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 ABSTRAQT

The Mines and Works Regulations allow the undermining of
surface structures under conditions which are uniformly
applied in both the Central Witwatersrand and Bushveld
Igneous Complex regions,  There are, however, factors
which arse different to the Central Witwatexsrand and
Bushveld Igneoys Complex and which affect the undermining
of surface structures. Although the determination of the
underground area affected by the restriction to mine under
or near surface structures (“restricted area") is based
on accepted enginearing principlés. the determination of
support requiremenis for the protection of the surface is
baged on an extractlon ratio or the construction of waste
packs and do not consider geotechnical differances. 'These
requiraménta may result in over or underdesigned pillars,
in espans Dbeiween pillaysg aeither being under- or
overdesigned and in the lozking up of valuable minsrals.
The depth cuk-off of 240 m below surface at which the

conditions are applied; ig valid.

Thare are similarities between the mining practices in the
two envirouments based on the geometriés of the orebodiss
and the strengths of the overlying strata, However,
pillar design and calculation of the mine spans between
pillars differ fundamentally, as the sitrata lmmediately
6verlyina the Bushveld Igneous Complex on-reef excavations
are -generally weaker than the rock masses inh the

Witwaterasrand. The pyroxenites overlying the UG2 reef are
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‘intersected by closely spaced and moderately dipping
joints and to a depth of about 70 m the eoffects of
weathearing can be substantial. As a result the
pyroxenltes need to be partially or totally supported as a
deadweight. The presence of geotechnical structures such
as  -dykes and faults further weakens the strata
weathering along jointed zones on their margins is severe
and can extend to depths of 100 m. The dei.-‘.ermina;tion of
safe mine spans depend on the competency of the
norite/anorthosite series overlying the Merensky and UG2
reefs, Graphs based or. the Mohr-Coulomb failure index
have been designed frowm which safe mine spans can be read
off, The design of pillars 1s based on strength of
thaterial oriteria and the orientation of the major

jointing.

The wmining on the Witwatersrand ia the area and depth
range of interest has resulted in mainly éupercriticai
mine spans, especially on the South reef horizon resulting
in the subksgidence of the overlying m'.rata‘h Formalag have
peen designed +tu calculate the theoratical helght of
'cavi'ng in both the 8S8outh and Main reef workings which, in
conjunction with the graphs from which safe mine spans can

be read off, can be used to determine maximum span widtha.
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L. INTRODUCTION

1.1 The Phenomenon of GSurface Subsidence due to
Mining

Subsidence and jits effects onh the surface is a major

problem in aountrles with signiflecant mining industries,

Thig problem has bacome more prominent with increased

pressure for davelopment of the surface of mining ground,

The term subsldence, ag applied to the earth's gurface, ils
defined by WHITTAKER (1989), as a surface point sinking to
‘8 lower level, and can include a structure settling into
the ground or the ground itself lowering and carrying the
structure with it, or even a surface layser eollapsing into

an urderground cavity,

The process of mining of any stratified wmlneral, is
luevitably followad hy some degres of sinking of the
overlying strata and couseguently of the surface. In the
words of the ROYAL COMMISB:ON ON MINING SUBSIDENGE (L927):
"the descent of the superindumbent strata of a complately
extracted mineral, will ocome down until the subsidence
reaches the surfage. This puoceés, in the case of hard
and relatively brittle rock, i1s accompanied by more or
less fracturing and, therefore, by an ilncreasa in volume
of the strata thus let down., It follows that the surfave
subaidencé is never egual to the thiuknass »f the mineral
extraoted, The hard and brittle rock will break up in
comparatively large blocks which pile up izraegularly on
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~each other and afford at the outset a certain measure of
support to the overlying beds. The pressure of thesa beds
gradually erushes down and partiy reconsclldates the
broken blocks, and, in this way tho subsidence ultimately
reaches the surface, but as a rule only after a greater
intexrval. The movement, touo, ocontinues longer, and the
total amount of surface subsldence 1s less than when the
guperinoumbent strata conslst mainly of softer and mors

plastic rocks".

Thus, in order for surfags subsidence due to mining
operatione to occur, some form of underground collapse or
abgtraction process musk precede such ap | avent,
Consequently the £orm of mining, degree and extent of
activity coupled with geologlcal £factors piay a role in

causing subsidence, Mining needs to be of a sufficient
magnitude before its affects hecome of significance to
disturbing the surface. As stated by WHITTAKER (1989},
the creation of an underground mi.ing sxcavation resulits
in a roe~distribution of the gtress field and this reawts
with the rock surrounding the excavation thexeby induoing
movements with possible collapse potaentlal or subsequent

closyre that ig related to time..

Recent research has shown that the statement by the ROYAL
COMMISSION is still valid and VAN DER MERWE (1984),
remarks 1 |

"Whan collapse of the roof takes place, the broken rubble

undergoes a volumetrice increase, known as bulking. The



degree of volumetric increase is governed by the bulking
Eactor which ils different for JAiflurent rock types. As
the collapee progressed lnto the roof, & stage iz reachad
whep the entire cavity.ia filled with rubbla. The second
phage of the subsldence comes into operatioa whemu} under
the influence of gravity the hitherto intacw but joined
rock layers overlylng the rubble will deflect and %hen
fail along pre-exlsting geological dilscomtinulties,
forming relatively large blocoks, These will ocome to rest
on the rubble, and by their waight, dompress the cavitlies
in the rubble. This process will proceed upward until the

aurface iz reached and subaidence will be the resuls",

1.2 Measures to Prevent Subsldence

The interest in mining induced subsidenc. ip the result of
the potential it has to cause sarious damages te propeity
and, indeed, to endanger lives. The South African Mihes
and Works Act and Regulations therefore ocaters for the
undermining of structures and nining under or within a

defined distance firom surface gtructures ls restricted.

In this ocountry research has addressed ltsalf to the
question of surface effeats dua to coal mining operations,
At present, the Bkrata Control Advisory Commitkee of the
Coal Mining Research Controlling Committee {a statutory
body which advises the Government Mining Englneer on
mattar relating to safety in coal mines), is carrying out
& project whioch involves the monitoring of the curface

overlying high extraction wmining methods at shallow
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deptha. This advisory Committee has been in existence
since 1961, and has looked at supporting the surface of

shallow coal wmines sines its lneeption.

The geotechnical wconditions of hard rock mines diffax
fundamentally from those of codl mines : the strata
overlyincj coal geams consiste of material of a far weaker
nature while the coal itself is also a weak material.
Coal deposits in this country are normally horizontal to
very shallow dipping while gold and piatinum deposltes are
normally lnelined. Ceal as well as gold and platinum
oceur in tabular daposits in this countrf, but cosl isg
normally contained in far wider gsans, on average about 3
m thiek. 'Althoug}t the approach adopted to tontrol
subsidence is similar for coal and hard xock mlnes, i.e.
the leaving of golid pillars, the geotechnloal diffaerences
are such 4that established formulae and mining methods for
the protection of the Burface averlying c¢oal mines cannot

be diractly used for hard rock mines.

Very little researci. .haa been wearried out inte surface
effects due to mining shallow, narrow, tabular orebodieas
guch as exist in the Central Witwatersrand and tha
Bushveld Igﬁeous- Complex. BRINK (1979) and HILL (1981)
carried out aome :Eeaear::h into the measurable subsidance
which ocould and sometimes gave rise to damage in the
Contral Witwatersrand region, KOTZE (1986) reported and
deseribed ngourrences of subsldences at platinum mines in
the Bughveld Igheous Complex. SPENCER (1990) desoribaed
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the mode of failure of crush pillars in a platinum mine
and how thiszs could affect the stabllity of the ovarlylng

ghrata.

In 1984, an Undermining Committee was appointed hy the
Minigter of Minaral and Enhergy Affairs to investigate
undarmining and the use of tha surface of undermined
ground above shallow gold mines and platinum wines.
Collieries were specifically oxcluded from the terms of

referencve of thlas Committee,

In 1989, the Working Group of tha aﬁovamentianed Comnittee
. prought out a preliminary report, which was ta Dbe
disongsed and commented upon by the méﬁbers of the Working
Group, This preliminary report is attached as Appendiz A
and as way be noted in Section 6.2 o0f this Appendix,
propogsed guldelines have been drafted. Howaver, they are
»f a general nature and do not consider the different
geoteoﬁnical envirouments of the Cantral Witwatersrand and

the Rushveld Igneous Complex.

1,3 Control of Subsidence in Other Countries

In other major mining countries rules for the protection
of tha surface have hoen legislated (ADAMER, 1985,
BRAUNER, 1972, FRANKHAM, 1984).  STASIKOWSKI (1986)
tabnlated moasures taken in these countries, and a swmmary
of these appear 1ln Section 3,3 of Appendix A. When
comparing the rules applicable in the dlfferent countries,

one comas to the gonelusion that there 1s no common



solution for the prediction of subsidence. This is mainly
due to the variety of geological conditions. Therefore
rules for the control of subsidence must be basad on
geological and géotechnical.data of the areas in which-

thay are applied.

1.4 Present Legislation

As stated befare, the Mines and Works Regulations regulate
the undermining Df. surface sgtructures. The relsvant
Regulations appear in Section 2.2 of Appendix A and they
stipulate that whenever, in the opinion ¢of the Inapector
of Mines, it may be necessary to protect the surface and

structures oh the surface, he may prohiblt the owner or

manager of the mine from minihg any portion of the mine

-which may afifect the stability of the surface except under

such restrictions and subject to such conditions asg the
Inspegtor, with the approval of the Government Mining
Engineer, may determine, In arriving at restrictlons ard
conditions to be appllied, the Inspector of Mineg uses
guldelines. These guidelines were established in 1946 and
wara reviéed in 1965 by the Government Mining Engineer's
office, They stipulate the perzentags of solld rodk that
has to he left in situ in the form of pillara,.or, as an
alternative, the percentage of mined out area vhich has to
be packed by waste rock, to form the support for the

protection of the surface,

Howaver, the guldelines were found te be inadeduate in

recent years ¢ they do not vonsider dififerences in
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goalogical and geotechnical environments and are too rigid
to be applied to different mining methods.
The main purposa of the Undermining Committee was to

avaluate and revise the guideiines.

The guidelines define a "restricted area" into which the
restrictions and conditisons have to be applied, The
determination of and the bagkground to the definition are

given in Sectien 2.1.3.1,

As is explained in Section 1.5 differencea exist between
the geotechnical environments of the shallow Witwatersrand
~and  Bushveld Igneous domplax. mines. This repord
investigates these differences_to establish factors which

affect the undermining of surface struckures,

1.5 Platinum versup Gold Reef Mining

The reason for applying the same vrestyictions and
conditiona for the undermining of surface gtructures in
hoth the Witwatersrand and the Bushveld Ignheous Complex,
is the similarity between hining practices in the two

reglons.
Thase similaritins arise f£rom the faoct that i
*  geometrically the orsbodies ara very similar

and outwardly the same hasic mining methods .

are utilized; and
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* the uniaxial compressive strength of the
overlying strata in general i1s relatively
high (greater +than 200 MPa) in both

environments.

Howevar, mining methods differ fundamentally, as the
strata iﬁmediately overlying the Bushveld Ignecus Complex
oh-reef excavations is much weaker for reasons explained
balow, whilst the rock masses. in the Witwatarsrand
typically comprise uniform and continucus series of
- guartzites with occasional grits and conglomerates that
are masaive to widely jointed with subvertical,
discontinuous and thinly infilled joints (TUCKER, 1986).
Collapses in the shallow gold. mines are typically
reétridted ko the £irst few metres of a hangingwall

saguanca,

In the Bushveld Ignecus Complex safe panel spana depend on
the competent horite/anorthosite series overlylng the
Merensky &and UG2 reefs, However, the inmediate
hangingwall .in platinum mines typically consists of
gequeancas of pyroxenltes that, in some areas OFf the
Bushveld Igneous Complex are thickly developed (CQERTZE,
1871). These seguences Aare intarsected by cloaely.spaced
and moderately dipping joints, which were subjected to
late~phase hydrosylicate alteration, which significantly
reduced their strangth (VILIOEN, 1986). shear.zonas also
out the pyroxenites sequences, the majority of which have

little or no dieplacement. 'The pyroxenites are typically



weathered along the joints and shears to depths that are
'far greater than thoge experienced in typical shallow

Witwaﬁersrand gold mines (see Section 3.2.2).

The end result 1is that Bushveld 1Igneous Complex

hangingwall pyroxehites tend to act as blocky masses which
| need to be partially or totally supported as deadwelght,
and sometimes oh é block by block basilas, As such, the

stability of the pyroxenitss is o consideration

independent of the determination of safe panel spans.

This situation differs significantly frbm' normal,
' Witwatersrand gold mining environments whare +here isg
graater strength along £ha widely =spaced and steeply
inclined jolnt surfaces. As such, effective interlockihg
of joints bbunding blocks occurs, ‘This reduces internal
stope and face support reguirementa and enable the
immediate hangingwall stope spans to aot as stronyg elastle

beams/arches.

1.6 overall Alms of the Study

The subsequent sections of this project report address the
present situation around the undermining of surface
gtructures and the protection of the surface,
 Geotechnical details concerning the rockmass overlylng thé
Central witwatersrand and 3Sushveld Ignecus Complex wmlnss
are investlgated and are applied to .rock mechanics

cdonglderations.
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The study of factora affecting the undermining of surface
gtructures hag become more urgent with the ihcreased
pregaure by industrialists and townahip developers to use
land that 1s  underlain 'by mineral deposits, The
astablishment of.these'factors and the recommendations on
mining methods and support based on the factors will be
useful to the Inspactor of Mines when he has to consider
underminiﬁg applications from the Witwatersrand and th.

Bushveld Igheous Complex mines,

Although some investigations have already been carried out
(HILI, 1981, BRINK 1979}, these were concentrated on the
use of undermined ground; The preliminary report of the
Wbrking Group on Undermining Guidelinés also covered the
topic of providing guidelines in a genéral sense, Thisa
project report attempts to establish factors affecting the
undermining of surface siructures in two mining areaa,'
Central Rand and the western Buashveld Igrneous Complex and
to make recommendations on mining methods and support

based on these factoras,

In Chapter 2 definltions and terms asscciated with
subsidence and a background to the exlsting guidelines

are glven.

Section 3 considers the different geotechnical details of
thae Central Rand and the western portion of the Bushveld
Igneous Complex which are necessary for the establishment

wf design criteria in Section 4.
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Section 4 considers the geotechnical data and deals with
the behavioural charagteristics of the intact rock maas.
Suitable design criteria and methods for analysis of the

overlying strata are established.

Section 5 applies the design criteria established in
Section 4 to determine graphs and tables for different
. mine gpans and to determine pilla; glzes for +the

protection of surface structures,
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2, REVIEW OF THE EXISTING OGUIDELINES AND THEIR

BACRGROUND
2.1 Background to the Existing Guldelines

Before congidering the existing guidelines, dt ils
necessary to explain in some detail definitione and terms
relating to the deformation of the surfacs. VAN DER MERWE
(1984) dlstinguishes between two classes of subsidesces t
planned and unplanned. Planned subsidences are confinad
to c¢oal mines which practice high extraction nmining
methods, such as longwalling and pillar extraction, The
type of subsidences ccaurring in the Central Witwatersrand
and in the BRushveld Igneocus Complex reglons ocan be
classified as unplanned subsidences. .This class 1is
typified-by fractures in the ground due to uynderground
mining which leads to discontinuous deformations of the

surface.

2.1, Types of Surface Rifects

‘Some of the discontinuous effects of subasidence due to
underground ﬁining have beeh identified iIn the Central
witwatersrand region as follows (MILL, 1981) :

(i) Discontinuous subasldence reaulting £rom
the cantileverihg of the wedge of
hangingwall defined by a shallowly
dipping stope and the ground surface.
This bshaviour ils commonly restilicted to

an area adjagcent to the stope oukarop



(14}

{1i41)

13

(within 30 m of it), and may result in
the Fformation of a step or steps in the
surface profile with open oracks (Figures

2.%.a and b).

Discontinuous subsidencs resulting'.from
plock movement in which the subsided
block of ground ls dafined by major fault
and/or dyke contact planes, the stope and
the ground surface. Open cracks may be
observed at the contack, In some cases
more. than one major contaut .plane may
define the block of ground, This form of
subgidence may ocour oﬁar a wide range of
mining depths and 1s ngt restricted to
the outaorop area. Very significant 4aif-
forential subsidence can occur (Plgures
2.1.a and 4). | |

Discontinuous subsidence reaulﬁing Erom
the ravelling or washing away of £ill
from a stope outorop area. Thils type of
subgidence is comwonly called & sinkhole,
but ghould no£ be confused with the true
sinklioles whiech form in dolomitiec rock
formastions, sinkho&aé are localised
oseurrences restricted bto the immedinte
stope outarop areis., They appear as opon

holes, and ventilation alr is commonly



$YOPE CLOSURE WITH:
COMPRESSED SUPPORYS

FIGURE 2.1  MECHANISMS QF SUBSIDENCE (ARTER HILL)



15

noticed, indiciklng connection  with
mining workings ©: greater depths (Flgure
2.1.e), '

Daformation of the surfase i

The weffeous of ground movement obr the surface are

desoribed by the followlng components

(1)

(1)

(141}

{iv)

Vertical displacement at a polnt or
subsidence., The vertical displacements

of surface polnts £form a Jubridence

trough which frequently extends, in plan

view, beyond the edges of the mined out

area in all directiona,

Horizental displaceament of points on the

surface which accompanied subsidence.

Dlfferential movements of the surface
also occur, This affects the slops of
the subaidence profile. Surface straing
result from the - differential gronrd
displacenents, and both lengthening and

shortening of the surface ocour.

Curvature of the subsldence profile
DECUYA, The subsidence profile is a
curve depicting subaldunce on a sectlon

drawn aoross the subsldence trough.
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(v) The angle of draw 1is the angle of
" inolinatlion from the vertical of the line
connecting the edge of the workings and
the edge of the subsidence area, .Severai
researchers whose works are summarised in
BRIGGS (1929) and LANE (1928B) refer to
"draw" or ‘"pull', when describlng the
movement of rock towards the axcavation

(Fligure 2.2).

{vi) 'The angle of break is the angle between
the vertical line at the opening edge anﬁ
the line connecting tha opening edge and
the point of maximum tensile strain on
the surface. The strain is the most
likely place where tensile oracks occur
(PENG, 1986). The angle of break in hard
rock mines tends to be 20 degrees and
lying.over £ha'mined out area (WHITTAKER,
lea9},

2,1.3 Instability Types
Two principal type of mining spans can exlst : subcritical
and supercritical (BRADY, 1988) :

Bubcritical spansa : a  suberitical conditlon ias
characterised by bulk elastlec deflection only. For reef
plane dipe of 20 %o 40 degrees, the magnltude of

deflaction would depend on the rigidity of the rock mass,
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the depth below surface and the magnltudes of the
horizontal field stresses. An increase in -eitﬁer the
mined spans or mining depth would resul:t in additional
movement, increasing horizonta) stresses would mpstly teﬁd

to promote overall stabllity (Figure 2.3 4).

Supercritical spans : the transition from a subcritical to
a supercritical span is ueually defined by a span unigue
- for each type and thickness of rock mass., This so-called
eritical span represents the polnt of critical stress
state for the deflecting rock mass (figure 2.3 B}, A
small increase would result in the creation of a
auparcritical condition. A .upercritical condition would
result in partial or total failure of the overlying gock
mass (KRATZSCH, 1983). This would be initiated by induced
and dynamic slip along a critlcally stressed surface. In
genaral terms, failure would result from aexcessive elastic
deflection according to the Voussolr Beam Theory (BRADY,
1985) (Figure 2.3 C).

2,1.3 Existing Guldelines

In terms of Common Law rules the mineral rights holder
must provide subjacent support to the surface so as to
avoid damage to the surface and surface structures
(VILJOEN, 1975, FRANKLIN, 1982, JOUBERT, 1352). These
rules are enacted in the Mines and Worka Regulatlons

(Regulations 5.3.1, 5.3.2, 5.3.3 and 5.3.4}.

2.1,3.1 Restricted Area
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As has already been mentioned in Section 1.4 the
guldelines used by the Inspector of Mines mention a
‘"regtricted . arsa", The restrictions and conditions
contained 4in these guldelines are applied in the
regtricted wining area., In determining the restricteﬂ.
areda, protection along the rise, dip and strike must be
provided. Where the dip of the reef ls less than 20
degrees, it is usual to define this area as "within a
‘horizontal distance of d/2,7" where "d" iz the vertical
dapth to footwail elevatlon of the deepeat'reef beneath

the natural surface of the ground, and the horizontal
distance 1s measured f£rom the sides of the structure to be
prota&ted (Pigure 2.4).

" When the dip of the reef is greater than 20 degrees, the
regtricted area 1s shown on Figure 2.5 and definad' an

follows :

* yup dip or rise side - a horizontal distance
of a/z.? measured up dip, at right angles to

the strike of the reef.
*  atrike side - a distance of a/5,7.

*  dip gide -« no protection is reguired, buk a

nominal dishance of 3 metras is specified.

‘The area go restricted iz limited accordirg to the depth
of the reef, and normally a reatricted area is only

applicable to depths iows than 240 m,
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As may be noted on flgures 2.4 and z.5 the reutricted area

i determined by the angle of draw.

Investigationg around the turn of the century by the
Dortmund Board of Mines in the Westphalian coalfields,
revealed that the angle of draw in overlying marl, never

exceaded 20 degrees from the vercicil.

it is also relevant to the present guldellnes on
undermining surface structures, to note that the
conclugion drawn by the Board that the angle of draw ia
always found to be positive, i.e. slanting over the solid

reaf or seam.

RICHARDSON, (1907}, refers to an angle of draw, A, for
moderate dipping reefs, lying halfway between the verticalx

and the normal to the plane of stratification:

A =|:i’-.;:|a = 1{IT=~ a) - (2.1)
2 2 2 )

Hausse {1907) propesed a formula Ffor German coal fields

A s ttan d = ) 4+ coa?d
ain @ cog 4 -~ (2.2)

where d = dip of the reef

RICHARDSON (1%807) states that this formula is applicable
for reefs with dipes ¢reater than 30 degrees.
The angles of draw values obtalned by using foermula 2.2

are tabulated in table 2.1,
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TABLE 2,1 APPLICATION OF HAUSSE'S FORMULA IN CALCULATING
AJeLEs OF DRAW AT VARYING REEF DIPS ABOVE 20

DEGREES
Dip of Angle of draw
seam in degraes in degrees

3¢ 76.

40 73

50 70

60 71

70 74

80 80

80 20

The angle of draw 1ls measured £rom the horizontal in
formulaa_z.l and 2,2 and it may he obaerved that the angle

of draw does not exceed 20 degrees from the vertical.

A simple calcoulatlion shows that d/2,7 approximates tan 20

degrees X depth :

d = tan.zb x depth - {2,3}
2,7

The same calculation shows that a/5,7 'equals ‘tan ld
degrees x depth
d_ = tan 10 x depth - {2.4)
8,7
Formula 2.3 12 Dbased on Richardson's paper and both
formulag 2.3 and 2.4 have .baen applied asince 1946
{GOVERNMENT MINING ENGINEER, 1946 - 1987) and most Llikely
previous to hLhese dates as well., However, no reference
could be found of the criteria on which the 4/5,7 distance
from the edge of the surfase structure to the edge of the

regtricted arga is Basad, Ona of the reasons for a
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amaller angle of draw could be the fawt that the
hangingwall above ghallow reefs dipping at Emall angles
are more prone to gravity induced damage than the

hangingwall above steeply dipping reefs.

The arbltrary distance of 3 m on the dip side ¢€f the
restricted area is not based 6n any of £he recommendations
made in the references avallable, However, the
appllication of the guidelines have not resulted in any
reported éubsidenees in the rastrictéd areas where the dip
of the reef exceeded 20 degrees, BRIGGS (1929) on page
53, also expressed doubts about this rule, but stated that
" ...it must be admitted that observations taken up to
the present seem, on the whole, to indicate that there is
gsome Jjustification £for its adoption" (referring to the
nagligible angle of draw on the down &ip slde of a pillar

in & steeply inclined coal seam).

2.1.3.2 Depth at which Guidelines are Applicable

The lack of xrestrictions below the 240 m contour is moat
probably based on actual obgervatione of surface effects,
The Government Mining Engilneer's annual reports bebkween
1903 = 1927 refer many times to the appearance of surface
cracks in aveas where the surface has been undermined in
the Central Rand area, No such reports have heen
published in subsequant annual reports. The reason oould
well he that mining took place ln srcess of 300 m depth in
the years followlng 1927, and, although caving and

eollapsing of worked out areas still ocourred, the effects
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never reached surface. An example ls a report of caving
of an area of 180 m on dip and 330 m on Strike at depths
of hetwéen 218 m and 280 m at Geldenhuls Deep, which did
not cause any surface disturbance, Thie collapee could he
associated with reclamation mining, where the removal of a
pillar resulted in an unsupported supareritical mining

spalt,

Serutiny of Departmental coples of mine plans of defuncot
mines in the Central Witwatersrand region,.whinh are kept
in ihe Government Mining Englneex's office, dld not reveal
any surface subaidence'whidh would have baen associated

with mining opearaticns at depths greataxr than 240 m.

However, subsidenaes not associated with current minlng
operations occurred at regular intervals after 1927 along
the outcrop area of the Central Wiltwatersrand vreglon.
They were of the types deplcted on figure 2.1. Sectilon
4.2 of Appandix A describea Eheéa subeidences in some

detalil.

2.1.3.3 Mining Restrictions and Support Requirements
The exilsting guidelines stlpulate that :

*  no mining is permitted in the restricted

area down to a vertical depth of 30 metres.

*  normal mining operatlons are permltted in

the restricted area at depths greater than
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30 metres provided that the combined stoping
widths do not exceed 38 cm for every 30 m of

vartical depth.

% where the combined stoping widths exceed
this stipulated value,. the neasures of
support summarised in,table 2.2 are requirad
on each of the reefs stoped, In this table
the solid support and systematlcally packad

wagte rock support aza alternatives,

TABLE 2.2 SUPPORT REQUIREMENTS AT DIFFERENT
DEPTHS 1IN THE RESTRICTED AREA

Vertieal S0lid Pilliar waste Rook
Depth Range  Support Pack Support
{m) 2 %

0 - 90 15 40
80 - 150 12 30

150 - 200 0 20

As further gualifications on this support, the pillafa
shall not be less than 3,5 m sguare and thely spacing
ahall be equidistant. In the case of wasie rock packing,
the packs shall De 8 m ¥ 8 m, apaced aquidiatantly and
caretully built hy selected stona. They shall havé a
suitable batter and shall be properly toed into the

footwall,

Qonalderation would be glven %o limiting stoplng wldthp,

and %o +the existence of, or reguircements foy, tne
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guperimposition of plllars on the different reefs.. The
Ingpector of Mines would have to be satlsfied t.ﬁat the
normal method of support of the overburden cover is such
that no danger would result from a sudden and violent

collapse.

It should be mentloned that the requirements as stipulated
in the axisting guldelines ara atill applicable tao all

mining areas, except coal,

2.2 Computer Simulation Studiesn

Computer studies using minlng simulation atress programmes
were aarfied-out with the view of correlating observed and
reported subsidences with calculated results (STASIKOWSKI,
1987), The behaviour of the models was purely alastic and
the analyses were cbntinuum, and therefoie did not take
into account any discontinuities such as dykes and faults.
Although correlation was weak, it was eatablished that
additional mining was the most obvious cause of further

strata movement and the failure of support.

T4 was alao establliatad that rag'-»ns <. maxlimum tilt and
horizontal strain are - scciated wi'l corown pillars, if
one le presant, and with down dlp abutmants of the stope.
These aeffecks are lass for stegpar atopéa. When minlng
tak»e place at depths greatar than 200 m, the effeéts on

surface are very amall.
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2.3 Effeéts of Underground Excavationas on Hanging-
wall Strata |

The effeacts of underground excavations on the hangingwall

strata are evaluated in Section 4.1 of Appendix A ino

detail. The criteéria used in these evaluaticns, are :

*  the quality of the rock mass

* the geclogical conditions

*  the prevailing state of virgin strata

* the dlmensions of the opening in relation to
its depth bhelow surface

*  the reef inclination, and

*  the type and degres of suppor: provided.

- This report uses the same criteria to investigate the

factors affecting the undermining of surface structures.

2.4 Time Dependent Pactors Influencing Pillars and
Overlying Strata ' . '
HILL, (198l), emphasizes the fack that after the lapse of
a certain period, the strata above mined out arxeaa has
come to rest, He quotes & period of 20 years, He basaé
this statement on the results of aurface levelliny over
mined areas in the Central Rand region ivhich have shown
that the rate of surface movement reduces with time after

mining has stopped.

The records also show that reactivation of nminirng, for

example as ip reclamation minlng when solld pilllars are



30

removed, alsc reactivates wovenment of Ehe gurface. In
_parﬁial exgracticn systems, collapses of plllars can ocoour
many years after cessatlion of mining, leading to
subsidence of the surface. In +this regard it is
worthwhile to mentieon that in 1978, subsidence due to 150
metre deep old limestone workings resulted in significant
damage btoO warshousas and industrial plant in Britain
(LIMESTONE MINES IN THE WEST MIDLANDS: THE LEGACY OF MINES
LONG ABANDONED, DKPARTMENT OF BENVIRONMENT, 1983}, The
maiority of theéeé mines were mined between 1750 and 1900,
Because limestone is strong and the rocks above and below
ara also strong, ﬁhe cavities ramalsm ‘“open" for mahy
years, unlike coal wines where the vavities genezally

- eollapse within a few years.
The foallowing reasons were found for the subaldences :

(1) Roof collapses : Collapeas of workings
cocur as a -result of the gradual
deterioration of the remaining rocka, The
limeatone xich strata tend to he 'strong,
althcugh they may be weakened by joinging
and by ooecasiotial  layers of mudstonse.
Therafore the pillars of limestone continue
to support the overlylng strata whii+s the

roof in between the plllars collapse.

{i1) Pillar fallures 1 At depths of 100

metres and more the weight of the rook
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above is suffiolent to crudﬁ pillars of
waaker materials. Collapse of the roof
into the room gradually eprse pillars of
 the shale and after a period of many
years the wshale pillars deteriorate to

the state where they crush.

Although geclogileal conditions in this area are ¢ tally
different to the conditions found in the araas of
interest, the abovementloned report is an indication that
one has to be cautious and ccnaidar.the influence of time
dependent weaﬁhering effects on pillars and hanglngwall

gtability.

2.5 conclﬁsions

It can be acceptad'that the procedure of detatmining a
restricted area is valid and need not to be altered or
revised, However, the application of uniform conditions
and restrictions in areas with different geologlzal
anvironments 1ln ordar to protect surface structures, is
not a solentific method and may lead o locking up
minerals where higher extraction ratiocs are possible., It
may also cause the selactlon of wrong mining optlons_which

may result in aubasidance.

It is therefore necessary to investlgate the geotechnical
and geological detalls in the areae of lnterast to arrive
at Valid factoys and design criteria to bha uased for the

. protection of surface structures, The naxt gectlion
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therefore investigates the geotachnic.a.l nature of the
Central Witwatersrand and Bushveld Ighecus Complax
regions. | It will bhe shown that as the result of
differences in the geotechnical ehvironmenta of the t@o
regions, uniform factors for the undermining of surface

structures cannot he applied.
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3, GEOTECHNICAL CONSIDERATIONS FOR SHALLOW MINES 1N
THE CENTRAL WITWATERSRAND AND BUSHVELD IGNEOUS
COMPLEX

The previous section indicates that geotechnical
cohsiderations play an important role ko arrive at valid
conclusions. A geotechnical inveétigation is therefore
necessary. It enables the determination of the means by
whieh a rock mass can be modelled and establishea ariterig
and constants necessary for analysing the specific ared.
The relevant areas can then be critically appraised on an

*own merit" basis.

¥or this report, the relevant areas of interest include
the Btratigraphy, lithologies, structural characteristics
and matarial properties of the intact fock masg and roeef
horizons that exigtad prior to any mining, Tha strass
 state acting within the rock mass prior to mining and the
behaviour of the surface are also consideraed. '

The findings form the basis for the determination of the
behiavio.,ral characteristics, fallure criteria and techw-
nigques discussed in Seetlon 4, Thesz then form the hasls

for the analyses and concoluslons in Section §.
3.1 Central Witwatersrand Mines
3,141 Stratigraphy and Litholeogles s

Flgure 3,1 is a summary of a north-sou*h seation of a mine

in the western region of the Central Witwatersrand and is
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typical of the geology of the Central #{ltwatersrand regior
{after PRETORIUS, 1972~73).

Rock Mass: The rock masa, overlying the South
reaf typleally comprises a uniform series of
Witwatersrand quartzites, No weak Horizons,
gach as shale bands or persistent partinga, ars

known within this sequence.

The surface weathered zone extends to a depth of
about %2 wm belew surface. It comprises a
typlcal sequence of progressively less weathered
layers from a aurfaue_soil to a medium to large
blocky mass with preferentlially weatheved
joints. The latter warks the base of the

original surface water table (BRINK, 1979).

South and Main Reefs: Figure 3.2 detalls +the
average'inter-reaf stratigraphy established for
the shallow Central Witwatersrand region, The
general dip diraction is to tha south, and vary
in the range 30 degrees to 40 degrees
(PRETORIUS, 1972). 'The thlckness of the inter-
reef middling wvaries from mihe to mine Lat is
normally in the range 25 m to 40 m, It was
- found that the mined horlzon varies in thickness
and the known minimum and maximum stoplng widths
ara ¢,7 m and 2,0 m respactively. From

obe sxvaviors the  footwall and  hangingwall
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contacts are indistinct. gradaticns marked by
mining cutoff gradas rather than discrate

partings.

The observed remnant South and Maln reefs have
similar appearances and can b2 described asn

compatent,

buring inspections of Coentral Rand mlnes, minor
aubaeriﬁl weaathering ﬁlong open fracture planes
- eould be obagerved around pillers and remnants in
tha South and Main reef horiaons. In both cases
the ohserved depth of weathering varied up to
about 0,5 m, although 1t appeared to be better
developed on the SHouth reef horizon, It
probably resulted fyom longterm and gontinuous
exposure +o0 tha gemi-gaturated upeast ailr
praovalant in +the mihes o¢f +whe Cantral
Witwatersrand in agspoiation with frasturing
caused by blasting oparatlous, In  some
inatances fractures around blasthole sockets

could gtill be ohssrved,

The weathering was noted in areas where minilng
oparations hud ceased thirty to forty years ago,
In arpas where reclamation mining had taken
place reeently, the rock on pillars aﬁd romnants

hoad a £resh appearance.
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The significance of the weathering bf a skin of
approximately 0}5 m ig the fact that it is a
gonglderation for long term pillar design as the
weathered material on the skin of the pillar has

no or little strength.

Underground obsarvations révealéd that the
intey-reaf parting compriges a typleal sequence
of massive %o widely Jointed and competent
gquartzites with winor grits, No persistent
partings were noted within this sequence.
Howaver, a 2 m to 3 m mining induced blocky sona
was noted in the immediate hangingwalls and
footwalls of Yoth reefs. As Is explained in
Boction 3.1.3 of Appendix A, the atability of
the hangungwall of underground openings with
mederate to large spans depands on the guallty
of the rock mass. When the guality is poor, an
inecrease in span inoreases the potential of
collapse of the hangingwall, The integrity of
the blocky zone in the hangingwall of both the
South and tha Main reef can be maintained by a

poermanent, stiff type of support.

3.1.2 Gaologloal Structures.

Geoleogleal Featirest Referring to figure 3.1 1t can be
stated that the svbvertical and faulted dolerite dyke
detalled thareon is typical of the Central Witwatersraud

in ¢hat it is a persistent featurs that tronds
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approximately east-west. Tha feadily _availabl'e anrface
geology plans alse reveal a number of other dolerite dylkes
and minor faults that trend approximately norxthesouth to

northeast-southwest.

These dykes, with peripheral remnant reef, were left
| mogtly intact to form superincumbent strike and dip
oriantated pillars (PRETORIUS, 1972). The majorlty vary
in thicknases between about 10 m and 40 m, a few oan
locally be about 80 m thick, '

Jointsy Dykes and fawults typically hnave well developed
and c¢losely fractured Joint gpones assoaimted wlth thelr
margins, They form during the intrusion of a dyke and/or
shear movement cagaed by dJisplacement under pressure
during the faulﬁinq provess (BRINK, 1979). fThey can act
as planes of prefergntial parting along which large geale
rock mass movement could occur, especially in areas of
high roef extraction. Underground cbservailons at sites
of major movement prove that collappges were of the typa
daploted on Flgures 2.1.2 and 2.1.d shawtng alock movement
along dykes and/or faults, '

The rook mass, whare nok distarbaed by geological
gtruotures, ip widely Jjointed. Inherent Joints and
jointing patterns are nelther continuous nor clusterad at
any partieular horizon, As such, it 1is unlikely to

unravel as a gerles of blocks ovor greated mining spons.
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Underground observations revealed that * - rempant reef
horironsg are alse widely jolnted. As such, they are
considered as typical of most Witwatersrand gold bearing

reafs,

Mining spang: From scrutiny of mlne plans ang undergrpund
cbservations it can be concluded that the extracﬁicn ratio
of the South reef was 90 % 1in the area of intersst {ta_a
depth of about 250 m) and that mining activity on the Main
reef horlson resulted in an extraction ratioﬁ of 65 3 (due
to patchy grade values, PRETORIUS, 1972). '

on the South reef horizon the majority of the mined spaus
at the depth range of interest fall within the range 100 m
to 300 m. Ta ¥y are broken by the continuous and alongate
" North~gouth and Basg’ West orientated pilllars and remnants,
Thage comprise main.  «yhe matariél with peripharal reef
and vary in thickness between 10 m and 40 m, although soms
are locally up to 80. m wida' Underground observation

showed massive hangingwall oollapses Iin the South reef

workinga.

On the Mein reef horizon mined spang and pillar and
remnant dimensions vary considerably.. In soma instancos
wmining extended over unbroken spans of up o 100m.
Elsewhare approximately square pilllars with 5 m side
langths were laft botween 12 ahd 15 m apart on dip and

strike and on an approximataly ragular pattern.
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3.1.3 Intact Material Properties

bata: In order to faallltate reallsgtic modélling of
remnants, pillars and intaet rock mass behavioar in
résponse o the mined spana; a knewledge of the properties
of the reef horizons and principal rock types within the

host rock mass is reguired,

The intact rock mass and reef horizons of the Central
Witwatersrand region 1s probably typical and conslstent
with equivalent Witwatersrand éaquences. As such, there
ls ne readily avallable evidence to suggest that theldx
material properties would thave difffered or differ
algnificantly from those established for saimilar rock
types elsewhere in the Witwatersrand basin., The values
tabulated 4in Table 3.1 (BRINK, 1979) are used in
modelling., However, as sxplained in Section 4, a rock
mass is generally weaker than its constituent rock
matarlal as the mass contalna structural weaknesses such
 as joints and faults (STACHY, 1988). '

TABLE 3.1 ASSUMED INTAQT PROPERTIES
: : PRINCIRAL ROCK TYPES

ROCK TYPE UCS yrs B d Co
(MPa) (MPa) {(GPa) v  (r/cum) (MPa) #°

Quartzite 220 20 70 0,15 2,70 - 30 30

South Resf 200 - 70 0,15 2,75 a0 30
Main Reef 200 -~ 70 0,15 2,75 3¢ 30
Ug8 = Unlaxial compresgive strength B = Tangent Young's
UTB = Bragilian strength _ : modules

GPa = Giga Pascals v = Polsgon's ratio
MPa « Mega Pascals 4 = Dangity



42

T/cum = Tong per cublc metre o = Cohesion
= Internal frintion angle :

3.1.4 Virgin Stress State

A knowledge of the magnitude of the virgin stress state is
of fundamental importance +to rock nechanics considera-
tions. YFor axample, the magnitude of virgin stress oan
play a dominant role in determining the behaviour of an
intact rock mass over mihed spans, a¢ well ag the ultimate
magnitudes of £ield stresses acting on remnants and
pillars. ‘that is, wvirgln stress largely determines the
performance of an excavatlon, aor gseriesz of sexcavations,

during and after wining activitles.

Pirections : Two components of horizontal stress, and a
vertical oomponent, define a virgin stress state. Far
purposes of modelllng, the vertical component can
reagenably be assumed to have acted parpendicular to
surface, althcigh in moderately dilpping rook mass it could
have been inclined a.few degrees away Erom the down dip
direction. Normally any variations that might result from
 this wﬁuld ke such that they can be ignored. It is also
assumaéd that one component of horisontal stress acte
parallel to strike and that the second component acts
parailel to thé dip direction, Thesa too are réasohable
aggsumptiona in that they are consisbent with data obtained
by direct measurement at a pumber of hard ook mines (HOER

AND BROWN, 1980).

Magnitudes : The magnitude of the vertical component is
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agsumed to equal the weight of the overlylng rock mass to
any polnt of interest below surface, The magnitudes of
. the horlzontal virg-in. stress can vary conaiderably, more
especially near aurfacé where fesidual stress (that locked
into thé rock masa from greater depths than which 1s now
manifest ae a result of surface wegtharing) or teckonio
ptress (that cauvaed by reglonal rock mass movement) can
repult in magnitudes greater than the vestlcal component.,

The two horizontal components can 2lso be unequal.

The horizontal virgin stress components are also found to
be dapandent on the depth helow surfage. Thelr rate of
increase with depth 1s usually specified bﬁ a_constaﬁt k
(BUDAVARI, 1983a). k is a ratio which is obtained Ey
dividing the average horigontal virgin stress into the
vertical component of virgin stress. It is considerably
more difficult %o datermine the value of ¥k than the
magnitude of the vertical etregs vomponent acting at a
polat. It has to be determined by direct in situ
meagsuremsnts, Figure 3.3 (AFTER HOEK AND BROWN, 1980}
detalls kX ratios for a wide varilety of hard rock mines
from around he world, laeluding ﬁéep lavel South African

gold mines.

From ) km upwards, with decrveasing depth, the value of Xk
inoreases rapldly to an approximate maximum of 1,5
{BUDAVARY, 1983a). High horigontal stressces inaoraase the
friotional Forces on the planes of jelnts in the rock mass

ovarlying underground excavations, Higher Tthorizontal
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stresses would, therefore, promota stabllity over stable
mined spans. However, as ne ln situ stress measurements
have been taken in the regiona and degpths of interest, a k
value of 1 is assumed for wedelling purposes, whidh_is a
reasonable and valid assumption fbr the worst case method

adopted,

“3.,1.5 Surfage Considerations

In the following sections, the asources, magnitudes and
affects df, and limlt criteria for possible types of
surface movement in the area of interast are discusgsged,
These Form the basis for the relevant analyses and
conaclueions of Sections 4 and S, Howev-r&;,  the
destaiilising effects of joint zoneé asgoclated with dykes
and faults, which may result in 1afge scale rock mass
movements ag described in Bestion 3.1.2, are ignored as

they, at this stage, cannot be pradicted,

Two main sources of potentlally damaging surface movements
are jidentlified for the type of rock mass described in
Section 3.1.1 1 elastic deformstion over the oreated
mining spans; and progresalve fallure to surface. In.the
following sectiona'theae are considered geparately and in
terms of the ccnsequences of South and Main reef mining on

the types and magnitudes of surface wmovement.

3.1,5.1 Elastlc Movement
Behaviour : In section 3.1.,2 of Appendix A it waa

concluded that a yock mass of the type previously
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described would deflect in an elastic maaner over
subcritical  spans. Smooth and hontinuous surface
subsidence profiles would form in such caaes.(SUBBIDENCE
ENGINEER'S HANDBOCK, NCB). An idealised aexample isg:
detailed in Figure 3.4. '

Criteria =. ¥o readily évailable data exists for +the
setting of limit surface movements, usually quoted as
strains, for such behaviour in the Witwatersrand basin,
Becauéa of this, the criteriﬁ utllised for analysis were
drawn from the llterature of coal mining. This approach
is considered valld in that similar surface movements
would Thave similar effects on surface structurs,
lrrespeetive of either the sourde of thess movements or
the characterlstics of the deflecting rock mass, The
National Coal Board's criteria of maximum surface
movanents wﬁich, when exceaded, ﬁay regult in structural
damage {SUBSLDENCE ENGINEEBR'S HANDBOOK , NeB)  and
sumsarised. in Table 3.2, ave well establirhed and

genarally accepted. Accordingly, these were used,

TABLE 3.2 MAXIMUM ALLOWABLE SURFACE MOVEMENTS

MOVEMENT LIMIT CRITERIA COMMENTS
Horizontal strain 0,5 mm/m Compression
: ' or tenslon

Tile 2,5 mm/m

Gonclusions 1 The auberitical mined gpans which determine
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the likely maxlmum magnitudes of elastic murface movement
are those created, or to be created in the South reef
only, The »reason 1e that the dominant Bouth reef
pillars/remnants are formed from the subvertical dykes and
peripheral reaf pillars left on the dykes and faulta.
Thase dykes are projected to the Main reaf hotlizon, That
is, the pillars are supeximposed, In additien, as the
result of more scattered and patchy values (PRETORIUS,
1372), the Main reésf ls not as extensively mined in the
top porcione of the Central Witwatersrand mines aa the
South reef. Az long as the Main reef mined spuns Bra
equal or smaller than the South xeef mlned spans at
subaritical gpang, the middling between Soulh and Main
raef excavatlons will be astable and as explained in
Seution 3.1.5.3 South reef spans need to be considered
only (BLACK, 1960).

STASIKOWSKY (1987) showed that for the ek mass
- previously described, suberitical South reef mined spans
at the depth range of .interest {to & depth of 240 m),
would result in (elastic) surface movements at least one
order of magnitude less than the maxime stated in Table
3.2« As such, they were not consldered Hurther in any
datail. Howewer, asupereritical South renf apans ooul:_i
glive rise to inelastio surface mhvemants, f£or the reasons

desaribed in the #Zollowing sectlona,
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3.1.5.2 Inelastic movements - South Reef

Behaviour : The failure proceaé iz described in Section
3.1.3 of Appendix A. Por the uniform rock mass under
review, progresaive fallure of rock slabs and blocks would
in most cases result in bulking (the effect caused by the _
areatlon of voida between blocks, thereby resulting in a
vélumetric éxpanéion of the falled mass compared with tﬁe
intact mass; see Section 1,1). Progressive fallure could
therefore either extend to some polnt within the overlying
strata ér to surface, depending on the average magniltuue
of bulking, the wvold into which c¢aving oacourred and the
resf depth, Should fallure extend to surface a stepped
subsidence profile would result (BUBSIDENCE ENGINEER'S
HANDBOOK, NCB).

Howavex, the margins'of the failing rock mass would not
gave vertically : the peripheral fallure profile would
tend to extend over the mined out area, For the uniform
£ype of rock mass under review, the failure profiie would
~ probably approximate to a persistent'line defined by an
angle of break (Section 2.1.1l{vi)). WHITTAKHER tieag)
shows that in competent ground thies line approximates 70°
fram the Thorisontal. - Underground observations in
collapsed stopes teﬁd to gconflxm that the angle of hreak
lies tbwarda the worked out area and attaing a magnitude

of 709 from the horizontal.

The pringipal effact of an angle of break wou.d be ta
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progresgively reduce +the free span of the othérwiae
failing layer as the height of caving inckeased. Should
thie span reduce to suberitical dimensions, then shear
failure would stop and the intart layer would remain as a
gtable arch. Although a void, caused by inadequate
bulking, could still exist below the stable laver, elastic

deformatlion only would oceour on surface,

It is in such circumstances the wagnitude of a
superaritical mined span plays an important role in
déterﬁining the likely maximum height of caving and likely
surface effect. An idealised example of partial caving
from the South reef is presented as Figure 3.5A. Figure

3.5B is an idealised example of fallure to sufﬂaue.

In the case of pértial caving, the atabllity of the
remaining intact layer largely depends on its structural
charactaristics, Bs desoribed in Section 3.l.l, it would
be massive to widely jointed and would act a® a single and
elastic but f£lawed layer (Section 4,1,1,1}). Howaver,
underground observations indicate that 1f its width is
leas than about 15 m, then its continuity probably breaks

down.

In such casas caving could therefore be reasonably assﬁmed
to extend as far as the tulking rock mass allowed, Should
.éaving extend to the surface weathered gzone and watexr
ﬁable, then these layers,.which would act as a deadwelght,

conld reasonably be expectaed ho fall as a vertieal plug
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with no bulking. Inh sush circumstances inelastic, rather

than elastic, surface subsidence would oeccur,

The preceding discusasions reveal four possible caved
states that could exlst in the area of intarest and over

supereritical south reef mined spans 1

* Conditinn 1 =~ caving to surface, resulting
in surface snbsidence, when the theoretical
.height of caving exceeds tha mined depth
less the thickness of the surxface weathered
zone and water table (12 m, see Section

3.1)r

*  Condition 2 - caving to some polnt hetween
the b&se of the weathered zone and 15 m
below the weathered zone, which eould result
in inalastic surface movement (L m being
the minimum width of an elastle but flawed

layer of quartzites);

*  condition 3 - partial caving to some point
equal to or below 27 m below surfade (15 m +
12 m), at which helght a stable lntaet 1éyer
remaine, vresulting in elastic surface

wevement onlyr and

*  Condition 4 ~ caving to some point below

the f£irst stable intact layer for the
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deflecting rock mass, resulting in elastic

sutrface movement only.

In addition, rock mass fallure could occur along the joint
zonas assoclated with the subvertical dykes and faults,

which is8 not consldered here.

Section 4 will quantify'the possible caved states defined

above.
3.1.5.3 Inalastic Movements - Main Reei'

Behaviours
The physical characteristics of the middling between the
South and Main reef workings weére described in Sectimﬁ.
3.1.1 as similar t¢ the rock mass overlying the South
raef, As such, the previously defined fallure pracess,
bulking characteristios and minimum intact thickness for a

stable layer (15 m) equally applies here.

Therefore, the same cave angles and theoretical heights of

caving for the same stoping widiths apply.

Three popaible caved statea can exist in the middling,

depending on the mined span :
*  Condition 1 ~ caving to the South reef;

* Condition 2 =~ partial caving to a stable
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layer; and

* Condition 3 ~ alastlc deflection only over

subcritienl Main reef mined spans. .

Conditiona 2 and 3 would give rise to elastic movement
only at tha. South reef horizon and would not indu{_ze any
noticakle surface movements. As such, they are not
considered in further detail, However, condition 1 could

result in four possible scenarios :

*1a - additional surface movement if the new
haight of caving exceeds h - 12 m
{weathered zéne) for the 8outh reef
condition Wmax < Wi (Wmax h'eing the limit
or criticél span, W: a supeveritical span
in this wcase and h the depth below

surface):;

*1B - new surface movement caused by an increase
in the height of aving =such that it
newly exceads h - 12 m for the South reef

condition Witax <¢ W3

*1¢ - no inelastic surface effect if the new
maximun height of caving does not exceed h
« 12 m for the South reef condition Wmax ~
W; and
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#1D - no additional lnelastic surface effect for
the South reef criterion Wrax =W (W being

a subcritical span).

In addition rock mase failure could ocour along the joint:
zZohnes associahed with the subvertilcal dykes and £faults.
This asource of large rdale instabllity was, however, not

considered further hera.

A number of compllicating factors alsoc exist in that the

following are not known :

*  ywhether further bulking of the failed rock
mass overlying the South reef would occur if

caving extended from the Main reef;

*  whether the failed slabu would be
pufficiently large to hridge any falled Main
resf mlining spans and thereby prévent

additional upard cabing movemant.

1f mining of the Main reef took place first Main reef
caving +o the South reef would result i1in the full
extension of caving according to the combined South and
Main reef mined heights and depth below surface,
Extensive South reef extraction would not have been-
possible had the footwall subsided as a result of Main
reef mining +to supercritical spans, However, from

serutiny of plana South reef mining took place first.
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3.2 Bushveéld Igneous Complex Mines

It was found reasohable to conéentrate on the UGE2 horizon
of the Bushveld Igneous COmpléx as that zZone has a weaker
hangingwall seguence compared to the Mefensky reef

horizon., The worst case situation is therefore addressed.

3.2.1 Lithologies and stratigraphy
Detalls of the stratligraphy of the UGZ are based on
geoloygy sections for boreholes drilied in the Marikana

area, (COERTZE 187L).

Pigure 3.6 details the geology sections for three
borehoies as ﬁell as an average sucdassion based on the
information of the same boreholes, The lithologicai
descriptors and stratigvaphic divisions detailed thereon

are those referred to in the text.

The sequénce appears to be typical for this area of the
Bushveld Igneous Complex (BIC) in that the stratigraphy is

persistent, and consistext with that in mines in the area.

However, varlations occur, in the thickness and structure
of the pyroxepites, which has an impact on support

conaiderations.

3.2.1.1 Noriﬁe/&northdsite Hangingwall Series
The norite/anorthosite series include all lithological
divisions from the FW7 norites to the HW2 anorthosites

(Figure 3.6}). The series is masslve and continuous.
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The bottom contact of the norite/anorthosites with the
pyroxenites i1s sharp, distinct and irregularly weathered

to a depth of at least 70 m below surface,

From ocbssrvations the contact is marked and weak 1in

tension at this depth range.

3.2.1.2 Hangingwall Pyroxenite Sequence
The pyroxenite series i3 summarised on Figure 3.7

(WALRAVEN, 1986, VILJOEN, 1586).

The HWla portion is, oa average, 5,5 m thick and generally
well jointad.. The thickness of the UG2a marker'typically
varies between sbout 0,2 m and 0,5 m, with an average of
about 0,4 m. Rockfalls extend usﬁally.to this marker,

which is extremely waak in tension.

The HWlb pyroxenite sequence is, on average, 4,5 m thick

atd generally less jvwinted than the BWla portion,

3.2.1.3 UG2 Reef
For purposeés of this répcrt, an average dip of 14 degrees

and a maximum stoping width of 1,5 m were assumed.

In an unweathéred state, the top comtact of the reef is
most often distinﬁt-and cchesive. To depths of about 70 m
below surfacde it is irregularly weathered, clay filled nd
acts as a discrete parting plane. Balow.depths of about

70 m 1t can be expected to be clean, tight and coheaive
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{ LEEB~DU TOIT, 1986).

3.2,1.4 Footwall seguence

In the logged boraholes; and in all the current under-
ground reaf exposures, the immedlate footwall ia a FW1
pegmatoidj. The pegmatold c&n be up to about 0,5 m thick
with an average of about 0,4 m. In an unweathered state

the reef-pegmatoid contact is distinct and echesive,

The contact between the FW2 and the FWl pegnatoid is

ugually sharp, weak and acts as a digcrete parting plane.

3.2.2 surface Weathered Zone

C Figure 3.8 summarises the average weathering profiles for
the weatern segtlon of the BIC as determined £rom bhorehole
information and undarground observations. Weathering and
molisture ocontent ocan rapidly reduce the strength of

competent rock (STACEY, Ll9B6).

The boundaries bhetween weathered, waﬁer bearing and fresh
rocks are progressive and vary according to local Joint
densities ap well as gurfﬁce topography (for example,
depressions where weathering can be expected to be locally
more deeply seated). However, for the worst case analysis
method adopted, the indicated 1imits .of weathering are

accepted as average and typlcal for the area,

3.2.2,1 Influence of Weathering on Hangingwall Stability

The thickness of unweathered norites/anorthosites above
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shallen: UG2 reef stopes 1s an  important design

considaration - it dictates safe mining spanz,

Where the norites/anorthosites outerops, and in areas
unaffeoted by geologleal disturbanues,' the surface
weathered zone extenda to an maximum of about 12 m to 18 m

below surfacs.

Within this =zone the strata vary from surface soil, to
deeply weathered, small blocky and loose water bearing
layer (subsoil), and a medium bloeky, leached and loose
water bearing layer at the base. This layer has no
inherent strength and acks as a deadwelght on the

underlylng stfata.

Further downdip weathering in the pyroxenites has baen
observad, In most cases, thilg additional weathering is
well developed to & dgpth of about 35 m below surface.
Thereafter it progressively recedes until it ig expresged
as a thin zone of weathers® jolnt planes at a maximum

depth of ahout 50 m helow enrface,

The weathering profiles in the pyroxenltss  vary
qonaidérably. This can result in deceptive hangingwall
conditions in the stopes. For example, tha immediate out
hangingvall can appear frash and competent from depths of
ahout 30 wm beloew surfase, but it is overlain by

extenaively weathered pyroxenltes.
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The extensively weathered dature of the pyroxeniktes is
attributed to thelr generally well Jointed nature
rasulting in extanaive and dep weathering to a depth of
about 30 m below surface. Thereafter weathering mostly
cgoura along the joint planes in a thinning layer to a

maximum depth o. about 65 m below aursice.

The UG2A marker in the pyroxenites (Flgura 3.7) has the
effect of creatiny a distinet parting plane in the

pyroxenltes._

342.2,2 VG2 Reef

The hehaviour of pillars in shallow excavations can depend
on their structiral stability, rather than the strength of
intact blocks. As the formaer can depend on the.weathering
characteristics of the reef, a knowledge of the weathering

profiles becomes a preregquisite For optimom pillar dealgn.

From obmervations the oxidised zone typlcally extends te
about 20 m below surface, although it can extend to as

much as 30 m below surface.

In thig zone the reef is typlcally altered to a wesk and

. frlable mass which progressively strangthens down dip.

The weathering depends on local joint densities in the
hanglingwall pyroxenite aaquende and prograssively
decreases down dlp to a maximum depth of about 50 m below

gurface.
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The principal effect of this could be a reduction of the
intact strength of the reef, thereby influencing minimum
gsafe pillar dimensions., The magnltude of this effect is

disoussed in_section 3.2.5.3,

3.2,2,3 Immediate Footwall

The £ootlng stability of plllars and internal stope
support will largely rely on the weathering profiles in
the immediate footwall. As such, the definltion of the
type and dapth of weathering is an important consideration
when determining: the associﬁted minihg riske in the

shallew surface excavations,

The footwal® pegmatoid is deeply weathered to a weak and
unstable mags to a depth of about 30 m below surface., It
has a sharp bottom wontact rapresented by a disorete

parting plane.

Prom about 30 m below surface the depth and severity of
weathering progressively reduces to a kaximum depth of
about 70 m below surface. In this zone the reef will most

often gleanly »art along the bottom contack.

However, f£from 50 to 60 m below gurface weathering can
extend either dlong the bottom contact or along the first
parting plane below this. This will dictate the point at
which the footwall will most oftuwn part.
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3.2.3 The Effects of Geological Stiuctures

Figure 3.9 is an idealised summary of the effects of three
prinaipal outcropplng structures (fauits, dykas and shear
zones) on shallow weathering profiles, Where these are
elther expressed ou surface oir in the surface weathared
zone they act as channsls for preferential groundwater
movement and hence weathéring., This is usuwally restricted
k0 joint zones associated with the margine of the
structures. Severe weathering extends to much gréater
depths than average, due to the presence of a (now
weathered) shear zone, The obvious indicators of this are

the bleached and small blocky appesarance of the rock,

The depths to which weathering can extahd vary aecording
to joint freoquencles and the mineralogy of a joint zmone.
No generalised dJepth can, therefore, bhe determined -~
aithough in general this appears to be at a reef elevation

of abtut 70 m balow surface,

In the hangingwall norite/anorthosite meries, or in the
footwall norites, faults and shear zones usually dlp at
between 70 and 80 degrees., However, in the pyroxenites
these.are generally exﬁrasaed as a flat dipping (20 tw 20
degrees] wone, If this ie conbined with groundwater
movement, freguen* hangingwall collapses have been

ochaerved,

3.2.4 Jeinting
This section la important because at the depths of mining
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under consideration, the structural characteristics of the
rock mass will effect its performancé over the created

mining spans.

From borshole information ana undergfound observations it
appears that few joints fall below. the critical angle of
50 degrees (BTACEY, 1986).

It also appears that no obviously regular or persistent
joint patterns exist and they rarely extend furthar.than a
few metres in any direction. As sudh, they probably
represent local and transversely random structures
indicative of cooling features rather than any tectonic.er
reglonal jointing trends. These observations are
conslstent with others mede elsewhere in the BIC. The
only exceptions occur next to faults, potholes and igneous
intrusione such as dykes, 1In these cases regular jointing
patterns can bhe readily obsexrved in the limited zones

aggociated with the various structures,

The observed joints were continuous adross the mined
areas. It is therefore reasonable to conclude that in
situ the patterns and lengkth of individual joints are

continuous and extensive.

Thrae joint sets were identified in the HWlb section which
are detailed in Table 3.3, |
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TABLE 3.3 JOINT SETS - HWib PYROXENITES

JOINT AVERAGE AVERAGE DIP DIRECTION

- 8ET DIF (DEGREES) (TRUE NORTH THROUGH EAST)
51 | 74 | 000 degrees
J2 80 (70 degrees

J3 50 165 degrees

The jcint_frequehcy was about 2/m.

Figure 3.10 is an iscometric drawing of the interaction of
the threé defined joints sets for the hangingwall. It can
be concluded f£rom this that possibly large blocks and
wedges will exist in the immediate hangingwall which are
capabhle of falling or sliding out under the lnfluence of

gravity.
3.2.5 Material Properties

3.2.5.1 Ndrite/hnoxﬁhosité Hangingwall Series

Intact specimens of'the principal rock types (norites and
anorthosites) of the unweathered norite/ancrthosite series
are typlically homogeneous and in most éases iaotropic} As
such, little difference in their material propertiez can

be expectad over large arscas.
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TABLE 3.4 ROCK PROPERTIES - [HANGINGWALL
: NORITE-ANORTHOSITE SERIES

GGS  UTB  Co E v

d il
ROCK TYPE (MPa} {MPa} (Mpa) {(GPa)} . kg/m3
Norite 230 15 45 85 0,22 2850 47
Spotted 220 14 45 8s 0,22 2800 45
Anorthosite :
Mottled )
anorthosite 200 13 45 90 0,20 2750 41
MPa = Maga Pascals GPa = G(iga Pascals
Ucs = Uniaxlal compressive stréngth B = Young's Modulus
UTB = Brazilian strength v = Poisson's ratio
Co = Cohesion d = Density
g = Angle of internal friction

3.2,5.2 Hangingwall Pyroxenite Seguence

The material properxtles of the pyrckenite sequence are nn*
egsancial for this inveatigation as their bulk bshaviour.
will be controlled by the inherent flaws rather than by

the properties of intact blocks.

However, for purposes of computer modelling, some of the

constants detalled in Tables 3.4 and 3.5 were used.

3.2,5.,3 UG2 Reef

The matrix of the reef may be weathered to a depth of
about 50 m. This conld afifect £he strength of the resf
pillars and STACEY (1986) recommends a gstrength reduction
factor of about 35 %. As such, a knowledge of the ilhtact
streangth of the reef to such depths 1is an important
consideration - the design of pillar dimensions and

analyses of thelr stability depend on the lnformation,
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TABLE 3.5 ROCK PROPERTIES - HWl PYROXFNITES

ROCK TYPE  UCS UTE  Co E v a go
{MPa) (MPa) (GPa) kg/m3

Pyroxenite 140 12 35 100 0,24 3200 45

The CSIR Geomechanics Laboratory oconducted tests on D&E3
reef which indicate a homdgeneocus and isotropic rock type,
It also confirms an earlier conclusion : the UG2 reef is
massive and structurally uniform.. TPable 3.6 details the

averaged values for all test data for the UGZ reaf,

TABLE 3.6 ROCK PROPERTIES - UG2 REEF

UCcs . TCs (MPa)

Sample B v . d Co go
Depth (MPa) Confining streas (GPa) kg/m3

. 5 MPa 10 MPa 15 Mpa
BS m 124,5 152,85 189, 3 26,9 10,8 0,39 3790 25,4 4%,
78 m 117,33 156,8 1%1,8 10,1 103,8 0,34 3g7o 22,7 48,
ave  120,9 154,6 190,5.  218,5 102,8 0,36 3830 24,1 47,

3.2.5.4 Footwall Sequence

The material constants £or +the footwall pegmatoid are
uuinown. This is not wvital information as in the
weathered state it is known to be very weak, It would
also be extremely Alfficult £o obtaln adequate samples for
testing., In an unweathered state evidehce from the
western.side of the BIQ iﬁdicates that it is sufficlently
stron§ to afford a competent footwall to reef plllars to

the depth of 240 m +.
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3.2.6 - Conolusions
In the Central Witwatersrand the weathered surface zone is
"a reasonably uniform, horizontal layer of about 12 m
thick, acting as a deadweight on a uniform rock mass, The
oxidised and weathered outorops of the resfs have all bsen
mined befora the turn of the century and weathering of the
outorop areas is, therefore, not a consideration.
Weaknesses in the rock ﬁass averlyitg the réefa ara
confined to the joinﬁed ma-ginsg of Ffaults and dykes,
Desigh oriteria would only have to consider sub and
supereritical apan, with stabilieing ox bracket pillars on
faulte and dykes, the Laglgn of which would depend on the
gtrength of the piilar material and load. Ag the
hangingwall and footwall consisis of competent, atrong
quartzites, they naed not to ba oconsidered for factors
affeating the afability of the pillars, such as foundation

Falilure.

w1 the Bushveld Igneous Complex, at the other hand, the

weathefing along the outerop 'axtenda downdip to a far

greater extent and influences tha stability of +the

hangingwﬁll to depths up to 50 m. The weatherlng of dyke
and fault planes extends even deepar and reaches depths of
70 . The Jjointing idn the immedlata hangingwall
pyroxenites is shallow dipping and intensa, In addition,
the UG2 marker In the pyroxenites la very weak, affordlng
no <ohesgion. Plllar aupport for the pwotection_of tha
gurface has to bo designed to cater. for the deeply

weathared nature of the reef, Langlng~ and footwalls.



73

gafe mindng spans depend o the competeht
noritefano:thoaiﬁe hangingwall and the deslgn of support
for the pyroxenite hangingwall has to be independent £rom
the norite/a'northoaite series. It should, however, have a

high support resistance (ANON, AN INDUSTRY GUIDE, 1988},

The next section uses the f£indings of this section to
arrive at failure criteria and design pavameters for the
shallow mines in the Central Witwatersrand a=d Bushveld

Igneous Complex.
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4. BEHAVIOUR, CRITERIA AND MODELS

This section deals with the implications of the resulta of
~the geotechnical investigations presented in section 3.
The behavinural characteristics of the premining/intact
rock mass are dlsoussed from which suitahle design erite-
ria and methods £or analysis of ths relevant areas of
interest are established., These form the basis for tha
analyses, discussions and concluslions which ogoncern
factors affectinyg the protection of the surface over

shallow mining areas in the Central Witwatersrand and BIC

ragions.

441 Central Witwatersrand

4,1.1 Rock Mass Overlying the South Reef

Benaviour : fThe intact rock mass (that which existed

pricr to any nmining) overlying the Bouth Reef and the
gurfaca is'considered as two geoparate units : the Burface
weatherad zone and water +abler and an underlying,

unweathered mass.

Weathered Layers : The surface weathered =zone was
previously described as having little or no intrinaic
bridging atrength and could reasonably ba expactaed 4o have

aoted as a deadwaight on any underlying layers.

The combined welght of 12 m of overburden gives rise to

stress levels of about 0,3 MPa, Tais value is uged for
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purposes of analysis,

Unweathered NLayers : The unweut] 3red and lntact portion
wag previously desgribed as unitorm, and randomly and
widely jointed with discontinucus jolnts. As such; it is
modelled as an elastic medium with a reduced modulus. In
this context, the principal effiect of the inherent
discontinulties would have been t7 reduce the bulk modulus
2 rigidtuy tﬁ about 70 $ that of intact rock (JLBGER AND
1979), That is, %o about 50 GPa. Hor the intack

rows  mMasg, failﬁre is therefore considered to be a
function of its bulﬁ alaetic properties, the strese state

and tho ereated mining spans,

4.1.1:) Mode of Failure

Tie overlying rock mass extends to the top contact of the
South Reaf. As such, the determination of its conditien
over either the previsusly mined or future planned mining
gpansa prirﬁarily rolies on whether the mined dimensions
'hetwaan stability and bracket pillars are i~ a suberitical
or supereritical state, For example, should the exlsting
mined apans be hupercritioal. thaen 1t could reawonably be
concluded that fallure of the type deseribied in Section
2.1.2 ocourred. VAN NIEKERK (1989), by drilling £rom
surface into collapsed workings at neveral altes, found
that the hangingwall was severely unravelled near the
gtopa, resulting in cavities to form iln the hanglngwall.
Where these cavities extanded to surface, “bottlenacks"

were formed. The marging of these "botilenecka" formed,
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on average, angles of 70°. Where these cavities did aot
extend to surface, gradual diminishing of'cpen Jjoints ware
observad towards the surface layer. The increase of open
jolnting above cavitlies with depth was also .observed by
CAMERON~CLARKE (1990)., Reports on caving in underground
workings at Crown Mines 1in the archives of the
Johannesbury Inspeétorate {IMF 153/50 of 24 April 1970)
also refer to "bottlenecking" where the caved ateas in the
workinge are larger than the reported surface effects,
From +the dJdeseriptions of pstrata behaviour in Section
' 3.1,5.2 and Section 3.1,3 of Appendix A and the reported
casea described above and personal observations the theo~
reticsl peet caving profiles are sumarised on Flgures 4.1
and 4.2. Since the jointing is not continuous, it is un~
likely that this could have an appreclsble effect on the
caving profiles{

4.1.1.2 Criteria and.Mathods

The onget of lnduced shear failure can be épproximated by
the Mohr~Coulomb failure oriterion., This ralates shear
stress acting along a theoretical plane to the Eorces

resisting aliding along the'plane.

t = Co + on.tanf - (4.1)
- where t = ghear atress
Co = cohesion
on = pormal stress acting acrogss the
ghear plane

g = internal friction angle
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This criterion can be represented as a line of critical
stress state that separates a fallure region above the
line from a no-failure region below the line. This line,
known as a Mohr's envelops, 1s unigque for each material

type, PFigure 4.3 illustrates a typical example,

If the major and minor principal stresses are known for
- apy point within the rock mass, then thase can be plotted

dn the {Mohr's envelope) graph as a Mohr circle,

If a Mohr cirele is fully enclosed in the ne-failure
region, as defined by the charagteristic Mohr anvelope,
then stability is indicated. However, Lf m cuts the
envelope and extends into the failure reglon then stress
related failure is indicated. 1f an.envelope acts as a
tahgent to a Mohr circle then the strese condition is at
the critical stress state (that is, it is on the extreme
liﬁit of gtability), - |

The failure index mathod{ a feature of BESOL computer |
programs (CROUCH 1%88) utilises a similar maethod. Tﬁa
computed field stresg state (the state of stress existing
in the ground as a result of adjagent mining activity) for
a point is considerad as a Mohr circle, compared with the
aritical stress ghtate for a fixed minor principal stress,
and then gimilarly compared with a fixed major principal
stress., The ratio (xr*/r) of the radii of circles

desaribed by the oritical stress state (r’), and the true
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£ield stress state {(r), is the failure index or strength ¢
stresy ratlio for that point (CROUCH, 1976)}. An Iindex of F
<1 indlcates induced shear £ailure at that point,  as

detalled in FPigure 4.3,

If all the computed values for avery point within an area
of lnterest are contourad, then fallure indices for the

Mo Lled exoavations are derived.

It should be noted that the Mcohr~Coulomb failure criterion
defines cnly a thresheold beyond wﬁich'shear fracturing is
active., The model used does not follow the reduction in
load~carrying capacity of the rock by reducing cohasion as

a functlon of plastic strain.

4,1.2 South Reef

'Behavicur ¢ The South reef was previously described as
massive to widely jolnted with cohesive gradational
-gontactsa, rillars and remmants may therefore bhe
considered as unfailed and relatively intact unlts rather
than blocks that could unravel under the influence of

gravity or lmposed loads.

As long as auch pillars andfor remnants remain guffi~
clently wide to withstand imposed loads and deformations,
the integrity of +the entire overburden strata would be

maintained during and after the mining process,
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There is a high risk of sudden collapse of hangingwall if
the.additional loading caused by mining of pillars and
remnants is +to drive the remaining pillars to failure.

This may result in large scale surface movement,
4.5.2,1 Criteria and Methods

Strength : The maximum stress criterion (JAEGER AND COOK,
1979) wag usad %o analyse South reef pillar/remnant
behaviour under imposed 1oads; This statea that when an
applied normal load approximates or exceeds the strength
of the material, failure in compression occurs., In the
cagse of pillars and remnants f£ailure generally starts as
corner and sidewall spalling as the stresses are higher at
the vorners (Figure 4.4}, Failure progresses towards the

centre and finally towards total failure.

"he onset of comprasaive_ failure in nermally loaded
laboratory rock specimens usually starts at about 70 % of
the rock's ultimate strength (JAEGER AND COOK, 197%),
fracturing Tbecomes sSavere when the applied loads

approximatae to about 90 § of ite ultimate strength,

Therefore, for purposes of analysis, values equal to 70 &
of the assunéed intaet and unconfined strengths are usad as
safe (and conservative) limit coriteria for pillar edge
stresses. For the South reef thilas value equals about 158

MPa.
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However, +the strength of individual pillars/remnants
varies according to their bulk properties, rather than tﬁe
laboratory determined valueg for small, intact and
preparad épecimens. The former are generally accepted to
be 20 ¢ to 30 % less than the latter (RBIENIAWSKI, 1988},
due to the Llnfluences of, for axample, microfractures and

other discontinuitiss sugh as jeints., The critical stress

level at which pillar corner and sidewall failure starts

~ in the South reef ie therefore assumed to equal 125 MPa.

The afects of weathering around isolated pillars, noted
in Sectlon 3.1.1 are ighored when sétting.the_preceding
etrangth.criterion. The observed subaerial weathering is
a limited peripheral feature which occurs along open
 fractures wather than through the rock fabrice, As such,
it would have little direct bearing on shoert- or long-term

pillar/rennant strength.

Deformations =.with regard to rock mass deformatlone, the
preceding conditions concerning the effecks of bulk
propertiss on pillar and remnant strengths equally apply
hera, hs such, the Young's modulus £or the South reef
pillars/remnants was reduced to ?0.% of the assumed intact

value, 1l.e. ko about 50 GPa.

Elastic deformation of the hangingwall strata was modelled
using a boundary element computer program, hamely BESOL,
CROUCH 1986, In two~dimensional modelling, plllars ave

assumed to be “ocontinuous strips" of unained reef. To
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acocunt for the effacts of three-ditensional pilllare on

strata deformations, the pillar stiffness was reduced by a

factor of ¢, whish is the extraction ratio along the styip -

pillars; along their third dimension; as given by the

formulae 4.2 and 4.3.

Kn = Bi .e - (4.2)
sSm
and Ka = Bl '.....e_ - (4!3)
2(1+v)  Em
Where Kn = pormal bulk stiffness (GPa/m)
Bif e« in situ Young's modulus {(GPa)
8m = stoping width (m)
@ = extraction ratio ‘along the strip
plllars
Kg = bulk shear stiffness (GPa/m)
v = Polasson‘s ratlo
4.1.3 Inter-reef parting

The inter-reef parting was previouwsly Jegcoribed as &

typical sequencé of massive to widely jointed and com-
petent Witwatersrand guartzites with minor grita., Asg

stich, its intact behaviour was modelled in the same manner

as the rock mass overlyiayg the BSouth raeef, with the

exception of the deadweélght effect of the weathered zone.

The same criteria and modelling technlques wexe therefore

ﬂpplied.

4.1.4 Main Reef

The Maln reef was previously described as similar in all
respacte to the South reaf. Asa such, the Dbehaviour,
instability characteristios, strength and stiffness

criteria of pillars and remnants were considered the Bame.,
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4,1.5 ¢riteria and Equatlons : Strata overlying the
Souﬁh Reeaf

Empirical Approach : The criteria and equations detailed

in the followihg pections were specifically derived for

purposes of this investigation. They describe the
possible caved gtates defined above and were wsed for

purposes of the analyses prasented.

Two principal parameters define the likely caved state of

a uniform rock mags over supercritical South Reef gpanz :

the actual mined span (W) and iimit span (Wmax) (SCHUMANN,

1988}, Wmax defines the maximun safe span for mining
which allows a gtable intact limit cave angles <o zome
polnt helow 27 m below surface, Thela? m is fade up of a
12 m weathered zone and a 15 m elastic but flawed layer,
ﬁhiah ia the minimum thickness {(see sectdon 3,1.5.2). The

15 m layer is represented by "t" in formula 4.5.

GALVIN (1983) quantified the effective span of a dolerite
8ill bridging over a geoaf., In order t0 produce a span S
eff at the base of the dolerita sill, a eoritical minimum
lateral dimehaion of the opaning at the mining horizon ls
required, that is a panel wldth W, which must satisfy the

following expfession 3
We =8 eff + 2[tp tan (A ~ 90]) ~ (4.4)

where tp le the parting thickneass between the base of the
dolorite sill and the seam horlzon, and (A~9Q) is the

T R A T e
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angle of break (Figure 4.5).

Gaomatrlaally, the caved state over supercritical spans of
the Bouth reef can be compared with the goaf under a
dolerite sill (Figure 4.8). Accordingly, eguation 4.4 was
modified and yielded :

Wpax = Bf * %[%.“ t+12£} - (4.5)
tan A
where Sf = safe apan for an intact layer of

thickness t (m)

South reef depth below surface (m)
caving angle (70 degrees)

= minimam intact layer (1% m)

13

=g

"When W is less wor egual 0 Wypax 1t would have little
influenco on inelastic rock mags behaviour, Two principal
conditions can, therefore, arise a'

At . Is Wmax (,: W - (4-6)

then the helght of the gaved zone, hg, becomes

hc. = §_a Ry - (4-7)
BF-1
where 8y = the South reaf stoping helght

RF = +the rocompaction factor defined aa the
compranalon of falled rook layers caveed
by guccesaive blockas loading previously
falled blocks, in % and

8F = +the bulking fagtor in 3.

. From ocorralation beotween surface deprasslons reported
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betﬁeen 1903 « 1927 in the Government Mining Enginesr's
 Annual Reports (secticn 2.1.3,2) and stoping haeighvs, it
is unlikely that the recompaction factor exceeds 5 % (RF =
1,05}, |

Lf he > h o~ 12 - (4.8)
" {h ~ 12 being the mining depth mlhus the weathered sone)

then surface subsldence will ogeur, aaccording to condition
1 in Section 3.1,5.2, The magnitude of the subsidence can

be defined as @

Smax = ho =- (h - 12) . (BF - 1) ) - (409“
. - RF

where Smax = maximum surfadce aubeidence.

B ¢ When Wpax -~ W, the maximum height of caving, hg, is
defined by the position of.tha first intact layerx and that
is | '

hg = (W ~Bg) tana . ~ {4,10)
Note that if hat» hg then equation 4.7 applies.

Figure 4,7 summarises equation 4.7 as a series of graphh

detailing possibile heiglits of caving for a range of
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bulking factors and South reef mined helghts. .The graphs
indicate that the height of caving decreases with an
increase in the percentage bulking. It is reasonable to
éssume that the bulking factor of quartzites lles between
5 % and 10 % (VAN NIEKERK, 1989). The graph of 10 &%
indicates that at a stoping width of 1,5 m supercritiecal

spans at a depth range to about 25 m will cave to surface,

Numerical Modelling Approach : In common with empirical
methods, computer based analytical methods rely on
comparing in-situ strength of a pillar syatém to the
calcoulated applied stregs state. However, aonmputer based
methods have the distinct advantage of allowing rapid and
independent analyses o©of any nunber of influencing

variables, As such, theilr use is preferred.

Intact thicknesses over the mined areas were further
analyaad using BESOL. The failure index criterion as
explained in Section 4.1.1,2 was used as the criterion in
‘determining the critical mining spans. 7Tha constants used
for modelling stadies are given in Sections 4,1...2,
4.1,1,2 and 4,1.5,

A wide range of depth-span ratles were simulated. This
was achieved by modelling span increasing at increments of
5 m between 20 m and 70 m for increasing depth at

inorements of 30 m, between 3I0m to 240 m,

The failure indices at oritical mining spana warae then
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plotted on a graph, which details the computad critical
mining spans for a depth range of 15 m to 240 m (PFigure
4.8), The fidgure beérs out underdground observations of
collapsed overlying strata in South reef workings at the
depth range and spans indicated. For instance,
reclamation mining a£ about 100 m depth in a Sonth xeef
stope, where the critical span was widened to over 40 m,
reaulted in masslve hangingwall collapse (Chief Inspector
of Mines, Heidelberg, internal feport on stope collapse ak

Nigel Gold Mines, 1988).

4,1.6 Criteria and EBEguations : Strata Overlying the

Main reef '
For +the reasons already describeas, the eguations and
criteria defined in Section 4.1.5 for the South yeef
equally apply here, The following notation is adopted 1
h' is middling thickness, 8f is the critical span, t' is
the thickness of the lntact layer and By ia the stoping
width,

The relevant egquations are then i

Wmax = 8f* + 2 [h’ = £’ T [44L1)
tan B
ha' = - 8m + R¥ - {4.12)

The total height of caving he’ can be
dafined hy:

he'" w Bm 4+ 83 JHP - {4.13)
: BF = 1 _ _
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Also note that Equation 4,9 changes to:
Smax = (2F ~ 1} {(hg" ~ h’} - {4.14)
RF

that ig, BF = O for the failled vrock mass

overlying the South reef.

Bguailon 4.12 does not changes as thisg 1s independent of
Main reef mined spans for +the ».asons mantionad in

Condition 2 as described in Section 3.1.5.3.

The same farmulaé and PLSOL program as described in the
preceding section wsre used to determine eritical spans at
a depth rangé of 15 m ko 240 m below surfase, The graph
deplcted on Figure 4.9 details the critical mining spans
for Main reef wofkings. This figure indicates that there
is a strengthening efféet with increasing depth of the 25
m thick middling between the South and Maln reef workings,
This could be attiributed to the effect of the increase in

horizontal streds, thereby increasing dlamping forcas.

Flgure 4,10 summarises formula 4.3.2 as a series of graphs
detailing possitle reights of caving for a range of
bulking factors and Main reef mined heights, Whan thé
same bulking Factors are ¢onsidered as with the South reaf
(5 & ~ 10 %) +the grezphs show that increasing stoping
widths from 1,5 m to 2,75 m caving to the BSouth reef

workings will occur at superaritical spans.
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4,1.7 . Pillar Dealgn Criteria and Remnant Mining

The reef pillars left in gituy have 5 m side lengths and
are approximately sguare (Sestion 3.1.2). Underground in-
vegtlgations ravealed no deterioration or scaling of these
pillars, Thase plllars can be accepted to be auiﬁable for
surface protection as pillars with a width : height ratio
of 5 or more normally do not shed load, OZBAY, 1987. As
the stoping width, on average, is 1 m, these pillars are

sultable for surfacs protection purposas.

Scrutiny'df mine plans has shown that in the axtenslvely
mined stopes, the orlglpnal mining has stopped againat or
near o the raef intersectlons of the Joint zounas aspogi-
ated with the dykes. Total extraction of thess remnant
reef pillars paripheral. to the dyﬁea wonuld inour an
extreme risk of adverse surface movements. The principal
reagons for this are the potential for subsidence and rock

movement along dykes and faults and the posesibility of
induced shear fallure of the undermined hangingwall. Ih
eithar cage large Roale inelastlc gurface movements would

cocur (CAMERON-~CLARKE, 1990).

Partial pillar stripping would vatry less risk of adverse
surface movements than total estraction of pillars and
remnants, However, the aspociated risks would remain high
due to the influsaces of unknewns such as the characterig«

tics of the joint gones assotiated with the dykes,
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The abavamanﬁinned rock wmovement is not limited to depth
and may ooeur over a considerable period of time (CAMERON-

CLARKE, 1990).
4.2 Bushveld Igneous Complex : Zonea, Rock Maﬁs

Behavlour and Deaign Criteria : The approach for the BIC
is somewhat different to that for the Witwatersrand,
although it also deals with the impllcations of the
geotachnical analysls presented in Section 3, However,
the rook mass is first zoned ageording to the prevailing.
ground conditions. The general behavioural characteria-
tica of the rock mass are then determined from whiah the
design - criteria for the defined gzones are set, An
Jddealised representation of the structural types for the

'rouk mase ls given on Pigure 4,11,
4.2,1 Geologloal fones

4,2.1.1 Norite/Anorthosite Hangingwall Series
The norite/anorthosite hangingwall series can bhe con-
venlently considered ag two separate unlts ¢ the surfave

waathoered layers: and an underlylng, unweathered masa.

Weathered Layers : The depth to the base of the main
surface weathered zZone can be defined as approximating to
15 m for the worst case. Gravity will play the dominant
role and the layer can be reasonably expected to avt as a

deadwalght over most mined spans. The atrese caused hy
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this deédweight is taken as 0,3MPa, the means used to

analyee its effects on excavatlon gtabllity.

Unweathered Layers 1 Tha unweathered portion of the
hangingwall norite/anorthosite series cah be described aa
‘widely jointed with discontinucus and mostly subvertical
jointa., The stability of the norite/anorthosite iayer
depends on the properties of the inherent join£s= the
interlocking blocks are bound by joints and are subjected
to the afifects of gravity {Sections 3.1.2 and 3.l.3 of
Appendix A). The wldth of +the mining spans also
influences the ﬁtabil#ty of this layer (Figure 4,12) and
the magnitude of the horizontal stress, an increase of
which would result in larger f£rictional £forces on the

joint planes (Section 3.1.4},

At thicknesses of unweathered norits/anorthosite of 15 m

and more (the eguivalent of a reef depth of 40 m below
surface) the stability depends on the bulk properties of
the laysr and épplied stress wptate. Joints, which are
widely spaced and subvegtical, reduces the modulus of xi-
gidity.of the layer to about 50 % of intact roeck (BRADY
AND BROWN, 1985), that is, to about 4NGPa for the norite/
anorthosite layer. It would be capable of bridging/

increasing spans as its thickness ilnoreases with depth.

4,2¢1+2 Hangingwall Pyroxenite Sequence
The hangingwall pyroxenite gequence lg particularly prone

te collupses, as stated in Sections 3.2.1.2 and 3.2.2,1.
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Should a collapse occur then this would rapidly develop as
weathered 1layers; that associlated with the unweathered
but jointed layers; and that vrelated to the parting
planes in the imwediate hangingwall. These differentia-
“tions are important as the rapldly changing and deceptive
hangingwall conditions can impact significantly on stope

support regquirements,

Phe behaviour o¢f the weathered layars would ba very
similar +to that of the norité/anorthoaite hangingwall
weathered lavers and it is reasonabla to conclede that
ovar most mined spans they will act as a deadweight on any
underlying intact layers or installed support, and would

be prone to unravelliny should a key block failure oceour.

In contrast, at unweathered'ﬁequance would aot as a series
of interlocking blocks. Its stabllity would, therefore,
slso depend on the £rictional resistance to sliding,
partly affiorded by lataral glamping forees along planes
inolined at angles greakter than about 50 degrees to the

horizontal (STACEY, l986).

It can be con-luded that the in situ behavioural charac~

teristics of the hangingwall pyroxenite sequence are i

*  the hangingwall layer acts independently of the

overlying and intact norite/ancorthosite series:

* o depths of about 70 m below surface, the
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hangingwall pyroxenite sequence acts as & single
deadwelight unit on the installed lnternal stope

gupport; and

*  the hangihgwall pyroxenite layer plays no direct

rola in determining safe panel spans.

The above mentioned characteristics must be guallfied;
From cbservations there is a marked increaae in both the
strength and stability of the hangingwall pyroxenite se~
guence in a westarly direction on the wegtern side of the
BIC:, The pyroxanite oould, therefore; form part of the

stable hangingwall.

4.2.1.3 UG2 Reef

. In the oxidized zone the reef is deeply weathered to a
weak and friable mass which largely precludes the cutting
of pillare, As such, undafground minling in the oxidized.
zona would be eaextremaly difficult and result in low
extraction ratios. As described in Section 3.2.2.2, the
oxidized zone varies along strike and extends betweenh 20 m
to 30 m beldw surface, &s such, mining to the base of the
oxldized mone would best be carried out on a selective

basis.

As stated in Section 3,2.2.2 the weathered zZone extands to
& depth of about 50 m below surface. BAs the reef in thia
2one L8 ocharacterised by deeply weathered and randomly

orientated plangs, plllar atabllity depends mainly on
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thelr bulk strength characteristice rather than the

strength of intact blocks,

The weathering profile in this area could cause the
weakening of the top contact of the pillars and of the
pillars themselveg which,. in +turn, could result in
hangingwall collapses around +the pillars bhy allowlng
~glaxation of the rockmass and an increased probability of

hangingwall fallures through loss of frictional resistance

acxoss Jjoint planea.

4.2.1.4 Footwall Sequence

As stated in Section 3,2,2,3 the inherent weaknuss of the
deeply weathered pegmatoid could be a potential sousce of
footing instability for any pillars and/or internal stope
support, which oould allow relaxation of the hangingwall
gsaquence, thereby increasing the probability of lbcal
failures or collapsses., Such problemz ocan bs expected Lo

be sever co a depth of about 40 m helow surface.

4,2,2 Models

To reef depths of about 200 m ba;ow surfaca, elther
tributary area theory or computer based analytledl design
methods, such as BESOL type programs, can be used to

determine pillar stability.

4.2.2.1 Pillax Design Criteria
Beveral applicatlions for permission teo undermlne suriface

objects above the UG reefs were the subject of studies on
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pillar design (BUDAVARL l983h; NOBLE, 1989; KOTZE, 1883}.
It was found tha£ a safety factor of 2 for pillars to
protect surface objecta, was acfeptable, The safety
factor %s determined by dividing the load ox plllar stress
into the pillar strength

Bafety factor = Pillar Strength ~ {4,135}
Pillar Stress :

The astrength of a pillar ia. galeulated by ﬁsing an

appirical formula :

Strength = K wi:3 - 14,18)
gO: 78
waere K =  Cubic¢ strength of UGZ
W = width of pillar

31 Height of pillar
The above formula applies to square pillars, WAGNER
(1974} auggésted the following formula to obtain W in

formula 4.16 for rectangular pillars i

Wegg ® & A

s

5!

where - A Cross-sectional area {m?)
c L] Circumference (m)

The load/stress 1s ocaloulated, using the tributary area
theory, as modified by BUDAVARI, 1983 :

Load = 4 x d¢ X sa x 8 | ~ {4.17)
Wb
where ¢+ u = unit welght of rock mass

dip centres of pillar
gtrike centres of plllars
depth below surface

<3
[z}
A KR



107

W = pillar width
- L = pillar length

Numercus cobservations have proved that rectangular pillats
with their long axes at right angles to geological

wesknesgas and joints prevented major falls of ground.

Square pillars nd rectangular pillars parallel: to the
weaknessas and joint sets are associated with major rovk

falls, weapecially in the weathered zone.

A further stipulation waz that the width to height ratio
of the plllars showld be 5 for the protection of the
"surfage. In practlce, these pillars are Fepk Lo a width
of 5 m at stoping widthe of 1m. All situations wheare
these criteria were appliéd, have been ilnvestigated and no
scaling ¢r deterioration of rectangular pillares of a width
of 5 m has been ocbserved. Recent studies (RYDER AND
 QZBAY, 1990) have also indicated that these pillars do not
ghed load when the width to height watio {s 5,

4.2.,3 Design Considerations
The following c¢an be oconcluded £rom the praceding

discussions

* - the determinatlon of safe mining aspans primarily
‘depends on maintalning the stability of an inta
norive/anorthosite layer, although this can be

dramatigally alvered by the presence of geological
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structures:;

* the satability of the hangingwall pyroxenite
' sequencea, and ahy .other overlying weathered
layers, ig'primarily a concern of internal stope
support, thay play no direct role in defining safe
mining spans, although a marked improvement of
pyroxahite hanglhgwall imay result in  the

pyroxsnite to form part of the hangingwall series.

* Apart from pillar stability, an important pillar
design conplderation is their abllity to prevent
an ‘"overrun' of ground in the event of an
uncontrolled hangingwall pyrxoxenlte collapse, in
particular to-a reef depth of about 50 m below

surface; and

*  gupport in those arsas affacted by the weathered
footwall-pegmatoid (to a reef depth of at least 60
m below esurface) should he deslgned to accommodate

the effects of its weak nature.

4.2.4 Design Criteria and Methoda

The uwse of displacement digcontinuity type Dboundary
element is valued for modelling the behaviour of the
norite/anorthosite layex, The wodel used for purposes of
analysis, -was an elastlc but flawed layer with the
material constants defined in Table 3.4, except for a

medulus reduced by about 50 % comparad to ihtagt rook (B =
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40 @dPa}. The fallure index _maﬁhod based on the Mohr-
Coulomp failure criterion (equation 4.1) waa used to
establish the resulting critical mined spans in the same

manner as described in Section 4.1.5.

The same briteria and methods were used as detailed in

Bection 4.1.2.

In all cases the hangingwall pyroxenite sequence was
modelled as a separate unit with indspendent praperiies.
The surface weatherad zona was modeiléd as a line load
equal to 0,3 MN/m2, The virgin stress state was modelled
as k = 1,0 fof the reason described in Sectlon 3.,1.4, A
parallel rib_pillar system was assuned. An example of a
plot ilg given on Flgure 4.13. The figure depicts the plot
of a span of 36 m with a horitafanorthoaite'iayer of 50 m.
A load of 0,3MPa is imposed on this layer atd repreaénts.
the surface weathered layer. A pyroxenite seguence of 10
_m wag modellad which élready shows a much larger area of
eritical stress pstate than in the unorite/anorthosite
layex, Critical stress states are developlng in. the
nbrite/anorthoaité layer and this mining span wam plotted
as a oritical mining span against a norite/anorthosgite

thickness ¢f 50 m on Plgure 4..4,

The following intact thicknesses were analysed : 5,0 m
inecrements between 5,0 m and 20,0 my 10,0 m increments
between 20,0 m and 50,0 m; and 20,0 m inorements botween

50,0 m and 150,0 m. The fallure index method, which ia
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based on the Mohr-Coulomb failure criterion (egquation 4.1}

was used to establish the raesulting eritical mined spant.

Yhe . Tgilure indices at critical norite/anorthosite
thicknvdses were calculated and critical mining spane
plotted on a graph, in the same mahner as described ain
Section 4.1,5 and which detaills the computed ocritical
mining spans for a depth range of 5 m to 240 m (Figure
4,14), Thip figure indicates a rapld increase in the
gtrength of the norite-anorthosite layer up to a thickness
of 56 m, after which the lncrease in strength is uniform.
It must again be emphasised that there iz a marked
increase in the strength and stability of the pyroxenites
on the western side of the BIC, As a consequence, the
pyroxenite ..1ayer can be incorporated into the
norite/anorthosite layer aftap' inveatigating the

hangingwall layer proves its stability.
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5, CONCLUSIONS AND RECOMMENDATIONS
5.1 Central Witwatersrand

8.1.1 Hodels
As stated in Section 4.1.1 BESOL allows the determination
of potential fallure gzones rather than actual £failure

Z0neg,

As gtated in Section 3.1.2 the hangingwal) ahove tlie South
reef .workings have collapsed where apans exceeded the
sritical apan as determined by +the BESOL generated

arltical span curve (Fligure 4.8},

Certain othes conclusions therefore arcse concerning the

likely state of the rock masa overlying the South reef:

*  The failed portlon of the rock mass can redaonably
be  expected t~ Hhave ratained ne lateral or
trahaverae. stiffness; it brobably acky as a
deadweight on the Footwall layer and as a series
of loocsely Interlocking bhlocks with little or no

intrinale bridging strength.

*  The effect 0f a gave angle would have resulted in
a mass of unfalled rock resting on most of the
remainlng pillars and remnants, These unfailed
masgses could lnelude lntact shallow layers of the

type described on Figure 4.6. If the effect of
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the cave angle has hot reached surface, the
remaining idntact layer would be in a critical
stress state. Any widening of the original
excavation by, f£or instance mining of pllilars or
remnants, could result in its destabilisation,
which in turn could result in inelastic surfaca

movement (Section 46 A R ) *

In view of the impcrtance of the preceding conclusions on
the mining of the pillérs and remnantg, the criteriz andg .
eguations detalled in Section 4.1.5 were used to determine’
eritical free sepans for the South reef horizon, as

detailed on Pigure 4,8.

As mining activities in the Cantral Rand at the depth
range of interest can be classified as reclamation mining,
it 1s unlikely that nining in pristine rock will take
place. Recommendations as to mining pristine rock on this

horizon are nevertheless made ln Section 5.1.3,

5.1.2 Deaign of Flllars

As far as pillar and remnant stabllity of the exieting
pillafs ia concerned, the maodels and criterla detailed in
Section 4,1.5 were used, Worst case models were used to
establish the magnitudes of normal and shear stresa acting
on the pillars/rémnantss A cave angle of 70 degrees was
assumed, as well as near surface intact layerxs according
to the critical spans detajled on figure 4.8 and +the
likely caving characteristice defined by eguation 4.7 and
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detailed on figure 4.7. For purposes of these models the
Main reef .was modelled as mined to random spans with
- randomly sized pillars. These pillars/remnants Left at
and aroﬁnd {subvertical) dykes were also modelled as being

superimposed between reefs.

In all capes the computed worst case results revealed
vertical stresges on pillay edges O©f no more than about 65
MPa (to.a naximum depth of 300 m}. That is, about half
the critical stress level of 125 MPa (see Bection 4.1.2.1)
for the onset of sidewall failure., Pillar stiffness was
also found tb ba adeguate to resﬁrict excessive
hangingwall sag when thelr widths are greater than 10 m,
The magnitudes of induced ghear stress in the hangingwall
on the edges of pillars, were found to be sufficiently

small to not warrant further consideration.

5.1.3 Mining mpans

Figures 4.8 and 4.9 summa:iaes the results from the madel
atudies carried out for establishing critical spans for a
range of depths and middling thickness at depths varying
between 27 m and 240 m. Filgure 4.10 implies an incrgase
in the stability of the hangingwall strata of the South
reef stopes wilth an increage in depth, while figure 4.9
shows a slight increase in the strength of the 25 m'thick
middling betkeen the B8outh and Main reef with an ingrease

in depth.
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However; an objective analysis of the current state of the
middling to the Main reef would be greatly complicated by
the wide variety of original mined spans and
configurations. As such, no general cqncluai@ns could be
. made other than faillure to the South reef herizon would
have occurred in some cases. This could have.resulted in
inelastic surface effects, depending on the caved state of
the rock mass overlying the Bouth reef, for the reasons

desetibed in Sectioh 3.1.5.3.
5.1.4 Recommnendations

5,1.4,1 Mining options; South reef

Two pOssible South reef mining optiocns are considered:

*  the removal of yeef from the margins of the

pillar/remnants left around dyke positions; and

% footwall and/or bangingwall stripping in the

previously miued stopes.

(i) Pillar/remnant stoping
It is wcrth.noting in this regard that in the
extensively mined stopes, the original mining
would have most preobably stopped against or near
_to the raef intersections of the Jjoint =zones
assaciated with the dykes, As stated in Section
4.,1.7, any mining of these peripheral plillayrs may

cause rock movement along the dykes and faults,
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resulting in differential subsidence on

dyke/fault contracts.

Ko pillar/remnant mining or partisl pillar
stripping is recommended for reasons describhed in

Bection 4.1.7.

(1i) Footwall/hangingwall Stripping
As footwall/hangingwall stripping may have an
effect on the wildth to helght ratio of pillars it
is recommended that footwall/hangingwall satrip-

ping is restricted to areas away from pillars.

(iii)Primary Mining
. For aafeﬁy pufposes the critical span on the
graph shown on figure 4.10 hag heen decreaaed by
a factor of 10 % to form a safe span {Figure
5.1). The factor of 10 8 is based on possible
damage by blasting and weathering of the pillar
sides, which would have a weakening effect, It
is unlikely that the damaged/weathered zone would
result in increasing the critiecal sp&n by more

than 10 &.
From the criteria and analyses in the pyeceding
. c¢hapters the following conditions are considered

to bhe reasonable i

{a) Mining activities at depths less than 27 m



- (B)

{c)

(d)

(o)
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measured vertically below the ground
surface; would cause surface subsidenca, as

axplained in section 4.1.5.

breast mining - maximum panel widths read
off from figure 5,1 with interpanel pillars
with a width to height ratio of no lesss than

5: ({(Section 4.1.7)

room and pillar mining - square pillars with
a width to height ratio of no less than 5
and regularly spaced at intervals read off

Figure 5.1,

Mining near geological structures: pillars
to be left on the contacts of faults and
dykes of the same dimensions as mentioned

under .. and {c).

Reclamation mining of peripheral pillaxs
left at dykes and faults carries an extreme
riek of inducing en bloc movement along the
dyke and fault planes (Section 4,1.7) and is

not recommended.

Mining must not 4dalter the original' Scuth reef mined

dimensions such that new or additional caving could ogau,
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{iv)Restricted area
No reasons were found +o altar the present
definition and calculation of a restricted area..

They are :

ﬁhen the dip 18 less than 20 dagreés. the
restricfed mining area wiil pe defined by a
horizontal distance measured from the slde of the
surface structure to be protected in  all

directions of 4/2,7,

When the dip of the reef is greater than 20
degrees, the extent of the restricted area will
e defined as follows 1w terms of d, the dapth to
the footwall of ﬁhe deepest reef being mined

benaeath the site :

{a2) xise side:r a distance of d/2,7 measured up
and at right angles to the strike of the

reef;

(p) dip side: a distance of 3 m measured down

at right angles to the strike of the reaf;

{¢) strike epides: a diatance of'df5,? neasyred

along the ptrilke of the reef,

5,1,4,2 Mining options, Main reef

The following mining options are conaidered
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¥  the removal of peripheral reef from the margins of

the pillars/remnants left around dyke positions;
*  mining of the large scale remnants

*  footwall and/or hangingwall etripping in the

previously minad spansj

*  piliar robbing in the previously mined room and

pillar stopes.

{1) Pillar/Rempant stripﬁing
The comments and conclusions sunmarised 4n
Seotion 5.1.4,1 abave aoncerning partial
stripping of the remnant reef peripheral to the
subvertical dykes in the South reaf equally appbly

here.

{ii)}Remnant Mining
The condlitions summarised in the preceding

section, equally apply here.

{1ii)Footwall/hangingwall Stxipping
The wisks aspociated with this mining option
depend on the current state of the rock mass in

the owiginal stopes,

In the case of old gtopes that eocllapeed to the

south reaf, tha comments aad conclusions
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summarised in Sectlon 5.1.4.1 apply.

In thoge areas where partial collapse +o an
intact layer ococurred, hangingwall and/or
footwall SEripping may be possible depending on
the thickness of the failed layer and the type of

internal aupport used.

In those areas where the old stopes are stable
any amount of hangingwall or footwall stripping
could be carried out at low risk.

Hahgingwall and/or footwall stripping in
partially caved ox stable stope represent  ths
lowest risk of all the mining optlons conaidereﬂ;_.
gtable stopes/panels would be immedlataly obvious
underground. The state of partlally caved
gtopes, and hence the internal support
requirements, can only be assessed on an

individual basis,

The preceding ocomments assume that aeuonda&y
mining, that would ereate supercritigal spans and

hence caving to surface, would not take place,

“{iv)Pillar rvobbing
. "he robbing of any isolated pillar {for axample,
the approximately square pillars with 5 m side
lengths that wsre left in large areas oOf the

‘praviously mined Main reef) that respults in the
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. greation of critlcal hanglngwall spans is not

recommended under any circumstances,

The principal reasm., £H this recommendation iw
that 1t would incur extreme risks duriang and

after the mining process. For eiamples ¢

*  pupercritical mined spans would result in
ungantrollable and large secale hangingwall
fallurae during the mining process and to the

Bouth reefr and

* i eouid induce large socale inelastic'surfade

affeots.

Primary mining
For safety pufpoaes- the critical span of the

graph of f£igure 4.11 hag baen decressed by a

' fagtor of 10 & (Figure 5.2) for the same reasons

as explained in Section 5.1.4.1{iil).

(#) no mining is permitted at deptha lasu than
27 m measured vertically below the ground

surface to prevent surface subsidence;

{(h) breast mining ~ maximum panel widths read
off from figure 5,2 with interpanel'pillara
no less than 5,0 m, wide (see BSeotion
4.3.7)¢



124

(¢) room and pillar mining ~ square pillars with
glde lengths of no legs %than 5,0 m, and
regularly spaced at Lntervals read £rom

Figure 5.2;

{d} mining must be stopned at least 5 m ghort of
the reaf positlon of the Jjoint uzones

agsoalated with dykes and faults,

Mining must not change the previous Main reef
mined dimensions euch that new or additional

waving could eccur,

{vi) Restrloted Aren
The same criteria as under  (iv) of Hection

5,1,4.1 are applicable.
5.2 Bushveld Ignacus Complex

5.2,1  Models |
The ceritigal apana' for wvarious thilcknesses of the
norite/anorthoeite series detailed on Figure 4.12 has been
‘decreased by @ safaty margin of 10 $§ for reasons explained
in Section 5.1.4.,1(iil) {(Plgure 5.3), The depth below
surface ls obtained by adding the weathered zone (15 w)
and  the  pyroxenits  sequence o  the  intaok

norite/anorthosite series.

Tha formula: Sf = 0,0925 T4 + 26 nm - (5.1)
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may be used for a depth of 120 m and deeper to caloulate

~safe ppans, where 8f = Safe span

Tl = intact nosite/anorthosite layer.
5.2.2 Depign of pillars
5.2,2.,1 Plllar shapes and Plllar Systems

Panal pillars have to be capable of wertlecal and lateral
support of hangingwall blocks to the £irst Joilnt plane
alohg which parting could ocour. Therealtter atability of
the intarlocking blocksg is primarily a concern of internal
stope support, which has to be stiff to achieve the
desired stability, |

In this regilen uuraVBiling of the hanglingwall is
associlated with the Eirat jainﬁ intersectlion #from the
pillar sidewall, and in any dirasction. Thus, isolated
pillars would not be capable of controlling hangingwall

runa exXcept over thelr own surface area.

It 1ls for these reasons that a rib plllar system is
preferved to an isolated square/rectangular pillar systerm,
The use of the latter to a reef depth of about 50 m helow
surface is -consldered to be an especially high risk
optian,' due principally to the effect of a low. stress
£isld,
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However, it must be re-emphasised that the potential for a
key block fallure, which is the precursor to a hangingwall
run, depends in part on the magnitude of 1ateral clamping
forces, and in particular below a reaf depth of about 50 m

below surface,

5,2.2.2 Dimensions

No analytical method la readily available to guantify the
optimum limits for pillar design to a reef depth of about
50 m below surface due to the cvombined complexities of
reaf horizon weathering dand the weak Footwall/hangingwall
contacts. The setting of deslgn eriteria therefore relies
on experience from elsewhere, The stability of pillare
below & reef depth of about 50 m below surface, according
to the stréngth parametéra defined in Section 3.2,5, were
analysed and confirmed using displacemant discontinuity |

type computer models.

$.2:2.3 Regienai Support
The panel pillar system outlined in Section 5.2,3 ig also
designed to withstand the welght of all the overlying
strata to surface., As such, 1t will 5ct as both panael and

regional support.

This, however, precludes the possible destabilising
effecta of surface geclogical structures {they can aot as
_ planes along which en bloc movement of the rock mass to
surface can occur}, In thoge speclal cases whers such

problems could oacur, additicnal pillars may be reguired.
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Alternatively, the plan position of a standard layout.may
have to be moved to accommodate any problem areas,
Problem areas cah only be identified on an ongoing basis

as the regquirsd geological infdrmation becomes available.

The recommendation relating to orientation of pillars to
geological weaknesses and joint sets should always be

considered (section 4.2.1.2).
5.2,3 Reconmendations

5.2.3.1 Mining spans

Mining spans may be read off from figure 5.3 or by using
formula 5,1 at depths below 120 m. The thickness of the
pyroxehitas and especially it& stability are factors to be
considered when determining depths below suxface: aurfaué
weatliared zeone, ﬁorite/anorthosite series and perxenife
sequence determine the depth below surface, Pyroxenita
sequences can be stable and may then be iIncorporated into

the norite/anorthosite series.

5,2,3.2  Pillars _

Surface to 50 m helow surface

A rib pillar system is recommended for mining in this
Zone. However, no optimum pillar dimensions can be
recommended by virtue of the deeply weathered nsture of
the reef and/or footwall pegmatoid In practice, pillars
with a width to helght ratlio of 5 with 3 m holings not

closer than 8 m apart skin to skin, prove to be effective,
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50 m to 100 m below surface

Rib pilllars for reasons explained in Section 5.2.2,] with
a minimum width to height ratio of 5, with holings no more
than 4 m wide and no less than 30 m apart skin to skin

(£rom Figure 5.3),

100 in to 240 m below surface

Thae same size rik plllars as reguired for the depth range
of 50 m to 100 m is recommended here, and the séané
between the pillars wmay be read off from Figure 5.3.
Intarnal' pillags may be reguired if the hangingwall

conditions are adverse,

5,2.3.3 Geological structures
Piliar support must be provided along the contacte of the
'dykes/faults df the same -dimensions as. stipulated in-

Section 5.2.3.2 in the restricted area.

5.2.3.4 Restricted area
The same requirements as the ones detailed under the

Central Witwatersrand are recommended here.
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UNDERMINING. AND THE USE OF THE SURFACE OF UNDERMINED GROUND

Report by the Working Group on Undetmining Guidellnes

1 INTRODUCTION

Interms of & letter dated 1983+12-20 the Govetniment Mining Engineer confirmed that the Minlster
of Mineral and Enargy Affalrs had apptoved the appointmant of a Committes tn Investigate
undarmining snd the use of the surfacs of undermi ¢ ground. Rapresentatives of the Depart-

. mant of Minaral and Energy Affairs, tha Chamber of Minas, the Johannesburg City Counehl. and
savaral privale parles were appolnted 16 serve on the Committes In terms of Bectlon 2 bls (8)(s)
of tha Mines and Works Act 1656, In eddition, the Minister agraed that othar experts may be
cuapted to the Committes when necessary.

1.1 Terms of reference of the Committen

Tha tattms of reforenco of the Committes approved by the Ministar for Mineral and Enargy
Aflalrs wara to Invesligate undeimining, the wlilsatian of tha surface of undermined ateas
and related matiers, and to make recommandatlons coneerning:

{8) the exlsting puldeines appilcabla to the erostion of structures on Undermined ground
and tho undermining of structures;

' () tha deslrablily of laylng down separate guldelines lof «

i the Wiwatarsrand; and ;
(3 other areas (all minarals excapt coal): '-

) whether Regulations 5.3.1 and 5.3.5 of the Mines and Works Act 1856 sthl fullli thel
function ri the ifght of current advenced knowledge:

(d)  whether shaliow undermined proclaimed ground on tha Wﬂvmteraranﬁ. where further
minng s unflkely, should ba reserved for future mining; and

(s} = safety zones hordering on mining actlvitles which encroach on ground owned by
others, with particular reference 10 the responsibililes of the vadous panles'.'

The Inaugural mesting of the Committas wag held on 1 Fabruary 1884, Al this mesting R
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was declded that a subcommittes, or werking group, should ba formed to carry out specifle
tasks relevant to the terms of reference of the Committes,

Terms of refarence of tha Working Group

The terms of referanve declded upon for the Working Group were as follows!

D examine the existing guldelines as follows:

. present and past experiance

- rock mechanics pHnciies

- elifacts of ditferences In gaclogy and type of orebody
- ditferent degrees of protection

< eraction of structures on Undarmined ground

- urttdermining of axlsting structures

) identlfy weaknesses of the oxisting guldelines

iy formulate & programine of work In ordar to Improve the existing guldelines.
Composition of the Working Group
The composition of the Working Qroup was as follows:

Chalrmar:  Dr H Wagner
Members: Or F @ Hii
MiJ M Nal
D¢ T R Stacay
Mr M D Wrlght
Mt H J Wilsocks (Sacretary)

Over the parlod of activity of the Working Qroup, Mr Nel ratired and was replaced by MrJ
A le Roux, Tha secretary changed soveral times, and the coneluding incumisent was Mr D
Bakhker, who also sared as an active member of the Group, In addilon to the abave,
savaral members were coopted onto the Group for speciiic purposas. These included Me
G J Krige, Professor 8 Budavari and Mr A Stasikowald, MrJ Greel, who served as secratary
of the maln Committee at one stage, carrled out a review of avaliable reports and records
of subsidance on the Central Rard, and produced a very usefl summary rocord of the
information,
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1.4  Acguisition of relevant information

The information requirad for the exseution of the tasks of the Working Qroup was obtained
from tha following soutces:

. annual reparts of the Governmant Mining Englteer

- archives of the [nspactor of Mines, Johannesburg

. published technical papers, a bibllography of whieh is glven In the appendix,

-« unpublished technical reports from the archives of the Chamber of Mines, the
Johannesburg City Englneer's Department, and sevaral firms of conguliitig anginaars,

« - feld levelling measuretnents carried out specifically for the Working Group.

~  results of a cotmprehensive programme of numerlcal modelling

- parsonal experlence of members of tha Watking Group. Mr G J Krige was coopted
onto the Working Group speclfically for hig expatience of raclamation mining Th old
wotkings on tha Central Rand, '

15 Scope of investigations of the Working Group

The terms of refsrence of the Committee included all mining excluding coal, and thus
Included hoth underground and surface mining. The Working Grotp limited It activitles to
underground mining. Owing to the extent of Information avallable for the Central Rand
area, and the fack of Information avallable for other areas, mast of the werk was canogn:
trated on the Central Rand, Thls was appropriate sinca must of the prassure for develop-
ment of undarmined ground comes from this.area at present, Tha intention of the Working
Group was not fo exclude other areas, hawsvar, and Twas considerad that, In principle, the
findings would ba squally applicable to other mining of sitnilar geometry, Therators, In
principle, this report of tha Working Group is applicable ta all geographlical areas in which
underground mining of tabular ore-bodies, excluding coal, is taking place.

BACKGROUND YO THE INVESTIGATION
in this Chapter same of the relevant background to tha existing canditfons and restriotions will be
given. Thesa Inglude the legal provisions, and the guldelines, which will be dealt with further In

Chapter 8 A clear distinction must bé made botwaen tha two sltuations:

B undermining of exlsting surfaco siructures.
iy development of surace struciures on previpusly undafenined lavel.

They are complotely differsnt, through related, situations, and as such must bo daalt with
separately. 1t will ba seen that the leglsiation makes provisic: for the rasttictions to be relaxed at
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the discretion of the Govaramant Mining Enginger, or n 8o e casas, the Inspector of Mines, The
guldelines are the babes on which this disoretlonary powe: 3 exorcised, - '

In the early days of mining an the Central Witwatersrand, minlng opemtions presented no
signifigant problam to the surface right hoider, who was careful to bulld well clear of dangerous
excavations along the cutereps, Howevor, ag mining progrossed to desper favals, the outcrops
romained ag large cavities which had to ba fenced off to prevent Inadvertent access. They giso
wore "useful’ as dumping sitos for refuse, By 1820 mining was taling place well to the south, and
the fill2d-In ocutcrops to adjacent shallowty undermined araas could bie acquired cheaply, Initially
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by way of Industrlal Stand Grants and sur