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ABSTRACT

In the Far Wt)st Rand Goldfields a series of lava flows covers the important,

auriferous deposit known as the IIt:ntersdorp Contact Reef (VCR), which

separates the lavas from various sedimentary rock types. Until recently, little

research had been done aiming at the identification and analysis of rock

engineering problems encountered while mining this reef. This is especially

surprising when consideringthat the VCR is one of the major South African gold

producers, contributing some 15 % to the overall gold production.

This dissertation consists of three parts: the first concerns the definition and

establishment of geotechnical areas in all mines where the VCR is currently

being mined. Twelve mines are considered covering a distance exceeding

60 km, and six major geotechnical areas are defined by regions with different

combinations of han~Jingwalllavas and footwall rock types. The second part

considers observations and measurements of the rock mass behaviour around

geotechnicaUydistinct VCRstopes. This approach is used as it is expected that

geotechnical variation, influence rock mass behaviour and consequently mining

strategy and designof support systems. The last part describesa VCR specific:

stope support design methodology also considering closure rate variations as a

function of face advancerates.

In order to achieve these goals, as a part of the SIMRAC project GAP 1O~, a

series of studies and investigations, involving the division of the orebody into

geotechnical areas, underground observations and monitoring, analysis of

accident data, laboratory testing, and the assessment of rock mass behaviour.

were undertaken. The main results of each of these studies are summarised

below:
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A) Collation and review of ali past rock engineering and geological work

undertaken on the VCR by means of a iiterature survev considering

references up to the start of the project, 1993;

Few documented rock engineeringstudies were found.

Several geologicalstudies were of relevance to the project.

Rock engineeringpropertiesof the strata associated with the VCRwere not

documented.

Scope existed to use existing geological knowledge as a casls for rock

engineeringstudies.

B) Definition of geotechnical areas;

As a part of the SIMRAC project GAP 102, a methodology to de-fine

primary geotechnical areas on a regional basis has been developed and six

primary geotechnical areas based on a combination of three footwall and

two hangingwall rock types were delineated.

C) Identification of fracture patterns of different geotechnical areas;

Distinct 'fracture attitudes and intensities were associated with different

footwall and hangingwall rock type assemblages, including the fracture

pattern associated with the soft lava/Jeppestown shale geotechnical

domain in which extension fractures in the hangingwall dip towards the

back area, a situation almost unique in deep gold mines.

D) Evaluation of the variation in lava type, strength and deformation

properties together with friction properties and dilation angles;

All available rock property data for rock types associated with the VCR

were collated and summarised.
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It was shown that large differences exist in the properties of the relevant

strata, especially between hard (Alberton Porphyry Formation) and soft

(WestonariaPorphyryFormation) lavas.

No significant difference in rock properties was obtained for cornpn, ''In

tests when loadingwas oriented either normal to stratification or parallel to

strike or dip.

E) Assessment of the variability in fracture patterns and stope closure

between geotechnicalareas;

A detailed monitoring programmewas carried out at two sites in different

geotechnical areasto determinedifferences in rock mass behaviour.

The measurements and observations made in two different geotechnical

areas showed that there are significant differences in: closure rates,

10 mm/day and 5 mm/day; and the amount of the deformationof the strata

in the footwall andhangingwall that contributes to the total closure.

Generalorientation of the mining induced stress fractures was investigated:

in one case dipping between 45° and 55° towards the face in the

hangingwall and in the other dipping cowards the back area at angles of

more than 80°.

Measurements in the soft lava of the size and nature of falls of ground

showed that in the soft lava they extend to heights of more than 1.2 m

above the hangingwall and generaliy comprise relatively small blocks

(0.3 m /0.35 m /0.4 rn), whereas in the hard lava the equivalent figure for

falls of ground is 1.8 m and they are made up of relatively few but large

blocks (1.0 IT! / 1.1 ~ /0.4 m).

This finding on block size is of major significance to support design,

particularly with respect to spacing of support units, the need for area

coverage and the dimensionsof load spreaders.
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It was shown that the amount of closure measured at a point in a stope is a

function of the rate of face advance. Where the rate of face advance is

high the closure rate, expressed in mm/day, is higher than if the face were

advanced at a lower rate. However, if the rate is expressed in mm/m face

advance, which is of significance to support design, the rates are

substantially different. The results of this finding have been used to

develop a modification to the Support Design Analysis (SDA~presented in

the SIMRAC project GAP 032.

F) Numerical analyses to quantltatlvefv understand rock mass behaviour;

MINSIM-D modelling was used to compare actual closures recorded with

the expected convergences. The results show that. more inelastic

behaviour is taking place in geotechnical areas with soft lava overlying

Jeppestown shale than in areas with hard lava overlying quartzite-

conglomerate.

A mechanism that may account for the observed differences in mining

induced stress fracturing, associated with different geotechnical conditions

at Deelkraal, and East Driefontein Gold Mines, is illustrated. This is based

on the hypothesis that the difference in modulus between h~1I1gingwaliand

footwall formations influences the position, relative to the stope horizon, at

which the dip of fractures changes from towards the face to away from the

face. However, in the FLAC numerical models exaggerated moduli values

had to be used to achieve this effect.

G) Analysis of data from fatal accident inquiries (using the developed

database);

A database incorporating information gathered from the Department of

Minerals and Energy (DME) on fatql accident inquiries from 1990 onwards
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was used to calculate the cumulative percentages of rockfall thicknesses in

VCR stones. The heigilt of 95 % of all fallouts is 1.2 m and 1.8 m for soft

and hard lava hangingwalls, respectively.

The equivalent figures for rockburst ejection thicknesses fOTsoft and hard

lava are 2.1 m and '1.8 m respectively. These figures were used to

calculate overall support design criteria for soft and hard lava hangingwalls.

These Are

Soft lava: 33.0 kN/m2•

Hard lava: 49.5 kN/m2•

The energy absorption criterion for dynamic loading at 3 m/s and to arrest

the closure within 0.2 m f,)r

Soft lava: 37.3 kJ/m2•

Hard lava: 32.0 kJ/m2•

However, mines should calculate their own criteria based on local

circumstances and should include an appropriate factor of safety.

H} Identificationof a suitableapproachto supportd~signin VCR stopes.

Detailed monitoring and analysis of closure measurements carried out in this

project have allowed the development of a modification to the support design

methodology presented in the SIMRAC project GAP 032. This expresses the

closure rate as a function of face advance rate. This methodology is thus

avai!able to rock engineers involved in support design on mines.

ABSTRACT
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CHAPTER 1

1 INTRODUCTION

In 1993, Gold Fields of South Africa contracted the CSIR: Mining

Technology, through the Chamber of Mines of South Africa, to investigate

the rock mass behaviour associated with the Ventersdorp Contact Reef

(VCR). In 1994 the remaining five miring houses joined the VCR Project

th.cuqh SIMRAC, which led to the consideration of 12 rnlnes mining the

VCR.

1.1 PROBLEMDEFINITION

In the West Rand and Carletonville goldfields, the VCR is the main gold

producing orebody , contributing about 15 % to the total annual gold

production of South Africa. The VCR is mined at 12 major gold mines

situated In the Klerksdorp, Carletonville and West Rand min.« 1 districts

(Fig. 1.1). Seven mines under Gold Fields of South Africa Limited

management, GFSA. (situated within the West Rand and Carletonville areas),

three mines of Anglo American Corporation of South Africa Limited, AAC,

(situated within the Cartetonvflle and the Klerksdorp areas), two mines of

General Mining, Metals and Minerals Limited, GENMIN, (situated within the

Klerksdorp area, closed recently), three mines of Johannesburg Consolidated

Investment Limited, ~ICI,(situated within the West Rand) and one mine under

management of First Wesgold Mining, FWM, (situated within the West Hand

area) are considered. Currently, GFSA and AAC derive a tonnage of

approximately 73 % and 23 % (Annual Reports of related mines),

respectively, of their total tonnage from the VCR (Table 1.1). This is likdy

to increase in the future, predomir mtly sourced from greater depths.
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Previously, rock engineeringresearchwith respect to gold mine stoping has

been primarily directed towards understanding the behaviour of stratified

quartzite rocks surrounding reefs such as the Carbon Leader and the Vaal

Reef. Little attention was given to the stratigraphy associated with VCR

stopes, which have an unbedded,jointed lava hangingwall.

The potential geotechnical differences between the VCR and the older

Witwatersrand orebodies,e.g. closure rates, contribution of hangingwall and

footwall to the total closure, sizes of falls of ground and responses to

seismicity, can, to a large extent, be attributed to the geological setting.

Shales, quartzites or conglomeratescomprises the footwall of the VCR. The

hangingwall consists of several types of lavas. The various rock types

encountered within the footwall and hangingwall exhibit different rock

strengths and natural fracture patterns, which control the behaviour of the

hangingwall. It is therefore important that the rock mass behaviourof VCR

stopes is well understood to facilitate rock mechanics and support system

design.
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Figure 1.1. Locationof defunct (indicated by a star) and active VCRmines.
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Table 1.1. VCRproduction during 1992 (Annual Reports).

MINE TOTAL TOTAL % VCR

VCR OF TOTAL

HOUSE ( t ) PRODUCTION (%)
(t)

GFSA DEELKRAAL G.M. 1 149588 1 183636 97
EAST DRIEFONTEIN G.M. 2515 000 3485 000 72
WEST DRIEFONTEIN G.M. 3257 000 5447 000 60
LEEUDOORN G.M. 802 000 802000 100
KLOOF G.M. 3259 000 3436 000 951---.
VENTERSPOST G.M. 249 000 1 115000 22
Sub Total 11231 588 15468636 73

AAC VAAL REEFS G.M. 202000 24312000 0.8
WESTERN DEEPLEVELS G.M. 2925000 5790 000 51-ELANDSRAND G.M. 4836 000 4836 000 100
Sub Total 7963000 34938000 23

1.2 AIMS AND OBJECTIVES

The main expectation in the definition of geotechnical areas by combination

of different hangingwall and footwall of the reef may potentially result in

various rock mass behaviour around the VCR stones, therefore influencing

support strategies.

This study had two main objectives: firstly, to improve the understandingof

the controls that rock strength and natural fracture patterns have on

hangingwall failure modes in order to provide the basis for the development

of a conceptual model for rock mass behaviour around VCR stopes.

Secondly, this study aimed to improve safety and to reduce production

losses due to rockfalls and rockbursts through application of the knowledge

gained on VCR stopes to the design of efficient support systems for static

and dynamic conditions.
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Understanding of the rock mass behaviour around the VCR excavations is a

prerequisite to make support recommendations. In order to achieve these

goals, the following analysesand studies were undertaken:

1- collation and review of all past rock engineering work undertaken on the

VCR by means of a literature survey,

2- definition of geotechnical areas,

3- evaluation of the variation in lava type, strength and deformation

properties together with friction properties and dilation angles,

4- identification and documentation of fracture patterns as present in

different geotechnical areas in VCR stopes,

5- determination of the variability in stope closure by means of closure

stations and extensometers,

6- numerical analysis to quantitatively understand rock mass behaviour.

7- application of findings to VCR support design methodology.
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CHAPTER 2

2 LITERATUREREVIEW

2.1 ORIGINOFTHENAME:VENTERSDORPCONTACTREEF

In 1937, the first reference to the "Ventersdorp Contact Reef (VCR)" was

published by Pelletier (1937) who stated that "We have given the name of

Ventersdorp Contact Reef to a reef which occurs at the base of the

Ventersdorp lava".

De Kock (1940) indicated that the name VCR is applied to a conglomerate

layer, which occurs at the base of the Ventersdorp System. It owes its

preservation to the outpouring of the lavas and can be regarded as a basal

conglomerate of the Ventersdorp System. He also emphasisedthat the term

"Contact Reef" has no significance in the sense of pyrometasomic or

pyrometamorphic deposits. Its coupling with "Ventersdorp" is not intended

to convey genetic affinity with the Ventersdorp magmatic event, which has

definitely not contributed any gold and is responsibleonly for small additions

of volcanic ash to the matrix of the reef. The name in summary was

originally chosen to indicate the stratigraphic position of the reef at the

contact between the Ventersdorp and Witwatersrand Systems and also to

distinguish it from a true Witwatersrand Banket (De Kock, 1940).

2.2 THEVENTERSDORPCONTACTREEF: HISTORYOFMINING

Mining of the VCR has contributed significantly to the Klerksdorp Goldfield

production. Although most mining was from the south-western part of the

present Vaal Reefs Mine, i.e. Vaal Reefs West, other promising values were

exposed (Chunnett, 1994).
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De Kock (1940) indicated that the VCR was worked as far back as 1889, on

the property of the New Steyn Estate Gold Mines Limited, Klerksdorp area.

There, it was known as the Steyn Estate or Contact Reef, while the VCR

was assumedto be the equivalent of the Randfontein Leaderor South .. ef

at Western Rand Estates Limited. Chapman et al., (1986) reported that tnb

Orkney mine in the Klerksdorp area first started in 1888 and closed due to

collapse of the local stock market. in 1891 the Orkney mine was restarted

on reefs which were later identified as Elsburgand VCR and KlerksdorpGold

Estates mine was opened. The Nooitgedacht had increased its battery to

sixty stamps in 1890 and in 1891 started acquiring other small mines such

as the Klerksdorp, the Argosy, the Foxdale, and the New Nooitgedacht. The

VCR was also worked by the Luipaards Vlei Estate and Gold Mine

Corporation Limited, where it was known as the Montana Reef, and by the

Lincoln Gold Mines on a few claims formerly held by a Mr. Le Roux on the

eastern boundaryof the RandfonteinMine (De Kock, 1940).

Chunnett (1994) reported that the discovery of the VCR was intimately

linked to the events that followed George Harrison's discovery of the Main

Reef on Langlaagteearly in 1&86. History shows that, by the end of 1886,

the Central, East and West Rand, and Klerksdorp areas were all a hive of

activity. He also indicated that, although the prime target was the

exceptionally rich Main Reef, other reefs including the VCR were found,

explored and, in some cases, mined. The VCR was not regarded as the

primary economic reef in the first mines to be opened along the West Wits

Line, with the Middelvlei and CarbonLeaderReefseast andwest of the Bank

Fault, respectively, being the prime targets. However, the VCR certainly

played an important part in establishing the Venterspost, Libanon, West

Driefontein, Western Areas and particularly Western Deep Levels Gold

Mines. Drilling and development provided information which led to the

elucidation of the pre-Ventersdorp Contact Reef geomorphological

characteristics across several areas, and til :J resulted in the openingof Kloof

(in 1968) and East Driefontein Gold Mining Companies, Nhile the Deelkraal
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and Elandsrandmines, which derive the vast majority of their income from

the VCR. started some 10 years later. The incorporation of the North

Driefontein lease area into Driefontein Consolidated and the establishment of

the leeudoorn Gold Mine is thr. latest evidence of the foresight of the

pioneers who had confidence in tl.e economic potential of this reef horizon.

2.3 GEOLOGICALSTUDIES

De Kock (1940) proposed that the VCR represents the erosional product of

the immediately underlying Witwatersrand formation during the period which

intervened between the deposition of the Witwatersrand System and the

outpouring of the Ventersdorp lavas. The bulk of its constituent materials,

such as the pebbles. the larger quartz particles of the matrix and the gold,

was undoubtedly derived from the Witwatersrand beds and collected on the

old land surface in the form of a thin layer of eluvial scree which

accumulated in thicker alluvial sheets in depressions, valleys and stream

beds. In the more deeply scooped out portions of the land surface there is

evidence of successive layers of conglomerate being washed in, frequently

separated by layers of sand, sandy tuff or tuff. De Kock (1940) emphasised

that. during the initia' diastrophic phase or phases of the eruptions which

culminated in the extrusion of the Ventersdorp lavas, a certain amount of

tuffaceous material was deposited over the existing land surface to become

intermingled with the relatively coarse surface debris on which it fell.

Nicolaysen et al., (1963) have reported that the sediments of the

Witwatersrand Basin were formed between 2895 and 2700 Ma, a time

frame given by Barton et al., (1986) and Armstrong et al., (1986). The

stratigraphic position of the VCR is shown in the South African Handbook of

Stratigraphy, (1980), (Fig. 2.1).
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Figure 2.1. Stratigraphic column of the Witwdtersrand and the lower

VentersdorpSupergroupsand the stratigraphic position of the

VCR. (modified after SACS, 1980).

Along the north-western margin of the Witwatersrand Basin, from

Krugersdorp to Klerksdorp, an angular unconformity with up to 5 degrees

discordance has been recognised together with block faulting that prodcced

grabens and half grabens (Tankard et al., 1982). Unconformities that strike

obliquely to those in the Central Rand Group were initiated during late

Witwatersrand times.

The VCR rests with an angular unconformity on the Witwatersrand deposits

and is conformably overlain by volcanic flows of the VentersdorpSupergroup
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(Turner, 1979). As a result of this unconformable relationship between the

VCR and its underlying beds, the VCR truncates up to 3000 m of upper and

lower Witwatersrand stratigraphy, which cou!d correspond to a paleoslope

distance of 27 km (Schweitzer et al., 1994). Like the Central Rand Group

reefs, the VCR is an auriferous, uraniferous, pyritic, oligomictic conglomerate

(Chapman et al., 1986). Similarities to the West Rand Group reefs with

respect to its deposition, in that there is a marked channel development,

resulting in a Channel Facies and a Terrace Facies, do exist. The Terrace

Facies generally represents a thin band (maximum 80 ern) with generally

poor gold values, with the Channel Facies reaching channel widths of up to

7 m in thickness (Fig. 2.2, Chapmanet al., 1986).

"~~,-:~:.,''.t~ J-P~' .. ':.-- lPO~!..blC'ald'cnr.iD~!:.lJh1)tVOr
• :~ .~.~ -i;;>'" ": •
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------ _,_--' .._-' --=-_,_._,_"".",,._

Figure 2.2. VCR channels distribution in the southwestern portion of Vaal

ReefsGold Mine (after Chapmanet al., 1986).
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The contact between the VCR and the Ventersdorp lava at Western Deep

Levels G..,ld Mine is irregular (Knowles, 1966). For example, pillow

structures developed in the basal lavas deformed the underlying reef. The

presence of pillow lavas indicates that certain areas of the VCR were under

water when the first lava flowed over the landsurface. The weight of the

initial lava forced the top portion of the unconsolidated VCR 1I1~" the voids

between the pillows, giving rise to this irregular contact between the VCR

and .he Ventersdorp lava (load casting). Pillows may be up to 1 In in size.

Adjacent pillows are separated from one another by loose, uncorrsolldated

brecciated material, which has, at a later stage, been infilled by vein quartz.

Adjacent pillows are, therefore, separated by reef pinnacles. Pillows onlv

hecome detached under certain conditions and good cohesion occurs

between the chilled skins of adjacent pillow structures. Hangingwall

instability occurs when reef pinnacles and large amounts of inter-pillow

breccia are present.

Metamorphism played an important role in the history of the reefs within the

Witwatersrand Supergroup resulting in considerable changes in composition,

grain shape and size.

2.4 ROCKENGINEERINGSTUDIES

Rock engineerir.g research with respect to gold mine stoping has been, prior

to this study, primarily directed towards understanding the behaviour of

stratified quartzite rocks surrounding reefs (e.g. Carbon Leader and Vaal

Reef). Little attention was given to the rocks associated with VCr-;stopes,

which have an unbedded,jointed lava hangingwall.

The frequency and magnitude of rockbursts are a function of, mainly, the

nature and geological discontinuities, the associated footwall and

hangingwall rock types, and the type of stope layout. Roberts and Jager
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(1991) analysed all rock related accidents on South African gold mines

during 1990 and reported that, in three major gold mining regions, namely

the Far West Rand,the OrangeFreeState and the Klerksdorp regions, a total

of 226 fatalities related to rockbursts (52 %) and rockfalls (48 %) occurred.

Of fatalities recorded in the Far West Rand, where predominantly VCR is

mined and both scattered longwail and 'ongwall mining are practised, 91

resulted from rockbursts (87 %) and rockfalls (13 %). Roberts and Jager

(op, cit.) also emphasised that in the Far West Rand the face support

systems in use were inadequateto prevent rockburst damage.

There have been only a tew rock enqlneerlnq studies on the VCR, and most

studies viewed the rock engineering aspects associated with the mining of

Witwatersrand orebodies regionally. GOrtunca and Adams (1991), for

example, argued that the rock mass, for modelling purposes, may generally

be assumed to be a homogeneous isotropic elastic body, with the influence

of joints, geologicel discontinuities, and different atrata to be considered.

They, furthermore, propose that three major factors affect the overall

response of the rock mass to mining, also causing the documented

differences between profiles of measured and modelled closure. These

factors are: joints in the rock mass; strata having different mechanical

properties and inelastic behaviour such as fracture, dilation; and bed

separation. GOrtuncaand Adams (1991) also reported that differences in

geological stratigraphy in the Central Rand,West Rand, and the OrangeFree

Stdte goldfields influence rock mass behaviour. The rock mass response

varied due to different orientations and spacing of joints as well as values of

Young's Modulus for the strata. These values were derived by cornparinq

the actual underground measurements with the results obtained from

MINSIM-D elastic modelling and are: Carletonville, 52 GPa; Klerksdorp, 35

to 40 GPa; and the OrangeFreeState, 30 to 35 GPa.

A study at a depth of 2150 rn, considering the VCR at Western Deep Levels

(WDL), revealed that cemented backfill can be used for local and regional
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support in areas of high (4 m) stoping width (York and Squelch, 1992,

GGrtunca et al., 1993). Cemented backfill provided an almost immediate

resistance to closure, was considered to be stiff, and showed little or no

shrinkage. Clamping of the hangingwall occurred at vertical stresses of less

than 2 MPa, which is less than the stresses measured in quartzite

hangingwalls. This was assumedto be due to limited inelastic closure in the

VCR hangingwall as a ·cc:ultof smaller dip spans and lack of bedding planes

(York and Squelch, 1992; Gurtunca ot al., 1993). MINSIM·D elastic

modelling showed that deqradation of the laboratory modulus, to values in

the range of 45·50 GPa, was necessary to reproduce observed closures.

This suggests that a significant component of inelastic closure is present, a

feature similar to reefs with stratified quartzite rocks, in both the hangingwall

and footwall.

The VCR at Western Deep Levels South Mine (WDL-S) is underlain by

quartzites which are generally we" bedded with intact-rock uniaxial

compressive strengths of between 200 to 250 MPa (GGrtuncaet al., 1993).

At the same time Ventersdorp lavas comprise the hangingwall. These are

exceptionally strong and stiff, having a compressive strength in excess of

300 MPa, and a modulus of approximately 110 GPa. The lavas often

contain discontinuities at 0,5 to 1 m intervals, which are intersected by

several sets of weakly cohesive, steeply inclined quertz-filled joints. The

combination of these leads to blocky and joint-bounded rockfalls in the

stopes. In the same studv, it was also reported that the values of in situ

modulus compared w~1I with the values quoted by GGrtunca and Adams

(1991), and McKinlion (1989). These estimated 52 GPbfor the in situ rock

mass modulus from measurements in the Carbon Leader Reef at Western

Deep Levels, and the Main Reef at East Rand Proprietary Mine (ERPM). The

same in situ rock mass modulus was therefore used for the VCR and Carbon

Leader Reef, despite the greater material stiffness of most of the VCR lava

hangingwall. Nevertheless, Giirtunca et al., (1993) argued that closure
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associated with the VCR hangingwall was significant (not merely elastic),

confirming the findings of York and Squelch (1992).

In situ stress measurements on the VCR at Kloof Gold Mine using the

"doorstopper" technique were taken at a depth of 2957 m below surface, in

the vicinity of a strike stabilising pillar (Smith and Vlietstra, 1992). There the

VCR is under-and overlain by quartzite and porphyritic lavas, respectively.

Nine laboratory tests, three uniaxial and six triaxial at confining stresses of

10 MPa, 20 MPa and 40 MPa, were completed for the footwall quartzites.

Average values of the quartzite strength properties, i.e. uniaxial compressive

strength (185 MPa), Poisson's ratio (0.21 ±0.009) and Young's Modulus

(70± 14.4 GPa), were obtained. Petroscoping of holes drilled in sidewalls

indicated the following fracture frequency:

10 fractures / m at 0.0 to 1.0 m.

5 fractures / m at 1.0 to 2.0 m.

3-4 fractures / m at 2.0 to 5.0 m.

Subsequently, Vlietstra (1995) carried out in situ stress measurementsu3ing

the same technique at two further sites at Kloof Gold Mine, in gritty footwall

quartzite, 17 m beneath the VCR stope. On the basis of uniaxial tests, an

average secant Young's Modulus of 81.6 GPa and 70.2 GPa, and average

Poisson's ratios of 0.19 and 0.16 were used for data reduction at two sites.

The maximum stress measuredwas 36 MPa which is equivalent to a depth

of 1300 rn, indicating that it was likely that complete closure had taken

place in the stope, allowing transmission of stress through the stope. Such

closure would give some relief to stabilising pillars that are functioning as

regional support.

2.4.1 PreviOl~srock property analyses

The establls. ment of the rock engineering properties of the VCR and

associated stradgraphy is required to determine conceptual models of rock
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mass behaviour. A considerable number of rock engineering tests on rock

material associated with the VCR has been undertaken in the past.

However, most records are incomplete as detailed locations and other

information pertaining to the samples are not available. Using the

information provided by the mines and data from the CSIR: Mining

Technology test laboratory, three categories are defined:

GroupA: Geological information and locality are known,

GroupB: Geological information is available but locality is unknown,

GroupC: Both geological information and locality are unknown.

The information for GroupsA and B (Table 2.1) is summarised in Tables 2.2

and 2.3. It is noted that major differences in the rock properties exist

between the hard (e.g. UCS exceeding 300 MPa) and soft lava (e.g. UCS

less than 150 MPal (Table 2.3). It is in addition concluded that little rock

engineering information concerning the VCR is available. The rock mass

behaviour around VCR excavations is consequently not well defined and

understood. It is important to establish in detail all different rock strength

parameters (e.g. UCS, Poisson's ratio and Young's Modulus) controlling the

mode of failure of the hangingwall and footwall. These failure criteria are the

major parameters in support design.

In summary: the literature review reveals that, prior to 1992, several

geological and few rock engineering studies had been performed. Most of

the rock engineering studies were directed towards the understanding of

reefs with stratified quartzitic surroundings. The rock mass behaviour

associated Ivith the VCR is ill understood due to limited rock engineering

work. The rock mass behaviour and associated rock engineering properties

of the stratigraphy associatedwith the VCR are undocumented, despite their

importance for support design.
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Table 2.1. Number of tests obtained from CSIR: Mining Technology test

laboratory considering the mines of the Gold Fields group.

Uniaxial Compressive
Strength Test

Triaxial Compressive
Strength Test

Brazilian Indentation
Test Test

DEELKRAAL A
B
C

15 22

WEST
DRIEFONTEIN

A
B
C

- --------------~---------- - --------- --~~-~
4 3------------~--~f__--
2 1

4
5

EAST
DRIEFONTEIN

KLOOF

lIBANON A - ---~ --------------~--f___------~-~-------- ----------I--~~--
B - - - 7------_--~---------- I-----------~---~- -----~ --------
C

DOORNFONTEIN A - - ----B ------12--------- ------~---_--~----f----=: f..----:_---c-- --------=-----~---- ------~------------------ -----_-
~ &_~~ ~ _b ~ __ ,.____

Average uniaxial compressive strength (MPa) analyses

considering samples with known position and geological

information (Group A) from Kloof Gold Mine.

Table 2.2.

KLOOF GOLD MINE
UNIAXIAL
COMPRESSIVE A A A A A A A A
STRENGTH Booysens Elsburg Jeanette Edenville Alberton Westonari Or~ney Loraine

a

TESTS(MPa) shale quartzite Formation Formation Formation Formation Formation Formation

Maximum Stress 156 181 504 208 341 151 598 404
{MPal
Num ber of Analysis 3 4 1 6 4· 4 6 1
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Table 2.3. Average rock property analyses considering samples where

geological information is available (Group B).

DEELKRAAL WEST DRiEFONTEIN EAST DRlEFONTEIN DOORNFONTEIN WESTERN DEEP KLOOF
UNIAXIAL LEVELS

COMPRESSIVE D • n • • D

STRENGTH tbrdLu'l;l Mend.ar Mkic!l'IqulD'o SqUll8p,bblo UpFIr Sqt:JrClptbt~ JCl'ptcslrr.Yn J'ppnlcwn mill. 61;10)'51111; HardLaYa Ebb~
TilSTS queT1z:1e p,bbloqucrtdo qu:lllz!1o Japplnlown C;Ulltl~. .... ,"'b formclllm.M.

Mox,S1r.n tMPll 341 191 183 187 184 '15B 180 180 146 315 210
1,1dPat!l IMPo) - 11:;; - - - - - - 94 2.0 -
omg'sMccliJ\Js (GPo) Bl 05 56 50 aa 43 67 55 52 117 71

IrMr.n!lhtit;lran;lh IMPa) 4a 41 41 39 43 17 26 34 - 42
Ce!aJ!al.d UCS!'rem 330 193 185 192 ras 149 192 140 20a
'!lroll!ane~ts O.1Po
i'l:rnbllr'lfillne " 6 29 • 5 1 1 1 17 7 15 11

Max.Stu:. cr.n:lIt) eM?')

MJrnb" ef 1I1l1WJ;1l:

IrmfltfTATIONTESTS

4B.2
0,79

29.52
0.74

Lood-®1dbllllk (kN)
Plmlrulbn mill r bUllk mml

10
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CHAPTER 3

3 GEOTECHNICALAREAS

Geotechnical areasare areaswhich are expected to have different rock mass

behaviour. The main motivation behind defining "geotechnical areas" is the

expectation that different combinations of rock types in the hangingwall and

footwall of the reef may potentially result in different rock mass behaviour

around the tabular excavation. If proven this will influence support and

mining strategies.

3.1 ESTABLISHMENTOFGEOTECHNICALAREAS

The various geotechn:cal areas were identified by using information which

was provided by the Geology Departments of mines. These geotechnical

areas are defined by superimposing the various groups of footwall and

hangingwall rock type assemblageswith similar mechanicalproperties.

The hangingwall lavas are of two types, the "hard" (Alberton Porphyry

Formation) and "soft" (Westonaria Formation). In view of the large

differences in mechanical properties (Tables2.2 and 2.3), these are referred

to as the "hard" and "soft" lavas (Fig. 3.1).

The major footwall lithologies underlying the VCR are Booysens and

Jeppestown shales, quartzite and conglomerate. Quartzite and conglomerate

are treated as "one" rock type for the delineation of geotechnical areas,

because they are proposed to have the same rock engineering properties

(Fig. 3.2). Overall, six geotechnical areas are defined for the mines in the

West Randand Carletonville areas (Fig. 3.3).
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Figure 3.1. Hangingwa!l plan of the VCR mines under consideration (West Rand and Carletonville goldfields). Grey colour

delineates area of "false" hard lava thickness due to erosion by Black Reef (Schweitzer, pers. comm.,1993).
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VCR FOOTWALL SUBCROP PATTERN
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- - Sub-crop VCR/Black Reef
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11/
Figure 3.2. Footwall plan of the VCR mines under consideration (West Rand and Carletonville goldfields) (Schweitzer, pers.

comm.,1993).
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GEOTECHNICAL AREAS
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Figure 3.3. Geoteci.nical plan of tho VCR mines under c msideration (West Rand and Carletonville goldfields) (Schweitzer, pars.

comm.,1993).

.. ~.nQO

I

.. "!!&....Qpt,;

N

t

" ~_:!a.rL.Q.O::.

~I !I !I"I !I;1

CHAPTER 3



21

The brJP~oximatepercentage of occurrence of individual geo.echnical areas

for each mine is summarised in Table 3 'I.

Tab!e 3.1. Approximate percentages of geotechnical areas as per individual

VCRmine.
r--rvllNE ~gingwall Hard lava Hard lava Hard lava Soft lava Soft lava Soft lava

Footwall Qtz/cong. Bol" m's Jeppestown Qtz/cong, Booysen's Jeppestown

- shale ehale shale

Deelkraal GM 100 % · . . -
West -.' - -
Oriofontein GM 84% 7·' 7% 2% - -/.

East

Driafontein GM 42% - 22 ~f, 6'JG - 30%

Leeudoorn. Kloof and

Vonterdsdrop GM 30% 8 '3'0 - 58% 4,!1o -
Libanon GM 34% 16 % · 45% 3%

Western Deep Levels

Gold Mines 90 <}{, '10 <}{, - -
Elandarand GM 100 % -· · . - -
Vaal Haefs GM 100 % - - - - -
First Wesgold GM - · - 100 % - -
Western Areas and

South Deep GM 10 ~~ · - ge% - -
Cooks Section 2 - · - 100 % - --

3.2 GEOLOGICtlL DISCONTINUITIES

Sub-areas exist within individual geotechnical areas, These may consider

thicknesses and contact relationships of various lithologies, major partings

and their characteristics (e.g. spacing, mine ~I composition) and their

dlstsnces to footwall/reef and reef/lava contacts. Major partings, for

example, could be seismically active, Some of the above information is

utilised to compile maps considering the distance from the VCR to the

footwall and hangingwall features (Fig. 3.4). Features are the intensely

bedded Booysens shale with its overlying Libanon Reef, commonly sheared

at the bottom contact (especially at Libanon Kloof, Leeudoom and

CHM-. .:n 3
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Driefontein Gold Mines), the sheared, shaly Greon Bar horizon, the Master

Bedding Plane Fault (at Driefontein Gold Mine), and a shear zone associated

with the Deelkraal Reef 'lone (DeelkraalGold Mine).

The most prominent parting in the hangingwall of the VCR is developed along

the contact of the soft and hard lavas. The distance of this parting to the

VCR has been delineated where possible, and varies from a few centimetres

to ~Om.

The VCR was deposited on an unconformity characterised by pronounced

topographic variations, expressed as "roiling". Topographic variations are

observed, although to varying degrees, at all of the mines under

consideration. "Pilloidal" structures are occasionally associated with these

slopes, especially at Elandsrand, Dselkraal and Western Deep Levels Gold

Mines. They have also been observed at Vaal Reefs Gold Mine. These have

previously been identified as to be responsible for hazardous hangingwall

conditions (J.P.E Hamman, pers. comm., 1993).

SUMMARY

The definition of geotechnical areas, with the expectation that different

combinations of rock types in the hangingwall and footwall of the reef may

potentlallv result in different rock mass behaviour around tabular

excavations, was completed. In total, six geotechnical areas considering

three footwall and two hangingwall rock types are defined.
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Areas where the Master Bedding
Plane Fault and the Green Bar
are within 50 and 100 m distance
to the \fCR.respectively.

Master bedJing plane tault

o Green Bar

Distar,oe Deelkraai Reef/VCR
.1 m

1- 3 m

4-6m
D7-9m

~~oo

t
<?

~
0:

[-:l Subcrop Booysens Shale/VCR

S,,'->crcp Llb,mon ReBf/VCR

o 'Pilloids' along VCR/Hangingwall 0

contact g i
01

:i
810

1

~I
"':

a 2 4 km

Figure 3.4. Location and distances of partings to the VCR as encountered in the footwall. The areas where Booysens shale and

Libanon Reef subcrop against the VCR exhibit pronounced shearing and are also shown. (West Rand and Carletonville

goldfields) (Schweitzer, pers. comm.,1994).
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CHAPTER 4

4 ROCK PROPERTY TESTS

The literature survey, also considering rock engineering properties, revealed

that there is little information on the rock strength parameters of the

hangingwall and footwall formations around VCR stopes. The first step

towards creating a better understanding of the rock mass behaviour

associated with the VCR was, therefore, the establishment of a database

considering the properties of the relevant rock types.

4.1 ROCKPROPERTYRESULTSFORSTRATIGRAPHYASSOCIATEDWITH

THEVCR

A considerable number of samples of the different rock types were collected

(Fig 4.1) and tested (Tables4.1 to 4.3). Over 30 hangingwall and footwall

rock samples were collected from the various geotechnical areas. Core

samples measuring 76.2 mrn in length and 25.2 mm in diameter were also

prepared from 25 samples.

Uniaxial tests were performed by gradually loading the sample along its

longest axis until it failed. The triaxial tests were carried out at 10 MPa,

20 MPa, and 40 MPa confinements. Each of these four test conditions was

applied to specimens prepared from the samples in three orientations, i.e.

dip, strike and 90° relative to the reef plane, so as to ascertain whether the

rocks exhibit any anisotropy. The dip and strike of the lava samples were

obtained by extrapolation of those of the VCR. However, no consistent or

significant differences between the different directions are noted (Tables4.1

to 4.3).
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Figure 4.1. Location of samples collected for rock engineering property analyses during the course of this study (Schweitzer, pars.

comm.,1993) ..
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The results obtained from the laboratory tests show that the uniaxial

compressive strength (UeS) of hard lava averages around 269 MPa, with a

median value close to 226 MPa. The soft lava was weaker with an average

ues of about 157 MPa and a median value of 165 MPa. The Young's

Modulus values recorded for the hard lava vary between 66 - 80 GPawith a

median value close to 75.1 GPa, whereas the soft lava has values lying

between 60 - 71 GPaand a median value of 63.8 GPa. The results of the

Poisson's ratio for the two rock types show no significant differences.

Average values of the hard lava lie betv: sen 0.19 - 0.24 with the soft lava

having values between 0.19 - 0.27 .

• 'c} Ie 4.1. Average uniaxial compressive strength values. The numbers i~

brackets indicate the number of enalvses.

MINE ROCK TYPE STRIKE DIP PERPENDICULAR

DIRECTION DIRECTION DIRECTION

HARD LAVA 241 ± 32 (3) NO TEST NO TEST

DEELKRAAL G.M. HARD LAVA 252± 19 (3) NO TEST NO TEST

HARD LAVA 217±40 (3) 237± 22 (4) 191 ± 75 (3)

fAST DR!EFONTEIN G.M. HARD LAVA 296 ± 51 (3) 171 ± 62 (3) 215 ± 52 (3)

HARD LAVA 450± 234 (3) 577 ± 66 (3) 454 ± 243
(3)

KLOOF G.M. HARD LAVA 206 (1) N/A 212 ± 30 (2)

HARD LAVA 98 (1) 18S (1) 167 (1)

WEST DRIEFONTEIN G.M. HARD LAVA 222 (1) 192 ± 10 (3) 214 (1)

WEST. DEEP LEVELS G.M. HARD LAVA 233 ± 35 (3)

KLOOFG.M. SOFT LAVA 174 ± 16 13, 161±20 (3) '177 ± 11 (3)

EAST DRIEFONTEIN G.M. SOFT LAVA 150± 13 (3) 82 ± 23 (3) 114 ± 27 (3)

LIBANON G.M. SOFT LAVA 175± 56 (3) 176± 24 (3) 204 ± 29 (3)

EAST DRIEFONTEIN G.M. JEPPESTOWN SHALE 119 ± 28 (3) 96 ± 34 (3) 160 ± 23 \3)

WEST DRIEFONTEIN G.M. JEPPESTOWN SHALE N/A 153 ± 52 (2) 252 ± 2 (2)

KLOOFG.M TRANSITION SHALE 196 ± 86 (2) 217±50 (3) 203 ± 69 (3)

KLOOF G.M. BOOYSEN'S SHALE 128 ± 20 (3) 155 ± 24 (3) 150 ± 46 (3)

:"EEUDOORN G.M. BOOYSEN'S SHALE 119 ± 8 (3) 102± 7 (3) 101 ± 24 (31

LlElANON G.M BOOYSEN'S SHALE 215± 5 (21 145 (1) 125 (1)

KLOOF G.M. ELSBURG QUARTZITE 296± 8 (3) 250± 22 (3) 255 ± 23 (3)

KLOOF G.M. ELSBURG QUARTZITE 286 (1) 333 (1) 221 (1)

LEEUDOORN G.M. ELSBURG QUARTZITE N/A N/A 225 !l: 25 (2)

LEEUDOORN G.M. ELSBURG QUARTZITE NiA 221 ±48 (3) N/A

WEST. DEEP LEVELS G.M. ELSBURG QUARTZITE 173 ± 11 (3)

DEELKRAAL G.M. MONDEOR CONGo 274 (1) 181 (1)1261 ± 6 (2)

DEELKRAAL G.M. MONDEOR CONGo 171 ± 28 (2) 1;;1 ± 52 (2)1_114 ± 43 (2)
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The Transition shale appears to be the hardest when compared to

Jeppestown shale and Booysen's shale. It has an average UCS value of

about 205 MPa and Poisson's ratio of about 0.15. The Booysen's shale has

an average UCS value of 135 MPa with a median value of about 126 MPa,

and Poisson's ratio values varying between 0.18 - 0.25. The Jeppestown

shale, which has properties lying between these two extremes, has an

average UCSvalue of about 149 MPa, with a median value of 142 MPa, and

a Poisson's ratio varying between 0.21 - 0.26.

Table 4.2. Average Poisson's ratios. The numbers in brackets indicate the

number of analyses.
-MINE ROCK T(PE STRIKE DIP PERPEN~ICULAR

DIRECTION DIRECTION DIRECTION

HARD LAVA 0.21 ± 0.018 (9) NO TEST NO TEST

DEELKFIAAL G.M. HARD LAVA 0.23 ± 0.015 (9) NO TEST NO TEST

HARD LAVA 0.21 ± 0.011 (7) 0.21 ± 0.009 (6) 0.22± 0.010 (6)

EAST DRIEFONTE'IN G.M. HARD LAVA 0.23 ± 0.020 (5) 0.24 ± 0.011 (6) 0.22± 0.009 (b)

HARD LAVA 0.19 ± 0.010 (4) 0.19:r 0.010 (6) 0.19± 0.010 (6)

KLOOFG.M. HARD LAVA 0.21 ± 0.020 (4) N/A 0.18± 0.040 (4)

HARD LAVA 0.20 (3) 0.19 (4) 0.22± 0.009 (3;

WEST DRIEFONTEIN G.M. HARD LAVA 0.24 ± 0.016 (5) 0.21 ± 0.027 (6) 0.22± 0.012 (3)

WI:ST. DEEP LEVELS G.M. HARD LAVA 0.20 ± 0.018 (9)

KLOOF a.M. SOFT UNA 0.26 ± 0.012 (6) 0.27 ± 0.022 (6) 0.24± 0.011 (5)

EAST DRIEFONTEIN G.M. SOFT LAVA 0.22 ± 0.014 (6) 0.22 ± 0.026 (6) 0.22± 0.013 (6)

LIBANON G.M. SOFT LAVA 0.19 ± 0.011 (6) 0.18 ± 0.018 (4) 0.19± 0.022 (6)

EAST DRIEFONTEIN G.M. JEPPESTOWN SHALE 0.26 ± 0.019 (5) 0.25 ± 0.040 (5) 0.23± 0.001 (6)

WEST DRIEFONTEIN G.M. JEPPESTOWN SHALE N/A 0.21 ± 0.004 (3) 0.21± 0.009 (3)

KLOOF G.M TRANSITION SHALE 0.14 ± 0.007 (4) 0.15 ± 0.010 (6) 0.16± 0.010 (6)

KLOOF G.M. E.OOYSEN'S SHALE 0.24 ± 0.027 (6) 0.21 ± 0.028 (6) 0.25± 0.013 (6)

LEEUDOORN G.M. BOOYSEN'S SHAI.E 0.25 ± 0.019 (6) 0.25 ± 0.017 (6) 0.25± 0.011 (6)-LIBANON G.M BOOYSEN'S SHALE 0.18 ± 0.012 (3) 0.18 (3) 0.19± 0.011 (4)

KLOOFG.M. ELSBURG QUARTZITE 0.11 ± 0.01 0 (6) 0.11 ± 0.001 (5) 0.11± 0.010 (6)

KLOOFG.M. ELSBURG QUARTZITE 0.10 ± 0.015 (4) 0.11 ± 0.007 (4) 0.12± 0.009 (4)

LEEUDOORN G.M. ELSBURG QUARTZITE 0.12±0.015 (6) N/A 0.13± 0.020 (6)._
LEEUDOORN u.M. ELSBURG QUARTZITE N/A 0.10 ± 0.001 (6) ~J' :\

:>"·'~_"'-""I''''..-l··''-,.,.
WEST. DEEP LEVELS G.M. ELSBURG QUARTZITE 0.17 ± 0.016 (9)

DEELKRAAL G.M. MONDEOR CONGo 0.11 ± 0.005 (3) IO.'11± 0.008 (4) 0.11± 0.004 (3)

DEELKRAAL G.M. MONDEOR CONGo 0.10 ± 0.005 (3) I0.13 ± 0.017 (3) 0.14± 0.031 (3)
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In terms of the values of Young's Modulus, the Transition shale has an

average value of about 71.6 GPa, followed by Jeppestown shale with an

average value of around 65.8 GPaand a median value of 63.8 GPa, and the

Booysen's shale at about 64.7 GPa and a median value of 66.4 GPa. The

other two rock types, namely Elsburg quartzite and Mondeor conglomerate

have average UCS values of 244 MPa and 185 MPa, respectively. They

have median values around 239 MPa and 171 MPa respectively. The

Poisson's ratio values of the Elsburg quartzite varies between 0.09 - 0.17,

whereas that of the Mondeor conglomerate is about 0.11. Young's Modulus

values for Elsburg quartzite varies between 63.5 - 84.2 GPawith a median

value of about 74.8 GPa, whereas the Mondeor conglomerate has an

average value of 70.9 GPawith a median value of 69.5 GPa.

Table 4.3. Average Young's Modulus values. The numbers in brackets
indicate the number of analyses.

MINE ROCK TYPE STRIKE DIP PERPENDICULAR

DIRECTION DIRECTION DIRECTION

HARD LAVA 70.7 ± 2.9 (12) NO TEST NO TEST

DEELKRAAL G.M. HAnD LAVA 70.1 ± 3.4 (12) NO TEST NO TEST

HARD LAVA 79.0 ± 2.6 (10) 76.6 ± 2.5 (10) 76.0 ± 2.2 (9)

EAST DRIEFONTEIN G.M. HARD LAVA 76.0± 1.8 (9) 71.7±2.6 (9) 71.2 ± 3.0 (9)

HARD LAVA 93.7 ± 3.2 (9) 94.8± 1.6 (9) 93.2 ± 4.0 (9)

KLOOFG.M. HARD LAVA 74.7± 2.5 (5) 73.0 ± 1.3 (6)

HARD LAVA 78.2± 2.7 (4) 80.4± 1.8 (5) 76.5 ± 0.9 (4).,
WEST DRIEFONTEIN G.M. fARO LAVA 77.9±5.2 (6) 66.4± 2.2 (9) 67.4 ± 2.2 (4)

WEST. DEEr LEVELS G.M. HARD LAVA 69.6 ± 2.1 (12)

KLOOF G.IIA. SOFT LAVA 70.4± 4.6 (9) 65.9:: 4.9 (9) 66.9 ± 4.3 (8)

EAST DRIEFONTEIN G.M. SOFT LAVA 69.4± 5.1 (9) 65.5 ± 3.4 (91 60.7 ± 5.2 (6)

LIBANON G.M. SOFT LAVA 70.(1± 1.9 (9) 66.2±2.6 (8) 71.4 ± 1.2 (9)

EAST DRIEFONTEIN G.M. JEPPEST. WN SHALE 56.;'± 3.2 (8) 56.2±8.9 (8) 65.9 ± 1.6 (9)

WEST DRIEFONTEIN G.M. JEPPESTOWN SHALE NiA 76.7 ± 4.4 (5) 66.4 ± 2.2 (5)

KLOOF G.M TRANSITION SHALE 70.8 ±4.4 (6) 72.7 ± 1.8 (!'I) 71.4 ± 4.5 (9)

KLOOFG.M. BOOYSEN'S SHALE 66.8 ±4.6 (9) 59.6 ± 5.4 (9) 69.8 ± 4.2 (9)

LEEUDOORN G.M. BOOYSEN'S SHALE 63.1 ± 2.3 (9) 56.7 ± 3.3 (9) 54.4 ± 2.6 (9)

LIBANON G.M BOOYSEN'S SHALE 71.0±0.9 (6) 72.4± 1.0 (4) 65.7 ± 2.9 (5)

KLOOF G.M. ELSBURG QUARTZITE 77.2± 1.7 (9) 72.0± 1.1 (8) 74.8 ± 2.0 (9)

KLOOFG.M. ELSBURG QUARTZITE 81.4±2.0 (5) 80.1 ±6.1 (5) 80.0 ± 2.0 (5)

LEEUDOORN G.M. ELSBURG QUARTZITE 77.0 ± 1.4 (6) N/A 73.2 ± '.7 (8)

LEEUDOORN G.M. ELSBURG QUARTZITE N/A 84.2 ± 2.4 (9) N/A --

WEST. DEEP LEVELS G.M. ELSBURG QUARTZITE 65.1±2.0 (12)

DEELI<RAAL G.M. MONDEOR CONGo 81.2± 1.0 (4) 78.0 ± 1.9 (5) 82.8 ± 0.9 (5)

DEELI<RAAL G.M. MONDEOR CONGo 65.7± 1.0 (5) 61.5 ± 4.2 (5l5s.5 ± 5.0 (5)
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A graphical representation of the UCS, Young's Modulus and the Poisson's

ratio values for the various har.t:lingwalland footwall rock types, arranged in

a sequential manner from west to east along the 'West Wits Line', is shown

in the following Figures4.2 a and b to 4.4 a and b.
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Figures 4.2 a and b. Average UCSvalues for the hard and soft lavas and the

various footwall rock types.
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Figures 4.3 a and b. Average Young's Modulus values for the hard und soft

lavas and the various footwall rock types.
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Figures 4.4 a and b. Average Poisson's ratio values for the hard and soft

lavas and tne various footwall rock types.
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4.2 UNIAXIAL COM::-RESSIVESTRENGTHSAS DEDUCEDFROM POINT

LOADTESTS

More than 1000 point load tests were perf:Jrmed on nine underground

borehole cores drilled at lJI'estern Areas Gold Mine. The depth of drilling

figures were converted into actual stratigraphic heights to facilitate

comparison of the uniaxial compressivestrength values as obtained from the

different cores.

A correlation of the results with the lithological/geochemicalvariations in the

soft lavas performed by JK Schweitzer, reveals the existence of three

distinct soft lava types as shown in Figures4.5a to c: Talcose High-Mg

Basalt, Mottled High-IlligBasalt and Olivine Cumulate. The values of uniaxial

compressive strength for Talcose High-Mg Basalt are generally less than

150 MPa (Figs.4.5a to c) while Olivine Cumulate and Mottled High-lVJg

Basalt have uniaxial compressive strengths generally exceeding 150 MPa

(Figs. 4.5b and c). The soft lava may therefore be subdivided, from a rock

engineeringpoint of view, into two broad categories. It is noteworthy that

the fault rock {pseudotachylite)possessesuniaxial compressivestrengths of

just less than 150 MPa (Fig.4.5c).

The results indicate th ' marked differences exist in the properties of the

different hangingwall and footwall rock types. The two types of lava,

namely hard and soft, which constitute the VCR hangingwall rock types,

have significantly different rock properties. As the name implies, the soft

lava is the weaker of the two. Lithological/geochemicalvariations Godthe

resulting differences in rock properties of the soft lava suggest that a

subdivision defining "strong" and "weak" soft lava is possible. Basedon the

chemical composition, three soft lava types were identified (Coetzer and

Lambert, 1993). The JCI Group defined these distinct soft lava types as:

Talcose High-Mg Basalt, Mottled High-Mg Basalt, and Olivine Cumulate (H.

Swart, pers. comrn., 1995). Detailed investigations have not been carried
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out on the hard lava but the large variations in the test results suggest that

similar classes could exist. The hard lava type, for example, referred to as

IK3" at Kloof Gold Mine (Table 4.1), is far stronger than what has been

identified at other mines. Similar differences in rock properties have been

noted between the footwall formations underlying the VCR stopes, The

Transition shale at Kloof Gold Mine is stronger than the Booysen's and

Jeppestown shales in all the three directions tested. Apart from the

relatively weak Elsburg quartzite at Western Deep Levels Gold Mine, there

are no appreciable differences in strength of this rock type when compared

to other areas.

In summary: as a result of testing the stratigraphy associated with the VCR,

a database has been compiled. This data base includes 13 .angingwall and

12 footwall samples and corresponding uniaxial compressive strength (UCS),

Poisson's ratio, and Young's Modulus values, The results show that there is

a significant difference in the properties of the relevant rock type, especially

for soft and hard lava, and 110 remarkable differences with direction of

testing. The analyses of lithological/geochemical variations in the soft lavas

a~ri !loint load tects reveal the existence of three distinct soft lava types.

A considerable amount of information on the strength properties of the

various rock types surrounding the VCR stapes has beef' gathered. The

foundations for a data base have been laid.
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Figures 4.5 a to c: Uniaxial compressive strength results of point-load tests

of cores containing soft lava from Western Areas Gold

Mine.
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Figures 4.5 a to c: Continued.
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CHAPTER 5

5 ANALYSIS OF ROCK MASS BEHAVIOUR ASSOCIATED WITH VCR

STOPES

In the mines under the management of GFSA and AAC, the major type of

geotechnical area defined is hard lava overlying the VCR and quartzite-

conglomerate underlying the VCR (Table 3.1). The second most important area

is defined as a combination of soft lava hangingwall and quartzite-conglomerate

footwall, especially prominent at (he JCI mines at First Wesgold. The third one

is defined as soft lava overlying the VCR and Jeppestown shale underlying the

VCR, of specific importance to East Driefontein Gold Mine.

Two different geotecl1nical areas were selected for monitoring, which especially

includes closure-ride and extensometer measurement (Fig. 5.1):

- the first area is a combination of hard lava hangingwall and quartzite or

conglomerate footwall and it is the major geotechnical area,

- the second area IS defined as soft lava hangingwall with Jeppestown shale

footwall.

5.1 VCR STUDY SITES

The first geotechnical area is defined as soft lava overlying and Jeppestown

shale underlying the VCR at a depth of 2600 m below datum at East Driefontein

Gold Mine. The site is located on 32 Level 37 Longwall at 4 Shaft. The second

site is situated at Deelkraal Gold Mine. This site is located on 27 Level 15

Longwall. There, hard lava overlies and quartzite-conglomerate underlies the
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VCR with the depth varying between 2690 and 2730 m below datum. All

digitised detailed plans showing the general face positions at these two sites are

shown in Figures 6.1 to 6.5 (Chapter 6).

~ SlUdyarea

/ /

/j //
/ / I j

EAST / J... L /
DRIEFONTEIN,/"""wesr~aria

" 7/ '/ ./ !
//)
'./

~ No VCR mined

carle,o.
/
r
I ,
IJ
I

/

1
I

j L_I
5km

~ Fochville

Figure 5.1. Location of undergroundmonitoring sites.

The rock mass behaviour at both East Driefontein and Deelkraal Gold Mines was

monitored over a period of two years. Measurements were taken using two

methods:

Extensometer measurements (a method to observe "internal", inelastic rock

mass deformation),

Closure-ride deformation measurements (a method to observe the total

"external", inelastic rock mass deformation).
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Analysis of the mining induced stress fracturing and fall of ground

characteristics was also carried out at each of the sites. ...nderground

investigations also aimed at the identification of potential differences in mining

induced stress and shear fracturing in different geotechnical areas.

5.1.1 East Driefontein Gold Mine

At E:;",t Driefontein Gold Mine, Jeppestown shale and quartzite/conglomerate

comprise the footwall (Fig. 5.2). The soft lava is the hangingwalilithology over

major portions of the lease area (Fig. 5.3), resulting in the definition of two

geotechnical areas. Two additional geotechnical areas are defined by hard lava

hangingwall and quartzite-conglomerate or .Jeppestown shale fc ')twall (Fig. 5.4).

The site is located on 32 Level 37 Line, at 4# Shaft (Fig. 5.5, Fig. 6.1 and

Fig. 6.2). There, soft lava overlies and Jeppestown shale underlies the VCR at a

depth of 2450 m below surface. The VCR dips at 10° towards the southeast.

Underground monitoring and observations were carried out in three panels, West

4,5 and 6.

5.1.1.1 Mining induced stress fracture mapping

A number of underground visits were made to underground monitoring sites to

identify mining induced stress fracturing, the orientation, and ether

characteristics of joints, faults, and dykes within the footwall and hangingwall

of the VCR.
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VCR FOOTWALL SUBCROP PATTERN
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Figure 5.2. VCR footwall plan of East Driefontein Gold Mine (Schweitzer, pers. comm.,1993).
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VCR HANGINGWALL PLAN
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Figure 5.3. VCR hangingwall plan of East Driefontein Gold Mine (Schweitzer, pers. comm.,1993).
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Figure 5.4. Geotechnical area plan of East Driefontein Gold Mine (Schweitzer, pers. comm.,1993).
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Figure 5,5. Locality of undergroundm:mitoring site (32 Level 37 Line) at East Driefontein Gold Mine (Schweitzer, pers.
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In general, mining induced stress fractures at the undergroundmonitoring site at

East Driefontein Gold Mine are very steep (about 700 to 800) and dip away from

the face in the .Jeppestown shale footwall. The orientation of fractures

observed in soft lava hangingwall was anomalous, dipping in the "wrong"

direction (Fig. b " when comparedto reefs that have sedimentary footwall and

hangingwall rocks or to areaswhere the VCR is overlain by hard lava. The other

visits to the east side of the longwall showed the same configuration of mining

induced stress fracturing.

Stresses around the face of the stope are influenced by the variation in stiffness

and extent of damage between footwall and hangingwall. Fractures forming in

a direction associated with the direction of maximum compressive principal

stress may have been generated with the point of inflection that is in

hangingwall (Fig. 5.6). A photographic record of the mining induced stress

fracturing as observedet the site is shown in Appendix A.

Soft lava

E w

Reef !n
hangingwall
VCR

.Jeppestown
shale

Figure 5.6. Attitude of mining induced stress fracturing at EastDriefontein Gold

Mine. The point of inflection is interpreted as to occur in the

hangingwall of the excavation.
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The hangingwall is strongly fragmented in appearance, associated with

small-sized (characteristicaily 30 cm / 25 cm / 30 cm) fairs of ground. The sizes

of the falls of ground are controlled by the joint frequency and attitude and the

mining induced extension fractures.

5. 'j .1.2 Closure-ridestations

The closure-ride movements were continuously monitored. Ali stations were

classified as either temporary or permanent stations. Three temporary stations

were installed at the top, middle and bottom of the panel and one permanent

station was established along each advanced strike gully (Fig. 5.7). The

temporary stations were installed as close as possible tl, "1e face (usually within

4-5 rn), When the distance exceeded 12 rn, a new line of closure ride stations

was installed. The generalpanel layout, face position and the locations of each

station at this site during monitoring are shown in Figure5.7.

The theory of station installation and calculation of the closure was explained by

Piper and GGrtunca(1987) as follows:

a) Three holes are drilled in the hangingwall to form the corners of an

approximate right triangle, preferably with one side along dip and one side

along strike. Convergence pegs are installed and the distances between

them are measured.

b) A hole is drilled in the footwall vertically below the apex of the hangingwall

triangle (if covered with broken rock, the "lost" peg can be found later by

dropping a stone from the apex).

c) The spring loadedvernier is now used to measurethe initial distance between

each of the hangingwall pegs and the footwall peg. Extension pieces of

known length usually need to be attached to the vernier to measure the

distance between the footwall and hangingwall.
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EZI June 1994

5a May 1994
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Figure 5.7. The general panel layout, face position and location of each station at the monitoring site on 32 Level, 37

Line, No 4 Shaft, East Driefontein Gold Mine.
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When the three distances between the hangingwall and footwall pegs are

subsequently measured, the new position of the footwall peg can be found from

the following equaions:

bi, bz, b3

h,lz,b

ft, fl, fs

=Lengths of base triangle,

=Measured lengths between footwall and hangingwall pegs,

= Co-ordinates of the footwall peg with respect to the hangingwall

triangle

First calculate the temporary variables X3and y3;

Now calculate the new co-ordinates of the footwall peg;

fl -- (b12 + h 2 - 12 2 ) I ( 2bl ) (Strike ride)

(Dip ride)

(Closure)

The initial mining at the site on 32 Level 37 L;ne "l)ok place in West 6 panel, in

June 1993. This was followed by West 5 and West 4 panels over the next few

weeks. Mining continued uninterrupted in all three panels for the next four

months but at different rates. The average face advance rates for this perioc'

were 7.5 m per month, 7.5 m per month and 5.0 m per month, in panels West

4, 5 and 6, respectively.
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Mining was stopped on West 4 panel in April 1994 to allow the 25 m lag to

panel 5 to be reduced. Thus only panels 5 and 6 and the more distant panel 7

were advanced from this date until the end of the monitoring period. In West 4

panel, the initial closure rates were as high as 10 to 14 mm per day. These

rates were reduced to 3 rnrn per day when the mining in this panel discontinued.

It was not possible to observe ongoing closure rates in this particular panel

because no further face advance was made before this site was closed

(Fig. 5.8).

At the early stage of monitoring of the closure ride stations in West 5 panel, the

rate of closure was about 8 mm per day. Productionwas stopped for about six

months from October 1993 to April 1994, in West 5 and 6 panels, becauseof a

pronounced roll, which was almost along strike direction and about 4 m in

height. During this periodmining took place only in West 4 and 7. As could be

expected, a significant decrease in the closu-c rates at all stations in West 5

and 6 panels was noticed. However, a closure rate of about 3 rnrn per day was

maintained during this period indicating the influence of mining adjacent panels

on the closure and possibly also time effects. As soon as production

recommenced in those panels, a siqnificant increase in closure rate was

observed with rates of 10 mm and 8 rnm per day (Figs. 5.9 and 5. 'i0).
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Figures5.9 a to d. Closure rates at the permanent station (a), at the temporary stations at the bottom (b)' middle (c)

and top (d) of the face in West 5 panel, 32 Level, 37 Line, No 4 Shaft, East Drlefontein Gold Mine.
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Figures 5.10 a to d. Closure rates at the permanent station (a), at the temporary stations at the bottom (b), middle (c)

and top (d) of the face in West 6 panel, 32 Level, 37 Line, No 4 Shaft, East Driefontein Gold Mine.
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5.1.1.3 Anomalous closure associated with seismicity

High closure occurred at the first permanent station, namely W4P1 (Fig. 5.7)

along the advanced strike gully in West 4 panel. The location of this station is

about 6 m back from the face position at this time. Figure5.11 shows the

panel layout, position of packs installed, fall of ground, and direction of pictures

taken to indicate damageon the packs as well as the size of fall of ground.

D D ® FOG
Dip

D
~ D D 0 Pack

D ~ Direction ofr::a 3 picture taken

U

< 0 5- "-='

J::i-t m

0-
GULLY

Figure 5.11. Panel layout and the positions of falls of ground (dotted area) in

W4 panel, 32 Level, 37 Line, East Driefontein GoldMine.

Up to 27/09/93, the averagevalue of the measuredclosure rate was 5 mm per

day at this particular station. On DE110/93, a closure measurementof 587 mm

was recorded. Eight days later, the hangingwall in the vicinity of this station

collapsed following which the measured closure rate was reduced to about
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2 rnrn per day. Seven seismic events with magnitudes ranging between -0.64

and 1.64 occurred between 27/09/93 and 06/~ ( 93. On 14/10/93, on which a

fall of ground was documented, five seisrnu, events with magnitudes of

between -0.39 and 2.7 occurred.

Approximately 25 m2 of the hangingwall between the packs along the strike

gully collapsed. The hangingwall blocks were small (0.3 m 1 0.35 m 1 0.4 m)

and very fragmented defined by new fractures. The upper portion of each pack

was found to have ridden away from the face, and in an updip direction. The

initial height of the first pack was 2030 mm (the width of each timber slab was

originally '145mm and the packsetter was originally 150 rnm), but, after the fall

of ground, the average height of the pack was measured as 1210 mm. The

total difference in height is 800 mm, due to sudden closure.

Analyses of the other closure ride stations in West 4 panel, such as W423,

W422 and W421, for the same time period reveals that, although some

increases in c:losurerates were measured, these ir.creases were insignificant

when compared to that recordedat station W4P1. It is therefore deducedthat

considerableclosure due to seismicity affected only a small (25 m2) area of the

stope.

Photographs 5.1 to 5.6 show all damages due to seismic event, in the

hangingwall, and on the packs installed in this panel.
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Photograph 5.1. Damageobserved on packs installed along the gully of West 4
panel, 32 Level, 37 Line, East Driefontein Gold Mine (number
1 indicates the direction of this picture in Fig. 6.11).

Photograph 5.2. Observed local fall of ground in West 4 panel due to a seismic
event occurred. Note that the hangingwall blocks were small
and very fragmented (number 2 indicates the direction of this
picture in Fig. 5.11).
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Damage observed on the gully packs due to a seismic event
occurred in West 4 panel, 32 Level, 32 Line, East Driefontein
Gold Mine (number 3 indicates the direction of this picture in
Fig.5.11l.

Photograph 5.4. A downdip view of damage observed on the gully packs due to
a seismic event occurred in West 4 panel, 32 Level, 32 Line,
East Driefontein Gold Mine (number 4 indicates the direction
of this picture in Fig. 5.11 l.
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Photograph 5.5. Damage of seismic event on another pack installed next to
gully of West 4 panel, 32 Level, 37 Line, East Driefontein
Gold Mine (number 5 indicates the direction of this picture iiI
Fig. 5.11).

Photograph 5.6. Observed damage Jue to a seismic event on another pack
installed next to gJlly of WesT.4 panel, 32 Level, 37 Line, East
Driefontein Gold rv:ine(number 6 indicates the direction of this
picture in Fig. 5.11).
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5.1 .1.4 Extensometerstations

In order to identify the relative hanqinqwall and footwall contributions to the

total closure, six boreholes (three hangingwall, three footwall) of 10m depth

were drilled in pairs in three different areas along the strike gullies (Fig. 5.7).

These boreholeswere equippedwith extensometer anchors at 2 m Intervals.

Extensometer readinqs indicate localised hangingll!all separation (Figs. 5.12 to

5.14) with most of the separation being initiated by seismic events. A

significant contribution from the footwall Jeppestown shale is not observed.

On 08/02/1994 a seismic event with a magnitude of 2.08 was recorded. The

epicentre of this seismic event was 65 m away from the position of the

extensometer alongWest 6 gully. The exte:nsometermeasurements(Figs. 5.14

a and) show that this event resulted in localised separation, co, fined to the

hangingwall along the West 6 gully. The measurements in the toot. ..J1Iborehole

and the second set of the hangingwall and the footwall boreholesalongWest 5

panel did not show any significant movement.

Three more seismic events were recorded on 25/05/1994, 06/06/1994, and

16/06/1994 confirming that seismically induced hangingwall separation is

confined to the hangingwall (Fig 5.14 a).
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Figures 5.12 a and b. Extensometer results from the first borehole in the

hangingwall (a) and the footwall (b) alongWest 5 gully,

32 Level, 37 Line, No 4 Shaft, East Driefontein Gold

Mine.

b
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FiJures 5.13 a and b. Extensometer results from the second borehole in the

hangingwall (a) and footwall (b) along West 5 gully, 32

Level, 37 Line, No 4 Shaft, East Driefontein GoldMine.
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Figures5.14 a and b.
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5.1.2 Deelkraal Gold Mine

At Oeelkraal Gold Mine, quartzite/conglomerate comprises the footwall

(Fig. 5.15). The hard lava is the hangingwall lithology over the total lease area

(Fig. 5.16). One type of geotechnical area is defined by hard lava hangingwall

and quartzite/conglomerate footwall (Fig. 5.17). The site is located on 27 Leve'

15 Line (Fig. 5.18). The VCR dips at 27 degrees and the depth varies between

2690 m and 2730 m. below datum. Underground monitoring and observations

were carried out in five panels.

5. '1.2.1 Mining induced stress fracture mapping

At the Deelkraal Gold Mine site, the genl3raldirection of mining induced stress

fracturing in quartzite/conglomerate footwall was observed to be steeply dipping

away from the face. The fractures in hard lava hangingwall are flat (about 45°

to 55°). The point of inflection observed at the underground monitoring site at

Deelkraal Gold Mine is in the footwall, (Fig. 5.19). Photographs of the mining

induced stress fractures in the footwall and hangingwall are shown in

Appendix B.

The hangingwall is massive in appearance, associated with la.·ge-sizedfalls of

ground. The size of the falls of ground is controlled by the joint frequency and

attitude, and the mining induced extension fracturing. The blocks of rock which

can fall out are as large as 1.0 m / 1.1 m /0.4 m in this geotechnical area.
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Figure 5.15. VCR footwall subcrop plan, Deelkraal Gold Mine (Schweitzer, pers. comm.,1993).
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VCR HANGINGWALL PLAN
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Figure 5.16. VCR hanging wall plan of Deelkraal Gold Mine. Grey colour delineates area of "false" hard lava thickness

due to erosion by Black Reef (Schweitzer. pers. cornrn .•1993).
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Figure 5.17. Geotechnical plan of Deelkraal Gold Mine (Schweitzer, pers. comm.,1993).
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Figure 5.19. Attitude of mining induced stress fracturing at Deelkraal Gold

Mine. The point of inflection occurs in the fuotwall of the

excavation.

5.1.2.2 Closure-ride stations

The site is located on 27 Level 15 Line with the depth varying between 2690 m

and 2730 m below datum, at a dip of 27 degrees. The positions of the installed

stations are shown in Figure 5.20. Measurements were taken since August

1993.

The same methodologies of closure ride station installation and closure rate

calculetion as explained in Chapter 5.1.1.2 were adopted for this geotechnical

area.

At Deelkraal Gold Mine, closure rates are low, on average about 5 mm per day.

The closure rates on the uppermost panels, E1 and E5 are slightly higher, with

an average of about 6 to 7 mm per day. It is suggested that these differences

may be related to different rates of face advance. The information is

summarised in Figures 5.21 to 5.25.
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Figure 5.20. The general panel layout, face position, and location of each station at the monitoring site on 27 Level, 15

Line, Deelkraal Gold Mine.

CHAPTER 5



~

67

-~ Ummld"'.e> "'"

,10' "mmld',/
"" ~ "mm"',", ~.'mrn"" "~

a '" < Jf' n 7d'~ 'co I}/,,p r"3.,,, .(I ~ I.
'" f"!

~ , 'co
'DO tt;, If' ~ 'OO '" 4" aec >1' ''':],0'" JP ate '00 ate sec
a Q • ar ,<0 'I' 2'0 :""~.DeR OFDAvac

a

1~QCI

10:·e

t:!P4.rrnm/:say

tcoc

"~D

,c~~
9C~

r
~ CC~

I~Q,

4W

~(,IJ

ceo

~U~

~

6,Tmmldav

g O.OmtnldllY

4.ommld:sy e:.2mmldIiV / .p 6.9mmrdoy

IJD d7 G.2mm'dlll .0 I
/
".d' I~

! # ! I. . B I} "rnmJd";1 ol· j'o f
.~rJ :R9~

l.!:.!.!!.!J"

I 000

~m 'DO
~
u 400 5.9mm/li:y

p (I.41>1mld.y 4AmmJdav 53mmtdDI1,jl/ ""··'7'I' ~ /~ '/ /,mm"" I
a,' /J b ff ~ a'

200

so co uu 1~C 150 tea .210 24[) 270 ~DIJ 931) see 390 420 4~O 400 !i10 ~4D :;,'U coo
NUMBER OF DAYS

o 31) (;0 90 l~J vso teo ~10 240 2fQ arc rae sec see <j~(! 4~v 4aD 5W '54Q sro e,»
NU!.IOER OF DAVa

b

e

1~CClflOO,--tone l!!.O§J
ceo

I suo
~ 100

rn eon

~ ,.,
3

'DO

B.Ommfdn),

=-.4mmldIl1

;:~ /;40mm",,;mm,,/ r:: ;;;mld',
'00 I d ,? ,tl

&Q I}'
(J 30 CCI 0[1 1~D 15(1 1.(10 210 ~40 :HO 300 aao sec

tlUMDER OF DAvn

d

Figures 5.21 a to d. Closure rates at the permanent station (a), and the temporary stations at the top (b), middle (c) and
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bottom (d) of the face in East 4 panel, 27 Level, 15 Lir , Deelkraal Gold Mine.
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bottom (d) of the face in East 3 panel, 27 Level, 15 Line, DeelkraalGold Mine.
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Figures 5.25 a to c. Closure rates at the permanent station (a), and the temporary stations at the top (b), and middle (c)

of the face in East 1 panel, 27 Level, 15 Line, Deelkraal Gold Mine.
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5.1.2.3 Extensometerstations

In order to identify the relative hangingwall and footwall contributions to

total closure. a number of boreholes of 10m depth were drilled in pairs ill

three different areas along the advanced strike gullies and in the stope.

After each hole was drilled, it was mapped for fractures by petroscope or

borehole camera. Finally, the holes were equippr ,; with borehole

extensometers with anchors set at 2 m intervals. The extensometers were

sited in the same panels in which closure-ride stations were installed. In

total" three sets of holes, along the East 1, 3, and 4 panels, were drilled and

equipped (Fig. 5.26).

Extensometer readings (Figs. 5.27 to 5.29) show that hangingwall and

footwall separations occurred. Most of the separation was inltlatsd by a

seismic event in both the hangingwall and footwall. While a more complex

rock mass behaviour is observed in the hangingwall formation over the

following days, the footwall formation did not indicate any further

significance over this time period.

Fracture mapping of the boreholes in the hangingwall (Fig. 5.30a/a) was

completed on 09/02/1995. Although the real position of the fractures was

recorded, it was not possible to measure their dip angles because of

technical problems with the petroscope. This borehole was equipped with

boreholeextensometers (Fig. 5.30a/b) on the same date.

Two seismic events, shown by red crosses in Figure5.26, with magnitudes

of 0.3 and 1.3 were recorded 01 • 7/03/1995. A separation of 63 mm was

observed in the first 2 m of the hangingwall (Fig. 5.30a/c), immediately after

these seismic events were recorded. During the next two days, the hard

lava formation between the second and fourth metres of the hangingwall

continued to separate a further 10 mm. During the same period, the hard

lava formation between the fourth and sixth metres closed by a total of

12 mm on the existing fractures iFig. 5.30a/d). In the following three
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months, the hard lava formation between the fourth and the sixth metres of

the hangingwall closed by further 8 mm, and a further closing of 20 mm was

observed in the hard lava formation between the sixth and tenth metres of

the hangingwall (Fig. 5.30a/e).

The same type of fracture mapping was also carried out in the footwall

borehole, drilled in the same panel. Its position, as well as total number of

fractures and boreholeextensometers installed, are shown in Figures5.30b/a

and 5.30b/b, respectively. After the two seismic events had occurred, the

same amount of separation of strata, as recorded in the hangingwall, was

observed in the footwall strata between the first and second metres

(Fig. 5.30b/c). No further separation or closing of the formation, in the first

10 m of the footwall, was noted subsequently.

Figure5.26. Location of boreholes (shown as blue circles) and seismic

events (shown as red crosses) on 27 Level, 15 Line,

DeelkraalGoldMine.
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Figures 5.27 a and b. Extensometer results from the borehole in the

hangingwall (a) and footwall (b), East 1 gully, 27

Level, 15 Line, Deelkraal Gold Mine.
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Figures5.28 a and b. Extensometer results from the borehole in the

hangingwall (a) and footwall (b), East 4 gully, 27

Level, 15 Line, DeelkraalGoldMine.
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Figures5.29 a and b. Extensomete~ results from the borehole in the

hangingwall (a) and footwall (b), East 3 panel, 27

Level, 15 Line, DeelkraalGoldMine.
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Figures 5.30 a and b. Position of fractures and borehole extensometers

installed in the boreholes drilled in the hangingwall

(a) and footwall (b) and in East 3 panel, 27 Level 15

Line, Deelkraal Gold Mine. Circled numbers refer to

the number of fractures that were observed.
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5.1.2.4 Analysis of falls of ground sizes

In order to understand differences in the shape and size of blocks that have

fallen ( ...i: of the hangingwall, a study was carried out in the geotechnical

area as defined for DeelkraalGold Mine.

The experimental site was selected at East 3 Panel, 27 Level, 15 Line where

the face is about 40 m long and the VCR dips 27° to the NNE-SSW. The

study site extended from the face to about 75 m into the back area. The

general face layout is shown in Figure 5.31. The procactlon in this panel

was stopped some time ago due to pronounced falls of ground in the face

area.

Figure 5.31. Panel layout and the positions of falls of ground (grey area) in

E3 panel, 27 Level, 15 line, DeelkraalGoldMine.

The face was divided into regions positioned between packs. The sizes of

the falls of ground were measuredat three points along the strike direction,

at the top, middle and bottom of each pack along each line. Along 15 lines,

1748 measurementswere taken at different points over an areaof 3000 m-,
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The measurements taken along each section line are shown in Figure5.31.

The data are summarizedas follows:

Thickness Cumulative% Thickness Cumulative%
(em) ~-)-
10 31.69 110 96.68

20 53.47 120 97.54

30 71.69 130 98.40

40 77.71 140 98.74

50 82.92 ISO 99.14

60 87.05 160 99.66

70 89.40 '170 99.71

80 92.15 180 99.89

90 93.18 190 99.89

100 95.07 200 100.0

Figure 5.32 shows the cumulative percentages of the thickness of falls:

95 % of the fallen blocks are less than 100 cm thick; these block= are

typically 1.0 m / 1.1 m / 0.4 m in size.

In summary; the results obtained at underground monitoring sites are

presented; these consider underground measurements with respect to

closure-ride and extensometer stations, as well as mining induced stress

fracture mapping. and falls of ground.

The results as obtained in two different geotechnical areas show that there

are significant differences in the rock mass behaviour in terms of:

measuredclosure rates;

contribution to the total closure in the footwall and hangingwall

stratigraphies;

general orientation of the mining induced stress fractures; and

the size of falls of ground.
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Figure 5.32. Observed thicknesses of falls of ground in E3 panel, 27 Level,

15 Line, DeelkraalGold Mine. The thick red line delineates the

averageof all the lines measured in this panel.
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CHAPTICR 6

6 NUMERICALMODELLING

The underground measurements and observations indicate significant

differences in behaviours of the rock mass surrounding the VCR in various

geotechnical areas. These measurements and observations include in

icular the closure in the stope and the pattern of fracturing around the

nes. It was suggested that the different rock types could have a

sigllificant effect on these differences in various geotechnical areas.

Analysis of the measuredunderground closure in diFJrent geotechnical areas

with the elastic convergence would be a good way to compare various

g~lotechnicalareas. It is also a very useful means of assessingby how much

the laboratory derived Young's I\,iodulus should be reduced to enable the

elastic convergences obtained from the model to best fit the observed

closure pattern. This technique is applied mainly to simulate in situ closures

more accurately when assessing the performance of stope support, in

particular backill. It should be noted that this change to the moduli has

some detrimental implications particularly for off-reef results (Johnson,

1994).

The other reason why it was decided to use numerical modelling is to

investigate whether numerical modelling could be used to indicate that i1:is

differences in hangingwall and footwall rock properties which cause the

fracture patterns in VCR stopes to vary.

Basically two different numerical modelling methods, i.e. Mining Simulation

programme (MINSIM-D) and Fast Langrangian Analva's of Continua (FLAC),

were applied to research the issues explained above.
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6.1 MINSIM-D MODELLING

MINSIM-D is a boundary element program useful for modelling multiple

tabular excavations, which may be arbitrarily oriented with respect to one

another, producing stresses, displacements and other parameters useful for

mine layout planning (Johnson, 1991). It assumes that the rock mass is

isotropic and behaves elastically.

In order to obtain realistic closures the laboratory measurements of Young's

Modulus in the simple elastic analysis performed are down graded. Down

grading of the moduli compensates for the lack of inelastic closure.

6.1.1 East Driefontein Gold Mine

The VCR was digitised in three different planes because of different depth,

dip and strike of the VCR at this site. The .Jean's Fault separates the VCR

into two different planes with an almost 80 m elevation difference In the

vicinity of the 37 Line. The third VCR plane is defined along the 34 Line due

to a pronounced change in strike of the VCR at this location (Fig. 6.1).

The area modelled extends from the 20 to the 45 longwall faces (Fig. 6.1)..

Figure 6.2 depicts a fine window showing the mining steps over tl IE; same

time period as the monitoring she at the 32 Level, 37 Line site.

The original rnodellinq and analysis were carried cut using differer:. Young's

Moduli of 20 GPa, 40 GPa and 70 GPa (Table G.1 for input values).

Modelled (MINSIM-D runs) and observed convergence rates are compatible

with runs when using a Young's Modulus of 20 GPa (Figs. 6.3 a and b).
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Figure 6.1. Digitised plan showing the extent of mining on the VCR from

August 1993 to April 1994, East Driefontein Gold Mine. The six

coarse windows (C1-C6) are also shown.

FigU'e 6.2. Fine window ldentifvmq mining steps at the monitoring site from

August 1993 to Aprll 1994, 32 Level, 37 Line, East Driefontein

Gold Mine.
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Table 6.1. Summary of input values as utilised during MINSIM-D modelling

for the East Driefontein Gold Mine site.

Number of reef plans digitized : 3

Number of coarse windows : 6

Coarse window grid size : 25 m

Number of fine windows : 1

Fine window grid size : 6.25 m

Stoping width : 1.5 m

Fill width : 1.4 m

The input value of "a" : 10
-

The input value of "b" : 0.4
-

Friction angle : 30°

Poisson's ratio : 0.2
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Figures 6.3 a and b. Comparison of MINSIM-O runs for different Young's

Moduli, with actual underground measurements

considering closure versus distance to face (a) and

closure versus number of davs (b).
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6.1.2 Deelkraal Gold Mine

At Deelkraal Gold Minn, the VCR was digitised as one continuous plan. The

original modelling and analysis was carried out using different Young's

Moduli of 20 GPa, 30 GPa and 70 GPa. All input values are summarised in

Table 6.2.

Tabl 6.2. Summary of input values considering during the M!NSIM-D

modelling for the Deelkraal Gold Mine.

Number of reef plans digitized : 1

Number of coarse windows : 4

Coarse window grid size : B.Om

NUlY!bGifine windows : 1

Fine window grid size : 2.0 m

Stoping width : 1.5 m

Fill width : 1.4 m

The input value of "a" : 10

The input value of "b" : 0.4

Friction angle : 300

Poisson's ratio : 0.2

The area modelled and the mining steps are delineated in Figuftls 6.4 and

6.5. The results of the modelled arid observed convergence rates are shown

in Figures 6.6 a to d. MINSIM-D results and underground observations are

compatible when using a Young's Modulus value of 30 GPc:.. A reduction of

around 50 % is appropriate for this geotechnical area (Figs. 6.6a to d).
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27 Levd 15 Line

Figure 6.4. Digitised plan showing the extent of VCR mining from August

1993 to May 1994, 15 Line, Deelkraal Gold Mine. The

positions of the coarse winnows are also indicated.

Figure 6.5. Fine window showing mining steps on the monitoring site from

August 1993 t.:; May 1994, 27 Level, 15 Line, ,)eelkraal Gold

Mine.
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6.2 FLACMODELLING

FLAC is two dimensional explicit finite difference code which simulates the

behaviour of structures built of soil, rock or other materials which may

undergo plastic flow when their yield limit is reached (FLAC Manual,

Volume 1, 1993).

FLAC has been used to model the multi material rock mass surrounding a

stope. The primary reasonwhy FLACmodel has been used is to investigate

the mechanism that lead to the observed differences in rock mass behaviour,

in particular differences in fracture patterns on Deelkraaland East Driefontein

Gold Mines.

The approach used in modelling the rock mass behaviour around the VCR

was to set up a simple model; this model was established using FLAC. A

simple geometry was used, i.e. a strike section through a stope of uniform

width. Different material properties in the hangingwall, reef and footwall

were superimposed onto this geometry. Three of the various material

constitutive laws available in FLAC were applied in the order of increasing

complexity, i.e. elastic, Mohr-Coulomb and Mohr-Coulomb with strain-

softening. Initially, before laboratory results becameavailable,the sensitivity

of the rock mass behaviour to elastic stiffness and strength properties was

analysed using both the elastic and Mohr-Coulombmodels. These properties

were artificially contrasted in the hanging-andfootwalls.

Principal stress directions are taken to be an indication of the direction in

which fractures form; extension fractures are known to form parallel to the

direction of the major principal stress. A method of displaying this

information has been devised with the hypothesised fracture directions

plotted as lines in the first grid in the hangingwall and footwall. This

information can also be plotted as angle versus stope half span. The

constitutive model is not adjusted for the presence of fractures. Initially no
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fracture criterion is applied to determine when fractures form just ahead of

the face. The fracture directions recorded in this way are compared with

those observed underground.

6.2.1 Description of the model

The initial model that developedby Dr. R.A. EVe considers a horizontalstope

of uniform width of 1.4 m, at 2500 m depth. In later, to be able to model as

same as underground sites where data were collected, some part of this

particular model was modified as the reef is parted from both the

hangingwall and footwall by defined interfaces above and below the reef.

These interfaces are unglued along the contact with the reef. In addition to

these two interfaces, another nine interfaces were defined to identify some

bedding layers in the sedimentary footwall. All these bedding layers arc

parallel to the reef and have an individual thickness of 0.5 m. Another two

interfaces are includedone above and one below the reef. All the interfaces

are glued from 100 m ahead of the final face position, to the end of the

boundary of the model.

Boundary conditions are defined as follows: the top and bottom of the model

are fixed in the y-direction by setting the y-component of the velocity of

each grid point to zero; the loft-hand side of the model is fixed by applying

the x-cornponent of the velocity of each grid point as zero; and to the right

hand side a stress condition is applied. The initial maximum principal stress,

01, is assumed to act vertically oj is applied with a value of 67.5 MPa at

the middle level of the model. A "k ratio" of 0.5 is assumed hence the

intermediate principal and rninimum principal stresses (02 and 03) are each

a.isumsd to be 33.75 MPa (Fig. 6.7). Tha results of triaxial and uniaxial

tests form the input rock prope'ties as used in the model. The value of

tension cut-off was assumedas ,0 % of the value of cohesion.

CHAPTER 6



91

I JOB TITLE: EAST DRIEFONTE1N,: HW SOFT LAVA (ED3D)/REEF-FW JEPPESTOWN SHALE (ED1D) I ('1()1\2)
FLAC (Version 3.21)

Figure 6.7.

LEGEND

5/15/1996 21 :00
step 0
-3.000E+01 -cx-c 2.100E+02
-1.200E+02 <.y< 1.200E+02

Grid plot
I I i I I I
O ~ ... ~or:: I

Interface ID#'s

Boundary plot
I I I I I I
o 5E 1

Fixed Gridpoints
X X-direction
Y Y-direction
B Both directions

I ~~O.M.R.O. - Rock EngineeringLX 91230, Auckland Park 2006
.000 .400 1.6001.200.BOO
. ~(·~1()1\2~) __

The basic model including ,",osition of grids, interfaces and boundary conditions. CHAPTER 6

2.000

I
1_ .aDO

.400

.000

-.400

_ -.BOO



92

In the model, the reef is mined from zero to 40 m half span in 0.5 m step

face advances. After sach mining step, the "zonk" FISH function is used to

control unbalanced forces around the excava.'on. Based on the assumption

that fractures form parallel to the major compressive principal stres=, 01, a

FISH function is utilised to record and plot the fracture angle.

As the face advances, the eight zones ahead of the face. in the first layer of

the hanging-and footwalls, are examined. All necessary information to

calculate fracture angle on the particular zones and the state conditions are

stored. At the end of 40 m of excavation, there are eight different output

parameters for each zone in the first layer above and below t!-;e reef. As the

face advanr.es, the zones ahead of the faee are initially in an elastic state of

failure according to the Mohr-Coulomb criterio'" and their associated state

flag is changed to reflect this plastic failure, By using a FISH function, the

information stored is interpreted for two cases, i.e. where each zone is the

last elastic, and then when each zone becomes plastic.

6.2.2 Elastic and Mohr-Coulomb m..:.odels

The elastic model describes the simplest form of the material behaviour.

This model is valid for homogeneous, isotropic, continuous materials, which

exhibit linear stress-strain behaviour with no hysteresis on unloading. The

Mohr-Coulomb plasticity model represerrr a material, which is yielding in

shear, but also includes a tension limit criterion, Table6.3 summarises the

material properties used during tile numerical modelling as obtained from

laboratory tests of the rocks under consideration (Tables 4. "" 4.2 and 4.3).

The results of the elastic modelfing show that there is very little difference in

the hangingwall and footwall stress distribution around the stope.

Figures 6.8a and b show the modelled principal stresses around the stopes

for the two study site", at East Driefontein and Deelkraal Gold Mines,

CHAPTER6



93

resnectively. Some further studies on the same model which uses only

unrealistica! elastic properties for hangingwall and footwall, show noticeable

char.qes in the stress distribution around the stope, but the results of this

study are not presented here.

Table 6.3. Material properties used during the numerical modelling.

DEELKRAAL EAST DRIEFONTEIN

PROPERTY Hangingwa!l Footwall Hangingwall Footwall

hard lava quartzite soft lava Jeppestown

shale

Young's Modulus E (GPa) 72 64 67 61

Poisson's ratio v 0.21 0.14 0.22 0.25
.-

Bulk Modulus K (GPa) 41 29 39.6 40.9
Shear Modulus G (GPa) 30 28 27.5 24.4

UCS (MPa) 279 184 106 134
Cohesion C (MP<I) 73 49 28 40
Internal friction angle (degree) 35 34 34 28
Tension cut oft T (MPa) 7.3 4.9 2.8 4.0
Dilation angle 1jr (degree) 10 10 10 10

The basic parameters in the Mohr-Coulomb plasticity model are defined as

density (p), bulk modulus (K)' shear modulus (5), tension cut-off (T), dilation

angle (W), internal friction angle (<1», and cohesion (C). The results of Mohr-

Coulomb modelling indicate that the stress distribution around the stope

changes depending on internal friction angle, the dilation angle, the tension

cut-off, and the cohesion. Large differences in cohesion appear to have the

most pronounced infl<.Jence.

Initially, '!:: '6 actual results of triaxial and uniaxial tests are employed as the

illput rock properties in the Mohr-Coulomb model for the first geotechnical

area, defined as soft lava hangingwall and .Jeppestown shale (Table 6.3).
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Figure6.9 a shows the distribution of principal stress around the stope.

Figure 6.9 b shows the directions and angles of the calculated fractures at

the first zone of the hangingwall and footwall aroundthe stope.

The modelled hangingwall fractures are much flatter than the observed

mining induced stress fractures in this particular geotechnical area at East

Driefontein Gold Mine. When the strength of the soft lava hangingwall and

footwall is assumed to be 75 % softer than tne original values and the

strength of the reef is equal to 2/3 of the strength of the footwall, the

orientation of the principal stress and the directions and angles of the

calculated fractures are drarnaticallv changed (Figs. 6.10 a and b). The

modelled fractures in the hangingwall seem to be dipping in the "opposite"

direction, whereas the fractures in the footwall are steep and dip away from

the face. This compares favourably to the underground observations

(Appendix A).

The same model was applied considering the second geotechnical area

defined by hard lava hangingwall and quartzite/conglomerate footwall, as

found at DeelkraalGold Mine. Appropriate material properties were utilised.

The fractures in the hard lava hangingwall are flat (about 40° to 50°) and dip

towards the face, whereas in the footwall they dip steeply away from the

face (Figft. 6.11 a and b). This is similar to the underground observations

(Appendix B).

6.2.3 .Strain-Softeningmodelling

The implemented strain softening model is a plasticity model based on the

Mohr-Coulomb constitutive model. The principal characteristic is that the

strain softening model incorporates load shedding upon loading beyond peak

strength. The twu elastic constants, Young's Modulus (E) and Poisson's
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ratio (e), and three plasticity parameters (cohesion, C; internal friction angle,

<I>; and dilation angle, tjI), define the complete stress-strain characteristic.

The plasticity parameters required in the strain softening model are obtained

from a computer program called 55 (Ryder,1993). This computer program

uses the main output parameters from the rock test analyses and allows the

user LO re-construct the experimental data by defining tables of cohesion,

internal friction angle, and dilation angle values.

in Figure 6.12 a, the left hand diagram shows maximum principal stress, o-,

versus axial strain and radial strain versus axial strain as obtained in the

laboratory. Diagramson the right show the same relationships as generated

for use in the model. Figure6.12 b presents all the generated input

parameters. This figure is for soft lava hangingwall in the geotecimical area

defined in East Driefontein Gold Mine. Figures 6.13 a and b show the same

parameters for the Jeppestown shale in the same geotechnical area. The

same analyses were completed for the second geotechnical area defined as

hard lava hangingwall and quartzite-conglomerate footwall in Deelkraal Gold

Mine. Figures 6.14 a and b, and 6.15 a and b represent the same parameters

for hangingwall and footwall respectively.

The results obtained for the geotechnical area as present at Deelkraal Gold

Mine agree with observed, underground fracture angles. For the second

geotechnical area (East Driefontein Gold Mine), the analyses show that

fractures are formed flatter than those observed. The development of a

plastic failure area occurs a few zones ahead of mining, both below and

above the stope. This result may be due to the fact that the rocktest

analyses are biased towards representing large-scale properties. The results

indicate that a change in cohesion with plastic strain offers a mechanism for

a large contrast in cohesion to develop between hangingwall and footwall.

Large differences in cohesion appear to be more significant than differences

in the other plasticity parameters, i.e. internal friction angle <{>, and dilation tjf.
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Figures 6.8 a and b. Modelling results considering maximum principal

stress around the stopes at East Driefontein

(Fig. 6.8 a) and Deelkraal GoldMlnes (Fig. 6.8 b).
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Figures 6.9 a and b. Modelled maximum principal stress, the directions and
angles of the calculated fracture around the model
stope, East Driefontein Gold Mine, using the Mohr-
Coulombmodel.
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Figures 6.1'1 a and b. Modelled maximum principal stress, the directir-ns and
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CHAPTa;:R 7

7 FACTORS TO BE CONSIDERED IN THE DESIGN OF SUPPORT FOR

VCR STOPES

The primary motivation behind defining geotechnical areas is the expectation

(hat different combinations ot rock types in the hangingwall and footwall of

the reef may potentially result in different rock mass behaviour around the

VCR stopes, therefore influencing support strategies.

The main areas of work carried out in the different geotechnical areas, in

order to determine support requirements for the VCR stopes, were:

- detailed analysis of closure data,

- analysis of accident database information,

- analysis of data 'In fallout thicknesses.

In order to assist in assessingthe VCRsupport requirements, the information

obtained from different geotechnical areas was applied.

This chapter presents :

a review of Stope DesignAnalysis (SPA) presented in Section 7.2.

a determination of a support resistance criterion for rockfalls, and an

energy absorption criterion for VCR stopes, having soft lava and hard

lava hangingwalls.

modifications to the SPA, which was developed in the SIMRAC stope

and gully support SIMRAC project, GAP032. Importantly, the effect of

face advance on closure taking place was ~valu"1.fjCI in detail for the

stope face.
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7.1 INTRODUCTION

The fundamental function of stope support systems is to control the rock

mass in "(he zone of rock subjected to tensile stresses, and the zone of

fractured rock behaving inelastically (Anon, 18'38). The design of any

support system depends upon knowledge of three fundamental aspects: the

nature and extent of the rock to be supported; the deformations to which the

support systems will be subjected; and the generated force reaction

characteristics of tho support systems available for installation (Anon 1988).

In the light of this information, geotechnical areas were defined, with the

expectation that different combinations of rock types in the hangingwall and

footwall of the reef may potentially result in different r,lr.k mass behaviour

around the VCR stopes, therefore influencing support strategies.

In order to evaluate this hypothesis, sites in various geotechnical areas were

monitored and the results obtained were processed, initially using the

methodology developed under project GAP032. During this work it was

realised that the closure data could be used more comprehensrvslv by

separately analysing results from areas where the rate of face advance was

different.

The main areas of work, carried out in the different geotechnical areas in

order to determine support requirements, arc discussed below:

1- detailed analysis of closure data.

The rate of closure taking place in various geotechnical areas if significantly

different. For example, the closure rate has been recorded as 4-5 mm per

day and 9-10 mm per day in hard lava (Deelkraal Gold Mine) and soft lava

(East Driefontein Gold Mine) hangingwall stapes, respectively. Detail is

provided in Chapter 5. The graphs of closure versus number of days show

that the. rate of closure either decreases or increases dspendlnq on the rate

of mining taking place in the panel, the efiect of the face advance rate on

the rate of closure for various geotechnical areas was also analysed.
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2- analysis of accident data base information,

The database of fatal accident records was developed in conjunction with

SIMRAC project GAP 032. The database was developed using information

gathered from the fatal accident inquiries conducted by the Department of

Minerals and Energy Affairs (now the Department of Minerals and Energy,

DME). The fatal accident inquiries were chosen because reasonably good

details were recorded in the documentation. The objective of compiling a

database is to provide insights into support performance and other mining

issues through back analysis. This work concentrated on the collation of

available information into an accessible format so as to enable various

+actors to be considered when investigating specific information.

3- data on fallout thicknesses.

As part of the accident database work, an analysis of the thicknesses of fall')

of ground and rockburst ejection has Ie sen undertaken for the VCR stopes.

The ultimate intention is to develop, for each geotechnical area, a support

resistance criterion for the prevention of rockfalls, and an energy absorption

criterio , fr-r the reduction of damage due to rockbursts.

7.2 REVIEWOF PREVIOUSSUPPORTSTRATEGIESDEVELOPED

In South African mines with tabular orebodies, the design of stope support

systems has, ill most cases, been based on experie. ~e, past practices and

cost considerations (Roberts, 1995). Generally, a number of factors need to

be taken into account in a design: these include the amount and rate of

closure taking place; the types, orientation and intensity of hangingwall

fracturing; the influence of local geology which determines the volume of the

rock to be supported; and the probability of a rockburst, In addition, the size

and shape of the excavation and the period for which the support is required

needs to be considered (Anon 1988; Roberts, 1995).
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In order to assess the hypothesis described in 7.1, the methodology

developed as described in the final report of the SIMRAC project, GAP032,

stope and gully support, addresses the project's two main objectives,

namely:

Develop a rationale for the design of stope support systems,

Determine support resistance criteria for the support of stope gullies for

both static and dynamic loading and develop improved support systems

for gullies.

The following is a brief summary of the methodology developed under this

particular project.

1he main factors governing the design of stope support systems are: the

mass of rock to be supported, stope closure and the generated force-

deformation characteristics of support systems. Approximately 130 support

systems are currently used by the industry, utilising various support unit

types with variations also in spacing and support dimensions.

Roberts (1995) described all critical parameters in developing a rationale for

the design of stope support systems. According to the theory in selecting

stope support systems, it is necessary take support density into account and

thus it is best to work with support resistance. The support resistance (in

kN/rn2) of :3 support system is given by the product of the force (in kN)

offered by the individual support units and the support density (in unlts/rrr').

Support systems may be plotted as a support resistance versusdeformation

curve. Figures7.1a and b show a typical support resistance curve of a

hydraulic prop and pack spaced such that each prop and pack is supporting

1.5 m2 and 9 m2 of the stope hangingwaU, respectively. Props show

immediate support whereas par-ks need to be compressed significantly

before providing support forces.
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Figures 7.1a and b. Typical support resistance deformation curves (Anon,

1988).

Figure 7.2 (Roberts, pers. comm., 1995) shows a comparison of different

support systems by r.slnq the co.icept of support resistance as a function of

the distance behinfl the stope face for a given closure rate; in this case

2 mm per day. Tne effectiveness of the selected support system can be

evaluated for the different closure rates. It is possible to compare various

support systems anr' evaluate then individually as to their suitability at a

recorded closure rate (Fig 7.3, Roberts, pert. comrn., 1995)

It is well documented (Anon, 1988) that the performance of passive support

such as packs is strongly controlled by the closure rates to be expected.

Figures 7.4a and b present support deformation curves supplemented with

expected closure rate lines. For example, yielding elongates and hydraulic

prop/backfill systems may be examined for rockfall and rockburst conditions

(Figs. 7.4a and b, Anon, 1988). Typical elongate systems at 3 m2 spacing

and installed 3 m away from the face can provide acceptable support in

c',opes with low closure rates (2 mm per day), but fail in very high closure

environment (50 mm per day) due to inadequate vieldabllitv (Fig. 7.4a). In

rockburst conditions, although backfill used alone would fail to supply

efficient face areasupport, hydraulic props accompanied by a backfill system

give adequate support resistance (Fig. 7.4b).
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Figure 7.2. Comparisonof different support systems (Roberts, pers. cornrn.,

1995).
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Figure 7.3. Different support systems with expected closure rate lines

(Roberts,pers. cornm., 1995).
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Figures 7., a and b. Selection and design of stope support systems (Anon,

1988),

In the evaluation of this methodology, the variables that should be

considered are as follows:

• factors affecting the force-deformation behaviour of the support

units constituting the stope support system encompassing, for

timber support, the loading rate, and, for all systems, the height of

support units,

• the influence of the rock mass on support systems, which

encompasses the stope closure rate, dynamic closure velocity'

during rockbursts, and the spacing of the stope support units.

In addition, a linear relationship between deformation rate and resulting

change in pack force (Taggart, 1994) was established as:
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• Jog~

[ %mc] v.Ft==F. 1+--
100

where FIis pack force at increasedvelocity VI

Fsis pack force at lower velocity Vsand,

% is the empirically derived per cent increase in force per

increasein order of ma[!'1itudein compressionvelocity.

Using this relationship the force-deformation behaviour and consequently the

energy absorption ability of timber packs may be determined for high

deformation rates typical of some rockbursts.

The common assumption when considering the relationship between the

height of the pack and its stability is that packs with height-to-width ratios

exceeding two are considered unstable, particularly during dynamic closure

(Roberts, 1996). Furthermore, underground studies and testing carried out

on different support systems showed that the stability of yielding timber

elongates decreases with increasing height and with increasing amount of

stope closure and, therefore, the height-to-width ratio of these units should

not exceed 10 (Roberts, 1996). Underground observations showed that

hydraulic props and extensions, which exceed 2.5 m in length, are unstable

during dynamic loading (Roberts, 1996). Tests undertaken on a variety of

mechanical props indicated that lengths between 2.3 m and 2.7 m should be

regarded as the upper limit for medium duty mechanical props (Roberts,

1996). The ability to absorb energy of those props is extremely limited and

they have no energy absorption function in rockburst prone stopes.

The influence of the characteristics of a particular rock mass can cause

significant differences in the size and geometry of blocks to be supported in

the hangingwall and the stope closure rate. It is therefore necessarythat the

distribution of geological structures, bedding thickness and mining induced

stress fractures in the rock mass be known as they influence the size of rock
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blocks and thus the spacing of support units in a support system, while the

closure rate influences the choice of support units particularly if they are

required to absorb energy should a rockburst occ-.r. The expected stope

closure rate and mining cycle are also important in rtermininq the absolute

amount of stope closure that will act on the support system, and thus

whether the remainingvieldabilitv will allow sufficient energy to be absorbed

should a rockburst occur. For the purposes of assessing support system

behaviour, the dynamic closurevelocity is assumedto be 3 m per second.

Other outputs from the GAP032 SIMRACproject, which are relevant to this

project, were derived from the UDECmodelling. This work showed that if

support spacing is increased,the required capacity of the units increases by

more than the amount simply derived by maintaining average resistance.

The main benefit derived from reducing spacing is likely to be improved

hangingwall conditions and thus a reduced rockfall hazard. The influence of

load spreaders and sensitivity of bedding plane spacing were also analysed.

The test results for a support resistance of 66 kN/m2 and spacing held

constant at 2 m and 3 m showed that the detrimental effects of the

punching mechanism at 2 m spacing are present and not as pronounced as

they are for a 3 m spacing. The stability of the hangingwall improves

significantly with increased bedding plane spacing, while the influence of

changes in support parameters seems to be less marked. The model to

determine the effect of the back area support indicated that a significant

improvement in hangingwall conditions was obtained. The limitation with

this model is the modellingmethod used '0 represent the backfill, as a back

area support would teno to exaggerate the influence of the backfill on the

face area as the Jackof confinement along the face of the backfill was not

taken into account. In order to determine support spacing, there is

insufficient data to establisha complete design procedure.
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7.2.1 Evaluation of the support resistance and energy absorption ability of

various support systems

The support resistance of a support system is defined as the force applied by

the support system per square metre (I~ h,mgingwall and is typically

represented as kNfm2. The basic parameters affecting the support resistance

are force-deformation behaviour of individual support units, their spacing and

the amount of closure that has act"·.. on the support system. The

determination of the ability of a stope SUPPOi-t system to absorb energy in

order to reduce the damage due to rockbursts is not simple. It depends on

the ability of the support system to yield during rapid deformation, normal

stope closure, spacing of the support units and velocity of the dynamic stope

closure.

An example given by Roberts (1996), namely the force-deformation curve of

a profile prop, for a closure rate of 3 m per second, to generate dynamic

conditions, is shown in Figure7,5 a. When the support force is divided by

the number of square metres per unit, the values for the support resistance

versus deformation are as shown in Figure7.5 b. In this figure, the area

under the curve is the total energy absorption ability of the support system

(kJ/m2). Figure7.5 c shows the curve of energy absorption-deformation for

this support system. This represents the decreasing amount of energy with

respect to increasingdeformation (E finite) that can be absorbedby the support

system per square metre of hangingwall. The equation below indicates the

process that was used to assess a profile prop support system as in

Figure j'.5 c and in Figure 7.6.

E evelleble = E finito - E stopo closuro (Roberts, 1996).

where: E finite is the amount of energy available to be absorbed by the

support system prior to any stope closure.
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E availablo is the available energy that can be absorbed by the

support system, during a rockburst for example, taking into

account previous stope closure.

Estupe elceure is the energy absorbed by normal stope closure prior

t\ rockburst.

The other support systems, such as mine poles, hydraulic props, RSSgrout

packs and timber packs, were also examined.

It was also concludedthat most of support units and support systems have a

finite amount of energy that can be absorbed during deformation. It is

assumed that the energy absorption ability of pack support systems is

limited to 50 % deformation as some pack types, notably composite packs,

RSS grout packs and some of the "end grained" packs, clearly do lose

structural integrity after large deformations (Roberts, 1996).

Figures7.5a to c. The force-deformation (a), support resistance-deformation

(b) and energy absorption-deformation behaviour of

profile props (Roberts, 1996).
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Figure 7.6. Energy-deformation curve showing the decrease in energy

absorption ability with increasingdeformation (Roberts, 1996).

7.2.2 Analysis of the graphicai re::>resentationof SDA

The support design methodology for testing support resistance-deformation

curves of support systems against support resistance criteria for different

reefs was analysed (Roberts, 1996).

In order to determine the support resistance for any distance behind the

stope face and for any closure rate, a graphical representation of the stope

design methodology was produced, as shown in Figure7.7.

Consider point A some distance behind the stope face, a horizontal line is

traced until it intersects with the line representing the appropriate stope

closure rate, point B. Frompoint B a vertical line is traced to point C on the

support resistance - deformation curve of the support system. From C a

horizontal line is traced back to the x-axis to point D, where the support

resistance of that particular support system for the specific closure rate can

be determined.
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The graphical representation of the support design methocUogy was

extended by separating the face and perrnane ' nport areas into two

different areas and plotting the support resistance-deformationcurves of the

support systems used in both the face and permanent support areas

(Fig. 7.8). For example, a mine pole and mechanical prop support systems

are compared in the face area, whereas a timber pack support system is

comparedwith a yielding timber prop support system (Fig. 7.8).

The energy absorption ability of support systems wit;, respect to the energy

absorption criterion can be evaluated by using the support system design

rnethodoloqv as discussed above. The graphical representation for

determining the energy that can be absorbed (E availablo) for any distance

behind the stope face and for any closure rate is producedin Figure7.9.

Consider point A some distance behind the stope face, a horizontal line is

traced until it intersects with the line representing the appropriaf stope

closure rate, point B. From point B a vertical line is traced to point c.. J,t the

energy-deformationcurve of the support system. FromC a horizontal line is

traced back to the x-axis to point D, where the energy that remains to be

absorbed by the system (Eavailable) can be determined for that particular

support system and for that specific closure rate.
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Figure7.7. The support resistance-deformationcurve, as a function of stope

closure and distance behind the stope face props (Roberts,

1996).
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Figure7.8. The support resistance-deformation curves of various support

systems, as a function of stope closure and distance behind

the stope face, for the face and permanent support areas

(Roberts, 1996).
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Figure7.9. Energy absorption-deformation curve as a function of stope

closure and distance behind the stope face props (Roberts,

1996i.

The graphical representationmay be further extended by plotting the velocity

curve at the left hand side of the graph. In order to determine the critical

velocity that would destroy the support during dynamic conditions, the

velocity curve of a particular support system (Fig. 7.10), is drawn using the

following formula (Roberts,199fl\~

The cntical velocity, Vc :::

where: E avallabla =

M =

G =

h =

E.vallablo - rn9 h
--1--

-~m
2

the energy-absorbingability of the . upport unit

at any given time, which will be specific to each

support unit and will depend on its position

behind the stope face and on the stope closure

rate (kJ/m2)

the mass of the ejected hangingwall (kg)

gravity (m/s2)

distance of yieldability left in the support unit

after stope closure has acted upon it (rn)
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Consider point A some distance behind the stope face, a horizontal line is

traced until it intersects with the line representing the stopes closure rate,

point B. From point B a vertical line is traced to point C on the energy-

deformation curve of the support system. From C a horizontal line is traced

back to the x-axis to point D, where the energy that can be absorbed

(E avallablc ) can be determined for that particular support system and for that

specific closure rate. From point D, a horizontal line is followed until it

intersects with the curve of velocity at the left hand side of the graph, point

E. From point E a vertical line is traced to point F on the minus part of the x

axis, thus giving the critical velocity (Ve)which could be handled by using

energy (E availablo) availableto be absorbed.

400

Velocity
(m/s)

.23
\ ~~ '300-

~~

\ 1.~200- ~

\~----l.!-foo~~------ ©
I , .
I ........ I Defonration (rrrn)
.. ...._ I

I I

Figure 7.10. Determination of critical velocity (Vel using an enerqv-

deformation curve as a function of stope closure and distance

behindthe stope face (Roberts, 1996).
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The comparisonof the critical velocity variations for various support systems

having a constant energy absorption capability but different yield capabilities

showed that the difference in the critical velocities, Ve, for all the various

support systems is, as could be expected, negligible. Figure7.11 shows a

horizontal line intersecting with the Y-axis where the energy absorption

criterion is the same for all four different support systems. The vertical lines

from the intersection of this horizontal line with all four velocity curves to the

x-axls give the critical velocities for each of the support systems.

5 2DB 3D!!

Energy absorption
capability kJ/m2

"-vv-\\ ,..........
\ \ " ..........
\ \ '" ....., , .....

Velocity
(m/s)

Deformation (mm)

Distance behind
stope face (m) 10 mmldav

Figure 7.11 . Critical velocity variation for a constant energy absorption

capability (Roberts,1996).

Figure 7.12 shows a comparlson between various support systems with

different lield ranges, i.e, much closer to the options that could be

considered for practical applications underground. For example, three

support systems, shown as A,B and C, with different yield ranges will have
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different energy absorption capabilities for the same amount of deformation

at some distance behind the stope face. At this point, the critical velocities

to be handled by each support system are significantly different, the higher

velocities being associated with the systems with the larger yieldability.

However, with a low force high/yieldability system, consideration needs to

be given as to whether the "h" yield limitations are violated or not.

Enertlyabsorption
capability kJ/m2

I
I I
I I
I I
I I~+

Vee VCBVelocity
(m/s)

Deformation
(mm)

Distance
behir'"

stope t .;6

Im\

mm!~ay

Figure 7.12. Comparison of critical velocities (Vo) for various support

systems with different energy absorption ability as a function

of stope closure and distance behind the stope face (Roberts,

1996).

7.3 VCR SPECIFICSUPPORTDESIGNMETHODOLOGY

The support design rationale developed in GAP 032 (Roberts, 1996) was

applied as a basis for assessing support requirements for VCR mines. The

consequences ot the measured characteristics of the rock mass behaviour

around VCR stopes was thoroughly investiqated, in particular the varying

closure rates observed. The rate of closure is the key issue in tho support
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design methodology. The rate of face advance also plays an important role

as it not only determines the period over which support is deformed at the

given closure rate, but also influences the closure rate.

The South African mining industry has historically used a stope support

resistance of 50 kN/m2 in the design of stope support systems in stopes

where the major hazardis rockfalls (Anon, 1988). Also, in stopes, which are

subjected to seismicity and rockbursts, a general energy absorptioncriterion

has been applied which stipulates that the support systems should be

capable of absorbing 60 kJ energy per square metre of hangingwall, thus

requiringthem to have a yielding capability.

7.3.1 An estimation of the support resistance reoi lirements for the soft lava

and hard lava in the VCRstopes.

It should be noted that most VCR stopes are subjected to seismicity and

rockburst, rather than rockfall, problems. In the design of VCR stope

support, the rockburst energy absorption criterion should usually be applied.

Nevertheless, it is necessary to ensure that the design is capable of

controlling rockfall problems, which account for 30 % of the fatalities

(Robertsand Jager, 1991).

The accident database covers all rock related fatalities on South African

tabular gold mines that occurred during the last six years, from 1990 to

1995 (Table 7.1). The analysis this database indicates that 32.3% of total

fatalities occurred between 1990 and 1996 are rockfall fatalities. Figures

7.13 and 7.14 show the cumulative percentages of rockfall thicknesses in

VCR stopes where the hangingwall is defined as soft and hard lavas,

respectively. In the calculation of the required support resistance for stope

support systems, it is assumed that the designed support system should

prevent 95 % of all fallouts (Table7.2).
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Table 7.1. Summary of rock related (rockburst and rockfall) fatalities on

South African tabular gold mines that occurred during last six

years from 1990 to 1995 (Source: RSA, DME, 1996).

Year Hockburst Rockfall Total

1990 32 17 49

1991 21 2.5 46

1992 63 14 77

1993 42 24 66

1994 45 13 58

1995 23 15 38

TOTAL 226 108 334

(67.7 %) (32.3 %)

Figure 7.1 3. Analysis of fallout thicknesses in VCR stopes with soft lava

hangingwall from 1990 to 1995 (Source: RSA, DME, 1996).
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Figure 7.14. Analysis of fallout thicknesses in VCR stopes with hard lava

hangingwall from 1990 to 1995 (Source: RSA, DME, 1996).

Table 7.2. The fallout thickness for the 95 % frequency level and the

associated support resistance criteria for VCR soft and lavas.

95 % fallout frequency Support resistance criteria

kN/m2

REEF
m.
1.2

1.8

33.0

49.5

VCR Soft Lava

VCR Hard Lava

7.3.2 Estimation of the energy absorption criteria for VCR stopes having

soft lava and hard lava in the hangingwall.

In order to reduce rockburst damage, the currently used energy absorption

criterion is 60 kJ/m2• The basis of this criterion is that a 3 m thickness of

hanqlnqwall formation accelerated to 3 m per second has to be brought to

rest in less than 300 mm. The kinetic energy and change in potential energy
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for this case is 60 kJ/m2 and thus this energy imparted to the rock has to be

absorbed by the support.

To quantify ejection thicknesses for the soft and hard lavas, all data from

fatal accident.. that occurred in the six years from 1990 to 1995 have been

analysed. Figures7.15 and 7.16 show cumulative percentagecurves of the

ejected block thickness from rockbursts measured at the sites of fatal

accidents for soft and hard lava.

Using these block ejection thicknesses, it is possible to calculate a minimum

energy absorption requirement per square metre of stope hangingwall that a

support system should be able to provide to stabilise the hangingwall in

95 % of the cases.

Energy absorption criterion or E = (0.5) m v2 + m 9 h

where: E = energy absorption criterion (kJ)

m= massof the ejected hangingwall (kg)

v = velocity of ejection (rn/s)

g = gravity (m/s:!.)

h =distance of yieldability left in the support unit after stope

closure has acted upon it (m)

In this calculation, it is assumed that the density of the formation, the

velocitv of ejection, and gravity have the following values: 2750 kg/m3,

3 mls and 9.8 m/s:!., respectively. Tables 7.3 and 7.4 list the minimum

energy absorption requirements per square metre of stope hangingwall for

yield limitations, "h", for support systems.
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Figure 7.15. Analysis of rockburst ejection thicknesses in VCR stopes with

soft lava hangingwall using nata from 1990 to 1995 (Source:

RSA. DME, 1996).
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Figure 7.16. Analysis of rockburst ejection thicknesses in VCR stopes with

hard lava hangingwall using data from 1990 to 1995 (Source:

RSA, DME, 1996).
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Table 7.3 The minimum energy absorption requirements per m2 of soft lava

hangingwall.
SOFT LAVA

I:jectlon Ivelocity ot uensrtv lVIass Yield Kinetic Potential t Energy
hiclmess (95% ejection limitation Energy (J) Energy (J) Absorption

Requiremen
m m/sec kg/m3 t m (0.5*M*V2) (M*G*H) kJ/m2

2.1 3 2750 5775 0.05 25937.5 2830 28.8
2.1 3 2750 5775 0.1 25987.5 5660 31.6
2.1 3 2750 5775 0.15 25987.5 8489 34.5
2.1 3 2750 5775 0.2 25987.5 11319 37.3
2.1 3 2750 5775 0.25 25987.5 14149 40.1
2.1 3 2750 5775 0.3 - 25987.5 16979 43
2.1 3 2750 5775 0.35 25987.5 19808 45.8

Table 7.4. Minimum energy absorption requirements per m2 of hard lava

hangingwall.

HARD LAVA
Ej,lctlon IVelocity at uensrtv Mass Yield Kinetic Potential I. Energy

hlcknass (95% ejection limitation Energy (J) Energy (J) Absorption
Requiremen

m m/sec kg/m3 t m (0.5*M*V2) (M*G*H) kJ/m2

1.8 3 2750 4950 0.05 22275 2426 24.7
1.8 3 2750 4950 0.1 22275 4851 27.1
1.8 3 2750 4950 0.15 22275 7277 30
1.8 3 2750 4950 0.2 '<2275 9702 32
1.8 3 2750 4950 0.25 22275 12128 34.4
1.8 3 2750 4950 0.3 22275 14553 36.8
1.8 3 2750 4950 0.35 22275 16979 39.3

Assuming that the support system must absorb the energy during yielding of

0.2 m, typical of the yieldability of hydraulic props and yielding timber props,

then the minimum energy absorption requirements per square metre for hard

lava and soft lava hangingwalls are given in Table 7.5.

Table 7.5. The fallout thickness for the 95 % frequency level and the

associated energy absorption criterion for VCR soft and lavas.

VCR Soft Lava

VCR Hard Lava

2.1

1.8

37.3

32.0

m.
Energy absorption criterion

kJ/m2

REEF 95 % fallout frequency
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7.3.3 The effect of average face advance rate on rate of stope closure.

One of t Ie most important parameters used in the support design

methodology is the rate of stope closure. The closure is used to determine

whether the remaining yieldability will allow sufficient energy to be absorbed

she Id a rockburst occur.

As previously presented, closure ride stations were installed in different

panels to monitor the deformation taking place in the formation around the

stope, in different geotechnical areas. The analysis of the measurements

shows that the closure rates in ditterent areas vary quite significantly.

Another finding is that the general trend of the closure rate with time or

distance to face is not linear. The rate of closure in the first 10 m from the

face, however, can be considered to be approximately linear. Analysis also

shows that the closure rate is very dependent on the rate of face advance.

For instance, at the East Driefontein study site, the West 6 and West 5

panels were stopped for five months because of a pronounced roll of the

rser. f'!: is of interest that, during this period, stope closure was reduced to a

rat- of 3 mrn pe: day. Once mining recommenced, a large increase in

closure rate to 8 mm and 10 mm per day was recorded. Similar

observations were made in different geotechnical areas.

In order to analyse the effect of face advance in both geotechnical areas, all

readings taken within 10m of the face at all start-ns installed were taken

into account.

The equation for the linear line in the £,~aphof deformation versus distance

behind the stope face (the fourth quadrant, Fig. 17) in the defined SDA,

which allows comparison of the stope support systems for different closure

rates, is:
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Figure 7.17. The equation for the linear line in the graph of deformation

versus distance behind the stope face (the fourth quadrant) in

the defined SDA.

(-V)=C+MX

IiVhere:

Y = distance behind the stope face, (m)

C= distance to face from the first r",~ of the support unit, (m)

M = slope of the linear line, as related to face advance rate

)(= deformation, (mm)

This equation can be written as follows;

-v(m)=c(m)+[ «m) 1.x(J
_ AC(~:J )*~(~~y~s_;.));___]

where:

Z = total face advance, 1m)

AC = average closure rate, (mm/day)

o = total monltoring time, (days)
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and the slope of the linear line will be as follows;

M=f Z(m) 1
AC(mm)*D(days)

\. day

The motivation behind this is to calculate the slope of the line in the graph of

average face advance per month versus "slope" for each geotechnical area.

The rate of the face advance during the monitoring period was assumed to

be the same. From the best fit line for this graph, it would be possible to

have a value of "slope" depending on the aver.age face advance designed in

a particular panel.

7.3.3.1 Soft lava hangingwali

The measurements from only five closure-ride stations installed in the face

area If1 West 5 and West 6 panels were available for analysis. All

measurements analysed show very good correlation. For instance,

Figure 7.18 shows a typical graph of closure versus number of days for this

geotechnical area.

The value of "slope" for this particular closure-ride station was calculated as

below:

Initial distance to face (rn)

Final distance to face (m)

Z, total face advance (m)

X, total closure (rnm)

D, total days

AC, average closure rate (mm/day)

and the calculated value of "slope"

= 3.1 rn,

= 10.2 m.

= 7.1 m.

= 186 mm.

= 16 days

= 11.6 mm/day

:: 0.038
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Figure 7.18. Closure measured in the closure-ride station installed in the

face area at the middle of the West 5 panel, East Driefontein

Gold Mine, 32 Level, 37 Line. R2=O.985.

The same ca!culation was done for all other stations available and Table 7.6

summarises all the information and correlation factors (R2). It is concluded

that VCR face advance rates are very well correlated with total closure

recorded in the geotechnical area as considered at East Driefontein.

Table 7.6. All stations installed in the face area where the hangingwall is

soft lava, with all parameters to be used in the process.

Station From To Z D X Average AC VALUE R2
face OF

advance SLOPE

(rn) (m) (m) (days) (mm) (m/month) (mm/day)
W5MIDl 5.0 10.0 5.6 28 274 6.0 9.8 0.020 0.9824
W5MID2 3.1 10.2 7.1 16 186 13.3 11.6 0.038 0.9850
W5TOPl 3.4 10.8 7.4 15 169 14.8 11.3 0.044 0.9869
W6TOP2 4.2 10.6 6.4 26 317 7.4 12.2 0.020 0.9603
W670Pl 3.3 10.0 6.7 20 174 10.1 8.7 0.039 0.9370

The next step is to draw a graph between the value of the "slope" and

average face advance per month for each station. Figure 7.19 shows the

best fit line for those five stations with a correlation factor of 0.86.
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EAsTDmEFoNTEIN GOLD MINE
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R2 = 0.8562
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SLOPE

Figure 7.19. Graph showing the relationship between average face advance

per month versus the value of the "slope" for five closure-ride

stations analysed with the best fit line having a correlation

factor of 0.86.

The equation of the best fit line in the graph above is

Y = 313.13 X + 0.221, which gives the relationship between the average

face advance and the closure taking place at this point. For instance, if the

design requires 5 In, 7.5 m or 10m average face advance per month as Y,

the value of /IX" in the equation above will be 0.0153, 0.0232 and 0.0312,

respectively.

In the design methodology, the fourth quadrant of the graph requires

information about closure rate in millimetres per day. If the average face

advance per month is assun.sd for this area, the linear line between distance

to face and closure on this part of the graph could be drawn easily by

assuming the value of closure varies from 0 to 300 or any required level in

the face area.

Figure 7.20 shows the relationship between the closure taking place and

average face advance per month.
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Figure 7.20. Calculated relationship between closure and average face

advance in a stope with soft lava hangingwall in East

Driefontein Gold Mine, 32 Level 37 Line.

7.3.3.2 Hard lava hangingwall

The same procedure as applied to the area of soft lava hangingwall was

followed in analysing the measurements taken from the closure-ride stations

installed in five panels in a geotechnical area defined as hard lava

hangingwall and quartzite-conqlornerete footwall in Deelkraal Gold Mine.

Table 7.7 summarises all measurements taken into account during the

analysis with the calculated value of the "slope" for each closure-ride

station.

Figure 7.2 t;,:lOWS the relationship between average face advance per

month and the value of the "slope" for all closure-ride station analysed with

the best line having a correlation factor of 0.82. fjgure 7.22 represents the

observed relationship between closure and face advance in a stope with hard

lava hangingwall in Deefkraal c: _:d Mine, 27 Level 15 Line.
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Table 7.7. List of stations installed in the face area where the hangingwall is

hard lava, with all parameters to be used in the process.

Station From To Z D X Average AC VALUE R2
face OF

advance SLOPE

(m) (m) (m) (days) (mrn) (m/month) (mm/dax)
E1TOPl 6.5 10.9 4.4 26 173 5.08 6.65 0.025 0.993
E1TOP2 4.2 10.5 6.3 28 138 6.75 4.93 0.046 0.887
E1MIDl 5.3 12.6 7.3 38 271 5.76 7.13 0.027 0.967
ElBOTl 5.0 11.6 6.6 31 184 6.39 5.94 0.036 0.969
E1BOT2 2.4 10.9 8.5 33 133 7.73 4.03 0.064 0.877
E1BOT3 4.6 9.5 4.9 34 270 4.32 7.94 0.018 0.971
E1BOT5 2.6 10.6 8.0 37 260 6.49 7.03 0.031 0.973
E5TOP4 5.1 10.2 5.1 34 215 4.50 6.32 0.024 0.971
E5MID3 5.1 10.2 5.1 28 212 5.46 7.57 0.024 0.893
E5BOT3 2.7 11.2 8.5 42 206 6.07 4.90 0.041 0.985
E5BOT5 2.2 10.0 7.8 34 222 6.88 6.53 0.035 0.928
E410Pl 5.1 9.9 4.8 17 99 8.47 5.82 0.048 0.983
E4TOP3 4.6 10.3 5.7 19 109 9.00 5.74 0.052 0.968
E4TOP5 4.3 9.5 5.2 15 69 10.40 4.6 0.075 0.967
E4MID1 5.1 10.5 5.4 17 66 9.53 3.88 0.082 0.963
E4MID2 4.5 10.6 6.1 62 192 2.95 3.10 0.032 0.972
E4MID4 3.4 11.4 8.0 31 113 7.74 3.65 0.071 0.948
E4MID5 4.4 10.2 5.8 18 74 9.67 4.11 0.078 0.993
E4BOT1 5.5 9.9 4.4 62 225 2.13 3.63 0.02 0.983
~BOT5 3.2 9.0 5.8 15 65 11.60 4.33 0.089 0.964
E4BOT6 4.4 10.0 5.6 17 77 9.88 4.53 0.073 0.002
E3TOP1 3.0 10.2 7.2 47 209 4.60 4.45 0.034 0.982
E3TOP2 3.8 9.5 5.7 27 137 0.33 5.07 0.042 0.979
E3TOP3 4.7 10.0 5.3 37 193 4.30 5.22 0.027 0.981
E3MIDl 4.2 10.2 6.0 29 153 6.21 5.28 0.039 0.981
E3MID2 4.6 10.3 5.7 37 216 4.62 5.84 0.02.6 0.949
E3BOTl 4.9 10.0 5.1 62 258 2.47 4.16 O.OZ 0.975
E3BOT3 5.2 10.4 5.2 36 200 4.33 5.56 0.026 0.985
E3BOT4 4.3 10.1 5.8 29 135 6.00 4.66 0.043 0.970
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DEELKRAAl GOLD MINE
Hard lava/Quartzite·Conglomerate
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o

Figure 7.21. Graph showing the relationship between average face advance

per month and the value of the "slope"; the best fit line has a

correlation factor of 0.82.
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Figure 7.22. Calculated relationship between closure and average face

advance in a stope with hard lava hangingwall in Deelkraal

Gold Mine, 27 Level 15 Line.
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A summary of these calculations is shown graphically in Figure7.23. The

solid and dashed lines representing an energy absorption criterion level as

well as designed face advance rates, for example 5 m and 10m per month,

are for soft lava and hard lava hangingwalls respectively.

60
ENERGY ABSORPTION CRITERIA
FOR SOFT LA VA AND HARD LA VA

3:>_0 le,I/m2 (Hard Lava)

Figure 7.23. Summary of energy absorption criteria for soft lava and hard

lava hangingwalls for different face advance rates.

The rate of face advance plays an important role as it not only determines

the period over which support is deformed at the given closure rate, but also

it influences the closure rate. The effect of face advance rate on closure

rate deals directly with the amount of compression seen by a support unit a

certain distance behind the stope face, whatever the rate of face advance

may be. The effect of different face advance rates on the amount of closure

experienced at a particular distance behind the face, and hence amount of

available energy to be absorbed by the support system, is shown in

Figure7.24. This is a very important finding as a support system suitable
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for one rate of face advance could be unsuitable when the rate of tsce

advance slows. The total amount of energy available on a support unit in a

stope with a high face advance rate will be higher than when with a low

face advance rate (Fig. 7.24).
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Deformation (mm)

The effect of different face advance rates on the amount of

closure experienced at a particular distance behind the face

and hence amount of available energy to be absorbed by the

support system.
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CHAPTER 8

8 CONCLUSION AND PROPOSED FUTURE STUDIES

8.1 SUMMARY AND CONCLUSIONS

The basic expectation behinddefining "geotechnical areas" is to observe and

quantify different rock mass behaviour in the different combinations of rock

types in the hangingwall and footwall of the reef. All mines where the VCR

is currently being mined are defined in terms of different geotechnical areas

based only on rock types in the hangingwall and footwall.

In order to determine the variation in rock mass behaviour in different VCR

geoteGhnical areas, underground monitoring has been carried out at two

different Gold Fields mines over a period of two years. The first site was

selected at East Driefontein Gold Mine where the soft lava overlies

Jeppestown shale. The other site was at Deelkraal Gold Mine. There the

geotechnical area is defined as hard lava overlying quartzite-conglomerate.

At the East Driefontein site, mining of West S and West 5 panels was

stopped for five months becauseof pronounced rolling of the reef. It is of

interest that during this period stope closure was reduced but continued at a

rate of 3 mm per day. Once mining recommenced, a large increase in

closure rates to 8 mm and 10 mm per day were recorded. At the Deelkraal

site, average closure rates of about 5 mm per day were recorded. It is of

significance that closure rates are consistently lower than those measuredat

East Driefontein GoldMine.

MINSIM-D modelling is used to compare actual closures measuredwith the

expected convergences and it is found that the measured closures can be

fitted with reduction in moduli of 70 % and 60 % for the soft and hard
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lavas, respectively. This suggests that more inelastic behaviour is ta- ng

place in geotechnical areaswith soft lava overlying Jeppestown shale than in

areaswith hard lava overlying quartzite-conglomerate.

A number of extensometers were installed at both sites in order to identify

the relative contributions of hangingwall and footwall to the total closure in

the stope. Measurements have shown that separation of the hangingwall

formation is localised in nature and occurs primarily as a result of seismic

events in the area where soft lava overlies the VCR. No significant

contribution to closure was observed in the footwall shales. The

extensometer measurements showed that the hangingwall and footwall

contribute equally to the closure rates in the area where hard lava overlies

the VCR.

Stress around the face of the stope, where the fractures are assumed to

form, is influenced by the variation in stiffness and extent of darnaqe

between the footwall and hangingwall. Fractures are assumed to fon.. ,.I a

direction associated with the direction of maximum compressive principal

stress. This direction changeswith distance aheadof the face.

Visits to undergroundmonitoring sites were made to identify and map mining

induced stress fracturing and the orientation of joints, faults, and dykes

within the footwall and hangingwall of the VCR. The genoral orientation of

mining induced stress fractures in the footwall at the undergroundmonitoring

site in the soft lavalJeppestown shale geotechnical area is steep (about 70°

to 80°) and away from the face. The orientation of fractures observed in the

soft lava hangingwall is anomalous, dipping in the "wrong" direction when

cornoared to reefs that have sedimentary footwall and hangir.gwall rocks or

to areas where the VCR is overlain by nu(d lava. Visits to the opposite side

of the longwall showed the same configuration of the mining induced stress

fracturing relative to the face.
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In the hard lava/quartzite-conglomerate geotechnical area, the general

direction of mining induced stress fracturing in the quartzite-conglomerate

footwall is steeply (about 70° to 80°) dipping away from the face similar to

the first geotechnical area. However, the fractures in the hard lava

hangingwall are significantly flatter (about 45° to 55°) and dip towards the

face. The point of inf!ection of fractures in this combination of hangingwall

and footwall rock types appearsto be in the footwall.

There are thus clear distinctions between the patterns of mining induced

stress "acturing from the two geqtechnically defined regions. The

consequences of differences in natural and mining induced structural

features between the two geotachnical areas is that, at Deelkraal,the blocks

of rock which can fall out are as large as 1.0 m / 1.1 m /0.4 rn, whereas at

East Driefontein, they are smaller, about 0.3 m /0.35 m /0.4 m. This has a

significant influence on the design of support for the two conditions.

A large number of rock samples were collected from both the hangingwall

and footwall on different mines. Uniaxial compressive strength tests were

carried out in each of three directions relative to the reef plane. ~he testing

indicates 3 generalhomogeneity in rock ",ropertieswith respect to dip, strike,

and stratification. Two types of hangingwall lava do, however, exhibit large

difference.r in rock properties, and mineralogical differences identified in the

soft lava led to a further subdivision of this formation from a physical rock

property point of view. More than 1000 point load tests were performed on

nine underground borehole cores. The UCS values for the Ta'cose high-Mg

basalt are generally less than 150 MPa. Olivine ( .rnulate and mottled high-

Mg basalt have UCS values generally exceeding 150 MPa. The soft lava

therefore may be subdivided, from a rock engineeringp.iint of view, into two

categories.

In elastic mociellinJ,o ilv unrealistically large differences in elastic properties

between the hangingwall and footwall resulted in significant changes in the
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stress distribution and orientation around the SLope. To investigate the

influence of rock failure and inelastic behaviour on stress distribution around

a stope face, FLAC modelling was set up for the simplest stoping geometry

and various material constitutive laws were used. Mohr-Coulomb and Strain-

softening modelling indicated that plastic parameters such as internal friction

angle (4)), tension cut-off (T), dilation angle (Ijr) E."d cohesion (C), affect the

stresses around the stope. Large differences in cohesion appear to be the

most significant.

In order to deterrnine support resistance criteria for the control of rockfalls

and energy absorption criteria for the control of rockbursts for both soft and

hard lava hangingwalls in VCR stopes, thE' main input parameters were taken

from the database of fatalities which is an output of the SIMRAC stope and

gully support project GAP 022 \;ioberts, 1996). In these calculations, all

fatalities that occurred during six years, 199G-1995, were used and it was

assumed that the designed support system should prevent 95 % cumulative

percentages of all fallouts and block ejection due to rockburst conditions.

The support resistance for VCR soft lava and hard lava hangingwalls is

calculated as 33.0 kN/m2 and 49.5 kN/m2 respectively. In the calculation of

energy absorption erlterla, two major assumptions were made: the support

system has the ability to yield 0.2 m, typical of the yieidability of hydraulic

props and yielding timber props: and the velocity of ejection during rockburst

conditions is 3 m/s. The calculations show that the energy absorption

criteria for the control of rockbursts for soft and hard lava hanqinqwalls in

VCR stopes are 37.3 kJ/m2 and 32.0 kJ/m2, respectively.
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8.2 RECOMMENDATIONS

In further studies, the definition of the geotechnical area should be further

refined by including the distribution and frequency of geologicai features,

such as faults, joints and rolls, in addition to the combination of hangingwail

and footwall rock types.

Inclined holes should be drilled from the stope into the hangingwall and

footwall in order to obtain better information on the fracture mechanism. If

extensometers were installed into some of these holes after establishing the

position of fractures by means of petroscope observations, it would be

possible to obtain further information on how the rock mass behaves ahead

of the fa.::e,where the rock is failing.

Ground penetrating radar (GPR) which is the electromagnetic analogue of

seismics, could also give;useful information on fracturing in the hanqing-and

footwalls.

Further studies will have to consider the early identification of rolls, poss'nlv

b~ ,;onsidering the characteristics of jointing and mining induced stress

fracturing before intersection of the rolls.

In numerical modelling, models should consider the reef parallel weakness

planes in the immediate hangingwall, footwall bsddinq at different distances

from the stupe, major fauits, and the contact between soft and hard lava. A

method to effectively modify values from laboratory testing for use as input

values in numerical models ",eeds to be detorrnlned. The input values

obtained from the rock tesi. analysis should be rescaled down in a systematic

formulation.

Tile basic parameter used in the support design rnethodoloqv, developed

under the SIMRAC stope and gully support project GAP032 (Roberts, 1996)
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is the rate of stope closure. The closure is used to determine if the

remaining yieldability will allow sufficient energy to be absorbed should a

rockburst occur. Undergroundmonitoring results from closure ride stations

in different geotechnical areas shows that the closure rates vary quite

significantly and the general trend of the closure rate with time is not linear.

The rate of closure in the first 10m from the face can be consideredto be

approxlrnatslv linear. It has also been observed that the closure rate is very

dependent on the rate of face advance. In order to analyse the effect of

'ace advance rate on closure rate, results from all stations installed within

10m of the face were taken into account. The results for the face area

show a very good correlation and make it possible to develop a support

system design that is dependent on rate of face advance. The closure

rate/face advance rate correlation, as defined in this study for the VCR,

needs to be established for the other gold-bearing horizons of the

Witwatersrand Basin. The analysis for the back area shows that the number

of the stations and quality of readings are not sufficient for a good

correlation between the rate of face advance and closure taking place.

In the determination of rockburst and rockfall control criteria for the support

system design methodology, a limited database of six years was used. The

expansion of this databasewill be required.

In the stope support designmethodology, tne basic assumptions are that the

support system should be able to stabilise the hangingwall in 95 % of the

cases, and the velocity of ejection during rockburst conditions is 3 m/s with

a "ieldabilit'l of 0.2 m. A further study, on high·.r or lower percentages of

cases requiring stabilising of the hangingwall, needs to be undertaker-. The

rockburst closure velocity is likely to be different witi,1n different

geotechnical areas,and additional lnvestiqation in this area is also necessary.

The maximum height of 0.2 m, typical of the vieldabilltv of hydraulic props

and yielding timber props, should be discussed in terms of the variability

between different support systems.
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APPENDIX A

Mining induced stress fracturing: East Driefontein Gold Mine.
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Photographs A1 and A2: Fractures observed in hangingwall along West 6
Gully in 32 Level 37 Line at tt 4 shaft, East
Driefontein Gold Mine. The arrow shows the
direction of mining operatlor s. A2 is a close-up of
A1.
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Photographs A3 and A4: Fractures observed in footwall along West 6 Gull)
in 32 Level 37 Line at # 4 shaft, East Driefontein
Gold Mine. The arrow shows the direction of
mining operations. A4 represents the close-up of
A3.
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Photocraphs A5 and A6: Fractures observed in hangingwall in West 5 Stope
in 32 Level 37 LIne at # 4 shaft, East Driefontein
Gold Mine. The arrow shows the direction of
milling operations.
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Photographs A7 and AS: Fractures observed in hangingwall in West 7 Stope
(above) and in West 6 Stope (below) 32 Level 37
Line at # 4 shaft, East Driefontein Gold Mine. The
arrow shows the direction of mining operations.
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Mining induced stress fracturing: Deelkraal Gold Mine
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Photographs 61 and 62: Fractures observed in hangingwall in East 1 panel
on 27 Level 15 Line Deelkraal Gold Mine. The
arrow shows the direction of mining operations.
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Photographs 83 and 84: Fractures observed in hangingwall in East 5 panel
on 27 Level 15 Line Deelkraal Gold Mine. The
arrow shows the direction of mining operations.
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Photographs 85 and 86: Fractures observed in hangingwall and footwall along
East 4 panel and fractures in hangingwall in East 4
panel on 27 Level 15 Line Deelkraal Gold Mina. The
arrow shows the direction of mining operations.
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PhotographsB7 and 88: Fractures observed in hangingwall in East 3 panel
and East 2 panels on 27 Level 15 Line Deelkraal
Gold Mine. The arrow shows the direction of
mining operations.
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