976 was
developed in South Africa in shallow civil engineering excavations of sedimentary
rocks. Since then, the method has successfully been refined and improved by
Bieniawski and other authors to apply the RMR system in other geatatlifieids

such as mining, slopes, and dam foundafferockford 2012). The methoditilisessix
parameter#n order toclassify the rock mass and these parameters are eththinng

site investigation and charact&tion. The six parameters are:

Uniaxial strength of intact rock material
Rock Quality Designation

Joint spacing

Joint condition

Ground water condition

=4 =2 4 A A -2

Joint orientation

The parameters for the RMR are assigned values using Table 1. The overall RMR is
obtaired by adding the values of the irjs determined in sectis’A and B and
assigning a rock mass class in section C. The rock mass class determined in section C
variesfrom O for poor rock massese 100 for very good rock mass qualities. The rock
mass class determined in section C can therused todeterminethe cohesion,

frictional angle and stand up time of the rock mass.
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Tablel. RMR classification of rock masses (Bieniawsk89)

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS

PARAMETER Range of values // ratings
: For this low range
Strength Pointload strength | 414 ypq 4-10 MPa 2-4MPa 1-2MPa | uniaxial compr. strength
of intact index is prefered
1 [rock Uniaxial com- §-25| 1-5 | <1
material pressive strength > 250 MPa 100 -250 MPa { 50-100 MPa 25-50 MPa MPa | MPa | MPa
RATING 15 12 7 4 2 1 0
) Drill core quality RQD 90 - 100% 75 - 90% 50 - 75% 25 - 50% < 25%
RATING 20 17 13 8 5
3 Spacing of discontinuities >2m 06-2m 200 - 600 mm 60 - 200 mm <60 mm
RATING 20 15 10 8 5
Length, persistence <1m 1-3m 3-10m 10-20m =20m
Rating 6 4 2 1 0
Separation I none <0.1 mm 0.1-1mm 1-5mm >5mm
Rating| ] 5 4 1 0
Condition {Roughness I very rough rough slightly rough smooth slickensided
4 iof discon- Rating 6 5 3 1 0
tinuities il none Hard filling Soft filling
nfiling (gouge) - <5 mm =5 mm < 5 mm =5 mm
Rating 6 4 2 2 0
Weathering I unweathered slightly w. moderately w. highly w. decomposed
Rating 6 5 3 1 0
Inflow per 10 m none < 10 litres/min {10 - 25 litres/min | 25 - 125 litres/min =125 litres /min
tunnel length
Ground
5 |water pw ! o1 0 0-01 0.1-0.2 02-0.5 > 05
General conditions | completely dry damp wet dripping flowi
RATING 15 10 T 4 0

pw = joint water pressure; o1 = major principal stress

B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS

Very favourable | Favourable Fair Unfavourable Very unfavourable
Tunnels 0 -2 -5 -10 -12
RATINGS |Foundations 0 -2 -7 -15 -25
Slopes | o 5 25 50 | we0
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Rating 100 - 81 80 - 61 60 - 41 40 - 21 <20
Class MNo. I Il |l] A" A"
Description VERY GOOD GOOD FAIR POOR VERY POOR
D. MEANING OF ROCK MASS CLASSES
Class MNo. I Il |l] A" A"
Average stand-up time 1?5years for 6 months for 1 week for 10 hours for 30 minutes for
m span 8 m span 5 mspan 2.5 m span 1 m span
Cohesion of the rock mass =400 kPa 300 - 400 kPa | 200 - 300 kPa 100 - 200 kPa <100 kPa
" Friction angle of the rock mass |  <45° | 35-45 |  26-35° |  15-28° |  <15°
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2.2.4Rock Mass Index (RMi)

The RMi was developed by Palmstrdetween 1986 and 1995 to characterise the rock
mass strengtbf amaterial.lt demonstrates the discountinherent strengtaf the rock
mass on accoumtf the effects of jointSingh& Goel,1999). Ejuation2.2 expresses
the RMi in terms of the uncomied uniaxial compression test of the intact rock and the
joint parameter

~

YOQ, 0v 22

Where, is the unconfined uniaxial compression test of the intact rockbas the
jointing parameter with values ranging between 1 for an intact rock material and 0 for

a crushed rock material.

Equation2.3 illustrates the calculation for the joint paramdt#?) factor:

00 T QO 23

Where'Qas the joint condition factor an@ is the block volume measureddn , and

Ois a parameter derived from the joint conditi@dsingequation2.4.

0 T Q6 8 2.4

Figure 4can be used to obtain the joint parametefrdf the block volume Vb and
joint condition factorQ&As can be seen frorthe upper left part oFigure 4, the
volumetric joint count (Jv) for numerous joint sets block shapes) mighite used as
an alternative to thélock quantity (Vb), in additionto the RQD however its
incapability to characterise huge rock or extremely jointedsa@sults in a decreased
quality of JP(Palmstrom1996).
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Figure4. The joint parameter (JP) found from the joint condition factor )
various measurements of jointing intensity (Vb, Jv, RgBamstrom
1995).

The joint condition factor iselated tojL, jR and jA, as can be seen equation 5
(Singh& Goel 1999)

Q6 Q6-) 25

Where |C is the joint condition factor, jR is the joint roughness factor, jA is the joint
alteration factagrand jL isajoint length and continuity factof.able2 can be used to

determinghe abovementionecparameters

13



Table2. Input parameters to RMi (Palmstrog@14)

Uniaxial compressive strength of rock (UCS oro, )‘

value in MPa

(from lab. tests or assumed from handbook tables)

Block volume (Vb))

value in m®

(from ohservations af site or on drill cores, eic.)

Joint condition factor (jC )

jC =jR x jL/jA (ratings of jR, jA and jL from the tables below)

Joint roughness factor (jR ) Large scale waviness of joint plane
O e raings n boldalc aresmiar o ur nGyeom) | Fanar | SO | unauatng [stongy incuatng| - SEPPeq
- Very rough 2 3 ] 6
% g § Rough 1.5 2 3 45 6

s 8<
=£a Smooth 1 15 4
0% é E Polished or slickensided”’ 0.5 1 1.5 3
J For filled joints jR =1 For irregular joints a rating of jR = 6 is suggested
*) For slickensided surfaces the ratings apply to possible movement along the lineations
Joint alteration factor ( jA ) (the ratings are based on Ja in the Q-system)
c Healed or welded joints filling of quartz, epidote, etc. JA=0.75
§‘_ﬂ CLEAN Fresh joint walls no coating or filling, except from staining (rust) 1
Zg JOINTS: Attered toint wall - one grade higher alteration than the rock 2
= B joint walls - -
E _g - two grades higher alteration than the rock 4
s COATING or Frictional materials sand, silt calcite, etc. without content of clay 3
° THIN FILLING OF: | conesive materials clay. chlorite, talc, efc. 4
Thin filing (< 5mm)|  Thick filling
e E Frictional materials sand, silt calcite, etc. (non-softening jA=4 8
g § THICK FILLING OF: | Hard, cohesive materials | clay, chlorite, talc, etc. ] 5-10
EE Soft, cohesive materials | clay, chlorite, falc, efc. 8 12
Swelling clay materials material exhibits swelling properties §-12 13-20
Joint size factor (jL ) composed of the length and continuity of the joint Continuous joints | Discant joints’
Bedding or foliation partings length < 0.5 m jL=3 jL=6
with length 0.1-1m 2 4
Joints with length 1 - 10m 1 2
with length 10 - 30m 0.75 1.5
(Filled) joint, seam or shear **) length > 30 m 05 1
*) Discontinuous joints end in massive rock **) Often a singularity and should in these cases be treated separately
Interlocking of rockmass structure (IL) (the ratings are based on the interlocking used in the GSI system)
Very tight structure undisturbed rock mass, well interlocked IL=13
Tight structure undisturbed rock mass with some joint sets 1
Disturbed / open folded / faulted with angular blocks 0.8
Poorly interlocked broken with angular and rounded blocks 0.5

The RMi scheme shares some options just like these of -#est®m, akirto jR and
JA, that are similar tahe Jr and Ja within the -Qystem(Palmstrom2014). According

to Palmstrom (1996)heiRMi can easily be used for rough estimates in the early stages

of a feasibility design of a projectPalmstrom (2014) further expandédw RMi for

support estimation in various ground conditions from kddokveak rock masseBy
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using the RMiparameter JP, the s factor from Hhaeki Brown Criterion can bderived
using the formulai 0 0, and since the RMincludesa wide range of rk mass
variations it has a wider application than otteak mas<lassification system@\bbas
& Heinz, 2015)

2.2.5Rock Tunnelling Quality Index (Q-system)

According toBarton et al.(1974) i he Qsystem was developed in 1974 by Barton,
Lien and Lundat the Norwegian Geechnical Institute, Norwayor determitng rock
mass characteristics and tunnel support requiremedite Qsystem is formulated
using 212 case records frddcandinaviaBieniawski 1989).

The Qsystem is formulatedy assigning aes using Tabke 3 - 8 for the six
parameters that amitlinedinto three quotientsThe numerical value of Qariesfrom
0.001for poor rock masses to 1000 for very high quality unjointed rock mé3aesn
et al.,1974).

The following6 parametersra used for the €ystemas shown in equation@.

. YOOUi 0O
" TE Tevvo @
Where:
RQD is the Rock Quality Designation
Jn is the joint set number
Jr is the joint roughness coefficient
Ja is the joint alteration number
Jwis the joint water reduction factor

SRF is the stress reduction factor

=4 =2 =4 4 A -

Theinitial quotient (RQD/Jn) is a representative of the crude measure of the block or
particle size. The second quotient (Jr/Ja) is a representative of the roughness and
frictional characteristics of the joint wall interfaces well as joint infill material. The

third quotient (JW/SRF)s regarded as the active stress compgnehere Jw is a
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measure of water pressure and S&Rk€onsidered as thetal stress parameter. Each of

these parametersan bedetermined according to the descriptions found in &3l8

Table3. RQD- Rock Quality Designation (NGI, 2014)

Very poor RQD =0 -25%
Poor 25-50
Fair 50 - 75
Good 75-90
Excellent 90 - 100
Notes:

(i) Where RQD is reported or measured as < 10 (including 0),
a nominal value of 10 is used to evaluate Q

{ii) RQD intervals of 5, i.e. 100, 95, 90, efc.
are sufficiently accurate

Table4. In-Joint set number (NGI, 2014)

Massive, no or few joints Jn=05-1
One joint set

One joint set plus random joints
Two joint sets

Two joint sets plus random joints
Three joint sets

Three joint sets plus random joints
Four or more joint sets, heavily jointed, “sugar-cube”, etc. 15
Crushed rock, earthlike 20
Notes: (i) For tunnel intersections, use (3.0 x Jn), (ii) Forportals, use (2.0 x Jn)

s
Slo| o &lwln

Table5. Jr-Joint setroughness number (NGI, 2014)

a) Rock-wall contact,
b) rock-wall contact before 10 cm shear c) No rock-wall contact when sheared
Discontinuous joints Jr=4 Zone containing clay minerals thick enough to prevent rock- Jr=10
Rough or irregular, undulating 3 wall contact '
Smooth, undulating 2 Sandy, gravelly or crushed zone thick enough to prevent rock- 10
Slickensided, undulating 15 wall contact )
Rough or irregular, planar 1.5 Notes:
Smooth, planar 1.0 i) Add 1.01f the mean spacing of the refevant joint set is greater than 3 m
Slickensided, planar 0.5 i) Jr=0.5 can be used for planar, slickensided joints having lineations,
Note : i) Descriptions refer to small scale features, provided the lineations are oriented for minimum strength
and intermediate scale features, in that order
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Table6. JaJoint alteration number (NG2014)

£ JOINT WALL CHARACTER Condition Wall contact
% ] Healed or welded joints: [filling of quartz, epidote, efc. Ja=0.75

: ? CLEAN JOINTS  {Fresh joint walls: no coating or filling, except from staining (rust) 1

E = Slightly altered joint walls: non-softening mineral coatings, clay-free particles, etc. 2

‘g 9 [ coaTNG OR THIN [Friction materials: sand, silt, calcite, etc. {non-softening) 3

0 FILLNG Cohesive materials; clay. chlorite. talc. etc. (softening) 4

3 Some wall contact]  No wall contact

: » FILLING OF: Type Thin fillng (< 5 mm) Thickfiling

£ @ |Friction materials sand, silt calcite, etc. (non-softening) Ja=4 Ja=8

g é Hard cohesive materials compacted filling of clay, chlorite, talc, etc. 6 5-10

g Soft cohesive materials medium to low overconsolidated clay, chlorite, talc 8 12

0 |Swelling clay materials filling material exhibits swelling properties §-12 13-20

Table7. Jw-Joint water reduction factor (NGI, 2014)
Dry excavations or minor inflow, i.e. < 5 Umin locally po<Tkglom” [ Jw=1
Medium inflow or pressure, occasional outwash of joint fillings 1-25 0.66
Large inflow or high pressure in competent rock with unfilled joints 25-10 0.5
Large inflow or high pressure, considerable outwash of joint fillings 25-10 03
Exceptionally high inflow or water pressure at blasting, decaying with time >10 02-0.1
Exceptionally high inflow or water pressure continuing without noticeable decay >10 0.1-0.05
Note: (i) The last four factors are crude estimates. Increase Jw if drainage measures are installed
(ii) Special problems caused by ice formation are nof considerad

Table8. SRFStress reduction factor (NG2014)

2 Multiple weakness zones with clay or chemically disintegrated rock, very loose surrounding rock (any depth) | SRF =10
5o g Single weakness zones containing clay or chemically disintegrated rock (depth of excavation < 50 m) 5
M= = Single weakness zones containing clay or chemically disintegrated rock (depth of excavation > 50 m) 25
& § 2 |Multiple shear zones in competent rock (clay-free), loose surrounding rock (any depth) 7.5
% % % Single shear zones in competent rock (clay-free), loose surrounding rock (depth of excavation < 50 m) 5
g = Single shear zones in competent rock (clay-free), loose surrounding rock (depth of excavation > 50 m) 25
Loose, open joints, heavily jointed or "sugar-cube", etc. (any depth) 5
Note: (i) Reduce these SRF values by 25 - 50% if the relevant shear zones only influence, but do not intersect the excavation.
a.loy | o5l 6 SRF
= Low stress, near surface, open joints >200 | <0.01 25
§ % o [Medium stress, favourable stress condition 200-10]0.01-0.3 1
‘g % E High stress, very tight structure. Usually favourable to stability, may be except forwalls | 10-5 | 03-04]| 05-2
‘g ~ ﬁ Moderate slabbing after > 1 hour in massive rock 5-3 [05-065 5-50
£ 5 2 |Slabbing and rock burst after a few minutes in massive rock 3-2 [0.65-1] 50-200
[&] Heavy rock burst (strain burst) and immediate dynamic deformation in massive rock <2 > 1 200 - 400
Notes: (i) For strongly anisotropic stress field (if measured): when 5 < o4/03 <10, reduce o, to 0.75 o.. When o1/53 > 10, reduce o, to 0.50,
(i) Few case records available where depth of crown below surface is less than span width. Suggest SRF increase from 2.5 to 5 for low stress cases
oyl o
Squeezing | Plastic flow of incompetent rock under | Mild squeezing rock pressure 1-5 5-10
rock  |the influence of high pressure Heavy squeezing rock pressure >5 10-20
Swelling |Chemical swelling activity depending on |Mild swelling rock pressure 5-10
rock |presence of water Heavy swelling rock pressure 10-15
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The Qsystem can be used to estimate the support requirements of excaaatdos

estimae the rock mass propertiédbbasé& Heinz, 2015).

2.3 Using empirical methods to estimatealilution

The most common form of empirical method for dilution estimation was proposed by
Pakalnis(2015. The method was developed in a joinbllaborationbetween the
Department of Mines of Manitoba, CANMEand Rutton Mine of Husbn Bay Mining

and Smelting Inc.

Clarke (@998) later expanded the concept of empirical stability methods using
databaseonsisting of 43 stopes at various stagewriofingi to compile theequivalent
Linear Overbreak SlougfELOS). Information such as historical observationsitu-
stress, structural mapping and deformation monitoring were recokdether stope
dilutonmet hod was pHara(f980,ehich wayg based on data collected

from Canadian and internationaines
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23106 Hara6és Dilution Method

One of the earliest methods tol90rTheli ct di |
method compared stope width, stope wall sloughage against the stoping method, wall
competenceand dip angle oftepe. Three miningnethods weraised in the dilution

estimate methactut and fill, shrinkage stopingnd blasthole stoping.
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Figureb5. Waste rock dilution estimate (O'Hara, 1980)

Equation2.7 was used to predict the dilution fiolast holestoping

P OQa 6 0 Qeze—; C&

Where:W is the stope widtin m and A s the orebody dip angle degrees

FromFigureb5, it can be seen that dilution increases when the stope is at amaagle

from the vertical The percentage of unplanned dilution increases with an increase in
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thewidth of the stope. Hencé&om Figure 5 unplanned dilution is higher itne blast

hole stoping mining method compared to the cut and fill method

There arehoweveraf ew shortcomings from OG6suahr ads di l
that there is no quantitative method assigned to the compeittiee rock mas, e.g
the method on frequently used rock mass classification to quantify dilution.

Furthermorethere is no clear information on how the method was formulated.

2.3.2 Dilution graph ELOS method

The ELOSIis an empirical methodsingthe Mathews st abi | i,asywelnas mber NG©&
thehydraulic radiugHR) that was developed by Clark and Pakalnis (1997). According

to Woodward 2017),iithefinancialvalue of a stope is intrinsically linked tioesuccess

of theore recoverybut it is also related tthe amount of unintentional dilutianThe

ELOSis used to quantify the dilution of individual stogeas well as the ultimate stope

after the entire orebody has been mined. Figusbows the illustration dELOS and

how it can be calculatagsingboththe Gavity Monitoring System (CMS)yanddesigned

stope shape.

Stope
Width

A
L’ 17}

Strike [,7"';“‘"“:,«-5' & Cross-Sections y:
/ngm St P E Generated from o6
) L ’a' ] !L/CMS Survey &
/ Equivalent
Linear ;
Stope ;
Height Slough /

B

Slough from Stope walls
Equivalent Linear Slough

Figure6. Equivalent Linear Overbreak Slough (ELOS) (PakatniSlarke 1994)
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Equation2.8 is used to determine the ELOS:

00 0 ¥ 28

According to Cepuritis (2014), inherent uncertainty associated with empirical methods

implies that there is always éhancethat designswill not perform as intended

resultingin adverseeconomic and safety implications.

Figure7s hows the relationship betweenpand he NO s

the equivalent linear overbreak slough.
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Figure7. Stability graph (Clark1998)

According to Le Roux (2015)ilution can be estimatebly plotting the modified
stability number N6 vs the hydr @abléd ¢ radit
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showscategorical descriptions of the severityaMerbreak versus ELQSvhere an

ELOS of greater than 2 indicates a possibility of unacceptableerbreak

Table9. ELOS categories (Pakalnis et al., 1996)

ELO;S,m\)/alue Category Description
0-0.5 Stable
0.52 Overbreak
>2 Significant overbreak

Cepuritis (2014) noted that Empirical open stope design strategies depend on
categorised efficiency of open stope case histories and comparing this to the geometry
of specific excavation and the perceived rock mass high qu&aye of the
shortcomingsof the ELOS methodare that it does not include structural influence

arising from faults and dykes around the orebody stope walls.

2.3.3 Stability graph method

According to Mawdesley et .g001), the iMathewsstability number N represents the
ability of the rock mass to stand up under a given stress condition and the shape factor,
S, or hydraulic radius accounts for theogetry of the surface.Potvin (1988)
furthermore expanded the unique stability graph witbirther 175 case historiesd
formulatedthe modified stability number, Nin the place of thévlathew® stability
number and these cases were primarily from Canadian mime2014, Sudneni
emphassed that the empirical methodiBould nobe applied beyond the limits of their
databasesr be extrapolated.usrineni (2014) further illustratethat the stability graph
method was also created with the assumption of good ground conditions, as well as
good blasting practicesind that the stopeme isolated with no nearby excavations.
Equation 2.9 illustrates the modified stability numbewhich also incorporates a
modified form of the Q systefny excluding the third quotient as shown iqu&ation

2.10.

O 0666 C&o
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Where:
N6 is the stability number
Q Gs the modified Q
A is the factor that accoufdr induced stress
B is the factor that@ouns for orientation of joints with respect to stope
surface

C is he factor that accounts faneasure of influence of gravity
: v &
U —V T Tt
0 C

WhereRQDis referred to ashe Rock Quality Designatioof the rock massinis the
joint set numberJr is the joint roughness eefficient, andJais the joint alteration

number. These parameters can be obtained from face mapping as well as core

logging.

A: Stress to strength effect factor

The stress to strength rattonsidersthe inducedstresses around the stopad the
strength of an intact rock sample. The assumption is that under lowestv@smments,
there is low confinement and hence instability of stopes is likely to occupasegpto

high stresses.

TheA factorcan be obtained fromquation2.11:

O pPHCY ™ QU p 0 ™ 211
The value of A can be obtainetbre readily by calculating the ratio taeten the UCS

and the maximum induced streasshownin Figure8. Themaximum induced stress

can be obtained from numerical modelling.

23



| Factor A P
0.8 - = ce
Strength/stress // \ \ sm’?ﬂpa /

06 - /

M: / \ / \
. // o

Rock Stress factor A

0 2 4 B ] 10 12 Obtain omax from 20 or 3D

Uniaxial Compressive Strength, UC3 numerical stress modelling

Ratio: Max. Induced Compressive Stress, omax

Figure8. Stability Graph Factor A (Potvin, 1988)

B: Ease of block fallout factor

Orientation of joint can be obtained from kinematic anajysisrder to obtain the dip

of the critical jointthatwill be the joint with a steep dip. The most critical joint set can
then be used to obtain the value of B. According to Brady. €2@db), ifithe B factor
looks at the influence of the orientation of discontinuities with respect to the surface
analysed and states that joints oriented &t t80a surface do not create stability
problemso Equatiors 2.12 to 2.15 areused to calculate the B factor usingwhich is

the angle between the face pole and joint padean be seem Figure 9

6 ™ 0.01 p T 2.12
0 1] p T o 2.13
0 mdrg ™8 o QT 2.14
0 ™rmneyx @ QT WT 2.15
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Figure9. Stability Graph Factor B (Potvin, 1988
C: Gravity adjustment factor

According to Villaescusa (2014)he gravity adjustment factar ascan be seem
Figure1071 is based mostly othe belief that due tgravity, a vertical stope wall is
extra seare than a horizontal stope crowhhe gravity adjustment factor can be
obtained from the dip of the stope face by identifying the most likalgtsiral failure

mechanism.

In the instance where there is no joint slidithge gravity factor C can be obtained from

Equation2.16:
6 Y QAT 0000 £QENQ 2.16

Where there is a possibility of joint slidingquatiors 2.17 and2.18 can be used
o 008 'd1 "QORGEE GO P.17

6 pp T OMEDOI QORGEENO O DI "QORS@EE N P.18
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Figure10. Stability Graph Factor C (Potvin, 1988)

The above parameters atatained from field mappingswell asfrom intact laboratory

testing.

The hydraulic radiusi ascan be seeim Figure 1, i is usually utilisedin massive
mining methods as a size factor of an area to be mihéslused in conjunction with
the modified stability number Nto determine the stability of an open stolaguation

2.19 shows how the hydraulic radius can be formulated:

oY ——— 2.19

Where the area can be obtained by multiplying the length and the width of the open

stope as well as obtaining the perimeter from the given stope dimensions.
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Hyaraulic
Raadius ¢

Figurell Hydraulic Radius, HR (Hutchinson & Diederichs, 1996).

The average expected dilutiontie obtained byusingthe stability graph numbgeas

well as the hydraulic radiuygsan be estimatetdy using a site-specific calibrated
dilution-based graph such #éisat shown inFigure 12. According to Papaioancand
Suorneni(2016) care should be used when using these stability graph me#satiey

have been developed in narrow vein mining environments. The use of these graphs
however can guide the user to make informed decisions during feasibility studies of

mining projects.
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Figurel2 Database of unsupported stope (Pot¢B88 Nickson,1992)
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2.4 Cable bolt support

In an effort to minimise dilutioncable bolting is currentlysedin most underground
mining methods around the worldccording to Hutchinson and Diederichs (199%)

cable bolt is a flexible tendon consisting of a number of steel wires wound into g strand
which is grouted into a borehoteCable bolts are generally grouted in the boreholes
and can be tensioned, bueaenerally left uiensioned as thegretypically installed

prior to the opening of the stope or sequentially during the stoping operétidns
2015).

0.5 %] O STABLE A UNSTABLE Il CAVED

A

- [ -Cables ineffective

S A=Non-Entry
~  B-Conservative
. o

- CL-V.Consaervative

s Inadequalte Densily =
N I I
2 4

F

( RQD/Jy ) / Hydraulic Radius

Figurel3. Cable bolt density chart (Potvin, 1988)

Several methods for estimating the cable bolt density were proposed by Potvin (1988)
and Nickson (1992). For the design of cable bolt dgnBotvin used the (RQD/Jh)
representhe relative block size factodivided bythe excavatio dimensions. From
Figure 13 (above)values for(RQD/Jn)/HRIess than 0.6 would mean that cable bolts
would be ineffectiveHence, installing cable bo#will not prevent caving of the stope
face.This can be attributetd a small block size or large hydraulic radias show in

Figure 13, where theras arelatively large number of caved areas for values less t

0.6 of the (RQD/Jn)/HRA minimum cable bolt densitgf 0.1 isshown inFigure 13,
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which roughly corresponds to a value of 3x3 The region below this value it

recommended for design purposes.

Furthemore, Nickson (1992) showedgood correlation between cable bolt density as

wel | as NO/ HR. The as s stabfiity numberstressrelatddat by u
fracturing as well as joint orientation atersidered From Figure 14, the graph is

divided into two zoneghe caved zone and the stable zone. Design is either based on

the conservative or neconservative approach. The conservative zongasiin stope

backs above drilling horizons in area where entry is permitted, where#se non

conservative approach is based omareere entry is not permitted (Hutchinsgn
Diederich,1996).
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Figurel4. Guidelines for cable spacing and densibyerall stope face stability
(Nickson, 1992)
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2.5Numerical Modelling

Any underground opening creates a varied degree and magnitude of stress in both the
near and far field area (Diakite, 1998). Empirical and theoreticdelsarenotable to
thoroughlyanalyse the behaviour of a rookass and cannot effectively relate the
variations in stress and displacement inside the rock iffasskoli, 1994). This
section explores the theory behind numerical modelling using constitutivedaas

way to perceive the behaviour of the rock mass

Tavakol i ( 19 9urgrical anatysiseisl dividdd anto twd methods: the
continuum approach which considers the rock mass as a continuum block with a
number of discontinuities, and discontinuum which considers the rock mass as a group

of independenblockso Figure 15 includes a schematic of bdthde analysis methods.

Example of continuum models are finite and boundary element mdsielsples of
continuumbasednodels arénter alia Phase 2D, Examine 2D, 3D and Map Figure
15provides a guideline using thesystem for whicltontinuum modelare applicable
where the overall rock mass is considered isotropic and homogeneous. According to
Barlaand Barla(2000) the imost common way to solve this problem, which seems to
have ganed wide acceptance, is to scale the intact rock properties down to the rock
mass properties by using empirically defined relationshipach as those given by
Hoek and Brown (1997).

Pseudo-continuum Discontinuum Continuum
using continuum #—b approach (:‘_l > appreach
approach
| y /
| |
Q=0.1 Q=100
FEM/FLAC UDEC/3DEC FEM/BEM

Figurel5. Schematic diagram suggesting thage of application afontinuum and
discontinuum modelling in relation to thev@lue (modifiedrom Barton,
1998)
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According to Barlaand Barla(2000),irock joints and discontinuities in a rock mass

play a key role in the response of a tunneletacavatiord Hence the use of
discontinuous modelling has been gaining progressive attention in rock mechanics. In
discontinuum modelling, the rock mass is represented as an assemblage of discrete
blocks that are either assigned properties for deformabiermedeformable material,

and interact with each other on surfaces regarded as joints. An example of software
codes for discontinuum models include Universal Distinct Element Code (UDEC), as
well as 3DEC. Figure 15 illustrates typical values of they®em ranging between Q

= 0.1 and 100 for which the discontinuum modelling codes can be considered.

2.5.1Mohr T Coulomb failure criteria

According toLabuzandZang, 20121 tte Mohit Coulomb (MC) failure criteriorcan

described asa set of linear equations in principal strepacethat are able tdescrile

the conditions for which an isotropic material will fail, witke intermediate principal

st r elseing négected.Mohri Coulomb failure criteria caalsobe writtenin terms

ofmaj or 01 and minor (03 pri ncisheastressonr esses
the failureplane (Jaege& Cook 1979).Figurel6 illustrates the representationtbe

Mohri Coulomb failure criteriain terms of principal stresses and normal and rshea

stresses.
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a) Principal stresses b) Normal and shear stresses
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Figurel6. Mohri Coulomb failure criterion in terms cd) principal stresseb)

normal and shear stresses (Edelbro, 2004)

Equation2.20illustrates the MoRCoulomb failure criteria in terms of principal

stresses:

" " [ & T

Where, and, is the maximum and minimum principal stresses. Thés the
function related tahe angle of internal frictiorthatis obtained from the slope of best
fitline, and, is the uniaxial compression test and is relédetie cohesioin as shown

in equatiors 2.21 and 2.2:

C(I)(:)S i %o &
"5 1 0 % &P
T p i QS %o

o T Q% % & ¢

Most geotechnicasoftwares are still written in terms of the Moh€oulomb failure
criterion, howeverit is possibleto obtain equivalent anglesor both friction and
cohesive strengthas shown in equatier?.23 and 2.2 for each rock mass and stress
range(Hoek et al, 2002)
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Where%o is the angle of friction arid is the cohesive strength.

The Mohri Coulombfailure criterion can beexpressed in terms of normal and shear
stressEquation 2.3 illustrates the MolirCoulomb shear strength criteria:

t @ , OAI ¢ v

Wheret is known aghe shear strength and is the effectivenormalstress resolved
on the eventual fracture plane, c is cohesamale is the angle of intmal friction
(Lockner et al 2002).

2.5.2Hoeki Brown Failure Criterion

According to Le Roux (2015). TH#doek Brown failure criteron follows a nonlinear
parabolic form that separates it from the MdDoulomb failure criterion According

to Hoeket al. (2002) the criterion wadormulated to cater for aack of knowned
empirical strength criterjdnowever it was notinique since an identical equation had
beenutilisedfor descrbing the failure of concretend associated materialdoek and
Brown usedavariousnumber of experiments of parabolic curvesotonulateone that
gave goodcorrelatedwith the Griffith theory and which fitted the observed failure
conditions for brittle rock subjected to compressive strggsalbrg 2004).Equation
2.26 represents théloek Brownnontlinearequation for intact rock anglas introduced

in 1980 by Hoek and Browf1980)
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Where m and s aimensionless empirical constathsitdepend on the properties of
the rockmaterialand the extent to whicih weakenedeforebeingsubjected to stress

, and, , which are the maximum and minimum principal stresses. The uniaxial
compressive strength of the intact rock is represented biffhe parameter roan be
compaedto the frictional strengtleharacteristiof the rockmaterialand sillustrates

the degre fractures arock is andcan berelated to the rock mass cohesion (Ulugay
Hudson,2007).

In 2002, a Generalised HadBrown failurecriterionfor jointed rock maswas defined
using Euation2.27 as follows

” ” ” d - i C& X

Where, and, is the maximum and minimum effective principal stresSdse
uniaxial compressive strength afi intact rock is given by, . Thed is areduced
value ofa , whichdepends ohow severelyhe rock is broken. The originél value
wasre-examinedandwasfound to depend on the mineralogy, composiasrwell as
thesizeof grainsin theintact rock(Hoek et al, 2002). The followingset ofequations

(2.28to 230) illustrates how the empirical constaat ,i andwcan be obtained:

a a Qwi———m=
CUpD & Y
L OYO
i Qw 5 50 & w
o £ Pq Q ¢ T
¢ o0

According t o Hde é&xporential detnd was a2ided t& pddress the

systembébs bias towards hard rock and to
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by enabling the curvature of the failure envelope to be adjlispadticularly under

very low normal stresses.

Based on the Hoé&Brown envelope deed by the above parameters, the unconfined
compressive as well as the tensile strength of a gmg@mass can bexpressedrom

equatiors 2.31 and 232 below.

woow C® p

" - CH ¢

Where, is the unconfined compressive strengthd, is the tensile strengtbf the

rock mass

The global rock mass strength, , can be estimated based on the laboratory
unconfined compressive strength,, and the other Ho&Brown parametersusing
equation2.33 (Hoek et al, 2002)

a

¢p ®¢

C® o

The HoekBrown failure criteria like the Mohi Coulombcriteria is a sheabased
criterion, and hence brittle failure nganot be appropriately modelled. Both the Hoek
Brown and the MohrCoulomb failure criteaignore the intermediate principal stress

» » when it varies from the minimum principal stress. Furthermore, theiHoekn
failure criterioncanonly be applied to weak rock masses whevsehaviour of the rock
mass is controlled byoints, rather than individual failure planes or the rock mass
material. Furthermore, the Hddkrown criterion fits the laboratory lowstress
(including tensile stress) regimes reasdyalell, but sometimes tesdo overestimate

the downward curvature of the strength for strength characteristics at high confining
stresse¢Ryder& Jager2002).
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2.5.3Improved Unified Constitutive Model

Numerical modelling was conducted using throvedUnified Constitutive Model
(IUCM) formulated by Vakili (2016). According to Vakili (2017)ithe Improved
Unified Constitutive Mode(lUCM) is a result of collating the most notable recent
research in the area of rock mechanics and extensiveabatysis ofmining case
histories togethemto a unified material mod@Vakili (2016) further emphasised that

the IUCM was developed from well proven methods of determining the strength of the
rock massThe [UCMcan be useih a variety ofground conditiongianging from intact

brittle rocks to extremelyweakand ductile rock, as well asanisotropic rocks Vakili
(2016).

The input parameters used for the IUCM maatel
1 Unconfined intact rock strength )

T I'ntact Youngds Modul us

1 Density

1 Hoek Brown constant m

1 GSI

In addition, the post pegkoperties of anaterial in the IUCM can be predicted using
alinear Mohi Coulombcriterion. Thedefault valuesised are such that the cohesion is
zerg as well as the tensile values at residual state of sHesgever these values can

be varied The frictional angle is assuméal be45°. Vakili (2016) presents a detailed
description of the IUCM components. This includes systematic instructions on the
processeghat wereformulatedin the modelgalgorithms.

Vakili(2016) , f ur t hne of thennoatemphasedarag thedevelopment of

the IUCM was to establish a unified model that could capture the more complex failure
mechanisrmmand still require minimum additional input properties, which could also be
obtain@ through conventional datallection procedureg.Table 10 showsnput
parameters used in the IUCHKIodel
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Table10. Input parameters used in the IUQMakili, 2016)

Property  Description Required/Optional Used for isotropic Rock  Used for anisotropic rock
Density Density of the rock mass Required Yes Yes
Sigci Uniaxial Compressive Strength of the intact rock Required Yes Yes
GSsl Geological Strength Index of the rock mass Required Yes Yes
M pax Hoek-Brown constant m; for the intact rock matrix Required Yes Yes
E; Elastic Modulus of intact rock Required Yes Yes
M i Hoek-Brown constant my; for the plane of anisotropy of the intact rock Required for anisotropicrock No Yes
Anisog,. Anisotropy Factor Required for anisotropicrock No Yes
Anisop;,  Dip angle of the plane of anisotropy Required for anisotropicrock No Yes
Anisopipp  Dip direction angle of the plane of anisotropy Required for anisotropicrock No Yes
Disg.. Disturbance factor Optional Yes Yes
Cres Residual Cohesion of the rock mass Optional Yes Yes
Fricg,.. Residual Friction Angle of the rock mass Optional Yes Yes
Tenges Residual Tensile Strength of the rock mass Optional Yes Yes

Critgeq Reduction factor for critical strain Optional Yes Yes




2.5.3.1Unconfined compressivestrength and elastic modulus

In the ITUCM model| the unconfined compressive strength represented bgigci
property(Vakili, 2016). Inarock mass witla GSI lowerthan65, the intact laboratory
unconfined strength can be directly assignedsigci. Vakili (2016 noted thafithis is
because for these rock massése size of the intact blocks, bounded by the
discontinuities is close enough to the laboratory samples that the effect of increasing

sample size on the strength of th&ct rockcan be neglected
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Figurel7. Quantification of GSI chart (Cai et al., 2003)
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The unconfined strength ahintact rock for a rock mass with a high GSI vatlmeve
65 should be reduced accorditgthe methods provided iheliterature by Hoek and
Brown (1980) and Cai et.gR007).

The unconfined intact rock strendthr rock masses with a GSI greater tharcéb be
reduced using Figure 13y approximating the average joint spacing of the joint sets of
the rock mass and withs respective GSI value. Using the eage joint spacing
obtained andts respective GSEigure 18can then be used to reduce the intact rock
strength. This can be achievieg obtaining the strength ratiaith which the lab scale
unconfined intact rocktrengthis multiplied to obtain the reduced unconfined intact

rock strength
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Figurel8. Scale effect relations for intact rock UCS (Yoshinaka et al., 2008)
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2.5.3.2Elastic properties

One of the important parametersassessing the behaviour of the rock mass is the
deformation modulugHoek & Diederichs, 2006)The elastic modulus can be
calculated fronthe Hoek and Diedericbhgquation(Equation 234) provided below
using in situ rock mass deformation frowmarious countries includinghina and

Taiwan

04 O'@sc U

—) 234

Where Ei is the modulus of the intact rock, GSI is the Geological Strength, buatkx
D is the disturbance factor. The value ofdgstimatedisingEquation 2.3 asproposed
by Deere (1968)

0oQ 0'Y, oQ 2.5

Where theEi is the modulus of the intact rock, MR is the modulus ratio,acaihe
intact rock strengthzquation 2.8 is usedwhen no directlataof the intact moduluk;
are available or where undisturbed sampling for measuremeBgtsas proven to be
difficult (Hoek& Diedericls, 2006)

Table 11 illustrates different methods of obtaining MR from different rock typés
the earliest work on MR carried out by Malik and Rashid (199/@ng& Aledejare
(2016 st a tthe UCStahde&Etdataiobtained & project sit@aregenerally limited,
and the sparse number of UCS and E data often obtaimsdifcient to provide joint
probability distribution of UCS and E and to estimate their correlation coefficient
Hence it is important that Ei is estimdtieom an intact rock sample to obtain a reliable

Ei value.
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Table 11. Modulus ratio MR (E and UCSMPa) (Malkowski et al., 2018)

Rock type Reference Number of samples MR (range)
Claystone Hoek & Diederichs, 2006 nda (200-300)
Malik & Rashid, 1997 30 141 (87-228)
Matkowski & Ostrowski, 2017 (Carboniferous) 81 Eian 274 (118-657)
E,, 276 (77-606)
Egec 269 (79-616)
Siltstone Hoek & Diederichs, 2006 nda (350-400)
Malik & Rashid, 1997 30 137 (79-190)
Mudstone Matkowski & Ostrowski, 2017 (Carboniferous) 70 Eian 232 (59-421)
Eq, 242 (61-500)
Egec 203 (45-436)
Sandstone Hoek & Diederichs, 2006 nda (200-350)
Bell & Lindsay, 1999 27 372 (141-680)
Malik & Rashid, 1997 30 119 (76-157)
Sabatakakis et al., 2008 36 303 (120-727)
Matkowski & Ostrowski, 2017 (Carboniferous) 86 Etan 223 (139-381)

Eqy 236 (141-491)
E.c 187 (82-379)
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2.5.3.3Rock strength anisotropy

In rock mechanigghe term rock anisotropy is a mechanical property of rock that makes
the strength of rockdirectional dependenRock anisotropy can be classified into two
forms intact rock anisotropysawell asrock mass anisotropy. Intact rock anisotropy
resuls from natural fracturesthat constitue the rock which resultin directional
dependencyor intact anisotropic rock (Vakili et al,, 2014).0n the other hanaock

mass anisotropgccursdue to occurrences of geological structuildse anisotropy of

the rockis a very important mechanical property of a rock and it @mfies the amount

of deformation.Watson et al.(2015) suggested thdithe effect of rock strength
anisotropy must be taken into account when assessing the rock mass response to mining
in anisotopic rock condition®In most casek there is a tendency to ignore anisotropic

factors of the rock mass in order to simplify the design process.
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Figurel19. Theoretical variation of uniaxial compressive strength depending on
orientation with respect to anisotropy plane (Ramamuwetiaj 1993 as

referenced by Palmstrom, 1994)
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Figurel9i ndi cates the compr es swekelisteetangeoh gt h
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the foliation with respect to the direction of the applied loach e hi ghewsxt val ue

isobt ained when b is e inthtceurs bebvken 80° andl 454 .
The rati amdfmetdwels knowa as the anisotropic factand @n be

estimated from Figure 18

Tablel2can be used to assignisotropidactors of rocks in thease were no available
laboratory intact rock test results for anisotropic rocks. Guidelines for data collection

and selection of input parameters are sunsad by Vakili et al(2014).

Table1l. Classification of anisotropy intensity in various rocks (modified from
Tsidzi, 1990; Singh et all989 Ramamurthy et all993 Palmstrom

1994
Anisotropic .
classification Example rock types Anisotropy factor
Isotropic Quartzite, hornfels, granulites 1-1.1
Low anisotropy Quartzofeltspatic gneiss, mylonite, migmatite, shale 1.12.0
Medium anistropy Schistose gneiss, quartz schist 2.0-4.0
High anisotropy Mica schist, hornblende schist 4.0-6.0
Velry high Slate, phyllite >6.0
anistropy

2.5.3.4Hoek-Brown material constant m

The Hoek Brown constant mi for the intact rock matrix can control how darstegés
and progresssin a numerical modehence it is an important parameté&ccording to
Vakili (2016) fithis constant can control the confinement dependency of the modelled

rock under high stress conditi®a

The estimates of theiman be obtained using triaxial test resudtsd this methods the
most reliable method of obtaining the constantithe second method involves the use
of tensile strength test available andthe ratio Sigci/UTS can be usedheve the UTS

is the Uniaxial Tensile Test. The third method to estimateahes ofm; can beused

when no laboratory tests have been condyeted values fronTable12 can be used.
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Tablel12. Values of the constant mi for intact rock by group (H&RBrown, 1997)

Rock Class Groa Texture
type P Coarse Medium Fine Very fine
Conglomerate* Sandstone Siltstone 7+2 Claystone 42
< Clastic (22+3) 1724 Greywacke Shales (6+2)
= Breccias (19+5) i (18+3) Marls (7+2)
[
o Organic Chalk 72
=
[a] Non- . Sparitic Micritic .
% Clastic| Carbonates Lin?er:'tzt::ll?$2+3) Limestone Limestone Dc();c:r;;tes
- (10+2) (9+2) B
Evaporites Gypsum 8+2 | Anhydrite 12+2
(®) Hornfels (19+4) .
= Non Foliated Marble 9+3 Metasandstones S
o 20+3
c 266
g Amphibolites
E Slightly foliated Migmatite (29+3) 2646
= Foliated™ Gneiss 28+5 Schists 12+3 Phyllites (7+3) Slates 7+4
Liaht Granite 32+3 Diorite 25+5
Plutonic 9 Granodiorite (29+3)
Dark Gabbro 27+3 Dolerite (16+5)
g : Norite 205
b . " Peridotite
= Hypabyssal Porphyries (20£5) Diabase (15+5)
1G] (25+5)
L Rhyolite (25+5) | Dacite (25+3) Obsidian
. it Andesite 25:5 | Basalt (25+5) (19+3)
LB Agglomerate
Pyroclastic (1923) Breccia (19+5) Tuff (1315)

The use offable P to estimate the valued m; should be used for preliminary design
purposesHoweverfor detailed design studies, laboratory tests should be carried out to

obtain values that are more reliable (H&Brown, 1997)

2.5.3.5Disturbance factor (D)

The disturbance factor was proposedrder to downgradthe rock mass properties

after blasting and stress changes have taken place. Hoek et al. (2002) noted that the
feffects of heavy blast damage as well as stress relief due to removal of the overburden
resulsin disturbance of the rock mag3he disturbance factor has a large influemige

both the frictional angle and cohesion. The disturbance factor varies from D=0 for
undisturbed to D=1 for highly disturbed rock massas shown imable13.
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Table13. Guidelines for estimating the disturbance factor D (Hetedd., 2002

Appearance of rock | Description of rock mass Suggested
Mass value of D
| Excellent quality controlled blasting or excavation
i by Tunnel Boring Machine results in minimal
f ¢ disturbance to the confined rock mass surrounding a D=0
¢ 'k} tunnel.
Mechanical or hand excavation in poor quality rock
masses (no blasting) results in minimal disturbance D=0
{ to the surrounding rock mass.
Where squeezing problems result in significant floor D=0.5
heave, disturbance can be severe unless a temporary N L "
invert, as shown in the photograph, s placed. o nve
Very poor quality blasting in a hard rock tunnel
results in severe local damage, extending 2 or 3 m, in D=10.28
the surrounding rock mass.
Small scale blasting in civil engineering slopes D=10.7

results in modest rock mass damage, particularly if
controlled blasting 1s used as shown on the left hand
side of the photograph. However, stress relief results
in some disturbance.

Good blasting

D=1.0
Poor blasting

Very large open pit mine slopes suffer significant
disturbance due to heavy production blasting and
also due to stress relief from overburden removal.

=¥ | In some softer rocks excavation can be camed out
i| by ripping and dozing and the degree of damage to
| the slopes is less.

D=1.0
Production
blasting
D=0.7
Mechanical
excavation
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2.5.4Peak failure criteria

The IUCM usedhe curvefitting approachn orderto estimate the rock mastrength
over varying stress levels. Hence a Hd&town criteron was used in the IUCM to
calculate the MohitCoulomb parameters fail stress increments. The approach used
for estimating the MolilCoulomb criteria is outlined in the work done by Vakili
(2016).

Vakili (2016) outlines the following steps that the IUCM computes in order to obtain
the Mohi Coulomb parameters:
1 Firstly initialise the premining stresses in the model.
1 Secondly btain the current minor and major principal stresses for each
finite difference zone (or element in the finite element method).
1 Obtainthemi nor pri nci pa)l )byaddirgars subtractimge me nt  (

0.1% of the current of the current magnitudeas depicted in equatien

2.36and 2.3.
” ” TB.[ T[up C8)' (p
" " T3t T,P C® X

1 Calculate constants for the Hé&rown criteria based oequatiors 2.38 to
240, provided by Hoek et a(2002)

a G Agp—— & Y
i Aop—— ® w
W P B'Q Q g m
¢ 0
T Obtain the major pr jin rtamphe lgeneaisece s s i nc

Hoeki Brown failure criteria and from the measured change in the minor

princi pai)i ashovendysequatopndd to 242:
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” ” ” d - i C8 p

” ” ” d - i C8 C
{1 Obtain the slope of the incremental stress envéalagmeshown in equation

243.

oy —— 8 o

1 Calculatethe instantaneous fricin angle ¥ from (¢ , as shown in

equation 244:
e i Q¢ (¢ B
1 Calculate the instantaneous cohesamshown in equation 54
&) cg8 v
7 Calculate uniaxial tensile strengts shown in equation4s:
. — g8 o

In order to prevent the tensile strength from exceeding the valjugvafichis related

to the apex limitof the MohrCoulomb relationa compaison of the tensile strength

valuederivedfrom equatior2.45and that from themaximum limit (c/tan ) is used and

the lower value of the two is used.

2.5.5Post peak failure criteria

The IUCM uses thénearMohri Coulombfailure criteronfor the post peagropertes

of a completely broken ro¢kvith a cohesion of zero and a frictional angfe85-55°,
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which can be specified by the us&he criteria used for the [UCM implies that after a

prolonged deformation of the rock masge rock will later exhibit soilike properties.

The residual strength @ rock mass has an important role in fhrecess of failure
propagationof the rock masssince in this region the rock massengthhas been
exceeded by the stress in the surrounding rock n@asset al (2007) noéd thatfithe
determination of the global mechanical properties of jointed rock masses s@main
of the most difficult tasks in rock mechanizBew notable methods for estimating the
residual strength of the rock mass were presented by Ca{2Q@r) by using the peak
GSl and converting it to a residual G2 {Y)@o calculate the residual blogklumeg ,
and the residual joint condition factdbr Lorig and Varong2013) further researched
downgrading the peak strengthaofock masdy usingthe disturbance factor proposed
by Hoek. An alternative method proposed by Vakili (20%@s the use of cohesion

softening and frictiorhardening linear MofiCoulomb criterion.

2.6 Summary

Open stoping mining methods avedely used for the extraction ofassive ore bodies.
The use of rock mass classification systems to estimate support requirements forms the
foundation of open stope span desifjhere are a variety of rock mass classification

systems that are used to quantify the strength of the rock mass.

Advances in research has made it possible for the use of numerical modelling in open
stoping design. The use of failures criteria such as the Herekvn and Mohr
Coulomb Failure Criteria allows numerical models to predict the behaviour of a rock
mass using intact rock propertieésstly the IUCM constitutive model was discussed

in detail.
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3 Review of Rosh Pinah Zinc Mine

3.1Rosh Pinah Zinc mining history

Rosh Pinah Zine Mine is locaten southwestern Namibia in the Kard®egion as

shown inFigure 20:
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Figure20. Location of Rosh Pinah Zinc Mine (Google Maps, 2019)

Discovery & Rosh Pinah dates bat&1963. This makes it one of the oldest mines in
Namibia. Prior to the discovery, there were no mining activities in the aresgadk
discovery was also made approximately 25 km west of Rosh ,Rmah are&nown

as the Skorpion deposit.
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In 1969, mining started at the Rosh Pinah Mine with an open pit above the current
orebody. The first owners of the mine were Imcor Zimhich wasformedyvia a joint
venture between Iscor and Molly Copper. The decisionite rat the time was based

on 23 boreholes and exploration thereafter continugd now. Between1993and

1995 the mine was liquidatednd the new mining right was awarded to PE Minerals
Pty (Ltd). In 1998, Rosh Pinah Zinc Mine Corporation was formmeth a jointventure
betweenlscor and PE Mineral8etween2001 and 2006lscor becamé&umba and

then ExxaroOn 1 May 2012, Glencore purchased the majority shareholder in Rosh
Pinah Zinc Mine from Exxaro wortB0.08% with the remaining shares owned by
Black Economic Empowerment and PE Minerals. From September 2017, Trevali
Mining acquired 80.08% of Rosh Pinah Zinc Mine from Glencore and subsequently
increased their interest to 9% m mid-2018.

3.2 Regional geology of Rosh Pinah Mine

According to Frimme(2008), he Rosh Pinah ore deposit is hosted thick package

of turbidites comprisingboth hinterland and contemporanema¢canic, clastic
provenancewhich was deposited in a Neoproterozoic rift basin during the early part of
the evolution of the Gap Terrance of southern Namiliiaas shown in Figure12
Research shows that due to intefidding, thrustingand wrench faultingreall direct
evidence of the original extent, depth and structure of the Gariep Basin has been
obliterated. The belt recds a series of tectongtagesfrom crustal thinning which
occurred during the preparation of theeakupof the supercontinent Rodinjao
subsequent continental riftingpening of an oceanic basin and closuras well as
continent to continent collish during the amalgamation of west Gonwana (Frimmel,
2008)
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Figure2l. Tectonic subdivision of the Gariep Bethd@dified from Frimmel, 2000a)

Stratigraphicallythe Gariefbelt has been divided into two main zones: the continental
Port Nolloth Zone in the east and the largely oceanic Marmora Terrane in th&heest.

two zones are separated by a major thiaudt, the Schakalsberg Thrust.

3.3 Mining geology
The surrounding areahere the Rosh Pinah deposit occurs is an anticlinorium, divided

into a western domain (WD) and an eastern domain (ED). The Ore Equivalent Horizon
(OEH) consists ofmassive, argillitic microquarzitic and carbonate ov&ccording to
Flavianu (2010)the ithological units of the ore zone comprise microquartzite and

carbonate and massive ore. The host rock is mostly arkose.

Due to several deformation episodes, the Rosh Pinah deposit occurs as lenses located
in fold hinges €.g. EF1, EF2, AME) and along tgly folded limbs bounded or
truncated by major shear zonieg.g. SIN,S1S,SF3 againsthe SF fault and WF3

against the Northern Fault (NF).
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The geometry of the SF3 deposit is showthasection inFigure22. The SF3 orebody

is hosted in Arkose rogkwith carbonates as the rock type that contains the ore
equivalent horizon. The orebody has a strike length ofm 70 the upper levels and
reduces to 9én at the lower levels of the orebody. The width of the orebodlgasit7

m on the upper levels andcreasesto an average of 2 on the lower levelsThe
upper levels were mined atdepth of 270m and the lower leveh situ ore will be
mined atadepth of 495n.

The dominant ore types in the SF3 orebody are mainly carbonates as well as brecciated
arkoses, with the carbonate ore in the upper levels of the orebody. At the lower levels,

the orebody is hosted within mostly the arkose.
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Arkose

Carbonate

Microquartzite

-50
Figure22. Simplified geological map of the SF3 orebody
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Arkose: A feldspar rich sandstone or grit coargained, with angular to stiounded

clasts, substantially smaller than 4 riiforben, et al., 2018Figure 2B showsa typical

drill core of arkose.

Figure23. An example of arkose drill core

Microquartzite : Is a local name used at the mine to represent a more silicified shale or

mudstoneAn example of microquartzite drill core is shown iglte 2.

Figure24. An example of anicroquartzie drill core.

Carbonates At Rosh Pinah any rock consisting predominantly of carbonate minerals
(e.g calcite, dolomite and siderite)referred toas a carbonat€arbonate is described

as a fine to coarse grained, with a mottled texture containing mainly honey coloured
sphalerite, minor galena, pyrite and occasional chalcopyrite (Torben et al., 2a18).

example of carbonate ore which is dominartheSF3 orebodys shown in Figure 2

Figure25. An example of a carbonate drill core
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Breccia: is an altered or silicified arkose, with fractures and veins filled by mainly

pyrite, minor sphalerite and chalcopyriten example of breccia ghown in Figure &

Figure26. An example of a breccia drill care

The SF3 orebody is sandwiched between the Northern Fault as well as the SF3 Fault.
The hanging wall is bounded by the SF3 Fawliile the footwall is bounded by the
Northen Fault. Geological mapping as well as borehole data were used to create the
(3D dimensional) structures in Leapfrog. More refined structures with the aid of level
maps from the geologistsrovided an improved strugtal model for the SF8rebody

The structures were mapped and interpreted over at least one mine level to determine
the continuly of the structures. Figure72shows thestructual model of the SF3

orebody
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Figure27. A section showing faults in the Rosh Pinah Mine area (FlayR20ib).
3.4 Mining Method

The main stoping method currently used at Rosh Pinah ZitteeiSublevel Open
Stoping mining method. Sublevel open stoptogprises ofacut-off raise first drilled
andexcavategdand then opening the caff slot and finally blasting the main rings in
a retreat manneA raiseis excavated with a raise bongth adiameter of 1.5n, and

easer holes ardrilled by the Simba witla hole dianeter of7.6 cm, through which
charging of the raise will take place

Remote loading is carried out with LHD scoops at draw points that are either located
transversely or longitudinally to the orebodye typical width of the orebodg 7 m

to 15m and bhe in ore development is excavated along the strike of the orebody

3.4.1In situ stress regimeand measurement

The importance of reliablm situ stress measurements cannoleremphased In

situstress measurements were completed at the RoshNgiimaim 2014 at the Western

Orefield at-030 level.No in situ stressmeasurementsere done on the SK8ebody.
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I
Figure28. Orientation of horizontah situstresses (Stacey Swart, 2001)

According to Handley and Pip€2014) the purpose ofn situ measurements is to
determine the state of stress in a specific area of interest on awnitimesziew to
allowing credible and representative numerical modelling of the induced stresses
around planned stopping and geologitalcures in the Western Orefield.situstress
measurements will also be used to explain stope failures previously encountered on the

mine.

Previous numerical modellingndertakenat Rosh Pinah Mingrior to the stress
measurements carried out on sitere basedn the South African stress measurement

database (Wesseld Stacey,1998). The magnitudes of stress and their orientation

were based on the results 0assbwaiEigdureMount ai
28. According to Stacey and Wesseld®98) mostnhorizontal secondary principal

stresses tend to be aligned approximately in the S3BAand NESW directions in most

locationso
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Figure29. A plan showing the location of measurements in relation to the orebody
mined out stopes (Handl&y Piper, 2014)

Two stress measurements were carried out in the Western Oreféatiéath of10 m
and 12m from the collar.The depth at which stresgeasurements were taken was
approximatey 495 m. Figure 29 indicates the locality of the test sitéhare the two
measurements were done.

By comparng Figure28 for the orientation of major horizontal stress fields in Southern
Africa to that of the Western Orefield Figure 29, there is an agreemein terms of
the orientatiorof stress measurement one.

Worotni ki (1 $0GS)ROwlbvainckision Hijhs&rdss célltis one of the
most widely used devices for measuremernithditu rock stressedy the stress relief
over coring methad dhe HI stress cell wassedat the Rosh Pinah Min&he location

of stress measurementsas chosen to obtain reliablesults.
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The site should be locateith):
- Fine grained homogenous rock.
- Intact and isotropic rock.
- Away from geological structures such as shear zones.

- Isolation from other existing excavation.

The site chosen at WFB30 has a masve arkosavith small isolated pepples and grits
with minor brecciatedones. ThdJCS of the rock wasbout200 MPa The test site
wasplacedfurther away from excavationkdt could have an influence on the results.
The bearing for the hole wa43.6° andhadan irclination of 29.6° upwards. Two stress
measurements were taken. Thetfineasurement was taken at 1h88epth and the
secand measurement was taken at Irh.6~romFigure 30, it can be seen that there is
a joint structure in measurement one behind the strainHellever the structure
according to GroundWorks consultadid notinfluence the direction of the principal
stresses as the structure was indéthe time of sess measuremeftiandley& Piper,
2014).

Measurement One Measurement Two

¥ ﬁ P
' A"’

Source: Handley & Piper, 2014 S n - Source: Handley & Piper, 2014

Figure30. Sections of over core showing strain cells (Handleyiper, 2014)

The results from the two stress measuremeritsirle 14 show a large variation of all
three principal stresses. The mapoincipal stress for stress one measurement is twice
than that of stress measurement two. According to Handley and Piper, (B0t4)
measuremestare considered to be of good quality aetlable althoughthey are
different in magnitude. Both measurement results will be used for numerical modelling

and their results will be compared.
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Tablel14. Stress measurement readings at WE30.

Stress Measurement One
oo ] paoe® [ pumge) | rrena
U1 0.117 34 342
U2 0.069 39 106
Us 0.026 32 227
av 0.073
Stress Measurement Two
Coritpr)iisents G(lr\jllglg)m Plunge (*) Trend (%)
U1 0.044 14 135
U2 0.029 59 21
Us 0.018 27 232
av 0.028

Both these measurements were taken into account and plotted against the Southern
African stressmeasurementiatabaseA qualitative way to assess the results from
measurements one and twoto plot them against a background of crustal stress
measurements made in Southern Africa over thed@steas (Handley, 2013). In

Figure 31, the two measurements were plotted on the Southern Afrsteess
measurementlatabaseand the results are witim the limits of the two HoélkBrown

Minimum and Maximunbest fit lines as shown
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Figure31 A plot of stress vs depth for botheasurement one and two

The kratio for the two measurements also sleola good agreemeds they lie close

to the best fit lines as indicated kigure 32. Handey and Piper (2014) noted that
although these plots cannot be used as a test of quality afighsurements, they do
confirm that the measurements make sense, and that all the efforts to ensure good

quality measurements at Rosh Pinah were largely successful.
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Figure32. A plot of the K ratio for both measurement one and two

The stress measurement two was used for the prbgsauseof its virgin stress
corresponding to that of the expected virgin stress of 13 MPa. The bearing of the stress
measurement two also correspsitd thatof the bearing of sigma one stress fjeld
which was estimated in the SRK report to be 1428 derived from th® ®kiep
measurements near Black Mountain in the Western ,(Gpeh Africa. Underground
observations on site indicate a low stress environment at current depths for the SF3

orebody anaho signs of stress damage were reported.

3.4.2Designof open stopes

In orderto predict stopstability, there are certaigeotechnicaparameters that need to
beobtaired Core logging as well as undeagindmappingwas carried out for the SF3
orebody These parameters werderived from statistical distribution and are

represented ifable15.
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Table15. Joint properties from core logging

Ja Jr RQD GSi

Arkose 5 2.5 80 67
Carbonate 1 3 100 89
Argillite 1 2 100 84
Breccia 1 3 100 89

3.4.3 Rock Mass Model

A geotechnical rock mass model wesnstructed in Leapfrogsing geotechnical
loggedboreholedor understanding the geotechnical domains of the SFDdyelAs

can be seen iRigure 33, the RQD values of the SF3 orebody aredow the upper
mined out portions of the orebody from level 14Q@88 with a rangeof 40-60 RQD.

The lower portion of the orebody is characterised by more ideal ground characteristics
with an average RQD of 90% is important to obtain the correctrpmeters for the
design of stope stabilitieandso far the only geotechnical mapping that was performed
for the SF3 orebody was betwethie 110-030 levels.
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4 North 1Y

Figure33. Rock mass model depicting RQD for SF3 orebody

3.4.4Rock Quality Designation

According to Tommila (204), the concept of RQD is used as aanure of the fracture
spacing and has a str ong. TheiRQDvaluesusedeforon bot h
the SF3 orebodwereestimatedrom core loggingas wellasfacemapping espeally

on the upper levels of the orebodkiervesill access drives have been develdg-igure

34 shows the average RQD of the SF3 orebadych isin the range of 998%.
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Figure34. A histogram showing the loaverage RQD

3.4.5GeologicalStrength Index (GSI)

The GSI was first introduced by Hoek (¥9%nd was developed to account for the
discontinuity or joint rock mass conditions tlaffect the deformation and strength of
the rock mass. The GSl is a very impattparameter in the use of numerical modelling
when using constitutive models that incorporate the use of thei Bomkn failure
criteria. Equation3.1is used to derive the GAs proposed by Hoek et al. (2013):

"O"Y"O—i YO T oP

Where Jr is the joint roughness coefficient, Ja is the joint alteration and RQD is the rock
qudity designation.Table 16 shows the GSI values of different lithological unas
calculated from the core. The carbonate unit has the highest GSI value of 89, as

carbonates comprised ofmassive lithological units with few jointing.
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3.5 Rock MassClassification

A detailed rock mass classification was carried out using bdee daia as well as
mapping data. All thenfill -drilled holes from the geological drilling programme are
geotechnicdy logged by the geotechnical engineers at the mine.alie below shows
the summary of the rock mass classification parameters derivedgiotechnical

loggedboreholesused in the designd the SF3 orebody

Tablel6. Lithological domains and geotechnical rock mass parameters

Domain Ja Jr RQD GSI
Arkose 5 2.5 80 67
Carbonate 1 3 100 89
Argillite 1 100 84
Breccia 1 3 100 89

Table16 indicates that the host ro¢arkose is competenand has a RQD value of 80
and a GSI of 67. The UCS of the host rock massestisated to be 139 MPa.

3.6 Empirical stope design methods
The ampirical stope design method used at Rosh Pinah Kirfkeelp determindhe

stability of open stope®llows that proposed by Potvin 1988 and Nickson 1992

The Nstability number is derived from the factomich is the stress factor, B which
is the joint adjustment facto€ whichis the gravity factgqrand t he Q&6 whi ch
modified Q
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Tablel7. Stability graphparameter estimates

SHAPE AND GEOMETRY

STRIKE

TRUE H/W

H/W

H/W

Segment g\i’g LENGTH | HEIGHT PERIMETER SURFACE HR N’ Stability '\('gl'glgs
(m) (m) (m) AREA (m?)
HW 60 60 21 162 1260 7.8 1.1 Yes
SW 90 7 21 56 147 2.6 2.9 Yes | Level 110
Backs 0 60 7 134 420 3.1 0.7 Yes
HW 60 20 24 88 480 55 6.8 Yes Lovel
SW 89 9 24 66 216 3.3 14.4 Yes 1%‘92
Backs 19 20 9 58 180 3.1 2.8 Yes
HW 57 62 54 231 3323 14.4 8.2 No
SW 90 57 6 126 342 2.7 16.3 Yes | Level 080
Backs 0 62 7 138 434 3.1 4.1 Yes
HW 67 62 67 258 4154 16.1 9.2 No
SW 90 62 6 136 372 2.7 16.6 Yes | Level 050
Backs 0 6 67 146 402 2.8 4.6 Yes
HW 57 55 127 364 6985 19.2 11.3 No Lovel
SW 90 27 127 308 3429 11.1 30 Yes 0901
Backs 0 55 27 164 1485 9.1 75 Yes

66




Tablel17 (cond) Stability graph parameter estimates

SHAPE AND GEOMETRY

TRUE

STRIKE H/W H/W H/W Mining
Segment HW Dip LENGTH PERIMETER | SURFACE HR N' Stability
HEIGHT Levels
(m) (m) (m) AREA (m?2)
HW 57 31 60 182 1860 10.2 16.2 Yes Level
SW 90 6 60 132 360 2.7 27.4 Yes 0202
Backs 0 35 6 82 210 2.6 18.3 Yes
HW 57 80 166 492 13280 27 16.2 No Level-
SW 90 8 166 348 1328 3.8 27.4 Yes 010
Backs 0 80 8 176 640 3.6 18.3 Yes
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According to Villaescus§2014), the stability graph method is used adesign toal

However the system has a number of limitations that must be understood in order to

assess its applicability in any particular geotechnical environment. The HR values of

the designed stopes were measilgdiccumulating the stope dimensiossnaining

descendsdowrnwards. The HR was found to be somewhat difficult to measure

accuratelybecauseof the irregular orebody geometiylining has taken place at the

upper stopes from Level 230 to Level 140. Hence Tablenly indicate stopes from

Level 110-010.
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Figure35. Stability graph for unmined stopes (Hutchingmiederichs 1996)

Mining of Level 110 isexpected to be stable before the mining of the levels beneath

However support will be required itheform of cable anchorsAs indicatedn Figure

35o0n the stability graphmining Level 0® by undercutting evel 1D will resultin an
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unstable hanging walbwing to an increased hydraulic radiehangingfrom 7.8 to

14.4m respectively As indicated in Figur86 the hanging wall is compromised when
mining from Level 080 to 01@aking into consideration that no backfill will be used to
compartmentalise the mine to increase the extraction ratio. It is expected that dilution
will occur when mining from Level 08@ndit is expected to increase with an increase

in HR as miningof deeper level®ccurs.It is recommendethat aregularstope scan

be carried out to determine the overbreak of the stopetmwdlidate the design

assumptions.
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Figure36. A graph showing the Equivalent Linear Oweyak Slough (ELOS) (Brady
et al, 2005)
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The Equivalent Linear Overbreak Slough was includdéigure 36, and indicates that
the Level 110is <0.5 m which is within the limits of acceptable overbredkining
Level 080and050are beyond an ELOS of. An ELOS greater thanm indicates a
major overbreak is likely to occur and in moasesan overbreak beyond an ELOS of

4 m does not justify desigrg a stope of suchdimension.

The followingcategories have been used to determine stope performance:
i Stablei depth of failure 0.0 to 2.5 m
91 Transitioni depth of failure 2.5t0 4.0 m
1 Unstable depth of failure >4 m

The results fronfrigure 36 indicate that an ELOS of greathan4 m is expecteavhen

mining level 80 with a stopéeight of 30 m cumulatively as mining progresses
downwards. Further representation of stopes mined to level 20 with a cumulative height
of 90 m shows a much larger ELOS greater than.4Hencea pillar can be left at 50

level in order to reduce theR T whichimproves the stability.

3.7 Stope cavation support

Cable bolting at Rosh Pinah Zindm is carried out by a five meable bolting crew

which installs cable bolts intol5mm holes that are drilled by an air buggyild
machine. Twin strand butidlcablebolts each vith a diameter of 15.81m, are inserted

into holes and grouted with 42.5N Portland cemerwith a water to cement ratio of
0.35 0.40 as requested by the rock mechanic engineer. A ChemGrot8003*8

grout pump is used to pump grout into the holes. A black breather tube with a diameter
of 10 mm isinserted intaup holeswith the cables to act as an air release hose during
the grouting process as well signalling the crew that enough grout haplreped

into the holeonce it overflows Grout is pumped with a tube slightlyriger thanthe
breather tube and is inserted through a paste retainer and tied to the cgblt bslt

cm from the collar of the hole.

Routine Quality Control and Quality Assuranisecarried out by the rock mechanic
engineer to ensure that the support installed alwtbshe standards dheRosh Pinah

Zinc Mine. Frequent observational teatedone in order to assed® mixing ratio of
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grout to ensure that good quality cement is inserted into the hole. Post observations are
also done by the rock mechanic engineer on face plates, wedge and tmeesire

that the faceplate fits snuggly onto the OSRO strap and the excavation of the surface.

3.8 Support requirements for SF3 stopes

Figure 37 indicates estimations for the cable densitnethe hanging walls of the SF3
orebody By using the block size factor (RQD/Jn)/HRdividual stopes were assessed
for the suitability of cablesnd estimatin of the cable bolt densityCable bolting
studies are important as total extraction of stopeseithrriedout The estimatiorior
cable bolt density indicagehat the first two lifts level 110 and 080 are likely to be
conservative owintp a larger RQD/Jn)/HRfactor. Mining Level 050 to-010 lie in the
range of 0.2 cable densityable 18 outlines the relative block size factors for the
hanging walls of all levels of the SF3 orebody.

Table18. Relative block size factor fdgranging walls

Mining Level RQD Jn (RQD/Jn) (RQD/In)/HR
Level 110 75 4 18.8 2.4
Level 1102 45 4 11.3 2
Level 080 68 5 13.6 0.9
Level 050 77 5 15.4 1
Level 0201 75 4 18.8 1
Level 0201 68 6 11.3 1.1
Level -010 68 6 11.3 0.4

Figure & shows thathe cable bolting of stopes appean a nonentry zone. As the

stopes get largethis resuls in more unstable hanging walls.
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Figure37. Design chart for cable bolt density (cable bofiiRotvin,1988)

Stopehanging wallsneed to be supportad reduce dilutionThe sidewalls gradually
would require support as mining progresses deef@s is a result of increased
hydraulic radiusFigure 38 indicates thatthe hanging wall towards thend ofmining
will cave irrespective ofthe cable boltingThe larger the stope becom#® larger the

HR, andhence an increase in relaxation zones surrounding the excavation boundaries.

Figure38 also indicatsthat initial stopingat Level 110 wuld not require cable bolin
However as he stope size increaseable bolting would be required. The last three
mining Levels from 20 te040 would require cable bolts with an average length greater
than 18m. Furthermorethe initial stages of mining at Level 110, hanging walls can be
installed with longer cableshan estimated fronfrigure 38.This will ensure that a
conservative design is attained in order to have a more uniform cable bolt length in the

hanging wall.
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Figure38. A graph showing estimates of cable bolt lengths (Hutchigson
Diederichs, 1996)

3.9 Summary

In this chapter brief overviews of the tusy of mining atRosh Pinah Zinc Minethe

geological setting of thRosh Pinalorebody and the background on tB&3 Orebody

were highlighted. Furthermore, tlvhapteralso discussed the outcomes$ potential

stability anddilution of the SF3 orebody by making use of empirical methods such as
the NO& and ELOS.

et al. (2005).

The

resul ts

wer eragyl ot ted

The chapter concluded with the formulation of support requirement for the hanging

walls for each level of stoping.
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4 Numerical moddling of the SF3orebody

Numerical modelling was carried out using the IUCM constitutive modglgsed by

Vakili (2016), which attempts to address the limitations of current material models used

in rock mechanics.

4.1 Conceptualrock massfor SF3 orebody

Fourdomainshave been chosen to represera rock mass. The input parameters are

shown inTable19. As shown in the tablehe classification of these rock masses
massive according to the GSVith a lowest value 65 found in microquartziésad a

largest valie of 89 for both the breccia and carbonate rock mass domains. The following

summarises wfour rock mass domains used in the model

1 Rock Masd Arkose The arkose rock mass can be considered moderidtea
GSl value of 67.

1 Rock Masd Breccia. Theérecciarock mass can be considered massiith a

GSl value of 89 and a high UCS valuecas beseen inTable19.

1 Rock Masg Carbonate. The carbonate rock mass which hostaitheralsation

is charactesedby a lower UCS value compared to other rock massesever

it is considered massive with a GSI value of 89.

1 Rock Mass Microquartzite The microquartzite rock mass has the lowest GSI

value of 65. This rock massasisotropic andhas a lower UCS value.

Tablel9. Input parameters used for forward analysis for the SF3 orebody

Rock Strength Properties

I[UCM Input Parameters

_ ) Ei _ ) Dip Dip

Rock Unit Density Sigei _ ) Anisotropy o
MiMax | MIMin Direction | GSI

(tm3) | (GPa) | (MPa) Factor ) (0)
Arkose 2.69 72 292 15 7.5 - - - 67
Breccia 3 72 232 15 7.5 - - - 89
Carbonate 3.83 62 139 20 10 - - - 89
Microquartzite 2.76 58 163 12 6 1.4 75 235 65
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4.2 Modelling construction and approach

The geometry afhemodel indicating the topograplgs well as the orebodggmetry

is indicated inFigure 39. The topographic surface, geotechnical domains and orebody
geometries wermcluded in the model. A mesh oh8x3 m x3 m was used to envelop
the orebody. The far field zone size of #8wvas usedwhich is the largest far field in

the model.These parametersere considered to minimise the run time of the model
while taking intoconsideration the level of accuracy required to run the model.

a) Topographical view of SF3 orebody

| SCALE | 1:18000

b) Cross sectional view of the SF3eébody
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SCALE 1:3000

Figure39. Geometry of a model indicating the topography as well as the orebody
geometry

Numerical modelling was undertaken in 10 diffg phase$ as shown irFigure 40.

The model sequence usedhe top-down approacho replicate the actuahethodat

the mine. No backfill is currently used at the msiace mining is carried ¢o@as a total
extraction and a natural pillar was left between level 140 and TH®.orebody
geometry together with the main lithologies such as arkose, micro quartzite and

brecciawere included in the model.
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Step 1

Step 2

Step 3

Step 4

Step &

Step 6

Stop 7 Level 230

Step &

Step O

Step 10
Level 200
Level 170
Level 140

Sill Pillar
Level 110
Level 80

‘ l 4/ Level 50

Level 20
Level -010
Level -040

Figure40. Front view showing the model sequence (Sk&aNakili, 2019).
4.3 Numerical modelling results and interpretation

The volumetric strain and stress fastarere used in thenterpretation of numerical
modelling result$or the SF3 orebody.
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4.3.1Volumetric strain

The IUCM uses volumetric strain to represent the damage severity and degree of
disintegration within theock mass. Volumetric strain wasalculated by summintipe

major, minor and intermediate strainas shown in equation 4.1

— R0 R( RO 155

A positive value for volumetric strain indicates dilutiomhile a negative value
indicates contraction. Contraction occurs at high confinement levels as opposed to
dilation which happens in lower confinement zones such as near the boundary of the
excavation. According to Vakili (2@),t h eck inass damage is mostly controlled by
dilational volumetric strain induced at low confinement lewatowever, in cases of

high confnement levelghe rock can still become highly damaged and pulverised while

undergoing contraction (negative volumetric strain).

Class Il Class llI Class IV
1.0% 2.0% 5.0%

Volumetric Strain

Visual Appearance
— Onset of cracking — Intermediate cracking - Extensive cracking - Very extensive cracking
. . . — Less than 20% of blocks mobilised — Around 50% of blocks — Ar of blocks il — More than 80% of blocks mobilised
Conditions in Massive — Probability of failure is less than 20% |- Probability of failure is around 50% - Prabability of failure is around 80% — Probability of failure is more than 80%
Rock Mass ~ Less than 5% Cohesion Loss — Around 20% Cohesion Loss - Around 50% Cohesion Loss — More than 50% Cohesion Loss
— Rock bridges exist along 80% of cracks |- Rock bridges exist along 50% of cracks | - Rock bridges exist along 20% of cracks | — Minimum Rock bridges existing
iti in Hi - cracking and joint opening _ Around 80% of blocks mobilised ~ Most blocks are mobilised ~ Most blocks are mobilised
_Condltluns in Highly | Less than 50% of blocks mobilised  probability of failure i around 50% |~ Probability of failure is around 80% | - Probability of failure is more than 80%
Jointed Rock Mass and in |- probability of failure is less than 20%  |_ aroun4 20% cohesion Loss - Around 50% Cohesion Lass ~ More than 5% Cohesion Loss
high confinement — Less than 5% Cohesion Loss

Conditionsin Highly |- Deep cacking andjointopening | |, ool ot iocks mobitised - Most blocks are mobilised - About 80% of blocks mobilised
Jointed Rock Mass and in |~ 0 o e than 50% |- Probability of failure is around 80% |~ Prabability of failure is more than 80% | - Probability of failure is more than 80%

low confinement - Less than 5% Cohesion Loss - Around 20% Cohesion Loss ~ Around 50% Cohesion Loss ~ More than 5% Cohesion Loss

Figure4l. Visual representation of the degree of rock disintegration at various levels

of volumeric strains (Vakili et al., 2012)

The results irFigure 42 show volumetric strain of the SF3 orebode orebody has
been cut into three horizontal cross sectioas indicated. Thaso-surface for
volumetric strain of 0.51 and 3% shows thatthe severity of the degree of
disintegrationis minimal at stopes above level 11thereas a higher degree of rock

mass damage is expected at levels between level 08Q4ndVith a total extraction
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method employed for the SF3 orebody, higher dilui®expected to occur when

mining atthese levels.

The verticalcross section (a) iRigure42 on level 050 indicates a large area from the
stope boundary that fallsithin the volumetric strairof 2-3%, which, according to
Figure4l, shows a class Ill and class IV that illustrad&gensive cracking as well as
mobilisation of 80% of the block.

Furthermoreyakili (2016) emphasised tha&xperiencdin numerical back analysis at
several mining operations showed that a model volumstrain of 1% to 3% often
generates similar or close to overbreak/breakout volumes to those obtained from actual
underground excavatiomsThe volumetric stain dd.5, 2 and 3% were calculated and
estimated byolume comparison. It was found that more dilution was expeeteh

a 1% volumetric strains usedresultingin about 20.69% dilution. The lowest dilution

was expected with a 3% volumetric strain of about 1.92% dilufignre42 shows the
isosurface viumetric strain of 1%which resulted to the most dilutiof20.962%.
Figure 42 also indicate that most of the dilution will be occurring at the lower levels

of the orebody towards the end of mining the 8B@ as well as SF3 010 blocks.
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Figure42. Isosurface of 0.5, 1 and 3% volumetric strain

4.3.2Stress factor

Another parameter that was used to assess the stability of the stopes was the minor
principal stress. As the mingprincipal stress approaell zerg the stope instability
becomes prone to gravity since the rock mass is free to dilate. According to Martin et
al. (1999) confining stress expressed as sigma three, may be a good indicator for
predicting the amount of dilution. The zone surrounding theedhgtope walls is close

to zerq mearing that there are no confining stresses and rock flalague to gravity.

Figure 43 shows the possibility of high dilutioni both as shown vertically and

horizontaly in cross sectionsf a and b for both the major andnor principal stress.
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When miningcommencesa CMS can be used to back analyse and calibrate the model
with the volumetric strain by adjusting the percentage of volumetamsindnferring
acorrelation

Major Principal Minor Principal
Stress

‘/T

\

Stress

S
7

Figure43. Visual representation of the minor and major principal stress.

4.4 Summary

The chapter discussed the results obtained from the IUCM constitutive model proposed
by Vakili (2016)using FLAC The influenceof induced stress on both the hanging and
footwall walls was investigated using the conceptvolumetric strain The IUCM

model wasused toplot the straindistribution around open stapwhich translates to
failure toevaluate the stability of the hangimall and sidewlls oftheexcavations.
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5 Conclusions and Recommendations

The rock mass of the orebodytbe SF3orebodyis of good qualityand little dilution

has been encountered at the upper levels of the orebody béte@da and 280 levels.
The ue of empirical modelling shows that the lower portion of the orebody can be
mined with a maximum HR of 18omprisng a stope width of 58n and height of 30

m. The use of numerical modellingds-related well with the observed dilutiam the

upper stopeat Level 230 to 200.

The major conclusion from the research is that dilution will increase as mining
progresses to the lower levelhe study also assessed the need for cable bolting for
hanging wall supporaind it was concludedahthe ultimate stope size will be too large
for the cable to be effectivédzurthermorein future there should be a detailed analysis
of Level 050to incorporate it as a rib pilléiat will reduce the span and lower dilution.

The following is concludewith respect to thempirical and numerical models:

71 Dilution is expected to adversely reduce the grade mined when Level 050 is
mined. This is a result @nincrease in HR.

1 Assessment of cable bolting on the hanging walls using empirical models
indicates acable bolt density below 0.25 bolts/and a relative block size factor
below 20, which indicates a potential occasionafall of ground.

The followingarerecommended fathe future, once mining commences for the SF3

orebody:

1 More geotechnical datsuch as mapping should be carried out as development
continuesin order to obtain more data for stability estimations. Furthernaore,
sample of intact core should be gathered for laboratory testing from the SF3
orebody The information used was based be westerrorebodydata.

1 The use of the IUCM constitutive model should be calibrated and verified.

1 The use of extensometers in the hanging wall at 110 level will allow the
geotechnical engineer to monitor the hanging wall and calibrate the numerical

modelto assess if there is a need for cable bolting at lower levels.
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The use of CMS scans should be employed periodjealgtoping is progressing
downwards. This will allow verification ofu@rbreak or under break and can be

compared to numerical modelling.

Seismic data should be incorporated into the back analysis prasesson as
mining of the stopes commences.
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