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Abstract

Regional pillars are designed to manage seignargy emissions as well as combating rock
falls and rockbursts in deep level tabular stopes where extraction takes place over a large area.
Theseemissionsare as a result of high abutment stresses and high closure rates which in turn
increaseéhe EnergyRelease Rate (ERR) that occurs at depiteeding 2000 m below surface
Generally, regional pillars in narrow tabular stopes are very ghigit width to height ratio)

and thereforeharacteristicallystable. However, the regional pillars in massvebodieswill

become more slender during the subsequent extractiothencbuld eventuallyincrease the
possibility of becominginstable The complexity and uncertainty of rock as a medium makes
pre-determination of rock mass responsiiclilt. The mannein whichregionalpillarsin deep

level massive miningeact to imposed loads and their failure mechanisnagso still largely

unknown.

As such,South Deep gold minbBasimplementeda monitoring systento assess dermation
and associated velocitieguring ground motiorresulting from pillarforming and massive
mining. The systemmonitors anddentifieshazardous areas in the mim@dbased on seismic
history, predicton of rock-bursts, reasonéb predictionof the location andnagnitudeof evens
is possiblein future. Regionalpillars, which are of paramount importanauring massive
mining, are likely tobecome highly stressed as mining progressesiling in an increagd

number of seismievents in the future.

The case studgone forSouthDeep gold mine showedn observedjeneral increase in the
number of high magnitudeevents per month indicating that tmegional pillar may be

becoming unstable. Theseismic events cannot be accurately modeled using Map 3D due to
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the limitations ofthe ®ftware (assumes the rockmass to be isotrppiomogeneous and
elastig. Thereis thereforeneedto introduce an inelastic modelling softwavkich incorporate
geological structuresto represent theactual rock massperformancein order to evaluate

instablity.

Preliminary nelastic modellingvascarried out using Phaset@ address the shortcomingé
elasticMap 3Dmodelling Increasing the mining rate incredseck mass deformatiorad the
occurrence of high magnitude seismic evgmtshbablydue toacceleratedlip occurring along
geological structuresr fracturing of the rockAdditionally, strain metereadingsfrom the
mine showed increasesn stress changdsoth tension anth compressionThe onset of pillar
stability wasexplained to be ass@ted withthe changan the general trends of tlseismicand
strain data graphfsom linear to exponentialhe average pillar stresgms discovered to Hess
than 2.5 times th&ni-axial Compressive StrengthiCS) of the footwall but greater than that

of the hangingwalimaterial, hence thgillar is likely to punch ito the hangingwall.

The analysis of data collected during the course of the prapeciudedhat nonitoring needs
to be continued, data analysatdanumerical models updated regularly especially incorporating
geological discontinuities to establish the onset of instaHilinously so that an informed

decision can be made
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CHAPTER 1

Introduction

Rock is a complex engineering materialvhose characteristibehaviouris determinedby
numerous factorsPillars are defined as than situ rock between two or more underground
openingsand arenormally left to stabilize excavationsMost underground mining methods
depend on pillars for safe extraction of the &@eme pillars are left because the rock is situated

in nonprofitableareason a temporargr ona permanent basis.

The most commortype of pillar failure is continuousslabbing and spalling whicim the long
run forms an hourglass shapewvhereby, according toMaybee (2000) high stressesare
normally the cause qfrogressivepillar failure as indicated irFigure 1:1. Research hagsroven
that there arénconsistenciebetween prediction and performarinegeotechnical engingeg
work. The structure of the rockmass in whithe pillar is constructeddetermines its
performance.However therock mass responses difficult to predetermire due to its

uncertainty and complexity.

According toRyder and Jagef2002) the models used in narrow tabular stopes to predict
numerous characteristics tfe responseof the rock mass to different mining scenarios are
based on idealizationsimplifications andassumptions. The manner in whicitigrs reactto
imposed loads and their failure mechanisms &pdevelsare still largely vague.This is
because of the absence of information that describes the pillar before, during and after mining
which can be used in design. As a result of the above reasmesground pillaimmonitoring

researchbecame mandatornyn order to provide the récengineer with data for pilladesign
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purposes and t@nsure thatduring the extraction procesground stabilityis maintained
Joughinet al, (2007). This project wasarried out an a South African gold mine which is

located in the Witwatersrand basiMore details of the mine are summarisedrigure 1:2

showing the mine boundaandare also explained inletail inthe following sections.

Figure 1: 1 Crushed pillar in massive quartzite (after Martin and Maybee, 200D



1.1 The Witwatersrand Basin

The Witwatersrand Bsin is a 6m-thick geologicalsequencewith thin sedimentary layers
which stretches from eastf Johannesburg, to the southern Free State soutlenyesnd the
shaperesembles a shallow elliptical disWitsgold report (2003. According toRyder and
Jager (2002) with an aerial spread oépproximatly 350 km long and 200 km wide

the Witwatersrand asinwas the first found geological formation ndahannesburo 1886

Up to now the Witwatersrandasinis knowntobéd he wor | dds | argest knov
South Africa

Ryder and Jagei(20@) further went on toelaboratethat ®nglomerates anduartzitesare
mainly located in the upper Witwatersrandhile argillaceous claystillite, shales and
intercalated lavaare in thelower Witwatersrandlt is believed that the Witwatersranchdin

was a large inland sedraining terrainof basement granites and greenstone bettstaining
auriferous bodiesThe area was subjected to tectonic upheavals caudiremees and retreats

of the shoreline and hiatuses and unconformities in the depositional seqiraite& Meyer

1995) Robb & Meyer 995) added thatlsallow water and meandering fluvial systems were
accompanyingnany of theseinconformitiesvheresedimentary sorting processes concentrated
gold and other heavy minerals together with gravels and pebbles to form remarkably
continuous, thin beds of conglomerate.

Thedelicate sedimentary structures such as ripple marks and cross bedding are &ilantsib

are used to determine flow patterns and gold distribution in the reef hqri2ager and Ryder
1999) Thin layers of argillaceous clay material separate beds of strong, brittle quartzites in the
vicinity of most of the reefsThese persistent lays mark weaknesses parallel to the stoping

horizon and contribute significantly to strata control problems during m@aak (998)


http://en.wikipedia.org/wiki/Johannesburg

The South Deep gold mine orebody is overlain by the Ventersdorp Lavas and it lies within the
Central Rand Group of the fergroup. Figure 1: 2 illustrates the 3D view of the ore body

layout at the mine.

1.1.1 Geologyat South Deep gold mine

PRETORIA GROUP

BLACK REE:

Upper Elsburg
Sub-Crop Upper
Elsburg
clastic
wedge

Figure 1: 2 3D view of the South Deep gold minéVatson, (2012)

South Deep technical report (201&8mmarizedeef horizons currently being exploitedtiaé
mine as comprising othe Upper Elsburgs of the Mondeor Formation and the Ventersdorp
Contact Reef (VCR)The Ventersdorp Contact Reef (VCR) and Upper Elsburg reefs are cost
effectively significantwith the later sulcropping against the base of the forncausinga

major stratigraphic unconformity.



Westerly, the VCR occurs as a single reef horizon that superimposes the lithologies of the
Turffontein subgroup. The Upper Elsburgs, which satmp wih the VCR in a nortmorth
easterly trend, contains piled reef horizons that form part of a divergent clastic wedge on the
eastern si dhasathickness of Wpwel20gn#B0 m close to the eastern boundary

of the mining right area. About 998 the South Deep mineral reserves ounces come from the
Upper Elsburg Reefs while VCR constitutes the remajnffeouth Deep technical report,

2011).

The Upper Elsburg Reetonsistof the Upper Elsburg Individuals (Waterpan Memlzer)l the

Upper Elsburgviassives known as the Modderfontein Membére Upper Elsburg Individuals
comprisesof four distinct conglomeratic units, separatedrpendicularlyfrom each other by

poorly developed conglomeratic zones and immature quartz wabless of the subcrop, onl

the VCR, a narrow tabular reef up to 2.5 m thick is developed. The economic viability of the
VCR reduces east of the subcrop, Joughin et al., (2011). The Upper Elsburg Massive reefs on
the other hand, consist of four conglomeratic packages known aMdhbderfontein A
Conglomerate (MAC), the Modderfontein Intermediate Bottom Band (MIB), the

Modderfontein Intermediate Top Band (MIT) and the Modderfontein B Bottom Band yMBB

Figure 1:3 summarizegross sectionaequence of theni n gedlsgical settin@glong the east

west direction asxplaned aboveandshows thathe orebody diverges easterly and thickens up

to 120m at the extremity of the mindoundarywith increasing dilution of quartzite middlings
occurring The dip and strike of the orebody fluctuates across the mine, but it generally dips to
the South at between 1@nd 14. The lithostatic section showing the rock types constituting

the Wits Basin and their strengthfistherexplained inTable 1:1.
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West - East Geological Section

Upper Elsburg Sub-
outcrop Line Distal Areas, UE's attain VCR
UE's =0m 130m conformable thickness
Modderfontein Member

UpperElsburgs - Massives IRACKLESS

Al

TARGET
M .
(A, Mi, MB]
.................. DESTRESS
................. TARGET
Waterpan Member
= Upper Elsburg Individuals
= {EC&ED)
=
Subcrop 10m W EB Foot-wall
Composite
A 800 m »

Figure 1: 3 Sectionalview of the orebody after Obermeyer, (2009)



Table 1:1 Stratigraphic layout of the Basin, Bester et al,(2011)

Comononc st | Desptonfon Pl Obemeyer (SectonGadogistatSouh Joitedlava

unlts units Despy 100 MPa

| ava-W2b avawa | n VCR(Tuffaceusquartzite)
100MPa

Strong, brittle, massive conglomerates
and quartzites >200MPa

Sigty arglceots N congomere 550,
MAD m&nnomembeddngphneswnm)1ombeddingonaverage30unto

/

NA

Opens up to 12m thick (corridor 2 and 3), robust conglomerate,
bedding 2 - 3m thick, bottom phase 2 (thins) 50/50 quartzte
conglomerate, remains siliceous, rough surfaces

Argillaceous quartzite
170MPa

> Variable - strong brittle, massive
conglomerate> 200 MPato weak 100 MPa,
layered quartzite

Footwall
sequences of quartzites and
conglomerates
Alternating strong >200MPaand weak
100 MPasequences




1.2 Locality of themine
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Figure 1: 4 Location of South Deep mine in the WitwatersrandBasin, after Ryder
and Jager(2002)

South Deepis locatedin the superiorlocalities of Westonaria, 45 kilometers southwest
Johannesbur@nd 20 KHometers south of Randfontein in the West Witwatersrand mining
region of the Witwatersrand BagjRigure 1:4). The entire mining lease cover$83 hectares
and extends for 9.5ilkmetersnorth-south and 4.5 ilometerseastwest at its widest points.
The mineis considered as the flagship for growth of theuth Africangold mining industry
with an estimated life expectancyaproximately 70 year$Vith a production rate of 330,000
tonnes per monthlthe mine will produce approximately 700 Koz per year from thieegti270
Koz and is currently estimated to maintain this production rate until.2Q&ifrent production

at the mines at a depth of more than 2089 below surfaceThe production commenced in
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1961,and according to the South Detghnicalreport(2011), the mine has a plant recovery
factor of 97, 3 % and a head grade of 5, 5fjure 1:5 shows the location of South Deep

gold mine in proximity to other gold mines well as the city of Johannesburg.

REFERENCE

. —— Roads

¢ | =+ = Faom Boundaries

3 Mime Boundares
Towns

B Goid Fieids Geld Mines

] Durban Roodepoont Deep

] Harmony

0 AagloGols Ashant

o | 4 - T Exni

} o Ta—— O s

Figure 1: 5 Locality of South Deep gold mineafter Watson (2012)



1.3 Mining methods

South Deepyold mineis a fully mechanized operation for both stoping and development.
complemenbf different mining methods mainipechanizedle-stresslong holestoping drift

and fill and drift and benchingre currently beingmplementedat South Deegold minein
order to optimze theextraction ofore resource. The mirgrives to ensure thélhese are the
safe, efficientand cost effective mining methods available depending on the thickness of the
profitable orebody.The mining methods usesh andaround the remnant pillar includie
stressandlong holestoping and there is only o stresscut in the remnant area. Initially
conventional mining method with a mining height of between 1.8 m to 2 m sexb for
remnant pillar mining, howeveit,was stopped in 2008 when massive mining was introduced.
Due to the depth of the ore body, mininfdestresshorizons has to bplannedsuch that
abundantmineral reserves are available for massive extraction at a relatively low stress
environment at a depth of more than 2000 m below surfdmede-stressnining method used

at South Deep gold mineu®rs the vertical stresses by cutting out a horizontal 2 m slice of
ground and therbackfilling. According to Watson (2012)hé modelledrock stressesare
reduced from 70 MPa to about 40 M@aablingextracton of the ore resourceat depthgnore

than 2500 m below surface.This becomesquivalent toa shallow mine and therefore ore
bodies having thickness greater than 20 m can be mined with reduced seismtresk.
shadowg are formedn the massive ore bodynderneath and abotbe destress cuais shown

in Figure 1:6, Watson(2012. Nonetheless, higktressesre channeled tthe edges of the cut
and sometimes fracturing occurs internally presentiooy-burst problems.Thesede-stresed
areasare then madeavailable for massive miningnd are mined using drift and fill (if the
thickness of the ore body is 6 m or less), drift and benching ( 6 m to 15 m thickne&®)and

hole stoping (if thickness is greater than 15 m) .
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Figure 1: 6 De-stressMechanism, afterWatson (2012

1.3.1 Mechanizedhorizontal de-stress minirg

To enable the extraction of the massive ore body safely, the prevailing high stiessreent

in deep level minesas to be effectivelylestressedThe destressmethod involvesmining

layered horizontal dstress cutsAccess to thge cutsis accessedhrough a spiral decline,

which ispositionedbeneath a previously mined atbatis always destressed.The horizontal

de-stress cuts are excavated from the footwall, cutticr@ssdifferent reef horizons targeting

the massive pay regions that will be extracted eventually.

Access drives will be developed horizontally from #dpral decline to each horizontal -de

stress homon. Maximum mining height for any dstress cuts 2.2m while Main Access
Drives (M A Dob6s), St opandSomeee sBr | rensaxig(@8 (50 sA
excavation width i$.0m. The MADs are mined in andirection (along dipyvhile the SADs

are mined along strikef the orebody, spaced at 10.0 m ag&igure 1:7).
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.................... 5, Om

Backfill

1,5mwide
PoweRite Backfill
Bag

Figure 1:7 Mining and backfill sequence for mechanizedde-stress method (Plan

view), South Deepgold mine (2012)

The mining and backfill sequence alwaysuwrasthat the leadandlagsare kept to a maximum
of 10.0m which deally should be limited to a more acceptable distance ahb5A4s all the
drives advancethe footwall must be ripped to ensuthat the excavation height 6fO0m is
attainedat a safedistancefrom the facesThe primary objective foripping the drivesis to
create access fdarge equipment for massivaining suchas the Load, Haul and Dump
machines (L H f@tsgholedrilimg. Tthase drives atsallayvdor the requied
ventilationas well aservices to be carried close to the working fdc@m mechanical achors

(roof bolts)are installedor support.

The main advamiges of horizontal mechanizetb-stressmethod include higher grade -de
stressing, adjustments tioe layout to avoid geological structures and multiple Joalg stopes

can be stacked on top of each othdota one large stope.
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1.3.2 Mechanized longhole stoping

Long-hole stoping ighe currently preferred methodecause it is more efficienMain ramps

are developa on the upper and lower levels araeh be up to 30 m apa(stage 1 ofFigure 1:

8). Top and bottom drives are developed from the top and bottom ac@megs with
dimensions of 5.5 m x 5.5 nstage 2 indicate a slot raise being developethfthe access
drives and later the slot is completed using overhand or underhand dfdliage 3) The slot

acts as a free face for the lehgle drilling and blastig of the stope as shown in stage 4 of
Figure 1:8. The stope will be 15 m wide and 60 m long. Stope height depends on geological
complexitiesand grade considerahs andit is expected to gas high as 3%5n in the future.
Primary stopes are mined initially and then filled. Once the backfill has cured, the adjacent
secondary stopes can be extracted. PoweRite bags areuseidtp provide a more robust

bulkhead and eable faster fill rates.

upper main ramp
>

Completed slot

Slot raise

0> @

lower main ramp

slot access

- top access

@

bottom access

Figure 1: 8 Long hole stoping method South Deep, 2012
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1.3.3 Mechanized drift, bench and fill

This methodis commonly used at South Deep, although in future it will be used only where
selective mining is require¢Figure 1:9). According toJoughinet al, (2011) benchesare
drilled with a longhole drill rig, and usually blasted in a single round. Thiesechesare

normally 6 m deeplthoughup to 15m deep benches have been blasted.

Firstly, drifts are accessed by means of the drift accesses which advance at apeoSiTa

for each blast (stage 1 Bfgure 1:9). Later the benches are mined from the opposite direction
(stage 2)at a lower elevation using vertical holestage 3) The lower main ramp is used for
mucking the broken ore from the bench and the mucking is carried out remotely to prevent
exposure of people to the unsupported bench walls and backfill from adjacent benches. Once
the bench is mined and backfdlehe neighbouring drifts and benches are mimdternate

drifts are developed, benched afilled. Split sets are used as primary support amel
secondary drifts are mined in a sequence retreating back towards the point of access. Backfill

bulk heads a& constructed at the entrance to the bench from the lower main ramp.
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Figure 1: 9 Drift and bench mining (South Deep, 201p
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1.4 Supportimplemented at South Deep gold mine

When an undground mine reaches maturitige mining activities movefrom development
towards the mining of stopes abteworthysizes and theretrieval of pillars, increasingthe
supportdesignproblemsencountered

According to the South Deep support standard (2012ghamical props with load spreaders
are the emporarysupport unitson themine de-stresscut Additional emporary supporis
installed at any geological feature exposed withtn® from the contact and nekceedindlL.0

m along the length of the geological fei@ on either side.When spporting an excavation
alongsidethe developmenbf that excavation,&s ed on the Oo6tridsatict ary a
Support Resistance (SR) of 3%M/m2 is required for themechanizedde-stressing mining
method (South Deep support standard, 201Phe hanging walis supported by means of
tendons not shorter than8in, installed on a maximum df0 mx 1.2 m rectangulampattern
Support holes in the hanging wallealmost verticaldrilled not less than 70° to the horizontal.
The first ring of tedons must not be further th@rb m from the face of therdve.

Drilling of blast holes in thertves is done after e installation of thegpermanenttendon
support andweld mesh as argéasupportin the hangingwall. Additional tendon supporis
installed at all fault and dyke intersectiorss @er standardnd any damaged upport due to
blast damage or rodhll-out, must be rnstalledas soon as practically possible.

For ventilation drives and escape roudethe already installegpermanentendon support and
weld mesh as aerial support indé in the hanging wall of the stopmkive will remain
Additionally, reinforced1.5 m widere-inforced backfill lagsare constructed on either side of

these escap®eutesin the identifiedstope dives, leaving an accessay of 20 m in width.
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1.5 Backfilling

Cemented Cyclone Tailing€CT) backfill was introduced at South Deep Mine in 1996 as an
alternative to the former tailingand aggregate fill. The type of backfilling used for both the
narrowtabular stopes (dstress level) as well as larger stopes. The primary purpose of backfill
is to provide regional support for minedt areas(stope¥ underground maximize ore
extraction above thde-stresed level,and improve underground ventilatiofhe coase texture

of the custom made CCT backfill alaiows for good drainage underground

Backfill scheduling at South Deep is also incorporated in the extraction sequence, both for the
de-stressand the massive horizorBlansare underway to introdudeull Plant Tailings (FPT)

The backfill used was recommended by Murray and Roberts taking into consideration their
properties whichriclude resistance to closure, free standing height criteriodimitthg of
seismic eventsTheuse of backfillreducesock-burstdamage due to its superior stiffness, areal
supportand energy absorption capacifyhe presenceof backfill on a seismially active
rockmasdowers the damaging frequenciekstope vibrationas compared toonventiondy
supported stopge The massive mining, which forms the greater portion of production, can then
take place safely and efficientlyitin a destressed environmendoughinet al, (2011)
Cemened backfillis necessaryhen the walls of backfilled stopes are exposed to people or
equipment during the recovery afhimmediately adjacent panel. Floors may also redoitee
cementedor improved vehicleperformance and easier muck recove® Hearneg(2009) In
addition kackfill allows the conduction of stresses from hanging to footwallfartdermore
efficiently controls thebedding planen the hangingwall strata separatioresulting in high
stressedeing redirected from working face to anactive areaNote that although backfill

allows transfer of stress from the hangingwall to the footwall, virgin stress levels are not
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reached andhereforethe backfillpermitsthe stress reduction effect of te-stresscut within

the destress shadow

Recently, $uth Deep gold mine has implemented massive mimathod (complementintpe
drift and fill method)from the previouly practicedconventional methods due to the varying
thicknessof the orebody from just a femetersto 120 m This mining method wa®undto be
sustainable through these of remnant pillarsogether with backfill as a form akegional
support during massivaere extractionThis resulted in the need for design of pillatsck can
withstand high stresses exerted by mining at depths exge20d® m below surfacaswell as

theincreasing seismic activity thte mine iscurrently experiencing

1.6 Statement of the problem

The safe, efficient and economically viabtieep level hard rock mings one with shaft
systems, ore passes, stoping amas other underground excavatiomkich are designed to
endure and accommodate the rock stress conditions that willgbeeratedby mining
operationsThe configuration of regional pillars must be designerttiucetherisk of seismic
activity whilst maintainingmaximum possiblextractionandaccommodating theequirements
of subsequent mechaed massivemining. Pillar failure is eventually inevitable, ebpite all
efforts to reducestrain energyacting on thesepillars during nning operations at ge¢ depth
Joughinet al,(2011) In massive miningegional pillarseventuallybecome slendeand hence
stressconcentratiomat the edges of the pilawill result in spalling and slabbinguring the
subsequent extraction of the massive orebody tarsimay lead to instability, Petho and
Joughin (20@). If one pillar fails, the weight on the adjacent pillars increases and the result is a
chain of pillar failures which can be extremely difficult to stBpthocandJoughin (2007)
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In order to reduce the loaxh the regional pillars, bacKfiis used as regional support, thereby

carryingportions of the loadcting on thesegillars.

Regional pillars are designed teduceseismic energy emissions as well as combating rock
falls androck-burstsin deep levetabular stopes where extraction takes place over a large area
Theseemissionsare as a result of high abutment stresses and high closure rates which in turn
increases the Energy Release Rate (EFE®uth Deep gold mine uses a system of these
regional stahlizing pillars together with the cemented cyclone classified tailings (CCT) to
minimize seismic energy emissiofhe complexity and uncertainbf regional pillar behaviour

is greaterin deep levemassive miningincehardrock pillardesignin these circumstancégms

not been thoroughly explored or investigatsimuch as imarrowreef orcoal pillar design

This is because the regional pillars have never been implemented in deep level massive mining

in South African gold mines

The aim ofthis project is to understand the behaviour of regional pillars during balle-
stress and subsequein massive mining. This will better enlighten the reader on the
unfamiliar problemsurrounding regional pillar design in massive hard rock mining at great
deghs.

This will be donethrough analysis of data captured by the monitorirgystems installect
South Deep gold minén order to assessleformationon the regional pillar and associated
velocities during ground motionThe valuation will assist irboth loalizing and estimating
seismic eventsnagnitude and monitoring the rock massbehaviour during mining. This
project is vital to the mine since the extraction of their ore reserves is entirely dependent on

the astainability of these regional pillars The information obtained from instrumentation
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will eventually be usedfor forward planning to ensure maximumextraction without

compromising the safety afforkersand avoidingdamage to machinery

1.7 Contents of the Research Report.

The next chapter encompassesearched information on the rock mass response togninin
historyof regional pillardesign as stope support for deep lewelSouth African miness well

as the influence of mining andeismicity in deep level hard rock mines. General types of
instrumentation available in the mining industry are thereafter summarfsedsing on the
objectives of monitoring and when to implement instrumentation. In the fourth chapter there is
summary of all the data collected during ttwurse of thigroject. This isfollowed by an in

depth analysis of thatatg observing trends and evaluating any correlations between measured
and modelled data. Finally, conclusions and recommendations are drawn from the data

analysis.

1.8 Project methodology

This research will involve gathering information on the past projocie onthe design of
regional pillars, ay previous work done
1.8.1 Monitoring and Analysis
The monitoring programme wil/l be lkyameansoéd out
mine vists, collecting data from monitoringystems installed undergroundand these
instruments include

x High resolution seismic monitoring (accelerometers and-figguency geophones).

x Stresschange monitoring (Ishii straimeters).
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Later assessment of teeismic risk associated with mining is highlighted by;
x Data processing, presentation and interpretation of data
x Highlighting factors that may influence measured date

x  To carry out numerical modelling
1.8.2 Project Resources

Information and resources recedr for the smooth progression of this projeas made
availablefrom the following
x South Deep gold mine providethe data they captured from the instrumentation
installed at the mine anthe geologicalbackgroundof the mine mining methods
employed anextent of mining done on the pillar
x  SRK reportsdetails previous work done on pilldesignandthe risks perceived to be
associated witlthese designs The SRK library has wide variety ofext booksthat
assisted irfurther research.

x  Wits Universitylibrary, for access to research papers and text books.
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CHAPTER 2

2 Rock massbehaviour and seismicity

Chapter 1 provided an overview of South Deep gold mine and the research objectives. The
following chapter looks at the characteristic behaviour of thentty rock mass mainly
focusing on the rock mass response to mining. Definitions and general causes of seismicity are
also explained with particular attention to mining induced seismicity. Finally, a summary of the
history of regional pillars as a strategfysupport in South African deep level mines is briefly

described.

2.1 Rock masdehaviour

The stability of an excavation made underground is entirely dependent on the strength of the
rock mass in which it is constructed as well as the presence of anygxgcontinuities.

Depending on the mining geometry, sequence and depth, movement occurs along geological
discontinuities if the rock shear strength is less than the resultant shear stress due to re

distributed stresses causing disturbances, LarssongR004

If the rock is assumed to be elastic and uradsr type ofloading, thee would bestressese-
distribution forming pathsaround the openingnd these path=ould berepreserdd inprincipal
stress trajectories. An example for@ndedexcavation is shown ifrigure 2:1, Larsson
(2004p). Shorter distance between the flow limesembles an increase in stressl a wider
spacing indicates stregslaxation compared to the virgin state of stre3$ie stressesre
expected to return to virgin stads the distance froithe excavation(spoundaryincreasesi.e,

excavatiolfs) only disturbs the stress fieid close proximity
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A roundedshapegives a smoother flowf stressearound the excavation, compared to a square
or rectangular shapas stresses become concentrated at the colfiesnoncircular cross
sectioral opening is much longer in one directianth sharp corners, zones with deased
stresses may form in the middle of the r¢éfigure 2:2), while increased stress zones are

the sidaewalls. There is stress sdistribution over the whole ared istopesare close to the
existing onebecause thstress distribution around an opening \wdive an effect othe state of
stress around the otheMumericalmethodsarenormally usedvhenthe crosssections become
more complicatedn orderto study how the openings will influence each other and what the

resultantstressesvould be

Direction of applied stress

Figure 2: 1 Major Principal Stress trajectories around a rounded opening, after
Larsson, (2004a)
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Direction of applied stress
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Figure 2: 2 Stress fow lines around stopes separated byypical regional pillars, Hoek
and Brown (1982)

2.2 Seismicity

Seismicity is definedy Cook (1976)as the violentesponse of theock mass tstresses in the

form of deformation and failure. A seismic event is a sudden inelastic deformation which
causeghe release of stored energy in the ratkss This energy is released when a frictional
strengthof pre-existing geological structures exceeded by induced stressesing on the

contact planes causing slip along those geological plaesdgting in instability The released

energy is themmittedin theform of seismic waves. Thisowever, rarelynanifests irthe form

of rock-bursts which is defined as a miningduced sudden, explosictike seismic event that

causes damage underground, posing a hazard to the safety and causing damage to mine

structuresSalamon et al (1984 and Ortlepp and Stacey (2004aid the definition®f rock-
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burst and seismicity used I8ook (1976 are vague since they do not elaborate on how large

the damage is expected to be.

Development of excavatisrduring miningdisturbsthe virgin stress statef the rock mass
resulting in increases or decreasestmessed close proximityto these excavation3he most
important factorgoromptingthe occurrence anseverityof seismicity are virgin stress state,
rock propertieswhich incorporategeological structuregpresent in the rockmasand the

influence of the mining methedmplemented

As mining continues to greater depths, the impact of-bagkts and seismic events may have
substantial economic and safety implications and therefore an understanding of the rock
mechanics is critical for the design of effective and efficient miningatioers. This is due to

the uncontrolled disruption of the rock equilibrium and the release of the strain energy stored in
the rock body, Cook (1976). Mine sequencing, geology and mining activities, significantly
contribute in triggering seismicity. Presenaf geological structures in the rock mass weakens
the rock promoting rockurst occurrences. Induced stress generation is unavoidable during
mining, therefore this generated stress has to be controlled by designing optimum sequencing
plans to limit theiradverse effects. Slip along geological discontinuities leadsdestebution

of rock mass stresses and this manifests mine seismicity.

The South Deep ct#ndfill mines are comparable to the Canadian miseglial, Larsson
(2004), regardingstate ofstreses mining method and rocgroperties, thereforéhe similar
seismicity problemsare to be expected as mining depth increases. At present the damage

caused by seismicity restrictedand can be controlled witheluse ofstiff reinforcemenin the
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form of backfill. However, the @éinforcementmust besupplementedavith more yielding and
energy absorbinghnechanisms for largmagnitude eventsAccording toLarsson (2004), the
rock mass irCanadiarminesis mainly high strength brittle rock typdgenceseismic anaock-

burstrisksincrease with increasingining depthas a result ohcreasing stress levekhe same

situationwith what is currenthpeingexperienced at South Deep gold mine.

According to EbrahinTrollope and Jooste2005, the seismicmonitoring systemwas

developed n t he | ate 19806s and they have assiste
parameters regularly. These parameters are quantified in terms of time location and magnitude.
Inelastic deformation at the source is afeeasured in terms of seismic moment (Mo) and

radi ated energy (E). The energy index (EI)
engineers and management optimistic about predicting almost accurately, the exact time,
location and magnitude of existimyents A seismic monitoring system enabkegjuantitative
descriptionof seismicity,thereby managintheseseismic hazalandrock-burss based on an

informed decision The effect of rock-burstson mining operations can be enormobsnce

monitoring is vital for proper assessment andlleviation of seismic hazard and risk,

consequentlyninimizing the exposure of equipment and persannel

Seismic data is usewb calibrate and updateumeri@al models and identifkey seismically
active geological structurés allow strategic placement of enhanced suppinerefore model
factors are adjusted until a good correlation agained between observed seismicity and
expected fracturgatterrs from modellingresults. Potemdl locations of futureock-burstsare
estimatedusing these adjusted moddléining operations and sequencing can then be modified

in response to modeled predictiprigifu (2000) Currenty technology only identifiehigh
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potential rockburst areas usgnnumerical models and experieniset cannot predict when

rock-burss will occur.

Micro-seismic monitoring systems hageained wide acceptance mmostdeephard rock mines

in a bidto characterize mining induced seismicityd evaluation by giving mining engineers
information concerning the local stress state and rock mass condg&sasiic data isegularly
assessetbr mine development activities through optimizathe sequencingde-stresing and

ground supportMicro-seismicity gives an indication of the rochkass degradation as a result

of elevated stresses. The occurrence of seismicity defines whether a geological structure is
active. Both the individual characteristics and quantification of geological discontiraites

critical for a reliable evaluation of the seismic hazard in mining operations.

By receiving reatime, upto-dateinformation on the location of seismic events, engineers and
operators cametermine wheréhese events are occurrimglative to active mine workplaces
andasses$iow therock massonditions are changingith time. A micro-seismic monitoring
system iexpected to be installet the beginning of a mibekfe and it will become a valuable
instrumentfor mine sequence optimization. Thréugse of seismic monitoring, knowledge of
the rock massesponse is gainedore quickly and a better idea of how ground conditions are
changingin response to mining Researchhas concluded thaheéreis a varietyof ways in
which induced ssmicity hasbeen seen to occurdowever, this report is mainly focusing on

the seismicity resulting from mining.
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2.2.1 Causes of nming induced seismicity

This can be described as the failure of rock mass as a result of fimdirggd changes in stress
levels. Seismic eventgary in size frombarelynoticeablegroundwavesto very large tremors.
The maintypes of mininginduced seismicity adescribed by the Angl&old Ashanti &fety
and HealthReport (2004)mainly includefailure alongalreadyexistinggeological weaknesses
such as faults, dykes and joints whigpically resultin medium to large evenfar away from
workings Additionally, shearfailure of thein-situ rock massalong fractureghat results in
larger events close to workings and localised burstingritile rock failure also known as

strainor face burstin@re other causes of miniigduced seismicity

Mining generally leaves voids which result in stresslisgribution in he rock and these
openings may collapse producing seismic waves. Higher stresses in mines can result in both
strain bursts around rock mass excavation boundaries and strueittdaltgd seismic activity

along the structures. The latter can occur whenlteggustresses are higher than the cohesive
strength of these structures causing them to separate along their planes of weakness commonly
known as fault slip or fracture propagation. Damage of the intact rock mass can occur in major
unconnected or steppedontinuous geological structures. Ground support systems are
continuously improved based on analysis of the ground response and changes in stress levels,

confirmed by seismic monitoring.

The seismic response of the rock mass to mining is monitored bsisesystems. The
information recorded by the seismic monitoring system is expressed as seismic waves.
Numerical and seismic ba@nalysis of large instabilitieis extremely important even though

there is not much damage. The reukssbehaviourconnectedo pillars, backfill, different
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mining layouts and rates of excavation are also important to investigaieler b achiee

safer, economic and more productive mining operations.

2.2.1.1 Seismic events associated with stopes

From the research done bgrsson(2004a), the location of the damage and the location of the
energy releasavhen seismic events have occur@@ one and the same. Several types of
failures belong to this category but orityee most common will be described here; strain
burst, pillar burst and face bur€rtlepp (1997)confirmed thathe following types of events

cannotoccur if there is no opening.

2.2.1.1.1 Strain burst

A strain burst is probablgmong the mostommon forns of rock-burstin minesand alsoin
civil engineering structures. The term descsi@giolent eventwhere pieces of rock are ejected
from the boundary of an excavation. This failure causesisgailr slabbing of surface rock
hence preexisting geologicaktructuresare notnecessaryor fallouts to occurin an already
jointed rock-mass at the excavation boundathe failure tendsto end at the discontinuities or
cause buckling of thin laminates of nearface rock. A strain burshormally causes

comparabhlimited damagend the amount of energy that is released is fairly small.

2.2.1.1.2 Pillar burst

Violent pillar collapsesdue tolocal stress ralistributionand thedamageseveritydependson

the location of the failed pillar and tleenditionof other nearbyillars and rockmassstrength.
More energyis releasd from a pllar burstwhen compared ta strain burshencethe radiated

seismic wavas likely to cause shakdown ofalreadyloose rock.Failure ofone pillar causes
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stresses to be qdistributed tonearby pillars, which magonsequentlyail violently depending

on how close they are to failure

2.2.1.1.3 Face burst
This is adifferent form of strain burstvhereby there imccumulation of strain energy in the
rock mass ahead of the face. Face burststaeactrizedby violent ejection of material from

the face into the excavated area.

2.2.1.2 Seismic events associated with geol@agidiscontinuities

Larsson(2004), further explained that@a mine grows, a larger area around it is affected by
the stress réistribution and his can lead to ractivation of faults in the areand violent
formation of new fratures through intact roclShearrupture occurrence has so far only been
positively proven in Soutlfrica, Ortlepp (1997) but the most commorargescak seismic
eventso faris fault slip The severedamagecan result fronthese events and they can affect a
large area andometimes caibe felt on the surface. These eveats called mining induced

seismic eventand may also cause damage on the surfdoeevents are as follows;

2.2.1.2.1 Fault slip
Fault slipdescribs slip on a geological structure. Mining activities can influebgeedudng
the clamping force across the fauktsulting inreduced shear resistanaerossthe faultand
increases the shear force along the fatdmptingslip to occur The damage to excavations is
as a result ofhe energy that is released when the slip ocdurs.released energy is radiated as
a seismic wave, and when the wave hits an opening in tkatroauses;

1 ejection of blocks defined by existing joinamd fracturestensile failure close to the

boundary of the opening,
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1 large compressional stressvhich causesjection of the failed rdcand

1 shakedown of loose rock.

2.2.2 Seismicity at Witwatersrand gold fields

Durrheim (2010), explained that the 1915 R&tkst Committee concluded that the shocks
originate from specific locations in the mining operations. Howeseen though there was
speculation of high magnitude events in the future in Johannesburg, their severity was not
expected to be sufficiently great to rationalize the apprehension of any disastrous effects,
Annon (1915). The 1924 Witwatersrand Rock Bursiminittee was thereafter appointed to
investigate the occurrence and control of rock bursts in South African mines as well as the
safety measures to be implemented to preclude accidents and loss of life resulting from these
rock-bursts, Annon (1924Mining induced seismicity and its hazardous manifestation {rock
bursts), were first encountered in the early 1900s when widespread stopes, supported only by

small reef pillars, extended to depths of several hundred meters

Rockburstingis still one of the mosterious and least understood problems facing deep mining
operations, claiming the livePurrheim (2010) The largest miningelated seismic event
recorded in South Africavas in the Klerksdorp district on 9 March 200&ith a local
magnitude (ML) of 5.3 whose main shock and aftershocks trdedb the nearby town of
Stilfontein, damagingseveral buildings and minor injuries to 58 peofBasic scientific
research was then conducted to examine the propertidseaastiourof the rock mass and the

engineeringnaterials that are used to stabilize and support the, idureheim (2010).
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A handbook by.ee (2002) suggests that theusty of mine induced and triggered earthquakes
startedearly in the 28 century. Current gold productids at the depths between ZDén and
4000 m in an extensional settiagdis achieved by excavating sthiorizontal tabular stopes,
with widthsranging from jusmore than a metrandextendinglaterallyfrom 100 m to several
kilometers. The high level of seismicitharacteristicallyithin several hundred meters of the
active mine faces, is associated with substantial stress changes in théabeitdadjoiningthe
stopes.Magnitudesoccasionallyexceed 5on the Ritcher scaleand higherlevels of ground
velocities as muckeveralmetersper secondave been recordezhd can behighly damaging
(Cook et al 1996) The rate of seismic deformation has beerrelatedquantitatively to the
rate of ore productignMcGarr (1976) The stress changdsgh enough tacause seismicity
often nvolves increases in the shear stress as well as decreases in the normatlkregses
the fault plane. The volumes of stope collapse associated with mining inskeisetcitycan

be used to calculate the energy radiated seismita(2002)

2.2.3 Seismic prediction and control

Techniques were developedittvestigateseismograms and seismicitgtferns after realizing

that erly work only concentrated on the quantitative description of the seismic source and
seismicity Mendecki, et al. (1996) This time attentionwas given to therock-burstdamage
mechanismDurrheim, et al. (1998) Failed dtempts weranade to predict seismic events on a
routine basisDe Beer (2000)The focus then turned to the managememsetdmicrisk through

the continuous ssessment of the seismic hazagtimizing mine layouts improving support
systems, andntegrating seismic observations with numericalodelling to have a better
simulationof rock mass behavim, Mendecki,et al. (2001) There was a&ignificantchange in

layout viewpointin deep gold mines in the early 199@swhich theorientation ofregional
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pillars changed from strike to dipincethe predevelopment of tunnelsnables identification
of hazardous structures and bracket pillars tantyg@emented prior to stoping Vieira et al.,

(2001)

2.2.4 Rock-burst control

Preconditioning was introduced in South Africa as a way of improvingacst conditions in
deep mines. This was motivated by the realizatiat face bursts often occur on deep level

mines that practice lorgrall mining. Preconditioning is thenethodused to destress the rock

ahead of the face being mined by setting of a blast resulting in fractures ahead of a mining face.

These fracturesontroland limit the amount of damage resulting from face bursts as defined by
Toper,et al (2000)

Two techniques for preconditiorgrihe faces have been developed whichtlaeeface parallel

and the face perpendicular methods. These two methods are debgribepgeret al, (2000),
wherehe noted that to reduce the potential for violent failure, either the stiffness of the rock
massshould be decreased or shearing on existing fracture surfaces should be promoted.
Toper,et al (2000),went on tosuggesthat preconditioning does nfidirm any new fractures
ahead of the face bpromotesslip on preexisting fracturess a result of higlpressure from

the explosivegases The fractured rock mass fgheldmgt he
c u s h frocknmiass with lower modulughead of the fac&sdasmic evens will occur away

from the preconditioned faderming adynamic tensile wave from that event would not cause
as much damage as for a normal face. The effect of a preconditioning blast etboakpace
soasto avoid face bursting on a specificea The mechanism of preconditioning ie transfer

high loads from the fractured rock further ahead into the face and allow the fractured rock to

deform more and stably.
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2.3 Instrumentation

The maintask of instrumentation i® checkand verifythe rock mass respondearing mining
and for safetyHenceforward alterationsto the designs or counteractive act®are taken to
avoid potential damage caused by unsafe mining conditions. This is of outmpogiancein

the rock engineering and planniagpectsThe accuracy of predictions made in project design
calculationgmust be critically verifiecand there should ke feedback loop to allow changes
the design andits optimization as time progresseand more data become availabléhe
instrumentationmplementedat South Deep gold mine include a straieter, geophones and

accelerometers and these are explained in det@ihapter 4.

2.4 Numerical modelling

Two numerical modelling methods were carried out for pillar stability analysis during this
project namely Map 3D and Phasdvap3D is a three dimension&loundary element method

of stress analysig/hich relies on the assumption that the host rock istielasotropic and
homogeneousPhase 2 looks at the twbmensional cross sectional view of the pillar,
highlighting the nature and extent of the surrounding for assessment of possible pillar
punching.The objective of the numerical modelling was to assks potential risk associated

with mining in the proximity of the regional pillar as well as subsequestrdss mining

2.5 Reqional pillar designs in South African deep level mines

The greatest challenge in any deep level mining operation is the ébiéitract as much ore
as possible (Spearing, 1995). Stope support is of paramount importance lavié¢epinesas
it enables the safe and economic extraction of the bulk of the ore resources. Lack of better

understanding of the rock mechanics makes#fe design of stope support a nightmare
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Gold mines in the Witwatersrand Basin exploit the conglomerate tlesfare thin layers over

a wide spreadrea The mining excavations left after these reefs have been roimedre
tabular due totheir small height compared to the lateral exteMaccelari and Cichowicz
(1999) The shape of the resultant excavadioll give rise to high stress concentrations at the
faces of the stopes causing serious fracturing and resulting in lbackt occurrences. In an
effort to overcome this problem, strips of unmined rbelke beereft along strike as strike
stabilizing pillars.This has so far provided regional support in the stope-beeas and reduces
stress concentrations ahead of the face.

To this day, &bilizing pillars arenow part ofthe mine layoutn anumber of deefevel South
African gold mines The motivation of stabilizing pillars was based on the principl¢hef
Energy Release Rate (ERRdncept,which evaluates the spatial rate at whiehergy is
released during miningCooket. al,1966) Researcldone by Maccelari and Cichowicz (1999),
showed that the presence of these stabilizing pilianiss convergence in the stopé®duces
stope closureshencereducingthe ERR thereby, limitingrock-burstsand seismicity levels at

the stope faced~actors influencing the regional pillar design are low pillar strength of the
material, weak layers within the pillar, and weak layers or partings in the immediate
hangingwall and footwall. Due to the un@enties concerning pillar strength, pillar stress, and
loading stiffness, monitoring in experimental mining sections (even in established mining
areas) is an essential tool to assess the stability of pillar layouts in different ground control

districts.

Seismicity induced by mining in deeplevel has beenanalyzedas well as their associated

hazard It was discovered thdarge seismic events associated witlesepillars are prone to
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cause extensive damagedative areaslmprovingthe design of stabiling pillarsis desirable

in order to reduce thassociated seismic hazarthe computation of average pillar stress
values is an important design criterion for the analysis of the regional pillar stability for tabular
mining layouts. Numerical modelling meébe used exclusively to provide a concrete basis for
pillar stability prediction According toMaccelari and Cichowicz (1999%ealismhasrevealed

that the majority of these stabilizing pillars, irrespective of their dimensions andlose

proximity to adjacent stopes, wilhevitablygive rise to seismic eventithma gni t ude, MO2

The seismic investigation carried out by Lenhardt and Hagan (1990), at Western Deep Levels
Limited indicated that high magnitude events occur below the pillar some dédtehind the

advancing faceThey went on to explain thas anining progresses and stope closure continues

in the back area, the pillastresseslso readjust If these pillars becomieighly stressed, slip

along shear planes or punching (if there is nitbean one shear plane) is likely to folloWhis

will result in damage to the footwall and reef drives close to the pillars leading to loss of
production since s o0 méentardteandsHagaro (h99Q), erbpbasized thee s s i |
need for additional abilization forms like backfill so that the stressedisdribute evenly

reducing the hazard of foundation failure in pillars.

Maccelari and Cichowicz (1999 mphasizedhat the rock mass iclosevicinity to themined
out areas behave in amelasticmannercontrary tocurrently employed design methodologies
which assume elastlehaviourof the rockmassmaking accurate design sfabilizing pillarsa
predicamenespecially in massive deep level minitigwas due to these challenges the writer
felt the need to investigatéheregional pillarbehaviourduringmassive miningt South Deep

gold mine.
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CHAPTER 3

3 Underground Monitoring

The previous chapters covered theneralcauses of seismic everftdom a mining point of
view. This chapterdetails the purpose and objectives of the instrumentatiageneral, the
different types of instrumentation available in the mining indudtater, the research is
narrowed down taexplain in detailthe seismicand strain systems currentlymplementedat

South Deep golfbr measurement @ghe ground response to mining.

Before implementingany monitoring programmethere should always be distinct problem

statement todescribeand valicite thepurpose.As mentioned inRyder and Jagef2002)

Dunnilciff and Greer{1988)made the fdbwing statement in this regard;

AEvery instrument on a project should be sel
guestion: if there is no question, there shou
South African mderground mineare experiencing increasing stress levels with increase in the

mine depth and this hassulted inincreasedisk of instabilityaroundexcavationsDue to he

brittle nature of mostocks in undergroundgold mines thoseincreases irstressescan be

expected tdead to violentfailures Another problem posed by the rockmass qualitthes

growing cases ofactivation of faultswhich consequently lead toeleaseof large energy
amountstherebydamagingunderground construction$here ishigh exposure of workers in

close proximity during face or hangingwall burstibgterminingthe riskis difficult, hence the

need forimplementation ofnstrumentation to monitor the exteaof these failureand assess

the extent of damage done to thetlrosk during mining
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3.1 Obijectives o Monitoring System

According toa handbookby Jager and Rydef1999) a quantifiable descriptionof seismic
events and seismicity is considered necedsatryot adequatein accomplishinghe following
objectives of monitoring the seismic response of the rockmass to mining:

3.1.1 Location of Potential Rock-bursts

To alert management bgpecifying the whereaboutsof potential rock-bursts linked to

intermediate or large seismic events and tosasspossible rescy@ocedures
3.1.2 Prevention

It is important tocheckthe critical assumptions of numericabdellingsuch as theensitivity
of parameters tstahlity therebyassising in controllingthese parameters leading to correction

of the desiged layoutmining sequencand the support strategyen rate of mining
3.1.3 Control

To detect changes in seisnfectorssuch as an increase in the number of intermediate and
larger magnitudeevents and theidistribution with time.The rateof accelerationin seismic
deformation or changem seismically induced stress can also be identified through the use of a
monitoring systemThis wouldenabletimeous implementation atontrol measures such as
limit workersexposure to gemic areast different times

3.1.4 Warnings

Warnings are require@ perceiveunanticipatedstrong changes in thtereedimensionabnd/or
chronologicalbehaviour of seismic parameteasd certain characteristic patterns that could
result in dynamic instabilities affecting working places. This wouaslsist inwarnings to

manage the exposurepotentialrock-bursts

~ 38 ~



3.1.5 Back-analysis

Back analysis of seismic rockmass behavioumnectedvith pillars, backfill, different mining
layouts, rates angvays of excavatingis an importantechniquein ensuring safeand more
productive mining. It imecessaryo maintaina comprehensivdatabase of seismicityirfes,
locations, magnitudes, seismic moments, radiated energies, sizes and stressodralbs
seisnic events recordedl'he availabilityof the seismic evenvaveformsrecorded prior to
large events anbck-burstslocated within ashort distance fronthat event would assist back
analysis and researciihe use of simple monitoringnstrumentsmake it possible to get

valuable deductions about rock mass response to mining.

A seismic monitoring system &commendablendeavorfor minesexperiencingseismicity,

not onlyfor localization and estimation @kismic event magnitudebut to monitor he rock
massresponsealuring miningas well This can provide valuableput for production planning

and sequencingrhe amplitude and frequency eéismicwaves depend on the strength and

state of stress of the rock, the size of the seismic source, thatotke, and theleformation

rate of the rock during fracturingMendeckiet al., (1999) When a number of seismic events

within a given volume and over a certain time have been recorded and processed, the changes
in the strain and stress regime in that volume can be quantified. This gives the opportunity to
validate results obtained from nuroal modelling where elastic parametéYso un g6 s mod ul
and poi ss on &sespectvelyaoe agsumed t@be donstant within a given volume,
making stress a function of straip ( ‘Oz -). The strainand stress changes caused by
seismicity, howeer, are independeniendeckiet al., (1999) thus for ground displacement

measurements, South Deep installed a strain meter in close proximity to the regional pillar to
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record strains induced as a result of the mining and thereafter caleslfdr theassociated

stress build up are made.

Induced microseismicityecordings from geophones and accelerometers ddothe remote
monitoring of active fracturesSeismic monitoring identifievariations in principal stress
orientations during sequentialges of miningproviding insight into the failure mechanism,
including possible rcture and stress orientatioaad characteristics of the soursource
strength, the extent of slip, energy and stress réleasesuch, microseismic eventgich are

defined as events with magnitudes less than zero and comprise the largest percentage of seismic
observations at a mine site, can now be used to provide information on the mechanics of strain
energy accumulation due to mining and the changin§g rmass conditions leading to the
generation ofock-bursts As a result, a better understanding of seismic source inhomogeneity

Mc Garret al.,(1991)and source scalingehaviouras related to mining can baehieved.

Seismology has become amailabletechniquefor remote orgoing descriptionof rock mass
conditionsas a resultof mining influence. In underground mines, geological structures of
differentsizes can be activated by the presenceactive excavation aread their interaction

with the locé regional stress fields. The location of these fractures is provided by the spatial
distribution of seismic events. Byostulatingthatthe dominant mode of failuns shear,it is
possible to use seismic waveform informatmn the effectiveness of usirthis approachas a
mapping tool can bstudiedin the context of known geological struagrTrifu (2000) This

has resulted in better understanding of the interaction between exiwastthe regional stress

field and local suctural geologyeingachievedn mines

~ 40 ~



The dilemma faced by minmanagerss to find waysto effectively and efficiently extract ore
without jeopardizing safety. Recemiprovementsn seismic monitoringpermit theestimation

of thedeformationand reldive stress state of the rock mass in the presence of excavations, as
well as the potential for evaluating the hazard associated with grootidn. An extensive
arrayof high-frequency accelerometease designed to provide reéime location and display

of microseismic events with local (Richter) magnitudes as low as approxintately

The parameters that may be monitored in underground operations can be divided into those that
can be measured directly and those that are derived indirectly. The follsviadist of
parameters that can be monitored directly in underground conditions;

x Movement across a fractuijeint or fault,

x Convergence of points on the boundary of an excavation,

x Displacements in the rockassaway from the excavatidnoundary

x Stressegenerated in backfill and
Absolute stress or changes in stredésa point in the rock mass, seismic emissions (ground
velocity or acceleration) and wave propagation velocities can be moniiadeéctly in
undergrouncenvironmensg. Although it mayseemas thougha wide range oparameterare
monitored, in the bulk of geotechnical instrumentation only displacement (deformation) and
stressare the basic physical responses measured tsen@vailabletechnologyandtime is

always recorded as a fundamentatiable.

3.2 Cateqories of Instrumentation

Four wideranging groups of instrumentati@nerecognizableand ardhereforelisted in order

of decreasing simplicity and reliabilitgfter Dunnilciff and Greer{1988)
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3.2.1 Optical

Often referred to aghe simpest methodthat can provide a quick assessment of prevailing
conditions, mostly at relatively low costhese systems include borehole camgrasoscopes
and conventionaphotogrammetric surveying methods for establishing excavation profiles

boundarymovements and for recording natural and mirsimdpced fractures.
3.2.2 Mechanical

They are used for displacement measurements and involve the use of rods, wires, cables, and
tapes to achieve this. However, remote reading or continuous recwdimgossible ashese

types of instrumentation have bemrerlooked in favour of lestependablelectrical systems.
3.2.3 Hydraulic and pneumatic

Hydraulicandpneumatic devices are diaphragm based transdutenebyfluid pressure acts

on the side of dlexible diaphragm m@e of metal, rubber or plastwhich are used for
measuring support loads and normal components of stress-oResdypically doneghrough

a standard pressure gauge, but for remote or continuous reading an electrical pressure

trangucer can be used.
3.2.4 Electrical

These devices afford themselves to be remotely and continuously read, and this is always an
advantageous factor in their selection in comparison with others. However, research and
experience has proven that electrical instents are prone to failure especially in the harsh
underground environment. The setting up of a suitable power suppbirground is also

sometimesn issughowever, in some cases the use of battery power can alleviate this problem.
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3.3 Different instruments for differentparameters

Rock deformation ishe mainfactor in the stability of underground excavations aravitably
it is the most regularly monitored parametér.diverse range ofnstruments have been
technologically advanced to measure thmoant of deformation affecting underground
excavations and the roakasssurrounding themRyder and Jagef2002) evaluatedsome

other related practises used in hard rock mines.
3.3.1 Closure Meters

These araalsoknown as convergence meters ard probably the most universally installed
rock mechanics monitoring devicespeciallyin mostSouth African hard rock mes This is
mainly because ahe importance of convergence in the minexgavationssituation and the
comparative simplicity of e instrumentation Closure meters are used to define the
convergence of theinderground excavatioboundariesand his is generallyattained by
determining the amourand rate atvhich two oppositdacesof an excavation move towards

each other.
3.3.2 Borehole Extensometers

These devices measure the amount of movemsidethe rockmassaround an excavation,
mainly inelastic enlargement, which contributes to the closure of the excavationcarhalso
identify the depth extent of discontinuities into thekeanass According toRyder and Jager
(2002) the change in distance of a reference point at the collar of the borehole from a number
of reference points fixed at known distances along the length of the hole are recorded. In this
way the axial deformatioof the borehole can be determined, and the regions of surrounding

rock contributing to the closure of the excavation can be identified.
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3.3.3 Surface Extensometers

There is a wide variety ahstrumentsavailable for monitoring lateral or shear displacenuant

a rock surface,specifically the dilation and contraction of individual fractures or
discontinuities By recording thanitial readingsat the beginning of the experimemeasured
deformation can be converteddivains Theinstrumens varyin accuracy and complexity from
thesimple method of paint lines and tape measure tbitidy accurate strain gaugange

3.3.3.1 Stress measurements

These are instruments ustrldetermire changesin stress andneasurethe load in support
units.

3.3.3.2 Strain mders

Normally strain (or stress) monitoring in mines is carried osing strain cells such as a
doorstopper orthe CSIR cell Amadei and Stephanssof1997) Most techniques can
accommodate strain changes larger than Hix resolutions are no better tha@®. Stress is
calculatedusing the baclkanalysis methodrom the strain readingsvolving a series of
transformation equationsf r o m H o onvkhead assuimebut mostlymeasured, modulus

of elasticity(E)of t he rock mass and the Poissonbés rat
3.3.3.3 Load cells

Theseare used for determining the-situ load and/or stress generated by support items. The

support items monitoregary from elongate supportisrough roofbolts to backfill.
3.3.4 Discontinuity mapping techniques

Thesetechniques aretilized in mapping exposed fractures or oth&cdntinuities by optical
means Recently nore advanced electromagnetic or seismic means are also availablher

process of being developéat mapping out structures deep in the rock mass.
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3.4 Components o& seismianonitoring system

Joughin(2010), states that thmstrumentation systems used to monitor a given parameter will
generallycompriseof the sensors, seismometers, multiplexers and the centrefigiiee 3:1
is an illustration of typical seismic systeand theseomponents are explained in detail in the

following subsections.

O Central
7 MS site

Network
Shaft hub —

/ spfsors
g SEHSOrs ‘ Modem Rack

Sensots

O QS

Mux

Setsmometers

Figure 3: 1 General features ofa seismic systemJoughin (2010)

3.4.1 Sensors

The sensors used in mine seismic systemganerallygeophones and accelerometers. Each
geophone or accelerometer unit aseres ground motion uniaxiallyso for triaxial
measurementthreesensors are mounted together, orthogtmane another. Triaxial sensors

are essentialfor inversion or calculation of seismic source parameters. Sensors should be

installed in a drilled hole at a depth beyond the fractured zone surrounding the excavation.
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Generally sensors are installed ineatical hole, which can be up into the hangingwall or down

into the footwall The competency of the rockould be considered when deciding whether to

use up holes or down holeBown holes are easier for installatiaimough water is often

trapped in thehole, which may cause resonance. The sensors should be well grouted in the
hole, so that a solid contact is formed between the sensor and the rock. The sensor cable should
not be installed near any form of electrical interference, such as a power cattiec sub

stations and fans. Noise can also be caused by mechanical vibrations from fans,qoemps,

passesshafts and locomotivieansportJoughin,2010.
3.4.2 Seismometers

In theIntegrated Seismic Systentg#drnational SSI) seismic system, seismometers record the
signals received from the sensors. The analogue signals are converted to digital signals, using
an analogue to digital converter. Digital signals represent the data as discrete values and are not
susceptible tanterference and distortion. Transmission of data between seismometers and the
multiplexor and central site is digital. Seismometers can oahsmit one waveform at a time

and tme is kept through a clock and an extremely accurate time counter. The seftthgs

clock and tne counter are updated on a regular basis
3.4.3 Multiplexer

Multiplexers provide a means for condensing the data from a number of stations in the network
onto one single communication linkspeciallywhen the number of communication lines i
limited. There is a modem rack amtbdems communicatiowith the stationsvith the former
normally separated from the multiplexer and placed underground. A fibre optic link is then
used for transmission of data between the multiplexer and modem (danghin, 2010).
Originally a serial portjoined the multiplexersto the central sitebut recently,the current

systems have the multiplexers linked to a netwdtie system has the ability tostall more
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than one multiplexer onthe network and this is ideavhen the underground network is

separated between shafts.
3.4.4 Central site

The seismic system is controlled at the central site. The central site continually communicates
with the seismometers, through the multiplexer. The Run Time System @E@n§)risesof
numerousco-operating softwareomponentghat result in manyogical communication links.

This is controlled and managed at the central Siteighin, 2010) Seismograms which are
received from the seismometers are grouped into seismic events andrs@matabase. The
seismic events are automatically processed at the central site. Manual processing can be carried

out at the central site or on computers linked to the central site.

3.5 Components of a ground movement monitoring system

Strainmeterswere initially developed as small muitomponent borehole strametes for
earthquake prediction studyOgasawara,et al. (2005) The strairmeter fundamentally
measures diameter change of cylindrical vessel in a rosette layout format asrskayume 3:

2. A strain gauge rosette defined asan arrangement of two or more closely situated gauge
grids, separately oriented to measure the normal strains along differeatiotis in the
underlying surfacef the rock mas$or back calculatiorof stress Researclhas proven that for

the common case of theimple biaxial stress state, three independent strain measurements (in
different directions) are essentifbr determinabn of the magnitudes and directions of

principal strains and stresses.
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Figure 3:2  0%-120-240 strain gauge rosette orientation

Ishii et al (2002),later designed mechanical enlargement systemabling them toncrease
resolution and sensitivityLhe pinciple ofalever is engaged and the system is able to magnify
about forty imes diameter change of the instrumdoe to applied stres3he dsplacement
sensor is magnetiovhich can transfer changef instrumet diameter into output voltage
change. Thestrainmeterequipped with mechanical amplification system has sensitivity more

than 10’ strain.
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3.6 Accuracy, Error and Sensitivity of Instruments

Careful selectionof the instrumentation has to be made esfig@a thedesignaspects so that
they meetthe critical requirements of reliability, simplicity and robustnddss factor is of
importance de to the harsh conditions (temperature, moisture, abrasive dust and grit, rough
handling) relatedto the undergrund environmentDunnilciff and Green(1988) linked
reliability with maximum simplicity, and narroed down the selection requiremeoy saying
AWhen selecting instruments, the overriding desirable feature is reliabiythe monitoring
systemto fulfill its intended functions economically and reliably in the underground mining
environmentthey must be simple to monitor aptbcessreliable, @syto installunderhostile
conditions,adequately sensitive, accurate, robuasy@and immediateacces tothe data and
minimuminterference with mining operations.

When selecting theastruments for a monitoring programriey have to be compatibieith

other instruments used in th@ogram and not only monitorinthe given task at hand.
According to Jager and Ryde(2002, higher accuracy instruments result in an accurate
monitoring system. Instruments vary in precision, sensitivity, reliability and duradmildytheir
importancevaries with purpose of the program such as collecting design datanitorimg
mining. Measuringinevitably involves errors and uncertainties and it is important to be aware
of theseerrors(which includecomputational err@ duplicate readingsmproper calibration,
instrument design limitationsetc), their dfect they haveand how tominimize them. Final
processedlatais expected to beleaty and understandaplkepresentedlemperature changes,
vibration and corrosion, humidity control in enclosed boxes, noise, friction and environmental
effectsare some of the faat® which can contribute to errors in the monitoring system
Disparities in measurementsare mainly caused by external factors such as electrical
interference, and noise vibrationsfter installationof the instrumentthey shouldbe verified
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and checked griodically during monitoring and upon projecbnclusion for precision
Reliability is the ability to operateinder hostile situations evéeyond the desired range, high
pressures, mining activities, dirty environment, water, erratic power supply, $s#wutity for
maintenanceServiceable lifadetermines how long an instrument can be expected to perform
its required functiorand this carvary from a éw weeks to up to several years. The iffe

influenced by the design of the instrumenetmurethe alverse conditions.

Although there is evidently a wide variety of instrumentation available for underground
operations, but for this project, Sout h Deep
tested monitoring equipment which have proven to bible in the harsh underground

environment.
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CHAPTER 4

4 Instrumentation at South Deepgold mine

The following chapter details the instrumentation installed at South Deep golcandtieeir
location in relation to the regional pillahat is being monitored. The advantages and
shortcomings of these instruments tisai ppor t ed t h ehoicearalzegcefonte nt 6 s

enlightened

By assessing the stress build up, displacements and seismic activities that occur during mining
adjacent to pillarsthis project willultimately help to safely and economically design regional
pillars for massive mining based on an informed decision.

As such instrumentatiomasbeen installed in close proximity to the regional pillar in 90 3W to
assess the effects ofllpr forming and concurrent massive minirbwo 3G 4.5Hz triaxial
geophones, four 2.3kHz piezoelectric accelerometers and an IlsldmBonent (42mm
diameter) strain meter have been installed around the ghigure 4:1 shows the regional

pillar position relative to the whole mine layout wherEBagure 4:2 is aplan view showing the
location of the instrumentation in proximity to the pill&igure 4:3 is a view looking west

from below the reef position.
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Figure 4: 2 Position of instrumentation in relation to the regional pillar (Plan view)
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Figure 4: 4

Proposed final pillar layout and size
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Figure 4:4 shows the size (area) of the remnant pillar as at thef4April 2013 and the
expected final layout of the pillar. SectiiabelledA (Total area of 80581 areto be mined
from level 90 3W and section B (green colour outlinghes proposedinal pillar size (area of

5566nf).

4.1 The Ishii strain-meter

These strainmetes can beinstalled into boreholes at depths from 150 m to ®30in
seismically active areafOgasawara(2013) confirmed during an interviewheld at SRK
Consulting in May 2018hat anumber of the8- componenstrainmetes have been installed in
gold mines of South Africa about 3 km deep and strain @atarrentlybeing storedn a

database

Figure 4: 5 Ishii 3-componentstrain-meter (Ogasawara, 2011)

The instrument haa diameter 00.04 mto 0.1 m, isabout 0.5m longandhas a service life
longerthan ten yearssigure 4:5 showsstrainmeterinstalled at South Deep gold mireis 42
mm in diameter and 1 m lon@his strainmeterrecords 3 components of strailccording to
Ishii, et al (2002) the Ishiistrainmeteris a boreholestrainmeterdetecting strain changes in
diametric and boreholaxis directions.The straiameter ismuch smaller in diameteas

compared to the Sacks and Evertson dilatometeabling asier drilling and installation.

~ 54 ~



The drilled cores carefully checked taleterminethe leasffractured installation location. The
strainrmeteris then installed at a depthihich sufficiently awayfrom fracturedzones or stress
concentration areas around the crogstunnel.Strainmetes are fixed taocks by expansive
cement grouaind the remainder of the hole is filled with ordinaement nearly to the collar
Ishii, et al (2002) Channel 1is set vertically to detect strain in the direction maximum

principal stress at thate.

4.2 Accelerometes

During an interviewWatson (201p, confirmedborehole triaxial accelerometelseeFigure 4:
6) are used at South Deep due to their applicability in mine seismology and ground vibration
monitoring. These acelerometers are preferred because of thigh frequency andigh

acceleratiorfground motiolh measuringcapability.

These units are permanbngrouted into position and can be monitored remotely. These
instruments are sensitive to higher frequencies (up to 2.3kHz) which has direct influence on the
smallest event that can be accurately recorded. However, with the recent advancéed in 24
digitizers and high sensitivity geophones, this advantage is marginal, after Goldswain (2013),
from Institute of Mine Seismology (IMS). Additionally, they are less sensitive to low

frequencies, meaning that they will not clip when very close to the sourdargeaevent.
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Figure 4: 6 Triaxial mine piezoelectric accelerometer ghotograph courtesy of South

Deep gold nine)

Thealuminiumbody gives them high resistance to water ingress, high presspireationand
high precisionandexcellent reliability. Accelerometers can also be installed at any inclination.
Given these advantaged3 kHz piezoelectric accelerometergere decided to bbest suited

for dense monitoring networka the mine.

4.3 Geophones

Geophons are commonly implemented in combination with acceleromeferside range of
frequencies from 4.5z to 14Hz is available but at South Degpnly the 4.5 Hz, triaxiabnes
are being used at the momestiown inFigure 4:7. The 4.5Hz geophone has a usable
frequency bandwidth of betweenHZ and 2000Hz, however, it must be installed to within 2

degrees oits pre-set orientation with respect to the vertical
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Thesearepassive device(do not require powerig) which are cheaper than acceleromedics
generally more reliableéGeophonesensos are frequently the sensor of choice in most mining
applications becausethey have all the advantages of accelerometers butloat cost
Additionally they havelong term stability,accuracy andare generally less suscigée to
electrical interference onoises since they produce differential signals. Geophones are

generallyeasy to maitain due to passive coil configuration.

Figure 4:7 4 5Hz Borehole geophone photograph courtesy of South Deep gold me)

~ 57 ~



CHAPTER 5

5 Data Gathered

This chaptereviewsthe data processed from the information gathered at the mine and seismic
services centreélhe information collected from the mine includes magnitude of seismic events,
strain readingsand mining tonnages. Additionallythe geological informa&n showing he
structuresaroundthe regional pillawhich have asignificantinfluence on the stability of the
pillar is alsoincorporated into the numerical mod&he mining tonnages wemmpiledand
presented on a monthly basiBhe seismic events and strain regd from the mine was
collected on an hourly basis and therefore in this report the data is summatisetbrm of

graphs.

5.1 Numerical Modelling

Two numericaimodelling methods were carried aigingMap 3D and Phase sdftwares This
is because Map 3D modelliryaluateshethree dimensional disbution of thepillar stresses
On the other hand?hase 2ooks atthe two-dimensionalcross sectional view of the pillar
displayingthe nature and extent of thengingwall and foaetall rockand provides a qualitative

assessment of possible pillar punching

5.1.1 Map 3D

An elastic model was constructed using the information provided by the mine in Datamine
format which was converted to dxf format. A three dimensional numerical modelgeacka
Map3D was used for the analysithe overall model is showigure 5:1. It shouldhowever

be noted thathe analysis is elastic and therefodees notsimulatefailure and associated
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plastic deformationsThe modelwas used toassesshe magnitude of the seismic events and
stresses in the regional pillar and compare with the measured ra@$dtgnlarged regional
pillar is shown inFigure 5:2 where areas labeld@#\0 represents the part of the pilesheduled

to be mined out to leavedHinal proposed pillar layouabelediBo. The actual pillar mining
sequence isepresented bifigure 5:3 where the number inside each block represents the time

it was mined relative to others and mining is in ascending ¢rée2 was mined befre 3 and

SO on)

Figure 5: 1 Overall model showingde-stressmining (green) and massive minindblue, red

and yellow) on top
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87 2WECB

90 3w Mechanised
Destress

95 3W ECB

95 3w Mechanised
Destress

Figure 5: 2 Remnant pillar layout

Mining
Step #

© - N W aBO ~N®

r.‘&.

Map3D Fault-Slip 61 [C:\Users\kwal\Documents\Wits\MSc project-Regional pillar monitoring\July 2013 models\APS July\APS 02-07-2013 without massive.inp](2013:07:03)

Figure 5: 3 Actual up to datemining sequencedone on the remnant pillar on 90 3W
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5.1.2 Phase 2

This modelling was carrietb improve understanishg of the rockmass behaviaufigure 5 4
shows how the elastic modehich was later was modifig@rigure 5:5) to representhe actual

rock inelastic propertiesndincludegeological structures cutting across the pillar
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Figure 5:4 Phase 2 elastic model

The parameters (orientation, cohesive strength and friction angle) of these structures were input
into the later model. Analysis was carried out to evaluate the ffegeological structures on
the pillar strength. The models show the two dimensional cross sectional view of the pillar cut

along the zx axes as seen on Figure 5: 4 and Figure 5: 5. This was done to clearly assess the
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stress ralistribution as a resultf @e-stressmining around the pillar in order to identify are any

signs of instability.

Phase 2inelastic model displaying the cross sectional view of the regional
~ 62 ~
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5.2 Strain measurements

The strain data veacollected from an Ishii-Bomponent (42mm diameter) strain meter which
has been installed inside the regional pi{ligure 4:2andFigure 4:3 of Chapter 4) Thedata
presenteds from August 2012 to May013. The induced strains (S1, S2 and S3) are the
directional strains inside the borehole. S1 corresponds to the gaageoriented to the
vertical of the borehole axis, S2 is 2Zom S1 and S3 is 24Grom S1. To determinethe
induced strain, the concurrent readings are subtracted from the initial reading. A summary of
induced strain against the corresponding date andisipletted inFigure 5:6. The orientation

of the three straigaugeanounted inside the borehole relative to the pillar position resbint

one strairgaugeto bein tension while the other twwerein compression.
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Date (yy/mm/dd) and time

Figure 5: 6 Summary of measured strain data
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5.3 Seismic measurements

The data was recorded from the accelerometers and geophones and the signals are sent to the
dataprocessing offices where the seismologists use a triangulation method in JDi saffivare

locates the event and further processthe datéo get magnitudesinga built-in function ofthe

seismic software. The graphs plotted @na@se of magnitude againdateas showrFigure 5:7.

The seismic events considered in the report are those greater or equal to zero since the
assumption is that the smaller events as a re$utilling, blasting and tramming operations

are alsaecordedy the instruments

’ QO 9 8 "
9
15 \J ‘J \)
2 u ‘") N
E S ) <
n - Q “a
05 J W o G) \) \) &) \,:‘
000053 3 ® Y00 Lt)) 0333{
; 528 3 O O -
0.5 Date (dd/mm/yy)

Figure 5: 7 Summary of ismic events (M>=0from July 2012 to June2013
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Figure 5:8 shows the location of seismic events recordeide theregional pillar and in
relation to the positions of the geological structuidss illustrates that most of the events
recorded werealong thesegeological structures.It should be noted that there are many

structures within the regional pillar, neverthe)esdy critical ones were selected.

Fault 9
Fault 7 Fault 1

Fault 11

S

Figure 5: 8 Seismic events inside the pillar and geologicatructures
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5.4 Mining production data

The areas of interest include 87 2W, 90 3w, 95 2W, 95 3W, Corridor 3 and Corraor 4
shown inFigure 5:9. These areas surround the regional pillar hencedaisyressor massive

mining taking place othose areas is likely to activageologicalstructuresnciting seismicity.

i

=

953W

Corridor 4 —

Corridor 3 g =0

Figure 5: 9 Production areas considered for pillarmonitoring
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CHAPTER 6

6 Analysis of results

This chapter focuses on the analysis carried out on all the data collected during the project
period to assess any trends and correlations between the modelled and meatsuied
evaluation of the remnapillar stability. Thereafter, conclusions will be drawn from the results

of the analysis and recommendations are made to enable remnant pillar design in future, based

on a historic database.

6.1 Mining

The production data was collected on a monthly basis from areas which surround the remnant
pillar thatare considered to have an effect on the seismic activity and deformatomsageof

both ore and waste that was mined in the above mentioned ardesvis i Figure 6: 1:1.

This includes the summation of all the mentioned working places that have a direct influence to

theremnant pillatas explained ifrigure 5:9 of Chapter 5
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Figure 6: 1:1 Mined tonnages for areas around the remnant pillar

As the total mined tonnag@screased in October 2012 and March 2013 (Figure 6: 1: 1), high
seismic events were recorded during same months (Figure 5: 7) subsequently, triggering high
strain changes (Figure 5: @)ighlighted in the previous chapter and ERR values in March 2013

(Figure 6: 2: 6).

Figure 6: 1:2 shows the production data for-d&essingcutsonly. A jump in destress mining
in December 2012 resulted in high moddlland measured stress changes as indicated in
Figure 6: 3:2. Increase in remnant mining iklarch 2013caused A increase in expected

magnitude for th same month as indicated earlieHigure 5:7 from chapter 5
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Figure 6: 1: 2 Total de-stressedtonnages

6.2 Numerical modelling results

Generally the identification of areas where seismicity is likely to occur is achieved by using an
elastic model of the mine in 3D modelling of the actual and proposed mining sequence. The
purpose of the model is to increase thederstanding of the roakass behaviour and to
identify areas of high seismic hazard@e inelastic Phase 2nodel was implementedo
connect geology with seismic events amdfress the shortcomings of Map 3D modelling.
These models will be regularly ugdd for future planning purposes. This provides valuable

input data for production planning and sequencing, Larsson (2004b).
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6.2.1 Map 3D

Numerical methods were used for description and prediction of seismic ewsintg
parametersuch as excess shear stress (ESS) and ¢lveséswere calculated without having
seismic recordsNumerical modelling was carried out using aifiensional linear elastic
program Map3D which applies the Boundary Element Method (BEM) of stress analysis.
Map3D relies on the assumption that the host rock is elastic, homogeneous and continuous.
The rockmass modul premining’strassstatef thé Isorstrraxk useal in thea d

models were obtained fromh e mi neds Rock Eangs pneseatediiffaljle depar

6:1.

Table 6:1 Material parameters and pre-mining stress state

Youngds Mod(Poi ssond|lx(MPa/m) |Gy (MPa/m) |G, (MPa/m)
49 0.28 0.0164 0.0244 0.0269

The mining layout and extraction sequence by the South Deep planning department. Map3D
modelde-stress partvas constructed using displacement discontinuity (DD) elemértisse

DD elements are simplified -@mensional surfaces which take into consideration the
excavation thickness. DD elements are normally used for the construction of narrow tabular
stope outlines where the thickness of the stope is considered to be smallecbiiapéne
mining span.

Massive mining geometry wasiodelled usingFictitious Force (FF) elementabove the
horizontal (DD) elements.The magnitudes of expected incremental seismic events resulting
from miningdone during that periods well as associatestress changes were theaiculated

and analysed Incorporation of geological structures in numerical modelling was done
means of using grids to represent these structliegde 6:2 shows the modeled fault numbers

and their corresponding actual fault names as they are knowritfeomine. The overall model
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showingthese faults and their orientatias well as glot of major principal stress dhem is

indicated inFigure 6: 2:1

Table 6:2 Fault names
Modelling Fault Number Actual geological naméSouth Deemold ming
7 D008
9 FO46
11 FO54
14 F113
17 Fltb001

Fault 17

/,
W ’//
/

{

Figure 6: 2: 1 Location of faults and sigma 1 plot

6.2.1.1 Excess Shear Stress and seismic event magnitude

Studies carried out indicated that majority seismic events accompanied by rock bursts recorded
are a result of mining in close proximity to geological structures (Jager and Ryder, 1999). Most
high magnitude events caushearingalong these structures whéme cohesive strength of
these faults, dykes or joint sets are exceeded bindueed stresses from minirfgigure 6: 22
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illustrates the areas of high shear stresne where slip is likely to occur if the plane of

weakness is located inside them.

High shear stress zone

200m -
Fault
100m -
0
1 00m " High compressive stress zone
Shearing on the fault
200m 4
Figure 6: 2: 2 ESS lobes in front in excavation face, (after Jager and Ryder, 1999)

The Ryder equation for rounded geometries siagply used in all cases. The equation is as

follows;
Ess=0 =| O where;
§ shear stress before slip,

VI tangent of the frictional angle ( d) ar

Un normal confining stress.

The geological structures used in the model were provided by the South Deep Geology

department. The Excess Shear Stress (ESS) was calculated on each fault grid. A method for
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estimating seismic moment from ESS proposed by Ryder (2002), was used toraetarenit
magnitude. This method adds up areas of positive ESS which is then used to obtain an
equivalent radius represented by this sum of area. However, only positive ESS along the faults
is applied in the practical situation and the strength of the faudl hence the method
overestimates the event magnitudie.order to overcome overestimation of the ESSan
attempt was made to investigate the influence of ESS.
The following methods weralsoused:

U Shear stresESShaxwas obtained by averaging theten values and is denoted ESS

ToplOaveaage.
U Shear stresESS,axWas capped at a maximum IBMPa asuggested by Ryd€i988

and is denoted by ESISMPamax.

ESShax for each cases subsequentlpbtainedand incrementadeismic moment was estimated
for each mining stefmining period) This represents the potential maximum seismic moment
in that step.The Hanks Kanantomoment magnitude formul@randin et al., 2011used for

magnitudecalculationss;

0 gi 10C ¢8to
Where;
M Ritcher magnitude and
Mo seismic moment.

The mining sequence on the remnant pillar from October 2011 to June 2013 was shown in
Figure 5: 3 of Chapter %igure 6: 2.3 summarizes the results dfe five mosinfluential faults

selectedThe figureshows that the expected event magnitudes from the numerical modelling
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are generally higher than the measured included in the same figure. This couldtbelaue
fact the moment calculated using only the maximum ESS as previously mentioned, hence the

high magnitudes.

Themaximumexpectednagnitude during theining isgenerallyabove 3.5The trend showa
general increase in magnitude towards the endhef rhining sequence, which indicates
potentially increased seismic risk towards #rel of the mining life Fault 11recordedthe
highest magnitude of 4.8 in July 2012. This is mainly dudédfact that the fault is across the
remnant areaHigure 6: 2:1) and alsancreasd mining during the previous month (June 2012)

activated the faulgFigure 6: 12).
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Figure 6: 2: 3 Expected eventincremental magnitude for actual mining sequencdrom

maximum ESS values
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As a result of exceptionally high modelled magdéwalues, the method had to beieaed
Averaging the highest ten positive ESS resulted in a better comparison between measured and
modelled results especially Fault 14. The results are presented in Figure 6: 2: 3 and as can be
seen, the expected magmituis slightly lower compared to the maximum ESS method of
analysis with the maximum now around 3.5. This seismic analysis method is a better

representation of reality thangure 6: 2:3
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@ Fault9

& Fault 11
Fault 14

& Fault 17
@ Measured Mag
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Incremental magnitude
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05/2013
06/2013

Mining period (mm/yyyy)

Figure 6: 2: 4 Expected eventincremental magnitudes for actual mining sequence

averaging 10 maximum ESS values

Jager and Ryder (1999) suggested that if positive ESS is greater than 15 MPa for a fault or 30
MPa for intact rockmass, a prior event would have occurred in the previous mining stages.
Using their theory the third magnitude analysis method, the maximumv&l88&s for each

fault during each mining period were capped at 15 MPa and the magnitude values dropped

further toabout2.5. This third approach has resulted in modelled seismic vdleasy closely
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related to those measured undergroumtbwever, Fault ¥4 recorded the highest magnitude
during the month March 2013 as highlightedFigure 6: 2:5 below. This was due to high
mined out tonnages (Figure 6: 1: 1) whiobably might have resulted in slip along the fault.
Fault 7 in this scenario shows a trend line that compares well with that of the rdedesiare

displayingan increase in high magnitudes events with time.
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Figure 6: 2: 5 Expected eventincremental magnitudes for actual mining sequence
capping maximum ESS value at 1MPa

6.2.1.2 Average pillar stress (APS)
An average pillar stress criterionused for evaluating the stability of the regional pillars. The
design of hardock pillars in massive mining has not received the same research attention as

was the case in tabular conventional methods. This is because fewer mines are practising

massive mining at depths.
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Regional pillars are squat rib pillars with a (width: height rati®)>1However, as mining

depth increases the potential for the failure of fraak pillars alsancreasesThesepillars do

not fail by crushing, nevertheless, foundation failure occurs when AP&aMereﬁc IS the

UCSoof the foundation material.

Average Pillar Stress (APS) on the regional pillar was obtained fraapld2ement
Discontinuity, (DD)elements placedcross the pillar size and allocated the last mining step in
the mining sequence. The accumulatttesses on that pillar during each maiperiod
(month) weredivided by the pillar area to obtain the APS. The elastic modelling results show

extremely high stresses on the edges of the pillar as shdvigure 6: 2.6 below.

Regional pillar

Figure 6: 2: 6 Normal stresses in the remnant pillar at mining step 18 of 90 3W

Figure 6: 2.7 illustratesthe average pillar stress from February 2012 to June 2013. Following

Ryder and Jager (2002), the stability of the regional pillars is assessed for foundation failure
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and the criteon states that foundation failure occurs if the average pillar stress (APS) is more

than 2.5 times the UCS of the reslass making up the footwall and the hangingwall.

550.0 550
5000 -4—i—i—S———a—1—a—a—a—aa—aa8 00
450.0 450
w
Q.
E =4 APS
"4l
g 2000 400
=fi—Failure envelope
(2.5xUCS)
350.0 350
F——————————————0—4
300.0 300
SRR EEEEEEEEEE:
PEEESTSFEEEEEEEES
Date (mm-yy)
Figure 6: 2: 7 Average pillar stresses of the remnat during mining on 90 3W

From the graph it can be observed thatghis no significant increase in thaverage pillar
stressfor a period of almost one and half yedrerf 311 MPa in February 2012 to around 314
MPa in June 20J)3ndicating that the pillar ibeing loadedyradually. The strength of the rock
making up the pillar is approximately 200 MPa while the footwall is from 60 MPa to 160 MPa
and the hangingwall ranges from 60 MPa to 90 MRdlowing Ryder and Jager (200Zhe

results show that at preseptinching ismost likelyexpectednto the hangingwall.
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6.2.1.3 Energy release rate (ERR)

Regional stability pillars are implemented in deep level mines to control or limit the energy
release rate (ERR)The ERRis the measure of stress concentrations and the resultant
underground conditions at any given faceplar during mining,Ryder and Jager (2002}

takes into account the stresses acting on the stope abutment and also the volumetric closure
taking place irthe back area af stope

The unaccounted for energy can be converted by fracturing or frictional sliding into heat and
often the small part af is radiated away as kinetic energy in the form of seismic waves. It does
not however represent seismic energy released during mining. The energy release rate (ERR)
calculation quantifies the release of the gravitational potential energy of the rocktnabe
environment as mining progresses.

The ERR calculated in the deep hard rock mines of South Africa was found to have a
significant correlation(Sear, 200p with the risk or potential of damaging rock bursts. The
energy release rate (ERR) for ragib pillars is recommended to be less or equal to the
thresholdof 40 MJ/m2 (Jager and Ryder, 2008) avoid rockbursts occurrences. However,

the ERR is insensitive to local geological conditions, such as discontinuities which usually lead
to major locaincreases in seismicity levels along with footwall and hangingwall instability.

The ERR, aftedagerandRyder (1999, is defined as follows

ERR =P MJ / nf

C ” (.|
Where:

o)

U,  existingnormal stresand

Ub is thedeformationbehind the new face.
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Energy release rate waalculated using the ERR tool built in Map3D. Stress and closure at
each mining step is calculated on the Displacement Discontinuity (DD) elements. Energy
release is calculated from stress and closure and finally ERR is theneobtay dividing

energy release by the mining area.

Increasingthe mined out tonnagewhile maintaining the backfill rate, means a lag in the
backfill and inevitablya large unsupported spamhe large unsupported span will result in
increase in deformain and consequentligh ERR valuegFigure 6: 2:8), hence the direct
correlation with mined oubnnagesHigh magnitude events experienceddntober 2012and
March 2013in Figure 5:7 (Chapter % caused by high mined out tonnag&sg(re 6: 2:8)

resulted in more energy being releasedtributingto high ERR values.

The ERR value# the figure beloware valid for the faces adjacent to where mining is taking
place. However, influence mnining in areas away from the regional pillar inevitably increases
the pillar stresses hence the energy released (from the ERR formula in the previous section),

indicated by the correlation between ERR and mined out tonnageguire 6: 2:8.
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Figure 6: 2: 8 Association between eergy release rate (ERRand mined tonnages

6.2.2 Phase 2

Phase2 is a twdimensional elastplastic finite element progna for computingstresses and
displacemats around underground openingsis a numerical method for solving differential
or integralequatiors. The methodassumeshe continuousunction for the solution andbtains
the parameters of the functions in approachthat reduces therror in thesolution (Dixit,
2008

6.2.2.1 Elastic

The elastic model in Phase 2 wdsnefirst for simplicity. The rule of numerical modelling
(Stacey, 20133tates that when creatingcamplexmodel, you stanvith a simpleonein order

to understand the situation and then add complexities gradually to minimise numerical errors.
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The model acts as eontrol experiment to check for any numerical errors that might be
encountered in the inelastic mod€he field stresses and the katass elastic properties of the

mine are represented Trable 6:3 andTable 6:4 respectively.

Table 6:3 Field stresses
Field stress type| (], (MPa) U3 (MPa) U, (MPa)
Constant 68 41.48 61.88

Table 6:4 Elastic properties

Youngdbs |[Poi sson{Peak Tensilg Peak Friction Peak Cohesio
Modulus (GPa) Strength (MPa) | Angle (degrees) | (MPa)

49 0.28 1.5 30 18

Figure 6: 29 illustrates the principal stressesdistribution as the dstress cut is being mined

out . High stresses are highlighted at the ex
pillar certre. At the corners of the dstress cut faces, there is exceptionally high stress contours
indicating potential do@aring of the excavation at those areas. These stresses, however,

reduce until they reach virgin state (68 MPa) as distance from theagixrancreases.
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Figure 6: 2: 9 Major Principal Stresses across the pillar

Map 3D (Figure 6: 2: 6) and Phase 2 (Figure 6: 2: 9) elastic results are consistent showing
generally high pillar skin stresses hence meotetical contradictiong he skin stresses of the
Map 3D model are around 650 MH&agure 6: 2: 6)while Phase 2 model records skin stresses

of around 750 MP&Figure 6: 2: 9) These stresses reach their lowest at the pillar centre.
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Figure 6: 2: 10 Major Principal Stressacross the pillar in an elastic model

6.2.2.2 In-elastic

Information on the inelastic properties of the rockmass used in the modelling as well as the
joint properties assigned on the fault was providedhleymine and is illustrated in Table 6: 5

and Table 6: 6.

Table 6:5 Inelastic properties

Residual Friction Residual
Angle (degrees) | Cohesion (MPa)

30 18

Table 6:6 Joint properties

Normalstiffness (GPa/m) Shear stiffness (Ba/m) Friction Angle (degrees)

109 42.8 30
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Strengthreduction isa way of assessing the stability of a material up to a point where failure is
induced.The strength reductiofactor is represented by a value assigned to show the rate at
which the material is degraded (reduce strength) for failure to occur.

For slip to occur along the fault, shear stress should be greater than the clamping stresses.
Phase 2 modellingvas usedto investigatethe possible sheamlong the faults Phase 2
modelling was carried out to model the inelastic property of the rock mass, taking into account
two faults, namely Fault 7 and Fault 9 (whose actual names have been described in Map 3D),
that cutacross the pillarFigure 6: 2:11 shows thestrength reduction factdhrough the cross
sectional view of the pillalnighlighting parts of théaultsthat will fail in shear These are areas

where there eventwe likely to @curin future.

Strength Factor
tension

X Shear
o Tension

Possible Ipcations of \
high maghitude \
events in \
Figure 6: 2: 11 Strength factor across the pillar from Phase 2 model
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Figure 6: 2:12illustrates the maximum principal stress contours from the 2D model done using
Phase 2However, the average pillar strefsem the elastidMap 3D in June was around 314
MPa whileinelasticPhase 2 modelled lawer value 0f234 MPa.The numerical average pillar
stress for Phase 2 was calculated from the vahles at 1.9 nintervals across thgillar. This

might bedue to the oveestimation of the strength of the rockmass assumed in MajaG&ed

by its inadequate consideration of the rock properties affecting stablityhe pillar edges

Map 3D records the highest pillar stresses (since it does not simulate failure) contributing to the
high average pillar stresses. Phase 2 model, ortliee lvand, is showing failure at pillar edges,

recording lower average pillar stresses than Map 3D.

The other factor is that Map 3D calculates the real average pillar stress while Phase 2 assumes

that the pillar is infinitely long with constant width of 40(plane strain conditions)n reality,

the pillar is approximately 160 m long with varying wisldécross the whole length.
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Figure 6: 2: 12 Major principal stress across the pillar from Phase 2 model

Figure6: 2: 13 shows the distribution of principal stresses across the pitlar left to right At

the edges, the stresses are M5 MPa)and they increase up to a point they reach the
maximum (330 MPa) at about 3 m into the pillar. After that they follow the same profile as that
of an elastic mdel which is a curve shape. Tipeofile of the3 m edges of the pillais
signifying pillar scaing (failing). However, the stressebthe scaled portioon the left side are
higher (195MPa) than on the right side (98Pa) due to the orientation of the geological

structures included in the model providindeastressshadow on the left.
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Figure 6: 2: 13 Distribution of major principal stress across the pillar

6.3 Measured srain and seismic analysis

A line grid which represents tlstrainmeterborehole in Map 3Dnodellingis positioned along
the borehole axis. The modelled strain at the position of the strain meter is compared with the

measured for each mining step since the model was constructed on monthly std‘;} iIa.ausis

L°J3 .represents the diametrical strains reedrthside the borehole. $hould be noted that since

the model is elastic, strain changes associated with seismic events will not be captured.
Figure 5:6 of Chapte 5 shows the strain readings recorded during the period of August 2012
and June2013.The jump in values of strain readings from esfdSeptembeR012 to early

October2012 which occurred when recording commenced are asilh oéthe malfunctioning
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of the strainmeter The second significanfump in measured strain in March 2013 coincides
with increases in mined tonnadgegure 6: 1:1.

The strain data recordedas used to calculate thibree dimensionastress changes on the

strain meter resuttg from mining. The major principal stress({(;) and minor principal stress

(03) changesas well as thena x i mu m s h @9 werescalaulatadson & rbnthly basis

using the strain rosette back stress calculation$he strain reading at the beginning of the
month is subtracteffom that recorded at the end of the month. This was done to correlate the
measured stress changes with the modelled changes hence the monétigrdelvecause the
mining voids were updated on the same time intelwétially the strains {, L; anda,y) are
calculated from the induced directional strain readings with the vertically oristneadmeter

being in the reference directiot?!, EW=Uerica). The major and minor principal stresses as well

as their orientations from the vertical strain meter are then calculated. From the rosette

equations used for the calculations, the maximum shear stresses are also determined.

6.3.1 Principal stresses catulations from measured strain

Given- ¢h
- wand
- @
Wh e r e , adih d arefthe orientations of thetraingaugeinside the borehole and a, b and ¢

are the strain readings on tk&aingaugesd,, 5 aln d a gsu mj,is o thé reference

di r e g whiclisthedzero directiont), js 120 from d, gnqU, ,is 240 from d, then;

L A~

- AT O 1 OEFATI-O - OEl Equation 1
- WAT 6 o OEFAT-O - OE Equation 2
Froms ol vi ng the simul:' aneou)(sfiamctpxy.at l ons we get
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Given the Youngbés modulus (E) §,nyda?’1anx)9aﬂéssonﬁs

calculated using the following formulésHo ok e 6s ;Law i n 2D)
Oofp 0O - 0- Equation 3
orp 0 - - Equation 4

T Oof¢p 0O T Equation 5

Finally principal stresses are calculated as follows;

” nay ™ o, ” Tt Equation 6
8
. 8L ™, T 7 Equation 7
8
t ™, Tt Equation 8

(Watson, 2012)confirmed thatO 1 ¢®0 k)  1& yandvertical is the referencadirection
therefore,induced strains calculated from subtracting the strain vahtehebeginning ofthe

month from the montend strain valueThe results of the calculations are summarised in
Figure 6: 3:1. Where there is little difference between the major m@ntbr principal stresshe

maximum shear stress is close to zero as expected. The increase and decrease in these principal

stresses results in the same trend observed in the shear stresses.
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Figure 6: 3: 1 Induced principal stress changes from strain readings

The calculated stress (from strain readings) changes are influenced by geological structures so
there is bound to be greater variations from the modelled strain changes as indi€agedein

6: 3:2. SincetheMap 3Dmodelassumes a perfectly elastic environment, hencesimlylates

elastic deformation, the difference between the modelled and calculated stress sigguifiEs

the inelastidplastic)deformation of th&ock-mass.

Both modelled and measursttesschange graphshow no changes in stressedvarch 2013

(Figure 6: 3:2). This period coincidewith the time where maximum tonnages were mined
(Figure 6: 1:1) and also where high magnitude events were reco(Begplre 5:7) from

Chapter 5This might be due to stress relaxation after the occurrence of high magnitude events
earlier that same month. Previous mining caused stress build up and these stresses became
sufficient to incite slip along geological structures manifesting as seismic eheneafter
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resulted in stress relaxation hence no recorded stress changes by both tmeestraand the

model.

Modelled stress changes
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Figure 6: 3: 2

Comparison between modelled and calculated stress changes

Figure 6: 3:3 belowdisplaysthe seismic events recorded in close proximity to the pillar. These

events were demarcated using a polygon, a tool available in JDi seismic software fagdefin

the boundary extent of the regional pillar. The size of the balls indicate the magnitude of the

events, i.e, the greater the ball, the higher the magnitude.
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Figure 6: 3: 3 Seismic events defined by a polygon extrapokad from JDi

Figure 5:7 (Chapter 5)shows the updated magnitude of events recorded during the period of
August 2012 to June 2013. There is a decrease in the number of events with magnitude zero or

more from Marchq events) to April (3 events).

Between August and September 2012 there is no change recorded in the stré&iigaiced 6

of Chapter 5)becausehe strain meter was mainctioning. An increase in measured stress
change in December 20t@rrelateswith the slight increase in production as shown earlier in
Figure 6: 1:1.

A comparisonbetween strain readings and seismic data is presentedgjune 6: 3:4. The
graphs recordegumpsin strainreadings(December 2012, March 20Ehd May2013)as a
result ofa high concentration of low magnitude (between 0 and 1) events in Dec2dil2ars

well as high magnitude events recorded March 2013 and May 2013. Generdly high
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magnitude events causelastic deformation of the rogkassindicated by jumps in the strain
readings as showin Figure 6: 3:4. The March 2013 increase corresponds with high

production tonnages mined in the same month indicated earliggbse 6: 1:1.
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Figure 6: 3:4 Correlation between seismic events (M>=0) andtrain data from Aug
2012 to June2013

Figure 6: 3:5 shows the influencef production mining on the occurrence of seismicity. The
graph indicates that highiolumes of ore and waste minedsults in an increase in high
magnitude events (March 2013pcreased production creatEsge mined spars leading to

rapid buildup of induced stresses. This increases stress concentrations ahead of the mining
faces and hence triggslip along geological structureshe slip will manifest in the form of
seismiceventswhich will in turn cause permanent (inelaytaeformation in the rocknass

perceived as jumps in the strameters readingg=(gure 6: 34).
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Figure 6: 3: 5 Correlation between seismic events (M>=0) andhined tonnages from Aug

Figure 6: 3:6 shows the correlation between the rate of mining and the cumulative potency.
An increase in mining ratmay haveactivated many previously inactive geological structures
causing slip along those faults resulting in high magnitude events. The events would in turn
cause significanpermanent inelastic deformation of the rockmessch were observedas

jumps in potencyespecially noticeable during March 2013nce steep gradients on the

2012 to June2013

cumulative potency graph during same period.
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Figure 6: 3: 6 Correlation between cumulative potencyand mining tonnages from Aug
2012 to June2013

The nearer the everihe larger and itis to the strain meterthe larger the strain change
becomes. According téliroshi (2013) taking into account theory, thelastic strain change
induced byrock mass movement is expected to be proportionadeismic moment and

inversely proportional to cube of the distance from the event tsttharmeter To find the
seismic events with the largest impact on the strain recording, a plet,af presentedas

shown inFigure 6: 3:7 where;
Mo: seismic moment and

D: distance of seismic event frostrainmeter
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