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Structural complexities, includingegional geologic structures, lowangle structures ramp structures and
alteration zones contribute towds largescale hangingwalbr structural (pillar) instabilities experiencéu
many UG2 chromitite mines. The associated anomalous behaviour ofrtkhe mass caused by these
structures may result in significant ore reserve woffs. The inability of technical and underground mining
personnel to practively icentify and treat thesgeologicstructures ath associated failure mechanishes
resulted inongoinginstabilities experienced imany mines. Anomalous behaviour is mostly as a result of
the exposure afiumerous lowangle structures ovarious scales, commonkpownas&@omingd These dw-
angle structures are treated simplistically or go unnoticed. Also, the presence of peggiretjtevhichis a
common jointcharacteristic causes problems arid generally ignored as the potential for instahility
Furthermore, the presence of altemati@ones is typically unnoticed as it is not common. The exposure of
these prominenstructuresor a combination of thesstructurescanimpact on the exposed hangingwall
conditions, panel span, suppaahd pilla behaviour In some instances the impacwbaesulted in multiple

fatalities and total mine closure.

Case studies were conductéy the author atthe Lonmin Markana Operations whertargescale
instabilities have been experienced. These findings were related to other similar study sit&ighvedd

Complexand theGreat Dykein Zimbabwe The investigations confirmed some of the findings made by
3



previous studies. However, new information gained from this study provided an improved understanding of
the formation, interaction and potential msilitiesif these structures aexposedy mining. The formation

of the Bushveld Complexand geologicstructures contributeto the anomalous conditions exjencedin
someunderground mine working®Vith the application of a new technology the authoia subsurface
profiler), for the first time the presence and location of these anomastiusturescould be verified in the
hangingwall. This contributes to an improvement in the spatial interpretation of sheséuresand
confirmed that it shouldébconsidered in the mining strategy and support design processes.

The learnings from the studyill assist withthe early detection of specific sttural conditionsvhich may
contribute tothe mitigationof potentially unstable conditions. Suitable reiiaé strategies werdeveloped

by the authorfrom the site investigations and adéscussed in detailThis includes the application of
preferred mining layouts, mining @iction, spans and suppattategies where these structures arsgire
This work may significantly reduce the risk ofargescale instabilities and is therefore considered a
significant contribution towards improving safety and the understanding of these anostalousesat the

minesin the Bushveld Complex
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DEFINITIONS

Alteration zones: See shear zones.

Layer-parallel structure: Fault, joint orshear(alteration)zone that occurs parallel to the stratigraphic

layering of theBushveld Complex

Lineaments: Largescale linearstructuresvisible from aeromagnetic images, striking approximately
WNW-ESEat Lonmin

Marikana structures: WNW-ESE strikingstructures dipping at approximately @dowards the uth at
Lonmin with a pegmatite infill. These arassified agegionalstructuresas they cross cut treratigraphic
layers The structures have the same orientation atirbamentsand arevery oftenassociated witHarge

scale instaltities experiencealong theBushveld Complex

NNW-SSE clusters:More than one jointault in close proximity (< 1 cm spacing) to ethjointsfaults
trending in a NNW directioat Lonmin The structures have a similar orientation than the trend of tjog ma
fault structuresMajor contributor towards instability. Causes slabbing along pillarsevdieralteration zone

is present

Pegmatite veins:Linear structureswith aninfill composed of quartz, feldspar and mica. It has a similar
silicic composition a granitelt is approximatelyl.15- 1.1 Gaold feldspathic veins formed from rest fluids

of theBushveld ComplexProminent weakness contact, cut across thagtphic layers

Pongola rift faults: Basement structures that formed durihg assemblagaf the Kaapvaal €aton and hs.
been affected by reactivatioithe structures are believed to be the source along whiclBukkveld

Complexintruded.

Ramp structure: The layerparallel segmentsonnected by a step or ramspucture wherdault, joint or
shear(alteration)zones cut obliquely across the competent stratigraphic layering Bugteveld Complex
Also referred to as a flexural slip thrust fadlliat ramp anddr a nonplanar curved structure. Tistructures
ramp from one weakness contact tmther, crosgutting the stragraphic layerscreating smallor large

scale lowangle structuresvhich may form a weakness boundary, contributing to instabilities.
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Regional structures: Structures cutting across the stratigraphic layers occurringméharge regiosuch
as the Bushveld Complean also be identified from aeromagnetic imagé& Marikana structureslso

fall within this classification.

Secondary structures:Davis and Reynolds (1996) explained that these structures form in igroedss r
after lithification. These are jointshear fractures, faults, folds, cleavage, foliation, lineatiod shear

Zones.

Seismotectonics:The study of the relationship between the earthquakes, active tectonics and individual
faults of a region.

Shear zones: Davis and Reynolds (199@)escribe a shear zone asstaained, sheet like and planar or
curviplanar zone in comparison to the adjacent rocks. These zones form a resmsiskingof individual

shear zones that can be subparallel sets, deflectdswae another and link up in an anastomosing pattern.

It can also crossut or displace one another. The shearing cause fractures to form that allow for fluids to
pass through. Thehangingwall groxenite, which has been exposed to hydrothermal fluid flow,
serpentinization, and laygrar al | el shearing, is defined ds ktelbe ¢
|l ayer, fault gouge, O6mud | ayer 6. Essenytodeschibe t he
this weak layedontact.

The ateration zone is alterepyroxeniteunits in the hangingwallalong the top reef contacwithin the
UG2 Reefor within thefootwall of the reefor along the contacts of themmp structures
It creates a weak contaetlong eitherthe footwall 5/footwall 6 shear, footwall of the UGZ2Reef,
UG2A markersand along théangingwalllA/hangingwall 2contact It can be a:

1 Saurce of pillar instability

1 Hangingwall fallouts

9 Largescale hangingwall instability.
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CHAPTER 1

MOTIVATION FOR THIS STUDY
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1. INTRODUCTION

Mining operationsexpose majorgeologic structures(faults and dykes) as well asceadary geologic
structures(joints and shear zone#fhat are associated witlne deteriorationof ground conditions. The
structures in the layered Critical Zone of fBashveld Complexwhich have significantly contributed to

layout instability onvarious mining operations have been investigateid this study These structures
include layetparallel faultsand shearsas well as ramp faults with curved slip planes and prominent
striations.Also, major WNW-ESE striking faults and joist havebeen exposed dhe sitesof instability
investigatedn the Marikana lease area. These structaesvell aghe shear zones (alterati@ones) along

the pyroxeniteunits in the vicinity of the UG2 Rege€ontribute tomajor instabiliy and hazardous ground
conditionsin the mining environmenDifferent terms have beersed to describe this weak laymmtact
throughout the industrgind these ardault gouge, layeparallelstructures s h e ar -lzioknee6, |dbacyl eary
6mud | ayer 6. I n t hd as ansalteratiby zon€hetbehawioupf thiskakeratioe Zomer r e d
and its contribution to rock mass instabilitgsnot been properly investigatédthe pastThisis mainly due

to alack of knowledgeof the historical cases afsimilar type ofinstability which have occurrethroughout

the Bushveld Complexln many minesthe affected areas weetypically barricaded and new panels
establishedegardless of the fact thtte contributing mechanisia notunderstood and mitigated using an
appropriate layout rodesign The objective of the research vgato create awarenes$ and toprovide
guidelinego treattherisk related with thalteration zoneandtheresulting rock mass conditions

The impact ofthe Ganomaloué g e cstruotds providea challenggor mining with regards tchazard
identification and thessociated risk classificatioh.A o ma | o u s 6 reg®mialkamescale strudtutes
layerparallel shearsampstructures and atation zonesThe effect these structures has on the rocksma
stability may influence thechoice ofappropriatemining method, layout, orientatiosupport strategies,
mining rateand availableore reservethat was planned to be mined (lefegm plaaning and shofterm

planning).

This study was motivated by aimber of largescale instabilities that occurred in the Bushveld Complex
(Figure 1.1). This includesbut is not limited to, LonmirMarikana Operationsimpala, Aquariusand
EverestMine. Similar largescale instabilities havalso been reportedn the mires ofthe Great Dyke
(Zimplats) These instabilities have resultedfatalities production lossesignificant ore reserverite-offs
and evenmine closure.The case studies aridvestigations revealed that various similaritiesly be

expected to existiang the entirlBushveld Complexas well as other sitedong theGreat Dyke.
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Figure 1.1:Areas where largscale instabilities occurred in mines in the Bushveld Compieatso occurs

in the Great Dyke in Zimbabwe

The impatofthese nst abi |l ities ¢

an be OgetationgFiguretl.2)wheretheo n mi n

majority of the site investigatiorfer this study was conductedxperienced lot of large instabilitieover

the past 1yearsMor e OO0 Fer rss|(2017)

desaibe®the ldPgeate snstabities that were first

observedat the structurally complex Eastern Platinum Limited r&d &3 Shaftsin 2003 Ongoing

investigationsat Hossy and Saffy Shaftglentified anomalous pillar behaviour due the presace of

alterationzonesalong the top contact of the pillatarge-scaleunravellingalongbelt dive protection pillars

andit alsoimpaced on the stability ofthe stoping panelsinstabilitieswere alsadentified at 4 Belt Shaft

whenmining intersead structurally complex areas in 206@d 2017 Largefalls of groundandresulting

ore reservevrite-offs at Newman Shaff2013) occurreddue toalteraton zonesexposedalong or within he

immediate hangingwallyers Falls of grounddue tohangingwallalterationand anomalous pillar behaviour

was recorded at Rowland Shaft 2014 and 2018 During 2017,footwall heavewas experiencect

K3 Shaft caused byalterationzones present along tiieotwall units. This resulted inrsupportfailure and

largescalehangingwallinstability. Recently, hangingwallinstability at Saffy Shaft (2016 2018) caused

unexplained support failure ahdngingwallunravelling.
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Owingto thea u t himtimaiesknowledge of the instabilities at Lonmin (Figure 1t area wasised as
the primaryinvestigationsite for this researclon theUpper Group 2G2) chromitite Reef horizonThere
was aneed to investigate the occurrenagsthe instabilitiesand resultingimpact on mining layouts

(i.e. span orientationand pillar beh@iour) and support

Instabilitiesrelated to geologic structurésve also occurreith other areasAn article by Karombo (2004

explained that aakrgescale instability a t Z i mpnrha Misedin 2814 resulted in the loss of
approximately 45 000 ounces platinum group metalsPGMs) for that year The mine collapsewas

driggered by the acceleratedelet i or at i on o f asgaociated witshearzpmesd which impacied

on the stability of the pillarsThe mine vas subsequently closed with morertheyear of redevelopment
required tore-establish accesseyondthe affected areaSimilarly, Everest Minglocated on the Eastern

Limb of the Bushveld Complexexperienced largscale pillarcollapseresulting in mine closure. A new

portal had to be dewvgbed togive access to there reserves for future miningurthermorewo of | mp al e
Rustenburg Bafts and oneof the Kroondal Aquarius Shaftsxperienced structurally relateccollapses

resultingin multiple fatalities (3 events; 17 people).

During explorationandunderground drillinggeologicstructures should bidentified andaccurately logged
and captured to createground control distriabr risk plan for each shaftnlmanycases, these structures,
specifically the alteation zones along th@yroxenite layers have not been identified by Geologists and
Rock Engineers. This imostlydue to a lack of knowledge and experientieration zons are commonly
captur ed a sTheafail@ecto preactivélyidemstify these structures has majonsequences as it
may not be considered as paftthe mining and suppodtrategiesAs a resultthe short and longterm

planningprocessesf the shafts will be impacted psssible ore reserve writsfs could beunavoidable.

In summary,the preacive identification ofgeologic structures the rock mass behaviour and potential
failure mechanisms is of utmost importance to implement thst suitablemining method mining layout
and support strategieghis will improve theoverall safety and produoh at shafts where adverse

geotechnical conditions prevalil

Thefollowing two subsectionsdescribe the geologyamdi ni ng | ayout s aQperdian$ mi n 06 ¢
An overview is provided as most of the findings in the study have been conduthedLanmin sites. It

providesa general background which can d@mparedvith other sites.

1.1. Geology
The Merensky Ref as well as the UGReef is extracted at the Marika@gperationgFigure 1.2). Both reef
horizons occur stratigraphically in the Upper Criticahg of the Rustenburg Layered Suite (Kru@e05),
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striking in an EW direction with an gerage dip of 1@ t o orth. Bath ore bodies are consistent over
several kilometresThe planar continuity of the orebody howevir disrupted bygeologic structures
including faults, dykes, potholes, rolling reef, secondgeglogic structures (jointing, laygparalel and
ramp structure¥ and ironrich ultramafic pegmatites (IRUPsT.he UG2 Reef extractechas an average
thickness ofapproximatelyl m. This studyonly focused on rock mass conditions associated thith
UG2 Reef horizon.

The Lonmin Marikana Operations, extracting the UG2 Reef and Merensky Reef Horizons

0005
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00055
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00039
0000,

& i
- -2830000 g -2830000

+ ;

[~ -2835000 -2835000 +

|--2840000 2840000 4

- 2845000 — Faults 2645000 -
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== Operating Shafts

: 3 g g : :
1-Spruitfontein Fault 4-Saffy West Fault 7-Harties West Fault
2-Marikana Fault S-Saffy East Fault 8- Roodekopjes Fault
3-Elandsdrift Fault Zone 6-Turffontein Faults

Figure 1.21 ease areaf the Lonmin Marikan®perations

Figure 1.2 showthe mined out areas, current operating shafts and geaillogicstructuresvhich create the

natural boundaries between the operating shéfts.grey areas are mined out. Therent operating shafts

are indicated. Magenta coloured lines represent the major fault structures and the green lines illustrate the
major dykes across the property. Major trends are in a N®SKE and NNESSW directionThe Elandsdrift

Fault Zoneas a majorfault that forms the natural boundary between Rowland Shaft to the west and Newman
and Hossy Shafts to the east. The ngeplogicstructures as well abe associated secondary structures

maylead toproblematic groundonditions that provida challengdor extracting thereef layers.
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1.1.1. Mining layoutsand support design

The majority of shafts at Lonminseconventionalmining methodsAccess to the reef horizon is through
incline shaftsor vertical shafts (maximum depth of 1 100 #)non-yield pillar system is used at Lonmin to
support the overburden to surface. Iqédlar spans are limitetb 30 m for the UG2 Reef and 81 for the
Merensky Reef. Site specific variations exist where the prevailing structures impact on the beam behaviour.
Here the spanare adjusted to 2b 27 m. Rock bolts are used in developmends. Irstope rock bolting,
elongates andf grout packsupport isused asupport elements in the mining panels. At increased depth,
crush pillar systems with yieldable support elements @nsidered.

Strike haulages, located approximately 20 m in the footwall of the respective reef sprizgide access to

the stopes by means of short travelling waybe declines are developadfootwall 5 orfootwall 6 which

may expose thiootwall 5footwall 6 shear(Figures 1.3 and 1.4) or other shear zones located in the footwall
(Figurel.5).

The mining layouts practised at Lonmin consist of the following:
A Split updip and dowrdip.
A Long panel ugip and downdip.

A Breast mining layout.

Figure 1.3 shows thgeologicsuccession of the UG2 Reef at Lonmaimd isconsidered in the general layout
and suppordesign to accommodate the mining mettardl ore transport systenibhe immediate sfme
footwall consists of either ggmatoidal pyroxenite or nottled anorthosite The footwall pegmatoidal
pyroxenite can be altereqFigure 1.6 which may have areffect on thefootwall of the stopes (footwall
heave) and the pillar behaviodrhe hangingwallbeam that should be considered in $pan andsuppot
desigq includes thehangingwall 1B UG2A markersand hangingwall 1A Alteration zons havebeen
identified along the topontact of thdJG2 Reef(Figure 1. as wellas in the vicinity of th&JG2A markers
andhangingwall 1Ahangingwall 2contactwhich may affect thehangingwallstability. The stope spas are
designed to be stable anithternal stope support unitprovide additional hangingwall stability
(hangingwalllB and UG2A marker} to prevent localnstability (Figure 1.7) where anomalougeologic
corditions existMo r e OO0 F e r Rleasis| 201&)in he cBse thahe hangingwalllB beam is stable,

then theoverlyinghangingwalllA beamshouldremain stable.
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Figure 1.3:Geologicsuccession of the UG2 Redirom casestudies it is confirmed thaiotential parting
planesexist at theUG2A markersand hangingwall LA/hangingwall2 contactat the Lonmin Marikana
Operations These potential parting planeshould be considered in the mine and support design
(Lonmin, 2011).
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Figure 1.4: Footwall & shear exposed ian off-reef development excavatioa ¢lecline) atan Eastern
Platinum LimitedShatft.

30



Footwall shear

Figure 1.5: Footwall shear exposed in-@éf developmenta( decling at a shaft in th8ushveld Complex
where the stratigraphic layers are steeply dipping.
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Hangingwall
alteration

Figure 17: Separationin the hangingwall causddstabilities.Crushed gput packsand buckling oftimber
elongatesan be observedhe stoping width (1.2 m) was reduced to 30 cm.
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1.2. Problem statement and scope dhe study
The key objective of this study is to @htify and understand the influenoé prominentregional and
secondarygeologic structures including alteration zong, on the mechanissnaffecting UGzangingwall

stability and instope pillar behaviour

From theliterature survey described in the neottapter, it appears thaegional largescale geologic
structuresrampstructuregFigure1.8) and layesparallel shears (alteration zones)aotombination of these
structures ighe main contributors towards significant underground instabilifibe study focusedon the
pro-active identificationof these structure®n the UG2 Reefind investigated how it contributed to the
observed instabilitiesFigures1.8 to 1.12are examples of these instabiliti@hie identification of these
structures andan improved understanding of thessociated behaviouwill assist in implementing

appropriate mining and design strated@prevent future instabilities.

The need for this study was clearly highlighted by Malan and Napier (2011) when they wrote thie Ppaper
design of stable pillars in the Bushveld Complex mines: a problem sélVed?paper describes the large
scale pillar collapses that occurred in the Bushyetinplex and emphasised that #hes currently no
accepted design methodology for pillars wheeration zones are encounteredistdtudy is an important

first step in developing such a methodology.
This studywas divided into two components nhamely:
1 The impact ofregionallargescale and secondageologicstructures, including interlinkingamp
structures.

9 Alteration zones along th@yroxenitelayers of the UG2 Reef.

Thesetwo specificareas will be addressed in the literatweeiew andn subsequenti@pters
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Interlinking ramp.
structure

Figure 1.8 Unstablehangingwallconditions alonga ramp structure The only support on the edgé the
brow wasin-stope rock bolt support.he structure ramped up to the positiorttf UG2A markerglocated
at 37 4 m in thehangingwal). A large fall of ground occurred in the panel faeghere another ramp

structurewas intersectedrhis resulted in the panel being abandoned
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Figure 1.9: Panelinstability shown in the red ellipsélhe entire panel was affectatbnga regionallarge
scale WNW-ESE trendingfault structure. Separtion occurred at approximately 12 15 m in the
hangingwall(along thehangingwalllA/hangingwall2 contact) The panel had to be-established.
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Figure 110: Largescaleinstability showing theloading and failureof the sgport units The support units
were loaded as a result of separation alonghtiregingwall1A/hangingwall2 contact(12 i 15m in the
hangingwal). The peaksupport capacityor elongates ar@7 tandfor the 1.2 mdiametergrout packsare

approximatelys00 t. The panel was abandoned and had to testablished.
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Figure 111: Alteration zonealonghangingwall groxenite,causingunravelling betweernstalledsupport

units. This development end was abandoned and had to-égatglished.
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Figure 112: Catastrophic failure whermgeologicstructures and hangingwall lerationzonewereexposed,
causingfalls of ground This ledge was abandoned and a new panel had to be established.
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Thescope of thetady included the following items:

1 To obtain a better understandinfthese prominengeologicstructuresat Lonmin as well as the
occurrence of similastructuresat other operating shafts. The intesto create awareness across the
Bushveld Complexand in future expand the studgwards other areas.

1 Examinethe nature and origin of tregructuresn order to gain an improved understandifighair
distribution, morphology and geometry, specificatijtie vicinity of the UG2 Reef.

1 An improvedunderstading ofthe spatial distribution of th&tructures in three dimensions and how
they impinge on the mining excavations and hence the determination of the preferential mining
direction aml mining spansThe improved understanding, mapping and detectionrottstresmay
reduce paneinstabilities due to improved mine layoumining direction as well assupport
strategies

1 Theidentification ofpotential further researdhpics to investigatanomalous pillabehaviouy span
behaviourand sipportin areas wher the geologic structureshave a detrimentalimpact onthe

stability of mining excavations.

1.3. Methodology

The geologicstructureshave specific structural behaviour and potential failure mechardseassociated
with these. It is difficultto proactivdy identify thesestructures A comprehensive literature study was
conducted forsites where structuralselated largescaleinstabilities,alteration zoness well as abnormal

pillar behaviour have been reported.

Undergroundsite investigationsvere caductedoy the authoin areas whereegionallargescale structures,
ramp structuresandbr alteration zonesvere exposedThe objective was to tkymine the formation and
potential failure mechanisms. Sites whatteration zong havebeen exposed alonfpe pyroxenite units

wereinvestigated At some sitega combination of thesstructuresare present. fe impacibf these structures

on excavation stabilitand pillar behaviouwasexplored

Theobjective of theoutcomes from the literature review andlarground investigationsas tohighlight the
main contributing factors to the largeale instabilities, adversmngingwallconditions and abnormal pillar
behaviour. The structural conditions, associated behaviour and failure mechah@tbe consideed

when implementinghe most suitable support strategiesning layout and mining direction.

The improved knowledge gained from these studies was used to suggest improved support strategies and

layout modifications to ensure panel stability in arehene these geologic structures are present.
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2. LITERATURE SURVEY

This dhapter discusses the histaymajor instabilities recordeith stopes othe UG2 Reein the Bushveld
Complexand theGreat Dyke. The foration of the layered intrusions ageologicstructuresassociated
behaviour and potential failure mechanisms were determinedHistoric literature This knowledgewill
contribute towards an improved understanding of tfechanisms of failure and wilissist to develop
strategies to preverthe large-scalecollapsesThe flow diagram below summarises the topics that will be
discussed in thishapter This was included to assist the reader with the link between the large number of

topics included in thishapter.

2.1.1 The Bushveld
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2.1. Formation of Layered Igneous Intrusions

Schouwstraet al (2000) stated that the four major layered igneous intrusions that are currently dominating
the plainum and palladium supply marketclude theBushveld @mplex of South Africa,the Stillwater
Complex inthe United States of Americghe Great Dyke in Zimbabwe artie Nor i | 6 sk/ Tal
Complexes in Russia. These layered intrusions formed as molten nadgatecooled slowly deep within

the earth s cThams tn e compo8itoons weraltered with the slow drop in temperaturethe magma

caused bythe cooling process As the cycle of magmiatrusionrepeated, several thousand meters of solid
rock have formed. The resultdayeringcontrolledthe distributio of the ore deposits.

Two areas where major instabilities have been recomtdelythe Bushveld Complexand the Great Dyke,
will be discussed in more detdih this study The purpose of the literature review is describethe
formation of thegeolodc structures exposed in the underground mining environment aneb¢kemass

behaviourcaused by these structures

2.1.1. The Bushveld Complex

The 2.06 G4Billion years)old Bushveld CompleXFigure 2.3 i s t h e \aperet idtiuson.lltesr g e st
up to9 km thick and more than 350 km in diameter (Roberts and GMladtert, 2010)Many of theother

layered intrusions areften comparedo it in literature owingo its unique charaateAt current levels of

erosion a Westers) Eastern and Northern Limb of the Bushveld Complekas been exposed. According to

(Perritt and Roberts, 200%he Bushveld Compleintruded at the boundary between the overlying Rooiberg
Group and the underlying Transv&lpergoupand basement rocks of the Kaapvaal Craton

Figure 2.2 show hat the largescale layers formthe basis for a simple subdivisigMarginal, Lower,
Critical-, Main- and Upper Zone)The layers are laterally continuous to a large extent, but are disrupted by
major fault and dyke structures as well as dowawaagmatic erosional discontinuities knoas potholes
(Roberts and ClarMostert, 2010). The Critical Zone is characterised by the pcesehwelldeveloped
layers of chromitite seams and repeated cyclic gnidonsisting ofpyroxenite grading upwardshtough
melanorite and duconorite intoanorthosits (Ealeset al, 1993; Schurmanmt al, 1998). The largest
concentration of Platinum Group Elemen®GEs) is hosted in the Upper Critical Zone of tBashveld

Complex, including the Upper Group Number @G2) chromititeReef, Merensky Reef and Platreef.

Faults, dykes and planar jointing occur throughi@Bushveld Complexbuttheir frequency of occurrence
varies.Roberts and Clarkostert(2010)alsoindicatethe presence of othstructuresdescribedas flexural
slip thrustfaults containing fault gouge materidlt represers two major risks to underground mining

activities, namely falls of ground and potential unpredictable pillar behaviolRoberts and Clark

42



Mostert(2010)stated that the gouge taaal foundin theaffectedpillars was compressed and titataused

the pillars to fail in tension

Bushveld
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Figure 2.1 Regions of the Bushveld Complex and its location in SAfttica (Roberts and
Mostert,2010).
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Figure 2.3is a threedimensional illustration of the emplacement of tBashveld Complexbetween
approximately2.067 2.054 Ga (Friese, 2003)lagma ascendealong thepre-existinggeologicstructures
including the Pongola rift faults (basement structures) as well as the Thabbhimabinson Lineament
feeding dykes and sills at matustal depths. At approximately 4 kmin the crust, a critical level vga
reached wher¢he magmatic pressumequalledthe lithostatic pressure that allogivéhe intrusion of the
mas si e Bastdield Complex
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2.1.2. The Great Dyke

The Great Dykén Zimbabwe(Figure 2.4 is described byilson (1992) as linear shapelthyeredintrusion

that is2.59Ga old. The layered intrusion strike®NH for a distance of 55Bm and varies in thickness from

4 km to approximatg 11 km. The Great Dyke consists of a slightly curved, locally faulted line of five
layered ultramafic to mafic complexes. Thgrusion cutsthroughthe Archaean granites and greenstone

belts of the Zimbabwe craton.

Great Dyke
Y“ g - Musengezi Subchamber
Darwendale Subchamber
Hartley
NORTH CHAMBER
0  300km
Ngezi
[ COVER ROCKS
I MOBILE BELTS
I THE GREAT DYKE Sebakwe Subchamber
I GREENSTONE BELTS
[ GRANITE BASEMENT
Unki
Selukwe Subchamber
Wedza-Mimosa SOUTH CHAMBER
N 3
A Wedza Subchamber
Il Mafic Sequence

0 50 km Il Ultramafic Sequence

Figure2.4: Locationof the Great Dyke in Zimbabwe (Roberts and Glslidstert, 2010).

In section, his intrusion is trumpeshaped where the layers dip at shallow angles towards the centre
(Figure2.5). The Main Sulphide Zone contains bd¥®Ms and nickel. NNEstriking, snistral Popoteke
faults and WNWtrending Mtshingwe faults haveeen exposed stgarallel to the Grat Dyke. Planar
jointing isabundanthroughout this intrusion. &mps or flexural slip thrust faults with slickensides have also

been exposed imnderground mine workings (Roberts and Clsitstert, 2010).
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Figure 2.5 Crosssection of the Great Dyke (Roberts and Clisttistert, 2010).

2.2. Formation of geologic structures in the Bushveld Complex contributing to mining
instabilities on the UG2 Reef
This sectiongivesan overview of the formation afeologicstructureshat contributeto problematic rock
mass conditions during the extraction of the UG2 REeéf. following subsectionsaredealt with, discussing
the formation ad occurrence of:
1 Regionallargescale structuredncluding NNWSSE and WNWESE strikingstructuresand ramp
structures.
9 Alteration zones alongyroxenitelayersand specifically their impact on pillar behaviour.
Case studies ithe Bushveld ComplexandGreat Dykeindicate that thesstructuresare common throughout
the various mining areadt is important to understand the formation of thesmicturesto develop an

understanding of potential failure mechanisms encountered in the underground miniogreestr

2.2.1. Structures associated with theBushveld Complex

The literature surveynvolved the study of the assemblage of the Kaapvaal Crdiba structuresin this
areacan beexplained by théongola rift faults jasement structurgthat formed during thassemblage of
the Kaapvaal Craton and weaaksoreactivated during the intrusion of tBaishveld ComplexThe Kaapvaal
Craton of South AfricaRigure 2.9 is one of the oldest continental fragments thamnégd and stabilized
between 3.and 2.7 Ga yeargga (De Wit etal., 1992). The formation of this type of craton can be related
to the process of modeday plate tectonics through the addition of new material by subduetiated
processes and the accretion of-présting terranes (De Wigt al, 19). The ThabazimbMurchinson
Lineament and the MagaliesbuBgrberton Lineament are two distinct lineamestsking in aWSW-ENE

direction (Figures 2.3 and 2.6)It is important to note that the NNABSW trending Colesberg Lineament
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(Figure 2.6)formed & a result of the eastwards accretion of the Kimberley Block onto the Kaapvaal Craton
at 2.88 Ga years ago (Eglington and Armstrong, 2004¢. structures contained between THabazimbi
Murchinson Lineament and MagaliesbiBgberton Lineamergredominary trend in an NS to NNWSSE

direction, whch coincide with thestructuregfaults, dykesand jointing) occurring in the Westernnhb of
theBushveld ComplexBumbyetal., 2011).

Botswana Zimbabwe
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/7

2.06 Gyr BC

/ 27°E
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Figure 2.6 Location of the Kaapvaal Cratamssociated structures and the position oBihghveld Complex
with reference to South Africa (Olssenal.,2011).
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Formation of the feeder zoneand subsequent structures associated with Bweshveld Complex

The tectonic evolution of theéBushveld Compbe from 2.6 Ga to posBushveld is described by
Andersen200]). The KaapvaalLimpopo-Zimbabwe Bock stabilized when the Kaapvaand dmbabwe
Cratons collided 2.6a aga Extension dminated the early Proterozoic (approximat@l$ Ga) forming
intracratont pull-apart sedimentary basins, including the Transvaal Superbesiip (Eriksoret al.,1996).
Transcratonic linear structures originated at this timeJuding theThabazimbiMurchinson Lineament and
MagaliesbureBaberton Lineament{Andersen, 2001)The Bushveld Complexwas emplaced between
2.06and 2.05 Ga.

Two distinct trends of weaknesseoccur in the Kaapvaal CratoEENE-WSW coinciding with the
ThabazimbiMurchinson Lineament and MagaliesbtBgberton Lineamentas well as NNW-SSE
coinciding withthe Rustenburg and BriGrabenFaults.According toBumbyetal. (1998) little movement
occured along the faudtafter theBushveld Complexntruded and the recrystallization associated with this
event might have rheologically strengthened the neiglihgustrata, preventing it from being refaulted.
Bumby et al. (1998)proposed that the Pretoria Group sediments that occur in the vicinity of the Rustenburg
Fault were deposited over an area with agtisting basemenweakness that trends in a &3flientation

and was already susceptible to teation (Figure 2.7. It appearghat the reactivation of the Rustenburg
Fault occurred along a pexisting plane of weakness that might have formed during the accretion of the
Kaapvaal Cratonlt strikesin a NNW-SSE direction.
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Figure2.7: A possible model for the evolution of deformation recorded along the Rustenburg Fault Zone
(afterBumbyet al,, 1998).

Table 2.1 summarizes the sequencegeilogicevents that led to thecourrence of thgeologicstructures

prevalenin theBushveld Complex and those founduimderground mine workings
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Table 2.1: The ssquence ofgeologiceventsthat contributedto the formation of geologicstructures, the

stressfield and rock massbehaviour in the Bushveld Complex

GeologicEvent Timeframe References
Kaapvaal Craton formed and stabilized. 3.77 2.7 Ga De Witet al., 1992
Magmatic accretion of blocks formed therCa t ¢ 3.5471 3.225 Ga Eglington and
nucleus. Armstrong, 2004
Blocks formed and combined to form a larg Post 3.225 Ga Lowe and Byerly,
continental block. 2007

Formation of craton relates to the process of mod Bumbyet al.,2011

day plate tectonics: addition of material by subduc

related processes and accretion ofgxisting teranes.

Terrain accretion along two distinct ENESW | 3.23 and 2.9 Ga Poujol et al., 2003;
trending suture zones: MagadburgBarberton Anhaesser, 200€
Lineamentand Thabaimbi-Murchinson Lineament Robbet al.,2006
Formation of NNWtrending faults. 3.0 Ga Friese, 2017
Colesberg Lineament trends NNBSE accommodate 2.88 Ga Eglington and
the accretion of the Kimberley Block. Armstrong, 2004
Formation of NE trending faults. 2.7 Ga Friese, 2017
Kaapvaal and Zimbabwe Cratons collidend createq 2.6 Ga Andersen, 2001

a stable block, known as the Kaapvhathpopo

Zimbabwe block.

Early Proterozoic pulapart sedimentary basii 2.5 Ga Eriksonet al.,1996
formed, creating trangratonic linear Magaliesburg
Barberton Lineament and ThabazirMburchinson

Lineament.

Extension (rifting): Pongola rift system activated | 2.1 Ga Friese, 2017
50 Million (Ma) years. Theefore continued for 10 M
during the cooling of th8ushveld ComplexFaults act
as feeder systems.

NNW-SSE compression. Mement on Rustenbun PreBushveld 2.05 Ga| Andersen, 2001

Trend and development of Brits Graben.

E-W trending diabase dykes, coincide with axis| PreBushveld Uken and Watkeys

Bushveld Complex(E-W compression). 1997

Intrusion of theBushveld ComplexReactivation off 2.06 and 2.05 Ga Bumbyet al.,2011
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planes of weakness that were formed during

assemblage of Kaapvaal Craton

Bushveld intrusion: -2.06 t0 2.058 Ga Friese, 2017
-Mafic phase -2.058 to 2.056 Ga

-Felsic phase - 2.056 t0 2.048 Ga

-Hydrothermal phase IRUP and Dunite

-Cooling phase dykes

Out of the Bushveld thrusting. Referred to | SynBushveld Friese, 2017
deformation event i this document.

The segmented appearance of Marikagerationd| PostBushveld Mine Information
major faults includes the l&hdsdrift Fault Zone System 2014
trendingNW-SE to NNWSSE direction.

Subsidence of the magma chambers towards feg Post 2.05 Ga Andersen, 2001
Post consolidation.

E-W listric faulting. NS compression. Shallow ang

footwall shears.

NNW-SSE compression.-@rected thrusting forming

E-W trending, normal and counter dipping joints.

E-W compression.E-W dykes and steeply dippin

E-W normal faults and joints.

Strong dextral reactivation of the Rustenburg Tren

Formation of Spruitfontein Upfold.

Intrusion of Alkaline Complexes(calcite veins)| Approximately Andersen, 2001
Pilansberg and Pilansberg dykes trending NNW. 1.25Ga

Major principal stressN-S orientation

E-W Compression. Sinistral reactivation of Rustenb Post 1.25 Ga Andersen, 2001
Fault and Bits Graben.

Second generation of dyke swarms cuts through | <1.190 Ga Andersen, 2001

the Goudini and Pilansberg Alkaline Complexes.

Intrusion of mafic dykesAt the time of the dykg
intrusions, normal dislip and sinis@l strikeslip
movement on prexisting faults (reactivation)
Feldspathic veins: rest fluids of tBeishveld Complex

Calcite veining.

approximately
1.151.1 Ga

Friese, 2017

NE-SW compression. Formation of NEN and

NW-SE faults with displacenm¢ of all otherstructures

Post 1.0 Ga

Andersen, 2001
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Karoo aged dyke trending NW. 0.280.19 Ga Lyons and Du
Plooy, 2000
Subsidence oBushveld Complexalong ENEWSW | 2 Ma Andersen, 2001
axis. Reactivatiomf E-W structures.

Lonmi noés QOdaatiagskwas wsed forthe majority of the site investigatiorfer this study as
significantexcavatiorinstabilities have beereported in these minewer the past 15 years.

Impact of geologicstructuresin the Lonminmines

The mainstructuresthat have an imga on the Lonmin mining operations(Figure 1.2 include the
Spruitfontein, Marikana, Elandsdrift Fault Zones and dykes which coincide withgeelogicstructures
contained between th&habazimbiMurchinson Lineament and MagaliesbtBgberton LineamentThe
Elandsdrift Fault Zonés a NNW-SSE trending fault which compartmentalizes the Marikaparationsnto

an eastern and western geotechnical donfkigure 2.8) The fault zone has an estimated vertical

displacement of 100 120m (downthrow) to the est in the shallower part of trperations

The eastern part of the mine lease area is intersected by a series of faults that includes the Saffy East, Saffy
West, and Turffontein Faults with reef displacements ofi 120 m. The Harties West Fault has a
displacement of up to 8. The Roodekopjes Fault, with a displacementnofe than500 m, forms the

practical mining boundargn the eastern side of the Marikana Operations

Dykes appear as linegeologicanomalies as defined by aeromagnetic surveygu(eil.2). According to
Lyons and Du Plooy (2000), three ages of dykes have intruded the Marikana Lease Area:

1 E-W trending diabase dyke that formed-geshveld (Uken and Watkeys, 1997

1 NNW-SSE trending Pilansbeaged dykes (Andersen, 2001

1 NW-SE strikng Karoecaged dyke (Lyons and du Plooy, 2000).

The dyke present along the southern boundary of the lease area (Figuie th&)vicinity of Eastern
Platinum Limited2 and Eastern Platinum Limite@ Shaftsis the oldest and is displaced by NNW trending
Pilansberg age dykes. The NNWending dykes coincide withthe strike direction of there-existing
basement structures that were reactivated by fieision of theBushveld Complexand Alkaline
Complexes Table2.1). A northwesterly striking Karoo age &g cuts across the entire Mine Lease Area
(Eastern Platinum Limited, Hossy and to theonth of Rowland Shaftas indicated in Figurg.2. Table 2.1
summarizes the sequence geologic events thatled to theformation andoccurrence of thegeologic

strucures prevalent on the shafts
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Figure 2.8shows the Lonmin MarikanaDperationswith all the current operating shafts. TRandsdrift

Fault Zoneforms the division between the western and eastern side of the propestygeotechnical
environment with potatial support strategies on the western and eastern side of the Elandsdrift Fault Zone
at various depths is shown the lower halfof this figure. It should be considered during the mine and
support designThe eastern side of the property is structuratignplex with an increase in the thickness of

the UG2hangingwallbeambetween the UG2 Reef arite top of theUG2A markergFigure2.8) from the

west (<1 m) to the east (15 m) of the property. The UG2 Reef strikes fromV\Ewith an average dip of

10eto the rorth across the Marikanag@rations
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Figure 2.8 The Lonmin MarikanaOperationsvhere the Elandsdrift Fault Zone divides it in a western and

eastern geotechnical domain

Figure 1.3 shows the stratigraphy of théangingvall and footwall units of the UG2 Reef and potential
parting planesThe UG2A markersare thinchromitite layers which act as natural parting planes in the

hangingwall A thin chromitite layer can also be present alomg hangingwalllA/hangingwall2 cortact,
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which also actsas apotential parting plane. lteration zons (weak contactstan be present along the
pyroxenitelayers of the UG2 Redebrekristos and Cheshire, 2012)

Figure 2.9was compiled by Preston (2004) to describe geologic structures exposedat Lon mi n & s
Newman ShaftUnfortunatelyat the timethe shafts were managed in isolation and the loss of key staff
resulted in the loss of knowledge of the area. Similar ground conditions have been exposed at adjacent
shafts, but the resultingock massbehaviourwas notanticipated due to a lack of knowledge of the
occurrence and potential failure mechanisms associated withethegicstructuresFigure 2.9provides a

good generalised depiction of teet r u cotiemtatiensThe presence ohte 6 J 3 6 wasidentifiedih u r e
2008 on Hossy Shaft (dowidip from Newman Shaft)However, it was onlydentified when anomalosi

pillar behaviour was observed. This reiterates the importance tacfively identify and treat these

anomalougeologicconditions.
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.

SECTION - STOPE

J1: striking NNW-SSE; dips 90°; high frequency of talc chlorite infill (light
green). Many closely spaced joints associated with the main joint, creating very
blocky hangingwall conditions.

J2: most prominent; striking ENE-WNW (E-W; dip 60 - 80°; frequently
associated with pegmatite infill (white) which is not always visible in the UG2
Reef. If water is present, extra caution must be applied to prevent falls of
ground.

J3: undulating, layer-parallel joints in hangingwall pyroxenite dips less than 45°
in all directions; high frequency of talc chlorite infill (light green); responsible
for smaller falls of ground. Extra caution to be applied when water is present.

J4: striking NE-SW; dip 90°, talc chlorite infill or no infill is present.

JS: includes all other randomly orientated joints; they are not included in the
diagram as no apparent trend has yet been identified.

Figure 2.9 Orientation of geologic structures and associatedground conditions as described by
Preston(2004). Note that thestructureshave similar orientations to the major structures described in the
previous setion.
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2.2.2. RegionalNNW-SSEand WNW-ESE trending structures

The mainstructuresexposél inL onmi nés under gr ound nHigoresl.22d0 &nd n g s

2.11 The NNWSSE strikingstructuresare associated with the Pongola rift faults thate reactivated

during the intrusion of thBushveld Complex

Lyons and Du Plooy (2000) identified subtle WNEBE striking lineaments as showw the blue linesn
Figure 2.10. The lineaments arlearlyvisible (black dotted linespn the aeromagnetic surv@yigure 2.11)
of Eastern Platinurhimited. The structures are ndefined as steeply dipping faults but rather-paktallel
structurefromunderg ound mappi ng dafts Eigua 2.0 shomtheintergretedd8gional
basement lineamer@# blue. Although itappears as discrestructureson the aeromagnetimage,it is
more likely to define a broad zone.Lyons and Du Plooy (2000) explained thhedestructurescause
adversehangingwallconditions and terminate against NN\Ahd NNE tending, neawertical structures
Undergrounda trend of structures hégen identified to coincide with the orientation of thgional large
scalestructuresof the Bushveld ComplexAlthough exacistructurescannot be pifpointed, an associated
behaviour has beedeéntified from historic instabilitieat Eastern Platinum Limite@ Shaft and Saffy Shaft
(Du Plessis, 2009).
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Figure 2.10 Mine plan illustratingthe WNW-ESE trending lineamentlong Eastern Platinum Limited
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Figure 2.11 Aeromagnetic image oEastern Platinum Limitedshowing themajor geologic structures
including theWNW-ESE trending lineamengblack dotted lines)

Neotectonics

Stewart ad Hancock (1994) defined neotectonics as the brandeadnicsdedicatedto the study of
deformations and theffects are detectable in preséaty landformsNeotectonic activity in Southern Africa
has been analysed in terms of known stress fidlds African plate south of the equatisrdivided in two
zones of compressive stress orientatidime one zone of predominant NNHirected trends which
corresponds to the East African Rift system, and a second zone in southern and southwestdwhafgca
the Bushveld Complex is locateddut including the southwest Indian Ocean, characterized by ft8§W
WNW trends (Zobackt al., 1989, Zoback, 1992 andndreoli et al, 1996). Most of South Africais
dominated bya NW- to WNW- trendinghorizontal compressiversss field(Figure 2.12) after Stacey and
Wesseloo (1999). Andreadt al.(1996) described this stress field as\tYiegener Stress Anomaly

Madi and Zhao (20)3discussed thatvedencewas found both offshore and onshore that South Africa is

undergoingneotectonic activity. Neotectonics ateongly related to seismicity and although South Africa is

in an intraplate setting, seismic events are common.
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It should be considered that mining in high stress conditions may also be affecti loyirrent
seismadectonic environment.Neotectonic activity is characterized by reactivation of ancient faults, dykes
and creation of new fracturesdt could also play a role in the exploration of groundwat@vladi and
Zhao,2013.

Major principal
stress (o;)
directions

Figure 2.2: Neotectonicstress fields of Southern Afric&tacey and Wesseloo, 1999).

2.3. Previous studies on largescale instabilitiesassociated with theregional NNW-SSE,
WNW -ESE trending structures and flexural slip thrust faulting

Largescale instabilities andollapses have been recorded at various mimése Bushveld Comple&and

Great Dyke.From previousstudies conductelly various investigatorshe geologicstructuresand failure

mechanisms have beafentified The following section discussé®e variougecodedcase studies

2.3.1. Eastern Platinum Limited 3 Shaft

In 2003, spalling along the top corner of a 15 m wide crown pillar was reported at a depth aft@2) m
below surface at Eastern Platinum Limitgé&haft (Figure 1.2)inspection of the working ptesthat were

mined outrevealedhata largescale collapsead occurredFigure 2.13 with a size ofapproximately 360 m

on strike and 130 m on dip ( Mo noayiel® pillarelayoua wds a n d

implementedand the irstope supportonsised of timber elongatesitendedto ensurehe stability of the
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hangingwall 1BandUG2A markerssituated approximately.5 mabove the UG2op reef contadtlustrated
in Figure 1.3.

Figure 2.13 Falls of groundexterding 360 m on strike and 130 m on dg Eastern Platinum
Limited 3 Shatft

Figure 2.14shows tle onset of fracturingxperiencealose to théhangingwallcontact of tke UG2 Reefln
many instances, pillar slabbing (Figure 2.14b) was observed and inimgtarces total pillar failure had
occurred.It was noticed dring the investigations thahe timber elongates were failing in compression
Prominent joint planes were open aiibping water was observed the surrounding areawherethe falls

of grourd hadoccurred.

Figure 2.14(a) Stress fracturing ahepillar; (b) pillar slabbing
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Boreholedrilled from surface into the collapsed area confirmedtti@source of instability occurred at the
hangingwall 1A/hangingwdl 2 contact whichcauseda 13 m beam to detach (Mot Fer r al |
Du Plessis2017).

Mo r eFerf@ldand Du Plessis (201 believedthat theinstability was caused bythe failure of the entire
hangingwall beam ljangingwall1B, UG2A markersandhangingwal 1A) where the panels stripped along
major, vertical dykesstriking approximately NNWSSE The possibility exist that the contact of the
hangingwalllA andhangingwall2, in close proximity to the dyke onaStern Platinum Limite@ Shaft was
weathered(altered). This redted in a beam thickness of 18 thatwas only supported by thdéimber

elongates

The detachedblocks could not be supported by the timber elongatestape suppoytwhich was
subsequently overloadedhis resuled in the collapsef the beam in the middle of ¢hpanel strike span
(Figure 2.15b)Two types of pillar behaviouwvereidentified This includedstress fracturingdFigure 2.14a)
where no infilling(alteration)occurred at th UG2 Reef anthangingwall B pyroxenitecontact, as weas

pillar slabbing where a thialtered layekas present at thep reef contactFigure 2.14).

As an immediate remedial actiothe mining spans were reduced and cemenstigrout packs were

introducedn the support desigstrategyto preventthe secondary eéfct ofunravelling in the back area
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(a)

Intact beam

) 7 :\

Failed beam

© L ____ ]

Detached beam

Figure 2.15: (a) Intact beam, ngeologic structures (b) Failedbeam, neavertical geologic structures

absence of lovanglestructuresand (c)Detacheeam(modified afterDu Plessis, 2010).

In 2009, 13 largescaleinstabilitieswere recordedver a period of 18onths at Bstern Platinum Limite@

Shaft Ou Plessis2009) The panel spans exceeded 30 m and in some instances the grout pack installations
were delayed and ot thereforenot control thehangingwall deformatianAeromagnetic surveys along
Eastern Platinum Limited ming&igure 2.11) show WNWESE trending lineaments and NNBS&E striking
dykes.The WNW-ESE strikinglineaments were identified undergroundaisgly thick (507 200 mm)joints

with pegmatite infilldipping between 3fand 6@to the suth Figure2.16).
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Figure 2.16: Underground image of a WNY®E striking, regional low-angle structure with pegmatite

infill. Thesestrucureshave been termed tivarikana structurgin this study.

These structures wetrdstorically associated with major instability the stoping panels as it traverses the
entire hangingwall 1pyroxenite package Where theséMarikana structuremtersectthe mining area, the
hangingwallbeam is cut off at one endigure 2.15¢ andis simplified by some authoras apossible
cantilevereffectas shown in Figure 2.1(Du Plessis2009). Thedetached beam reacheesritical span after
which the convergenceustained by the deflecting roockannot be absorbed by the timber elongates
(Figure2.17) Van der Merweand Madder{2002) discussed the calculations to determine the deflectidn,(
by applying equa t)ibpapplyihgequationi2. t he stress (0

4= (312@a
EQ (1)

65



_3@4?
t )

Sy

Where:
U Deflection (mm)
E =Y o u nmgodutus (GPa)

0, = Inducedhorizontal tensiofiMPa)

2= Unitweig h t x g measured in M/m
} = RusityKkgnd)e

g = Gravitational constantn(s’)

t = Beam thickness (m)

Care should nevertheless by exercised when applying simple beam formulas as the rock ig typical
fractured and contains jointsnderground and the salleddeandis not intactDu Plessis (2009)otedthat

the lineamentsauld not be identified as individual structurelwever, theassociated rock mass behaviour

is related withthe formation of largeletachedlocks dipdng at low angles towards theigh.

Edge of the brow

Figure 2.17 Buckling oftimber elomates as identified during a 2009 stu@iie Marikana structurdefines

the edge of therow.
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During the 2009 studyan investigationin the open pit directly upip of Eastern Platinum Limite@ Shaft
revealed that ra alteration zoneexists at the hangingvall 1A/hangingwall2 contact Figure 2.18. This
contact can alsoonsistof a thinchromititelayer andit acts as a natural parting plafidis confrmed the

findingsthat a weak contact exists at thengingwall 2/hangingwall2 contact

Figure 2.18 Open pit, updip of Eastern Platinum Limited 3 Shaft showing the alteration zanthe
hangingwall 1Ahangingwall Zcontact.

More OO6Ferrall anoted thatistoRcally at she BsterPatnanrLimited qoeratbns,a
long down-dip panel(one paneimined per development endayout wasappliedfor areaswhere above
average jointing andrf weathering (alteregyroxenitg conditionswere identified. Thislayout improved
stability and consequently safetyowever, @nel spans were limited to 25 frhe expected beh@ur of the
hangingwalllayerswasincorporated in the design of the panel strike spans. Du Plessis (008)that
backbreaks occurresvhen a dip miningspanof approximately 50 m was reached (twice fhanelstrike
span). Tlese collapsesould only beeducedy controlling the intewpillar span.

Breast mining washe preferred miningrientation to accommodate tivarikana structuresThe mining

direction isfurther determined by the prevailingeolaic structuresthat should be approached from the
stable sideThe identification ofweakparting planeshould beused to anticipate the potential behaviour of
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thehangingwalllayers and to ensure that the appropriate degitgria aremplementedIn dl instances the

instabilities occurred when spans were increaseaoi@ thar27 m.

2.3.2. Saffy Shaft

Saffy Shaft (Figurel.2) experiencedargescale &pproximately900 nf) instabilities on thereef horizon
(Figure2.19 during December 2010 and January 2qVan Zyl, 2011).The UG2 Reebn the shafstrikes
from EW with an average dip of £lto the rorth. Mining takes place at depths a@pproximately
30071 800mbs.A hybrid mining method was applietihis involved conventional stoping whereas af the
on-reef cleaning was conducted with a mechanised fleet of equipment (Liebenberg, 2017).

Figure 2.19 Fall of groundvisible along a gullyat Saffy $aft where the support unifailed when the
hangingwallbeam detachitata height ofapproximately 15 m at theangingwall 1Ahangingwall 2contact
Thisresultedn failed timber elongates antfushedgrout packs.

Figures 2.20and 2.21show the majogeologicstructuresexposed at Saffy Shaft. Structusetrending in
NNW-SSE, NNESSW and WNWESE directions. The WNVESE strikingMarikanastructurescoincide
with the orientation of the lineaments identified astern Platinum Limite@ Shaft. Thepresence of these
structures igndicative of possible instability in undground excavationsSignificant water intersections

along these major structures have been identified. The water intersected during drilling operations is the
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maximum measured at the time of intersection (Knipe, 2016). Common practice is to seal thieddnah

intersect water.

From a study conducted IB3u Plessis (2010Q}he cause of thialls of ground wer@lue to the intersection of
prominentgeologic structurestrending NNWSSE and WNWESE Marikana structuresvith dips greater

than 6@ The infilling consisted ofalcite serpentine, talc, chlorite or pegmatite.
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Figure 2.20: Structural plan of the Saffy Shaft block. The numerous smaller-BS&¥triking structures

are intersectetly the more prominent NNWand NNE stiking structures.
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Van Zyl (2011) used joint modelling softwaéBlocK to generate possibleombinations ofkey blocks
which could result from thgoint combinations in théhangingwall A probabilistic assessment of the
possible falls of grounevas donealso taking into consideration, the excavation, mining direction and the
evaluation of support effectiveness in the particular excavation. The findings from Van Zyl (2011)
concluded that the least risloption for the paitular stoping method was split wo-dip panels(half a

panel ismined onboth sides of thelevelopment endyith the western face leading. Breast panels mining
towards the east were also classified as a low risk opfidditional strategies applied to prevent the
occurrence of associatéarge scale instabilities was to limit the mining spans to 27 m (Du Plessis, 2009)
and to apply a support systeronsistingof stiff, active supportincluding rock bolts,timber elongates and
5000kN cementitious grout packs.

S

Figure 2.21 Polar plot of m@ped joint sets (Van Zyl, 2011) showiMgyNW-ESE and NWSE trending
structures Most of South Africa is dominated by this pervasive, N/ WNW-trending (Figure 2.12),
horizontal compressive stress field for which thernt Wegener Stress Anomalywas proposed
(Andreoliet al.,1996).
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2.3.3. The Bushveld Complex

Roberts and Clarklostert (2010) identified sites in tigushveld Complexvhere flexural slip thrust faults
occur These faults have a reputation to be one of thia oontributorsto falls of ground Two components
make upthe flexural slip thrust faulthe layerparallel portion of the fauknown as the flat andn inclined
nonplanar surfac&nown as the ramp part of the fault (Figure 2.Z)ering and Berlenlgh (1989) found
that fault gougewhich forms a very weak contactan be present along thasenpplanes. Thesstructures
may thereforeposea significantfall of groundrisk. The fault gougeis referred to as an alteration zome
this study

Flats

Figure 2.22: Section view dthe ramp and flas in the vicinity of the ore bodyRoberts and Clark
Mostert,2010)

A large number ofalls of groundfatalitiesin the patinum industry (especially on the UG2 Reef horizon)
have beeraused by the intersection lofwv-anglestructureswith steeply dippingoints, faults orpegmaite
veins. Figure 2.23 show fall of groundin a bord and pillar mineRoberts and Clarkostert (2010)
recommendedhat flexural slip thrust fault€an be comblled byinstalling4 m long, 400 kN cable anchors
in a systematic pattern of 1.5 m x 1.5 Tis provides a support resistance of more than 200 kN7he
bord widthsin this environmentan also be decreasékhe visual identification of theow-angledstructures
neverthelessemainsa challengeSome rineshave implemented the use of ground penetrating (#&RR)
and borehole cameras an attempt toearly identifyflexural slip thrust faultslow-angleramp structures

also referred to adeformationevent lin Table 2.1 Robets and ClarkMostert (2010)found that the
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applicationof grout packs irBushveld Complexplatinum conventional mines proved to be an effective

support system tpreventfalls of groundassociated witthese structures.

It is of utmost importance to understand the tkateeensional spatial occurrence of thieucturesand the
impact it has on the mining excavation to effectively implement the most suitétileg direction, mining

spans, orientation and support strategy.

Steep joint

Figure 2.23: Flexural slip thrust fauljtamp structure)intersecting a steeply dipping joint (Roberts and
Clark-Mostert, 2010).

Potential pillar instability exist if a large portion of the flat part of the flexural slip thrust fawith a
considerable amount of fault gouge present, is exposed approximately parallel to thrdréefm the
boundaries of the pillar contactsiindations(Roberts and Clariostert,2010). There are hireereported
cases of mines in thBushveld Complexwhere theentire mine or large portions of the minesere
abandonediue to the presence of fault gouge in the vicinity of the (fesfgingwallcontact)which resuled

in largescale instabilities

Thisoccurred at:
1 A chrome mine in the Western Bushvelfhult gouge material in the same plane as rigef and

parallel to the reef
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1 A platinum mine in the Eastern Bushvetgbuge mateéal located on top of the reef.
1 A platinum minein the estern portion of the Western Bushve2@ - 30 cm gouge along togpntact
and within the pillars.
Roberts and Clarkostert (2010) believed that the pillar instabilities occurred as a redié fult gouge
being compresseddeforming the material anf@iling the pillars in tensiorfFigure2.24) The pillars were
effecively pulled apart. Consequently, when exteasipillar failure occurred,unravelling of the
hangingwall was initiated and this led to widespread collapfbss failure mechanism is ftiver

investigated in Gapter 4.

Fault gouge material

Reef

Pillar failing in
tension by being
pulled apart

Figure 224: Pillar failure due to the deformation of the fault gouge matesig¢r(Roberts and Clark
Mostert 2010).

As a result othis failure mechanisrexperienced whegougeis present along theontacts thetraditional
method of determining thepillar strength usingempirical formulae nolonger applies.As the pillar
strength(ll,) is unknown, thefactor of safetyfor the pillar systentannot be determinedurther work is

required to determine pillar strength.

As a further complicatiorthe fault gougemay be washed out during exploration drilling and wooldy be
capured as a core loss 80 - 30 cm. This is a major concern as the geotechnical loggindd not identify

this structureandit would only be discoveredwhen it is exposed by the minirgpeations (Roberts and
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Clark-Mostert, 2010)0Mor e OO6Ferr al | and Du Plessis (2017)
may not carry knowledge of thistructureor therisk of pillar failure Consequentlythe pillars may be
incorrectly designed @ad fail over time.The proeactive identification of thesetructuresare thereforeof

importance t@pply an appropriate design criteria

2.3.4. The Great Dyke

Some miningperationsn the Great Dyke have excellent ground ctiods where the bord spans (bart
pillar mining method) is 15 m anainimal supporis installed. Mning is morechallenging where the joint
densityincreasesnd nonplanarcurvedstructures (Figure 25) areexposed This resultdn a decrease of
the bord widths (Roberts and Clavlostert, 2010).

Roberts and Clarkostert (2010noted that the presence of curved structpresented aimilar risk to the
ramps of the léxural slip thrust fault©bserved inthe Bushveld Complessites. Also,slickensideswvere
visible on the planesindicating thrust movemenfThesestructureshave tentatively been identified as
flexural slip thrust faultgramp structures)Thesestructureshave not beerecordedeverywhere in the Great

Dyke andno fault gouge was present along these curved structures.

: Non-planar curved structure

Figure 225: A non-planar curved structuigamp structurgin a mine ofthe Great Dyke (Roberts and Clark
Mostert 2010).
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2.4. Previous studies oflteration zonesin the pyroxenite layers of the UG2 Reef

Davis and Reynolds (199@escribe a shear zone asteined, sheet like and planar or curviplanar zone in
comparison to the adjacent rocks. These zones form a neteaskstingof individual shear zones that can

be subparallel sets, deflect towards one another akdipinn ananastomosing patterrt.dan also crossut

or displace one another. The shearing cdusetures to form that allowluids to pass through. The
hangingwall groxenite, which has been exposed to hydrothermal fluid flow, serpentinization, and layer
paralld shearing, is defined as the alteration zoftee dher terms useébr this shear zone are o6-lcil lng 6
l ayer, fault gdhget ammd @& anlwitte usadyinetbisisidyztodeserie this weak
layertontactas seen in Figure 2.26

When these alteration layers are presenpoies aall of groundrisk as the rock may unravel around
installed support unitandit can alsoresult inanomalous pillabehaviour The occurrence ofhe weak
contactscan easily beverlooked in geotecheal drill holes,due tothe alteration material beinggashed out
during the drilling process The presence of alteration zones may also bwtcorrectlyidentified by
underground staff. Therefqrés presencanay not be reported and the behaviour of thesteucturesnot

necessarily recorded unless there was signifigssciatedhstability.

UG2 Reef

Figure 226: An dteration zongresent athe top contact of the UG2 Reef.
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The occurrence of theveak zonesvas initially identifiedas anomaloudt may, howeverbe explained by
two theories resulting from studies conducted by Perritt and Roberts (2007byaGebrekristos and
Cheshirg2012).

The first theoryis based opaleomagnetic evidence (summarised by Eates., 1993)which suggests that

the layers of thdushveld Complexvere originally deposited in a horizontal manner and the load of the
Bushveld Complexand overlying granites caused crustal flexure/bending, leading to the formation of
centripetal dips of 1®and 2@ (Cawthorn and Webb, 2001). According to Perritt and Roberts (2007), the
crustal flexure/bending caused the mobilisation andrientation of layers by means of a flexural slip
mechanism (gear). This concept is illustratedkigure 2.27

0 L Bushveld Complex

Crust

354 | |
100
200 300 400 500

6km -
- e

Granite

Figure 2.27 Simplified illustration of the Bushveld Complexd how thedad fromthe Bushveld Complex
and overlying granites caused crustal flexdsehding (Cawthorn and Wbb, 2001; Perritt and
Roberts2007).

The slip usually occurs alorigyer boundariedPossibk layerparallel faulting occuralong the top aatact
of the UG2 Reef andt thechromitite-pyroxenite contacts (within thaJG2A marker}. The infilling can
consist ofchlorite and/or serpentn(Figure 1.3) The contacts of th&)G2 Reef are not alwaysheared;
therefore faults do not always occuin the case where laygarallel faults occur along the contacts of the
UG2 Reef, it varies in extent and can be present across several panels; i.e. approxinmatalyrig0strike.
Fdls of groundoccur where thesestructurescut off against theoints with pegmatite infill(Marikana
structure} that trend along the strike direction of the layer{Rerritt and Roberts, 20R7Thesestructures
areimportant in relation tanining activiies asit contributes to unstableangingwallconditions.lt may be

present irother areas, but it is not necessarily exposed by the mining operations.
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Low-anglestructuresand alteration zones are some of the most promistemtturesexposed during the
extraction of the UG2 Reetut it is not preactively identified There is a lack oknowledge and
understandingegarding layeparallel structuresand alteration zong as well asghe impact thereof on the
design. It is only when thesstructuresare eyosedand anomalous conditionsccur when mitigation
strategies are apptie(e.g. secondary support)edding indicatorsmay exist acrossseveralpanelsand

shouldbe pro-activelyidentified in ordeto prevent largescaleinstability.

The second theorypy Gebrekristos and Cheshire (2012) suggests that weathering inatiggngwall
pyroxeniteof the UG2 Reef can be pronounced by the unique aquifer properties of thpyté@2nitein
the area of the mining zone (57 m below the aquifer). These specifaquifer properties of the
UG2 pyroxenitemight have contributed to the formationafl t e r a t iclayikeG@naterm)s Theredis
no clear explanatiowhy the UG2pyroxeniteweathers rare ready than rorite andanorthosite but it can
possiblybe explanedby the layering as well as the specific mineralogical composition gbytrexenites
and the preferential chemical and physical weathgingessesThe amount of weathering and tendency to
form aquifers varies for differeryroxenites as the weathieig is dependent on theomposition of the
pyroxene minerals. At deeper fractured bedrock aquifer system, the infiltration and flow of greatet
are mainly associated with smattale faults and minor jointing rather than lasgaleregionalfaults hat
were found to be comparatively dry (Titasal.,2009). The storage of groundater is mainly restricted to
the UG2A markersabove the UG2 Reef, because of the enhanced weathering alongutidaty of the

irrespectivechromitite andpyroxenitelayering.

2.4.1. Eastern Platinum Limite d 2 Shaft

Alteration zones have been exposed at the Marikana Operatigoas and Du Plooy (2000) and
Andersen(2001) referred t@ structurek n o wn madslayed (Figure2.26). Lyons and Du Plooy (2000)
mapped thistructure(at the Marikana Operationgo determine the deformation event that contributed to
the formati on ®éformation eventlivas d thrush mavemént towarttee SSE (166,
where after it was converted into a normal fault moving towards the/ NB85%), defined asdeformation
event 2. Deformation eventvdasdescribed aa stage of relaxatiofsee Chapter 3 for a visual description of

these deformation events).

2.4.2. Saffy Shaft

Knipe (2016) didastudy on the structural geology and geohydrologgaffy Shaft Figure2.20. The strike

of the most prominent seMertical structuresat Saffy Sh#& corresponds to the NNWend of the
Rustenburg Fault, Elandsdrift Fault Zone and BatabenFaults which forms a conjugate set with the NNE
striking structiressuch aghe Turffontein West &ult. NumerousWNW-ESE striking faults (less thahm

displacementand jointsare also exposed in the underground mimipgrationgFigure 2.20)
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Knipe (2016)indicated that several layer parallel she&igire 2.28 are observean the faft and tend to

follow geologic contacts These shearare best developed in specific stratigraphic positigigurel.3)

which is similar to the findings at other sit@efootwall 6 siear which occurs on tHeotwall 5/footwall 6

contact is approximatelg2 m below the reef ani not exposed in the normal minimgperations except

where decline systems are developidthis location. A second footwall shear ialso known to occur

towards the top of footwall &t the Estern Platiom Limited Shafts, butt is only observed in the shallower
operationsHere it can be very brittle with open fracturessocomplet¢ v weat hered (referr
| a yby Lyons and Du Plooy, 2002).

Figure2.28 Occurence ofthealteration zonén the vicinity of the UG2 Reef.

The alteration zonegFigure 2.28 werealsoidentified at thehangingwalllA/hangingwall2 contactat the
top UG2 Reef contacaind / orat the UG2A markergapproximately8 - 13 m above théop catact of the
UG2 Reef). Recerdlterationand possible brecciation was also observed at the bottom batgngwall 2
mottled anorthosite directly west ofAqua Zoneld(19 to 20 Level Wesh Figure 2.20. Relatively close to
this area orl9 and20 Level Eastgrout packsvere observed thavefailed (Figure 2.20. The presence of
the alteration zonat the hangingwall 1Ahangingwall 2contact could explain the failugd the grout packs
A thorough understanding of tlaéteration zong and deformation eventst the bottom ohangingwall 2 ad

delineation of the affected area is essential.

78



Directly west of the Turffontein East FauRigure 2.2(), intense layeparallel shearing has been identified.
These shears correspond to tieplogicrisk zore (approximately 100 180 m wide) characterized by
localized areas oélteration The shear seemed to have formed a secondary permeability along which

hydrothermal fluids circulated causing argiltitterationof the pyroxenite

The mineralogy othe alteration zone has been determined by (Daw#§13 using optical microscopgnd

mineral geochemistryl he sheared chromite grains aligned, creating foliation planes parallel to the UG2 top
reef contact. The fractures allowed for fluid to pass throughiraahate the alteration zone of olivines to
serpentine. Other hydrous minerals such as talc and montmorillonite can also be observed in large amounts
(Davis, 2013)The UG2 Reef andhangingwall contact thin section samples have evidence of structural
influences. Figure 2.29 show the shearing along the top contact and the minerals presdike Gliamgrals

have been identified in thateration zone

Figure 2.®: Images of the thin sections at the top contact of the UG2 Rbefshearing caused the top

contact to be fractured.

Water aquifers(Figure 2.20 have been intersected in the underground mining excavations and are
structurally controlled fractured bedrock aquifers (Tetisl.,2009). Table 2.2 explains the water digres
associated with specific structuresdatime potential risk to miningThe composition of the underground
fissure water indicates that the water from the underground aquifers has been captured in the rock for a very
long time andt will not be repleished (Titus and Rossouw, 2015).
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Table 2.2: Aquifers and fissures associated witheologicstructures (Knipe, 2016)

Geologicstructures Water intersections Risk rating | Comments

Structures sympathetito | Low Low Position of structures can be

major NNW striking faults predicted.

and dykes

Major NNW  striking| High Medium New intersections can be predict

faults and dykes. and managed.

Layerparallel structures | Low Medium Difficult to predict the occurrenc
and extent.

Smaller WNWESE | Variable High Difficult to predict the occurrenc

striking fauls. and extent.

Alteration zone along thepyroxenitelayers and the impact opillar behaviour at Saffy and Hossy Shaft
Pillar slabbing(Figure 2.30 was studiedby Malan (2008) at Hossy Shatinexpectedand abnormal pillar
behaviour was observed on both Hossy and Saffy Stvaise [illar slabbing wasobserved fomonvyield
pillars. It wasthoughtthat this only occurred on pillars that were cut smaller than the specifieghaszible
over loading) It wassuggestedby Malan (2008) that the major contributing factor to the p#labbing was
the very weak contagresenbetween thdangingwalland UG2 pillars Eigures 2.31 and.32. Numerical
modelling indicated that th@npacted pillas hadvery high pillar stress(> 150 MPa) Malan (2008)
suggested limiting the pillar stress < 130 MPa and to apply factor of safety> 2 to ensure that the
unravelling pillars (slabbing phenomena) is accommodadtesiill alsoensurethat thepillar doesnat fail
and mine stability is ensured\dditional slabbingof the pillars in the back arezould thereforepossibly
occur and routinebservations in these areas would be required to idgutiBntial instability
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Figure2.3Q Slabbirg noted at the edge afpillar. The slabs are defined by joint planes which are mobilised
by alteratiorzones along thpyroxeniteandchromitite contacts (i.e. Figure 2.31).
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Figure 2.31 Thealteration zone at theontact beween the UGReefand thehangingwall
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Figure2.32 A fragment illustrating thalteration zondetween the UGReefand thehangingwall Note the
slickensided surfaces which indicate thraivementhas occurred along thep reef contact

The pillar strength will significantly decrease whenadteration zone is presenttaé pillar anchangingwall

contact Laboratory experiments were done Pgng(1978) andhe concluded that the strength can vary by

up to 100% dependingn the conditions at the interface of the reaknple testing machine. Wagner (1980)
confirmedthis result andhis tests indicated that if a soft layer is present at the rock / platen interface, the
strength is reduced arttie mode of failure changed. €mode of failure changes
(Figure 2.33) and scaling on the edges for the higher friction angles to axial spliEiggré 2.3b) for the

lower contact friction angles.
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Mud layer

Axial

splitting

Figure 2.33 (a) Examples of pillarscaling in areas wheneo alteration zonds present at the interface
between the pillar and theangingwall T h e hoyr mlasé failure mode is evident (Malan, 2008
(b) Axial splitting is evident wherenalteration zone is present along tbp reef contact

Rock engineering literature indicates that thigeration zonesan reduce pillar strength significantly and that
traditional pillar strength formulae are not applicabide these pillars. Additional work isequired to

establish an appropt&pillar strength formula (Malan, 2008).

As a wellestablished pillar strength formula for UG2 pillars is not availabkereébent update of thgower
law strength formula after Hedley and Grdetived for a Platlihe project(Watsonet al.,2007)was sed
to obtain a first approximation gillar strengthThis formulashouldhowever be further investigated as it is

still experimental and additional work is required.

Pstress =S, /(1' e) (3)
s, =rQ@o
v=rQ 4)
Strengthformula
I:)strength: DRMS("VVe?f /Heﬁf (5)
With
PlatMine(Watsonet al.,2007)U G 2 : U = 0.asedpn U2 pillar®ithe3Vesterrblmb.
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DRMSyq, = 67 MPa(Watsonet al.,2007).
DRMS = Design rock mass strengffhisis dependent on the rock strength and rock mass aamdMPa).

Thevalue is typicallyassumeaqual to 13 x rock strength and can be much as 2/3 x rock strength.

Pswess= Pillar stress (MPa)

0y = Virgin vertical stress (MPa)
e = Extraction ratio

1 = Rock density (kgh°)

h = Mining depth (m)

Pstrengtn= Pillar strength (MPa)
Her = Effective pillar heigpt (m)
W, = Effective pillar width (m)

Where
W,, =4illar area/ Pillar perimeter

° (6)
He# = An increase of 7% above the regular stoping width accounts for adjacent excavations effecting the
pillar height, Robertst al. (2002).

SF = threngtl‘ I:)stress (7)

According to Du Plessis (2009b), in areas wherehinegingwallhas weak partings which influence the
behaviour of the pillarghefactor of safety $F) must be at least 2 (i.e. Saffy and Hossy Shafts).

It should be noted thdlhe PlatMine calibrieed values foequation5 excludes the weakening effeghen an
alteration zone is present aadditional work will have to be conducted to verify its applicability at Hossy
and Saffy Shaftd-urthermore, this equation is based on data obtained mainlyAnoamdelbult, Union and
Northam, placing further doubt on its applicability at the Lonmin mines (Malan, 2008). Therefore, the pillar

strength could significantly be impacted upon whemléeration zonexiss.

2.4.3. The Bushveld Complex

Lombard (2018) createan illustration (Figure 2.34) fothe location of thalteration zone$rom core that
was drilled acrosa mine inthe Western Limb of theBushveld Complexin most instances, the aker
materialwashed out and was not captured during the core loggprgcess anthe weakening effect was

not incorprated into the support design.
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In the case wherthe alterationzoneis located along the top reef contattwill be a challenge to support
this material as it unravels between and aroundristalledsupport units.Areal coverage will have to be
corsidered. The unravelling of this material during blasting causes dillitiorease in stoping widttgnd if
the grade is too lowmining will not be economically viablelt will also have an impact on the gitl

behaviour.

In the case that thalteration zones are located within th@ngingwallunits, itcontributes to a decrease in
the friction angle of the alteration zones and other conthetgiescale instabilitiecan then occurStiff,

activegrout pack will be required to support to the highest possiblergapiane.
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Figure 2.34 An illustration of the undulating nature of thengingwall alteration zonand its potential

stope support. Thalteration zone mage more

effect on stopdangingwallbeam stability as wkhsthein
continuous as suggested by the pictluearibard, 2018).
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2.4.4. The Great Dyke

More OO6Ferrall 9 didl anibDvestigBtiorets BanhasMiné. AtOtHis7mine,instability wes
associated with a wedRyer thatwas present within the pillars docated inthe pillar foundationThe
stability of underground workingsascompromised due to the deterioration inwgrd conditions associated
with this major shear structure (Mutambara shear). This sheartrmgresses through half the miarea.

More than50% of the miné ®otprint was compromised.

At this site mechanised ming was conducted ina room and pillar layout The mining height was
approximately 2.25 m and pillar dimensions vargegordingto grownd classA large number of joint sets
and possible shear zone configurations egisthe nature of the problem wHwereforeextremely complex.
Regionaland localstability was provided byonyield pillars which support the load uf surface. Inthe
shallowpart of the operatiorfipotwall heaveand unravelling of blocks along joints from the pillar walls was
observedRigure 2.5).

Figure 2.35Unravellingcaused by joint planes the pillar( Mor e OO F e rlessas)2D17)and Du P

In the deepersectionof the mine the Mutambara she&a few mm to 50 mm thick) was exposed along the
hangingwallor within the pillais. Where exposeid the pillass, slabbing of the pillawalls, both above and
below this shear laye(Figure 236) occurred. The challenge was that this shear zone was not always

identified in the boghole core logging. Additiondbgging of some boreholes indicated that the shear zone
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was present in some of the borehplakhough not initially captured asuch(Mor e O6 Ferr al
Du Plessis2017).

Muakaet al. (2017) describeadhat largefootwall heaveoccurred where the shear zoneswacatel in the
footwall. If the shear zone wéacated in thehangingwall largefalls of groundoccurred In the case Wwere
the shear zone wagcated within the pillar, tensile fracturing, bulging of pillar walls anddaptlar lateral

displacements were observed

Figure 2.36 The nylonitic shear laye(Mutambara sheawithin a pillar at Bimha Mine( Mor e OO Fer r

and Du Plessis, 2017).

Three years after the initial observatiamsre mademajor instability was observed in the deeper section of
the mine.Here theshear layer was located in tfaotwall of the pillais andthis increasedhe occurrence of
footwall heave PRillar unravelling also occurred. Rehabilitation of the pillars was attempted withthe
installation ofrock bols ard applying wire mesh and lacing to confine the pillaffiswas not successiut

was also attempted to mpartmentalize the instability by increasing the pillar sizes on strike and-dipwn

of the instability. Poductionwas eventually stopped when surface subsidence occurred as a résgje of
scale pillar failure A new decline shafthad to bedevelopedafter this, in orderto gain accessto the
remaining ore reserve. Substantial p8lavere left toisolate the collapsed areaMpreOd6 Fer r al |
Du Plessis, 2017).

A discrete fracture network (DFN) approach was utilisedntestigatestructural data fnom a mapping

exercise conducted #te mine(Muakaet al.,2017) The builtin DFN generator in thaumericalsoftware
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program3DEC was used to generate stochasticallyDFNs from whicl2D sections wes cut and imported
into the 2Dprogram, UDEC. Owingpo time constrairg, only two DFNs (DFN 1 and DFN 2) were examined
and were selected such that DFNirfcorporated a lovangle random joint set. Four shear zone
configurations were examined for each DKNluding, shear in théootwall, in the hangingwall, inthe

orebodyand a case withoatshear structurdgure2.37).

Geotechnical

conditions DFN1 DFN 2

No shear zone

Shear zonein
FW

Shear zone in
HW

Shear zone in
(o] ]

Figure 2.37 Simulatedfailure mechanismi the pillars at Bimha Minéafter Muakaet al.,2017)No shear
zone, shear zone in the hangingwall (HW), footwall (RAM) within the reef (OB)
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The modelling presentethy Muakaet al., (2017) waspreliminary andthe resultsthereforeneed to be
verified. It seems as ifiostof thepillar failure mechanisms could lsemulated. Thepproachmaybe useful

to gain an improvaunderstanding about the underlyifagure mechanics

2.4.5. Diamond Mine - North America

Although not directly related to the UG2 Reef problems described in this dissertation, the following example
was included to illustrate that the problems caused by dbgars may be widespread in the mining
industy A study was done by More OOFerral/l andinDu Pl
kimberlite sills.Owing to the unpredictable natudd the sills, anonvyield pillar design wasnvestigated

using a pillar width to height ratio andiactor of safety(ratio of pillar strength to pillar load) analyses to
determine the dimensiond the pillars. The planned mining height was 4 m and the drift spans 5 m.
Figure2.38illustratesa typicalfall of ground h the drift backsThe attention of technical statbntrolling

thelocal falls of groundand the pillar instability associated with the shear laygufes2.39 and2.40 went

unnoticed.

Figure 2.38Localisedfall of groundMor e OO6 Fer r al | and Du Plessis, 201
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Figure240 Unr avelling of the pillar wal/l b,01d)w t he s
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The preactive identification of the early signs of pillar instability, which included squeezing out of the
kimberlite below the shear layer, slabbing of pillar walls &ratwall heave was natonducted Remedial
actionsweretaken to limit theextent of instability. In most cases, the lack of identification, investigation
and understanding of the failures which occur (snmallargescale) will cause unpredictable or largrale

instabilities.

2.5. Summary

This dhapter discussethe geologic aspets andmajor instabilitiesof the Bushveld Complexand Great

Dyke. The formation of the layered intrusions and geologic structures, associated behaviour and potential
failure mechanisms werdiscussedis described in literatur€hapter3 will discuss thesite investigatios
conducted by the author to determine impact of regional and secondary geologic structures on mine
stability. Chapter 4 will focusn case studies conducted by the authothe impact of alteration zones in

the pyroxenite layers ahe UG2 Reef. The findingef this studywill contribute towards an improved

understanding of the mechanisms of failure and will lead to strategies to prevent tleeddegastabilities.
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CHAPTER 3

THE IMPACT OF REGIONAL AND SECONDARY GEOLOGIC STBCTURES
ON MINE STABILITY
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3. THE IMPACT OF REGION AL AND SECONDARY GEOLOGIC
STRUCTURES ON MINE STABILITY

Overthe past 15 years, several laigmlecollapseshave been reported aarousmining operationsn the
Bushveld Complex Rowland, Saffy Eastern Platinum Liméd 2 and Hossy Shaft at Lonmin have
experiencedthese instabilities Perritt and Robert®007) explained that theayernormal joints and
WNW-ESE striking, regiona, structureswith pegmatite infill(Marikana structuresyre orientated parallel
to the strike of the layeringlipping towards theosith Hexural slip layetparallel faults can be linked by
lateral and frontakamp structures(Figure3.1). These struetres are illustrated in three dimensions in
Figure3.2 Site investigations were conductieg the author of this dissertatiam an attempt to understand
the influenceof thesestructureson thehangingwallstability at various mines across tiBeishveld Conplex

Of particular importance is the spatihstributionof these structures in three dimensions and hawgacts
on the mining excavation3his study providesraimprovedunderstandingf the interaction aneffect of
these structured his dapterdescribes the findings of the various case studies, the impact of the associated
structures on mine stability as well as some key learnings and remedial strateigikaowledge will assist
with the early detection of specifiock massconditions whichmay lead tounstable conditions. Ugable
supportand appropriatemining strategiesmay be used in these cases reduce therisk of largescale

instabilities

99



O, oy

Figure 3.1: Photograph and interpretationanfunderground expmure of layetparallel faults andamp
faults (Perritt and Roberts, 2007).
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3.1. Introduction

On manyoperations mining layouts and support designs are inherited from best praicticegustryor to
accommodate a specifextractionmethod. In most casgadverse groundonditions are noidentified by
mining personnel and the consequence of mininghese conditions i®nly realized once significant

instabilitiesoccur.

Figure 3.2givesa threedimensonal representation of th@ajor and associated sewdary structures that
contribute to largescale instabilitieon the UG2 Reehorizon This diagram was compiled by the author
from the knowledge presented in ChaptebDi#ferent cases have been reported where one of stesgures

or a combinatiorof thesehave caused instabibis. As a first step, it was explored if seismicity contributed
to the instabilities observed. Currently there is no seismic network at LoRigure 3.3 show the seismic
evens obtainedfrom the Council of Geoscience (2018) tthaereplotted alongthe Southwestern limb of
the Bushveld ComplexThis shallow mining environment, including the Lonmin Marikana Operations is
known to be aseismiwith no recorded evés of mining induced seismicityrhe plottings show that some
of the seismic eventsan be traced alorthe NW- (purple and green lineshd WNW (orangedotted lines
andas per Figures 2.10 a@dl1)striking geologic structuregarallel to theWegener Stress Anomaljs
Madi and Zhao (2013) explainedeatectonic actity is characterized by reactivation of ancient faults,
dykes and creation of new fractures. It could also play a role in the exploration of grounévgater 3.4
was constructed titlustrate plan views of theegionaland secondary structures that mawntcibute torock
mass instabilityFigure 3.5is a photgraph of an UG2 site showirigterlinking ramp structures exposed
along the UG2 Reef.
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Figure 3.2 A threedimensional representation @eologic structures that contrute to largescale
instabilities The complex fabric of the hangingwall raclass is evident in this figure.
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Figure 3.3:Seismicity recorded along the Sowtlestern limb of the BushveldComplex (Council of
Geoscience2018) Some of the plotted events occur along the-N@drple and green linegihd WNW
(orangedottedlines)trending geologic structures, indicating reactivation of these structures trending parallel

to the Wegener Stress Anomaly.
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