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ABSTRACT

Sinee mining platinumstartedat Unki Mine in 2005, large and small geologically
controlled fals of ground (FOG) have been problematic especially in 2011 where
aFOG caused a fatality. This study is about determining the rock properties at Unki
Mine and theruang the results to design and recommend robust support to reduce

the FOG problems that are continuously happening.

The study analysed all the FQdata from the mine databagem 2010 to 2015

using statistical methods. Rock properties otémegingvall, ore zone and footwall
were determined from the laboratory teskbe geological structures were also
mapped arefuly. The results were then used as input data to the numerical
modelling software Phasé and J-Block.

The JBlock program was used to detine the number of ké&jocks that were
stable, unstable and faileavith support in desigtad and specified bordsA
probabilistic approach was used to evaluate the stable span with special reference
from small to large hangingwall instabilities fdifferent mining scenarie. It was

found out using Phase that large spans at Unki Mine are possible provided
appropriate and robust suppeystem is adopted. To fully address the issue of FOG
problem at Unki Ming a probabiistic approach is recommended as ihi
consideredto bemore appropriatethan a deterministic approadhat has been the

traditional design approach so.far
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1. INTRODUCTION
In Zimbabwe extensive hard rock tabular mining is done alongGthat Dyke.
Mining of these tabular bodies is done from near surface (Shallow Mining
Environment) wigh is typically less than 1 008 in depth. The focus of this study
is Unki Mine and falls within this shallow mining environme(Ryder and Jager,
2002) The economic minerals associated with these tabular bodies include nickel,
copper,Platnum Group ElementsPGE$ and chromitite. The extraction of these
minerals from underground excavations uses awide variety of support sygsteéms
mining methods The support systems include pdlarpacks, welded mesh, wire
mesh, Owo straps, rock bolts, cable anchors, steel arches, shotcrete and thin sprayed
liners (Van der Merwe and Madden, 2000he aim of this eésearch project is to
determine the mechanical properties of the rocks at Unki Mine and then use these
properties in the design of robust support of the underground excavations. This
folows from the falls of groundFOGs) that have been occurring rangifigom
small rock falls of size 0.01In® to large hangingall faiures of size 107n? in the
bords Therefore there is need te-evaluate andedesign the support in order to
control theFOG

1.1. Location and description of Unki Mine
Unki Mine is one of the AnglAmerican plathum mines operating in Zimbabwe.
The mine is located on the southern Great Dyke of Zimbabwe in Shurugwi Town,

about 6(km south west of the city of Gweru in Midlands Province.

The township of Shurugwi was established in 1897 when gold gnimas the
mainstay of the district. Athough a few gold mines are stil operatimgently;
chrome and platnum mining has become the most important industry in the district.
Apart from mining, Shurugwi Townshiphas long been an area of active farming
opegations endowed with rich arable lari@towe, 1968) The area lies between
1450m and1 500m above sedevel. Figure 1.1 shows the map of Zimbabwe with
Shurugwi Townshpand Unk i tivh bkiOvBne goeais approximately

1 300 squarekiometres (Maps, 2013)



Zimbabwe

Mining at Unki started in the early ®Gentury when the platinum reserves were
discovered. Access to the ore body was through a vertical shaft and at that time
railbound mining system was employed. Mining at the site was abandoned after
failure to fuly extract the ore body due idferior technologyand prevailing low

metal prices(Brown and Mwatahwa, 2005Ful exploration of the ore body was
done in 1996 and development of the twin declines commenced in 2002 after
agreenent with the government and the local commun{Brown and Mwatahwa,
2005) The mine is designed to produc20100tons of ore per month from the

decline shaft systerChunnett and Mwatawha, 2008)

1.2. Mining method at Unki Mine

Unki Mine practices omeef mining using trackless machinery for driling, loading,
hauling and transportatiorwith ful face slcing as shown ifFigure 1.2. The
orebody is 2.1 m thick and dips at 1aid shallows to Vat an inflection point &
the orebodystarts going up again on theesternside of theGreat B/ke. Access to
the orebody is througlon-reeftwin declines that dip at4t which arethe conveyor
decline (CD) and material decline NMID). Two ledging declnes LDs) are
establshed from the twin declnesand from thoselLDs production bords are

established. The two declines are connected at every 16 lateral breakaways



and they maintain 16 wide pilars along the declinesThe MD is 5mwide (w) x

2.5mhigh (h) and houses the service pipes and serves as a downcast shaft for fresh
air.

TheCDis 6m (w) x 25 m (h) and serves in the transportation of ore through the
use of the conveyor belt araso downcast fresh aiThe upcast is throug two

vertical ventilation shafts and exhausts mechanically through the top mostftevel
every production unit.
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Figure 1.2 Mine layout-plan view illustrating the bord and pillar mining method (Chikuni, 2012)

The LDs are mined paralel to th€D andMD in the dimensions of 1 (w) x 2.1
m (h). Secondary Development involves minisgk production bords that are 18
(w) x 2.2m (h) and one strike conveydrordthat is 8m (w) x 3.5m (h) at the take
off. The height of the strke convey@ reduced td®2.1 m after 74m from takeoff
on the LD. Production section highlights the mining method as bords are blasted

out leaving pilars for support hence the tefibord and pilar mimg methoa.
Each produatin section compriseof 7 bords(Figure 1.3).

The production bords are tife dimensions which measure d2w) x 2.1 m (h).

These bords are serving as the main production panels. In the productios, panel
the support consists of rows pilars that areés m (w) on dip x 6 m (w) on strike



separated by & (w) ventilation holings YH) andthese pilars aralgned along
strike 12m apart(skin to skin, except the strike conveyor bordRegional jilars
are left between theviD and theCD (Figure 1.4). These pilars are 15 (w)
separated b¢.3 m (w) VH. Pillars of 15m (w) arealsoleft between declines and
their respectivelLDs. The design of pillars is such that the width tagtieiratio is

above 3.
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’ Down Dip Strike Conveyor Bord

Figure 1.3 Pillar layout at Unki Mine (Mathemera, 2010)
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Figure 1.4 The regional pillars in access wgs (Mugwadi, 2012)



1.3. Existing support strategy at Unki Mine
Unki Mine currently usethe Fletcher mechanical bolter for dry driling and bolting.
Prior to supporting, the bord is classified according to AB3assification system.
If the ground is in AClass it means good groummbndition then normal support of
1.5 mlong () bol is used at 1.5 m x 1.5 apacing(s). If the ground is in BClass
it means bad groundondition then 2.2 m () rock bolt is used at 1 m x 1 m Ifs)
the ground is in 8Class very poor ground condition, then Osro straps are used with
2.2m(l) rock bolt at1 m x 1 m (s)

The bolts used argigh profile deformed resin bathaving 20 mm diameter, 150
kN yield strengthand45° cut end The bolt haspherical nut with tension indicator

and125 mm square domed bearing pléitang, 2006)

1.4. Project background
Since production started at Unki Mine, large and sm@liGshave occurred both
in the northern and southern productiontises in ground control districtg GCDs)
1 and 3. The delineation of th&CDs at Unki Mine is be based on presence or
absence ofootwal faut FEWF), positon of FWF relative to the mining cut,
presence or absence lingingwall fautt KHWF), joints, dyke and presence or

absence of slimes dam loading.

At Unki Mine FOGs are categorised the major risk in terms of safétgre are
quite a number of recorded incidents$ theseFOGsin the mine data bag@able
1.1). They range fronspan failure to faiure of blocks larger than therentsupport
spanof 1.5 mx 1.5 m grid in GCDand GCI3. Production is likely to be affected

as a direct result dFOGsdue tothe span failurecausing

U Unsafe mining conditions to employees and masekin
U Loss of production bords.
U Loss of roadways and walkways

U Unnecessary reconditioty of bords, roadways and walays.

This FOG database is required to analyse critical fall dimensions for support design

purposes to cater for 95% of tR@ Gthickness.



Table 1.1 Fall of ground summary sheet(Mahove, 2014)

Date Working Width Length Thick Size Damage Injury Comments
Place (m) (m) (m)

01-Feb10 LDN 0.17 0.35 0.12 L N Y MTC involving Lazarus Nyika
while removing barricade

04-May-10 1SB1 0.1 0.25 0.1 S N Y MTC involving Bland Zulu, Head|
and hand injury

25-Nov-10 1NB4 11 23 0.45 L Y N LHD Mud guard damaged during
lashing

20-Mar-12 Near miss involving Lawrence
Mzizi

04-Apr-12 2SB1 0.54 0.39 0.11 L Y N MTC involving Prosper Masuku's
right hand

15-May-12 6NB6 0.92 3.6 0.33 L Y N Damage to property LHD work
light housing

16-Oct-12 7SB1 0.1 0.05 0.03 S Y N Josiah Mawarire sustained soft
tissue injury

17-Jan13 2NB4 0.5 3.2 0.79 L N N FOG occurred at face durintg
drilling

01-Feb13 4SB5 0.35 0.5 0.15 L N N FOG occurred at face during facq
marking for rig drilling

14-Feb13 1NB2 1.26 0.39 0.36 L N Y Significant Incident involving K.
Hwacha

15-Oct-13 INB3 MSZ 1.64 1.97 0.82 N N

08-Jun-14 5SB5 MSZ 6.00 7.00 0.85 N N FOG occurred during or after blaj

V/IH49

06-Aug-14 4SB2 MSz 1.26 0.39 0.36 N Y Significant Incident involving
Prince Dindi

08-Sepl4 1SB2 MSZ 0.12 0.21 0.052 N Y Significant Incident involving

5 Alfred Manda

Figure 1.5 shows bar graph for the FOG recorded incidents fr@t02o 205 as
recorded in the databasknere has been a sharp FOG decrease from 2011 to 2014.

FOG incidents were constant from 2014 to 20Me mine set a target of only one

or no FOG incident per year as compared to three FOG incidents in 2015. This

means more efforts has to be done to meet the targeDsetf a total of 24 FOG



incidents reported inrable 1.1, 8 (~33%)caused personahjury and 5 (~21%)
caused equipment damagehe frequency distribution of fall thickness discussed

in Chapter 4 inFigure 4.1 and Figure 4.2.

Number of FOG Incidents 20-P015

I I I :
0 I I I

2010 2011 2012 2013 2014 2015
Year

Number of FOG
= N w IS (6] [e)] ~

Figure 1.5 Bar graph showing number of FOG incidents yearly

1.5. Problem statement
The current Unki Minesupport strategy appears to have been suctessf
controling large hangingall instabilities with a general downward trend in the
number of occurrencesas shown in Figure 1.5. However large and small
hangngwall instabilities stil occur occasionally. These problems highlight the
inadequacy with the curremianel support and intepillar span design. There are
also concerns that some bords are either-supported or under supported. The

problem can be summarised as follows:

The current design parameter for the rh2panel span was determined from the
stability graph methodrom a Q value of 7. This method wesveloped byPotvin
(1988) after taking cognisance of specific geological and rock mass conditions
usi ng B-&ystni Maddingai€a, 2014)The calculation yielded a maximum
stable span of 1. Therefore a supported span ofrbh2vas chosen to provide a
reasonabldactor of safety FOS).



The current design does not considergreper methd which best modslthe bord
and pilar mining methods thus either cestimats or underestimats the support
requirement to the detriment of safety and productasnevidenced by the FOG
incidents stil occurringin Figure 1.5. The stabilty graph method is mainly used in
the design of other mining methods such as thelesdd open stoping and caving
method as illustrated byotvin (1988) Large and small hangingwall instabilities
pose a threat to both safety and productvitirere is therefore need teview and

redesign currensupport at Unki Mine.

The aim of this research report is to determine the rock properties at Unki Mine and
to determine the factors governing the stabiity of spans in order to desifpust
suppot system that wil minimize rock fall risk. It is hoped that by reviewing the
current support design and defining geotechnical parameters at Unki Mine, the
current design can be optimised with benefits in terms of safety, productvity and

increased profiaility.

1.6. Project objectives
This section wil cover the project objectivas.should be understood however that

pilar stabilty is not part of the objectives thereforsil notbe discussedThe core

objectives of this research project are:

U To analyze th mine FOG statisticgend accident data.

U To determine the rock properties or geotechnical parameters at Unki Mine.

U To investigate the factors influencing the instability of spans in the
production sections.

U To identify the different geological features tdmuting to instability.

U To review and elaboratehe current intepillar span design.

U To design robust spaand supporby using numerical modelling programs

It is anticipated that FOG incidents wil reduce after the span and supfatesiogn
is done.The benefits that are to be achieved from this research are as follows:

U Improved safety of employees.
U Improved productivity.

U Secured jobs of employees.



U Increased proft margindy reducing thedlamage to properties and injuries
due to FOG.

U Longer lfe of mine by avoiding loss of production bords, roadways and
walkways due td-OG

1.7. Research methodology and data collection
A Dbrief overview of the research methodology is outlinied this section. The

methodology is don@ order to achieve the objectives of th®ject.

1.7.1. Research context
This research wil analyse the FOG statistics at the mine and the accidents related
to the ground stability. The structures that contribute to the ground instabilities will
be investigated as well. The critical factors wil themused as input to the design
of stable spans for safmining environment (Swart and Handley, 2004)he
determination of the rock properties wil be done through laboratory testing. The
results wil be used to design robust o at Unki mine using analyticadnd

numerical models.

1.7.2. Research approach
The research approach to be adopted is outinatiis section.Literature reviewis
carried out from the onset of the project on the design of stable dJpetss
governing sparailures, testing of mechanical properties of rocks amtherical
modelling. The data for this research projectollected for the various aspects that

improve understandingfthe interpillar span stabilty as follows:

U Mine FOG statistics

U Geotechnich parameters from the mine addta from the laboratory tests,

U Pilar dimensions

U Span physical measurements
The review of the current support desigill be doneto identify possible short
comings, imitations andto determine potatial improvements.The results for the
study wil be discussed, recommendations arising from the study wirdveled

and the conclusion wil bemade.



1.8. Project resources

This section wil discuss where the project resources wil be sourthd.
information required for thenwoth progression of this project report is available

at the following resources

U Unki Mine datdase,
U  Wits University libraries
U The internet (journals and publications)

U Insttute ofMining Research at University of Zimbabwe

1.9. Chapter summary
This chapterprovided a brief description of Unki Mine with special reference to
location, mining method and the existing support stratedie research

methodology and project resources has been described.
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2. LITERATURE REVIEW
This chapter wil review the lterature pp@ning to the bord and pilar stable span
designs, different failure modes, the effects of geological features and horizontal
stress on span stabilityOriginally the span and support methods were obtained

through experience, trial and error methods.

2.1. Methods to assess gan stability
There are several methods to assess span stabilty that can bAasseding to
Swart et a(2000) the design methods avaiable for assessing the stability of stopes

can be categorised as:

U Analytical methods;

U Observationalmethods.

Analytical methods involve the application of conceptual models with the aim of
reproducing the same behaviour and response. Closed form solutions, numerical
methods and structural analysis are examples of analytical me{Sodst and
Handley, 2005)These methods are useful for making comparisons and assessing
sensitivity for varying input parameters. Observational methods rely on the
monitoring of the rock mass deformation and FOG statistics during mining to detect
instabilities. This approach is data driven and should start early in the
implementation of a design, to allow sufficient data to be generated over time
(Swart et al., 2000)

There are quite a nhumber of recorded incidents megufiom FOGs The incidents
range from span faiure to failure of blocks smaller than the support (Sveart
and Handley, 2004)Span failure is when the hangingll collapse with more than
support spacing due to support falino provide adequate clamping effect leading
to beam collapsing. This may be caused by the existehgartng planes in the
hangingvall such as sulhorizontal jointing and chromitite stringers. According to
Ryder and JaggR002) the presence of an ertled tensie zone in the hangmall

due to dead weight promotes bed separation and the potential for massive collapses.

The stability of the span between pilars is a function of the pillar spacing and the

abiity of the in-panel support to control or nevent largescale panel colapses

11



(Haile and Jager, 1995ptable interpillar spans can be defined as the spacing
betweenpilars at which large hangimll instabilities are not likely to occur.
Swart and Handley (2@&), emplasized to control panel span as the most effective

means of controling roof without any artificial means.

To reduce the risk dfOG combinations of different support systems are used such
as cable anchors, rock bolts and thin sprayed lpeststo merbn a few Pillars are

also used as primary -gtope support. Currently very few mines design the stope
panels according to a systematic design methodo{&yyart and Handley, 2004)

A lot of rock engineering elements are negglel in the design process such as rock
mass characterisation, estimation of rock mass properties, identification of potential
failure modes and appropriate stability analys®sart and Handley2004) went

further to explain that instead, span or stopgtless and heights are dictated by the
equipment in use and by superimposing methods or previous experiences from
other mines with similar conditons. The design of a support system is normally
based on experience and past practidé® design of safe spmmmust take into
account the variability in the immediate beam thickneesk strength, horizontal
stresses, keyblock faiure, block dimensions and the intensity orientaton and
alteration of hangingwall jointihng(Swart and Hardy, 2005) There are several
common approaches to the design of stable spans as outined in the next sections.
The rock mass classification atie tributary area theomyil not be usedn this

study as they are not relevant to bord stability analgisl therefore they wil not

be discussed in the literature review.

2.2. Analytical methods

The analytical methods include beam analgsisikeyblock analysis.Roof stability

is affected by quite a number of different mechanisms. To make sure the roof is
steble, it is good to identfy and understand the mechanisms. miing
environment, roof stability varies as the geology varies resulting in different effects
in different areas. The critical parameters are the thickness of lithological units in
the roof andthe existenceof discontinuities such geints, faults and dykegSwart

and Handley, 2005)

12



The mine roof behaviour can be approximated by beam behafidoere is no
structural weaknesseqSwart and Handley, 2005) The plathum mining
environment is characterised layninated geological units that can be simplified

into beams. A beam is a structural element that is capable of withstanding load
primarily by resisting bending. The length of aimeshould at leastbe eight times

its thickness(Van der Merwe and Madden, 2000) stratified ock masses, the roof

or hangingvall of an excavation wil form a beam of rock. The beams normally
exist in coal, manganese, chromgold and plathum mines where the depth is
shallow (Yimaz, 2011) The ilustration and possible behaviour of such beams is

shown inFigure 2.1. Separation and opening up may occur oréimnated planes.

Separation at beddindgne

Figure 2.1 Separation occurring on the bedding plangVan der Merwe, 2010)

The beam forming the roof of the excavation deflects as a result of the external
loads, own weght, span and external reactions to these loads. At the haunches or
corners of the excavation, shear displacement is highest and wil cause fractures
and opening up of joints as shownHigure 2.2. If the strata in the hangim@ll are
competent enough to form beams, it may be possible to clamp a sufficient number

of strata together to form a stable composite b@éimaz, 2011)

There are several types of beams and in this section only the type «f thedm
have to be dealt with roof support wil be discussed. There is a limitation in this
study that the beams in the roof are assumed to be continuous, thevefussoir

beam theory is excluded.
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Figure 2.2 Cracks and joints opened by shear displacemerf¥/an der Merwe, 2010)

2.2.1. Clamped beams
A clamped beam in its simplest form is as a result of unjointed lagers clamped
together in underground excavationgSwart and Handley, 2005Yhe important
measurable parameter is its sag caused by its own weight aimdsite stresses
The amount of sag is greatest at the center and approaches zero at the edges. A beam
has unique stress distributioas seenn Figure 2.3. The beam wil fail if the
generated stresses exceed the strength of the rock material forming th@&/aBeam
der Merwe and Madden, 2000)

«—» Tensile stress

——» «—— Compressive stress

Figure 2.3 Clamped beam showing the positions of maximum stress@gan der Merwe, 2010)

The maximum induced stresses in the beam occur at the addeds the center
The stresses are compressive atdipof the beam and teie at thebottom Failure
of rock is likely to begin atensie stress location®llowing the concept that rock
is weakerin tension than in compressiaivan der Merwe and Madden, 2000he

magnitude of the maximum tensiress is given bthe folowing equation
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Where: [ is the unit weight of bearfN/m?),

ois the thickness of beafm),

0 is the length of unsupported sp@n).
The magnitude of the maximum deflection at the centre of the beamris lpyntbe
following equation

PR
P <

Where: E is the Youngdés(MPdodulus of materi e

t

(2)

In both of these equations, the length of the unsupported span has the most
important controllable contributiorfollowed by the thicknessFor instance the
induced stress is directly proportional to the length squared and the sag is
proportional to the fourth power of the span. Thus if the span doubles, the roof sag
increase by a factor of sixteglan der Merwe and Madden, 2000he deflection

is greater for smaller thicknesses of strata implying that where thinner strata occur
above thicker strata, they wil rest on and exert additional load on thicker strata.
Separation between stratacacs when thinner strata occurs below thicker strata.
At Unki Mine there is a layer in the hangingll of pegmatoidal plagioclase that
separats the ore zone and the hangmdl. This layer is weakeand is lkely to
cause hangingall instability. The sheaon the interfaces between the strata making
up the composite beam must be prevented. If the shear of the interfaces is exceeded,
then slip will occur between the strata. The maximum shear stress that wil occur
on an interface is given lile equation dew. The slip is zero at the center of the

span on the plan of symmeti¥an der Merwe and Madden, 2000)

w2 (3)

2.2.2. Cantilever beam
This is when the continuity of a clamped beam is brokgmeological feature
such as jointsdykesand faults. The free end of the beam where the joint cuts across
is now stress freéFigure 2.4). The magnitude of the maximum stress is gian

follows:
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It is evident that in a cantiever beam the magnitude of the tensile stress increases
thanthat in a clamped beam. The practical implication of this is that the presence
of a mere joint or fault in the roof results imcreasedtensie stress dhe clamped

abutmentof the cantilever beam(Van der Merwe and Madden, 2000)

Joint

Figure 2.4 Cantilever cut by fault (Van der Merwe, 2010)

2.2.3. Keyblock Theory
Predicting span faiure in bord and pillar plathum mining has been done for the last
few decades using the deterministic methods such aE@®but with limited
success. The deterministic approach involves the calculation of igpameters
assumingthat they areaccurate For most rock engineering problems, the values of
many input parameters are not very well known and they vary from place to place
(Hoek, 1989)Surprisingly, due to increase of falegasis inmine data bases being
updated it is found out that spans are failing as well regardless of gbecalled
stable design. This means that the deterministic method issatisfactory in

preventing span failure.

This sectionwill consider variabilty in rock propertiesin order to calculate the
stability of mining spans using the probabilistic approasihg JBlock program
The method proves to be more reliable and produce meaningful results when

designing and assessing span stability.
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Owing to theshort comings of the deterministic design methsdnentioned aboye
rock engineers are focusinglore on the probabilistic approach to assess span
stability. The input parameters in rock engineering are variable and uncertain. This
variation and uncertaim can be accounted for by probabilstic approach and

subsequently evaluating the risk associated sdpport design

The variation in each parameter is described by a statistical distribution. The
parameters subjected to variaton include different rpcpertes such as
deformation and strength propertiesohesion and friction anglegoint spacing

joint length and ground water conditiorfStacey, 2012)The analysis results in a
FOS distribution from with a probabiity d failure (POF) is calculated. The
definition of POF is:

POF = Number of Faled Samples / Number of Total SamfHések, 1989)

Stope hangingwall instabilities at Unki Mine are often controlled by the presence
of geological disontinuities such as joints, dykefaults and lava flow planes. The

intersection of these discontinuities can result in the formation of wedges, which
can fall or slide out from the hangingwall. This type of environment is suitable for

the application okeyblock methods.

The application of keyblock methods is dependent on the correct interpretation of
the structural geology and the identification of unstable wedges and blocks. With
conventional deterministic keyblock analysithe natural scatter is igredt and

mean valuesareused(Goodman and Shi, 1985)

Probabilistic methods, as used #Bldck (Esterhuizen and Streuders, 1998 be
applied to overcome problemsassociated with the determingst analysis
Esterhuizen and Streude($998) applied thisapproach in a mining environme nt
that included both geological discontinuitiesd stress fractures. They were able to
evaluate different support standards ashetermine whether keyblocks occur
betwveen support units or have potential to faié support units. The procedure is
repeated several thousand times to deterrtiagorobabiity of keyblock faiure. It
was concluded that this approach was suitable the evaluation of support

effectivenessin environments where large numbergeblogical discontinuities and

17



stress fracturing are exposdtiwas shown that as the keyblock size increases the
probability of faling out between support units decreases but the probabiity of
failing the supporincreases. This approach has subsequently been appled in the
design of stablespans on various platinum mineasing JBlock program
(Esterhuizen and Streuders, 1998)

2.2.4. State of stress

Prior to making any excavations undergrourittle environment is subjected to
vertical stresses caused by the weight of the overburden arfwbtizontal stress
components Toyra (2004) attributes these horizontal stresses to plate tectonics
while others attribute to the intrusion of magma into dadtircing rock mass apart

to create dykes. Some attribute to the crust being contracted and sqdeezed
the coolng magma deep down the egtan der Merwe and Madden, 2000)
Figure 2.5 shows the idection of the horizontal pringal stresses at Unki Mine.

The figure is not to scale.

Figure 2.5 Schematic showing the direction of the horizontal principal stresse@landingaisa, 2014)
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Unki is a shalow mine with a maximum depth+/-300m as determined from
driling carried out to date. This means that mining wil be in a shalow low stress
zone. The horizontal stress component is expressed as a multiple of the vertical
stress known as the-ikatio. At shallow depth, the ratio is much higher ranging from
1to 6, 0n average i is about 2 (Van der Merwe and Madden, 2000). The area under

study Unki Mine has a measuredrdtio of 1.25.

2.3. Numerical models and constitutive b ehaviours
Numerical modéihg is used to analyze and predict the behavior of rock mass,
support response and the influence of geological structures on and around

excavations. The analysis is done prior to, during or after mining has taken place.

To obtain comprhensive results from numerical mduhgl, a model is built using
appropriate  numerical modiag codes representingas close as possible the
problem being faced by the rock engineer at a mine. Some appropriate or relevant
geotechnical parameters are atmd for a specific area to be studied. The outcome

of the model is then evaluated and analyzed through graphs, tables or through data
output fles. There are basicallyvo types of models that can be used by the rock

engineersandaccording td.ightfoot (2000)they are:
U Analytic models
U Numerical models.

Numerical models are used to analyze mostly situations when the geometry is too
complex to be dealt with physically and analytically. The complex problems can go
as far as determining accurately how stresaaed strains are distributed in an
irregular mining layout in both surface and underground nihigstfoot, 2000)

This is made easier by the different computer progravasiable

The aim of this project report is to use muital modding codes namelPhasé

and JBlock to model and predict the extent of falure and the failure behavior that
could be expected in highly stressed regiahdJnki Mine Phaséis applied to the
analysis of underground layout and mining sequepgablems as well as the
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assessment of pilar designs and span stabilty. fMbeleling guidelines are
outined by(Lightfoot, 2000)as follows:

I.  fKnow the reasons of building the model and the questions you want to
answer usinghe model.

ii. Build a conceptual model as soon as possible to save on time, money and
resources.

ii. Look at the mechanism of the problem such as deformations and failure
modes

iv. Come out withestsyou need to perform on the model.

v. Design a simple model that Walllow the important mechanism to occur

vi. Implement the model and find the weaknesses associated with it.
vii.  If the model is found to be weak, make a series of simulations to bracket the
true case.
vii.  Run more models to explore the neglected aspects which reay wbur
modélinga

2.3.1. Discontinuum modelling
The dscontinuum modelling technique is mostly appropriate for rock mass
controlled by discontinuity behaviouAccording toEberhardt(2003) it has found
applicability on rock mass with multiple joint sethat control the mechanism of
falure. The joints are treated as interfaces between the blocks and are taken as
boundary conditon rather than an element in the model and can simulate large
displacement due to slip and opening along discontinuities. djgroach can
formulate the influence of ground water pore pressures and seismic activity on
blocks sliding and deformatio(Eberhardt, 2003)The approach requires a rough
idea of the governing failure mechanism for instaraieiré occurs when the shear
strength of the discontinuities is exceeded. Also an assumption has to be made
regading the third dimensior{Eberhardt, 2003)The discontinuum models used in
this report are Phasand JBlock.
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2.4. Failure criteria commonly used

It is important to understand the failure créethat are commonly used in numerical
modelling with special reference to Phads&here are basicaljtwo rock failure
criteria which are the Moh€oulomb and the HoekBrown critaia that have been
developed over the years in trying to understandrdbk failure They examine the
imiting combinations of stress components and estaligh inadmissible stress
conditons. Inadmissible stress conditions are those that a rock memss sastain
because it wil yield or fail before they are reached. Therefore it is necessary to
understand the theory behind these rock failure critdwad are both used in this

project

2.4.1. Mohr-Coulomb Failure Criterion
This criterion states that failureill occur where the maximum shear stress reaches
shear strengthof the intact rock material. Thecriterion is represented byhe

following equation

W Q THT F (5)
Where: Uis the shear stregMPa)
( is the internal friction angle(©),
Un is the normal stresMPa),
C is the cohesior{(MPa)
The cohesion and the friction angles can be determined thenplot of Mohr
circles in the shear stress against normal stress graplfaitlire line wil be drawn
tangent to the Mohr circles. The angle of friction is determined from the gradient
of the failure line and the cohesion wil be the vertical intercept offtilare line
as illustrated inFigure 2.6. If the Mohr circle les below théailure lne as shown
in Figure 2.7 then, according tbaightfoot (2000) the rock will remain intact. If the
Mohr circle is tangent or touches the faiuiee as shown inFigure 2.8 then the
rock will fail (Lightfoot, 2000) However Lightfoot (2000)stated thathe Mohr
Coulomb faiure dterion has its owrshortcomingsas follows:
U At implies that a major shear fracture occurs at peak strength,
U It implies a direction of st failure which often does not agree with

observations, particularly in brittle rock,
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U It is linear and peak strength enve&spdetermined experimentally are
usually nonlinear,

U The criterion is likely to give incorrect results if the failure mechanism is
not sheao

The MohrCoulomb failure dterion can however provide a good computation of

residual strength conditions of fractured rock and excess shear strengths of

geological discontinuities like faults and dykEsr these reasons highlighted, other

criteria are preferred for intact ro¢kightfoot, 2000)

Mohr-Coulomb
failure

line \

Tension cutoff

Figure 2.6 Mohr-Coulomb failure criterion (Lightfoot, 2000)

& a; 0, On

Figure 2.7 The Mohr-Coulomb failure criterion showing stable condition(Lightfoot, 2000)
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Figure 2.8 The Mohr-Coulomb failure criterion showing failure condition (Lightfoot, 2000)

2.4.2. Hoek-Brown Failure Criterion
This empirical criterion was developed Blpek and Brown(1988)for rock and
rock mass faiure based on intact rock tests. The generalised form of the Hoek and

Brown failure criterion is shown ithe following equation

a a q =& vt (6)
ar = (]=|”|=
Where: my is the HoekBrown constant for the rock mass,

sandaare constants which depend on the rock mass characteristics,
Uci is the UCS of thentact rock.

For brittle intact rock(Brady and Brown, 2005jhe equation simplifiesas folows

a d 0.aQ. Y. (7)
Where:m andlc; aredeterminedfrom the laboratontriaxial tests

The Hoek Brown shortcomingsare similar to the Mokh€Coulomb failure criterion
(Stacey, 2012)This criterion applies tdrittle intact rockand for rock mass with

four or more joint sets wviit uniform strength(Brady and Brown, 2005)

2.5. Failure modes
In this section, the most common failure modes are descridesl wil befollowed

by their causes and quick remedies.
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2.5.1. Keyblock or wedge failure
This is where hree or more mutually intersecting joints are present in the
hangingwall thereby creating an unstable block geom@daie and Jager, 1995)

Figure 2.9 shows the image where a wedge dislodged at Unki Mine.

2.5.2. Open crack in centre of stope
These are visible cracks that tend to occur in the central areas of bords or stopes
Figure 2.10. With special reference tdan der Merwe and Madden (200@)ese

cracks are an indication of excessivesiem caused by:

U Excessive span length, resultiing higher induced tension in the bottom
center of the roof beam.
U Excessive horizontal compression as a result ofthwasting high up in

the roof pushing the lower layers down.

Figure 2.10 Tension crack in the roof
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If this has been identified, the span should be reduced and augment support with
cable anbors while the root cause is investigatdan der Merwe and Madden,
2000)

2.5.3. Small thin falls between bolts
Small falls of ground between support bolts are causeldckyof areal coverage
aggravated by excessive bolt spacagyshown irFigure 2.11 andFigure 2.12. This
is often seen where the mechanical anchor bolts are used. Lack of pretension is
witnessed if there are no small sections of rock left between the washer guidte
the intact roofWhie relatively small falls of roof between bolts are generally not
regarded with the same urgency asthe more spectacular major roof falls, they cause
the majority of injuries and fatalitie§van der Merve and Madden, 2000t Unki
mine large FOGs occur in supported areas anahller rocks fall in between support
bolts.

Flat angle of break

Figure 2.11 Falls between tendon$ high horizontal stress(Van der Merwe, 2010)

Figure 2.12 Rock dimensions 0.25n x 0.1m x 0.1 m(Unki, 2014)
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The best practicas touse areal coverageeduce the bolt spacing and to check the
bolt installations to ensure that proper pretension is applied (Van der Merwe &
Madden, 2000).

2.5.4. Dome failure/ Roof falls higher than bolt length
Whenthe FOG height ishigher than the length of the bolisindicates that the bolts
are too short or that the balensity is insufficient to carrthe overlying strata as
shown inFigure 2.13. The roof bolts used to support this span wasiiléng and
the fall out height was in excess ofn2 as depicted by the clinoruleThe best
practiceis to increase the length of the badisdthe bolt density(Van der Merwe
and Madden, 2000)

Figure 2.13 Roof fall out higher than the length of bolts(Unki, 2014)

2.6. Chapter summary
In this chapter, methods to assess the span stability were discussed in detai. The
common rock failure criteria were also explained as well as the conditions they
apply. Moreover, different failure modes were discussdidwied by the causes
and the remedies were also suggested. The folowing chapter wil deal with the

general geology of Unki Mine and the Great Dyke.
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3. GENERAL GEOLOGY OF UNKI MINE AND THE GREAT
DYKE

The Great Dyke is an elongate layered mafic to ultramadicision similar m
character to the Bushveld Complex of South Africa, and is second only to the
Bushveld Complex in terms of size and PGE resouries.Great Dyke host major

economic minerals in Zimbabwe.

The intrusion cuts across grariieeenstone tesin of the Zimbabwe Craton. The
craton is bounded by the Zambezi metamorphic belt to the north, the Mozambique
belt to the east, and the Limpopo belt to the south. The Great Dyke, aligned
approximately NNE, is about 530m long and between ¥m and 11km wide.
Parallel to it are a number of gabbro aqhrtz gabbro satelite dyk€€hunnett

and Mwatawha, 2008Yhe Great Dyke is longitudinally subdivided into a series of
narrow contiguous layered chambers and subchambBegse 3.1. In transverse
section the subchamber is synclinal in shape, with essentially the same lthological

succession being exposed on both sides of the longitudinaFiguie 3.2.
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Figure 3.1 The Great Dyke of Zimbabwe(Chunnett and Mwatawha, 2008)
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Figure 3.2 General transverse section across the Selukwe S.abamber(Chunnett and Mwatawha,
2008)

The PGEs are concentrated in thain sulphide zoneMSZ). The MSZis located
within the plagioclase pyroxenite of the P1 pyroxenite, close to the websterite
pyroxenite contact and extending fromm2to 3m benath the websterite up into
the base of the websteriféigure 3.3. The P1 pyroxenite is host to three sulphide
zones known as S1, S2 and S3 respecti€lunnett and Mwatawha, 2008)
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Figure 3.3 Great Dyke, showing the stratigraphic position of the S1, S2 and S 3 sulphide zo{€hunnett
and Mwatawha, 2008)
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The local stragraphy from the gabbronorite 1 pyroxenite contactown to
beneath thd=WF is presented ifrigure 3.4. The FWF is a layering parallel fat

that occurs within the foatall of the MSZ.1t is highly variable in thicknessrom

0.3 m to 0.6 mThe FWF only occurs at an average stnathic distance of 1.8
below the base of the base metal sub zqBMSZ) (Chunnett and Mwatawha,
2008). It consists of highly altered, mylonitised and brecciated plagioclase
pyroxenite that does noswell in the presence of watérhe ground conditons ar

expected to be poor due to the impact of the R@unnett and Mwatawha, 2008)
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-1
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Figure 3.4 Average stratigraphic column for the Unki Mine area (Chunnett and Mwatawha, 2008)

A thin chromitite layer a few centimetres thick occurs at the gabbronorite
plagioclase websterite contact. AccorditmyChunnett and Mwatawha (2008). The
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chromitite layer causea parting plane in the hangingll. The websterite itself
constitutes the umsmost =6 m of the P1 pyroxenite layer. It is underlain by
plagioclase pyroxenite that makes up the remainder oh2fiick P1 pyroxenite
layer. The BMSZ lies at an average stratigraphic distance om8ti&low the
gabbronoritewebsterite contact, withinthe plagioclase pyroxenite and at an
average of 2.81 beneath the websterite basal contantt coincides wittpeak PGE
values. A persistent pegmatoidal plagiase pyroxenite layer occurem 0.6m to

2 m above the BMSZThis could have some parting patal due to the larger
grainsize perhaps allowing splitting along crystal cleavage plafeis also can
cause a parting plana the HW causing HW instability since it is very weak rock.
The mining cut is 2.In as shown irFigure 3.4.

3.1. Regional geological features
The major regional geological structures around Unki Mine are best interpreted
from LandSat, spot panchromatic and aeromagnetic datasets as stitiguneir8.5
and Figure 3.6. Most of the lneaments interpreted from LandSat, spot and
aeromagnetic data are major faults. These faults have vertical and horizontal

displacements of up to #00m.

“Faults

Figure 3.5 Landsat TM image showing transverse faults(Chunnett and Mwatawha, 2008)
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Figure 3.6 Aeromagnetic image showing faults around Unki Ming(Brown and Mwatahwa, 2005)

3.2. Local geological features
Understanding local geological structures in relation to the various mining methods
used is essential for sustainable safety and productifigre are a number of local
geological features that need to be taken into account whggnidg support at
Unki Mine. This section gives a brief explanation of some of the geological features

as follows:

3.2.1. The footwall fault
The FWFis a layering parallel fault that occurs within tRgV to the BMSZ, at an
average distance of 16 below the BMZ. According toChunnett and Mwatawha
(2008) the FWF does not occur closer thannmi below the BMSZ, and certainly
does not cut through the BMSZ and occupy W as shown irFigure 3.7. Itis a
localized feature along which laysg paralel movement has taken pleayed the
extent is shown iFigure 3.8. This featureis flled with soft gouge materiabnd
occurs within the mining cuand parallel to the reeffheinfill consists of highly

altered, mylonised and brecciated plagioclase pyroxenite.
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Figure 3.8 Extent of the FWF in Northern and Southern sections(bounded bysolid pink lines (Brown
and Mwatahwa, 2005)

The FWF is posing some negative effects on the stabiity of the excavations.
Fortunately, theniill material is such that no sweling is anticipated in the presence
of water. As the gouge material in the pillars is compressed, it deforms thereby
failing the pillars in tension, effectively puling the pillars apart. Once pillar failure
has become ¢ansive then HW failure intiates and differential movement of the

HW becomes widespread (Roberts and Ckdstert, 2010).
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3.2.2. Faults
Faults represent planes in the rock along which movement has occurred. Large
displacement faults do exist in the mining abesh are far fewer than small faults.
The faults usually comprise relatively small throw andgameally reverse faults
with displacements in the order ofl4#m. These faults are intersected from time to

time as mining progressé€hunnett and Mwatawha, 2008)

3.2.3. Micro faults
Micro faulting of the BMSZ is relatively common especially within the mining cut.
Micro faulting occur as one or more sh@iiplacement layering oblique fault that
occur in abordthat result in disruptionsotthe optimum cut and ground stability.
To classify as a micro faulthe magnitude of displacement should be such that the
reef layer (the BMSZ) must not be displaced outsidebihwel face (Chunnett and
Mwatawha, 2008)

3.2.4. Joints
These are breaks or cracks in rock mass along which no movement has occurred.
With reference taChunnett and Mwatawha (2008here ardour dominant joint
directions at Unki(Figure 3.9). Various portions of the GCDand GCL3 were

examined and mapped for joirgs shown inFigure 3.10.

The affected areas are in the upper sections fromrthMn3 North sections on the
northern side and 2 South to 3 South sectimmghe southern sidélining 1 South
section was abandoned due to poor ground conditidngas found out thatojnts
within the pyroxenite mining cut are tgally altered mostly serpentied, and
even asbestos occurs within them. Joint density at Mime however is relative ly
low. Thejoint frequency in the hangim@ll is low andmakes the hangimgall fairly
competent.

The shallev dipping joints in the hangiwgall may be a concern to hangmall
stability, particularly where they are highly altered and form wedges with the
dominant joint sets. The jointing varies Wi intensity which can localy flact

excavation stabiity and this can be measured by determining the rock mass rating
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at a particular sit¢Roberts and CladMostert, 2010)Table 3.1 shows the joint set
parameters for dip, dip direction and spacing.
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Figure 3.10 The four GCDs at Unki Mine (not to scale)
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Table 3.1 Major joint sets at Unki Mine (Unki, 2014)

Joint set Dip Dip Dir Spacing Camment
©) ©) (m)
J1 64 38 1.7 Major
J2 47 126 15 Major
J3 60 218 4.9 Major
J4 17 317 1 Major

Figure 3.11and Figure 3.12show a roselot in the form of a histogram wrapped
around 360showing the orientatian and abundance of the mapped discontinuities.
As observed in these diagrams, there is a major\East set of discontinuities as

well as minor NortkSouth sets.

Two main joint sets with shallow dips of 30° to 60° have been obser@ech fo
1.7 m abovehe hanginwall of the BMSZ. Joint Set and 2 have steep to sub
vertical dips andhorthrsouth strike with dip direction predominantly to the east and
west respectively. Ahallower joint component of the same strike orientation dips
47°to thewest

Joirt Set 3is steep to sulvertical group strikingnorth-south with dip direction
mainly west. Joint Set 4s shallow dipping group with dip direction ranging from
eastwest. The footwall fault just below the higlyade mining zone is represented

in this groy.

The stereenet contour plotin Figure 3.13 shows that steep dipping discontinuity
sets are well defined both in terms of their strike and dip. The contours represent
clusters of poles. The discontinuity sets trend N&dth &d EastWest. The
stereenet also shows that the majority of the discontinuities are steeply dipping as

the great circles are close to the center which represents the vertical plane.
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Figure 3.12 Joint rosette plot
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Figure 3.13 Contour plot of joint sets (Unki, 2014)




3.2.5. Flexural slip thrust faults/ Dome structures
The presence of flexural slip thrust faults in the Great Dyke was desaiérdelr
in the scientific literatureThey are colloquially referrec
6cooling domes 6 Dbgtures represemt twoepartcular tirdats soe st r
mining activities in the mining environment, naméDG threat and pilar failure
threat (Roberts and Clariostert, 2010) The flexural slip thrust fauttshave a
history of being the aot cause of majoFOGsduring mining operations resulting
in fatalities, injuries and losses of productiRoberts and Clariostert, 2010)

According toRoberts andClark-Mostert (2010)/fault gouges are associated with
flexural slip thrust faults They went further to explain that the bord and pilar
mining method is employe@nd fault gouge is present in the vicinity of the reef,
the integrity of the mining operations can d®verely compromised and in some

casegmining operationshave been abandoned.

A fiexural slip thrust fault causdsOGin two parts according tRoberts & Clark
Mostert (2010)y forming alayerparallel portion of the fault, known as a fand
an inclined non planar surface, known as the ramp podiothe fault. Figure 3.14

is a schematic section illustrating the complexity of flexural slip thrust faults.

It is the ramp structures that are coll oc
to have causedrOG fatalties, paticularly where these structures intersect high
angle joints, faults and veingigure 3.15shows the actualFOGin a bord and pillar

operation where the block that fell consisted of a ramp intersecting a steep joint.

Roberts & dark-Mostert, (2010)mentions that the visual location of these dome
structures before they fall can be dificult and some mines attempt to locate these
structures using ground penetrating radar and borehole cameras and install
recommended support as reqdi Apart from the obvious=OG hazards that these
structures present, the spatial understanding of these structures in three dimensions

and how they impinge on the mining excavations is important.
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Flats

Figure 3.15A fall of ground in a bord and pillar operation (Roberts and Clark-Mostert, 2010)

Figure 3.16 shows ariangular pyramid wedge averaging 42(]) x 3.2m (w) x
0.5m (h) weighing (22,780kg) that dislodged in INorth Strike at Unki Mine The
wedge collapsedfter blast brming a cantiever beam hinged on two bolts on the
last line of support

Figure 3.16 Unki mine FOG in INS due to dome structure(Unki, 2014)
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Figure 3.17 shows he wedge that resulted inNbrth Strike FOGthat was defined
by 2 joints dippingat 58° NE and 62 SW as well as a granttic dyke in the South
and a vertical joint to the NorthiThis points that the FOGs are geologically
controlled mostly.

Figure 3.17FOG in 2 NS due to dome structure(Unki, 2014)

3.2.6. Dykes
Dykes are different rock typeshat cut across a parent rock. Vertical small dykes
occur. These have litle effecin the hagingwall stability, but agaithey should

be identified and appropriate support recommended.

3.3. Chapter summary
Following this discussionn this sectionon geological features and their effeats
can be seen thamining spansand support stragies for mining operationsit Unki
Mine need to be modified to take into account the presence of these geological
structures Most of the FOGs recorded are geologically controdedwil be shown
in the next chapter
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4. UNKI MINEFOGSTATISTICS ANALYSIS
The previous chapter outlined the geologictting at Unki Mine on both regional
and local environment In this section, theFOG statistics for Unki Mine are
discussed in detail in order to determine the suppamptirements From 2010 to
2015, 24 FOG inciddgs were recorded in the Unki Mine FOG database. The
incidents were fitered for example the F@@uced by conveyor belt suspended
weight is excluded The sampledataused issmall and this is likely to bring bias
irregular graphsand misrepresent theagistics. This sample was used anyway since

this is the only available data.

4.1. Height of potential fall

The height of potential fall in a rock mass is the most critical parameter that
inluence supportdesign The fallout heights were determined from-situ
measurements of dislodged rockfter falls. Mostly the falout height is use to
determine the support resistane@d energy absorption criteria that a proposed
support system is supposed to méeyder and Jager, 20DZFigure 4.1 shows
twenty four cases of th&Jnki Mine FOG heights.At Unki Mine the fall out height

is used to determine unit weight of FOG, the length of support bolts and spacing.

UNKI MINE- MSZ - Cumulative Frequency - Recorded FOG Height (2010-2015)
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Figure 4.1 Unki Mine Cumulative Frequency- Recorded FOG Height (2012015
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The fallout thickness data for the mine has been collected for roskofaty and
there is nothing for rock bursts sintldis is a shallow mining environmenthere
rock busts are norexistent. The cumulative percentage -dat heights are
determined inFigure 4.1 and asupport resistanceriterion has to be set such that
the support system caters for 95% of all potential rock &lkacey, 2001)Figure

4.1 shows that the fabut height for the 95% level isat 0.9 m. The support
resistance criterion is calculated using the Tributary Area Theory (WA®Bre
weight of rock to be supported iglculated by its volume, density and gravitatio nal
acceleration. The weight is then divided between a fixed number of support

elements according to the attributable giRgder and Jager, 2002)

Figure 4.2 shows the frequencyistribution for the fall out height.lt showsthat10
out of 24FOG incidents recorded are less than OHigm The frequency reduces

as the fall out height increases.

Frequency
o = N w N ol
]
]
I

— -
Fall thickness (m)

Figure 4.2 Unki Mine Frequency - Recorded FOG Height (2012015

Figure 4.3 shows theFOG rock dimensionsThe dimensions of all th&OGwas

26m () x 1.3 m (w) x 0.5 m (h) on average.

The descriptive statistics for the probapiltlensity function (PDF) and cumulative
distribution (CD) for the FOG dimensions are shown in Appendix A, Figure Al to
Figure AS5.
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Figure 4.3 Unki Mine FOG Average Rock Dimensions
The mineds fiverd diso nmeastred hagaingy the distances from the face
(Figure 4.4). The statistics show that the rocks with the highesto@l thickness of
0.78m are faling right at the face where the distance is less thariTHisn.data
shows the inadequacy of temporary support in the face area. Therefore the current

design should be reviewed carefully.
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Figure 4.4 Fall out thickness at varied distances from face
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This is mostly attributable tthe fact that the area is unsupportaadd is associated
with a lot of vibrations from driling activities The rocks with falbut thickness of
0.93m are faling from 2nto 5 m from the face. The rocks with falt thickness
of 0.48m are faling from5 mto 10m from the face. At distances in excess of 20

m that is in the back areas, the rocks fall witthiekness of 0.43m

Figure 4.5 shows the top, middle and bottom sections of the 12 m bord at Unki
Mine. The top ad bottan sections are 3 m wideach. The middle section isné

wide.

Dip dirfection

Vent Holling

Figure 4.5 12 m bord section and face

The most problematic areas with FOG have been classified as sh&igaraé4.6.
The stastics show that 4% of the rock fad occur at thecenterof the face most
probably due tohigher roofsag.On the other hand38% of the falls occurat the
bottom of the face and only 4% at the top of the fdesce area nevertheless
accounts foa combined46% of all FOG and this shows tlieportance of facarea

that needto beproperly suppored
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Figure 4.6 FOG Areai Stoping

4.2. Influence of geology on FOG statistics
Geological discontinuities sh as dykes and faults have a significant influence on
the FOG statistics as shown kigure 4.7 and Figure 4.8. When the beam is cut
across by a structureit becomes a cantiever beam. The tensie stries a
cantiever ismuch higher tharthat in a clamped beariince there are morfaults
than dykes, the faults contribute % of the FOGs while dykes contributes only
8% of the FOGs. In blocky and highly fractured zones, the joints contribute 40%
and factures contribute 526 of the FOGsdIn the support design process, the system
has to address the FOG caused by low angle joints folowed by faulidylee®l

B STRUCTURE
SHEAR ZONE

0%
B FAULT

5 JOINTS/SLIPS

B DYKE

B SHEAR ZONE

B FRACTURES

Figure 4.7 FOG due to geology
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Figure 4.8 Fall boundaries

4.3. FOGduring mining related tasks
Figure 4.9 shows that 2% of the FOG incidents occur during lashing with LHDs
and the main contributor is the unsupported grouhdother 17% occur during
supporting process. THe% of the FOGs occurs at the time of blastinthis is
where the dome structures collapaed keplocks fall due to induced vibrations
from the blast. Therefore the support design process must take into considerati

the effects of blast induced vibrations.
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Figure 4.9 FOG during mining related tasks
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Figure 4.10 shows that the LHD and dril rig operataase involved 37% in the
FOG incidentsat Unki Mine folowed by lashers wit@7% involvementand rock
dril operators with 18% This shows that more FOG incidents amused by
keyblocks faling as a result of vibratons from rig driling and Jack hammer

driling.
SHIFT BOSS
OFFICIAL 0%
h 0%
TEAM LEADER ARTISAN ROCK DRLL | ®SHIFT BOSS
0% | OPERATOR
18% ® ARTISAN
CHARGER

0% 5 ROCK DRILL OPERATOR
u | ASHER

= RIG /LHD OPERATOR

® CHARGER

5 TEAM LEADER

= MINER

H ARTISAN

5 OFFICIAL

Figure 4.10 Injured/involved occupation during FOG
On analysing all the FOG incidents tlzgtused injuries(Figure 4.11), it was found
out that 22% caused head injuries/% caused neck injuries22% caused foot

injuries, 144 causedeg injuries and 14% to@juries.

m HEAD
m NECK
NECK
7% = BACK

= SHOULDER
= ARM

SHOULDER | ™ HAND

7%
= FINGER

B LEG
FOOT

= TOE

14%
Figure 4.11Body part injured due to FOG
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On the severity of all the FOG incidentSjgure 4.12 showsthat 20% were medical
treatment cased2% were near missed.6% caused serious injuriesd 4% caused

fatalty. In-depth risk evaluation wil be reserved for future studies

POTENTIAL HAZARD

LOST TIME

0%
= NEAR MISS

5 MEDICAL TREATMENT

CASE

= | OST TIME

® SERIOUS

B FATALITY

Figure 4.12 Severity of FOG

4.4, Effect of support on FOG
Figure 4.13 shows that72% of all the FOGncidents are not associated with the
support failure 16% resulted from faiing rock boltsl1% was a result of poorly
supported areaand no cases were reportdor faling cable anchorsThis means
mostly keyblocks less than support spacing of 1.5 m xi &re faling between the
installed bolts. Also the cable anchors shows that if installed they have never failed.
The 3 m cable anchors proves to be the most effective type suppontigubeing

used because they do not fail.

Figure 4.14 shows the FOG incidents caused by the qualty of support installed.
After analysing all the FOG statistics that occurred in supported bords, 17% was a
result of poor support stallation and 83% shows that the support was to standard.
The poor quality support could be caused by incorrect bolt spacing, using rock bolts
with less capacity than demaswiand using too short rock bolts that fail to pin

blocks together
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Figure 4.13 Effect of support quality on FOG

This shows that the FQGesulted from the presence adme structureshat pulls
and breaks the rock bok&igure 4.14). The support faled becarighe demand is
higher than the bolt capacityAthough sipport nstallation is a problem, the major
contributing factor to FOG is the span design itsEllen the placesvith proper
support installation is failing indicatng the inadequacy of the curresupport
designto provide adequate roo$upport

BYES ENO

Figure 4.14 Effect of poor quality support installation on FOG
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4.5. Chapter summary
This chapter dealt with FOG statistics from Unki Mine datalibseinclude ©G
dimensions, the influence of geology on FOG and the effect of different support on
FOG It was found out that more FOG incidents were caused by rocks less than 0.1
m thick and these occur between support bolts. It was also found out that FOGs are
partidy triggered by vibrations from blast, rig driling and Jack hammer driling.
The risk evaluation was not covered and that wil be part of further research studies.
The folowing chapter wil focus on the laboratory testing of rocks to provide the

input data into the numerical modeling software.
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5. LABORATORY TESTING
This chapter wil review the lterature pertaining to the laboratory testing of
mechanical properties of rocks in the area under sflidg. aspectseferredto in
this section include the impance of each test, the best way it can be done under
laboratory conditions, specimen preparations, number of specimegdedand

crucial rock engineering parameters which can be deduced frontesach

5.1. Mechanical properties of rocks
For one to be pficient in rock engineering design and prediction of rowkss
behaviour, knowledge of how mechanical properties of rocks and rock masses are
reliably determined in the laboratorgeeds to be firm This sectionprovides
literature on these laboratory rostkengthtests that are done as part of this research

project.

Block samples of the immediate hangiajl rock, orezone and foetll zonewere
collected from the sections that experienced a high intensity of FOGs. Moisture loss
was controlled by coveringthe samples witrshrink wrap. Rock specimens to be
tested included cylindrical samples. Preparation of cyindrical samples inlolve
driling cores of the required diameter according to liternational Society for
Rock Mechanics(ISRM) specifications and the sample diameter of 50m was

used The preparation also includedutting the cores to the required length and
polishing the end surfaces so that they are flat and parallel. Tesimgawied out

within a month of sample collection.
The tests thatvere conducted included the following:

1 Uniaxial compression strength tests.

1 Brazlian tensile tests.

1 Triaxial compressive strengtests.
The main properties to be determined include elastc modwosnpressive
strength, tensile strength, triaxial strengfitiction angle, shear strength, cohesion,
density andPoisond gatio. These properties wil then be used in the design of
robust support of excavations and design of stable spans at Unki uding

numerical modelling softwares
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5.1.1. Uniaxial Compressive Stre ngth test (UCS)
The aim of this test is to determine the UCS of a rock sample. Itis used in strength
classification and characterisation of intact robhe UCS ést gives an indication

of the strength of a rock mass in which excavations are to be madesudface or
underground.

According toRyder and Jage(2002) a specimen of crossectional areaX) is

loaded with an increasing forcé) unt i | it of &iA) & failure The pe.
is called the UCS of the specimen, and is denoted by thboi;ﬁla. Figure 5.1

shows the compression devick additon to measuring the axial load, axial and
radial strains or deformations are also measured via strain rosettes or gauges bonded
to the specimen placed vertically and horizdgtal Testing is conducted such that
failure takes place within five to ten minutes of loadgieairhurst and Hudson,

1999)

Load (xN)

NN NN N
-—
-—

SN NN N

< Core Sample

Computer Base Plate

Figure 5.1 Core sample under load to determine the US

In the test, the streagrsusstrain curve for the axial and lateral direction is plotted.
Average slope of the mom@-less straight line portion of the strestsain curve is

used to calculate tHengent or secamtlastic modulus.

The specimen pregpationin the UCS and Triaxial Tests are the sarairhurst and
Hudson(1999)s a ithebtestispecimens shall be right cylinders having a height
diameter ratio of between 2.0 and 3.0 and a diameter preferably of not less than

approximately 50nm. The émeter of the specimen shall be at least 20 times the
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largest grain in the rock micestructure. The ends of thpeximen shall be flat to

+ 0.01mm and shall not depart from the perpendicular to the longitudinal axis of
the specimen by more than 0.00dliems. The sides of the specimen shall be smooth
and straight to within 0.3 mm over the full length of the specimen. The diameter of
the test specimen shall be measured to the nearest 0.1 mm by averaging at least two
diameters measured at right angles &xle other close to the top, the nhdight

and the bottom of the specimen. The average diameter shall be used for calculating
the crosssectional area and later volume then density. The height of the specimen
shall be determined to the nearest 1.0 mm. iBpts shall be stored for no longer

than 30 days, and in such a way as to preserve, as much as possible, the natural
water content. The number of specimens tested under a specified set of conditions
should be sufficient to adequately represent the rockpkgnand should be a

function of the intrinsic variability of the rock

A minimum of five specimens per set of testing conditions is recommebged
Fairhurst and Hudsor(1999) After the specimen is prepared, the strain or
displacement measurement tramsets or strain rosettes are attached to the
specimen and the assembly is installed onto the lower platen in the load frame. A
small preload is applied tthe specimen in force contr@fFairhurst and Hudson,
1999)

The force util failure wil be obtained from the computer or the binitload cell.
Axial strain and radial strain may be recorded directly from strain indicating
equipment or may be calculated from displacement readings depending upon the

type of instrumentationsed.In this casetrain rosettes wengsed The compressive

strength Ucis calculated as shown the folowing equation
i
4 Z (8)

Where, F is the compressive force on the specimen or maximum load,
A'is the iniial crosssectional area,

In this test procedure, compressive stresses and strains are considered positive.
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Axial strain, U, is calculated as shown below:

H 3 (9)

Where: mis the change in measuredial length (positive for a decrease in
axial length)
m is the axial length of specimen prior to loading.
Radial strain is determined either by measuring the changes in specimen diameter

or by measuring the circumferential strain. In the caseeafsuring the changes in

diameter, theadial strain, ~-His calculated as shown below:

|
H m (10)
Where: M s the change in diameter (negatif@ an increase in diameter)

B s the diameter fothe specimen prior to loading.

The Young's modulusk, of the rock is defined as the ratio of the change in axial

stress to the change in axial stralm shown in the following equation

Fo- (11)

H
Young's moduus is expressed in units of stress, ie. Pascal (Pa) but the most
appropriate multiple unit is the megapascal (MPa) or gigapascal [BPanost
common methods of establishing the Young's modulus value are as follows.
Tangent Young's modulusk: is measwed at a stress level which is some fixed
percentage of ultimate strength. It is generally taken at a stress level equal to 50%
of the UCS. Average Young's modulufavis determined from the average slopes
of the moreor-less straight line portion of thedal stressaxial strain curve. Secant
Young's modulus Esis usually measured from zero stress to some fixed percentage
of the compressive strength, generally at 5(Rairhurst and Hudson, 1999)
Poisson's ratid3) is the ab®lute value of the ratio of the diametric or transverse

strain to the axial strain inompressiveloading and is calculated akown below

"UHYHTTHTT Hi T

THO IR T (12)
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5.1.2. Triaxial strength test

The tiaxial strengthtest is done to determine the strength of cylindrical rock
specimens subjected toaxial compression. The test simulates the behaviour of
rock underground, because it applies confining pressure to the sample during
loading. The mar stress is applied along the axis of the cylindrically shaped rock
sample by the Amsler testing machifBieniawski and Hawkes, 197.8Minor

stress is appled around the curved surface by the fuid pressure through the
synthéic rubber jacket. From the results of this test the values of internal friction

and cohesion of the rock material can be calculated.

The sample preparation fariaxial strength tesis the same as for the UCS test
described in sectiob.1.1 A soft Amsler loading machine is used for applying and
measuring the axial load in the rock specimen. It must be of suficient capacity to
fail the specimen at the selected confining pressure. A triaxial cell is needed to apply
confining pessure to the specimgllusay, 2014)The procedure is that the end

cap of the Hoek triaxial cell is removed and the specimen is inserted in the high
strength synthetic rubber jacket. After inserting the specimen in the ,jadkieins

and load spreader pads are placed at either ends of specimen. The tightened
assemblage is positioned at the bottom platen of the testing machine, and then the

lower platen raised until the cell is just supported in the madhihesay, 2014)

Confining pressures of 5, 10, 15, 20 and 25 MPa are used successively in order to
determine the strength at which the specimern fdhe confining pressure at Unki
Mine underground conditions must be considered since the oretjosiyat 14.

The increasein depth also changes the confining stress and affectedkestrength

For triaxial strength testthe specimen is loaded axially at a steady rate so that
failure occurs within 5 minutes. The load is released completely, rigedpe axial
pressure greater than radial pressure so as to prevent rupturing the synthetic rubber

jacket and the above step is repeatechlothe sampls. The results are plotted on
an Axial Pressure fal) vs Confining Pressureflé) graph over the rangeof

confinement Figure 5.2 shows the MohiCoulomb criterionin s1 vss3 space
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Figure 5.2Mohr-C o u | o mpls space(Lightfoot, 2000)

If a nearlinear strengthening relationship is found to apply $u @s s3space the
values of thes1 interceptscand slopeb, are read off. Thangle of internal friction
fiand cohesiorCo are calculated rém thefollowing equations according ®yder
and Jage(2002)

a aG =»d (13)
°l i 1.

Z Lin (14)

N inTEEE 2 (15)

(16)

(17)
Where:

T is the calculated gradient of the line of best fit drawn throughSthes
S space
. Iisthe vertical intercept of the line of best fit drawn through Shess Ss

space.

5.1.3. The Brazilian test/ Tensile strength  test

This test is intended to measure the uniaxial tensile strength of rock specimen
indirectly. The justification for the test is based the experimental fact that most
rocks in biaxial stress fields fail in tension when one principal stress is tensie and
the other finite principal stress is compressive with a magnitude not exceeding three
times that of the tensile principal stress.CAke test is much easier to perform
rather than the direct tensile strength t@seniawski and Hawkes, 1978The
suggested apparatus to achieve this is ilustratefligimre 5.3. This is a suitable

compression testing machine to measure the appled load with the required
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accuracy. Two steel loading jaws are designed so as to contactshapsd rock
sample at diametricaHgpposed surfaces over an afccontact The loading rate

is set so that fare would occur within5 minutes To achieve this, a loading rate

of 200 N/s is recommended. The specimen is loaded to failure and is assessed for
mode of faiure. At least 10 test samples are ned@@hiawski and Hawkes,
1978).

Bieniawski and Hawke§l978)s t a t e the téshspdcimeims should be cut and
prepared using clean water. The cylindrical surfaces should be free from obvious
tool marks and any irregularities across the thickness of the specimen should not
exceed M25 mm. End faces shall be flat to within 0.25 mm and parallel to within
0.25 °. The specimen diameter shall not be less than NX core size, approximately

50mm, and the thickness should be approximately equal to the specimen.radius

The results are talated and the indirect tensile strength of the specimen is
calculated from the following equation:
.
de 77, (18)
Where F = Maximum load at failure (N).

L = Length or thickness of specimeneasured at the cent(mm).

D = Diameter of specimen (mm).

Figure 5.3 Brazilian tensile strength testingapparatus
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5.2.

Laboratory testing was carried out successfully @able 5.1 shows the results.

Results of laboratory tests

The laboratory results were used to determine déseripstatistcs for the

hangingvall, ore zone and fooll. The geotechnicalcharacteristics of the
hangingvall is very important in order to determine the type and quantisupgiort

to be usedThese results wil be used as input data in the support design.

Table 5.1 Summary of laboratory results

HANGINGW ALL ORE ZONE FOOTWALL
PARAMETER
GABBRONORITE WEBSTERITE- PEGMATOIDAL PLAGIOCLASE MYLONITISED AND
PYROXENITE PLAGIOCLASE PYROXENITE BRECCIATED
PYROXENITE PLAGIOCLASE
PYROXENITE
UCS (MPa) 201 263 225 216 194
(5 Samples) (5 Samples) (5 Samples) (5 Samples) (5 Samples)
Tensile strength 10.5 9.1 11 4 20.2 7.0
(MPa)
(10 Samples) (10 Samples) (10 Samples) (10 Samples) (10 Samples)
Youngds Mod 100.5 38.0 125.0 65.0 30.2
(GPa)
Poissonds) r 0.30 0.27 0.25 0.24 0.29
Cohesion (MPa) 335 33.0 35.7 332 25.2
f Friction angle (") 48.6 49.4 53 49.0 40.0
3
Unit weight (g/cm ) 2.89 3.07 3.26 3.27 2.89

The immediate hanggwall consists of a layer of pegmatoidal pyroxenite and
therefore lies in the tensile zone in the back arBagmatoidalpyroxenite layer
occurs anywhere from aboQt6é m to 2 m above theBMSZ and could have some
parting potential due to the larger graime perhaps allowingplitting along crystal
cleavage planedt has a UCS of 97 MPa minimum and 250 MPa maximumith

225MPa onmeanas shown in the probabiity density functionFigure 5.4.
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Figure 5.4 Probability Density function (PDF) for Hangingwall UCS

The ore zone consists of plagioclase pyroxenite laj@re mining takes place and
the pillars are formedPlagioclase pyroxenites ahard and tough rock with a UCS
of 216 MPa on averagas shown inFigure 5.5. Plagioclase pyroxenites highly
jointed and these joints lower rock mass strength. The extent of foayscause

unstable onditons to develofn large spans.
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Figure 5.5 Probability Density function (PDF) for Orezone UCS
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The footvall zone consists of a shear zone of chloritized talc. The zone BYB0
thick but in some plaes it is frequently thinner or thicker. The average UC94 1
MPa with a minimum of 8 MPa and a maximum &05MPaas shown inFigure
5.6.
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Figure 5.6 Probability D ensity function (PDF) for Footwall UCS

In Appendix B, Table B1 shows the lab test results on UCS and T&f3eshows
the results foffriaxial Compressive StrengtiCS) test. FigureB1 shows the UCS
sample pictures after failure and FiguB2 shows thelfCS sample picture before
the lab testsAll the samples tested conformed to #%RM guidelines after the

tests.

5.3.  Chapter summary
This chapter presented the different laboratory tests of rock samples. The tests
included the uniaxial compressive test, triaxial strength aedtthe Braziian test.
The results were discussedhd presented in the form of a table fbethangingall,
orezone and fowtall. These results will be used in the next chapter as input data in
the support design procedsumerical modeling would prove the opportunityto

design the span and support taking into account these parameters and conditions.
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6. NUMERICAL MODELLING METHODOLOGY AND RESULTS
This section wil discuss the modeling procedure folowedPliasé and JBlock.
Theresults of the stresad deformation distributios wil then be discussedbr the
Unki Mine bord and pilar. The discuss®rwil consider elastic and in-elastic
behaviour. After analysing the results, a comparison wil be made between differe nt

analysis and underground obséiprs.

6.1. Numerical modelling in Phase? overview
Phaséis a two dimensional elasoastic finte element stress analysis program for
underground excavations in rockhe program helps in the calculation of stresses
and displacements around underground ogeniand in soling a wide range of
mining and geotechnical problentbat include excavation design, slope stability,
groundwater seepage, probabilstic analysis, consolidation, and dynamic analysis

capabilties (Rocscience, 2015)

According to Rocscienc€2015, complex, multistage models can be easily created
and quickly analysed Progressive failure, support interaction and a variety of other

problems can be addressed.

Phasé offers a wide range of suppomodeling optiors. Liner elements can be
applied in themodelling of shotcrete, concrete, steel set systems, retaining walls,
piles, multilayer composite linersand geotextiles. Liner design tools include
support capacity plots which allewto determine the safety factaf reinforced
iners. Bolt types include end anchored, fully bonded, cabé&hors spit sets and
grouted tiebackg¢Rocscience, 2015)

The preprocessing modulevasused for entering and editing the model boundaries,
support, insitu  stress, boundary conditions, material properties and creating the
finite element meslas shown iNAppendix C, Figure ClLoading in underground

is due to the weight of overlying rocksAfter the excavation, the stresses
redistribute and a new eduilium state is reached causing faiure in some instances

depending on the new state of stress.

The Phastcompute engine perfosrthe required finite element calculations in less

than a minuteas shown iMAppendix C, Figure CZDuring this process, eqbiiium
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is established until the unbalanced forgeacha predefined value.Once the
computations are done, the resuti® viewedin Interpretas shown imPAppendix C,
Figure C3 The interpret modulehelps in interpreing the computed results
(Rocscience, 2015)

6.1.1. Modelling procedure in Phase?
The numerical modelling procedure Rhasé for bord and pilar miningallows the
user to construct the model geometry, discretise it finiie elements solve the

problems and display thesultsin accordance witlthe following steps:

a. StartPhasé program¥ Fi | éNew¥ An a | ¥ sPiojsct settingsY Set
general and Stage parameters

b. Enter external boundaries of the model
BoundariesY Add external and enter all coordinates

BoundariesY Add the material boundaries, which will define the rock mass
layers.
BoundariesY Add stage boundaries to define the location of the stope and
access roads within the orebody

c. Mesh Setup parameters.

Me s h streti® andMeshY Refine the mesh in the area of pillars using
advanced mesh regions check box.

d. Set the boundary coiidns. The portion of the external boundary
representing the ground surface.
DisplacementsY FreeY Right click and restrain X both left and right

e. Define Material Properties. This is specifying the properties of the differe nt
materials in the modedsdetermined from the laboratory testing
Properties Y Y eetfinen eastcMaopestiesi and strength
parameters

f. Define the iasitu stress field
Loading Y Field stressY Gravity Y Use actual ground surfacé Specify
horizontal field stress foraeh material.
Advanced button Y Apply custom field
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g. Assigning Properties.
This allows to specify the stratigraphy of

material layergh@model. In

conjunction with the Stagelbs at the bottom left of the viewhe complete

model phase shouldppear in the last stage. The model is saved before

analyzing.
Stage 1: ldve correct material stratigraphy

Stage 2Excavate main and ledging declines and connections

Stage 3Excavate the bords
FleY Save (Name is
h. Run the analysis.
Anal ysi sueY Comp
.. To view the results of the analysis:
Select Analysis Y

6.1.2. Modelling results in Phase?

given)

| n t2dntenpretetogram. T hi s

There were two models that were created. The first one is located at héBw

the surface. The second oreocated at 200n below the surface. In each model

there are stagescreated and described as follows:

Stage 1— Different material stratigraphy

(Insitu rockmass)

The rock material stratigraphy is arrangadcording tothe actual Unki mine

stratigraphy as shown inFigure 6.1. This was an

analysis.

isotropic elastic material type

[ Gabbronorite
e [O Chromite Stringer

Gabbronorite

- Plagiodase Websterite

H Gabbronorite
i[O Plagiodase Pyroxenite

Mame:

Material Color: EI

-~ 0O Pegmatoidal Plagiodase F Initial Element Loading: Ficld Stress & Body Force

- | Unit weight: (MN/m3): 0.028%

- [ Plagiodase Pyroxenite O

Lo @ Mylonitised- Brecoated P Elastic Properties

Elastic Type: | Isotropic -

Young's Modulus (MPa): 100500

Strength Parameters

Failure Criterion: |Mchr Coulomb

Tensile Strength (peak) (MPa): 10.5
Fric. Angle {peak) (deg): 8.6

Cohesion (peak) (MPa): 33.5

Stage Properties Datum Dependent

- T s

Young's Modulus {resid) (MPa):

- 18] (ke

Poisson's Ratio: 0.3

Material Type: |Elastic -

Unsaturated Shear Strength

Figure 6.1 Materials stratigraphy used to model
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Figure 6.2 shows thepositon of materials in the modeThe colour coding is shown

in Figure 6.1 stratigraphy.

Figure 6.2 Position of materials stratigraphy

Stage 2— Excavated bords

Figure 6.3 shows the excavated bords in the model when mining has taken place.

The model has been meshatthis stageThe mesh element length was refined to
2.7 m.

[ Unki East Shaft Project 1 @ 100m Below - CAD View [ =] =]
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Figure 6.3 Excavated bords

Stage 3= Joint network is added
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Figure 6.4 shows the joint network that has been added to the maaiels within

the hangingvall are typically atered (mostly serpentinised), and even asbestos
occurs within them from time to timeThere are four dominant joint directions at
Unki Mine, namely EW, N-S, NNESSW. Thejoint frequency in the hangimall

is low. Two joint sets with shallow dips of and 30 have been observedd5 m

or less above the hangingll of the BMSZ. The shalow dijmg joints in the
hangngwall (occurring closer to fdis) are of concern to hangingll stability,
particularly where they are highly altered and form wedges when combined with
the dominant joint sets. Stope face paralelpalalle! joints are quite camon at
Unki. Where they occur they give a shiny serpentinised striated appearance to the
face (Mandingaisa, 2014)

F

Unki East Shaft Project 1 @ 100m Below - CAD View = | = | =

Figure 6.4 Joint network
J and 3 are approximately orierted on strike and dip respectively. They form an
orthogonal pair and it is therefore conceivable thawill be paralel to the face;

with both J and 3 parallel to the pilar walls. This orientation is neither favourable

to hangingwall stabiity nor tpillar stabiity (Mandingaisa, 2014)
Stage 4— Support is added

Figure 6.5 shows the brds with primary support composedlobm long rock bolts
spaced al.5 mx 1.5 mgrid. This is the currentmine support standard for good
ground in Aclass. The bolt has50 kN yield strength
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Figure 6.5 Primary support

Stage 5> More robust support is added

Figure 6.6 shows the bordsith secondarysupport composed & m long @ble
anchorsspaced a2 mx 2 mgrid. The 3 m cable anchonas250 kN yield strength.

The results that were obtained after running the compute process are as shown in
Section6.1.2.1

Figure 6.6 Secondary support
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6.1.2.1. Sigmal
Figure 6.7is a contour plot of the major principal stresstfae model at 100n below
surface before the excavation is made. The mad20@m below surface had a 7
MPa uniformly distributed stress laid normal to its surféiégure 6.8). The major
principal stresss horizontally oriented and the minor principal stréssertically
oriented and he stresses inease as depth increases below the suftaceontour
plots in Figure 6.7 and Figure 6.8. Mohr-Coulomb failure criterion was used in the

models.

[@) Unki East Shat Project 1 @ 100m Below.fez - Sigma1 ===

-
’i

Figure 6.7 Sigma 1 Contour plot before excavatiorat 100m below surface

[@) Unki East Shaft Project 1 @ 200m Below-.fez - Sigma 1 CSE=]

Figure 6.8 Sigma 1 Contour plot before excavation at 20éh below surface

The Sigma 1stress trajectories are shown to change orientation Hiarnontal to
45° around the excavation and revert back to horizomtih increasing distance
from the excavatioras shown irFigure 6.9 andFigure 6.10. The Sigma 1 stresses
are highly cooentrated orthe up dip hangingall to pllar contact and down dip
footwall to pilar contact. Failure is most likely to occat these locatian with

stress over 200 MP&ock strength is exceedexd these locations
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Unki East Shaft Project 1 @ 100m Below - Sigma 1
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Figure 6.9 Stress trajectories for Sigma 1 contour plots after excavation of bordat 100m below surface

Unki East Shaft Project 1 @ 200m Below- - Sigma 1 (== =]

Figure 6.10Stress trajectories for Sigma 1 contour plots after excavation of bords at 200 below surface

6.1.3.2 Total Displacement

The total displacement for the excavations at stage 2 is genbigiilyat the center

of the bords than at the sides or pillar contacts. There is more displacement at the

excavation 200 m below surface which i€0.25 mm (Figure 6.12) than at the
excavation 100n below surface tich is3.53 mm (Figure 6.11). The displaceme nt
at 200m below surface(Figure 6.12) is more in vertical direction than eh

displacement at 1060 (Figure 6.11) which is more in horizontal direction. This
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means failure is also likely to occur at the middle of the vatfd displecement in

excess of 3.5 mni the hangingvall tensile stress exceeded

[ Unki East Shaft Project 1 @ 100m Eelow - Total Displacement
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Figure 6.12 Total displacement contour plot at 200m below surface

6.1.3.3. Strength Factor
The drength factor at stage 6 is mostly mthan 1.5vith a value of 0.63 at shallow
depth less than 100 below surfacgFigure 6.13). The strength factor increases to
1.89 at greater depth of 200 below surface(Figure 6.14). The yielding is in the
roof of the bord posing potential faiure especially at shallow depth. There are 3
yielded joints at shallow depth of 100 below surface(Figure 6.13) compared to
only 1 vyielded jointat greater depth of 20@ below surface(Figure 6.14).
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[@ Unki East Shaft Project 1 @ 100m Below - Strength Factor
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Figure 6.14 Strength Factor contour plot at 200m below surface

6.1.3.4. Support quality
The supportapacityin a 12m bord is pody suited since itallows wedges with a
potential to fal. The standard support of Invlong rock bolts spaced at 1r& x
1.5 mgrid proves @ be insufficient to provide adequate supf&itiure 6.15). The
support quality improves with bord width reduced t.8The only wedge produced
is actually sitting on the pillar partially and there is no wedge with potentialil.to

The variability in wedge occurrence in this case is not considéreel.standard
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support used in this case is Irblong rock bolts spaced at 118 x 1.5 mgrid
(Figure 6.16). To improve the support in a I8 bord, some 3n grouted cable
anchors has been added as secondary suffagute 6.17). In this model, all the
wedges with the potential to fall are now supported.

Figure 6.15 Support quality in 12m bord using 1.5m long rock bolts

Figure 6.16 Support quality in 8 m bord using 1.5m long rock bolts
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Figure 6.17 Robust support designin a 12m bord using 3m cable anchors

6.2. Numerical modelling in J -Block overview
J-Block is a probabilstic keyblock stabiity programntBat can be used in the
probabilistic assessment of gravity driven rdaks and the evaluation of support
effectiveness (Stacey and Gumede, 2007he program uses three statistical
discontinuity sets to generafgossible kelglocks with between for and six faces
in the hangingwall and sidal. The program makes use of joint length and joint
orientation datdo generate a given number of blodlssterhuizen and Streuders,
1998) In the 3Block program, it is assumed that a block may contain smaller blocks
resulting in large blocks which are limited in size by the length of tm jdhe
program then determines whethtbe identified kellock wil cause faiure of the
support elements and the corresponding failure niStkcey and Gumede, 2007)
Once 3dBlock has identified a kdyock, it is placed atandom posttions in a pre
defined excavation and checks whether the block is idcater a support unit. If
a keylock is located betweesupports it wil fail. If a kelplock is over one or more
supports it may fail, depending on the strength of the stigmolrthe weight of the
block. The 3Block program also considers installed support and the location of
personnel to calculate the rockfall hazard distribution and likely injury (Ei&ze,
2012)
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6.2.1. Block generation procedure

JBlock software was used to ssfitally simulate potential kéjocks that could
occur in an area traversed by joints. The effect of the different support systems was

then evaluated by obtaining the number of unstable blocks falling after support is

installed. This provides a potential rockfall distribution for each support type.

6.2.2. JBlock input parameters

The input parameters forBlock are listed inTable 6.1, Table 6.2 and Table 6.3

and have been taken from Unki Mine underground mapping and neeasus.
The density of the kéyocks was taken to be 3 150 k§nThe mean friction angle
for all the joints vary from 16° to 25

Table 6.1 Block joint input parameters for dip and dip direction

Joint Dip (°) Dip Direction (°)

Set Mean | St Min Max | Mean | St Min Max
Dev Dev

J1 64 26 37 90 38 30 8 68

J2 47 29 18 77 126 26 99 152

J3 60 27 32 87 218 31 187 249

J4 17 03 14 20 317 27 290 344

Table 6.2 Block joint input parameters for cohesion and friction angle
: (Cohesion)/ Strength (MPa) Friction Angle (°)

Joint S . St .

Set Mean Min Max Mean Min Max
Dev Dev

J1 1.660 | 0.200 | 1.460 | 1.860 16.1 5 11.1 21.1

J2 0.258 | 0.020 | 0.238 | 0.278 24.9 1.3 23.6 26.2

J3 1.870 | 0.600 | 1.270 | 2.470 24.4 1.6 22.8 26.0

J4 0.208 | 0.030 | 0.178 | 0.238 24.1 1.3 22.8 25.4

Table 6.3 Block joint input parameters for joint spacing and length
. Joint Spacing (m) Joint Length (m)

Joint

Set Mean Std Min Max Mean Std Min Max
Dev Dev

J1 1.7 0.35 1.35 2.05 6.20 0.97 5.23 7.17

J2 1.5 0.11 1.39 1.61 6.36 1.27 5.09 7.63

J3 4.9 0.19 4.71 5.09 6.01 0.21 5.80 6.22

J4 1 0.48 0.52 1.48 6.70 1.96 4.74 8.66
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The joint friction angle and is observed to be as low &safé@ cohesion less than
1.68 MPdfor weak soft and highly altered serpentinised joiftke hihest friction
angle was 24%and cohesion of 1.87 MPa and this was for lessedltand no infil|
gouge material. Failure of the joint gouge material is promoted by squesaihg
eventually falls by slidingJoint set 1 and Befines the most problematic set running

along the bord lengths and along strike of the ore body

6.2.3. Modelling r esults in J-Block
JBlock software records all relevant information pertaining to each block in terms
of shape, geometry, area, volume, length, height and shear strength for each surface
bounding the blockKotze, 2012) The prmary keyblock size indicates discrete
keyblocks that do not contain any joints inside. This generally represents solid rock.
The secondary keyblock size indicates keyblocks that consist of combined discrete
blocks (Kotze, 2012) The program assumes the individual joint dip and dip
directions follow a normal distribution with a standard deviation of one sixth the
range (Kotze, 2012) This ensures that 96 of the random samples wil lie within
the stag¢d range.

In the modelling, elevenscenarios were use8cenariolis a model that constitutes
a 12m bord with no support. Scenario 2 is a model that constitutes na d@d
with existing support of 1.5 lorg rock bolts at a spacing of 1/ x 1.5m grid.
Scenario 3is a model that constitutes arlBordin scenario 2vith additional 3 m
cable anchorst a spacing d mx 2m grid. Scenario 4 is a model that constitutes
an 8m bord with eisting support of 1.5n long rockbolts at a spacing of 115 x
1.5m grid. Scenario 5is a model that constitutes8 en bord with3 m cable anchors
installed on a 2 mx 2 m grid as shown inTable 6.4. Scenario6 and 7is a model
that constitutes &m VH with existing support of 1.5 m long ¢k bolts at a spacing
of 1.5 m x 1.5 m gridand 3 m cable anchors respectivefycenario8 and 9is a
model that constitutes G@m CD with existing support of 1.5 m long rock bolts at a
spacing of 1.5 m x 1.5 m grdnd 3 m cable anchors respective§cemrio 10 and
11is a model that constitutes 5am MD with existing support of 1.5 m long rock

bolts at a spacing of 1.5 m x 1.5 m gadd 3 m cable anchors respectivelne 1.5
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m grouted long bolt hasa capacityof 15tonsand the3 m grouted cable anchoihas

a capacityof 25tons.

Table 6.4 Support scenarios for different excavations

Scenario| Excavation | Description of support variables

No. Width

1 12 m bord | No support

2 12 m bord | Standard support 1.5 mesin bolts at 1.5 m x 1.5 n|
grid.

3 12 m bord | Standard support 1.5 m resin bolts at 1.5 m x 1.5
grid with additonal 3 m cable anchors at a spacin
of 2m x 2 m grid

4 8 m bord Standard support 1.5 m resin bols at 1.5 m x 1.5
grid.

5 8 m bord Standard support 1.5 m resin bolts at 1.5 m x 1.5
grid with additonal 3 m cable anchors at a spacin
of 2m x 2 m grid

6 6 mW Standard support 1.5 m resin bols at 1.5 m x 1.5
grid.

7 6 mWH Standard support 1.5 m resin bolts at 1.5 m x 1.5
grid with additonal 3 m cable anchors at a spacin
of 2m x 2 m grid

8 6 mQD Standard support 1.5 m resin bolts at 1.5 m x 1.5
grid.

9 6 mO Standard support 1.5 m resin bolts at 1.5 m x 1.5
grid with additonal 3 m cable anchors at a spacin
of 2 m x2 m grid

10 5 mMD Standard support 1.5 m resin bols at 1.5 m x 1.5
grid.

11 5mMD Standard support 1.5 m resin bolts at 1.5 m x 1.5
grid with additonal 3 m cable anchors at a spacin
of 2m x 2 m grid

6.2.3.1 Scenaria for 12m bord no suport

Figure 6.18 showsthat the keyplocks of size 0.3 has the highest frequency of
over 1 2500ccurrencesout of a total of 2 100 keyblocks generatdthis tieswell
with the actual observations as recorded in the mine F&&bdse that the highest
frequency of FOG is recorded up to 0.3 m height as showrigire 4.2. The

keyblock size distribution and the observation that the occurrence of keyblocks
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decreases with increasing keyblock size for #ven scenarios are similar.
Therefore, th keyblock size distributiongrapts wil not be displayed for the
remaining caseShe POFis high for the blocks less than 0.3amd this failure is
mostly between rock bolt support.

Figure 6.19 showsthere is no support failureince support is not yet included in
this model Figure 6.20shows how the blocks of different sizes failed. Some of the
blocks failed by single plane sliding whie a greater percentaigsl fby double
plane sliding. The support system needed must provide a normal resistive force to
prevent faiure by sliding.Thorough barring down has to be done dombusly to
account for the kdylocks dropping outThere is no failure by rotation.
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Figure 6.18 Keyblock size distribution for scenario1
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Figure 6.19 Probability of failure of keyblocks for scenario 1
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Figure 6.20Block failure mode for scenario 1

The hazard index is observed to be high in the middle of the span as sheigurén
6.21. This also ties well with the observations with 8% predominantly faling in
the midde of the face area as shownHigure 4.6. Appendix D, Figure D1 shows
the keyblock fall percentage for scenario 1.

76



Unki East Shaft on 12m bord no support.jbb
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Figure 6.21Hazard index for scenario 1

6.2.3.2 Scenari@ for 12 m bord with existing support

Figure 6.22 shows the POF between support is high up ton.@eyblocks. The
probabilty of support faiure is high from 102 keyblocks. This means the failure

of supportcould becaused bynsufficient bolt capacity (150 kN)and length (1.5

m). A 150 kN bolt at 1.5 nx 1.5 m spacing would carry a8%. n? rock at adensity

of 3150 kr® and a height of 2.16 m assuming a rectangular prism geometry. All
bolt failures in this case is due to insuffiot bolt length. The short tendons in
scenario 2 is 4.27%Bolts are shorter than the key block height to pifFigure

6.23 shows the keyblocks fail by single plane, double plane, drop outogatebn.
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Figure 6.22 Probability of failure of keyblocks for scenario 2
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Block failure modes
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Figure 6.23 Block failure mode for scenario 2

The hazard indexper 100n?¥ is observed to be high in the middle bétspan as
shown inFigure 6.24. Appendix D, Figure D2 shows the keyblock fall percentage

for scenario 2.

Unki East Shaft on 12m bord existing support.JBB
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Figure 6.24 Hazard index for scenario 2

6.2.3.3Scenario Jor 12 m bord with 3 m long and 250 kN capacityable anchors
Figure 6.25 shows the POF of support increasing with keyblock size and POF
between support increases with decreasing keyblock AiZ250 kN bolt would
carry up to 8 rrock without &ilure. Bolk length should be at least 2 m at a spacing

of 2 mx2m grid. Cable anchors are 3 m long and satisfy the requirement. However,
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all bol failures in this case is, again, due to variations in wedge heights that exceed
the bolt length in the raregof block size (up to 4.5°) analysed.The short tendons

are 2.21% in scenario 3 as showrfigure 6.26. The short tendon failure is less for
scenario 3han scenario 2 (4.27%)ecause of the 3 m cable anchors ugetbw

larger keyblocks are now pinned and securedcompetent ground in hangwall

by cable anchors.
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Figure 6.25 Probability of failure of keyblocks for scenario 3
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Figure 6.26 Block failure mode for scenario 3

The hazard index for scenario 3 is showrkigure 6.27. Appendix D, Figure D3
shows the keyblock fall percentage for scen8rio
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Figure 6.27 Hazard index for scenario 3

6.2.3.4 Scenario for 8 m bord (strike conveyor)with existing support

The POF in support increases with increasing keyblock dize to the higher
probabilty of insufficient lengthof the tendons The POF between suppois

observed to increase with decreasing keyblock size as shogure 6.28. The

short tendons are 3.72% as showrrigure 6.29.
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Figure 6.28 Probability of failure of keyblocks for scenario 4
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Figure 6.29 Block failure mode for scenario 4
The hazard indeyer 100n?¥ for scenario 4 is shown iRigure 6.30. Appendix D,
Figure D4 shows the keyblock fall percentage for scendrio
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Figure 6.30 Hazard index for scenario 4
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6.2.3.5 Scenario tor 8 m bord(strike conveyor)with cable anchors

The POF in support increases with increasirgyblock size. The POF between
support is observed to increase with decreasing keyblock size as sh&wgaria
6.31. The short tendons afe18% as shown irfFigure 6.32.
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Figure 6.31 Probability of failure of keyblocks for scenario 5
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Figure 6.32Block failure mode for scenario 5
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The hazard index for scenario 5 is showrFigure 6.33. Appendix D, Figure D5
shows the keyblock fall percentage for scenario

Unki East Shaft on 8m bord design support.JBB

Distribution of hazard index per 1000 m?

0.0
.004215
.00843

.012645

Max= 0.01405

Redraw
Color
All blocks

Fall frequency
Fall percentage

Block rotation

Area modelled = 476710.66 m2 Copy Print... Export 0K

Figure 6.33Hazard index for scenario 5

6.2.3.6Additional ScenariogScerario 6 to Scenarioll)
The folowing Scenarios were also modelled and the resuli®e Wend to be
similar;
U 6 mVH with existing suppart
U 6 mVH with cable anchors
0 6 m CDwith existing support
6 m CD with cable anchars

c:

5 m MD with existihng support

c:

U 5 m MD with cable anchors

It was found that, for the above Scenarios;
U There is no support fate and there is no fall between support. Extra
support is not needed since the POF is zerghown irFigure 6.34.
U There are no short tendons as showRigure 6.35.
U The hazard index is zero as shownHigure 6.36.
U Appendix D, Figure D6 shows no keyblock fall percentageatiditional

scenarios
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U There is no need to redesign the support for the additional scenarios since

the support proved to be adequate.

FProbability that block fails

100

SO

=0

o

P S0
=

o S50
b

s 440

30

=20

10

o

1 = 3 4 = (=] O =] 9 10 11 1213 "14 " 15
Block size (cubkic m)
Bl Support failure Betwesn support
Copy
ilure mode=s | Stability modes | Slide angles | Save & ik
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Figure 6.36 Hazard index for additional scenarios

6.3. Analyses of results and comparison to mine observations
This section wil discuss and compare the results obtained from laboratory testing
of rocks analytical methodsand the numerical modeling results obtdinasing
Phasé andJ-Block progrars. The laboratory testing of rocks was done successfully
in order to determine the rock properties as input to the numerical moddieg

summay of rock test results is shown Trable 5.1.

6.3.1. Beam analysis
This section shows the analytical results as discugs&kction2.2 on behaviour

of beams. The calculatiois based orthe folowing equationfor clamped beams

ad

a, = (19)

Where: [ is the unit weight of beam = 300 N/n¥,
ois the thickness of beam = 0.6 m (measured at tipping points)

0 is the length ofinsupported span = 12 and 8m
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6.31.1 Maximum tensike stress for 12n bordclamped beam

O Tap ¢ v
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6.31.2 Maximum tensile stress for & bord clamped beam
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” — T TT UT () 0 W
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The tensile stmagth for the immedhte hangingall for the pegmatoidal plagioclase
was found to be 11.4 MPa from the laboratory results obtainddhbie 5.1.

The maximum tensile &ss from the clamped beanBi§8 MPa for 12n bord and
1.68 MPa for 8m bord. Tis concludes that for eontinuous clamped beam, the
current span of 1th at Unki mineis stable and no tensile failure is expedtethe
hangingvall. The calculation for cantiever beanis based on the following

equation

d, =22 (20)

<
6.31.3 Maximum tensile stress for I8 bord cantilever beam
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6.31.4 Maximum tensile stress forr@ bord cantilever beam
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If the clamped beam is cut across by a fault,t joindyke, it becomes a cantile ver
beam. The maximum telasistrength is calculated to beZ268 MPa for 12m bord
The maximum tensie singth is morethan 11.4 MPa obtained from the laboratory
tests. This means that the spariam is unstable antknsie failure is anticipated

in a cantlever beanThe FOS is 0.5 and this is lower than the recommended 1.5.

The maximum tensi stress is calculated taeHl0.08MPa for 8 m bord The
maximum tensie streth is lessthan 11.4 MPa obtained from the laboratory tests.

This means that the span&mn is stable and no tensie failure is expeotsen if
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the hangingall is cut on one side by a fault or a dykde FOS is 1.1&nd the

recommended FOS is 1.5.

Therefore some ofthe FOG witnessed are causédg tensie beam collapse
especially in 12m bords cut across by geological structures lke joints, faults and
dykes

6.3.2. Phase? modelling
Phasé modeling shows thathe existing support of 1.8 long rock boltsspaced
at 1.5mx 1.5m grid in a 12m bordis not enough to support the large wedges or
domes created Hgw angle joints because theck boltsare too short as shown in
Figure 6.15. Using 3m calle anchors improves the hangmajl stabiity because
some ofthe wedges are pinned as showrfigure 6.17. Reducing the bord from
12 m to 8 m increases the chances of unstable wedge to sit on a pilar thereby
reduang the probability of having short tendom$enusing the existing support as
shown inFigure 6.16.

6.3.3. Rockfall distribution from J -Block program
In order to assess the stabiity of the hangingwall of the area of interest, thiystabi
program JBlock was run on the data collected from underground mappikinkat
Mine. A number of models were run using different block sets, mining directions

and support standards.

6.3.3.1 Kelylock size fall probability

The histograms fokeyblock ske distribution shas thefrequency the blocls occur

in each size Figure 6.19 shows that there is no rock size to cause support failure
since there is no support at &l scenario 1Larger number of 0.3 nm? keyblocks

falls betwen support andhe number of occurrences decreasdil increasing
keyblock sizefor all the scenarioslt also means the hangingwatliure is mostly

due tosmal, wedgeshaped blocks. To further prevent them from faling, areal
support would be requiredrhese small wedges wil not be hazardouh less risk

since theywil mainly fall out during blastingtime.
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6.3.3.2 Kelylock failure mode

The failure modegraphs (Figure 6.20, Figure 6.23, Figure 6.26, Figure 6.29 and
Figure 6.32) shows how keylocks of different sizes fail. Scenario 1 to scenario 5
shows thatthe larger percentage fall by single plane folowed by double plane
failure. Falure by keylock dropping outis slightly higher than for kdyock

rotation

Figure 6.20, Figure 6.23, Figure 6.26, Figure 6.29 and Figure 6.32 shows the
percentage of tendons too short to supplwatkeylocks thereby causing poor and
inadequate support. There @decrease in the percentage of tendons faiing to
support from scenario 2 with 4.7%Figure 6.23) to scenario 3 with 2.2% a 12m
bord (Figure 6.26). This has been caused by increasing témon supportength
from 1.5m rock bolts to 3m cable anchors as shown FRigure 6.23 and Figure
6.26. Reducing the badrfrom 12m to 8m further reduceéhe percentage of short
tendons drastically to 0.16% as shownFigure 6.29 and Figure 6.32. Therefore
reducing the bordrdm 12m to 8m and using 3n cable anchors improves the
qualty of supportWhen the bord width is reduced to 6 m, there is no failure mode
since there is no FOG occurring as shownFigure 6.35 and for addtional
scenarios (scenario 6 to scenario JL1Therefore there is no additonal support

neededn VH, CD and MDexcept wherhighly jointed bad ground is intersected

6.3.3.3 Fall percentage or probability of failure

The PO represents the number of kdgck falls at a point as a percage of the
total number of kdylocks generated over that point. P@ows the probabilty that

a keylock wil be unstable if it is located at a particular position in the bord. There
is reducbn in POF from scenario 1 to scenario 2 of 79% to 7d8%pectivelyby
simply supporting the bord with.5 mrock bolts spaced at 1r6 x 1.5m grid as
shown inAppendix D, Figure D1 andFigure D2. This number is high because the
smaller keyblocks generatedre many compared to bigger keyblocks. These small
keyblocks fall mostly between support.

Reducing the bord from 1r& to 8 mfurther reduce the POfrom 4% to 62% for
scenario 2 to scenario 4 as shownAppendix D, Figure D2 and Figure DA4.

Reducing the bord from 1& to 8m and then replacing the5m long rock bolts

88



with 3 m calle anchors further redudeghe PQF from 62% to60% for scenario 4 to
scenario 5 as shown Appendix D, Figure D4 andFigure D5. Further reducing the

bord width to 6 m brought the fall percentage to zero as shovwAppendix D,
Figure D6. This is a goodrend in improving ground stability.

6.4. Chapter summary

This chapter presemtethe resultsfrom Phasé and JBlock during modelling.
Different bord spans and support types were evaluated. It was found out that bord

width and support type hate largest influence on hangmagll stability.
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7. CONCLUSIONS AND RECOMMENDATIONS
The prevous chapter presented the results for Phasd JBlock modelling. This
chapter covers the conclusions and recommendations arising from this study in

relation to the results obtaineadter modelling

7.1. Conclusions
The study to desigmobust support at Unki Minevil bring about some postive
results in as far as support of underground bord and pllaing is concernedThe
following cortlusions were drawn up from ttstudy. Hangingvall instabilities at
Unki Mine are largely geologidig and spamrontrolled rather than stress controlled
as shown by Phadenodeling where the stress generase8OS greater than 1.5

The analyticalclampedbeam methodgrovedthat the hangingall instability is not
as aresult of beam tensile failuire a 12m bord The catulated maximum tensile
stressis less than the actual tensiestress of the immediate hangmwall strata
obtained from the laboratory testherefore there is no tensie lda¢ anticipated

in the hangingall for clamped beams a 12m bord

The analytical cantiever beam method proved dalculated maximum tensile
stress igmorethan that obtained from the laboratory tests. This means that the span
at12mis unstable and tensie failure is anticipated in a cantiever beam.bibttie

is reducedto 8 m, the maximum tensile stress l@&ss than that obtained from the
laboratory tests. This means that the spa® ratis stable and no tensie failure is
expectedeven if the hangingall is cut on one side by a fault or a dyl@ame of

the FOG witnessed are caudeyltensie beam collapsesspecially in 12n bords

cut across by geological structures like joints, faults and dykes

JBlock modeling has indicated thapan orbord size and type of supporhas
influence on hangingall instablity. Phasé@ and JBlock modelling has shown that
reducing the bord sizbring improvements in hangingall stability. The modelling

has proved that replacing the existing support using inSlong rock bolts for
scenario 2 with 3n cable anchors for scermma® further improves the hangmal|
stabity apart from reducing the bortt.was found out that reducing the bord width
from 12 m to 8 m reduces the probability of intersecting the dome structures
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associated with high riskdt was also found out thdhe existing support of 1.5 m
bolts spaced at 1.5 m1.5 mgrid is adequate to support spans of 6 m and below as
in VH, CDandMD.

Both Phastand JBlock modeling proved a high risk of having short support
tendons with current support of Inblong rockbolts which results in poor support
conditons in 12 m and 8 m bordghis has been proved at Unkiild where large
FOG occurs in the form of a wedge witbnge faled support and evidencéd short
tendons. Using 81 cable anchorand reducing the span tarGreduces the risk of

having short support tendons.

7.2. Recommendations
In order to reduce FO@Gccurrencesat Unki Mine, a major support system has to

be implemented.The folowing recommendations were drawn up from this study.

U Reduce the bordidth from curent size of 12n to less than 1 with 8m
as thepreferredsize to improve hangimgall stability. This must be done in
GCD1 and GCD3 in the upper zones of the mine where the ground condition
is poor.

U The current support of using 1mdlong resinrock bdts needsthe addition
of 3m long cable anchors to reduce the risk of having short support tendons
if the bord width is to remain at 12 m.

U The spacing of the support systemuld change from the current 1B x
1.5mgrid to 2mx 2 m grid when using 3m cable anchors.

U |Itis strongly recommeretl for the rock engineering team to adopt faster
and eficient way of collecting joint dat® account for new geological

conditions as mining progresses.
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9. APPENDICES

Appendix A. Descriptive statistics of FOG dimensions
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Figure A3. The PDF and Cumulative Distribution for the FOG thickness
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Appendix B. Laboratory tests

Table B1. Laboratory test results of uniaxial compression tests with elastic modulus and poisson ratio measurements by means of stgaiuges

Client: Anglo Platinum

Sampling site: Uniki Mines, Zimbabwe

11-02-2014
SPECIMEN PARTICULARS SPECIMEN DIMENSIONS SPECIMEN TEST RESULTS
Rocklab Sample Depth Rock Diameter | Height | Ratio Mass Density | Failure | Strength | Tangent Secant Poisson's | Poisson's | Linear | Failure
Specimen of Height Load (UCS) Elastic Elastic Ratio Ratio Axial Note
No D From.. To Type to Modulus | Modulus | Tangent Secant Strainat | Code
diameter @50% UCS | @50% UCS | @50% UCS | @50%ucs | Failure
5618- m mm mm g glcm3 kN MPa GPa GPa mm/mm
UCM-01-A 4716 | 1280 2.7 6448 2.88 3421 1958 98.8 103.0 0.30 0.27 0.002615| XB
UCM-01-B 4722 | 12719 | 27 647.5| 2.89 336.3]  192.0 99.5 104.0 0.30 0.28] 0.002442| XA
UCM-01-C GN1 4723 | 1285| 2.7 652.4| 2.90 321.1] 1833 102.0 107.0 0.31 0.28| 0.002230{ XB
UCM-01-D 4727 | 1293| 27 6519 2.87 360.8) 205.6 99.0 105.0 0.29 0.30| 0.002738| XB
UCM-01-E 4718 | 1280 | 2.7 644.1| 2.88 3459| 1979 102.0 105.0 0.31 0.30] 0.002394| XB
UCM-02-A 47.45 129.0 2.7 7454 3.27 443.4 250.7 156.0 157.0 0.24 0.22| 0.001839| XB
UCM-02-B 4724 | 1288 | 2.7 734.6] 3.25 4283| 2444 153.0 159.0 0.25 0.24| 0.001798| XA
UCM-02-C FIW2 47.09| 1290| 27 736.8] 3.28 396.6) 2277 161.0 164.0 0.23 0.23| 0.001693| XA
UCM-02-D 4719 | 1288 | 2.7 734.6| 3.26 4174| 2387 153.0 158.0 0.24 0.22] 0.001925| XB
UCM-02-E 4740 | 1278| 2.7 733.7] 3.25 3747 2123 132.0 140.0 0.26 0.25| 0.001791| XA

Note: Alltests were conducted according to the ISRM's Specification.
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Table B2. Laboratory test results of triaxial compressive strength tests with elastic modulus arlo i s gaticn@easurements by means of strain gauges

Client: Anglo Platinum Samping Site:  Uniki Mines, Zimbabwe
18-Feb-14
SPECIMEN PARTICULARS SPECIMEN DIMENSIONS SPECIMEN TEST RESULTS
Rocklab Sample Depth Rock Diameter | Height | Ratio of Mass Density | Confining Failure | Strength | Tangent | Secant | Tangent | Secant Linear Failure Mohr-Coulomb Note

Specimen Height Pressure Load (TCS) Elastic | Elastic | Poisson's | Poisson's Axial Code

No D Type to V] B Ui Modulus | Modulus Ratio Ratio Strain Coheison Friction

From.. To Diameter @50%TCS | @50% TCS| @50% TCS| @ 50% TCS at Failure Angle
5618- m mm mm g glem? MPa KN MPa GPa GPa mm/mm MPa Deg.
TCM-01-A 47.21 100.3 20 508.4 2.90 5.0 405.3| 2315 101.0 112.0 0.26 0.23]  0.002964| XA
TCM-01-B 47.26 99.91 . 503.5 2.87 10.0 467.4| 2664 93.1 101.0 0.28 0.27) 0.004014| XA
TCM-01-C 47.29| 101.16 p. 508.4 2.86 15.0 508.2| 289.3 916 103.0 0.30 0.32] 0.004599| XA
TCM-01-D 47.31| 100.56 20 5125 2.90 20.0 570.1| 3243 874 97.3 0.24 0.19| 0.005176| XA
TCM-01-E GN1 47.24 99.86 2, 509.8 291 30.0 602.5] 343.8 85.7 104.0 0.21 0.27) 0.006651| XA 332 49.4
TCM-01-F 47.28 99.30 2 501.5 2.88 5.0 386.3] 220.0 94.0 745 0.25 0.21) 0.004391| XA
TCM-01-G 47.21| 100.50 2 507.1 2.88 10.0 4734| 2704 98.3 110.0 0.38 0.26] 0.003624| XA
TCM-01-H 47.22 99.97 24 505.5 2.89 15.0 5255 300.1 101.0 106.0 0.21 0.24| 0.005437| XA
TCM-01-I 47.28| 100.32 2} 508.4 2.89 20.0 586.2| 333.9 84.7 107.0 0.18 0.22] 0.006732| XA
TCM-01-J 47.28 99.97 2 507.4 2.89 30.0 700.7] 399.1 904 109.0 0.20 0.24]  0.006218] XA
TCM-02-A 47.14 994 24 567.3 32 5.0 438.1] 251.0 159.0 161.0 0.25 0.23| 0.002262| XA
TCM-02-B 47.07 99.08 24, 565.7 3.28 10.0 564.3| 324.3 166.0 165.0 0.27 0.22| 0.003357| YA
TCM-02-C 47.19| 100.99 2 574.6 3.25 15.0 663.3] 379.2 149.0 161.0 0.17 0.21) 0.003316| XA
TCM-02-D 47.44 99.40 24 559.9 3.19 20.0 417.3| 236.1 76.6 80.8 0.21 0.22| 0.003765| XA 4
TCM-02-E FwW2 47.37| 100.21 24 576.9 3.27 30.0 798.9| 4533 153.0 165.0 0.37 0.32] 0.005244| YA 35.7 53.0
TCM-02-F 47.17 99.93 2 568.2 3.25 5.0 4689| 268.3 129.0 112.0 0.18 0.16] 0.002905| XA
TCM-02-G 47.20| 100.77 21 576.7 3.27 10.0 529.3| 3025 153.0 164.0 0.28 0.26)] 0.003112] XA
TCM-02-H 47.24] 10143 24 580.9 32 15.0 610.4| 348.3 155.0 166.0 0.19 0.16( 0.003270| XA
TCM-02-| 47.17| 100.79 . 574.5 3.26 20.0 701.5( 4014 126.0 135.0 0.25 0.26] 0.005966| XA
TCM-02-J 47.33 98.69 2 568.5 3.27 30.0 782.9| 445.0 143.0 145.0 0.19 0.23]  0.006268| 2B
Note: All tests were conducted according TCS - stands for Triaxial Compressive Strength. 1 - Specimen showing different density was not used for the analyses of both cohesion and friction angle.
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Appendix C. Modelling
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Figure C2. Computing in Phasé
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