ANALYSIS OF THE ROCK MASS BEHAVIOUR AS ASSOCIATED WITH
VENTERSDORPF CONTACT REei© STOPES, SOUTH AFRICA

Gékhan GOLER

A dissertation submitted to the Faculty of Engineering, University of the
Witwatersrand, sohannesburg, in fulfilment of the reguirements for the degree

of Master of Scienca in Engirsering.

Johannesburg, June 1988,



Declaration

This work is being submitted for the degree of Master of Science in Engineering
at the University of the Witwatersrand, Johannesburg.

1 declare that this work has not been submitted befora for any degree or

examination at another university.

Signed this day of 1888,

skhan GULER

DECLARATION



ABSTRACT

In the Far West Band Goldfields a series of lava flows covers the important,
auriferous deposit known as the Vomtersdorp Contact Resf (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 whils mining this resf. This is aspscially
surprising when considering that 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
80 km, and six major geotechnical areas are defined by regions with different
combinations of hangingwall lavas and footwall rock types. The second part
considers observations and measurements of the rock mass behaviour around
geotechnically distinct VCR stopes. This approach: is used as it is expected that
geotachnical variation. infiuence rock mass behaviour and consequently mining
strategy and disign of support systems. The last part describes a VCR specific
stope support design methodology also considering closure rate variations as a

function of face advance rates.

In order 1o achisve these goals, as a part of the SIMBAC project GAP 10%, &
series of studies and investigations, involving the division of the orebody into
geotachnical areas, underground observations and monitering, analysis of
accident data, laboratory testing, end the assessment of rock mass behaviour,
ware undertaken. The main results of sach of these studies are summarised
balow:
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A)

B)

)

D)

Collation and revisw of ail past rock engineering and geological work
undertaken on the VCR by means of a iiterature survey considering
references up tc the start of the project, 1993;

Few documented rock engineering studies were found.

Several geological studias were of relevance to the project.

Rock enginaering properties of tha sirata associated with the VCR were not

docurmented.

Scope existed to use existing geological knowledge as a “asis for rock

engineering studies.

Definition of geotechnical areas;
As a part of the SIMRAC project GAP 102, a methodology fo define
primary geotechnical areas on a regional basis has been developed and six
primary geotechnical areas based on a combination of thres footwall and

two hangingwall rock types were delineated.

Identiflcation of fracture patterns of different geotechnical areas;
Distinct fracture attitudes and intensities were associated with different
footwsall and hengingwall rock type assemblages, including the fracture
pattern assoclated 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 deap gold minas.

Evaluation of the variation in lava type, strength and deformation
properties together with friction properties and dilation angles;
All avazilable rock property data for rock types associated with the VCR

were collated and summarised.
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E)

1t was shown that large differances exist in the properties of the relevant
strata, especially betwsesen hard {Alberton Porphyry Formation} and soft
{Westonaria Porphyry Formation) lavas.

No significant difference in rock properties was obtained for compre "n
tests when loading was oriented either normal to stratification or paralls! to

strike or dip.

Assessment of the variability in fracture patterns and stope closure

betwaen gaotechrical areas;
A detailed monitering programme was carried out at two sites in different
geotechnical areas 1o determine differences in rock mass behaviour.
The measurements and observations rmade 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 deformation of the strata
in the footwall and hangingwall that contributes to the total closure.
General orientation of the mining induced strass fractures was investigated:
in one case dipping between 45° and B55° towards the face in the
hangingwall and in the other dipping wwards the back area at angles of
more than 80°
Moasurements in the soft lave 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
abova the hangingwall and generaliy comptise relatively smal blocks
(0.3 m/0.35 m /0.4 m), whereas in the hard fava the equivalent figure for
falls of ground is 1.8 m and they are mads up of relatively few but large
blocks (1.0m /1.1 m /0.4 m).
This finding on block size is of major significance 1o support design,
particularly with respect to spacing of support units, the need for area

coverage and the dimensions of load spreaders.
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F}

G}

i1t was shown that the amount of closure measured at a point in a stope is a
function of the rate of face advance. Whera the rate of face advance is
high the closute rate, expressad 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 sigtificance to support design, the rates are
substantially different, The resulte of this finding have been used to
develop a modification to the Support Design Analysis (SDA} presented in
the SIMRAC project GAP 032,

Numerical analyses to quantitatively 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 arsas with soft lava overlying
Jeppestown shale than in areas with hard lava overlying quarizite-
conglomerate.

A mechanism that rpay account for the observed differences in mining
induced strees fracturing, associated with different geotechnical conditions
at Deelkraal, and East Driefontein Gold Mines, is ilustrated. This is based
on the hypothesis that the difference in modulus batween hangingwall and
footwall formations influences the position, relative to the stope horizon, at
which the dip of fractures changes from towards the face to sway from the
face. Howevar, in the FLAC numerical modals exaggerated moduli valuas

had to bs used to achiave this effect.

Analysis of data from fatal accident inquiries (using the dsveloped
database);
A database incorporating information gathered from the Department of
Minarals and Energy {DME} on fatal accident inguiries from 1990 onwards
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was used to calculate the cumulative percertages of rockfall thicknesses in
VCR stopes. The heigirt of 95 % nf all fallouts is 1.2 m and 1.8 m for soft
and hard lava hangingwalls, respectively.

- The equivalent figures for rockburst ejection thicknesses for soft and hard
lava are 2.1 m and 1.8 m respectively. These figures were used to
calerlate overail support design criteria for soft ard hard lava hangingwalls.
These are
-  Soff lava: 33.0 kN/m2
- Hard lava: 49.5 kN/m?2

- The energy absorption criterion for dynamic loading at 3 m/s and to arrest
the closure within 0.2 m for
- Softlava: 37.3 kd/m’.

- Hard lava: 52.0 kJ/fm?.
However, mines should calculate their own criteria based on local

circumstances and should include an appropriate factor of safety.

H) Identification of a suitable approach to support deslgn in VCR stopes.
Detailed monitoring and analysis of closure measuramants carried out in this
praject have allowed the development of a modification to the support design
methodology prasented in the SIMRAC project GAP 032, This expresses the
closwre rate as a function of face advance rate. This methodology is thus

available to rock engineers involved in support design on mines.
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CHAPTER 1

1 INTRODUCTION

In 1883, Gold Fields of South Africa contrscted the CSIR: Mining
Technology, through the Chamber of Mines of South Africa, to investigate
the rock rmass behaviour associated with the Ventersdorp Contact Reef
{VCR). In 1994 the remaining five miring houses joined the VCR Project
th-eugh SIMRAC, which led to the considaration of 12 mines mining the
VCR.

1.1 PROBLEM DEFINITION

in the West Rand and Carletonwville goldfislds, the VCR is the main gold
producing orebody, centributing about 15 % to the total arwwal gold
production of South Africa, The VCR is mined at 12 major gold mines
situated in the Klerksdorp, Carletonwville and West Rand min.t 3 districts
(Fig. 1.1). Seven mines under Gold Fields of South Africa Lirnited
managament, GFSA, {situated within the West Rand and Carletonvilla areas},
three mines of Anglo American Corporation of South Africa Limited, AAC,
{situated within the Carfetonville and the Klerksdorp arsas), two mines of
General Mining, Metals and Minerals Limited, GENMIN, (situated within the
Klerksdorp area, closed recently), three mines of Johannesburg Consolidated
Investment Limited, JCI, (situated within thes West Rand} and one mina 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),
respoctively, of their total tonnage from the VCR (Table 1.1). This is likely
to increase in the future, predomir intly sourced from greater depths,
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Previously, rock engineering research with respect to gold mine stoping has
been primarily directed towards understanding the behaviour of stratified
quartzite rocks swrrounding reefs such as the Carbon Leader and the Vaal
Reaf. Liftle attention was given to the stratigraphy associated with VCR

stopes, which have an unbadded, jointed lava hangingwall.

The potential geotechnical differences between the VCR and the older
Witwatersrand orebodies, e.g. closure ratas, contribution of hangingwall and
footwall to the total closure, sizes of falls of ground and responses 1o
seismicity, can, to & large extent, be attributed to the geological setting.
Shales, quarizites or conglomerates comprisas the footwall of the VCR. The
hangingwall consists of several types of lavas. The varicus rock types
encountered within the footwall and hangingwall exhibit different rock
strengths and natural fracture patterns, which control the bahaviour of the
hangingwall. 1t is therefore important that the rock mass behaviour of VCR
stopes is well understood to facilitate rock machanics and support system

dusign.
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Table 1.1. VCR production during 1992 {(Annual Reports).

MINE TOTAL TOTAL % VCR
VCR OF TOTAL]
HOUSE (t) PRODUCTION| { %)
{t}
GFSA  [DEELKRAAL G.M, 1149588 | 1183636 | 97
\EAST DRIEFONTEIN G.M. 2516000 | 3488000 71
|WEST DRIEFONTEIN G.M. 3267000 | 5447000 | &0
L EEUDOORN G.M. 802 000 802000 | 100
{KLOOF G.M. 3258000 3436000 | 95
[VENTERSPOST G.M. 249000 f 1115000 | 22
Jsub Total o |1t 231588] 15468636 | 73
AAC  [VAAL REEFS G.M. 202000 | 24312000 | 0.8
WESTERN DEEP LEVELS G.M. | 2926000 ] 5790000 51
JELANDSRAND G.M. 4836000} 4836000} 100
|5ub Total - 7963000 § 349383000 ] 23

1.2 AIMS AND OBJECTIVES

The main expectation in the definition of geotechnical areas by combination
of differant hangingwall and footwall of the reef may potentially result in
various rock mass behaviour around the VCR stopes, therefors influencing

support strategies.

This study had two main objectives: firstly, to improve the understanding of
the controls that rock strength and natural fracture patterns have on
hangingwall failure modes in order o provide the basis for the development
of a conceptual model for rock mass behaviour around VCR stopes.
Secondly, this study simed to improve safety and 1o reduce production
losses due to rockfalls and rockbursts through application of the knowledge
gsined 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 achisve thsse

goals, the following analyses and studies were undertakem:

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

VCR by means of a literature survey,

2- definition of gentechnical areas,

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

properties together with friction properties and dilation angles,

4- identificaticn and documentation of fracture patterns as present in

diffarent geotachnical areas in VCR stopes,

5. determination of the varfability in stope closure by means of closure

stations and sxtensometers,

6- numerical analysis tc quantitatively understand rock mass behaviour,

7- application of findings to VCR support design methodology-
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2 LITERATURE REVIEW

2.1 ORIGIN OF THE NAME: VENTERSDORP CONTACT REEF

In 1937, the first referance to the "Ventersdorp Contact Reef {VCR}" was
published by Pelletier {(1937) who stated that "We have given the name of
Ventersdorp Contact Reef 10 a reef which occurs at the base of the

Ventarsdorp lava”.

De Kock {1940) indicated that the name VCR is applied to a conglomerate
layar, which occurs at the base of the Ventersdorp System. It owas its
preservation 1o the outpouring of the lavas and can be regarded as a basal
conglomerate of the Ventersdorp System. He slso emphasgised that the term
"Contact Reaf" has no significance in the sense of pyrometasomic or
pyrometamorphic deposits. s coupling with "Ventersdorp” is not intendad
10 convey genetic affinity with the Ventersdorp magmatic svent, which has
definitely not contributed any gold and is responsible only 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 Witwatarsrand Banket (De Kock, 1940).
2.2 THE VENTERSDORP CONTACT REEF: HISTORY OF MINING
Mining of the VCR has contributed significantly to the Klerksdorp Goldfield
production. Although most mining was from the south-western part of the

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

exposed {Chunnelt, 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 VCA
was assumed 10 be the equivalent of the Randfontein Leader or South ™ ef
at Western Rand Estates Limited. Chapman et al., {1986} reported that the
Orkney mine in the Klarksdorp area first started in 1888 and closed due to
collapse of the local stock market. in 1891 the Qrkney mine was restarted
on reefs which were later identified as Elsburg and VCR and Klerksdorp Gold
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 MNooitgedacht. The
VCR was also worked by the Luipaards Vel Estate and Gold Mine
Corporation Limited, whare 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 boundary of the Randfontein Mine {De Kock, 1940}

Chunnett (1884) reported that the discovery of the VCR was intimately
linked to the events that followed George Harrison's discovery of the Main
Reef on Langlaagte sarly in 1886. History shows that, by the end of 1886,
the Central, East and Wast Rand, and Kierksdorp areas were all a hive of
asctivity. He also indicated that. although the prime target was the
exceptionally rich Main Reef, other reefs including the VCR ware found,
explored and, in soms cases, mined. The VCR was not regarded as the
primary economic reef in the first mines o be opened along the West Wits
Line, with the Middelviei and Carbon Leader Reefs east and west of the Bank
Fauit, respectively, being the prime targets. However, the VCR certainly
playad an important part in establishing the Venterspost, Libanon, West
Driafontein, Western Areas and particularly Western Desp Levels Gold
Mines. Drilling and development provided information which led to the
elucidation of the pre-Ventersdorp Contact Reef geomorphological
charactoristics across several areas, and tn 5 resuited in the opaning of Kloof
{in 1968) and East Drigfontein Gold Mining Companies, while the Deelkraal
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and Elsndsrand mines, which darive the vast majority of their income from
the VCR, started some 10 years later. The incorporation of the Morth
Driefontein lease area into Driefontein Consolidated and the establishment of
the Lesudoormn Gold Mine is the latest evidence of the foresight of the

pionaars who had confidence in ti.e economic potential of this resf horizon.

2.3 GEOLOGICAL STUDIES

De Kock (1340) 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
accumuiated 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 canglomerate being washed in, frequently
saparated by layers of sand, sandy tuff or tuff. De Kock (1240} 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
tuffacecus material was depositad aver the existing land surface to become

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

Nicolaysen et al,, {1963} have reported that the sedimenis of the
Witwatersrand Basin were formed between 2886 and 2700 Ma, & time
frame given by Barton et al., (1986) and Armstrong et al., {1986). The
stratigraphic position of the VCR is shown in the South Africen Handbook of
Stratigraphy, {1980}, (Fig. 2.1).
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Figure 2.1. Stratigraphic column of the Witwatersrand and the lower
Vanteradorp Supergroups and the stratigraphic position of the
VCR. {modified after SACS, 1980).

Along the north-western margin of the Witwataersrand Basin, from
Krugersdorp to Klerksdorp, an angular unconformity with up to 5 degrees
discordance has been recognised together with block faulting that prodirced
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 rasts with an angular unconformity on the Witwatersrand deposits
and is conformably overlain by vuicanic flows of the Ventarsdorp Supergroup
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{Turner, 1979). As a result of this unconformable relationship betwesn the
VCR and its underlying beds, the VCR truncates up to 3000 m of upper and
lower Witwatersrand stratigraphy, which could corraspond to a palecslope
distance of 27 km (Schweitzer et al., 1994}, Like the Central Rand Group
reefs, the VCR is an auriferous, uraniferous, pyritic, ollgomictic conglomerate
{Chapman et al., 1986). Similarities to the West Rand Group reefs with
respect to its deposition, in that there is @ marked channel development,
rasulting in a Channel Facies and a Terrace Facies, do exist. The Terrace
Facies generally represants a thin band (maximum 80 ¢m} with generally
poor gold values, with the Channel Facies reaching channel widths of up to
7 m in thickness {Fig. 2.2, Chapman et al., 1986).
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Figure 2.2. VCR channels distribution in the southwestern poition of Vaal
Reefs Gold Mine {after Chapman et al., 1988).
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The contact between the VCR and the Ventersdorp lava at Western Deep
Levels Gnld Mine is irreguiar (Knowles, 1966). For example, pillow
structures doveloped in the basal lavas deformed the underlying reef. The
presenca of piliow 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 nitn the voids
betwesn the pillows, giving rise to this irregular contact batween the VCR
and .he Ventersdorp java {load casting). Pillows may be up to 1 m in size.
Adjacent pillows are separatet! from one another by loose, unconsclidated
brecciated material, which has, at a later stage, baan infilled by vein quartz.
Adjacent pillows are, therefora, separated by reaf pinnacles. Pillows only
hacoma detached under certain conditions and good cohasion ocours
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 tha history of the reefs within the
Witwatersrand Supergroup resultitig in considerable changes in composition,

grain shape and size.

2.4 ROCK ENGINEERING STUDIES

Roek angineering research with respect to gold mine stoping has been, prior
to this study, primarily directad towards understanding the behaviour of
stratified quartzite rocks surrounding reefs (e.g. Carbon Leader end Vaal
Reef). Little attention was given to tha rocks associated with VCR stopes,
which have an unbedded, jointed leva hangingwall.

The frequancy and magnitude of rockbursts are e function of, mainly, the

pature and geological discontinuities, the associated footwall and

hangingwall rock types, and the typa of stope layout. Roberts and Jager
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{1991) analysed all rock related accidents on South African gold mines
during 1920 and reported that, in three major gold mining regions, namaly
the Far West Rand, the Orange Free State and the Klerksdorp regions, a total
of 226 fatalities related to rockbursts (52 %} and rockfalls (48 %) vccurred,
Of fatalities recorded in the Far West Rand, where predominantly VCR is
mined and both scattered longwall and longwall mining are practised, 91
resulted from rockbursts (87 %) and rockfalls {13 %)}. Roberts and Jager
lop. cit.) also emphasised that in the Far West Rand the face support

sysiems in use were inadaquate to prevent rockburst damage.

There have been only a few rock engineering studies on the VCR, and most
studies viewed the rock engineering aspacts associated with the mining of
Witwatersrand orebodies regionally. Glrtunca and Adams (1891), for
example, argued that the rock mass, for modelling purposes, may generally
ba assumed to be a homogeneous isotropic elastic body, with the influence
of joints, geological discontinuities, and different strate to be considered.
Thay, furthermore, propose that three major factors affect the overall
response of the rock mass to mining, aiso causing the documented
differances between profiles of measured and modelled closure. These
factors sre: jpints in the rock mass; strata having different mechanical
properties and inslastic behaviour such as fracture, dilation; and bed
separation. Glrtunca and Adams (1991} also reported that differences in
geological stratigraphy in the Central Rand, West Rand, and the Crange Free
State goldfields influsnce rock mass behaviour. The rock mass response
varied dus to different orientations and spacing of joints as well as values of
Young's Modulus for the strata. These values were derived by comparing
the actual underground measurements with the results obtained from
MINSIM-D elastic modelling and are: Carletonwille, 52 GPa; Klerksdorp, 36
to 40 GPa; and the Orange Free Stata, 30 to 35 GPa.

A study at a depth of 2150 m, considering the VCR at Western Deep Levels
{WDL), revealad 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 Sguelch, 1992,
Glriunca et al., 1993). Cemented backfill provided an almost immediate
resistance to closurs, was considered to be stiff, and showed lite 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 assumaed to be dus to limited inelastic closure in the
VCR hangingwail as a ~osult of smaller dip spans and lack of bedding planes
(York and Squelch, 1992; Girtunca et al., 1993). MINSIM-D elastic
modelling showed that degradation 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 inalastic closure is present, a
feature similar to reefs with stratified quartzite rocks, in both the hangingwall

and footwall.

The VCR at Western Desp Levels South Mine (WDIL-8) is underfain by
quartzites which are generally wel beddad with intact-rock uniaxial
compressive strengths of between 200 to 250 MPa (Glrtunce et 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 discontinuitles at 0,5 to 1 m intervals, which are intersected by
saveral sets of weakly cohesive, stesply inclined guartz-filled joints. The
combination of these leeds to blocky and joint-bounded rockfalls in the
stopes. [n the same study, it was also reported that the values of in situ
modulus compared wall with the values quoted by fGlrtunca and Adams
(1991), and McKimwon {1983). These estimated 52 GPu for the in situ rock
mass rnodulus 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, despita 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 siress measurements on the VCR at Kloof Gold Mine using the
"doorstopper” technique were taken at a depth of 2857 m below surface, in
the vicinity of a strike stabilising pillar {Smith and Vlietstra, 1992). There the
VCR is under-and overlain by quarizite and porphyritic lavas, respectively,
Ning laboratory tests, three uniaxial and six triaxial at confining stresses of
10 MPa, 20 MPa and 40 MPa, were complated for the footwall quartzites.
Average values of the quartzite strength proparties, i.e. uniaxial compressive
strength {185 MPa), Poisson's ratio (0.21+0.009) and Young's Modulus
{70:14.4 GPa), were obtained. Pstroscoping of holas driled in sidewalls
indicated the following fracture frequency:

10 fractures /m at 0.0 0 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, Viietstra (1998} carried out in situ stress measurements using
the same tachnigue at two further sites at Kloof Gold Mine, in gritty footwaell
quertzite, 17 m beneath the VCR stope. On the basis of uniaxial tests, an
average secant Young's Modulus of 81.6 GPa end 70.2 GPa, and average
Poisson's ratios of 0.19 and Q.16 were used for data reduction at two sites.
The maximum stress meesured was 36 MPa which is eguivalent to a depth
of 1300 m, indicating that it was likely that complete closure had taken
place in the stope, aflowing transmission of stress through the stops. Such
closure would give soma relief to stabilising pillars that are functioning as

ragional support.

2.4.1 Previous rock propserty analysas

The establis: ment of the rock engineering properties of the VCR and

associated stratigraphy s required to determine conceptual models of rock
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mass behaviour. A considerable number of rock engineering tests on rock
material associgted with the VCR has been undertaken in the past
However, most records are incomplets as detailed locations and other
information pertaining to the samples are not availeble. Using the
information provided by the mines and data from the CSIR: Mining

Technology test laberatory, three categories are defined :

Group A: Geological information and locality are knowm,
Group B: Gaeological information is available but locality is unknown,

Group C: Both geological information and locality are unknown.

The information for Groups A and B (Table 2,1} is summarisad in Tables 2.2
and 2.3. It is noted that major differences in the rock properties exist
between the hard {8.g. UCS exceeding 300 MPa) and soft lava {e.g. UCS
less than 150 MPa) (Table 2.3). It is in aeddition concluded that little rock
enginearing information congerning the VCR is available. The rock mass
hehaviour around VCR excavations is consequently not well defined and
understood. It i3 impertant 10 esteblish in detail all different rock strength
paramaters {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

rmajor parameters in support design.

In summary: the literature review reveals that, prior to 1992, several
geclogical and few rock enginaering studies had been performed. Most of
the rock engineering studies were directed towards the understanding of
racfs with stratified quartzitic surroundings. The rock mass behaviour
associatad with the VCR ig ill understcod dus to limited rock angineering
work. The rock mass behaviour and associgted rock engineering properties
of the stratigraphy associated with the VCR are undocumented, despite thair
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 Fisids group.

Unloxial Compressive [Trlaxia) Compressive  |Brazilian [Indentation
Strength Test Strength Tast Test Tast
DEELKRAAL A - - - -
B 15 22 - 1
c . - -
WEST A - - _ -
DRIGFONTEIN { B a4 4 3 -
I e B 2 1 -
EAST A - - . -
DRIEFONTEIN | B 3 4 - -
c 5 6 - 3
KLOOF A 22 - . -
B 5 7 3 b
c 14 4 2 2
|LIBANCN A - - - .
B e . . 7 ]
c - o - : -
|poorxFonTEIN | A - - - -
5] 2 : .
c | - - - T
Table 2.2. Average uniaxial compressive strength {MPa} analyses
congidering samples with known position and geological
information {Group A) from Kloof Gold Mins,
KLOOF GOLD MINE
UNIAXIAL
COMPRESSIVE A A A A A A A A
STRENGTH Booysane | Elsburg | Jeanstts § Edanville | Albarton [Westonari] Ordmsy | Lorame
]
ITESTS (MP=a} shale Jgusrizited Formation | Formstion § Formation | Formatlon | Formatlon § Formation
m:;ir}num Stress 156 1181 | 604 | 208 | 34 161 | 598 | 404
(]
Number of Analysis 3 4 1 B 4 F: -] 1
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Table 2.3. Average rock property analyses considering samples where

geological informartion is available {Group B}

PEELKRAAL WEST DRIEFONTEIN EAST DRIEFONTER IDGDRNFUNTI]N WEE'II'-EH.N DEEP J KLODF
ELS
n 1 a B ) D
Hendima | Mocdear | Mikdwsqrooe | Squie pabbie Wppr oo fa Eusyeaiiy | Hadluia | Fotom
e | teb ot} geatan cunrztn stan e Ermlion
] o il I bl
341 R3] TES 187 184 T 15 120 166 1 318 210
T Y T8 = 3 2 71— [+ 7 il
[ a1 T VY - I | T — ) = a ]
“mf 188 ] 185 182 g 48§ 182 - L . FoT
B ) :3 ) 3 1 1 L T I 1]
GRAPL W TEETS
mx Burazs - - - 19,62 - - - 166
barof - oy z [l P T = ]
DCURTATIOS -
oed g7 15l bwes 48.2 - - - - . . - 29,32
smiribn Traax o M T - - . = - - - Bre |
e - - = = - - - 0
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CHAPTER 3

3 GEOTECHNICAL AREAS

Geotechnical areas are areas which are expected to have different rock mass
behavigur. The main motivation behind defining “geotachnical areas” is the
expectation that different combinations of rock types in the hangingwall and
footwall of the reef may potantially result in different rock mass beheviour
around the tabular excavation. If proven this will influence support and

mining strategies.

3.1 ESTABLISHMENT OF GEOTECHNICAL AREAS

Tha various geotechnical areas were identified by using information which
was provided by the Geology Departments of minas. These gsotechnical
areas are defined by superimpesing the various groups of feotwall and

hangingwall rock type assemblages with similar mechanical properties.

Tha hangingwall lavas are of two types, the “hard” {Albertor Porphyry
Formation) and *soft” (Westonaria Formation). In view of the large
differences in mechanical properties (Tables 2.2 and 2.3}, these are referred
to as the "hard” and “soft” lavas {Fig. 3.1}

Thae major footwall lithologies underlying the VCR are Booysens and
Jappestown shales, quartzite and conglomerate. CQuartzite and conglomerate
are treated as “one” rock type for the delinestion 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
Woest Rand and Carletonville areas (Fig. 3.3).
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VCR HANGINGWALL SUBCROP PATTERN

~8% Thisknate confowrs - hard Lava imi
= =30 000 +130  Trickmens canfours - soft lave Imi
O ward lova [ Intersn
T Suf lava

= = = Juborop YCR/Blaok Roal

* ==20 008

Figure 3.1. Hangingwall plan of the VCR mines undser consideration {(West Rand and Carletonville goldfields). Grey colour

delineates area of “false” hard lava thickness due to erosion by Black Reef {Schweitzer, pers. cornm., 1993},
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VCR FOOTWALL SUBCROP PATTERN

Quartzite
Conglomarate
T Shaie
- = Sub—crop VCR/Black Reef

X+ 2 930 000 x+ 2 820 000

4 km

y - 40 000
y - 60 000

1=}

&

comm., 1993}

Figure 3.2. Footwall plan of the VCR mines under consideration {West Rand and Carletonville goldfields) (Schweitzer, pers.
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GEOTECHNICAL AREAS
3 3

i 3 Goft ‘e gvelping & Booggans Bhole midet. g WOR

¥ = -5 0o

.. Salt b [ Enela Ivino VORI
-3 BoH tva 5 voR
vird lave n & Shile vRCdorlying VCR
wwa2D 0O * o favm a Shaia underiytio VO

Hard laen owerh g & tuoripitaféong'omomia undedying WCA
e Bbcrm YORT Bl

:

B B o
1 H g

Figure 3.3. Geotecimical plan of the VCR mines under ¢ msideration {West Rand and Carlatonville goldfislds} {Schweitzer, pers.
camm., 1983).
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The saproximate percentage of occurrence of individual geo.echnical areas

for each mine is summarised in Table 3 1.

Table 3.1. Approximate percentages of geotechnical areas as per individual

VCR mina.
NIINE Hangingwall| Hard lava ] Hard Isva | Hard lava | Softlava | Softiava | Soft lava
[ Foatwall Qtzicong.]Bor  in's|Jeppestown] Qtz/canp. | Beoysen's [Jeppestewn
shale ghale shaia
Beolkrasl GM 100% - - - -
[Waat
Briafontain GM 24 % T% % 2% - -
IEaat
Driafontan GM 42 % . 22% 6% - 30 %
\Leesudoarn, Kioaf and
WVenterdsdrop GM 30 % 9% - B8 % 4% -
Libanon GM a% | 18% - 45 % 3%
[Wastern Daap Lavels
{aold Mines 0% { 0% - -
{Elandarand GM 100 % - - . - -
\aul Resfa QM 100 % - - - -
IF-irnt Wasgold GM - - - 100 % - -
Wagtrrn Arsas and
South Deep GM 0% - “ 206 % - -
iCauke Section 2 - - - 100 % - -

3.2 GEQLOGICAL DISCONTINWTIES

Sub-areas exist within individual geotechnical areas, Thess may consider
thicknesses and contact relationships of various lithologies, major partings
and their characteristics (e.0. spacing, mins ~I composition} and thair
distences to footwoilfreef and reefflava contacts. Major partings, for
oxample, could ba 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 intenssly
bedded Booysen's shale with its overlying Libanon Reef, commonly sheared
at the bottom contact (especlally at Libanon. Kloof, Leeudoorn and
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Driefontein Gold Mines), the shgared, shaly Green Bar horizon, the Master
Bedding Flane Fault (at Driefontein Gold Mine), and a shear zone associated
with the Deelkraal Reef Zone (Daslkraal Gold 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 whera possible, and varles from a few centimetres
to 30 m.

The VCR was depositad on an unconformity characterised by pronounced
topographic variations, axpressed as "relling”. Topographic variations are
observed, although to varying degrees, at ali of the mines under
consideration. “Pilloidal” structures are occasionally associated with these
slopes, especially at Elandsrend, Deelkraal and Wastern Deep Levels Gold
Mines. They have also bsen observed at Vaal Reefs Gold Mine. These have
previously been identified as tv be responsible for hazardous hangingwall
conditions {J.P.E Hamman, pere. comm., 1893).

SUMMARY

The definition of geotechnical areas, with the expectation that different
combinations of rock typas in the hengingwall and footwall of the resf may
potentially rasult 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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Aroas where the Maatar Bedding
Plane Fault and the Green Bar
are within SO and 300 m distance
to tha VOH.respectively.

Master bedding plang Tault
] Green Esr

Distsnce Daglkraz: Rga/VCR

«1m
i-3m = + 2 920 COO
Si4-8Bm

[} Suberap Boaycens Shala/VCR
Suocrop Elhanon Resf/VCH

[ "Piloiga™ along VCR/Hanglingwatl
co g | g
o H 4 km T ?
E—— =..| M

Figure 3.4, Location and distances of partings 1o the VCR as encountered in the footwall. The areas where Booysens shale and
Libanon Reef suborop against the VCR exhibit pronounced shearing and are also shown. (West Rand and Carlatonville

goldfields) (Schweitzer, pers. comm.,1984).
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4 ROCK PROPERTY TESTS

The literatura survey, also considering rock engineering propertias, 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 bshaviour
associated with the VCR was, therefore, the establishment of a database

considering the properties of the relevant rock types.

4.1 ROCK PROPERTY RESULTS FOR STRATIGRAPHY ASSOCIATED WITH
THE VCR

A considerable number of samples of the different rock types were collected
{Fig 4.1} and tested (Tables 4.1 to 4.3). Over 30 hangingwall and footwall
rock samples were collected from the various geotechnical areas. Core
samplas measuring 76.2 mro in length and 25,2 mm in diameter were also

prepared from 25 sampies.

Uniaxial tests were parformed by graduslly loading the sample along its
longest axis untll it failed. The triaxial tests were carrled out at 10 MFa,
20 MPa, and 40 MiPa 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 nlane, so as to ascertain whather the
rocks exhibit any anisotropy. The dip and strike of the lava samples wera
obtained by extrapolation of those of the VCR. However, no consistent or
significant differences between the different directions are noted (Tables 4.1
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, pers.

comm.,1993}..
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The resuits cbtained from the laboratory tests show that tha unisxial
compressive strength (UCS) of hard lava averages around 269 MPa, with a
median value close to 226 MPa. The soft lava was weaker with an average
UCS of about 167 MPa and a median valus of 165 MPa. The Young's
Modulus values recorded for the hard lava vary betwean 66 - B0 GPa with a
median value close to 75.1 GPa, whareas the soft lava has values lying
batwesn 60 - 71 GPa and a median value of 63.8 GPa. The results of the
Poisson’s ratio for the two rock lypes show no significant differeances.
Average values of the hard lava lie betyv. sen 0.19 - 0.24 with the soft lava

having values between 0.19 - 0.27,

“u'le 4.1. Average uniaxial compressive strangth values. The numbers in

brackets indicate the number of analyses.

MINE ROGK TYPE STRIKE DiP PERPENDICULAR |
DIRECTION DIRECTION |  DIRECTION
HARD LAVA 241+ 82 (8} NO TEST NG TEST
DEELKRAAL G.M, HARD LAVA 262£19 (3)] NO TEST  |NGEST
[FARD TAVA 217140 (3)] 237:£22 @191 = 75 (3
FAST DR:EFONTEIN G.M. |HARD LAVA 298 £51 (3)] 171 £62 {8)] 216 = 62 (3}
FHABD LAVA 450+ 234 (3| G77L66 (3] 454 = z:tse;
{xL.00F GM. HARD LAVA 208 ] WA 212 £ 30 {2)
HARD LAVA 98 11| 188 me7 m
FWEST DRIEFONTEIN G.M. JHARD LAVA 52 (1] 192210 [@)214 n
WEST, DEEP LEVELS G, 1. {HARD LAVA 233 £ 35 (3)
[KLoGF 6.}, [5OFT LAVA 174218 (3] 161£20 (8)]177 & 11 (3)
[EAST DRIEFGNTEIN G.W, [SOFT LAVA 16018 (3)) 82223 ()|114 £ 27 (3)
LIBANOMN G.i, |SOFT LAVA 176 286 (3)f 176224 (3204 + 28 (3
EAST DRIEFONTEIN G.M. {JEPPESTOWN SHALE 119228 {(3)] SB:a4 (Bf160 £ 23 (3)
WEST DRIEFONTEIN G,M, JJEPPESTOWN SHALE N7A 16362 {Z)/262 £ 2 (2}
[KtooF G M TRANSITION SHALE 196+ 80 (2| 217 £ 60 (3)]208 * 69 (3}
|KLOGF G.M. BOOYSEN'S SHALE 128420 (3)] 166124 (3160 & 45 (3)
TEEUDOORN G,M. [BOOVSEN'S SHALE 118 8 (3)) 102+ 7 @101 & 54 %
LIBANGN G.M [BOGYSEN'S SHALE 216x & (2)] 145 (1126 )
[KLOOE &, ELSBURG QUARTZITE 296% 8 (3)| 260+ 22 (9)| 256 = 23 {3}
KLOOF G.M. ELSEURG QUARTZNE 288 338 )2zl m
LEEUDOGRN G.M. |ELSBURG QUARTZITE NIA NiA 225 = 26 (@
LEEUGGORN G.M. ELSHURG GUARTZITE /A 221248 (3}  NA
WEST. DEEF LEVELS G.M, |ELSBURG QUARTZITE 17311 (@
DEELKRAAL G.M. MONDECR CONG, 274 181 0261 & (2
DEELKRAAL G. M, lﬁu‘nson CONG. 177 % 28 (D161 £ 62 (2114 = 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 MP2 with a median valus of aboul 126 MPa,

and Poisson’s ratic values varying between 0.18 - 0.25. The .Jeppestown

shale, which has properties lying between these two extremes, has an
avarage UCS value of about 149 MPa, with g median value of 142 MPa, and

a Poisson’s ratio varying batween 0.21 - 0.26.

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

number of analyses.

ROCK TYPE |

STRIKE

MINE DIF PERPENSICULAR
DIRECTION DIRECTION DIRECTION
HARD LAVA 0,21 £ 0,018 {9)| NG TEST ND TEST
DEELKRAAL G.M. HARD LAVA 0.23%0.016 (9| NO TEST N5 TEsT
[FaRD LAVA ©.21 £0.011 {71] 0.21 & 5,009 (8] |0.25% 0.010 (8)
EAST DRIEFONTEIN G.M. |HARD LAVA ©.23 £ 0,020 (5) | 0.24 & 0,011 (8} | 0.22+ 0,009 {6)
HARD LAVA 3.15% 0,010 {41 { 0,18 + C,CT0 {5} |0.19% 0.010 (8}
KLOOF G.M, [FARD TAVA 0.21  0.020 {4) N/A 0.16% 0,040 (4)
HARD LAVA 0,20 (3) DA0 @ {0.22£0.008 (3}
WEST DRIEFONTEIN G.M. |HARD LAVA 0.24 £ 0.016 (5] | 0.21 £ 0.027 (8} |0.22% 0.012 {3}
GST. DEEP LEVELS G.M, {HARD LAVA G.28 £ 0.018 12}

[KooE am, {50FT LAVA 0.26 £ 0,012 (8) | 0.27 £ 0.022 16} |0.24% G,011 {B)
EAST DRIEFUNTEIN G,V |sgﬁ LAVA 0.22 £ 0,014 {6) | 0.22 £ 0.028 (6} 10.22+ 0,013 (8)
LIBANGN G.M, 1SOFT LAVA 0.18£ 0,011 {8) | 0,18 £ 0.018 (4} |0.15% 0,023 {8)
EAST DRIEFONTEIN G.M, |JEPPESTOWN SHALE | 0,26 + 00189 (5) | 0.25 % 0,040 (5) {0,232 0,001 (8)
WEST DRIEFONTEIN G.M. [JEFPESTOWN SHALE [ M/A 0.21 £ 0.004 (3} | C.21% 0,009 {3}

[<LooF 6. M TRANSITION SHALE | 0,140,607 (4) | 0.15£0.010 (61 {0.16£ 0,010 {8}

|KiooE G, EOOYSEN'S SHALE | 0,24 & 0,027 {6] | 0.21 # 0.028 (6) [0.25 0,013 (6)
LEEUDOOCRN G.M. IBUUYSEN'B SHALE 0,26+ 0.019 {8) | 0,25 £ 0,017 (8) J0.264 0,011 {B)_|
[UBANON G.M [SCOVSEN'SSHALE [v.18%0.012 (5] 0.18(3) __ J0.19£0.011 (&)

[KeooF G, [ELSBURG QUARTZITE | 0,17 £ 0.010 (&) | 0.71 £0.001 {5} [0.11% 0.010 (6}

IKLGOF G, ELSBURG QUARTZITE | G.10 £ 0.016 {4} ] 0.11 £ 0.007 {4) [0.12% 0.009 (4)

JLEEUDOORN G.M. |ELEBURG QUARTZITE [ 0.12 % 0,015 (8)| WA 0.13% 0.020 (6]
CEEUDOORN &,M. ELSBURG QUARTZITE NIA 0.10£0.001 (8) A ;
mm“_—ﬁms 0.17 £0.016 {9} "
DEELKRAAL G.M. lmoN‘Bﬁ CONG.  §0.11 £0.005 (3)] 0.11 £ 0,008 [4) [0.11 0.004 {8}

IPEWMTG.M. [MONDEOR CONG. ] 0.10 4 0.006 (3 { 0.1 % 6.017 13)]0.14% 0,037 (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 GPa and a median value of 63.8 GPa, and the
Booysen's shale st about 64.7 GPa and & median value of 66.4 GPa. The
other two rock types, namely Elsburg quartzite and Mondeor conglomerate
have average UCS vaiues of 244 MPa and 185 MPa, respectively. They
have median values around 238 MPs and 171 MPa respectively. The
Poisson’s ratio values of the Elsburg guartzite varies between 0.08 - 0.17,
whereas that of the Mondeor conglomerate is about 0.11. Young's Modulus
values for Elsburg quarizite varies between 63.5 - 84.2 GPa with a madian
vafue of sbout 74.8 GPa, whereas the Mondeor conglomerate has an
averagae value of 70.9 GPa with a median valus of 59.5 GPa.

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

" MINE ROCK TYPE STAIKE DIF PERPENDICULAR
DIRECTION DIRecTIoN | DiRECTION
HARD LAVA 70729(12)] NOTEST INO TEST
DEELKRAAL G.M, HARD LAVA 70.1£8.4(12)] NOTEST _NO TEST
FARD LAVA 79.0% 2.6 {10)| 76.6 £ 2.6 {101} 76.0 £ 2.2 (3}
En_s"rn_memumw G.NI.  JHARD LAVA 76.0%1,8 (9] 71.722.8 (9|71.2 % 8.0 (9
I HARD LAVA 93.7+3.2 (9948218 (9)93.2 & 4.0 {9)
KLOOF G.M, HARD LAVA FaT7£25 6] 730 1.3 (6]
HARD LAVA 78.2£2.7 (4 B0.4%1.8 (51|76:5 £ 0.8 4
WEST DRIEFONTEIN G.M.  {ARD LAVA 778252 (6] B6A%2.2 (39|67.4 £ 2.2 14)
WEST, DEEF LEVELS G.M, |HARD LAVA 6.6 £2.1 (12)
KLOOF G.M. SOFT LAVA 70.4% 4.8 (9] 66.9=4.9 (9)]66.9 % 4.3 @
IEETTEFdNT-EN G.M. [SOFT LAVA E9.4£6.1 (GHB6.6+3.4 (007 + 6.2 (6]
'I_.iBANON &M, [sorT Lava 700+ 1.8 (99682226 (B)71.4 £ 1.2 (8}
EAST DRIEFONTEIN G.M, ~ |JEPPEGT.WN SHALE | 66.2 £ 3.2 [B)] GE.2 % 8,8 (8)|65.8 % 1.8 {9)
WEST DRIEFONTEIN G.M. |JEPPESTOWN BHALE NZA. 767344 (6)|66.4 & 2.2 5)
KLOOF G.M “JTRANSITION SHALE | 70.8 4,4 (8] 72.7 1.8 (9)]71.4 * 4.5 (9)
KLOOE G.M, (BOOYSEN'S SHALE [68.6+4.6 (9)| 69.6:6.4 (91688 £ 4.2 (3]
LEEUDDORN G.. BOOYSEN'S SHALE | 63,1 £ 2.5 (9)|B6.7: 3.3 (9)|54.4 £ 2.6 {9)
LIBANON Q.M BOGYSEN'S SHALE [ 71.0: 0.9 (B 724£1.0 (3]68.7 £ 2.9 (5)
JKLOGF G.M. ELSBURG nu.m_r_‘z:iE 7724 1.7 _9)| 7201 1.1 @[ 748 & 2.0 &)
KLGGF G.M, IELSBURE QUARTZITE 181.4+2.0 (6] 60.1+6.1 (6)]|80.0 £ 2.0 (5]
LEEUDCORN .M. ELSBURG QUARTZITE [77.0% 1.4 (8] WA 733 £ 1.7 8}
LEEUDOORN G.M., ELSEURG QUARTZITE NIA 83,25 2.4 (9] NrA
WEST. DEEP LEVELS G.M. |ELSEURG QUARTZITE 65.1 £2.0 (12}
DEELKRAAL G.M. |MONDEOR CONG. 81.2£1.0 (#M]70.0:1.9 (B)82.5 & 0.9 (8)
IDEELKFIAAL G.M. |MDNDEOFI CONG. BE.7+ 1.0 {5)| 81.5+4,2 (S}] 58.8 + 5.0 (5)
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A graphical represantation of the UCS, Young’s Modulus and the Poisson’s
ratio values for the various hargingwall and footwall rock types, arranged in
a sequential manner from wast to east along the ‘West Wits Line’, is shown
in the following Figures 4.2 a and b to 4.4 a and b.
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Figures 4.2 a and b. Average UCS values for the hard anr soft lavas and the

various footwall rock types.
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AVERAQE YOUNG'S MODULUS VALUES FOR HARD AND SOFT LAVA
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Figures 4.3 a and b. Average Young's Modulus values for the hard wund soft

lavas and the various footwall rock types.
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AVERAGE POISSON'S RATIO FOR HARD AND SOFT LAVA
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Figures 4.4 a and b. Average Poisson’s ratio values for the hard and soft

lavas and the various footwall rock types.
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4.2 UNIAXIAL COMIRESSIVE STRENGTHS AS DEDUCED FROM POINT
LOAD TESTS

More than 1000 point load tests were performed on nine underground
borehole cores drilled at Western Areas Gold Mine. The depth of drilling
figuras were converted into actual siratigraphic heights to facilitate
comparison of the uniaxial compressive strength values as obtained from the

different cores.

A correlation of the rasulis with the lithological/geochemics] variations in the
soft lavas performed by JK Schweitzer, reveals the existence of three
distinct soft lava types as shown in Figures 4.5a to ¢: Talcosa High-Mg
Basalt, Mottled High-Mg Basalt and Olivine Cumulate. The values of uniaxial
compressive strength for Talcosa High-Mg Basalt are generally less than
160 MPa (Figs. 4.5a to ¢) while Olivine Cumulate and Mottled High-Mg
Basalt have uniaxial comprassive strengths generally exceeding 150 MPa
{Figs. 4.5b and ¢}. The soft lava may therefore be subdividecl, from a rock
angineering point of view, into two broad categories. Ut is noteworthy that
the fault rock {pseudotachylite) possesses uniaxial compressive strangths 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 sighiﬂcantly different rock properties. As the name imples, the soft
lava is the weaker of the two. Lithological/gaochemical variations and the
resulting differences in rock proparties of the soft lava suggest that a
subdivision defining “strong” and “weal” soft lava is possible. Based on the
chemical composition, three soft lava types wera 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.

Swaert, pers. comm., 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 fava type, for exampla, referred to as
“K3" 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 betwean 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 gquarizite at Western Deap Levels Gold Mine, thers
ara no appreciable differences in strangth of this rock type when compared

1o other areas.

In summary: as a result of testing the stratigraphy associaied with the VCR,
a database has been compiled. This data base includes 13 .angingwall and
12 footwall samples and corrasponding uniaxial comprassive strength (UCS),
Poisson’s ratio, and Young’s Modulus valuss. The results show that there is
a significant difference in the propertias of the relevant rock type, especially
for soft and hard lava, and no remarkable differences with dirsction of
testing, The analvses of lithological/geochemical variations in the soft lavas

and noint load tects reveal the existence of three distinct soft lava types.
A considerable amount of information on the strength properties of the

varlous rock types surrounding the VCR stopes has beer gathered. The

foundations for a data base have been laid.

CHAPTER 4



34

UCS {MPa) :
Telcose High-Mg Baealt
200 < 130 MPa a
[ - 1 ~% - 1 ~n | Reckiype
150
A _ | Strength
100~
L Teleosr High-Mg Basalt
50 (.
oL - ] — SRS ROV Bu—
0 2 4 6 8 10 12 14 18 18
Distance along core sample {m}

Figures 4.5 a to ¢: Uniaxial compressive strength results of point-load tests

of coras containing soft lava from Wastern Areas Gold

Mine.
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Figures 4.5 a to c: Continued,
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Figures 4.5a to ¢: Continued.
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CHAPTER &

B 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, aspacially prominant at the 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 Drisfontein Gold Mine.

Two different geotechnical areas were seleeted for monitoring, which especially

includes elosure-ride and extensometar measurement (Fig. 5.1):

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

conglomerate footwall and it is the major geotachnical area,

- the second area 18 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 locatad on 32 Level 37 Longwell 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 quarizite-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).

5] Study area /
f{ﬁ Na VCR mined EAST
DRIEFONTEIN ,{i /
PR
;éf of,

j naria
Carletonville )' Was;p_ i

\.:. A

s 5 /[
/ .

S
b
[
e 5 km

Figure 5.1. Location of undarground monitoring sites.

The roeck 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 1o observe “internal”, inelastic rock

mass deformation),
- Closure-rida deformation measurements {a mothod io observe the total

"external”, inelastic rock mass deformationy.
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Analysis of the mining induced stress fracturing and fall of ground
characteristics was also carried out at each of the sitas. «nderground
investigations also asimed at the identification of potential differences in mining

induced stress and shear fracturing in differant geotechnical areas.

5.1.1 East Driefontein Gold Mine

At Ezst Driefontein Gold Mine, Jeppestown shale and quarizite/conglomerats
comprise the footwall {Fig. 5.2). The soft lava is the hangingwall lithology over
major portions of the lease area {Fig. 5.3), resulting in the definiton of two
geotechnical areas. Two additional geotechnical areas are defined by hard lava

hangingwall and quartzits-conglomerate or Jeppesthwn shale fc vtwall {Fig. 5.4).

The site is located on 32 Level 37 Lline, at 4# Shaft {Fig. 5.5, Fig. 6.1 and
Fig. 8.2}, Thers, soft lava overlies and Jeppestown shale underiies 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 pansls, West
4, 5 and 6.

5.1.1.1 Mining induced stress fracture mapping

A number of underground visits wers made to underground monitoring sites to
identify mining induced stress fracturing, the orientation, and other
characteristice of joints, faults, and dykes within the footwsll and hangingwall
of the VCR.
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VCR FOOTWALL SUBCROP PATTERN
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Figure 5.2. VCR footwsll plan of East Driefontein Gold Mine (Schweitzer, pers. comm,,1993).
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Figure 5.3. VCA hangingwall plan of East Driefontein Gold Mine {Schweitzer, pers. comm.,1993).
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VCR - GEOTECHNICAL AREAS
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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 underground monitoring site {32 Levael 37 Line) at East Driefontein Gold Mine {Schweitzer, pers.
comm.,1993).
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In general, mining induced stress fractures at the underground monitoring sits at
East Driefontsin Gold Mine are very steep {about 70° to 80% 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. & ." when compared to reefs that have sedimentary footwall and
hangingwall rocks or 1o areas whare tha VCR is overlain by hard [ava. The othsr
visits to the east side of the longwall showed the same configuration of mining

induced strass fracturing.

Stresses around the face of the stope are influenced by the variation in stiffnass
and extent of damage between footwall and hangingwall. Fractures forming in
a direction associated with the direction of maximum comprassive 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 observed et the site is shown in Appendix A.

Postton of Soft lava
tfuming
polt Reef in

Hypothesls B E Il mq ﬁ_o' vCR
k| ke o sl b vl i a e Tytasn
:ZICDZI:CJII:E:EJ:IZEEI:E —_—

i1
e

s o e s 7 Bt e, s e ol et ol s v —— :::;esmwn
[ JN S Y S R R A A

“ﬁ.a-ﬂ‘ﬂ'ﬁﬂﬁaﬂ : hangingwall

i
|
|

Figure 5.6. Attitude of mining induced stress fracturing at East Driefontsin Gold
Mine. The point of inflection is interpreted as to ocour in the

hangingwalt of the excavation,
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The hangingwall is strongly fragmented in appearance, associsted with
small-sized (characteristicaily 30 cm / 25 ern / 30 cm) falls of ground. The sizes
nf the falls of greund are controlled by the joint frequency and attitude and the

mining induced extension fractures.

5.1.1.2 Closure-ride stations

The closure-ride movements were continuously monitorasd, All stations were
classified as either temporary or permanent stations. Three temporary stations
were installed at the 1op, middle and bottom of the panel and one permanent
station was established along each advanced strike gully (Fig. 5.7). The
temporary stations wers installed as close as possible tv e face (Usually within
4-5 m). When the distance exceeded 12 m, a new line of closure ride stations
was installed. The general panel layout, face position and the locatipns of sach

station at this site during monitoring are shown in Figure 5.7.

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

Piper and GUrtunca (1987} as follows:

a) Three holes are drilled in the hangingwall to form the corners of an
approximate right triangla, preferably with one side along dip and one side
along strike. Convergence pege are installed and the distancas between
them ars measured.

b} A hola is drilled in the footwall vertically below the apex of the hangingwall
triangle (if covered with brokan rock, the "lost” peg can be found later by
dropping a stone from the apex).

¢} The soring loaded vernier is now used 3 rmoasure the iniial distance between
each of the hangingwall pegs end the footwall peg. Extension pieces of
known length usually need to be attachad to the vernier te measure the

distance between the footwall and hangingwall.
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Figure 6.7. 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 Mina.
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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 squaions:

bt, bz, ba =Lengths of base wrianagle,

b,z 1s =Measured lengths betweesn footwall and hangingwall pegs,

fi, 2, 13 =Co-ordinates of the footwall peg with respect to the hangingwall
triangle

First calculate the temporary variables xs and ys;

X3 = (b + b2 -be*) /{2 D2) ys = { b2 -x? )25

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

fi= (b2 +h2-122)/{2n) (Strike ride}
fo= (r2-bP*-b2 + x>ty +2FH (h-3xa )} /{2va) (Dip ride}
fa = (h*-f12-f2 )08 {Closure)

The initial mining at thu site on 32 Leval 37 Ling *nok place in West 6 paneal, in
June 1893, This was followad by West b and West 4 panels over the next few
weeks. Mining continuad uninterrupted in all three panels for the next four
months but at different rates. The average face advance rates for this period
wera 7.5 m par month, 7.5 m par month and 5.0 m per month, in panels West

4, 5 and 6, respectively.
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Mining was stopped on Wast 4 panel in April 1994 to al'ow the 25 m lag to
panel b to be reduced. Thus only panels § and 6 and the more distant panel 7
ware advanced from this date until the end of the monitoring period. In West 4
panel, the initial closure rates were as high as 10 tw 14 mm per day. These
rates were reduced to 3 mm per day when the mining in this panel discontinued,
It was not possible to observe ongoing closure rates in this particular panel
because o further face advance was made before this site was closed
{Fig. 5.8).

At the sarly stage of monitoring of the closure ride stations in Waest 5 panel, the
rate of closure was about 8 mm per day. Production was stopped for about six
months from October 1923 to April 1984, in West 5 and 6 paneis, because of a
pronounced roll, which was almost along strike direction and about 4 m in
haight. During this period mining took place only in West 4 and 7. As could ba
expected, a significant decrease in the clossuc rates at all stations in West 5
and 6 pznels was noticed. However, a closure rate of about 3 mm 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
racommenced in those panels, a sinnificant increase in closure rate was

chbserved with rates of 10 mm and 8 ram per day {Figs. 6.2 and 5.10).
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Figures 5.8 ato 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 4 panel, 32 Level, 37 Ling, No 4 Shaft, East Driefontein Gold Mine.
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Figures 5.9 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 & pansl, 32 Level, 37 Line, No 4 Shaft, East Driafentein 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), middie (c)
and top (d} of the face in Wast 6 panel, 32 Level, 37 Line, No 4 Shaft, East Drisfontein Gold Mine.
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5.1.1.3 Anomalous closure associated with seismicity

High cicsure oceurred at the first psrmanent station, namely W4P1 (Fig. 5.7)
along the advanced strike aully in West 4 panel. The location of this station is
about & m back from the face position at this time. Figure 5.11 shows the
panel layout, position of packs installed, fafl of ground, and diraction of pictures

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

FOG
O Pack

\ Dieection of
(3 piotuw rom

n
[0 OO

FACE

oLd Tt [

" (® STRIKE GULLY

Figure 5.11. Panal layout and the positions of falls of ground {dotted area) in
W4 pansl, 32 Level, 37 Line, East Driefontain Goid Mine.

Up to 27/09/93, the average vatue of the measured closure rate was 5 mm per
day at this particular station. On 0€/10/93, a closure measurement of 587 mm
was racorded. Eight days later, the hangingwall in the vicinity of this station

collapsed following which the measured closure rats was reduced to about
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2 mm per day. Seven ssismic events with magnitudes ranging between -0.64
and 1.64 gecurred between 27/09/93 and 06/ 93. On 14/10/93, on which a
fall of ground was documented, five seismi. events with magnitudes of

between -0.39 and 2.7 occurrad.

Approximately 25 m? of the hangingwall between the packs along the strike
pully coliapsed. The hangingwall blocks were small (0.3 m / 0.35 m f 0.4 m)
and very fragmented dsfinad 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 wag 2030 mm (the width of each timber slab was
originally 145 mm and the packsetter was originally 150 mmj}, but, after the fall
of ground, the average height of the pack was measured as 1210 mm. The

total difference in height is 800 rmm, dua to suddan closura.

Anglyses of the other closure ride stations in Weast 4 pansl, such as W#423,
W422 and W421, for the same time period reveals that, although soma
increases in closure rates were measured, these increases were insignificant
when compared to that recorded at station W4P1. It is therefore deduced that
considerable closure dus to seismicity affected only a small {25 m?) area of the

stope.

Photographs 5.1 to 5.6 show all damages dus to seismic event, in the
hangingwall, and on the packs installed in this panal.
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Photograph 5.1. Damage observed on packs ialled Iug th gully of West 4
panel, 32 Level, 37 Line, East Driefontein Gold Mine {number
1 indicates the direction of this picture in Fig. 5.11).

Photograph 5.2, Observed local fall fground in Wast 4 panl due to a seismic
svent occurrad. Note that the hangingwall blocks were srmall

and very fragmented {number 2 indicates the direction of this
picture in Fig. 5.11).
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smic event
occurred in West 4 panet, 32 Level, 32 Line, East Driefontein
Gold Mine {number 3 indicates the diraction of this picturs in

Fig. 5.11).

4, A downdip view of damage observed on the gully packs due to
a seismic event occurrad in West 4 panel, 32 Leval, 32 Line,
East Driefontsin Gold Mine (number 4 indicates the direction
of this picture in Fig. 5.11).

Photograph 5
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Photograph 5.5. Damage of sismi event on anotharpack installed next to
gully of West 4 panel, 32 Level, 37 Line, East Driefontein
Gold Mine {numbar 5 indicates the direction of this picture i
Fig. 5.11}.

Photpgraph 5.6. Observed damage e 1o . seismic avent on another pack
installed next to gully 3f West 4 panal, 32 Level, 37 Line, East
Driefontein Gold Mine (numbear § indicates the direction of this

picture in Fig. 5.11).
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5.1.1.4 Extensometer stafions

in order to identify the relative hangingwall and footwall contributions to ths
fotal closure, six boreholes {three hangingwall, three footwall) of 10 m depth
were drilled in pairs in three different areas along the strike gullies (Fig. 5.7).

These boreholes were equipped with extensometer anchors at 2 m inter-als.

IIxtensormneter raadings indicate localised hangingvsall 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
epicantre of this seismic event was 65 m away from the position of the
extensomaeter along West 6 gully. The extensometar measuremants {Figs. 5.14
a and } show that this event resuited in localised separation, co. fined to the
ttangingwall along the West 6 gully. The measurements in the fooi..4ll borshois
and the second set of the hangingwall and the footwall boreholes along West &

panel did not show any significant movement.

Three more seismic events were recorded on 25/05/1994, 06/06/1994, and
16/08/1994 confirming that seismically induced hangingwsll separation is
confined to the hangingwalt (Fig 5.14 a).
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{mmj

Figures 5.12 a and b.

a 100 200 300 400
NUMBER OF DAYS
-3 istext. (2m.) —O—2ndext (4 m.} - &--3rdext (Em.)
- 4th axt. (B m.) —w==—5th ext. (10 m.}
a
V] 100 200 300 400
NUMBER OF DAYS
——=1stext. (Z2m.}) =~O—2ndext.{4m.) - @ 3rdext.{6Em)
w—firegth @xt. (B m.} v Gth oxt. (8.5 m.)
b

Extensometer results from the first borehole in the
hangingwall {a} and the footwall (b} along West 5 gully,

32 Leval, 37 Line, No 4 Shaft, East Driefontein Goid
Mine.
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o 100 200 oo 400
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a 80 100 150 200 250 ang 350 400
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T—1stext. (2 m.} —O—2ndext. (4 m.) =E—=3rd ext. (Em.}
== 4t ot (B m.) =——=—25th ext. {10 m.}

Fiqures 5.13 a and b. Extensometer results from the second borshole in the
hangingwall {(a) and footwall (b} along Wast 5 gully, 32
Levsl, 37 Line, No 4 Shaft, East Driafontein Cold Mine.
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Figures 5.14 a and b. Extonsometer results from the berehole in the
hangingwall {a} and in the fouotwall (b) along West 6
gully, 32 Level 37 Ling, No 4 Shaft, East Driefontein
Gold Mine.
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5.1.2 Desikraal Gold Mine

At Deelkrael Gold Mine, quarizite/conglomerate comprises the footwall
{Fig. 5.15). The hard lava is the hangingwall lithology over the totsl lease area
{Fig. 65.16). One type of geotechnical area is defined by hard lava hangingwail
and quarlzitefconglomeréte 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

waera carried out in five panels.

5.1.2.1 Mining induced stress fracture mapping

At the Deelkraal Gold Mine site, the general direction of mining induced stress
fracturing in quartzite/conglomerate footwall was observed to be steeply dipping
away from the face. The fracturas in hard lava hangingwall are flat {(about 45°
to 56%). The point of inflection observed at the underground monitoring gsite at
Deslkraal Gold Mine is in the footwall, {Fig. 5.18}. 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 lage-sized falls 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

gan fail out are as large as 1.0 m /7 1.1 m / 0.4 m in this geotechnical area.
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VCR FOOTWALL SUBCROP PATTERN

Deelkraal GM

X = +28 000 X = +28 000

X = +30 000

- I [0 quartzite
X = +32 000 X = +32 000
[ cConglomerata
2 8 g
a 2 goo c{ § a8 e Subcrop VCR/black reef
matrea ‘?l 7 3
- g - ooy, Fault |

Figure 5.15. VCR footwall subcrop plan, Deslkraal Gold Mine (Schweitzer, pers. comm., 1993},
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x = +30 000
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VCR HANGINGWALL PLAN
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Figure 5.16. VYCR hangingwall plan of Deelkraal Gold Mine. Grey colour delineatss arsa of "false” hard lava thickness

due to erosion by Black Reef (Schweitzer, pers. comm., 1993}
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VCR - GEOTECHNICAL AREAS
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Figure 5.17. Geotechnical plan of Deelkraal Gold Mine (Schweitzer, pers. comm.,1983).

CHAPTER &




64

~i— Mine beundary
¥+ 2929 goO M '

oy

Study slia
(25/15E)

Xe2820000m Deeclkraal

8500 1000 1500 2

Malre

Q0Q

Development and stoping
on Ventersrop Contact
Reaf

Ore Reserve

X+2932009 m

Y - 32 000 m

g
g
il

Figure 5.18. Locality of underground monitoring site (Schweitzer, pers. comm.,1893).
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Figure 5.18. Attitude of mining induced strass fracturing at Deelkraal Gold
Mine. The goint of inflaction occurs in the footwall of the

excavation.

5.1.2.2 Closure-ride stations

The site is located on 27 Level 15 Line with the depth varying betwsen 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. Measurerents were taken since August
1993.

The same inethodologies of closure ride station installation and closure rate
cali:ulation as explained in Chapter 5.1.1.2 woere adopted for this gectechnical

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 £5 are slightly higher, with
an average of about 6 to 7 mm per day. [t 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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bottom {d} of the face in East 3 panel, 27 Lavel, 15 Line, Deelkraal Gold Mine.

CHAPTER B



71

Taue

T3ne ——
14 10
e 1ty
ik Hup
E Bl i ot
Tl 7] TR
429 1]
L0] S
e LT AZmmltay 3 Sty
atn ng &amanany 1 95miday — =
. . A S mmiowy
‘o £ EXY f a
fig &
5 P4 1 ] -fdg h
0 P A g A4 7
o3 €k 5Dt TSD TES MG T 20 Jun 43 35D A% alp S50 #5350 S4D SR EC € 30 BT &2 nix A WG g 2Rp ITD oo 3RD Mg 300 400 45D d3p 500 BIG SR0 GOy
HUMEBER OF DAYY HUMBER F DAY
& b
1298
tEamrl
eI
L)
112
e LT
X
E b+
-
s
Fhmmiday
62
5 ommiing ‘dﬂ
. L1t " dmmityy
EF N ITmmrdey
B
a Lonmlisy '_‘sz’
w7 £
]
: ] ., Pz
411 KL M) TID TID B IWG QNG AT RJG SID MY IR0 430 A% Ja3 B4 A4Y BTD A3
MiyeER of DaTY
c

Figures 5.25 2 to ¢c. Closure rates at the permanent station {a), and the temporary stations at tha top (b), and middle (¢}
of the face in East 1 panel, 27 Level, 15 Line, Dealkraal Gold Mina.
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6.1.2.3 Extensometer stations

In order to identify the relative hangingwall and footwal! contributions to
total closura, a number of borehcles of 10 m depth were drilled in pairs in
three different areas along the advanced sirike gullies and in the stope.
After each hole was drilled, it was mapped for fractures by petroscope or
borshole camera. Finally, the holes were equippei with borshole
extensometers with anchors set at 2 m intervals. The extensometars were
sited in the same panels in which closure-ride stations wers installed. In
iotal, three sets of holes, along the East 1, 3, and 4 panels, were drilled and
aguipped (Fig. 5.26).

Extensometer readings (Figs. 5.27 1o 5.29) show that hangingwall and
footwall separations occurred. Wost of the saparation was initiatad by a
selsmic event in both the hangingwall and footwall. While a more complax
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 ihe real position of the fractures was
recorded, it was not possible te measure their dip angles hecause of
technical problems with the petroscope. This borehole was equipped with

borehole extensometers {Fig. 5.30a/b} on the same date.

Two seismic events, shown by red crosses in Figure 5.26, with magnitudes
of 0.3 and 1.3 were recorded o1 “7/03/1995. A saparation 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
fava formation between the second and fourth metres of the hangingwall
continued 1o saparate a further 10 mm. During the same period, the hard
lava formation bstween the fourth and sixth metres closed by a total of

12 mm on the existing fractures (Fig. 5.30a/d}. In the following three
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months, the hard lava formation batwesn 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 meires of
the hangingwall {Fig. 5.30a/s).

The same type of fracture mapping was also carried out in the footwall
borahole, drilled in the same panel. Its position, as well as total number of
fractures and borehole axtensometers installed, are shown in Figures 5.30b/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
cbserved in the footwall strata between the first and second metres
{Fig. 5.30b/c}. No furithar separation or closing of tha formation, in the first

10 m of the footwall, was noted subsequently,

Figure 5.26. Location of boreholes {shown as blue circles) and sejsmic
events (shown as red crosses) on 27 Level, 15 Line,
Deelkraal Gold Mine,
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Figures 5.27 aand b.  Extensometer results from the borehole in the
hangingwall {a} and footwali (b), East 1 gully, 27
Level, 15 Line, Deslkraal Gold Mine.
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Figures 5.29 aand b. Extensometer results from the borehole in the
hangingwall (a) and footwall (b), East 3 panel, 27
Level, 15 Line, Deelkraal Gold Minae.
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Figures 5,30 a and b.

Position of fractures and borehols extsnsometers
instalied in the boreholes drilied in the hangingwall
{a} and footwall (b} and in East 3 panel, 27 Level 15
Line, Deslkraal 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 differencas in the shaps and size of blocks that have
fallen ( ut of the hangingwall, a study was carried out in the geotechnical

area as defined for Deelkraal Gold 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 production in this panet
was stopped some time ago dus to pronounced falls of ground in the face

area.

gae

Figura 5.31. Panal layout and the positions of falls of ground {grey area) in
E3 pansl, 27 Levsl, 15 Line, Deslkraal Gold Mine.

The face was divided into regions positioned between packs. The sizes of
the falls of ground were measured at thres points along the strike direction,
at the top, middle and bottom of each pack along each line. Along 18 lines,

1748 measuremants were taken at different points over an area of 3000 m2.
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The measurements taken along sach section line are shown in Figure 5.31.

The data are summarized as follows:

Thickness Cumulative % Thickness  Cumulative %
{cm) {cm)
10 31.69 110 96.68
20 53.47 120 87.54
320 71.69 130 98.40
40 77.71 140 88.74
50 8292 P50 88.14
60 87.05 160 g99.66
70 89.40 170 89.71
a0 92.15 180 99.89
80 23.18 190 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 bloci= 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 measuremants with respect to

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

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:

rmeasu: 2d closure 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.

CHAPTER 5



| THICKNESSES OF RO EN 23 PANEL ON 27LEVEL 16 LINE, DEELKRAN GAL ‘
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Figure 5.32. Observed thicknesses of falls of ground in E3 panel, 27 Level,
15 Lina, Deelkraal Gold Mine. The thick red line dslineates the

average of all the lines measured in this panel.
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CHAPTER &

] NUMERICAL MOBELLING

The underground measurements and observations indicate significant
diffarences in behaviours of the rock mass surrounding the VCR in various
geotechnical areas. These measurements and observations include in
icutar the clusure in the stope end the pattern of fracturing around the
7es. It was suggestad that the different rock types could have a

sig:nficant effect on thase differences in various geotechnical areas.

Analysis of the measured underground closure in diffrent geotechnical areas
with the elastic convergence would be & good way to compsare various
gaotechnical areas. Mt is also a very useful means of assessing by how much
the laboratory darived Young's Nodulus should be reduced to enavls the
elastic convergences obtained from the model to best fit the observed
closure gattern. This technique is appiied mainly to simulate in situ closurss
mors accurately when assessing the performance of stope support, in
particular back’ill. 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 modeliing is to
investigate whether numerical modelling could be used to indicate thet it is
differences in hangingwall and footwall rock properties which cause the

fracture patt.ms in VCR stopes to vary.
Basically two differant numerical modelling methods, i.e. Mining Simulation

programma (MINSIM-D} and Fast Langrangian Analyzis of Continua (FLAC),

were applied to research the issues axplained above,
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6.1 MINSIM-D MODELLING

MINSIM-D is a boundary element program useful for modelling multiple
tabular axcavations, which may be arbitrarily oriented with respect to one
another, producing stresses, displacements and other narameters useful for
mine layout planning {Johnson, 1981}, It assumes that the rock mass is

isotropic and behaves elastically.
In order to obtein 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 Driafontsin Gold Mine

The VCR was digitised in three different planas because of different depth,
dip and strike of the VCR at this site. The Jean's Fault separates the VCR
imo two different planes with an almost 80 m elevation differerice in the
vicinity of the 37 Line. The third VCR plane is defined along the 34 Line due
to a pronounced changs in strike of the VCR at this location {Fig. 6.1).

The area modslled extends from the 20 to the 45 longwall facas (Fig. 6.1}.
Figure 6.2 depicts a fine window showing the mining steps over .6 same

tirne period as the monitoring siie at the 32 Level, 37 Line site.

The eriginal modelling and analysis were carried vt using differer. Young's
Moduli of 20 GPa, 40 GPa and 70 GPa {Table G.1 for input veluas),

Modelled (MINSIM-D runs) and cbserved 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 1884, East Driefontein Gold Mine. The six

coarse windows {(C1-C8) are also shown.

Figu e 6.2. Fine window identifying mining steps at the monitoring site from
August 1993 to Apiil 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 Driefontsin Gold Mine site.

INurnber of reef plans digitized : 3
INumber of coarse windows : 8
lCoarsa window grid size : 25 m
INumber of fine windows : 1

Fine window grid size : 6.25m
IStoping width : 1.5m
Fill width : 1.4 m
The input vaiue of "a" : 10
The input value of "b" : 0.4
Friction angle : 30°
IPoisson's ratio : 0.2
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Figures 6.3 a and b. Comparison of MINSIM-D runs for different Young's

Moduli, with actual underground measuremants
considering closure versus disiance to face (a} and

closure varsus number of days (b).
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6.1.2 Daelkraal Gold Mina

At Deelkraal Gold Mine, 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. Al input values are summarised in
Table 6.2.

Tabl 6.2. Summary of input values considering during the MNSIM-D
modelling for the Deelkraal Gold Mine.

INumber of reef plans digitized : 1
INumber of coarse windows  : 4
ICoarse window grid size : 80m
INumber fine windows : 1
lFine window grid size : 2.0m
IStoping width : 1.5m
JFill width : 1.4m
The input value of "a" : 10
The input value of "b" : 0.4
IFricﬁon angle : 3Q°
|Poisson‘s ratio : 0.2

The area modelled and the mining steps are delineated in Figures 6.4 and
6.5. The results of the modelled and observed convergence rates are shown
in Figures 6.6 ato d. MINSIM-D resuits and underground observations ure
compatible when using a Young's Modulus value of 30 GPe. A reduction of

around 50 % is appropriate for this geotechnical area (Figs. 6.6a to d).
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Figure 6.4. Digitised plan showing the extent of VCR mining from August
1293 to May 19294, 15 Line, Deelkraal Gold Mine. The

positions of the coarse windows are also indicated.

Figure 6.5. Fine window showing mining steps on the monitoring site from
August 1993 t; May 1984, 27 Level, 15 Line, Deelkraal Gold

Mina.
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underyround, in the graphs of closure versus distance to face (a) and closure versus numnber of days (b).
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6.2 FLAC MODELLING

FLAC is two dimangional explicit finite difference code which simulates the
behaviour of structures built of soil, rock or other materisls which may
undergo plastic flow when their vield [imit is reached {FLAC Manua!,
Volume 1, 1993).

FLAC has been used to moda!l the multi material rock mass surrounding a
stope. The primary reason why FLAC model has been used is to investigats
the mechanism that lead to the observed differances in rock mass behaviour,
in particular differences in fracture patterns on Deelkraal and East Driefontein
Gold Mines.

The approach used in medslling the rock mass behaviour around the VCR
was 1o 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 hengingwall, reef and footwall
ware superimposed onto this geometry. Three of the various material
constitutive laws available in FLAC were applied in the order of increesing
complexity, i.e. alastic, Mohr-Coulomb and Mohr-Coulomb with strain-
softening. Initially, befora laboratory results became available, the ssnsitivity
of the rock mass bahaviour to elastic stiffness and strength properties was
analysed using both the elastic and Mohr-Coulomb models. These properties

were artificially contrasted in the hanging-and footwaills.

Principal stress directions are taken to be an indication of the direction in
which fractures form; extension fractures are known to form paralfel io the
direction of the major principal stress. A method of dispiaying this
information has been devised with the hypothesised fracture directions
plotted as fines in the first grid in the hengingwal and footwall. This
information can also be plotted as angle versus stope half span. The

constitutive model is not adiusted for the presence of fractures. Initialy no
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fractura 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 modsl!

The initial model that developed by Dr. R.A. EVE considers a horizontal stope
of uniform width of 1.4 m, at 2500 m depth. |n later, to be able to model as
seme as underground sitss where data wers collected, sorme 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 raef.
These intarfaces 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 fooiwall. All these bedding fayers are
paraliel to the reef and have an individual thickness of 0.5 m. Another two
interfaces are included one above and one below tha 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 cenditions are defined as follows: the top and bottom of the mods!
are fixed in the y-direction by setting the y-component of the velocity of
each grid point 1o zero; the left-hand side of the model is fixed by applying
the x-component 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 assumad to act vertically - 1 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 minimum principal stresses (02 end Ga) are each
aisumed to be 33.75 MPa (Fig. 6.7). The results of triaxial and uniaxial
tests form the input rock prope ties as used in the model. The value of

tension cut-off was assumed as 0 % of the valus of cohesion.
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Figure 6.7. The basic rmode! ineluding position of grids, interfaces and boundary conditions. CHAPTER 6



o2

In tha modeil, the reef is mined from zero to 40 m half span in 0.5 m stap
face advances. After each mining step, the “zonk” FISH function is used to
control unbalanced forces around the execavalon. Based on the assumption
that fractures form parallel to the major compressive principal strese, o1, a
FISH function is utilised to record and plot the fracturs 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 perticular 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 the reef. As the
face advanres, the zones ahead of the face are initially in an elastic state of
failure according to the Mohr-Coulomb criterio~ and their associated state
flag is changed to refiect this plastic failure. By using a FISH function, the
information stored is interpreted for two cases, i.e. where sach zone is the

last elastic, and then when each zone becomes plastic.

5.2.2 Elastic and Mohr-Coulomb mndeis

The elastic mode! describes the simplest form of the material behaviour.
This model is valid for homogeneous, isotropic, continuous materials, which
exhibit linear stress-strain behaviour with nu hysterasis on unloading, The
Mohr-Coulomb plasticity model represen*s a material, which Is yielding in
shear, but also includes & tansion limit criterion. Table 6.3 summarises the
material properties used during the numerical modelling as obtained from

laboratory tests of the rocks under consideration (Tables 4.1, 4.2 and 4.3).

The results of the elastic modelling show that there is very little difference in
the hangingweall and footwall stress distribution around ths stope.
Figures 6.8a and b show the modelled principal stresses around the stopes
for the two study sites, at East Driefontein and Deslkrasl Gold Mines,
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respectively. Some further studies on the same model which uses only
unrealistica! elastic properties for hangingwall and footwall, show noticeable
charges in the stress distiibution around the stops, but the results of this
study are not presented here,

Tabie 6.3. Material proparties used during the numarical modelling.

DEELKRAAL EAST DRIEFONTEIN
JPROPERTY Henglngwali | Footwall | Hangingwali| Footwall
hard lava |quartzite | soft lava |Jeppestown
shale
Young's Modulus E  {GPe} 72 64 67 61
Poisson's ratio v 0.21 0.14 0.22 ¢.25
|Bulk Modulus K {GPa) 41 23 3.6 40.9 |
Shear Modulus G (GPa) a0 28 27.5 24.4
|ucs {MPa) Z79 184 166 134
Coheslon € {MPa) 73 49 28 40
finternal friction angle {degrea) 35 34 34 28
Tension cutoff T {(MPa) 1.3 4.9 2.8 4.0
'Di!ation angle I (degree) 10 10 10 16

The basic paramsters in the Mohr-Coulomb plasticity modst are defined as
density (p}, bulk modulus (K}, shear modulus {8}, tension cut-off (T}, difation
angle {§), intarnal friction angle (¢}, and cohasion (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 influence.
Initially, e actual resiits of triaxial and uniaxial tests are employed as the

iwut rock properties in the Mohr-Coulomb mode! for the first geotechnical
area, defined as soft lava hangingwall and Jeppestown shale {Table 8.3).
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Figure 6.9 a shows the disiribution of principal stress around the stcpe.
Figure 6.8 b shows the directions and angles of the calculated fractures at
the first zone of the hangingwall and footwall around the stope.

The modelled hangingwall fraciures ere much flatter than the obhserved
mining induced strass fractures in this particular geotachnical area at East
Driefontein Gold Mine. When the strength of the soft lava hangingwall and
footwall is assumed to be 75 % softer than the original values and the
strength of the reef is equal to 2/3 of the strength of the footwall, the
orientation of the pringipal stress and the directions and angles of the
calculated fractures are drametically changed (Figs. 6.10aandb). The
modelled fractures in the hangingwall seam to be dipping in the "opposite”
direction, whereas the fractures in the footwall are steap and dip away from
the face. This compares favourably to the underground observations
{Appendix A).

The same modal was applied considering the second geotochnical area
defined by hard Jave hangingwall and quartzite/conglomarate footwall, as
found at Dealkraal Gold Mine. Appropriate material properties were utilised.
The fractures in tha hard lava hangingwall are flat (about 40° to 50° and dip
towards the face, whereas in the footwall thay dip steeply away from the
face {Figs. 6.11 a and b}, This Is similar 1o the underground ohservations

{Appendix B}.

6.2.3 Strain-Softening modelling

The implemented strain softening model is a plasticity model based on the
Mohr-Coulomb constitutive model. The pringipal characteristic is that the
strain softening modsal incorporates load shedding upon loading heyond peak
strength. The twu elastic constants, Young's Modulus {E) and Poisson's
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ratio {v), and three plasticity parameters {cohasion, C; internal friction angls,

&; and dilation angle, ¥}, define the complete stress-strain characteristic.

The plasticity paremeters required in the strain softening model are obtained
from & computer program called S8 (Ryder,1993}). This computer program
uses the main output parameters from the rock test analyses and allows the
user 0 re-construct the experimental data by defining tables of cohesion,

internal friction angle, and dilation angle values.

in Figura 6.12 a, the laft hand diagram shows maximum principal stress, o1,
versus axial strain and radial strain versus axial strain as obtained in the
jgboratory. Diagrams on the right show the same relationships as generated
for use in the model. Figure 6.12 b presants all the generated input
parameters. This figure is for soft lava hangingwall in the geoteciinical area
defined in East Driefontein Gold Mine. Figures 6.13 a and b show the same
parameters for the Jeppestown shsale in the same geotechnical area. Ths
same analyses ware complated for the second geotechnical area defined as
hard lava hangingwall and quartzite-conglomerate footwall in Deetkraal Goid
Mine. Figures 6.14 a and b, and 6.15 a and b represent the sams parameters

for hangingwall and footwall respectively.

The resufts obtained for the geotechnical area as present at Deelkraal Goid
Mine agree with observed, underground fracture angles. For the second
geotechnical area (East Driefontein Goid Mine}, the ansalyses show that
fractures are formed flatter than those observed. The development of a
plastic failure area occurs a few zones ahead of mining, both beiow and
above the stope. This result may be dus to the fact that the rocktest
analyses are biased towards reprasenting large-scale properties. The results
indicate that a change in cohesion with plagtic strain offers a mechanism for
a large contrast in cohesion to develop between hangingwall and footwail.
Large differences in cohesion appear to be mora significant than differences

in the other plasticity parameters, i.e, internal friction angle ¢, and dilation .
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CHAPTER 7

7 FACTORS TO BE CONSIDERED IN THE DESIGN OF SUPPURT FOR
VCR STOPES

The primary motivation behind defining geotechnical areas is the expactation
that different combinations of rock types in the hangingwal! and footwall of
the reef may potentially result in different rock mass behaviour around the

VCR stopes, therafors 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 on fallout thicknesses.

In order to assist in assessing the VCR support requirements, the information

obtained from different geotechnical areas was spplied.

This chapter prasents :

- & review of Stope Design Analysis (SDA) presemted in Section 7.2.

- g determination of a support resistance criterion for rockfalls, and an
energy absorpiion criterion for VCR stopes, having soft lava and hard
lava hangingwalls.

- maodifications to the SDA, which was developed in the SIMRAC stope
and gully support SIMRAC project, GAP 032, Importantly, the affect of
face advance on closure taking place was evalunfed in detsil 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 the zaone of rock subjected to tensile stresses, and the zone of
fractured rock behaving inelastically (Anon, 1838). Tha 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 th. support systems available for installation (Anon 1988),
In the light of this information, geotechnical areas were defined, with the
expectation that diffarent combinations of rock types in the hangingwall and
footwall of the reef may potenfially result in diffarent rvek 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 wers processed, initially using the
methodeology developed under project GAP 032. During this work it was
realised that the closure data could bs used more comprehensivaly by
separately analysing results from areas where the rate of face advance was

different.

The main areas of work, catried out in the different geotechnical areas in
order to determine support requirements, are discussad below:
1- detailed analysis of closure data.

The rate of closure taking place in various geotechnical areas ix 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 {Deeclkraal Gold Mine) and soft lava
(East Driefontein Gold Mina) hangingwall stopes, 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 dspending ovn the rate
of mining taking place in the parel, the efiect of the face advance rate on

the rate of closure for various geotechnical araas was also analysed.
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2- analysis of accident data base infurmation.
The datahase 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 tha Department of Minerals and Energy,
DME). The fatal accident inquiries were chosen because reasonably good
details were recorded in the documentation. The objective of complling e
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

factors to be considered when investigating specific information.

3- data on fallout thicknessas.
As part of the accident database worl, an analysis of the thicknesses of falls
of ground and rocikburst ejection has i zen undertaken for the VCR stopes.
The ultimate intention is to develop, for each geotechnical area, & support
resistance criterion for the prevention of rockfalls, and an energy absorption

critario . oy the reduction of damage due to rockbursts.

7.2 REVIEW OF PREVIOUS SUPPORT STRATEGIES DEVELOPED

In South African mines with tabular orebodies, the design of stope support
systams has, in most cases, been basad on experie: ~g, past practices and
cost considerations {Roberts, 1995}). Generslly, 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 influance of local geology which determines the volume of the
rock to be supported; and the probability of & rockburst. In addition, the size
and shape of the excavation and the period for which the support is requirad
needs to be considered {Anon 1988; Robarts, 1996},
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In order to assess the hypothesis described in 7.1, the methodology
developad as described in tha final report of the SIMRAC project, GAP 032,
stope and gully support, addresses the project’s two main objoctives,

nameiy:

- Davelop 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.

Tha following is a brief summary of the rnethodology developed undar this

particular project.

The main factors govarning the design of stope support systems are: the
mass of rock to bs supported, stope closure and the generated forge-
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 parametars 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/m?* of a support system is given by the product of the force (in kiN)
offered by the individual support units and the support density {in units/m?).
Support systems may be piotted as a support resistance versus deformation
curve, Figures 7.1aand b show a typical support resistance curve of a
hydraulic prop and pack spaced such that each prop and pack [s supporting
1.5m? and 9m? of the stope hangingwall, respectively. Props show
immediate support whereas packs 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 systarns by Lsing the co.cept of support resistance as a funstion of
the distance behiny the stope fage for a given closure rate; in this case
2 mm per day. The effectiveness of the selected support system can be
evaluated for the different closure rates. It is possible to compare various
support systems an? evaluate then individually as to their suitability at a

recorded closure ratg (Fig 7.3, Roberts, pers. comm., 1995)

it is well documemaed {Anon, 1888) that the performance of passive support
such as packs is strongly controlled by the closure rates to be expected.
Figures 7.4a and b prasent support deformation curves supplemented with
axpacted closure rate lines. For example, vielding slongates and hydraulic
nrop/backfill systems may bs examined for rockfall and rockburst conditions
{Figs. 7.4a and b, Anon, 1988). Typical slongate systems at 3 m? spacing
and installed 3 m away from the face can provide accepiable support in
ctopes with low closure rates {2 mm par day), but fail in very high closure
environment {50 mm per day) due to Inadequate yieldabllity (Fig. 7.4al. In
rockburst conditions, although backfill used alone would fail to supply
efficlent face arsa support, hydraulic props accompanied by a backfilt system
give adzquate support resistance (Fig. 7.4b).
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Figures 7. aand b. Selection and design of stope support systems {(Anon,
1988).

in the evaluation of this methodology, thes wvariables that should be

considered are as follows:

B factors sffecting the force-deformation behaviour of the support
units conetituting the stope support system encompassing, for
timber support, the loading rate, and, for all systems, the height of
support units.

B 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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v

os 05
F=Fl1+ ing v
100
where Fris pack force at increased velocity Vi

Fs is pack force at lower velocity Vs and,
% is the empiricafly derived per cent increase in force per

increase in order of magitude in comprassion velocity.

Using this relatipnship the force-deformation behaviour and consequently the
ensrgy 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 siability of vielding 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, 1986). Underground observations showed that
hydraulic props and extensions, which exceed 2.6 m in length, are unstable
during dynamic loading (Roberts, 1296). 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 extramely limited and

they have no energy absorption funcidon in rockburst prone stopes.

The influence of the characteristics of a particular rock mass can cause
significant differencas in the size and geometry of blocks to be supported in
the hangingwall and the stope closure rate. |t is therefore nacessary that the
distribution of gaological 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 & support system, while the
closure rate influences the choice of support units particularly if they are
required to abserb energy should a rockburst occ.r. The expected stope
closure rate and rnining cycle are also important in  atermining the absolute
amount of stope closure that will act on the support systermn, and thus
whether the remaining vieldebility will allow sufficient energy to be absorbed
should a rockburst occur. For the purposes of assassing support system

behaviour, the dynamic closure velocity is assumed 1o be 3 m per second.

Other outputs from the GAP 032 SIMRAC project, which are relevant to this
project, were derived from the UDEC medsiling. This work showed that if
support spacing is increased, the raquired capacity of the units increases by
more than the amount simply derived by maintaining average resistanca.
The main benefit derived from reducing spacing is likely to bs improved
hangingwall conditions and thus a reduced rockfall hazard. The influence of
lvad spreaders and sensitivity of bedding plane spacing were also analysed.
The test results for a support resistance of 66 kN/m® and spacing held
constant at 2m and 3 m showsd that the detrimental effects of the
punching mechanism at 2 m spacing are prasent and not as pronounced as
they are for a 3 m spacing. The stability of the hangingwall impreves
significantly with incressed 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 modelling method usad ‘o represent the backfill, as a back
area support would tend to exaggerate the influence of the backfill on the
face area as the lack of confinement along the face of the backfill was not
taken into sccount. In order to determine support spacing, there is

insufficient data to establish a complete design procedure.
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7.2.1 Evaluation of the support resistance and ensrgy sbsorption ability of

varipus support systems

The support resistance of a support system is dafined as the force applied by
the support system per square meire of hengingwsll and s typically
represented as kiN/m2. The basic paramaters affecting the support resistance
are force-deformation behaviour of individual support units, their spacing and
the amount of closure that hes acte” on the support system. The
determination of the ability of a stope support systum to absorb energy in
order to reduce the damage due to rockbursts is not simple. 1t depends an
the sbility of the support system to vield during rapid deformation, normal
stope closure, spacing of the support units and velocity of the dynamic stope

closure.

An example given by Roberts {1896), 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 Figure 7.5 a. When the support force is divided by
the number of square metres per unit, ths values for the support resistance
versus deformation are as shown in Figure 7.5 b. In this figure, the area
under the curve is the total energy absorption ability of the support system
{kJ/m%. Figure 7.5 ¢ shows the curve of snargy absorption-deformation for
this support system, This reprasents the decreasing amount of energy with
raspect to increasing deformation (E mes) that can be absorbad by the support
system per squars metre of hangingwall, The equation below indicates the
process that was used to assess a profile prop support system as in

Figura 7.5 ¢ and in Figure 7.6.

E mvelette = E fiate — E atopo alasure (Rﬂbel’ts, 1996).

whare: E mito is the amount of energy available to be absorbed by the

suppert system prior to any stope closure.
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E evauanie is the available energy that can be absorbed by the
support systermn, during a rockburst for exampls, taking into
account previous stope closure.

E stope ctouwe is the anergy absorbed by normal stope closure prior
1,  rockburst.

The other support systams, such as mine poles, hydraulic props, RSS grout

packs and timber packs, were glso examinad.

it was also concluded that most of support units and support systems have a
finite emount of energy that can be absorbed during deformation. i is
assumed that the snergy absorption ability of peck 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).
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Figurss 7.6a to c. The force-deformation (a}, support rasistance-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 increasing deformation (Roberts, 1986).

7.2.2 Analysis of the graphicai renresentation of 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 ordar to determine the support resistance for any distance bshind the
stope faca znd for any closure rate, a graphical representation of the stope

design methodology was preduced, as shown in Figure 7.7.

Consider point A some distanca behind the stope face, a horizontal line is
traced until it intersacts with the line representing the appropriate stope
closure rate, point B. From point 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, whera the support
resistanca of that particular support systern for the specific closure rate can
be determinad.
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The graphical representation of the support design methodslogy was
extended by separsting the face and perrnane *  pport areas into two
different areas and plotting the support resistance-deformation curves of the
suppert systems used in both the face and permanent support areas
{Fig. 72.8). For example, a mine pole and mechanical prop support systems
are cormpared in the face area, whereas a timber pack support system is

compared with a yvielding timber prop support system (Fig. 7.8).

The energy absorption ability of support systems with respect to the energy
absorption criterion cun ha evaluated by using the support system design
mathotinlogy as discussed above. The graphical representation for
daterrining the energy tha: can be absorbed (E averawl) for any distance

behind the stope face and for any closure rate is produced in Figure 7.9.

Consider point A soms distance behind the stope face, a horizontal line is
traced until it intersects with the line representing the appropriat: stope
closure rate, point B. From point B a vertical line is traced to point C L. the
energy-deformation curve of the support system. From C a horizontal fine is
traced back to the x-axis to point D, where the energy that rernains to be
absorbed by the system (E waaw) can be detormined for that particuler

support system and for that specific closure rate.
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The graphical representation may be further extended by plotting the velocity
curve at the left hand side of the graph. In order to determine the crifical
velocity that would destroy the support during dynamic conditions, the
velocity curve of a particular support system {Flg. 7.10}, is drawn using tha
following formula (Roberts, T99%:

The critical velocity, Vo=

the energy-absorbing ability of the ~upport unit

whare; E avetetts
at any given time, which will be specific to each
support unit and will depend on its positon
behind the stope face and on the stope closure
rate (kJ/m?)
M =  the mass of the ejected hangingwall {kg)
=  gravity {m/s?)
h = distance »f vyieldability left in the support unit

after stope closure has acted upon it {m)
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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 rata,
point B. From point B a vertical line is traced fo point C on the energy-
deformation curve of the support system. From C a horizontal ine is traced
back to the x-axis to point D, whera the energy that can be absorbed
{E avaisio } can be determined for that particular support system and for that
specific closure rate. From point D, a horizontal line is followed unt it
intersects with the eurve of velocity at the left hand side of the graph, point
E. From point E a vertical line is treced to point F on the minus part of the x
axis, thug giving the critical velocity (V.) which could be handied by using

Bnergy (E avesh) available to be ebsorbed.
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Figure 7.10. Determination of critical wvelocity (Ve using an energy-
deformation curve as a function of stope closure and distance
behind the stope face {Roberts, 1996).

CHAPTER 7




120

The comparison of the critical velocity variations for various support systems
having a constant energy absorption capability but different vield capabilities
showad that the difference in the eritical velocities, Ve, for all the various
support systerns is, as could be expected, negligible. Figure 7.11 shows a
horizontal line intersecting with the Y-axis where the energy absorption
criterion is the sama for afl four different support systems. The vertical lines
from the intersection of this horizontal line with afl four velocity curves to the

x-axis give the critical velocitias for each of the support systems.
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Figure 7.11. Critical velocity variation for a constant energy absorption
capability (Roberts, 1996).

Figure 7.12 shows a comparison between various support systems with
different /ield 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 vield ranges will have
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diffarent energy absorption capabilities for the same amount of deformation
at some distance bshind the stope face. At this point, the critical velocities
to be handled by sach support system are significantly different, the higher
velocities being associated with the systems with the larger vieldability.
However, with a low force high/yieldability system, consideration needs to

be given as to whsthar the “h" vield limitations are violated or not.
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Figure 7.12, Comparison of critical velocities (Vo) for various support
systems with different energy absorption ability as & function
of stope closure and distance behind the stope face (Roberts,
1996},

7.3 VCR SPECIFIC SUPPORT DESIGN METHODOLOGY

The support design rationale daveloped in GAP 032 {Roberts, 1996) was
applied as a basis for assessing support requirements for VCR mines. The
cunsequences of the measured characturistics of the rock mass behaviour
around VCR stopes was thoroughly investigated, in particular the varying
closure rates ohserved. The rate of closure is the key issue in the support

CHAPTER 7




122

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 alse influences the closure rate.

The South African mining industry has historically used a stope support
resistance of 50 kN/m2 in the design of stopa support systems in stopes
where the major hazard is rockfalls {Anon, 1988). Also, in stopes, which are
subjected to seismicity and rockbursts, a general energy absorption criterion
has been applied which stipulates that the support systems should be
capable of absorbing 60 kJ energy per square metre of hangingwall, thus

requiring them to have a vielding capability.

7.2.1_An estimation of the support resistance recnirements for the soft lava

and hard lava in the VCR stopes.

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 appiied.
Nevertheless, it is necessary to ensure that the design is capable of
controiling rockfall problems, which account for 30 % of the fatalities
(Roberts and Jager, 1991).

The accident database covers all rock related fatalities on South African
tabular gold minas that occurred during the last six years, from 1930 to
1895 (Teble 7.1). The analysis this database indicates that 32.3% of total
fatalities occurred between 1990 and 1896 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,
respactively. In the calculation of the required support resistance for stopa
support systemns, it is assumed that the designed support system should
prevent 25 % of all fallouts {Table 7.2}
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Table 7.1. Summary of rock rclated (rockburst and rockfall) fatalities on
South African tabular gold mines that cccurred during last six
years from 1990 10 1995 {Source: RSA, DME, 1998).

Year Rockburst Rockfall Total
1980 32 17 49
1881 21 25 45
1992 83 14 77
1993 42 24 66
1904 45 13 58
1995 23 16 38
TOTAL 226 108 334
(67.7 %) {32.3 %)
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Figure 7.13. Analysis of fallout thicknesses in VCR stopes with soft lava
hangingwall from 1990 to 1895 (Source: RSA, DME, 1996).
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Figure 7.14. Analysis of fallout thicknesses in VCR stopes with hard fava
hangingwall from 1990 to 1988 {Source: RSA, DME, 1996).

Table 7.2, The fallout thickness for the 95 % frequency level and the

associated support rasistance criteria for VCR soft and lavas.

IREEF 95 % fallout frequency  Support resistance criteria
m. kN/m?

VCR Soft Lava 1.2 33.0

VCR Hard Lava 1.8 49.5

7.3.2 Estimation of the energy absorption criteria for VCR stopes having

soft lava and hard lava in the hangingwail.

In order to reduce rockburst damage, the currently used energy absorption
criterion is 60 kd/m2. The basis of this criterion is that a 3 m thickness of
hangirigwall formation accelerated to 3 m per sscond 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 accidents that occurred in the six years from 1980 to 1295 have been
analysed. Figures 7.15 and 7.16 show cumulative paercentage curvaes of the
ajected 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 n
95 % of the casss.

Energy absorption criterionor E = (0.8 mve + mgh

where: E = energy absorption criterion (kJ)

m= mass of the ejected hangingwail {kg}

v

g
h =distance of yieldability left in the support unit after stope

velocity of ejection {m/s)

Il

gravity {m/s?)

closure has acted upon it m}

fn this calculation, it is assumed that the density of the formation, the
velocity of sejection, and gravity have the following vaiues: 2750 kg/m?,
3m/s and 9.8 m/s?, respactively. Tables 7.3 and 7.4 list the minimurm
ensrgy 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 rata from 1990 to 1995 (Source:
RSA. DME, 1996).
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Figurs 7.16. Analysis of rockburst ejection thicknesses in VCR stopes with
hard lava hangingwall using data from 1890 to 1895 (Source:
RSA, DME, 1296).
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Table 7.3 The minimum energy absorption requirements per m® of soft lava

hangingwall.

[S0FT LAVA

" Ejection  |Velocity of | Donsiy Waes Yielg Kinesic it ReTgy

Ehicinass (95%]  sisetion Umitation { Energy {J} | Energy i) | Absorption

equirement

m migac kg/ms t m (O.E*M*V2H { M*G*H)] kJim2Z
2 3 2750 5775 0.05 Z9087.5 EI0 26.8 |
2] 3 2750 5775 3.1 25887.5 5660 31.8
2.1 3 2750 B775 0.75 Z5887.5 | B4o0 4,5
Z1 3 2765 5775 0.2 Z6987.5 11919 7.3
2.1 3 2750 5775 .25 2589875 13148 40, 1
2.1 £ 2750 B775 0.3 SEO87.6 | 16878 | 48 |
Z1 3 2750 G775 0.35 | 256987.8 | 19808 | 4B.8

Table 7.4. Minimum energy absorption requirements per m? of hard lava

hanaingwall.
HARD LAVA
Getlon | VElocHy af | Densiy. Wiaes Yield "Rinetic Potential | Energy
fhlcknaes (95%] slactlon limitation | Energy ()} | Enorgy {J) | Absorption
quiramant
m mieec kg/ms t m (0.5 MV { M*G*H )| kJ/m2
78 3 2750 4950 0.06 | 24276 | 2428 24,7
T8 K] RIB0 4850 0.1 27275 4851 27.1
1.8 3 2760 48E0 0.15 22278 7277 a0
T.E 3 2750 4050 0.2 42275 9702 32
18 5 2750 4960 0.25 22275 12128 LTS
T.8 3 Z7b0 4950 0.3 22275 74553 36,8
7.8 3 2780 ATBD | ©.35 22275 HETE] 39.5

Assuming that tha support system must absorb the energy during vielding of
0.2 m, typical of the vieldability of hydraulic props and vielding timber props,
then the minimurm energy absorption requirements per square metra for hard

lava and soft lava hangingwalls are given in Table 7.5,

Table 7.5. The fallout thickness for the 85 % frequency level and the

associated energy absorption criterion for VCR soft and lavas.

REEF 95 9% fallout frequency Energy absorption criterion
m. kd/m?®

VCR Soft Lava 2.1 37.3

VCR Hard Lava 1.8 32.0
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7.3.3 The effect of average face advance rate on rate of stopa closurs,

One of tie most important paremeters used in the support design
methodology is the rate of stope closure. The closurs is used to determine
whether the remaining vieldability will allow sufficisnt snergy to be absorbed

sht 1d a rockburst oceur.

As previously presented, closure ride stations were installed in diffarant
panels to monitor the deformation taking placs in the formation around the
gtope, in different gactechnical 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 finear. The rate of closure in the first 10 m from the
face, however, can be considerad to be approximnately linear. Analysis also
showsy that the closure rate is very dependent on the rate of face advance.
For instance, at the East Drisfontein study site, the West § and West §
panels werg stopped for five months because of a pronounced roll of the
reat. itis of interest that, during this period, stope closure was reduced 1o a
raie: of 3 mrn per day., Once mining recommenced, a large increase in
closura rate to 8mm and 10 mm per day was recorded.  Similar

observations were made in different geotechnical areas.

In order to analysa the effect of face advance in both geotechnical areas, all
readings taken within 10 m of the face at all staki~ns installed were taken

into account,

The squation for the linear line in the ¢raph of deformation versus distance
behind the stope face (the fourth quedrent, Fig. 17} in the defined SUA,
which allows comparison of the stope support systemns for different closure

ratas, is:
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Figure 7.17. The equation for the finear line in the graph of deformation:
vearsus distance behind the stope face (the fourth quadrant) in
the defined SDA.

-Y)=C+Mx
whara:
¥ = distance behind the stope face, (m}
C = distance to face from the first r~ . of the support unit, {m}
M= glope of the linear line, as related to face advance rate

X = deformation, {(mm)

This equation can be written as follows;

~Y{m)=C{m)+ Zmi * X{mm)
A m) *5(days)
day,

whare:
Z = total face advance, {m)
AC = average closure rate, {mm/day)
D = total monitering time, (days)
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and the slope of the linear line will be as follows;

Z{m)

mm

v =\AC[ dav]* D{days)

The motivation bahind this is to calculate the siope of the line in the graph of
avarage face advance per month varsus “slope” for each geotechnical area.
The rate of the face advance during the monitoring period was assumed to
he the same. From the best fit line for this graph, it would be possibie to
have a value of “slope” depending on the average face advance designed in

a particular panel.

7.3.3.1 Soft lava hangingwall

The measuraments from only five closure-ride stations installed in the face
area 1 West B 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 cfosura 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 {m) = 3.1Tm.

Final distance to face (m) = 10.2 m.

Z, total face advance (m) = 7.1 m.

X, total closure (mm) = 186 mm.

D, total days = 16 days

AC, average closure rate {mm/day) = 11.6 mm/day
and the calculated value of “slopa” = 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 § panel, East Driefortein
Gold Mine, 32 Level, 37 Lins. R2=0.985.

The same calculation was done for all other stations avallable and Table 7.6
summarises all the information and correlation factors (R?). It is concluded
that VCR face advanze rates are very well correlated with total closure

recorded in the geotechnical area as considered at East Driefontain.

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 | 2 D X Average AC VALUE | R?

face OF
advance SLOPE
{m) { (m} | {m} |idays)] {mm} | (m/month) {imm/day}
WeMID1T | 5.0 |10.6]| 5.6 28 274 8.0 8.8 0.020 |0.9824
W5MID2§ 3.1 [10.27 7.1 16 186 13.3 11.6 0.038 |0.9850
WBTOP1| 3.4 [10.8] 7.4 1B 1689 14.8 11.3 0.044 {0.9869)
WETOP2{ 4.2 |10.8] 6.4 26 317 7.4 12.2 0.020 0.96@
W6T0P1] 3.3 |10.0] 6.7 20 174 101 8.7 0.039 |0. 9370]

The next step is to draw a graph betwegen the value of the “slope” and
average face advance per month for each station. Figure 7.19 shows the

bast fit line for those five stations with a correlstion factor of 0.86.
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Figure 7.18. 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 sequation 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 closura taking place at this point. For instance, if the
dasign requires B, 7.5 m or 10 m average face advance per month as Y,
the value of “X* in the squation sbove will be 0.0153, 0.0232 and 0.0312,

respectively.

In the dasign methodology, the fourth quadrant of the graph requires
information about closure rate in milimetres per day. If the average face
advance per morith is assurn, :d for this areg, the linear line between distance
to face and closure on this part of the graph could be drawn easily by
assuming the value of closurs varies from O 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. Caleulated relationship between closure and average face
gdvance in a stops 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 measursments taken from the closure-ride stations
installed in five panels In a geotechnical area defined as hard lava
hangingwall end guarizits-conglomerate footwall in Deelkraal Gold Mine.
Table 7.7 summarises all measuramenis taken into account during the
analysis with the caloulated value of the “slope” for each closure-ride

station.

Figure 7.2% wsiows the relationship between average face advance per
month and the valus of the “slopa” for ali closure-ride station analysed wlth
the best line having & correlation factor of 0.82. Figure 7.22 represents the
observed relationship betwaen closure and facs advance in a stope with hard
lava hangingwall in Deeikraal G..d Mine, 27 Leve! 15 Lina.
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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 |Frem| To 2| D X | Average AC VALUE R?
face QF
advance SLOPE

im) ] {m) |{m)}{days) jimm}}imimonth} | {mm/day)
E1TOP1 | 6.5 |10.9]4.4] 268 | 173 5.08 6.65 0.025 0.993
E1TOP2 } 4.2 |10.6]|6.3§ 28 |} 138 8.75 4.93 0.046 0.887
E1MID1 | 5.3 112.6]7.3] 38 | 271 6.76 7.13 0.027 0.967
E1BOTt | 6.0 |11.6]6.6] 31 184 6.39 5.94 0.036 0.968
E1BOTZ2 | 2.4 |10.88B.5f 33 {133 7.73 4.03 0.084 0.877
E1BOT3 | 4.8 § 9.5 {4.9] 34 270 4.32 7.84 0.018 0.971
E1BOT5 | 2.6 J10.6]8.0] 37 | 260} 6.49 7.03 0.021 0.873
ESETOP4 | 5.1 §10.216.1] 34 | 215 4.50 6.32 0.024 0.971
EBMID3 | 6.1 110.2]5.1} 28 | 212 5.48 7.57 0.024 (0,893
ESBOT3 | 2.7 [11.218.5] 42 | 206 6,07 4,90 0.041 .985
ESBOTS | 2.2 110.0]7.8] 34 | 222 .88 8.53 0.035 0.928
E4TOPT | .1 | 9.9 14.8] 17 59 B.47 5.82 0.048 0.383
E4TOP3 | 4.6 110.315.7} 19 | 109 8.00 b.74 0.0b2 0.9638
E4TOPS | 4.3 | 9.6 |6.2] 15 69 10.40 4.6 0.0756 0.967
EAMID1 § b.1 |10.5|5.4] 17 66 9,63 3.88 0.082 0.963
E4MID2 { 4.5 |10.6]6.1] 62 | 192 2.8b 2.10 0.032 0.972
E4MID4 | 3.4 y11.4{8.0] 33 113 7.74 3.65 0.071 {.848
EAMIDS | 4.4 {10.2{6.8] 18 74 9.67 4.11 0.078 (.993
E4BOTY | 5.6 | 9.9 |4.4) 62 | 225 2.13 3.63 0.02 ).983
E4BOTH | 3.2 1 9.0 |6.8) 15 66 11.80 4,33 0.088 0.964
EABOTE | 4.4 |10.0]5.8] 17 77 9.88 4.63 0.073 0.002
€3TOPT | 3.0 |10.2]17.2] 47 | 208 4,60 4.45 3.034 0.982
E3TOP2 | 3.8 | 9.6 {6,7] 27 {137 6.33 §.07 0.042 0.979
E3TOP3 | 4.7 {10.0]5.8] 37 1193] 4.30 b.22 0.027 (0.981
E3MID1 | 4.2 |10.216.0] 29 711863 8.21 6.28 0.038 0.981
E3MIDZ | 4.6 110.3]5.7]1 37 | 216 4.62 5.84 0.026 (0.949
E3BOT1 | 4.9 {10.0]5.1] 62 | 2568 247 4,18 0.02 0.97b
E3BOT3 | 6.2 ]10.4]5.2] 38 1200} 4.33 b.56 0.026 0.985
E3BOT4 | 4.3 |10.1]5.8] 28 [ 136 8.00 4..66 0.043 0.870
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Figure 7.21. Graph showing the relationship betwesn 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 relationshlp between closure and average face
advance in a stope with hard lava hangingwail in Deslkraal
Gold Mine, 27 Level 15 Line.
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A summary of these calculations is shown graphically in Figure 7.23. The
solid and dashed lines representing an energy absorption criterion lavel as
well as designed face advance rates, for example 5 m and 10 m per month,

are for soft lava and hard lava hangingwalls respactivaly.

e re—
ENERGY ABSORFTION CRITERIA

FOR SOFT LAVA AND HARD LAVA
'E mPIIII'IIIIIIzI{lsmll’u-ulnll.'lII'u-lﬂIIII-Il‘..-----.I-.llIIIII‘I-I-.H"“I-.'-.-*
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@  Energy abeortlon ctitarlon for Soft Lava  ©  Energy abeartlon erlterion for Hard Luva

Figura 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
rete daals directly with the amount of compression seen by a support unit a
certein distance behind the stope face, whatever the rate of face advance
may be. The effect of differsnt face advance rates on the ameunt of closure
experienced at & particular distance behind the face, and hence amount of
avsilable energy to be absorbed by the support system, is shown in
Figure 7.24. This is a vary important finding as & support system suitable
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for one rate of face advance could be uncuitable when the rate of face
advance slows. The total amount of enargy available on a support unit in a
stope with a high face advance rate will ba higher than when with a low
face advance rate {Fig. 7.24).

] G0
% =~ 50 1 =~ - Enargy absaorptior criterion
E J e
@ E 40 Jerineeransscasaancs e Tungesassaaancanescennane casmana
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Figurs 7.24, 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 absorbsd by the
support system.
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CHAPTER 8

8 CONCLUSION AND PROPOSED FUTURE STUDIES

8.1 SUMMARY AND CONCLUSIONS

Ths basic expectation behind defining “geotechnical areas” ia 1o ohserve and
quantify different rock mass behaviour in the differerit 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 differant geotechnical areas

based only on rock types in the hangingwall and footwall,

In order to determine the variation in rock mass bshaviour in differant VCR
geotechnical areas, underground monitoring has bean carrfied 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 so% lava overlies
Joppestown shale. The other site was at Deelkraal Gold Mine. There the

geotachnical area is defined as hard lava overlying quartzite-conglomerate.

At the East Driefontein site, mining of West $ and West § panels was
stopped for five months bacause of pronounced rolling of the reef. It is of
interest that during this period stope closure was reduced but continuad at a
rate of 3 mm per day. Once mining recommenced, a largs increase in
closure rates to 8 mm and 10 mm per day were recordad. At the Deatkraal
site, average closure rates of about 5 mm per day were recorded. It is of
significance that closure rates are consistently lower than those measured at

East Driefontein Gold Mina.
MINSIM-D modelling is used to compare actual closures measurad with the

expected convergences and it is found that the measured closures can be

fitted with reduction in modufi of 70 % and 60 % for the soft and hard
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lavas, respectively. This supgests that more inslastic bebaviour is tar ng
place in geotechnical areas with soft lava overlying Jeppastown shale than in

areas with hard lava overlying gquartzite-conglomerate.

A number of extensometers were instailed at both sites in order to identify
the relative contributions of hangingwall and footwall to the total closure in
the stope. WMeasursments have shown that separation of the hangingwall
formation is iocalised in nature and occurs primarily as a result of seismic
svents in the area where soft lava averlies the VCR. No significant
contribution to closure was observed in the footwall shales, The
extensometer measurements showsd that the hangingwall and footwall
contribute equally to the closure rates in the area whera hard [ava overlies
the VCR.

Stress around the face of the stope, where the fractures are assumed to
form, is influsnced by the variation in stiffness and axtent of demage
between the footwsll and hengingwall. Fractures are assumed to forn. 1 &
direction associated with the direction of maximum compressive principal

stress. This direction changes with distance ahead of the face,

Visits to underground monitoring sites were made to identify and map mining
induced stress fracturing and the orientation of joints, fauits, and dykes
within the footwail end hangingwall of the VCR. Tha general origntation of
mining induced stress fracturas in the footwali at the underground monitoring
site in the soft lava/Jeppestown shale geotechnical area is steep (about 70°
to 80°) and away frorn the face. The orientation of fractures observed in the
soft lava hangingwall is anomalous, dipping in the “wrong” diraction when
compared to reefs that have sedimentary footwall and hangingwall rocks or
to areas where the VCR is overlain by hued lava. Visits to the opposite sids
of the jongwall showed the same configuration of the minirtg 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 quarizite-conglomerate
footwall is steeply {about 70° to 809 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 inflection of fractures in this combination of hangingwall

and footwall rock types appears to be in the footwall.

There are thus clear distinctions between the patterns of mining induced
strass  actwring from the two geotechnically defined regions. The
consequerices 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 cut are as large as 1.0 m/ 1.1 m /0.4 m, whereas at
East Driefontein, they are smaller, about 3.3 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 footwell on different mines. Uniaxial compressive strangth tests wera
carried out in sach of three directions rvelative to the reef plane. 7 he testing
indicates a ganeral homogeneity in rock .roperties with respect to dip, strike,
and stratification. Two types of hangingwall lava do, however, exhibit largs
difference.s in rock properties, and mineralogical differences identified in the
soft iava led to a further subdivision of this formation from a physical rock
property peint of view, More than 1000 point load tests were parformad on
nine undarground borehole cores. The UCS values for the Ta!zose high-Mg
basalt are generslly less than 150 MPa. Ofivine ¢ .mulate and moitled high-
Mg basalt have UCS values generally exceeding 150 MPa. The soft java
therefore may be subdivided, from a rock engineering p.int of view, into two

categories.

In elastic modelling, orly unrealistically large differsnces in eiastic properties

between the hangingwall and footwall resulted in significant changes in tha
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stress distribution and orientation around the siope. To investigate the
influence of rock failure and inelastic behaviour on strass distribution around
a stope face, FLAC modeling 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 {¢$}, tension cur-off (T}, dilation angle (¢} £nd cohesion (C}, affest the
strasses around the stope. Large differences in cohesion appear to be the

most significant.

In order to detsrmine support resistance criteria for the control of rockfalls
and energy abhsorption criteria for the control of rockbursts for both soft and
hard tava 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 032 (Hoberts, 1896). In these calculations, sll
fatalitles that accurred during six years, 199G-1995, were used and it was
assumed that the designed support system should prevert 95 % cumulative
percentages of all fallouts and block sjection due to rockburst conditions.
The support resistance for VCR soft lava and hard lava hengingwalls is
caloulated as 33.0 kN/m? and 49.5 kN/m? respectively, in the calculation of
energy absorption criteria, two major assumptions were made: the support
system has the ability to yield 0.2 m, typical of the yisidability of hydraulic
props and yielding timber props; and the velocity of sjection during rockburst
conditions is 3m/s. The calculations show that the energy absorpton
criteria. for the control of rockbursts for soft znd hard lava hangingvealls in
VCR stopes are 37.3 kJ/m2 and 32.0 kJl/me, respectively,
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8.2 RECOMVENDATIONS

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 hangingwall
and footwall rock types.

Inclined holes should be drilled from the stope into the hangingwall and
footwall in order to obtein better information on the fracture mechanism. [f
extensometers were installed into some of thase holes after establishing the
position of fractures by means of petroscops observations, it would be
possible to obtain further information on how the rock mass behaves ahead

of the face, where the rock is failing.

Ground penetrating radar (GPR) which is the electrornagnetic analogue of
seismics, could also give useful information on fracturing in the hanging-and
footwalls.

Further studies will have to consider the early identification of rolis, possly
by wonsidering the characteristics of jointing and mining indiced stress

fracturing before intersection of the rolls.

In numerical modelling, models should consider the resf parallel weakness
planas in the immediate hangingwall, footwall bedding at difforent distancas
from the stupe, major fauits, and the contact between soft and hard lava. A
method to effectively modify valuaes from laboratory testing for use as input
values in numerical models wgeds to be delarmined. The input values
obtained from the rock tesi analysis shouid be rescaled down in a systematic

formulation.

The basic parameter used in the support dasign methodology, developod
under the SIMRAC stope and gully support project GAP 032 (Roberts, 1996}
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is the rate of stope closure. The closure is used to determine if the
remaining vieldability will allow sufficient anergy to be absorbed should a
rockburst oceur. Underground monitoring results from closure ride stations
in different geotechnical areas shows that the closure rates vary quite
significantly and the genaral trend of the clcsure rate with time is not linear.
The rate of closure in the first 10 m from the fece can be considered to be
approximatsly linear, it has also been observed that the closure rate is very
dependant on the rate of face advance. In order to analyse the effact of
‘ace advance rate on closure rate, results from all stations installed within
10 m of the face were taken into account. The results for the face area
show a very good correlation and make it possible i develop a support
system dasign that is dependent on rate of face advance. The closure
ratefface advance rate corrclation, as defined in this study for the VCR,
needs to he sestablished for the other gold-bearing horizons of the
Witwatersrand Basin. The analysis for the back area shows that tha 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, e limited database of six years was used. The

expansion of this database will be required.

fn the stope support design mathodology, the basic assumptions are that the
support system should be able 1o stabilise the hangingwall In 95 % of the
cases, and ths velocity of ejection during rockburst conditions is 3 m/s with
a 'ieldability of 0.2 m, A further study, on high.r or lower percentages of
cases requiring stabilising of the hangingwall, needs to ba undertaker. The
rockburst closure velocity is likely to ba diffarent within different
geotschnical areas, and addiiional investigation in this area is alsu necessary.
The maximum height of 0.2 m, typicel of the yialdability 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.



Photographs A1 and A2: Fractures observed in hangingwall along West 6
Gully in 32 Level 37 Line at # 4 shaft, East
Driefontein Gold Mine. The arrow shows the
diraction of mining operatiors. A2 is a close-up of
Al
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Photographs A3 and A4: Fractures observad in footwall along Wast § Gull,
in 32 Lavel 37 Line at # 4 ghaft, East Drisfontein
Gold Mine, The arrow shows the direction of
mining operations. A4 represents the close-up of
A3,
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Photopraphs AB and A6: Fractures observed in hangingwall in West § Stope
in 32 Level 37 Line at # 4 shaft, East Driefontein
Gold Mine. The arrow shows the direction of
mining oparations.
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Photographs A7 and AB: Fractures observed in hangingwall in West 7 Stope
{above) and in West 6 Stopa (below} 32 lLevel 37
Line at # 4 shaft, East Driefontein Gold Mine. The
arrow shows the direction of mining operations.

APPENDIX A



APPENDIX B

Mining induced stress fracturing : Deelkraal Gold Mine
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Photographs B1 and B2:

Fractures obsarved in hangingwall in East 1 panel
on 27 lLevel 15 Line Dealkraal Gold Mine., The
arrow shows the direction of mining operations,
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Photographs B3 and B4: Fractures observed in hangingwall in East 5 panel
on 27 Lavel 15 Line Deelkraal Gold Mine. The
arrow shows the direction of mining operations,
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Photographs BS and BB: Fractures observed in hangingwall and footwall along
East 4 pane! and fractures in hangingwall in Fast 4
panel on 27 Level 15 Line Deslkraal Gold Mira. The
arrow shows the direction of mining operations.
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PhotographsB7 and B8: 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 operatians.
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