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ABSTRACT

The Mines and Works Regulations allow the undermining of
surface structures under conditions which are Itniformly
applied in both the Central Witwatersrand and Bushveld
Igneous Complex regions.
which are different to

There are,
the Central

however, factors
Witwatersrand and

Bushveld Igneous Complax and which affect the undermining
of surface structures. Although the determination of the
underground area affected by the restriction to mine under
or near sut"face structures ("restricted area") is based
on acoepted engineering principles t the determination of
support requiremen'':.sfor the protection of the surfaoe is
based on an extraction ratio or the conscruc+Lcn of waste
packs and do not consider geotechnical differences. These
requirements may re~ult in over- or underdesigned pillars,
in spans bl'ilt.weenpillars either. being under- or
overdesigned and in the lo-:::kingup of valuable minerals.
The depth cut-off of 240 m bel,ow surface at which the
conditions are applied, Ls valld.

There are similarities between the mining practices in the
two environments based on the geometries of the orebodies
and the strengths Of the oVerlying strata. However,
pillar design and calcula'!:.ionof the mine spans between
pillars differ fundamentally, as the strata immediately
overlyin~ the Bushveld Ign~oue Complex on-reef exoavations
are generally weaker than the rock masses in the
Wi'l:.watel:'srand.The pyroxenites oVerlying the UG2 re!llfare
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intersected by closely
joints and to a depth

spaced and moderately dipping
of about 70 m the effects of

weathering can be substantial. As a result the
pyroxenites need to be partially or totally supported as a
deadweight. The presence of geotechnical structures such
nS dykes and faults further weakens the strata
weathering along jointed zones on their margins 1S Severe
and can extend to depths of 100 m. The de'.~erminationof
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 from which safe mine spans can be read
off. The design of pillars is based on strength of
material criteria and the orientation of the major
jointing.

The l1\iningon the Witwatersrand L. the area and depth
range of interest has reSUlted in mainly supercriti(:lal
mine spans, especially on the South reef horizon resulting
in the subsidence of the overlying strata. Formulae have
been designed to calculate the theoretical height Of
caving in both the South 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 widths.
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1, INTRODUCTION

1.1 The Phenomenon Of Surface Subsidence due to

Mining

Subsidence and its efff:.'ots on the surface is a major

problem in countries with significant minil19 industries.

This problem has become more prominent with increased

pressure for deveJ.opment of the surface of mining ground.

The term subsidence, as applied to the earth's surface, is

definea by WHITTAKER(1989), as a. surface pOint. sinking to

a lower level, and can inolude a structure settling into

the sround or the ground itself lOWering and carrying the

structure with it, or eVan a surface layer collapsing into

an underground cavity.

The process of mining of any stratified mineral, is

itlevitably followed by some degree of sinking of the

overlying strata and cOhsequeM:.ly of the surfaoe. In the

words of the ROYALCOMMISSIONONMININGSUBSIDENCE(1927);
lithe desoent of t.he superinoum'bent st.rata of a completel.y

extraoted miner a 1., will come down unt;.il the au~siden.ce

reaohes t.he surface. This p ..OOSSSI in the case of hard

and relatively brittle rock, is accompaniad by more or

less fracturing and, therefore, by an increase in volume

of the strat.a thus let down. It. fol.lows t.oat the surface

subsidence Ls never equal to the t.hi.:.:kn.ess of toe mineral

extracted. The hax-d and bri t.tle rock w.l.ll break up :l.l'l

comparat.ively large 'blooks which pile up irregularly on
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each othel;' and afford at the outset a certain measu~e of

support ·to the overlying beds. The pressure of these beds

gradually crushes down anc'l partly reconsolidates the

broken blocks, and, in this way tho subs Ldenoe ult.l.lnately

reaches the surface, but. as a rule only afta);' a gre.ater

interval. The movement, tOO, continues longer, and the

total amount of surface sube Ldenoe is less than when the

supc r Lncumbent; st);'ata consist mainly of softer and more

plastic rocks II •

Thus, in order for surface subsidence due to mining

operations to occur, some form of: under~round collapse or

abstraction process must precede such an event.

Consequently the form of m1nin91 degree and extent of

activity coupled with geological factors plc).y a role in

caus ing subs idenca. t·1in·jng needs to be of a sufficient

magnitucle before its effects become of significance to

clisturbing the surface. 1\.s stated by WHITTAKER(1989),

the creation of an underground miuing excavation results

in a re-distribution of the stress field ancl this rea~ts

with the rook surl.·ounding the excavation thereby induoing

movements with possible collapse potential OJ:' subsequent

closure that is reJ.atecl to time.

Recent researoh has shown that. the stater"ent by the ROYA.L

COMMISSIONis still valid and VAN DER MERWE(1994),

remarks :

"When collapse of the roof takes placo, the broken rubble

undergoes a volumetrio increase, known as bulking. The
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degree of volumetric increase is governed by the bulking

factor which is different for. li:F;'Jrent rock types. As

the collapse progresses into the roof, a stage is reached

when the entire cavity is filled with rubble. The second

phase of the subsidence comes into operat,tcn whex,\;I I under

the influence of gravit.y the hitherto intac.:1; but joined

rock layers overlying the rUbble will deflect and then

fail along pre-existing geological discontinu:l. ties I

forming relatively large blocks. These will come to rest

on the rubble, and by their weight, compress the cavities

in the rubble. This process will proceed u!?'.<1arduntil the

surfaoe is reached and subsidence will be the result",

1.2 Measures to ~reVent Subsidence

The interest in min.ing induced subsidencl.. is the result of

the potential it has to cause serious damage to property

and, ind~ed, to endanger lives. The South African Mines

and Works Aot and Regula tione therefOre caters for the

undermining of st.ruotures and mining under or wH.hin a

defined distance from surface structures is restricted.

In this country research has addressed itself to the

question of surface effects due to coal mining operations.

At. present, the Strata Control hdviso:r.y Committee of the

Coal Mining Researcl1 Cont.rolling Committ.ee (a statutory

body whioh advises the Government Mining Engineer on

matter relating to saf.ety in coal minas), is carrying out

a project which involves the monitoring of the surface

overlying high extraot.ion mining methods at shallOW
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depths. '1'his Advisol:'y committee has been in existence

Sil').09 1961/ and has looked at supporting the surface of

shallow coal mines since its inception.

'1'he geotechnical conditions of hard rock mines differ

fundamentally from those of coal mines the strata

overlying co~l seams consists of material or a far weaker

nature while the coal it.self is also a weak material.

Coal deposits in this count~y are normally horizont.al to

very shallow dipping while gold and platinum deposits are

normally inclined. Coal as "/ell as gold and platinum

occur in tabular deposits in this country, but coal is

no~mally contained in far w1Jer seams, on ave);'e\(Je about .3

m thick. Alt.hough the approach adopted to control

subs ide nee is li'imilar for coal and hard rock mines, L, e.

t.he leaving of solid pillars, the geotechnical differences

are suoh that established formulae ann mining methods for

t.he pro't.act.ion of the surface overlying coal mines oannot.

be direot.ly used for hard rook mines.

very little }"eaearci. has been carried out. into surface

effeots due to mining shallow, narrow, tabular o:rebodies

such as exist in the Cent.ral Witwatersrand and the

BuahveLd Igneous Conlplex. BlttNK (1979) and HILL (1991)

car:ded out some research f.n co the measurable subsidence

which could and sometimes gave rise t.o damage in the

Cent.ral Witwatersrand region. KOTZE (1986) reported and

desorLbed I')ccurrences of. subsidences at platinum mineS in

the Bushveld Igneous Complex. SPENCER (1990) described
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the mode of failure ~f crush pillars in a platinum mine
and how this could affect the stability of the overlying
strata.

In '984, an i)ndel"miningCommittee was appoint.ed by the
Minister of Mineral and Energy Affairs to investigate
undermining and the use of the surface of undermined
ground above shallow gOld mines and platinum mines.
Collieries were specifically excluded from the terms of
reference of this Committee.

In 1989, the Working Group of the abovementioned Committee
brought out a preliminary report, which was to be
discussed and commented upon by the members of the Working
Group. This preliminary report is attached as Appendix A
and as may be noted in Section 6.2 of this Appendix,
proposed guidelines have been drafted. However, 't.heyare
of a general na.ture and do not. consider the different
geot.echnical environments of the Central Witwatersl~and and
the Bushveld Igneous Complex.

1.3 Control of Subsidenoe in Other countries
In other major mining countries rules for the protection
of the surface huve heen legislated (ADAMEK, 1985,
BRAUNER, 1972, FRANKHAM, 1984). STASI1<OWSt<I (1986)

tabulated measures ta.l~enin these countries, and a summaj;'y
of these appear in Section 3.3 of Appel1dix A. When
comparing the rules applicable in the diffel:ent countries,
one comes to the conclusion that there is no common
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solution for the prediction of subsidence, This is mainly
due to the variety of geoloc;p.calconditions. Therefore
rules for the control of subsidence must be based on
geological and geotechnical data of t.he areas in which
they are applied.

1.4 Present Legislation
As stated before, the Mines and Works Regulations regulate
the undermining of surface structures. The relevant
Regulations appear in Section 2.2 of Appendix A and they
stipulate that whenever, in the opinion of the Inspector
of Minas, it may be necessar.y to protect the surface and
struct-ures on the surface, he may proh:lbit the owner or
manaqe r of the mine from mining any pox'tion of the mine
which may affect the stability of the surface except under
such restrictions and subject to such conditions as the
Inspeotor, with the a)?proval of the Government Mining
Engineer. may determine. In arriving at l:'est.rictionsand
conditlol'l.sto be applied, the Inspector of MinEl.guses
guidelines. These guidelines were established in J946 and
were revised in 1965 by the Government Mining Engineer's
office, They stipulate the percentage of solid rock that
has to be left in situ in the form of pillars, or, ns an
alternative, the percentage of mined out area ~hioh has to
be packed by waste rock, to form the support for the
protection of the surface.

liowever, the guidelines were .found to be inadequate in
recent years they do not oonsider differences in
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geological and geotechnical environments and are too rigid
to be applied to different mining mf:.thods.
The main purpose of t.he Undermini ...g Committee was to
evaluate and revise the guidelines.

The guidelines define a IIrestr.i.ctedarea" into which the
restrictions and conditions have to be applied. The
determination of and the background to the definition art:'!
given in Section 2.1.3.1.

As is e~plained in Section 1.S differences exist between
the geotechnical environments of the shallow Witwatersrand
and Bushv~ld Igneous Complex mines. This report.
investigates these dif£erendes to establ ;....11, factors which
affect the undermining of surface structures.

1.5 Platinum versu, Cold Reef Mining
The reason for applying the same restrictions and
conditions for the undermining or surface structures in
both the Witwatersrand and the Bushveld Igneous Complex,
is the similarity between mining practices in the two
regions.

These similaritius arise from the fact that

* geometrically the orebodies are very similar
and outwardly the same hasic mining methods
are utilizedr and
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1< the uniaxial compressive streny·th of, the
overlying strata in general is relatively
high (greater tha.n 200 MPa) in both
environme'1ts.

However, mining methods differ fundamentally, as the
strata immediately overlying the Bushveld Igneous Complex
on-reef excavations is much weaker for reasons explained
beLow, whilst the rocJ<:masses in the Witwatersrand
typically comprise uniform and continuous series of
quartzites wit.h occasional grits and conglomerates that
are massive to widely jointed with subvertical,
discontinuous and thinly infilled joints (TUCKER, 1986).
Collapses in the shallow gold mines are typically
r<'lstrictedto the first few metres of a hanging-.....all
sequence.

In the Bushveld Igneous Complex safe panel spans depend on
the competent norite/anorthosite series overlying the
Mer.ensky and UG2 reefs. However, the immediate
hangingwall in platinum mines typioally consists of
sequences of pyroxenites that, in some areas of the
Bushveld Ign.eousComplex are thickly developed (COERTZE,
1971). These sequences are interseoted by closely spaced
and moderately dipping jointsI which were subjected to
late-phase hydrosy1icate alteration, which significantl;r
reduced their strength (VILJOEN, 1986). Shear zones also
cut the pyroxenites sequences, the majority of which have
little or no displacement. The pyroxenites are typically
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weathered along the joints and shears to dep:-.hsthat are
far greai~er than those experienced in typical shallow
Witwatersrand gold mines (see Section 3.2.2).

The end result is that BuahveLd Igneous Complex
hangingwall pyz-oxendtaa tend to act as blocky masses which
need to be partially or totally supported as deadweight,
and sometimes on a block by block basis. As such, the
stability of the pyroxeniLas is a consideration
independent of the dete.rnunaei.onof safe panel spans.

This situation differs significantly from normal
Witwatersrand gold mining
greater strength along the

environments where
widely spaced and

there is
steeply

inclined joint surfaces. As such, effectiva interlocking
of joints bounding blocks occurs. This reduces internal
stope and face support requirements and enable the
illllllediatehangingwall stope spans to act as strong elastic
beams/arches.

1.6 Overall Aims of the study
The subsequent sections of this project report address the
present situation around the undermining of surface
structures and the protection of the surface.
Geotechnical details concerning the rockmass overlying the
Central witwate).·srandand '3ushveld Igneous Complex mines
are inVestigated and are applied to rock mechanics
ccna Ldexat.Lons ,
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The study of factors affecting the undermining uf surface

structures has become more urgent with the increased

pressure by industrialists and township developers to use

land that is underlain by mineral deposits. The

establishment of these factors and the recommendations on

mining mechods and support based on the factors will be

useful to the Inspector of Mines when he has to consIder

undermining applications from the Witwatersrand and th

Bushveld Igneous Complex mines.

Although some investigatil':n<s have already been carried out

(HILt. 1981, BRINK1979), these were concentrated on the

use of undarmined ground. The preliminary report of the

Working Group on Undermining Guidelines also covered the

topic of providing guidelines in a general sense. This

project report attempts to establish factors affecting the

undermining of surface structures in two mining ar eas ,

Central Rand and the western Bushveld Igneous Complex and

to make recommendations on mining methods and support

based on these factors.

In Chapter 2 definitions and terms associated with

SUbsidence and a background to the existing guidelines

are given.

Section 3 considers the different geoi:.echni(',~al details of

the Central Rand and the weste~n portion of the Bushveld

Igneous Complex which are necessary for the establishment

of design criteria in Section 4.
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Section 4 considers the geotechnical data and deals with

the behavioural characteristics 0:( the intact rock mass.

Suitable design criteria and methods for analys:Ls of the

ov~rlying strata are established.

Section 5 applies the design criteria established in

Section 4 to determine graphs and tables for different

mine spans and to determine pillar sizes for the

protection of surface structures.
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REVIEW OF THE EXISTING GUIDELINES AND THEIR

BACl<GROUND

2.1 Background to the Existing Guidelines

Before considering the exist.ing guidelines, it is

necessary to explain in some detail definitions and terms

relating to the deformation of the surfaoe. VANDERMERWE

(1984) distinguishes between two classes of subs Lde.tcea :

planned and unplanned. Planned subsidences are confined

to coal mines which practice high extraction relining

methodsl such as longwalling and pillar extraction. The

type of subsidences occurring in the Central Witwatersrand

and in the Bushveld Igneous Complex regions can be

classified as unplanned subsidences. This class is

typified by fractures in the ground due ct.') underground

mining which leads to discontinuous deformations of the

surface.

TypeS of Surface Effects

Some of the discontinuous effects of 9ubaidenc::1.': due to

underground mining have been identified i11 the Central

Witwatel:'srand region as follows (aILL, 1981) :

(i) Discontinuous subsidence resulting from

the oantilevering of the wedge of

hangingwall definod by a shallowly

dipping stope and the ground surface.

This behaviour is cOmmonly restricted t.o

an area adjacent to t.he st.ope outorop



13

(within 30 m of it), and may result in

the f.orlllation of a step or steps in the

surface pl:'cfile with open cracks (Figures

2 • 1 •a and b).

(ii) Discontinuous subsidence resulting from

block movement in which the sUbsided

block of ground is defined by major fault

and/or dyke contact planes, the stope and

the ground surface. Open cracks may be

observed at the contaot. In some cases

more t.han one major conta~lt plane may

define the block of ground. This form of
substdence may occur over a wide range of

mining depths and is O('lt restricted to

the outcrop area. Very rdgnificant dif-

fer.ent:J.al subsidence can occur (Figures

2 •1.c and d).

(iii) Discon't.inuoua subsidence resulting .crom

the raveUing Dr washing away of fill

from a stope outcrop area. This type of

subsidence is commonly called a sinkhole,

but should not be confused with the trUe

sinkholes which form in dolomitic rock

formations, Sinkholes are localised

occurcences res'.:.ricted to t.he immediate

stope outorop areas, 'l'hey appear as open

holes I and venti.J.a'tion air is ccmmonj.y



FIOURE! 2.1 MECHANISMS OF SUaS!PENCE (AFTER HILL)
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noticed, lndic\ting connection with
mining workings (!greater depths (Figure
2.1.e).

Deformation of the surface =

The ~ffe~~s of ground movement on the surface are
d(\'suribadby the following component.s :

~i) Vertical displaoement at a point or
clll:-s:i.denoe.The vert.ioal displacements
of surface points form a ~ubridence
trough which frequently extends, in plan
view, beyond the edges of the mined out
area in all directions.

(ii) Horizontal displaoement of points on the
surface which accompanied subsidence.

(iii) Differential movement.s of t'.he surface
also occur. This affects tho slope of
the subsidence profile. Surface strains
result from the differential grol.md
displacement('l, and both lengthenil'l9 and
shortening of ·I:.hosUJ:'faceOCCUr.

(i v) curvature of the subsidence profi le
ocours, The subsidence profile is a
curve depicting Elubsidut'loeon a section
drawn acl:'OSSthe subsidence trough.
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(v) The angle of draw is the angle of

inclination from the vertical of the line

oonnecting the edge of the workings and

the edge of the subsidence area. Several

researchers whose works are sLlmmarised in

BRIGGS (1929) and LANE (1928) refer to

"dnaw" or "pull" I when describing the

movement of rock towat'ds the excavation

(Figure 2.2).

(vi) The angle of brealt;: is the angle between

the vertical Hne at the opening edge and

the line connecting th~ opening edge and

the point o.f maximum tensile strain on

the surface. The strain is the most

lill:ely plaoe where tensile cracks occur

(PENG, 1986). The angle of break in hard

rocl\:. mines tends to be 20 degrees and

lying over the mj.ned out area (WHITTAKER,

1989) •

2.1. 2 Instability Types

Two principal type of mining spans can eXist : subcritical

und .su,percritical (BRADY,1985) :

Subcritical spans a subcritical condition is

characterised by bull .. elastic deflection only. For reef

plane dips of 20 to 40 degrees, th~ magnitude of

deflection would depend on the rigidj,ty of the rocK'. mass,
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the depth below surface and the magnitudes of the
horizontal field stresses. An inorease in either the
mined spans 01:" mining depth would result in additional
movement, increasing horizontal stresses would mostly tend
to promote overall stability (Figure 2.3 A).

Supercritical spans : the transition from a subcritioal to
a supercritioal span is usually defined by a span unique
for eaoh type and thiokness of rock mass. This so~called
critical span represents the point of critioal stress
state for the defleoting rock mass (figure 2.3 B). A

small increase would
supercritioal condition.

result in the creation of a
A ,upercritical condition would

result in partial or total failure of the overlying rock
mass (KRATZSCH, 1983). This would be initiated by induoed
and dynamic slip along a critically strebsed surface. In
general terms, failure would result from excessive elastic
deflection according to the Voussoir Beam Theory (BRADY,
1985) (Figure 2.3 c).

2.1. 3 Existing Guidelines
In terms of Common Law ruLea the mineral rights holder
must provide subjacent support to the surface so as to
avoid damage to the surface and surface struoturet
(VILJOEN, 1975, FRA.I:'1KLIN, ].982, JOUBERT, 1952). These
rules are enacted in the Mines and Works Regulations
(Regulations 5.3.1, 5.3.2, 5.3.3 and 5.3.4).

Restricted Area



FIGURE 2.3
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As has already been mentioned in Section 1.4 the

guidelines used by the Inspector of Mines mention a

"restricted ar es " , The restrictions and conditions

contained in these guidelines are applied in the

restricted mining area. In determining the restricted

area, protection along the rise, dip and strike must be

provided. Where the dip of the reef is less than 20

degrees, it is usual to define this area as "within a

horizontal distance of d/2,711 whe;ce lid" is the vertical

depth to foot.wall elevation of the deepest reef beneath

the natural surface of the groundl and t.he horizontal

dtatance is measured from the sides of the structure to be

protected (Figure 2.4).

When the dip of the reef is greater than 20 degrees, the

restricted area is shown on Figure 2.5 and defined as

follows :

* up dip or rise side - a horizontal distance

of d/2,7 measured up dip, at right angles to

the strike of the reef.

* strike side - a distance of d/5,7.

* dip side - no protection is required, but a

nominal dis~ance of 3 metres is specified.

The area so res tricted is limi ted accordir g to the depth

of the reef I and normally a .l::estricted area is only

applicable to depths :l.O::lS l..nan 240 m.
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As may be noted on figures 2.4 and ~.5 the re~tridted area
is determined by the angle of draw.

Investigations 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
exce edad 20 deg,reesfrom the ver'C.ic'7.l.

It is also relevant to the present guidelines on
undermining surfi~ce structures, to note that the
conclusion drawn by the Board tha,t the angle of draw is
always found to be positive, i.e. slanting over the solid
reef or seam.

RICHARDSON, (1907), refers to an angle of draw, At for
moderate dipping reefs, lying halfway between the vertical
and the normal to the plane of stratification:

A = lur ... d)
'2

... (2.1)

Hausse (1907) pr¢90sed a formula for German coal fields

A = tan d = 1 + cos2d
sin d cos d - (2.2)

where d = dip of the reef

RICHARDSON (1907) stater.;that this formula is applioable
for reefs with dips ~'I;'eaterthan 30 degt'<aes.
The angles of draw values obtained by using fcrmllla 2.2

are tabulated in table 2.1.
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TABLE 2.1 APPLICATION OF aAUSSE IS FORMULA IN CALCULATING
rulGLE OF DRAW AT VARYING REEF DIPS ABOVE 20
DEGREES

Dip of
seam in degrees

Angle of draw
in degrees

30
40
50
60
70
80
90

76
73
70
71
74
ao
90

The angle of draw is measured from the horizontal i1'1

formulas 2.1 and 2.2 and it may be observed that the angle
of draw does not exceed 20 degrees from the ver'l:.ical.

A simple ca.lculation shows that 0./2,7 approximates tan 20
degrees x depth :

d c tan 20 x depth
2-;7

The same calculation shows that d/5t'7 equals tan 10

- (2.3)

degrees x depth

d ~ tan 10 x depth
5-;7

Formula 2.3 is based on Richardson's paper and both

.. (2.4)

fo~mula$ 2.3 and 2.4 haVe been applied sinoe 1946
(GOVERNMENT MIN:::NGENGINEER, 1946 - 1987) and most l:I..l~ely
previol.lsto t..hase dates as well. flowever, no reference
could be found of the criteria on which the 0./5,7 distance
from the edge of the surfa''lestructure to the edge of the
restricted area is bas~d. One of the reasons for a
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smaller angle of draw could be the faot that the

hangingwall above shallow reefs dipping at small angles

are more prone to gravity induced damage than the

hangingwall above steeply dipping reefs.

The arbitrary distance of :3 m on the dip side C'~ the

restricted area is not, based on any of the r ecommenda+Lcns

made in the references available. However, the

application of the guidelines have not resulted in any

reported subsidences in the restricted areas where the dip

of the reef exceaded 20 degrees. BRIGGS (1929) on page

53, also expressed doubts about this rule, but stated that

II •••• it must bE;' admitted that observations taken LIP to

the present seem~ on tho::-whole, to indiCate that there is

some justification for its adoption II (referring to the

negligible angle of draw on the down dip side of a pillar

in a steeply inclined coal seam).

2.1.3.2 Depth at which Guidelines are Applicable

The lack of rest.rictions below the 240 m contour is most

probably based on act.ual observations of surface effects.

The Government Mining Engineer I s annual reports between

1903 - 1927 refer many t.imes to the appearance of surface

cracks in al:eas where t.he surface has been undermined in

t.he Central Rand area. No such reports have been

l'ubJ.ished in sucsequent, annual. reports. The reason could

well be that mining 'cook plaC:9 in e.,~cess of 3CO m dept.h Ln

the years following 1927, and, although oaving and

oollapsing of worked out areas still occurred, the affects
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never reached /surface. An example is a report of caving
of an area of 180 m on dip and 330 m on strike at depths
of between 218 m and 280 m at Geldenhuis Deep, which did
not cause any surface disturbance. This collapse could be
associated with reclamation mining, where the removal of a
pillar resulted in an unsupported supercri tical mining
span.

Gcrutiny of Departmental copies of mine plans of defunct
mine~ in the Central Witwacersrand region, which are kept
in \.-heGovernment Mining Engineer's office, did not reveal
any surface subsidence which could have been associatr£)d
with mining operations at depths greater than 240 m.

However, subsidences not associ(),t~dwith current mining
operations occurred at regular lntervals after 1927 along
the outcrop area of the Central Witwatersrand
They were of the types depicted on fi9ur~ 2, 1 •

region.
section

4.2 of Appendix A describes these subsidences
detail.

in some

Mining Reatrict.ions and support Requirements
Th~ existing guidelines stipulat.e that ,

* no mining is permit.t.ed in the rest:l.'ict.e(.l
area down t.oa vert.ical depth of 30 me't.res.

* normal mining Opera.tions are parmi tt.ed in
the restricted area at. depthe. great.er t.ha.n
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30 metres provided that the combined stoping

widths do not axcaad 38 em for every 30 m of

vertioal depth.

* where the combined seoping widths ex~eed

t.his st.ipulat.ed value, the mEH'I.SUres of

support summarised ir,\ table 2.2 are required

on each of the reefs st.oped. In t.his table

the solid support and systematically packed

waste rOOK support. aca alt.ernatives.

TABLE: 2.2 SUPPORT REQUIRE:tvlEN'l'S AT DIll~FERE:N'l'
DEPTHS IN THE RESTRICTED AREA

---------------------------------------~~
Vel'ticl}.1.
Depth Range

(m)

Solid pil1.ar Wast.e Rock
support. Pa~k Support

% %

o - 90
90 - 150

150 ...200
1.5
12
10

40
30
20

As furt.her qUalifioations on this support, t.he pill.ars

shall not be les s t.han 3, 5 m square und t.he ir spaci og

shaH bo equidist.ant. In the case of waot:.o rook pncking I

t.he pacl,s shall 'be am": a m, spaced eqllidist.al"ltly and

care:f:lllly bllilt. by detect.ed seone , They shall have a

sui eal)J.o batter and shall be properly t.oed into the

footwall.

Considerat.ion would be givQn 1:.0 limiting st:.opingJ wid.ths,

and t.o t.he (lxistence of, or l:'oquirements for, tne
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superimposition of pillars on the different reefs. The

Inspector of Mines would have to be satisfied that the

norma), method of support of the overburden COver is such

that no danger would result from a sudden and violent

collapse.

It ",hould be ment.ioned that the r equdxemerre.s as stipulated

in the existing guidelines are still applicable to all

mining areas, except coal.

:2 • :2 Computer Simulation St.udieu

Computer studies using mining simul'l.tion stress programmes

were carried out with the view of correlating observed and

reported subsidences with calculated results (STASIKOWSKI,

1987). The behaviour of the models was .~urely elastic and

the analyses were continuum, and therefo.: €I did not ta~~e

into account any discontinuities such as dyJces and faults.

Although correlation was weak, it. WaS established that.

addi tional mining was the most obvious Cause of further

strata movement and the failure of support.

It was also establisl",ad that re~;' ons « : maximum tilt and

horizontal stral.n J.r~ arciat.ed "/:l 1:' crown piJ,lars/ if

one La presentl and with down dip abutments of t.he stope.

These effects are less for steeper stopes. When mining

tak~s place at depths greater than 200 tn, the effects on

surface are very small.
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2.3 Effects of Underground Excavations on Hanging-

wall Strata

The effects of underground excavations on the hangingwall

strata are evaluated in Section 4.1 of Appendix A in

detail. The criteria used in these evaluations, are

* the quality of the rock mass

* t11e ge\..10gica1 conditions

* the prevailing state of virgin strata

* the dimensions of the opening in relation to

its depth below surface

* the reef inclination, and

'/( the type and degl:'ee of suppor provided.

This report uses the same criteria to investigate the

factors affecting the undermining of surface structures.

:2.4 Time Dependent Factors Influencing Pillars and

Overlying strata

HILL, (1981), emphasizes the fact that after the lapse of

a certain period, che strata above mined out areas has

come to rest. He quotes a period of 20 years. He bases

this statement on the results of surface levelling cvar

mined areas in the Central Rand region \'hich have shown

that the rate of surface movement reduces with time after

mining has stopped.

The records also show thai:. reactivation of minin.g, for

eXar,lple as in reclamation mining when solid pillars are
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removed, also reactivates movement of the surface. In

partial extraction systems, collapses of pillars can occur

many years after cessation of mining, leading to

subsidence of the surfaoe. In this regard it is

worthwhile to mention tha't. in 1978, subsidence due to 150

metre deep old limestone workings resulted in significant

damage to warehouses and industrial plant in Britain

(LIMESTONE MINES IN THE WEST MIDLANDS: THE LEGACY OF MINES
LONG ABANDONED, Db:PARTMENT OF ENVIRONMENT, 1983). The
majority of theses mines were mined between 1750 and 1900.
Because limestone is strong and the rocks above and below

are also strong, the cavities remain "open"

years, unlike cOal mines where the cavities

oollapse within a few years.

for many

gene':,.llly

The fOllowing reasons were found for the SUbsidences

(i) Roof collapses Collapses Of workings

ocour as a result of the gradual

deterioraUon of the remaining rOcks. The

limestone rich strata tend to be strong,

although they may be wealcened by jointing

and b~' occasional layers of mudstone.

Therefore the pillars of limestone continu~

to support the overlying strata whi',,. the

roof in between the pillars collapse.

(ii ) pillal: failures At depths of 100
metres and more the ,.,eight of the t:ook.



31

above is sUfficient to crush pillars of
weaker materials. Collapse of the roof
into the room gradually expose pillars of
the shale and after a perLod of many
years the shale pillars deteriorate to
the state where they crush.

Although geological cO"ditions in this area are ')l'ally
different to the conditions found in the a~~as of
interest, the abovementioned report is an indication that
one has to be cautious and consider the influence of time
dependent weatherir.,geffects on pillars an,1 hangingwall
stability.

2.5 Conclusions
It can be accepted that the procedure of determining a
restricted area is valid and need not to be altered or
reviseo.. aowever, the application of uniform condi'tiona
an~ restrictions in areas with different geological
envdronment.s in order to protect surface structures, is
not. a scient.i.fiemethod and may lead to 100ldng up
minerals where higher extraction ratios are possible. It
may also cause the sel.eetionof wrong mining opt.Lonswhich
may result in subsidence.

It is therefore necessary to investigate the geot.echnical
and geological details in the areas ~f internst to arrive
at. valid fact.ors and design ~riteria to be used for the
protection of surface structures. The next section
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therefore investigates the geotechnical nature of the

Cent.ral Witwatersrand and Bushveld Igneous Complex

regions. It will be shown that as the result of

differences in the geotechnical environments of the two

regions I uniform factors for the undermining of surface

structures cannot be applied.



33

3. GEOTECHNICAL CONSIDERATIONS FOR Sf~LOW MINES IN
THE CENTRAL WITWATERSRAND AND BUSHVELO IGNEOUS
COMPLEX

The previous section indicates that geotechnical
considerations play an important role to arrive at valid
conclusions. 1\ geotechnical investigation is t.herefore
necessary. It enaples the det~rmination of the m~ana by
which a rock mass can be modelled and establishes criteria
and conat.ant.snecessary for analysing the specific area.
The relevant areas can then pe critically appraised on an
"own merit" basis.

For this report, the relevant aceas of int.erest include
the stratigraphy, lithologies, structural characteristics
and material properties of the intact. rock mass and reef
horizons that existed px:ior to any mining. The streSs
state acting within the rock mass prior to mining and the
pehaviour of the surface are also considered.
The findings fOl;'mthe basis for.'the dotermination of the
behavi.o.'ralcharacteristics, failure criteria and tech...
niques discussed in Section 4. These then form the basis
for the analyses and conc1usions in Section 5,

3.1 Central Witwatersrand Mines

Stratigraphy and Lithologies ;
Figure 3,1 is a summary of a north-sou~h sect.ionof a mine
in the western region of the Central Witwatersrand and ~s
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typical of the geology of the centra). vJ.twatersrand regio.l:"

(~fter PRETORIU~,1972-73).

Rock Mass: The rock mass, overlying the South

reef typica12.y comprises a uniform series of

Witwatersrand qua r cz Lt es , No weak horizons,

~uch as shale bands or persistent partings, ar~

known within this sequence.

The surface weathered zone exte~ds to a depth of

about '.2 m belc'N' surface. It comprises a

typical sequence of progressively less weathered

layers from a surface soil to a medium to large

blocky mass with prefarenti~lly weather~d

joints. The latter marks the base of the

original su~face water table (BRINK, 1979).

south and Main Reefs; Figure 3.2 details 'the

average inter-relaf stratigraphy established for

the shallow Cent.ral WitWatersrand region.. The

general dip direction is to the south, and vary

in the range 30 degrees to 40 degrees

(PRETORIUS, 1972). The thickness of the inter-

reef middling varies from mine to mine 1:. Jt is

normalJ,y in the range 25 m to ..)0 m, It was

found that the mined horizon varies in thiokness

and the known minimum and maximumstaping widths

are Of 7 m and 2,0 m respectively. From

obs ~rvat.iol:s the footwall and hangingwall
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contaots are indistinct
mining outoff grades
partings.

gradations marked by
rat.her than disorote

The ob~erved reMnant. South and Main r€lefs have
similar appear anqea and O'Ui. be described as
oompot~nt.

During inspeot.ions of Contral Rand minos, minor
subaerial weat.hering along open fracture planes
oould be observed around pillars and remnants in
the Sout.h and Main reef horizons. In both oases
't.heobserved depth of weathering varied up ·~o

about 0,5 m, alt.hough it appeared to be bet.t.er
developed on the South roef horizon. It
probably l:'esulted from longt.erm and concf.nuous
expcsuza to t.he semi ..saturate(i upcaot air
prevalent in tho mines of the Central
Hitwat.ersrand in assooiation with Eraol;.udl'lg

caused b~{ blasting operations. In acme
instanoes fraotures around blast.hole sookets
could st.ill.be Observed.

The weathering was not.ed in aroas whore mining
operation(3 had ceased thirt.y t.o forty yeal:'so.9Q,
In ar.eaG where reclamation mining had t.aken
place t'I3C(Hltly, the roclt on pilll'lt'sand l:'Gmnant.s
had a fresh {\ppearanco.



38

The signific~nce of the weathering of a skin of

a~pr(:>ximately 0,5 m is the fact t.hat it is a

cons;Ldoration for lon9 term pillar design as the

weathered material on the sJdn of the pillar has

no or little strength.

Undelcground observations revealed that the

intel:'-raef parting comprises a typica.l sequence

of massive to widely jointed and competent

qua rf::.zites with minor grits. No persist.ant

part;Ln9s were noted within this sequence.

However I a 2 m to 3 ret minil'lg ind14cad blocl(y zone

was not.ed in tl'1.e imnll"diate hnng A n9w<.\lls and

footwalls of bot.h reefs. As is explained in

Section 3.1. 3 of Appendix A, t.he stab:!.li t.y of

t.he hang:I,ngwall of uno.erground openings with

modera'l:.e to large spans depends on t.he quaU t.y

of thQ rook mass. When the quality is poor, an
increase in span increases the potential of

COllapse of the hangingwall.. 'l'he int(FJrity of

the blocky zone in the hangingwaU Qf both t.he

South and the Main reef can DO maintained by n

pormanent, stiff type of support..

3.1.2 Geologioal Struct~~es

Geologioal Feat u.:'es: Referrin9 to figu:l:e :3.1 it can be

st.ated thnt the subvol;'tica.l emd fuulted dolori'l'.e dyl"~

detailed thereon is t.ypic~\l of the Central Wit.wui:.£bl:'Srawl

in. that it. is a persisteut. feature that. t.rends
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appr-oxf.matie Ly east."west. The readi.L,i-' available ollt'£ace

geology plans also reveal a number of other dolerite dykes

and minor faults that trend approximately north-sout.h to

northeast-southwest.

These dykes, with peripheral remnant

moetly intact to form superinoumbent

orienl:.ntad pillars (PRETORIUS,1972).

reef, were left

strike and dip

The mejeri ty vary

in thickness between about 10 m and 40 m, a few can

locally be ab~ut eo m thick.

Joints, Dykes and faults t.ypieally have well developad

and closely fractured joint zones associated with their

margins. They form during the intrusion of a dyke unCi/or

shear movement. caused by diaplacemeni: under pressure

during the faulting process (BRINK, 3.979). They can act

as planes of prefer(imtial parting along which large Gcale

roclt maas movemene could occur I espeoially in areala of

hi~h reef ext~raet.ion. Underground cbae rvat.Lene at sites

Of major movement;prc.we t.hat collapl3es were of the t.Y1)0

depicted on Figures 2 j l. •0 a.nd 2.1. d showing ):)1001< movement;

along dyll;es and/or fa.ults •

Tho rock mass, where not. disturbed by geological

strucrcureS, is widely jointed. Inherent joints and

joint.ing patterns nre neither continuous nor clustored at.

any particular horizon. As such, it is unlil(ely t.o

unravel as a series of blocks OVer areated mining spans.
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Underground observations revealed that J,. remnant reef

horizons are also widely jointed. As such, they are

considered as typical of most Witwatersrand gold boaring

reefs.

Mining spans: Froln scrutiny of mine plans and unde1:'grounCl

observations it can be concluded that chs extraction ratio

of the South reef was 90 % in the area of interest (to a

depth of about 250 m) and t.hat mining acHvity 00 the Mail'l

reef horisoo resulted in an extraction ration of 65 % (due

to patch::r' gliadE'!values, l?RETORIUS,1972).

On the South reef horizon the majority of the mined spa.rts

at. the dept.h range of int.eresi:. faU wit.hin the range 100 m

to 300 m, 'l II. 'I are broken by thEI continuous and elongat.e

North-south and Eas' '>1e6t orienta'ced pillars and remnants.

'rhea€! comprise maf.n. ~yy.e matel:'ia.l with periphC:'ral reef

and vary in thiokn(~ss between 10 In and 40 m, although some

are locall~' up t.o 80 m wide. Unde:rgrouna obse rva e i.cn

showed massive hangingwall collapses in the Sout.h reef

wor~ingEl.

On t.he Mdn reef horizon mined spans lind pillar and

remnant dimensions vi:J,ry considerably. It1 some insta.ncos

mining ext.ended over unbxoken spans of up to 1001..'.

Elsewhere approximately square pill,ars with 5 In side

lengt.hs wero llefi~ bet.ween 1.2 m and 1S m apart. on clip and

sttill:o ;,u'1aon an lapptvximat.sly regu1.ar pattern.
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3.L3 Intact Material Properties

In order to facilitate realistic mod(~lling ofData:

remnants, pillars and intact rock mass behaviour in

response to the mined spans, a knowledge of the properties

of the reef horizons and principaJ. rook types within t.he

host rock mass is r~quired.

The intact rock mass and reef horizons of the Central

Witwatersrand region is probably typicaJ. and oonsbtent

with equivalent Witwatersrand sequences , As euoh , there

is no readily available evidence to suggest tha't:. their

material properties would have differed or differ

significant.ly from t.hose established for similar rock

types elsewhere in the Witwatersrand basin. The values

tabulated in Table 3.1 (BRINK, 1979) are used in

modelling. However, as 9.lCplained in Section 4, a rock

mass is generally weakaz than its oonstituent roc1~

material as the mass contains structural weaknes aea such

as jointe and faults (STACmY,1986).
TABLE3.1 ASSUMED INTACT PROPERTIES

PRINC:CPALROCKTYPES
----

ROCKTYPE DeS UTB E d Co
¢o(MPa) (MPa) (GPa) V (T/oum) (MPa)

~ •......__

Quartzite 220 20 70 0,15 2,70 30 30
South Reef 200 70 O,lS 2,75 30 30

Main Reer 200 70 O,lS 2,75 30 30

UCS ;::; Uniaxial compressive stl:'ength E '" Tangent Young's
UTa c: Brazilian stra!lgth modules
GPa :;::; Giga Pascals v :::: Poisson's r.atio
MPa ;:: Mega Pascals d ::::: Density
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T/cum = Tons per cubic metre
¢ ~ Internal fr~~tion angle

Co ::: Cohesion

3.1.4 Virgin Stress State

A knowledge of the magnitude of the virgin stress state is

of fundamental importance to rock mechanics considera-

tions. For exampl~, the magnitude of virgin str.ess can

play a dominant role in determining the behaviour of an

intact rock maSs over mined $pans, as well as the ultimate

magnitudes of fJ eLd stresses acting on remnants and

pillars. That Ls, virgin stress largp.ly determines the

performance of an excavation, at' serie3 of excavations,

during and after mining activities.

Directions : Two components of horizontal stress, and a

verttcal component, define a virgin stress state. For

pl..ll':-poees of modelling, t'he vertical component can

reasonably be assumed to have acted perpendicular to

surface, a1thc .Igh in modf;lrate),y dipping rock mass it could

have been inclined a few degJ~ees away from the down dip

direction. Normally any varia't.ions that might result. fl.~om

this would be such that they can be ignored. It is also

assumed that one component of hori:::ontal stress aots

parall.el to GtriJ~e and that the second component ac+s

parallel to th~ dip direct.j,on. These t.oo are reasonable

assumpt.ions in that they at.;) consistent with data obtained

by direct measu:tement. a.t a number of hard ::ock mines (HOEK

AND BROWN, 1980),

Magnitudes The ma.gnitude of 't.he Vertical component is
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assumed 1:.0 equal the weight of the overlying rock mass t.o

any puint of interest below surface. The magnitudes of

the horizontal virgin strp.ss can vary oonsiderably, more

especially near surface where residual stress (that locked

into the rock mass from greater depths th~n which is now

manifest as a result. of surface weathering) or t~ectonic

stress (that cauaed by regional rock mans movement) can

result Ln magnitudes greater than the ve:o:tical component.

The two ho:z:-izontal. components oan .::.lso be unequal.

The horizontal virgin stress components are also found to

be dependent on the depth be Low surface. Their rate of

increase with depth is usually speoified by a constant k

(BUDAVARI, 1983a). l< is a ratio Which is cbtained by

dividing the average horizontal virgin stress j.11tO t.he

vet't.ical component. of vil::gin stress. It is considerably

more difficult ee determine the value of k than the

magnit.uda of t.he vert.ioal stress eomponene acting at a

point. It has t.o be det.ermined by direct in situ

measurel'JIent.s. Figure 3.3 (A~TER HOEKAND BROWN,1960)

details k ratios for a wide vat'iety of hard rock mines

from around he world, inCluding deep level Sout.h African

gold l'(lines.

From 1 xm upwards, with deoreasing dept.h, the value of l(

inoreases rapidly t.o an approximat.e madmum of 1,5

(aUDAVARII 1983a). Tiigh hori:?;ol'1.tal stressos increase the

frictional forces on the planes of joint.s in the rock mass

overlying underground exoavat.ions. Higher horizont.al
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stresses would, therefore, promote stability over stable
mined spans. However, as no in situ stress measurements
have been taken in the resions and de~ths of interest, a k
value of 1 is assumed for modelling purposes, whioh is a
reasonable and valid assumption for the worst case method
adopted.

3.1. 5

In the
effects

Surface Considerations
following sections, the
of, and limit criteria

sources, magnitudes and
for possible types of

surface movement in the area of interest are discussed.
These 'F,"Z'mthe basis for the relevant ena l.yses and
conclusions of Sections 4 and 5. How(~t:'~I the
desta~i1ising effeots of joint zones associated with dykes
and faults, which may result in large scale rock mass
movements as described in Section 3.1.2, are ignored as
they, at this stage, cannot be predioted.

Two main sources of potentially damaging surfaoe movements
are identified for the typ(a of rock mass described in
Section 3.1.1 elastio deform~tion over the created
mining spans; and progressive failure to surface. In the
following sections these are considered separately and in
cerms of.the consequences of South and Main .reefmining on
the types and magnitudes of surface muvoment.

3.1.5.1

Behaviour
concluded

Elastic MOVement
In section 3.1.2 of Appendix

that a rock mass of the type
A i'c was

previously
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described would deflect in an elastic manner over
subcritical spans. Smooth and continuous surface
subsidence profiles would form in such cases (SUBSIDENCE
ENGINEER'S HANDBOOK, NCB). An idealised example is
detailed in Figure 3.4.

criteria No readily available data exists for the
setting of l.i.mitsurface movements, usually quot.ed as
strains, for such behaviour in the Witwatersrand basLn ,
Because of this." the oriteria utilised for analysis were
drawn from the literature of coal mining. This approach
is considered valid in that similar surface movements
would have similar effects on surface structure,
irrespective of either the scuroe of these movements or
the characteristics of the deflecting rock mass. The
National Coal Board's criteria of maximum surface
movements which, when exceedeQ/ may result in structural
damage (SUBS!DENCE ENGINEER'S HANDBOOK, NCB) and
su~narised in Table 3.2, are well establi~hed and
generally accepted, Accordingly, these were used.

TABLE 3.2 MAXIMUM ALLOWABLE SURFACE MOVEMENTS
----------------------------------------------------.
t-l0VEMENT LIMIT CRITERIA COMMENTS

Horizontal strain 0,5 nun/m C?mpression
or tension

Tilt 2,5 mrn/m

Conclusions The subcr.itio~lmined spans which determine
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the likely maximummagnitudes of elastic surface movement

are those created, or to be crea'ted in the South reef

only. The reason is that the dominant South reef

pil1~rs/re.mnant~ are formed from the aubvertical dykes and

peripheral reef pillars left on the dykes and fuults.

These dykes are projected to the t1ain reef hot Lacn , That

is, the pillars are superimposed. In addition, as the

result of more scattered and patchy values (PRETORl:US,

1$172), the Main reef is not as extensively mined in the

top por'dons of the Central Witwatet'srand mines as the

South reef. As long as the Main reef mined spans are

equal or smaller than the South reef mined spans at.

subcritical spans , the middling between 801.41..11. and Main

reef excavations will be stable and as explained in

Section 3.1.5.3 South reef apans need eo be considered

only (BLACK,1960).

STl\Sl:KO\<1SKI (1987) showed that for t~he rOlck mass

previously desoribed, suboritical South rEteil mined spans

at the depth range of interest (to a dept.h oJ; 240 m)r

would result in (elastic) surface movements at least. one

order of magnit.ude lass t.har. the maxima st.at0t1 in 'LIable

3.2. As such, they were not. oonsidered furt.hor in any

detail. However, superorH,ical. South re'"lf spans could

give rise to inelastic sl.lrface m~vements, for ,the reasons

desoribed in the following sections.
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3.1.5.2 Inelastic movements - South Reef

Behaviour The failure process is described in Section

3.1.3 of Appendix A. For the uniform rook mass under

review, progressive failure of rock slaba and blocks would

in most cases result in bulking (the effect caused by the

crea tion of voids between blocks t thereby resulting in a

volumetric expansion of the failed mass compared with the

intact massl see Section 1.1). progressive failure could

therefore either extend to some point within the overlying

strata or to surface, depending on the average magnitu~e

of bulldng, the void into which caving occurred and the

reef depth. Should failure extend to surface a stepped

sube.Ldence profile would r(O)sult (SUBSIDENCEENGINEERIS

HANDBOOK,NCB).

aow~ver, the margins of the failing rock mass would not

cave vertically: the pe:t'ipheral fu.ilure profile would

tend to extel"ld over the mined out area. For. the uniform

type of rook mass under review, the failure profile would

probably approdmate to a persistent line defined by an

angle of break (Section 2.1.1(vi». WIu'rTAKER (1989)

shows that in competent ground this line approximates 700

from the horizontal, Underground observations in

coll.apsed stopes tend to confirm 'that the angle of break

Has towards the worked out area and attains a ma9nitude

of 700 from the horizontal.

The principal ef£aot of an angle of break wou.d be to
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progressively reduce th~ free span of ·t.he otherwise

failing layer as the height of caving increased. Should

this span reduce to subcri·t.ical dimensions, then shear

failure would stop and the intact layer would remain as a

stable arch. Although a void, caused by inadequa.te

bulking, could still exist below the stable layer., elastic

deformation only would occur on surface.

It is i.n such circumstances the magnitude of a

supercritical mined span plays an important role in

determining the likely maximumheight of caving and likely

surface effect. An idealised example of part.ial caving

from the Sout.h reef is present.ed as Figure 3.5A. Figure

3.5B is an idealised example of failure to surface.

In the case of partial caving, the st.ability of the

remaining int.act. layer largely depends on its structural

charactaristics. A~ described in Section 3.~.1, it would

be massive to wldely jointed and would act as a single and

elastic but flawed layor (Section 4.1.1.1). However,

underground observations indicate that if its width is

less than about 15 m, then its cont.inuity probably br eaka

dO'Jln.

In such cases oaving could therefore be reasonably assumed

to extend as far as the l:)ulking rock mass allowed. Shl)uld

Caving extend to the sur.face weathered zone and 'water

table, then these layers, which would act as a dead\Oleight,

could reasonably 'be axpeot.ed to fail as a vertical. pll.l9



A BULK ELASTIC MOVEMENT
Sur.face

Intad layer.
I ~

B FAILURE TO SURFACE
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Bulk caved
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FIGURE: 3.5 PARTIAL AND TOTAL FAILURE TO SURFACE SUPERCRITICAL
MINE SPANS : sOUtH REEF
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with no bulking. In such circumstances inelastic, rather
than elastic, surface subsidence would occur.

The preceding discussions reveal four possible caved
sta ::.(~S that could exist in the area of interest and over
sup~~critical south reef mined spans

* Conditi~n 1 caving to surface, resulting
in surface &'lbsidence,when the theoretical
height of caving exceeds the mined depth
less the thickness of the surface weathered
zone and water tabl.e (12 m, see Section
3.1) r

Condition 2 caving to some point between
the base of the weathered zone and 15 m
below the weathered zone, which could result
in inelastic surface movement (15 m being
the minimum width of an elastic but flawed
layer of quartzites);

* Condition 3 partial caving to some point
equal to or below 27 m below surface (15 m +

12 m), at which height a stable intact layer
remains, resulting in elastic surface
movement only; and

* Condition 4 caving to some point below
the first stable intact layer for the
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deflecting rock mass, resulting in elastic

surface movement only.

In addition, rock mass failure could occur along the joint

zones associated with the subvertical dykes and faults,

which is not consider~d here.

Section 4 will quantify the possible caved states defin~d

above.

3.1.5.3 Inelastic Movements - Main Reei

Behaviour:

'11hephysical characteristics of the middling between the

south and Main reef workings were described in Sect.i.I)n

3.1.1 as similar tc the r:ock mass overlying the south

reef. As such, the previously defined failure process I

bulking characteristics and minimumintact thickness for a

stable layer (15 m) equally applies here.

Therefore, the same cave angles and theoretical heigh,ts of

caving for the same stoping widths apply.

Three possible caved states can exist in the middling,

depending on tho mined span :

* condition 1 caving to the South reef1

* Condition 2 partial caving to a stable
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layer; and

* Condition 3 elastic deflection only over
subcritical Main reef mined spans.

Conditions 2 and 3 would give rise to eLast Lc movement
only at the South reef horizon and would not induce any
noticable surface movements. As such, they are not
considered in further detail. However; condition 1 could
result in four possible scenarios :

*lA - additional surface
height of caving
(weathered zone)
condition Wmax < Wi

movement if

eXceeQ's h
the new

12 m
for the South reef
(Wmax being the limit

or critical spanl W: a supercritical span
in this case and h the depth below
sudace) ;

*lB - new surface movement caused by an increase
in the height of ..::avingsuch that it

newly exceeds h - 12 m for th,eSouth reef
condition Wmax <:: W;

<ic - no inelastic surface effect if the new
maximum height of caving does not exceed h
- 12 m for the South reef condition Wmax ~
W; and
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*lD - no additional inelastic surface effect for

the soucb reef criterion Wmax>W (W being

a subcritical spar.).

In addition rock mass failure could occur along the joint

zones associated with the subvertical dykes and faults.

This source of large scale instability was, howeve r , not

considered further hez e ,

A number of complicC'ting factors also exist in that the

following are not known :

'it whether further bulking of the failed rock

mass overlying the south reef would occur if

caving extended from the Main reef;

'it whether the failed slabl:; would be

sufficiently large to bridge any failed Main

reef mLning spans and thereby preVel1.t

additional up',ard caving movement.

I.t mining of the Main reef took place first Main reef

caving to the South reef would result in 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 aubs Lded as a result of Main

reef: mining to $upercrit:ical spans. HoweverI from

scrutiny of plans South reef mining took place first.



56

3.2 Bushveld Igneous Complex Mines
It was found re~sonable to concentrate on the UG2 horizon
of the Bushveld Igneous Complex as that zone has a weaker
hangingwall sequence compared to the Merensky r~ef
horizon. The worst:.case situation is therefore addressed.

3.2.1 Lithologies and stratigraphy
Details of the stratigraphy 0: the UG2 are based on
geology sections for boreholes drilleu in the Mari'kana
area, (COERTZE 1971).

Figure 3.6 details the geology sections for three
borehoLea as well as an average succession based on the
information of thfl same boreholes. The lithological
descriptors and strati']t'aphicdivisions detailed thereon
are those referred to in the text.

The sequence appears to be typical fOr this area of the
Bushveld Igneous Complex (SIC) in that the stratigraphy is
persistent, and consist@nt wi'l:hthat in mines in the area.

However, variations occur, in the thickness and structure
of the pyroxenites, which has an impact on suppor-t,
considerations.

3.2.1.1 Norite/Anorthosite Hangingwall Series
The norite/anorthosite series include all lithologioal
divisions from the FW7 nori.tes to the HW2 anorthosites
(Figure 3.6). The series is massive and continuous.
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The bottom contact of the norite/anorthosites with the
pyroxenites is sharp, distinct and irregularly weathered
to a depth of at least 70 m below surface.

From observations the contact is marked and weak in
tension at this depth range.

3.2.1.2 Hangingwall pyroxenite Sequence
The pyroxenite series is summarised on Figure 3.7
(WALRAVEN, 1986, VILJOEN, 1986).

The HWla portion is, on average, 5,5 m thick and generally
well jointed. The thickness of the UG2A marker typically
varies between about 0,2 m and 0, S m, "dth an average of
about 0,4 m, Rocltfalls extend usually to this marker,
which is extremely weak in tension.

The HWlb pyroxenite sequence is, on average, 4,5 m thick
and generally less J0inted than the HWla portion.

3.2.1.3 UG2 Reef
For purposes of this report, an average dip of 14 degrees
and a maximum stoping width of 1,5 m were assumed.

In an unwe at.hered state, the top contact of the reef is
most often distinct and cohesive. To depths of about 70 m
below surface it is irregularly weathered, clay filled nd
acts as a discrete parting plane. Below depths of about
70 m it can be expected to be clean, tight and cohesive
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(LEEB-DU TOIT, 1986).

3.2.1.4 Footwall sequence
In the logged boreholes I and in aU the current under-
ground reef exposures, the immediate footwall .i s a FW1
pegmatoid. The pegmatoid can 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 qnd cohesive.

The contact between the FW2 and the FWl pegmatoid is
usually sharp, weak and acts as a discrete parting plane.

surface Weathered Zone
Figure 3.8 summarises the average weathering prOfiles for
the western section of the BIC as determined from borehole
information and underground observations. Weathering and
moisture content can rapidly reduce the strength of
competent rock (STACE~, 1986).

The boundaries between weathered, \~ater bearing and fresh
rOCKS are progressive and vary according to local joint
densities as well as surface topography (for example I

depressions where weathering can be expected to be locally
more deepl,y seated). However, far the worst case analysis
method adopted, the indicated limit.s of weathering al:'e
accepted as average aridtypical for the area.

InflUence ol Weathering on Hangingwall stability
The thickness of unweathered norites/anorthosites above
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sha:;'lo.' tJG2 reef s t.ope s is an important design

consideration - it dictates safe mining spans.

Where th~ norites/anorthosites outcrops, and in s.reaB

una:ffecteti by geological disturbances I the surfaoe

weathel.·ed zone extends to an maxd.rnum of about 12 m to 15 m

below surracs.

Within this zone the strata vary from surface soil, to

deeply weathered, small blooky and loose water bearing

layer (subsoil) I and a medium blocky I leached and loose

water bearing layer at the base. This layer has no

inherent strength and act.s as a deadWeight on t.he

underlying sttata.

Further dowudip weathering in the pyroxeni tes has been

obseL'ved. In most cases, this additional weathering is

well developed to a depth of about. 35 m bel.ow surface,

Thereafter it progressively recedes until it is expressed

as a thin zone of wea,'there~ joint planes at a maximum

depth of about 50 m below sl.1rfi'l.ce.

The weathering profiles in the pyroxenites vary

considerably. '1'hi9 can result in decept:l.ve hangingwall

condi tiona ill the stopes. For e>campleI thl'l immediate cut

hanging'.'Iall. can appear fresh and. competent from depths of

about 30 m b'illOW surface, but it is overlain by

OJetal'lsi ve.l.y weathered pyroxeni tea.
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The extensively weathered nature of the pyroxenites is

attributed to their generally well jointed nature

resulting in extensive ar.'1 lk 'p weatherin9 to a depth of

about 30 m below surface. Thereafter weathering mostly

occurs along the joint l?lanes in a thinning layer to a

maximumdepth 0•. about 65 m below nut'f"lce.

The UG2A marker in the pyroxenites (Figure 3.7) has the

effect of creating a distinct partin9 plane in the

pyroxenl.tes.

3.2.2.2 UG2 Reef

The behaviour of pillars in shallow excavations can depend

on their strllct'lral stability, rather than the strengt.h of

intact blocks. As the former can depend on the weathering

characteristics of t.he reef I a lmow' li\dge of t.he weathering

profiles becomes a prerequisite for opt.imum pillar design.

From observations the o,cidiaed zone t.ypically ext.ends to

about 20 m belo\., surface I e.J.thougn it can ext.end co as

muoh as 30 m below surface.

;en this zone the ).°ser is t.ypioally a1tared to a weak and

friable mass Which progressiv(~ly strengt.hens down dip.

The weatherin9 depends on local joint densities in the

hangingwal1 pyroxenit.e sequence and l?rogressively

decreases down dip to a maxdmumdepth of about SO m below

surface.
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The pr:i.ncipal effect of this could be a reduction of the

intact strength of the reef I thereby influencing minimum

safe pillar dimensions. The magnitude of this effect is

discussed in Section 3.2.5.3.

3.2.2.3 Immediate FooLwall

The footing stability of pillars and internal stope

support. will largely rely on the weathering ,Pt:ofiles in

the immodiate footwall. As such , the definition of the

type and d"!pt:.hof weathering is an important cOMideration

when determining the associated minin9' risks in the

shallow surface excavations.

The footwal;, pegmatoid is deeply weathered to a weak and

unstable mass to a depth of about 30 m below surface. It

has a sharp bottom cont.act relpreset1ted by a discrete

parting plane.

l:'rom about 30 m below sur hoe the depth and severity of

weathering progressively reduces to a maxd.mumdepth of

about 70 m below surface. In this zone the reef will most

often cleanly ~art along the bottom cont.act.

However, from 50 to 60 In below sur£a.ce weathe,l:'il'lg can

extend ei thar along the bot, tom contact. or along the £irst.

parting p~ane below t.his. This will diotat.e the point. at:.

v.,rhich the footwall will most oftt..n pat't.



65

3.2.3 The Effects of Geological structures
Figure 3.9 is an idealised summary of the effects of three
principal outcropping structures (faults, dykes and shear
aones ) on shallow weathering prof:i.les. Where these are
either expresaed on surface or in the surface weathered
zone they act as channels for preferential groundwater
movement and hence weathering. This is usually restricted
to joint zones associated with the margins of the
structures. Severe weathering extends to much greater
depths than average, due to the presence of a (now
\Y'eathered)shea);'zone. The obvious indicators of this are
the bleached and small blocky appearance of the rock.

The depths to which weathering can extend vary according
to joint frequencies and the mineralogy of a joint zone.
No generalised depth cal'l,therefore, be determined
although in general this appears to be at a reef elevation
of about 70 m below surface,

In the hangingwall norite/anorthosite series, or in the
footwall norites, faults and shear zones usually dip at
betwe~n 70 and 80 degrees. However, in th~ l.'yroxenites
these are generally expressed as a flat dipping (20 tv 4C
degrees) zone. If this is combined with groundwater
movement, frequen+ hangingwall colla,pses have been
observed.

Jointing
This section is important because at t.hedepths of mining
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under consideration, ~he structural characteristics of the
rock mass will effect its peJ:formance OVer the created
mining spans.

From borehole information ana underground observations it
appears that few joints fall below the critical angle of
SO degrees (STACEY, 1986).

It also appears that no obviously regular or persLst.ant;
Joint pa'tterns-existand they rarely extend further than a
few metres in any direction. As such, they probably
represent local and transver$e1y random structures
indicatiVe of cooling features rather than any tectonic or
regional jointing trends. These observations are
consistent with others made elsewhere in the BIC. The
only exceptions occur next to faults, potholes and igneous
intrusions such as dykes. In these cases regular jointing
patterns can be readi.l.yobserved in the 1ilTlitedzonae
associated with the Various structures.

The observed joints were continuous across the mined
areas. It is ther.efore reasonable to conclude that in
situ the patterns and length Of indivi(~ual joints are
continuous and extensive.

Three joint sets were identified in the HWlb section which
are detailed in Table 3.3.
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TAh .•E 3.3 JOINT SETS - HWlb PYROXENITES

JOINT
SET

AVERAGE
OIl? (DEGREES)

AVERAGE DIP DIRECTION
(TRUE NORTH THROUGH EAST)

Jl
J2
J3

74
80
50

000 degrees
070 degrees
165 degrees

The joint frequency was about 2/m.

Figure 3.10 is an isometric drawing of the interaction of
the three defined joints sets foX'the hangingwall. It can
be concluded from this that possibly large bLOCKS and
wE!dges will exist in the immediate hangi,ngwall which are
capable of falling or sliding out under the influence of
gravity.

Material properties

3.2.5.1 Norite/AnOl.'thositeHangingwall Series
Intact specimens of the principal rock types (norites and
anorthosites) of the unweathered norite/anorthosite series
are typically homogeneous and in most cases isotropic. As
such, little dHference in their material properties can
be expected over large areas ,
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l-FIGURE3.10 ISOMETRIC DRAWING OF THE INTERACTION BETWEEN
THREE JOINTS
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TABLE 3.4 ROCK PROPERTIES - HANG IWGWALL
NORITE-ANORTHOSITE SE[<IES

UCS UTB Co E v d ;do
ROCK TYPE (MPa) (MPa) (MPa) (GPa) kg/m3

Norite 230 15 45 85 0,22 2850 47
Spotted 220 14 45 85 0,22 2800 45
Anorthosite
Mottled
Anorthosite 200 13 45 90 0,20 2750 41

MPa
UCS
UTB
Co
;5

= Mega Pascals= Uniaxial compressive strength= Brazilian strength= Cohesion
= Angle of internal friction

GPa = Giga Pascals
E = Young's Modulus
v = Poisson's ratio
d = Density

3.2.5.2 Hangin9'tlaU pyroxenite Sequence
The material properties of the PYl;'oxenite sequence are l"'".....

es sen cLaf for this investigation as their bulle behaviour
will be controlled by the inherent flav/s rather than by

the properties of intact blocks.

However, for purposes of computer modelling, some o£ the
constants detailed in Tablus 3.4 and 3.5 Wel;'eused.

3.2.5.3 UG2 Reer
The matrix of the reef may be weathered to a depth of
about 50 m, This could affect the strength of the reef.
pillars and STACEY (1986) recommends a strength reduction
factor of about 35 %. As such, a knowledge of the intac·t
strength of the reef to such depths is an important
conside:ration the design of pillar dimensions and
analyses of their stability depend on the information.
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TABLE 3.5 ROCK PROPERTIES - aWL PYROXENITES

ROCK TYPE UCS UTB Co E v d ¢o
(MPa) (MPa) (GPa) kg/m3

Pyroxenite 140 12 35 100 0,24 3200 45

'!iheCSIR Geomechanics Laboratory conducted tests on UG2
reef which indicate a llomoc;eneousand isotropic rock type.
It also confirms an earlier conclusion ; the UG2 reef is
massive and structurally unifor,ll. Table 3.6 details the
averaged values for all test data for the UG2 reef.

TABLE 3.6 ROCK PROPERTIES - UG2 REEF

Sample UCS TCS (MPa) E v d Co ¢o
Depth (MPa) Confining stress (GPa) kg/m3

5 MPa 10 MPa 15 MPa

55 m 124,5 152,5 189,3 216,9 101,8 0,39 3790 25,4 46,
75 m 117,3 J.56,8 191/8 "0,1 103/8 0/34 3870 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 S~quence
The material constants fot the footwall pegmatoid are
u.: nown , This is not vital information as in the
weathered state it is known to be very weak. It would
also be extremely ~ifficult to obtain adequate samples for
testing. In an unweathered state evdderice from the
western side of the aIC indicates that it is sufficiently
strong to afford a competent footwall to reef piJ.lars to
the depth of 240 m +.
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Conclusions
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 outcrops of the reefs have all been
mined before the turn of the century and weathering of the
outcrop areas is, therefore, not a consideration.
Weaknesses in the rock mass overlying the reefs are
confined to the jointed ma;gins of fault8 and dj'kes.
Design criteria would only have to consider sub and
supercritical span, with stabilising or bracket pillars on
faults and dykes, the ~~sign of which would depend on the
strength of the pillar material and load. As the
hangingwall and footwall consists of competent, strong
qUartzites, they n~ed not to b<.aconsidered fol:'factors
affecting the stability o~ the pillars, such as foundation
failure.

J..'l the aushveld Igneous Complex, at the other hand, the
weathering along thl;!outcrop extends downdip to a far
greater extent and influences the stability of the
hangingwall to depbha up 't.oSO m, The weathering 01.: dyke
and fault.planes ext.ends even deeper and reaches depths of
70 m, 'rhe jointing in the immediate hangingwal1
pyroxeni tea is shallow dipping and intense. In addit.ioo,
the UG2 marker in the pyroxenites is very weak, affording
no cohesion. PiJ.1.arsupport for the protection of the
surface has to b() designed to cater for the deeply
wear.hered nature of the reef, 1.anging'"and foot.walls.
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Safe mining spans depend nn the competent

nor;i.teianol thosi te hangingwall and the design of support.

for tlte pyroxenite hant}i.ngwal1 has to be independent froln

the norite/anorthosite aeries. It should, however, have a

high support. resi.:lt.Ci.nce (ANON, AN INDUSTRYGUIDEI 1988).

The next. section uses the findings of this sect.ion t.o

arrive at failure criteria and design parameters for the

shallow mines in the Central Wit.watersrand a"'d BUshveld

IgtleOus Complex.
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4. BEHAVIOUR, CRITERIA AND MODELS

This seotion deals with the implications of the results of
the geotechnical investigations presented in section 3.
The behavioural characteristics of the premining/intact
rock maas are disoussed from which suitahle desi9n orite-
ria and methods for analysis of the relevant areas of
interest are established. These form the basis for the
analyses,
factors

discussions
affecting the

and conolusions which concer-n

proteotion of the surface over
shallow mining ayeas in the Central Witwatersrand and :etc
regions.

4.1 Central Witwatersrand

4.1.1 Rock Mass Overlying the South Reef
Behaviour The intact l:'ockmass (that which existed
prior to any mining) overlying the SO~lth Reef and the
surface is conside.l;'edas two separate units
weathered zone and water tablet and an
um'l1eatheredmaas ,

the surface
underlying,

Weathered Layers The surface weathered zone was
pl:'oviously described as having little or no intrinsic
bridging strength and could reasonably be expected to have
acted as a deadweight on any underlying layers.

The combined weight of 12 m of overburden gives deo to
stress levels of about 0,3 MPa. Tlis value is used for
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purposes of analysis.

Unweat.hered Layers: The unwe...t.1 ~red and intac·t:. portion

was previously described as unitorm, and randomly and

widely jointed with discontinuous joints. As such, it is

modelled as an elastic medium wi'(;.h a reduced modulus. In

th1.s contol'tt, the principal effect of the inherent

discont.inuities wot!ld. have been t~? reduce the bull~ modulus

II d.qid4 t.y to about 70 % that of intact roo1< (J>\lllGERAND

1979). That is, to about 50 GPa. Jor the intact

1.·01,." mass, failur~ 'La therefore oon$ti.dered to be a

function of its b"I1.Jt.elastic properties I the stresS' state

and the croated mining spans.

4.1.1..1 Hode of ~Iailure

Th) oVlilrlying rock mass extends to the top contact. of t.he

South Ree.f. As such I the determination of its condition

over either tho prt:lvi .,Ilsly mino<.'lor future pl.anne<.'l mining

spans tJrimarily rolios on whether i:.he mined dimens.i.ons

between stabi11 ty and bracket pillars are L: a suber! tical

or superoritical state. For example, should the edsting

mino<.'lspans be sLtpercrit1cal, then it could rea~onably be

concJ.~\<.'ledt.ha.t failure of the type described in Section

2,1.:2 cceur-r ed , VAN NIEKERK (1989) I by dr111ing from

surface into collapsed worlt;;,ings at several sit.es I found

t.hat the hangingwall was sl\warely unra.veUed neat the

stope, resulting :i.n cavities t.o fC'l:'min the hangingwal1.,

Where these cavities extanded t.o surface, "bottlenecl<:.s"

Were formed. 'l'he margins of t.l1ese IIbottlenecks II formed,
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on average, ,Ingles Of 700• Where these cavities did not
extend to surface, gradual diminishing of open joints were
observed to\Olardsthe surface layer. The increase of open
jointing above cavities with depth was aLao observed by
CAMERON~CLARKE (1990). Reports on caving in underground
w,:>rkings a°t: crown Mines in the archives of the
Johannesburg Inspectorate (IMJ 153/50 of 24 April 1970)
also refer to "bottlenecking" where the caved areas in the
worldngs are larger than the reported surface effects.
From the descriptions of strata behaviour in section
3.1,5.2 and Section 3.1.3 of Appendix A and the reported
cases described above and personal observations the theo~
retical post caving profiles are summarised on Figures 4.1
and 4.2. Since the jointing is not continuous, it is un-
likely that this could have an apprecb.ble effect 011 the
caving profiles.

4.1.1.2 Criteria and Methods
The onset of induced shear failure can be approdmated by
the Mohr-'Coulomb failure criterion. This relates shear
stre:as acting along a theoretical plane to the forces
resisting sliding along the plane.

t r.:; Co .J- on.tan¥ - (4.1)

where t = shea t' stress
Co ;: cohesion
on = normal stress acting across t.he

shear plane
¢ 0.0 internal .frictionangle
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This criterion can be represented as a line of c:dtical
stress state that separates a failure region above the
line from a no-failure region below the line. This line,
known as a Mohr's envelope, is uni.que for each material
type. Figure 4.3 illustrates a typical example.

If the major and minor principal stresses are known for
any point within the rock mass, then these can be plotted
on the (Mohr's envelope) graph as a Mohr circle.

If a Mohr c~,rcle is fully enclosed in the nO-failure
region, as defined by the characteristic MohtO envelope,
then stability is indicated. However, if it. cuts the
envelope and extends into the failure region then stress
rel,ated failure is indicated. If an envelope acts as a
tangent to a Hohr circle then the st.ress·condition is at
the critical stress state (that is, it is on the extreme
limit of stability).

The failure index method, a feature of BESOI.. computer
programs (CROUCH 1988) utilises a similar method. The
computed field stress state (the state of stress existing
in the ground ~s a result of adjacent mining activity) for
a point is considered as a Mohr circle, compared with the
critical stress state for a fixed minor principal stress,
and then similarly compared with a fixed major principal
stress. The ratio (rllr) of the radii of circles
described by the critioal stress state (r~), and the true
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-rFailure Index = rl

F'IGURE 4.3 FAILURE INDEX ~SED IN I\iUMERICAL. MODELLING
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field stress state (r), is the failure index or strength
stres:...ratiofor that poi.rrz(CROUCH, 1976). An index of F
«: 1 indicates induced shear failure at that point, as
detailed in Figure 4.3.

If all the computed values for every point within an area
of interest are contoured, then failure indices for the
n~, \led excavations are derived.

It should be noted that the Mohr-Coulomb failure criterion
defines cnly a threshold beyond which shear fracturing is
active. The model used does not follow the reduction in
load-carrying capacity of the rock bl·reducing cohesion as
a function of plastic strain.

4.1.2 South Reef
Behaviour The South reef was previously described as
massive to widely jointed with cohesive gradational
contacts. pillars and remnants may therefore be
considered as ttnfailedand relatively intact units t:'ather
than b l.ook.a that could unravel. under the influence of
gravity or imposed loads.

As long as such pillars and/or remnants remaLn suffi-
ciently 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 oollapse of hangingwall ~f
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.

4.1.2.1 Criteria and Methods

Strength :
1979) was

The maximum stress c:r:iterio:.1(JAEGER AND COOK,
used t.o analyse South reef pillar/remnant

behaviour under imposed loads. This states that when an
applied normal load approximates or exoaeds the strength
of the material, failure in compression occur-a. In the
case of pillars and remnants failure generally starts as
corner and sidewall spalling as the stresses are higher at
the corners (Figure 4.4). Failure progresses towards the
centre and finally towards total failure.

The onset of compressive failure in normally loaded
laboratory rock specimens usually starts at about 70 % of
the l;'ock'sultimate strengt.h (JAEGER AND COOK, 1979),

fracturing becomes severe when the applied loads
approximate to about 90 % of its ultimate strength.

Therefore, for purposes of analysis, values equal to 70 %
of t.heassumed intact and unconfined strengt.hsare used as
safe (and cons arvet Lve) limit criteria for pHIal:' edge
stresses. For the South reef this value equals about 155

MPa.
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However, the strength of individual pillars/remnants

varies according to their bulk properties, rather than the

laboratory determined values for small, intact and

prepared specimen~. The former are generally accepted to

be 20 % to 30 % less than the latter (BISNIAWSKI, 1968),
due to the influen,ces of, for example, microfractures and

other discontinuities such as joints. The critical stress

level at which pillar corner and sidewall failure starts

in the South reef is therefore assumed to equal 125 MPa.

The 9"t:ects of weathering around isolated piUars, noted

in Section 3.1.1 are ignored when setting the preceding

strength cri ter:i.on. The observed subaerial weatheril1.g is

a limited peripheral feature which occurs along open

frdctures rather than thl:'ough the rock fabric. As such,

it would have little direct bearing on shcrt- or long-term

pillar/remnant strength.

Oeformations : with regard to roel!; mass deformations, the

preceding condd,tions conce:t;'ning the effects of bulk

properties on pillar and remnant strengths equalJ.y apply

here. As such, the Young's modulus fOr t.he South reef

pillars/remnants was reduced to 70 % of the assumed intact

value, i.e. to about 50 GPa.

Elastic deformation of the hangingwall strata was modelled

using a. boundary element computer program, l'l.amel.yBESOL,

CROUCH 1986. In two-dimensional modelling, pillars are

assumed to be "continuous strips II of ur~.nined reef. To
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account for the effects of three-dimensional pillars en
strata deformations, the pillar stiffness was reduced by a
factor of e, whioh is the extraction ratio along the strip
pillars, along their third dimension, as given by the
formulae 4.2 and 4.3.

and

Kn ::: Ei .s
Sm

Ks :.:: Ei
2 (l+v)

Where Kn :::

El. :::::

Sm :::

e :=

Ks ::::;::

v :=

- (4.2)

• e
Sm

- (4.3)

normal bulk stiffness (GPa/m)
in f.ituYoung's modulus (GPa)
stoping width (m)
extraction ratio along the strip
pillars
bulk shear stiffnes$ (G~a/m)
Poi.ssonI s ratio

4 oJ.• 3 Inter-reef parting
The int~r-reef parting was previously described as a
typical. sequence of massive to widely jointed and com-
petent Wj.twatersrand quartzites with minor grits. A.$

such, its intact behaviour was modelled in the same manner
as the rock mass overlyia~ the South reef, with che

exception of the deadweight effect of ·t.he weathered zone.
The same criteria and modelling techniques were therefore
appl.i~d.

4.1.4 Main Reef
The Main reef was previously described as similar in all
respects to the South reef. As SUch, t.he behaviour,
instability characterist..i.cs, strength and stiffness
oriteria of pillars and remnants w~re con$idered the same.
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Crited a and Equations
South Reef

Empirical Approach : The oriteria and equations detailed

4.1. 5 Strata overlying the

in the following sections were specifically derived for
purposes of this investigation. They describe the
possible caved states defined above and were used for
purposes of the analyses presented.

Two principal parameters define the likely caved state of
a uniform rock mass over supercritice.l South Reef spans =

the actual r,linedspan (W) and limit span (Wrnax) (SCHUMANN I

1988) • Wme.x defines the max.imum safe span fot: mining
which allows a stable intact limit cave angles to some
point below 27 m below surface. The 27 m is made up of a
12 m weathered zone and a 15 m olastio but flawed layer,
Which is the minimum thickness (see section 3.1.5.2). The
15 m layet: is represented by "t" in formula 4.5.

GALVIN (1983) quantified the effective span of a dolerite
sill bridging over a goaf. In order to pz'cduce a span S
eff at the base of the dolerite sill, a critioal minimum
lateral dimension of the Openil"lgat the minlng horizon is
required, that is a panel width WCI which must satisfy the
following expression :

- (4.4)

whElt:etp is the parting thicknel3S between the base of the
doledte sill and the seam horizon, and (1\...90) is the
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angle of break (Figure 4.5).

Geometrically, the caved state over supercriticat spans of
the Sou th reef can be compared wi th the goa£ under a

dolerite sill (Figure 4.6). Accordingly, equation 4.4 wa$
modified and yielded :

Wmax ::::Sf + 21h - (t+12)lL':; tan A :J

where Sf :::: safe span for an intact layer of
thickness t (In )

h " South reef depth below surface (rn )
A t:' caving angle (70 degxoses)
t :::: minimum .int.act.layer (25 m)

When W iG less or equal t.o Wmax it would have li tt.le
influenco on inelastic rock mass behaviour. Two principal
conditions can, therefore, arise

- (4.6)

then t.he height of the caved zone, hot becomes

... (4.7)

as t::I tho South rear atoping height
RF ::::tho re:rcompact.ionfact.or d.efioed as the

compression of failed roclt layers caused
by aucceaai.ve blocks loading previously
failed blocks, in % and

BF A the bulking factor in It

l)'rom correlation between surface dopressiono roported
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between 1903 - 1927 in the Government Mining En-;ineerIS
Annual Reports (section 2.1.3.2) and stoping heighi'.slit
is unlikely that the recompaetion factor exceeds 5 % (RF ~
].,05).

If he > h - 12 - (4.8)

(h - 12 being the mining depth minus the weathered zone)

then surface subsidence will occur, according to condition
1 in Section 3.1.5.2. The magnitude of the subsidence can
be defined as :

Smale := he - 101 ':_12")1 . (SF - 1)t RF j
- (4.9~

where smax := maximum surface subsi(.~ence.

B : When Wmax;> W, the maximum height of caving, het is
defined by the position of the first intact l.ayer and that
is :

he = (W -Sf) tan A - (4.10)
Note that if he> he then equation 4.7 applies.

Figure 4.7 summarises equation 4.7 as a aeries of graphs
det&.il.ingpossible heights of caving for a range of
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bulking factors and South reef mined heights. The graphs
indicate that the height of caving decreases with an
increase in the percentage bulking. It is reasonable to
assume that the bulking factor of quartzites lies between
5 % and 10 % (VAN NIEKERK, 1989). The graph of 10 %

indi.catesthat at a stoping width of 1,5 m supercritical
spans at a depth range to about 25 m will cave to surface.

Numerical Hodelling Approach: In common with empirical
methods I computer based analytical Inethods rely on
comparing in~situ strength of a pillar system to the
oalculated applied stress state. However, computer based
methods have the distinct advantage of allowing rapid and
independent analyses of any number of influencing
variables. As such, their use is preferred.

Intact thicknesses over
analysed using agSOL.

't.he

The
mined areas

failure index
wera further
criterion as

explained in section 4.1.1.2 was used as the criterion in
determining the critical m3.nj.ngspans. 'L'hoconstants used
for modelling studies are given in Sections 4.1.••2,
4.1.1.2 and 4.1.5.

A wide range of depth-span ratios 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 rn,between 30m to 240 m.

The failure inaiaes at critical mining spans were th~n
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plotted on a graph, which details the computed critical

1llbing spans for a depth range of 15 m to 240 m (Figure

4.8) • The figure bears out underground observations of

collapsed overlying strata in South reef workings at the

depth range and spans indicated. For instance,

reclamation mining at about 100 m depth in a SOl1th reef

stope, where the critical span was widened to over 40 m,

resulted in massive hangingwall collapse (Cl1ief InspeC"tor

of MinesI Heidelberg I internal report on stope co Ll.ap se a i:

Nigel Gold Mines, 1988).

4.1.6 Cri teria and Equations

Main reef

Strata overlying the

For the reasons already describeu, the equations ana

criteria defined in Section 4.1.5 for the South reef

equally apply here. The following notation is adopted :

hI is middling thickness, s£ is the critical span, tl is

the thickness of the intact layer and Sm is the atoping

width.

The relevant equations are t.hen

Wmax= Sf' + 2 ~~n- ~~ .. (4.11)

• RF .. (4.12)

The total height of caving hC' can be
defined by:

ho'li Sm + Ss~--r .RF - (4.13)
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Also note that Equation 4.9 changes to:

smex = (SF - 1) (hc " '" h ")--"fur'" - (4.14)

th:>-t is, BF :-:; 0 for the failed rock mass

overlying the South reef.

Equa'.;.ion 4.12 does not change as this is independent of

Ma:i.n reef mined spans f.or t.he ;:~asons mentioned in

Condition 2 as described in Section 3.1.5.3.

The same formulae and P'SSOLprogram as descr Lbed in t.he

preceding section 'N9re used to detexmine crit.ical spans at.

a dept.h range of 15 m t.o 240 m below surface. The graph

depicted on Figure 4.9 det.ails the critical mining spans

for Main reef workings. This figure indicates t.hat there

is a strengthening effect with increasing depth of the 25

m thick mj.ddling between the Sout.h and Main reef workings.

This could be attributed to the effect of the increase in

horizont.al sr.ress, thereby increasing clamping forces.

Figure 4.10 summarises forll,ula 4.1.2 as a series of graphs

detailing possil'le reights of caving :fo1:' a range of

bulking factors and Main reef mined height.s. When the

same bulking factors are considered as with the South reef

(5 % - 10 %) t.he graphs show that increasing st.oping

widths from 1, S m to 2,75 m cavi~g to the South reef

workings will occur at supercritical spans.
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4.1. 7 pillar Design criteria and Remnant Mining

The reef pillars left in situ have 5 m side lengths and
are approximately square (Seot:i.on3.1.2). Under9round in-
vestigations revealed no deterioration or scaling of these
pillars. These pillars can be accepted to be suitable fo~
surface protection as pillars with a wid'th : height ratlo
of 5 or more normally do not shed load, OZBAY, 1987. As
the stoping width, on average, is 1 m, these pillars are
suitable for surfao~ protection purposes.

scrutiny of mine plans has shown that in the extensively
mined stopes, the original mining has stopped against or
near to the reef intersections of t'l;ejoint zonas associ-
ated with the dykes. Total extraction of these remnant
reef pillars peripheral to the dykes WOUld incur an
extreme rislt of adverse surface movements. The principal
reasons for this are the potontial for subsidence and rock
movement alon9 dy)tes and faults and the pOSSibility of
induced shear fail.l\reof the undarrnd.nedhangingwall. In
either case large ~cale inelastio surfaoe movements would
occur (CAMERON-CLARKE~ 1990).

Partial pillar stripping would carry less risk of adverso
surface movemenua t.han total extraction Of pillars and
remnants. HoweVE.'r,the associated risks would remain high
due t.othe inf.1.ue.lceaof unknowne SUCh as t.he charaot.eris...
tics of the joint zones associated with the dykes.



99

The abovementioned rock movement is not limited to depth
and may occur over a considerable perioa of time (CAMERON~
CLARKE, 1990).

4.2 Bushveld Xgneou~ Comple~ Zones, Rock Mass

Behaviour and Design Criteria :
is somewhat different to that
although it also deals with

The approach for the BIC
for the Witwatersrand,

the implications of the
geotechnica,l analysis presented in Section 3. However,
the rock mass is first zoned accordin9 to t.he prevailing
ground condd,tiona. The general behavioural characteris-
tics of the rock mass are then determined from which the
desi9n criteria for the defined zones are set. An
idealised representation of the str.uctural types for the
rock mass is given on Figure 4.11.

4.2.1 Geological ?lonee

4.2.1..1 Norite/Anorthos:l.teHangingwall Series
The norite/anorthosite hangingwall saries can be con-
veniently consjdered as t.wo separate units : the surface
weathered layers; and an underlying, unweathered mass.

Weather.'ed Layers: The depth t.o the base of the main
surface weathered zone can oe defined as approximating to
15 m for tho worst case. Gravity will play the d()ml.nant
role and the layer can ba reasona'bly expected t.oact as a
deadweight. over most. miMd spans. The stress oaused by
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this deadweight is taken as O,3MPa, the means used to

analyse its effects on excavation stability.

unweathered Layers The unweathered portion of the

hangingwall norite/anorthosite series can be described as

widely jointed with discontinuous and mostly subvertieal

joints. The stability of the norita/anorthosite layer

depends on the properties of the inherent joints: the

interlocking blocks are bound by joints and are subjected

to the effects of gravity (Sections 3.1.2 and 3.1.3 of

Appendix A). The width of the mining spans also

influences the stability of this layer (Figure 4.12) and

the magnit~\ae of the horizontal st.ress, an increase of

which would result. in lSlrger frictional forces On the

jOint planes (Section 3.1.4).

At thicknesses of unweathered norite/anorthosite of 15 m

apd more (the equivalent of a reef depth of 40 m below

surface) the stability depends on the bulk properties of

the layer and applied stx'ess l'3tate. Joints, which are

widely spaced and subvel;'t.i(.~a1, reduces the modulus of ri-

gidity of t.he layer to abc)ut. 50 % of il'ltaet. rock (BRADY

ANDBROWN, 1985), that is, to about 40GPa fol;' the norita/

anorthosite layer. It would be capable of bridging/

increasing spans as its thickness increases with depth.

Hangingwall Pyroxenite Sequence

The hangingwall pyroxen1,te aequanoe Ls particLl1ar:ly prone

to collapses, as stated in Sections 3.2.t.2 and 3.2.2.1.
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Should a collapse occur then this would rapidly develop as
weathered layersi that associated with the unweathered
but jointed layers; and that related to the parting
planes in the immediate hangingwall. These differentia-
tions are important as the rapidly changing and deceptive
hangingwall conditions can impact significantly on stope
support requirements.

The behaviour of the weathered layers would be very
similar to that of the norite/anorthosite hangingwall
weathered layers and it is reasonable to concu-de that
over most mined spal\Sthey will act as a deadweight on any
underlying intact layers or installed support, and would
be prone to unravelling should a key block failure oocur.

In contrast, af unweathered sequence wou l.dact as a series
of interlOCking blocks. Its stability would, therefore,
also depend on the frictional re~istance to sliding,
pa.rtly afforded by lateral clamping forces along planes
inclined at angles grea:t:~rthan about SO degrees to the
horizontal (STACEY, 1.986).

It can be cori- \uded that th.e in sit.ubehavioural charao-
terist..icsOf the hangingwall pyroxenit.e sequence are ;

* the hangingwall layer acts indepEHldently of the
oVer:lying and intact nodte/an('H:t:.hositeseriesj

* to depl:.hs of about 70 m Pelow surface, the
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hangingwall pyroxenite sequence acts as a single
deadweight unit on the installed internal stope
support; and

* the hangingwall pyroxenite layer plays no direct
role in determining safe panel spans.

The above mentioned characteristics must be qualified;
From observations there is a marked increase in both the
strength and stability of the hangingwall pyroxenite se-
quence in a westerly direction on the western side of the
SIC. The pyroxenite could, thereforel form part of the
~table hangingwal.l.

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 pillars. As such, underground mining in the oxidized
zone would be extremely difficult and result in 10\'1
extraction ratios. As described in Section 3.2.2.2, the
oxidized zone varies along strike and extends between 20 m
to 30 m below surface. As SUch, mining to the base of the
oxidized zone would best be carried out on a $!elective
basis.

As stated in Section 3.2.2.2 the weathered zone extends to
a depth of about 50 m below surface. As the reef in this
zone is characterised by deeply weathered and randomly
Orientated planes, pillar stability depends mainly on



105

their bulk strength characteristics rather than the
strength of intact blocks.

The weathering profile in this area could cause the
weakening of tha top contact of the pillars and of the
pillars themselves which, in turn, could result in
hangingwall collapses around the pillars by allowing
~e1axation of the rockmass and an increased probability of
hangingwall failures through loss of frictional resistance
across joint planeo,

4.2.1.4 Footwall Sequence
As stated in Section 3.2.2.3 the inherent weaknos!1of the
deeply weathered pegmatoid could be a potential SOIl! ce of

footing instability for any pillars and/or internal stope
support, which could allow relaxation of the hangingwall
sequence, thereby increasing the probability of local
failures or collapses. Such proplems can be expected to
be aeve.i co a dep't.hof about 40 m below surface.

Hodels
To ree:£;depths of abol..t200 m below surface, either
tributary area theory or computer based analytical design
met.hods, such as BESOL type programs, can be used to
determine pillar stability.

4.2.2.1 Pillar Design Criteria
Several applicationS for permission to undermine surface
objects above the UG2 reefs were the subject of studies on
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pillar design (BUDAVARI 1983b, NOBLE, 19897 KOTZE, 1983).
It was found that a safety faccor of 2 for pillars to
protect surface objects, was ac~eptab1e, The safety
faetor 4,sdetermined by dividing the load 01:: pillar stress
into the pillar strength :

Safety 'factor == J?illarStrength
J?illarStress

(4.15)

The strength of a pilLar is calculated by using an
empirical formula

strength == K wo,~
11°175

~4.l6)

where K
W
H

"" Cubic strength of UG2
Width of pillar
Height of pillar==

=
The above formula applies to ~quare pillars. WAGNER
(1974) suggested the follo'..,ringformula to obtain W in
formula 4.16 for rectangular pillars:

Weff :; 4 A
C

where A == Cross-sectional area (m2 )
C = Circumference (m)

The load/stress is calculated, using the tt'ibutary area
theory, as modified by BUDAVAIU, 1983 :

toad == u X de x se x 11
\1] x L

.., (4.l'I)

where u ::::;unit we:i.ght.of rock mass
de == dip centres of pillar
so ~ strike centres of pillars
H == depth below surface
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w ~ pillar width
L = pillar length

Numerous observations have proved that rectangnlar pillars

with their long axes at right angles to geological

weaknesses and joints prevented major falls of ground.

Square pilla.r~ .nd rectangular pillars parallel to the

weakneaae s and joint sets are associated with major roc::k

falls, especially in the weathered zone.

A further stipulat.ion was that the width to height ratio

of the pIllars shoutd be 5 for the protection of the

surface. In practice, these pillars are }'''ll?t to a widt,h

of 5 III at stopillg widths of Lrn, All sLtuations where

these criteria were applied, hAve been investigated and no

scaling cr deterioration of rectangular p~llars of a width

of 5 m has been observed. Recent studies (RYDERAND

OZBAY,1990) have also indicated that these pillars do not

shed load when the width to height ratio is 5.

4.2.3 Design Considerations

The following can be concLuded from the preceding

discussions =

* the determini'.\tion of safe mil1.ing spans primarily

depends on maintaining the stability of an iot.a,

nori\'..e/anorthosite layer, although this Ob.n be

dramatically alterad by the presence of geological
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structurest

* the stability of the hangingwall pyroxenH.e

sequence, and any other overlying weathered

layers, is primarily a concern of Lrre.e rna), stope

support, tl1ey play no direct role in defining safe

minlng spans, although a marked improvement of

pyroxenite hangingwall may r~lsult in the

pyroxsnLte to form part of the hangingwall series.

* Apart from pillar st;abili ty I an important pillar

design consideration is their clbiHty to prevent

an "overrun II of ground in the event of an

uncontrolled hangingwall pyroxenite collapse, in

particular to a reef depth of about 50 m below

surfacer and

* support in those areas affected by the weathered

foo·twall-pegmatoid (to a reef depth of at~ least 60

m below surface) should be designed to accommodate

the effects of its weak nature.

4.2.4 Design Criteria and Methode

The use of displacement discontinuity type boundary

element is valued for modelling the behaviour of the

no:r:ite/a.northosite layer. The model used for purposes of

analysis, was an elastic but flawed layer with the

material constants defined in Table 3.4, except for a

moduLus reduced by about 50 % compared to intact rock (1:1 :::
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40 GPa). The failure index method based on the Mohr-

Coulomb failure criterion (equation 4.1) was used to

establish the resulting critical mined spans in the same

manner as described in Section 4.1.5.

The same criteria and methods were used as detailed in

Section 4.1. 2•

In all cases the hangingwall pyroxenite sequence WaS

modelled as a separate unit with independent prr"')perties.

The surface weathered zone was modelled as a line load

equal to 0,3 MN/m2. The virgin stress state was modelled

as k = 1,0 for the reason described in Section 3.1.4. A

parallel rib pillar system was as aun.ed, An example of a

plot is given on Figure 4.13. The fi~ure depicts the plot

of a span of 36 mwith a norite/anorthosit:e layer of 50 m,

A load of 0, 3MPa is imposed on this layer and repl:"esents

the surface weathered layer. A pyroxenite sequence of 10

m Was modelled which already shows a much larger area of

critical stress state than in the norite/anorthosite

layer. critical stress states are. developing in the

florite/anorthosite layer and thh mining span was plotted

as a c.r:itical mining span against a norite/anorthosite

thickness of SO m on Figure 4.~4.

The following intact th:loknesseo were analysed 5,0 m

increments between 5,0 m and 20,0 mt 10,0 III .1.ncrelllents

between 20,0 m and SOlO mi and 20,0 m increments bet~vf,en

50,0 III and lSO,O m. 'rhe failure index method, which is
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based on the Mohr-Coulomb failure criterion (equation 4.1)
was used to establish the resulting critical mined span'.

~&ilure indices at critical norite/anorthosite
thiclW\',sses were calculated and critical mining spans
plotted on a graph, in the same manner as described a.n
Section 4.1.5 and which details the computed critical
mining spans for a depth range of 5 m to 240 m (Figure
4.14) • Thill figure indicates a rapid increase in the
strength of the nori+-.e-anorthosite layer up to a thickness
of 50 m, atter which the increase in strength is uniform.
~t must again be emphasised that there is a marked
incra~se in the strength and stability of the pyroxenites
on the western side of the SIC. AS a consequence, the
pyroxenite layer can be incorporated into '!:,he
norite/anorthosite layer after investi.gating the
hangingwall layer proves its stability.
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5. CONCLUSIONS AND RECOMMENDATIONS

S.1.Central Wit.watersrand

5.1.1 Models
As stated in Section 4.1.1 BESOL allows the determination
of potential failure zones rather than actual failllr~
zones.

As stated in Section 3.1.2 the hangingwalJ above the South
reef workings have collapsed "Jhere spans exceeded the
critical span as determined by the BESOL generated
critical span curve. (Figure 4.8).

Certain othe~ conclusions therefore arose concerning the
liJl;el~state Qf. the rock mass overlying the South reef;

* The failed portion of the rock masS can reasonably
be expected tr' have retained no 19tel;'Cl,lor
transverse stiffneSs1 it probably acts as a
deadweight on the footwall layer and as a series
of loosely interlocking blocks with little ox' no
intrinsic bridging strength.

* The effect of a cave angle would hCl,veresulted in
a mass of unfailed rock resting on most of the
remaining pillars and remnanua , These unfailed
masses could incluQ.EIintact shallow layers of tha
type described on Figure 4.6. If the effect of
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the cave angle has not reached surface, the
remaining intact layer would be in a critical
stress state. Any widening of the original
excavation by, for instance mining of pillars or
remnants, could result in its destabilisation,
which in turn could result in inelastic 6urfe.ce
movement (Section 4.1.1.1).

In view of the importance of the preceding conclusions on
the mining of the pillars and remnants, the criteria and
equations detailed in Section 4.1.5 were used to determine
critical free spans for the south reef horizon, as
detailed on Figure 4.8.

As mining activities in the Central Rand at the depth
range of interest can be classified as reclamation mining,
it is unlikely that mining ill pristine rock will take
place. Recommendations as to mining pristine rock 011 this
horizon are nevertheless made in Sclction5.1.3.

5.1. 2 Design Of Fillars
AS far as pillal" and remnant atabiH ty of the existing
pillars is concerned, the mcdeLs and criteria det.ailed in
Section 4.1.5 were used. Worst case modals were used to
establish the magnitudes of normal and shear stress acting
on the pillars/remnants. A Cave angle of.70 degrees was
assumed, as well as near surfuce intact layers according
'LO the cr-Ltica.1.spans detailed on figure 4.8 and. the
likely caving characteristics defined.by equat.Lon4.7 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 around (subver,tical) dykes were also modelled as being

superimposed between reefs.

In all cases the computed worst case results revealed

vertical stresses on pillar edges of no more than about 65

MPa (to a -naxf.mum depth of 300 ml . That is, about half

the critical stress level of 125 MPa (see Section 4.1.2.1)

for the onset of sidewall failure. Pillar. stiffness was

also found to be adequate to restrict excessive

hangingwall sag when their widths are greater than 10 m.

The magnitudes of induced shear. stress in the hangingwall

on the edges of pillars, were found to be sufficiently

small to not warrant fUrther consideration.

5.1.3 Mifit~~ spans

Fig~lre$ 4.8 and 4.9 surnmarises the resul1:.s from the model

studies carried out for establishing critical spans for a

range of depths and middling thickness at depths varying

between 27 m and 240 m. FigUre 4.10 implies an increase

in the sti!l.bili ty of the hanging\'Tall strata of the South

reef stopes \<d th an increase in depth, while figure 4.9

showcl a slight increase in the strength of the 25 m thiCK

middling between the South and Main reef with an increase

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 conclusions could be
made other than failure to the South reef horizon would
have occurred in some cases. This could have resulted in
inelastic surface effects, depending on the caved s'cate of
the rock mass ovarlying thf..South reef, for the reasons
described in Section 3.1.5.3.

5.1.4 Recommendations

5.1.4.1 Mining options, south reef
Two possible South reef mining options are considered:

* the removal of reef from the margins of the
pillar/remnants left around dyke positions; and

* footwall and/or hangingwall. stripping in the
previously mined stopes.

(i) Pillar/remnant st:oping
It is worth noting in this regard that in the
extensively mined stopes, the original mining
would have most probably stopped against or near
to the reef intersections of the joint zones
associated with the dykes, As stated in Section
4.1.7, any mining of these peripheral pillars may
cause rock movement along the dykes and faults,
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resulting in differential

dyke/fault contracts.

sUbsidence on

No pillar/remnant mining or partial pillar

[stripping Ls recommended for reasons descrLbed in

section 4.1.7.

(i~) ~ootwall/hangingwall Stripping

As footwall/hangingwal1 stripping may have an

effect on the w:Ldth to height ratio of pil1ar.5 it

is recommended that footwall/hangingwall strip-

ping is restricted to areas away from pillars.

{iii)Primary Mining

For safety purposes the critical span on the

graph shown on figure 4.10 has been decreased by

a factor of 10 % to J::orma safe span (Figure

5.1) . The factor of 10 % is based on possible

damage by blasting and weathe~ing of the pillar

sidest which would have a weakening effect. It

is unlikely that the damaged/weathered zone would

result in increasing the critical span by more

than 10 %.

From the criteria and analyses in the pl.·eceding

chapters the following conditions are considered

to be reasonable :

(a) Mining acti vities at depths less than 27 In
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measured vertically below the ground

surface; would cause surface subsidence, as

explained in section 4.1.5.

(b) breast mining - maximum panel widths read

off from figure 5.1 with interpanel pillars

with a width to height ratio of no less than

5; (Section 4.1. 7)

(c) 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.

(d) Mining nea r geological st1"uctures: pillars

to be left on the contacts of faults and

dykes of the same dimensions as mentioned

under \;. , and (c)•

(e) Reclamation mining of peripheral pillar.s

left at dykes and faults carries an extreme

risk of inducing en bloc movement along the

dyke and fault planes (Section 4.1.7) and is

not recommended.

Mining must not alter the original South reef mined

dimensions such that new or additional caving could OCCU .•
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(iv)Restricte~ area
No reasons were found to alter the present
definition and calculation of a restricted area.
They are :

\'fuen the dip is
restricted mining

less
area

than 20
will bo

degrees, the
defined b~t a

horizontal distance measured from the side Of the
surface structure to be prc)tected in all.
directions of d/2,7.

When the dip of the reef is greater than 20
degrees, the extent of the restricted area will
be defined as follows in terms of d, rhe depth to
the footwall of the deepest reef being mined
benewth the site:

(a) rise side; a distan(~e of d/2,7 measured up
and at. right. angles t.o the strike of t.he
reef;

(b) dip side: a dist.ance of 3 m measured down
at.right.angles t.ot.hest.rikeof t.hereef)

(~) strike sides; a dist.ance of d/s,7 measured
along t.hest.rikeof t.hereef,

5.1.4.2 Mining opt.ionslMain reef
The following mining options are considered I
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* the removal of peripheral :reef from the margins of

the pillars/remnants left around dyke pod'Hons 7

* mining of the la~qe scale remnants;

* footwall and/or hangin3wall stripping in the

previously mined spans 7

'* pillar robbing in the previously mined room and

pillar stopes.

(i) ~illar/Remnant Stripping

The comments and conclusions summaz Laad in

Section 5.1.4.1 above concerning partial

stripping of 'I;;he remnant. reef peripheral to t.he

subveri:.ical dykes in the Sout.h reef equally apply

here.

(H)Remnant Mining

'1'he conditions summarised in t.he pl,aceding

section, equally apply here.

(Ui)Foot.wall/hangingwall Stripping

Th.e risks associated "'it.h 'ch:ts mining option

depend on t.he current. sta'ce of t.he rock mass in

the original stapes,

In t.he case of old :;topes that collapsed t.o t.he

South reef I the comments and cone LusLona
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summarised in section 5.1.4.1 apply.

In those areas Where partial collapse to an
intact layer occurred, hangingwall and/or
footwall stripping may be possible depending on
the thickness of the failed layer and the type of
internal support used.

In those areas where the old stopes ar e stable
any amount of hangingwall or footwall stripping
could be oarried out at low risk.
Hangingwall and/or footwall stripping in
partially caved or stable stope rept'asEmt the
lowest.risk of all the mining options considered.
Stabl'l~stopes/panels would be immediately obvious
underground. The s't.ate of partially caved
stopes, and hence the internal support
requi.rement.s, can only be assessed on an
individual basis.

The preceding comments assume that secondary
mining, that would create supercritioal spans and
hence caving to surface, wou l.dnot t.ak.eplace.

(iv)Fillar ~obbing
m.he robbing of any isolated pillar (for example,
the approximately square pillars with 5 m side
lengths that we:r;eleft in large areas of t.:.he
1?revio~sly mined Main reef) that results in the
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creation of critical hangingwall spans is not
recommended under any circumstances.

The principal reatlOh £'. 'r this l;'ecornmendationis
that it would incur extreme ~isks during and
after the mining process. For example I

* supercritical mined spans would result in
uncontrollable and large scale hangingwall
failure dur,i.ngthe mining process and to the
South reeft and

* it could induce large scale inelastic surface
effects.

(V) primary mining
POl:'safety purposes the critical span of the
graph of figure 4.11 has been decreased by a
factor of 10 % (~igure 5.2) for the same reasons
as explained in section 5.1.4.1(1;1.i).

(a) no mining is permitted at depths les~ than
27 m measured ve,t't'Loallybelow the ground
surface -t.oprevent surface subsidel'lCe;

('0) breast mining ...maximum panel widths read
off from figure 5.2 with interpanel pillars
no less than 5.0 ro, wide (soe Section
4.1.7)1
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(c) room and pillar mining - square pillars with
side lengths of no less than 5/0 ItI, and
regularly spaced at Intervals read from
Figure 5.2;

(d) mining must be stoF~ed at least 5 m short of
the )."ed,f position of the joint zones
associated with dykes and faults.

Mining must not change the previoua Main reef
mined dimensions such treat new or additional
caving could occur.

(vi) Restriot~d Area
The same criteria as under (iv) of Section
5.1.4.1 are applicable.

5.2.J. Models
The cr Ltical spans for various thic)<messes of t.he
norite/anorthoeite series detailed on figure 4.12 has been
decreased by a safety margin of 10 % for r easone expLad.ned
in Section 5.1.4.1(iii) (Figure 5.3). The depth below
surface is obtained by ad.ding t.he weathered zone (15 m)

and t.he pyroxenit.e sequence to the intact.
norit.e/anort.hosit.eseries.

The formuJ.a: Sf t;:; 0,0925 '1'i + 26 m - (5.1)
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may be used for a depth of 120 m and deeper to calculate
safe Spans, where Sf = Safe span

Ti = intact no.:ite/anorthositelayer.

5.2.2 Design of pillars

5.2.2.1 Pillar Shapes and Pillar Systems

Panel pillars have to be capable of vertical and lateral
support, of hangingwall blocks to the first joint plane
along which parting could occur. Therea.~terstability of
the interlocking blocks is primarily a concern of internal
stope support, which has to be stiff to achieve the
desired stability.

In this region unravelling of the hangingwall is
assooiated with the first joint intersect,j.onfrom the
pillar sidewall, and in any direotion. Thus, isolated
pillars would not be capable of cont.rolling hangingwall
runs except over their own surface area.

It is :Eor these reasons that a rib pillar system is
preferred to an isolated square/rectangular pillar system.
The use of the latter to a reef depth of about 50 m belOW
surface is considered to be an especially high risk
option, due principally to the effect. of a low stress
field.
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However, it must be re-emphasised that the potential for a
key block failure, which is the precursor to a hangingwall
run, depends in part on the magnitude of lateral clamping
forces, and in particular below a reef depth of about 50 m
below surface.

5.2.2.2 Dimensions
No analytical method is readily available to quantify the
optimum limits for pillar design to a reef depth of about
50 m below surface due to the combined complexities of
reef horizon weathering and the weak footwall/hangingwall
contacts. The setting of design criteria therefore relies
on experience from elsewhere. The stability of pillars
below a reef depth of about.SO m below surface, according
to the strength parameters defined in Sec'cion3.2.5, were
analysed and confirmed using displacement discontinuity
type computer models.

5.2.2.3 Regional Support
The panel pillar system outlined in Section 5.2.3 is also
desj.gned to withstand the weight of all the overlying
strata to surface. As such, it will act as both panel and
regional support.

This, however, precludes the possible destabilising
effects of surface geological structures (they can act as
planes along which en bloc movement, of the rook mass to
surface can occur). In those special cases where such
problems could occur, additional pillars may be required.
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Alternatively, the plan position of a standard layout may
have to be moved to accommodate any problem areas.
Problem areas can only be identified on an ongoing basis
as the required geological information becomes available.

The recommp.ndationrelating to orientation of pillars to
geological weaknesses and joint sets should always be
considered (section 4.2.1.2).

5.2.3 Recommendations

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
pyroxenites and especially its stability are factors to be
considered when determining depths below surface: surface
weathered Z("'l'l€:, norite/anorthosite series and pyroxenite
sequence determine the depth below surface. pyroxenite
sequences can be stable and may then be incorporated into
the norite/anorthosite series.

Pillara
Surface to 50 m below 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 na'c.ureof
the reef and/or footwall pegmatoid In practice, pillars
with a width to height ratio 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 pillars for reasons explained in Sec·tion 5.2.2.1 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

(from Figure 5.3).

100 In to 240 m below surface

The same size rih pillars as required for the depth range

of 50 m to 100 m is recommended here, and the spans

between the pillars may be read off from Figure 5.3.

Internal pillars may b~ required if the hangin~la1l

conditions are adverse.

5.2.3.3 Geological structures

Pillar support must be provided along the contacts of the

dykes/faults of 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 iHe SURFACE OF UNDERMINED GHOUND

Report by the Working Group on Undermining Guidelines

INTRODUCTION

,In terms of a letter. dated 1983.12·20 the Government MIning Engineer conftrmed that the Minister
of Minerai and energy Affairs had approved the appointment of a. Committee to Investigate
undermining and the use of the surface of undermit ;d ground. Representatives of the 09part.

, ment of Minerai and Energy Affairs, the Chamber of Mines, the Johannesburg City Council. and
several private parties were appointed to serve on the Committee In terms of Section 2 bls (9)(a)
('·f the Mines and Worl(s Act 1956. In addition, the MinIster agreed that other expertSl may be
ct.C'oted to the Committee when necessary.

1.1 Terms of reference of tho Commlttaa

The terms of reference of the Oornrnlttee approved by the MinIster for Mlnellal and Energy
AffaIrs were to Investigate unde. mIning, the utilisatIon of the surface of undermined areas
and relaled matters, and to make recommendstlons concernlnqr

(a) the exlstlng guIdelines applicable to the erection of structures on undermined ground
and tho undermInIng of structures:

(b) the desIrability of laying down separate guldellnes tor-

(I) the Witwatersrand; and
(II) other areas (all mInerals except coal):

(0) Whether Regulations 5.3.1 and 5.3.S of the MInes and \~orks Act 1956 stili fullllilhelt
functton Ir, the light of current advanced Imowledge;

(d) Whether shallow undermIned proclaimed ground on the WitWatersrand, ..~here further
minIng Is untlkety, should be reserved for future mIning: and.

(e) safety zones bordering on mining actlvltles whIch encroach on ground owned by
others, with particular reforonce 10 the responslblllttes of the various parties •.

'rhe Inaugural meellng of the Committee WdS meld on 1 February 1964. At thIs meeting it



4

was decided that a subcommittee, or working group, should be formed to carry out specific
tasks reieva 'It to the terms of referenc'"' of the Committee,

1.2 Terms of reference of tho Working Group

The terms of refererlce decided upon for the Working Group were as follows:

I) examine the exIstIng guidelines as follows:

present and past experIence
rock mechanics principles
effects of differences In geology and type of orebody
different degrees of protection
erectlon of $tru,,~ures on undermined ground
undermining of existing structures

II) Identify weaknesses of the exlsttng guIdelines

III) formulatn a programme of work In order to Improve the existing guidelines.

1.3 Composition of the WorkIng Group

ihe composltlon of the Working Group was as follows:

Chairman: Or H Wagner
Members: Dr r G Hili

MrJ H Nel
OrT R Stacey
Mr M 0 Wright
Mr H J Wllcocks (Secretary)

OVer the period gf activity of the Working Group, Mr Nel retired and was replaced by Mr J
A le Roux. The secretary changed several times, and the conoludlng Incumbent was Mr 0
aak!(er, who also served as an active member of the Group. In addition to the above.
several members were coopted onto the Group for speclnc purposes. These Included Mr
G J Krlge, Professor S Budavarl and Mr A Staslkowskl. Mr J Greef, who served as secretary
of the maIn Committee at one stage. carried out a reVIew of available reports and records
of subsfdencQ on the Centrlill Rar.d, anel produced a very useful summary record of the
Information.
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1.4 Acquisition 01 relevant information

The InformatIon requIred for the execution of the tasks of the Working Group was obtained
from the following sources:

annual reports of the Governmant MInIng englMer
archives of the Inspector or Mines, Johannesburg
published technleal papers, a bibliography of which Is given In the appendix.
unpublished technical reports from the archives of the Chamber of Mines, the
Joha'nnesburg City Engineer's Department, and several firms of cOOS1Jltlngengineers.
field levalling measurements carried out specifically for the Working Group.
results of a comprehenslva programme of numerical mC'\dellfng
personal experience of members of the Working Group. Mr G J Krige was coopted
onto the Worldng C:iroup specifically for his experlonce of reclamation mining In old
worl<lngs on the Centr;;\1Rand.

1.5 sccp« of Investigations of the Worldng Group

The terms of reference of the Committee Includod all mining excluding coal. and thus
Included both undsrground and surtaoe mining. The Worl<fng Group limited Its activities to
underground mining. Owing to the extent of Information available for the Central Rand
area, and the lacle of Information available for other areas, most of the work was concert-
trated on the Central Rand. This was appropriate since most of the pressure for develop-
ment of undermined ground comes from this area at present. The Intention of the Working
Group was not to exclude other areas, however, and it was consldered that, In principle, the
findings would be equally applicable to other mining of similar geometry. Therofore, In
principle, this report of tho WorkIng Group is applicable to all geogra.phloal areas In which
Imderground mining of tP.lbularora-bodies, exoludlng coal, Is tal<lng place.

2 BACKGROUND 1'0 THE INVESTIGATION

In tills Chapter soma of the relevant bacl<ground to the exIstIng conditions and restrlotions will be
given. These Include the legal provisions, and the guidelines, which will be dealt with further In
Chapter 5. A clear dIstinction mU$t be made between the two situations:

I) undermining of eXisting aurface structures.
II) development of surface struOMG$ on previously undermined level.

They are completely different, through related, situations, and us such must be dealt with
separately. It will be seen that the legislatIon makes provlslc, for tho rcstrletlona to be relaxed t\t



6

the dlscretfon of the Government Mining Englnaer, or In so ;e cases, the Inspector of Mines. The
guidelines are the bases on which this discretionary ~owel ~ exercised.

In tha early days of mining on the Central Witwatersrand, mining operations presented no
significant problem to the surface rloht holder, who was careful to build well clear of dangerous
excavations along tho outcrops. Howevor, as minIng progrossed to deeper levels, the outcrops
remained as largo CaVIU(l3whIch had \0 bo fenced off to prevent Inadvertent access. Thoy also
woro "useful" as dumping sitos for refuse. By 1920 mining was taklnq place well to the south, and
1M fll!:-:d·ln outcrops to adjacent shallowly undsrrnlnod areas could be acquired cheaply, Initially
'o;;y way of Industrial Stand Grants and surface rights appllcatlona, and ultimately by dsprociama-
til

1.11.. ''''n 0011troll1l19tht3 ereetlon 01 buildings on underrrtinod ground

Tho Stato, by leglslatlon, Ir;:,lst!YJ that restraints should be placed oh buildings erected on
'Itltl'l lined ground. In the ease of deproclalmed lanel, condltlcne and restrtcttona are
hnp<Jscd In terms of MInes and Worl(s Regulation 5.3.5:

"Buildings In vicinity of workIngs

on lana other than land proclaimed or deemed to be proclaimed under the mIning laws for
tho mining of precious or basI) materials, no buildings, roads, railways or any structure
whatever Shall be erected or constructed OV'iJf or within a horizontal distance of 100 metres
from workings oxcept with the·' 'Itten permission of the Government Mining EngIneer and
thon only on such ccndltlona nnd sublect to such rew!ctlons as he may prescribe".

In the case of proclaimed Innd tho surface Is put under the centre of the State. This Is
dono In terms of the Mining Rights Act, No. 20 of 1961. Tho offect of the proclamation of
land under tho mining laws Ilnd the granting of a mining title Is that tho owner's rights are
suspended and, ulthough he retains dominIum, he himself, like any other person, requIres
tho permission of tha State to I:lceupy or use the surface, Any permIssion In terms of thIs
Act Is also subjoct to restrictions and condltfons laid down by the Government Mining
I;nglneOl',

To uegln with It was considered that only light structures built of corrugated Iron could
safely be permitted and this line of thought ~~revalled for many years. When a more
subetantlnl building constructed on a reinforced concreto mat straddllng the Main and MaIn
Roef Loador outcrops showed no oVldence of damago duo to ground movement, tho official
attitude was changed and brIel, buildings on shalloW ul1dermltllng became more frequent.
Tho concession was, nnd Is still, given under strict conditions.
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2.2 Legislation controlling the undermining of surface structures

South African Common Law determine.) that, In the case of a conlifct between the surface
rl'Jht holder and the minerai right holder, the use of surface rights must be subordinated to
minerai exploitation. The mll'leral right holder must, however, provide subjacent support for
the soli of the landowner, and lateral support for the soli of the adjacent landowner, so as
to avoid damage to the surface. It seems clear that In the case of a threatening Interference
with the.>landowners right to subjacent and lateral support, the landowner will be entitled to
an Interdict to restrain the minerai right holder from Interfering with the right. In the case of
actual damage suffered by the landowner he will be entitled to claim damage from the
minerai right holder.

Mines and Works Regulations 5.3.1, 5.3.2, 5.3.3 and 5.3.4 make provision for the mining
under or near surface structures:

Regulation 5.3.1: No owner or manager shall carry on any mining operations under or
within a horizontal distance of 100 metres from buildIngs, roads, railways, or any structure
Whatever, or under or withIn a horizontal distance of 100 metres from any surface whIch It
may be necessary to protect, without first having given notice In \</rltlngto the Inspector of
MInes of his Intention so to do and obtain his permission there'or.

Regulation 5.3.2: Whenever, In the opinion of the Inspector of Mines, It may be necessary
to protect the surface of a mine or of any ground adjoining such mine, or to protect
buildings, roads, railways or any structure whatever situated thereon, the Inspector may, by
notice In writing, prohibit the owner or manager from mining In any portion of such mine
except under such restrictions and subject to such conditions as the Inspector may, with
the approval of the Government Mlr.ing Engineer, deterrnlne,

Regulation 5.3.3: Where mining Operations have already taken place, and where, In the
opinion of the Inspector of Minas. It Is necessary to protect the surface of a mlno, or ()f any
ground adjoining such mine, or MY structure or Object on or near such surface, safety
pillars or other adequate means of support shall be provlded of such extent and In such
position as tha lnspeetor of Minas, with the approval of the G .vernment Mining EngIneer.
by notice In writing to the owner or managei of the mine may direct.

Regulation 5.3.4: No such safety pillars or other .upports or any portion thereof shall be
removed except with the permission In writing of the Government Mining Engineer, and
then only to such extent and under such oondltlona as he may prescribe.

From the wording of these regulations It Is clear that when mIning takes place under or In
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the vicinity of surface objects requiring protection, Ihe Slate, In the form of the Government
Mining Engineer, becomes Involved. This Involvement derlves from the State's duty to
protect life, 11mband property.

2.3Guldelilles controlling the erection of buildings on undermined ground

During the period 1903 to 1927 numerous SUbsidences and other surface effects were
reported In the annual reports of the Government Mining Engineer. These cases were all
In relation to the mining activities In the Central Rand area where mining was taking place
from the outcrops to a depth of around 250 m below surface. Unfortunately there was no
sustained, systematic monitoring of surface settlement during this period.

After 1927 several cases of surface effects due to mining were reported to the Inspector of
Mines. These were notably In the 8ushveld Igneous Complex when mining was taking
place at shallow ,1 ;.pth, and In the Central Rand area many years after mining had ceased.
More recently there have been several publications dealing with subsidences In the Central
Rand and 8ushveld Complex areas.

In the period 1903 to 1927, 58 case studies wero obtained from the GME annual reports.
These reports only mention the effects on surface of rnlnlnq In the depth rarlga up to .240 m,
By 1927 mining activities had progressed to well below 240 m, and after 1927 there was
virtually no mention In the GME's annual reports of surface disturbances due to mining.
Apparently the phenomena of visible subsidences and fractures had decreased to such an
extent that they no longer merited recording and comment. 80% of reported subsldences
prior to 1927 occurred for mining depths shallower than 240 m. The 240 m depth contour,
beyond Which restrictions on mining and surface development are not normally Imposed,
was thus probably based on the observed reduction both In frequency of occurrences and
In surface effects beyond this point.

The standard building restrictions Imposed by the Government Mining EnglneEir limit the
permissible heights of proposed buildings In accordance with the depth of mining below the
site. The restrictions are progressively relaxed on a sliding scale and, where the mining
depth exceeds 240 rn, they are totally lifted unless mining circumstances are unusual. The
restrictions are summarised In the table below.
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Depth of Reef No. of Storeys Height of Walls
(m) (m)

0 - 90 Nil -
90 - 120 One, with one basement 5,0

120 · 150 Two, with one basement 8,5
150 · 180 Th'J;'ee,with one basement 12,0
180 - 210 Four, with one basement 15,5
210 ·240 Five, with one basement 19,0

In the above table, the depth of reef Is the depth below surface to the hanglngwall of the
shallowest economic reef.

Single storey buildings for limited purposes may be permitted for depths to reet between
60 m and 90 m where the original stoplng width was less than 1,25% of the depth, but
where future mining will be restricted. Where the depth to reef exceeds 240 m, no bllllding
restrIctions are normally Imposed except wh'" ~ excessive stoplng Widths exist, or when the
Inspector of Mines Is of the opinion that very severe Shocks or tremors may seriously
damage the buildings to be erected.

Owing to the development of new construction techniques and th 'mproved knowledge of
the stability of undermined ground, consideration Is given to Increasing the allocated heights
of buildings between depths to reef of 90 m and 240 m In cases where the stability of the
ground has been satisfactorily proved. Each such case Is dealt wIth on Its rnsrlts, however.

Normally a shock warning clause Is Inserted In the conditions to ensure that the owner of
the stand or land Is aware that his property Is, or may be, undermined, and that he must
accept liability for damage to his property.

The basis for the above restrictions Is the observed subsidence behaviour over the shallow
gold mine workings which will be outll'1ed In Chapter 4.

2.3.1 Application of the prese.it guidelines for the erection of buildings on under-
mined ground

The guldellntls emphatically state that "each case has to be considered on Its merit".
In the present situation In which there Is Increasing pressure on the available space
for development within the central business district of Johannesburg, the Government
Mining Engineer tends to give favourable consideration to applications for the
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relaxation of the standard building restrictions. His concern Is primarily with safety
and consequently applications must be v.:ellmotivated from a technical point of view,
and supported, where necessary, with detailed proposals as to the method of
stabilising the undermlnfld ground.

The available Information Indicates that the Immediate outcrop area Is always suspect,
and careful measures have to be taken to stabilise the undermined ground In this
area, and to adapt the design and construction of the structure to minimise the
potential damage should any movements occur. Specific attention must be paid to
situations In which the dip of the reefs Is near vertical, particularly when the footwall
Is In shale which Is softer and weathers more rapidly than the quartzite. In such
cases footwall and hanglngwall surfaces may break away and 1all Into the workings
below. In the case of shallow dips « 20°) where several reefs have been mined,
outcrop stability problems are also likely to occur.

It appears that the undermined area outside the Immediate outcrop area could be
used mora Intensively than Is the case at present.

Other Important factors which must be taken Into account In any application are :

the presence of major dykes and faults on the site
the time elapsed aft~r cessation of mining
ore reserves locked up in pillars which might be mined at some tater date.

2.4Guldellnes controlling the undermining of existing surface structures

SinCe ('lolilerls!) are specifically excluded from the terms of reference of the Undermining
Committee, the following Is limited to tha guidelines applicable to gold and other metal-
IIferous mines. Structures placed on coal mining will only be mentioned wham they am
relevant.

In the early part of the century the notion of d/2,7, where d Is the depth of mining, to
determine the horizontal distance from the surface object to the restricted mining area was
already In USe. It appears to have been based on Investigations In 1907 lnto gold mine
subsidences, when It was found that the angle of fracture (draw) never exceeded 70
degrees. The circular of 1946 refers to this angle: ..... although It might be said that the
majority of subsidences of the surface In this country, due to undermining, have a negative
angle of draw, there are Instances where subsidences have had a positive angle of draw.
It Is consequently necessary to protect against such a contingency ol,d the formula. of
d/2,7 which gives a positive angle of draw of 20 degrees from the vertical has been used
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to good eftect and has so far proved satlslactory",

Up until 1927 the Government Mining Engineer's records show that the great majority of
cases of surface subsidence occurred for mining depths shallower than 240 rn, An article
in the Journal of the Chemical, Metallurgical and Mining Society of South AfrIca of March
1907 stated that H ... ona m~y be justified In concludIng that the effects of caving at a depth
of 1000 feet will never reach the surface".

Prom the above it may be assumed that the laok of restrictions below the 240 m depth
contour was based on actual observations. This ctatement must be qualified by the proviso
that no restrictions are applied beyond the 30 In depth contour If the combined sloping
widths do not exceed 1,25% of the vertical depth. If the combined stoplng widths exceed
this figure, support requirements are specified even When the depth of mIning exceeds
240 m. In this regard, the records show that Instructions to leave pillars or to waste pack
In restricted areas were given as far back as 1906. At that time strength tests had been
carried out on quartzite material and used to calculate the required size of pillars. it wr.s
also recognised that waste packing afforded similar support compared with pillars.

From the records and literature of the time, It appears that the pillar and support density
apeclfled was based on calculations, practical experience and knowledge of local condi-
tions.

The above Is the background to the eXisting guidelines which are as follows:

The underground area affected by the prohlbltlcn to mille near or under surface structures
etc Is called the restricted mining area. In determining the restricted area, the procedure
followed by the Govemment Mining Engineer's office Is to provide protectlon along the rise,
dip and strike, and whom the dip of the reef Is less than 20 degrees, It Is usual t ~define this
area as "wIthin a horizontal distance of d/2,7", where d Is the vertical depth to the footwall
surface of the workings of the deepest reef beneath the natural surface of the ground, and
the horizontal distance Is measured from the sides of the C;lbjectsto be protected. This Is
Illustrated !n Figure 1.

When the dip of the reef Is greater than 20 degrees, the restricted area Is shown In Figure
2 and defined as follows:

I) up dip or rise slde - a distance of d/2,7 measured up dip, at right angleS to tho strike
of the reef.

II) strike side· a horizontal distance of d/5,7.



12

III) dip side· no protection Is required, but. a nominal distance of 3 metres Is usually
specified.

Tho area so restricted is limited acoordlnq to the depth of the reef, and normally a restricted
area (s only applicable to depths less than 240 metres,

!..Ii cts to be protected are usually divided Into two main categorlos:

a) those that belong to the mining company and are undermined by the owner,
b) those that do not belong to the mining company.

When dealing with the former, the Government Mining Engineer Is mainly concerned with
the protectron of life and trmb, whereas in b) he is concerned with protectlon of property as
w\~II, The category b) objects are subdivided as follows:

I) objects requlr!ng very rigid support to prevent any surface settlements. E)(amplesare
schools and hospitals.

II) objects requiring support such that controlled surface settlements may occur.
E)(amples are roads and railways.

III) objects which may be undermined by normal mining methods without endangering
persons.

A typical example of restrictions Imposed on rnlnlnq below a public road Is as follows:

no mining Is permitted In the restricted area down to a vertical depth of 30 metres.
normal mining operations are permitted In the restricted urea at depths great£:/ than
30 metres provided that the combined stoplng Widths do not exceed 38 em for 0"''<' y
30 m of vertical depth.
where the combined stoplng widths exceed this stipulated value, the measures of
support summarised In the tabla below are required on eaoh of the reefs Sloped. In
this table the solid support and systematically packed waste rock support are
alternatives.
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Vertical Solid Pillar Waste Rock
Depth Range Suppor.t Pack Support

(m) (%) (%)

30 - 90 15 40
90 - 150 12 30

150 - 200 10 20

As further qualIfications on this support, the plliars shall not be less than 3,5 m square
and their spacing shall be equidistant. In the case of waste rock packing, the packs
shall be 8 m x 8 m, spaced equldlstantly and carefully built of selected stone. They
shall have a suitallie batter and shall be properly toed Into the footwall.

Consideration would be given to limiting stoplng widths, and to the existence of, or
requirement for, the superimposition of pillars on the different reefs. The Inspector
of Mines would have to be satisfied that the normal method of support of the
overburden cover Is such that no danger would result form a sudden and vlolenc
collapse.

The restrictions given above appear for the first time In a circular from the Govern-
ment Mining Engineer dated 30 October 1946. This circular refers to previous
circulars, but Itappears that 30 October 1946 was the first time that restrictions Were
formally and uniformly applied In South Africa.

3 EFFECTS OF UNDERGROUND MINING ON THE SURFACe

In this Chapter, a genera! overview of strata movement caused by underground mining will be
given and the basic concepts at subsidence and Its associated termology will be Introduced. This
Is considered to be necessary to ensure a logloal and unambiguous understfJ.ndlng of the
remaInder of the report. A vrJry brief review of the methods of control of subsidence In several
other countries Is also given.

3.1 The effects of undergroundmining on han9lngw~1lstrata

In this section a qualitative description lo given of the deformation mechanisms which are
believed to occur In tha hanglngwall strata as a result of mining.
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3.1.1 Qualit<)~ive description of strata, behaviour

When an underground openIng Is excavated or enlarged, the surroundIng rock
mass is affected In various ways. The nature and magnitude of these effects
depend on :

the quality of the rock mass
the geological conditions
the prevaUlng state of stress In situ
the dimensions of the opening
the depth below surface
the dln of the reef or $p.am
the type and extent of solid or artificial support provided.

In order to give a qualitative description of mining Induced effects relevant to
the development of surface subsidence, It Isappropriate to consider an opening
with a rectangular cross-section.

3.1.2 Underground openings with small roof spans

As a result of the excavation the pre-mining stresses in the rock mass are redistribut-
ed. Experience, model studies and analysis Indicate that this stress redistrlbul'.lll can
cause Increased compressive stresses " ) be Induced In the sldewallo of the excel/a-
tlon, and tensile stresses to be Induced In the roof. In addition, high shear stresses
ara present In the ImmedIate hanglngwall rock above the edges of the opening. The
consequences of these stress changes depend on the quality of the rock mass. In
massive competent rock at shallow and moderate depths, the effects of excavation
al'e I1sgllglble. In competent, but well-bedded rook the Indl.lcad vertical tensile stress
may cause the beds to separate, resulting In a loosened zone and a reolstrlbutlon of
stresses. Outside this zone a geMrally stable, sidl'-supportlng arch Is formed where
the prevailing stresses are compraselve

In a poor quality reck mass. In Which the rock material strength may be low, and the
rock Jointed and laminated, the effects of both tensile and shear stresses on the roof
can be detrimental. The result may be that the rock beneath the "!"rch" may loosen
Hnd, If no support Is provided, collapse Into the openIng. ThIs will pprtlcularly be the
ease If l<Byblock action Is destroyed. This type of b" il..vlour Is HKoly~o stabilise
naturally as the opening fills With collapsed material. With regard to the surface,
sabsldence Is unlikely to occur unless the collapsed matarlal Is removed, which
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would allow propreselva failure to develop.
It may be concluded thorelore that, except In highly weathered and weak rock when
the excavation Is close to the surface, the effects of a small excavation will be
localised and will not Induce any measurable surface displacements.

3.1.3Underground openings with moderate and large spans

The conditions for horizontal seams or reefs will be considered first. As the span
Increases, the depth to span ratio decreases, and both the magn1tudes of stress and
extertt of the potentially loosened zones Increase. the quality of the rock mass has
an overriding Influence on the response of the hanglngWall strata to these Induced
changes.

In massive, competent rock masses, the Immediate hangingwallin the stope moves
downwards and the footwall mOVeSupwards. These displacements are due mainly
to the elastic response of the rock mass. At shallow depths tha upward movement
of the footwall Is small In ccmcartson with the downward dtsplacemont of the
hanglngwaIJ. OWing to the massl, e, competent nature of the rock mass, almost all
tha vertical displacement of the Immediate hal'lglngwall Is transmitted to the upper
strata. In this case, therefore, subsldence Is caused malnl~ by elastic deflection of
the overburden.

over shallow worklnqs In relatlvelv massive strata, the Induced tensile stresses may
cause the formation of rupture planss 01' zones leading up from the edgo of the
workings to the surface. This may delineate a massive block with tho potential to
move down Into tha workings between tho rupture zones, resulting In visible cracks
at the surface near to the subsidence trough margins. This phenomenon Is
particularly prevalent When the total extraction wIdth Is high. In well·bedded rock the
capability for bed separation to occur will lncrease the potential for subsidence to
occur,

When thl') quality of Ihe rook mass Is poor, With an Increase 111span the potential for
nav!ng of tha hangingwallincreases. The weaker rook does not have the oapability
to Withstand the compresslvs stresses necessery to promote arching. The cavIng
precess Is accompanied by bulkIng of the dlsplaced rook, although In stratified rock
thIs bulking m:ay be rather limited. The resulting void eventua.lly becomes flUod with
caved material, thus arresting further caving. The main roof deflects under Its own
Weight, cauSing consolidation of the bulked rock and this deflection of the upper
strata results In the lowerIng ot the ground surface. 1his Idnd of response to
underground excavation Is typlcQI when coal Is Ioelng extracted by tho longwall
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method of mining.

An important type of rock mass response, which Is different from those discussed
above, occurs when a competent rock mass contains near vertical geological planes
of weakness which divide the hanglligwall Into blocks. During the early stages of
excav-:tlon, the blocks are In equilibrium under the action of the Il'tduced stressee,
With an Increase In the span, the effective normal stress acting across these planes
and generating the shear resistance on the block boundaries Is reduced. When the
shearing resistance Is exceeded, rigid body motion of the block occurs under the
influence of gravity, and block subsidence results. At relatively shallow depths of
mining the vertical boundaries of the block may reach up to the surface. In this case
the layer of decomposed or weathered SUITf:\.cerock or soU 1$also affected by the
block displacement. In addition to natural Iolnte, block displacement Is also due to
some major structural features such as dykes or faults, which provide planes of
weakness whoee shear strength Is exceeded at some crltlc;.11stage of mining.

The above clscussjcn refers to horizontal deposits, and Is applicable when tho dip of
the roef or seam Is less than 20 degrees. If the dip Is steeper than this, the msohan-
Isms "cUng on the strata change, and somewhat different effel.otsare brought about.
The maIn cause of the departure (rom the conditIons existing around horizontal
workln')s Is that gravity no longer acts In a direction normal to the span of the
workings. In addition, owIng to the fact that the weathering 01 the rock decreases
with depth, an Inclined excavatfon wlll Influence the hanglngwall strata differently at
different depths. The presence and 1)lze of a crown pillar left at the outcrop Is very
slgnlflcant. If no crown pillar Is present. the wedge of soli and rock In the hanging-
wall acts as a cantllever, and local wIdening of the outcrop can occur. Even If a
crown pillar Is present, collapses of the weathered, and perhaps soft, decornposed
hanglngwali roole may occur Immediately below and adJaoent to the crown pillar,
leading to possible substantial surface displacements.

At depths where the rook masses are more competent, more effect Iva arching can
d~Jvelop. As a result of the Inclination of the excava~lon, the shapa of the theoretical
t£mslle stress zona Is distorted. in addition, the magnitude of the down-dIp com-
ponent ot displacement of the hanglngwall relatlva to the footwall (ride) Is comparable
with the displacement component normal to the stope (closure), Tile consequences
fife that all mining Induced effects superimposed on the hanglngwaH strata are
asymmetrlo. Thus the strata disturbance can be substantially different on the up-dip
side of the workings from that on the down-dlp side.

As for the h()rl~ont?1excavations, mining Induced elfects of Inollned stopes In massive
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competent rock masses will be very limited. Unless the hanglnywall strata contain
slgnilicant geological planes of weakness, or the total sloping width Is very large, the
rock mass around the Inclined stope Is expected to behave In a quasi-elastic manner.
Consequently, the observed surface subsidence will be the result of elastic
deformation of the hanglngwall strata. Owing to tha slope Inclination, the surface
effects will be asymmetrlo and w1l1not follow the well·known distributions assoclated
with the extraction of horizontal deposits.

In less competent rock masses, the development of rupture surfaces will be similar
to that described above for horizontal excavations. The dip of'the rupture surfaces,
and the extent and location of the visible effects on surtace will be Influenced by the
dip of the stope. If the failure (Jf the hanglngwall Is only partial, the upper strata
layers are :lffected Indirectly by their deflection. Again, the excavation lncltnatlon
Influences the relative magnitudes and occurrences of surface expression. An
ImpOI (ant aspect, In regard to steeply dipping stapes, Is the collapsed material may
slide down the stapes thus reducing the potential for bulking and natural stabilisation
of the collapse.

Block subsidence can occur equally In Inclined stoplng situations. As a result of the
Increased length over which shearIng must take place on Il'alor weakness planes as
the depth of the mining Increases, for InclinEld deposits, the surface step formed will
tend to decrease In rnaqnltude the deeper the stoplng.

3.2 Deflnltlons of subsidence related terms

Much of the terminology In the flold of subsldence originates from the coal mining Industry.
The principles are, however, applicable to tabuar mining In general.

ObselYatlons of ground movemellt Induced by underground mining Indlcato that two
different types of surface deformations occur. The first case 1$ the continuous distribution
of ground movements resulting ,ltl the formation of regular depressions or troughs. II) the
second case, underground mining b.lngs about frectures In the ground leading to discon-
tinuous deformation ~f the surfaoe. coounuoua subsidence Is mora 1menabla to predlc-
tlcn, Disoontinuous subsidence Is more commJr. In shallow mIning situations.

Both continuous and discontinuous subeldence have been experienced OVer shallow gold,
platlnurn and chroma mlnh1g. TyplOal rnecnanlsms of subsidence exparlenced In these
oparajlcns are shown In Figure 3, and are dascrlbed as follows:
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I) continuous subsidence resulting from regular closure of th(1junderground workings
and competent behaviour of tho hanglngwall strata.

II) discontinuous subsidence resulting from the cantil overing of the wedge of hanging-
wall defined by a shallowly dipping stope and tho ground surface. This behaviour Is
commonly restricted to an area adjacent to the stope outcrop (within about 30 rn of
It), and may result in tho formation of a stop or steps In the surface profile with open
cracks,

Ill) discontinuous subsidence rMultlng from block movement In which the subsided
block of ground III defined by malor fault and/or dyke contact planes, tho stope and
the ground surface. Open cracks may be observed at the contact. In some cases
more than one major contact plane may defIne the blocl< of ground. This form of
subsidence may occur over a vert wide range of mining depths and Is not restricted
to the outcrop area. Very significant dIfferential subsidence can occur.

Iv) discontinuous sub~!doneo resulting from the ravelling or washing away of fill from a.
stcco outcrop area Thla type of subsidence Is commonly callod a slnkholo, but
sho'Jld not be confused with the true Sinkholes which form In dolomite rook
formatlons. Sinkholes are localise(! occurrences restricted to the Immediate stope
outcrop area. They may appear as open holes, and ventilation alr Is commonly
noticed Indicating connection with mine worlclngs L't groater depth.

3.2.1 Deformation of tho surface

Tho effects of ground Movement on the sUiface may be desorlbed by tho following
components:

Vertloal dlsplac:ement at a point or subsidence. Tho vertIcal displacements of
surface pOints form a subsldenco trough which frequently extends, In plan vlow,
beyond the edges of the mir1F)dout area In all directions.

Horl2!Mtal dlspillcemont of points on tho surtaco tlccornpanlol:l subsldence,

Tho Qbovo displacement ccmpenents are absolute mcvemente. DIfferentIal
movemonts of tho surfaco also occur. This affects tho slope of tM subsidence
profllo, Surfaco atralns result from tho dlfferontlal ground dlsplacemonts, and both
longlh(;nlng nnd shortening of tho surtace occur. Curvature of tho subsldonco
profilo occurs.
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the subsidence profile Is a curve depicting subsldenoe on a section drawn across
the subsidence trough. A section drawn parallel to the direction of advance of an
underground excavation results In a longltudlnal subsidence profile, while a sectlon
at right angles to this gives a transverse subsldsnce profile.

Most of the prosent knowledge on subsidence movements Is based on observations
made during the mining of tabular dcposlts, mainly coal seams, In which the resulting
surface deformations are often continuous. In the following, most of the bas.o ~arms
and definitions relate to this type of surface deformation.

3.2.2 Terms associated with subsidence profiles

Reference should be made to Figure 4 when madlng the following descrIptions.

Angle of draw 1$ the angle between the vertical to the edge of the workings and the
polnt at the surface where subsidence dIminishes to zero. Therefore, It deW as the
limit of subsidence with respect to a particular underground productlon excavation
and Is sometimes called the limit angle, 0: In Figure 4. tn aome countries the angle
of draw or limit angle Is dElfinad as the angle of Inclination, from thJ horizontal, of the
line connecting the edge of the worldngs and the edge of the subsldenca area ($ In
Figure 4). This angle 1$constant for horizontal stratification. In thl~ case of Inclined
deposits, the angle of draw Is no longer constant, but depends on ::',6 !Ip angle of
the Seam. It Is smallest at the rise edge (the up-dlp side) Of th3 workings and
increases towards the dip edge.

The angle of break Is the angle of Inclination of the line connecting the edge of ,he
wOlklngs and the point of maximum lengthening of the surface, Thts Is angle r3 In
Figure 2.

Maximum possible SUbsidence or full subsidence Is the maximum possible vertical
displacement of a point on the aurlacs caused by w( 'Ing a cr' .;",1area. Mining of
the critical area produced full subsk'snce at onl1 OM ~;UlTacE)point. Areas that
produce full subsidence at more poln' • .Are &upe,··orillca:. Areas that produce no full
subsldenca are sub-critical. In Figure 4 the subsldr 10e, horizontal dlsplacernent
and horizontal and sub-critical areas of extra.ction.

The trurHllUon point Ie the poInt of transItion between concave and convex curvature
of a subsldenco profile. It coincides with the half-subsldencG polnt, where
SUbsidence has half the amplitude of that of the maximum In the profile.
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3.2.3 Differential movement components

The slope or titt of any part of a subsidence proffle Is calculated as the difference In
vertlcnl displacement between two points close together divided by their distance
apart, and usually expressed In parts per thousand, for example mm/m, In mathe-
matical terms It Is the denvatlve of the subsidence curve with respect to the horizontal
variable. The slope Is sometlrr <; expressed as an angle.

Differential subsidence Is the difference In vertical displacement between two points
usually close together.

Horizontal strain Is defined as the change In length per unit originailength of ground.
It Is calculated as the difference in horizontal displacement between two points close
together divided by their original distance apart, and I~ the average horizontal strain
between the two points. In mathematical terms horizontal strain Is ttl' ·ierlvatlve of
the horizontal displacement with respeo; to the horizontal variable. It It;.y be tensile
(positive) or compressive (negative). In subsidence engineering It Is expressed In
units of mm/rn,

The curvature, In a vertical plana can be expressed by the dIfference In slope
between two points. Mathematically It Is the derivative of the slope or the second
derivative of the subsidence curve wah respect to the horizontal variable. Curvature
has units of 1/m. The curvature of the surface Is often expressed by Its reclprcca',
the radius of curvature.

3.2.4 Relationship between ground movement components

With respect to extensive horizontal tabular workings subsIdence Is proportional to
the thickness of extraction: that Is, the full subsidence Sn!~"Is a function of the
subsidence factor, 8, and the thlokness of extractlon, m, It Is given by the linear
expression:

The SUbsidence factor Is the ratio of lull SUbsidence to thickness of extraction. It Is
dependent on the minIng method as well as on the type of underground support,
packing or filling used, the type of hanglngwall strata, and the depth of mining. The
value of the subsidence factor ranges from 0,1 to 0,9. For bord and pillar \~orklngs
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It Is extremely low, while for total extraction panels It tends to be high.

By analogy with the expression for full subsidence, the greatest possible horizontal
displacement may be referred to as the full displacement and denoted by urn.. ' Por
horizontal coal mine workings referring to Figure 4, an empirical relationship between
urn.. and Sm .. has been found as :

Experience has shown that the maximum slope Tm ex , the horizontal tensile strain 1:1,
and the horizontal compressIve straIn E~over a super-orltlcal, parallel-sided panel can
be expressed as follows:

T max '" 2,75 Sm.. /H
El '" 0,65 Sm.. /H

Em(\)('" 0,6.5 Smtll</H

where the symbol H represents the depth of workings below surface.

The distributions of the ground movement components and the relative positions of
the appropriate maximum values are depicted In Figure 4. It can be s.'sn from Flgu\'e
4 that the curvature Is proportional to the horizontal strain.

3.2.5Damage caused by components of ground mover'rent

The type 01damage caused by the lndlvh;lual components of ground movement are
summarised briefly below. Damage, damage ·::rlterlaand acceptable levels of damage
are dealt with In more detail In Chapter 5.

Vertical eubsldence rarely causes direct damage If al! points on a structure move by

the same amount. Problems m('lYarise, however, when water ccursos or ground-
water are tnvolved, and there Is ,he possibility of flooding In low·lylng areas.

Differential subsidence can cause severe distress to, and oven failure of, structures
of all types. The effects will be worst when the differential movements are localised,
for example on a fault plane, or occur across a very short base length.

The slope of subsidence troughs may chang a tha gradIent of roads, railways,
machinery In factories, gas and water malnr, sewerage and storm Wator drains etc,
and may therefore be the cause of adverse functioning of these structures and
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services. It can also Induce tilting of buildings which may result In instability. Typical
measured slopes from the coal mining Industry range from 2 to 20 rnm/m,
Curvature Induces two types of structural'darnaqe; distortion of the structure, owing
to shear strain, and flexural bending of structures such as long load-bearing walls.
Concave curvature, for example, Induces tension at the bottom and compression at
the top of a building. Common values of the radius of curvature from the coal mining
Industry are between 1 and 20 krn.

Horizontal displacement, If unlfor -, seldom causes damage to surface structures.

Tensile and compressive strah 5 cause the majority of the damage recorded In co; I

mining areas. Their main effects are the generation of tensile or compresslva
fractures in the structure, and the squeezing or buckling of structural elements. The
maximum strains In single subsidence troughs over coallongwall workings are of the
order of 1 to 10 mrr!m. The degree of damage Is dependent on the nature of the
structure (the materials, shape, age and design). The main factors are tne Intensity
of the strain and the slze of the etruoture to whloh the strain Is applied.

3.3 Subsidence arid its control In other countries

A review of legislation and other literature on SUbsidence control In several countries was
carried out by the Working Group of the Undermining Committee. In all cases considered
subsidence was assoclat€id with the extraction of coal seams of uniform thickness. It Is
appreciated that the rock types found In the hangtngwail strata of the gold reefs on the
Witwatersrand and the platinum and chrome reefs of the Bushveld Complex are different
from tho ..a of the coal measures. However, the nature of the basic problem, and the
approach adopted to control subsldencf) are similar. It Is considered that this limited
Information will be of Interest as background to the consideration of the South African
situation.

3.S.1 United Kingdom

Subsidence problems prevalent In aritaln are those resultfng from ~he undermining
of structures already ~resent on the surface. These problems are often countered by
planning the mining extra~tlon so as to achieve straIns on surface which are
acceptable to the structures. One waY In which this has been aohlevod was In the
use of longwall partial extraction systems. In thIs method Intervening pillars are left
behind between the panels, theIr width being approxImately equal to a quarter of the
depth of the working. Another system used successfully Is that of stepped races,
with this method, two adjacent faces are worked In the same seam separated by a
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specific lag. The strains Induced by the two panels are designed to counteract each
other, the principle being to balance out the compressive and tensile strains from two
or more faces.

The National Coal Board has presented a clas61tlcatlon of subsidence damage which
has been developed on the basis of observations. Only the strain Is used as an
indication of damage, and damage Is usually proportlonal to the length of the
structure.

The owner of structures damaged by subsidence Is reimbursed by the National Coal
Board provided that It can be proved that the damage was caused by subsidence.
Every effort Is made to prevent the occurrence of minIng subsidence related damage
In the first place.

3.3.2 Australia

Methods used to predict subsidence are based on those developed by the National
Coal Board In the United Kingdom. It has been observed that the subsidence
displacements measured In the New South Wales Coalfields are significantly lower
than those predIcted by the direct application of the British National Coal Board
technique. Partial extractlon systems are Incr<JCislnglyused to strike a balance
between ml"1lng and urban development.

In New South Wales the Mine Subsidence Board was established In the 1920's to
administer the Mine Compensation Act. The Act conrero on the Board the power to
recommend proclamation of coal bear!ng parts of the State, whom olonlflcant surface
developments are likely to occur, as mine subsidence districts. Within these dlstrlct
the Board has the power to approve, with or without conditions, or relect, develop-
ment applications. The BOard also deals with subsidence damage compensation.

3.3.3 West Germany

In W(.)stGermany there Is no single method accepted for subsidence prediction. A
number of mathematical methods and graphical methods (the Influance function
method) have been developed for different mines coal regions to suit their partleulsr
subsIdence phenomena. The Influence function method Is the oldest and most widely
used technique, however. Since 1925 the Influance function of the vertical component
of movement has been ascertained many times (rom subsidence measurements over
both small and large workings.
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The General Mining Law of Germany states: "For all damage done to landed property
or Its appurtenances by the underground or open cast operation of a mine, the owner
of the mine Is obliged to render full compensation, regardless of whether the mine
operation took place beneath the damaged property or not, \)f whether the mine
owner Is to blame for the damage or not, and of whether the damage could have
been foreseen or not,", and "No special compensation Is due to mortgagees .land
or buildings or to rent creditors," AccordIng to this, so long as there Is a priority
public Interest In a mining activity, the landowner must put up wIth the mining
operation permitted by the mines authority and the lnevltabl« damage, For him It Is
a matter of ·suffer and charge", .A preventive InJunction which could otherwise I)e
obtained against damage to property, Is reserved to the State In respect of public
utilities Installations In the Si:lcurity of which there Is an Indispensable publlo Interest,
For Its part, the mining Industry must accept that areas of Influence at the surface will
be built on and that mining damagG will consequently occur.

Nowadays tho basic principle used In German subsidence engineering Is that
prevention Is better than cure; To this end measures 'Ire utilised which relate to :

the conduct of mining operations, such that the structure to be protected Is
either exposed to a less damaging type of deformation or Is stressed only to
an acceptable degree of movement or deformation.

In new construotlons, the taking of precautions against mining damage, either
by stiffening foundations to withstand the forces Induced by the ground
deformation, or by enabling structures. to avold these forces through the
provision of expansion and slip Joints,

regional planning to select, for large new structures, locations that will be
subj£>ct to a mlnlmum of future mining Influences.

3.3.4 United States of Amorlca

The method of subsldence prediction which most closely matched the observed
subSidence In the Western United States was found to be the Donets profile function
from the Soviet Union. The 00 nets method uses a subsidence factor of 0,6 obtained
empirically from the 00 nets coalfields, and was found to be more applicable than the
National Coal Board method which has a subsidence factor of 0,9. A study In the
Wastern United States found that the maximum subsldonco was of tho order of 07%
of the extraction height, and the angll;l of draw was 25 degreC'c:. Tha study slle was
over a single mine, working al a depth of 450 rn and using a longwell extraction
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mel Itl.

3.3.5 Eastern European observations

Information regarding details of subsidence studies carried out In Eastern european
countries Is largely unavailable. However, the regulations pertaining to subsidence
damage and allowable limits of various subsidence parameters are freely available.
The categories of protection for Poland and the Soviet Union are similar to those for
Britain, but are less stringent In their application. The Soviet cat~lgofles are dcpsn-

dent on the coalfield to which they are applied, and vary accordingly. ror example,
In the Donets coalfield it Is generally suggested that mot, , structures will be safe If the
following magnitudes of ground deformation are not exceeded:

Tilt: 4 mm/m
Curvature: 0,2 x i0·3/m
Strain: 2 rnm/rn

For the Kraganda c()alfleld, corresponding values of 6 mm/m, 0,3 x 10<l/m and
4 mrn/m are suggested for the same degree of protection. When compared with the
British values It would appear that the Eastern Bloc countries are prepared to tolerate
graater subsidence damage effects. It Is not clear whether the size of structures Is
sufficiently taken Into account, whether the structures are Inherently more tolerant
than their British counterparts, or whether the classifications refer to cortaln types of
structures. It Is also possible that the definitions of the levels of damage (appreciable,
slight or negligible) are different In the different countries.

3.3.6 Comparison of Information from different countrles

It Is Immediately clear from the literature studied that there Is no common solution for
the prediction of subsldence, In every undermined region considered, the mechanics
of subsidence, though sImilar, have been treated differently. Further, no method that
Is successful In one region can be applied with the same degree of accuracy In
another region. The reasen most commonly given to explain this Is that the
geological oondltlons vr:.ry to such an extent as to Invalidate methods derived
elsewhere. The original work 011 empirical subsldence studles carried out In Sf taln
culminated In an effective subskience prediction method. Many countries Which
experienced subsidence relalOOproblems began their SUbsidence worl< by trvl.lg to
apply the British method. WhElnthese prt\ved to be unsuccessful, the fOl'lIlulatlon of
subsidence prediction methods Indigenous to that reglor began.
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Most of the Interest and Impetus to solve the suLlsldancl.l predictlon problem was
Inltlatod as a result of the Introductlon of total extraction :nlnlng methods 011 a lerg",
scale. The volume of ground dlsplacernent which waf; caused by the application of
these methods necessitated some form of prediction of the subsidence and its
damagIng effects.

Tile methods used to control subsidence and related damage to structures In
overseas countries fall Into two categories:

i) , structural precautions against subsidence damage, Ie the lruplernentatlon of
special structural design and construction techniques.

II) the use of approprlate mlr'. 9 methods and extraction geometries designed to
reduce or prever subsidence, Of to miniMise the damaging effects of
subsidence.

Such methods have been developed Individually In the countries concerned to suit
their particular subsidence characteristics.

The mIning methods vary from partial extraction systems to the use of stepped faces
or harmonic extraction for control of the surface etraln, Where subsidence of any
sort It>unacceptable, bord and pillar mining, stOWingor the use of substantial pillars
beneath structures to be protected are Implemented.

4 SUFlFAce EFFECTS OF MINING IN SOUTH AFRICA

This Chapter will Include a summary of mining factors of potentlallnlluencs, a review of recorded
relevant cases of subsidences In South Africa, Q descrlptlot\ of t.', programme of theorstloal
analyses of subsidence clue to sf'~lIow wIning, and discussion on the potential for prediction of
subsidence In South African hard rock mining situations.

4.1 Mining factors of potential Influence

There are numerous factors which have had observable, or have potential '",fluance on tM
ground overlying shallow hard rock mine Workings.

Dip of reefs - this has a number of effects. Closure of stcpes 1$ more likely for flatter dips
and therefore It Is more likely tr"', rurface movements will occur OVer shallow dipping
stopes, If such movements ['1e to occur, however, they are more likely to occur soon after
mining. In contrast, stE' ply dlp;:llng .,tOP·1$are mora likely to remain open and thus present
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a restricted, but longer term hazard. If local couapse from the hanglngwall occurs, the
collapsed rnaterhl IS likely to ravel down steeply dIpping stopes. In stopes dipping at
angles shallclw~r than approxlmataly 35 degre~s, the collapsed rock will not rave!, but Is
likely to bulk, ultima. J, providing support between hanglngwall and footwall. Such stopes
are therefore likely to be selt stablllsing.

Stopln~ widths • the greater the stoplng width, the greater the potential magnitude of
closue, and hence the greater the potential movements of the surface. An Increase In the
stoplng, width han an adverse effect on the stability of pillars, and on the affectlveness of
artlnclal support. Differential stoplng widths ma)! be associated w;th potential movement
dlffer~mtlals.

Extelnt of mlnlnf~ • the greater the areal exteJl1t01' mining without effectlvo solid pillar
support, the greater the potential for subsidence of the surface, Systematic pillar support
Is not common In areas of shallow undermlnlnn. If large areas have bean mined, It Is likely
that closure will have taken place soon after mining was completed, and that any sub-
sldenco which may occur II) 1II<oIyto be unllorrn, Whether this has occurred or not, the
greater the area of minIng, tha less III<elyIt Is that differential subsldonce will occur. 'rho
potential danger area In this regard Is close to the mIning abutment.

Number of reefs mlned- as for the stope, widths above, the greater the number of. reefs
mined, the graater the potential for larger closures, and hence the greater the potential for
surface movements.

Separation of reef· the closer that reels are together, the mO!'E'likely It Is that they will
Interaet, anti hence tha greater the potential for surface movements. rho greater the
separation between, the greater the motlvatlon for consIderIng the stapes Independently of
Me another.

competence of rocka- weak hunglngwall or {ootwall rocks rnay allow punching of ~lIIars
which renders tho solid support Ineffective. WaPJl<hanglngwall rock will allow easier collapse
of hanging between supports, with COI"S~4ulmtgreater potential sur1ace effacts. Woak strata
In general will allow easier caving of the strau, This has the advantage that It Is more likely
to have occurred soon after mining has been completed. In a mUlti-reef situation, weak
strata will result In greater collapse potential.

Support • solid pillar support Is undoubtedly tho most effeGUve support for preventing
subsidence of the surface, provided ~hat the spana betwoan pillars are not exeesslvt. The
only types of Installed support which can be considered to provlde soma control on the
'lurfaee bohavl(1ur are slime or 'land filling and waste ps :.:I(support, provided that their
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existence can be proved, and their permanence assured. These supports will not prevent
subsidence, but will reduce subsidence, reduce hanglngwall collapse and promote even
subsidence. Their effectiveness will depend on 'the area which they cover, and the spacing
between adjacent areas of such support will determine the potential for local collapse of the
hanging.

rime elapsed slnee mining .. the results of surface levelling have shown that the rate of
mining-Induced surface movement reduces with time efw mining has stopped. Most
records hlNe shown that the rate of these movements reduces rapidlY, and effectively
ceases wlf;hln 20 years of completion of mining. The records also show that reactivation of
mining, fClr example as In reclamation mining When eolfd pillars are removed, also rsae-
tlvates movement of thE! surface. In partial extraction systems, collapses of pillars can
occur mlany yeats after cessation of mining, leading to subsidence of the surface.

4.2 Subskl~'1r.e observations In South Africa

The recorded subsidences over the gold mines of the Central Rand area apparently led to
the d'!lvelopment of the existing guldei'lnes as outlined In Chapter 2. The Government
Mlnlrlg Engineer's Annual Reports for the period 1903 to 1927 contain 58 cases of
sub~IIc:'ence. During this period no rules: had been lal:l down concerning protection of the
surface, After 1927 there was virtually no mention In the GME's Annual Reports of surface
dlstutbancea due to mining. Speclfio oases are recorded In the archives of the Inspector
of MIMS and In several publications. The several relevant publications are Included In the
Appendix,

Not all of the reports, records and publtcatlona Indicate the amount of subsidence, but the
following slim mary observations can be made from these sources:

I) SUbsidences occurred concurrently with mlnln9 or shortly after mining had ceased.
RenewGd mining activity reactivates subsldence movements.

II) Early subsidences can be broadly classltled as those which occurred at, or ,IUated
from, the outcrop, and those which did not extend to the outcrop, The former
extended to a maximum depth of mining of 180 m, and the ratlo of substdence to
total stoplng width was 0,27. Stoplng widths varted from 1,2 m to 4,~ rn, Subsldenoe
magnitudes not Involving the outcrop varlsd from 9,8 to 11,4% of the stoplng wld~ho.

III) No subsidences were recorded where the dip Clf the stopes was grellter t.)an ru
degr~es.
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Iv) Reports on whether hanglngwaU to footwall closure has been attaIned after cessation
of mining operations fur a specifIed period are Inconclusive.

v) 80% of reported subsidences prior to 1927 occurred for mining depths shallower than
240 m. The 240 m depth contour, beyond which restrictions on mIning and surface
development are not normally Imposed, was thus probably based on the observed
reduction both In frequency of occurrences and In surface effects beyond this point.

vi) Many of t.he subsidences were of the block subsidence t)lps associated with the
presence of faults and/or dykes or other major features. Subsidence In the Bushveld
Complex appeal's to be mainly of the block type.

vII) Subsequent to 1927, three cases of surface effects were recorded which generated
rublic Interest at the tlme:

a subsidence at Nuurse Mine took place some 35 years alter cessation of
minIng operattons.

a subsidence at Haak's Garage, situated over tho defunct Ferreira Mine
occurred In 1952. Mining operations In this area were performed before the
tum of the century.

a subsidence at the site of the Johannesburg Council Brewery In Von \'1" 'lligh
Street occurred In 1963.

Features common to these cases were the presence of faults and/or dykes, and
artificial barriers In the outcrop which were SUbject to corrosion and unable to contain
the stope fill with the passage of time.

vIII) Later reports from the archives of the Inspector of Minos (Johannesburg Office)
indicate that the walls of outcropping stopes often breal< away and plunge down Into
the olel workings. The sub-vertical stopss are particularly suspect, especially If the
footwall is of shale, which weathers more easily and Is much weaker than the
hanglngwall quartzites. Problems regarding the stability of the $urfaCG near the
outcr'f'lp of the reefs are mora common when the dip of the reefs Is small ami saveral
reefs have been mined.

vi) Common subsldence occurrences are those which occur at the outcrops of
previously filled stopes due to the ruvolllng or washing away of the fill. Water Is the
main eulprlt,
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In summary, the following can be Interpreted from tho case records:

a) Of 6a cases of subsidence recorded between 1903 and 1927 (Ie mainly durIng the
actIvo mIning period), 33 Involved movenent on dykes and/orfaults. The magnitude
of subsidence was measured In many of the cases, and showed E\ variation from
0,4% to 76% of the stoplng Width. In most of the cases, the subsidence was a small
fraction of the stoplng width. The distribution of magnitudes Is shown In Figure 7.
In those other cases (total te) where dykes/faults were not Involved, the measured
values were from 0,4% to 38% of the stoplng width. 6 of the cases were less than
10%.

b) Of 23 relevant casas of subsidence recorded between 1935 and 1981 (mining
activities probably not In shallow areas), 21 were located on, or close to the outcrops,
and the remaining two Involved dykes. Many of the outcrop events resulted from the
local Ingress of water.

c) With one exception (Nourse Mine), no subsidence occurred Where the dip of the
reefs was greater than 70 degreM.

d) In the early reports, numerous reterenees are made to the fact that surfacE) move-
ments occurred gradually. With the exception of Nourse Mlno, It Is believed that the
same applies to the later reports. Tho data from surface levelling In many shallowly
undermined areas support the early observation that surfaco movements are gradual.

e) To the best of the recorded Imowledge, there has bean no loss of life as a result of
any SUbsidence since mining started on the Central R<lnd.

o In the Rustenburg area several subsldenoes have cccurred whIch have been
associated With major geolog!cal features (faults, dykes, major Jolntls). This typo of
behaviour appears to be typical fot' that area. A bord and pillar syst:~rn has generally
been used, with a very high percentage extraction. Overloading of tho pillars and
their consequent collapse, assoclated With the malor geological features, has been
the probable reason for the surface subsidence. In one case a hospital built 01)

undermined land was damaged When the subsidence occurred. A similar type of
farge failure occurred on tho eastern outcrop of tha aushvefd complex, and It
therefore, appears that undermined land In this envIronment may be susceptible to
this ty!'() of behaviour If tho solid support In the mines Is Inadequate. There Is merit,
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therefore, In dealing separately with thl:)gold mining and the platinum/chrome mining
areas.

A series of theoretical mining simulation stress analyses was carried out as part of the
Working Group's Investigations. The aim of these analyses was to examine the trends In
surface and strata behaviour for different stoplng widths, dips and ln-stope support. They
were continuum analyses, and therefore did not take Into account any discontinuIties such
as dyl<es or faults. The behaviour of the modelS was purely elastic. Only key aspects from
the resulti;l of these analY13esare mentioned hera:

4.3 Theoretical analyses of subsidence effects

a) the maximum horizontal strains are induced when mining takes place at shallow
depths and at small reef dips. These values decrease as tho depth of mining
Increases.

e) regions of maximum tilt Md horizontal strain are associated with the crown pillar, If
one Is present. and with l.he down dip abutment of the stope. These effects are less
for steeper dips. When mIning Is takIng place at denths greater than 200 1'11, the
~ffects on surface are VI~rysmall.
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b) the most obvIous causes of further strata movement were (ound to be addltfonal
mining In the area of concern and the failure of support In the stapes.

c) maxlrrlJ'Tl horizontal stralns developed during the mining process are about
37,5 t 'if".'m. However, the change In horizontal strain as a result of a small mining
step Is very small

d) mazlmum tilts devE'lv!Jed during the mining process are about a mrn/m, ThIs l~ a
small value, and the chanfle as a reslJlt of a small mining step Is very small.

These analysea wera aimed at Identifying trendG, and it Is Important to nate that points b)
arid e) agree with the observatlcns of case histories of subsidence,

Threa dimensional nurnerlca' modelling of thme subsidence case studies was carried out
uslnt,' the mIning simulation analysis method used routinely for the planning of stoplng
layouts at depth In gold mlMs. Tho purpose of this work was to evaluate the potential of
the O1f.\thod for the predlc'llon Of subsidence. It was found that there was very little
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correspond en, ,J. even qualitative, between the predicted behaviour and the observed
behaviour. This may have been due to Inadequate knowledge of or definition of the
underground mining sequence, unsatisfao.;lory data on the surface damage and rock mass
properties, inadequate representation of the deformation behaviour of the hanglngwall rock
mass within the numerical model or a combination of all of these. Based on this work it is
concluded that the available numerical methods are not suitable for the prediction of
subsidence over shallow mine workings.

4.4 Discussion on the predlotlon of surface subsidence

There have been many methods developed for subsidence prediction. These lnolude
mathematical solutions based on the theory of elasticity, empirical methods based on the
observation of casas of surface subsidence, numerical methods which have baen develop-
ed In recent years, and combinations of these methods. Empirical and semi-empirical
methods of subsidence prediction have found wide usage In the coal mining Industry, where
the subsidence due to longwall mining tends to be very regular. Such methods rely on the
uniformity of the strata In Which mining Is taking place, and are applicable to horizontal or
shallowly dipping deposits. They require a substantial body of quantitative historical
monitoring data which can be used as the basis for doveloplnp the empirical predictive
method. rrom the above It Is clear that such techniques will not be generally applicable to
the shallow hard rock mining In South Africa for the following reasons:

there Is considerable variability In the strata
there are numerous reefs Which might havo been mined sepai'ately or ~ogether, eaCh
with different properties
mining methods varied considerably, and In most cases Involved partial extraction
the strata are Intersected by numerous continuous dykes and faults,

There are no adequate methods available for routinely predicting the potential subsidence
over partial extraction mining. Most of the mining that has baen carrie • ')ut at shallow
depth on the Central Rand and In the Bushveld Complex area has besn of a partial
extraction nature. In some cases the solid pillar support has been regularly spaced, but In
most cases, particularly In the older workings, pillar support layouts were not planned. The
Implication of this Is that the magnitude of subsidence In the area of Interest IS not
predictable.

From the above observations and theoretical work, the following findings can be sum-
marlsed.

If surface movements occur at all, they will occur gradually and not suddonly. This
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observation applies to movements associated both with and without the effects of
dykes/faults, From a safety point of vi. " therefore, no catastrophic collapse of a
structure will occur. Particular caution must b!' exercised In areas supported by
pillars.

total subslderv-es are generally a small fraction of the stoplng width. These total
values Include those movements which occur during the mining activity. Obaerva-
tlons and surface levelling have shown that most surface movement occurs during
mining, and ceases shortly after mining has been completed. The residual potential
for surface subsidence will therefore be a very small fraction of the sloping width.

potential surface tilt and horizontal strain magnitudes which could result from
underground collapse or failure of supports, after mining has been completed, are
generally veri small.

recent records of subsidences Indicate that most cases Involved the outcrop area.
These subsidences were gen!3rallyvery localised, and many were associated with the
ingress of water. The stability of all unremedled outcrop areas must therefore be
regarded as suspect.

most of the significant subsidences have been associated with dykes/faults.
Signiflcant dyke and fault contacts must therefore be given special consideration.

the theoretical analyses have indicated that mining of narrow tabular reef deposits at
depths greater than 200 m has only a small effect 011 surface. This value correlates
reasonE")ly well with the 240 m value In the exlstlng guidelines, which was based on
observln.lons of occurrences during active mining operatlons, The shallower depth
is considered to be mora appropriate In situations In Which mining has been
completed.

It may be concluded that there are no suitable subsidence predlctlon methods slvallable for
the reolarnatlon prediction of magnitudes of subsidence In the areas • ~Ing covered by the
Undermining Committee. However, from the observations and theoretical analyses, the
risks can be quantified as folioWG:

I) differential SUbsidence, not absolute subsIdence, Is the subject of ths recorded case
histories.

II) the outcrop and adjacent areas are always areas of suspect stability.
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Iff) major faults, Joints and dyke contacts are locations with a high risk of differentIal

subsidence potential.

Iv) undermined areas not traversed by major faults, Joints or dyke contacts have a low
risk of developing any surface subsidence effects.

v) since recorded subsidences exhibited slow rates of movement, the risk of catastro-
phic movements Is low.

5CONSIOERATIONS LEADING TO THE RECOMMENOATIONS OF NEW GUIDELINES

The undermining guidelines and guidelines for the erection of buildings on undermined ground
were both established many years ago. Since than, changes have taken place which have an
effect on the applicability of the eXisting guidelines, amongst which are:

more tlma has elapsed since the cessation of mining In many areas.

much experience has been ~alned In an understanding of the behaviour of shallowly
undermined ground on the Central Witwatersrand.

more sophlst.!~9.ted design and construction tachnlques have been developed, providing
greater deto rnatton capabilitIes In structures.

quantitative data on the surface behaviour over shallow undermining have become available.

In this Chapter, the applicability of the eXisting guldeliMs Is reviewed, dealing with Information on
sltuatiuns in Which the guidelines have proved effective, and others In which they have not been
satisfactory. Acceptable damago criteria applicable in subsidence areas will then be reviewed,
along with the deformation capabilitles of structures. rlnally, conclusions will be drawn regardIng
the requirement for new guidelines.

5.1 RevIew of the appllc~blllty of the existing guidelines

Report~<1SUbsidences after 1927 were mostly concentrated on or In the Immediate vicinity
of l' \e outcrop. Other subsidences were due to differential block movement along a dyke,
anc to a sinkhole formation caused by reaklng water columns. No cases on the Wit·
wal.lrsrand were found where subsidences had occurred In areas under which restricted
mining was taking place. Possible exceptions to thIs are:

subsldencs which affectdd the M2 motorway, MaIn Reef Road and the main railway
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lines at the Johanneaburq/Gerrnlston boundary. In this area reclamation mining was
taking place under restricted mining conditions defined by the guIdelines. No work
was being carried out on the shallOwest reef (South Reen due to lack of access.
Movement took place on a dyke contact.

subsidence beneath the Geldenhuls Interchange. The depth of the mining Is
approximately 400 m which Is well In excess of the 240 m limit and movement Is
taking place on a dyke contact. Reclamation mining may have had some Influence,
but subsidence took place prior to the commencement of the reclamation mining.

In the Rustenburg area, an area undermined with a. stoplng width of 1,0 m at a depth of
150 rn, and supported by solid pillars, subsided. It appears that a remnant between two
stopes was mined out, resulting suddenly In a bigger span which caused the pillars to be
overloaded and fall. The maximum subsidence was In the range of 0,17 m to 0.23 rn. A
hospital on the affected eurface showed cracks In Its walls.

The restrictions specified for mining In this area were:

"Setween vertical depth of 90 m and 150 In 12% of the stoped areas shall be left
Intact In the form of pillars." PlUars shall -ot be less than 4 m square and spaced
equidistantly".

A furlher provisIon was Inserted which stated that these restrictions were only to be
applied where the combined sloping widths exceeded 38 ern for every 30 m of
vertlcat depth or 1,25% of vertical depth.

The pillar support In the area consisted of 5 sq m pillars scattered at random. The
extraction In the affected area was III the regIon of :96,25%. Since the slopIng width dId not
exceed 1,25% of the total depth, the mine was not requlred to leave any systematic support.

The subsided area was bounded on one side by I). dyke, and on the other by a maier fault.
Block movement occurred along these two major features.

From the data contained In the reports and publications mentioned above, several
conclusions can be drawn regarding the applicability of the existing guidelines:

I) the guidelines have served a very useful purpose In ensuring the stability of the
surface In most cases.

II) solid pillars are the most effective means of support for preventing subsldence,
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Iv) the provlslon that support Is not required WhEre the combined stoplng width Is less
than 1,25% of the depth should be reviewed critically.

III) the effectiveness of waste fill as a means of support to prevent sUbsidence Is
questionable. It does not provide support equivalent to solid pillars.

v) most subsldenee takes place concurrently with mining or shortly thereafter. Major
movements take place at this time. It appears therefore that the existing guidelines
are probably under-conservative with regard to the undermining of existing struc-
tures. This Is particularly the case when major geological planes of weakness are
present snd could affect the behaviour.

vi) reactivation of mining operations, Including reclamation mining under restricted
mining conditions, tends to reactivate subsidence movements.

Many observations of the surface effects of shallow hard rock mining have been recorded,
but no prediction models have been established. The main factors rhat appear to deter-
mine subsidence In this environment are so local and variable that a theoretical or prediction
model approach Is not attainable at present. The conservative apprcacn adopted by the
Government Mining Engineer In making use of the guidelines set out In Chapter 2 Is based
on thIs unpredictable behaviour. However, there are two areas In which the guidelines
would appear to be under-conservative and require crltrcal evaluation.

I) the clause Inserted In undermining permIssions allowIng 100% extraction below 30 m
when the comb. ad stoplng width does not exceed 1,25% of th' iepth has been
proved to be Incorrect In at least one case.

II) the effect of major planes of weakness In new, or reacttvatoo, mlnlnlJ operations Call

be crltlcal as far as damaging subsidence Is concerned. In ~lUcl1situations, the
240 m depth contour, beyond which restrictions are 110tusually Imposed, has bean
found to be underconservatlve,

In contrast, In areas not Influenced by malar planes of weakness, the gUidelines, particularly
for erection of structures on undermIned ground, are probably over-conservatlee,

It Is concluded therefore that there Is a need to revlse the present guIdelines. This need
follows from the Information contained above and In the previous Chapter, Which Is
summatlsed as follows:
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there Is pressure from the property Industry (or more efficient use of undermined
land.

the eXisting guld€lllnes are under-corrservatlve In some cases and probably OVer-
conservative In others.

In the case of previous mining, except In some special cases, the expected residual
subsidence Is minimal.

Thera Is a considerable body of literature dealing with damage to structures as a
result of subsidence over mine workings or of undermining of existing structures. In
addition, there are many publlcatlons dealing with associated fields of foundation
movements, such as heaving solls, subsidence dUl'l ttl groundwater extractlcn,
chemical attack, poor constructton methods etc. Use has been made or this large
body of literature In assessing appropriate damage criteria for South African non-
coal shallow mining conditions, Although most of the work Is directed towards coal
mining, much of It Is very relevant to the problems of undermining in South Africa,
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In the case of future undermining, subsidence can be controlled.

subsidence movements take place gradually.

5.2 Effects ot surface movements on surface structures

The susceptibility to damage of structures all surface depends on the type of structure, Its
deSign, the method and quality of construction and the materials used In construction.
Future structures may :'8 designed to accommodate specified levels of deformation. This
possibility Is, however, not available for existing structures.

In this Chapter, quantltatlve damage orlterla will be defined for a range of structures. These
can then be applied In two areas:

i) In areas already undermined, to specify the deformations Which developments to be
constructed on the undermined land must be capable of withstanding.

If) In areas where undermining of existing snuetures Is proposed, to specify limitations
on the minIng Which may take place to ensure that the appropriate damage criteria
are not exceeded,

5.2,1 Publislled data on subsidence damage criteria
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Some of the information available Is Intend d to assist regulatory authorities In
d£w"lloplng gUidelines for underground rT)lnlngopsratlone as well as to permit mine
operators to assess the potential for material damage to surface features overlying
proposed underground mining operations. This Is Identfcally the requirement of the
Commission, and therefore significant use has been made of certain publications.

The literature covered Is a review of more than 200 pub'lcatlons, mainly related to
coal mining, but also covering ground movements caused by tunnelling, groundwater
aosnac ...on, consolldatlon and settlement of soils, and permanent earthquake effects.
Information comes from many countrles, Including the major coal mining countrles-
United Kingdom, Wast Germany, Russia, United States of America and Australia.
Selected results, whlch re considered to be most relevant to the shallow, non-coal,
mining conditions In South Africa, have been Incorporated II1to this Chapter. The
approach IS been to Identify several classes of structures relevant In South Africa,
Identify appropriate descriptors (criteria) of darnaqe, and finally to quantlfy the
magnitudes for these criteria recommended fer application In the proposed new
guldeHnes.

5.3 Proposed categories of structures

There are many different types of snuctures which may Interact with underMlnlrl\;,. Four
main groups have been Identified as baing applicable lr- the South African context.

5.3.1 Buildings

A large variety of construction methods exists fo,' buildings In South Africa. These
range through very flexible steel structures, reinforced concrete structures, Inflexlbl:>
brick and masonry structures, and finally massive rigid concrete structures, It Is
considered that all of these types are, and will bel associated with undermined land
In South Africa. For the purpose of drawing up the new gulde,llnes, It Is proposed
that buildings are considered to tall Into one of three categories:

CATEGORV 1 ft brlek and masonry structures with brick load-bearing walls.

CATEGORV 2.. steel and reinforced concrete frame structures.

C1AiEGORV 3 " rnasslve structures of considerable rigidity. Including moss of
central core design,

5.3.2 I~oads
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Roads can tolerate a large amount of deformation before the safety of traffic Is
brought Into question. Such deformations can also usually be catered for In routine
road maintenance programmes. It Is proposed therefore that two categories of roads
are considered:

CATEGORY 2 ~ high volume paved roads. These would have kerbs and com-
prehensive storm water drainage facilities.

CATEGORY 1 - low volume gravel roads and paved roads. These roads would
not normally have kerbs, nor rigid storm water drainage systems.

Bridge structures would fall Into category 2 or 3 of the building section as appro-
prlate,

5.3.3 RaHway lines

Railway tracks are more sensitive to deformatlcns than roads particularly If surface
movements occur suddenly. The risk Is related to the possibility of derallment of
trains. Deformations of tracks can easily be corrected by ballasting during routine
maintenance. The following two categories are proposed:

CATEGORY 2 - main lines and lines carryhlg high volume passenger trafflc. On
such lines It will not normally be practical to Impose permanent
speed limits from a system operating point of view.

CATEGOIW 1 - goods lines and lines carrying low volume passenger traffic, on
which speed limits can easily ba Imposed.

5.3.4 Pipes

There are two maln problems which could occur with pipelines. The IIrst is the
possibility that damage could result. In the release of water or other liquids which may
percolate Into the old mine workings and result In adverse surface affocts. The
second Is that movements may le~J to changes In the grade of the line Which could
be detrimental to the performance of the pipeline. This Is particularly the case for
sewers and stormwater drains. Two categories are proposed:

CATEGORY 1· secondary sewers, water supply pipelines and stormwater drains,
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and all steel pIpelines carrying non-hazardous materIals.

CATEGORY:2 - maIn sewers, water supply pIpelines, stormwater draIns and pipes
carrying hazardous fluids.

Special structures, for example tunnels, should be treated as special cases.

5.4 Proposed parameters for quantifying damage

There are many parameters whIch can be used to describe ground movements and which
have been correlated with damage to structures. These Include vertical SUbsidence,
horizontal strain, tilt, radius of curvature, dlfferentlal settlement etc. Of the available
parameters It Is t- reposed that only two should be adopted for the purposes of the new
guidelines. These two are the horizontal strain and the tilt. The reason for tt !r choice Is
that they are both readily measured, both can easily be calculated from mIning simulation
stress analyses, and, since they have been commonly used, there Is a substantial volume
of data available In which they have been correlated with observed damage to structures.
The definition of the two parameters Is as follows:

6.5.1 Buildings

HORIZONiAL STRAIN Is the difference between the horizontal displacements of two polnts
on the ground surface divided by the horIzontal distance between tho two poInts.

TIL i Is the difference between the vertical displacements of two points on the ground
surface divided by the hcrlzontal distance between the two points.

The horizontal distance referred to In the two definitions above Is that distance between
adjacent foundations, footings, support points etc of the structure. For continuous
structures such as roads railways and pipelines the horizontal distance applicable should
be 3 metres.

5.5 Proposed damage criteria

The above sections of this Chapter have defined several categories of structures and
paremeters to describe ground movements. The purpose of this section will be to define
values of the two parameters which will correspond with several levels of damage to the
structures.
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Two levels of damage are considered to be appropriate for bulluings, These are:

i) Superficial damage Inwhich some plaster cracks may be observed and some
strcking of doors and windows may occur,

II) Hazardous damage which Includes jamming of doors and wlhdows, brflaklng
of window panes, structural damage and possibly failure of structural mem-
bers,

The table below summarises the recommended Umlts on ground movements
applicable for buildings In South Africa,

BuHding Damage Ho1;'izontal Tilt
Category Level Strain

(Xl0.3) (X1O·3).._r'---
1 Superfic.ia1 0,5 1,0
1 Hazardous 2,0 3,0
2 Supel:£'ic.ial 2,0 1,5
2 Hazardous 4,0 3,5
;3 Superficial 1,0 1,5
;3 Hazardous ~,O 3,0

5.5.2 Roads

Two levels of damage are recommended for roads.

I) Minor damage describes rnlnor cracking of the road pavement or damage of
little consequence that will be unlikely to be observed by road users, and that
will be autcmatloally remedled during road maintenance.

II) Savere damage refers to disruption of the road surfaces, causing undulations
adversely affeotlng drainage and drlvlng dynamIcs.

The following are the recommended limits for roans:
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Road Damage Horizontal Tilt:
Category Level Strain

(X10-3) (X10-3)
1 Minor 2,0 10,0
1 Sevete 5,0 15,0
2 Minor 1,0 5,0
2 Severe 2,0 10,0

Pipe Horizonta.1 'rilt
Category Strain

(X10·3) (X10·3)
1 2,0 4,0
2 1,0 2,0

5.5.3 Railway Lines

Only one level of damage Is suggested for each of the categories. 1'hls corresponds
simply to a different factor of safety for each of the two catecorles.

Railway Horizontal Tilt
Line Strain

Category (X10-3) (X10·3)

1 3,0 10,0
2 2,0 5,0

5.5.4 Pipes

As for railway lines only one damage lavel 's SUggested for each of thE!categories of
pipelines. This provides a higher factor of safety for those situations In which the
consequences of failure are mora serious,
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The effects of subsidence can be catered for In the design of structures by Incorporating
special construction techniques. Under these circumstances the structures may be able to
withstand far greater ground movements than have been Identified as criteria for damage
above. In such cases It Is recommended that each case be treated on merit and that the
designed deformation capabilities be taken Into account In considering relaxation of
undermining restrictions. Examples of such techniques are given below for Information.

5.6 Damage criteria for special structures

Buildings and similar structures

Special techniques Include the division of structures into separate sections. Sections can
then move Independently of each other. Flexible connections between the sections to cater
for access, services etc will conceal the fact that the building consists of several indepen-
dent sections, and prevent unsightly cracks and the consequences of damaged services.
Examples of structures making use of thIs technIque to cater for potential effs¢ts of
subsidence are the Standard Bank Superblock and the Prlceforbes Federale Volkskas
headquarters building, both In central Johannesburg.

The provision of spherical bearings within a structure will allow considerable deformation to
take place without damaging the structural capabl!lty of the elements of the structure.
Again archltectural tecbnlques will conceal the effects of any deformations and prevent t'l9

appearance of unsightly cracking. The Edgers head office building In Edgardale, Johannes-
burg, Is an example of e structure mal<ing use of this special technlcue,

When tlltln\:} Is particularly undesirable, jacking facilities can be incorporated Into founda-
tions 10 allow the effects of movements to be corrected from time to time. This facility
exlall In the M2 Motorway structures In Johannesburg, and permits three-dimensional
adJus\'ments to be made to the ·posltlon" of the structures.

ROf,ds, railway lines and pIpes

Commonly used techniques to cater for large movements InclUde the use of special
found~,lon measures such as reinforced rafts and special pile solutions. The former are
often I.sed for dwelling units.

ThElsethree types of structure are grol'pod together since many of the special technlquas
are common to all, Road pavements can be constructed of flexible materials and. similarly,
pipes and services can be sleeved or laid In beds containing a backfill which allows
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movements to take place. Slots can be provided In road payments to accommodate
potential movements - this Is equivalent to the expansion Joints which are used in bridges
and other concrete structures to allow for the effects of temperature. Kerbs and gutters
should similarly have suitable expansion Joints. Pipes can be provided with flexible Joints
with expansion capability as well. The use of short lengths Is preferable, and pipes can be
articulated If necessary.

When grades are Important for drainage (eg road surfaces, sewers and storm \IJ"lte( drains)
designs can allow torlnltlal grades Which exceed normal requirements. Subsequent ground
movements will then not be detrimental.

The effect of tilt on railway lfnes can be decreased by pruvldlng "bridging". This Increases
the base length over which the slope of the line will change and therefore will alleviate any
problems which could occur. An example of the use of this technique Is the raIl crossing
of the stope outcrops In the Denver ati::a of Jonan.' .)sburg.

5.7 Conclusions regarding deformation capabilities of structures

Structures can accommodate substantial deformations before they approach a dangerous
ccndltlon, Typical limits for such deformations, established from a revieW of literature, are
presented above. It has !'lisa been noted that special construction tschnlques can be used
to extend conelderably the Inherent deformation capabilities of structures. Therefore,
although deformation limits for various types of structures (buildIngs, roads, railway lines,
and pipes) are set In the Sections above, almost unlimited detorrnatlons can be accorn-
modatec by appropriate design and construction techniques.

6 RECOMMENDED GUIDELINES

I) to ensure the safety of human lives

The alms of the existing guidelines are Implicit In the manner In whloh they have been Imple-
mented. For clarity of understanding, the alms of the proposed new guidelines are stated explicitly
as ~ol!ows:

11) to ensure that the risk of d<.lmage to private property owing to the presence of shallow mine
worldngs Is minimised

Ill) to allow the ground surface overlying shallow undermining to be developed to Its optimum
potantlal
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Iv) to allow optimum exploitation of the gold reserves before, during and after davelopment of
the surface

Deep Zone

v) to reduce as rapidly as possible the number of unsaie outcrop areas and old unstabllfsed
shafts

vi) to obviate areas of Inflow of surface water Into underground workings.

6.1proposed new' guidelines for development over prevl.)ualy undermined grcund

6.1.1 Zoning of the surface fQ~0--prer>es'.d-new-sttideiine$ to, developlilent ovet'"
p~fl'ed-!JreundS"

Based on the Information above, It Is pO$""ble to define several zones In which
different restrictions on surface development will apply. The following zone defini-
tions take Into account specifically three main conclusions from above, namely, that
surface movements, If any, are gradual, that total surface movements are a small
fraction of stoplng widths, and that changes In surface movements alter completion
of mining are very small:

Outcrop Zone

This zone would extend from 3 m on the footwall side of the stope (reef), as In the
existing guidelines, to points where the depth of mining, measured vertically, Is 25 m,
When more than one reef has been mined, depending on the middlings between the
stopes, the one extreme will be for each stope to occur separately In Its own cutorop
zone, and the other will be for all stopes to occur In a single outcrop zone. This
means that there may be more than one outcrop zone on a single site.

Shallow ZOrie

This zone will extend from tho outcrop zone where the mining depth, measured
vertIcally Is 25 m, to points where the mining depth, measured vertically, Is 200 m.

This zone will Include all areas where the mining depth, measured Vertically, Is greater
than 200 m.
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Special Zones

All ground within 5 m of the perimeters of shafts and wlnzes, Including the openings
themselves, and within 5 m of significant dyke or fault contacts, and the dykes
themselves, will be Included In special Zones.

Developments wI!! be designed to accommodate, without adverse effects perceived
by the owner, the following deformations:

6.1.2 Central witwatersrand region

By using the depth of mining for definition of development zones, as in Section 6,.1,
the dip of the reef and the distance from the outcrop are automatically taken Into
account By relat!ng the potential surface movement to the total stoplng width, the
extent of mining Is taken Into account. This approach Is adopted below. The
(allowing are the proposed new guidelines relevant to the Central Witwatersrand
region.

OUTCROP ZONE

From 3 m on the footwall sIde ot the outcrop to where the shallowest depth of mining,
measured vertically, Is 25 m, no development will be permitted, unless the outerope
havs !'.een stabilised to the Satisfaction of the Inspector of Mines. If the outcrops have
been stabilised, developments will be designed to accommodate, without distress, a
localised dlfferenllal settlement of 100 rnm/m of the total stoplng width beneath the~
outcrop lone, and asaoclatsd tilt, and a horizontal strain of~Thl3 potential
differential settlement will be assumed to occur across a base le~gth of 5 rn, In
addition, the development must accommodate three times the above amounts of
dBformation without endangering life or 11mb.

No buildings greater than two storeys In height, and no basements, shall be
permitted.

Special consideration will be given In the case where stabilisation measures are
carried to a significant depth In the old stopes, Examples of this are the Standard
Bank Supl'lrhlock and the PFV Headquarters building.

SHALLO « ZONE

a localised differential settlement, assumed to occur across a base length of



47
5 rn, calculated using the following relationship:
where S = 11-O,03D
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S Is the value of differential settlement expressed as a percentage
of the total Dtoplng width beneath the shallow zone

D is the vertical depth to the shallowest stope

For example, at a depth of 90 m, S Is calculated to be 8,3%. If the total stoplnq
. width beneath the site Is 2,5 m then the localised differential settlement that
must be accornrncdated without distress to the structure is 0,21 rn, or
42 mrn/rn across a 5 m base.

the structures must be designed to accommodate a horizontal strain of ($/3)%
without distress.
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In addition to the above requirements, in the case of buildings the developments
must be designed to accommodate three times the above deformations without
endangering life or llrnb,

No limits will be placed on the heights of buildings in this zone. No limits will be
placed on the number of basements. provided that the CIOSl".\\ distance from the
basement to the shallowest hanglngwall Is at least 25 m.

DEEP ZONE

No restrictions are piaoed on development within this zone.

HAZARD ZONES

Shafts will be located, and stabilised to the satisfaction of the Inspector of Mines.
Founding on stabilised shan locatrons will be permitted provided that specific
professional design consideration has been given, by the designers, to the possibility
of differential founding conditions h this location.

In the outcrop zone, no buildings will be permitted to straddle significant dyke and
fault contacts. Contacts will be located on surface, and no building foundations will
be located closer than 3 rn to the contact. This restriction may be reviewed if It can
be proved that speciflo professional design consideration has bean given, by the
designers. to tho possibility of differential settlement at the contact. This relaxation
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also applies to the development 01 other structures across contacts.

In the shallow zone, sIgnificant fault and dyke contacts will be located. Buildings will
not be perrnlttad to straddle the contact If the angle between the contact and the
stope, on the r'11nedout sIde, Is uncertain or Is less than 95 degrees. Other structures
will be permitted to cross the contact, and the restriction on buildIng development will
be revlewsd, provided that specific professIonal design consideration has been given,
by tile aesigners, to the possIbility of dIfferential settlement uuhe contact. If the angle
as described above is greater than 95 degrees, then buildings and other structures
will be permitted to cross the contact, provided that specific professIonal considera-
tion has been given, by the designers, to the possibility of dlfferentlal settlement at the
contact.

6.1.3 Bushveld Complex region

There is much less expsrtence regarding the behaviour of the ground surface over
shallow underminIng In the chrome and platinum mInes of the Bushveld Complex.
Owing to the pervasive presence of major geological features, It Is recommended
that, when the depth of mining Is less than 200 m, no development of buildings on
surface should be allowed unless the average support underground exceeds 20% of
the mined out area. Of this figure of 20%, a minimum of 5% (Ie a quarter of the
minimum total underground support) must be in the form of solid pillars on a regular
layout with a minimum width to height ratio of 4. if the layout of solid pillars is
Irregular. approval of the lnspeotor af Mines for the proposed developments may only
be granted If satisfactory technical Justification Is provided, The remaining support
may be In the form of waste rock packs or backfill.

The restrictions on development, and the associated depth ranges, defined for the
Central Witwatersrand Region above, namely for the Outcrop Zone, the Shallow
Zone, the Deep Zone and the Hazard Zones, will be applicable also for the Bushveld
Complex mining areas.

6.1.4 Other regions

There are no data available with regard to subsidence which may h~ve occurred In
areas others than those considered above. Each situation must therefore be
considered on merit following the principles set out In this document.

6.1.5 Responsibility clause
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In all cases of development on undermined ground, the owner and the designer of
the development will sign a statement, whloh will Include the following:

that cognizance has been taken C'f the fact that the land Is undermined
that it Is accepted that movements of the surface are possibie
that the designer accepts professional responsibility for the performance of the
structures he has designed.

6.2 Proposed new guidelines for the undermining of eXisting structures

The records of subsidence behaviour have all indicated that thl) occurrence of subsidence
is greatest during active mining, and that renewed mining activity, such as reclamation
IT'lning, reactivates subsidence movements. The records also indicate that large differential
movements can occur across major pianes of weakness, but that, in other areas beyond
the outcrop zone, subsidence behaviour is uniform. Since these movements will be active
curing any mining activity, their control must be catsred for in the guidelines for the
undermining of eXisting structures.

1.
i

i) rise side: a distance of d/2,7 measured up and at right angles to the strike of
the reef
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6.~~ Defi"iUon of restricted mining area

Protection must be provided along the rise, dip and strike directions. When the dip
of the reef Is greater than 20°, the extent of the restricted area will be defined as
follows in terms of d, the depth to the footwall of the deepest reef being mined
beneat', :'-'1 site:

Ii) dip side: a distance of d/10 measured down and at right angles to the strike
of the reef

iii) strike sides; a distance of d/5 measured along the strike of the reef.

When the dip of the reef Is less than 20°, the restricted mining area will be defined by
a distance In all directions of d/2,7,
The definitions above will result In discrepancies for reefs dipping sll :Iy steeper and
slightly shallower than 20°, In such cases, the largest area definelJ NIII be taken to
be the restricted area.
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i) ,10 mining shall be permitted at depths less than 25 m measured vertically
below the ground surface.

1...'L-

6.1.1 Support required during primary minil)9

Within ttl., restricted mining ares, mining may take place only under the following
conditions:

II) bstwaen mining depths of 25 m and 100 III solid support In the form of
regularly spaced pillars shall be provldr':l to the extent of 25% of the mining
area The width to height ratio of pillars shall not be less than 4.

III) be'.wee" minIng depths of 100 m and 500 m solid support In the form of
regularly spaced pillars shall be provided t.:: the extent of 15% of the mining
area. Thn width to height ratio of pillars shall not be less than 4.

,

I
l'

II) at vertical depths shallower than 500 rn, exlstlt1g solld pillars shall net be
reduced In size to a width to height ratio of less than 4.

Iv) on dyke contacts, when the dyke Is not stoped through, and on fault contacts
on 'Ihi(:l' a displacement exceeding 5 m has occurred. pillars will be left to
ensuw, to the satisfaction of the Inspector of Mines, that differentia: displace-
ments will not occur on such contacts.

v) the above conditions will also apply when more than one reef Is being rruned,
with the additional requirement that pillars must be superimposed vertlcallv
when the separation between the reefs, measured normal to the reul plane, Is
less than 25 rn,

1.,)'
6.j:;S Support required during reclamation mining

Reclamation mining represents a reactivation of mining Which Is likely to cause a
reactivation of subsidence movements, The following conditions are to be Imposed
on mining within the restricted mining area.

I) where dykes, which havl'l not been stoped out, or faults which show a
dloplacement exceeding 5 m, occur In the restricted mining area, no
reclamation mining will be permitted.
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Ill) no reclamation mining shall be carried out when the depth of mining Is less
than 25 m measured vertically.

Iv) between a mining depth of 25 m and 100 rn, the teal area of support, Including
solid pillars, waste rock packs and backfill, shall not be less than 25% of the
mined out area. The support shall be rgularly dlstrlbutsd.

v) between a mining depth of no m and 500 m, the total area of support,
Including solid pillars, waste rock packs and backfill, shall not be less than 15%
of the mined out area. The support shall be regularly dlstrlbuted.

vi) Where stopes overlie areas of proposed reclamation mining, such reclamation
mining will be subject to the written approval of the Inspector of Mines,
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