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ABSTRACT

The gold reserves in South Afrideave been mined for decadetepleting all the easily
accessible reserves. pursuingthe deeper reserves South African mining industry has for
many years léthe development of mining and particularly rock engineeMagious design
criteria and tooliave been developed and usedSoythAfrican rock engineers in different

mining environments.

It must also be understood thlaésecriteria were developedecades agm different mining
environments compardédwhere mining is currently taking place.usingthesedesign criteria
one needto look attherelevance of such criteria and question if they are still applicakfe
new criteria are require@cheepers et.d2012)reviewed the design criteria used in designing
ultra-deep narrow reef stopén the West Wits and identified that te@vas no clear correlation
between the desigiriteriaused andhe seismiity which is the highest FOG risk in ultckeep
mines. Thg then decided to use modelled elastic closure as design paravhatkrcan be

correlated teseismicity.

This report details an investigatiamo the correlation of the modelled elastic closure to the
estimatedlosurefrom undergrounéind how modelled closure can be adjusted to better reflect
the anticipated closure undergrouiitie investigation was conductegsing underground
observations and stoping width estimatiarsng installed timber suppodnd numerical
modellingresults(MAP3D).

Before correlating the modelled closure anddsgmatectlosure, it was critical to undgand
the basis of the work done $cheepers et.al, 201R) correlating the modelled closure to
seismic hazardMcGarr,(1976)introducedheconcept otorrelaing seismic energy to volume
changsin stope However this correlation was on thasisthat the closure in the stope is only
as a result of seismic failur&his was thebasisof work done by(Scheepers et.al, 201R)
correlatingvolume change due to seismicige{smicpotency) to modelled closure.

It must be understood théBcheepers et.al, 2012)m was not for the modelled closure to
reflect underground closure, however was to give an indication of the anticipated seismic
activity reldive to closure. This report further looks at what would the underground closure be

relative to the modelled closure which has been used as a design parameter against seismicity.



This report showed no correlation between the 0.27m modelled closure determined by
Scheepers et.al, (201 Mponeng mine to thestimatedtlosure Through(Scheepers et.al,
2012)work, it was also showthat the correlation of potency to modelled closure was only in
the first 20000m2 of mining a new raise lirfgeismic potency is highly dependent on the
seismicmomentof a seismic event and the larger the eyvtrg larger the seismic potency
without anyconsideration to theining layout.

The elastic modelled closureag/found to be on average only 3%.8f theestimatedtlosure.

The MAP3D model only considered the elastic properties of the rock and did not take into
account any discontinuities norrhomogeneityin the rock massiencethelarge differenceo

the measured closurk is important to note that seismic potency and elastic closodelled

do not take into account criticéctorsthat contributeto both rock mass deformation and
seismicity in deep minesMore work is requiredto gain a betterunderstandingon the

correlation of rock mass deformation in uitteep mines to seismicity.

Of importance from the research is to acknowledge thatiskeofmodelledelasticclosure
should always besupportedvith a good understanding of the actual rock mass behaviour. The
elastic properties used mumerical modelling programs coudévariedin such a way that the
elasticmodellingresults can closely depict the actual rock mass behawvidermsof closure
Accurate estimation of closure woubé useful in the design of support systeand mining
layouts in ensuring thetability of excavations for the required periods.

Closure can be estimated by conductingerground measuremeatsdcalculatel byrunning
numerical modelling program8etter correlations between the two results would be possible
oncetheelastic propertiessed in a modedre varieduntil the resuls obtained from the model

are similar to the underground measurements.

The inclusion of the backfill material into the elastic model has significant influence on the
resultant closure. This was shown by varying the stoping width used in the tmoalgdure

elastic model without backfill the stoping width has no influencehenresultant modelled

closureas it is evident in the elastic closure formulgidalan, 2003which does not take into
account stoping width. Varying the poisonés
closure whie t he adjustments t o ignlicant ipfluencegadtte mo d u |

modelled closure.
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CHAPTER 1.INTRODUCTION
1.1. Purpose ofStudy

With the gold reserves remaining fkraostnevhe Wi t .
methods must be developed to address challenges arising with the increasing depth. The depths
being pAnned for mining in the futuré South Africa is still to be a major role player in the

gold productionarethe depths that could not be igiaed five decades ago. This study will

probably be one othe many studies to come &vouth African gold mines surgéeeper to

access reserves and continuously aimsfafier operations. The purpose of the study is to
compare the elastic modelled closure todlmsureestimated fronunderground observations

and measurements.

1.2. Research Background/Context

Mponeng mine currently holds t he operatiogatr d o f
depths of between 2,400m aB®00m(AngloGold Ashanti, 2013)The mine is located near
Carletonville approximately 80km from the City of Johannesburg. Two main economical reefs
can be foundinfte mi neds | e a Ventersdore @GontactbReef (VGR) and ¢he
Carbon Leader Reef (CLR). Mponeng Mine was commissioned in 1986 and has up to date only
mined the VCR as this is intersected earlier and the CLR is only intersected at @&0Om

within the lease area.

The upper mst VCR was mined using a long wall mining method without backfill up to 89
level at 2700m depth The mining method was changed to sequential grid with backfill from
89 level to the lowest 12[kvel at 3400m depth The change of mining methods will be
discussedsection2.4 of this report With the mining getting deepéhe seismic activity on the
mine also increased. The introduction of-pomditioning methods sawsagnificantdecrease

in seismic related aatents andncidentsparticularly face burstindMahne, 2004)

Scheepers et.al, 201&nductedback analysigo see the influence dhe current design and
mining method to the seismic activity being experienced. From the numerical modelling back
analysisconducted irsix different raise linesKigure J it wasdeterminedhat the current mmn
design experienced hazardous lewdlseismic potencywhencumulativeseismicpotencyis
>1100nt andthe area mined30000 nt (Figure 9. Theyconcluded thathe modeling of the



six raise linesand the resulting cumulativeeveragevolumetric closurecorresponds with the

area minedKigure 3. The slope of the volumetric closure vs area mined gnagiiched that

of cumulativeseismic potencys area minedrhe slopen Figure 3at 30000nt is 0.27mwhich

is the average modelled closi8cheepers et.al, 2012his indicated that when the modelled
closure exceeds 0.27m, hazardous levels of seismicity would be experiencedhieeh 2ih
modelled closure became the design parameter to maintain acceptable levels of seismicity.
Following this assessmetheyalso recommended that thevdelledclosure can be kept below

0.27mby introducing 30m wide strike pillaafter every 100m on dip in a raise line.

The correlation between tlotosure and the seisnitig can be demonstrated Bygure 4which

is themoddl edclosure andrigure 5which is the seismicvents of magnitude 2 and aboae
MponengMine since 1986. IrFigure 4the warmer colours indicate higher closure values and

the grey represent closure in excess of Grbthe absence of backfillThe events ifrigure 5

are represented by spheres with size and colour scaled to magnitude (warmer colours indicate
larger events{Scheepers et.al, 2012)he area on the mine with the highesidelledclosure

also hashigh numberof seismic events

The current design calls for 180m between dip stabilizing pillars of 30m width. One side of the
raise is mined first up to the pillar position and during this stage the seismic response is very
low. When theoppositeside is mined up to the pillar positianth the span being extended to

its maximumlengthof 180m the seismic response increases andrlarggnitude evestare
experiencedScheepers et.al, 2012) most cases the final ground close to the pillad Qh)

is lostdue toincreasedeismic activity and bad ground conditioRggure 6shows lost ground

close to the final pillar position



4000

3500

2000 |
-l
|

2500 ] —120 44
o
N

P 120_48

2000 O
f“ ‘7/ F ——120 49
=1500 /.‘/ ﬂf/..l 11644
1000 {/}{/'l //.
500 / it

m¥)

——116_48

Cumubtive Seismic Potency

o —— 11649

/
0 e ——
0 10000 20000 30000 40000 50000 60000
Cumulative Production
(m?)
Figure 1. Cumulative seismic potency against area mined in square metefsr the
six raise lines used in the studyScheepers et.al, 2012)
PvP graph for ¥ workplaces
5000

™ 4000 A

<

£

oy

S 3000 A

°

o

L

S 2000 -

@

w

@

2 1000 €

o

=

E

=

O 0 -

0 20000 40000 60000
Cumulative production (m*2)

Figure 2. Cumulative seismic mtency (calculated) vs cumulative production graph

for the raise lines in the study. The thick black line is the average and the thin red line is
the positivestandard deviation (Scheepers et.al, 2012)



16000

14000 4

12000

10000

2000 4

5000 4

4000

Wolimetric closure (m*3)

2000 +

0 20000 40000 GO000
Cumulative Production {(m*2)

Figure 3. Combined modelled volumetricclosure against area minedor the six raise
lines (Scheepers et.al, 2012)

Closwie
() totsl
0.500
0.450
0.400
0.350
0.300
0.250
0.200
0.150
0.100
0.050
0.000

Mitep= 1

Figure 4. Modelled closure for Mponeng VCR mining using MAP 3D.(Scheepers
et.al, 2012)



Figure 5. Seismic events of magnitude 2.0 aridrger for Mponeng Mine VCR mining

since 1986(Scheepers et.al, 2012)
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1.3. Research Motivation

The inclusion of the strike stabilizing pillars intended for reducing closureoWeverthis

only speaks to the modelled closure and not the underground closure. This brought an
opportunity to further refine the use of the modelled closure to also represent the anticipated
underground closuré his research attemptscomparethe estimatec:losure underground to

the elasticmodelled closureAdjustments inthe modding parameters would enable better
correspondence with the estimatddsure The use ofmodelled closurevould thengive a

good indication of the anticipated rock mass deforomatinderground.

1.4. Problem Statement

The 0.27m modelled closurecommendedy Scheepers et.al, (201%as not based on
underground measurements but purely on the elastic properties of the roclSomespers
et.al, (2012)used the elastic modellifyogram MAP3D to determine the closure in the mined
out areaand compared it to the seismic respondee underground environment does not
behave elastically and this will present a challenge aldsticallymodelled closure will
differ from the actuaklosure This then brings a question thalow does theelastically

modelled deformation (closurepmpare to the actual underground clo8ure

1.5. Assumptions
In order toobtainmeaningful results ananalysisfrom this research the following basic rock

mechaits assumptions must be applied in numerical modelling.

1 The rock mass is isotropic and continuous
1 The stress is distributed evenly throughout the mine.
1 The backfill has the same properties at its placement

1.6. Research Objective

The main objective of this research project is:

i To compare the elastic modelled closure toesteanatedindergroundclosure

1.7. Context of the Research Report
The research report is presented in seven chapters includingtribguction chapter. The

chapters g sequenced to enable follow of the thought process and understanding to the reader.



The first chapter with the research wdqfhapter 2)is the literature review. The literature

review chapter sets the context of theearch, lookingtaimilar work that has been done in

the pastin order to gain better understanding of the subject. The chapter focuses on
understanding rock mass def or mat i dactordiand osur e
how they contributdo the closure. The chapter also covers the correlation of closure to
seismicity and thassumptiongpplied inthe determination of thelasticclosuremodelled to

represent seismic hazamurthermorethe chapter discusses the different methods used in
measuring closure and how numerical modelling is used to estoitsigre.

Chapter 3 is research field work and data collection for the project. This chaptes tbever
process and methods used to measure observed closure underground and how the numerical

models were configured amdn. The result@arepresented in this chapter.

In Chapter 4 the results and observation in Chapter 3 are analyassets the corrdian
betweenobserved andstimatedunground closure with the numerical modelling closure.
Chapter Sdiscusesthe finding in Chapter 4 anelaborates on the factors traduld have
contributed tahe findings and howthesefindings influence the understding on rock mass

deformation in ultradeep mines.

Chapter 6 is the summary and conclusions which briefly describes the steps followed in the
research and the outcomes in eatdp Then final conclusios are providedvith regards to
the set objectivesf the research. Chapter 7 givecommendatiamfor further work that can
be carried out regarding the subject to gain a better understanding on the use of elastic

numerical modelling to represent inelastic rock mass deformation.



CHAPTER 2.LITERATURE REVIEW

The aim of the literature review was to gain an understanding on the challenges faced with
designing layouts for ultrdeep mines antb understanthe main objectives of these layouts.
This understanding would enable to assess which parameters aredaitdésign oflayouts

It would also enable the assessment ofptfaeticalility of usingelastically modelled closure

to represent underground closufde first part of the literature review looks at the history of
gold mining in South Africa leadingtthe currentltradeepmines faced with the challenge

of mining induced seismicity. Then the review looks at the mining methods that have been
developed and employed in the past to manage seismicity such as sequential grid mining
method and the parametehat were used in the design of these mining layouts, specifically
the Energy Release Rate (ERR)review on the correlation of seismicity and the rock mass
deformation,forms a base foassessinghe correlation of elastically modelled closure to

modeled closure due to seismic failure.

The review covers the different deformation monitoring methods andithgations. Finally
it looks atthe use of elastic numerical modelling codes, specifically MAP3Duser in

inelastic rock massnvironment

2.1. Ultra-deep mining

The gold bearingeefs of the Witwatersranérigure 73 were not always at great depthgfasy

are currently foundThe discoveryf gold in 1886 saw the development of whameto be

known today as the city of goldJohannesburg. Mining started near the predamt
Johannesburg in the gold bearing reef outcrops. As the mining stopes extended deeper and
reached depth of several ldrad meters, the first miniAigduced seismicity and its hazargou

manifestation, rock bursting, were encountered in the early 1@d@sheim, 2010)
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Surface and subsurface distribution of the Witwatersrand Super Group,

Dominion Group and Mesoarchean granitegreenstone basement domeglooste, 2013)

2.2.
Since the first encounter of mining induced seismitiigre have been several committees

Seismicity and mining

created to determine the source and the cause of the earth tremors and develop ways to mitigate
the hazards associated with seismicity. Research work over the years has focused on three main
areas:
(i) development of macrtayouts (e.g. sequential grid) and regional support (e.g. backfilling)
to control the release of seismic energy through the geometry and sequence ofTthaing
releasd seismic energis proportionalto the released seismic moments
(i) development of suppbunits and systems to limit rock burst damage; and
(i) mine seismology, which seeks to develop techniques to continually assess the seismic

hazard and control seismic activity (e.g. through the rate of mir(ibgjrheim, 2010)

The history of the South African deep level hard rock mining and its challesifpeseismicity
is well summarized bipurrheim, (2010) This report came about in an attempt to manade an
reduce seismicitypccurring in the stope. In this section the agmo show the relationship

between closure and the seismic activity.



The mining taking place in the Wits basin is referred to as tabular narrow reef mining due to
the narrow gold bearing conglomerate reefs. Mining generally advanced in the strikerdirectio
creating large spans and as mining followed the reef deepseigraicityproblem began to
manifest itselfbboth on surfaceas damage to civil engineering structures, buildings or houses
and undergroun@s collapse or damage of mine workingsemer andDurrheim, 2012)
Seismic event occurring on mines have been grouped into two source mechanism, the crush

type events and the shear type events.

For bothof thesemechanism$o occur the following conditions must exiatsubstantial zone

of overstressedock must exist in a state of unstable equilibrium, a sufficient change in stress
must take place and lastly the failure structure must undergo a significant and sufficiently rapid
stress drogJager & Ryder, 1999 heseconditions generally exist undergroummdthe areas

such asahead of the advancing stopes face, pillars created in the stope, abutments and
geological structures. These areas are the main sources of seismic@optitgious closure
monitoring conducteth deep stopes has shown that large seismic events are accompanied by
significant stope closur@ager & Ryder, 1999)

In the introduction it was shawhow seismic potency wasorrelatedto closure.Scheepers
et.al, (2012)atempted to shovthis correlationby comparing therea minedvith modelled

closurevolumethen comparingrea minedvith seismic potency. From thomparison of
both modelled closure and seismic potetcynined volumetheydrewa correlation between

seismic potency and closure.

Seismic potency represents the volume of rock, of whatever shape, associatedseismio
inelastic deformation at the sourd¢®tency refers to the strain change at the source and the
source volumgMendecky et.al, 2010)Potency is a volume measure hence it could be
compared to production volume. The seismic potency is calculat@d&Sarr, 1976)

0 0F¥O0 (1)
Where:M is theSeismic momen{MJ) and G is théMlodulus of Rigidity (GPa)
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2.3. Energy Release RateERR) as a design criteron

ERRhas been one of the most commonly used tool for designing mining layout for deep and
ultra-deep mine$>3500m deep)The concept was introduced in the early 1960s as a measure
to calculate the stresmd energy changes around theutar mining stopéJager and Ryder,

1999) ERR is simply defined as the one half of the poterradrgy that is created during
removal ofrock per unit face area minedhe one half is stodein the rock mass as strain
energy and the other half is released in the form of shearing/crushing/heating of the fracture
zone in front of the facand the rate at which the latter is released isneddo aghe energy
release rateHRR) and determined from equation 2 belddager & Ryder, 1999)

oYY -, Y (MJm?) 2
WhereSPis the closure measured at the centre of the stope

» IS the resultant stress due to mining.

It is important to note that ERR is not a direct expression of seisniiéagt of theenergy
realised is releasedseismicallyin the mechanismslescribed abovdioweverSpottiswoode
et.al, (2000 carried outstudies in deep level longwall miningnd observeda positive
correlation between ERRhd occurrence of seismic damagesstopes.Figure 8shows he
correltion obtainedy Spottiswoode et.al2000 with a clear distinction between the two

different environments and that a higleRR translateto increased seismic damage.

Damaging Bursts / 1000 mz

Energy Release Rate (MJ/m2)

Figure 8. The number of damaging bursts vs. ERR on the VCR and CLR fothe
period Jan. 1975 to Dec. 197@pottiswoode et.al, 2000)
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Most of the data was gathered when the support system and mining layouts were different from
today. The use of pillars was not agessive as it is today and bdilkwas notused. Today
almost 80%of the geological structures are left with bracket pillarsund them reducing
seismic events occurring alotigese structuresnd pillarg(Spottiswoode et.al, 2000)Vith the

current mining methagl the correlation between ER&hd seismicitydoes not holdnd inhis
reportLachenicht, (2001)ooks at what other parametetbat are best suited for the current
mining and support systemSpottiswoode et.al, (200@)so agres with Lachenicht, (2001)

that for the current mining systesna more detailed mechatic relationship between rock

mass deformation and seismicity is required than that provided by ERR.

2.4. Ultra deep mining Methods

The mining methods used in ukdgepmining are centredon the sameprinciples, whichare

to minimize the mining span, reduce total closure and maintain averageiiRi® mining
face Western Deep level mines have always @ygd the longwall mining methodau Tona
minestopped theiseof longwall (Figure 9 with strike stabilizing pillars spaced 240m apart
2010. (RusseBello and Murphy, 2000) These stabilizing pillars form one of the main

componats of the strategy to reduce ERRd the number of seismic events.

Seismic events are mainly associated with the mining faces and the presence of geological
structures ahead of the advancing longyRlisseBello & Murphy, 2000) It is thought that

the two main attributes of strike stabilizing pillars are to reduce the longwall span, effectively
reducing closure, and their r opaintéervalsaood ampi r
its length.(RusseBello andMurphy, 2000)

12



Stabilizing pillar B

p L gy ke’

o~ — -— — — Longwall
section

Figure 9. A typical longwall mining layout. (RussaeBello and Murphy, 2000)

The favoured orientation of stabilizing pillars has changed from strike to dip, with the
predevelopment of tunnels allowing hazardous structures to be detected aed itk to

be planned prior to stopir{@urreheim et.al, 2005T his method is referred to as the sequential
grid.

2.5. Sequentialgrid mining method

During the development of sequential grid minjApplegate, 2001&s mentioned biandley

et.al, (2000showed that the ERR peak could be kept at acceptable levels by implementing a
propersequencef mining where stope spans were kept to a minimum. ERR has been used as
the measure of ground conditions and seismic respo the development of sequential grid

in Figure 10

13
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Figure 10.  Sequential grid mining layout. (Ryder and Jager, 2002)

In their work on Mponeng MinéScheepers et.al, 2018howed that there is correlation
between seismic potency and modelled closBoteepers et.al, (201&2)en concluded that
seismic hazard is directhelated to the closure volume or mining volurii@erebre closure
needs to be reduced to reduce the seismic hd¢3attkeepers et.al, 201By doing so they
moved away from using ER&hd other design parametarsd focused on closure in the design
of mining layouts. It is importartb note that closure is an integral part of ERR, but unlike

ERR, closure can be monitored and measured to correlate to the seismic response.

2.6. Stope closure (elasticonvergencg

In deep level miesthe rock mass is under compression and is sdidhaveelastically(Ryder

and Jager, 2002When mining takes place and there are small spans created in thetsope
rock mass is allowed to relax and tbeformation taking place is referred to as elastic
convergence. As mining spans increase the fractured @round the stope increasad the

bad area of the stope is in the-diressed zone. According Ryder and Jagef2002)the
deformation taking place in this zoiseof inelastic nature arttiis resuls in closure occurring

behind the facevlalan, (D03)describedclosure @ the sum of the convergence and inelastic
movements caused by fracturing and the slip and opening of discontinuities such as bedding

planesFigure 11 belowshows closure occurring behind a stope face in the fractured zone.
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Figure 11.  Stress around a deep level stope face. The deformation outside the
fractured zone is elastic and in thdractured zone is inelastic(Ryder and Jager, 2002)

Closure can be broken into different components to describe the type of closure that is occuring.
Sometypesof closures are time dependetsure, steady state closure and prinadosure.

The maindifferences betweerthese closureare their time and rate of occurren@éalan,

2003) Thisresearchieportfocusegnainly onthecombination of theselosuresin the stope as

this is said to be the main tac to mining inducedesimicty and stope closure.

According toMilev and Spottiswoodg;1997)seismicity in deep level stopeirdluencedby
the amount of the rock mass deformatidhis was afteCook et.al, (19663tatement that the
seismicenergy isnfluencedby the volumetric closure of the excavatiteking into account

the following factors

i. the mining method;
ii. the amount of mining;
iii. the geological setting; host rotipes and structures and,;

iv. the virgin stress field prior to mining; including the depth.

15



The volumetric closure takes into account the thisensionatisplacemenof the rock mass
whichis not possible to measure underground. The closure is one dimension of the volumetric
closure and this can be measured and quantified in the si@iés.1shows the stope closure
rates at different depths.

The mine designs and mining strategies with increasing depth over the yearbeing
changedand altered with the aim of reducing the closure and in turn reducing seismic activity.
Some of the changes include the development of the sequential grid mining method and the
installation of backfill. This report also came about as a result chsan attempt to reduce

closure with adjustments to existing mining layouts.

Table 1. Different parameters used in mine design and the values according to
mining depth (Jager and Ryder, 1999)

Parameter Shallow Medium Deep Ultra-deep
Typical depth (m) <1000 1000- 2250 | 2250- 3500 | >3500

Typical ERR (MJ/m?) <8 871 40 407 80 >80

Vertical virgin stress <25 257 60 6071 95 >95

(MPa)

Stress fracturing Little/None | Moderate Deep V.Deep

Stope closure (mm/m | Low (<10) Mod.(10-30) | High(30-60) | V.High(>60)
advance)

Infl. of geology on h/w | Strong Moderate Moderate Moderate?

stability

Possible extent of Can be large | Often small | Usually small| Small?

FOGO s

Rockburst hazard Minimal Mod - Severe* V.Severe*?
Severe*

Mathematical solutions to determine closure haeéso been developed ovenetyears.
Budavari, (1983)gave a simplified form of the weknown two dimensional elastic
convergence solution which was first introducedSayamon, (1968)The solution gives the
convergence for a stope of halfan L for cases where there is no total closure in the back area
assuming that the entire span was mined in a singleM#dan, (2003)modified the solution

to allow the determinationof the totalclosure measured at a specific point witthe stope

with incremental increaseén span. The solution beloggquation 3represents the closure at a

point.
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WherelL is the length of a haspan per specific raise lin,is the point where measurements
are takenaL is thespan of the stopg, is the density of the rock, ggsavitational acceleration,
H is depth below surfac# is Poisson's ratiend e is theYoung's modulus.

As X is the distance from the centre of the stope, the distance from the measuring position to

the face is given by

d=L +nD?- x (4)

D? D? 5 D? D?
4—»4—»4 L 4>
-n2n1 _>X -nllnz

yA Closure meter

New increments mined after
closure meter installation

Figure 12.  Incremental enlargement of a parallel sided stope panel. It is assumed that
both sides of the stope are mined simultaneous{iRyder & Jager, 2002)

2.7.  Aspects of closure in deep level hartbck mines,

The closure measured in the stope is a function of different factors of which some of them have
been discussed iBection2.6 above. Cbsureincreases over time in an active mining stope
even in area where mining has been stopped. This indicates that closure is not onlgydriven
increasingmining span buthere are also other factorgpday. In this section the focus will be
drawn to tle effects of rock mass properties (intact propgréied discontinuities), resultant

field stress, time and the support installed in the mined area.
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2.7.1. Effects of rock mass propertiaad stressn closure

It has been shown through many laboratory testsdiffatent rock samples exhihilifferent
behaviour. Most of theock mechanicslata used in mine design is derived from laboratory
tess. In trying to understand rock mass deformation in underground excavations laboratory
creep test has been conducteddifferent rock samples. Creep is defined as the continued
deformation of intact rock specimen or single discontinuities due to a constant applied force
over an extended period of tinfldapier et.al, 1998From creep testconducted on quartzite

and lava rock (Drescher and Handley, 2003here was a cleatifferencein deformation
behaviour of the two rock samplddgure 13shows the creep rates of the two rock samples
with quartzite havingalmost three times the creep rate of lava at only a third of the stress

applied to the lava sample.
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Figure 13.  Creep rate versus axial stress for quartzite and lavéDrescher and
Handley, 2003)

The results irFigure 13translates into other characteristic of the two rock $yueh as the
energy storage and release rate, plasticcéastic properties and strengths of the rogkising
the stress and strain relationshiphe other results of the test are showmable 2which

indicatesthatthe damage sustained by quartzite is much higher than that of lava and this does
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not take into account the presence of the discontinuities in the rock mass underground.

Quartzite and lavaave structural differencewith the quartzite begpbedded and lava being

massive with very little horizontal planes.

Table 2. Uniaxial compression creep test result@rescher and Handley, 2003)
Specimen Creep | Nosepoint | Nosepoint | Axial |Modulus| Modulus | Damage
No Strength Stress as % Strain at | Loading | Unloading | Index
(MPa) (MPa) Strength Fai]urﬁ: (GPa) (GPa)
x 10°
Ventersdorp Lava
1640-23 363.7 328.2 90.3 4645 84.7 96.8 0.88
1640-53 435.4 397.4 91.3 5135 92.8 101.2 0.92
1640-55 398.7 361.9 90.8 4039 93.8 109.5 0.86
1640-63 402.2 330.3 82.1 4582 §9.1 101.8 0
Elsburg Quartzite
2056-116 117.6 91.0 77.4 3055 39.5 76.5 0.52
2056-117 114.1 91.9 80.5 3642 40.7 75.2 0.54]
2056-118 112.6 91.0 80.9 4142 39.7 73.9 0.54
2056-121 135.2 105.9 78.3 3267 51.0 79.7 0.64

According to Drescher and Handleg2003) the damage index suggests that the fracture

formation will extend deeper in the quartzééecompare to the lava when subjected to the

same stress levels. This would mean the plastein the quartzite will be much larger than

that of lava-The plastizoreis wheae the ground has been fractused the stress levels have

also been significantly reduced. The reduced stress levels and fractured ground thsult in

formation of dead weight and generation on tensile fracture in the hanging wall aswell a

sepration on bedding planekigure 14.
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Figure 14.  Fracturing in bedded rock mass around a tabular stope with backfill
(Kirsten and Stacey, 1988)

Figure 1landFigure 14show the elastic and plastionesaround the stope. In the elastine

the rock mass is still competeartd with little fracturing The deformation taking place tiis

area is of elasticature and hasmallinfluence on the closure observed in the stbpéheir

work on the behaviour of the fracture zanex deep gold mindNapier et.al (1998joted that

the time dependent deformaticare confined to the fractummnesurrounding the evavation.

With the rock fracturing around the excavation, the stress is transferred to the solid rock which
then alsdails andthe progression of failurgops when a state of equilibrium is reagiapier

et.al (1998) Following this discussion it is evident that the strength of the rock mass and the
stress level determine the extent of the plastiewhich is one of the main drivers of closure.
Importantly, the strength of the rock mass is determined by the mot&cproperties as well

as discontinuities in the rock mass.

20



2.7.2. Effects of time on closure

The contribution of time to closure could be both suddsrsfon after the creation of void due

to blasting)or over a time period (creep behaviourhereforetheimmediate effect could be
regarded as a direct influence and the effects over prolonged time periods as indirect influence.
It must be noted that the main contributor to the sudden closure is blasting and the time assists
in the quantification of closurenirate termsTime becomes useful imlistinguishingthe
different types of closure. thining stops the rock mass will reach a state of equilibriiti

no furtherfi s u d elasticolosuretaking place however time will still continuend creep
closure il start takingeffect By representing closure asunttion of time, different closure

rates can be identified then be linked to either mining rate or otherdattoh as rock mass

fracturing orseismic everst

Figure 15llustrates different closure stages followiaglast. The instantaneous closure is the
sharp increase in closure during blasting followed by a reduced closure rate phase referred to
as primary closurgMalan, 2003) Following te primary closure phase theseai steady state
closureuntil the next blast and thedg is repeated after every blaghe rate of closure is high

for a short time periodnmediatelyafter the blastThe closure ratdecreaset a steady state

for as long as normal mining activities (cleaning, making safe, supporting, marking drilling

etc.) take placen the absence of arsgismic event@Malan et.al, 2007)

/
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Figure 15.  Typical continuous stope clgure after blasting and the definition of
closure terms(Malan, 2003)
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2.7.3. Effects ofsupport o closure

Backfill can significantly reduce the rate or amount of closure aogun the stope. Thierces
geneated by the convergirtgangingvall and footwall are of high magnitudasdsmallscale
local supportunits cannot withstand such high levefces Backfill, on the other hanaan
tolerate high magnitudeforces to limit closure There are different types of backfillitty
different propertiegRyder & Jager, 2002)0ne ofthe most important characteristicstie
ability to generate high loads early before high deformatiorstpleee.This depends on the
type of backfill used.

Backfill starts togenerate high loads at around 20% striigure 1§. The backfill can reach
peak strength iexcesof 180MPa which are higher than some of thesst leved encountered
undergroundRyder & Jager, 2002At these high sésses the backfill caminimiseclosure.
Figure 14dindicates the effect of backfill in reducing and limiting closure in the stdpeneng
uses Classifie€yclonal Tailings (CCT)Backfill which can reduce closure by up to 40% of
the original stoping widthHigure 1§ when a good quality backfill is used. The backfill can
further maintain the ERR at 40MJ/m with 80% backfill placement in the $Rymer & Jager,
2002)
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(Ryder and Jager, 2002)
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2.8. Correlation of seismic Potency and elastic closure

(McGarr, 1976)Suggested that the seismicity that results from ground deformation can be
associated with the change in volume. In the case of mining the change in volume refers to the
removal of rock through mining activities. In ljcGarr,1976)model the seismicity is related

to the volume change, QV, by the following
moment:

B- +AY6S )
Where:- is the sum of the seismic moments of the events popul@tisrthe modulus of

rigidity, and+ is a factor close to one.

This relationship is based on the conditions that the change in volume is accommodated only

by seismic failure.

This is the same relationship used to define seismic pot@nayhich was usebly (Scheepers

et.al, 2012)to correlate seismic hazard to stope convergeko&arr and Wiebols (1977)
demonstratét hat v ol ume change ¢ cogelatedbto theeminedmock f ai |
vol ume and tch ag/appnorimately i in the abs¥nce of stability pillars, where

@ Wis the change in the mined rock volume.

It is important to note thatlcGarr and Wiebols (197 Righlightedthatthere is uncertainty in

t he esti madthed-n s , dependggidayilon the seismic moments of the amount

of large events in a particular araiaa given timeln their(McGarr and Wiebols1977)data

set it was shown that one event with local magnithdie petween 2.0 2.25hadtwice the

seismic moment of ten evens wi¥l_ between 1.0 1.25. This simplyneanghat the more the

number of large eventsracbe d f or an ar ewdll be, thisis régardlegsfthe t he @

rockmass properties, mining rates, mining spans and support systems used.

The back analysis cdncted by(Scheepers et.al, 2012Jearly indicates that the volwatric
closure from seismic failure relies heavily on the larger event occurring in arTheeareas
analysed in their study are shownrFigure 17 with focus drawn to the 120 level raise line. It
can be noticed that 124 raise has the smallest mined area compared to the 48 aaidel9
lines. However,Figure 1shows thathe 44 raise line has the highest rate of seismic potency
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per area mined compared to tH& a@nd49 raise ine. Of note is that the large events started

occurring earlier (from 2000n?) and more frequent in the 44 line compared to the 48 and 49.

From the discussion on elastic convergence in se@ibnt was shown that the closure
determined from elastic theory solutions dependthemproperties of thentactrock and the
mined spanWith this in mind tle closure at 12@4 should behe same to that of 48 and 49
raise linesvhen the samareahas been minedsillustrated inFigure 3 The vertical closure
that would be determinedoim Figure 1for 120-44 at22 500n? will be higher than that of 120
49 at 37500n7. This isa clear contradictioto thetheoreical elastic closursolutions which
are the basis for elastic numerical modelling co@iae.back analysis conducted (8cheepers
et.al, 2012shows a good correlation within the first @00nt. This is when theminedspan

intheraiselineis@maccording to Mponengds mining | ayol

Figure 17.  Detailed view of the raisdines used in the back analysi§Scheepers et.al,
2012)
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2.9. Closure monitoring and measurements

Closure is one of the commonly measured and monitored behaviour of the rock mass in
underground hard rock mines. This is due to the fact that closure is a simple parameter to
understand and measure and also one of the major factorsdésstandhe hangirgwall

behaviour Closure is measured by simply measuring the displacement between the two
opposite excavation faces (hangmgl and footwall). The methods and instruments to
measure closure have over the ydagensimplifiedandd e pends on ds.ililke user ¢
needs include the accuracy, the durability, technology and the ease ((tydee & Jager,

2002)

Currently the commonly used instruments are either mechanical or elecamahiit is highly
recommended that the instruments should be able to take continuouss,gasliallj changes
and the information can be plotted on a histogr@me d the closureneasuring methaand
instrumens thatwasdevelopednore than thredecaes agoand isstill in use is the foupeg
closureride station(Figure 1§. This methodcan measure both the closure and the, mdin
the only disadvantage being the manual readihgs methodwas not used for this research as
the aim was to determine closure that had already occu€tedure can still be estimated

empirically using the support that was installed, this is digclissSection2.9.1

Approx, 90° angle

Hanglngwall plane

Vernier
closure

HO'E fDr l'-, l'\. | mEtEF
convergence A f
peg v -,I‘ Ef
; Chain with

eye-hooks

Convergence peq
Footwall plane

Figure 18.  Schematicof the four-pegclosure/ride station(Ryder and Jager, 2002)
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Using the latest monitorinipstruments antechnology Malan et.al, (20003uggested a live
closure monitoring systethatcan be implemented in a gold miigure 19. This will give

more understanding of the rock mass response to mining and different geotechnical districts.
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Figure 19.  ldealized closure monibring system with a closure logger in every panel
(Malan, Kononov, Coetzer, Janse van Rensburg, & Spottiswoode, 2000)

2.9.1. Estimation of the closure using the deformation of installed support.

The estimation of stope closure by using old support units, specifically timber pack support is
anempiricalmethod used to make a quick assessment of the closure that has occurred in the
mined out ara This method is not an officigl recognized methof closure assessment. In

his paper on monitoring closyfdalan(2003)did not makeuse ormention of this method. If
applied with caution and the inherent variability taken into ac¢thistmethod can be of great

value in giving a picture of the amouwsftclosure that has occurred.

Timber packsare built from single timbeunitsthatare cut to the same thickness and length.
The unitsare similar to kicks and must be placed strategically to form a stable (Fagkre

20). Their uniform shape and sinéthe timber unitgllows one to estimatgith a good degree

of confidencethe height of the original pack that was built before it deformed due to stope
closure. Using the thickness of the timbeitsand summing the total numbertohber units
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used to build a paakne can estimatée original height of the pack. This is 8lwated irFigure
20.

Pack closure measurements Exam@ayre 20

A newly installed timber pack with 1@nitshas a total height of 1n® which is equivalent to
the stoping widthThe packs are installeta maximum distance of 2.5m from the face before
blast.

1 One timber unit = 0rh
i 0.1mx 19 units = 1.6n

Thesame pack in the back area following a specific face advanoeasurd to be 1.5m high

and theunits are still counted to be 19his also depends on the closure rate of the area.
Therdore thereis a closure of 4m that hasoccurred.It is important to note that this is the
closure that occurred at the pack and it is taken to be an average closure occurring within the
vicinity of the pack. Thereferit is important to take measurement at predetermined distances

along the gul.

There are no measuring instruments that can be installed at the face before blasting without
completely damaging them. This leads to the immediate closure at the face not being accounted
for and only considering closure taking place 2.5m to 5.0m fiwenface as the closest
measurable closuréheimmediateclosure occurring on the facetake to be negligible in this

exercise.
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Figure 20.  Timber packs deformation dueto stope closure in the back area.

There are prstressing plates sertedn the pack which after the pack has been Ihdtplates
are inflated with water to render the pack an active support unit. The thicknessniitieel
plates is negligible as when they are inflated the pack is already in contact with both the hanging

wall and the footwall

2.10. Numerical modelling as a design tool

Numerical modelling teatiqueshave been developed and improved over the yearg aad
become an important tool in mine design and rock engineering fields. There are many
numerical modellingsoftware available today for different use and requiremeifitsese
softwaremust be used with caution as they do not replace the rock engineering knowledge and

engineering thinking required to maleyood engineering judgement.
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2.10.1.Numerical ModellingMethods
Boundary Element MethodAP3D, 2015)

In boundary elements only the boundaries of the excavation are divided into elements. The
boundary of the excavationseanade up of small straight lines representing the element and

the normal and shear stresses and determined for each surface. For more accurate analysis the
element size must be made smaller, but the running times ahstilerwhencompared to

finite element method.

In this project MAP 3D package which isb@aundary element package is used riwodel
building and analysis.Boundary element packages are easy and quick to use as only the
excavations have to be built and not the entire rock mass.

2.11. Conclusions

It is clear that the@mount of stope closure aadismic hazard has increased it increasing
depth and attempts have been made to develop mining layouts that manage antoi&duce
mass deformation with the aim ofanaging seismicityOre of the challenges has been the
measurment of seismic hazardhat can be usedideveloping mining layouts. ERR was
developed with thentertion of designindess problematimining layous however it could not
becorrelated to the observed seismicity. The introduction of rock mass volume change due to
seismic failue by(McGarr, 1976)imed to correlate rock mass deformation to seisyrémd

this was the same principle applied fycheepers et.al, 2012) correlating elastically
modelled closure to volume changieoking at the work byScheepers et.al, 201i2xould be
shown that there isorrelationonly in the first 10 000rhof mining a new raise line The
relationshipbetween elastic modeld closure and seismic volume changesomes poor with
further mining Howeverthis is still a good indication of the anticipated seismicity. It can
further be paired with an indication of the anticipated stope closure by deterrtinging

relationship of modelled closure to underground closure.

The poor correlation is mainly due to the fact that the rock mass indegle@ mines is highly
fractured and does not behave elastically and factors such as rock mass propekiitlsgnd

mining layouts have a significant role in the closure observed in a mined out area. The
understanding of these facsas key when using elastic nencal modelling codes to analyse

inelasticrock mass environments.
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CHAPTER 3.EXPERIMENT AND DATA COLLECTION

To ersure that the data that is collected can be used to achieve the desired qutooases
important to select suitable experiment sites and relevant closure monitoring/measuring
methods Experiment sitewere selected through the mine ensuring a good spreaayh the

rock mass. ImportantJythe selected raise lines had to have maturing mining spans with
extensive closure already taken plaBecethe raise lines had to be maturedntinuous
closure monitoring could be conductadone of the raise linds determine closure ratasd
possible maximum closuré&losure magnitudes could albe obtained using an empirical
method.Old timber packs that had already been installed in the gullies were used to estimate
the amount of deformation that had occurred, this was discurss#etail in sectior2.9.1
MAP3D was used to conduct elastic numerical modekling Salamon (1968) convergence

eguation was used to calculate the elastic convergettibe stope.

3.1. Continuous closure monitoring instruments

There are dferent instrunents available to be used for thisxercise howevethe most
commorty used instrument is the closure logger from Groundworks called the Rockwatch. The
Rockwatch continuously records changes in stope width andties the information which

can later be downloaded using a device called the grablgeme 21shows the complete
Rockwatch kit used in monitoring dore. It includes the Rockwatch logger, Rockwatch

grabber and the computer fdosureanalysis(Groundwork, 2013)
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Figure 21. Rockwatch Logger and accessories used in monitoring closure,
(Groundwork, 2013). (A) Rockwatch logger, (B) Grabber and (C) PC with Rockwatch
software.

3.2.Experiment site selection
Four sites were selectedFigure 23 for the researchlheintenions of the selected four sites

wereto cover different depths on the mine and also take into account threrdiffges ofrock
mass conditiongTable 3. There is one sitéA) on the upper east side of the mitwo sites
(B, C)located at theentreof the minetowardsthe lower section and the last g is located

to the lower west side of the mi(leigure 22.

The selection of these sites ensures that the sites are plabedwo distincfootwallsfound
atMponeng, th&rugersdorgjuartzite and the Boggn shaleReferring back tdlalan, (2003)

in section2.6 closure & a point can be determined using elastic properties. The elastic
properties of quartzite and shale are different and this is expected to be the case in the numerical
model and theinderground measurements. Tdepth below surfacef the four siteganges
betveen2747m to 328&h. Theincrease in stress due to depth should also plalg arr closure.
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Experiment sites and their different environment.

Table 3.
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Figure 22,
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Figure 23.  Plan view of 10465 (A), 11352 Raise (B) 11652 Raise (Cland 120-36
Raise (D) withthe gullies to be measured.

Thel04-65 experiment sité-igure 23) wasbeing mined on the western side with the eastern
side completat the time of the projecThe sparwas180m in the lagging panel and 220m at
the mined out panels. This is tlsamesite also used for continuous closure monitoring

instrumentations.

The 11352 experiment sitéFigure 23B) is in the final stages of mining on the &al side of
the raise line with the western side completed. The span is also at 180m with about 20m left to

thefinal pillar position.

The 11652- site(Figure 2&) has beermompletely mined out on both sites with ommping

operations taking place

The 12036 site(Figure 2®) had juststarted mining to the west when the measuresvesite

taken with a total span of 130m.
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3.3. Continuous dosure monitoring at 104-65 Raise ling(Site A) using closure loggers

The closure monitoring prograwas conducted in WPanel which is located at the top of the
10465 raise line. The project started d8 November 2013vith only two closure loggers
fitted in both the top and thedttom gullies of the W9Error! Reference source not found.
hows the position of the first two loggers, logger 671 and loggerd@&iwo loggers ere
installed 20m from the dip gully witlogger 671 being 20m from the W10 face and lo@§€r
being 10m from the W9 fac&he third logger was installed two weeks later in the W9 top
gully 34m from the dip gullyFigure 25ndicated logge260 next to an elongate that has failed

due to closure,

Load Cell Placed
on footwall under -3
Backfill bag ¢ > — 3 2

3 30261545 1 ¢

Load Cell placed-r b i

L( ) date 14 Nov 2013 : t?

O o ») J\D 30m B0
Load Cell Placed (11 » \\ 2
oa e ace

I getvgeoeg Bacbk fill ( /) LN - al

h

Figure 24.  Position of the closure loggers in the 1685 W9 panel.(1) Logger 260, (2)
Logger 671, (3) Logger 877.
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Figure 25.  Logger 260 installedon the North shoulder of the W9 cleaning gully

Looking at the graphs iRigure 26which are split into two different operation timéscan be
seen thatcloser tavards and duringthe Christmas break the closure rate is significantly
reduced. This indicates the correlation between closurdamedadvanceas miningactivity
continues.Table 4is also split into two zones, one being wit2Om from the face and the
other being more than 20m from the fa€able 4shows thathe average closure rdtw the
two loggersduring normal operationwithin 20m distance from the face 2s67mm/day as
comparedo 0.53nm/day when mining is not taking pladéne logger installed more than 20m
from thefacehas an average closure rafel.21mm/day during normal operation and reduced

to 0.59mm/day when there is nanimg taking place.
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Figure 26.  Closure readings from three closure loggers installed at 10465 raise
between 12November 2012 to 08 January 2013.

The average closure per face advance is calculated to be 8.7 &mitmifm20m from the

face. This does not agree with the observations made earlig@adpgr and Ryder, 1998)at

the closure rate in deep mines is estimated -®&B0nm/m).One of thefactars that can result

in such a significant discrepancy is the influence of backfill. This calculated closure rate can

be used to estimate the expected closure at a point as the face advances.

Table 4. Closure monitoring result from 104-65 raise line.
Logger Distance Displacement | Days Face Closure Closure Operation
from the (mm) advance Rate Rate period
face (m) (m) (mm/day) | (mm/m)
Closure measurements more than 20m from the face
671 20 35 29 9.00 1.21 3.89 Normal
10 17 | 0.00 0.59 Overfestive
break
Closuremeasuremestwithin 20m from the face
260 10 82 35 9.00 2.34 9.11 Normal
10 17 | 000 0.59 Over festive
break
877 6 76 25 9.00 3.04 8.44 Normal
6 13 | 0.00 0.46 Over festive
break
Ave closure rate during normal operations 2.67 8.77
Ave closurerate over the Christmas break 0.53
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3.4.Underground stope closure measurementausing timber pack support.
The measurementsom the timber packaretaken toestimatethe original stopingvidth and

the closure thatasoccurred at that point where the pack is installed.

3.4.1. 104-65 Raise Lind&Jnderground Measurements
The 10465 raise line is the only raise line from the four assessed raises with a shale rock mass

in the footwall.A total of ten points were measured in fltg+65 raise line as indicated by the

red blocks irFigure 27 The measurements asemmarizedn Table 5
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Figure 27. 10465 experiment site and MRM mapping results in the W10 panel.
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Table 5. 10465 stope closure measurement results.

10465 Points of Distance from centre| No of | Height of original| Measure Total closure
Raise | measurements| (Half sparl05m) Units pack (cm) SW(cm) using packs
1 16 12 120 60 60
s 2 34 11 110 86 24
i 3 40 11 110 85 25
4 47.3 12 120 88 32
1 37 9 90 65.9 24.1
= 2 46 8 80 50 30
© 3 53.7 10 100 82.6 17.4
1 35 11 110 57 53
Z 2 47 10 100 50 50
3 54.5 10 100 60 40

Looking atFigure 28to Figure 30the deformation in 1045 raise line is evident. The gully
shoulders are no longer accessible in certain area with highly deformed timber packs and
buckled support units. Most of the movement can be observed in the footwall with siv@e of
elongatepunding into the footwall and this can be attributed to the softer nature of the shale

rock mass found in the footwall.

Figure 28.  Closure observed on timber pack in the 1065 W9 cleaning gully.
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Figure 30.  Closed gully shoulders and highly deformed timber packs in the W10
gully.

3.4.2. 11352 Raisaunderground measurements
A total of ten points were measured in ##8-52 raise line as indicatelly the red blocks in

Figure 31 The measurements frobi3-52 raise aressummarisedn Table 5

High magnitudes of deformation could be observed in the5RPli&ise especially towards the

raise with measurements up to 0.2m in the area where full cut ledging was conducted at 2.4m.
The photos inFigure 32to Figure 34indicated closure in the respective gullies where
measurements were takdme E8 panel has seemed to have less deformation compared to both
E7 and E6 panel which had similar deformation with stoping widths up 0.2m.
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Figure 31. 11352 experiment site.
Table 6. 11352 stope closure measurement results.
Distance Heiaht of Total
11352 Points of from centre No of ori ingal ack Measured | closure
Raise | measurementy (Half span Units g (cm)p SW (cm) using
87.5m) packs (cm)
1 12.00 10 100.00 57 43
m 2 19.30 10 100.00 69 31
e 3 29.40 11 110.00 75.3 34.7
4 36.00 14 140.00 91 49
1 35.00 14 140.00 87.7 52.3
ﬂ 2 44.10 11 110.00 54 56
3 49.70 9 90.00 50 40
1 20.00 11 110.00 20 90
m 2 31.35 10 100.00 40 60
3 40.55 11 110.00 59.4 50.6
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Highly
elongate compressed

Figure 32.  Photos of the E8 gully cleaning gully showing deformesupport

View into the E7

Figure 33.  View into E7 stope from the E7 cleaning gully and view of the E7 gully

Figure 34.  Highlly deformed timber pack in the E6 gully and almost complete
closure into the E6 stope.
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3.4.3. 11652 RaisdJnderground measurements
A total of ten points were measured in #6552 raise line as indicated by the tddcks in

Figure 35 The measurements frohi6-52 raise are ifable 7 No photos were taken during

the underground visit to 11%2. The W6 panel stoping width was estimated to be higher than

that of E4 panel however the defotima was observed to ksmilar.

MM-058-201 2

|

Figure 35. 11652 experimentsite indicating the points where measurements were
taken.
Table 7. 11652 stope closure measurement results.
11652 Points of | Distance from Height of Total
. No of - Measured | closure
Raise (Span measurem| centre(Half . original pack .
Units SW (cm) using
179m) ents span 90m) (cm)
packs (cm)
1 0 13 130 80 50
2 5.5 16 160 90 70
= 3 21 17 170 80 90
4 27.5 16 160 110 50
5 35 17 170 100 70
0
1 29 11 110 70 40
2 31.6 12 120 80 40
m 3 34.6 15 150 70 80
4 39 14 140 100 40
5 44.5 12 120 90 30
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3.4.4. 12036 Raisaunderground measurements
A total of sixpoints were measured in the 138 raise line as indicated by the red blocks in

Figure 36 The measurements from 153 raise araummarisedn.

Figure 36.  120-36 experiment site indicating the points where measurements were
taken
Table 8. 120-36 stope closure measurement results.
Distance .
120-36 Points of from centre No of or?ei):\garllt (:ck Measured Ec;tiil cIo;:kr:
Raise | measurements (Half span Units 9 (cm)p SW (cm) (grr?)
63.5m)
1 31.00 14 140.00 84.4 55.6
g 2 36.40 14 140.00 114 26
3 39.00 14 140.00 88 52
1 38.00 15 150.00 120 30
2 2 42.60 9 90.00 76.5 13.5
3 45.00 13 130.00 120 10
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Figure 38.  Little signs of deformation on the timber packs in theW7 cleaning gully.

The western side of the 36 raise is only 40m from the centre gully hence the deformation
observes on the support units was very minimal compared to the other three raise lines. Looking
at the packsn Figure 37and Figure 38it can be noticed that the packs are still in good

conditions compared to those in 133

3.5.Model building to simulate closure (Using MAP3D)

Map3D is based onnalndirect Boundary Element Mebdd. Many of thelimitations of the
boundary element methadich asmulti-step mining sequences and multiple material zones
with different material properties and stress state®e been overcome in Map32ap3D is a

full threedimensional stress analysigrogram designed for the stability analysis of
underground (mining, tunnels, and caverns) and surface excavations (open pits, quarries,
slopes)Stacey, 2012)
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Capabilities

Map3D FaultSlip is anelastic rock mass and fydlastic faultslip stress analysisiodelling
programmeThe stress analysis utilizes the BEM (boundary element method) and has many
features(MAP3D, 2015)

the ability toanalysevery large problem sizes (one million degreeg@edom)

multiple elastic zones with different moduli (stiff dykes or soft ore)

zones with different prenining stress states

tabular mining with yielding pillars

© O O O o

multiple mining steps are required to consider effects such as bat&éitment or

crack propagation

Limitations

Unlike a program such as Phase 2 which canmanuadate more than one host rackhe same

model, Map 3D can only have one host rock as the elements are built into the host rock. This
limitation requires that th same model bemdor each host rock mass properties to get different
effects cagal by stress on the rock ma#s.this investigation two modglwith different rock

mass properties had berun to simulate deformation of the two different rock massesd

in the footwall.

Element size

The element size is important as teeolutionof the results depends on the element size used.
The smaller the element size the more accurate the results will be. This is because the results
are extrapolated in short distances between eleyapdtover a large number of elements hence
reducing the eor margin Larger element size ressiih much fewerelementsn the model

and much larger areas to be extrapolategvben. This results in leascurate result$zigure
39shows the closure analysed using element sizeroB2@ these reswlishowthereis closure

up to 10cm on the stope face while the mo#ejre 49 with element size of 18 shows the
closureon the facas around 3cm. Tis shows the influence of the element singhe model

results.
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There are disadvantages to finer element sizes ahi e model becomesadtargedue to
the number of elementThis makes the mod#d take long timeo run and at times will even
requireamuch moe powerful computer to be able to run and analysethis investigation

the model was made finer at the areas of interest and larger at the minedut area

3.5.1. Experiment Model
The experimental modea$ set up to determine convergence in the four raises kivigere
underground closure measurements were conducted. The results from this model are compared

to the underground closure measurements to establish the correlation between the two.

The Mponeng model gividedinto two main sectionghich are the old long watin the upper
level which were mined without backfill and the cumrenining stopes which are bdiled.
The model is built inwo steps:

l. Step 1 Long walls without backfill
Il. Step 2 Current mining with backfill

Theelemensize in this model is not fixed for step 1 and is fixed to 1@r step 2 and the raise

lines for the experiment are fixed at a much finer element sizenoBtep 1 is not fixeasit

is not the area of intest and this will help reduce the model siteo models were used to
assess closure in the two different footwall rock masses found at Mponeng. Both footwalls are
weaker than the Lava hanging wall hence their properties are used in the model ingtead of t

Lava properties. The backfill propediare the same in both models.

Input parameters.

After stress measurements project wampleted in late 2013 on AGA WeWits mines a
stress regime was developed which is used as input into the model. The stressefeateds
to at the NELSAMCCB2013(Figure 4) (Ogasawara et.al, 2014)he elastic properties in
Figure 4lare those of the Quartzite footwall aRure 42indicates the elastic properties
the Shale footwal104-65) and the backfill.
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Figure 41.  Stress state used in the model and the elastic rock properties for quartzite
rock.
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Figure 42.  The elastic rock properties for shaleand the material properties of the
backfill material.
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3.5.2. Modelled closureesults per raise line assessed.

The following figures and tables indicate the modelled closure results in each specific raise
line. The closure readings were taken at the same poitiisseised in SectioB.4. The

points are counted starg from the raise towards the face with point 1 being the closest to

the raise.

120-36 Raisamodelled closure
Figure 43shows the modelled closure results at-BBQraise andh Table 9is the noddled

closure at each point afterest as indicated figure 43

Closure
(m) total

0.300
0.270
0.240
0.210
0.180
0.150
0.120
0.090
0.060
0.030
0.000

Mstep= 2

Y

b

X
Map3D Fault-Slip 63 [C:\Users\ORakumakoe\Documents\School\MSc Rock En:

Figure 43.  Pointswhere moddled closure was measured similato undergound in
120-36 raise line.

Table 9. Modelled results of 12636 raise at indicated points inFigure 43
120-36 Points Distance from Centre (Half Modelled Closure (cm)
span 63.5m)
1 31 16
2 2 36 14
3 39 13
1 38 17
g 2 43 16
3 45 13
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11652 Raisanodelled closure
Figure 44shows the modelled closure results at-b26aise anih Table 10is the modelled

closure at each point of interest as indicateligure 44

_,
!

Closure

[(m) total ,
D.300 F
0.270
0.240
0.210
0.180
0.150
0.120
0.030
0.060
0.030

e Model. D02][2014:10:06] J

Figure 44.  Modelled closure with points where measurement were takein 11652
raise line.

Documents\ MSe Rock Enginnering\Research Pro

Table 10. Modelled closure results for 11652 raise

11652 Points Distance from Centre (Half Modelled Closure (cm)
span 90m)
1 0 29
2 6 29
= 3 21 29
4 28 29
5 35 28
1 29 26
2 32 25
m 3 35 25
4 39 24
5 45 23
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11352 Raisanodelled closure

Figure 45shows thenodelled closure results at 252 raise andh Table 11is the modelled

closure at each point of interest as indicateligure 45

l9\MS o1 002][2014:10:06]

Figure 45.  Modelled closurewith points wheremeasirements were takenin the 113
52 raise line.

Table 11. Modelled results for 11352 raise at indicated points inFigure 45

11352 Points Distance from Centre (Half ModelledClosure (cm)
span 87.5m)
1 12 26
m 2 19 26
o 3 29 25
4 36 24
1 35 26
m 2 44 25
3 50 23
1 20 28
o 2 31 27
3 41 26
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104-65 Raisanodelled closure
Figure 46shows the modelled closure results at-664aise and iTable 12is the modelled

closure at each point of interest as indicateligure 46

Ny

fi 002][2014:10:13]

Figure 46.  Modelled closure 104-65 raise line with poits where measurements were
taken.

Table 12. Modelled closure results of 10465 raise at indicated points inFigure 46.

10465 Points Distance from Centre (Half Modelled Closurécm)
span 105m)
1 16 28
s 2 34 27
Qo 3 40 26
4 47 25
1 37 28
é 2 46 27
© 3 54 26
1 35 28
2 2 47 27
3 55 27
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3.6 Analytical calculation of closure
The concept of analytical calculatioasconvergence (closure) was discusse&éction2.6
earlier. The concept was usedctedculatethe expected convergence at the same points where
the underground measurementgre taken.Equation3 was used to do calculation in excel
programwherem wastaken to be 1 asthe aim is to determine closure at maximum span and
not at differentmining spars. The specific parameters used in the calculations are shown in
Table 13

Table 13. Mechanical properties of the quartziteand shalerock used in the
calculations.

Parameter Quartzite Shale Units
Density 2700 2700 kg/m®
Gravity 9.81 9.81 m/s’
YoungModulus E 70 50 GPa
Poisson Ratio v 0.2 0.3

Usingequation 3and the parametens thetable theexpected closure at the measuest
points per raise line agvenin Table 14 The shale parameters were used for the@®4

raise and other three raise lines are in the quartzite footwall.

Table 14. Calculated convergence at each experiment point per raise line.

11652 Points Distance from Centre (Half Calculated maximum
span 90m) convergence (cm)
1 0 34
2 6 34
CED 3 21 33
4 28 32
5 35 31
1 29 32
2 32 32
"7 3 35 31
4 39 30
5 45 29
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104-65

Points

Distance from Centre (Half

Calculatedmaximum

span 105m) convergence (cm)
1 16 46
s 2 34 44
- 3 40 43
4 47 42
< 1 37 44
S 2 46 42
3 54 40
1 35 44
«ED 2 47 42
3 55 40

11352 11352 Raisel Distance from Centre (Half Calculated maximum

span 87.5m) convergence (cm)
1 12 31
m 2 19 31
o 3 29 30
4 36 29
1 35 29
m 2 44 27
3 50 26
1 20 31
m 2 31 29
3 41 28

120-36 12036 Raisel Pistance from Centre (Half Calculated maximum

span 63.5m) convergence (cm)
1 31 21
= 2 36 20
3 39 20
1 38 20
2 2 43 18
3 45 18
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CHAPTER 4. DATA ANALYSIS

In an attempt teestimatethe closure underground the firsegtwas to try and estimatee
original stoping widthat the time ofmining. Only once the original stoping width is known
then theestimatedclosure can be determined using the current stoping wnetisuredThe

timber pack assessment method was used to estimate the original stoping width

4.1. Underground measured closure

To determine theestimatedclosure that has taken place in each assessed area the current
stoping widthmeasureds subtracted from theriginal stoping width determined iprevious
section3.4 and listed inTable 5 6 7 and 8The following graphsKigure 47 49, 51 and 53
indicate theestimatedclosure potted againstodelledandanalyticallycalculated closure
Thesefour graphsare split into gulliesnmeasured in each raise line. The measurements start
from the half span of the raise line indicated with (S) up to the last measured point in the gully
indicated with (E).

4.1.1. 11652 Raise closure analysis

The graph Figure 47 of the two gullies indicated similar closure pattern in the-32 6aise

line. Theestimatedtlosure in the gullies does not indicate a gradual decrease from the centre
of the rase towards the solid face as it is indicated by the modelled closure and calculated
convergence lines. Thealculaged convergence and modelled closure indicated a good
correlation with the two lines parallel to each other in both guiéis an averageitference

of 4cm in W6 and 6¢cm in the EB.
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11652 Raise Closure
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Figure 47.  Closures determined at each point in 1162 raise.

The W6 gully has more closure than the E4 gulith an average closure 06ém in the W6
compared to cm in the E4 gully while thenodelledclosure indicate 28cm and 24cnof
closurerespectively. The maximumstimatecclosure recorded in thé&/6 and E4 gullies are
90cm and 8cm respectivelyThe difference in closure measured in the two gullies can be
mainlyattributedto the mining sequeare and the positioof the gulliesn relation to abutments
(Figure 48. The modelledclosure indicateshe highest closure to be at W6 which is in

agreement with underground measurements.
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Figure 48. 11652 raise layout indicating the position of the Wend E4 gullies, with
the E4 gully close to the abutment.
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4.1.2. 10465 Raise closure analysis

The actual closure in the three gullies has a similar treiggie 49 with a uniform closure
through the panel. The first point in the W11 gully was measured at the centre of the span hence
indicating the highest closure and the closure is relatively constant for the rest of the three
points averaging at 3cm. The W10 has similar measurement to W11. The W9higiser

closure at average of @& and this can battributedto the fact that the measurements were
taken closer to the centre of the raibeg(re 50. Again the actual closure does not indicate

the expected decrease in closure towards the face.
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104-65 Raise Closure
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Figure 49.  Closures determined at each point in 1045 raise.

The calculatd convergence anchodelledclosure indicated aimilar trend in all the dlies

with a gradual decrease glosure towards the face. Although the trend is the sdnee
calculatedconvergence is much higher than thedelledclosure for the shale footwall with
an average difference of 15cirhemodelledclosure averages indicated the highest closure to

be at W9 and this corresponds with the clogsstenates
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Figure 50.  Layout of the 10465 raise indicating the measured pointsn the W11,
W10 and W9 gulliesrelative to the centre.

4.1.3. 11352 Raise closure analysis
Similar to the two raise lines discussed above, the5PISstimatedclosure does not follow

that of numerical modellingHgure 51). The E8 gully shows a steady decrease in closure
towards the face but there are areas where the closure increases. The E7 shows an increase in
closure towards thete with igh closure in the gully up togem. Similarly high closure was

observed in the E6 gully #te raise position with up td8m.
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11352 Raise Closure
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Figure 51.  Closures determined at each point in 1152 raise.

Thedifferencebetween thenodelledclosure anestimatedtlosure is significant in the 1152

raisewith an average ofstm Themodelledclosure indicatethatthe highest closureccurred
in the E6 gully whichwasalsofound fromthe underground measurements. Theralso a
good correlation between theodelledclosure and the calculated converge@amparing the
modelledclosure andestimatedmeasuremenin the EG6, itconfirmsthe observationg the

preceedingwo raise lines that the layout has an influencelosure (Figure 53.
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Figure 52.  Layout of the 11352raise indicating the measured pointsn the E8, E7
and E6 gulliesrelative to the centre.

4.1.4. 12062 Raise closure analysis

The 12036 raise had thehortesspan of the four assessed raise lines and also had strike pillars
within the raise. The W6 cleaning gully is the closest to the strike pillar but had the highest
closure ompared to W7 with averages of 44cm afidrh respectively. It would be expected

that W6 being close to the abutment would have less cldsigeré 54. However the fact that

the W6 panel is leading and is the furthest from the raise line bawelcontributel to the

higher closure. It must also be noticed that the measurements of W6 were taken closer to the
raise compared to those in W7 ialn were taken closer to the face. The modelled closure

indicates that the highest closusén the W7.
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120-36 Raise Closure
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Figure 53.  Closures determined at each point in 1236 raise.

The measured closure in the W7 follows similar trend to the modelled and calculated closures
anddecreases towards the fat@e modelledclosure isalmostconstant in both W7 and W6.

The difference betweemodelledclosure and measured closureriach higher in the W6 at

30cm compared to thec at W7(Figure 53. The W7 approximates the assumption in the
analytical solution better than W6 and this is due to the fact that the analytical solution

considers infinite length in thé“xlimension ad W6 has however a pillar located nearby.
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Figure 54.  Layout of the 12036 raise indicating the measured points in the W6 and
W7 gullies relative to the centre.
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