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SYNOPSIS

The theory of elasticity has been shown to provide a means of determining the stresses and displacements
induced by mining in deep level hard rock mines. This theory has been incorporated into an electrical resistance
analogue on which the plane of a reef or ore-body can be modelled to enable the rapid determination of stresses
and displacements at points in the plane of the reef.

This electrical analogue has been used to determine energy release rates caused by scattered mining, which,
to some extent, is a measure of the degree of hangingwall fracture. A correlation between predicted energy release
rates and actual underground conditions in stopes in the O.F.S. goldfields has been encouraging enough to define
parameters on which future stoping layouts can be based.

The use of the elastic theory through the analogue has been extended to the assessment of the influence of
stoping operations on off-reef excavations. Underground conditions at damaged and undamaged areas have been
compared with predicted elastic stresses at the positions under review, resulting in the derivation of design
parameters for use in siting off-reef excavations in the prevailing geological conditions in the O.F.S. and
Klerksdorp goldfields.

The analogue has also been used to assess the vulnerability of certain un mined dykes to bursting. Correlations
between stresses induced on dykes by stoping and dyke behaviour underground has enabled critical stress levels
to be determined for several persistent dykes occurring in the O.F.S. and Klerksdorp goldfields.

A number of long and short term planning projects at mines operating in the Anglo American Corporation and
General Mining and Finance Groups are described, where the data derived from the electrical resistance analogue
is processed by computer programmes and assessed on the strength of the design factors derived from the correla-
tion of field work and the elastic theory.
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INTRODUCTION

The behaviour of a remnant, haulage or dyke is often
a critical feature in the layout of a stoping programme.
If advanced knowledge of the mode of damage to an
excavation is available, remedial action can often be
taken by altering the layout or installing extra support
prior to fracture.

Until the advent of the electrical analogue, no method
existed whereby the varying stress conditions to which

an excavation will be subjected, could be predicted.
Although it was possible to predict damage from
experience, there were no means of establishing the degree
of damage. The result was that fracture had already
occurred before the support was installed.

The uses to which electrical analogues have been put
on the mines of the Anglo American Corporation Group
and the General Mining & Finance-Federale Mynbou
Group in the Welkom and Klerksdorp districts respec-
tively, are outlined in this paper, together with examples.

The electrical resistance analogue used in the Welkom
area is the prototype developed by the Mining Research
Laboratory of the Chamber of Mines and has been used
to solve mining layout problems for the Anglo American
Corporation in the O.F.S., and to a lesser extent, in
the Klerksdorp area.

An electrical resistance analogue was constructed on
Stilfontein Gold Mining Company, Ltd., between July,
1966, and April, 1967, at a cost of approximately
R5 000 excluding labour. This analogue was constructed
to serve the needs of Buffelsfontein and Stilfontein G.M.
Companies and is almost an exact replica of the proto-
type constructed by the Mining Research Laboratory.

The availability of LB.M. 360/40 digital computers in
both areas has greatly increased the scope and amount
of work that can be carried out on these analogues.

For convenience, this paper is presented in two parts,
namely:

Part I: The development, operation and use of the
electrical resistance analogue.

*This paper was presented to the Association of Mine Managers
of South Africa in July, 1969, and is being published jointly with
the Institution of Mining and Metallurgy, London-January, 1970.

tDivisional Rock Mechanics Engineer (O.F.S. and Klerksdorp).
Anglo American Corporation of South Africa, Ltd.

tStrata Control Engineer, General Mining & Finance Cor-
poration Ltd.
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Part II: The practical application of the electrical
resistance analogue in the Klerksdorp and Orange
Free State goldfields.

PART I: THE DEVELOPMENT, OPERATION AND USE
OF THE ELECTRICAL RESISTANCE ANALOGUE

1. The development of the electrical resistance analogue

The theoretical elastic response of an idealized stope
in a tabular ore body was compared with the movements
measured in the vicinity oflongwall excavations at depth!
in 1964. This investigation indicated that the elastic
theory could be used to describe, or predict within
limits, the deformations induced in the unfractured rock
mass by stoping.

At this stage, only stope configurations which ap-
proached simple idealized shapes (e.g. a parallel sided
slot, circle) could be investigated, because of the com-
plicated mathematics involved in obtaining analytical
solutions for more complex configurations. This limi-
tation of the elastic theory was overcome when Salamon2
developed the face element principle. This technique
enabled the theoretical elastic response for any stope
configuration to be calculated, provided the elastic
closure distribution in the stoped areas was known.

Although the closure distribution could be calculated
using mathematical techniques, it was time-consuming.
Nevertheless, a technique was now available for predic-
ting in quantitative as well as qualitative terms, the rock
behaviour as a result of stoping.

The next step in the development of the elastic theory
was the utilization of the mathematical analogy that
exists between the elastic laws and the equations
governing the steady flow of electricity.

This analogy was exploited to develop the electrolytic
tank analogue3 which permits the determination of the
closure and ride components in the plane of the reef
for any given stope configuration. The elastic closure
distribution obtained from the electrolytic tank analogue
was used together with the face element principle to
calculate the theoretical displacements at points in the

rock mass, for comparison with measured displacements
at these points in relation to complex mining confi-
gurations. This approach met with a high degree of
success4, 5 and for the first time the calculations could
be performed with relative ease.

The electrical resistance analogue was subsequently
developed by the Mining Research Laboratory of the
Chamber of Mines6. This analogue embodies a number
of features which renders it superior to the electrolytic
tank analogue, the most important of which are:

1. The stresses normal to the reef plane can be
measured directly.

2. The inclusion of boundary features enables scaling
to be accomplished with the retention of outside
influences.

3. Numerous configurations can be modelled in a
relatively short time by merely inserting or
removing plugs which represent solid ground.

4. There is no need to prepare special models for
each stope configuration investigated.

2. Description and operation of the electrical resistance
analogue

The electrical resistance analogue has been described
in detail by Cook and Schumann6. The following is a
brief description of the instrument.

The operating area of the analogue comprises a brass
electrode or pinboard in which 1 500 holes are drilled
(Fig. 1). A resistance network replaces the electrolyte
of the electrolytic tank analogue and is situated behind
the pinboard and arranged so that the nodes of the
resistance network can be short- or open-circuited
individually by plugs passing through the drill holes of
the pin board. Each node can be addressed by means
of switches situated on a panel to the left of the pin-
board (Fig. 1). The open-circuit voltage or closed-circuit
current at each node is indicated by a digital voltmeter.
Current is applied between the brass electrode and the
opposite side of the network by a regulated D.e. power
supply.

Fig. 1-Electrical resistance analogue
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The pinboard represents the reef plane of the tabular
orebody. The unmined area is represented by placing
plugs in the drill holes, thereby short-circuiting the
nodes, and the stoped-out area is represented by un-
plugged drill holes or open circuit nodes.

A 50 x 30 grid of squares is placed on a plan of the
area requiring investigation. Each square of the grid
represents a hole in the pinboard. The stoping con-
figuration is then projected onto the pinboard by
placing or removing plugs to conform with the solid or
stoped areas indicated by the grid on the plan. Fig. 2
shows a typical stoping configuration with the grid in
position. This configuration is shown in position on the
analogue pinboard in Fig. 1.

the two current densities by the primitive stress
(i.e. virgin rock stress).
e.g. Current density when pinboard is full of plugs

= 0.0067 mA
Current density at the same position after
stoping takes place nearby = 0.0201 mA
Depth below surface = 5 000 ft and the specific
weight of quartzites = 169 Ibfft3
The primitive stress at this position = 5850
Ibfin2 (approximately), and the new stress at the
position under consideration

0.0201
0.0067 x 5850

= 17 550 Ibfin2.

Fig. 2-Mine plan as projected onto analogue

If the reef plane has a dip of 10° or less, no
adjustment is necessary to the square grid to allow for
dip. In the event of a reef dip greater than 10°, the
projection of each mine section onto the reef plane is
achieved by using a grid in which the squares are distor-
ted into rectangles corresponding to the plan projection
of the reef plane squares.

3. The determination of stresses, displacements and
energy release rates from the electrical resistance
analogue

When using the electrical resistance analogue the
current density at a node is proportional to the mean
stress on the area represented by the plug. Similarly,
the open-circuit voltage across a node is proportional to
the elastic convergence in the mined-out area.

The use of the above measurements from the analogue
for the determination of stresses and displacements at
positions both off and on the reef plane, are given below:

3.1 The determination of the stress normal to the reef plane.

The ratio between the mean stress at an area
represented by a plug and the primitive stress at the
same position prior to nearby stoping is equivalent
to the ratio between the current density at that node
for the stoping configuration considered, and the
current density at the node when all the plugs are
in position in the analogue pinboard.

Thus, the mean stress at any point on the reef
plane can be found by multiplying the ratio between

3.2 The calculation of the convergence in a mined-out area.

Since the open-circuit voltage is proportional to
the elastic convergence in the modelled stope, then
the constant of proportion can be found by modelling
a two-dimensional slot for which an analytical
solution exists.

The ratio between the open-circuit voltage and the
elastic convergence calculated at the point provides
the factor by which the convergence in a stope
configuration can be calculated.

3.3 The determination of stresses and displacements at any
point in the rock mass resulting from nearby stoping7.

Until recently, the only readily available method
for determining the theoretical elastic displacements
and stresses at any point due to a given stope con-
figuration was by a numerical technique described
by Salamon2. This method is based on a circular
integrator and pretabulated factors of influence,
which enables the calculation of displacement, strain
and stress components from a known closure dis-
tribution (obtained from either the electrical resis-
tance analogue or the electrolytic tank analogue).

Although the calculations are reduced to multi-
plications and summations which can be carried out
as a routine operation without any special skills
it is extremely time-consuming and laborious
especially if displacement and stress components are
required at several points.
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In order to determine rapidly and relatively cheaply
these values at a number of points in the rock for a
particular stope configuration, a programme has been
prepared for use with the I..B.M. .3~0 di~ital com-
puters. This programme reqUIres mIll1malIllput data
from the analogue computer, and is used extensively
in both the Klerksdorp and O.F.S. Rock Mechanics
Departments. The d~termination of the str~s~es a~d
displacements occurrIng at a number of posItIons Ill,
say, a footwall haulage, is carried out in the fol-
lowing stages:

3.3.1 The preparation of the mine plan for use on the
analogue.

3.3.2 The preparation of punching documents for input
to the digital computer.

3.3.3 The measurement of the convergence distribution
in the mined-out areas on the analogue.

3.3.4 The calculation of stresses and displacements on
the digital computer.

3.3.1 Preparation of mine plan data for the analogue.

A mine plan showing the stoped-out areas,
haulage positions and any other excavations under
consideration, is required on a scale of 1:1~00
or 1:2500. This plan should also show the folloWIllg
information:
(a) Faults, dykes and any major geological anoma-

lies.
(b) Average dip of the reef over the area to be

investigated, together with its direction (or a
representative section on dip).

(c) The mine co-ordinates of survey pegs or
reference points at positions within the haulage
under investigation, with respect to datum.

In order to assist in the co-ordinate transfor-
mation from the mine co-ordinate system to a
generalised system within the programme, it is
necessary to orientate the 50 X 30 grid used for
modelling the area under investigation on the
analogue, so that the dip and strike of the reef
coincide with two adjacent sides of the grid. The
50 X 30 grid is governed by the number of squares
(pin positions) forming the plane of the reef on
the working area of the analogue.

As far as possible the sections of the haulage
or excavations under investigation should be
located in the central area of the 50 X 30 grid.
Once the section has been suitably orientated it
is necessary to note the mining conditions outside
of this rectangle so that the relevant boundary
conditions can be simulated when the mine section
is set up on the analogue.

3.3.2 Preparation of the punching documents.

The computer programme requires the following
input data in order to determine elastic stresses
and displacements at the points under investiga-
tion for the stope configuration modelled on the
analogue.
(a) Rock properties, i.e. Young's Modulus, Pois-

son's ratio, specific weight of rock and the ratio
of lateral to vertical stresses.

(b) The constant for the analogue in use.
(c) Data regarding the co-ordinates ofthe reference

points under investigation, the average dip of
reef, shaft collar elevation, the co-ordinates of
a reference point for computing purposes, and
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the angle between the mine X axis and the strike
of the reef.

(d) The voltage distribution o1;>tained f~om the
analogue, i.e. convergence III the mIlled-out
area.

(e) The output information required, i.e. displa~e-
ments, induced stresses, total stresses or pnn-
cipal stresses, caused by stoping.

Fig. 3 shows a typical set of punching instruc-
tions for a problem requiring all displacements and
stresses to be calculated.

3.3.3 The measurement of convergence distribution on the
analogue.

The section of a mine in which the problem is
located is transferred to the analogue pin board in
the manner described above. Open-circuit poten-
tial readings are noted at the positions where pins
have been left out, and the results are tabulated as
shown in Fig. 4.

3.3.4 The calculation of stresses and displacements from
the analogue data by the digital computer.

The data presented in Figs. 3 and 4, when
prepared on punch cards and suitably assembled,
are processed through a computer. The speed at
which the arduous calculations are performed
makes this an extremely useful programme and
facilitates the examination of several points along
a haulage.

Fig. 5 shows a print-out for an off-reef point
investigated. The output data is given with respect
to the mine co-ordinate system, that is, the
generalized programme co-ordinates are re-trans-
formed back to the mine co-ordinate system after
processIllg.

The interpretation of the output data can be
briefly explained as follows:

(a) Displacements.

The displacements U, V and W correspond
to movements in the mine X, Y and 2 co-
ordinate axes respectively. (2 positive down-
wards). The notation V = 0.150E -02ft
implies a movement of 0.0015 ft at the reference
point in the mine co-ordinate Y direction.
Likewise 2 = -0.615EOO ft means a move-
ment of 0.615 ft upwards.

(b) Induced stresses.

The stresses induced by mining operations
at the points considered are given by Exx,
Eyy and Ezz, corresponding to the mine X,
Y and 2 co-ordinate axes respectively. Nega-
tive stresses are compressive and positive stres-
ses are tensile.

The induced shear stresses in the planes XY,
X2 and Y2 are given under Exy, Exz and Eyz
respectively.

(c) Total stresses.

The three total stress components at a point
are obtained from the summation of the primi-
tive stress and the induced stress. The virgin
stress is calculated from the average depth
below surface to the reef plane, and the
average density of the rock.
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Fig. 3-Computer input data for determination of off-reef stresses

Fig, 4-lnput data for determination of off-reef
elastic stresses and displacements
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Fig. 5-Print-out of complete stress analysis at a point

(d) Principal stresses.

The three principal stresses at a point are
given in pounds per square inch. Again,
negative values signify compressive stresses and
positive values represent tensile stresses. Nor-
mally, the orientation of the principal stresses
is defined in terms of direction cosines with
respect to the strike, dip and perpendicular
directions of the reef plane. In the print-out
shown in Fig. 5 the direction of the principal
stresses is given in terms of the direction
cosines L, M and N with respect to the mine
X, Y and Z co-ordinate axes.

3.4 The determination of energy release rates caused by
the enlargement of stopes8.

An excavation in an elastic rock mass causes the
rock above the excavation to move downwards under
the influence of gravity, by an amount equal to the
volumetric closure of the excavation, but no net
movement of the rock below the excavation takes
place. As a result of this a change in the gravi-
tational potential energy occurs which is equal to
the product of the overburden stress and volumetric
closure of the excavation. Some of this gravitational
energy appears in the form of strain energy in
induced stress concentrations in the rock, and the
remainder must be released in one form or another.

A portion of the released energy is converted,
without violence, into heat and surface energy in the
course of crushing rocks, but the remainder can
appear violently in the form of kinetic energy. It is
this latter form which manifests itself in the form of
rock bursts and the former which fractures rock and
causes difficult strata control conditions under-
ground. The overall rate of energy release must be
controlled to reduce the severity of rock bursts and
difficult strata control in stopes.

It has been shown by Cook9 that the energy
released by mining operations, or by the complete
fracture of any small pieces of reef, is equal to half
the product of its area, the mean normal stress and
the mean convergence between the hanging and
footwall across that area when the reef is removed.

The latter two quantities can be found directly by
the closed-circuit current and open-circuit potential
measurements at the centre of the square represen-
ting the block of reef, on the electrical resistance
analogue.

The use of the analogue and the results of field
investigations conducted at the Chamber of Mines1o,
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has shown that the rate of energy release per unit
area increase in the size of an excavation, is in fact
a significant parameter for predicting the extent of
rock failures, the incidence of stope damage and the
problems of maintaining satisfactory strata control,
arising from different mining layouts and depths.

It was concluded from their work that, with current
mining systems and types of support used in gold
mines, the problems arising from rock failures could
only be kept within manageable proportions if the
rate of energy release is less than I x 108 fUb per
fathom mined.

The work involved in determining energy release
rates for a mine is performed in three stages,
namely:

(i) The preparation of sectional plans of the mine
for modelling on the analogue.

(ii) The extraction of relevant data from the ana-
logue.

(iii) The calculation of energy release rates in the
areas to be mined.

(i) The preparation of mine plans for the analogue.

Experience has shown that a plan of the mine
drawn to a scale of 1:2500 or 1: 1000 and indi-
cating the proposed stoping forecast at six-
monthly intervals, together with faults, dykes,
worked-out areas, estimated stoping widths and
average depth below surface, is sufficient to
enable an assessment to be made of the degree
of hanging-wall fracture to be encountered over
the period covered by the stoping forecast.

Although almost any scale can be used in
modelling mining configurations on the ana-
logue, a convenient scale for performing this
type of analysis is one square on the analogue
to represent an area of 50 ft x 50 ft in the
plane of the reef. This caters for stope face
advances achieved in most mines where quarterly
face advances usually exceed 50 ft on panels of
the order of 100 ft in length.

Using the above scale, the current workings
of a mine are divided into sections of 2 500 ft x
1 500 ft in order to cover all proposed mining
scheduled to take place over a convenient period
of time (normally a two year forecast).

Once a mine has been sectionalized each
section is traced onto grid paper containing
50 x 30 squares, where each square represents
a 50 ft x 50 ft block of ground on one of the
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scales mentioned earlier. Stoped-out areas, pro-
posed sequences of mining and 'intact ground'
are clearly marked on the grid paper and set
out on the analogue for investigation.

For the purpose of identifying mining sequen-
ces in panels and stopes on a mine plan, a
suitable coding system has been arranged. This
eliminates ambiguities by defining each time
sequence discretely.

Fig. 6 shows a section of a mine where the
stoping sequence is given and the 50 x 30 grid
is superimposed over the area under investiga-
tion, together with the boundary conditions
around the perimeter of the section.

The calculation of energy release rates for
stoping areas has been computerized and punch
document sheets similar to that shown in Fig. 7
are prepared to cover all pins to be observed on
each mine section for all periods of time under
consideration.

(ii) Performance of work on the electrical resistance
analogue.

Each mine section is set out on the analogue
peg-board by inserting coloured pins into
positions corresponding to the mining sequence
code selected, e.g.

Green - First six months
Blue - Second six months
Red - Third six months, etc.

Where stoped-out areas occur pins are omitted
and boundary conditions are set according to
the relevant data. Closed-circuit currents are
then recorded on all pins representing the first
period in time (say, green pins).

SCALE ",; FT. 1 , 'ro, ',OD

r."~:t

'"

~1--\..I~
"0

After recording the current on the last green
pin, all pins of that colour are removed-thus
simulating that mining has taken place. Open-
circuit potential readings are then noted at the
positions where the green pins were located
originally.

This procedure is repeated in chronological
order for all time sequences under observation
in each mine section.

(iii) Calculation of energy release rates.
A computer programme provides a print-out

of the energy release rates for each period of time
in each block of ground mined, according to
the stoping forecast under investigation.

Fig. 8 shows a typical computer print-out,
where the average energy release rates for each
block are given in fi/lb per fathom mined. The
energy release rate data, when marked on the
stoping forecast plan modelled on the analogue,
shows the changes in energy release rates as a
result of stope enlargement according to the
mining sequence provided.

PART 11:THE PRACTICAL APPLICATION OF THE
ELECTRICAL RESISTANCE ANALOGUE IN THE

KLERKSDORP & O.F.S. GOLDFIELDS.
1. The correlation of data obtained from the analog ue with

underground observations of rock failure.

For some time now observations have been made in
stopes, haulages and other off-reef excavations, in an
effort to relate the degree of rock failure experienced in
the mine with the predicted data obtained from the
analogue. The adoption of this approach in both the
Klerksdorp and Welkom areas has shown that:

= FIRST PERIDD

EE;I SECOND PERIOD

= THIRD PERIOD

= FOURTH PERIOD ~

~
"0

UNMINED 'I"~'I-<>

"'~~

Fig. 6-Portion of mine prepared for energy release rate determinations- Section 5 of a mine showing detailed
two-year forecast and 50 x 30 grid
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Fig. B-Computer print-out of energy release rates

1. Critical field stresses can be defined for off-reef
excavations situated in various stratigraphic hori-
zons in both gold mining areas.

2. Certain magnitudes of energy release rates cause
hanging-wall damage in stopes in the Orange Free
State mines, and

3. Critical stress levels can be defined for dykes,
provided data is available with regard to the
strength of the dyke material and its degree of
homogeneity.

1.1 The development of a "criterion of damage" for
haulages and other off-reef excavations.

In both mining districts a common approach to
the solution of problems involving tunnels of near
square section has been adopted.

These problems include all layouts including
tunnels, whether they are situated in a shaft pillar,
loss of ground, or in the process of being overstoped.
If two or more haulages are involved in an investiga-
tion the solution is only valid if there is no interaction
of the field stresses around the haulages or other
nearby excavations off the reef plane.

The stress distribution around a haulage is depen-
dent on the shape of the haulage, the environmental
field stresses and the elastic properties of the rock.
Thus, provided haulages are similar in cross-section,
then the degree of sidewall damage can be compared
with the vertical component of the field stress for a
particular rock type.

Although it is appreciated that the horizontal
stress components have a bearing on the extent of

damage to a haulage, experience obtained to date
suggests that the criterion based on the magnitude
of the vertical stress is sufficiently accurate for
mining purposes.

In Fig. 9 the degree of sidewall damage for a
number of haulages is plotted against the calculated
vertical field stress component for a particular
geological horizon in the Klerksdorp area. This
illustration shows that there is a marked correlation
between the degree of damage and the vertical field
stress component. This has been repeated for the
various geological horizons in which haulages are
commonly situated.

The degree of damage permissable before support
is installed is a matter of opinion. For this reason,
a number of senior officials were questioned on site
as to what conditions they considered required
support. Invariably, the degree of damage designated
'moderate-severe' was thought to warrant additional
support.

Similar work on seven mines in the Welkom area
has shown that a field stress level of 8 000 Ib/in.2
can be regarded as critical for tunnels situated in
average O.F.S. footwall quartzites.

By using these and similar results it is possible to
predict cheaply, quickly and accurately, not only the
most likely areas of damage in a haulage, but also
the extent or degree of damage. From this informa-
tion steps can be taken to support a haulage prior
to failure, or to alter the mining layout such that
the damage is minimized. This information is in-
valuable, particularly where tunnels cannot be
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overstoped due to losses of ground or unpayable
ore blocks.

1.2 The energy release rate concept as applied to stoping
methods in the O.F.S. Goldfields.

The encouraging results obtained from the energy
release rate concept derived by the Mining Research
Laboratory, led to the application of this technique
for the assessment of the two year stoping forecast
of all seven Anglo American Corporation mines
operating in the Orange Free State. It was hoped
that such an investigation would enable "trouble-
spots" to be highlighted in time to allow alternative
stoping sequences to be considered with a view to
reducing the energy release rates to manageable
proportions. Furthermore, it was envisaged that a
correlation would be sought between actual mining
conditions in stopes and the predicted energy
release rates in each mine, and if possible, over the
district as a whole.

To date, the comparison between predicted energy
release rates and in situ conditions on all seven A.A.c.
mines in the O.F.S. Division, has revealed that there
is a remarkably high degree of correlation. Close
examination of mining areas where energy release
rates in excess of 0.2 X 108 ft/lb per fathom mined
were encountered has shown that the problems
associated with hanging-wall control are manageable
until a rate of 0.4 x 108ft/lb per fathom is reached.
Above this rate conditions deteriorate rapidly and
rates of energy release in excess of 0.9 X 108ft/lb per
fathom mined have been known to cause sudden
violent failure of reef pillars. The following al-
terations to stoping sequences usually assist in
improving or avoiding poor hanging-wall conditions
within stopes:

(a) Seek an alternative mining method or sequence
of mining to reduce the rate of the 'energy
release'. For example, swing faces to advance
towards solid ground.

(b) If this is not possible, reconsider the overall
stoping sequence in the area to ensure that the
last blocks of ground to be mined are as near as
possible to solid ground.

(c) In the latter case, spans between the working
faces and the nearest line of support should be
an absolute minimum.

(d) Some form of rapid bearing support should be
used, for example, sandwich or composite packs.

(e) Stoping widths should be kept to a minimum.

1.3 The assessment of the vulnerability of strong dykes to
'bumping'.

Although rock-bursts as such are not encountered
in the Welkom area of the O.F.S. goldfields, it is
not uncommon to experience tremors on the surface
and occasional 'bumps' underground in some mines
operating in the area. Experience over the years has
shown that such 'bumps' are often associated with
the failure of hard, fine-grained dykes which have
been left as solid ribs traversing sections of a mine,
since their thickness and extent have been too
excessive to justify mining.

The application of the analogue to an historical
survey of dyke 'bump' problems in the A.A..C
O.F.S. mines has revealed that, if the total stress on
a dyke (induced stress plus primitive stress) exceeds
the uniaxial compressive strength of the dyke
material, 'bump' conditions occur.

PLOT OF VERTICAL COMPRESSIVE STRESS AGAINST RATED DEGREE OF DAMAGE

FOR A SINGLE HAULAGE - M.B.6 GEOLOGICAL HORIZON.
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A brief description of the application of the
analogue for assessing the significance of an unmined
dyke known to have 'bumped' is described:

The calculation of stresses on dykes:
Fig. 10 illustrates a portion of a mine in which

stoping operations have stripped onto both sides of
a dyke approximately 50 ft in thickness. The 46 and
48 level footwall haulages located 80 ft below reef
were completely closed by a 'bump' emanating from
the unmined dyke.

This section of the mine was modelled on the
analogue in the usual way and 'plug-currents' were
observed along the whole length of the dyke. In
order to expedite the conversion of current values
to stress values in pounds per square inch, a small
programme was written for use on the Group
digital computer. In addition, samples of the dyke
were sent to the Council for Scientific and Industrial
Research for uniaxial compressive strength tests.
These were used for correlation with the predicted
stress values obtained from the analogue. When con-
sidering the normal stress levels along the dyke this
revealed that the uniaxial compressive strength of the
dyke material was exceeded at the damaged positions
underground.

The correlation described above has been substan-
tiated on a number of "dyke-bump" problems in
the O.F.S., and, this information has been used in
reviewing several long and short term planning
layouts.

2. Some solutions to problems encountered in mines of the
Klerksdorp and Orange Free State goldfields.

The problems and solutions outlined in this section
are typical of those encountered in the two mining areas
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Fig. 1O-Area of a mine experiencing bump on unmined dyke

and have been selected to provide a variety of case
studies involving the use of the electrical resistance
analogue.

2.1 Klerksdorp Mining Area.
2.1.1 Mode of sidewall fracture in a haulage of near-

square section and a method of support.
Two experiments were conducted some time ago

to establish the depth to which the sidewall of a
haulage was fractured and to assess the effect of
bolting and strapping on the retardation of rock
fracture.

In both cases measuring pins were anchored at
different depths in the sidewall of a haulage (Fig.
11) and the relative displacements between the end
of the pins of equal depth were measured. In both
cases the displacements were plotted on a time
base.

In the case of the unbolted haulage (Fig. 12) the
anchors of the pins close to the skin of the haulage
moved away from those at depth. It is also evident
from this graph that, as the sidewall moved into
the haulage, the depth of the fracture zone in-
creased. Points at which the fracture zone reached
the anchors of the pins are shown on the graph.
The strike haulage in question was being over-
stoped by a breast face.

A similar graph of a bolted and strapped side-
wall under approximately constant stress con-
ditions is shown in Fig. 13. In this case the haulage
was severely fractured prior to the installation of
the support. The retarding effect of the bolts on the
movement of the skin is evident from the graph.

As a result of these experiments it is now
standard practice to bolt and strap the sidewalls
of all haulages which will be subjected to a high
vertical stress.

DYKE STRESSES GIVEN IN THOUSANDS (PS.!.)
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Fig. 11-General arrangement of measuring pins in a haulage sidewall
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Fig. 13-Sidewall convergence pattern for a haulage where the sidewalls have been bolted and strapped

To date only one case of sidewall bolting failure
has occurred. However, it is envisaged that as
more evidence becomes available, it will be pos-
sible to establish an upper limit for the vertical
stress, beyond which some form of yielding bolt
must be used, or failing this, waste stoping will be
required to reduce the stress level.

Fig. 14 shows the collapse of the unbolted side-
wall of a haulage after a seismic event in the area.
Fig. 15 shows the sidewall of the same haulage
after a second seismic event of roughly the same
intensity in this area. The haulage sidewalls were
then secured during the interim period, with 80 in.
under-gauge drill steel drilled through 2 in. x 8
gauge diamond mesh and grouted in position. The
sidewall was too fractured for conventional bolting.
The haulage in question is situated beneath a
remnant and was exposed to a vertical field stress
of approximately 13 000 Ibfin2 on both occasions.
Note that the sidewall in Fig. 15 is severely
fractured but retained by the mesh.

positions are shown in the plan. These three
configurations were modelled on the analogue
and the vertical field stress components at a
number of points on the haulage horizon were
calculated by the digital computer for each of
the three configurations. The calculated stresses
are shown graphically in Fig. 16.

An examination was made of the rock type
in the haulage to establish a vertical stress
criterion for bolting, and the criteria established
is shown on the graph in Fig. 16. Fig. 17 shows
the condition of the unbolted sidewall at point
A for face position 1.

A feature worthy of note is the position of
maximum vertical stress at the haulage eleva-
tion. In this case it is situated towards the
centre of the unstoped blocks and not immedia-
tely ahead of the face as is the case on the reef
horizon.

From these results action can be taken to
support the sidewall by bolting while the stress
levels are still moderately low. With the early
installation of the sidewall bolts these bolts
have a reasonable chance of diminishing the
extent of sidewall damage.

In this example the analogue has been used
to predict the zones of damage in a haulage
which will eventually be overstoped. Where the
the haulage is situated in a loss of ground or
below an unpayable reef block, it is essential
to model the worst possible condition, i.e.
with all the payable reef removed. An example
of this is given below.

2.1.2 Examples of the use of the vertical stress criterion
to predict the behaviour of near-square tunnels.

In order to illustrate the use of the analogue in
predicting the behaviour of tunnels, two examples
have been selected from practice:

(i) The prediction of zones of damage in a haulage.

Fig. 16 shows a footwall haulage (::!::100 ft
below reef) in the process of being overstoped
by a number of faces related to three raise-
winze connections. Three anticipated face
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Fig. 14-Photograph of unbolted haulage Fig. 15-Photograph of same haulage shown in
Fig. 14 where support installed

VARIATION OF THE VERTICAL STRESS ALONG A HAULAGE FOR VARIOUS FACE POSITIONS.
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To the left of the plan shown in Fig. 16 a
haulage is situated in a large loss of ground.
The variation of stress alon~ the haualge as a
result of stoping the reef to the right of the
loss of ground is shown. In this case the stress
level at which bolting is required is greater than
in the positions described above.

This example illustrates how a problem of
this nature is approached. If the stoping pro-
gramme is flexible, a number of configurations
may be investigated to establish the stoping
programme which will require the least
expenditure on support.

(ii) The use of stope pillars to limit damage in a
cross-cut below the stope.

In this example use is made of the knowledge
of the behaviour of haulages under stress to
control cross-cut failure peculiar to some por-
tions of the Klerksdorp mining district.

Failure of the cross-cut hanging wall, after
it is overstoped, is a common occurrence on
Stilfontein G.M. Co., Ltd. From the nature of
failure of a large number of caps, it was
evident that some form of sidewall movement
was the cause of this damage. The sidewalls of
the cross-cut were, however, relatively unfrac-
tured so that 'fretting' of the sidewall fracture
zone as in the case of haulages under pressure,
could be ruled out. In addition, the cross-cut
was under reduced, and not increased, stress.

A small experiment was designed to provide
information on the mechanism of the sidewall
movement. Measuring pins were installed in

the sidewall in the same manner as shown in
Fig. 11. These stations were situated from
40 ft to 200 ft below the reef horizon. In addi-
tion, bench marks were installed on the 'solid'
footwall of the cross-cut at each measuring
station, and observed by precise levelling rela-
tive to a point approximately 200 ft in the reef
footwall. The position of the raise relative to
the cross-cut was similar to those shown in
Fig. 16.

Measurements commenced during the led-
ging of the overlying raise. The convergence
recorded was plotted on a time base and the
results obtained from a station situated 120 ft
below the reef horizon, as shown in Fig. 18.

It should be noted that, in this case, all the
points start and stop converging simultaneous-
ly. The footwall uplift commences with the
sidewall convergence and ceases when the con-
vergence ceases.

The horizontal convergence can be explained
as follows:

The concentration of phylosilicate minerals
along the bedding planes in the area gives rise
to a low coefficient of friction along the bedding
planes. The rock in the undisturbed state is
confined horizontally. As the vertical stress in
the rock adjacent to the cross-cut decreases the
frictional resistance to movement along the
bedding plane also decreases, thus permitting
the previously horizontally confined rock to
expand into the cross-cut.

It is not possible to prevent this movement
by bolting as the movements originate deeper
than 8 ft into the sidewall and the forces
involved are considerable.

If the vertical stress conditions around the
cross-cut could be maintained at the level of
the unmined state, it is possible that damage
to the cross-cuts could be avoided. By super-
imposing pillars over the cross-cut an increased
stress could be guaranteed and, provided the
vertical stress level was not too high, sidewall
damage similar to that already described could
be avoided.

With this in mind, pillars 60 ft wide on strike
were established on either side of the ledged
raise and the remainder of the connection was
stoped (Fig. 19).

Before stoping operations were carried out
the stresses anticipated along the cross-cut were
calculated. These calculations indicated that,
if the whole area allocated to be stoped was
extracted, it would be necessary to bolt and
strap the sidewalls of a portion of the cross-cut.
Subsequently the gold values dropped in a
number of panels and stoping ceased pre-
maturely. It was, therefore, not necessary to
install additional support in the sidewalls, as
the vertical stress had not reached a critical
level.

Measuring stations similar to those men-
tioned before (Fig. 11) were installed in the
cross-cut below the pillars. The convergence
was plotted on a time base and is shown in
Fig. 20.

Fig. 17-Photograph of unbolted sidewall at position A shown
in Fig. 16
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Fig. 18-Sidewall convergence for an overstoped crosscut in
the Klerksdorp area

It was noted that only slight spaIling of the
sidewalls had occurred, which indicated that
the cross-cut was experiencing a moderate
vertical field stress only. There is no sign of
convergence on the 6 ft and 8 ft measuring
stations, thus indicating that conditions normal
to overstoped cross-cuts were absent. General
conditions in the cross-cut were excellent.

Without the aid of the electrical resistance
analogue and knowledge of the critical stress
level in haulages, this experiment would never
have been attempted, as no method of predic-
ting the degree of damage was available. In
this example the analogue provided a means of
utilizing a normally dangerous practice to
advantage for a limited period of time.

2.1.3 Approach adopted in planning the stopi.,.g of residual
blocks.

Because of faulting and unpayable reef blocks
longwall stoping methods cannot be attempted in
the Klerksdorp area. Consequently, raises are
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developed at strike intervals of approximately
500 ft. The extraction of the resultant residual
blocks is planned by using the analogue with a
view to maintaining average face conditions
throughout the process of extraction.

Generally, the greater the vertical stress com-
ponent, the greater the damage at the stope face.
Therefore, uniform face conditions can be main-
tained if the vertical stress at the face remains
unchanged. The greater the variation in the stress
concentration factor, the greater the variation in
conditions.

A grid, large enough to enable the surrounding
solid blocks to be included, is superimposed on
the plan of the area. This ensures that the in-
fluence of the surrounding blocks is taken into
account. If stoping proceeds in the surrounding
blocks the progress of stoping in these blocks must
also be taken into account by removing pins to
represent the face advance occurring during the
removal of the residual block. The relevant portion
of the grid is shown in Fig. 21.
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The stress concentration factors at the pins
representing the edges of the residual block to be
stoped are measured. The pin representing the
block with the highest stress concentration factor
is then removed, the position numbered on the
grid, and the stress concentration factor recorded
(Fig. 21 (a)). This process is repeated until all
the pins representing the residual block have been
removed.

By examining the sequence of removing the pins
the general direction of stoping for the residual
block can be ascertained. Clearly, it is not possible
to adhere entirely to the ideal situation in practice,
but a general pattern of stoping can be applied.

Fig. 21 (a) shows the ideal sequence of extrac-
ting the residual pillars in a stope. From the
numbering it is clear that the pillar marked' l'
must be stoped first and that the best direction of
stoping is up-dip. The order of extraction for the
remaining pillars is shown, together with the
general direction of extraction. Note that the stress
concentration factor for the last pin is not much
greater than that of the first pin removed (8' 3 as
against 7, 3).

For comparison purposes, two other possible
stoping sequences were selected and modelled on
the analogue (Figs. 21(b) and 21(c)). Bar charts
were drawn of the frequency distribution of the
stress concentration factors for the three stoping
sequences and are shown above the plans in Fig. 21.
From these two charts it will be seen that the
spread of points about the mean stress concentra-
tion factor is far less for the recommended method
of extraction than for the other two methods
selected at random.

2.1.4 Location of possible pressure-burst positions in
dykes, and steps taken to avoid these.

A number of pressure bursts have occurred in
dykes on the reef horizon. These dykes have been
petrographically typed and tested for uniaxial com-
pressive strength, using diamond drill cores. The
results obtained are as follows:

Dyke Type Uniaxial Compressive
strength

Porphyritic Diabase
(grey-greenish in
colour) 22 700 (10 800 - 45 000)
Epidiorite
(green in colour) 49000 (40 600 - 62800)

Experience has shown that the epidiorite dykes
are the chief source of pressure bursts on the reef
horizon. In a number of cases the site of the
pressure-burst occurrence has been modelled on
the analogue and the vertical stress component
calculated at the position of the burst. The vertical
stress at these points consistently fell between
39 000 and 41 000 Ibfin.2.

If a policy is adopted to stope out all dykes on
a property, care must be taken to layout the
stoping configuration to enable these dykes to be
stoped at a low stress. In this case the analogue
may be used to study the proposed stoping
programme to ensure that the stress level remains
below the critical value. The method of analysis
is then similar to that described in the previous
example, except that conditions on the reef face

are sacrificed for the sake of low stresses on the
dyke face. This method has been used in the past
with considerable success.

If dykes remain unmined, then steps must be
taken to ensure that the stresses in the dyke
remain below the critical value.

Holings through burst-prone dykes on the reef
horizon are avoided because of the high stress
concentration factors adjacent to such holings.

It is common knowledge that a pillar in the reef
plane has a higher stress concentration factor at
the edges than at the centre of the pillar. If a pillar
edge is comprised of reef, and the centre is of dyke
material, the high stresses would be concentrated
in the non-bursting reef portion, whereas the dyke
core would be at a lower stress. The reef would
also provide a lateral confining force which would
strengthen the core.

In the Klerksdorp area the stress on dykes
seldom reaches a very high level because of the
added support provided by large losses of ground
and unpayable ore blocks. However, steps have
been taken to avoid the possible accumulation of
high stress concentrations in the dykes, by leaving
solid reef barriers along the dyke edges where they
exceed the critical value.

The dyke under investigation is modelled on the
haulage under the assumption that all the payable
ore is stoped. The edges of the dyke are probed
to establish where the stresses exceed 40 000 Ibfin.2
When these positions are located a reef barrier
20 ft wide is simulated along the edge of the highly
stressed portion by inserting pins into the pinboard.
The position of the anti-burst barrier is then
transferred to the plans.

To date, four dykes have been treated in this
manner. Stoping in one of these areas has been
completed without a burst occurring in the dyke,
which would otherwise have attained a stress level
of 56000 Ibfin2. A typical layout involving anti-
burst reef barriers is shown in Fig. 22. The zone
of possible pressure bursting is shown on the plan
if the anti-burst barriers were not installed.

2.1.5 Use of the analogue and elastic theory to predict
displacements in a vertical shaft and the effect of
these displacements on the guides.

As stoping proceeds around a shaft pillar the
vertical stress in the pillar increases for a con-
siderable distance above and below the reef plane.
This increase in vertical stress is accompanied by a
vertical shortening in the rock. If the buntons are
connected to the rock (as is usual in the case of
monolithic concrete-lined shafts) these buntons will
move in the same direction as the rock to which
they are attached. As the vertical dimensions of the
rock tend to shorten so must the vertical distance
between the buntons shorten.

If there is insufficient space in the slotted holes
to permit this relative movement between the
guides and the buntons, the guides will be com-
pressed between adjacent buntons. If this compres-
sion is large the guides will buckle.

Recently, stoping commenced at the edge of the
Toni shaft pillar (Stilfontein G.M. Co., Ltd.) to
remove some blocks of ore which were difficult to
stope due to faulting. Shortly after stoping com-
menced, buckling of guides occurred some 25 ft
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above 13 station. A short time later buckling
occurred 55 ft above 15 station. Although some
damage was expected in the station areas due to
this stoping, buckling of the guides was totally
unexpected.

The question arose as to whether or not stoping
should cease at the edge of the pillar, until the
inner pillar had been removed.

In order to establish the magnitude of the
differential displacements in the shaft which caused
the guides to buckle, the vertical displacement
between points at 25 ft intervals along the shaft
was computed. Four different stoping configura-
tions were considered.

Fig. 23 shows an east-west section through the
shaft pillar area. It will be noted that, due to
faulting, there are roughly two stoping horizons;
on 13 level where reef is intersected in the shaft
and::!:: 141- level where most stoping has taken
place.

100. 200.

Fig. 22-Dyke burst protection pillars

400.
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In order to compute the induced displacements
along the shaft, each of the four configurations
studied were first processed in the usual manner
on the analogue. The displacements induced by
the two different stoping horizons were computed
separately and then summed algebraically for each
configuration.

From the calculated elastic displacements in the
shaft the differential displacements between ad-
jacent points 25 ft apart were derived and plotted
in Fig. 24.

The minimum differential displacement between
adjacent buntons necessary to cause buckling of
the guides was calculated for the two extremes of
end loading, taking into account eccentric loading.
These values are 0.00145 ft and 0.002546 ft res-
pectively for the 12t ft bunton, or twice as much
for the 25 ft, corresponding to the points calculated.

It will be noted that the minimum value is
exceeded in the vicinity of 13 and 15 levels, the
position where buckling of the guides occurred.
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From this information it was evident that a
careful check had to be kept on the gauge of the
guides between a point 75 ft below 12 level and
16 level if stoping was to be continued as planned.
Alternatively, steps would have to be taken to
decompress the guides. Once the inner pillar had
been stoped out observations for buckling would
only be necessary between 15 and 16 levels.

2.2 Examples from the Orange Free State goldfields.
Several long- and short-term planning projects are

described, where the data derived from the electrical
resistance analogue has been processed by computer
programmes and assessed on the strength of th;:!
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criteria derived from the correlation of field obser-
vations and the elastic theory.

2.2.1 An investigation into the effects of future stoping
operations on the stability of the No. 1 Shaft system
at President Brand.

At the time of the analysis, distortion was
strongly evident at the positions in the shaft shown
in Fig. 25. By calculating elastic stresses and
displacements at the troublesome sections of the
shaft for the mining configuration in existence, the
effects of future stoping operations on the overall
stability of the shaft was assessed.

38 LE'iEL.

F"UL TE D ZONE.

40 lEVEL

4Z LEVEL.

LEADER. P.Hr

Fig. 25-Section of President Brand No. 1 Shaft showing
zones of damage
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(a) Method of investigation.

The area shown in Fig. 26 was modelled on
the analogue and the appropriate stress values
at the various elevations shown in Fig. 25 were
calculated as described earlier in this paper.
A similar analysis was performed at yearly
intervals, consistent with the proposed stoping
forecast for this shaft, and the elastic stresses
were re-calculated. Table I summarizes the
changes in vertical stresses at the reference
points selected in the shaft for the stoping
forecast given.

SCALE IN FT. 500,

(b) Discussion of results and recommendations

Table I shows that the stress levels in the
worst sections of the shaft can be expected to
increase by almost 20 per cent over the ensuing
two years compared with existing conditions.
On the basis of current experience in this shaft
it seemed reasonable to deduce that such a
large increase in stress concentrations could
well cause the operations within the shaft to
be unsafe, if not altogether impossible.

If00

Fig. 26-No. 1 Shaft, President Brand, showing section and
area modelled on the analogue tutor
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Bench Depth
Mark Below Total Stresses Ib/in2 EZZ

Collar
(ft)

Pillar Pillar Total
Present 35,41 35,38 Mining
@ 1967 @ 1969 @ 1969 @ 1969

A 3500 -4389,6 -4585 'I -4603 ,0 -4479,1

B 3650 -4958' 2 -5205 ,9 -5230' 5 -5192,9

C 3950 -6336,3 -6610,4 -6649'5 -7022,2

D 4100 - 7083 ,4 -7333,0 -7379,0 -8062,3

E 4200 -7566'7 -7806'0 -7856,0 -8726,2

F 4275 -7844'9 -8085'2 -8136' 5 -9086,0

G 4440 -7909,1 -8153,2 -8200,5 -9045,9

TABLE I (ii) whether the inclines should be overstoped
completely, and if so, how feasible the proposed
five years' stoping forecast in this area would be.

(a) Approach to the problem.

This investigation was performed in two
parts, namely:

(i) to determine the energy release rates for the
five years' stoping programme;

(ii) to obtain the changes in field stresses and dis-
placements at selected points within the inclined
shafts at yearly intervals, in accordance with
the five years' stoping programme.

PRESIDENT BRAND NO, 1 SHAFT PILLAR EXERCISE

Negative stresses compressive.

(b) Execution of the work.

The areas A and B in Fig. 28 were set up in
turn on the analogue for the determination of
energy release rates, as described in an earlier
section of this paper. After each mining
sequence was extracted the complete con-
vergence distribution was recorded for all
stoped-out areas occurring within the areas
A and B.

This latter data was used for the determina-
tion of stresses and displacements in the
underlying inclined shafts.

(c) Discussions of results,

(i) The stability of the inclined shafts:

The geological section shown in Fig. 29
shows that, due to faulting, the proposed
inclined shafts are at varying depths below the
basal reef. Consequently, an average reef dip
along the east-west axis of the inclines would
provide unrealistic results.

To overcome this discrepancy three angles of
dip were considered to provide meaningful
results for all reference points along the east-
west axis of the inclines. The reef dips con-
sidered were as follows:

To minimise the 'change in stress' conditions
within the shaft, investigations were initiated
to assess the significance of the ground cur-
rently being mined on the excavations situated
in the shaft pillar,

These analyses revealed that all stoping
operations between the 35 and 38 lines shown
in Fig. 26 should cease, and the small pillars
scattered around the shaft pillar, together with
the ground marked X, should be left in situ
until all future mining operations served from
this shaft are terminated.

It was recommended that all the above pillars
should be extracted only in the later stages in
the life of the shaft.

(c) Behaviour of the shaft system one year after
implementing the above recommendations.

The amount and type of repair work per-
formed on the No. 1 Shaft as far back as 1963
is shown in Fig. 27. This histogram clearly
shows that a marked reduction in repair work
in the shaft has resulted since the alterations
were made to the stoping programme one year
ago.

This is indicative of the improvement in the
stability of the shaft system, and the arresting
of severe changes in stress and strain within
the shaft.

Dip 25°-for the analysis of the reference
points 1, 2, 3, 4, 5, 6, 91 and 92
(Fig. 29).

Dip 28°-for the analysis of reference points
1, 2, 3, 4, 5, 6 and 91.

Dip 37°-for the analysis of reference points
6, 7, 8, 9, 10, 11, 93 and 94.

2.2.2 An investigation into the stability of the proposed
inclined shafts at President Steyn No. 1 Shaft.

An investigation was made to assess the probable
effects of proposed nearby stoping operations on
the two inclined shafts currently being sunk at
No. 1 Shaft.

Resulting from this investigation it was hoped
to assist Management in deciding:
(i) whether a reef pillar should be left to protect

the two inclines;

A complete elastic analysis was made for
each reference peg at yearly intervals, con-
sistent with the enlargement of the stopes
overlying the inclined shafts. Table 11 illus-
trates the variation in total vertical stresses for
each reference peg for the seven mining con-
figurations considered. Accepting the critical
field stress of 8000 Ib/in.2 for average O.F.S.
footwall quartzites mentioned earlier, Table 11
shows that only reference points 4 and 92
can be expected to encounter critical compres-
sive stresses, Although reference point 4 only
reaches this critical field stress level after over-
stoping has been extensively carried out to the
north and south (some time after 1972), point
92 (which is 50 ft below reef) will be in-
fluenced by critical stress concentrations as
early as 1969.
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(ii) Energy release rates predicted for the five years'
stoping programme.

The analysis of energy release rates (i.e.
hanging-wall conditions to be expected whilst
stoping) over the five years' period for both
sections modelled indicated that in two areas
(X in Fig. 28) excessive energy release rates
were predicted (i.e. above 0,4 x 108 ftllb per
fathom mined). In both instances the conditions
can be improved by 'down-dip mining' towards
solid ground.

(d) Conclusions.

The analysis described above revealed that
there was no need to leave a pillar to protect
the inclines, provided a suitable support system
was installed as soon as possible in the vicinity
of reference points 4 and 92.

The stoping programme envisaged over the
next five years is not expected to create un-
manageable strata control conditions, even in
the two areas referred to above. Some relief
can be obtained in these areas by down-dip
stoping towards solid ground.
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Fig. 28

2.2.3 An investigation into the stress concentrations likely
to occur in two dykes traversing the upper workings
at Free State Geduld No. 1 Shaft and No. 4 Shaft.

As a result of frequent 'bumps' in the planes of
two dykes traversing a portion of the ground mined
by Nos. I and 4 Shafts, varying degrees of damage
had resulted in footwall haul ages penetrating the
dykes. Moreover, injuries to workmen in nearby
stopes have resulted from the 'shake-up' associated
with the 'bumps' which tend to dislodge loose
rocks and cause minor roof falls.

A detailed analysis was carried out on the effect
of a proposed mining schedule on the above dykes
at the lower levels of No. 1 Shaft and No. 4 Shaft,
from which it was found necessary to make a
number of alterations to the proposed stoping
programme in order to minimize future damage.
These alterations succeeded in eliminating further
bumping from the dykes, and showed that the
analogue indications were valid. As the same two
diorite dykes extend up to the overlay areas of the
abovementioned shafts (600 ft reverse fault), a
similar analysis was performed. The object of
this analysis was to assess whether waste stoping
would be necessary to protect footwall haulages,
and also to ensure that high stresses were avoided
on the dykes to minimize the possibility of 'bumps'.
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Bench Later
Mark 1967 1968 1969 1970 1971 1972 Date

1 - 5004 -5039 -5074 -5150 -5232 -5294 -5662

2 -4891 -4938 -4976 -5062 -5164 -5356 -6136

3 - 5042 -5102 -5147 -5252 -5350 -5476 -6626

4 -5264 -5339 -5430 -5570 -5720 -5877 -8442

5 -5427 -5551 -5748 -5824 -6164 -6413 -5955

6 -5591 -5386 -4905 -5055 -5106 -5399 -4979

7 -5690 -5596 -5545 -5100 -4520 -4520 -2915

8 -5925 -5919 -5909 -5860 -5620 -4928 -3358

9 -6140 -6141 -6141 -6124 -5868 -5652 -4604

10 -6343 -6343 -6347 -6348 -6188 -6179 -5768

11 -6543 -6543 -6547 -6550 -6548 -6523 -6447

91 -5089 -5153 -5204 -5314 -5419 -5547 -6864

92 -5263 -5502 -8697 -8979 -10238 -11192 -22300

93 -5316 -5163 -5012 -5025 -4525 -4304 -3475

94 -5436 -5475 -5525 -5360 -3137 -1829 +2605
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Fig. 29

TABLE II

PRESIDENT STEYN No.l SHAFT INCLINES
TOTAL STRESSES IN VERTICAL DIRECTION (lb/in")

Negative stresses compressive.
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(a) Investigation on the analogue.
The area modelled on the analogue is shown

in Fig. 30. This illustration depicts the probable
stoping sequence for this area, together with
the proven geological anomalies. In order to
measure the change in stresses along the dykes
as mining operations progressed, pins repres-
enting the two dykes were recorded after each
mining sequence was extracted. Fig. 31 shows
the normal stress values along the two dykes
for the last mining sequence shown in the area.

(b) Discussion of results.
According to tests carried out by the C.S.I.R.

Rock Mechanics Division in Pretoria, strength
values of rock specimens taken from dykes A
and Bat 49 level, revealed uniaxial compressive
strengths of 35 000 and 40000 Ibfin2, res-
pectively, in each case the standard deviation
being ::J::5 000 Ibfin2 about the mean strength.
A consideration of Fig. 31 shows that reef
stripping on dyke B from the north side by
No. 1 Shaft will create stresses on the dyke
approaching the level associated with 'bump
conditions' for this dyke.

(c) Conclusions and recommendations.
The indications obtained from this analysis

coupled with 'bumping' experience encountered
at Free State Geduld, suggested that portions
of both dykes should be extracted in order to
prevent the build-up of stress on the dykes,

SCALE IN FT 0 100 200
I , I , I

and thus minimize the possibility of 'bumps'
originating from them.

The increase in stress on dyke A, due to
stoping, will cause the dyke to be exposed to
a higher pressure than that known to have
existed when previous 'bumps' occurred in the
lower levels of the mine. As a result of these
findings it was agreed to extract the dyke
completely over the underlying haulages.

Dyke B has given considerable trouble over
the period 1967 to 1968 in the 49 level areas
at both No. 1 and No. 4 Shafts. Consequently,
where the workings are currently stripping on
dyke B at No. 4 Shaft boundary (43 level), it
was recommended that the dyke be extracted
between the limits shown in Fig. 31 before
No. 1 Shaft stoping programme commences
in this area.

To date, no adverse reports have been
received regarding 'bumps' emanating from
the dykes.

2.2.4 The planning of stoping sequences in the 45 North
area adjacent to the Free State Geduld boundary at
Western Holdings.

An early investigation of the two-year stoping
programme for the extraction of the basal reef in
the northern section of Western Holdings, Ltd.,
clearly indicated that energy release rates would
be far greater than those known to have caused
severe damage in some stopes in adjacent mining
areas.

..

DVKE '.'
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NOS. 1 AND

STRESS CONCENTRATIONS ON DYKES 'A' AND 'B' IN THE OVERLAY WORKINGS AT F.S.G.

4 SHAFTS, PRESENT SITUATION.
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Fig. 30
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Because of the extensive mined-out area north
of the area to be mined, it was apparent that
mining operations in this area should retreat from
the Free State Geduld boundary in a general
south-easterly direction if these energy release
rates were to be reduced. However, because the
raise connections required for the mining of this
area were already pre-developed, stoping opera-
tions would have to start from them.

Before mining was commenced in the most
northerly raise connection the stoping sequences
proposed were investigated on the analogue using
the energy release rate concept. Fig. 32 shows the
energy release rates resulting from the stoping
sequence given. In view of the extremely high
values obtained in several areas it was decided to
carry out experiments on the analogue to find the
optimum stoping sequence for the area-consistent
with the output requirements from the area and
the present knowledge of geological anomalies.

Conclusions and recommendations.

It is known that energy release rates can be
reduced by advancing working faces towards
solid ground. This approach was borne in mind in
the experimentation with mining sequences on the
analogue, and eventually, the mining sequence
shown in Fig. 33 was considered to be the
optimum method for the given specifications.

SCALE IN FT
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In this latter illustration the critical energy
release rates are only obtained on one stope face
at anyone period in time, thus difficulties as-
sociated with stoping operations in this area will
be minimized and great fluctuations in output
from the various rock-breakers should be avoided.

Before implementing this stoping plan it was
emphasized that down-dip mining in the last 50 ft
or more of each panel advancing towards the
F.S.G. old workings would assist in reducing the
energy release rates in this final condition.

Fig. 34 shows the general idea of the stope
configuration likely to create the least hanging-wall
problems in this area, and at the same time, be a
r~asonable proposition from a mining point of
VIew.

Results to date.
Output from the 45-21 and 47-21 stopes for the

five months' period of concentrated mining in this
area to date has been as follows:
Upper section (45-21) Lower section (47-21)

407 fathoms per month 444 fathoms per month
509 fathoms per month 521 fathoms per month
446 fathoms per month 514 fathoms per month
441 fathoms per month 469 fathoms per month
302 fathoms per month 353 fathoms per month

~
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Fig. 31
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Fig. 32-Energy release rates for proposed stoping plan in the
45-47 North Area Western Holdings
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Fig. 33-Energy release rates on 100 ft long panels at 50 It
intervals of face advance, Western Holdings 45 North Area
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Fig. 34-Western Holdings No.1 Shaft 45 North Area

Unfortunately, minor faulting on the upper
south faces has prevented the maintenance of the
stoping sequence given, and a drop in production
has been unavoidable. It is anticipated that once
the faulted faces are completed the output from
the upper contract should return to about 350
fathoms per month.

2.2.5 The determination of the reef pillar size required to
protect the 45B/44 inclines at Welkom G.M. Co.,
Ltd.

As a result of unpay blocks and complicated
faulting traversing the 45B/44 inclines it was
apparent that a reef pillar would be required to
protect the inclines as stoping in a northerly and
southerly direction progressed.

This application of the analogue describes a
method of determining the optimum reef pillar
necessary to preserve the inclines for the required
life of the incline shaft system.

Method of approach to the problem.

As no rapid method is available for determining
the minimum pillar size to protect off-reef excava-

146 JANUARY 1970

tions, it was considered necessary to measure the
influence of future stoping operations on the
inclines for a variety of different pillar sizes.

This was achieved by modelling the area of the
mine in the vicinity of the proposed inclines on
the analogue, as shown in Fig. 35, and making
allowances for the mining which will ultimately
take place in the area.

Four stope configurations were considered for
the investigation, namely:
1. After the two years, stoping forecast is com-

pleted.
2. All mineable ground is extracted, except a

480 ft wide pillar symmetrically located over the
inclines.

3. All mineable ground is extracted, except a
320 ft wide pillar over the inclines.

4. All mineable ground is extracted, except a
160 ft wide pillar over the inclines.

The theoretical convergence distribution in the
stoped-out areas for each stope configuration was
used to calculate the field stresses at the reference
points shown in Fig. 36.

JOURNAL OF THE SOUTH AFRICAN INSTITUTE OF MINING AND METALLURGY



.y

~/~G

0 CD STOPE CONFIGURATION

AFTER 2 YEARS +
@ .J-

POSSIBLE STOPE CONFIGURATIO

AT END OF LIFE OF INCINE SYST M

+
G

~-
+

0 100 200
I , I , ,

SCALE IN FEET

Fig. 35-Area to be mined in the vicinity of 45B-44 inclines, Welkom G.M. Co. Ltd.
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Fig. 36-Welkom G.M. Co., Ltd.-45B-44 inclines.
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Reference Pillar Sizes
Points

160 ft 320 ft 480 ft

2 -5,995 -5,951 -5,767

6 - 7,356 -6,787 -6,586

8 -7,884 -7,061 -6,654

14 -8,338 - 7,338 -6,718

17 -8,841 -7,850 - 7,342

21 -8,787 -7,854 - 7,323

23 -8,467 -7,733 -7,287

27 -8,030 - 7,502 - 7,235

1 -5,751 -5,776 - 5,636

5 -6,098 -6,089 -6,063

7 -6,640 -6,528 -6,451

9 -6,537 -6,526 -6,433

12 -6,900 -6,748 -6,571

13 -6,948 -6,780 -6,591

15 - 7,090 -6,900 -6,660

16 -7,259 -7,020 -6,714

20 - 7,647 - 7,467 - 7,241

22 - 7,535 - 7,403 - 7,217

24 -7,545 -7,414 - 7,221

28 -7,232 - 7,188 - 7,161

3 -6,792 -6,672 -6,404

4 -10,10) -7,851 -6,873

10 -9,246 - 7,741 -6,717

11 -10,631 - 7,886 -6,804

18 -10,702 -8,567 - 7,488

19 -12,978 -8,563 - 7,591

25 -9,814 -8,263 - 7,305

26 -10,611 -8,855 -7,187

Discussion of results and conclusions.
Table III shows the changes in vertical field

stresses at points selected in the incline system for
the three pillar sizes investigated.

The stress levels shown in Table III suggest
that a pillar size of 320 ft will be sufficient to avoid
critical field stresses. However, excavations located
between the upper rock incline and the basal reef
(i.e. the station and tippler cross-cuts) would be
exposed to vertical stresses in excess of 8 000 Ibfin2.
Consequently, a pillar size greater than 320 ft and
less than 480 ft will be optimum.

Fig. 36 shows a typical graph of stress level
plotted against pillar size, for a point representing
an important excavation in the 45Bf44 incline
system. This graph shows that a pillar of 410 ft in
width throughout the length of the incline will be
required to ensure that the critical field stress of
8 000 Ibfin2 is avoided at all times in all exca-
vations.

TABLE III

VERTICAL STRESS VALUES (lb/in") IN THE
WELKOM 45B/44 INCLINE SHAFT SYSTEM

POINTS IN THE ROCK INCLINE

POINTS IN THE MATERIAL INCLINE
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POINTS IN THE STATION AND TIPPLER CROSSCUTS

Negative indicates compressive stresses.

CONCLUSION

The applications of the electrical resistance analogue
described in this paper demonstrate the rapid advances
made in the field of practical applied rock mechanics in
deep-level hard-rock mines.

It has been shown that, despite the geological differ-
ences between the O.F.S. and Klerksdorp goldfields, the
analogue can provide data on which to design mining
layouts in both areas-provided the analogue indications
are interpreted on the basis of the rock behaviour as
experienced underground.

By providing information of the type described the
Rock Mechanics departments associated with this paper
are playing an increasingly important role in the layout
and safety of the mines with which they are
associated.

It is anticipated that as more sophisticated computer
programmes become available this contribution will be
increased substantially.

REFERENCES

1. RVDER, J. A. and OFFICER,N. C. 'An elastic analysis of strata
movement observed in the vicinity of incline excavations.'
J. S.A/r. Inst. Min. Metal., 64, Jan. 1964, 219.

2. SALAMON,M. G. D. 'Elastic analysis of displacement and
stress induced by the mining of seam or reef deposits, Part II.'
J. S.A/r. Inst. Min. Metal., 64, Jan. 1964, 197.

3. SALAMON,M. G. D., RVDER, J. A. and ORTLEPP, W. D. 'An
analogue solution for determining the elastic response of strata
surrounding tabular mining excavations.' J. S.A/r. Inst. Min.
Metal., 65, Sept. 1964, 115.

4. JANTZON, F. G. H. Contribution to SALAMON,M. G. D.,
RVDER, J. A. and ORTLEPP, W. D. 'An analogue solution for
determining the elastic response of strata surrounding tabular
mining excavations.' J. S.A/r. Inst. Min. Metal., 65, Nov. 1964,
286.

5. ORTLEPP, W. D. and NICOLL, A. 'The elastic analysis of
observed strata movement by means of an electrolytic
analogue.' J. S.A/r. Inst. Min. Metal., 65, Nov. 1964, 215.

6. COOK, N. G. W. and SCHUMANN,E. H. R. 'An electrical
resistance analogue for planning tabular mine excavations.'
Chamber of Mines Report 72/65.

7. WILSON, J. W. 'An application of the electrical resistance
analogue for the layout of lateral development, and the
assessment of the stability of existing haulages due to future
stoping operations.' R.M. 8-Internal A.A.C. Report-
December, 1967.

8. WILSON,J. W. 'A report on the procedure for deriving energy
release rates due to the enlargement of undergorund excava-
tions.' R.M. 6-Internal A.A.c. Report-May, 1967.

9. COOK, N. G. W. 'The design of underground excavations.'
Rock Mechanics Symposium, Minneapolis, 1966.

10. HODGSON,K. and JOUGHIN, N. C. 'The relationship between
energy release rate, damage and seismicity in deep mines.'
Chamber of Mines Report 57/66.

JOURNAL OF THE SOUTH AFRICAN INSTITUTE OF MINING AND METALLURGY




