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The effect of mining induced Stress changes on a faulted cock 
masa in a deep South African gold mine was investigated to clarify 
the relationship between stress, geological structure and mining 
Xnluced seismicity. The study commenced with absolute in situ 
stress measurements ac a site straddling a reverse fault 2863 m 
below surface. "A period of stress change monitoring followed 
at the same position while an extensive tabular mining excavation 
approached and intersected the fault. These measurements were 
supported by numerical stress analyses., underground displacement 
levelling and a.eismie. activity monitoring. The study revealed 
a stress discontinuity across the fault surface. It persisted 
from the beginning to the end of the study, and appears to haVe 
suppressed seismic activity associated with the fault. This 
explains the variance of,the fault behaviour with the numerical 
predictions, highlighting the complexity of stress fields in 
natural rock masses, and their influence on mining induced seis-
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INTRODUCTION

Rock bursts in the deep level hard rock gold mines of South Africa 
have spurred intensive and sustained research into their origin 
for the past three decades. Successful determination of the con­
ditions necessary and processes responsible for,rock burets has 
been achieved, while the violent and transient nature of the phe­
nomenon has inhibited progress towards complete quantification 
of the mechanism. Amongst the parameters thufc still remain uniV . 
measured is the stress state in the reck before, during and after 
a rook burst, both in the rock surrounding an Effected mining 
excavation, and at the seismic source, which may be hundreds of 
metres away.

The relationship between rock stress, mining induced seismicity 
and rock bursts still requires much study, especially when the 
numerous variables that come into play are considered. The current 
understanding of the seismic and rock burst mechanisms is first 
described in order to illustrate their relationship with stress 
in general as well as some of the other important factors. Rock 
mechanics research in the South African gold mining industry during 
the twentieth century is then briefly reviewed, with particular 
emphasis on those aspects. Finally the argument justifying this 
Study is developed, and the objectives of the research are outlined.

1.1 Hilling Induced Seismicity and Rock Bursts

Underground mining results in the creation of voids originally., 
occupied by unmined ore in the cose of producing excavations and 
country rock in the case of other excavations. The stress field 
that exists before mining is altered by the creation of a void 
and this process can be viewed as the superposition of a mining 
induced stress field on the original stress field.

Exploitation of the narrow and laterally persistent gold bearing 
orebodias of the Witwotersrand Supergroup 'lit in tabular exca­
vations whose height is negligible in relatj—.l to their length
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CHAPTER I 

INTRODUCTION

Rock bursts itv the deep level haed rock gold mines of South Africa 
have spurred intensive and sustained research into their origin 
for the past three decades. Successful determination of the con­
ditions necessary and processes responsible for rock bursts has 
been achieved, while the violent and transient nature of the phe­
nomenon has inhibited "progress towards complete quantification 
of the mechanism. Amongst the parameters that still remain un­
measured la the stress state in the rock before, during and after 
a rock burst, both in the rock surrounding an affected mining 
excavation, and at the seismic source, which may be hundreds of 
metres away.

The relationship between rock stress, mining induced seismicity 
and rock bursts still requires much study, especially when the 
numerous variables that come into play are considered. The current 
understanding of the seismic and rock burst mechanisms is first 
described in order to illustrate their relationship with stress 
in general as well as some of the other important factors. Rock 
Mechanics research in the South African gold mining industry during 
the twentieth century is then briefly reviewed, with particular 
emphasis on these aspects. Finally the argument justifying this 
Study is developed, and the objectives of the research are outlined.

1.1 Mining Induced Seismicity and Rock Burtits

Underground mining results in the creation of voids originally 
occupied by unmined ore in the case of producing excavations and 
country rock in the case of other excavations. The stress field 
that exists before mining is altered toy the creation of a void 
and this process can be viewed as the superposition of a mining 
induced stress field on the original stress field.

Exploitation of the narrow and laterally persistent gold bearing 
orebodies of the Witwatersrand Supergroup result in tabular exca­
vations whose height is negligible in relation to their length



and breadth. These excavations superimpose large mining induced 
stresses on the rocks that host the orabodies and on the unmined 
portions of the orebodies themselves, The rocks of the Mitwatersrand 
Supergroup are generally strong and brittle and are capable of 
withstanding high stresses before failure occurs.

Failure is usually stable, that ia, it takes place in the form 
of the stable development of brittle fractures which are ubiquitous 
in excavations deeper than 2000 m below surface. Occasionally 
failure takes place suddenly and violently/ which results in a 
transient earth notion called a seismic event. The violent failure 
is accompanied by the release of large amounts of strain energy 
stored in the rock at the seismic source and this energy is con­
verted to kinetic energy in the surrounding rock. =

causing damage to the excavation itself, its supports ana objects 
within. This phenomenon is called a rock burst. Observations 
reveal that not all seismic events cause rock bursts and that 
the probability o£ rock burst damage increases in sympathy with 
til" proximity <s£ an excavation to the seismic source and with 
the amount of energy released.

1.1.1 Causes of mining induced seismicity

Two conditions must exist for a seismic event to occur. The first 
is that the stresses in the rock must cause it to reach a state 
of unstable equilibrium, and the second is that some further dis­
turbance must take place to upset that equilibrium. The first 
condition is mot in the gold mines by the imposition of large 
mining induced stresses on the rook immediately surrounding ex­
tensive tabular excavations. The second condition is satisfied 
by a number of factors either singly or in combination with one 
another. These include the energy radiated to the surrounding 
rock during the opnrse of the daily blastf the imposition of further 
stress changes induced in the surrounding rock when excavations 
are enlarged by mining! the rock mass response to the imposition

The kinetic energy is radiated outwards from the 36' 
in the form of strain waves which may interact wit 
excavation by accelerating the rock surrounding it «.



of induced stress changes such as creep, stable development of 
brittle fractures and disturbances caused by the transmission 
of seismic waves through unstable volumes of rook.

The first two factors exert a very strong influence on the temporal 
distribution of mine seismicity. Cook et al {1966) show that 
approximately 50% of all seismic events detected at a deep gold 
mine on the jiast Rand occurred during the .iv-ar proceeding, and 
four hours succeeding the daily blast. In contrast rock mass 
responses to mining induced stress are mere continuous and account 
for 9 more even distribution of seismic events through time.

Several other variables, broadly classified as mining and natural, 
inf. ance the frequency of seismicity and rock bursts. They include 
mining and support methods, mining geometry and layout, extent 
and scale of mining operations, rock properties, rock mass structure, 
geological structure, depth and the initial stress state prior 
to mining. The mining variables can be altered to effect reductions 
in the seismic and rock burst frequency while the natural variables 
are beyond the control of the engineer.

1.1.2 Seismic mechanism

Deductions made from fundamental principles, seismological theory 
and observations show the seismic source mechanism to be slip 
on a rupture surface within the rock. The rupture can take place 
on an existing discontinuity of any description or can develop 
within previously intact rock (Drtlepp, 1983).

In simple mechanistic terms, the process is driven by shear stress 
acting parallel to the rupture surface. Slip movement along the 
rupture surface is inhibited by a resisting stress which is the 
product of the normal stress acting perpendicularly to the surface 
and the dynamic coefficient of friction of the surface. Further 
resistance to slip on the rupture surface is provided by surrounding 
stable volumes of rook not involved in the seismic event. Ortlepp 
(1993) presents a simple block and spring model to illustrate 
the mechanism, as shown and described in Figure 1.1.
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Movement on the rupture surface results in the reduction in shear 
stress until it is too small to continue to drive the slip. In 
seismology the shear stress reduction is referred to as the stress 
drop.. The effect of slip on the normal stress acting across the 
rupture surface is not well known.

The seismic mechanism Is confirmed by surface evidence in some 
Californian earthquakes (Richter, 1958) and by underground evidence 
in a South African gold mine (Ortlepp. 1983). The wide variety 
of conditions found at rock burst sites suggests that more than 
one mechanism may be responsible for the damage, although slip 
on a surface has been noted in a number of cases (Ortlepp, 1984).

1.1.3 Seismic source parameters

Seismic source parameters are determined from observations based 1 
mainly on seismic traces or seismograme. The traces represent 
records of either the velocity or acceleration imparted to the 
rock by the passing strain waves. Geophones and accelerometers 
respectively are Used to measure these quantities. An array of 
at least four geophones or accelerometers are necessary to gather 1 
sufficient data to locate the source of the seismic erergy (Bccles 
and Ryder, 1984). The position of the seismic source is of prime 
importance to mining research.

The most convenient and widely used seismic source parameter is 
the magnitude which la expressed in terms o£ an open-ended loga­
rithmic scale developed by Riohtor (1958). Although it is a crude 
measure of the size of a seismic event it is of value because 
of its strong empirical relations with other quantities such as 
seismic moment, seismic energy and frequency of occurrence (McGarr,

The seismic moment expressed in energy units, is a more reliable 
measure of the evert size, and can be estimated from a seismogram 
by the relation given in McGarr (1984). Alternatively, it is 
the product of the rock modulus of rigidity, the area of the rupture 
surface over which slip took place and the average displacement 
on the surface, if these quantities are known or can be estimated

A



from observations. In gold mining the momant oan be related to 
the magnitude by an empirical relation given by MuGarr (1984). 
Accordingly a seismic event with magnitude 2,5 on the Richter 
Scale would have a corresponding seismic moment o£ approximately 
5 x 1Q13 joules.

The seismic energy radiated in the form of strain waves from suoh 
an event can be related to its magnitude by a similar relation 
and approximates 4 x 10® joules (McGarr, 1984). This represents 
about 0,0008 per cent o£ the energy involved in the seismic moment. 
The fraction radiated is so small because much of the energy in­
volved is expended doing work against the resisting stress, creating 
the rupture, as well as fracturing and heating the rock.

A study of seismic traces generated in gold mines reveals that 
the energy is radiatid foT about 0,1 seconds. For the above event 
this represents a. power of 4 x iO3 watts which is equivalent to 
the maximum power output of the largest coal-fired power stations 
currently under construction in the Eastern Transvaal. Clearly, 
any mining excavations exposed to such large power outputs are 
likely tn suffer rot% buret damage.

1.2 Review of Rook Mechanics Research in South Africa

The descriptions of mining induced seismicity and rook bursts 
given arc based on the outcome of research begun on the Witwatersrand 
just after the tutrn of the oentury. The amount of work done since 
then is vast and cannot be adequately covered in a brief review. 
Research of particular importance to mining induced seismicity, 
rock bursiss and stress only, is outlined briefly in order to high­
light important findings and identify areas that need further 
investigation.

1.2.1 Qualitative research

Salamon (198,3) identifies two major petiods of mining rock mechanics 
research in iSouth Africa. The first commenced early in the century, 
end'id around 1930, and consisted mainly of qualitative research.



Work began in 1906 , ‘.ft ihe a; srincment of the Ophir ton Earth 
Tremors Committee to ' investigate the origin of the earth tremors 
then causing concern amongnt the residents of Ophirton (High-Level 
Committee on Rookbursts and Rockfalls, 1977). The committee found 
the cause of the tremors to be the shattering or punching of pillars 
of unmined reef left to support the excavations. Similar com­
mittees, appointed in 1915 and 1924 to re-investigate rook bursts 
endorsed the findings of the 1908 committee and extended them 
to remnants and shaft pillars.

In the succeeding years much data was gathered by individuals, 
institutions and the mines themselves. Much of the work was based 
on observations such as those by Hill (1944), who contrasted the 
high incidence of rock bursts in excavations adjacent to isolated 
remnants with the low incidence then observed in newly established 
longwalls. Although these and other investigations were extremely 
limited in their potential to reveal the rock burst mechanism, 
they did show that rock bursts are more prone in highly stressed 
rock, a fact that was appreciated at the time.

This type of investigation culminated in that of cook et al (1966) 
who reviewed the findings of work carried out on rock burst inci­
dence during tho previous decade. They contrasted and compared 
the effect of several mining variables on the rock burst incidence 
graphically, and were able to demonstrate the effect of stops 
span, different abutment types and depth below surface on rock 
burst frequency. The findings can be roughly summarized to state 
that in regions where the total stresses are greatest, rock bursts 
are most frequent. When considering the influence of geological 
features the authors showed that a readily discernible increase 
in rock burst activity occurred when stops faces advanced to within 
30 m of both faults and dykes.

These and the previous findings discussed consider only rock bursts 
which form a fraction of total mining induced seismicity. This 
limits the value of the results to providing broad indications 
of rock burst activity only. Mining induced seismicity was not 
researched in any detail during these years aside from the work 
of Gane at al (1946) and others before them who monitored seismic



events on the Central Rand using surface geophones.

The technology for in situ stress measurement and numerical stress 
estimation did not exist at the time, hence very little research 
was carried out. Host discussions of the role of stress were 
based on visual observations underground and therefore tended 
to be qualitative in nature. The end of the first period came 
with the realization, that rook mechanics research based on quali­
tative studies alU’.'o would not result in any further progress.

1.2.2 Quantitative research

The second period «C research began around 1950 with the intensi­
fication of effort and a more fundamental approach (Salamon, 1983). 
The new direction resulted in a vast expansion in the knowledge 
of rock mechanics. Great advances were made in the understanding 
of mining induced seismicity, in situ stress measurements became 
possible and numerical stress analysis was introduced. The study 
of rock bursts has net advanced at a similar pace, but has never­
theless benefited from the advances made in other.areas.

Mining induced seismicity
Appreciation of the fact that close similarities exist between 
mining induced seismicity and natural earthquakes gave the search 
for a solution to rgck bursts new impetus. Following on from studies 
by Gone et al (1946), Cook (1964) pioneered a three-dimensional 
seismic location system in a deep gold mine on the Witwatersrand.

His work showed that not all seismic events cause rock bursts; 
that the traces from seismic events which cause rook bursts are 
similar to those that do not; that most of the seismic sources 
cluster around the mine workings; and that shear is a mechanism 
of failure. These findings have been substantiated by the vast 
amount of seismic data since gathered by seismic location systems 
functioning on several gold mines to"y.

Spottiswoode (1984) Used a seismic location network on a mine 
situated near Carletonville to study seismic source mechanisms



and estimate seismic >jur-:e parameters. Potgiatar and Roering 
(1984) carried out mechanism studies on seismic events
recorded in the KlerksdoCj.' Coldfield. They suggest that all the 
seismic events studied occurred either on faults, dykes or possibly 
on pre-existing mining induced fractures. Gay et al (1984) corre­
late mining induced seismicity with geological structure in the 
Klerksdorp Goldfield. They conclude that the results do not readily 
advance the understanding of large seismic events because the 
data ate insufficient to explain why some faults are seismidally 
active while others are not.

Practical application of elastic theory to mining problems 
Rock mechanics received a tremendous boost when Salamon (1965) 
introduced the face element principle of stress estimation. For 
the first time the stress state in rocks surrounding the tabular 
excavations of the gold mines could be estimated. Elastic theory 
demands that the medium in which the stresses are calculated is 
linearly elastic, homogener is, isotropic, continuous, and mining 
induced strains are Small. The technique is therefore unable 
to include for analysis the envelope of fractured rock about 26 m 
deep that surrounds all extensive tabular excavations at depth.
It is also incapable of taking into account stress and strain 
discontinuities often associated with geological structures.

Independent studies undertaken by Orfclepp and Hicoll (1965) and 
Ryder and Officer (1965) showed that the behavior of Witwatersrand 
sediments in general conformed with the assumptions made in elastic 
theory. Shortly thereafter, the first analysis of stresses and 
displacements in the rock surrounding typical gold mine excavations 
began with the use of the electrolytic tank (Salamon et al, 1965). 
The analogue method of stress estimation was later replaced by 
digital computer methods, of which the MINSIM-D suite of computer 
programs are the latest development (Chamber of Mines Research 
Organisation, 1985).

In addition to stress, displacement, and energy changes that take 
place in mining, the programs can be used to estimate the normal 
and shear stresses at any number of points on a plane having an 
arbitrary orientation in space. This provides the analyst with



the means to assess the soiK'ic hazard from the fault slip point 
of view posed by a disoontj-nuity when subjected to mining induced 
stresses. This technique is limited by the tact that stresses 
in the vicinity of faults and dykes often vary from theoreotical 
preditions) and that the coefficient of friction of any discon­
tinuity surface nn'at be assumed to be constant. Nevertheless, 
it promises to be of grtiat value to the mining industry in re­
ducing the rock burst hazard.

In situ stress measurement
Natural stress distributions in rock masses do not conform exactly 
to simple gravity loading by the superincumbent strata. They 
axe complicated by the spatial variation of elastic properties 
of the rock, discontinuities, the superposition of tectonic stress 
fields, and stresses induced by temperature, chemical alteration, 
groundwater, topography, natural voids and man-made excavations.
The effects of voids, gravity loading and groundwater can be ac­
counted for by existing analytical techniques, whereas the other 
variables can only be accounted for by in situ stress measurements.

Stress 'measurements on the South African gold fields commenced 
in the early sixties with the use of a strain gauge-baaed system 
developed by the CSia and described by neeman (1965b). Gay (1975) 
sumaiiznd the results of stress measurements undertaken in Southern 
Africa up to that time. The results indicate that the major princi­
ple stress at depth lies within 20* of the vertical, and that 
the resultant vertical stresses calculated from the measured tensors 
are in reasonable agreement with the expected stresses due to 
the respective overburden weights. The horizontal stress results 
from all the measurement locations in the gold mines were found 
to agrees remarkably well with that predicted, by the denudation 
theory of Voight (1966). In gold mines exceeding 2000 m in depth 
the vertical stress can be assumed to approximate the overburden 
weight, and a horizontal to vertical stress ratio of 0,5 can bo

Local deviations from these patterns occur, especially in the 
vicinity of xoavations and geological discontinuities. These



have been reported by Leetnan (1965c), and Investigated by Deacon 
and Swan (1965), Pallister (1969), Say (1972) and Gay (1979).
In general, the data Indicate that stresses ere reduced in fractured 
ground and increased near and within shear zones, and within dykes. 
These anonuliac may be sufficient in some cases to render the 
rock mass unstable and therefore prone to ceramic activity.

In situ stress monitoring or the measurement of stress changes 
with time, have not been undertaken in the gold mines aside from 
the attempt by Leeman (1965c), who measured stress changes ahead 
of an advancing Longwall with ttaihak strain cells and the CSZR 
biaxial strain cell. The study was complicated by the failure 
of the free surface of the boreholes in Wjiioh the strain cells 
were installed. The results indicated a two-fold increase in 
stress about 30 m from the longwall face.

The recent introduction of the vibrating wire stressmeter designed 
by Hawkes and Hooker (1974) has solved many of the problems previ­
ously associated with stress monitoring. Sellers (1977) has listed 
a number of cases in which the stressmeter was used in mines in 
the United States of America. The instrument was not tried in 
the South African gold mines until 1984 when It was selected to 
measure in situ stress changes for this study.

1.3 The Present Problem

In spite of the substantial advances made in rock mechanics as 
applied to mining, numerical modelling methods, laboratory testing 
and underground experiments and observations there is still no 
clear solution to the rook burst problem. Presently, there are 
a number of countermeasures designed to minimize where poaaible 
the frequency anu effects of rock bursts. In the main, they are 
improved excavation support methods and safer mining methods which 
include partial extraction and planned sequences of ore exploi­
tation. large scale filling of mined voids with mill tailings 
or waste rock is the subject of extensive research at present.
The effects of this support method on rock bursts when applied



over a wide area, still remains to be seen.

The increasing scale of mining operations together with the greater 
average depth and extent of mining excavations tend to militate 
against the countermeasures employed, This is evident in the 
more or less constant mine employee accident rate attributable 
to rock bursts for the years 1975 to 1981 (Morris and Vorster,
1984). When compared with all other accidents on the gold mines 
during the six decades ending in 1965, rock bursts and rock falls 
have claimed a consistently larger proportion of all fatalities 
each succeeding decade, with the exception of a small drop in 
the years spanning 1976 to 1985 (Hagani 1987). The current rate 
of approximately 0,7 fatalities per thousand employees per annum 
due to rock falls and rock bursts has remained more or less constant 
since 1936, and now accounts for more than half the fatalities 
on the gold mines.

These figures do not suggest that inadequate efforts are being 
made to counter rock bursts. On -tba" contrary they reflect consider­
able achievements by the gold mining industry in containing a 
worsening problem whilst extracting ore at ever increasing depths. 
Despite this fact, the frequency of rock bursts has reached dis­
tressingly high levels in South Africa's jold mines. In 1985, 
gold mining generated approximately 600 seismic events with a 
magnitude of 2,5 or greater on the Richter scale (Fernandez et 
al, 1986). Seismic events of this magnitude almost invariably 
result in rock bursts underground. The potential rewards in re­
ducing the hazards posed by rock bursts are therefore large, even 
if the benefits are confined to a reductibfi in the fatality rate

further successes in countering rock bursts would undoubtedly 
be possible if a more detailed knowledge of stress distributions 
within rock masses were acquired. This would render mining induced 
seismicity and the resulting rock bursts more predictable and 
would provide guidelines toward developing more effective stress 
analysis techniques, especially whoa geological structure is in­
volved. The most promising approach to the problem la to concentrate 
attention on the seismic source itself, with special emphasis 
on the stress fields responsible for the ohenomenon.



Although recent research has made great advances towards a solution, 
the following questions still remain partially unansweredi-
i) what exactly is the seismic source mechanism?
ii) which factors are most important in bringing about a seismic

iii) how large are the stresses that drive it?
iv) what happens to the stress state at initiation, during

and after a seismic event?
v) why do some seismic, events cause rock bursts while others

vi) why are some faults and some dykes seismically active
when exposed to mining induced stresses while others are

Improvemattts in instrument design during the past fifteen years 
have made it possible to measure with reasonable accuracy stresses 
and stress changes at any point within, a rock waes. Stress analysis 
by numerical methods is now widely accepted and practised. It 
can. be applied to provide guidelines and background information 
to in situ stress and stress change measurements. Armed with 
these tools it is possible to investigate rock mass stress distri­
butions and the effects of mining induced stress changes on rock 
in situations which cannot be modelled by analytical techniques

1.4 Objects 0<£ the Study

The objects of this study are to address some of the questions 
listed above by monitoring the in situ the stress state of a faulted 
rock mass while it is exposed to changing mining induced stresses. 
This was done by measuring the initial stress state in the vicinity 
of a fault 2863 m below surface at Western Deep Levels Limited, 
and then monitoring the stress changes as the fault was exposed 
to mining induced stresses by an approaching longw&ll face. The 
location of Western Deep Levels and the stress monitoring site 
are illustrated in Figure 1,2.

A well defined fault sicuated ahead of an advancing longwall was
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chosen as the focus of the study because this type of situation 
has so often been identified as being responsible for enhanced 
levels of seismicity in deep gold mines. The case studied was 
particularly convenient in that the fault was exposed in several 
mine excavations, allowing study at different points, as well 
as some flexibility in the design of the experiment.

In the given situation the detailed objects were to:-
i) measure the initial in situ stress state both to the east

and west of the fault using the CSIR biaxial or "Doorstopper" 
strain gauge system; 

iil monitor the stress changes at the same points as the long-
wall approaches the fault;

iii) monitor movements, if any, on whe fault by means of visual
observations and an underground levelling survey;

iv) monitor mining induced seismicity in the area with the
intention of correlating particular seismic events located 
on the fault with movements on the fault surface and stress 
changes in the surrounding rock;

v) calculate stresses, stress changes and displacements by 
computer in order to provide a comparator for the in situ 
measurements.

The remainder of the dissertation deals with a description of 
the study in which aspects of the layout and design of the experi­
ment are discussed and the instrumentation used is described.
The results of the underground measurements are then presented 
together with an assessment of the errors involved. The numerical 
analyses are described next and the results presented. A discussion 
of all the results follows in which it is shown that good agreement 
between the measured and numerical results was obtained.

The measurements reveal a stress discontinuity at the Blf Fault 
that persisted throughout the duration of the study. This complex 
stress state had such a strong influence on the seismic behaviour 
of the fault; that the distribution of seismic activity bore no 
relationship with that suggested by stress analyses. These obser­
vations emphasise the complexity of rock masses, their stress 
fields, and some of the shortcomings of the assumptions underlying



stress analysis techniques currently in use. At the monitoring 
site the fault proved to be aseismio, a condition that is supported 
by the analyses, measurements and underground observations. This 
has helped to confirm the conditions necessary for fault stability, 
which can be adequately expressed by the recently introduced cri­
terion called Excess Shear Stress in situations where a disconti­
nuity has no influence on the stress field in its vicinity.



Excavations employed for mining purposes are designed for mining 
only, leaving little room for experimontattion. 'She researcher 
faces difficult challenges in this situation as he is required 
to make the hese of it without interfering with mining activity 
in any way. Horoover, the underground conditions place severe 
defiumda on the equipment usod there.

The design of the utrooa measurement study is a compromise between 
the demands of in situ stress measurement and monitoring as well 
as the limitations imposed by underground conditions. Thia chapter 
is broken down into five porta which deal with the underground 
site, the Esoaouretcenttoi the equipment, the layout and numerical 
medellimg. Bach ia described in full, together with limitations 
whore they arc relevant.

2.1 Monitoring Sifco

HeMSuring in siku otroaa end otress change in the vicinity of 
an accessible geological feature requires a site which is to 
be oubjected to readily meaourablo stress changes in a reasonably 
short period of time. When the study was formulated, a suitable 
oito had not yet boon found. General considerations for an appro­
priate monitoring oite arc diacuBsed after which the site selected 
for the underground measurements to described.

2*1.1 Geological and mining consideration!)

In order co study the efCoefe o£ mining i  .tiuced stress on a geologi­
cal feature, two requirements must bo met. The first is a con­
veniently situated and accessible feature which has considerable 
extent and a known orientation. The second requirement ia that 
at the beginning of the study the stress state should be as close 
as possible to virgin conditions, and that during the course



of the project considerable additional stress should come to 
bear on the feature.

A fault or a dyke is most suitable for this study because both 
are usually extensive, with known orientations, and many are 
associated with enhanced levels of mining induced seismicity 
(Cook at al, 1966). A longwall mining situation is best suited 
to the second requirement because of its relatively simple geometry 
and the fact that large mining induced stresses are imposed on the 
surrounding rock tnagg.

The major disadvantage of a longwall mining system is that the 
rock mass ahead of the advancing faces la usually inaccessible. 
Nevertheless, this disadvantage is outweighed by the compatibility 
of a longwall with the requirements of the project, consequently 
the search for a suitable site began on Western Deep bevels Limited.

2.1.2 Selection and description of monitoring site

Paw sites ware available on the mine because very few mine exca­
vations had been developed ahead of the advancing longwall faces.
A total of seven possibilities were investigated, and the 100/25 
Replacement Crosscut North area was chosen because it conformed 
best w  the requirements of the study.

The site is situated on the Carbon Loader Reef horizon at a depth 
of 2863 m below surface and some 3 km to the west of No.2 Shaft 
(Figure 2.5). A steeply dipping reverse fault with a strike 
of 30 degrees oast of north and a dip of 75 degrees to the south­
east had been exposed at two points in the area in 1978. The 
fault was found to have a downthrow of 36 to 40 m to the west 
and was evidently atill undisturbed by the 100/36 Longwall whioh 
was temporarily halted and situated about ISO m to the east (Figure 
2.1).

About 60 ai to the west of the fault, a dyke 10 to 15 m wide was 
exposed at. three plac s. The dip of the dyke is vertical, with 
a strike more or less parallel to that of the fault. Both features
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had an unknown seismic history and neither had been exposed in 
any other workings on the line. Although they were exposed at 
points less than 100 metre apart, it was clear that they were 
fairly extensive and therefore suitable for the study. The features 
were named the Elf Fault and the South West Dyke respectively 
by the Western Deep Levels Geological Department, which had mapped 
the area in 1978 when 100/2 'C Haulage and 100 Reef Drive Meet 
penetrated the features. This information was sufficient at 
the conceptual stage of the study but was inadequate for the 
detailed engineering character!zlation of the rook mass.

Underground Mapping
Unfortunately, the age of the tunnels, together with the fact 
that they had been supported with grouted rockbolts, wire mesh 
and lacing and then painted, rendered more detailed mapping im­
possible. More significantly, scanline surveys of rock structure 
could not be carried out because of the above conditions. Detailed 
structural mapping of the rook mass was therefore only carried 
out on the cores recovered from the stress measurement boreholes. 
(See Section 3.1).

The major features such as the Elf Fault and the South West Dyke 
were still visible and these were re-mapped as accurately as 
possible where they were exposed. The work was done by off-setting 
the fault and dyke traces in relation to mine survey pegs with 
the use of a measuring tape. The attitude of the structures 
was determined by means of a olino-rule. The geology of the 
monitoring site is plotted in plan in Figure 2.1 While Figure 2.2 
is a perspective of the inferred geological structure ubove and 
below the monitoring site.

Geological description of exposed rocks
The rooks exposed at the monitoring azSe belong to the Randfontein 
Formation in the Central Rand Group, Witwatersrand Supergroup.
The Carbon Leader Reef is present in this formation and 1 ! the 
main economic horizon exploited by the mine. The reef is exposed 
ahead of the 100/38 Longwall in 100 Reef Drive West as well as 
in 100/25 Replacement Crosscut North (Figure 2.1). It has a more
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or lass conformoblo relationship with the surrounding rocks and 
dips at an angle o£ 21 degrees to the aouth-aouth-oaat.

The rocks underlying Carbon Leader ;'ae£ are known locally
as iootwall quarczlfcoi. They aro yellowish ̂ reen to grey msdium 
to coarse gruined quaitzitoo with occaaiona. icricite partinga 
and ocattorod grit bands. This quartzieo grades aiowiy with 
depth into ohaly quartz!tea and shales e>f the Jeppestown Formation, 
West Rand Group, which is defined tn begin at the base of the 
North Loader, some 15 n below tltQ Uairbctt Loader Reef.

The reeC icsoIC varien Zeen 0 to 30 cm in thictiiooa in the tm l~  

toring alee atoa. It conaibto of cleooly packed, well •'ounled 
Acall t» noduip quarts pebWcn act in a daife groy matrix of quartz- 
ifeic onapoaitioni Fyritc ninoralisation end occeniM'al carbon 
axa preoont in the eatrix.

Icacdlaeo'y overlying the soe£ io 2 a e2 light grey fine eo ncdiujs- 
grainod Richly ollicoQiia quarts!!-). Cve,:lyiag this quartslte 
ia the 3 a Lhick layer of dark flrconinfc grey ohloritoid shale 
called the Green 3ar. Kuo layos in notoriouo for its r81e in 
eroatxng bad Raagingwall eandieiona in ebo ainQo 62 tho Carlston- 
vtllo Goldftold, tiiove the Orcen Bar lies a thick succession 
of greonifA g&oy rediusi to cearo# graino-S quarteitan with occaQional 
pebble >?atv.lB and aerAeitc parkinqo, Tht>no arc rbierrod ta as 
MngingwaJl quartaieeo. Tho Vontcrodorp Contact Reef liaa some 
900 n above Bho Carboa Leader Poof, and providoo the oaeend most 
iHportant source a t  c tc to tho Kinc.

The strata aro dia^isced by the Elf Pavlti and intruded by the 
South West Dyka dotjeribed above. Tho fault plane contains about 
10 cm of mylonifcisiad quartzite and furtihar north ia intruded 
by Btringera of igneous material. The South Meet Dyke is a Zina 
grained , massive rock o£ ondonitic eompoeXtioni probably of 
Ventersdorp ago. Both Eoabures are parallel to tho major north- 
north-east south-eouth-waafc structural trend pxaaant ,n the Carle- 
tenvilie Coldfield. Tho Georgette Dyke, which is orientated 
along a direction approximately 15 degrees south of east intersects 
both features about 330 m to the north-east of stress monitoring



positions (Figure 1,2). This dyke has a downthrow of 24 m to 
the north and has been left as a pillar because of mining diffi­
culties associated with it. It is of similar composition to 
the South West Dyke and is probably also of Vontersdorp age.
No other significant geological features are present in the site

Mining in the monitoring site.area
The long-term mine plan showed that the 100/38 Longwall, if advanced 
at the mine average of 10 m per month, would reach the Elf Fault 
some 16 months after June 1984, when mining was expected to re­
commence. The overall longwall line was more or less parallel 
to the fault and dyke, which resulted in their being subjected 
to more or less uniform mining induced stresses for some 250 m 
along strike. This provided soma flexibility in the placement 
of measuring instruments.

It was clear from the geometry that the fault would at all times 
be exposed to larger mining induced stress than the dyke as a 
result of the approach of the 100/39 Longwall (Figure 2.1), This 
consideration singled the fault out as the feature to be monitored 
during the period that the longwall advanced towards it.

The geometrical simplicity of the situation had the additional 
advantage that a less elaborate arrangement of instruments would 
be sufficient to carry out the measurements. The main disadvantage 
of the site was its remoteness, which introduced problems such 
as access and the reliability of compressed air and water supplies.

2.2 Measurements Planned for the Study

Most of the structural features developed in a rock mass are 
thn result of the presence of stress. Consequently, the response 
of a rook mass at depth to any activity whether human or natural 
is almost purely driven by the ambient or changing stress field.

a.,uraments are therefore of central importance to the 
stL.u Jther important measurements include the deformational 
response of the iock mass to the changing stress field.



These embrace seismic monitoring and underground levelling together 
with visual checks of other evidence of rock mass deformation. 
Measurements of elastic bonfltants of intact rock material were 
planned so that stresses could be estimated from the measured 
strains. This information, in conjunction with rock mass character­
ization was used to estimate the elastic constants for the rock 
mass. More detailed descriptions of stress measurements, seismic 
monitoring and rock mass deformation measurements follow below.

2.2.1 Stress measurement program

The planned program for stress measurements consists of three

i) initial stress measurements for absolute stress data;
ii) stress monitoring to obtain change of stress data;
iii) final vtress measurements, to provide absolute stress data 

in the situation where the longwall had reached , / J a u lt .

The three phases follow on from one another, beginnifv: fh the
first and ending with the third phase. ,l'1 1

The initial stress measurements define the stress state at the 
beginning of the project, to which are added I ' the principal 
of superposition the stress change data from the second phase.
The third phase measurements provide a check on the stress change 
measurements as well as a comparison with data derived from the 
numerical analyses.

2.2,2 Seismic monitoring

The fault has no history of seismic activity whether natural, 
or induced by mining. The geometry of the situation, together 
with the steep dip of the fault auggests that mining induced 
seismicity may occur. Any seismicity that occurs in the area 
is recorded by the mine wide seismic system. This information 
provides a tool with which deductions about the stability of 
the fault can be made.



An underground levelling survey was planned to supply information 
on fault and rook mass movements in response to the mining induced 
stresses. Visual checks on fault movement such ag the dislocation 
of paint strips across the fault plane traces in the underground 
excavations were planned to supplement the levelling data. Any 
other large scale movements visible in the excavations were to 
be recorded if and when they occured. The deformation data would 
assist in assessing the stability of the fault when subjected 
to mining induced stresses.

2.3 Description of Equipment

Equipment and instrumentation for the measurement of absolute 
stress, the monitoring of mining induced seismicity and underground 
levelling was available at the cutset. This equipment and its 
operation is described briefly together with the limitations 
of tioth the equipment and the data derived from it. Instrumentation 
to measure long term stress changes was not available. The equipment 
selected and purchased is described in detail in Section 2.4.

2.3,1 Absolute stress measuring equipment

The absolute stresses at the beginning and end of the project 
were measured using the CSIR biaxial strain gauge-based system 
described by Leeman (1965b). Ihis system was designed specifically 
fot rock mechanics applications and results derived from it since 
its introduction in the early 1960's have enjoyed wide acceptance.

The CSIR biaxial stress measurement system 
The equipment consists of three main, components, namely> the 
digital strain raster, the axraln call installing equipment and 
the biaxial or "Doorstopper" strain cell. It is shown schematic­
ally in Figure 2.3.

The digital strain meter and manual point selector is manufactured 
by Hottingor Baldwin Messtechnik of West Gevmany. Connected w.,th
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the manual point selector a total of ten individual strain gauges 
can be measured by switching from one to the next. The strain 
gauge to be measured is connected in series in the installing 
tool to a "dummy" gauge glued to a piece of rock similar to the 
rock in which the measurements are being carried out. In this 
way temperature effects are eliminated. The two gauges form two 
limbs of a Wheatstone Bridge which is completed in the manual 
point selector by the addition o£ another two limbs with known 
resistances. This system enables the strainmeter to measure 
strains to the nearest microstrain with precision.

The digital strainmeter comprises a strain meter circuit which 
measures the vo lta g e  across the formed Wheatstone Bridge, a measur­
ing amplifier and integral digital indicator, all of which are 
powered by built-in rechargeable battei’ies. The manual point 
selector consists of resistance circuitry to make up the remaining 
limbs of the Wheatstone Bridge circuit and a series of switches 
with highly reproducible transfer resistances. This reduces 
the error of measurement to a minimum when switching to different 
gauges. The output of the equipment is in the form of microstrain, 
which can be used directly when calibration to compensate for 
connecting cable and installing tool resistances has been carried

The installing equipment consists of the installing tool, aluminium 
rods and connecting cable. These are all detailed by the CSIR

The strain cells and their construction are described by Pallister 
(196$). Sinus that time the original three gauge rosette has 
been replaced by a TML PQ10 four-gauge rosette manufactured by 
Tokyo Sokki Kenkyujo Limited of JaL ... This has allowed the 
individual measurements to be assessed for error (Section 3.2). 
Individual strain colls can be used only once, however their 
low cost enables many meaaurejiients to bti taken without seriously 
affecting the total cost of a strain relief measurement program.

Measurement procedure
The measurement of absolute stresses in situ, using the CSIR



b ia x ia l strain cell, is carried out by the overcoring method 
which is illustrated in Figure 2.4. The rationale behind the 
technique is simple. Vhen a borehole is drilled by diamond rotary 
coring methods into a stressed rock mass the core that is removed 
is no longer subject to the ambient stress field. As a result, 
it will expand or contract slightly, depending on the nature 
of the stress field it has been removed from. If the strain 
in the core is known both prior to and after its removal from 
the rock mass, the difference between the two strains can be 
used to estimate the stress. The strain difference is called 
a strain relief because it is the result of the relieving o f 

stress in the core by extending the borehole beyond the measurement 
point. This process is called overcoring and gives the technique 
its name. Details of the practicalities of obtaining strain 
relief data are reported by the CSIR (1966) and Pallister (1969).

The strain reliefs are then used to estimate the stresses present 
at the end of the borehole using relations available in solid 
mechanics theory. These stresses are not equal to the stresses 
acting within the rock mass but are related to them by the following 
equationsi-

3

Where a, b, and c are stress concentration factors, ov og, and c; 
are the principal stresses in situ and a [ and Og are the princi­
pal stresses measured at the borehole end.
The above relations are given assuming that the borehole is aligned 
parallel to the minor principal stress. The stress concentration 
factors are still the subject of research because they are sensi­
tive to a number of variables, the effects O'f which have as yet 
not been completely explored. The individu,' . is theruftre left 
to ascertain empirically the values of strips concentration factors 
best suited to the conditions under which the measurements were 
made. This aspect is dealt with in Section 3,4.2.

The stress state in two dimensions only is determinable from 
measurements taken in one borehole. The three dimensional stress 
tensor is obtainable from two non-parallel boreholes if these
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Figure 2.4
Example o f overcoring technique

Jtt mum*.



have been drilled along principal stress directions, generally, 
measurements must be carried out in at least three non-parallel 
boreholes in order to determine the three dimensional rock stress 
tensor (Gray and Toews, 1968).

Limitations of equipment and technique
The strain measurement equipment is complex and operates on low 
voltages and currents. It is therefore sensitive to temperature, 
humidity and the ingress of moisture, which can introduce unneces­
sary error into the results. The equipment should be stored 
on surface when not in use underground to avoid these complications.

At least two, and generally three boreholes must be drilled to 
determine the three-dimensional stress tensor. This often limits 
the number of prospective sites from which the measurements can 
be done. It also introduces variability into the results because 
stress is Usually not uniformly distributed throughout a rook 
mass, especially in areas where fracturing and differing rock 
types are present. Typically, the rock stress tensor is determined 
with an error of 20% when using this technique (Pallister, 1959).
The errors that arose during the measurements and their sources 
are detailed in Section 3.2.

2.3.2 The seismic monitoring system

Western Deep Levels limited has operated a seismic monitoring 
system since 1974. It is capable of locating any seismic event 
with a Richter Magnitude of 0,0 or greater that occurs on the 
mine property, with an average accuracy of 50 metres. The pur­
pose of the system is to provide mine management with a tool 
to direct rescue efforts in cases of damaging seismic events 
as well as to help identify areas and geological features that 
are hazardous to mining from a seismic point of view. The data 
are also used for statistical and research purposes.

The energy emanating from a seismic source is registered by a 
total of sixteen geophones and accelerometers located at the 
positions Shown in figure 2.3. These are linked to a Hewlett- 
Packard HF1000 computer system on surface by a cable network
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as shown in the schematic layout in Figure 2.6. A seventeenth 
geophone, positioned on surface is used to  determine the energy 
released by each event and hence its mag. Itiide.

Location procedure
Once tH seiiamio traces have been transmitted to surface they 
are translated to digital information and stored temporarily.
Members of staff at the Rockburst Project then call the seism ic  

traces for a particular event to a screen in order to determine 
the p- ana .3- wave onsets for each gaaphcne or acceleromecer.
This itiformaticn is then read by a location program which de­
termines the position of the source of the seismic energy in 
terms of the mine co-ordinate system. The located event is then 
transferred to thei computer-run data base.

Limitations of the system
The computer digitizes all the incoming seismic traces 8rom a 
single event for two seconds. If more than one seismic event 
occurs within this period, their traces become mixed in the tempo­
rary storage and a location is usually impossible from the infor­
mation received. About 0,24 of the seismicity is lost this way.

The Carbon Leader and Ventersdurp Contact Reef horizons are both 
exploited by the longwall system which offers few opportunities 
of locating sensors ahead of advancing longwall faces. Seismicity 
that occurs on the eastern and western extremities on the mine 
cannot be located with an accuracy of less than 50 b> because 
most of the events lie beyond the sensor network. The error 
of the locations in the monitoring site area <vas affected by 
this phenomenon until an accelerometer was placed there. Location 
accuracies then improved to about 30 metres.

Most of the seniors are copianar, and this can sometimes lead 
to large location errors in the vertical* Tlis location aocvr.'cy 
of the system makes it difficult to implicate a particular structure 
from the event location alone. Visual inspection underground 
is always necessary to confirm a location if a particular geologi­
cal feature is suspected of being the source.

#
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2.3.3 Levelling equipment

A Kony Hi 007 automatic precision level fitted with a micrometer 
and automatic compensator was used. The level is capable of 
levelling to an accuracy of +/- 0,5 mm over 1 km when using gradu­
ated ijfovar levelling staves.

The invar staves were suspended by a spherical hall and seat 
arrangement attached tu a series of rockbolts that were installed 
in vertical drillholes above 100/2 'C Haulage West (Figure 2.7). 
The length of the profile levelled was 2)0 ro. The anchor points 
.'of the,rockbolts were on average 2,5 m above the haulage roof,where 
effects such as bidding separation were expected to be very small.

Measurement procedure
l‘he rise and fall method of inverted levelling is employed in 
which the relative elevatiQ.is of two rock anchors are determined 
with the level- This procedure is repeated until all the anchors 
in the traverse have been coveted, at which point the process 
i ' \ repeated in a uauk traverse until the starting point has been 
je*.»«hed<

1 LtiiiRistiohs of procedure
yij) the measurements are relative, and in the vertical sense 
iShiy., |'lo horizontal movements can be measured using this method.

2.4 iHi.'eas Change Measurement Equipment

Stiresd monitoring is of central importance to the project, and 
this n<'ixaaitated careful consideration of the available inatru- 
mentMKi: before a choice could be made, The instrumentation
for Vrtvtf'tyfound application is first reviewed briefly and the 
reasons i’.t the choice of the I RAD vibrating wire strassnu-ter 
systam.aw then discussed. Tlie equipment selected is then de- 
scribed'f together with particulars of its installation and oper­
ation. Finally the limitations of the instrument are discussed.
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2.4.1 Brief review of stress change measuring instruments

0Leeman (196!jb) noted that prior to that date most borehole stress 1 ■
measuring Instruments had been developed specifically for the
measurement of stress changes, and that a few had been designed
for the measurement of absolute stress. He divided the instruments
into three broad classifications according to the quantities
they measured as follows;-
i) borehole deformation gauges ; ■;
ii) borehole inclusion stressingters y
iii) borehole stj tin gauge devices. fi ■
This review is based upon the above three classifications, and
locally available instruments falling into each class are dis- ; 1
cussed. ! ,

Borehole deformation gauges
Borehole deformation gauges include the CSIR triaxial strain 
cell described by Leeman (1968), the USBM borehole! deformation 
cell described by Merrill (1967), and the CSIRO hollow inclusion 
stress cell described by Worotniki and Walton (1976). All the 
gauges listed were designed specifically for the determination 
of the absolute stress by the measurement of strain reliefs ir 
the rock annulos surrounding the borehole in which they are in­
stalled.

Change in street ,n a rock mass results in a corresponding change 
in strain, which could be measvred by these instruments. Pariseau 
(1978) and Amadei (1985) have described solutions for the as­
sessment of in-situ stress changco from measured borehole defor­
mation changes.

The gauges discussed have the advantage that a single gauge is 
capable of sensing biaxial stress changes in the case of the 
USBM borehole deformation cell and triaxial stress changes in 
the case of the CSIR and CSIRO cells. However all these gauges 
are complex, and were not designed to withstand long term exposure 
to harsh cendihiws. Amadei (1985) hints at this by proposing 
a device based on the principles of the CSIR and esifio cells, 
but capable of long-term reliability and stab' lity with respect 
to oreep, temperature and moisture.



Borehole inclusion stresametera
This type of instrument comprises a stiff element which is wedged 
into a borehole either by mechanical or hydraulic means. Changing 
stresses result in a deforming rock - borehole - gauge system 
which can be monitored by measuring deformations in the gauge. 
Stress changes in the surrounding rock mass tan then be found 
by functions relating gauge deformations eo rock stress changes.
A number of examples of this type of gauge are describe" by teaman 
(1965b) and Obert and Duvall (1967).

ffte vibrating wire stressmeter described by Hawkes and Hooker 
(1974) and Sellers (1977) is an example Of a borehole inclusion 
stressmeter that has become commercially available because of 
its success in use. It has the advantage of being tough and 
reliable, exhibits little or no drift in the long term and can 
be used in a wide variety of circumstances. It is disadvantaged 
by being sensitive only to uniaxial stress changes.

Borehole strain gauge devices
The only instrument of this type locally available is the CSIH 
biaxial strain cell discussed earlier. This cell was designed 
to measure absolute stress and would tend to suffer the same 
disadvantages as the borehole deformation strain cells.

2.4.2 Selection of the vibruting wire stressmeter

Mining in the monitoring site area indicated that stress change 
measurements would be necessary for a period of at least eighteen 
months or longer. This meant that the Instrument chosen would 
be exposed to the harsh underground environment for this period, 
and may furthermore bo subjected to the shocks from mining induced 
seismicity.

The requirements for such an instrument are that it should be:- 
1) tough and reliable;
ii) resistant to humidity, corrosion and temperature;



t v ) capable of sens ing  sm all stress changes while at the same 
time having a largo range;

v) installed without undue difficulty;
vi) able to measure at least biaxial stress changes.
The borehole deformation strain cells would meet the first requirement
as well as the last three. Since the CSIR and C5IHD cells re '.y

on an epoxy resin for borehole deformation measurement, the performance
o£ these glues must be called into question especially when used
in a hot moist environment, where the distinct possibility exists
that they may lose their strength in the long teem. Furthermore,
the stability of the gauges in the long term is questionable
as is their resistance to moisture. The same arguments apply
to the CSIR biaxial strain cell. The USBH borehole deformation
cell is at an advantage here because it does not rely on glues
for contact with the borehole sidewalls.

The vibrating wire stressmeter meets the first five requirements 
listed above, and the last requirement by installing thrae stress- 
meters in different directions in the same borehole. Sellers 
(1977) demonstrated clearly the reliability of the instruments 
in applications varying from longwall coal mining to out and 
fill stoping and block caving mining environments.

Since all the other instruments reviewed would introduce a real 
chance of failure to stress change measurements in the long term, 
it was decided to use the vibrating wire stressmeter.

2.4.3 Description of the vibrating wire stressmeter system

The system was manufactured by XRAD Gage of Lebanon, Hew Hampshire, 
U.S.A. and consists of the strensmeters, installing equipment 
and readout instrumentation.

She vibrating wire atroaameter
The transducer conoists of a thick-walled cylinder across which 
a high tensile steel wire is tensioned. The construction is 
shown in Figure 2.8. It is wedged into a borehole by the wedge 
and platan assembly shown, and any borehole deformation causes



Figure 8.8
Construction o f vib ra ting  wire s tressm eter 

(A fter Hawkes and Hooker, 1974)



the stressmeter body to flex much like a proving ring, which 
in turn brings about changes in tension in the wire.

If excited in some way,,the wire will vibrate with a frequency 
related to its tension, much in the same way as the strings of 
a violin. The period of the wire, that is the time it takes the 
wire to complete one cycle of vibration is related to its tension, 
length anil density jay a relation given in Hawkos and Hooker (1974). 
The vibration pe'̂ iod of the tensioned wire is determined by an 
electronic instrument described below.

The stress changes in the rock are represented by changes in 
the vibrating wire period, which Increases positively with an 
intiresr sssive stress. The gauge is unidirectional,
that i _>e only uniaxial cock stress changes in a di­
rection .it with that of the tenaioned wire. The uniaxial
stress change that may take place in a rock mass is related to 
the initial vibrating wire period T0 taken at time tQ, and the 
period T taken at time t by the equation (after Hawkes and Hooker, 

...
wnere 4or = uniaxial rock stress change in the direction o£ the 

vibrating Wire stressmeter;
a " dimensionleas svretis sensitivity factor given by 

a « 9,4 - 0,0?3er where Br is the rook modulus of 
elasticity in GBa;

To ■ initial vibrating wire period reading in seconds;
T » '“3 wire period in seconds measured at time t.

The wire is tenaioned by the manufacturer to vibrstts with a period 
of 150 to 220 x 10-® seconds when the gauge ie ’irtduformeti. The 
maximum period that can he xeliably measured in 450 x 10~® seconds. 
The maximum Usable range of the stressmeter thus lies between 
those f-o extremes, wtiich represents a maximum measurable uniaxial 
streua change of 97 MPa if set in a rock mass with a modulus 
of elasticity of 60 tiPa. If biaxial and triaxial stress changes 
are required, a minimum of khr̂ e and six gauges respectively, 
each set in a different direction, are necessary.



The qeuge itself is relatively insensitive to temperature changes 
because the tensioned wire and the gauge body have similar coef­
ficients of expansion. When the strassmeter is set in a rock 
mass whose temperature is changing, a correction is required 
to account for the different coefficients of expansion of the 
rock material and gauge body. If required, the strassmeter is 
equipped with a thermistor that works on the Wheatstone Bridge 
principle in order to measure temperature changes. The correction 
factor in the vibrating wire period for temperature changes in 
most rocks is roughly -0,2 x 10-® seconds for each 6C rise in 
temperature (Sellers, 197>).

The gauges ere designed for use in a standard EX diamond drilled 
borehole. They are simple, tough, moisture and corrosion re­
sistant, and reliable. Further details of manufacture and per­
formance are given by Sellers (1977).

Tho installing equipment
The installing equipment used is hydraultcally operated. It 
consists of a pump, pressure gauge, hydraulic cable with reel, 
setting sods and a hydraulically operated setting tool. The 
complexity of this equipment renders it impossible to lie illus­
trated effectively, and the reader ia referred to Sellers (1977).

The setting tool holds the gauge and wedge assembly to be installed 
in a borehole in a split cylindrical housing at the front. A 
shear rivet holds the wedge assembly together which in turn is 
linked by a pin to the hydraulic piston assembly. The function 
of the tool is to permit correct orientation of the gauge and 
wedge assembly in the borehole, to pull the wedge back to provide 
diametral expansion of the gauge-wedge assembly to affix it in 
the hole, and to disengage the pin mechanism from the wedge so 
that the setting tool can be -etractad from the installed gauge.
The procedure is carried out by operating the hydraulic pump 
at the borehole collar. The process of setting a gauge in a 
borehole is illustrated schematically in Figure 2.9, and described

No provision is made for orientating the gauges accurately in
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Figure 8.9
Vibrating wire s tressm e te r setting  procedure



the borehole, however i ie installing rods are fitted with bayonet 
type couplings which maintain a precise rod-to-rod orientation.
The coupling of the last rod protruding from the borehole when 
the setting tool and stressmeter are at the installation depth 
is thus used as a reference for gauge orientation,

Vibrating wire stroaaaeter readout
The readout instrumentation was originally designed for use in 
coal mines. This necessitated the development of an intrinsically 
safe electronic system for "plucking" the wire and then measuring 
its natural period of vibration.

The requirements resulted in a sophisticated electronic system 
which emits pulses of varying frequencies, and detects the result­
ing response of the tenaioned wire. As soon as a pulse of fre­
quency equal to the wire vibration frequency is emitted , and 
a response is obtained, the circuitry "locks on" to this resonant 
frequency and provides further pulses until the wire vibration 
is of sufficient amplitude to permit the measurement of i.j period.
A hundred cycles of vibfation are then timed and the period, 
in units of ICT® second, appears on the digital display. An 
extremely stable and accurate crystal oscillator is built into 
the circuitry for timing purposes which means that the display 
readings are of an absolute nature, with no compensation required. ^

The readout unit is built into a rugged waterproof box and is 
powered by rechargeable batteries. A readout unit manufactured 
by a rival manufacturer together with a vibrating wire stressmeter 
and wedge assembly are shown in Figure 2.10,

2.4.4 Stressmeter installation and monitoring

Installing and monitoring strassmeters is relatively straight­
forward. The seeps taken to install a stressmeter are briefly 
listed belcwt
i) drill a standard EX (18 mm diameter) borehole to the desired 

depth, A maximum of 35 m is possible with the available 
equipment



Figure 8.10
Vibrating wire readout box with s tressm eter





ii) clear the borehole of any debrla usic.g /vater or compressed

iii) take the vibrating wire period reading of the stressmeter
to be installed

iv) thread the stressmeter cable through the setting tool
in grooves provided, and when complete mount the stressmeter 
in the split housing at the front

v) connect wedge assembly to retracting pin assembly and 
retract pin by activating hydraulic pump gently until 
platen rests firmly against setting •ool housing

vi) insert setting tool and vibrating wire stressmeter assembly
in borehole/ and push up to desired depth ,

vii) connect readout unit to protruding stressmeter cable and 
switch readout on

viii) orientate stressmeter in desired direction
i.x) activate pump, this causes hydraulic system to retract

wedge further, wedging stressmeter in borehole. The vi­
brating wire period reading should increase while this 
is occuring as the stressmeter becomes compressed by the 
wedge. The pressure gauge reading should also increase

x) . continue to slowly increase prat-sure with the pump until
the shearing rivet ia sheared off. This event can be 
clearly observed by the sudden drop in the hydraulic pressure 
reading on the gauge

xi) continue to increase pressure slowly until the vibrating 
wire period reading is 10 to 20 x 10~6 seconds greater 
than the reading taken before the stressmeter was inserted 
in the borehole

xii) release pressure in the hydraulic system by opening the 
valve on the pump.

The stressmeter should be firmly wedged in the borehole and the 
setting tool free to be removed. A maximum of three stressme-uers, 
set in differing directions can be set in one borehole in this 
why. It is assumed in the method described that the stress changes 
ti) be measured are compressive. If tensile stress changes are 
expected, the stressmeter should be compressed to a greater extent 
by retracting the wedge further in order to prevent the gauge 
from coming loose at an early stage.



The vibrating wire period reading taken at the time the getting 
tool is iemoved Crcitn the hole is known as the "lock-off" reading 
and should be recorded for reference. There is usually a settling- 
in period ranging from a few hours to a few days in which the 
vibrating wire period readings are observed to drop slightly.
The stresameters should be monitored regularly during this period 
in order to identify the print at which settling is complete.
This reading is then taken as the initial period reading, and 
all subsequent readings and stress change calculations are made 
with reference to it.

Subsequent monitoring of installed stMPsmuterb consists of regular 
visits to the boreholes where the vibrating wi.vcv , -riod readings ■ 
are taken and recorded. This operation is simple and no special 
skills are required.

2.4.S Limitations of the equipment

The term stressmeter implies that the gauge should be capable 
of measuring stress change in a solid medium without any knowledge 
of its elastic properties. Zeeman (1965a) investigates this 
aspect and shows that if the stressmeter-rock modulus ratio is 
greater than five, only an approximate knowledge of the rock 
mass modulus of elasticity is necessary.

The modulus of elasticity of the quarteites at the monitoring 
site is of the order of 70 GPa while that of the vibrating wire 
stressmeter was calculated to be 130 GPa (after Hawkes and Hooker, 
1974). The criterion given by Leeman (1965a) is therefore not 
met, and an accurate knowledge of the rock mass modulus of elastici­
ty is necessary.

The degree of accuracy required is demonstrated by the set o'f 
curves presented in Figure 2.11. They were determined by assuming 
the rock mass modulus of elasticity is known with a certain per­
centage error, and then determining the corresponding error ire, 
the stress sensitivity factor introduced by Hawkes and Hooker 
(1974) and presented earlier.

.* - ..x* ...ft. A  asws L . . ,..i
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The curves show that if the atressmetera are sot in stiff rocks 
the modulus of elasticity must be known with increasing accuracy. 
This is often an impossible task because of the well known vari­
ability of the static elastic constants of rock.

If an error of stress change determination of 20 per cent is 
acceptable, and the modulus of elasticity of the rock can be 
determined with a 10 per cent error, then the use of the atress- 
tjfcîer should be confined to rocks with elastic/1 moduli of less 
than 64 GPa. The possibility of-measutAnv stress changes in 
the South West Dyke was therefore not considered because the 
intact rock material was found to have an elastic modulus of

A further limitation o£ t}ie stressmeter is its ability to measure 
uniaxial stress changes only in the plane perpendicular to the 
borehole axis. Biaxial stress change measurements are possible 
by setting a minimum of three gauges in one borehole, while tri- 
axial stress change measurements require a minimum of nine gauges 
set in three non-'parallel boreholes.

2.5 Design of Borehole and Instrument1 Layout

A triaxial rock stress tensor determination using the CSIR biaxial 
strain gauge based system generally requires the measurement 
of strain reliefs in at least three nonpareils! boreholes (Gray 
and Toews, 1968). In the special cse where the principal stress 
directions are known, a minimum of twa boreholes drillod along 
principal stress directions are sufficient.

Additional requirements are that the measurements should be carried 
out in relatively unfractured rock remote from extensive mining 
excavations; adequate supplies of compressed air and water should 
be available; the working conditions Should be safe; the borehole 
and drill machine positions should cause t&e.minimum of inter­
ference with routine mining operations; and negligible mining 
induced stress changes should occur during the course of the 
measurement program^

.1



The curves show that if the etressmeters are set in stiff rocks 
the modulus of elasticity must be known with increasing accuracy. 
This is often an impossible task because of the well known vari­
ability of the static elastic constants of rock.

If an tfror of stress change determination of 20 per cent is 
acceptable, and the modulus of elasticity of the rock can be 
determined with a 10 per cent error, then the use of the stress- 
meter should he confined to rocks with elastic moduli of less 
than 64 GPa. The possibility of measuring' atre'tis changes in, 
the South West Dyke was therefore not considered because the 
intact rock material was found to have an elastic modulus of 
95 GPa. / ■

A further limitation of the stressmeter is its ability to measure 
uniaxial stress changes only in the plane perpendicular to the 
borehole axis. Biaxial stress change measurements are possible 
by setting a minimum of three gauges in one borehole, while tri- 
axial stress change measurements require a minimum of nine gauges 
set. in three non-parallel boreholes.
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2.5 Design of Borehole and Instrument Layout

A triaxial rock stress tensor determination using the CSIR biaxial 
strain gauge based system generally requires the measurement 
of strain reliefs in at least three nonparallel boreholes (Gray 
«md Toews, 1968). In the special case where the principal stress 
directions are known, a minimum of two boreholes drilled along 
principal stress directions are sufficient.

Additional requirements are that the measurements should be carried 
out in relatively unfractured rock remote from extensive mining 
excavations? adequate supplies of compressed air and water should 
be available? the working conditions should be safe; the borehole 
and drill machine positions should cause the.minimum of inter­
ference with routine mining operations? and negligible mining 
induced stress changes should occur during the course of the 
measurement program.



in fct-e case of the stress monitoring prtjoram the two major require- 
mentf/are that readily measurable stress changes are induced by 
mining while at the same time safe and easy access to the measuring, 
boreholes is maintained. The nature of the project and its conflict­
ing requirements imposed each severe limitations on the choice 
of the measurement site that some of the requirements had to be 
compromised.

2.5.1'/ Borehole layout f

,phe borehole locations were controlled by the position of th'i, 
fault. The excavations in which they could be located were found - j 
to be 100 Reef Drive West and 100/25 Replacement Crosscut North 
(Figure 2.1). The return airway was rejected because fans and 
coolers were located at the fault exposure and the excavation 
was unsupported. Moreover, it was W  be abandoned as soon as 
mining induced stresses made it unsafe.

The crosscut provided access to the fault for some 200 m on strike. 
However, near its northern extremity, measurements would be diffi­
cult because of mining activity and the fact that the limitations 
of the stress measurement and monitoring equipment precluded 
their use in boreholes beyond 35 m in depth. Boreholes therefore 
orientated at 90 degrees to the fault strike would be necessary, 
but this would make assessments of the shear stress on, the fault 
plane impossible. Boreholes angled at say 45 degrees to the 
fault strike would result in stress and stress change measurements 
being made too far from the fault plane. This conclusion was 
drawn at the time because it was not known that the fault changed 
from a north-east to a northerly trend, as shown in Figure 2.1 .

The measuring site position was therefore located ahead of the 
southernmost panel of the 100/38 bongwall. This position was 
not considered to be ideal, but it did have the advantage of 
guaranteed long term access and minimum interference with mining. 
Furthermore, the instruments would not be Car removed from the 
reef plane in the vertical, and therefore the maximum stress 
changes induced by mining, as would have been the case further





Thti fault In this area is straddled foe about S m on either side 
by a zone of fairly intensely fractured rock, in which measurements 
would produce highly variable results. Measurements were planned 
in less fractured at least 5 m away from the fault plane
which meant that inference of conditions at the fault plane itself 
could best be made by averaging results obtained from both sides. 
This of course would never produce a clear picture of conditions 
on. the fault plane, but would provide an indication of the stresses 
transmitted to it by the surrd.tnding rock mass.

In order to eliminate the risk of shear dislocation of boreholes 
drilled through the ;£ault plane, three oh either side were planned 
parallel, at 45 degrees and perpendicular to the strike of the 
fault (Figure 2.12). The converging layout shown was chosen 
because it had the advantage of minimising stress and stress 
change measurement errors that may arise from the spatial variation 
of rock elastic constants and field stresses. Horizontal boreholes 
were specified beca-uae it. was expected that vertical stresses 
and stress changes would be largest and therefore measured with 
the smallest error.

Circumstances at the time of the commencement of the project did 
not permit the drilling of all six boreholes as planned. Mining . ■ 
of the 100/38 Longwall recommenced in June 1984 while an under­
ground drill only became available in August 1984, The absolute 
stress measurements were therefore in danger of being subject 
to increased error resulting from stress changes induced by mining.

Fortunately Leeman (1968) and Gay (1972) had ' th carried out 
absolute sf fees measurements about 3 km east and 3 km west of 
the monitoring site respectively. Their results, presented in 
Table 2.1 and represented graphically in Figure 2.13, show in 
both cases that the minor principal stress were both fairly close 
to the horizontal and lay in- directions parallel and perpendicular 
to the strike of the Elf Fault. The vertical stress at each 
site agreed fairly well with the theoretical overburden stress 
in both cases. These results enabled the autho me that
conditions were similar at the monitoring i conse­
quence that the two boreholes angled at 45 t the fault
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strike could be eliminated in ocder to speed up the absolute 
stress measurements. This compromise meant that the stress change 
measurements would only bo meaningful in the planes perpendicular 
to the remaining borehole axes, if the assumptions about the 
stress state in the vicinity of the Ell Fault were invalid. The 
borehole used to measure the final absolute stresses is situ­
ated next to and parallel to Borehole RBI

A horizontal cnqtrol borehole was located, to the west of the 
South Rest Dyke where mining induoud stress changes were expected 
to remain small for the duration of the project. - A single vibrat­
ing wire stressmeter orientated vertically was planned to measure 
mining induced stress changes in the far field where rock mass 

behaviour was expected to be elastic.

Thoi accelerometer was originally planned to be located in RB5.
She location had to be changed to KB8 because the new fan chamber' 
was to be relocated aext to RB5, where mechanical vibrations 
woyld interfere with the accelerometer output. The locations 
of all the boreholes appear in Figure 2.1.

2.5.2 Borehole sizes

The four boreholes drilled at the Elf Fault ar6 NXCU boreholes 
which produced core 72 mm in diameter from a hole 92 mm in diame­
ter. This size of borehole was chosen so that intact test specimens 
could be extracted from the oore parallel to the measurement 
directions for laboratory determination of the elastic constants*

The vibrating wire stressmeters require an EX borehole 38 mm 
in diameter. These holes were drilled as extensions to the NXCIT 
boreholes once the absolute stress measurements were completed.
The control borehole is a standard AX borehole from whictt an'
BX borehole was drilled to accommodate the stressmeter at the 
required depth. The accelerometer requires an NX borehole of



2.5.3 tr.'jtruraent layout

A oluatai. of three atressmetera set In the horizontal-45 degrees- 
vertical patx irn was planned for the EX extension of each strea.s 
measurement borehole. The distances between the atressmetera 
was set at a minimum of 0,2 m so that all were exposed to true 
borehole defol'mations. The layout for each borehole is shown 
in Figure 2,14. A thirteenth stressmeter was installed in a 
control borehole while a fourteenth was kept on surface as a 
reference.

2.5.4 limitations of borehole layout

The chief limitation of the borehole layout is that both stress 
and stress change measurements would be representative of con­
ditions on thti fault plane at the monitoring site only. Since 
it is close to the southern abutment of the longwall, the stress 
change patterns would not be representative of the fairly uniform . 
loading of the fault by the advancing longwall further to the 
north. As mentioned earlier, the geometry of the situation together 
with mining activity considerations prohibited the possibility 
of any further meaningful measurements from 100/25 Replacement 
Crosscut to the north of the monitoring site.

The layout as shown is capable only of secondary principal stri.ts 
change determinations in planes normal to the borehole axes.
Thus, incomplete stress change information was obtained, which 
could conceivably be misleading when assessing the fault stability 
as the longwall approached it.

2.6 Numerical Modelling

The monitoring site layout and the nature of the measurement 
results obtained necessitate the use of numerical modelling tech­
niques not only to provide background information to the measure­
ments but also to supplement them and provide a comparator for
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The MINSIM - D suite of computer programs developed for the South 
African Mining Industry by the Chamber of Mines Research Organization 
is most suitable for the analysis at hand. It is designed to 
analyse stress and displacements around the tabular excavations 
typical of most coal and gold mines in South Africa.

2.6.1 Description of the HINSIH-D stress analysis program

The suite of programs comprises two main processing programs 
named SOLUTION and BENCHMARK which are supplemented with data 
input and graphic output programs. The SOLUTION program generates 
closure and ride solutions for a particular mining georietry and 
the BENCHMARK program calculates stress and displacements at 
requested points on and around the mining excavations.

The programs are based on the theory of boundary elements which 
is applied to tiie mining layout and the assumption that the rock 
enclosing the orebodies behaves elastically. They are capable 
of application to single and multiple reef problems at any orien­
tation and at any depth. Dislocated reefs may also be modelled.

The main output is derived from the BENCHMARK program, and a 
wide variety of parameters are available to assess the state 
of stress at a benchmark point. These may be selected by the 
user to suit the needs of the problem being analysed.

MINSIM-D is described comprehensively by the Chamber of Mines 
Research Organisation (1985) as well as Ryder and Napier (1985), 
while the analytical model used to generate the required data 
is described in Section 5.1.

2.6.2 Limitations of the program

The programs are based on the assumption that the rock in which 
the mining is taking place is homogeneous, isotropic, linearly 
elastic and intact. The rock mass is further assumed to have 
infinite strength. Rockmass featv -as such as changing elastic 
constants both in space and time, discontinuities, layering,



intrusivea, anistropy, non-linear elastic behaviour and even 
inelastic behaviour after failure cannot be accounted for. Never­
theless, the information is still useful because comparisons 
with measurements provide some idea of the combined effects the 
features typical of all rock masses may have on their behaviour.

2.7 Concluding Remarks

The instrumentation used for the underground measurements was 
not compromised because of the severe demands placed on it by 
the conditions in use. Any inadequacies could result at best 
in spurious results and at worst in the total failure off the

The general inaccessibility of the rock mass ahead of advancing 
longwalls, the demands of mining and the conflicting requirements 
of stress measurement and stress change monitoring, forced a 
number of compromises in the underground layout off the instrumentation. 
As such, the stress measurements are not as complete as originally 
envisaged, and therefore greater reliance on numerical modelling 
was necessary than had been originally planned.



CHAPTER 3

INITIAL AND FINAL STRESS RESULTS

The prime object of this chapter is to report unbiased initial 
and final stress estimates for the monitoring site. The estimates 
are based on strain relief readings, rock elastic constants and 
rockmase structure as well as observations of the prevailing under­
ground conditions. First the borehole logs and the resulting 
rockmasa characterization are discussed, after which the strain 
relief readings are presented and analysed. The laboratory deter­
mination of rock elastic constants is covered and then the initial 
and final stress estimates are given. These are in good agreement 
with stresses resulting from the overburden weight, in keeping 
with several other in situ stress measurements carried out in 
deep gold mines.

3.1 Borehole Logs

Detailed logs of Boreholes RBI to RB5 were kept in order 
information of the nature of the rock mass in the monifct /
site area. Descriptions of the rock mass features observed-«... - ' 
the core conform to the standards laid down by the Cere Logging 
Committee of the South Africa Section of the Association of Engineering 
Geologists (1976). The logsheet designed for the purpose is similar 
to that described by Page et al (1976), with modifications to 
suit the data most relevant to the project.

Particular attention was paid to the description of discontinuities 
because they have a strong influence on the elastic properties 
of the rock mass. An attempt was made to classify each disconti­
nuity according to its origin. The classes chosen were mining 
induced fractures, fractures that developed during the drilling 
process and natural discontinuities that were present ih the rock 
prior to mining. The letter class was further subdivided according 
to the nature of the discontinuity, for example faults,



joints, bedding planes and geological contacts between different 
rock types. The frequency in each discontinuity class present 
together with the general inclination range weee noted for each 
metro of core. Other features such as filling in discontinuity 
planes, discontinuity surface roughnaes, spacing and the number 
of discontinuity sets were noted.

Assessments o f material recovery, core recovery and RQD (Deere,
1964) were made for each drilling run. A geological description 
of the core and notes of rock mass classification were allotted 
space on the right hand aide of the log sheet, "he completed 
borehole logs appear in Appendix A, while the major features of 
the rook mass deduced from the borehole logs appear in Table 3.1.

3.2 Strain relief data

Four s ain relief measurements spaced directionally at 45" to 
each other are obtainable from the "Doorstopper* strain cell.
This facility provides the researcher with a tool to assess the 
error inherent in the strain reliefs, and a mean? of averaging 
the "..orroal and shear strains derived from each over cored strain 
cell. Typically, errors are fairly large and are therefore the 
subject of detailed discussion. The analysis that follows first 
deals with a means of rejecting certain measurements and finally 
considers the accepted measurements.

3.2.1 Definition of quantities measured

Before coimencing with the analysis, ih is neosssary to define 
a standard applicable to all the stress and strain analyses throughout. 
As far as the notation of stress and strain components are concerned, 
the standard rook mechanics convention is applied (Jaeger and 
Cook, 1979).

The stresses and strains in each borehole are described with reference 
to a set of Cartesian axes as shown in Figure 3.1 a and h, which 
lie perpendicular to the borehole axis, and are viewed from the 
borehole cellar. in all cases, the x axis ia horizontal, the



l’ABI.8 3.1 SUMMARY OF MAJOR ROCK MASS CHARACTERISTICS

BOREHOLE
AVERAGE

AVERAGE
FRACTURE
FREQUENCY

TUNNELING
QUALITY

ROCK MASS 
RATING ROCK MASS QUALITY

1 8 73 Fair to good 
quality rook mass

RB2 6 Pair to good 
quality rook mass

49 5 Fair to good 
quality rock mass

RB4 7 Fair to good 
quality rock mass

RB5 2 10 Fair to good 
quality rook mass

+ Natural fractures only - mining: induced fractures ware Ignored 
* NOI Tunnelling Quality Index (Barton et al 1974)
** Geoitechanics Classification of Jointed Rook masses (Bieniawski, 1976).



Note: Subscript e refers to  birehole number

a: Borehole system  o f axes and stress com ponents 

as viewed fro m  co lla r

(assumed vertical)

b: Definition o f gauge correction  angle

Figure 3.1
Sketch defin ing borehole system s o f axes, stress 

com ponents, and gauge co rrection  angle



y axis is vertical and positive angles represent anti-clockwise 
rotations from the x axis. The subscripts refer to the borehole 
for which each coordinate system has been defined e.g. xj, refers 
to the x-y axis system in the plane of borehole RBI.

The vertical gauge of a proparly orientated strain cell should 
coincide with the y - axis as defined above. It was found that 
the orientation device in the installing tool permitted deviations 
of up to 16 degrees. An angular error of this magnitude was considered 
significant and some means of correcting it was sought. When 
Aroldite slow-setting epoxy was used, a bead of excess glue formed 
ac the bottom of the strain cell and flowed downwards before setting. 
It was assumed that the glue bead, shown in Figure 3.2, represented 
the true vertical, thus allowing the true orientation of the strain 
cell to be measured in relation to it. The angle of deviation 
from the vertical was termed the gauge correction angle 6C and 
was taken positive when the vertical strain gauge had been displaced 
in an anticlockwise direction from the true vertical.

3.2.2 Raw strain reliefs

The raw strain relief data are presented in Table 3.2. The strain 
reliefs are all normal strains measured in four directions denoted 
the horizontal, 45*, vertical and 135* directions. In order to 
relate these directions to the defined systems of axes, the gauge 
correction angle must be introduced (Figure 3.1b). This angle 
was obtained from each overcored strain cell by measuring the 
angle between the vertical gauge and the glue bead.

Inherent error
Two planar strain invariants ea and 6% can be calculated from 
each set of measured strain reliefs. The first invariant ea is 
the sum of strain reliefs obtained from the horizontal and vertical 
gauges while the second e% represents the sum of the 45° and 135* 
strain gauges. In an ideally elastic solid, the two strain invariants 
are equal for any given stress state. The fact that they are not equal 
in practice is a measure of the inherent error in each measurement, 
or measurement quality, as well as the rock properties, in order 
that this error can be made directly comparative for successive
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n I

measurements, it should be standardised and expressed s 

as follows!-
. a percentage

where ; is the inherent error Mid ea and ey are t 
invariants

The inherent error in each measurement may arise from a combination 
of some or all of the following sources, listed in the order of 
decreasing importancei- 
1) imperfect strain cell-rock bond; 
ii) strain measurement equipment error;

the presence of discontinuities in the rock near the over­
cored strain cell;
directional variability of the rock elastic constants in 
the plane of the borshole end lie rook anisotropy); 
time dependent elastic relaxation of the overcored rock, 
also anisotropic manifestation of this phenomenon; 
non-linearity of the stress-st.rain relationship;

i presence of strain gradients in the plane of the bore­
hole end; ;

viii) intrinsic error in the strain gauges.

viii) 1

Large errors can result from the first three sources, and care 
must be taken to avoid these during a strain measurement program,
The following four sources are likely to be insignificant in relation 
to the first three because the quartsitea in which the measurements 
were undertaken are not strongly anisotropic on the scale of the 
strain gauges; the quartzites do not exhibit strong creep effects 
(Briggs 1982); the stress strain relationship is approximately 
linear for the greater part of the stress-strain curve; and strain 
gradients in the plane of the borehole end would have to be very 
large to produce the observed error in the strain invariants.
The intrinsic error in the strain gauges is quoted ay the manufacturer 
as 0,3*, which is considerably smaller than that possible from 
the other sources.

Rejection criteria
For the purpose of this analysis it has been assumed that the 
error arising from the first three sources will be overwhelming,



rendering the errors from the remaining six sources negligible 
in comparison. Therefore two criteria have been established 
for She rejection of strain relief data:
i) visual evidence of a poor strain cell-rock bond and/or strain 

measurement equipment erro:: and/or the presence of disconti­
nuities in the core that may have affected strain readingsi

ii) the inherent error having a value greater than 201.

The first criterion is self evident while the second requires 
explanation. The stress estimates are based on the assumption 
that the rock is linearly elastic, homogeneouŝ  and isotropic.
If an individual measurement displays an inherent error of gz-atsr 
than 20% then the assumptions about rock elasticity are significantly 
at variance with observations. The level of 20% was chosen as 
the criterion because of the work of Ballister (1969), who determined 
the in situ stress tensor in a deep gold mine With an overall 
error of 20% if the 95% confidence intervals were chosen. His 
estimates contained the pooled error of the strain relief measurements, 
took elastic constant determination error and the error between 
successive strain measurements. It was therefore reasoned that 
if the inherent error already exceeded 20% then the result should 
not be included in the analysis. The values rejected on the basis 
of the two criteria are shown together with the reason for rejection 
in the remarks column of Table 3.2.

3.2.3 Strttin components

The strain at a point ia completely defined in two dimensions 
by a strain rosette if three notmal strains are measured in three 
known, but differing directions. In the case of a rectangular 
rosette in which the gauges are orientated at 0U, 45® and 90° 
the normal and shear strains are given in the coordinate system 
defined by the rosette (Jaeger and Cook, 1979}i-

Yxy = Zens - (So + ego>
The coordinates defined by the strain rosette are generally not 
parallel to the systems of axes defined for each borehole but



differ in direction in the above ease by the gauge correction 
angle. Since four strain relief measurements were obtained in 
the 0®, 45°, 90” and 135° directions from each strain cell it 
is possible to define four sets of strain components with equations
3.2 by using four combinations of three gauges each as shown in 
Table 3,3. Bach combination of gauges ia directionally removed 
by a different angle to  the pre-defined borehole system of axes.
This angle is danotid ths combination angle * and is listed with 
each combination of strain gauges.

Once the four sets of strain components are defined/ each can 
be rotated through its respective combination angle to the borehole 
system of axes. In the limiting case where ea= ey, the respective 
strain components from each set are equal and no averaging is 
required. This condition never arose in the strain measurement 
program, consequently the strain components for each measurement 
were averaged before being presented in Table 3.4. In addition 
the resulting principal s tra in s were calculated for each set of 
average strain components together with the resulting planar strain 
invariant. Finally, all the results were averaged for each borehole.

Spatial error
It is apparent in the table that the respective strain components 
vary considerably in each borehole. This phenomenon appears to 
be common to all rock masses and becomes pronounced when measurements 
are undertaken close to discontinuities of all descriptions and 
where boreholes traverse different rock types (PallJ.ster, 1969, 

Cahnbley, 1970 and Gay, 1972). The most important causes or this 
phenomenon lie in the q u a l i t y  of the measurements and in thti structural 
complexity of the rook mass. The variation that results from 
the latter can be termed the spatial error.

At the outset it must be emphasized that some of the variability 
observes in Table 3.4 can be accounted for in the quality of the 
measurements, and not to the rock mass characteristics alone. 
Nevertheless, the important factors that can introduce spatial 
variability into he measurement results are as follows:
i) spatial and directional variability of the elastic constants



TABLE 3.3: SZSAIH GADOS COHBIHMIOHS FOR A FOtTR-GADGB
RJECTAHGULAR ROSETTE

COMBINATION STRAIN GAUGES COMBINATION ANGLE 
0 (degrees)

1 06 - 45= - 90= ®c
2 45° - 90’ - 135= ec + 45=

3 90= - U S ’ - 0 = 0e + 90=

4 135= - O ’ - 45’ 0C + 135=





ii) changes in rock types traversed by the borehole;
iii) variation in the rock mass structure traversed by the borehole?
iv) the presence of strain gradients developed in intact rock 

material as a result of deformation mechanisms such as slip 
and rotation?

v) changing mining induced stress both in time and space?
vi) variations in strain cell orientation with respect to vertical.

The investigator hac very little control over the first four factors 
since these are intrinsic to the rock mass in which the measurements 
are made. The relative importance of each will change from situ­
ation to situation and it appears in the case under study that 
the first and fourth factors were the most important while the 
second and third factors were relatively unimportant. The chief 
reason for this is that all the accepted strain measurements were 
carried out over distances of two metres or leas in each borehole 
in geologically similar rock. The second and third factors were 
therefore neglected. The fifth factor was not considered to.be 
important because the mining induced stress changes were small 
at the time of the strain measurement program.. The last factor 
is accounted for in an earlier discussion.

The most important factor is the spatial variation of the rock 
elastic constants, which were determined in the laboratory from 
the recovered borehole cores (Section 3.3). The planar strain 
invariant can be linearly related to the planar stress invariant 
by the equation from first principles as fellowst-

adding; ,
ei + E2 = i-[»l + *2-v(oi + °2) j
manipulating and re-arranging

where the planar strain invariant e = + sg

and the planar stress invariant 0 “ ci + (?2



If the overcored strain cells were removed from a uniform stress 
field then the planar stress invariant can be assumed constant 
in any given direction. This implies that if e varies along a 
borehole, then 5/(1 - v) should vary antipathetically. The data 
from Boreholes RBI and RB4 can be pooled together as can that 
from RB2 and RB3 because of their similar directions. Two scatter 
plots of the data are shown in Figure 3.3. In both there is clearly 
an antipathetic relation between the two variables, but with poor 
correlation, especially in the case of Boreholes RB2 and R.03.

Two observations can be made from the comparisons. Firstly, the 
variables are related albeit not very strongly. Secondly, the 
structure of the rock mass has introduced considerable variability 
which tends to reduce the degree of correlation between the two 
variables. The presence of the fault is seen to be the major 
contributor to the poor correlation because of the effects it 
has on the local stress field. Assuming the planar stress invariant 
in :.y given direction to be constant is f trefore likely to be 
incorrect. It can be concluded from the correlations that the 
spatial variability of the elastic constants does have considerable 
influence on the strain relief values retrieved and that the presence 
of major structures will tend to increase the variability thus 
clouding the relationship.

3.3 Laboratory Testing

A knowledge of the elastic constants of intact rock material from 
the site was required for estimation of the in situ stress from 
the strain relief results. The data were obtained from right 
cylindrical rock samples tested in uniaxial compression at the 
Department of Mining Engineering, University of the Witwatersrand.
The samples were extracted from the borehole cores as close as 
possible to each strain relief measurement in order to minimise 
the error that may arise from the spatial variability of the e- 
lastio constants, a feature typical of most rock masses. The 
axis of each rock specimen extracted was chosen to be parallel 
to the vertical strain gauge direction unless visible weaknesses 
such as fractures or bedding planes were present in the core.

jd* and*.
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lii these cases the samples were extracted in directions which 
inured that no weaknesses would be included. A typical overcored 
pgrain cell with sample extracted for testing is shown in Figure

The samples were all 30 mm in diameter and 60 mm in height, be­
cause of the size restrictions imposed by the core diameter. This 
is not expected to influence the test results because it has been 
demonstrated on a number of occasions that neither the sample 
geometry nor the sample size influence the modulus values in the 
pre-failure range if the rock specimens are homogeneous and intact 
(Lama and Vunukuri, 1978). The teat data derived from the rock 
specimens was received in the form of axial loads at regular intervals 
with the corresponding axial stress, axial strains and transverse 
strains. Bach specimen was loaded to failure and the uniaxial 
compressive strength was recorded. The detailed results appear 
in Appendix S.

The average elastic constants were calculated to three significant 
figures as recommended by Brown (1981). In order to eliminate 
any bias that may arise in the calculations, the average slope 
of each stress strain curve was found by using the method of least 
squares. This was done using the data up to two-thirds of the 
uniaxial compressive strength of each sample because it is gener­
ally accepted that beyond this point the stress-strain relation­
ship ceases to be linear. A. typical axial and diametric stress 
strain curve together with the best-fit lines appears in Figure
3.5. The values of the elastic constants together with other 
information pertinent to each test specimen are listed in Table

3.4 In Situ Stress Estimation

The boreholes were drilled in directions as close as possible 
to the principal stress directions determined by Leeman (1968) 
and Gay (1972). If it is assumed that at depth the regional stseas 
tensor does not vary significantly laterally and that the mining



Figure 3.4
Typical overcored stra in  cell with 

sample extracted fo r  testing



Specimen No. : 10
Rook type i Honglngwall Quartette 

Length to  diameter ratio : 2:1
Sample diameter : 30 mm 

Sample maes s 118,8 g 

Young’s  Modulus : 84,947 GPa 
Poleeon's Ratio : 0,176 

Unlexlol Compressive Strength : 254,65 MPa

Uniaxial Compressive Strength

Least squares fitLeast squares f it

1,0 2,0 3,0
Axial strain (m!ll!strd!n)Diametral strain (mlliietraln)

Figure 3.5
Example p lot o f stress versus s tra in
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induced strees prior to the stress monitoring phase were insignifi­
cant, the method given by Palliater (1969) for boreholes drilled 
along principal stress directions oan be applied.

3.4.1 Triaxial stress tensor estimate

In the case of the initial stress state, four simultaneous equation: 
can be set up using the information from boreholes RBI and RB2 
to solve for the principal stresses in the hangingwall quartsites 
to the west of the Elf Fault. A similar proceedure can be applied 
to the information derived from boreholes RB3 and RB4 situated 
in footwall quaitzites to the east of the fault. The stress concen­
tration factors selected for both cases were those given by Coates 
and Yu (1970) and Hocking (1976). The results are listed in Table
3.6, while the calculations are presented in Append!" C.

The most strikin feature of the results presented are the magni­
tudes of the estimated stress. In all the cases, 03. is far in 
excess of the theoretical overburden stress cqq = 75,8 MPa as 
well as the total vertical stre.s at 80,2 MPa estimated for mining 
as at December 1984. The condition of all the underground exca­
vations in the area showed no evidence to suggest that stresses 
of these magnitudes existed at that time. Furthermore, the exca­
vations in the area were not heavily supported, and did not show 
any signs of duress aside from the fairly intense induced fractur­
ing common to ail such excavations at depth. Grouted pre-tensioned 
long-rope anchors together wit) wire mesh and lacing was installed 
about a year after the measurements when considerable additional 
mining induced stress had been imposed on the area. During the 
period prior to the installation of iditional support few ground 
control problems were evident aside from two major falls of ground 
in 100/25 Replacement crosscut North. These falls of ground could 
be attributed directly to the effects of overstoping the crosscut 
and not to high stress.

In the above argument it is assumed that the measured stresses 
are representative of the entire area. All the strain relief 
measurements considered in the analysis were made Wiuhin 10 m 
of the inferred position of the fault surface and may therefore





represent a zone of hign stress associated with it. The condition 
of 100/2 'C Haulage West, 100 Reef Drive West and 100 Return Airway 
at the fault intersections suggest that no such zone of high stress

Finally, the vertical stress calculated from a number of ground 
stress tensor determinations in deep Witwatersrand Gold Mines 
agree reasonably well with the theoretical overburden stress at 
each site (Gay, 1975). There is no reason to believe or evidence 
to suggest that the initial stress at the monitoring site should 
deviate from this pattern.

Effect of stress concentration factors
The next significant feature of Table 3.6 is the sensitivity of 
the results to changes in the stress concentration factors used 
in the calculations. The radial an" axial stress concentration 
factors determined by Hocking (1976) are 3% and 23t smaller in 
absolute terms than those given by Coates and Yu (1970). Their 
use results in a reduction of oj, and 03 to the west of the fault 
of 10% and 21% respectively. More significantly, the error of 
the determinations increases substantially if Hocking's results 
are used. Ballister (1969) demonstrated that small errors in 
the stress concentration factors a and c can result in large errors 
in the results especially if ao]_ and acg are close in value to 
003. This is evident in the errors in the horizontal stress east 
of the fault, and it appears to become more pronounced if the 
absolute values of the factors are reduced, as demonstrated in 
Table 3.6.

3.4 2 Re-evaluation of Stress concentration factors

A survey of the rock mechanics literature reveals that the values 
of the stress concentration factors are periodically subject to 
review and re-evaluation. Rahn (1984) lists the results of his 
analysis together with the results of others in chronological 
order. The res-ilts of the latest few analyses listed show remarkably 
good n-areemunt, even though they were arrived at using different

'.'he feature common to all the analyses are the underlying 
at.o , .xons of a perfectly linearly elastic and continuous solid.



Unlike the othera, Rahn considered the effect of anisotropy, and 
showed that it has a marked effect on the values of the stress 
concentration factors. Me analysis which considers the effect 
of discontinuities has been carried out, even though it does appear 
that their effect can be considerable. Gay (1975) mentions that 
the stress concentration factors calculated for a continuous solid 
are not applicable f; broken ground and have to be modified, but 
no guidelines are given.

It would appear therefore that the values of the stress concen­
tration factors are subject to a number of influences, the most 
important being Poisson's ratio, anisotropy and the presence or 
otherwise of discontinuities. These three variables will assume 
different levels of importance from site to site, and must be 
taken into account when choosing the stress concentration factors 
for in  situ stress estimation. la  the case under study, Poisson's 
ratio was determined while it can be reasonably assumed that on 
the scale of the strain gauges the rock is isotropi.. The effect 
of discontinuities is unknown quantitatively but t...« t.:4erience 
of other workers suggests that the absolute values of fine stress 
concentration factors should be reduced in discontinuous rtick 
(Gay 1975).

The radial stress concentration factor a, WaS therefore taken 
to be 1,30 for a fractured rock mass with Poisson's ratio of 0,2 
(after Gay, 1975 and Rahn, 1984 ). The tangential stress concen­
tration factor b was assumed to have a value of zero as this would 
not produce a large error in the calculations. The axial stress 
concentration factor c was also assumed to be zero for the purposes 
of the analysis in order to avoid the large errors that would 
result if a small value was chosen.

3.4.3 Biaxial stress tensor estimate

The estimates of both the initial and final in situ stress using 
the above values and the method outlined by Leeman (1965a) are 
presented in Table 3.7 together With other relevant details. The 
results are in far better agreement with the theoretical over-





burden stress of 75,8 MPa. 1'he vertical stress estimated by numerical 
methods for mining as at December 1984 is 80,2 MPa, which agrees 
very well with the average vertical stress measured in December 
1984 of 80,3 MPa (see Table 5.2). The observed variation in the 
vertical stress can be ascribed to the lateral variation in the 
elastic constants as well as the fact that two rock masses with 
different constants abut against each other on the fault surface 
(Deacon and swan, 1965). The average horizontal stress for December 
1984 is 36,0 MPa and the ratio of horizontal to vertical stress 
k is 0,45.

Biaxial stress estimate error
The overall error listed in Table 3.7 is obtained from the spatial 
variation of the planar stress invariant which was calculated 
by Equation 3.3 using the data listed in Tables 3.4 and 3.5. The 
results were then averaged, and assuming a normal distribution, 
the 95% confidence limits were found and expressed as a percentage 
of the mean. The overall error serves purely as a measure of 
the error of the stress determination while taking into account 
the spatial variation of the elastic constants of the in tn o t  cock. 

Furthermore, it is a measure of confidence with which the overall 
stress state of the rock mass was measured in two dimensions in 
each borehole. The error for Borehole RB7 could not be calculated 
in the same way because laboratory tests were not carried out 
on the cores.

The inclusion of anomalous strains, especially in the data for 
Borehole RB2 has increased the uncertainty with which the measure­
ments were made but reduced the amount of bias. Even so, the 
errors lie within the 204 margin which is usually expected for 
a fractured rock mass. The data presented in Table 3.6 was rejected 
while that in Table 3.7 was accepted because it represented so 
much more reasonably the conditions present at the site at the

3.5 Discussion and Conclusions

The initial and final stresses are presented in biaxial form as



the assumptions about the initial stress state led to large errors 
in the calculation of the triaxial stress state. This has not 
led to a serious loss of information because the stress state 
on the Elf fault Surface car be approximated from the results 
of boreholes RB2 and RB3 alone.

A prominent feature of all the stress estimates given is the differ­
ence between the stresses to the east and west of the fault, This 
difference can be explained if it is assumed that the strains 
are uniform on both sides of the fault. The average vertical 
strain to the west of the fault is about 6% larger than that to 
the east, a difference that is not considered to be significant.
The 20% difference in stress magnitudes can therefore be accounted 
by the 13% difference in elastic modulus for footwall and hangingwall 
quartzites (Table 3.5) and the 6% difference in the strains (Table 
3.4). The significance of these results is discussed in Chapter 6.



CHAPTER 4

STRESS CHANGE MONITORING RESULTS

Thirteen vibrating wire stresametera were set in boreholes to 
monitor stress changes induced by the advance. o£ the 100/33 Longwall 
towards the monitoring site. The object was to obtain measurements 
cf changing stress condition9 on the Elf Fault as it came under 
the influonoe of changing mining induced stresses.

The purpose of this chapter is to present the stress changes measured 
by the sfcvessmeters and to use the results to calculate the total 
stress state on the Elf Fault Surface throughout the monitoring 
period. The potential for fault instability is then assessed 
by using the Excess Shear Stress criterion discussed by Ryder 
et al (1978). Thereafter/ observations on seismicity experienced 
in the area as well as the results of a levelling survey to monitor 
fault movement are presented. Finally, the results are combined 
to show that the fault remained stable throughout the stress monitoring 
puriod.

4.1 General Considerations

Long term in situ stress monitoring commenced in boreholes RB3 
and 8B2 on 11 January and 4 February 1985 respectively. Stress 
induced damage to both boreholes RBI and RB4 resulted in a three 
month delay before the vibrating wire stressmetres could be in­
stalled. Monitoring in these boreholes commenced on 12 April 1985 
after the streoametere had been set satisfactorily and given time 
to settle. During the intervening period the 100/38 Longwall 
had advanced steadily toward the stress monitoring site, but the 
mining induced stress changes measured in borehole RB2 and RB3 
as well as those estimated by numerical methods were small. It 
was therefore possible to assume that the initial stress, measured 
in December 1985, was applicable as a starting point for mining 
induced stress changes measured in all four boreholes.

. "fflr .aatMHt.



4.1.1 Shrtiasmeter layout

The layout of the vibrating wire atreaameter clusters in Borehole 
RBI to RB4 is illuatratad in Figure 2.14. The arrangement permitted 
the biaxial determination of mining induced stress changes in 
the plane of each borehole. A single atreasmeter, set tc measure 
vertical strass changes was installed in borehole KB6 located 
approximately 110 m west of the monitoring aite (Figure 2.1). 
Monitoring commenced here on 12 April 1985. The purpose of this 
atreasmeter was to measure the mining induced stress changes in 
the far field where the rock wase conditions were not expected 
to change as a result of mining in the area. Finally, a stress- 
meter kept on surface for the duration of the project was used 
aa a reference. The period of this vibrating wire stressmeter 
Was measured and recorded on each occasion that these underground 
wire measured.

4.1.2 Position of mining faces

As demonstrated in Section 4.2, the vibrating wire period changes 
can be attributed solely to the rock stress changes induced by 
the westward advance of the 100/38 Longwall, and the increasing 
areal extent of 100/25 Stope. It is therefore important to know 
the positions of these mining faces at specific times in order 
to make comparable stress change estimates by numerical meanA.
The mine survey department measures all mining face positions 
monthly, and this information was used to draw up the positions 
of the advancing stope faces at eleven different times throughout 
the stress monitoring period (Figure 4.1)

Each position shown in Figure 4.1 is referred to aa a mining step, 
and the shaded area in each step represents the areal extent o£ 
reef mined between the date of that step and the date of the pre­
ceding step. The eight mining steps, succeeding the initial con­
ditions represented by the December 1984 Step, show fairly regular 
advances of the 100/38 LongWall towards the Gif Fault. The last 
two steps cover a period of final remnant extraction of reef to 
the east of the fault. Intermittent mining took place throughout 
the monitoring period to the west of the Elf Fault in 100/25 Stope.





The mining face positions as shown for September 1986 in Figure
4.1 depict the final conditions at the end of the stress monitoring 
period.

4.2 Vibrating Hire Period Readings

Each set of vibrating wire period readings necessitated a trip 
underground. These were taken as often as possible, with smaller 
time intervals between readings when the mining' induced stress 
changes were expected to be large. The initial period for each 
gauge was chosen as that point beyond which at least one of the 
three gauges in each borehole started registering consistent in­
creases in the period (see Appendix D). This criterion was defined 
firstly because the stresses in the area were expected to increase 
and secondly, all the gauges showed decreases in the vibrating 
wire period as they settled into the boreholes after installation.

The vibrating wire period readings at eleven different times are 
presented together with the initial period T0 for each gauge in 
Table 4.1. The readings given were taken on the day or within 
a week of the day that the stops face positions were measured 
by the mine survey department. This enables comparisons to be 
made between the measured stress changes and the stress changes 
derived from the numerical analyses. The readings are listed in 
full in Appendix D.

The most remarkable feature of the table and of vibrating wire 
stressmeters in general is their long-term stability. The reference 
stressmeter is a good example to illustrate this point. It was 
kept in a cupboard in air-oonditioned offices for the duration 
of the monitoring period, which lasted 21 months. The period 
of this stressmeter remained within a narrow range of 0,2 micro­
seconds throughout the stress monitoring phase of the study with 
the observed variation attributable possibly to fluctuations in 
temperature. Since the virgin rock temperature at tha stress monitoring 
site has probably remained unchanged for the duration of the study, 
it has been assumed that all the changes in vibrating wire period 
readings both in Table 4.1 and Appendix D can be ascribed purely





to streas changes in the rock.

Another feature of the stressmeters is their reliability. Hone 
of the instruments failed during the monitoring period, nor did 
any appear to provide unreliable readings except for the vertical 
stressmeter in Borehole RB3. The readings for Boroholes RBI and 
RB2 were therefore taken to be acceptable for the entire stress 
monitoring period. The readings from Borehole RB3 were assumed 
unrelit .ifter 9 January 1986 because the vertically orientated 
stressmeter was compressed beyond the specified range limit of 
450 microsieonds. This occurred when 100W1 Panel was stripped 
onto the Elf Fault almost directly above the borehole. Since 
then eithe“ \  relaxation or borehole damage has caused the 
period read*. .. to drop below the maximum limit while the horizontal 
and 45° stressmeters have continued to register increases. No 
readings were possible in borehole RB4 after 21 December 1985 
because of blast damage to the borehole as 100W1 P nel passed

The readings from each stressmeter revealed well defined trends, 
with small changes in the periods while mining is some distance 
away, and large changes as mining approached the fault. This 
trend was particularly true of the vertically orientated gauges 
and was in keeping with the expected in situ stress changes at 
the monitoring site as mining a.proached.

4.2.1 Potential eout'sS of error

The vibrating wire period changes are the r<suit of a complex 
interaction between the rock-stressmeter body-tensioned wire system 
when subjected to changing externally applied loads. Therefore 
the period changes cannot be treated in the flame way as strain 
reliefs when considering error in the readings.

A discussion of the potential sources of error is considered more 
appropriate a<- this stage than converting the period changes to 
some form moru amenable to error analyses. The potential sources 
of error listed below are similar to those for strain reliefs,



b''t ate recounted with reference to etreasmeters:
1) spatiax and directional variability of the elastic constants 

. of the surrounding rock;
ii) non-linearity of the stress-strain relationship in the 

surrounding rook mass; 
ill) changes in. the rock type in areas where stressineter clusters 

are installed;
iv) variations *n rock structure in the areas where streosmeter 

clusters are installed; 
v> the presence of stress gradients, both developed and changing 

in disarm tinuity-boundnd incact rock material as a result 
of deformation mechanisms such as slip and rotation;

-, > sptitjal variation of magnitudes of mining induced stress 
chan^W at .any one time; 

vj..; / the influence that discontinuities close to or intersecting 
r'.'"' borehole may have on its deformation; 

viii'J poor contact between the installed gauges and the borehole 
/ \xj| $ ’.dow.ills; ti 
ijx) (imsanuiing equipment error; 
x) [i ii ssKf'is in stresssiehar orientation;
Jci)■/' <j ihtcCinsio errota in the stregameters themselves.

The Aoupces fcv.ncioned above are not listed in any particular order 
of i>5>o.t4ar.o»„but a-* grouped into two main categories. The first 
gtpuf har. ily .ioU'cbs. (i) to (viiI , are characteristics particular 
tff Ithe' >i vhij e f'iirass change measurements may be required.

.jaybnd the control of the investigator, and steps 
must, os taken at thui design stage of the project to minimise their 
.efltects.The secWnl -roup of sources are related to stressmeter 
-ins'iallation proOiKMre nnd the proper care and maintenance of 
the equipment tcg^ttmr with the proper use of experimental controls. 
In the Case of (x). th.1 crude means of orientating the stressmetera 
in the boreholes h. i resulted in errors that may be as large as 10”. 
Since no means of <£< .ermining the error of orientation of the indi­
vidual stressmeter1 i 9 possible they are assumed to be orientated 
exactly in the dix'cv’-.,1 <.n specified for each st’.essmeter. An analy­
sis of the error of i..»; parable stress change estimates is carried 
out on the vertical ttrass changes in each borehole at a later



4.3 In Situ Stress Change Estimates

The term stressneter used by Hawksj and Hooker (1974) is something 
of a misnomer, because a reasonably accurate determination of 
the rock mass modulus of elasticity was found to be necessary 
before the in situ stress changes could be estimated. This is 
obvious in t-he fact that they included a stress sensitivity factor 
in the equation'" that rebates vibrating wire per,tod readings to  

uniaxial rock stress changes.

4.3.1 Estimates of effect!v,. « ’istic constants

If the laboratory dvtormir.ed modulus of elasticity is used to 
estimate the stress sensitivity factor the resulting stress change 
estimates tend to be too large when compared with the numerical 
estimates. More reasonable results are obtained when the rock 
mass discontinuities at the stress monitoring site are taken into 
account. This is justified by viewing the borehole and its stress- 
meter cluster as a structure in a discontinuum which undergoes 
deformations proportional to the effective elastic constants of 
the discontinuum. The method of estimating the effective modulus 
of elasticity of the rock mass at the monitoring site is that 
proposed by Possum (1985). The calculations appear in Appendix 
E and the results are presented in Table 4.2.

The values of the stress sensitivity factor presented in Table 4.2 
were used for the duration of the stress monitoring phase even 
though it was expected that mining induced fractures would develop 
in the rock mass at the streas monitoring site when the longwall 
was stripped onto the S l i  F a u lt , This is an essentially dynamic 
process for which no viable means of measurement was considered 
possible. Consequently the measured stress changes were expected 
to be overestimates of the true stress changes towards the end 
of the study.

4.3.2 Uniaxial streas change estimates

T. wiaxial stress changes were calculated using the initial 
vibrating wire reading T0 a., tha reference reading and Equation 2,2.



TABLE 4.2: ESTIMATES OF SBfESS SENSITIVITY FACTORS

MODULUS OF 
ELASTICITY OF 
INTACT ROCKMGPs )

EFFECTIVE MODULUS 
OF ELASTICITY

STRESS
SENSITIVITY
FACTOR

Averages Erom the laboratory teat results, Table 3



The resulting uniaxial stress change evaluations are therefore 
total uniaxial stress changes that took place between December 1984 
and the date in question. The standard rock mechanics notation 
applies to the data which means that a positive stress change 
denotes an increase in normal stress in a compressive sense. The 
uniaxial stress changes calculated for eleven selected times throughout 
the monitoring period from the data presented in Table 4.1 appear 
in Table 4.3 while the complete set of data appear in Appendix D.

Not much can be deduced from the uniaxial stress changes aside 
from the fact that the vertically orientated stressmeters regis­
tered the largest stress changes in each borehole with the exception 
of Borehole RSI/ in which the horizontally orientated stressmeter 
registered the largest stress change. This result is surprising 
in view of the fact that vertical stress changes should be the 
largest in the s itu a t io n  under review, with horizontal stress 
changes being less prominent. This phenomenon can be linked to 
one of two possibilities. The Cirst is that at the time of stress- 
meter installation the cables protruding from the borehole were 
somehow confused with each other, resulting in those from the 
horizontal and vertical gauges being erroneously labelled. At 
the time of installatiofts extreme care was taken in labelling 
the cables correctly to avoid such a possibility. Subsequent checks 
of field notes covering the installations rule out any errors 
in labelling. The second possibility is that ft Small discontinuity- 
bounded volume of rock containing the stressmeterfe has undergone 
anomalous loading. This could occur through mechanisims of slip 
and rotation as explored by Chappell (1979). It is concluded 
that a phenomenon of this nature must have taken place in borehole 
RSI, i l lu s t r a t i n g  vividly the need to monitor stress changes in 
a number of closely spaced parallel boreholes in order to make 
a reasonable assessment of stress changes in discontinuous rock 
masses.

4.3.3 Biaxial stress change estimates

Ih order to render the data <n Table 4.3 amenable to analysis, 
the stress changes need to be resolved into their respective com-





ponents and expressed in the system of axes defined for each bore­
holes First the secondary principal stress changes and their di­
rections were calculated for each set of uniaxial stress change 
readings using the relationships (after Hawkes and Hooker 1974):

= 3/2a + 3/4b
Aa2 = 3/2a - 3/4b   4.1
, . tain-l[!_Li£!5]

a -=■ iitiihv * l8h* 

b = /(d<i45 - a)2 + (&ov - a)2 

60 ,̂ = horizontal uniaxial stress change 
Ao45» 45* uniaxial stress change 
Acv " vertical uniaxial stress change

The angle 0 expressed above requires clarification in terms of 
the stressmeter arrangement employed for the stress monitoring 
phase, looking up each borehole the stressmeter directions would 
appear as shown in Figure 2.14. This arrangement is a mirror image 
of that proposed by Hawkes and Hooker (1974) and it has the ad­
vantage that 9 is interpreted in the same w y  as in the standard 
rook mechanics notation. Therefore, if 9 is positive, Aoi is 
displaced anticlockwise from the vertical stressmeter direction 
when viewed from the borehole collar.

The principal stress changes and their directions were then re­
solved into their normal and shear components. Neither this pro­
cedure nor the one before can be applied to Borehole RB6 because 
a single uniaxial stress change was measured. The data from bore­
hole SB6 is therefore not included in the following discussion 
and analyses, but will be used at a later stage for comparative 
purposes.

The results of the above-mentioned calculations lor eleven selected 
times throughout the monitoring phase are presented in Table 4.4
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while the complete results are presented in Appendix D. The stress 
change components listed in the table and the appendix all show 
well defined trend.?. The normal at-.ess changes for all the bore­
holes are consistently positive which means that the rock mass 
at the site was subject to an increase in compressive stress both 
in the horizontal and vertical directions. The shear stress changes 
for Boreholes RB2 and RB3 show reasonable agreement in that they 
indicate the rook mass loading took place from similar directions. 
This is not the case when comparing the shear stress changes in 
Boreholes RBI and RB4 because a uniform loading direction should 
be expressed by shear stress changes of opposite sign. This effect 
is probably the result of discontinuities in the rock masii and 
the presence of the Elf Fault between the stresemeter clusters 
in each borehole.

Another feature of the data in Table 4.4 is the fact that the 
vertical stress changes are consistently the largest in all four 
boreholes. In the case of Borehole RBI this was unexpected because 
of the anomalous results in Table 4.3. Nevertheless, the stress 
components as calculated for Borehole RBI were the natural outcome 
of the substitution of the respective values into Equations 4.1 
and then resolution into the repective components in terms of 
the system of axes defined for the borehole. It was found that 
the outcome was unaffected by swopping and Aov around, because 
the value of b in Equations 4.1 is unaffected by the substitution- 
It was therefore concluded that first, when calculating b, the 
positive alternative would be chosen in all cases when the square 
root was found, and second, that the horizontal and vertical stress 
changes as measured would be correctly substituted into their 
respective positions in all cases. Any other procedure would intro­
duce bias to the results.

Even so, the horizontal stress component changes measured in bore­
hole RBl are anomalously large when compared with those of other 
boreholes, and are therefore still consistent with the data and 
discussion of Table 4.3



4.3.4 Error of stress change estimates

The error in stress change estimates can be assessed by comparing 
two or more in the same direction. The vertical stress changes 
measured in each borehole are therefore suitable for analysis.
The first requirement of such an analysis is that the measurements 
to be compared should be reasonably close to one another in order 
to avoid as far as possible spatial variations of induced stress 
changes that may occur. Secondly the measurements should come 
from geologically similar rock so that variation in estimates 
that arise when comparing measurements in different rock types 
are eliminated. For these reasons, the vertical stress changes 
measured in Boreholes RBI and RB2 can be compared while those 
from Boreholes RB3 and RB4 are suitable for comparison. Since 
only two values can be considered at a time, a formal statistical 
error determination is not possible. Therefore, the definition 
of stress change error takes the form similar to the inherent 
error defined in Equation 3.1:

€ - 2[Aoya - ddyb] ........ 4.2

% a  + Aoyb
where £ ip the stress change error, and ACya and ACyy are the 

measured vertical stress changes in boreholes a and 
b respectively.

The stress change error is essentially transient in that it varies 
with time. The errors were calculated from the data in Table
4.4 and then plotted against time (Figure 4.2a). In the first 
half of the monitoring period the stress change errors for boreholes 
RBI and RB2 as Well RB3 and RB4 show errors well in excess of 
20*. This is caused by the fact that; until December 1985, the 
mining induced Stress changes were relatively small and stress 
change monitoring started in the different boreholes at different 
times. When the total stress changes induced by mining became 
large during and after December 1985, the errors between the measure­
ments quickly dropped belo'w'lOt, and levelled out in the 1% to 34
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A similar plot of average vertical stress change error was plotted 
against time appears in Figure 4.2b. In this case the percent 
error is found from the average vertical stress changes calculated 
for Boreholes SOI and RB2 and the averag- for RB3 and RB4. The 
curve drops quickly to n minimum in July J.985 and then rises slowly 
thereafter. The increase would appear to be caused by the fact 
that Boreholes RB3 and RB4 were closer to the advancing longwall, 
and were therefore subject to consistently greater mining induced 
stress changes that were Boreholes RBI and. RB2.

The major deductions to be made from the plots are that the verti­
cal stress changes were measured with decreasing error as the 
magnitudes of the stress changes increased. This pattern held 
for the hangingwall quartzites to the west of the Elf Fault and 
the footwall quartzites to the east of the fault. The analysis 
also showed that when the stress changes became large, the agree­
ment between the measurements was good. A similar analysis was 
not carried out for the horizontal stress change measurements 
because firstly, these changes were measured in different directions, 
thereby limiting the scope of the analysis, and secondly the horizontal 
stress changes were less prominent thati the vertical changes, 
and therefore were measured with a lower degree of certainty.

4.3.5 Stability of the Blf Fault

The presence of the fault indicates thu1 at some period in geologi­
cal time the rock mass at the monitoring s!.te was unstable, which 
initiated major shear deformation. The stress field responsible 
for the deformation appears to have dissipated resulting in a 
pre-mining virgin stress field that is primarily a product «.! 
gravity loading by the superincumbent strata. The fault is not 
known to be seismically active altho \gh the superposition of mining 
induced stress on the virgin stress field may make it bo (Cook 
et al 1966). A check on potential fault instability from a stress 
point oi view was monitored throughout the stress monitoring period 
by making use of the recently introduced criterion called Excess 
Shear Stress, first discussed by Ryder et al (1978),



The excess Shear Stress or ESS is defined asi-

t excess = Tnnl - (Co + ucn) .......  4-3
where t excess = Excess Shear Stress

rnm - resultant shear stress on oblique plane
Co = ooliesive strength o£ oblique plane
14 = ooerficiene of friction on oblique plane
Of, - normal stress acting on oblique plane.

If the ESS is negative it means that the plane for which it is 
calculated is stable. In cases where the ESS is round to be r.ero 
or positive, the plane is unstable and slip can occur.

The ESS on the Elf Fault surface can be found in two dimensions 
by considering the stress data obtained in the planes of Boreholes 
HB2 and RB3. In this case it is assumed that both boreholes are 
parallel and that their planes intersect the fault on true dip, 
as shown in Figure 4.3. First, the total stresses acting in each 
borehole are found by applying the principle of superposition 
which means that the stress change components listed in Table 
4.4 are simply added to their corresponding initial stress oom- 
npnents listed in Table 3.7. The resulting total stress components 
ppesr in Table 4,5. The absolute normal and shear stresses acting 
on the Elf Fault surface can be found from the total stress com­
ponents by the relations given in all discussions of elementary 
stress analysis.

Table 4.6 contains the normal, shear and excess shear stress cal­
culated for a plane with C0 = 0 and o = ten 30”, The estimates 
of the ESs are conservative, that ia they are closer to zero than 
they would otherwise have been had larger values for the cohesive 
strength and the coefficient of friction been chosen.

Nevertheless, the ESS was negative for the duration of the stress 
monitoring phase, indicating that the Elf Fault surface in the 
vicinity of the stress monitoring site was stable. The conclusion 
does not apply to the entire known extent of the fault as there
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is likely to be spatial variation of the total stress as a result 
of mining in the area. This variation is investigated at a later

4.4 Effects of Stress Changes on the Elf Fault

Stress changes may induce stable or unstable shear deformation 
along the fault surface. This can be indentified by locating 
all seismic events that occur in the area, and by maintaining 
continuous observations of movement on the fault plane itself.
The farmer was possible with the use of the mine-jwide seismic 
locution system while the latter was acheived by visual obser­
vation of the fault itself, and by a aerie's of levelling surveys.

4.4.1 Seismic record 'i

A record of the mining induced seismicity that took place in the 
monitoring area was kept for the duration of the project. The 
purpose of the record was to relate where possible any stress 
changes that may take place as a result of seismicity, and to 
provide a second set of independent observations about the stabili­
ty of the fault.

A total of 64 seismic events were detected within a radius of 
approximately 300 m of the monitoring site for the period December" 
1984 to September 1986. The location and magnitude of each event 
was determined from information provided by the mine wide seismic 
monitoring system. A frequency histogram of the magnitude distri­
bution of the seismicity is shown in Figure 4.4. More than half 
of the events detected had magnitudes of 1,0 or less on the Richter 
Scale and were not related with any danw^e to the mine workings.
Of the test, several caused damage, but none of the boreholes 
or the instruments were affected.

The seismic events with magnitudes bigger than 1,0 on the Richter - 
Scale were plotted on a 1:1000 plan as they occurred in order 
to identify those that may have originated on the fault. The plots 
are shown in Figure 4.5. The depth of each location accompanies 
its plan position so that its spatial relationship with the inferred
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position of the fault is readily discernible. An underground 
trip was made on each occasion that the fault was suspected of 
being the source in order to look for signs of movement. Vibrating 
wire period readings were taken at the same time to check whether 
the stress state in the monitoring site area had been affected, 
un no occasion was the stress state found to be altered by seismic 
activity, nor were any signs of movement on the fault plane visible.

4.4.2 Levelling survey results

. Levelling o£ a series of rock anchors set _j> the hangingwall above 
100/2 'd'1 Haulage West was carried out during the stress monitoring 
phase. The largest movements "occurred during the critical period 
from October 1985 to February 1986 when the longwall approached 
the fault. Movements before =nr fter this1 period wera1 small 
and are not considered in the analysis.

Vertioal displacements were measured in relation to a datum, chosen 
as Levelling Station No.13 as it was most remote from the mining 
activity;and therefore least affected. The absolute displacement, 
if any, of this station is not known. Relative displacements of 
each levelling station with respect to the datum are listed in 
Table 4.7 for October 1985 and February 1986, together w.C'th the 
changes in displacement.

The displacement changes appear to be affected by movements induced 
by the installation of support in the haulage, which took place 
concurrently with the project. Nevertheless, they show that no 
movement took place on the fault surface, an observation supported 
by the paint strips across the fault traods both in 100/2 'C 
Haulage West and in 100/25 Stope.

4.5 Concluding,Remarks

The stress change estimates reflect the expected patterns of small 
stress changes while the longwall was some distance away, and 
larger stress changes as it drew closer to the monitoring site.
The stress changes measured were universally compressive in nature,
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and resulted in a final stress state that was greater in a com­
pressive sense than the initial stress state, both in the vertical 
and all horizontal directions. '

The total stresses resulting Erom the initial stresses and stress 
changes never reached a condition sufficient 'to induce unstable 
equilibrium. This is reflected in the B^bess Shear Stress calcu­
lated for the duration of the monitoring\\period, and borne out 
by the lack of movement on the fault as wkll as the fact that 
none of the located seismic events in the 'r̂ x̂a could be irrefutably 
ascribed to the fault. It appears that thi faiUt remained stable 
for the duration of the stress monitoring phase, especially in 
the areas where it ig exposed. More derailed analysis of the 
fault behaviour is carried out in Chapter 6. ^

The results prese-/@4 so far and the conclusions reached do indicate 
that the vibrating wire stressmeter is a reliable instrument that
can be used 
golti mines.

> obtain reasonable stress change results in deep

- . . A



CHAPTER 5

RESULTS OF NOHERXCJiL ANALYSES

Stress and displacement data were generated numerically at selected 
points for comparison with the underground meaauremehcs. The 
MISSIM - D Phase 111 suite of programs was used for the analysis.
This version is oa^ible of calculating the Excess Shear Stress 
on planes having afty orientation, a Cacility not available on 
earlier versions, The analyses vare carried out by i  Perkin 
Elmer 3230 computer system operated by the Anglo African Corporation 
Sock Mechanics Department in Welkom, Orange free State.

The procedure and analytical model is outlined together with 
brief descriptions of some parameters necessary for the analysis.
The results of the stress and displacement Analyses ore then 
presented. Finally, analysis error is dealt with briefly.

5.1 Analytical Modei'' '

The problem is approached by first digitizing the mine plans 
in the area of interest and entering via a User-friendly input 
program parameters such as cock elastic constants, depth, stoping 
width etc., required for the analysis. Closure and ride solutions 
are then found by running the SOLUTION program. Stresses, dis­
placements and other variables are calculated at the conclusion 
of the analysis by running the BENCHMARK program, which operates 
on data generated by the SOLUTION program. The results may be v
obtained in the form of computer printouts, contour plots or 
other representations requested by the user, depending on the 
computer equipment available.

In the case of the monitoring a i to , the model oOhsista of two 
reef planes parallel to each other and oeparated by a vertical 
distance of 40 m. Figure 5.1. The fault surface was not modelled
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because of its curvature. Both planes were inclined 
angle as the reef dip observed at th e monitoring si! 
depths below surface correspond to those at the site.

The major principal stress prior to min:. ? in the area was assumed 
to be vertical and equal to the weight jf the overlying strata 
given a density of 2700 kg/m3. The corresponding intermediate 
and minor principal stresses were assumed to be equal, to lie 
in a horizontal plane and to have a magnitude of 0,45 times the 
major principal stress. This ratio was derived from the initial 
stress measurements in the area.

The outer or "coarse" window defined for each reef plane consists 
of a square area on reef broken up into 64 x 64 square elements 
(Chamber of Mines Research Organization, 1965). Each element 
is specified us being mined, partially mined or unmined, according 
to the mining geometry contained within the window. The element 
size for the coarse windows was set at 24 m which results in 
a window large enough to include mining on the entire 100/38 
Longwell as well as the 94/43 Longwall to the north. The stoping 
patterns for these longwalls were digitized from 1:2500 scale 
mine plans and were defined on the upper reef plane window while 
that of the 100/25 Stope was defined on the lower reef plane, 
Figure 5.1. The mining excavations in the model therefore hare 
the correct spatial relationship with each other.

Representative effective elastic constants of the rock were used 
in the analysis. They were obtained by averaging the laboratory 
test results presented in Table 3.5 and using the result in the 
method proposed by Possum (1985). The calculations art presented 
in Appendix E. The effective elastic modulus was estimated to 
be 71 GPa and the effective Poiason's ratio, 0,20. These values 
are in good agreement with the widely accepted values of 70 GPa 
and 0,20 respectively used in analyses of this nature. Since 
the calculated values were so close to the widely accepted values, 
the latter were used in the analyses.

A stoping width of 1 m was used throughout. Closure and ride 
solutions were generated for eleven minim, steps beginning with

A  .



the measured longwall face positions for December 1934 and ending 
with those for September 1986, which appear in Figure 5.2. The 
intervening mining steps were taken as the surveyed longwall 
geometries as shown for the dates listed in Figure 4.1. Direct 
comparison of analytical results and underground measurements 
are therefore possible, although the numerical results are under­
estimated because not all the mining was taken into account, 
as depicted in Figure 5.2.

A second set of closure and ride solutions were generated for 
each mining step by specifying a scaled “fine* window centered 
on the monitoring site within the original coarse windows, as 
shown in Figures 5.1 and 5,2. The fine windows effect ̂ four­
fold increase in resolution in the results obtained for the area 
of interest. Stresses and displacements were calculated from 
the "fine" solution data at a number of selected beKvhmark points.

5.2 Analysis statistics

The computer system logged a total of 6 hours and 14 minutes 
of central processing unit time to solve the closures and rides 
for eleven mining steps. The benchmark processing required an 
additional 17 hours and 36 minutes of central processing unit 
time. These statistics emphasize the "number crunching" nature 
of the programs and therefore the cost of undertaking the analyses. 
For this reason, the analytical model was limited to the two 
coarse and two fine windows, which exclude the effects of mining 
further to the north, east and south-east of the monitoring site.

The benchmark statistics are listed in Table 5.1. Bach benchmark 
point list contains 22 pieces of information which include the 
benchmark number, coordinates expressed in two coordinate systems, 
displacements, stresses and other variables requested by the 
user. In this analysis it amounts to 223146 pieces of information 
which, together with titles, headings and labels, occupy 378 
pages of computer printout. The SOLUTION program log files occupy 
a further 152 pages. Listing all this information either in 
the text or an appendix is clearly impractical. Therefore only







an example of each ia presented In Appendix F while the complete 
data are bound in separate volumes and kept in the Rockbmrst 
Project library, Western Deep Levels, Limited. None of the output 
information was requested in graphic form.

5.3 Analysis Results

Five groups of data were generated in the analyses, as shown 
in Table 5.1. The standard engineering stress notation was adopted 
by the Chamber of Mines Research Organization when developing 
MINSIM-D which explains the fact that all the normal stresses 
represented in Appendix F have negative values. They were con­
verted to the standard rock mechanics sign convention for presen­
tation in the text.

In view of the volume of data to be considered, only small portions 
are presented in tabular form, such as the stresses and stress 
changes The rest is presented graphically or pictorially, whichever 
form is moat effective.

5.3.1 Stresses and stress changes

Six benchmark points were specified at positions corresponding 
to the measuring positions of Boreholes RBI, RB2, RB3, RB4, RB6 
and RB7. The numerically derived stresses are expressed as total 
principal stresses and their directions in three dimensions,
Appendix F.

These results were converted to the plane of each borehole by 
plotting each principal stress direction on an equal angle stereo- 
net together with the system of axes defined for the corresponding 
borehole as shown in Figure 3,1. The angle between each principal 
stress direction and borehole axis was determined stereographically 
and used to calculate the biaxial stress components in terms 
of the borehole system of axes. The results are presented in 
Table 5.2 while the calculations appear in Appendix G.
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The stress changes, presented in Table 5.3, are obtained by sub­
tracting the total stress components calculated for December 
1964 from the total eas components calculated for that and
each subsequent date. i.h-,ae results are directly comparable 
with those of Table 4.4. r ,u are dii.'-uased in Section 6.2.

Biaxial stress change components were hot necessary in the case 
of Borehole RB6. Here, the vertical stress only was calculated 
fr-'Ti the numerical results and the vertical stress changes de­
termined in the same way mentioned above. The initial and final 
absolute stresses are represented by the values listed in the 
first and last columns of Table 5.2 respectively.

5.3.2 Stress distribution on fault

The stress state on the Blf Fault surface was determined by de­
fining the ESS at a series of benchmark points distributed over 
its known extent. The ESS distribution so determined provides 
a direct means of assessing the potential seismic hazard posed 
by the presence of the fault as well as the areas on the fault 
surface that are most likely to be unstable as a result of the 
given mining geometry.

Two assumptions are necessary for the benchmark point location.
The first is that the fault dip is invariant at 75’ for a distance 
300 m above reef to 300 m below reef. The dip direction varies, 
producing the curved surface shown. The second assumption is 
that the inferred Intersection of the Elf Fault and South West 
Dyke shown in Figure 2.2 is sufficiently remote from the mining 
excavations to have no effect.

Direct evaluation of the BS8 at each point on the fault plane 
is achieved by rotating the x-axis of a benchmark sheet in a 
horizontal plane to a direction tangential to the fault surface 
at the sheet origin. The y-axis of the sheet is then rotated 
downwards through 75 degrees so that it lies on the fault surface 
for its entire length in the true fault dip direction. Only 
one benchmark point is defined in the x-axis direction, while



49 points are defined at 12,5 m intervals in the y-axis direotion, 
aa shown in Figure 5.5. A total of eighteen benchmark strings 
were defined in <is manner, and shown as lines in Figure 5.4.

The ESS was calculated numerically at each point from the stress 
conditions arising from each mining step using the relation given 
by the Chamber of Mines Research Organization (1965). This e- 
quation is sitoilar to Equation 4.3 aside from the fact that it 
is expressei in terms of the engineering stress sign convention.
The cohesive strength of the plane being analysed is assumed 
to be zero. The Ess is given as two values, each corresponding 
to a coefficient of friction of tan 30" and tan 45". The ESS 
value corresponding to the lower coefficient of friction is used 
in all cases.

The ESS distributions on the Elf Fault surface are shown in Figure
5.4 It is apparent that the potential for fault-generated seis­
micity increased during the, gourse of the stress monitoring phase. 
This is especially true where the 100/38 Lqngwall and 100/25 Stope 
overlap. At the measuring positions, the fault plane is indicated 
to be stable.

The numerically derived ESS at the borehole measurement positions 
was calculated as the average for the six benchmark points closest 
to the instrument positions add listed in Table 5.4. The results 
show a consistent increase in the ESS as the mining approached 
the faul'., except for the last mining step where the ESS is seen 
to decrease again. These results are compared with the measurement 
results in Section 6.4.3,

The ESS results given are conservative, that is, they ate greater 
than they otherwise would have been because the fault surface 
16 assumed to have no cohesive strength. Moreover, the coefficient 
of friction used is lower than the static value determined for 
quartzites of approximately tan 45" (Dieterich, 1972).

5.3.3 Stress distribution in vicinity of longwall

A vertically orientated benchmark sheet met parallel to reef
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overstoping on boreholes RB3 and RB4. The stresses were resolved 
into their respective biaxial components in the plane of the 
sheet by the method giver, in Appendix G. The results are probably 
unreliable because off-reef benchmarks were requested too close 
to the reef plane, (Chamber of Mines Research Organization, 1985).

Nevertheless, the results did indicate that the vertical stress 
measured by Borehole RB3 should have remained at about 110 MPa 
for the mining face positions as at July 1986. The distribution 
together with the borehole positions and the mining face positions 
are shown in Figure 5.5.

5.3.4 Mining induced displacements

A string of 22 benchmark points were set about 2,5 m above 100/2 
'C Haulage West at 10 m intervals in order to determine the 
vertical displacements at points in the rock mass comparable 
with those measured in the underground levelling survey. The 
benchmark points and levelling stations are shown in Figure 5.6. 
Not all points coincide with the levelling stations, and in these 
eases either the closest benchmark point is used for comparison 
or the average displacement of the two benchmark points on either 
side of the levelling station is found.

She period in which the fault was most likely to become unstable 
was October 1985 to February 1986, when the 100/38 Longwall drew 
close to, and finally reached the Elf Famt. Although mining 
induced displacements were determined for each of the eleven 
mining steps, the displacement changes before and after this 
critical period are negligible, and are therefore not included 
in the analyses.

The displacements, together with the changes in displacement 
are listed opposite the benchmark point numbers and corresponding 
underground levelling station number in Table 5.5. The benchmark 
points in the western half of the traverse show the smallest 
movements as they are the most remote from mining. Benchmark 
Point No. 21, which corresponds to the westernmost Levelling
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BENCHMARK[ LEVELLING 
POINT STATION
NUMBER

VERTICAL DISPLACEMENTS (DOT) 
OCT 1985 FEB 1986

Notes 1 1) Two benchmark points indicate levelling station lies
midway between them, and averages are quoted.

ii) Positive displacements are downward.



Station No, 13 Is therefore ohosen as the datum. Since this point 
is stable throughout the period considered, the displacement 
differences calculated are of an absolute nature in relation 
to it, and can be compared directly from the relative displacement 
changes obtained from the underground levelling survey. The 
numerically derived and measured data are compared in Tecttion 6-4.2.

5.4 Analysis Error

Ryder and Napier (1985) describe the errors common to boundary 
element modelling techniques as well as a means of minimising 
these errors. KtNSIM-D features these improvements, and it is 
expected for the model under consideration, the analysis error 
will be relatively small.

Other analytical errors arise from the assumptions that the rock 
mass is linearly elastic, homogeneous, isotropic and intact.
These assumptions have been shown to be reasonable by Ryder and 
Officer (1965) as well as Ortlepp and Micoll (1965) when considering 
the quartzites of the Witwatersand Basin. However, they are 
invalid where rock behaviour is inelastic, such as in the zones 
surrounding extensive excavations at depth where the rock is 
in a state of failure. At present no analytical technique can 
take these zones into account adequately, and the errors that 
result from applying elastic analyses in these regions are still 
undetermined-

The failed regions surrounding mining excavations at depth assumed 
increasing importance in the latter stages of the stress monitoring 
phase because numerical estimates of stress were made at points 
close to the mining excavations. Nevertheless, the results are 
considered acceptable because the stress field is universally 
compressive in the region of interest, and intensely fractured 
rock is capable of exhibiting linearly elastic properties in 
these conditions even though its modulus of elasticity may be 
reduced (Lama and Vutukuri, 1978).

The mining induced stresses are underestimated in the aroa of



interest by not Including in the analysis extensive excavations 
to the north, east and south-east of the coarse window, shown 
in Figure 5.2. Although no quantification of the arror has been 
attempted, it is expected to be small in the area of interest.

5.5 Concluding Remarks

The MXNSIM-D suite of programs was used to model the conditions 
at the monitoring site area. The data generated requires in 
some instances modification for direct comparison with the under­
ground measurements. The results form a background against which 
the underground measurements ware made. This provides an indi­
cation of conditions along the known extent OS the Elf Fault 
Surface, which could not be achieved by the underground measure­
ments alone.

The results are presented in a summarized form for comparison 
with the underground measurements which were presented in Chapters 
3 and 4. The information from this, and the preceding two chapters 
is gathered together, compared, and the significance of the findings 
discussed in Chapter 6.



CHAPTER 6

DISCUSSION AND IHTBREKliTATIOH OP RESULTS

As far as tths author can determ iner She vibrating wire stressraeter 
had never been used for stress change measurements in deep gold 
mines before this study. Because of their unknown performance 
in this type of environment, detailed assessment of their behaviour 
was considered essential before an .interpretation of the stress 
change results could be carried out. The chapter begins with an 
outline of the initial stress state as determined from the measure­
ments, and is followed by a discussion of mining induced stress 
changes. The latter are described with comparisons between numeri­
cally estimated stress changes and those measured by the stressmeter. 
Several factors which affect the accuracy of stressmeter measure­
ments ere covered and those areas requiring further research are 
highlighted. The final stress state is described briefly and the 
possibility that the stress discontinuity still existed is mentioned. 
An analysis of the behaviour of the Slf Fault is lastly covered 
in some detail.

6.1 Initial Stress State

The Elf Fault exerted considerable influence over the initial stress 
state at the monitoring site. Firstly, the natural rook mass fracture 
frequency increases in the vicinity of the fault, thereby increasing 
the error of strain relief measurements. The second effect arisen 
from the fact that two rock masses with differing elastic constants 
abut against each other at the fault surface. This results in 
a stress discontinuity which was obaervtid at the site. The signifi­
cance of the influences are discussed in more detail below.

6.1.1 Discontinuity frequency

Rock mass discontinuities affected the overall error o£ the initial 
stress measurements presented in Table 3,7. In order to demonstrate 
this affect, a curve relating the two variables is presented in 
Figure 6,1. The relationship shows that a larger stress estimate

- *  . jr-. j *
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error may be expected in more intensely fractured rock. The curve 
is characteristic of conditions at the monitoring site and may 
therefore not be directly applicable elsewhere.

6.1.2 Presence of the Elf Fault

The fault resulted in  a clearly defined stress discontinuity at 
the monitoring site. A difference of the 14,9 MPa was observed 
between the average vertical stress measured to the west of the 
Eault when compared with the east. Table 3.7. The horizontal stresses 
acting across the fault surface, obtained from boreholes RB2 and 
RB3, differ by 16,4 MPa.

These figures do not suggest that the fault surface is not in equi­
librium, they highlight instead the complex stress field that exists 
in the vicinity o£ the fault, observations of the fault exposure 
underground suggested that it was stable with seismic data for 
December 1964 giving further support. The stress discontinuity 
was therefore not sufficient to cause fault instability and may 
therefore have been smaller than the stress measurements show.

The averaged vertical stress for all fdur boreholes is equal to 
that estimated numerically. This indicates that the two major 
factors controlling the initial vertical stress were the ovsrburden 
Weight and mining. The average horizontal to vertical stress ratio 
of 0,45 was In reasonably good agreement with the accepted ratio 
of 0,5 for the average gold mine at depth (Gay, 1975, p.449).

h reverse fault such as the Elf Fault represents eruatal shortening, 
which takes place when the horizontal stress exceeds the vertical 
stress. Since the horizontal stresses were found to be about half 
the vertical stresses, the conditions that resulted in the formation 
of the Elf Fault can no longer exist. Therefore the tectonic stress 
field responsible has slowly dissipated through geological time, 
leaving a displaced rock mass, some minor stress discontinuities 
of local significance only and a stress field that is primarily 
the result of the gravity loading by the superincumbent strata.
These findings ate in agreement w3 th thoes o£ Gay (1972) who concluded 
that at his "deep" site, the effect of residual stress was small



and that the maximum pzlncipal stress was approximately equal to 
the stress resulting from the weight of the existing overburden.

6.2 Mining Induced Stress Changes

The stress changes measured at the monitoring oite are compared 
with the corresponding numerical estimates. 1’he data came from 
Tables 4.3, 4.4, 4.6, 5.3 and 5.4,

6.2.1 Vertical stress changes

The vertical stress changes were largest and measured with the 
least error. They are plotted with the numerical estimates against 
time in  Figure 6.2, which shows that agreement is good in all cases. 
Both the numerical results and the stsessmeters revealed accelerated 
stress changes from October 1965 to February 1986 when the 100/38 
Longwall drew near to the monitoring site. This change was also 
detected in Borehole RB6, but not supported by the numerical modelling. 
The differences between the two curves plotted for each borehole 
in figure 6.2 arise from rock mass conditions at the stressmetere 
and their influence on borehole deformation, as explained below.

Changes in the effective modulus of elasticity
From January 1986 onwards, s tre s s change measurements in Boreholes 
RBI and RB2 exceeded the numerical estimates, which led to over­
estimated stress changes towards the end of the period. This occurred 
when both etreosmeter clusters were less than 10 tn away from 100W1 
Panel, which had stripped onto the Elf Fault in January 1966, and 
remained static thereafter. In these conditions the increases 
in stresti may represent the time-dependent development of mining 
induced fracturing in the immediate vicinity of the stressmetes 
positions.

This process would result in the reduction of She effective elastic 
modulus, which would be expressed as an increase in stress even 
though the true stress chang-a at the stressmeters were small.
This effect wag not taken into account in the calculations because 
the changing fracture intensity cnuld not be measured.
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The same result may be produced by the stress induced scaling of 
the borehole surfaces. No definite evidence of scaling was found, 
even at the collar of Borehole RB4, when it was only one metre 
ahead of .’.OOW1 Panel. Borehole scaling at the stressmeter clusters 
could not be monitored and therefore it cannot be excluded as a 
possible cause.

A third origin of the stress increases may be the time dependent 
transfer of load from more highly stressed vo' 'es to less stressed 
volumes of rock by creep. Although Briggs (1982) and others have 
found that quartzites are not prone to creep, these findings are 
based on the laboratory testing of intact rock specimens, which 
may not truly reflect the behaviour of a discontinuous rock mass 
in situ. The causes listed above may act singly or in combination 
with each other and may aleo pool with some of the sources of error 
listed in Section 4.2.1.

Borehole-rock mass deformations
It appears from the curves in Figure 6.2 that the effective reck 
mass modulus,was over-estimated for Boreholes RB2, RB3 and R86, 
and more less correctly estimated for RBI and RB4. This is 
evident in the fact that for Boreholes RBI and RB4 the stress changes 
were initially slightly under-estimated and then later over-estimated 
in tha case of RBI when changing rook conditions brought about 
a reduction in the effective rock modulus.

Over-estimrraR of the effective modulus are possible for RB6, but 
unlikely fof AB2 and RB3 where the intact rook modulus and fracture 
frequencies are fairly well known. The reason for excessive stress 
change estimates may be that the boreholes lie mere or less parallel 
to the fault as well as the major discontinuity direction, deter­
mined by Heunis (1976) As a result, the deformation in Boreholes 
RB2 and RB3 may be wre pronounced for the same stress changes 
than for RBI and Rt)4, which were drilled perpendicular to the major 
discontinuity trend.

This suggests that borehole deformation behaviour may depend on 
the borehole direction and the major discontinuity trends in a 
jointed rock mass. As far as is known, the effect of .1 discontinuous



solid on borehole deformation has not been investigated, either 
in situ or by numerical modelling techniques. Furtht-r investigation 
of this phenomenon is necLaiiary not only because the above obser­
vation requires confirmation, but also because the results will 
have an important bearing on all in situ stress and stress change 
measurements using borehole mounted devices.

6.2.2 Stress change components

Graphic comparisons of each stress change component for Boreholes 
RBI and RB4 appear in Figures 6,3 to 6,6, wnere they appear plotted 
against the corresponding numerical estimate. Perfect agreement 
between each set of variables would be expressed as a straight 
line with a slope of unity passing through the origin, as shown 
in each figure.

The plots show that for the vertical stress changes, which are 
greatest, the agreement is best. Neither of the plots for the 
horizontal and shear stress changes show as good agreement. Both 
tend to be moro erratic, probably because they are relatively small 
when compared with the vertical stress changes.

The overall correlation coefficients and regression constants for 
each stress component are presented in Table 6.1. The observed 
and estimated vertical stress components show by far the best corre­
lation, while the measured horizontal and deduced shear stress 
changes are relatively poorly correlated with their numerically 
estimated counterparts. The constant a represents the slope of 
the least squares fit regression line while b is the value of the 
intercept on the vertical axis of each plot. The significance 
of these values is that the vertical stresses tended to be over- 
estimr 'od on average by the stressmeters beyond stress changes 
of about 6,0 MPa. The horizontal stress changes were over-estimated 
and the shear stress changes, deduced from the normal stress changes, 
were under-estimated by the instruments throughout the monitoring 
period.

The comparisons show thac while general agreement between the measured

f m t  . J t *  d a * * * , ...



Numerlecl stress change estim ate (MPa)

Key to  ourveo and table o f coefficients 

fo r least square beet f i t  lines to  data

Key
Stress

r O' b

A 'y o,ss 1,08 -1 ,8 0

X— -X Affx 0,93 2,69 -4,41

--------- ATxy 0,44 -1 ,5 4

Notes: 1) r  la the correlation coefficient
2) a and b are constants such that 

y =  ax -h b In which 

y =» measured stress change component 
x -= numerically estimated stress change 

component

Figure 6.3
P lo t o f  m e a s u re d  s tre s s  c h a n g e  c o m p o n e n ts  v e rsu s

c o rre s p o n d in g  n u m e ric a l e s tim a te s  f o r  B o re h o le  R B I



t>‘

Numericol stress change estim ate (MPa)

Key to  curves and table o f coefficients 

fo r least square best f i t  lines to  data

Key
Stress

b

0,99 1,30 -0.SB

K 0,44 1.67

ATxy 0,87 1,88 0,49

1) r Is the correlation coefficient

2) a and b are constants such that 

y “  ax +  b In whloh
y =  measured stress change component 

x =  numerically estimated stress change 
component

Figure 6.4
P lo t o f  m e a s u re d  s tre s s  c h a n g e  c o m p o n e n ts  v e rsu s

c o rre s p o n d in g  n u m e r ic a l e s tim a te s  fo r  B o re h o le  RB2

-mm*...



Numerical stress change estim ate (MPa)

Key to  curves end table o f coefficients 
fo r least square beat f i t  lines to  dota

Key
Stress

r b

A»y 1,00 0.B5

X------X t o * -0 ,1 8 -0 .4 3

- ATxy 0.25 0,25

Notes: 1) r  Is the correlation coefficient
2) o and b ore constants suoh that 

y m ax -h b In which 

y  *■ measured atress change component 
x =  numerioolly estimated stress change 

component

Figure 6.5
Plot o f m easured stress change com ponents versus 

corresponding num erical estim ates fo r  Borehole RB3

.jte .



Borehole destroyed by 

bleating on 21/12/85

10 20 30 40

Numerical stress fchonge estim ate (MPa)

Key to curves and table o f coefficients 

fo r least square best f i t  lines to  data

Key
Stress

e b

+ ----- + Acry 0,99 0,67 -0 ,5 3

X— X A"* 0,97 0,21 -0 ,2 5

-- * TXy 0.7B 1.05 0,24

Notes! 1) r  Is the correlation coefficient

2) a and b ore constants such that 

y ■= ax +  b In which 
y  — measured stress change component 
x =  numerically estimated stress change 

component

Figure 6.6
P lo t o f  m e a s u re d  s tre s s  c h a n g e  c o m p o n e n ts  ve rsus

c o rre s p o n d in g  n u m e ric a l e s tim a te s  f o r  B o re h o le  RB4





TABLB 6.1: OVERALL CORRELATION COEFFICIENTS AND REGRESSION CONSTANTS
FOR TEE STRESS CHANGE COMPONENTS

+0,9669

• correlation coefficient

where y in the measured stress component 
x is the estimated stress component

n «= number of data points In the analysis.



and numerically estimated stress changes exists, the vertical stress 
changes were measured with the smallest error, because they were 
the largest. Nearly all the measured values lie within about 15% 
of the ideal situation of perfect agreement, which for a faulted 
rock m&es, and data from only four boreholes, is very encouraging,
Et is concluded that the results from the stresameters ere reasonable 
and that the instrument is suitable for long term stress change 
measurement in deep gold mines.

i5.3 Pinal Stress State

Three measurements of the final stress state are available. These 
are the total stresses measured in Boreholes RBI, RB2 and RB7, 
all to the west of the fault. They are compared with their numerical 
counterparts estimated for the same points in Table 6.2. The measured 
vertical and horizontal stress components are larger than the numeri­
cal estimates in all cases except for the horizontal stress measured 
in RB7, which is smaller than the numerical estimate. The pattern 
is typical of the initial numerical stress estimates, which also 
were smaller than their measured counterparts to the west of the

The drop in stress measured in Boreholes RB3 after January 1986 
docs not agree with the numerical results because either rock failure 
or stresemeter - rock contact failure occurred in the borehole.
This led to the spurious vertical streesmeter output since that 
date which showed that an apparent decrease in stress took place 
while the n m a s ic& l results, themselves questionable, showed an 
increase in stress. Figure 5.5 nevertheless shows that such a 
decrease in stress follows once the borehole is overdtoped, as 
in the case for RB4. The results from these boreholes and the 
numerical analyses indicate the limitations of both stress measure­
ments and analytical techniques at points close to extensive mining 
excavations at depth. Because of these limitations, no direct 
information about the stress state to the east of the fault existed 
once the 100/38 Longwal] had reached it.

The results from Borenoles RBI, RB2 and RB7, although unsupported



TAB1B 6.2$ COMPARISON OB THB MEASURED TOTAL STRESS COMPONENTS 
WITH THEIR NUMERICALLY ESTIMATED COUNTERPARTS

BOREHOLE STUBBS
COMPONENT

SOURCE
MEASURED ESTIMATED

"y +117,7 +112,8

Txy

+ 63,7

T*y - 10,5

°y +109,2
+ 25,3

Txy + 9,9



by RB3 and Bn4, suggest that the stress discontinuity still existed 
at the end of the stress monitoring period. This could not be 
confirmed by absolute stress measurements to the east of the fault 
because they would have been undertaken in da-stressed, overstoped 
ground. The possibility that the stress discontinuity still existed 
is discussed in Section 6.4,1.

6.4 Analysis of Elf Fault Behaviour

The response of the fault to the mining induced stress changes 
is examined from several points of view. The aspects considered 
are the effect of the fault on stress changes induced by mining, 
fault stability using the ESS criterion, displacements on che fault 
surface as well as the rock mass in general, and mining induced 
seismicity. The information used for the analyses comes from Tables 
4.4, 4.6, 4.7, 5.3, 5.4 and 5.5. The analyses of mining induced 
seismicity is based on the information contained in Figures 4.5

6.4.1 Stress transmission across fault

By far the greater part of the mining induced stress changes were 
generated by the 100/38 Longwall situated to the east of the fault.
The question of how those stress changes were transmitted to the 
rock mass west of the fault are crucial to any assessment of its 
stability. The vertical stress changes measured in the four stress 
monitoring boreholes are most appropriate because they are the 
largest of all the stress changes measured.

A way of accomplishing a visual assessment i'i to plot the stress 
changes measured in RSI against those in RB4, and to repeat the 
procedure with the corresponding numerical estimates, as shown 
in Figure 6.7a. Figure 6.7b is a similar set of curvei or RB2 
and RB3. if the trajectories of both curves are similar in each 
case, stress must be transmitted across the fault, because in the 
numerical model, mining induced stress changes are perfectly transmitted 
to all parts of the hypothetical solid.
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Si.ite both ctyrves ace reasonably close to each other for all the 
stress change measurements, it is concluded that the presence of 
the fault has no influence on the transmission of mining induced 
strgss changes. This observation is significant in the case under 
study because it eliminates one variable in discontinuity behaviour 
that would contribute to an erroneous assessment of rock mass sta­
bility using the S£s criterion. The observation also supports 
the euppositionJmafte in Section 5.4, that elastic analyses are 
still valid in intensely fractured rock masses provided that the 
discontinuities t 're adequately confined.

derailing survey results

IV CUsplacejnents Measured underground and those estimated n.umeri- 
ca»*y ave. presented in Tables 4.7 and 5.5 respectively. The data 
ha’.a,bees-. Combined and presented for comparison in Figure 6.8. 
tte ̂ ispl.atsî aent change plots show ;,o agreement at all, and this 
irises £xoifi 'two important factors.

 ̂I?The (Mrat is chat the rocn anshors used for levelling were installed
m diiep i.oles drilled wrticaMy upwards from the 100/2 'C 

Haulage Wl>av -fief. It appoarS that these anchors were too short 
to ̂ a'.o'v f o t tbr meABuraflient of rock mass movements because the 
eXi?f'/'#Lvi3 Af'Jt' *%«as':faa between the South West Dyke and the Elf 
F̂ jsLt. / 'Kits sv.oge'sti'. that the anchors may be fixed in rock whose 

"a -./.e i.tiiil.li. affected by bedding separation.

i' Tb* eec-ind factor1 Important to the results was that a major re- 
su£iportirt5 progra|,i i W  underway at the time of the measurements.
The, support mediult employed in 100/2 'C  Haulage West was 4,5 m
. loî g pre-tensioried and grouted rope anchors set at 3 m centres 
with wira mesh and Irtf.'ing. The conditions in the haulage were 
such that tensionif « o5 she rope anchors may have been sufficient 
to induce the upvaxv displacement of rook by as much as 6 mm. This 
is the only exyl'an.tf.iort for the generally upward movement of the 
rock between 120 -.0 V-O m from the datum levelling station.

Nevertheles, the meirsnmments show a downward displacement of the
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rock mass to the west of the fault; which is partly in keeping 
with expectations. Only insignificant displacement across the 
fault surface was measured and is raoro likely to be minor local 
movement than fault slip. Undisplaced paint stripe across the 
fault traces lend further support to this observation. I'he results 
are therefore in general agreement with other findings, even if 
they do not coincide with the numerical predictions of displacement.

tt.4.3 Milling induced seismicity

The seismic activity that took place durihg the monitoring period 
is described in Section 4.4.1, but spatial relationships between 
seismicity and geological structure, mining, and the Excess Shear 
Stress distribution <m the fault surface were not discussed. In 
spite of the fact that only twenty-five seismic events with a magni­
tude of greater '.han 1,0 on the Richter Scale were detected in 
the area, some patterns do emerge, -hese are presented and discussed

Spatial relationship with geology and milling
The plan position of each seismic event that occurred in the moni­
toring area is shown in Figure 4.5. The minimum distance of each 
seismic avenr location from a geological structure surface was 
found by projecting perpendicular lines to each surface from a 
given event anti finding their respective lengths. The results were 
then classed into different distance groups, for example 
0-25 m, 25-60 m, etc. from a particular geological structure. The 
seismic frequencies were then counu.in each distance class for 
a particular structure and a frequency histogram tvts constructed.
The Elf Fault, the South West Dyke, the Georgette Dyke and the 
Carbon Leader Reef plane were eaoh considered for the distance- 
aaiamic frequency histograms that appear in Figure 6.9.

The histogram for the Elf Fault shows some clustering of seismicity 
within 25 m of the fault surface. The frequency peak is prominent 
and shows that nine of the twenty-five seismic events located within 
25 m of its projected surface position. A second peak is present 
about 125 m to the east of the fault. This is the result of tieidmi- 
nity associated with the Georgette Tyke and mined out areas.
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The South West Dyke is revealed to have little control over seismic 
locations in the area. A peak, probably associated with the Elf 
Fault, lies 50m to the east of the dyke, while a second very promi­
nent peak exists for events located at distances greater than 150 m 
from the dyke. The second peak is not associated with any particular 
structure but is an artefact of the distance interval chosen.

The Georgette Dyke shows a mild peak which means that minor cluster­
ing of seismicity occurred around it. The seismic frequency then 
tapers off to the south with a prominent peak for events greater 
than 1.50 m away. Again, this is the result of the class interval 
used. The histogram is one-aided because only events to the south 
of the Georgette Dyke were considered in the analysis.

The frequency histogram plotted for the Carbon Leader Reef plane 
shows that a majority of the events were located in the hangingwall.
A roi'-or peak lies immediately above the reef plane, a feature typical 
of seismic activity associated with mining, while a smaller peak 
exists in the deep footwall. The pattern shows that most of the 
seismicity located away from the reef plane, sometimes in the remote 
hangingwall and footwall, which appears typical of the geologically 
controlled seismicity observed in the Klerksdorp Coldfield (Gay 
et al, 1964).

The frequency histograms show that a significant portion of the 
seismicity clustered around the Elf Fault and that the other 
structures were associated with relatively smaller portions. The 
Elf Fault is therefore considered to be seismically active when 
exposed to mining induced stress changes.

Seismic location control by Excess Shear Stress
Zones of positive ESS developed on the Elf Fault surface when mining 
approached it from the east and west. These zones represent numeri­
cally predicted potential fault instability, which should coincide 
loosely with the seismic activity that was located at or near the 
fault surface. Of the nine seismic events that plotted within 
25 m of the fault, eight have been re-plotted in Figure 6.10, to­
gether with the aones of positive ESS for the respective mining





steps. The ninth seismic event .plots outside the field of view 
for October 1983 and was not included.

The fault-controlled seismicity occurred from September-October 
1985 to February 1986, when the 100/38 Longwall approached the 
fault from the east. All except one of the seismic events plotted 
well away from the zone of positive ESS and six clustered in an 
area to the north and north-east of 100/25 8tope. Ho seismic events 
occurred in this region from May to September 1986 when a zone 
of positive ESS extended into it.

This behaviour is explained if fcho portion of the Elf Fault surface 
to the north of 100/2S Slope is Considered potentially unstable 
as a result of some local stress anomaly. This condition quickly 
approached a state of unstable equilibrium while the 100/38 Longwall 
was still some distance -way in September 1985. Further mining 
precipitated two — \ period ending in October 1985, follow­
ed by another four ..ioding three months. The release
of seismic energy in t is left the fault surface and surrounding
rock mass stable, even when a zone of positive ESS penetrated it 
in May 1986.

One seismic event, in February 2986, plotted near to the southern 
vidge of a zone of positive ESS associated with 100W1 Panel. This 
wao the only seismic event that appears to be as- iciatod with posi­
tive ESS. An underground visit following the occurrence revealed 
no visible slip at the fault exposures nor were the overall trends 
of stress change measured at the stressrr.iters disturbed. No closure 
associated with the seismic event was visible in 10QWI Panel, and 
no damage was reported in any of the mining excavations except 
for a fall of ground ir, 100/25 Replacement Crosscut North.

Mo seismic events were located in the zone of instability extending 
below the 100/38 Longwall. This was considered to be one of the 
more critical zones when considering the work of Ryder (1986).
It appears that the opposite was true. Furthermore the ESS calcu­
lated from the measurements at the monitoring site was in general 
much lower than the comparable numerical estimates.



The two sets of data are plotted against each other in Figure 6,11.
It is clear that no agreement exists except that both sets of data 
are negative. No common trends are visible and the overall trajectory 
of the data is at variance with the Ideal curve representing perfect 
agreement. The disparity between the numerical and measured ESS 
lies in the following probable souroast-
i) a stress discontinuity, nev. accounted for in the numerical 

analysis/ tended to reduco the ESS values in the measured 
results;

11) the measurements were not undertaken at the fault surface, 
but about five metres from it.

The presence of the stress discontinuity is considered an Important 
agent in reducing :he potential for seismic activity in bhe footwall 
below 100/38 Longwall. If the measured ESS values are correct 
for the zone, then a further 10 MPa may be subtracted from the 
numerically predicted zone of positive ESS, largely eliminating 
it and bringing numerical predictions into line with observations.

6.5 Suanary of Results

The vibrating wire stfsesmeter is shown to be % reliable instrument 
capable of long term strees change measurement in har' U underground 
conditions. The results obtained from it can be used with assurance 
when the effective reek mass modulus of elasticity is known wltl\ 
gdod accuracy. Stress change measurement errors would be reduced 
further if the effect of discontinuities on borehole deformation 
could bo determined.

Tbs initial stress measurements revealed that % well defined stress 
discontinuity existed at the Elf Fault. The stress change measure­
ments, whidK agreed reasonably well with the numerical estimates, 
showed that the discontinuity persisted throughout the stress moni­
toring period.

Spatial analysis of the seismic event legations showed the Elf 
Fault to be seismically active in a region not predicted by numerical 
analyses. The observed departure from elastic predictions can
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only be explained by the existence of a stress anomaly. Since 
the fault was found to have such a strong influence on the stress 
field at the monitoring site, the presence of another stress anomaly 
elsewhere is possible. As the strei , anomaly enhanced seismicity 
to the north of 100/25 Stops, bo the stress discontinuity at the 
monitoring site may hove suppressed seismicity on the Elf Fault 
below the ZOO/jB L o n q m ll.



CHAPTER 7

CONCLUSIOHS

A more thorough knowledge of stress distributions in rock masses 
would help to clear away some of the unknowns of mining induced 
seismicity and rock bursts, and perhaps lead to a more effective 
solution to the problem- To this end an underground study of 
the stress state of a faulted rock mass, while it was subjected 
to changing mining induced stresses, was undertaken. The measure­
ments consisted of absolute stress measurements at the beginning 
and end of a period of stress change monitoring which spanned 
nearly two years. The stress and stress change data were supple­
mented with rock mase displacement measurements, seismic obser­
vations, and numerical stress and displacement analyses.

The initial stress state measured at the monitoring site agrees 
well with the numerical estimate, which shows that it is predomi­
nantly the result of the overburden weight and a small mining 
induced stress component. Ho evidence of the stress field responsi­
ble for the formation of the fault was found. The presence of 
the fault creates a stress discontinuity as a result of the footwall 
and hangingwall quartzites coming into contact with each other 
across the fault surface. This produces a complex stress field 
in the vicinity of the fault, and appear i to have had a strong 
influence over its seismic behaviour. This effect requires more 
detailed study.

Vibrating wire stresemetets were used to monitor the stress . langes 
induced by mining during the course of the study. Their performance 
was assessed in detail because as far as could be determined, they 
had never been used in deep gold mines before. They proved to 
be reliable throughout the study with all the stress change results 
derived from them agreeing reasonably well with the numerical 
predictions. The stress change estimates both from the streasmeters 
and the stress analyses were uead to assess the stability of the 
fault while it was subjected to changing mining induced stresses.



The seismic observations/ s tre s s monitoring results and numerical 
analyses all show that the fault surface at the monitoring site 
remained stable throughout the study. This evidence was supported 
by underground observations, but cannot be extended to the ontire 
known extent of the fault surface.

An estimate o£ stability was extended to the known extent of the 
fault surface by calculating numerically the Excess Shear Stress 
distribution. These results showed the greatest disparity with 
observations. While the fault was expected to becomc unstable 
above and below the approaching 100/38 Longwall, no such instabilit 
was observed underground. This has been ascribed to the presence 
of the stress discontinuity which persisted throughout the study 
and appears to have had a stabilizing effect. This highlights 
the inability of present numerical analysis techniques to take 
account of rock mass history, structure and composition, and there­
fore the complex natural stress fields that arise.

The conclusions drawn from the study are listed below:-
i) the overall initial stress state at the monitoeing site

was controlled by the gravitational loading of the overlying 
s tra ta and a small mining induced stress component; 
the stress field Responsible Cor the formation of the 
Elf Fault appears to have dissipated through geological

iii) a stress discontinuity existed at the fault surface at
the beginning o£ the study and persisted to the end, resulting 
in a complex stress field in the vicinity of the fault;

iv) the vibrating wire stteatimetor is suitable for long tern
stress change monitoring at depth;

v) the largest stresg changes, in this case vertical, were
measured with the smallest percentage error?

vi) the horizontal and shear stress changes were measured
with relatively lower levels of confidence than the vertical 
stress changes?

vii) tile effect of discontinuities on the stress concentration
factors calculated for the flattened end of s borehole 
and. discontinuity offects on borehole deformation, should 
be investigated;



ix) the underground stress measurements showed reasonably 
good agreement with the numerical p.'iuLysesi

x) there was poor agreement between the numerical analyses 
and underground measurement of displacement and the Excess 
Shear Stress;

xi) the Elf Fault proved to be seismically active, but only 
in a region to the north of 100/25 Stops;

xiij the stress discontinuity appears to have a strong influence 
over the seismic behaviour of the fault; 

xiiti current numerical stress analyses, techniques are effective 
in cases where rock mass conditions do not deviate from 
the simplifying assumptions; 

xiv) more must be discovered of natural stress distributions
in rock masses in order to provide guidelines towards 
making the present stress analysis techniques applicable 
to a wider range of rock mass conditions.

The outcome of the measurements and analyses indicate that the 
influence of the pre-existing stress field on the Elf Fault is 
of paramount importance in the determination of its subsequent 
response to the imposition of mining induced stresses. This obser­
vation calls for the review of .-he questions concerning the seismic 
and reck burst mechanisms that appear fn Chapter 1. These are 
relisted here:
j) what exactly is the soismic source mechanism?
ii) which factors are most important in bringing about a seismic

iii) how large are the stresses that drive it?
iv) what happens to the stress state at the initiation, during 

and after a seismic event?
v) why do some seismic events cause rock bursts while others 

do not?
vi) why are some faults and some dykes seismically active when 

exposed to mining induced stresses while others are not?

Reviewing these questions reveals that the influence of the total 
stress field on the behaviour of the 81f Fault sheds some light 
on the answers to questions ii) and vi). The stability of the



fault eliminated the poCwitlal of the study to provide answers 
to questions i s , iii) and iv). The overall outcome ol the study 
shows that more must be known of natural stress fields in rock 
masses and that more versatile methods of numerical stress analysis 
be developed before a complete unravelling of the mysteries of 
the'̂ aeismic and reck burst mechanisms becomes possible.



fault eliminated the potential of the study to provide answers 
to questions i), iii) and iv). The overall outcome of the study 
shows that more must be known of natural stress fields in rock 
masses and that more versatile methods of numerical stress analysis 
be developed before a complete unravelling of the mysteries of 
the seismic and rock burst mechanisms becomes possible.
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Specimen Ref 3

Diameter : 30,0 mm
Length : 59,8 mm
Mass : 116,5. g

ihkK
Stress 
in MP#

Total strain x 10~3

Axial Radial

0,00 0,000 0,000
7,07 . 0,075 -0,014
14,15 0,155 -0,028

15 21,22 0,247 -0,047
20 28,29 0,340 -0,061
25 35,37 0,422 -0,079
30 42,44 0,501 -0,098
35 49,51 0,580 -0,123
40 56,59 0,656 -0,132
45 63,66 0,729 -0,148
50 70,74 0,810 -0,167
60 84,88 0,883 -0,184
70 99,03 0,965 -0,206
80 113,18 1,127 -0,246
90 127,32 1,252 -C,20S
100 141,47 1,395 -0,333
120 169,77 1,562 -0,390
140 1,898 -0,539

Load at failure : 146 kN
Uniaxial compressive strength : 206,55 MPa
Remark : Specimen contained cemented joint

-1- *  - ■m tu e k .. _



Specimen Ref IT 4

Diameter : JO, 0 mm
Length : 59,2 mm
Mass : 114,9.g

B h  2 8 1  J Q ,M m
Load Stress strain x 10~3
in kN in MPa Radial

0,00 0,000 0,000
7,07 0,083 -0,016

14,15 0,164 -0,029
28,29 0,328 -0,059
42,44 0,516 -0,095
55,52 0,691 -0,128
70,74 0,842 -0,150

1,016 -0,195
59,03 1,192 -0,232

213,18 1,362 -0,271
127,3? 1,539 -0,309
141,47 1,724 - -0,356
155,62 1,914 -0,404
169,77 2,058

Load a t fa ilu re  : 125,0 kN
Uniaxial compressive strength 1 176,84 MPa
Remark : None



Diameter : 30,0 mm
Length : 60,0 mm
Mass : 116,4 g

Load 
1n kN ? n p a

Total strain x ID"3

Axial Radial

0 0,00 0,000 0,000
5 7,07 0,082 -0,010
10 14,15 0,166 -0,025
15 21,22 0,266 -0,043
20 28,29 0,343 -0,058
25 35,37 0,424 -0,075
30 42,44 0,493 -0,090
35 49,51 0,558 -0,106
40 56,69 0,636 -0,122
45 63,66 0,716 -0,141
50 70,74 0,777 -0,156
60 84,88 0,932 --0,296
70 99,03 1,073 -0,233
80 113,18 1,212 -0,269
so 127.J2 1,376 -0,319
100 141,47 1,488 -0,351
120 169,77 1,796 -0,456
140 198,06 2,106 -0,604

Load a t fa ilu re  : 150 kN
Uniaxial compressive strength : 212,21 MPa
Remark : Specimen contained cemented jo in t



Specimen Ref N" 7

Diameter 30,0 mm
Length 60,0 ram

116,9 g

E62
Load Total strain x 10-'
in kN in MPs Axial Radial

0 0,00 0,000 0,000
5 7,07 0,091 -0,013
10 24,15 0,189 -0,029
15 21,22 0,285 -0,042
20 28,29 0,381 . -0,059
25 35,37 0,477 -0,075
30 0,578 -0,093
35 49,51 0,671 -0,110
40 56,59 0,779 -0,134

Load a t fa ilu re  : 44,2 kN
Uniaxial compressive strength : 62,53 MPa
Remark : Specimen contained cemented jo in t



Specimen Ref Nu o

Diameter : 3v,0 mm
Length : so,7 mm
Mass : U 8,0 g

Load 
in kN

Stress 
in MPa

Total strain x 10-3

Axial Radial

0 n ,00 0,000 0,000
7,07 0,081 -0,015

14,15 0,168 -0,027
20 28,29 0,359 -0,059
30 42,44 0,533
40 56,59 0,701 -0,114
50 70,74 0,886 -0,147
60 64,08 1,043 -0,174
70 99,03 1,221 -0,207
80 113,10 1,391 -0,239
90 127,32 1,554 . -0,270

100 141,47 1.735 - -0,309
110 155,62 1,935 -0,353
120 169,77 2,120 -0,399
130 183,91 2,323 -0,457

198,06 2,535 -0,533
150 212,21 2,757 -0,631-
160 226,35 3,014 -0,792

Load a t fa ilu re  : 167,6 kH
Uniaxial compressive strength : 237,11 MPa
Remark ; None.



Specimen Ref Nu 9

Diameter
Length
Mass
2 6 2

l,)V 
in  kli

90
100

30,0 ran 
59,9 mm 
126,8 g

Z Z . Z C j ,

in MPa

0,00
7,07
14,15
21,22
28,29
35,37
42,44
49,51
56,59
63,66
70,74

99,03
113,18
127,32
141,47

Total strain x 10-’

0,000
0,064
0,132
0,210
0,276
0,351
0,429
0,495
0,570
0,637
0,714
0,869
1,009
1,156
1,285
1,456

Load a t fa ilu re  : 117,6 kN
Uniaxial compressive strength : 166,37 MPa
Remark ; Specimen contained cemented jo in t

A

0,000
-0,013
-0,025
-0,044
-0,058
-0,078
-0,094
-0,115
-0,136
-0,155
-0,178
-0,226
-0,272
-0,322
-0,375
-0,441

, i



Diameter : 30,0 mm
Length : 60,6 mm
Mass : 116,.6 q

R 9 I : Z I , a k
Load Stress Total strain x 10"1

0,00 0,000 0,000
5 7,07 0,079 -0,013

:10 14,15 0,163 -0,024
20 28,29 0,344 -0,053

42,44 0,520 -0,080
56,59 0,679 -0,106
70,74 0,835 -0,131

60 64,38 1,011 -0,160
70 99,03 1,163 -0,187
80 113,18 1,324 -0,216
90 127,32 1,459 -0,250

100 141,47 1,663 -0,279
110 155,62 1,838 -0,315
120 169,77 2,013 -0,357
130 183,91 2,193 -0,401
140 198,06 2,369 -0,451
150 212,21 2,548 -0,512.
160 226,35 2,746 -0,594
170 240,50 2,951 -0,716

254,65 3,212 -1,120

NOTBi This teeult not included in Tz lie 3.5 because strair relief reading
31,54 m was rejected (see Table 3.21.

Load at failure ; igo,0 kN
Uniaxial compressive strength : 254,65 MPa
Remark ; None



Specimen Ref N" n

Diameter : ->0,0 mm
Length : 59,0 mm
Mass : 113,5.g

£ 6 2  : Z 2 , 3 S - m

Load Stress Tota strain x 10~3
in kN in MPa Axial Radial

0,00 0,000 0,000
7,07 0,082 -0,011

10 14,15 0,185 -0,028
28,29 0,353
42,44 0,533 -0,087
56,59 0,712 -0,119
70,74 0,885 -0,150
84,88 1,047 -0,179
99,03 1,227 -0,214

113,19 .1,399 -0,249
127,32 1,578 -0,286
141,47 1,778 - -0,333

110 155,62 1,976
120 169,77 2,172 -0,436
130 103,91 2,384 -0,511

2,637 -0,663

Load a t fa ilu re  : 144,6 kN
Uniaxial compressive strength :204 ,85  MPa > -  190 -
Remark : None



Specimen Ref N* 12

Dfaffjeter 30,0 m
59,8 mm
116, .4 g

- g g f 3 2 ,

in kN In MPa
Total strain x 10's

Axial Radial

0 0,00 0,000 0,000
5 ?,07 0,078 -0,013
10 14,15 0,171 -0,029
15 21,22 0,257 -0,044
20 28,29 0,342 , -0,059
25 35,37 0,427 -0,075
30 42,44 0,515 -0,088
35 49,51 0,602 -0,104
40 56,59 0,690 -0,121
45 63,66 0,763 -0,133
50 70,74 0,853 -0,152
60 84,88 1,025 •-0,184

99,03 1,182 -0,214
80 113,18 1,367 -0,253
50 IZ7.JZ 1,557 -U,293
100 141,47 1,730 -0,332
120 169,77 1,911 -0,371

\ 1

Load at failure : 127,4 kN
Uniaxial compressive strength : 180,23 MPa
Remark :



Specimen Ref N" 13

Diameter : 30,0 ram
Length t 60,4 mm
Mass : 116,2 9
R 6 3  : 10,11 m

Load Stress Total strain x 10-5
in kN in MPa Axial Radial

0 0,00 0,000 0,0f0
7,07 0,135 - 0,011

10 • 14,15 0,240 -0,027
28,29 0,445 -0,061
42,44 0,629 -0,099
56,59 0,811 ' -0,138

50 70,74 1,029 -0,185
60 84.88 1,216 -0,229
70 99,03 1,421 -0,278

113,18 1,619 -0,331
90 127,32 1,831 -0,390

100 ■ 141,47 2,056 -0,460
155,62 2,279 -0,538

Load a t fa ilu re  s 1 1 5 ,2  kN
Uniaxial compressive strength : 1 6 4 ,3v MPa
Remark ; specimen end ch ip p e d .



Specimen Ref N- 14 

Diameter : J0,0 mm
Length : 60,7 mm

K 84
: 116,0. g

■ %}Sr»
Load Stress strain x tO'5
in kN in MPa Radial

Q 0,00 0,000 0,000
5 7,07 0,087 -0,011

10 14,15 0,171 -0,023
28,29 0,369 -0,051
42,44 0,544 -0,078

40 56,59 0,721 -0,107
SO 70,74 0,887 -0,133
60 34,63 1,070 -0,166

70 99,03 1,253 -0,199
B0 113,18 1,424 -0,231
90 127,32 1,612 -0,270

100 141,47 1,799 -0,312
110 15b,62 1,990 -0,364
120 16-,77 2,200 -0,428

183,91 . 2,398 -0,502
198,06 2,59b -0,599
212,21 2,808 -0,738

Load at; fa ilu re  : 158,8 kN
Uniaxial compressive strength : 224,66 MPa
Remark s none



Specimen Ref Nu 15 

Diameter : 30,0 mm
Length : 60,8 mm
Mass : 126,5 g

Load Stress strain x 10-5
in kN in MPa Radial

0 0,00 0,000 0,000
5 7,07 • 0,080 -0,012

10 14,15 0,165 -0,026
' 28,29 0,3.-O

42,44 0,535 -0,090
56,59 0,727 -0,123
70,74 0,916 -0,15-7
84,68 2,033 -0,191
99,03 1,283 -0,230

113,18 1,465 -0,267
90 127,32 1,660 -0,309

100 H I , 47 1,872 - -0,360
110 155,62 2,053 -0,402

169,77 2,262 -0,459
183,91 2,473 -0,519
198,06 2,698 -0,590

2,930 -0,673 ’
3,169 -0,772
3,421 -0,899

Load at failure : 171,2 kN
Uniaxial compressive strength : 2-12,20 MPa
Remark uione.



Specimen Ref M" 16

Diameter : 30,2 imi
Length : 60,5 m
Mass : 116.1 9
R 6 4 -  - 1 , 3 1 m

in MPa
Total strain x 10_J

Axial Radial

0 0,00 0,000 0,000
5 6,98 0,082 -0,014
10 13,96 0,180 -0,031
20 27,92 0,351 -0,062
30 41,88 0,531 -0,097
40 55,84 0,714 -0,131
50 69,80 0,899 -0,167
60 83,76 1,108 -0,206
70 97,72 1,292 -0,247
80 111,68 1,446 -0,284
90 125,64 1,650 -0,331
100 139,60 1,841 -0,382
no 153,56 2,055 -0,441
120 167,52 2,254 -0,504
130 181,48 2,494 -0,594
140 195,44 2,730 -0,707
150 209,41 3,024 -0,917 -

I -  fellure : 156,2 kN
• i compressive strength : 218,06 MPa

Reman? : None



Specimen Ref 17

Diameter

R B 3

30,2 mni 
60,5 nun 
115.7 9

Load 
in kN

0,00
6,98
13,96
27,92
41,88
55,64
69,80
83,76
97,72 
1U,68 
125,64

Total strain x 10'1

0,000
0,087
0,176
0,361
0,536
0,721
0,893
1,070
1,267
1,444
1,636

Load at failure : 95,4 kN
Uniaxial compressive strength : 
Remark : None

0,000
-0,013
-0,027
-0,058
-0,091
-0,126
-0,159
-0,194
-0,235
-0,273
:0,315

jkhtfL



Specimen Ref H'1 18
Diameter : 30,2 mm
Length : 60,5 ran
Mass : 115,7. g

R 6 4  : ^ , S 3 ^

Load stress strain x 10'3
in kN in MPa Radial

0 0,00 0,000 0,000
5 6,98 0,106 -0,011

10 13,96 0,202 -0,026
20 27,92 0,394 -0,056
30 41,88 0,574 -0,086
40 55,84 0,766 -0,120
50 69,80 0,947 -0,153
60 83,76 1,132 -0,189
70 97,72 1,325 -0,225
80 111,68 1,513" -0,266
90 125,64 1,710 -0,310
100 139,60 1,942 -0,369

110 153,56 2,138 -0,419
120 167,52 2,379 -0,493
130 181,48 2,637 -0,594

Load at failure : .136,2 kN
Uniaxial conpressive strength : 190,14 MPa • - 197 -
Remark ; None





APPENDIX C

Assume that o; is vertical, 0% horizontal and parallel to the average 
directions of boreholes RBI and RB4, while 03 lies parallel to boreholes 
RB2 and RB3. Re-arranging equations 2.1:

0l „ JJol - bo2 - =03)   t11

C2 - 1.(02 - box - 003)   (2)

03 «, l!o^ - - co2)   (3)

Using the values calculated by Coates and Yu (1970), listed in 
Table 3.6:

<t + 0,7503)   (4)
1 1,39

*a (ô  + 0,7503)   (5)

- A s ' " '  *

d> _ E (ei + veg)

and E, v, s' and ef are the Young's modulus, Poisson _ ratio, maxi,turn 
principal strain relief and minor principal strain relief. A further 
two equations similar to (7) exist for 0;' and 031. Substituting the 
relevant values obtained from Borehole RBI into equation (7)s

Oj,’ - 108,69 MPa and 031 “ 37,39 MPa.

Applying the same procedure for the values obtained from RB2:
Ci ' - 120,52 MPa and o2' “ 64,56 MPa

Substituting these Values into equations (4), (5) and (6), the
following resulti-

01 «= 76,19 * 0,54 02 MPa
o3 » 26,90 + 0,54 Oj MPa
01 => 86,71 + 0,51 03 MPa
02 “ 46,45 + 0,54 03 MPa

Note that 0i aan be determined for the values from both RBI and RB2 
while o2 and 03 are determined from RB2 and RBI respectively, 
hence the four relationships between the principal stresses.
Since there are four equations and three unknowns, four differ­
ent combinations of throe equations each exist for the solution 
of each principal stress, which means that four values for each 
principal stress can be found.

Borehole RBI

Porahole RB2

*



Therefore

(?! = 128,29; 126,34; 122,72; 124,67 MPa,
ffj - 92,78; 86,00; 82,46; 86,08 MPa,

and Jg « 77,00; 73,38; 66,63; 73,38 MPa.
These may be averaged and the 95% confidence interval found and 
expressed as follows

Ol - 125,51 £ 4,65 MPa
(?2 » 86,85 ± 8,44 MPa
03 = 72,61 ± 8,44 MPa

These results represent the stresses to the west of the Elf Fault.

To the east of the fault, the results for Boreholes RB3 and RB4 
are considered. In the same way as described above, using the 
stress concentration factors calculated by Coates and Yu (1970):

Oj » 1C3.76 ± 11,95 MPa

<J2 - 66,77 ± 21,67 MPa
03 = 64,32 ± 21,67 MPa

The principal stresses both to the east and west o£ the sif Fault 
witre re-calculated using the stress concentration factors given 
by Hocking (1976). The results are listed together with the 
above results in Table 3.6.



Detailed results from the vibrating wire stxessmeters
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APPENDIX B

Determination of effectivn rock



APPENDIX E

Possum (1985) derived a constitutive model for an elastic rock 
mass with random joints. The first assumption that must Je made 
about the rook mass at the monitoring site is that it approximates 
a randomly jointed linearly elastic medium. The fracture frequen­
cies observed in Boreholes R.?J and RB4 are almost equal, e-fen 
though they were drilled in mutually perpendicular directions, 
which means that the jointing in the footwall quartzites to the 
east of the fault may be fairly random in character. The frequen­
cies observed in Borehole RBl and RB2 differ significantly from 
each other only because RB2 penetrated an intensely fractured 
part of the rook mass as it passed through the Elf Fault but 
elsewhere frequencies are .similar to those in RBI. The overall 
rock mass jointing at the monitoring site appears to be sufficiently 
random in character to employ the results presented by Possum 
(1985). This is especially so when considering the numerous bedding 
surfaces, natural joints, fractures associated with faulting 
and the fault itself.
The second assumption loncerna the properties of all the parting 
surfaces themselves. In general, all joints observed in deep 
gold mines are closed, without any infill and unweathered. This 
means that a confined joint surface, remote from any void will 
have properties similar to intact rock.
Possum 0.985) presents two equations which can be used to calculate 
the effective bulk and shear moduli for jointed rock if the Young's 
modulus and Poisson1 a ratio for the intact rock material are 
known and the joint, spacing and properties can be estimated.
The equations relating these variables are listed below:-

_ i j; |(l+\>) (l-2v )skn + 17-5V )e| , 2 f Esks__ 1
G * 30 (l+vi|(l+v)U«2v>6kn + (l-v)B J 5 [2(l-v)sks + E J ..E.2

where K ° effective bu3.k modulus 
G = effective shear modulus 
S = joint spacing 
kn = normal joint stiffness 
ks = shear stiffness of joint surface 
E = Young's jno4uJ.ua 
v = Poisson’s ratio

The effective Young's modulus and Poisson's ratio are then found 
by the two relations given below:-

«M* - W    B’4
where E and v are the effective Young's modulus anti Poi.sson's 
ratio respectively.

9KG



In calculating the effective elastic constants for the vibrsHnn 
wire streasmet“rs, the joint spacing used is the reciprocal of 
the overall average of the average fracture frequencies listed 
for Boreholes RBI to RB4 in Table 3.1. The normal and shear 
stiffnesses of the joint surfaces were taken as equal to the 
intact rock properties, obtained from Table 3.5. These values 
with the exception of that for RB2 at 21,82 m are averaged and 
presented in Table B.l together with the other variables.

TABLE B.l: VALUES OF VARIABLES USED TO CALCULATE THE
EFFECTIVE ELASTIC CONSTANTS

ROCK TYPE kn(GN/m) kaCGN/m>
SPACING W

AVERAGE AVERAGE

Mangingwal\ 
quarteite 86,652 35,989 0,824 86,662 0,204

Footwall
quartzite 75,586 31,617 0,824 75,586 0,195

Direct substitution of the above values into equations B.l and 
B.2 for the hangingwall and footwall quartzites respectively 
produce the values for the effective bulk and shear moduli. These 
results are then substituted into equations B,3 and B.4 for ef­
fective elastic constants required for the etressiaeters. The 
results rounded off to the nearest whole number are presented 
in Table 4.2 in the text.
In the case of the numerical analyses all the values listed above 
are the name excepting the joint spacing. This arises from Reunis 
(1976! who describes a major joint system trending approximately 
north-south with a 3 m spacing. Since this system is thought 
to exist throughout the rock mass as a whole, and the MINSIM- 
D analyses encompass a large volume of rock, this spacing was 
used. The effective modu for both the footwall and hangingwall 
quartzites wore again calculated using equations B.l to E.4.
-The results were averaged to obtain a young's modulus and Foisson's 
ratio for the entire rock mass volume. Since the averaged results 
of 71 GPa and 0,20 respectively are so cloao to the widely accepted 
values of 70 GPa and 0,20, the latter were uued for the analyses.



Typical Examples of HIHSIH-D output
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Method determining stress components 
in the plane of each borehole from 
the numerically derived results



A benchmark point

the underground measurements. The MXNSIM-D stress analyses program 
originally used fc 
in any plane but limited b> planes having any dip angl<

in the plane of each borehole were necessary in order to convert 
the MIHSXM-0 results to a form directly comparable with the under-

the principal stress directions 
reonet as shown in Figure 0.1.plotted

0.1, page 214, while the principal stress directions are those 
calculated for RBI for mining as at September 1996. The principal 
stress values appear in Appendix F. All the stress measurement

:is in the plane of each borehole is vertical,
in a horizontal plane. These axes are termed the y and x axes 
respectively according to the standard defined in Section 3.2.1 
and shown in Figure G.l The angle that each principal stress 
makes with each of the borehole axes on the stereoplot can be

each corresponding principal stress into the elementary stress 
rotation equations given by jaeger and Cook (1979) on page 26. 
The biaxial stress stats thus calculated together with those



x l.y ls  Borohola axes 

Xm.Ymi MINSIM-D exea

Figure G.l
Stereoplo t showing borehole axes and 

principal stress d irections
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