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ABSERACH ’

The effect of mining induced gt:eaa changes on a faulted rock
mass in & deep South Africen gold mine was investigated to clarify
", the rolationship betveon mtress, geolagical stricturs and mining
%, inluced selsmicity. The tudy commonced with absolute in situ
stress measurements 4t a site straddling a raverse fault 2863 m
below surfdce. ©A peried of stress change monltoring followad

a% the same positlon whils An extensive rabular mining excavation
approached and intersected the fault. These measurenents ware T
Supported by numerical atress analyses, underground displacement’
levelling and gginmie, activity monitoring., The E!:ud’y ravealed 2R
=" a astrese discontinuity acrosy the fault surface. 1t pe:s&sied
“  from the beginnlag to the end-of the study,-and appears to have L
suppressed seismic activity associated wu;h the fault. This
explains the variance of cthe fault behaviour with the numerical

Te g prodictions, highlighting the complexity of strass fields in :
y " e . , matural rock masses; and thelr influence on mininyg induced seis-
St nicity. - '
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CHAPTER 1

INTRODUCTION

Rock bursts in the deep level hard rock gold mines of South Africa
have spurrsd imtensive and sustained research into their origin
for the past three decades. Successful determination of the con-
ditions y and ible for zmck burgts has

bean achieved, widie the viglant and transient nature of the phe-
nomenon has inhibited progress towards complete quﬂntificah’ion’
of the mechanism, Amongst the parameters thut otill remafn usb.,
measured ls the stress seste in the rock befors, during and after
2 rock bursk, hoth in the rock surrounding an dffected mining
excavation, and at the seismic source, which may be hundreds of

metres away.

The ralationship between rock stress, mining induced seismicity

and rock brsts etill requizes much study, espectally when the
numerous variables that come inte 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 !n the South African geld wining industry during
the twentieth century 18 then briefly raviewed, with particular
emphasis on these agpects. Finally the argument justifying this
study {s developad, and the objectives of the ressarch are ouniﬁned.

1.3 wining JInduced Selsmicity and Rock Burais

Underground mindng results in the creation of voids originally..
occupied by unmined ore in the case of producing excavations ;nd
countzy 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 wining

induced stress field on the original stresa field.

Exploitation of the narrow and laterally peralatent gold bearing
orebodiss of the Witwatexrsxand Supergroup 9.t in tabular exca~
vations whose halght is negligible in relat..a to thelr length




CHAPTER J

INTRODUCTION

Rock bursts in the desp lavel hard rock gold mines of South Africa

have spurred intensive and sustained research into their origin b

for the past three decades. Successful determination of the con- .
5

daitions y and p ble for xock bugsts has e

been achieved, whilg the violent and. translent nature of the phe-

nomenon has Inhibited progress towards complute guantification
of the machanism. Amongst the parameters that still remain fn- .
measured is the stress state in the rock before, during and after N
a rock hurst, both in the rock surrounding an affected mining N

excavation, and at the seismic source, which may be hundreds of g

metres away.

The relationship between rock stress, mining induced seismicity
and rock bursts still reguires much study, especially when the
" numercuz varisbles that cone into play are considered. The cuxrent

understanding of the seismic and rock burst mechanisms is fixse
described in order to {llustrate their relationship with stress
in general as well as some of the other important factors. Rock
mechanicsd resesrch in the South African guld mining industry during
the twentleth century i then briefly reviewed, wikh particular

K . emphasis on these aspects. Finally the argument justifying this
SR #tudy is developed, and the objactives of the research are outlined.

- 1.1 Mining Induced Seismicity and Rock Burpts g4

Underground mining resulta in the oreation of voids originally 5
ogcupied by unmined ore in the case cf producing excavations and
] country rock in the case of other excavations. The stress fiald A
PRSI that exists befora mining is altered by the creation of a void i
’ - and this process can he viewsd am the superposition of a mining P

induced stresh fleld on the original stress field. o

e Exploitatlon of the narrow and laterally persistent gold bearing B
orehodies of the Witwatersrand Supergroup result in tabular exwa-
vations whosa height is negligible {n relation to thelr length




and breadth. These sxcavations superimpose large mining indiced
stresses on the rocks that host the orebodies and on the unmined
portions of the orebodies themselves. Tha rocks of the Witwatersrand
Supargroup are generally stxong and brittle and are capable of
withstanding high stresses before failure ocours.

Pailnre is usually scable, that is, it takes place in the form
of the stable develpopment of hrittie Eractures which are ubiquitous
in excavations deeper than 2000 m below surface. Occasiomally
failure takes place suddenly and violantly, which fesults in a
translant garth motion called a seismic event. The viclent 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.

The kinetic enexgy Ls radfated outwards from the se’

in the form of atzain waves which may interact wit
axcavation by accelerating the rock surrounding it . L Aeid
causing damage to the excavation itself, its supports dfia objects
within, This phenomenon is called a rock burst. Observations
reveal that not all geismic eventa cause rock bursts and that

the probability of rock burst damage increases in sympathy with
the proximiry of an excavation to the sei=mié Source and with .
the amount of energy released. ’

1.1.1 Causes of mining induced selsmicity

Two conditions must exist for a seismie event to occur. The first

is that the stresses in the rock must cause it to reach a state

of unstable equilibrium, and tha second is that seme further dis-

turbance must take placo to upset that equilibrium. The first

condition is met in the gold mines by the imposition of larga

mining induced stressem on the rock immediately surrounding ex-

tanalve tabular excavations. The sesond condition is satisfisd

by a number of factors either singly ox in combinatien with ofie

another. These include the energy radiated to the surrounding

rock during the conrse of the daily blastt the imposition of further

stress changes induced in the surrounding rock when excavations

are enlarged by minings the rock mass response to the imposition
-2
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of induced stress changes such as creep, stable devalopment of
brittle fractures and disturbances caused by the transmission

of selsmic waves through unstable volumes of rock.

The £irst two factors exert a very strong influence on the temporal
distribution of mine seismicity. Cook et al {1966) show that
approxdmately 50% of all saismic events detnected at a deep gold
mine on the East Rand occurred during the oix pracesding, snd

foutr hours suecesding the dally blasgt. In contrast rock mass

responses Yo mining induced stress ars more continuous snd account
for ¢ more even dlatyibution of seismic events through time.

Several other varaables, broadly classified as mining and natural, °
inf. Brte the Erequency of seismicity and rook bursts. They include [
wining and support methods, mining geometry and layout, extent
and scale of mining operations, rock properties, rock mass structure,
gaclogieal structure, depth and the ipitial stress state prior

to mining. The mining variables can be altered to effect reductions
in the selsmic and rook burst frequency while the nataral variables ’ %

are beyond the control of the engineer. 3
1.1.2 Seismic mechanism Hosh

e
Peducti made from £ 1 principles, seismological theory

and observationg stow the selsmic source mechanism to be slip

on a rupture surface within the rock. fShe rupture can take place
on an existing discontinuity of any description or can davelop o o
within previously intact rock {Ortlepp, 1983). b

In pimple mechanlstic texms, the process e driven by shear stxéss
seting parallel to the rupture surfdca. Slip movement slong the b
rupture surface iz inhibited by a rasisting stress which is the
product of the normal stress acting perpendicularly to the surface
“ and the dypamic coefliclent of friction of the surface. Furthex

1 resistance to slip on the rupture surface is provided by surrownding e
: stable volumes of rock not involved in the seiamic event. Ortlepp

{1993) presents a simple block and spring model to Lllustrate e
the mechanism, as shown and described in Figure 1.1. .

. . Y et ﬁmwum@%
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1: A foroe F acts through on elastlc spring cttached to a
block with masa m rasting on @ hardzontal surface

2: Stabie equllibrium persists os fong a8 the Inequality
F — uR < O i= satisfled, whare 4 Ja the statle coefficient
of frictiony and R I the reaction force

3t Unstoble sqalifbrium e created by slowly Increasing
F untll It te agual to the resisting fores AR

H

4: Onee F fa Increcséd o uR decraeased Infinitesimary,
o the blook starts to move, and the dynamic sostficient ®,
} of frictlon beasmes oparative B
&t Aw a reault on Inftlal ret force of miagnitude (s, —p IR -

guselérates the block, whars [ and By are the statle ond

dyndmie coefilclents of frlunon respectively >
8¢ The black agaln comes tA rest after moving dlatance d -
. when the force F In the mprlig bacomioes toe small to .
sontinue moving the blook '

s Figure 1.1

Block and spring analogy for ¢ seistnic event RN

s generated on a geologioal discontinuity M




Movement on the rupture surface results in the reduction in shear
stress until it is too small to continue to drive the alip. In
seismology the shear stress reductlon 1s referred to as the stress
drop. The effect of slip on the normal stress acting acroas the
rupture suzface is not well known.

The seismil mechanism ls confixmed by surface evidence in some
Californian earthquakes (Richter, 1958) and by underground evidence
in a South African geld mine (Outlepp, 1983). The wide variety

of conditions found at rock burst sites suggests that more than
one mechanism way be responsible for the damage, although slip

on & surface has beon noted in a number of cases {Ortlepp, 1984}.

1.1.3 geismic source paramotors

Seismic source paramaters are determined from observations based
mainly on seismic traces or sedi The traces

xecords of either the velooity or acceleration imparted to the
roek by the pasaing strain waves. Geophones and accelerometers
respectively are used to measure these guantities. An array of
at least four or accal are Y to gather '

suEficient data to locate the source of the seismic erergy (Eccles
and Rydex, 1984}, Tha position of the meismic source ls of prime
importance to mining rassarch.

The most convenient and widely used seismic source pavameter is
tha magnitude which is ewpressed in terms of an open-ended logs=
rithmic scale developed by Richter (1958). Although it is a cxude
measura of the size of 4 seismic event it is of value because

of ite strong empirical relatipns with other guantitles such as
seismic moment, selsmic energy and fraquency of octurrence (MeGaxr,
1984),

The seismlc moment expressed in enargy unilts, is a more reliable
measure of the avart size, and can bo estimdted from a seismogram
by the relation given in MeGarr (1984). Alternatively, it is

the product of the rock medulus of rigidity, the area of the rupture
surface over which slip took place and the average displacement

on the surface, if these quantitles are known or ¢an be estimated




£rom cbaervations. In gold mining the moment can be related to
the magnitude by an empirieal relatlon given by MeGarr (1984),
Acgordingly a selsmic event with magnitude 2,5 on the Richter
Scale would have a corresponding selsmic moment of approkimately
5 x 10%3 joules.

The seismic energy radlated in the form of strain waves from such
an event can be related to its magnitude by § similar relation

and approximates 4 x 108 joules (McGarr, 1984). This represents
about 0,0008 por cent of the energy involved in the seismic moment.
The f£raction radiated is go small because much of the enargy im-
volved is expended doing work against the resisting stress, creating
the xupture, as well as Eracturing and heating the rock.

A study of seismic traces generated in gold mines reveals that
the energy is xadiatad for abeut 0,) seconds. For thé above event
this represents a power of 4 x iU? watts which Ls equivalent to
the maximum power output oF the largest coal-fired powser stations
currently undax construction in the EAstern Iransvaal. Clearly,
any mining excavations axposed to such large power outputs are
likely tn suffer voct buxet damage.

1.2 Review of Rock Mechanics Resgarch in South Africa

The desoriptions of mining induced seismicity and roock bursts

given are based on the outcome of research begun on the Witwa":srsrand
just aftexr the tuen of the century. Tha amount of work done since
then is vast and cannot be adequatuly covered in a brief raview.
Regearch of particular lmportance to mining induced seipmivity,

tock bursis and stress only, is outlined briefly in order to high-
light important findings and identify aress that need further
investigation.

1.2.1 Qualitative research
Salamon (1983) identifies two major periods of mining rock mechanios

rasearch in $outh Africa. The first commenved early in the ventury,
endad around 1930, and conslisted mainly of qualitakive research.

L v




Woxk began in 1208 ; ‘h whe a;peinvment of the Ophirton Earth
Tremors Comdlttee 4o ‘nvestigate the origin of the earth tremors
then causing concern amongnt the residents of Ophirton (High-Level
Committea on Rockbursts and Rockfalls, 1977). fThe committee found
the cnuse of the tremoxs to be the shattering or punching of pillars
of unmined reef left to support tha excavations. Similar cem-
mittees, appointed in 1915 and 1924 to re-investlgate rock bursts
endorsed the findinge of the 1908 comnittee and extended them

to remmants and ghaft pillars.

In the sueccceding years much data wau gathered by individuals,
institutions and the mines themselves. Much of the work was based
on pbservations such as these 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 investigationa were extremely
imited in their potential to weveal the rock burst mechsnism,
they di@ show that roak bursts are moxe prone in highly stressed
rock, a fact that was sppreciated at the time.

This type of investigation culminated in tbat of Cook et al {1966)
who teviewed the Eindings of work carried out on rock burst inci-
dance durdng tho pravious dacade. ‘They contrasted and compared
the effest of several wising variables on the rock burst incidence
graphieslly, and warc able to demonstrate the effect of stope
span, different abutment types and depth below surface on rock
burst frequency. The findings can be rouyhly summarized to state
that in rogions whore the tofal stvesses axe greatest, rock bursts
are most froguent. When consideriny the influence of yeologlcal
featurgs the muthors showad that a readily discernible increare

in rovk burst activity oceurred whon stope faces advanced to within
30 m of both faults and dykea.

These and the pravious £indings ddscuased consider only wock bursts
which form a fraction of total mining induced geismicity. This
limits the value of the results to providifg broad indisations

of rock burst activity only. Minihg induced selsmicity was not
researched in any detail duxing these Years aside from the work

of Gane at al (1946) and others before them who monitered seismic




avents on the Central Rand using surface gaophones.

The technology for in situ stress measurement and npumerical stress
estimation did not exist at the time, henmce very little research
was carried out. Moat disgussions of the role of stress were

based on visual ations and tended
to be qualitative in nature. Tha end of the first period came
with the realizatior that rock mechaniss research basad on quali-
tative studles alisie would not resulk in any furthexr prograss.

%.2.2 Quantitative research

The sacond peried ~f rosearch began around 1950 with the intensi-
fication of sEfort and a more fundamental approach {Salamon, 1983).
The new dirsction resulted in a vast expansion in the knowledge

of rock mechanics: Great advances vere made in the understanding
of mining induced selsmicity, in situ stress measurements became
possiblu and numerical stre#s analysis was introduced: The study
of rock bursts has not advanced at a ‘similar pace, but has never-
theless benefited from the advances made in other areas.

Mining induced seismiciby

Appraciation of the fact that close similaritias exist between
mining induced selsmicity and natural earthquakes gave the search
for a solution to nock bursts new impetus. Following on from studies
by Gane et al {1946), Cook (1964} ploneerad a three-dimensional
gsaismic location system in a deep gold mine on the Witwatersrand.

His work showed that not all seismic events cause rock burstst
that the traces from seismic events which cavse xock bursts ave
similar to those that do not; that most of the seismic sources
¢luster around the mine workings; and that shear iz a mechanism
of faliure. These f£indings have been substantiated by the vast
amount of selsmic data since gathared by selsmio location systems
functioning on several gold mihes to”-y.

Spottiswoode (1984) uscd 2 selsmic location network on a mine

sltuated near Caxletonville to study selsmic source mechanisms




and estimate seismic ,Jurce purameters. Potgieter and Roering
(1984} carried out souyry  mechanism studies on selsmic events
recorded in the xlerkam{xh- Goldfield. They suggest that all the
seismic evants studied occuzyed either on faults, dykes or possibly
on pra-existing mining induced fractures. Gay et al {1584) cdrre~
late mining induced seismicity with geologlcal structure in the
Klarksdorp Goldfield. Thay conclude that the resuits do not readily

N advance the understanding of larye seismic events because the »
o [T date axe insufficient to explain why some faults are seismivally
ok )
- active while others are not. b
%3 Practical application of elastic theory to mining problems . .

o O Rock mechanice receiyed a tremendous boost when Salamon (1965)

. introduced the £ace elsment principle of stress estimation. For S
the Eirst time the stress state in rocks surrounding the tabular
[ excavations of the gold mines could be estimated. Eiastic theory i

7 ! demands that the medium in which the stresses are calculated is G

linearly elastic, homogener 381 isotropig, continuous, and mining K
° induced strains are Small. The technique is therefore unable

R to include for analysis the anvelope of Eractured rock about 20 m

deep that suxrounds all extensive tabular excavations at depth.

v I¥ is also ineapable of taking into account stress and strain

R discontinuities often associated with geological structures.

Independent studies undortaken by Ortlepp and Nicoll (1965) and
Ry@er and Officer {1965} showed thak the behaviox of Witwatersrand .

in general with the ons made in elastic

theory. Bhortly thoreaftez, the fixet analysis of stresses and
v dinplacements in the rock surrxounding typical gold nilfie excavations K
began with the use of the olectrolytid tank (Salamon et al, 1963).
The analogue method of stress sstimation wae later replaced by
dlgital computer methods, of which the MINSIM~D suite of computer .
progtams are the latost dovelopment (Chamber of Mines Research :
il Organisation, 1985).

=
- In addition to stress, displacement, and ensrgy changes that take
= place 1n minlng, tho programs can be used Lo estimate the normal
; and sheat stresses at any number of points on a plane having an
arbitrary orientation in space. This provides the analyast with




the means to assesas the soir~ic hazard from the fault slip point
of view posed by & discontuinuity when subjected to mining induced 1
stresses. This techniqua ls limlted by the fact that strasses
in the vicinity of faults and dykes often vary from theoreotical
preditions, and that tha coeffivient of friction of any discon~
tinuity surface meat he assumed to be constant. Nevertheless,

it promises to be of great value to the mining industry in re- 1
ducing the rock burst hazasd. .

In situ stress measurement ]
Natural astress distributions in rock masses do nor conform exactly 3
to simple grvavity loading by the superincumbent gtrdta. They Sj
are complicated by the spatial variation of elastic properties

of the rock, discontinuities, the superposition of tactonic streas
flelds, and induced by chemical alteration,
groundwater, topography, natural voids and man-mede excavations. .

The effects of voids, gravity loading and groundwater can be ac-

!
counted for by existing analytical techniques, whereas the other I
variables can only be accountad foxr by in situ stress measureménts. ]

1

Strase weasurements on the South AFrican gold £ields commenced o
in the early sixties with the use of a strain gauge-based aystem
davaleped by the CSIR and described by Leeman (1965h). Gay (1975)
summarizad the resvlts of stress measurements undertaken in Southern
Africa up to that time. The results indicate that the wajor princi~
ple stress at depth lies within 20° of the vertical, and that
the resultant veryieal stresses valeulated from the measured tensoxs
are in @ with the dus to

the reéspectiva ovorburxden welgitks. The hordzontal stress results
from all the measufement leoatious in the gold mines ware found
to agrese remarkably well with that predictsd by the denusation
theory of Volght (1966}, In gold mines exceeding 2000 m in depth
‘the vertical stress can be assumod e approximate the ovarsurden
welght, and a Forizontal tv vertical atress ratds of 6,% oan ho
used,

Local deviations from these patternd ocgut, espeoially in the
viciginy of -xcavations and geological discontinuities. Thess

’; - 16 -
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have been reported by Leeman (1965¢), and investigated by Deacon
and Swan (1965}, Pallister (1969}, Say (1972) and Gay {1979).
In genera), the data indicate that stresses ere reduced in fractuxed
ground and increased near and within shear zones, and within dykes.
These anomuliel may be sufficient in some cases to render the

rock mass unstable and therefore prone ta Ceifmic astivity. IS

in situ stress monltoring orx the measurement of stress changes

with time, have not been undertaken in the gold mines aside from
the attempt by Leeman {1965@), who mgasured stress changes ahead 2
of an advancing longwall with Maihak strain cells and the CSIK
blaxial strain cell. The study was complicated by the failure
of the free surface of the boreholes in which the strain <ells
were installed. The results indicated a two~fold increasa in
stress about 30 m from the longwall face.

The recent introcduction of the vibrating wire stressmeter designed
by Hawkes and Hooker (1974} bhas solved many of the problems previ-
ougly assoclated with stress monitoring. Sellers (1977) has listed

a pumber of cases in which the stresometey was used in mines in
‘the United States of America. The instrument was not tried in
the South African gold mines until 1984 when 1t wag selected to

U measuxe in situ stress changes for this study.

L 1.3 The Present Problem

B In spite of the substantial advances made in rock mechanics as
appiled to mining, numerical modelling methods, laboratory testing
and underground experiments and observations there is still no
clear solutlon 4o ths rock burut problem. Prasently, thers are

a numbar of countermedsures designed to minimlze where podsible
the fraquancy anu effects of rock bursts. In the main, they are
improved excavation support methods and safer mining methods which

include partlal extrackion and planned sequences of ore explol~
tation. Lerge soale £illiny of mined voids with mill tailings

or waste rock is tha subjact of e at sent
The effacts of thia support method on rack hursts When applied "

-1l -
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over a wide area, mtill vemaing “to be seen.

The incremsing scale of mining opegations together with the greater
average depth and extent of mining oxcatitions tend ko militate
against khe countermeasures employed, This is evident in the

more ¢r less constant mine employese accident rate attributable

to rock bursts for the years 1975 to 1981 (Morris and Vorster,
1984}. When comparad with all other accidents on the gold miney
during the six decadss ending in 1985, rock bursts and rock fails
have cleimed a consistently largen proportion of all fatalities
each suoceeding decade, with the exception of a small drop in

the years spanning 1976 to 1985 (Hagan, 1987). fThe current rate
of approximately 0,7 fatalities per thousand employees pexr annum
due te xock falls and rock bufsts has remained more or less constant
sinca 1936, and now accounts for more than half the fatalities

on the goid mines.

These figures do not suggest that inadsglets offorts ate being

made to counter rock bursts. On -tie politrary they zeflect consider-
able achievements by the gold mining industry in containing a
woysening problem whilst extracting ore at ever increasing depths.
Despite this fact, the fraguency of rock bursts has reached dis-
trossingly high Xevelb in South Afrlca's déld mines. In 1985,

gold wining generated apbrowimately 600 saismic events with a
magnitude of 2,5 or greater on the Richter scale (Fernandez et

al, 1986). Seismic events of this magnitude almost iuvariahly
result in rock bursts underground, The potential rewards in re-
Quoing the hazards posed by rock bursts are therefore large, aven

if the bepefits nre confined to a reduttioh in the fatality rate

alone.

Further successes in countering rock bursts would tndoubtedly

be possible 1f a more detalled knowledye of atress distribusions
within rock massas were acquired. This would reénder mining induced
seismicity and the resulting rock bursts more pradictable and

would provide guldelines toward daveloping more effective stresy
analysis techniques, esepacially when geological structure is In~
volved. The most promlsing approach to the problem is ¢o concencrate
attention ot the selsmic source itself, with special emphasis

on tha stregs fields ible for the nh

JRTRR.. - ST -




Although racent resesrch has made great advances towards a solution,
the following questions still remain partially unanswared:-

i) what exactly is the seismic source mechanism?

1) which factors are most important in bringing about a seismic
avent?

i) how large are the stresses that drive it?

iv} what happens o the stress state at initiation, during
and after 4 seismic event?

v} why do some seismlc events cause rock bursts while others
do not?

i why are some faulta and some dykes seismically active

whes exposed to mining induced stresses while others are
not?

Improvements in instrument design during the past fifteen years
have made Lt possible to measure with reascnable accuracy stresses
and stress changes at any polnt within a rock waus. Stress analysis
by numesical 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

thase tools it is possible to investigete rock mags stress distri-
butlotis and the affects of mining induced stress changes on yock

in aituations which cannot be modelled by analytical techniques
alona.

1.4 Objects of the Study

The objects of this study are to adfress some of the questions
iisted above by monitoring the in situ the stress stata of a faulted
rock mass while it is exposed to changing mining induced stresses.
This was done by measuring rhe initial stress state in the vicinity
of a fault 2863 m below surface at Western Deep Devels Limited,

and theun monitoring the siress changes as the fault was exposed

to mining induced stresses by an approaching longwall face. The
location of Wastern Deep Levals and the stress monitoring site

are illustrated in Pigure 1.2.

A well defined fault sicuated ahead of an advancing lengwall was

- 13 -
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chosen as the focus of the study because this type of situation
has so often be¢n ldentified as being responsible for enhancad
levels of seismicity in deep gold mines. The case studied was

particulaxly convenient in that the fault was exposed in several

N mine excavations, allowing study at di\fferent points, as well
. as some Elaxibility in the design of the experiment.

In the given sitnation the detailed objects were toi~
1) Mangure the initial in situ stress state both ko the east

and west of the faulk using the CS8IR biaxial ox “Dogrstopper”

strain gauge system; . i
e i3l monitor tha stress changes at the same points 48 the long-
i wall approachas the fault} E
ii4) monitor movements, if any, on e fault by means of visuval #

ions and an levelling survey;

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

v) calculate stresses, stress changes and displacemtnts by
computer in order to provide a comparater for the in situ

measurements.

he remainder of the dissertation deals with a description of
the study in which aspects of the layout and design of the sxperi~

mant are discussed and the instrumentatlon used 1s described.

N The results of the are then

= together with an assessment of the erxors invelved. The numeérical

é analyses are desoribed next and the results presented. A discussion
Y. af all the results follows in which it is shown that good agreement
ML between the measured and numorical results was obtained.

The measurements raveal a stress discontinuity at the HLE Fault

. that persisted throughout the duration of the study. This complex
stress state had puch a strong influence on the selsmic behaviour
7 of the faule that the distribution of seismic activity bore no
L relationship with that suggestod by stress analyses. These obsar-
vations emphasize the complexity of rock masses, thelr streas
flelds, and some of the shorteomings of the assumptions underlying

.15 -
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stress analysls techniquas currently in use. At the monitoring
site the fault proved to be aseismio, a condition that is supported
and ohaar: This

by tha analyses,
has heiped to confirm the conditions necessary for fault stability,
which can be adequataly expressed by the recently introduced cri-
terion called Excass Shear Stress in situations where a disconti-
nuity has no influence on the stress field in lts vicinity,




CHAPTER 2

STRESS MEASUREMENT STUDY

Excavations employed for mining purposes are designed for mining
only, leaving little room for The

Eaces difficult challenges in vhis situation as he s requized
to make the hasr of it without interfering with sinding activity
in any way. Horoover, the underground conditions plate severs e
demands on the squipment wsad thare.

cho design of the stross measurement study 18 a compromise butween .
the demands of in situ ostresy meaguremont and monitoring as well Fos
as the limdtations impoged by underground conditiens. This choptex .
is broken dewn inkte five porta which deal with the underground e

site, the modsurements, the oquipwent, the layout and numerical i,
medelling: Bach &8 Gosoribad in full, tudother with limitations N

whore they are xelovant. .

2.1 Honitoring Sita L

Heasuring in siru stross and streds change in the vicinity of e
an avcasnible yeoloyical fostura reguirss a site which is to {
ba subjected to readily measurable stross changes in a reasonably
ahort period of time. When the study was formulated, a suitable

site had not yet boen Found. Gonoral congiderations for an appro-
. M priste wonitoriny sits axe discupsed after which tha site selected !
A . for the underground moanuroments 16 described. e

2:1.1 Geologlenl and mining considorationn o

e In oxder ro ntudy the affidet of wining 1 duced atress oh a geologi-~
8 cal fanture, two requirements must ba met. The firat is a con-
veniently situated and accossible Loature which ham considarable Ca

- axtent and a4 known orlentation, The mecond raguirement im that ..
at the beginning of the sttdy the stress mtate should he an close

@ as possible to virgin conditions, and that during the course R

- 17 -
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of the project considerable additional stress should come to
bear on the Leature.

A fault or a dyke ip most suitabla for this study because both
are usnally extensive, with known grientations, and many are
assnciated with enhanced lavels of mining induced smaeismicity
(Cook st al, 1946). A longwall mining situation is best suited
to the second requirement becauss of its relatively simple geometry

and the fact that lazge minlng induced stresses are impoéed on the

survounding rock Hasy.

The major disadvantage of & longwall mining system is that ths

Took mass ahead of the advancing Faces is usvally inaccessible.
Nevertheless, this dfsadvantage {s ocvitweighed by the compatibility
of a longwall with the requirements of the project, conseguently
the search for a sultable sits began on Western Dedp Levels Limited.

2.1.2 Bolaction and desaription of monitoriny site

Pew sitey wers available on the mino because very faw mihe exca-
vationg had bean developed ahead of the advantdng lopgwall faces. N
A total of saven poasibilities wern invastigaktod, and the 100725
Replacement Crosscut North area was chostm bacause it conformed

bagt 1, the roquirements of the study.

?
The site ig situated on the Carbon Leader Reef horizen at a depth . :
of 2863 m bolow purface and some 3 km to the west of No.2 Shaft [\
(Pigure 2.5}, A steeply dipping raverse faull with a strike \
of 30 degreos cast of north and a dip of 75 deyreas to the south~ f .
east had been exposed dt two pointy in the axen in 197B. The :
fault was found to have a downthrow of 36 to 40 W to the west
and wap evidently still undisturbed by the 100/38 Longwall which T
was temporarily halted and situated asbout 160 i to the east (Figure .
2,11, H

About 60 m to khe west of the fault, a dyke 10 to 15 m wide was N
exposed at threae placr 3. The dip of the dyke i3 vertical, with
a strike more or less parallel to that of the fault. Both features

- 18 -
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had an unknown selsmic history and neither had been exposed in

any other workinge on the rine. Although they were exposed at
points less than 100 metre. apart, it was clear that they were
falrly extensive and therefore suitable for the study. The features
were named the ELE Pault and the South West Dyke respectively

by the Western Deep Levels Geological Department, which had mapped
the area la 1978 when 100/2 'C’ Haulage and 100 Reef Drive West
penetrated the features. This information was sufficient at

the conceptual stage of the atudy but was inadequate for the

detailed sngineering characteriziation of the rock mass. "

Underground Mapping
Unforeunately, the age of tha tunnéls, together with the fact

that they had been supported with grouted rockbolts, wire mesh
and lacing and then painted, rendered more detailed mapping im- i
posaible. More significantly, seanline surveys of rock structure a
could not be carried out because of the above conditions. Detailed
structural mapping of the rock 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 apd the South West Dyke

were still visible and these vere re-mapped as accurately as

i

possible where thay were exposed. The work was done by off-settiny
the fauit and dyke traces in relation to mine survey pegs with

the use of a measuring tape. The attitude of the structuves

was determined by means of a olino-rule. The geslogy of the
monitoring eite is plotted in plan in Pigure 2.1 While Figure 2.2
is a perspective of the inferred geological structure ubove and
below the menltoring aite.

Geological description of exposed rocks i
The wogks exposad at the monitoring sfie belong to the Randfontein
Formation in the Central Rand Group, Witwatersrand Supergroup.
The Carbon Leader Reef is present in this formation and i3i the
main economic horizon exploited by the mine. The reef is exposed
ahead of the 100/38 tongwall in 100 Reaf Drive West as well as
in 100/25 Replacement Crossont North (Figure 2.1). It has a more
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or lésy conformable relationship with the surrounding rocks and
dips at an angle of 21 degrees to the south-south-east.

The rocks underlying . Carbos Leader Jsef are known Jocally

as footwall quarczitei. They are yellowish gyeen to grey medium
te coarse gruined quatuzites with accasiona. sericite partings

and scattered grik banda. This quartzite grades miowly with

depth inte shaly quartwites and shales of the Jeppestown Formation,
West Rand Group, whleh i defined to bejin at the bagse of the
North Loader, some 15 m below tha tarben Loader Reef.

#he raof fuself varien from O ¥o 30 om 4n thicknosas in the sani-
toring site avea. It conzists of closoly pucked, well »ounded
small te meduip quarts pobbles sot £n o daxk groy matrix of quartz-
itic composinion, Pyriee minoralization end oceczgienal carbon

#ra preoont in the makix.

Immedia¥s 'y overlylng the seef ic 2 o of light grey fine vo nodiuvpe
grainod sighly silicesus quaxtaite. Cverlying this quartzsits

is the 2 = thick layor of dark groonisk gray ehloriteld shale
walled the Grosn 8ar. Fuo layer Lo sotoriows for its rdle in
eroating bad hangingwall conditions L4 Ebe minos o2 the Carleton-
vills Goldfield. Abowe the Greon Bar ifes a thick succession

of greenish guny pudiuwm to cearsd grainod quartzites with socasional

pobble Dande and serdcite parkings, Thego are rbforred to ap
hangingwall quartaites. The Venteraderp Contact Reef liar mome
900 i above the Carkos Laader Roof, and provides the sacond mostc
dmportant sourge of cra to thy ming.

The atrata are disrlaced by the Bif Favly and intruded by uhe
South Wast Dyke deoeribed above. The Xavit plane contains ahout
10 ¢m of mylonitizad quartzite and furkhor north fa intruded

hy stringera of ignoous material. The South Waat Dyke is a fdne
grained , massive rock of andesitic composition, probably of
Ventersdorp agoe. Both fcakures aro parallel €6 the majer north-
north-sast south~south-wost atructural trend prosent .h the Carle-
tonville Coddfiacld. TTho Georgotte Dyka, whioh ls ordantated

along a dirsction approxinstely 15 degrees south of éant intevsects
both Eeatures abouf 330 m to tha acrth-east of stress monttoring

y
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positions (Figure 1.2}, Thic dyke has a downthrow of 24 m to
the north and has been left as a piliar because of miming diffi-
culties assoclated with it. Tt is of similar composition to
the South West Dyke and is probably also of Ventersdorp age.

No other significant geological features are present in the site
area. :

Mining in the monitoring site.area

The long-tetm mine plan showed that the 100/38 Longwall, if advanced
at the mine average of 10 m per wonth, would reach the ELf Fauit
some 18 months after June 1984, wheén mining was expected to re-

to the fault snd dyke, which resulted in their being subjected
o to more or less uniform mining induced stxesses for some 250 m B
Sy along strike. This praovided somn flexibility in the pldcement ¥
F . ‘ih of measuring inatruments.

F“ i commence. The overall longwall line was more or less parallel
.

[P It was clear from the geometry that the fault would at all times
:"l be exposed to larger mining induced stress than the dyke as a

- Tesult of the approach of the 100/38 Lomgwall (Figure 2.1), This
. constderation singled the fault out as the feature to be monitored

EE— during the period that the longwall advanced towards it.

The geometrical simplicity of the situation had the additional

advantage that a less elaborat of would a8
1 be sufficient to odrry out the The main di e ‘
. of the site was its which 1 blems such &

as aceess and the rellability of comprassed air and water supplies.

2 2.2 Measurements Planned for the Study

K Most of the stryctural features developed in a rock mass are
tha result of the of stress. 1y, the =

of a rock mass at depth to any usctivity whether human or natural
i altest pvcely driven by the ambient or changing stress field.

s dsurements are therefore of central importance to the

Bk, Jthet important inolude the onal
rasponse of the 1ock mass to the changing stress field. -
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These enbrace seismic monitoring and underground levelling together

with visual checks of other evi of xock mass
of elastic of intact rock material were
planned so that comla be Erom the

strains. This infoimation, in ¢onjunction with rock mass charactex-
ization wag ysed to esijmote the slasti¢ constants for the rock

mags. More detailed d dptd of stress seismic

monitoring and xock mass deformation measurements follow below. s
2.2.] Stress measurement program N

The planned program £or stress msasurements consists of three

phases; N

i} initial streds measurements for absolute stress data;

i) stress monitoring to obtain change of stress dakta;

434} £inal vrtess measurements, to provide absolute astress data
in the situation whece the longwall had veached . .- Jault:

The three phases follow on from one ancther, beginmise with the :

f

first and ending with the third phase. e i

The inttfal strass measurements define the stress state at the :
baginning of the project, to which are added ) + the principal i
of superposition the stress change data from the second phase.
The third phase measuraments provide a check on the stress chinge
measurements aa well a8 a comparison with data derived from the

numerical analyses.

2.2,2 Gelsmic monitoring

The fatlt has no history of seismic activity whether natural, : 1
or induced by mining., The gecmetxy of the situation, together
with the ateep dip of ¥he fault auggests that mining induced
gedsmioity may occur. Any seismiclity that ocours in the area
18 recorded by the mine wide seismic system. This informaklon
provides a tool with which deductions about tha stability of
tha fault can be made.
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2.2.3 Rock mass deformation measurement

An underground levelling survey was planned to supply information .
on fault and rock wass movements in response to the mining induced
stresses. Visual checks on fault such ag the dislocati

of paint strips across the fault plane traces in the underground
excavations were planned to supplement the levelling data. Any oy

other large scale movemants visible in the excavations wers to
be recorded if and when they ocoured. The deformation data vould
avgist in assessing the stability of the fault when subjeoted

to mining induced stresses.

2.3 Description of Equipment !

and for the of

strass, the monitoring of mining induced sedsmicity and underground

levelliny was available at the outset. This equipmant and Lts Pk
operation iz described brisfly together with the limiéations i
of uoth the equipment and the data derived from it. Instrumentation

to measure lony term atrass changes was not available. The equipment [
j T selacted and purchased L5 described in detail in Section 2.4, I

2.3.1 Absolute stress meaguring cquipment

The absolute stresses at tha beglnning and end of tha prtject

were measured using the CSIR blaxial straln gauge-based system
described by Leeman {(1965b). This system waes designed spetifically
fot rosck mechanics applications and raswlts derived from it since

Ats ingrodvetion in the eaxly 1960's have enjoyed wide acceptance.

(N The ¢SIR biaxial stress messurement ystem

} The equipmert consists of three maln compondnts, namely, the
Aigital straln meter, the srraln ecsll installing eguipment and

?

tha biaxial or "Dporatopper" stzain cell. It ls shown schematic- ,\
o ally in Figure 2.3. “ n

: : 1
D fhe digital strain metor and manual point selector 45 menufactured 4

H by Hottingor Baldwin Messtechnik of West Gevmany. Connected w.th
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Element Component i

Transduger straln cell o
bonded to rack P |

Connactor Installing tool [

and canneating cable|

Stress measuring aystern

mariuat polnt

Selectar
aelector

! Monttor strain measuring
) device
i
.

Data dirdct etraln readinga
aftar compenaation for
gauge sharacteriatics and
meaeur'ng system resistances

tn sltu siresses

4 ‘ Figure 2.3

Schematic layout of CSIR stress measuring system
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the wanual point selector a total of ten individual strain gauges
can be meapured 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 plece of rock similar to the
rock in which the measurements are being carried out. In this
way temperaturd effects are eliminated. The two gauges form ¢wo
limbs of a Whewtsétone Bridge which is completed in the manual
podat sslector by the addition of anothexr two limbs with known
resistancas. Thia system enables the strainmeter to measure

strains to the nearest microstrain with precision.

The digital strainmeter comprises a strain meter circuit which
weasures the voltage acrogs the formed Wheatstone Bridge, a meagur~
4ng amplifier and integral digital indjeator, all of which are
powsred by builk-in rechargesble batta¥ies. The manual point
selector consists of resiatance circuitry to make up the remaining
limbs of the Whaatstone Bridge circuit and a series of switches
with highly reproducible transfer rasistances. This reduces

the exror of measurement to a minimum when switchini to differeac
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

out.

The installing equipment consists of the installing tool, aluminium
rods and connecting cable, Thesa arxe all detailed by the CSIR
{1966).

The strain cells and their constxuction are described by Pallister
{1969}, Binue that time the oxiginal three gauge rosette has

been replaced by a THL PQLO gange rosetre by
Tokyo Sokki Kenkyujo Limited of Jay ... This has allowed the
individual meastrements to be asasysed for exror (Seutden 3.27.

Individual ptrain colls can be used only once, however their
low cost enables many measurements to b taken without aseriously

affeoting the total cost of a strailn relief meamurement program.

Meagurement: procedure
The measurement of absolute strasses in situ, using the CSIR
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biaxizl strain cell, is carried out by the overcoring methed
which is illustrated in Flgure 2.4, The rationale behind the :
technique is simple. ¥hen a borehole i3 drilled by diamend rotary “ t

coring methods into a strassed rock mass the core that is removad
is no longer subject to the ambient stress field. As a result,
it will expand or contract slightly, depending on the patuxe

of the stress field it has been removed from. If the strain

in the coxe is known both prior to and after its removal from
the rock mass, the difference betwesn the two Btrains can be
used to estimate the strass. The strain difference is called

) R a strain reiief becausc it is the result of the relieving of
" y stress in the cére by extanding the horshole beyond the measurement i
. point, This proceas is called overcoring and gives the technique
its name. Details of the practicalities of obtaining strain

velief data are reported hy the CSIR (1966) and Pallister {1969).

The strain roliefs are then used to estimate the stresses present i
g E at the end of the borshole using relations available in solid
mechanics theoty. These atresses are not equal to the stresses
acting within the rock mass but are related to them by the following
aquacions:~

¥ o] = ao, + by, + cu,

Aesaanaay 201

2 1 2 3

Where a, b, and ¢ are stregs concentration factoers, o3, g, and o3
are the principal stresses in situ and 6f and 0f are tha princi-

i
}
{

i a; = bo, + ac, + co i
i

: pal stresses measured at the borehole end. ;

i
; he ubove relations as glven sssuning that the borehols is aligned i

i parailel to the minor principal stress. The stress concentration L
P factors are still the atbject of resesroh because they are mehsi- o !
: tive to 4 number of variables, the effetts ¢ which have as yet ‘ !
o ot been conmpletely explored. The individur. is thezuftwe left i

to ascortain empirically the values of struys concentration factors i
best sulted to the wonditlons under which the measurements wete

made, This agpact iz dealt with in Bectlon 3.4.2. H

‘ The stress state in two dimensions anly Le determinable from

1
L
measurements taken in oné borshole. The three dimeénslonal strass
tensor is obtalinable fram two non-parallel boreholes if these v‘
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have been drilled along principal stresa directions. Generally,

measurements must be carried out in at least three non-parailel
boreholes in oxder to determine the thrse dimensional rock stress

tensor {Gray and Toews, 1968).

Limitations of equipment and technique i i
The strald measurement equipment is complex and operates on law i

voltages and currents. It is therefore sensitive to temparature,

humidity and the ingress of moisture, which can introduve unneces—
sary error into the results. The equipment should be stored )

on surface when not in use underggound to avold these complicationas

At least two, and generally three borehdles must be drilled to
determine the three~dimensional stress tensor. This often limits

the number of prompective sites from which the measuremants can 1
be done. It also introduces variability into the results because i
stress 4s usually not uniformly distributed throughout a rook

. mass, especially in areas where fracturing and differing rock
A types are present. Typically, the rock stress temsor is determined
- with an error of 204 when using this technique {Pallister, 1989).

9 ot I The errors that arose during the measurements and their sources

| are detailed in Shotion 3.2,

2.3.2 The seismic monitoring system

Wastexn Deep Levels Idmited has operated a selsmic monitoring
system mince 1974. It is capable of locating any seismic event
with a Richter Magnrtude of 0,0 or greater that occurs on the
mine property, with an average aceuracy of 50 rmatres. The pur-

pose of tha system is to provide mine management with a tool
to direct rescue efforts in cases of damaging seiswic evants

} i a8 well as to help identify areas and geologloal featuras that
. are hazardous to mining from a selsmic point of view. Tha data
| o are also uned for statistioal and research purposes.

The energy emanating from a seismic sourcs ik reglstered by a
total of sixteen geophones and acoelerometers located ak the
: pozitions ahown ih Pigure 2.5, These are linked to a Hewlett-
i Packard HEPLOOD computer system oh aurfage by a cable natwork
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as shown in the schematic layout in Figure 2.6. A seventeenth
geophone, positionad on surface is used to determine the energy
released by each event and hence its mag. Ltude.

Location procedure

Once the seiemic trages have been transmitted to surface they
are translated tu dlgital and stored temporarily.
Members of staff at the Rockburet Project then csll the seismic

traces for & partigular event to a Screen in ordex to determine

the pv and 8~ wave onsuts for sach gasphone Or accaleromecex.

This information is then read by a location program which de~

termines the position of the source of the seismic energy in

terms of tite mine co~ordinate eystem, The located event is then
d to the data basge.

Limitations of the system

The computer digitizes all the incoming seismie traces from a
single avent for two seconds. If moxe than one selsmic event
vecurs within this period, their traces becoma mixed in the tempo-
rary storage and a locaticn is usually impossiblie fxom the infor-
mation received. About (18 of the selsmicity is lost this way.

the Caxbon Leader and Contact Reef horizons ake both
explodted by the longwall system which offers few opportunities
of locating senfiors ahead of advancing longwall faces. Selsmicity
that occurs on the esstern and wesktarn extremities on the mine
cannot be Located whth an accuracy of lese than 50 m bacause

most of the ovents lle beyond the sensor network. The error

of the losations in the monitoring mite area was affected by

this bntll an accel was placed theve. Location

accuracies then improved to about 30 metres. .

Mcat of the sensors are coplanar, and this oan somwtimes lead
to large location errors ln the vertieal. fhe location ascuraty
of the system makes it diffjcult to implicvate a particular

from the event location alone., Visual inspection underground
is always necessary to confirm a location Lf a partlenlar geologiw-
cal Eeature is suspected of belng the sourca.

PRETES
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Schematic layout of selsmic location system
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2.3.3 Tevelling equipment

A Kony Ni 007 automatic precislon 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 invar levelling staves.

The invar staves wers suspended by a spherical hall and seat
arrangement attached tw a series of rockbolts that were installed
in vertical drilinoles abave 100/2 'C' Haulage West (Rigure 2.7).
The length of the profile levelled was 20 m. The anchor points
bf the rockbolts were on average 2,5 m above the haulage roof,where

effacts such as badding separation were expected to be very small.

Measurement procedure

Ve rise dnd £all method of inverted leveliing is employed in
«Which the relative elevatioas of two rock anchors are determined
with the levsi. This procedure is repeated until all the anchors
in the trdverse have heen covered, at which point the process

i% rapeated in & bauk traverse until the starting point has been
Eusehed :

Dihiditions of procedure
AT thi measurements are relative, and in the vertical sense
R

"Gty Mo norizontal can be using this method.

[N
2.4 {nt;.‘reu Change Measurement Hguipment
!

Stresd moritoring is of central imporkance to the project, and
this i, 1asizated careful consideration of the available instru-
mentatil ; bsfore a choics aould be made, The instrumentation
for miebyround application is first reviewed briefly and the
reasens (% the choice of tha IRAD vibrating wire strassmster
systhm age thep discussed, The equipment selected is then da-
soribedy togsther with particulars of its installation and oper-
ation. Frfiuily the limitationa of the instrument are discuased.

JITN.: : r K




2,5 m roek cnchor set
to hang fresly in 2,8 m
deop vertical hole

8]
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a: Method
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i Levelling statfon positions
Scale 1:2500

Figure 2.7
Detaile of method and fayout of ‘sveiling survey
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2.4.1 Brief review of stress vhange measuring instrumients

Teeman (1956b) noted that prior to that date most borehole stress
weasuring ingtruments had been developed specifically for the
measuremant of stress changes, and that a fow had been designed
for the messurement af absolute stress. He divided the imstruments
inte throe bxoad classifications according to the quantities

they measured as £ollows:-

i} borehole deforma‘ion gauges

i1}  borehole incluelon stregsmeters

11} boxehole 8% \in gauge deviges.

This xeview L& based upon the aboye three classifisations, and

locally available instruments falling inteo sach class are dis-

ok cussed.
n” Borehile deformation gauges
© N Borehole deformation gauges include the CSIR triaxial strain i
A iy cell described by Leeman (1958), cthe USBY horeholo dsformation ’,
S e T call described by Merrill (1967), and the CSIRO hoilow imclusion N
~ i ;

stresa cel) described by Worotniki and Walton (1976). ALl the
gauges llsted were designed specifically for the determinatfon
of the absolute stress by the measurement of strain reliefs ir
the zock annulps Svrrounding the borehole in which they are in- i
atalled, I’

Chatige in strect :n a rock mass resulta in a corresponding change

in strain, which could be measvred by these instruments. Parisean i
f (19781 and Amacedi (1985} have described solutions for the aa-

sessment of in-situ stress changeo f£rom measuxefl borehole defox- ﬁ
< wition changes.

The gauges discussed have the advantage that a single gauge is
capable of sensing blaxial stress changes in the case of the

USBM borehole deformation cell and triaxial stréss changes in t
. the case of the CSIR and CSIRO cells. However all thess gauyes

are complex, and were not deslgned to withatand long term exposura
5 0 hagsh conditiwma. Amadei (1985) hints at this by proposing ¢
- a device based on the principles of the CSIR and CSIRO cells,

., but capable of Long-term reliabllity and stabLity with respect

o areep, temperatute and moisture.
-3 -
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This type of instrument comprises a stiff element which is wedged

into a berehole either by mechanical or hydraulic means. Changing
stresses result in a deforming rock - borehole - gauge system
which can ba monitered by measuring deformations in the gauge.

Stress changes in tha surrouwnding rock mass van then be found

.

by functions relating gauge deformations vo Yock strass changes.

A number of examples of thia type of gauge are describon by Leaman
(1965h) and Obert and Duvall (1967].

e

fhe vibrating wire stressmetexr descyibed By Hawkss and Hooker
{1974) and Sellers (1977) is an example of a borehole inclusion

stxessmeter that has hacome commercially available bécauss of

ity succass in use, It has the advantage of being tnugh and
reliabla, exhibits little ox fo drift in the long term and can "C
be used in a wide vaxiety of oi: It s di g
by being sensitive only to unlaxial stress changes.

Borehole strain gauge devices ¢
The only iascrument of this type locally availabie is the CSIR
biexial strain cell discvssed earxlier. This cell was designed

to measure absolute srress and would tend to suffer the same

a1 ages a8 tha b on strain cells.

2.4.2 Sclection of the vibruting wire stressmoter g

. % ¥ Mining in the menitoring site area indicated that stress change k
would be y £or a period of at least eighteen

months or longer. This meant that the Llnatrument chosen would

v be exposed to the harsh underground snvironmani 2or this period,

T and may furthermoére be subjected to the shocks from mining induced
sedsmicity,

b The requirements for sach an instrument are that it ghonld bat-
1} tough and wallabler

. ii)  resistant to humidity, tourosion and temperature;

! T i01) stable in the long verms \

- 37 -
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iv} capable of sensing small siress changes while at the same

time having a large range: 4
v)  installed without undue difficulty; B ;
vi) able to measure at least biaxial stress changes. F i

The borehple deformation strain cells would meet the firat requirement
as well as the last three. &imce the CSIR and CSIRD cells rely

on an epoxy resin for hoxehol the
of these glues must be called intp question especially when used
in a hot moist environment, whare the distinct possibility exists
that they Bay lose thair strength in the long tevm. Purthermore,
the stability of the gauges in the long term is questionable

as is their resistance to moistura. The same arguments apply

to the CSIR blaxial strain cell. fThe USBN bovehole deformation
cell is at an advantage here because it does not rely on glues
£or vontact with the borehole sidawalls.

The vibrating wire stressmster meats the first five requirements

AP ARSI PG

listed above, and the last vequirement by installing three stress-
meters in different directions in the same borehole. Sellers |
(1977) domonstrated clearly the reliability of the instruments
in applications varying from lengwall coal mining to out and
£ill stoping and block caving mining environments.

Since all the other instruments xeviéwad would introduce a real

chance of fallure to stress change measurements in the long term,

S S —_—

it was decided to use the vibraking wire stragsmeter.

2.4.3 Description of the vibraking wire strossmeter system :

The system was manufactuxed by IRAD Gage uf Lebanon, New Hampshire, .
U.5.A. and conalets of the stressmeters, installing equipment :
and xeadout instrumentation.

TR Mhe vibrating wire stresamater

O The twansddcer consists of a thick-walled cylinder across which i
4 high tensila steel wire is tensioned. The construction is !
' ghown in Flgure 2.8, It is wedged into a borehole by the wedge oy
and platen assembly shown, and any borehole deformation causmas

<38 -
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Figure 2.8
Constructlon of vibrating wire stressmeter
(After Hawkes and Hooker, 1974)
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the stressmeter body to flex much like a proving ring, which
in turn brings about changes in temsion in the wire,

If sxoited in some way, the wire will vibrate with a frequency
related to its tension, much in the same way as the strings of
a wiolin. The period of the wirs, that is the time it takes the
wire tc complete ona cycle of vibration is related to its tension,
length and density by & relation glven in Hawkes and Hooker (13741,
The vibration period of the tensioned wire is determined by an

electronic inetrument described below.

The stress changes in the reck are represented by ohanges in
the vibratiny wire peried, which increases positively with an

inuress wssive stress. The gauge is unidirectional,
that > _Be only uniaxial rock stress changes in a di-
reation ., At with that of the tensioned wire. Tha wlaxial

stress changd that may take place in a rock mass is related to
the initial vibrating wize period T, taken at time to, and the
period T taken d&¢ time t by the equation (after Hawkes and Hocker,
1974) ¢

2.2

a0y = ¢ [14(3% ) 220)° .

wnere Aoy = uniaxial rock stresa change in the direction of the
vibrating dlre stressmeter:

a = dimensionless stress sensitivity factor given by
& e 9,4 - 0,0738, whera By i the rock modulus of
slasticlty in GPa;

To = initial vibrating wire peried reading in seconds;

T = sows=’~g wire pariod in seconds ieasured at time t.

The wire is tensioned by the manufacturer to vibrste with a peried

i
: t of 150 to 220 x 106 seconds when the gauga ic "iduformed., The
g “ maximum parlod that can he reliably measured in 450 x 10~6 seconds. i

Y L The maximum usable fange of the stressmoter thus lies between i ]
. o those two waleh a maximum e uniaxial
1 j strass change of 97 MPa if set n a rock mass with a moduiua

of elasticity of 60 ¢Pa. If biaxlal and triaxial stress changes

are roguired, a minimum of thrae and six gauges respectively,
each get in a different direction, are nacessary.
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The geuge iteelf is relatively insensitive to tamperature changes
because the tensioned wire and the gauge body have similar coet-
£icients of 1 When the is set in a rock

mass whose temperature is changing, a correction is required
£0 account for the different coefficients of expansion of the

rock materlal and gauge body. If required, the stressmeter is
equipped with a tharmistox that works on the Wheatstons Bridge
principle in order to measure temperature changes. The correction
factor in the vibrating wire period for temperature changes in
wost racks is roughly ~0,2 x 107 seconds fot each °C rise in
tewparature (Sellexs, 1977).

The gauges are designed for use in a standard EX diamond dzilled
boralkole. They are simple, tough, melstuxe and corxosjon ye-
sistant, and reliable. Further details of manufacture and par~
formance dre given by Sellers (2977).

Tho installing equipment
The ingtalling equipment uged is hydraulically fperated., It
conaigts of a pump, pressure gauge, hydraulic cable with reel,
setting zods and a hydraulically operated setting tool, The
complexity of this equipmenc renders it impossible to he iliua~
trated effectively, and the readex is referred to §sllers (197V).

The getting tool holda the gauge and wedge assembly to ba installied
in a horehols in & eplit oylindrical housing at the froht. A
sheax rivet holds the wedge assembly together which in turn is
linkad by 2 pin to the hydraulic piston assembly. The function

of the tbol is to permit correct orlentation of the gauge and
wedge agsembl, in the horehole, to pull the wedge back to provide
diametral expansion of the 7auge-wadge assembly to affix it in

the hole, and to disengage the pin mechanism fxom the wedge 86
that the detting ool can be -etracted from the installed gauge.
The procedure is caxried out by operatin: the hydrauwlic pump

at the borehole collar. The process of sekting a gauge in &
borahele is illustrated schenatically in Flgure 2.9, and desoribed
beloy.

No provislon is made for orid the gauges 1y in
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Stressmeter with
Setting tool Split housling wedge uasemnbly

1: Advance setiing tool With motnted stressmetar to reguired
poeitlon In borehale

2: Retract wedge hydraulically untll stressmeter lg firmly wedged
in borehole

N 3t Release and retract settlng tool, leaving atressmeter :

' wedged In bershale °

! |
i
ERY : Figure 2.8 I
Y Vibrating wire stressmeter seiting procedure 5‘/
by 1
I Scale 1:2.5 L
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the borehole, howevar ine installing rods are fitted with bayomet
type couplings whioh maintain a precise rad-to-rod orientation.
The coupling of the last rod protruding from the borehole when
#he setting tool and stressmeter are at the installation depth

is thus used as a for gauge orlentati

vibrating wire strossueter readowt
Tha readout instrumentation was oviginally designed Eor use in
coal mines. ‘his necesaitated the development of an intrinsically

safe electronic system foxr “plucking" the wire and then measuxing

its natural pexiod of vibration.

The requirements resulted in a sophisticated electronic system
which emits pulses of varylng frequencies, and datects the resuli-
ing vesponse of the tensioned wire. As somn a8 a pulse of fre-
quency equell to tho wire vibration frequency is emisted , and

& 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.us period.

A tundred cycles of vibgation ars then timed and the pericd,

in wiits of 1076 gecond,. appears on the dligital display. An
extremely stable and acoUrats erystal oscillator is built into

tra2 cireultry for timing purposes which means that the display
readings are of an absolube 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 wadge assembly are shown in Fligure 2.10.

2.4.4 stressweter installation and monitoring

Installing and monitoring strassmeters is relatively straight-

forward. The gceps taken to inetall a stressmetsr are briefly

iisted balow:

iy d#ill a skandard BX (38 mm diameter) borehole t6 the desired
depth. A maximum of 35 m i8 possible with the available
eguipment
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Pigure 2.10

Vibrating wire readout box with stressmeter

- 44 -




A DU

Mk an s

Figure 2.10
Vibrating wire readeul box with stressmeter
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ii)  clear the hurebole of any debris usipg water or compressed
air .
11i)  take the vibrating wire period reading o€ the stressmeter e
o be installed
iv) thread the stressmeter cable through the setting tool ( ,)ﬁ
in grooves ided, and when complete mount the .

in the split housing at the front
v} connect vedge assembly to retracting pin assembly and .
xetract pin by activating hydraulic punp gently until i

platen rests firmly against setting ~ool housing
vi)  insert setting Ecol and vibrating wire stressmeter assembly

in borehple and push up to desired depth N \

v2i)  connect readout unit to protruding stressmeter caple and ;
switch readout on

viii) orientate stressmeter in desired directien

ik} activate pump, this causes hydraulic system to retract
wedga further, wedging stressmeter in borehole. The vi-~
brating wire period reading should increase while this
is oceuring as the becomes by the

Wedge. The pressure gauge reading should also increase
®3 continue to slowly !hcreage prarsur= with the pump until

thé shearing rivet is sheared off. This event can be

cleerly observed by the sudden drop in the hydraulic pressura
Teading on the gauge ; ]
%i)  continue to increase pressure slowly until the vibrating :
wire period reading is 10 to 20 x 10°6 seconds greater 1
than the reading taken before the stressmeter was inserted:
in the borehole R
xii) release pressurc in the hydraulic system by opening the

valve on the pump.

The stressmeter should be firmly wedged in the borehole and the
setting tool fres to be removed. A maximum of three stressmeuers,
set in differing directions can be sat in one borehole in this
Wiy, It is assumed in the method dascribed that the stress changes
15 be measured are compressive. If tensile stresa changes are

d, the should be to a greater extent

by retracting the wedgn further in order toc prevent the gauge

2
i
1

from coming loose at an early stage.
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The vibrating wire period reading taken at the time the setting
tool 1is zemoved €rom the hole is known as the "lock-off" reading
and should be recorded for refersnce. There ie usually a settling—
in pexfod ranging from a few hours to a few days in which the
vibrating wire period readings are observed to drop slightly.

The stressmeters should bs monitored regularly during this pericd
in ovder 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 styassmunerk .onsists of regular
visits to the boreholes where the vibratang wivw , wiod readings :
are taken and recorded. This operation is simpie and ne apectal

skills are raquired.
2.4.5 Linitations of the equipment

The term stressmeter implies that the gauge should be capable

of measuring strass change in a solid medium without any knowledge
of its elastic propertiss. Leeman (1965a) investigates this
aspect and shows that if the stressmeter-rock modulus ratio is
greater than five, only an approximate knowledge of the rack

mass modulus of elasticity is necessary.

The moaulus of elasticity of the quartzites at the monitoring
#ite 1a of the order of 70 GPa while that of the vibrating wire
stressmeter was calculated to be 130 GPa (after Hawkes and Hookeir,
1974). The criterion given by Leeman (1965a) Ls therefore not
met, and an accurate knowledge of the rook mass modulus of elastici-
ty is nécessary.

s
The degres of uccuracy réquired is demonstrated by the set of -
curves presented in Pighre 2.11., 'They were determined by assuming
the rock mass modulus of elasticity is known with a certain per-
centage error, and then detesmining the corresponding ewkor im)
the stress sensitivity factor introduced by Hawkes and Hookes
(1974) and presented earliex.
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This. curves show that if the stressmeters are set in stiff rocks
the miodulus of elasticity must be known with increasing acourasy.
This is often an impossible task because of the well known vari-
ability of the static elastic constanta of rask.

If an error of stress change datermination of 20 per cent is
acceptable, and the modulus of elastivity of the rock can be
detormined with a 10 per cent error, than the use of the stress-
Yieker should be confined to rocks uith elastid moduli of less
than 64 G¥a. The possibility of ‘measuting: stress changes in
the South West Dyke was thersfore not considexed because the
intact rock material was found to have an elastic modulus of -
35 Gra.

A further limitation of the stressmetex ia its ability to measure
uniaxial stress changes only in tha plane perpendicular to the
boreliole axis. Biaxial stress change measurements are possible
by setting a minimun of t»ree gauges in one borehole, while tri-
axial stress change Measuxehents requife a minimum of nine gauges
set in three non-paxillel boreholes.

2.5 Design of Borehole and Instrument' Layout )

A triaxial rock stress tensor determination using the CSIR biaxial //'7v
strain gauge based system gemerally requires the measurement

of strain reliefs in at least three nesparallel boreholes (Gray

and Toaws, 1968). In the special c'se where the principal stross
aizdotions are known, a minimum of tws boreholes drillud along
pélndipal stress dizections ave sufficient.

Additional requizements are that the measurements should be chrried
out in relatively unfractured rock remote f£rom axtensive mining
excavatiens; adequate supplies of compressed air and water should
be available; the working conditions should be safe: the borehole
#dd drill machine positions should cause tie, minimum of inter-
ference with routine mining operationst and nagliglble mining
induced stress changes should ocour dutlng the course of the

meagurement program.
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The curves show that if the streasmeters are set in stiff rocks

the modulus of elasticity must be known with increasing accuracy.
This is ofteén an impossible task becanse of the well known vari-
ability of the static elastic constants of rock. !

3t an dgzor of strass change dstermination of 20 per cent is
accepeama, and the modulua of elasticity of the rock can be :

determined with a 10 per cent arxor, then the use of the stress-

ST

T

meter should be confined to rocks w&th elagtic moduli OF less

2

e

than 64 GPa. The pbesibility of measubin( stzebs changes in )

the South West Dyka was thexafore not considered because the
intact rock Mterial was found to have Zn elastic modulus of B B

95 GPa.

A further limitation of the streasmeter is its ability to iteasure
uniaxipl stress changes only in the plane perpendicular to the
borehole axis. Biaxial stress change measurements are possible . N

by setting a minimum of three gauges in one borehole, while tri-

axial stress change measurements require a minimum of nine gauged

set in three non-paraliel borsholes.

2.5 Design of Borahole and Instrument Layout

A triaxial rock stress tengor determination using the CSIR biaxial

¢

straln gauge based system generally requires the measurement

of striln reliets in at least three nemparallel boreholes (Gray

4nd Toews, 1968). In the special case whore the principal stress
directions are known, a minimum of two boreholes driiled along p
principal stress directions are sufficient. :

Additional reguirements are that the measurements should be carried
out in ralatively tnfractured rock remots from extensive mining

.o excavations; adeguate supplies of compressed alr and water should
ba available; the working conditions should be safe; the borehole
and drill machine positions should cause the, minimem of inter- !
o ference With routine mining operations: nand negligible mining
Wl induced stress changes should occur during the course of the

measurement program.

‘, - 48 - .




in the case of the stress monltoring prqeyam the two major require-
ments, are thet readily measurable stress changes are induced by
mining while at the same time gafe and easy access to the measuring,
boreholes is maintained. The nature of the project and its conflict-
ing requirements. imposed such severe limitations on the choles
of the measurement site that some of the reguirements had to be
compromi ged.

2.5.3/ Bixehole layous! i /
#he borahole locations were controlled by the position of thiy

Fault. The excavations in which they could he located were found , )
to be 100 Reef Drive West and 100/25 Replacement Crosscut North
{Pigure 2.1}, The return airway was rejected because fans and
coolers were located at the fault gxposare and the excavation

was ted. as scon as

, it was ko be

wmining induced streises made it unsafe.

The crosscut provided access to the fault for some 200 m on strike.
However, near its northern extremity, mesasurements would be diffi-
cult bacause of mining activity and the fact that the limitations
of the stress measurement and minitoring equipment precluded
their use in horeholss beyond 35 m in depth, Roreholes tharefore
orientated at 90 degrees to the fault strike would be necessary,
but this Would make assessments of the shear stress on the fault
plane imposaible. Boreholes angled at say 45 degrses to the
fault strike would result in stress and atress change measursfients
being mude too far from the fault plane. This conclusion was
drawn at the time because it was not knowh that the fault changed
from a north-east to a northerly trend, ab shown in Figure 2.1 &

The measuring site posltion was therefors located ahead of the
southernmast panel of the 100/38 Longwall. This position was
not considersd to be ideal, but it 4id have the advantage of
guaranteed long term access and minimun interference with mining:
Furtharmore, the instruments would not be far removed from the

reef plane in the vertical, and therefore the maximum stress

changes induced by mining, as would have been the case further
to the north.
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| transmitted to it by the surrdwding rock masss

The fault in this area is straddled for abovi'$ m on either side
by a zone of falrly intensely fractured rock in which measurements
would produce highly variible results. Heasurements waze planned
in less fractured zo(.'at least & m awsy fro the fault plane
which maant that infersnce of conditions at ue fault plane itself
could best be mada by avaraging rasults obtained from both sides.
This of course would never produce 4 clear picttre of conditions
on, the fault plane, but would provide an indication of the stresses

[

In order to eliminate the wisk cf shar dhatocation of borshotes
arilled throughthe Fault plane; three B either side were planned
paralliel, at 45 degrees and perpendicular to the strike of the
fault (Pigure 2.12), The corverging layout shown was chosen
because it had the advantage of minimising stress and stress
change measurement errors that may arkse from the spatial variatton

and field Horizontal borehol

of rock elastic
were specified becsuse it wan expected that vertical strasses

and stress changes would be largest and therefors measured with

the smallest error. g
Circumstances at the time of the commencement of the project did

not germit the drilling of all six boreholes as planned.
of the 100/38 Longwall recommenced in Juna 1984 while an under-
The absolute
stress measurements Were thesefore in danger of being subject

Mining ¢

ground drill only became available in August 19847

to increased erxor resulting Erom atress changes induced by mining.

Fortunately Leeman (1968) and Gay (1972) had | th carried out
absolute st bus measuraments about 3 km east and 3 Xm west of
the monltoring site respectively, Their results, presented in

. Table 2.1 and represented graphically in Figure 2.13, show in

both c¢ases that the minor principal stress weras both fairly close
to the hord
to the strike of ths ELf Pault.
site agreed fairly well with the theoretical overburden stress

tal and lay im directions parallel and perpendicular

The vertical stress at each

in both cases. These results enabled the autho me that v
conditions were similay at the monitoring * conse-
quence that the two boreholes angled at 45 & the fault
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4 {{Shailow slts, Gay (1872),
4320 m below surface
: ‘Dlyap? alte, Goy (1972),
20 111 bolow surtacs .

3: feaman (1988), 1788 m ; -

bsiow surfdos i
L 4 Monttoring site, 2885 m
/“ helow surface
-, s ‘ : i

a: Locatians of sthess measuremgnt sites

Scale 13200060 i

f i

Rey

Frircipal sirososn, i

aftisr Lesman (1988) i

Sringipal streseen,

o after Gay (1972), ‘
‘deap® slte

b: Lower hemlsphere stereoplst .7 .rincipal stress i
directions and Eif ¥ u ‘k‘ v

Figure 2.18
Absolute stresses measured Ih the Surletonville Goldfield |
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gtrike could be eliminated in order to speed up the absolute
stress measurements. This compromise meant that the stress change
measurements would only be meanlngful in the planes perpendicular
to the remaining borehole axem, if the assumptions akout the
stress state in the vicinity of the ELf Pault wexre invalid. The
bhorehole used to measure the final absolute stressds is situ-
ated next to and parailel to Borehole RBL

A horizontal ocoptrol borshole was located. to the west of the
South West Dyke where mining induced stress changds were =xpected

o remain smail for the duration of the project.: A single VAbrag~

ing wixe stressmeter orientated vertically was planned to measure
mining induced stress changes in the far fleld where rock mass

behaviour wag expected to be elastic,

The accelerometer was originally planned to be located in RBS,
The location had to be changed to RBB because the new fan chamber:
was to be relocated sext to RBS, where mechanical vibrationa

would 4 with the 1 output. The locations
of all the boreholss appear in Pigure 2.1.

2.5.2 sorehole sizes

The four bozeholes drilled at the Blf Fault ard NXCU boreholes
which produced core 72 mm in diameter freom a hole 92 mm in diame-
ter, This size of borehole was chosen so that intact test specimens
could be extravted from the core parallel to the measurement
directions for laboratory detexmination of the elastic ccnatuntﬂ.

The vibrating wire stressmeters require an EX borehois 38 mm

in diameter. These holes were drilled as extensiona to the NxCU'
boxeholes once the absolute stress moasurements wers completad.
The conttol borehale is a atandard AX borehole from whicH an'

EX borahole was drilled to accommodate the stressmeter at the
required depth. The accelerometer requires an NX borehole of
diameter 76 wmm.
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2.5.3 Tngtrument layout ;

A cluster of three stressmeters set in the horizontal-45 degrses-
wvartical patv ‘Jrn was planned £or the EX extension of esach stress
measurement borehole. Thy Gistances betwaen the stresemeters
was sat at a mindmum of 0,2 m so that all were exposed to Erue
borehole defodmations. The laycut for wach borshole is shown

in Plgure 2.14. A thirteenth stresswater wae installed in a
zentrol borshole while a fourtaenth was kept on surface as a

reference. ‘
?
2.5.4 Limitations of borshole layout . i
!
|
|
i
P

The chief limitation of the borehole layout is that both stress

and stress change would be ve of con-

ditions on ¢ fault plane at the monitoriny site only. Since
it is close to the southern abutment of the longwall, the stress
change vould not be ve of the fairly uniferm
loading of the fault by the advancing longwall further to the L
fnorth: As mentioned earlier, tie geometry of the situation together
with mining activity consi@ezations prohibited the possibility

of any furphor meaningful measuretents from 100/25 Replacement

Crogscut to the north of the mondtoring slte.

The laweut as shown is capable only of selopdary principal strias b
change determinations in planes noxmal to the borehole axes. i
. Thus, incomplete Btress change information wae obtained, which

M could conceivably he misleading when assessing the faunlt stablliby

as the longwall approsched Lt.

2.6 MNumarical Modelling

H The monitoring site laycut and the nature of the measuzement
resnlts obtained n itate the use of humerical modelling tech-

nigques not only to provide 3! L] to the
b mants but also to supplement them and provide a vomparator for

E chem.,
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The MINSIM - D suite of computex programs developed fox 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 afound the tabular excavations
typical of most coal and gold mines in South Africa.

2.6.1 Uescription of the MINSIM-D stress analysis program

Ths suite of programs comprises two main processing programs
named ana which are lemented with data

input and graphic output The program
closure and ride solutions for a partiouldr mining gebretry and
the BENCHMARK program calculates stress and displacements at
requested points on and arcund the mining excavations.

The programs are based on the theory of boundary elements which
is applied to tue mining layout and the assumption that the rock
enclosing the orebodies behaves elastically. They are capable
of application to single and multiple resf problems at any erien-
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 sult the needs of the problem being analysed.

MINSIM-D is described unmprehensively by the Chamber of Mines
Research Organisatlen (1985) as well as Ryder and Napier (1985),
while tha analytical model used to generate the required data

is described in Seotion 5.1, B

2.6.2 Iimitations of the progrom

The programs are based on the assumption that the rock in whioh
the mining is taking place is homogenaots, isotxopic, linearly
elawtic and intact. The rock mass is Further assumed to have
infinite atrength. Rockmass featt ‘es such as changing elastic
constants both in space and time, discontinuities, layering,
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intrusives, anistropy, non-linear elastic behaviour and even
inelastic behaviour after failure cannot be aceounted for., Never-
theless, the information fs still useful hecause comparisons

with measurements provide some idea of tha combined effects the

£eatures typical of all rock masses may have on their behaviour.

2.7 Concluding Remarks

The used for the was

not compromised because of the severe demands placed on it by
8 could result at best
in spurious results and at worst in the total fajlure of the

the conditi in use. Any i

atudy.

The general inaccessibility of the rock mass ahead of advancing
longvalla, the demands of mining and the conflicting requirements

of stress measurement and stress change monitoring, forced a

number of compromises in tha underground layout of the instrumentation.

As guch, the stress are not as tete a5 originally

envinaged, and therefore grester reliance on numerical modelling

was necessary than had been originally planned.
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4 ; CEAPTER 3

INITIAL AND FINAL STRESS RESULLS

The prime object of this chapter is to report unbidsed initial

and £inal stress satimates for the momitoring site. The estimates
P 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

N rockmass charact.rization are discussed, after which the strain

reliaf readings are prasented aid analysed, The laboratory deter-

mination of zock elastic constants is covered and then the inifial
and final stress estimates are given. UThese are in good agreement
with stresses fesulting from the overburden welght, in keeping

i

with several other in situ stress measwrements carried out in

deep gold mines.

3.1 porehole Logs

d
8

Detailed logs of Borsholes RBL to RBS were kept in ordex
information of the nature of the rock mass in the monitt

) slte area. Descriptions of the rock mass features observed:

. the core conform to the standards laid down by the Core Logging i
Committee of the South Africa Section of the Assoviation of Bngineering i

Geologists (1976). The logsheet desigried for the purpose is similar i
R o that deacribad by Page st al (1976, with modifications to ;
sulk the data most relevant to the project.

i
Pasticular attention was paid to the desoription of discontinulties ‘Ji &

because they have a strong influence on the elastic properties [

of the rock mass. An attempt was made to classify sach disconti~ ¢

nulty according to its origin. The classes chosen were mining 1
induded fractures, fractures that developed duxing the drilling

process and natural discontinuities that were present in the rock
prior to mlning. The latter class was further subdivided according .
to the nature of the discontinuity, £or example faults, ’
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Joints, bedding planes and geological contacts betwsan different
rock types. The frequency in each discontinuity class present
together with the general inclination range wexa noted for each
metre of core. Other features such as £illing in discontinuity
planes, discontinuity surface roughnass, spacing and the number
of discontinuity sets were noted.

of material Y+ COTR y and RQD (Deere,
1964) were made for each drilling run. A geological deswription
of tha core and motes 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 mawnr features of
the rock mass deduced from the borehole logs appear in Table 3.1.

3.2 Strain relief data

four & ain relief spaced di 4 1ly at 45° to

sach other are e from the strain call.

‘This facility provides the researchar with a tool to assess the

error inherent in the straln relisfs, and a meanr of averaging

the sormal aad shear strains derived from each overoored strain

cell. Typically, czrors are fairly large and are therefore the

subject of detailsd discussion. The analysls that follows first

deals with a means of rejecting certain meastirements and Einaily
4 the

3.2.1 Definition of quantities measured

Befors coumencing with the snalyeis, it ia necessary to define
a standard applicable to all the strsss and strain analyses throughout.
As far as the notation of stress ané strain components are concerned,

the d rock hanica ion Ls applied (Jasger and
Cook, 1879).

The stresses and mtraing in eaoh borehole are fescribad with reference
£0 a set of Cartesian axes ag shown in Figurs 3.1 s and b which

1ie perpendiculsr to the borehole axls, and are viewed from the
borahole onllar. In all cages, the x axis iy howizontal, the
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TABLE 3.} SUMMARY

OF HAJOR ROCK MASS CHARACTERISTICS

AVERAGE | TUNNELING| ROCK MASS
AVERAGE | FRACTURE | QUALITY |RATING ROCK MBSS QUALITY
BORENOLE | RQD {8) | ¥REQUENCY | INDEX RMRH*
{mm*)+ Q*
RBL 65 1 8 7 Fair Lo good
quality rock masa
RB2 44 3 6 63 Palr to good
quality rock mass
RB3 A9 0,4 5 " Fair to good
3 guality rock mass
RB4 52 0,5 1 75 Fair to good
quality rock masa
RBS aa 2 ho 74 Fair to good
quality rock mass

+ Natural fracturas only - mining induced fractures wers ignored

* NGI Tunnelling Quality Index (Batton et al 1974)

4% Geopéchanics Classification of Jointed Rock masses {Bieniawski, 1876},
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y axis is vertical and positive angles represent anti-clookwise
rotations from the ¥ axis. The subscripts refer to the borehole
for which each coordinate system has been defined e.g. Xy yj refers
to the x-y axis system in the plane of borehole RB1.

The vertical gauge of a properly orientated strain cell should
coincide with the y ~ axis ag defined abova. It was found that

the orientation devive 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
Arnldite slow-setting epoxy was used, a bead of excess glue formed
at the bottom of the strain cell and flowed downwards before setting,
It was assumed that the glue bead, shown in Figpre 3.2, represented
the true vertical, thus allowing the true orientation of the strain
«ell to be measured in xelation to it. The angle of Qeviation

£rom the vertical was termed the gauge corraction angle 6y and

was taken positive when the vertical strain gauge had been displaced
in an anticlockwise direction from the true vertioal.

3.2.2 Raw strain reliefs -

The raw strain rellef 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 oxdel ko
relate these directions Lo hhe defined systens 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 hetween the vertical gauge and the glue bead.

Inherent exxor

Two planar strain invariants e, and ey can ba calonlsted from

each set of measured strain rellefs., The first invariant ey ls

the sum of strain reliefs obtalhed from the horizontal and vértical
gauges whila the second ej, reprasents the sum of the 45° and 135°
strain gauges. In an ideslly elastlu solid, the two straln invariants
4re equal for any given stxess mtate, The fact that thay are not aqual
in practice ls a measure of the inherent error in each measurement,

or meagureément quallity, as well 4s the rock properties. In vrder

that this error can be made directly comparative for sucoessive
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measurements, it should be sed and as a p

as follows:~

o= 2ea v ep) 9 ereese 31
fo
eg * o) .
where r is the inherent erzor nnd e, and ep are the planar strain

invariants

The inherent error in each measurement may arise from a combination
of aome or all of the following sources, listed in the order of
deczeasing importance:-
1) imperfect strain cell-rock bonds
EES ) strain measurement equipmént error;
i1i} tne presence of discontinuities in the rock neir the over-
cored strain cells
iv)  directioral variability of the rock elastic constants in
the plane of the horshole end iie rock anisotropy):
vi  time elastic relaxation of the rock,

also anisotropic mani tion of this H

vi) non-linearity of the strass-strain relationship;
viii) the presence of strain gradients in the plane of the bore-
hote ends :

viil) intrinsic error in the strain gauges.

Large errors can result from the first thres sources, and caxe

must be taken to avolid these during a strain measurement program.

The following four sources are likely to be insignificant in relation
to the first three bacause the guartsites in which the measurements
were undertaken are not stxongly anisotropic on the scale of the
strain gauges; the quartzites do not exhibit strong creep effects
(Briggs 1982}; +the stress strain relationahip is approximately
linear for the greater part of the stress-strain curve; and strain
grddients in the plane of the horshole end would have to be very
large to prodice the obterved ewror in the straln invariants.

The {ntrinsic eryor in the straln gauges is guoted sy the manufactuzsr
as 0,3%, which is considexably smailer than that possible from

the other gources.

Rejection criteria
Por the purpose of this anhalysis it has baen assumed that the

error ariming from the £irst three sources will be overwhelming, 6

T




rendering the exrors from the remaining six sources negligible

in comparison. Therefore two criteria have besn established

for the rejection of strain rellef data:

1)  visual evidence of a poor strain ¢ell-rock bond and/or strain
measuremant equipment exrc: and/or the presence of distonti-
nuities in the core that may have affected strain resdings;

ii) the inherent error having a value greater than 20%.

The f£irst criterion is self evident while the second reguiras
explanation. The strass estimates are based on the assumption

that the rock is linearly elastic, homogeneous and isotropic.

If an individual weasurement displays an inherent ezror of greatsr
than 20% then the assumptions about rock slasticity ave significantly
4t variance with observitions. The level of 20% was chosen as

the criterion bacauss of the work of Pallister (1969), who determined
the in situ streds tensor in a deep gold mine wich an ovrivall

arror of 208 if the 95% confidencs intexvals ware chosen. Bis
astimates contained the puolod erxor of the stxain relief measurements,

zock elastic constant determination error and the aerrox batween

snccessive strain 1t vas that
if che inherent error already exceedad 20% then the result should
ot be included in the analysis. The values rajected on the basis
of the two criteria &re shown together with the reason for rejection
in the remarks column of Table 3.2.

8.2.3 Strain components

The strain at a point Lis completely defined in two dimensions
by a strain resette Lf three nurmal strains are measured in thres
known, but differing directions. In the sase af a rectangular
xosetté in which the gauges are oxientated at 0Y, 45° and 90°
the formal and gheax gtrains are given in the coordinate system
detined by the rosette (Jeeger and Cook, 1979}:-

gy = €p

ey = €90 ceenees 302

Yxy = 2845 = {€g + cgo!
The coordinates defihed by the strain rosethe are gensrally not
parallel to the systems of axes defined Eor each borshole but
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differ in direction in the above case by the gauge correction
angle. Since four strain reliaf measurements wers 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 conbinations of three gauges each ag shown in
Table 3.3, Bach combination of gauges is directionally removed

by a dlfferent angle to the pre~defined borehols system of axes.

-

l

This angle is denouad tha combination angle ¢ and is listed with

each combination of strain gauges.

Once the four sets of strain components are defined, each can
be rotated throuyh its respective combination angle to the borehole

system of axes. In the limiting case where eg= e, the respective
e strain components from each set are equal and no averuging is .
" required. This condition never axcse in the strain measurement

- program, cotisequently the strain for each :
were averaged before being presented in Table 3.4. In addition
‘the resulting prineipal strains were calrulated for each set of i

average strain components togetber with the resulting planar strain

invariant, Pinally, all the results were averaged fox each borshole.

i Spatial error i
° It is apparent in tha table that the respective straln components
R wary 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 deseriptions and

CE where boreholas traverse diffsrent rock types (Pallister, 1969,
i N Cahnbley, 1970 and Gay, 1972). fThe most important dauses of this

phenomenon lie in the quality of the measurements and in the struceural

{
complexity of the rock mass, The variation that results from ; ’
|
the latter can be termed the spatial erfor. !

At the outset it must be emphasized that some of the variability
observed in Table 3.4 can be accounted for in the quality of the
measurements, and not to the rock mags characteristics alone.

Nevertheless, the important factors that can introduce spatial
variability into he measurement results are as followe:
4 i) spatial apd divectional variapility of the elastic constants

i of the intact rock material:
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- TABLE 3.3:, STSATH GADGB COMBINATIONS POR A FOUR-GAUGR i
1 : RECEANGULAR ROSETTE i
AN , COMBINATION STRAIN GAUGES COMBINAPION- ANGLE :
! 0 {degrees) i )
co 1 0% ~ 45° - 90° oc
N 2 45° - 90° - 135° By + 45°
R 3 90° - 135° ~ 0° 8 + 90°
“
) 135° - 0° - 45° 0 + 135°
I
w " 3
+
. i
|
= P |
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i1) changes in rock types traversed by the borehole; : [
; 11} variation in the rock mass structure tyaversed by the borahols; ;
“ iv) the presence of strain gradients developed in intact zock |
material as a result of deformation mechanisms such as slip 4 q
and rotation; : ]

v) changing mining induced atress both in time and space;

vi} variations in strain cell orientation with respect to vertical.

e The investigator has 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 fxom situ-

= ation to situation and it appears in the case under study that ! D
the £irst and fourth factors were the most important while the 1 ;
. second and third factors were relatively unimportant., The chief

reason for this is that all the accepted strain measurements wers

cariried out over distances of two metres or lwss in aach borehole b .

in geologically similar rock. The second and third factoxs were

therefore neglected. The fifth factox was not conaidered to.bs
y 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 disecussion.

The most important factor is the spatial variation of the rock

S elastic which were 4 in the 1 'y £rom

; the recoverad borehole cores (Section 3.3}, The planar strain
invariant can be linearly related to the planar stress invariant
. by the equation from £irst principles as followst- i

1
ey = gloy - vaa] . i

1
e = 5oy - vay]

adding:
e1 + £z = 5o + ap-vfoy + 0]

k manipulating and re -arranging H

e—=w @
1=y

j where tha planay strain invariant e = g1 + g

and the planar stress invarlant @ = g3 + op
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If the ovarcored 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 1f ¢ varies along a
borehole, then E/(L - v) should vary antipathetically. The data
£rom Boreholes REL 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
correlstion, especially if the ¢ate of Boraholes BEZ and RBI.

Two observations can ba made from the comparisons. Firatly, the
variables are related albeit not very strongly. Secondly, the
structure of the rock mass has introduced considerable variability
which tends to reduce the degres of correlation between the two
variables: fThe presence of the fault is seen to be the major
contributor to the poor torrelation because of the effects it

has on the local stress field. Assuming the planar stress invariant
in sy given direction to be constant is » srefore likely to be
incorxest, It can bé concludsd from the orrelatlons that the
spatial variability of the elastic doas have 4

influence on the strain relief values retrieved and that the presence
of major structures will tend to increase the variability thus
clowding the relationship.

3.3 Laboratory Testing

A knowledge of the elastic constants of intact rock material from
the site was required Zor esuimation of the in situ stress from
the strain relief results. The data were obtained from right
oylindrical rock samples tested in uniaxial compression at the
Department of Mining Engineeving, Un'versity of the Witwatersrand.
The samples were extracted from the borehole cores as oloss as
possible to each strain relief measureément in order to minimise
tha error that may arise from the spatial varlability of the e-
lastic constants, a featurs typical of most rock maeses. The
axis of each rock specimen sxtracted was chosen to be paxallal

to the vertical strain gauge dirsction uniess visible weaknesses

auch ag fractures or bedding planés were present in the dore.
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Th these cases the samples were extzacted in directions which

snpured that no weaknesses would be included. A typical ovarcored
o sdrain cell with sample sxtracted for testing is shown in Pigure -
3.4,

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 pecause it has been
demonstrated on a number of occasions that nelther the sample

@ geomatry nor the sample size influence the modulus values in the

pre-faiiure range if the rock specimens are homogeneous and intaat X
¢ (Lama and Vatukurd, 1978). The test data derived from the reck .
' specinens was raceived in the form of axial loads at regulat intervals i
with the corresponding axial stress, axial atrains and transverse

W atrains. Tach specimen was loaded to failure and the uniaxial

v was The detailed results appear .

in Appendix 8.

The average elastic constants were calculated te three significant
figures as recommended by Brown (198l). In order to eliminate
any bias that may arise in the calculations, the average slope

of each stress straln curve was found by using the method of least
squares. This was done using the data up to two-kthirda of the

o uniaxial compressive strength of each sample because it is gener—
ally accepted that beyond this point the stress-strain relation~
ship ceases td be linear. & typlcal axial and diametric stress
strain curve together with the best~fit lines appears in Pigura
3:5. The values of the slastic constants together with other
information pertinent to each test specimen are listed in Table )y
3.5,

3.4 In Situ Stress Bstimation

The Porsholes were drilied in directions as close as possible
%0 the principal stress directions determined by Leeman (1968) |
and Gay {1972). If 4t is dssumed that at depth the regional stress i
tengor does not vary significantly laterally and that the mining !
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Figure 3.4

Typical overcored strain cell with

sample extracted for testing
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e g Specimien No. @ 10
20 Rock ype ¢ Hanglngwall Quartzite
Length te diameter ratio : 2:1
Sampie diameter : 30 mm

Sample mass : 118,8 g |
Young's Modulus : 84,947 GPo ‘
. Palason’s Ratlo : 0,176

E Unlaxlel Campressive Strength : 254,65 MPa

Axlai stress (MPa) 2
300

e o] o SRR BRSNS T
g . .
oo F L3 La
e . N P
e T200 .
B . Lirmtt of linear
SN i behaviour
n Least squares fit | 4,0 Loast aquares fit

b to data to data
. r= —1.00\ r = 1,00

. ~2,0 1,0 0,0 1,0 2,0 30 4,0
A Diametral strain (millistrain) Axal struln (miltstratn) ~
[ ]
| ,
| Figure 3.6 |
i

Example plot of stress versus strain Y
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DEFTI BANPLE Eny Vay
BORENOLE {wm) DIRECUTON iGpa) {GPa) REMARKE
RBY 30,49 Vertical 6,494 0,209 Hangingwall quartzite
Quarta-£11led fracture in spacinon
30,89 Vartleal 82,704 0,199 Bangingwall guartzite
31,27 Vertical 81,648 0,178 Hangingwall quartzita :
32,59 vertteal 82,411 0,188 tiangingwall quartzite
! AVERAGES 83,314 0,153 Unod for in-altu stress datermination
o2 21,3k vertienl 95,854 0,245 Uangingiail quarteite
axte-tilied fractucs in opeoimin
21,82 +120° 72,920 0,164 langingwall guaztzlite
Quartz-filled fracture in specimen b
22,39 +135* 97,117 0,266 tangingwall gquartzite
Quartz-Ei2led fractuca n opecimen
22,85 Vertical 80,408 0,108 Hangingwall quartzite
AVERAGES 86,575 0,216 Used for in ultu atrase determination
Y 10,18 1800 70,841 0,217 Footwal} quartzite. Speoinen owd ohippod
1,48 Vartiosl 75,335 0,197 Footwalt quartstte
10,75 Vertical 78,007 0,185 Pootwall quartzite
AVERAGES 5,061 0,200 Used for in-stin straes dotecuination
wnt 5,18 Vartionl 78,478 0,182 Footwall quaitzite
9,31 Vertical 15,478 9,206 Footwall quartzite
9,50 Vortical 74,378 185 Pootwall gharkite
AVERADER 76,101 0,191 Ueod Por ta«bliu skrems dotormtnstion 4
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induced stress prior to the stress monitoring phase were insignifi-
cant, the method given by Pallister (1963) for borehcles drilled
along principal stress directions can be applied.

3.4.1 Triaxial strasa tensor estimate

In the case of the initial stress state, four simultaneowus equations
can be set up using the information from boreholss RBL and Re2
to solve for the prinoipal in the i 11 guartzites

to the west of the ELf faulb. A similar proceedure can be applied
to the informaticn derived from boreholes RE3 and RB4 situvated

in footwall quartzites to the sast of the fault. The stress concen-
tration factors sslected for both cases wers those glven by Coates
and ¥u {1970} and Hocking (1976). The results are listed in Table
3.6, while the calculations are presented in Appendir C.

The most strikin feature of the results presented are the magni- >
tudes of the estimated stress. In all the cases, 0y is far in

excess of the theoretical overburden strass wop = 75,8 HPa as
well as the total vertical strecs at 80,2 MPa estimated for mining
as at December 1984. The condition of all the underground exca-
| v vations in the area showed no evidence to suggest that stresses

of these magnitudes existed at that time. Furthermore, the exca-

vations in the arga were not heavily supported, and did not show

1 any signs of duress aside f£rom tha fairly intense induced Eractuz=
=3 ing common to a1l such excavations at depth. Grouted pre-tensioned
c o . long~rops anchors together wit} wire mesh and laoing was installed

about a year after the when iderabl dditd L
mining induced stress had been imposed on the area, During the

period prior to the installation of dditional support few ground 1
[ control problems were evident aside from two major falls of ground i
in 100/25 Replacemeht Crosscut North. Thess falls of ground could
4 be attributed diractly to the effects of overstoping the crasseut

and not to high strese. :

In the above avgument it ie assumed that the measured streszas
are rupresentative of the ehtirs ares. ALl the atraln relief
measuréments considered in the #nalysis were made wiuhin 10 m N
of the inferzed position of the fault surface and may thexefors

S - 78 - X
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represent a zone of higd stress associated with it. The condition
of 100/2 'C' Haulage West, 100 Reef Drive Wast and 100 Return Airvay
at the fault intersections suggest that no such zone of high stress
existy.

Finally, the vertical stress calculated from a number of ground

strass tensor ons in deep Wi Gold Mines

agree reasonably well with the theorstical overburden stress at
each site {Gay, 1975). There is no reason to helieve or evidence
to suggest that the initial stress at the monitoring site should
deviate from this pattern.

Effect Of stvess concentration factors

The néxt 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 23% smaller in
absolute terms than those given by Coates and Yu (1970}). Their
use results in a reduction of o) and o3 to the west of the fault
of 10% and 21% respectively. Moxe significantly, the ertor of
the 1ly if Hocking's results

are used. Pallister (1969) demonstrated that small srrors in

the stress concentration factors a and ¢ can result in large errors
in the results especially if aoy and avp are close in value to

ce3. This is evident in the errors in the horizontal stress east
of the fault, and it appears to become moxe pronounced if the
absolute values of the faotors are reduced, as demonstratsd in
Table 3.6.

3.4 1 Re-ovaluation of stress concentration factors

A survey of the rock meachanics literature roveals that the values
of the stress concentration factors are periodically subject to
review aud xe-evaluation. Rahn (1984) liats the results of his
analysis togathes with the results of others in chronological
order. The resilts of the latest few analyses listed show remarkably
good adreement, even though they were arrived at uding different

“he feature common to all the analyses are the underlying

aca _ .aons of a perfectly linearly elastic and continuous solid.
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Unlike the others, Rahu considersd the effect of anisotropy, and
showed that it has a marked effect on the values of the stress
concentration factors. No analysis which considers the effect |
of discontinuities hac bsen carried out, even though it does appear - ‘i
that their effect can be conalderable. Gay (1975) mentions that

the stress concentration factors calculated for a continuous solid
are not applicable tw broken ground 2ad have to bs modified, But

no guidelines are given.

It would appear therefore that the valuas of the stress cohcen-

tration factors are subject to a number of influences, the most
e important being Poisson's ratie, anisotropy and the presenca 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 concentzation factors
.o for in situ stress estimation. In the case under study, Poisson's
S zatio was Aptermined while it can be reasonably assumed that on s
n - the scale of the strain gauges the rock is isotropi.. ~The effect
of discontinuities is unknown quantitatively but t.c «igerience

of other workers suggests that the absolute valuss of ghe stress
concentration factors should be reduced in discontinuous rtck
(Gay 1975).

o The radial stress concentration factor a, wss therefore taken
to be 1,30 for a fractured rock mass with Polsson's ratic of 0,2 )
(after Gay, 1975 and Rahn, 1984 ). The tangential stress concen~
trakion factor b was assumed to have a value of zero as this would

J not produce a large error in the calculations. The axlal streas

E concentration factor ¢ wae also assumed to be zero for the purposes
of the analysis in order to avoid the large erroxs that would

result if a emall value was choser. 1
3.4.3 Blaxial strese tendor 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-
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buxden stress of 75,8 MPa. The vertical stress estimated by numerical
methods for mining as at December 1984 is 80,2 MPa, which agrees

vary 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 variatlon in the
elastic constants as well as the fact that two Xock masses with
different constants abut against each other on the fault surface
(Deacon and Swan, 1965). The average horizontal stress for December
1984 is 38,0 MPa and the ratio of horizontal to vertical stress

k is 0,45.

Biaxial stress estimate exror

The overall error listed in Table 3.7 is obtained from the spatial
variation of the planar stress invariant which was ¢alculated

by Equation 3.3 uaing 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 grroxr of the stress determination while taking inte agcount
ths‘ spatial variation of the elastic congtants of the intigt rock.
Furthermore, it is a measure of confidence with which the overall
stress state of the rock mass was measured in two dimensions in
sach borehole. The error for Borehole RB7 could not be calculated
in the same way because laboratory tests wers not carried out

on the cores.

The inolusion of anomalous strains, espscially 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 20% wargin which is usually expacted fot

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 conditiona present at the site at the

time.

3.5 Discussion and Conclusions

fthe initial and £inal stresses are presented in biaxial form as
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B the assumptions about the inifial stress state led to laxge errors
: in the calculation af the triaxial stress state. This has not

| led to a serious loas of information because the stress atate i
e on the ELf Fault Suxface car be approximated £rom the rosults .
of boreholes RB2 and RB3 alone, ,;q

A prominent Feature of all the stress estimates given is the differ-
enca 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 signifitant.

The 20% difference in stress magnitudes can thexefore be accounted

! by the 13% difference in elastic modulus for footwall and hangingwall 1
B guartzites (Table 3.5} and the 6% difference in the strains (Table
i 3.4}, The significanca of these results is discussed in Chapter 6.
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CHAPTER 4

STRESS CHANGE MONITORTNG RESULIS

Thirteen vibrating wire stresameters were set in boreholes to
monitor stress changes induced by the advance of the 100/38 Longwall
towards the monitoring site. fhe object was to cbtaln measurements
of changing stress condiitions on the ELf Fault as it came tnder

the influence of changing mining induced stredses.

The purpose of this chapter is to present the stresa changes measured
by the stvessmeters and to use the results to calculate the total
stress state on the EL Fault Surface throughout the monitoring

pariod. The potential for fault instability is then assessed

by using the ixcess Shear Stress criterion discussed by Ryder

ot al (1978). Thereafter, observations on seismicity experlenced

in the area as well as the results of a levelling survey to monitor
fault movement are presented. Fimally, the résults are combined

t=» show that the Fault remained stable throughout the stress monitoring
puriod.

4.1 General Considerations

Long term in situ stress monitoriny commenced in boreholes RB3
and RB2 on 11 January and 4 February 1985 respectively. Stress
induced damage to both boreholes RBL and RB4 resulted in a three
month delay before the vibrating wira stressmetres could be in-
stalled. Monitoring in these boreholes commenced on L2 April 1985
after the atressmeters had been set satisfactorily and given time
to settle. During the intexvening pericd the 100/38 Longwall

had advanced steadily toward the strass monitoring site, but the
mining induced stress chahges measured in borehole RB2 and RB3
as well as those estimated by numerisal methods were small. It
was thereforé 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 foui' boreholes.
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4.1.1 Stressmeter layout

The layout of the vibrating wire atressmater clugters in Borehole
RBL to RB4 is illustrated in FPigére 2.i4. The arrangement permitted
the biaxial determination of mining induced stress changes in

the plane of each borshole. A single stressmeter, set to measure
varticsl stress changes was installed in borehole RB6 located
approximately 110 m west of the monitoring alte (Figurs 2.1).
Monitoring commenced here on 12 April 1985. The purpése of this
stresameter was to measure the mining induced stresz changes in
the far field where tha rack waed conditions wers not expected

to change as a result of mining in the aresd. Finally, a atress-
meter kept on surfacé for the duration of the project was used

ag 2 refersnce. The period of this vibrating wire stressmeter
a3 measured and recorded on each occasion that thcse underground
ware medsuxed.

4.1.2 Position of mining faces

As demonstrated in Saction 4.2, the vibrating wire period changes
can be atkributed solaly to the rock stress changss induced by
the westward advance of the 100/38 Longwall, and the incxeasing
areal extent of 100/25 Stops. It is therefore important to know
the positions of these mining faces at specific times in order
to make comparable stross change estimatés by numerical meana.
The mine survey department measures all mining face positions
monthly, and thid information waa useéd to draw up the positiona
of the advancing stope facss at eleven different times throughout
the stress monltoxiny period (Figurae 4.1}

Bach position shown in Figure 4.1 is referved to aa a mining step,
and the shaded axea in each step reprasents the ateal extant of
reaf mined between the date of that step and the date of the pre-
ceding stop. The eight minitig steps, succeeding the initial cov-
ditions represented hy tha Decembor 1984 Step, show fairxly regular
advances of the 100/38 Longwall towards the Elf pault. The last
two steps cover a périod of final remmant extraction of reef to
the wagt of the fawlt. Intedmittent mining vook place throughout
the monitoring period to the west of the ELf Faule in 100/2% Stope.
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The mining face positions as shown for September 1986 in Figure
4.1 depiot the final gonditions at the end of the stress monitoring
period.

4.2 Vibrating Wire Period Readings

Bach set of vibrating wire period readings necessitated a trip
tnderground. These were taken as often as pussible, with emaller
time intervals betwean readings when the mining induved stress
clitnges were expected to ba large. The initial peériod for each
gauge was chosen as that point beyond which at least one of the
three gauges in sach borehole started registering consistent in-
creases in the perled (see Appendix D). This criterion was defined
firstly because tha 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.

ffhe vibrating wire period readings at eleven different times are
presented together with the initial period T, for each gauge in
Table 4.1. The readings given were taken on the day or within
a week of the day that the stope face positions were measured
by the mine survey department., This enables cowparisons to be
made betwaen the measured stress changes and the stress changes
derived from the numerizal analyses. The readings are listed in
£uil in Appendix D.

The most remarkable feature of the table and of vibrating wire
dtressmeters in general is their long~term stability. The reference
stressmetér {§ a good example to illustrate this point. It was
kept in a cupboard in air~conditioned offices for the duration

of the wmonitoring period, which lastad 21 months. The period

of this stressmeter remained within a narrow range of 0,2 micro-
aaconds throughout the stress monitoring phase of the study with
the observed variation attributable possibly to fluctuations in
temperatiure. Since the wirgin rook temperature at the stress monltoXing
site has probably romained urichanged for the duration of the study,
it has baen assumed that all the changes in vibrating wire period
readings both in Table 4.1 and Appendix D can be ascribed purely
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" w.mmmm R

1
1



- B% -

STqeToIun ATqeqod sHUTPEaY s

+pastosnt 0119 TrEws owd
30 snEoaq pEST A9qEAnaq O3 PITeA PIUNSST SIOM GGl ISUSDS] T9IFR PAUTYRGO TTR ‘SHUTPESX porzad BUTiLiqTA TeTSTUI SuL  »

8791z e'stz 991 8'STE L'a1e 891z 8'ot2 L'ste 197z 8'91C FAL: - TOEINGD
o'sET L = S 4 3421 z'TET 00T 8’62z 58z (3121 zeeze TeoTAIL s
- ~ - - - - Lz &'¥0T ez v'86T BLET L'L6T TRTIZoA
- - - - - 9102 6°T02 8107 €102 1102 T ST
_ - - - - - T'61C €t Ll0zT 86Tz €12 ¢*1ez | Teauczrzon s
3 #5€7992  ¥¥T708C 2020 - L7sge s'552 st 9’582 Lrsee sz 61z TeOTATO
9*sLT Brez stz LiSez veesz 09z ¥iTee z+0£2 o'eze 8’5z L'vee o5F
07102 CIECTINN o (N & (14 z'E0 0°€0T £'€0z £°g0T €402 £'90C L4y0z | TeAvOzIOn 24
0'01E 8’108 €£'t6z  L'BST viysz s‘vET T'v2E 9’12 st €'11E 3003 Te0TATON
76T L7067 97061  B'D6T 161 T4€6T 9°E6T $4E6T 6261 L1261 ¥'E6T oS¥
84907 Q‘soz  6'soz  LRoE o’y0z 0z L*102 5107 8102 22T z‘g0z | TesuoztIop zaw
965z Llisz s'ssz LeE zreve o0'sez s'zEL zzgz s’oez €622 viezz TeOTAIS, m
9‘oFe i'ver  s'EEC €fSEZE 68T 9602 z790¢ v'S0T L'g0Z 6°30T 60T 5%
- 8’'sze §Le $'1IE 6'ERZ 5892 0'LET 6622 o'8zZ 6‘sze z*zTe TieRe | TEINOZTION Ty 4
98,1435 98.XINC OF. AWM SS.AJ  98.NWF  S8,0U0  SB.A0N  SB.ES0  S8,XTOC  SBONAY  $8.0Q .
- s,
o
z & @ £ H & £ & @ & BSurpwey | NOISOTEIQ THEHON
ATERITUT
{9-0T¥) SONIGVRH COTHAR FUIM ONTIVHRIA FIORTROR

QOY¥AA DRINOLINGH SNIINA $RHI OHINEA0D SONTQVHEN CGOTHNE HATM ONLIVHEIA GHIDETES *1°¥ WIRVD




to streag Changes in the rock.

Another feature of the stressmeters is thair reliabulity. Nome
of the instruments failed during the monitoring period, mox did
any appear to provide unreliable readings except £or the vertical
stressmeter in Borehole RB3. The readings for Boxuholes RBL and
RBZ werd therofore taken to be acceptahle for the entire stress
monitoring period. The readings from Borehole RB3 were assumed
unrelde after 9 January 1986 because the vertigally orientated
vas beyond the specified range limit of
450 miorogavonds. This cccurxed when 100WL Panel was utripped
onto the BlE Fault almest directly above the borehole. Since

‘then edthe~ ) relaxation or borehole damage has caused the
period readu . 6o drop below the maximum Limlt while the horizontal
and 45° have d to reglsteir No

readinga were posaible in borehole RB4 after 21 December 1985
because¢ of blast damage to the borehole as 100WL P sel passed

aver it.

The rezdings from sach stressmeter revesled well defined trends,
with small changes in the periods while mininy 25 some distance
away, and large changes as mining approached the fault. This
trend was particularsy txus of the vertically orientated gauges
and was in keeping with the axpected in situ stress changes at
the monitoring site as mining a_proached.

4.2.1 Potential sovxras of exror

The vibrating wira pericd changes are the r¢ault of a complex
interaction between the rock-stressmeter body-~tensioned wire dystem
when subjeoted to changing externally appiied luads. Therefore
the period changes cannot be treated in the Hame way as strain
zeliefs when considering errer in the readings.

A digcussion of the potentlal sources of error le considered more
appropriate a* this stage than converking the pariod changes to
some form morw amenabld to error analyses. The potential sources
of error listed halow are similar to those for strain reliefa,
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i mosn by taken at wh design stage of the project to minimise their

et ave with to :

1 spatias and directional variability of the elastic constants
. of the surzounding rock;

14)  non-linearity of the stress-strain relationship in the

surrounding rock mass;

changes in the rock type in areas whore strassmeter clusters

are installed;

variatiops in rock structure in the areas where stressmeter

clustsrs ‘are installed;

the presence of atrmss gradienta, both devaloped snd changing

1 diseontinuity-bounded incact rock materisl as a resuit
9f deformétion mechanisms such as siip and rotation;
sfastal vardasion of magnitudes of mining indiosd stress
chamj“ea‘* at;any one time;

whe infiuence that digrontinuities close to or intersecting
. & bovehole may have it its deformation;

paos:poiitact hptween the installed gauges and the horehole
clacuiiie;

. meaiiddy equipment exrox:

zxE0r iR Stressmehur orisntation;

1Rtrifisic errovs in the stressmeters themselved.

|

ﬁhéyqu;cas w.ngioned apuve are not listed in any particular order

of imgotimiidaut ary grouped into twp main categories. The flrst
gutap ﬁ;a‘r,»‘yx/y Jounirdey (i) to {vii}, are characteristics particular
g ye
Thp S r G qeyeind the contzol of the investigator, and steps

~#piye ¥irase change measurements may be required.

" etilects.y The seclrtl--roup of sonrces are related to stressmeter
“installation proshiive and the proper care and maintaneice of

th!“p equipment taqi‘\linhur with the proper use of experimental conttols.
In'the cuse of (x} tha crude means of orienteting the stressmeters
in the boreholws fi + resulted in afrors that may be as large as 10°.
8ince no means of b .erhining the error of orientation of the indi-
vidual stresamatér’ ia possible they are assumed to be orientated
exactly in the dlwcwuien spacifled for each stiesametex. An analy-
sis 0f the error of ..wparable stress change estimates s carried
sut on the vertical bStriss changes in each hotehole at & later

staga.
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4.3 3n Situ Stress Change Estimates

The term stressmeter used by Hawks2 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 sltw stress changes could be estimated. This is
obvious in the fact that they included a stress sensitivity factor
in the equaticithat relates wibrating wira peried readings to
uniaxial rock streas changes.

4.3.1 of i < *astic

1f the laboratoxy detormined modulug of elasticity is used to
estimate the stress sensitivity factor the resulting stress change
estimatas tend to be too large when compared with the numerical
estimatas. More reasorable results are obtained when the rock
mags discontinuities at the stress monltoring 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 dlscontinuum, The method of estimating the effective modulus
of elasticity of the rock mass at the monitoring site is that
progosed by Foseum (1985). The celculations 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 uged for the duration of the stress monitoring phase even
though it was expected that mining in@uced fractures would develop
in the rock mass at the stréas monitoring site when the longwall
was stripped onto the Plf Fault. This i an essentially dynamic
process for which no viable means of measurement was considered
posaible. Consequently the measured mtress changes ware axpscted
to be cverestimates of the tyue stress changes towards the end

of the study.

4.3.2 uUniaxial stress change estimates

T, wniaxial stress changes were calculated using the initial
vibrating wira reading T, a, the reference resding and Hquation 2.2.
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TABLE 4.2:

BSTIMATRS OF BIRESS

SENSITIVITY FACTORS

ROCK TYPE APPLICABLE MODULUS OF EFFECTIVE MODULOS | BTRESS
BORBHOLES ELABTICITY OF OF ELASYICITY SENSITIVITY

INEACT ROCKH{GPa) {73} FACTOR

Hangingwall RBL, RB2, RBE | u6,662 62 4,9

Quartzlte

Footwall RB3, RE4 75,586 58 5.4

Quartzite

*  Averages from tho laboratory test results, Table 3.5

et
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The resulting uniaxial stress change evalvations are therefora
total uniaxial stress changes that tock place betwesn December 1984
and the date in i The é rock mechani tati

applies to the data which means that a positive strass change
denotes an increase in normal stress in a Compressiva sunss. The
uniaxial stress changes calculated for eleven melected times throughout
the mondtoring period from the data presented in Table 4.1 appear

in Table 4.3 while the complate set of data appear in Appendix D.

Not much can be deduced £xom the uniaxial stress changes aside
Exom the fact that the vertically orientated stressmeters regis~ 3
‘tered the laryest stress changes in each borehole with the exception i
of Borehole R3L, in which the horizontully orientated '

registerad the largest stress change. This result le surprising
in view of the fact that vertical stress changes should be the
largest in the situation wnder review, with horizontal stress

changes being less prominent. This phenomenon can be linked to i
one of two possibilities. The first is that at the time of stress- i
meter installation the cables protruding from the boreliole Were
somehow confused with each other, resulting in those fxom the

horizontal and vertical ganges being erroneously labelled. At
the time of installations extrems care was taksn in labslling |

the cablea correctly to avoid such a possibility. Subsequent checks
of field notes covering the installations rule out any errors H
in labelling. Tha second possibility is that # small discontinuity- |

bounded volume of rock containlng the has i
anomalous loading, This could ocour through mechanisims of siip i
and votation as explored by Chappell {1979). It is concluded i
that a phenomenon of thie nature must have taken place in boraliole d
RBL, illustrating vividly the need to monitor stress changes in I
a numbex of closely spaced parallel boreholes in order to make
a reasonable assesament of stress changes in discontinucus rock
tasses.

4.3.3 Biaxial stress change estlmntes

In ordar to render the data ‘n Table 4.3 amenable to analysis,

the stress changes need to be resolved into their respective gom-
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ponents and expressed in the system of axes deilned for each bore-

hole. First the sscondary principal stress changes ond their di-

ractions wers galculated for each set of uniaxial stress change
readings uasing the relationships (aftex Hawkes and Hooker 1974}:

I
403 = 3/2a + 3/4b i

bog = 3/2 - 3/4b evvrer AL
L 0 = isin-d[22-0945] i
- .
% where

a = k{4ny + Aop)

?.)(4 L
s b= flaogg = a)2 + ldoy - 812 SR
. ' soy, = horizontal uniaxial stress change :
Ao, = 45° unlaxial stress change
., 4s

. Agy, » vertical uniaxial stress change s

The angle & exprassed above reguires clarification in terms of
. the stressmeter arrangement employsd for the stress monitoring
phase. ILooking up each borehole the stressmeter dirsctions would

appear as shown in Figure Z.14. This arrangement is a mirror image

of that proposed by Hawkes and Hooker (1974) and it has the ad~
vantage that ¢ is interpréted in the same %3y as in the standard I
rock mechanies notation. fTherafore, if 8 is positive, Aoy is i

dieplaced anticlockwise from the vertical stressmeter direction
) when viewed from the borehvle collar.

The principal stress changes and their divectlions were then ra-
p solved into their normal and shear components. Weither this pro-
S cedura nor the one bafors tan be applied to Borehole RE6 because

a singlé unlaxial stress change was measured. The data Ffrom bore-
hola K86 is therefore not included in tha following discussion
and analyses, but will be used at a later st$ye for comparative LAl

purposes.

The results of the above-menticned caloulativns Lor elaven selected 1
3 i times throughout the monituring phase are presented in Table 4.4

PP S W RN lmuh.‘lm.&_ﬂwm



'
~
o
S1aeyieaon Aiquaead vre FAmEeR 4 '
- - - - - £©E - z1- 80~ ‘0~ a0 o0 L
- - - - - 8z + S'T+ 8'0¢ €0- o0 ‘s Vg
- - - - - T s'vr Poee 504 04 o'n L yay
o+ A8V aBtT - $'E - zr - EXS s'0- ot vo o'a whEx1y
i R R 1 - T e &1 ST g Tor o0 oy
aviote PEE - AL LreTs B [N 62+ 60+ oo Ehag gz
ser- arer- srz1- L6 - 8L - &€ ~ 2 - EXS o~ 0’0 Thakyy
BELr . BT zTE 98 +; €. [ATRS 5018 o' 2o~ 0~ oa Ty
zUger £'eer 5 67bTH 2t pUOEE 0’5 65 vize o+ 20 7oy caa
og - 67 - §'T - Tz - a1 - 3 o1 2 01— (2 0% Ty
Tzer o1es LisTe o*sts 0TI+ BT 2z 0+ o oo oy
LoyEs Treer 9°tEr A2 veaTs o8 T e T o0 (2 oy Ty
98.ETHY  9BAINC  99,AWH 98,824  9B.MVE  SBOEE  SSADN  SB.E00  SB,ZME  SBLSMV  g.0Q | INENOZMOD | ETonaucs
(B4R} SHEORVAD SETHLS IVIXEIE
QUTEAE SRISOLYHOR SSAALS VL INOIONOUAL SIS GAIIRTES IV SUENDINO) HORVED SSIMIS TUINVIE PV FTEVD

&




while the complete results ars presented in Appendix D. The stress
change components listed in the table and the appendix all show
well defined trenda, The normal at.ess changes for all the bore-
holes are consistently positive which means that the rock mase

at the site was subject to an increase in compressive stress both
in the horizontal and vertical di 1 fhe shear atress changes

for Boreholas RB2 and RB3 show reascnable agreement in that they
indicate the rock mass loading took place from similar dlrections.
This is not the case when comparing the shear stress changes in
Boreholes R3L and RB4 because a uniform loading direction ahould
br expressed by shear stress ghanges of opposite sion. This effect
is probably the result of discontinuities in the rock mass and
the presence of the ELf Fault between the stressmeter 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 caze of Borehole RBL this was unexpevted because
of the anomalous results in Table 4.3. Wevertheless, the stress
components as celculated for Borshole RBL ware the natural outcome
of the substitution of the i values into Equati 41

and then resolukion into the repective components in terms of

the aystem of axes defined for the borehola. It was found that
the owtcoms was unaffetted by swopping Auy and Aoy around, hecause
the value of b in 3 4,1 is by the substitution
It was therefore concluded thab £irst, when cal¢ulating b, the

positive alternative would be chosen in all cases when the square
root was found, and second, that the horizontal and vertical stress
chanhgys an measured would be gorrectly substituted inte their
respective positions in all cases. Any otbex procadure would intro-
duce bisg to the resulis.

Buen 2o, the horlzontal stress component Thanges in bore-

hole RBl axs anomalously large when with those of other
borehol and axe still consigtert with the data and

discusgsion of fable 4.3




4.3.4 Brror of stross change estimates

The error in stress changs estimates can be nssessed by comparing
two or more in the same directlon. The vertical stress changes
measured in each borehole are therefore suitable for analysis.

The first requirement of such ah analysis is that the measurements
to be compared shoul@ be reasonably close to one another in oxder
to avoid as far as possible spatial variations of induced stress
changes that may occur. Secondly the measuzéments should come
£rom geologically eimilar rock so that variation in estimates
thdt arise when comparing measurements in dlffersnt rock types {

1 are eliminated, For these reasons, the vertical stress changes
measursd in Boxeholes RBL and RB2 can be compared while those “
from Borelioles RB3 and RB4 are sultable for comparison. Since

RS only two values can be considered at a time, a Formal statistical
b | error determination is not possible. Thersfore, the definition
of stress change error takes the form similar to the inherent

error defined in Equation 3.1z

‘ Iﬁl\ w!
° £ = 2[Aag, - Aogp] 42
5l fa, v ba,
SR where € ie the stress change error, and Ay and Auyy are the
SRR measured vertical stress clanges in borsholes a and
3 b respectively. ,v
The stress change error is essentially transient in that it varies

& with time. The arrozs were calculated from the data in Table

3 4.4 and then plotted against time (Figure 4.2a). In the Pirst

- half of the monitoring period tha stress changs errors for horaholes
RBl and RB2 as well RB3 and RB4 show errors well &n axcuss of

20, This is caused by tha Fact that; until December 1985 the
mining induced stress changes were ralatively small and strass
change monitoring started in the different boreholes at different
times. When the total streae changes induced by mining bacare

large during and after December 1985, the errors betwaen the messure~
ments quickly dropped belcw 108, and levelled out in the 1% ko 3%

zange.
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A similaz plot of average vertical stress change erzor was plotted
against time appears in Figurxe 4.2b. In this casa the percent
error ie found from the average vertical stress changes calculated
for Boreholes BBl and RB2 and the averag = for RBI and RBA. The
curve drops quickly to & minimum in July 1985 and then rises slowly
thereafter. The increase would appsar to be caused by the fect
that Boreholes RB3 snd RB4 were closer to the advancing longwall,
and were therefore subject to consistently grester mining induced
stress changes thar were Boreholes RBL and RB2.

The major deductions to be made from the plots are that the vsrei-
cal stress changes vers messurcd with decreasing error as the
magnitusss of the stress changes increased. This pattern held

for the hangingwall quartzites to the west of tha EIf Fault and

the footwall quartzites to the cast of the fault. The amalysis

also showed that when the stress changes became large, the agree-
ment between the measurements was good. A similar analysis wae

not rarried out for the horizontsl stress change measurements
because firstly, these ¢hanges were measured in different directions,
thereby limiting the scope of the analysis, and secondly the hovizontal
stress changes wers less prominent tha the vertical changes,

and therefore were measured with & lower degree of certainty.

4.3.5 Stability of the Elf Fault

The presenca of the fault indicates thut at some period in geolegi=
cal time tha rock mass at the monitoring gl.te was unatable, whith
initiated major shear deformation. The stress field responsible
for the deformation appears to have disslpated resulting in &
pre-mining virgin stress field that is primarily a product ..
gravity loading by the superincumbent strata. The fault is not
knowm to be seisminally active altho \gh the superposition of mining
induced stress on the virgin stress fisld may make it so (Cook

et a) 1966). A check on potential fault instability from a stwess
polnt of view was monltored throughout the &tress monitoring pexiod
by making use of tha recently introduced criterion called Excess
Shear Stress. first disoussed by Ryder st al (1978).
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The excess Shear Stress or ESS is defined a:

T axcess = Tuy ~ (Co 4 Uop) feenieae 443
whers T éxcess = Bxcess Shear Streas
thn ™ resultant shear stress on obligue plane
Co = cohesive strength of obligue plane
¥ = coerticient of friction on oblique plane

oy = normal stress acklng on oblique plane.

If the ESS is negative it means that the plane For which it {s
caloulated is stable. In cases where the ESS is round to be zero
or positive, the plane is unstable and slip can ocour.

The ESS on the ELf Fault surface can be found in two dimensions
by considering the stress data obtaihed in the planes of Boreholes
RE2 and RB3. In this case it {s assumed that hoth boreholes are
parallel and that their planes intersect the £ault on true dip,

as shawn in Plgure 4.3, First, the total stresses acting in each
borehole aze found by applying the principle of snperposition
whith maans that the stress change components listed in Table

4.4 are simply added to thelr orresponding initial stress som-
nonents listed in Table 3.7, The resulting total stress components
-dpear in Tabla 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 relationa given in all discussions of. elementary
stress analysis.

Table 4.6 contains the normal, shear ané excess shaar stress cai~

eulated for a plane with Cp = O and § = tan 30°. The estimates

of the ES6 are conservative, that s they are closer te zero than

they would otherwise have been had laxger values fox the cohesive
h and the Floient of friction besn chosen.

Nevertheless, the ESS was negative for the duration of the strezs
monitoritg phase, indicating that the BIE Fault surface in the
vicinity of the stress monitorinyg gite was stable. “he conclusion
doen not apply to the entirs known extent of the fault ag there
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is likely to be spatial variation of the total stress as a result % 4
of mining in the area. This variation is investigated at a later
stage. #

4.4 - Effects of Stress Changes on the E1f Pault .

Stresa changes may induce stable or unstable shear deformation

along the fault susface. This can be indentified by locating
all seismic events that occur in the area, and by maintaining

tinvon ons of on the fault plane itself.
-‘x\-hsj‘ Ehrmer was possible with-the use of the mine-pide selsmie
losution system while the latter was acheived by visual obser-
vation of the Fault Ltself, snd by a sarids of levelling surveys. |

4-4.1 Seismic record

A recoxd of the mining induced seismicity that took place in the
§
monitoring area was kept for the duration of the project. The

purposs of the record was to relate whers possible any strass .

changes that may take place as a result of seismicity, and to B
provide a sedond set of indepundent 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 peried December”
1984 to September 1986. The location and magnitude of each event i
was determined from information provided by the mine wide seismic

monitoring system. A frequency histogram of the magnitude distri-
bution of the seismlcity is ghown in Pigure 4.4. hore than half
of the events detacted had magnitudes of 1,0 or less on the Richter
Scale and were not related with any dam.te to the mine workings.

Of the lest, several caused damage, but none of the borsholes
or the instruments were affectad. .

The seiemic events with magnitudes bigger than 1,0 on the Richter =
Scale were plotted on a 1:1000 plan as they ccourred in order

to identify those that may bave orlginated on the Fault. The plots
are shown in Plgure 4.5. The depth of each location accompanies

its plan position so that its epatial relationship with the inferred
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position of the fault is readily discernible: An vhderground i:
trip was made on each oocasion that the Fault was suspected of
being the source in order to look for sigus of movement. Vibrating
wire period yeadings 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 Sound to be altered by seismic
activity, nor were any signs of movement on the fault plane visible.

]
o 4.4.2 lLevelling survey results "

e

. Zevalling of a sories 9f vook anchors set b the hangingwall avove i [N

'100/2 'G* Haulage West was carried out during the stress monitoring
phase. The largest movements occurred during the critical period
from October 1985 to Pebruary ‘1986 when the longwall approached

the fault. Movements bafore snc fter this. period vord small 4

and are not considered in the analysis.

Vertioal displacements were measured in relation to a datum, chosen
as Levelling Station No.l3 as it was mOvt remote from the wining

activity and therefore least affected. 'he 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 Gatober 1985 and Pebruary 1986, together with the

i changes in displacement.

The displacement changes appear to be affected by movements induced
by the installation of support In the haulage, which took place o
concurzently with the project. Nevertbiless, they sbow that no .

) movement took place on the fault susface, an obssrvation Supported
v . by the paint stripa across the fault trasie both in 100/2 'C’ B
Haulage Wast and in 100/25 Stope. ‘

4.5 Concluding,Remarks

The stress change reflect the af small

§ stress changes whilae the longwall was some distance away, and
larger stress changes as it dreéw closer to the menitoring site. b
The stress changes measured were universally compressive in nators,
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position of the fault is readily discernible. ,An underground
er4p was made on each occasion that the fault wis suspacted of
being the souxce in order to look for signs of movement. Vibrating
wire period readings were iken at the same time to oheck whether
the stress stata in thé_Wonitoring site area had been affected.

On no accasign Was the atress state found to be-altered by seismic

activity, nor were any signs of movement on the fault plane visible.

4.4.2 ILevelling survey results

i
i N

peveiling af 3 serles of rock anbhirs fet-dn the Hafigingwsll avove
100/2 'C' Haulage Wesh

was carried outl durihg the stress monitoring
phase. The largédt mojfements oocirred duiing ‘the critical period
f£xom Oatober 1985 to February 1986 when the longwall approached
the fault, Movements hefore and after this period were small

and are not consideged in the analysis.

Vertical gisplacements were measured in relation to a datum, chosen
as Levelling Station 40,13 as it was most remote from the mining
activity and therefore least affected. The absolute displacemefit,
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 Octoher 1985 and February 1986, toqether with the
changes in displacement.

The displacement changes appear to be affected by mevements induced
by the installation of support in the haulage, which took plaes
concugrently with the project. Nevertheless, they show that no
movement took place on the fanlt surface, an observation supported
By the palnt strips across the fault traces botl in 100/2 ‘e
Haulage West hd in 100/25 Stope.

4.5 Concluding Remarke

The stress change estimates reflect the expected patterns of sma[u

stress changes while the longwall was some distance away, and

larger stress changes as it drew closer to the me alte. !
'

The strass changes measured were universally s natire, '
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and réesulted in a final stress state that was greater in a com-
presslve sense than the inltial stress state, both in the vertical

and all horizontal directions.

The total stresses resulting from th? 1q1t£ﬁl stresses and stress H
changes never reached a condition sué!i(’kient"ko induce unstable :
equilibriom. Tnis is reflected in the Expess Shear Strsss oalcu-

lated for the duration of the monitoring|period, and borme out 4
by the lack of movament on the fault as whll as the fact that '
bea could be Lrrefutably

IR

. flons of the located seismic avents in the jb
Y
| e : . agoribed to the fault. It appears that thé £adiu remained stable
! £6y the Quration of the strass munuon?-{,y phase, edpecially in i R
2 2

the areas whare it iy exposed. Wore delailed analysls of tha A
fault behaviour is carzied out in Chapter 6. ?
P . i
. ‘ N
y The results prese'dd so fat and the conclusions :eaé)}.ea do indicate
that the vibrating wire is a reliahle ingk that

can he used to obtain reasonable stress cr;anga resul4s in deep

B A gokd mines.
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CHRAPTER 5

RESULYS OF NUMERICAL ANALYSES

Stresy and displ t data ware

numexina\ny at selected
points for comparison with the underground measuremedis. The
MINSIM = D Phase 111 suite of programe was used for tie analysis.
This version is capnble of valoulating the Bxcese Shear Stress

on planes having nr‘ﬁr orientation, a facility not avallsble on
earlier versions, 7%he analyses wexe carxied out by 2 Perkin

Elmer 3230 P BYstem
Rock Meohanics Department in Welkem, Orange Free State.

The procedure und analytical model is ovtlined together with
briet doscriptions of some parameters hecessary for the analysis.
The results of tha stress and displacemsnt analyses are then
presonted. Finaily, apalysis error is dealt with briafly.

5.1 Analyticel Moded' &

The problem is approached by first digitizing the mine plang

in the area of interest and entering via a user-friendly input
program parameters such as rovk elastic conatants, depth, stpping
width ete., requized for the analysis. Closure and xide solutions
are then found by running the SOLUTION program. Stresses, dis-
placenents and other variables are caloulated at the conclusion

of the analysis by running the BENCHMARK program, which cperates
on data geherdted by the SOLUTION program. The results may be <
obtaifed in the form of computer printouts, contour plats or

other reprasentaticneg requested by the user, depending on the
computer equipment available.

5
I the case of the monitoring site, the model oohaista of t\}m
reef planes parallel to each other and peparated by 4 vertlcal

y

distance of 40 m, Fiqure 5.1, The fault surface was not modelled

by the Angle-Aherican n
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because of its curvature. Both planes were inclined at the same
angle as the reef dip observed at the monitoring site, and the
deptha below surface correspord to those at the site.

The major principal stress prior to min®. 7y in the area was assumed
to be vertical and equal to the welght Jf the overlylng strata
given a density of 2700 kg/m3. The corresponding intermediate
and minox principal stresses wers assumed to be equal, to Lie

in 2 horizontal plane and to havs a magnitude of 0,45 timas the
major printipal stress. This ratioc wac derived from the initial

stress measurements in the area.

The outer or "coarse” window defined for each resf plane consists
of a square area on reef broken up into 64 x 64 squaxe slements
(Chamber of Mines Research Organization, 1985). Each element

is specified s 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 wingow large enough to include mining on the entire 100/38
Longwall as wall as the 94/43 Iongwall to the north. The stoping
patterns for these longwalls were digitized from 1:2500 scale
mine plans and were defined on the upper reef plans window while
that of the 100/25 Stope was defined on the lower reef plane,
Figuze 5.1. The mining in the wodel have
the correct spatial relationship with each other.

Repregentative effective elastic constants of the rock wera used
in the analysis. They were obtained by the 1 Y
test results presented in Table 3.5 and using the result in the

method proposed by Posaum (1985). The calculations are presented
in Appendix E. The effective elastic modulus was edtimated to

be 71 GPa and the effactive Folsson's ratic, 0,20. These values
are b good agreement with the widely accepted values of 70 GPa
and 0,20 respectively used in analyses of this natuze. Since

the caloulated values were go ulose to the widely accepted values,

the latker wexe used in the analyses.

A stoping width of 1 m was used throughout, Closure and ride
solutions Were generated Eor eloven minin, steps beghnning with

P - S _.ﬁmﬁkw
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the measured longwall face positions for December 1994 and ending
with those for September 1986, which appear in Pigure $.2. The
intervening mining steps were taken as the surveyed longwall
geometries as shown for the dates listed in Figure 4.1, Direct
compaiison of analytical results and underground measurements
are therefore possible, although the numerical results are under—
estimated because not all the mining wae taken into account,

as depicted in Figure 5.2.

A second set of closure and ride solutions were gemerated for
oach mining step by specifying a scaled “fine® window centered

on the momitoring site within the original coarse windows, as
shown in Figures 5.1 and 5.2. The fine windows effect g four-
£0ld increase in resolution in the results obtained for the azea
of and aispl ware caleulated from

the "fine" solution data at a number of selected befuhmark 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 closufes and rides

for eleven mining steps. The benchmark provessing required an
addieional 17 houra and 36 minutes of central procesaing unit

time. These statistics emphasize the "number crunching nature

of the programs and therefors the cost of undertzking the analyses.

For this reason, the analytical model was limited to the two N
coarse and two fine windows, which exclude the effects of mining
further to the north, east and south-sast of the monitoring site.

The benchmark statistics are listed in Table 5.1. Each benchmark i
point list dontains 22 pleces of information which include the §
number, rdinates

in two coordinate systems,
dleplacements, st and other vaxiabl by the
user. In this analysis it amounts to 223146 pieces of information
which, together with titles, fheadings and labels, occupy 378

pages of B The i program log files ocoupy
a further 152 pages. Disting all this information either in
the text or an appendix is clearly impractical. fherefore only
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an example of sach is presented in Appendix F while the complets
data are bound in separata volumes and kept in the Rockburst
Project Library, Western Deep Levels, Limited. HNone of the output
informotion was requested in graphic form.

5.3 Analysis Results

¥ive yroups of data were generated dn the analyses, as shown
in Table 5.1. The stresa tatd wag adopted

by the Chamber of Mines Research Organizatiom when developing
MINSIM-D which explaine the Fact that all the no~mal stresses
reprasented in Appendix F have negative values. fhey were con-
veztsd to the standard rock mechanics sign convemtion for presen-
tation in the text.

In view of the volume of data to bs considerad, only small porcions
are presented in tabular form, such as the stresses and stress
changes fhe rest is presentad graphically or pictorially, whichever
form iz nost effeitive.

5.3.1 Stressss and stress changes

Bix benchmark points were specified at positions corresponding
ta the measuring positlons of Boreholes RB1, RB2, RB3I, RB4, RBS
and RB7. The numerically derived stresses are exprassed as tatal
prineipal stresses and their directions in three dimensivns,
Appendix ¥,

These results were convorted to the plane of each botrehole by

plotting each princigal stress direction on an equal angle stereo-
net together with the system of axes defined fox the corresponding
borehole as shown in Figure 3,1, The angle between each principal
stress direction and borehole axis was determined stereographically

and wsed to calculate the biaxial stress components in terms
of the borehole eystem of axes. The results ars presented in
Table 5.2 while the caloulations appear in Appendix G.
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TANLE 5.2¢ NUNENICANLY DSRIVED TOTAS, STREBSES FOR ‘PN STUESY NRAGUREMENT BORRHOLE POBITIONS

TOTAL STRESE COMPONENTS  (MPa)
BOREIIOLE .
COHPONENT Doc'B4  Apr'85 Jul'85 Oot'BS  Nov'85 Dec'®S  Jan'B6  Feb'86 May'88  Jui'86  Scp'es
? Iy 80,2 400, +62,9 +64,9 487,1 +90,3 +105,%  4108,0 4110, +111,5  4113,)
1 gyl +38,0  438,7  +40,4  441,3 342,68  +43,7. 4 43,9+ 44,3+ 46,2 + 47,0+ 47,7
Taiyl ~03 83 =87 L1 421 +3,4 = 64 - 63 = 84 - 58 -~ 50
Oyz +80,2 480,9 482,98 494,9 86,6 +B3, % +101,0  4102,6  +304,7 +105,8  +106,7
w8 2 oz 436,39 6,7 37,6 37,8 440,2 40,3+ 39,5 + 39,9 #IL0  + 33,3 ¢ 40,7
tuzyz ~05 «1,8 =25 ~-21 -3 -~22 =~ 47 ~ 3,8 - 3,8 - 7,8 -~ 8,4
oy3 +80,2 +80,8 +02,8 +84,9 +87,2 90,5 +113,6  +118,2  +118,% +125,6  +128,0
L o33 $35,9  436,3  436,9  +37,7 438,97  +40,0 4 35,5 + 356 35,2 43150  + 36,6
Txay3 05 -1 e15 =21 -3,2 =56 -~ 2,2 = 2,3 = L4 = 2,0 - 3,9
o4 +80,2  480,9  1B3,2 85,5 4893  +97,0 . * . *
A 4 x4 +38,7 439,58 +42,4 45,1 +48,1 #51,1 . * . * .
Tdyd $04 +04 L2 -07 -0 20 * . . “ .
NS & 6 78,8 79,9 19,5 79,9 86,0 BO,2 80,4 80,6 BO,% Bl,t 81,6
oy “ N - - - - . - - - +a1,0
e 7 xy - i - - - - - ~ - - + 42,8
Tty - - - - - - - - - - - 6l
flotams 4 Bonchwark reliablllty flog e sab booauso honohmerk golat lasy than 4 grid elowent siza awny from minod olawent.
- Bonohmarks rok ragquastod.

N .

n
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The stress changes, presented in Table 5.3, are obtained by sub-
tracting the total stress components calculated for December
1984 from the total - weas components calculated for that and
sach subsaquent date. nb-3e vesults are directly comparable
with those of Table 4.4, viu are @iw~uzeed in Section 6.2,

j p
Biaxial stress change components were not necessary in the case
of Borehole RB6. Here, the vertical atress only was calculated
£3 the numerical results and the vertical stress chaages de- 1
termined in the same way mentioned above. The initial and final
absgolute are by the values listed in the
first and last columna of Table 5.2 respectively.

5.3.2 Stresa &istribution on fault

The stress state on the Eif Faulk surface was determined by de-
£ining the ESS at a scries 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 ssary for the peint Location
o The first is that the fault dip is invariafit at 75° for a distance
Lo 300 m above reef to 360 m balow reef. The dip direction variss,

producing the curved surfuce shown. The second assumption ig

. that the inferzed intersection of the ELf Pault and South West

Dyke shown in Pigure 2.2 is sufficiently remote £rom the mining

. =ucavations ¢o have no effect.

Direct evaluation of the ESS at each point on the fault plane
. is achieved by rotating the x-axis cf a benchmark sheet in a
horizontal plane to a direction tangential to the fault surface
at the shest origin. The y~axis of the sheet is then rotated
downwarda through 75 dagrees 60 that it lies on the fault surface
for ita entire length in the true fault dip direction. Only
one benchmark point is defined in the x-axis direction, while

i\
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# as shown in Figure 5.3. R total of eighteen benchmark strings
were defined in is manner, and shown as lines in Flgure 5.4,

|
< 49 points sre defined at 12,5'm intervals in the y-axis direation, &
§
I
The ESS was calculated nuwerxivcally at each point from the stress E
conditions arising from each mining step using the relation given !
by the Chanber of Mines Research Organization (1985). This e- ‘
quation is siiilar to Bquation 4.3 aside from the fact that iy

is expresse’ in terms of the enginearing stress slgn convention.

The cchesive strength of the plang heing analysed is assumed
to ba zero, The 5SS is given as two values, each corresponding . .
to a coefficlent of friction of tan 30” and tan 45°. The ESS
value corresponding to the lowsr coefficient of friction is used
in all cases. L

The ESS distributions on the ELf Fanlt surface are ahown in Figure
5.4 It is that the potential for Faul d sais- <

micity increased during the, gourse of the streas mopitoriny phase.
This is especially true where the L0D/38 Longwall and 100/26 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 gix henchmark points rlosest
to the instrument positions snd Listed in Table 5.4, The results
show a consistent increace In the ESS as thé mining approached Ny

the fauly, except for the last mining step where the ESS 1s seen

) to decreass again., These results are compared with the measurement '
L results in Section 6.4.3. : k
I
H
i

The ESS results glven are conservative, that is, they are grester 1
than they otherwise would have been hecause the fault surface '
1¢ assumed to have no cohesive stréngth. Moreover, the coeffielent
of Eriction used is lower than the static value determined far
quartzites of approximately tah 45° {Dieterich, 1972).

1 5.3.3 Stress @istribution in vicinity of longwall

A vertically orientated benclhwerk sheet mot parallel to reef
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strike was requested in order to gain an idea of the effect of
overstoping on horeholes %B3 and RB4. The stresses were resolved :
into their respective biaxjal components in the plane of the
shest by the method gi.er in Appendix G. The results are probably o

unreliable because bencltjarks were too close ¥
to the reef plane, (Chamber of Mines Reseaxch Organization, 1985).

Nevartheless, the vesults did indicake that the vertical stress
measured by Borehole RB3 ahould have remained at wbout 110 MPa
for the mining face positions as at July 1986. The distribution
tagether with the borshole positions and the mining face positions

s e 2

are shown in Figure 5.5.

5.3.4 Mining induced displacements

i A string of 22 benchmark points were set about 2,5 m abave 100/2

'et Haulage West at 10 m intervals in oxder to destermine the E

vertical displacements at points in the rock mass comparable

with those in the 1 lling survey. The

benchmark points and levelling stations are shown in Figure 5.6.

Not all points coincide with the levelling stations, and ir these

cases elther the closest benchmark point is used for comparison

or the average dispk t of the two points on either \
side of the levelling station is found. :

was October 1985 to February 1986, when the 100/3B Longwall drew
close to, and finally reached the El1f Fauwnt. Although wmining
induced displacements were determined for each of the eleven

!
Lo [ The period in which the fault was most likely to become umstable i
|

mining steps, the displacement changes bafore and after this

- critical period are negiigible, and are therefore not inciuded

in the analyses.

The displacements, together with the changes in displacement
i are listed opposite the benchmark point numbers and corresponding i
i undexground levelling statlon number in Table 5.5, The banchmark :
points in the western half of the traverse show the smallest
movements ae they are the most remote from mining. Benchmark

[l Polnt Mo. 21, which corresponds to tha wasternmost Levelling '

ir
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]
.
7 TABLE S5.5: DERIVED IN ‘
100/2 'C' BAULAGE WEST ! !
E
. - ¥ BENCHMARK LEVELLING VERTICAL DISPLACEMENTS (mm) l
» . POINT BTATION .
NOMBER NUMBER ocr 1985 FEB 1986  DIFFERENCE
. o 2 13 [3 o [3 ;
' 17 4 18 12 o -1 -1 !
L 15 & 16 u o 0 0 i
EENCI 13 10 o 0 o
L ‘, 12 5 0 0 0 ‘ i
T;\ i 13 8 [ ° [ >
T 10 7 +1 e o '
o 9 6 1 + 0 i
" 8 5 . + 0 /
7 4 5 +2 1 J
i 6 3 %2 +2 o }
p 5 2 +2 + + !
Ll 3464 3 +2 +a +2 i
o 1 1A +3 +5 +2 i

7
:

i

! Notest 1) 'wo benchmark points indicate levelling station lies
| midway batween them, and averages are quoted.

11} Positive diuplacements ara downward.
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Station No. 13 is therefore chosen as the datum. Since this point

is stable the period 4 + the displacement
differences calculated are of an abuglute nature in relation
o it, and can he compared directly from the ralative displacement
changes obtained from the underground levelling survey. The

numericaLiy derived and data are comp in Pection 6.4.2,

5.4 analysis Exroer

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

Other analytical erzors arise from the assumptions that the rock
mass is linearly elastic, homogencous, isotropic and intact.

These assumptions have bsen shown to be ressonable by Ryder and

Officer (1965) as well as Ortlepp and Nicoll (1965) when considering
N the quartzites of the Witwatersand Basin. Howevex, they are

L. invalid where rock behavicur is inelastic, such as in the zones

extensive at depth where the rock is

in a state of failure. At presant no analytical technigue can
take these zonea into acvount adequately, and the erxors that

result from applying elastic analyses in these regions are still

undeteritined,

The failed regions surrownding mining excavations at depth assumed

increasing importance in the latter stages of the stress menitoring
phase bscause numerical estimaves of stress were made at points

elose to the mining excavations., Nevertheloss, the results are i
conpidersd mcosptabls because the stress field is universally H
compragsive in the region of interest, and intensely fractured

rock is capable of exbibiting lineaxly elastir properties in K
these conditions even though its modulus of elasticity may be i
reduced (Lama and Vutukurd, 1978},

The mininhg induced stvesses are underestimated in the area of

i - 120 -




interast by not lacluding in the analysis eztensive excavations
to the north, east and south-east of the coarse window, shown
in Pigure 5.2, Although no quantification of the arror has been
attempted, it is expacted to be amall in tha area of interest.

5.5 Concluding Ramarks

The MINSIM-D sulte of proyrams was used to model the conditions
at the monitoring site area. The data generated raquires in
some instances modificatien for direct comparison with the under-
ground measurements. The results form a background against which
the undexground measurements were made, This provides an indi-
cation of conditions along the known extent of the BLf Fault
surface, which could not be achiaved by the underground measure-

ments alone.

The results are presented in a summarized form for comparison
with the which were in
3 and 4. The information from this, and the preceding two chaptars

is gathered together, commpared, and the significance ¢f the findings
discussed in Chapter 6.
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CHAPTER &

DISCUSSION AND INTERPRETATION OF RESULIS

As far as the author can determine, the vibrating wire stressmeter
had never been used for stress change measurements in desp gold
nines before this study. Because of their unknown performance
in this type of envir t, detailed of thelr behaviour
was ntial bafore an i of the gtress

change results ¢ould be carried out. The chapter begins with an
outiine of the initial stress state as Qetermined 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.
Saveral factors which affect the y of

ments 2ve covered and those areas requiring further research are
highlighted. fhe final stress state is described briefly and the
possibility that the stress discontinuity still existed is mentioned.
an analysis of the behaviour of the E1f Fault is lastly covered

in some detail.

6.1 Initial Stress State

The EXf Fault exerted considerable infltenve over the laitial stxess
skate st the monitoring site. Pirstly, the natural rock mass fragture
frequency incraases in the vicinity of the fauit, thersby increasing
the ertor of stroin relief measurements. The second effect arises
Erom the fact that two rock masses with differing elastic constante
abut against each other at the fault surface. This resulte in

& streas digcontinulty which wae chserved at the site. The signifi-
cance of the influences are discussed in more detall below,

6.1.1 Discomtinuity freguency

Rock mass dlscontinulties affected the overall error of the initlal
stress measurements presented in Table 3.7, In ordef &6 demonstrate
thia affect, & curve relating the two variables is presented in
Figuzre 6.1, The relationship shows that a larger stress astimate
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error may be in more intensely rock. The curve

is characteristlc of conditions at the monitoring site and may
therefore not be directly applicabla elasewhare.

6.1.2 Presence of the Blf Pault

The fault resulted in a clearly defined stress diecontinuity at

the monitoring site. A difference of the 14,9 MPa was obsexved
between the average vertical stress measured to the west of the
fault when compared with the east, Table 3.7, The horizontal stresses
acting across the fauit surface, obtained from boreholes RB2 and
RB3, diffex by 16,4 MPa.

These figures de not suggest that the fault surface is not in equi-
librium, thay highlight instead the complex streass field that exalsts
in the vicinity of the Pault. Observatione of the fault exposure
underground suggested that it was stable with seismic data for
Dbacenber 1984 giving further support. The stress discontinuity

was therefore not sufficlent to cause fault instabllity and may
théreforé have béen smaller than the stress measuremants show.

‘the averaged vertical stress for all four boreholes is egual to
that estimated numerically. This {ndicates that the two major
factors controlling the initdal vertical stress were the ovaerburden
weight and mining. fThe average horizontal to vertical stress ratio
of 0,45 was in bly good with the d ratio

of 0,5 for the average gold wine at depth (cay, 1975, p.449).

A reverse fault such as the ELf Feult represents crustal shortening,
which takes place when the horizontal stress excesds the vertical
stress. Since the horizontal stresyes were found to be about half
the vertleal the conditl that resulted in the £ b4
of the BLf Fault can no longer exist. Therefors the tectonle stress
field responsible has slowly dimsipated through geological time,

leaving a displacsed rock muss, some minor atress dlmcontinuities

ef local pignificance only and a stress field that 14 primariiy

the result of the gravity loading by tha superincumbent strata.

These findings ake in agreement with those of Gay (19%2) who voncluded
that at bls "deep" site, the effect of residual streds waé smail
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and that the waximum principal Stress was approximately equal to
the stress resulting from the weight of the existing overburden.

6.2 Mining Induced Stréss Changes

The strass changes measured at the monitoring site are compared

with the numerical The data came from
Tables 4.3, 4.4, 4.6, 5.3 and 5.4,

6.2,1 Vertical stress changes

The vertical stress changas were lavgast 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 numerdcal results and the led 1 ted
stress changes f£xom Ootobex 1985 to February 1986 when the 100/38

longwall dxew near to the monitoring site, This change vas also
detected in Borehole RB6, but not supported by the numerical modelling.
Tha Glfferences betwsen the two curves plotted for each borehole
in bigure 6.2 arise from xock mass conditions at the stressmeters

and their infiiuence on borehole deformation, as explained below.

Changes in the effoctive modulus of elasticity

From Janvary 1386 anwards, stress change measurements ln Borehales
REL and RE2 the numericai esti which led to over-
estimated strass changed towards the end of the period. This ocourred

when both stressmeter clusters wege less than 10 m away from 1OOWL
Panel, which had stripped onto the ELf Faulk in January 1986, and
remained static thereafter. In theee conditions the increases

in stress may the devel t of mining
indyced fracturing in the immediate vicinity of the stresameter

positions.

This provees would result in the reducitlon of tha effective elastic
modulus, which would be expreszed as an increase in stress even
though the true stress chang-s at the stressmeters were amall.

This effect way not taken into aceount in the caleulations becauss
the changing fracture intensity ceuld not be méasured.
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The same result may be produced by the stress induced scaling of
the borehole surfaces. Mo definite evidence of sealing was found, i
even at the collar of Borehole RB4, when it was anly one meire i
ahead of LOOWl Panal. Borehole sgaling at the stressmeter clusters !
could not be monitored and therefore it tannot be excluded as a &

possible cause.

A third origin of the stress increases may ba the time dependent

transfer of lcad from more highly stressed vo' . “es to less stressed

volumes of rock by creep. Although Briggs (1982) ane others have \
found that quartzites are not prome to creep, these findings are 4
based on the laboratory testing of intaci rock specimens, which |

W mey not kruly reflect the behaviour ¢f a discontinuous rock mass t \
in situ. The causes Jisted bove may act singly or in combination

with each other and may aleo pool with some of the sources of error i
listed in Section 4.2.1. !

. . 1 k mass

b tt appears £rom the curves in Figure 6.2 that the effective rock

A mass medulus was over-estimated for Boreholes RB2, RB3 and KBS,
and more legs correctly estimated for RBL and RB4. This is
B evident in the fact that for Boreholes RBL and RB4 the stress changes
wera initially slightly under-estimated and then later over-estimated

! in the casa ¢f RBL when changlng rook conditions brought sbout
a reluction in the sffective rock modulus.

rag of the moduius are possible fox RBE, but
unlikely £oi B2 and RB3 where the intact rock modunlus and fracture

frequencies are fairly well known. The reason for excessive streas
L i change estimates may be that the horeholey lie more or less parallel i
6 the fault aa well as the major discontinuity direction, déter-
mined by Heunls (1976} As a result, the deformation in Boreholes
! RB2 and RB3 may be ‘ire pronounced for the same streds changes

than for RBL and Rbd, which were dxilled perpendicular to the major
i discontinuity trénd.

This that horehol hehaviour may depend on

the borehole direction and the major discontinulty trends in a

jolnted rook mass. As far as is known, the effect of 1 discontinuous
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solid on borehole deform:tion has not been investigated, either

in situ or by numerical modelling techniques. Further investigation
of this phenomenon is nactsmary not only hecause the abova obser-
vation requires confirmation, but also because the results will

bave an important bearing on all in situ stress and stress change

measurements using borahole mounted devices.

6.2.2 Stress change components

Graphic comparisons of each stress change component for Boreholes
RBL and RB4 appear in Figures 6.3 to 6.6, where they appear plotted
against the corresponding numerical estimate. Perfect agreement
between each set of variables would be expressed as a stralght
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 ars
greatest, the agreement is best. Neitber of the plots for the
horizontal and shear stress changes show as good agreement. Both
tend to be mora erzatic, probably because they are relatively small
when compared with the vertical strems changes.

The overall correlation coefficients and regression for

each stress component are presented in Table 6.l. Uhe observed
and estimated vertical stress components show by fax the best corre-
lation, while the measured horizontal and deduced shear stress

changes are relatively poorly correlated with their numerically

. The a the slope of
the least squares fit regression line whilae b is the valus of the
intexcept on the vertical axis of each plot. The significance
of these valuss is that the vertical stresses tended to be over-
estime ‘od ph avérage by the stréssmeters beyond stress changes
of about 6,0 MPa. The horizontal strems changes were over-estimated
and the shear stxess changes, deduced frem the normal stress changes,

were by the i the monitoring
pexiod.

The comparisons show that while yeneral agreement between the measured
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Plot of measured stress change components versus

corresponding numerical estimates for Borehole RB1
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corresponding numerical estimates for Borehole RB2
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TABLE 6.1: OVERALL

A
FOR TOR SURESS CRANGE COMPONBNIS

PARAMETER VERTICAL STRESS HORTZONTAY, STRESS SHEAR SIRESS
CHANGES CHARGES CHANGES
x +0,9689 +9,5147 +0,6301
a +1,1256 +1,1023 40,9058
b ~@,7156 +1,4681 =0,7037
n 35 35 35
Notes: i) r = correintion coefficient

11} yomoaxt+h
where y is the measured stress component
¥ is the estimated stress component

144) 0 = number 9 data points in the analysis.
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and numarically estimatéed 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 ldeal situation of perfect agreement, which for a faulted
wock mzas, and data from only four boreholes, is very emcouraging.

It is concluded that the results from the stresameters sre reasonabla
and that the instrument is suitable for long term stress change
measurement in deap gold mines.

6.3 PFinal Stress State

Three measuremerts of the final stress state are avallable. These
are the ‘otal stresses measured in Boreholes RB1, RB2 and RB7,

all to the west of the fault. They are compared with their numerical
tounterparts estimated for the sama points {n Table 6.2, The measured
wertical and horizontal stress components are laxger than the numeri-
#al estimates in all cases except for the horizontal stress measured
in RB7, which is smaller th&n the numerical estimate. The pattern

is typical of the initdal numerical stress estimates, which also

were smaller than thelr measured counterparts to the west of the
fault.

The dxop in stress measured in Boreholes RB3 after Janvary 1986
does not agree with the numerical results because either rock failure
or stresemeter - rock contact failure occurred in the borehola.
Thls led to the spurious vertical stressmeter output since that
date which showed that an apparant decvease in atress took place
while the numerical resuls, themselves guestionable, showed an
ingrease in stress. Figuze 5.5 neverthelesa shows that such a
dectease in strass follows once the borehole is overstoped, as

in the ause for RB4. The results rom these boreholes and the
numerical analyses indicate the limitations of both stress measure-
ments and analytical techniquas at points close o extenalva mining
excavations at depth. Bacduse of these Limitations, no dizect
information about the stress stata to the east of the fault existed
once the 100/38 TLongwall had reached it.

The results from Borenoles RBL, RB2 and RB7, although unsupporbed
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by RB3 and 804, suggest that the stress discontinuity still existed
at the ond of the stress monitoring period. This could not be
confirmed by absolute stress measuroments to the east of the fault
because they would have been un ken in &n B

ground. The possibility thyt the stress discontinuity still existed
is diecussed in Section 6.4.1.

6.4 Mnalysls of BLE Fault Hehavion:

The responsa of the fault tu the mining induced stress changes

is examined

are the effect &f the fault on stress changes induced by mining,
fault stability using the ESS criterion, displacements on the fault
surface as well as the rock mass in general, and mining induced 1

selantcity,

4.4, 4.8, 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

and 5.4.

from several polnts of view. The aspects considered

The information used for the analysss comes from Tables

B.4.L Stress transmission across faulk S

By far the greater part of the mining induced stress changes were
generited by tha 100/38 Longwall situated to the east of the fault.
The quastion of how those stress chunges were transmitted to the
rock mass west of the fault are crucial to any assessment of its

stablliity.

monitoring borehtles arxe most appropriate becasuse they are the
largest of all the stress changeés measured.

A way of accomplishing a vigual assessment in to plot the stress
changes meastred Ln R8BI againat those in RB4, and to rapeat the
with the ng numerical as shown

The vertical stress changes medsured in the four stresa

in Figure 6.
and RB3. If the trajectories of both curves ars similar in each

cdse, stress must be transmitted across the fault, beoeuse in the
numerical model, mining induned stress changes are perfectly transmitted
to a1l parts of the hypothetical solid.

Ta. Figure 8.7b is a similar set of curve. 5r RB2
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Vertical stress changs at RB1 (MPa)

a: Corparigon of stress chdnges at RB1 and RB4

Vertical stress change at RB2 (MPa)

b! Comparison of stress changes ot RB2 and RB3
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Figure 6.7 I

Curves showing the effect of the EIf Fault on the }
transmission of mining Induced stress changes %”
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Sidce both ewyves are readonably close to each other for all the
stress change it is concluded that the of

the fault has no infruence on the transmission of mining induced
stress changes. This observation is significant in the case under
study becauss it eliminates one variable in discontinuity behaviour
that would contribute to an erroneous assessment of rock mass sta~
bility using the B6 criterion. The observation also supports

the suppositionimadie in Section 5.4, that elastic analyses are
still valld Lu intehsely fractured rock masses provided that the
tles are adequately confined.

©.4.2 Yevelling survey results

Y

The wlapl d and those estimated numeri~

cadiy ave presented in Tables 4.7 and 5.5 respectively. The data
‘hav,‘a: Bewt: ¢smbined and presented for vomparison in Pigure 6.8,
gfie fisplacpent change plots show no agresment at all, and this
%ri'syx}s £rom #wo imporeant factoxs.

o

The j}é//‘zsk 8 vhat the £otk anchors used for levelling were installed
Lnr‘,/l],'ﬂ‘m d\?cp toles drilled vertically upwards from the 100/2 'C’
Haulfpdo Whiy mof. It appoars that these anchors wers too short
ko gircy £or “:hr measurament of rock mass movéments because the
LaxehE L ge‘} casmgl between the South West Dyke and the BLE
ra:utc" #1148 stagests’ that the anchors may be fixed in rock whose

miptihen s wie ipti1h: affected by bedding separation.

S . Bt

2 by secand factor important to the resulbs was that a major we-
subportiny prograis ta. mervay st the time of the measurements.
Thy’ aupport medivi wmployad in 100/2 'C! Haulage Wast was 4,5 m
lofy pre-tensioned and grosted rope anchors set at 3 m centres
with wirs mesh and lawing. The vonditions in the haulage vere
such that tensioni! r of che rope anchors may have been sufficient
ko induce the vpwiry displacement of rock by as mioh as & mm. This
is the only wxplaniitios For the generally upward movement of the
rock between 120 <

o m from tiie datum levelling station.

Wevertheles, the me show a displ t off the
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rock masa to the west of the fault, which is partly in keeping
with expectations. Only insignificant displacement across the
fault surface was measured and is more likely to be minor local
movement than: fault slip. Undisplaced paint strips across tha
fault traces lend furthér support to this observation. The resules
are therefore in general agreement with other findings, even if
they do not coincide with the numerival predicticns of displavement.

©.4.3 Mining induced seismleity

The seismic activity that took place durihg the monitoring peried

is desoribed in Baction 4.4.1, but spatial relationships between
seismioity and geological structure, mining, and the Excess Shear
Stress distribution on the fault surface were not discussed. In
spite of the fact that only twenty-five selsmic avents with a magni-
tude of greater “han 1,0 on the Richter Scale wers deteated in
the area, some patterns do emerge. -hese are presented and discussed
below.

Spatial relationship with geology and mining

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
saismic avanr location from a geslogical structure surface was
found by projecting perpendicular lines to each surface from a
given event andt finding their respective lengths: The results were
then classed into different distance groups, for example

0-25 m, 25-50 m, etc. from & particular geclogical structure. The
seismic fraquéncies were then couniu! in each distance claas for

a particular and 2 histogram was

The E1f Fault, the South West Dyke, the Georgette Dyke and the
Cazbon Leader Reef plane wexe each conaidered for the distance~
acismiu frequency histograms that appear in Figure 6.9.

'Phe histogram for the ELE Fault shows soue clustering of seismioity
whthin 25 m of the fault surface. The frequency peak is prominent
and shows that nine of the twenty-five saismic events located within
25 m of its projected surfaca position. A sacond peak is present
about 125 m to the east of the fault. This is the result of tainmi-
nity associated with the Geotgette DMyke 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 assooiated with the ELf
Pault, Mies 50 m to the east of the dyke, while a second very promi-
nent peak exists for evants 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 tha distance interval chosen.

The Georgette Dyke shows s mild peak which means that minor cluster~
ing of seismicity occurred around it. The seismic £raquency then
tapers off to the south with a prominent pesk for evetits greater
than 150 m away. Again, this is the result of the ¢lass interval
used. The histogram is one-aided because only events te the south
of the Georgette Dyke were consldered in the analysis.

The f£requency histogram plotted for the Carbon Leader Reef plane
shows that a majority of the events were lodated in the hangingwall.
A mivor peak 1ias immediately above tha reef plane, a feature typical
of seismic activity assoclated with mining, while a smaller peak
exists in the deep footwall. The pattarn shows that most of the
seismicity located away from the reef plame, somstimes in the remots
nangingwall and feotwall, which appears typlical of the geclogically
controlled seismicity observed in the Kierksdorp Goldfield (Gay

st al, 1384).

The £requency histograms show thiat a signiricant portion of the
seismicity clustered around the EL£ Fault and that the other

atructures wers associated with relatively smeller portions, The
Elf Fault i thezefore considered to be seismically sctive when
exposed to mining induced stresa changes. |

Sedgmic location tontrol by Excess Shear Stress
Zones of positiva ESS developed on tha ELZ Pault aurface when mining i
approached it from the east and west. Theme zones yepresent ntmeri-
cally predioted potential fault dnstability, which should ecoincide
locsely with the seiomio activity that was located at or near the
fault surface: Of the nine seismic eventa that plotted within

25 m of the fault, eight have boen re-plotted in Figure 6.10, to-
gether with the zones of positive BSS for the rempective mining
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steps. The ninth selsmic aventplots outside the field of view
!
for Octobar 1985 and was not indluded.

The fault-gontrolled zeismicity occurxed from September-October
1985 to Pebrvary 1986, when the 100/38 Longwall approached the
fault from the ast. All except ona of the seismic events plotied
well away From the zbne of positive ESS and mix clustered in an
area to tha north and north-east of 100/25 Stope. No seismic events
occurred in this region from May to September 1986 when a zone

of positive ESS extended into if.

This behaviour is explained j.f the portion of the Elf Fault surfacs
to the northr of 100/25 Stope is considersd potentially unstable

as a yesult of soma local stress anomaly. This condition guickly
appzoached a state of unstable eguililrium while the 100/38 Longwall
was still some distante ‘way in Septomber 1985. Further mining

precipitated twd - " period ending in October 1985, Lollow-
ed by another four . .ioding three months: The release
of seismic energy in v @ left the fault purface and surrounding

rock mass stable, even when a zone of positive ESS penetratsd it
in May 1986.

One szizmic event, in February 1986, plotted near to the mouthern
2dge of a zone of poaitive BS§ associated with 100WL Panel. This
was the only selsmic evert that appeazs to be as" wclated with posi-
tive ESS., An underground visit following the occurrénce revealed
no visible slip at the fault exposures nor ware the ovezall trends
of stress change measured ab the stressmsters distivbed. No slosure
assoclated with the seismic event was visible in 100WY Panel, and
no damaye was reported in any of the mining oxcavations except

for 4 Fall of grrund in 100/25 Replacement Crogscut North.

%o seismic events wera located in the zone of instability extending
below the 100/38 torigwall. This was considered to be one of tiw
more critical zones when idering the work of Ryder (1986).

It appaars that the opposite was true. PFurthermore the BSS calot~
lated Erom the measurameants at ths monltoring site was in general

much Jower than the pumerldal i
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The two sats of data are plutted against each other in Figure £.11.
It is olear that no agreement exists except that both sets of data
are negative. Mo common trends are visible and the overall trajectory
of the data is at varlance with the ideal curve reprasenting perfect
agreement. The disparity between the numerical and measured ESS

1lies in the following probable sources:-

1) a stress di ty, no% for in the numerical

analysis, tended to reduce the ESS values in the measured
resulta;
ii)  the were not undertaken at the fault surface,

but about five motres from it.

The presence of the stress ai ty is considered an impor
agent in reducing ihe potential for seismle ackivity in the footwall
below 106/38 Longwall. If the measured ¥SS values axe correct

for the zone, then a further 10 ¥Pa may be subtracted from the
nunerically predicted zone of positive ESE, largely sliminating

it ané bringing numerical predictions into Line with ohservations.

6.5 Swmmary of Results

The vibrating wire stressmeter is shown ta be A reliable instrument
capable of long term stress change in harrh

conditiens. The results obtained from it can be used with asgurance
when the effective rock mass modulus of elasticity is known with
good accuracy. Stress chafige measurement erxors would be reduced
fuxphier if the effect of diswontintities on borehole defermation
oouid bo determined.

The initial stress measurenents ravedled that & well defined stress
digeontinnity existed at the ELE Fault. The stress change measure-
ments, whivh agraed reasonably well with the numerical estimates,
showed that the discontinulty persisted throughout the stress menl«
toring peried.

Spatial analysis of the seismic evant lesations showed the BLf
Fault to be melsmically active in a region not predicted by numerical
analyses. The observed daparture from slastic predlotions can
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anl; be explained by the existence of a stress anomaly. Since

the fault was found to have such a strong influcnce on the stress
Fleld at the monitoring site, the prisence of another straess anomaly
alsewhere is possible. A8 tho strai , anomaly emhanced seismiclty

to the north of 100/25 Stopa, so the stress discontinuity at the
monitoring site may hava supprassed selsmiolty on the ELf Fault
below the 100748 Longwall.
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f CONCLUSIONS
o
T
cy—/! A more thorpugh knowledge of stress distributions in rock masses
S
e would help to clear away some of the unknowns of mining induced

seismicity and rock bursts, and perhaps lead o a more effective
solution to the problem- To this end an underground study of
the stress stata of a faulted rock mass, whils it was gubjected

to changing mining induced , vas un n. The

! nents consisted of absolute stvess measurements at the beginning
and end of & peried of stysss change monltoring which spanned
nearly two years. The stress and stress change data were supple~
mented with rock mass displacement wmeasurements, seismic obsar-

vations, and numarical stress and displacement analyses.

Ny The initial strass state meastred at the monitoridg site agrees
N v, well with the numerical astimate, which shows that it is predomi~
RN nantly the result of the overburden weight and a swall mining

induced stress component. Mo ovidence of the stress field responsi-

ble for the formation of the fault Was found. The presence of

the fau}: oreates a stxess disvontinuity as a result of the footwall

3 .o and hangingwall guartzites coming into contdct with each other
T across the fault surface. This produces a complex stress field

Sy 4n the viecinity of the Eault, and appear ( to have had a strong :
SR influence over its seismic behaviour. This affect requires more o
o detailed studys

: Vibrating wire stresameters were used to monitor the stress . langas I

indueed by minihg during the course of the study. Thelr perfoxmance i
was assessed {n dmtsil bacduse as far as could be determined, they

' had naver been used in deap gold mines bafore. They proved to

) be reliable throughout the gtudy with all the stress change vesults ; 4

derived from them agresing rsascnably well with the ntmerical

. predictions, The stréss change estimates both from the stressmeters

: and the shress analyses were Usad to assuss the stability of the

fault while it was subjected to chenging nlndng indusei stresses.
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The selsmic observations, stress monitoring results and pumerical
analyses all show that the fault surface at the monitoring site
remained stable throughout the study. This evidence was supported

“u o by underground observations, but cannot be extended to the entire

known extent of the fault surface.

An estimate of stabllity 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
cbsefvations. While the fault was expected to become unstadle
above and belew the approaching 100/38 Dongwall, no sueh instabilly
was ohserved underground. This has been ascribed to the presence
-] of the stress discontinuity which persisted throughout the stody
and appeaxs to have had a stabillzing effect. This highlights

a the inability of present numerical analysis techniques to take

N K account of rock mass history, etructure and composition, and thexe-—

fore the complex natural strass fields that arise.

IR . The conclusions drawn from the study are liated below:-
k | i) . the overall initial stress stafe at the monitoring site
was controlled by the gravitatiopal loading of the overlying

LA ghtrata and a small mining induced stress component;
- the stress £iald iesponsible for the formatieon of the
ELf Fault appears to have dissipated thraugh geological
kimey
i1y 4 stress discontinuity existed at the fault surface at
the beginning of the study and persisted to the end, resultiny
in a complex stress field in the vicinity of the fault;
i0) the vibrating wire stzestmeter is suitable for fong term

atress change monitoring at depthy

) the largast stresy changes, in this oase vertical, were
moasured with the smallest percentage erxor:

i} the lordzontal and ahear sttess chunges were measured
with relatively lower levels of cdonfidenca than the vextical

gtress changes;

vid) 8 effect of discontinuitics on the stress conventration
factors calowlated For the flattened end of a horehols
and dlscontinuity offeots on borehels deformatlon, should
be inveatigated;
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ia) the stress shoved ¥

good agreement with the numerichl saalyses;
x} thexe was poor ugreement between the numerical analyses

and of displacement and the Excess

Shear Stress;

xi} the ELf Fault provad to be seismically active, but only
in a region to the north of 100/25 Stope:

xid) the strass discontinuity appears to have a strong influwnce
over the seismic behaviouxr of the fault;

%iid} current numerical stress analyses. techniques are effective
in cages where reck mass-conditions 4w not deviate from
the aimplifying assumptions;

xiv)  more myst be discovered of natura) stress distributions
in rock masses n order to provide guidelines towards
making the prasent stress asalysis techniqued applicable
to a wider range of rock mass conditions.

The cutcome of the and analyses indicate that the
influence of tha prs-existing stress field o the ELf Favlt is
of P in the on of its i

Tesponsa to the impusition of mining induced stresses. This obser-

vation calls for the review of che yuestions concerning the seismic

and rock burst mechanisms that appearx fn Chapter 1. These ara

reliated heres

§)  what exactly is the scismic sowrce mechanism?

44)  which factors ave moat important in bringing about a selsmic
avent?

144) how large azs khe strosses that drive 1t?

iv)  what happsns to the stress state dt the initiation, duting
and after 2 selsmic avent?

¥)  why do some sefamic avents cause rock bursts whila othexs
do not?

vi]  why are some faults and somo dykes seismically active when
exposed o mining induced stresses while others ae not?

Reviewing these questiona reveals that the influence of the total
stress field on the behaviour of the B1f Pault sheds some light
on the answsys to guestionz ii) and vi). The stability of the
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favlt eliminated the pokuntlal of the study to provide snawers

to questions 47, iii) and iv). The overall outtome ol the study
shows that mjta must ba known of natural stress fields in sock
masses and that moxe versatile methods of numevical stress snalysis
be developed before s complets unravelling of the mysteries of
the’seismic and rock burst mechanisms betomes possible.
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fault eliminated the potential of the study to provide answers
to questions i), 1id) and iv). The overall cutcome of the study

ahows that more must be known of matural stress fields in rock

masses and that more versatile methods of npumerical strgss analysis

be developed before a complete unravelling of the mysteries of

i
N~

" the selsmic and rock burst mechanisms becomes possible.

b
i
i
i
13
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APPENDIX A

Borehole logs
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APPENDIX B

Detailed results of laboratory tests
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Specimen Ref ¥ 3

Dlameter : 30,0 mm
tength : 59,8 mm
Mass : 116,5 ¢
RRBL ¢ 394%9m
Load Stress ' Jotal strain x 10~?
ki o W f axiat Radial
0 0,00 0,000, 0,000
5 7,07 . 0,078 -0,014
10 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 -8,079
30 42,44 0,501 -0,098
35 49,51 0,580 -0,113
A 40 56,89 0,656 -0,132
C s 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
o0 187,32 1,252 -6,288
100 141,47 1,398 -0,332
120 169,77 1,562 -0,3%0
140 198,06 1,898 -0,538%
Load at faflure : 146 kN
Uniaxial compressive strength : 206,55 MPa . 183 -
Remark :  Specimen contained cemented joint

RN

vl o &




{ Specimen Ref L 4
i Diameter 30,0 mm
i X Length 59,2 smm
% Mass 1 114,9. ¢
. Bh RBL 2082 m
,r, ' Load Stress Total strain x 10~
! i ki in W Axial Radial
o 0,00 6,000 0,008
5 1,07 0,083 -0,016 "
10 14,18 0,164 -0,029 ¥
3 20 28,29 0,328 -0,059
U 30 42,44 0,516 -0,095 !
. § 10 55,50 0,691 ~0,128
50 70,74 0,842 -0,158 ;
60 24,88 1,026 -0,195 .
70 59,03 1,192 ~0,232
80 113,18 1,382 -0,271
90 127,37 1,538 ~0,309 »
200 141,47 1,724 . -0,356 i
110 155,62 1,914 ~0,404 £
120 169,77 2,058 -0,473 !
"
v . )
- i
f |
;
i
..% :
! Load at failure : 125,0 kN -
i Uniaxfal compressive strength : 176,84 MPa . - 184 ~ i
H Remark ¢ None ’ i
i
t

. L™ IR i SR,



|
t Specimen Ref N° 6
;} Dlageter @ 30,0 mm
i ) Length  : 60,0 mm
] ’: Mass : 1164 g
L BL LB 243t m
|: Load Stress Jotal strain x 10-°
; n A n Mra Axial Radial
[ 0,00 v 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 0,363 -0,058
25 38,37 0,424 0,075
30 42,44 0,493 -0,090
36 49,51 0,558 -0,106 :
% 56,69 0,636 -0,122 i
45 83,66 0,718 -0,141 N
50 70,74 0,777 -0,156 :
] 84,88 0,832 ~0,196
70 99,03 1,073 -0,233
80 113,18 1,212 0,269
50 127,32 1,376 4,319
100 141,47 1,488 -0,351 .
120 169,77 1,796 0,486 {
g R 140 198,06 2,108 -0,604 g
5o . <
P ;
E
.
»
; Load at failure : 150 kN .
J Uniax1al compressive strength : 212,21 MPa X ' - 185 -
‘J Remark :  Specimen contained cemented joint {

. . N ot a2 il A o W



, Specimen Ref N° 7
? Diameter 30,0 mm
9{ Length t 60,0 mm
»;. Mass : 116,89 ¢
3 RBL  + 2482m
Load Stress Total strain x 10-3
in K in MP:
n kN ¢ axtal : Radial
0 0,00 0,000 0,000
5 7,07 0,091 ~0,013
il 14,16 0,189 ~0,029
15 21,22 0,285 ~0,042
. 2 28,29 0,381 -0,058 :
i 25 35,37 0,477 ~0,075 H
| 0 42,44 0,578 -0,093 i 3
| 35 49,51 0,671 -0,110 :
] 0 56,59 0,779 -0,134 [
[
S
H . I
i ’
A i
; i
i i
H i
; f
i
3 : ]
.y &
: g “
l 5
i i
i
B
{ ]
v
I
i
i Load at failure : 44,2 kN s |
3 Unfaxial compressive strength : 62,53 MPa - 1ae - o
. Remark : Spacimen contained cemented joint ! E
+
| :
i
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§ B ;
‘ Specimen Ref N 8
;‘1 Dfatneter : 59,0 mm !
- f Length P 60,7 mm
9 ,r Mass 18,0 g
R8I :2/,27m ;
\I Load §tress Total strain x 10-2 i
j n in tpa axial . Radial !
0 .00 0,000 0,000 ! #ﬁ
5 7,07 0,081 -0,015 :
10 14,15 9,168 ~0,027
4 g 20 28,29 0,359 -0,059
3 / 30 42,44 0,533 -0,089
o 10 56,59 0,701 -0,114 i
50 76,74 0,886 0,147 r
3 60 84,68 1,043 -0,174
70 99,03 1,221 ~0,207 d
80 113,10 1,391 -0,239 .
90 17,32 1,554 ~0,27¢ 4
100 143,47 1,735 - -0,308 :
110 155,62 1,935 =9,353
120 169,77 2,120 ~0,399
130 183,81 2,323 -y, 457 ;
140 198,06 2,535 -0,533 i
B 150 212,21 2,757 -0,631- ‘
: 160 226,35 3,014 -0,792 i ‘
§
i
; i
B i
)
] i
i i
Load at failure : 167,6 ki lse
Uniaxial compressive strength @ 237,11 MPa - 187 - ]
Remark : None.

. ) L e, S T R S



i
Speciuen Ref W2 9
;‘ Diameter : 30,0 mm .
T Length : o 59,9 mm ;
’ & Mass ;1268 ¢ i%
CRB2 i Z22,39m
% boad Stress Total strats x 10- i
§ I ki in W2 axial -~ Radfal .
i [ 0,00 0,000 0,000 ’1 ﬂ
5 7,07 0,064 -0,013 1
| 10 14,15 0,132 -0,025 : ;
! Rt 15 21,22 0,210 0,044 P
i 2 2,29 0,276 | -0,058
& 2 35,87 0,351 -0,078 i
; 30 42,44 0,419 -0,094 By
; 35 49,51 0,495 -0,118
i 40 56,59 0,570 -0,136 H
i % 63,66 0,637 -0,185 It
; 50 70,74 0,714 -0,178 b
! 50 84,88 0,869 - 0,226 ;
A 70 99,03 1,609 20,272 i
N 80 113,18 1,156 -0,322 [
; %0 127,52 1,25 0,375 i
¢ | 100 142,47 1,456 -0,441 i
r z
- li Ny Q»
by !
; :
: }
! §
L i
i
-
i 1
: [
‘ i
1
| |
’ g i
; Load at faliure : 117,6 kN “h ;
. Uniaxial compressive strength : 166,37 WPa e - f, i
. Remapk ¢«  Specimen contained cemented Joint 1 !
i !

ool
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Specimen Ref N° 14

&

Diameter 30,0 mm
Length 60,6 mm
Mass 116,8 ¢
R : 2, 58m
Load Stress Total strain x 10~*
in W
i in tPe Axial Radtal
0 0,00 0,000 0,000
5 7.07 0,079 =0,013
0 14,15 0,163 -0,024
26 28,29 0,344 ~0,053
30 42,44 0,520 - ,080
40 56,59 0,679 ~0,106
50 70,74 0,635 -0,131
80 84,38 1,011 =0,160
70 99,03 1,163 -~0,187
80 113,18 1,324 ~$,216
920 127,32 1,499 ~-0,250
100 141,47 1,663 -4,279%
10 155,62 1,838 -0,315
120 169,77 2,013 -0,357
130 183,81 2,193 0,401
140 198,06 2,389 0,451
150 212,21 2,548 ~0,512,
160 226,35 2,746 -0,594
170 240,50 2,951 ~0,716
igg 254,65 3,232 ~-1,120

NOTS;  This vesult not included in Tof

made at {31,54 m was rejected (

sea Table 3.2).

ble 3.5 because strain relief resding

g e e e g ek A

Load at faflure ¢ 190,0 kN

Uniaxial compressive strength @
Remarg

None

.

254,65 MPa

- 189 -

4
4
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Specimen Ref 11

Diametar

20,0 mm
Length 1 59,0 mm
Mass + 113,5. 9
LRBL : 22,85m
Load Stress Total strain x 10~
in kb in HPa Axial Radial
[ 0,00 0,000 0,600
5 7,07 0,082 ~-0,011
10 14,15 0,185 -0,028
20 28,29 0,353 «0,056
30 42,44 0,533 ~0,087
40 56,59 0,712 -0,119
50 70,74 0,885 -0,150
60 84,88 1,047 ~6,178
70 39,03 1,227 ~-0,214
80 113,18 1,399 -0,248
90 127,32 1,578 -0,286
100 141,47 1,778 - =0,333
110 155,62 1,976 ~0,38)
120 169,77 2,172 -0,438
130 183,81 2,384 -0,511
140 198,06 2,637 ~0,663
Load at failure : 144,8 kN

Uniaxial compressive strength :204,85 MPa
Remark ¢

None

™y &

' - 180 «
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Specimen Ref N° 12
Diameter : 30,0 mn X i e
Length s 59,8 mm ]
Mass H 116,4 g | m
[4:4] : 32,59m
Load Stress Total strain x 10-2
in ki
in ki in WP Axial Radial
0 0,00 0,000 0,000 ! -
5 7,07 0,078 ~3,013 & i
10 14,15 0,171 0,029 : [
15 21,22 0,267 -0,044 . .
20 28,29 ,342 | ~0,059 g
25 35,37 0,427 -0,078
30 42,44 0,515 -0,088 §
3 49,51 , 0,602 ~0,104 <
40 56,59 0,690 -0,121 A
45 ] 63,66 0,763 0,133 N .
50 70,74 0,863 -0,152 il
&0 84,88 1,025 0,184 i
7 99,03 1,182 -0,214 3
80 113,18 1,367 ~0,253 !
50 127,32 1,557 -u,293 ;
100 141,47 1,730 0,332 ;
120 169,77 1,911 0,371 5
i
. 1
' !
i
}
: ¢
i
2 } i
i i
| :
i A
- |
[
o
LR
Pl ;
i b
| i
o) {
} Load at faflure : 1274 kN li
) Undaxial compressive strength : 180,23 WPa Lo - 1ot - I
Retark : i
E i
i l

s . " . . Y N



Spacimen Ref H* 13

Dlameter 30,0 mm ; 1
Length 60,4 mm }% ]
Mass P 116,2 g [
RB3 i 10,19m : |
toad Stress Total strain x 10-3 g i
o K fn ¥ Axtal Radial [
oo ) G700 3,000 0,50
,“&11 5 7,07 . 0,135 ~0,011 : ﬂ
10 14,18 0,240 ~0,027 .
h 20 28,29 0,445 -0,061 |
"0 42,44 6,629 -0,099 3
40 56,59 0,811 -0,138 B
50 70,74 1,029 -0,185
60 84,88 1,216 -0,229
70 98,03 1,421 -0,278 :
N 80 113,18 ] 1,619 ~0,331 i
| 90 127,32 1,831 -0,390 :
! 100 . 141,47 2,056 . ~0,460
; 110 155,62 2,279 -0,538

Load av fatlure ¢ 116,2 kN

i
|

'] Uniaxial compressive strength ¢ 164,3¢ Mpa ' 192
r - -
i

Remark : gpecimen end chipped.

L. .
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Specimen Ref N° 14

Daneter 40,0 mm

Length 60,7 mm

Hass i 116,09

RB4 : 95m
Load Stress Total strain x 10-*
in kN in Hpa Axial Radiai

Q 0,00 0,000 0,000
5 7,07 0,087 -0,011
10 14,15 6,178 -0,023
20 28,29 0,369 -0,051
3¢ 42,44 . 0,544 ~0,078
40 56,59 0,721 =0,107
50 70,74 0,887 ~0,133
60 84,88 1,870 ~0,166
70 99,03 1,253 ~0,189
80 113,18 1,424 -0,231
90 127,32 1,612 -0,270
100 141,47 17799 T o-0,312
110 155,82 1,999 =0.364
120 164,77 2,200 ~0,428
130 183,91 2,398 =0,502
140 198,06 2,59 ~0,599
150 212,21 2,808 0,738
Load at failure : 158,38 kN
Uniaxial compressive strength : 224,66 mra - 193 -

Remark : None

h,d-uj‘& b B, . *m...
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Specimen Ref N* 15
plameter @ 30,0 mm
Length : 60,8 mm
Mass © 116,5 g
RB3 : 10,48m
Load Stress Total strain x 1077
in K in Wba Adal . Radial
0 0,00 0,000 0,000
5 T 07 - 9,080 0,012
10 14,15 0,165 ~0,026
20 " 28,29 9,347 -0,059
30 42,44 0,835 ~0,090
49 56,89 9,727 ~0,123 .
50 70:74 0,916 ] ~0,157 i
60 84,88 2,003 ~-0,181 ¢
70 99,03 1,283 -0,230 i
80 113,18 1,465 -0,267
90 127,32 1,660 -0,309
100 141,47 1,872 - -0,360 5
110 155,62 2,053 ~0,402 B
120 169,77 2,262 ~0,459 |
130 183,91 2,473 -0,519 :
140 198,06 2,698 0,590 !
150 212,21 2,930 ~0,673"
160 226,35 3,169 -0,772
170 240,50 3,421 ~0,89%
<
i
!
i
I
|
|
i
|
i ‘
Load at failure : 171,2 kN
Uniax1al compressive strength : 242,20 MPa ' - 194 - f“
Remark ‘None. l
l




N At g R

Specimen Ref N° 16
Y Dismeter : 30,2 mm

R . Length : 60,5 mm 0
g Mass : l6lg 1 \m B
f - RB4 s 93w ;
- Load Stress Total strain x 10~ ‘l:
4 in kN in MPa axdal N Radial !
[} 0,00 0,000 0,000
5 6,98 0.082 -0,014
10 13,95 0,180 ~0,031 i
2 27,92 0,351 ~0,062 .
30 41,88 0,531 - 0,097 R
40 55,84 8,714 ~0,131 :
Y 50 69,80 0,892 ~0,167 B
. 60 83,76 1,108 ~0,206
' 70 97,72 1,291 0,287 - i
' 80 111,68 1,446 ~0,284 h
90 125,64 1,650 -0,331 |
100 139,60 1,841 20,382 :
110 153,56 2,055 0,481 [
120 167,52 2,254 -0,50¢ p
130 181,48 2,494 0,594 i
140 195,44 2,730 -0,707 {
150 209,41 3,024 0,817 - f
‘ i
! i
\
i
i
i H
f 0 feilure ¢ 16,2 kN f
‘\ Cte o compressive strength : 218,06 MPa . ' - 195 -
B Remark : None [
]
’ t
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Spectmen Ref N° 17
Diameter ¢ 30,2 mn
Length s 60,5 mm

Mass ;o 18,7 ¢

. RB3 D 10,75 m
Load Stress Total strain x 10-°
in kN .
nk n pa axtal Radfal
0 2,00 0,000 0,000
3 6,98 0,087 -0,013
0 13,96 0,176 ~0,027
20 27,92 0,361 -0,068
30 41,88 3,536 -0,091
40 58,64 0,721 ~0,126
50 64,80 ©,893 -0,159
60 83,76 1,070 -0,194
70 97,72 1,267 -0,235
80 11,68 1,484 -0,273
90 125,64 1,636 20,315

¥
Load at failure & 95,4 KN
Uniaxial compressive strength : 133,18 MPa .
- 196 -
Remark : None
L . R by etatdn,

P
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Specimen Ref N 18

Diameter ;30,2 mm

Length 60,5 mm

Mass o 15,79

RB4 : 9,58m
Load Stress Total strain x 10-3
fo kN in MPa xtal Radial
0 0,00 0,600 0,000

8 6,98 0,106 ~0,011
10 13,96 D202 -0,026
20 27,92 0,394 -0,056
30 41,88 0,574 ~0,086
40 55,84 ©,766 -0,120
50 69,80 0,947 -0,183
60 83,78 1,132 -0,18%
70 97,72 1,326 ~0,228
80 111,68 1,513 ° ~0,260
90 125,64 1,710 -0,310
100 139,60 1,942 "-0,368
110 153,56 2,138 ~0,419
i20 167,52 2,379 -0,493
130 181,48 2,637 -0,594
N 7
Load at failure : 136,2 kN
Uniaxial compressive strength : 190,14 WP -~ 107 -

Remark None

.M-_& s Aaandt,
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APPENDIX C

Calculation of the fn situ stress tensor
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APPENDIX C

e Assume that gy is vertical, oy horizontal and parallel to the average : %

1 directions of boreholes REl and RB4, whila 03 lies parallel to boreholes i

RB2 and RB3, Re-arranging equations 2.1: !

. Lol = boy = agy) v {13 i
2

.

@, = 1a} - boy - o03) 2
oy w Loy = ey - oo} v (B i
E. Gsing the values caloulated by Caates and Yu (1970), listed in 1
Table 3.6: i
1o} *+ 07503} N
T, 17503 veeaan (4) i
1 L i
o Iy - (a! + 0,75a3) cevia (59 :
. 2epy (9 Y 0% “
: L. (03 + 0,7503) Ceveen 16D ;
@ 03 =1,3% 3 2 ]
whers i .
R @ =B (53 * ved) TN 3} ¢
. d P {
. ‘r )
;

- prineipal strain rélief and minor principal strain relief. A further
two equations similax to (7} exist for op' and o3'. Substituting the §
b relevant values obtajned £rom Boxehole REL into equation (7}: i

i

i
and B, v, €7 and € are the Young's modulus, Poisson’u ratio, maxisum ]
i

o)t “ 108,69 MPa and 03' = 37,39 MPa.

. . Applying the same procedurs for the values obtained from RE2: |
. it op' = 120,52 MPa and op' = 64,56 MPa :

48 o
! i Substiltuting these values into equations {4), (5) and (6); the } K
it Eollowing resulte- H t
i o) = 78,19 *+ 0,54 oy MPa i
SRS Borehole RBL
L B 63 = 26,90 + 0,54 o3 MPa

jt ¢y = 86,71 + 0,5} 03 MPa 3
i Roretiole RB2
0y = 46,45 + 0,54 93 HPa

i Note that 0y can be determined for the values from both RBL and RB2
while ¢y and oy are determined from RB2 and RBL respectively, i
i hence the four relationships between the principal stresses.
@ince there are fott equatlons and threm unknowny, four differ-
ant combinations of throe equations each exlst for the solution
1 of each principal stress, which means that four valtes for sauh
prinoipal stress can be found. L
| - 199 - ¢




APPENDIX C

Tharefore
oy = 128,28; 126,34y 122,72y 124,67 MPa,
gy = 92,78; 86,08; B2,46; 86,08 MPa,
and gy = 77,00; 73,38; 66,68; 73,38 MPa.

These may be averaged and the 958 confidence interval found and
expressed as £ollows:-

o) m 125,51 £ 4,65 Mpa

gy = 86,85 £ 8,44 Mpa

g3 = 72,61 * 8,44 Hea
These results reprasent the stresses to the wast of the EME Fault.
To the east of the fault, the results for Boreholes RB3 and RE4
aze considered, In the sama way as described above, using the
stress concentration factors caiculated by Coates and Yu (1970):

gy = 103,76 & 11,95 MPa

oy ® 66,77 & 21,67 MPa

a3 = 64,32 * 21,67 MPa
The principal stresses both to the eant and west of the EIf Fault
witre re-calculated using the stresa concentration factors given

by Hoeking (1976). The reaults are listed together with the
above results in Tabla 3.6.

“ 200 -
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APPENDIX D
Detailed results from the vibrating wire stiessmeters
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APPENDIX D

TABLE D.2 UNIAXIAL STRESS GHANGES
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aB

RE3

REZ

RBY

stress (HPa)

streso (P} stress (Pa) stress (MPa)

stress (MPa)
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APFENDIX b
*y

stress (HPa)

r3
stress tnPaY

xy

o Fde

stress tra)

atress (HPa)

TASLE 0.3 BIAXIAL SYRESS CHANGES
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APPENDEX D

ne3
strass (MPa)

TABLE D,3 BIAKIAL STRES CHANGES

stress (HPa)

atrpes (WPal
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BPPENDIX I v

rock mass
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APPENDIX E

Fossum (1985)  derived a constitutive model for an elastlo rovk
mass with random joints. The first assumption that must le made
about the rock mess at the monitoring site im that it approximates
a randomly jointed linearly elastic medium. The fracture frequen-
cies observed in Boxeholes RA} and RB4 are slmost squal, even
though they were drilled in mutually perpendicular directions,
which means that the jointing {n the footwall guartzites to the
east of the fault may be fairly random in character. The frequen-
cies observed in Borehole kBl and RB2 auser siqnificantly from
each other only becauss RB2 1y

part of the rock miss as it passed through the 515 Faulc but
elsewhere frequencies are similar to those in RBi. The overall

rock mass jointdng at the monitoring site appears to be sufsiniancly
random in character to employ the results presented by Foss

(1985). This is especially so when beddinq
surfaces, natural joints, fractures associated with faulting

and the fault itself.

The second assumption zuncerns the properties of all the parting
surfaces themselves. In general, all joints observed in deep
gold mines are vlosed, without any infill and unweathered. This
means that a confined joint surface, remote from any void will
have properties similar to intact rock.

Fossum (1985) presents two equations which can be used to calouiate
the effective bulk and shear moduli for jointed rock if the Young's
modulus and Poisson's ratio for the intact rock material are

known and the joint spacing and properties can be estimated.

The equations relating these variables are Listed belows-

PR 30-v)sk
3 BEIN z\nskn T

S.i . E [(249) (1~2v )8k + (7-5v15] +%|: Eekg Al
30

IV 1+0) (T-2visky + (1-v1E | 21-viskg + B | ..B.2

where ¥ = effective bulk modulus

G = effective shear modulus

8 = joint spacing

kn = noxmal joint stiffness

kg = shear stiffness of joint surface
E = Young's modulus

v = Poisson’s ratin

‘he effective Young's modulus and Poisson's ratic aze then found
by the two relations given belowi~

9KG
E= wasas Eu3
E=®re
v . =28 E
Ve SR & veern Esd

where § and ¥ are the effoctive Young's modulus and Polsson's
ratic respectively.




APPENDIX B

R In caleulating the effective elastic constants for the vibystinm
n ] wire stressmeteors, the joint spacing used is the reciprocal of

: the overall average of the average fracture frequencies listed
e for Boreholes RBL to RB4 in Table 3.1, The normal and shear
stiffnesses of the joint surfaces were taken as equal to the
iptact rock properties, obtained from Table 3.5. These values
with the exception of that for RB2 at 21,82 m are overaged and
presented in Table H.1 together with the other variables.

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

] E.2 for vhe hangingwall and footwall quartzites respectively
produce the values for the sffective bulk and shear moduli. These
Co results are then substituted into equations 5.3 and E.d for ef-
fective elastic constants required for the atressmeters. The

B results rounded off to the nearest whole numbex are presented '
j in Table 4.2 in the teut. i

P ROCK TYPE kyicn/m) kg {GN/m) LSOINT AVERAGE AVERAGH
. SPACING (m} | E loPa) v g a
i
4 Hangingwall
. quartzite 86,662 35,989 0,824 26,662 0,204
' Footwall
. 3 quartzite 75,586 31,617 0,824 75,586 0,195 ‘
o -
S !
Y Direct substitution of the above values into squations E.1 and 1
q

S In 4he case of the numezical analyses all the values listed above
are the same excepting the joint spacing. This arises from Heunis 3
{1976) who doscribes a major joint eystem trending approximately
north-gouth with 2 3 m spacing. Since this system is thought
K o exist throughour the rock mass as a whole, and the MINSIN~

. D aaalyses encompass a large volume of rock, this spacing was .
used. The effective medu for both the fottwall and hangingwall : i
quartzites wore again caleulated using equations E.l to BE.4.
~The rasults were averaged to obtain a Youig's modulus and Poisson's
ratio for the entire rock mass volumc. Since the averaycd results
©f 71 GPa and 0,20 respectively are so ¢lose to the widely accepted
values of 70 GPa and 0,20, the latter were ued for the analyses.

j - 207 -
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AN Typical Exagples of MINSIM-D output
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APPENDIX &

A point was at each & cluster position
in order to calculate stress and stress changes comparable with

the underground measurements. The MINSIM-D stress analyses program
originally wsed for the valeulations could not calculate stresses
in any plane but was limited &, planes having any dip angle,

but a strike angle parallel either to reef strike or raef dip.

For this reason, manual calculations of the biaxial stress state

in the plane of each horehtle wers necessary in order to convert
the MINSIM~D results to & form diractly comparable with the under-
ground measurements.

The borehole direction as well as the principal stress dirsctions
are plotted on an equal angle stareonet as ghown in Figure G.1.
The barehole di¥éction, i this case RR1, is obtained from Fable e
6.1, page 214, while the prinaipsl stress directions are those
calculated for RB1 for mining as at geptember 1986. The principal
stress values appear in Appendix ¥. ALL the stress measurement
boreholes were assumed to lie in a horizontal plane, which means
that the vertical axis in the plane of each borehola Ls vextical, .
: while the ho~izental axis lies at 90° to the borehole direction i
. ¥ in a horizontal plane. These ax3s aze termed the y and x axes
respectively a to the defined in Section 3.2.1
» and showm in Figurs G.1 The angle thm: each principal stress
- makes with sach of tha borehole axes on tha stereoplot man be
found, as shown in Figure G.1, The results are listed in Table

o 6.2,
N .
~ YABLE G.2: ANGLES AND DIRECTIONAL COSINES OF EACH PRINCIPAL
SIRESS AT BOREHOLY, REL FOR SEPTRMBER 1986
PRINCIPAL STRESS 0 az o3
. Angle wet x-axis 94 -31 69
{ wrt y-axis 3 88 34
Pirectional wit z-axis ~0,070 Qr93s 0,158
cosine wet yeauis 0,995 0,035 0,108

3 Thy directional cosines are then substituted with the value of
. each corraesponding prineipal stress inte the elementary stress
- rotation oguations given by Jaeger and Cook (1979) on page 26.
Thy blaxial stragy otats thus celculated togobher with these
for the other bursholes are listed in Table 5.2.

i
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w1,y1: Borohsle axes
Xm,Yri: MINSIM—D axea

Figure G.1
Stereoplot showing borshote axes and

principal stress directions
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