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FOREWORD

The most recent South African books dealing with rock mechanics and rock engi-
neering in tabular hard rock mining have been “Rock Mechanics in Mining Practice™
(S. Budavari) and “An Tndustry Guide to Methods of Ameliorating the Hazards of
Rockfalls and Rockbursts” (Chamber of Mines Research Organization), published in
1983 and 1988 respectively.

Since then, advances have- occurred in rock engineering practice, and significant
changes have also arisen in the regulation of the South African mining industry. In
1994, the Leon “Commission of Inquiry into Safety and Health in the Mining
Industry™ sat to examine evidence and make recommendations as to changes it saw
necessary. In 1996, the new Mine Health and Safety Act was promulgated and, as
with subsequent statutory regulations, account was taken of the recornmendations of
this Commission. Among many issues, an important provision was that it is legally
incumbent on mine management to take all “reasonably practicable” measures to
remove or mitigate the hazards that-are present on their mines, fully utilizing the
“state of knowledge reasonably available”. A further significant new requirement is
that mines must compile codes of practice to combat rockfall and rockburst acci-
dents, according to guidelines provided by the Department of Minerals and Energy.
In addition, a strong focus throughout South Africa, and no less in the mining indus-
try, is being brought to bear on effective education and training of all employees.

A number of new statutory bodies have also been introduced, including SIMRAC
(the Safety in Mines Research Advisory Committee). This tripartite body (govem-
ment, labour and mineowners) was tasked to advise the minister on mining saféty and
health research requirements, and to administer and control the annual research pro-
gramme. Funding for this research, which in 1998 amounted to sonie R 38 million,
is provided by a levy collected from all mines. Taking.into account the new statuto-
ry requirements, as well as the numerous advances that SIMRAC and other research
and development endeavours have introduced to the mining industry in recent years,
the GAPREAG (Gold and Platinum Rock Engiiteering Advisory Group of SIM-
RAQC), considered it necessary that up-to-date reference books on rock mechanics
and rock engineering be written. In particular the existence of the latter text, cover-
ing sound rock engineering practice on both goid and platinum mines, would assist
mine management in meeting their new obligations. The CSIR: Division of Mining
Technology (MiningTek) was commissioned to carry out this task.

Insofar as rock engineering is a combination of science, art and engineering, and
deals with rock masses that can vary significantly from place to place and reef to reef,
it is not possible for recommendations and descriptions of best practice in this text to
be fully prescriptive. Moreover, in dealing effectively with the vagaries of under-
ground conditions, there is always considerable room and need for innovation and
controlled experimentation. However, where mines choose to employ practices or
design methods which are considered appropriate for particular situations but which
differ significantly from what is presented in this text, these should best be moftivat-
ed and recorded in either the mine’s code of practice or in specific planning docu-
mentation.

K R Noble
Chairman, GAPREAG
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chapter OVERVIEW OF THE
1 ROCK ENGINEERING
CHALLENGE

1.1 INTRODUCTION

Itis a truism that underground mining - the art of exiracting minerals from deep with-
in the Earth’s crust - is among the more intrinsically hazardous, and technically chal-
lenging, of the varied activities of mankind. This is largely because (unlike in ship-
building, or in bridge design, for example) the basic engineering materials involved
- the heterogeneous fabric of the rock mass in which mining has to take place - is pre-
ordained by nature and is thus not under the direct control of the mining engineer.

South Africa is a country richly endowed with minerals of many kinds, including the
world’s largest deposits of gold, platinum, chromium and manganese. It ranks as the
world’s largest producer from underground tabular hard rock deposits, and the
rock engineering aspects of this particular branch of mining engineering constitute
the subject matter of this book.

Significant innovations have emerged from South African mining operations. These
have included the development of expertise in deep shaft sinking and equipping, min-
ing refrigeration technology, the hydro-power concept and systems, effective rescue
capabilities, amongst-many others. In the field of rock engineering, which in the 1950s
began evolving from simple empiricism towards becoming a much more scientific and
quantitative engineering discipline, significant advances were also made. These includ-
ed analytical/numerical methods for better understanding and modelling the stress and
energy changes associated with mining (and hence providing means for the more ratio-
nal design of mining layouts), quantifying the strength and stability of coal/reef pillars
in shallow mines, exploiting the concept of regional support in the form of stabilizing
pillars in deep mines, implementing the placement of backfill over vast areas in tabu-
lar stopes, installing district-wide mine seismic networks, developing and implement-
ing innovative forms of yielding and other rockburst-resistant support systerns in stopes
and tunnels. These developments were aimed not énly at improving mining produc-
tivity, but primarily towards reducing the hazards of underground tabular mining.

Yet over the years, the South African hard rock mining industry has sustained, and
continues fo sustain, a high level of accidents, and the resulting rate of human casu-
alties (injuries and deaths) has been, in world-wide terms, unacceptably high. Of
these accidents, a high proportion (over 50 %) have been rock-related, that is, the
result of rockfalls or of rockbursts.

There are underlying reasons for these high rock-related hazards. Many were identified
by the 1994 Leon ‘Commission of Inquiry into Safety and Health in the Mining Industry’:




® The bulk of South African hard rock mining is carried out in narrow tabular orebod-
ies with mining heights less than £.5 m. The mines are large and operations are wide-
spread: each year, some thirty million square metres of ground are extracted,
accessed by some 800 km of newly developed tunnels in addition to the 10 000 km
currently in use. While high standards of strata control and support are aimed at, the
vast areas involved lead to deficiencies in implementation, supervision and quality
controt which do not always ensure that these standards are met.

@ The hard/abrasive rock types involved, together with the restricted working heights,
has so far thwarted the development of effective bulk mechanized mining systemis
and as a result, South African hard rock mining is still labowr-intensive with some
half-million men employed in underground work. This huge labour force is deployed
over the vast areas already mentioned, and is therefore continuously exposed to the
hazards of tabular mining - hazards which continuatly change as faces advance and
fresh geological structures are encountered.

® The host rocks are generally strong, but britfle. In all medium and deep mines, the
exposed rockwalls are highly fracfured and this facilitates hazardous falls of ground.

® Weak bedding partings or incompetent strata in the immediate hangingwall, encoun-
tered in various localitiés, also promote falls of ground and these hazards are not
always immediately obvious to casual inspection,

® The /ieavy faulting encountered in many of South Africa’s mining districts generates
seismicity, particularly once large areas of ground have been éxtracted. Some of the
largest mining seisinic events recorded (M > 5) have occurred in such districts.
Moréover, the negotiation of faulting often poses severe rock engineering problems,
with potential increasés in the hazards of falls of ground or of damaging seismicily.

o All deep and ultra-deep mines are subjected to very high states of rock stress with
concomitant problems, the most serious being the high incidence of seismicity and
severe rockbursting.

Most of these problems are, in scale and intensity, unique. Tn fact, the long-term via-
bility of South African mining will revolve around the further development and
stricter application of practical and cost-effective procedures aimed at reducing
these rock-related hazards.

It is appropriate (o begin this book with a detailed review of the severity of cuirent
South African safety-related problems. Also covered in this chapter are the levels of
virgin rock stresses to be contended with; and some basic properties of the rock types
and geological weaknesses, ypical fracturing and deformation patterns, and seis-
micity levels commonly encountered. These issues together constitute the rock
engineering challenge confronting mining in South African hard rock conditions.
Practical technical and managerial strategies aimed at addressing this challenge are
summarized in Chapter 2 and are dealt with in further detail in the balance of this
book.

1.2 STATISTICS OF THE ROCKFALL / ROCKBURST
PROBLEM

In this section, most attention will be focused on the South African gold mining
industry, which not only has higher total casualties than the other hard rock mines,
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but also experiences more severe hazards, notably a high incidence of rockbursting
in the deeper gold mines. Some figures relating to rockfall hazards in the platinun
mines are nevertheless included for purposes of comparison.

Figures relating to rock-related casualties are available from the turn of the 20th cen-
tury, but these early statistics have little relevance to modern conditions and will not
be discussed here. Over the past eight years (1990-1997) on the gold nines, rock-
fall and rockburst fatalities have accounted for about one-half of the total that
occurred for any reasons (that is, some 200 rock-related deaths each year, out of a
total of about 400). Of these, 57 % were attributed to rockfalls and 43 % to rock-
bursts. During this period the total workforce declined.from 456 000 to 317 000, and
the propoﬁioﬁ of underground labour increased slightly from 76 % to 79 %.

1.2.1 Casualty Trends As A Function Of Time

The fatality rates (conventionally expressed as the number of fatalities per 1000
people in service per annum) are depicted in Figure 1.2.1a for the combined rock-
fall and rockburst components in the South African goldfields. Between 1970 and
1997 this rate has fluctuated around a value of about 0.7 per thousand in service.

The rate expressed per 1000 employees working underground more realistically rep-
resents the overall risk from rockfalls and rockbursts, Tlie combined (rockfall +
rockburst) rate is plotted as the upper curve in Figure 1.2.1a; values fluctuating
around 0.85 pér thousand employed underground are indicated. The subdivision into
rockfall and rockburst (underground) rates is shown in the lower two curves. The
rockfall rate shows no declining trend and averages about 0.5. This statistic is dis-
appointing because, with improved technologies and methodologies available since.
about 1993, it could have been expected that the relatively easier rockfall problem
would have shown an improvement. The rockburst rate likewise shows no signifi-
canl trends, and has fluctuated around the value of 0.35 per thousand employed
underground.

Figure 1.2.[b shows the total (rockfull) fatality rates experienced in the South African
platinum mines, and exhibits no clear trends [serious rockburst incidents in the plat-
inum and chrome mines of the Bushveld mining district are currently extremely rare,
though this could well change in the long term if mining depths increase significant-
ly]. The average rockfall fatality rate for underground personnel is about 0.35, some-
what lower than the average for the gold mining industry as a whole, but no better
than for some of the individual gold mines or goldfields.

Figure 1.2.2a is the same type of graph as Figure 1.2.[a but depicts reportable
injury rates (i.e. injuries resulting in off-work periods of greater than 13 days) in the
goldfields. Unlike the situation for fatalities, the graph shows a conunendable 60 %
reduction in the rock-related injury rate between 1974 and 1986. Since then the rate




has been roughly steady at about 6.0 per 1000 in service, i.e. about 8.0 per 1000
employed in underground work. This means that in the early 1970s the rock-related

injury rate

was 20 times that of the fatality rate, while currently that figure has

reduced to approximately 10. The ratio of rockburst injuries to that of rockfalls in the
goldfields is 0.28 : | compared to the ratio of fatalitiés of 0.76 : . These figures
indicate that the severity of the consequences of rockbursts in the goldfields is cur-
rently about three times that of rockfalls.
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{Underground labour complements available only subsequent to 1987).
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Figure 1.2.2a Injury rate trends with time in the South African gold mines

The injury rates in the platinum mines, Figure 1.2.2b, show essentially similar trends.
The current (rockfall) injury rate for underground personnel is about 3.0, which is signif-
icantly lower than the comparable figure of about 6.0 for the goldfields. This can be part-
ly attributed to the more intense fracturing to be found in the rockwalls of gold mine exca-
vations, and the greater presence of weak bedding partings in the immediate hangingwall.

The figures discussed so far illustrate only the overall severity of rock-related haz-
ards. The following sub-sections attempt more detailed analyses so as to focus atten-
tion on those situations which require particularly concentrated safety-related action.
These include the evident strong increase in rockburst hazards with mining depth,
and the clear concentration of severe accidents close to the working stope faces.
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1.2.2 Casualty Trends With Depth

Data pertaining to the propartion of production coming from various depth ranges
aré not readily available, nor are figures routinely collated for the number of people
at risk at various mining depths. The lack of these and similar data was identified in
a recent industry-wide high-level risk assessment to be an area requiring attention.
Their availability would allow the root cause of accidents to be better assessed, the
effectiveness of implementation of new stiategies to be better tracked, and areas for
research and development to be better identified. Currently, the influence of depth
on the accident rate has to be evaluated indirectly.

An analysis of data in the CSIR-Miningtek/SIMRAC accident data base, populated
with information gleaned from all reports made at fatal accident inquiries since 1990,
is plotted in Figure 1.2.3. The rockfall and rockburst fatality rates normalized with
respect to production are shown for each goldfield, plotted in sequence of increasing
average mining depth. This clearly shows a relative independence of rockfall fatali-
fies with depth, and contradicts the common (but incorrect) view that poor ground
conditions correlate directly with depth and Energy Release Rate (ERR) - cf.
Chapter 3.2.1. However, there is a strong increase in rockburst- fatalities with depth.
Confirming data are shown in Figure 1.2.4 in which the proportion of rockburst to
rockfall fatalities (together with absolute numbers) is plotted as a function of depth.
The clear increase in this proportion confirms the significantly increasing rockburst
hazard with depthi. Further confirmation ean be found from the Charnber of Mines
safety competition statistics which indicate that their ‘ultra-deep’ mines (those prin-
cipally mining at depths exceeding 2100 m) suffer rockburst fatality rates in excess
of 0.8 per thousand at work, whereas their ‘shallow’ and ‘deep’ mines experience
rates of 0.25 or less.
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Figure 1.2.3 Fatality rates in South African gold mining districts, plotted in order of increasing
mining depth (from ‘intermediate’ to mainly ‘deep’). Period 1990-97.



I: Rock Engineering Challenge

Since gold mining is continuing to proceed (o ever-increasing depths, these statistics
clearly pose a formidable and immediate challenge to the industry: to devise and
implement significantly improved layour, support and mining methodologies aimed
at reducing and containing these deep-level rockburst hazards.
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Figure 1.2.4 Rockburst and rockfall fatalities, and their ratio, gold mining 1990-97,

1.2.3 Location Of Accidents

The locations where rockfall and rockburst casualties occurred (in the goldfields) are
analyzed in Figure 1.2.5a. Quite clearly, the dominant risk area for both rockfall and
rockburst accidents was the stope face area (within 4 m of the face, where the major-
ity of work is carried out) - Figure 1.2.5b. This highlights the overwhelming impor-
tance of maintaining sound face area ground control procedures and support at all
times.

Figure 1.2.6a shows the difference in rock-related fatality rates for different yreefs.
These differences reflect important variations in geotechnical conditions, in addition
to depth differences and other factors. They clearly motivate the use of specific lay-
out and support standards (for different ‘mining environments' and ‘ground control
districts’ in a mine, see chapter 4.2.4) which are tailored (o individual requirements
and conditions. Figure 1.2.6b is a similar plot for two neighbouring mines mining in
essentially the same geotechnical ¢onditions. The differences here reflect, from a



rock engineering point of view, mainly differences in support and mine layout strate-
gies and demonstrate that appropriate design and strict implementation of sound
strategies can make a significant impact on safety.
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Figure 1.2.5b Analysis of distance from face where stoping accidents took place, gold
mining 1990-97

As with stopes, many accidents in tunnels occur close to the face of developing ends as
shown in Figure 1.2.7. The high incidence of accidents further than 20 m behind the face
indicates some deficiency in the secondary support in use. A possible contribliting factor
to this is deterioration of the support with time as a result of corrosion, continued stress-
induced deformation or the accumulation of damage from many seismic loadings. The
high relative rate in the area close to the face indicates that more attention also needs to
be given to the design of the primary support and implementation of temporary support.
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(Data used in the compilation of these analyses of casualties was drawn from the
Department of Minerals and Energy’s SAMRASS database, from the Chamber of
Mines of South Africa’s annual Statistical Tables, and from CSIR-MININGTEK’s

database of mining accidents.)
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1.3 FACTORS GOVERNING ROCK BEHAVIOUR

1.3.1 Rock Stresses

South African hard rock mining is often carried out at great depths below the Earth’s
surface. Those mines which in this book are classified as being of ‘medinm’ depth
(1000 - 2250 m, c.t. Chapter 2.1), would most probably be deemed ‘very deep’ else-
where in the world. Asdepths increase, so do stress levels, with concomitant increas-
es in stress fracturing and mining-induced seismicity. Tt is therefore appropriate to
review what is known about the nature of the stresses which are encountered in South
African mining.

The virgin (‘primitive’) stresses which exist in the rock mass prior to mining can be
measured in the field, though the techniques involved are onerous and prone to mea-
surement evror (Chapter 10.3.2). Results from South African undérground measure-
ments (mainly in gold mines) are illustrated in Figure 1.3.1a.

The vertical component qv of the virgin stress tends to increase according to the
deadweight of the overburden, that is qv = pgh where p is the average rock density
(typically 2750 kg/m*), g is gravitational acceleration (9.8 m/s*), and h is the depth
below surface in metres. Tn MPa units, qv=0.027 h. Thus, at a depth of 2000.m the
vertical virgin stress is likely to be close to 54 MPa, at 4000 m to 108 MPa, and so
on. Hard rock mines operating in this range of depths will suffer not only intense
face and tunnel fracturing, but will be subjected to increasingly severe incidences of
seismic events and damaging rockbursting.

10
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Figure 1.3.1a Virgin stress measurements (mainly South African gold mines)
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Figure 1.3.1b Virgin stress measurements (W.Bushveld platinum mines)

The measured horizontal virgin stresses gh are subject to considerable scatter, but
seem to indicate an average constant (tectonic) stress of about 10 MPa, acting togeth-
er with a small linear increase with depth. Very approximately, ghav= [0 + 0.01 h.
The virgin stress k-ratio (k = qhav /qv) accordingly tends to decrease with depth,
from quite high values (>>1) in shallow situations, to relatively low values (< 0.5) in
the deepest mines. [Horizontal stresses in South African mines are actually relative-
ly low. Moderate to deep mines in North America or Australia, for example, often
experience k-ratios well in excess of 1.]

11




12

Figure 1.3.1b shows virgin stress measurements taken in platinum mines in the
Western part of the Bushveld Complex. Averuge horizontal stresses ghav are illus-
trated. The data are actually too scattered to permit realistic regression. lines to be
calcutated, but the same trend lines as in Figure 1.3.1a are illustrated for comparison
purposes. The vertical virgin stresses do not seem to deviate significantly from the
expected cover load values, but the horizontal stresses scem to be noticeably higher
than in the goldfields. Indeed, at depths < 1000 m, some platinum mines experience
‘Gothic-arch’ fracturing in their footwall tunnels, indicative of exceptionally high
horizontal stresses.

In specific situations, other abnormal virgin stress situations can pertain. Due (o tec-
tonic forces in the Earth’s crust, the major principal virgin stress can sometimes be
oriented sub-normal to the stratification, so that in deep steeply-dipping reefs the k-
ratio may exceed 1 (Figure 1.3.2). In geologically-disturbed reefs (in which irregu-
lar or partially locked-up slippages may have occunéd in the geological past), the
stress tensor may also be inclined and peculiar suess levels and k-ratios can pertain
in places (Figure 1.3.3).
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Figure 1.3.2 Virgin stresses, steeply Trigure 1.3.3 Virgin stresses,
dipping reef faulted ground

Knowledge of the prevailing virgin stress tensor (or, at the very least, a reasonable
estimate of the prevailing k-ratios) is essential input in most numerical modelling
exercises (Chapter 11). Physically, abnormal local values of the k-ratio (some of the
data points in Figure 1.3.1a, for example, indicate k < 0.3) are likely to affect rock
pillar strength and foundation stability to some extent, and the incidence and severi-
ty of seismicity in deep mines to a cansiderable extent. A prudent and recommend-
ed course of action therefore is that virgin stress tevels be established at least'in pur-
ticularly critical situations, such as in ovepass layouts or shafts in the vicinity of
major fanlts. Careful observation of dogeating in boreholes, or unusual spailing in
tunnels, can indicate where abnormal stresses occur and thus motivate the carrying
out of more precise virgin stress measurements.

The act of mining causes induced stresses to be generated which, when added to the
virgin stresses, result in given states of absolute stress . These absolute stress lev-
els can be extremely high, and result in the fracturing of the near rock mass described
in sections 1.3.5/6 and Chapter 4, and in the seismicity/rockbursting activity
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described in section [.4 and Chapters 8 and 9. The teri Field stresses refers to the
state of absolute stress in the rock mass through which tunnels or other service exca-
vations are to be driven.

1.3.2 Rock Strength and Friction Properties

Knowledge of the engineering properties of the rock types on a mine provides a basis
for sound design of the excavations invoived. As with any geotechnical project, the
more data available, the better. In the past, mining companies have tended to test
rock specimens on an ad hoc basis, but only rarely have the data been compiled to
form a long-term reference for the mine or mining industry as a whole. Such a com-
pilation is currently béing doné for Southern African hard-rock mines, and will in due
course be niade available to the mining industry as a source data base of geotechni-
cal information.

The stress-strain behaviour and ‘strength’ of rock are usually determined by means
of laboratory uniaxial and triaxial tests carried out on small cylindrical samples.
Typical results for quartzite are illustrated in Figure 1.3.4.
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Figure 1.3.4 Quartzite stress-strain, dilatation and strength behaviour

Figure 1.3.4a shows that under uniaxial loading conditions (confinement 63 = 0),
the rock axial stress-strain behaviour is initially linearly elastic (governed by
elastic constants Young’s modulus E and Poisson’s ratio v), but at the uniaxial
compressive strength oc the rock fails and its ability to carry load drops rapidly to
zero. At higher confinements (63 > 0), the strength increases rapidly, but the post-
failure behaviour becomes less ‘brittle’ and increasingly ‘ductile’ in nature. Figure
1.3.4b illustrates the marked lateral strain (dilatation) of rock after failure.
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Fracturing-generated dilation leads to beneficial clamping and stabilization of the
hangingwall in deep stopes. Also, the high strength of squat support pillars is due to
the confining stress provided by, friction-resisted, dilation of the failing edges of the
pillar,

Figure 1.3.4c suimarises the strength behaviour of the rock as a function of con-
fining stress 3. The rapid increase in strength with confining stress is of consider-
able practical importance: (i) in limiting the depth of fracturing around stressed min-
ing excavations, and in enabling pillars to sustain high average pillar stress levels; (ii)
in enhancing the stréngthening effect provided by conventional support systems. The
strength behadviour depicted in Figure 1.3.4c is often described by a linear (‘Mohr-
Coulomb') failure criterion: 61 = 6c + B2, where Gc is the wniiaxial compressive
strength (UCS), and the ‘strengthening parameter' 3 lakes on values ranging from 3
up to 10 for the strongest rock types. In practice, the true strengthening behaviour
may be slightly curved, and the in situ strength of representative masses of rock tran-
sected by multiple weaknesses can be considerably less than that of small intact lab-
oratory specimens (the so-called ‘scale effect’). These characteristics are catéred for
in the Hoek-Brown failure criterion, which has been applied in the design of critical
excavations: Gl = 63 +\/(s G¢® + m 6c63), where m governs curvature of the failure
characteristic (typically m = 0.05 to 5); and s governs ‘rock mass condition’ (typi-
cally s = 0.01 to 0.6). [Note that the uniaxial strength of the rock mass is now given
by the value \/scc]. Appropriate values of m and s can be estimated by carrying out
a rock mass classification (survey of joint spacings and other geotechnical parame-
ters) pertaining at a particular site - Chapter 10.3.5. The increased realism thereby
obtained is suggested by the dashed line in Figure 1.3.4c.

Rock friction characteristics are important in controlling sliding movements which
influence the load-bearing capability and fracturing of rockwalls and pillars, and
which govern the stability and rupturing potential of planes of weakness in the rock
mass. A representative dynamic friction coefficient for sliding quartzitic swfaces is
1L = 0.6 (friction angle ¢ = tan'lL = 30°), though values as low as 1 = 0.1 (¢ = 6°) can
exist for micaceous or serpentinised interfaces which are sometimes encountered in
geological discontinuities. The static shear strength s along a plane is given by

Ts = S0 +Jison, where So is the “‘cohesive strength” (in the order of 40 MPa for intact
quartzite, but only 0 to 5 MPa for geological discontinuities), on is the stress normal
to theé plane, and s is the ‘static’ coefficient of friction which is generally slightly
higher than or equal to the ‘dynamic’ j value.

In ‘excess shear stress’ (ESS) calculations aimed at estimating seismic potentials,
ESS =1 - 1L on, where T is the acting absolute shear stréss along a potential rupture
plane, and i is the estimated dynamic (sliding) friction coefficient on this plane.

1.3.3 Rock Types

The host rocks in which South African mining is carried out are generally competent,
but ace certainly not entirely homogencous. In the gold mnines, for example, layers
of quartzites of varying compositions are interbedded with weak shale bands, and are
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transected by occasional strong dyke and sill intrusives - Figure 1.3.5a. In the plat-
inmin and chrome mines, weakish tabular orebodies arc embedded in layers of
anorthosites/pyroxenites/moriles of greatly varying composition and strengths -
Figure 1.3.5h.
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Figure 1.3.5 Simplified stratigraphic columns - Witwatersrand gold mines, and Bushveld
mines

There are several practical effects of the presence of such inhomogeneities.
(i) Fracturing in service excavations, pillars and abutiments is affected, due to the
induction of tensile stresses and resultant fracturing in the stiffer rock layers adjacent
to softer ones.
(ii) The presence of shale layers, tuffaceous lava, or other weak materials in the
immediate hangingwall or footwall can cause spectal mining and strata control diffi-
culties; particularly in the neighbourhaod of abutments or pillars.
(iii) Dykes, many of which are strong and brittle and which seem (0 be associated
with abnormal virgin stress fields, can fail violently and thus are often assgciated
with enhanced levels of seismicity and rockbursting in the deeper mines.
(iif) Footwall haulages need to be carefully sited to avoid traversing incompetent
rock strata. Crosscuts, which necessarily traverse different strata horizons, can
require tailored iute‘znsilics of support along their lengths.

|
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Table 1.3.1 summarises representative properties of a number of common rock types.

Table 1.3.1 Typical rock elastic and strength properties

IE(GPa) v oc(MPa) B
Quartzite (90 %qtz)| 80 0.12 200-300 10
Quartzite (60 %qtz)] 70 0.20 150-200 S
Shale 40-80 0.25 80-200 2-5
Lava 80 0.2] 200-500 5
Soft Lava 65 0.22 80-160 4
Dolomite 75 0.27 300 b)
Dyke/Sill 80 0.25 90-300 5
Pyroxenite 60-120 0.15-0.25 100-180 4-10
Anorthosite 90 0.22 230 8
Novite 60-100 0.18-0.25 100-250 6-10
Chromiitite 30-110 0.22 50-150 6-9

1.3.4 Geological Weaknesses

Apart from inhomogeneities, other types of geological weakness transect the rock
mass; these also play important roles in controlling mining conditions.

(i) Parting planes . The presence of parting planes (weak bedding planes in the gold-
fields, or weak pseudo-bedding or ‘cooling dome’ structures in the Bushveld) strong-
ly affect hangingwall control and FOG problems in general. Also, by fostering lat-
eral strata sliding movements, they permit deeper fracturing and weakening to take
place in abutments and pillars.

(ii) Joint sets, minor faults, dyke contacts. These, if present, often promote falls of
ground; they also play a distinct role in generating seismicity.

- (iii) Major faults., Apart from their obvious control] over mining layouts, many of

these are known to be the focus of large seismic events.

Geological structures generally play an important role in determining how the rock
mass will respond to the imposition of mining-induced stress changes. Unless a rep-
resentative seismic or other history of a particular structure is available, it is wise to
treat all geological features with equal caution whenever they are exposed in mining
excavations.

1.3.5 Stope and Tunnel Fracturing and Deformation Patterns

Tn South African hard rock mining, the great bulk of the rock mass seems to behave
elastically (Figure 1.3.6), but stress concentrations around the deeper excavations
cause stable, as well as sometimes unstable, fracturing to take p]aée. Stable rock
behaviour is réviewed in this section and in Chapters 4-7, while unstable behaviour
(seismicity and rockbursting) is discussed in section 1.4 and in Chapters 8 and 9.

The stress concentrations induced by mining are largest immediately in front of stope
faces , and are particularly severe in abutments, remnants, and pitlars. In all but the
shallowest stopes, these stresses result in intense and chavacteristic patterns of frac-
nuring - Figure 1.3.7a and b.
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Figure 1.3.6 Elastic rock mass behaviour

Pre-existing parting-planes P and joints J ave generally present. Mining-induced
rides (slip displacements) of several centimenes occur on the weaker parting planes.
These slip movements destroy the cohesion of the plane and promote dilationary bed
separation movements and enhanced stope closures (heavy lines in Figure 1.3.7b).

Mining-induced shear fractures, S, form well in front of the face and are genervally
‘longwall-parallel’ in plan, that is they tend to conform to the broad orientations of
mining and do not follow minor itregularities of the face or of small tags. In high-
stress situations such as in deep longwalls, they caii form as much as 10 m in front
of the face and some extend as much as 10-30 m above or below the stope horizon.

Mining-induced extension fractures, If, form at or very near the stope face and are
‘face-paraltel’” in plan, that is they conform to small irregularities in the face shape.
In section, they curve around the stope face, and account for the majority of visible
fracturing in the hangingwall. Local strata control difficulties arise when these frac-
tures form at low angles or parallel to the bedding - Chapter 3.4.7 and Chapter 4.

Falls of ground are commonly bounded by combinations of face-parallel
shear/extension fractures and parting planes which break the hangingwall into dis-
tinct blocks; they occur most readily if face-normal weaknesses, such as joints or
adversely ovientated mining-induced or blast fractures, exist.

The movements associated with the formation of shear and extension fractures result
in enhanced closure rates in the back areas of the stope; this strongly influences the
behaviour of standard support elements - Chapter 4.2.3. Measured ‘skin’ closure
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rates , typically 20 to 50 mm per m of face advance, are many times larger than ‘elas-
tic’ convergences (those expected if the entire rock mass were competent and elas-
tic); they are also strongly (ime-dependent (section 1.3.6 below). [nelastic closures
are little affected by the presence of conventional back area support, but massive
resistances of 5 MPa or more generated by backfill in the back areas can reduce their
magnitude by about 50 % - Figure 1.3.7c.
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Figure 1.3.7 Fracture and deformation patterns around a deep stope

Dilationary movéments ace also important in generating horizontal stresses, thus
helping to clamp and strengthen the fractured hangingwall beam above the face area
in deep stopes. These effects are absent in shallow stopes and this accounts fo- some
of the special difficulties encountered in such environments - Chapter 3.4.1.

Tunnel Fracturing: Boreholes drilled in high-stress intact rock exhibit immediate
spalling or ‘dog-earing’ - Figure 1.3.8a. The points of onset of spalling are easily
explained in terms of elastic theory, Figure 1.3.8b. Tunnels driven in exceptional
stress conditions experience similar immediate damage, Figure 1.3.9a. To avoid this
heavy fracturing and associated dilation, such tunnels are often rather developed in
overstoped stress-relieved ground. These ‘follow-behind” haulages and crosscuts
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are an integral part of conventional dcep longwall mining layouts. More commonty,
tunnels and other service excavations are developed in lower intrinsic stress condi-
tions but may be subjected to later mining-induced increases (or even major relax-
ations) in field stresses which cause fracturing and deforimation to take place - Figure
1.3.9b. Several factors are involved including: (i) rock mass condition, i.e. the
effects of bedding and joint properties; (if) initial field stress levels in terms of mag-
nitude and direction, and subsequent changes in these values; and (iii) quantity and
quality of installed support.
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Figure 1.3.8 Borehole spalling in tenns of elastic stress concentrations
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Figure 1.3.9 Tunnel spalling, and fracturing/deformation patterns

Rock mass condition, which is a central factor in governing rockwall integrity in the
presence of given field stress levels and installed support, tends to be ‘good’, or even
‘extremely good’, in South African hard rock mining situations. There are neverthe-
less notable exceptions - for example, where heavy jointing or weak hangingwall
shale bands or so-called ‘running dykes’ are encountered, and in quite extensive
areas in the Bushveld where serpentinized and blocky rockwalls can be associated
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with severe ground control problems. Rock mass condition can be quantified in
terms of various indices (developed in the first instance (o guide the design of shal-
low Civil Engineering excavations) such as the ‘Q”> or ‘RMR’ systems - Chapter
10.3.5 - but these still require modifications to make them more applicable for deep-
er tabular mining conditions.

1.3.6 Time-Dependent Fracturing and Deformation

As illustrated in Figure 1.3.6, significant movements take place in the rock mass
around hard rock miiiing excavations, but these generally seem (o conform to the
expectations of elastic behaviour due to the patterns of mining, and do not change if
mining is static. The situation is very different when viewed from within the ‘skin’
of fractured ground which envelops the excavations themselves. Here, time-depen-
dent defoymation processes can be of overriding importance - Figures 1.3.10.
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Figure 1.3.10 Time-dependent deformations, stope and service excavation

A straightforward explanation of these phenomena is that fracturing processes in
overstressed zones in the immediate vicinity of mining excavalions are subject (o
‘primary creep’, i.e. a finite time in the order of days or weeks is required for frac-
turing/sliding processes and stress readjustments to reach completion. In the case of
long-life service excavations, Figure 1.3.10b, so-called ‘secondary creep’ in which
extremely slow non-terminating movements take place, can also assume impoctance.
These effects are particularly noticeable in less competent rocks, (e.g. highly argiila-
ceous and bedded quartzites) and at elevated stress levels. In terms of strata control
there are at least two imporlant consequences:

(1) in deep stopes, slow or intermittent rates of face advance lead to a deterioration in
hangingwall conditions and enhanced amounts of back-area closure (hence con-
comitant support problems);

(i1) in tunnels and other service excavations, espccially those subjected to high field
stresses or in poor ground, and designed for a working life of [0 or more years, ade-
quate clearance niust be provided and support of appropriate quality and yieldability
must be installed, preferably from the outset.
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1.4 SEISMICITY AND ROCKBURSTING

Seismic networks, in conjunction with application of seismological theory, have
given valuable objective information on the occurrence and nature of seismic events
and of rockbursting in South African mines; there is in fact a bigh degree of simi-
larity between earthquakes and mining seismicity. The present discussion is brief,
but more comprehensive information can be found in Chapters 8 and 9 of this book.

1.4.1 Quantitative Seismology and Rockbursts

Seismic networks have provided gquantitative data on seismicity levels and have
thereby furnished information relevant to the control of the rockburst hazard. Figure
1.4.1a shows a typical plot of the cumulative frequency of events arranged in order
of magnitude; this could pertain to an entire district, a mine (as here), or even a region
within a mine. Over a wide range, the log-cumulative frequencies fall off linearly:
fog N =a-b M. This formula is the Gutenberg-Richter relationship, applied in the
first instance to naturally occurring earthquakes. The ‘a’ parameter describes the
overall level of prevailing seismicity, while the slope ‘b’ describes the relative like-
lihood of large events taking place. In practice a definite geometry-controlled upper
Himit exists to the magnitude of the expected largest event in any given mining situa-
tion (broken portion of curve, Figure 1.4.1a ; in certain situations the excess shear
stress (ESS) criterion of Chapter 3.2.3 can be used to estimate this important cutoff
magnitude. Figure 1.9.1a shows, for example, that a typical deep gold mine experi-
ences some 300 events of magnitude M > 2 every year.
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Figure 1.4.1 Seismic event and rockburst frequencies vs event magnitude, for a deep gold mine

A formal definition of rockbursting is given in Chapter 8.1, but in simple teriis a
‘rockburst’ is the occurrence of damage to one or more mining excavations associ-
ated with a seismic event. Not all seismic events cause damage, but Figure 1.4.1b
illustrates the well-known fact that, as the magnitude of a seismic event increases, so
does the probability of its manifesting as a reportable rockburst. For-example, about
20 % of events of magnitude 2 are accompanied by actual damage or casualties,
while for magnitude 4 events this figure rises to nearly 100 %. This is largely due to
the rapid increase with event magnitude of event source dimension, exposing an
increasing volume of mining excavations to high ground velocities and probability of
damage. Figure 1.4.7 shows, for example, that an M = 0 event typically involves a
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rupture surface spanning only about 10 m, whereas an M = 2 event spans about 100
m and an M = 4 event as much as 1000 m. Thus, very few M < | events manifest as
rockbursts, whereas the reverse is true for M > 3 events. The combined effect of
Figures |.4.1a and b leads to Figure 1.4.1c. This shows that there exists a range of
event magnitudes, here 0 < M < 3, which expresses the pragmatic hazard of rock-
bursting and which, in principle, should be used to govern the selection of appropri-
ate support systems and mining layouts in any given rockburst-prone situation.
Figure 1.4.1c¢ also shows that, for the deep gold mine illustrated, some 60 damaging
rockbursts occurred every vear.

Diurnal analyses show a prononnced peak in seismicity typically 0-2 hours afler the
blast, motivating on safety grounds the use of centralized blusting systems.

A final well-substantiated use of quantitative seismology lies in assessing the béne-
fits of the introduction of regional support systems such as stabilizing pillars -
Chapter 3.3.

1.4.2 Seismicity Patterns

Useful results can be obtained by plotting patterns of seismicity, preferably grouped
in meaningful magnitude ranges. Figures 1.4.2 illustrate the well-known clustering
of evénts near active mining faces. Figure 1.4.3 shows the contrasting seisinicity pat-
terns found when mining obliquely (with diffuse low-intensity events) versus breast-
on (with intense activity close 1o the face) through a pervasive set of joints; these data
assisted in motivating a major change in longwall face orientation on the mine con-
cerned. Figure |.4.4 illustrates an inferred set of foundation failure events on a high-
ly-stressed stabilizing pillar. Figure 1.4.5 shows numerous fanlt-slip events taking
place in heavily-mined geologically-disturbed ground.
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Figmre 1.4.2  Seismicity patterns, showing clustering around active mining faces
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1.4.3 Seismic Event Mechanisms

Analyses of seismic data are beginning to provide information on the mechanisms
underlying seisinic events and rockbursting. For an event of appreciable magnitude
to occur, firstly, a substantial zone of ovérstressed rock must exist in a state of unsta-
ble equilibrium; secondly, a sufficient change in stress must take place to ‘trigger’
the event, and finally the failing structure must undergo a significant and sutficient-
ly rapid ‘stress drop® - Figure 1.4.6a. Careful analysis. of geophéne ‘first-motion’
and waveform signatures, of ‘aftershock’ distributions, and of more recent full
‘moment tensor inversions’ has suggested that at least two qualilatively different
mechanisms pertain in practice - illustrated in highly simplified form in Figure
1.4.6b.
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Figure 1.4.6 Seismic event mechanisms (simplified)
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(i) So-called ‘crush - type’ events, which locate near the reef and close to the imme-
diate face, and in which damage is usually limited in extent across a mining panel.
These possibly account for in-panel pillar bursts and for many simaller magnitude
(M < 2) events, in particular most strain bursts (c.f. Chapter 8.2.1 i) and many dyke
- related évents. These events exhibit a high degree of volumetric closure relative to
a much lower degree of pure shear activity at the source.

(ii) So-called ‘shear - type’ events, which can locate SO m or more above or below
the reef horizon and which accotuint for most of the large (M > 2) widespread-dam-
age events. These take place preferentially on planes of weakness such as major
faults, or minor faults/joints/dyke contaets. It has been Observed that large events
occur preferentially on steeply dipping (> 60°%) faults of large throw (> 40 m) and
especially wher¢ the fault is planar, clean and tightly closed. In longwall mining,
shear ruptures also occur in intact rock, manifesting as burst ruptures above or below
faces, or as foundation failures in pillars. In recent years, moment tensor inversions
have shown that a majority of large events are of shear type, though many also
include a large component of coseismic volumetric closure. This suggests that many
large events in the deep gold mines are accompanied by significant stope closure, as
has in fact been borne out by direct continuous monitoring of closures in deep stopes.
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1.4.4 .Strong Ground Motion And Support Design

Seismological theory and direct observations from seismic networks help explain the
form of Figure 1.4.1b and therefore have direct relevance to the design of improved
support systems. For example, Figure 1.4,7 gives a useful indicative set of relation-
ships (siinilar to those of the popular simple Brune model) between magnitude M,
seismic moment Mo, source dimension Ls, and approximate maximum slip R in a
pure shear type event.
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Figure 1.4.7 Approximate relationship between seismic parameters M, Mo, Ls
and R (for shear rupture with a circular ESS profile, peak stress drop
= 8.5 MPa, av. stress drop = 5 MPa)

Peak ground velocities, which are thought to control rockburst damage potential, are
illustrated in Figure 1.4.8 as measured in the ‘far-field (outside of the source
region). Unfortunately, the fonn of the critical dashed portions, which correspond to
the ‘near-field’ or strong ground motions of seismological theory, is not-yet well
determined, and is probably highly dependent on details of rupturing within the
source region. Based on measurements of far-field peak accelerations, a limiting
strong ground motion of about 4 m/s has been inferred - but for a particular source
model, and subject to perhaps a 100 % level of uncertainty. Again, for a particular
source model, the peak near-field ground velocity is simply given by

Vmax = Te/\/(pG) = 0.17e, where 7e is the shear stress-drop across a rupturing plane
(in MPa), p is the rock density, and G is the shear modulus. Since the confined
excess in situ shear strength of even the strongest intact-rocks in the South African
goldfields probably does not exceed about 40 MPa, this again suggests. an upper
bound on near-field velocities of about 4 m/s; and this, only near to a rupture of
intact strong rock or an intact strong asperity on a sliding plane of weakness.
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There are also complications when a seismic wave impinges on the rockwall of an
excavation: some energy is lost in penetrating the “cushion” of rock making up the
fracture zone, but large amplifications of ground velocity can also occur due to sur-
face waves and possible resonance effects. Actual observations, froin instruments
installed in stopes and tunuel sidewalls, have so far indicated peak ground velocities
of no more than 2 m/s associated with nearby seismic events. Current support designs
for rockburst conditions assume a maximum block ejection velocity of 3 m/s ; and
this value, weighing the above obsérvations, may represeit a reasonable compromise
for support design in being able theoretically to contain the damaging potential of all
but the most violent (and rare) rockburst events.

The consequences of strong ground molion include: (i) the potential punching of
prop-type supports, or their toppling due to rapid lateral movements (countered by
use of appropriate headboards/footboards); (ii) the ejection of loosened blocks of
fractured rockwall in stopes or service excavations (countered by providing adequate
areal coverage in conjunction with appropriate levels of support resistance and ener-
gy absorption capability - Chapter 4).
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Figure 1.4.8 Decrease in ground velocity with distance from seismic event - far field data
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1.5 CONCLUSIONS

In this chapter, elements of the South African rock engineering challenge were iden-
tified and reviewed. These include the high rates of vock-telated casualties, notably
in accidents near the working stope faces and due to rockbursting in the deep mines.
A major causative factor is the labour-intensive wide-spread nature of South African
mining in which there is continous exposure to the hazards of high rock stresses, frac-
tured or otherwise unstable hangingwall rock, faulting, and seismicity.

Clearly, the overall challenge is to signicantly reduce rock-related casualty rates by
reducing the incidence and effects of rockfalls and of rockbursts. Using no more than
the guidelines given in this book, logether with sound innovations adapted to local
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conditions, a significant reduction is believed to be attainable. To achieve this goal,
however, mining personnel will need to address the following issues in a concerted
and energetic fashion:

(4) Lmplement sound layout strategies (Chapters 2, 3, 5 and 7) with the objective of
reducing seismicity, ensuring stable mining conditions, and otherwise containing
rockburst and rockfall hazards to more tolerable levels.

(b) Select and implement sound support and strata control systems, with particular
attention to providing adequate areal coverage and support resistance close to the
working faces and in gullies (Chapters 4, 6 and 7).

(c) Gain a better understanding of the causation of rockbursting by on-sight investi-
gations (Chapter 8), and through innovative seismic monitoring and analysis
(Chapter 9). Consider the use of preconditioning techniques (Chapter 8.4).

(d) Improve rock engineering designs by the use of appropriate monitoring and
auditing processes (Chapter 10) and numerical modelling (Chapter 11). Improve the
getieral level of understanding of vock-related hazards and rock engineering counter-
measures through appropriate training programines (Chapter 12).

(e) Ensure the implementation of sound practices through appropriate quality-con-
trol procedures, risk analyses, auditing, and the preparation and continuous updating
of sound mine codes of practice (Chapter 2.5, 2.6).

(f) Pro-actively detect and deal with incipient hazards not only through the above
formal procedures, but by conscious scrutiny at regular planning meetings and infor-
mal risk analyses. It is known that many severe accidents could have been preventéd
by these means.

In addition, further research and development challenges will be to address (on a
time scale of 5-10 years) inadequacies in knowledge and technology with relevance
to both present mining, and the ultra-deep mining of the future where depths of
4-5000 m are envisaged:

(2) Develop improved means of analysis of seismic data coupled with numerical
modelling, for improved planning, and identification and quantification of future
seismic hazards.

(b) Address the rockburst problem through a better understanding of seismic source
and rockburst damage mechanisms. Devise practical applications.

{c) Improve numerical modelling of fracturing, time-dependent and dynamic
processes, for better quantitative design of pillars, service excavations, and support
system requirements. .

(d) FEstablish and calibrate improved criteria, and a rock mass characterization
scheme tailored for tabular mining, for the better design of layouts, and regional and
local support systems.

(e) Design and implement improved areal support systems for use near the working
face.

(f) Devise viable methods for the development and support of tunnels in very high
field-stress regimes.
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chapter OVERVIEW OF ROCK
2 ENGINEERING
STRATEGIES

2.1 INTRODUCTION

A distinguished mine manager, immersed in the challenges of improving the viabil-
ity of deep level mining, once said that rock mechanics was the ‘soul’ of mining!

Rock engineering is the discipline that uses the science of rock mechanics to attempt
to harness the natural strengths and weaknesses of the rock mass in which mining
takes place so as to counter the stresseés and deformations that nature and mining
impose; in short, to treat the complex mining environment as an engineering struc-
ture. Thus, the role of rock engineering within the larger discipline of mining engi-
neering is to establish principles for the design and monitoring of the layout and Sup-
port of mining excavations, so as to maximize their safety, stability and cost-effec-
tiveness.

In tabular mining, the central importance of rock engineering precepts can be seen at
a glance. Contrast typical shallow room and pillar or crush pillar layouts (designed
to prevent large-scale collapses of the hangingwall), with ultra-deep operations
which feature stabilizing pillars or stiff backfill (designed to provide regional control
of rockbursting hazards). The presence of these control structures dominates any
given mining plan, and close inspection of intermediate-depth mining layouts will
also reveal many features which are in place for purely rock engineering reasons
(shaft pillars, overstoping, bracket pillars). Many other details of layouts, as well as
the support systems in place, will be found to change their fundamental character as
a function of mining depth; or, more precisely, the field stress level relative to the
local rock strength. '

Thus the effective mining depth is a central factor influencing global mining strate-
gies. The following three sections in this chapter give an overview of the environ-
ment and appropriate mining strategies applicable to shallow, medium, deep and
ultra-deep mining conditions. These environtents are illustrated schematically in
Figure 2.1.1. An attempt has been made to quantify them in terms of:common rock
engineering pararmefers in Table 2.1.1,

Factors in addition to effective mining depth also play important roles. Local geo-
logical structures and prevailing rock mass condition and strength affect mining
strategies at any depth; and often asswine overriding importance in shallow mining
operations. Other natural features, such as steep angles of dip of the ore body and
thick or multiple reefs, will also obviously influence mining procedures and stan-
dards. Strategies appropriate to these situations are discussed in the later portions of
Chapters 3 and 4.
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Planning and managerial factors, such as inadequate understanding of, for example,
the importance of close face-atea support (via analysis of accidents and appropriate
risk assessments), and inadequate auditing, training, and support quality assurance
procedures, can lead (o avoidable human casualties and costly mining distuptions.
These issues are overviewed in the final section of this chapter, where the precepts
underlying sound mine codes of practice are also discussed.
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Figure 2.1.1 ‘Shallow’, ‘Medium’, ‘Deep’ and ‘Ultra-Deep® mining enviromerits.
(Boundaries are approximate, and vary with local conditions)

Table 2.1.1 Values of parameters associated with different mining depths.

Parameter Shallow - Medium Deep Ultra-deep
Typical depth(m) <1000 1000-2250 2250-3500 | >3500
Typical ERR(M J/m?) <8 8-40 40-80* >80*
Vertical virgin stress®MPa) | <25 25-60 60-95 >95

Stress fracturing Little/None’ | Moderate Deep V.deep

Stope closure(min/m advance) | Low(<10) Mod.(10-30) | High(30-60)% V.High(>60)*
Infl.of geolagy on h/w stability | Strong Moderate Moderate Moderate?
Possible extent of FOG’s Can be large [ Often small | Usually small| Small?
Rockburst hazard Minimal Mod.-Severe* | Severe* V.Severe*?

* [f regional sitpport were not used
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2.2 SHALLOW MINING (Typically <1000 m depth)

2.2.1 Shallow Mining Environment

In South Africa, extensive shallow tabular hard-tock mining is carried out in plat-
inum, chrome, marganese and some gold mining operations. Shallow mines experi-
ence problems that are peculiarly their own. Some of these problems can also be
encountered in multi-reef srress-relieved (overstoped or understoped) situations in
gold mines at much greater mining depths, for similar undeérlying reasons.

These problems include: (i) the presence of an extended ‘tensile zone’ in the hang-
ingwall (largely due to deadweight) - Figure 2.2.1 - which promotes bed-separation
and the potential for massive collapses; (i) the virtual absence of face fracturing,
which in deeper mines generates horizontal dilational stresses that act to knit the
hangingwall into a coherent self-supporling beam; and (iii) relatively high and some-
times highly variable virgin horizontal stresses.
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Figure 2.2.1 Tensile zone (areas where the vertical stress is tensile, promoting bed-separation
and b/w failure) above shaltow stopes having little or no in-panel pillar protection.
Tn (a), 200 m span stopes are illustrated at the depths indicated. In (b), tensile
zone heights h are plotted normalized with respect to the mining span S.

As a result, potential failures are defined by relatively widely-spaced tensile fractuwres
or opened-up geological discontinuities, and can take the formn of hangingwall beam
failure, keyblock dropout followed by large scale hangingwall unraveling, or even
more massive stope backbreaks. The latter can occur either rapidly or slowly and
can involve great thicknesses of hangingwall rock. These factors account for one of
the more striking paradoxes of mining: that shallow stopes generally require support
of a much more robust nature than do their deeper counterparts.
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Smaller-scale but potentially hazardous rockfalls are at least as much a problem in
shallow mining as in deeper operations - Figures 1.2.1 and 1.2.3 - particularly in
incompetent or geologically disturbed ground.

Thus shallow mining strategies are aimed at controlling the tensile zone on a region-
al basis to prevent large-scale rock failure, and at stabilizing the iminediate stope
hangingwall to prevent local falls of ground-in the working area. The presence of
highly competent or highly incompetent beds, well-defined bedding planes or inten-
sive jointing can be critical in the detailed design of appropriate shallow mining (Iow-
stress) pillar layouts and support systems. Likewise knowledge of prevailing k-
ratios, particularly the presence of abnormally high virgin horizontal stresses, can
assist in the appropriate design of stoping and tunnel layouts and support standards.

2.2.2 Shallow Mining Strategies

Shallow mining layouts are ‘scattered’ in nature, but are subject to major provisos.
(i) Regional mining spans should be kept to no rmore than about one-half of the min-
ing depth to reduce the possibility of beam failure, stope collapse or backbreak; and
(through ‘compartmentalization®) to eliminate the possibility of disastrous mine-
wide collapses occurring. This can be achieved by using a system of appropriately-
spaced regional barrier pillars, which can comprise or incorporate mdajor geologi-
cal structures and/or unpay or other unmined ground. Barrier pillars need to be sub-
stantial (>10 m wide, width:héight ratio at least 10:1) since they must be able to carry
the appropriate weighit of overburden strata for indefinite periods of time.

(ii) In order to stabilize the massive stope hangingwall between these regional pil-
Jars, support systems with very high support resistance are required, This is best
achieved with the use of small ‘crush pillars’; or, in very shallow mines, larger
‘non-yield pillars’ which are loaded within their elastic limits. The dimensions and
spacing of these pillars need to be chosen with care, since instances of ‘pillar burst-
ing’ and even more catastrophic¢ ‘pillar runs’ have been well documented in the past
in inappropriately designed shallow mining layouts. The presence of any pervasive
weak joint sets is a vital factor in deciding mining directions and safe pillar dimen-
sions and orientations. Notably in the platinum mines, the presence of weak layers
and pervasive partings close to the reef horizon can lead to foundation instability and
pillar punching, with consequent severe footwall heave and stope closure which must
be accommodated with the use of stiff but yielding in-panel support. By and large,
however, well-designed pillar layouts counter the problems of shallow mining
extremely effectively.

(iti) Since closure rates in shallow environments are Jow and horizontal clamping
stresses are absent, stiff local support is required to contro! the immediate hanging-
wall. Appropriate units include concrete-based packs, stiff elongates/props, rein-
forcing tendons, or cemented backfill. The design of specific face and back area sup-
port systems$ should reflect the local geological conditions and other factors identi-
fied for each of the significant ground control districts présent on a given mine.

Shallow (low-stress) mining strategies are illustrated in Figure 2.2.2.
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Figure 2.2.2 Ilustrative SHALLOW (LOW-STRESS) mining strategies

1: Barrier pillars (often incorporating blocks of unpay ground or
geological structures).

2: Non-yield or crush in-panel pillars, typically along gullies; face
orientation or mining direction (e.g: up-dip mining) often changed
to negotiate joint sets, etc.

3: Stiff face arid back-area support (sandwich packs, elongates).

2.3 MEDIUM DEPTH (SCATTERED) MINING
(Typically 1000-2250 m depth)

2.3.1 Medium Depth Mining Environment

Medium depth mining conditions occur in the majority of South African gold mines,
as well as in some of the déeper platinunmumines. The environment is ‘relatively’ con-
genial, and scattered mining methods (which are both flexible and operationally
convenient) are generally practiced.

(i) Stress conditions range from low to moderately high, with k-ratios generally < I;
and, in contrast to shallow mining, the excavations are normally surrounded by an
envelope of fractured rock.

(ii) As a result, compressive horizontal stresses are induced in the immediate stope
hangingwall and footwall (as a result of dilation on stress-induced fracturing ahead
of the face) which help to stabilize these strata. Only in localized situations (e.g.
where flat-dipping mining-induced fracturing has occured, or when negotiating geo-
logically-disturbed or otherwise incompetent ground) does hangingwall instability
pose real problems.
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(ili) Stope closure rates vary widely, but are generally large enough to ensure ade-
quate build-up of support resistance in conventional soft support elements such as
mat packs.

(iv) In extensively mined-out ground, the build-up of ESS (excess shear stress) lev-
els on fault planes or remnants can lead to damaging seisniicity.

2.3.2 Medium Depth (Scattered) Mining Strategies

Scattered mining layouts in shallow or medium depth environments give the mining
engineer a great deal of latitude in carrying out ad hoe advance exploration (deter-
mining the disposition of geological structures and payable reserves), and in opening
up néw blocks of ground for selective rining. The routine use of good standards for
tayout and support, tailored if necessary to local ‘geotechnical-area’ reguirements,
leads to few problems. Nevertheless, special circumstances require individual atten-
tion.

Medium-depth (scattered) mining strategies are illustrated in Figure 2.3.1.
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Figure 2.3.1 Ilustrative MEDIUM DEPTH (SCATTERED) mining strategies
1: Remnant support and layout precautions in force.
2a: Remnant mined away from seismically active fault,
2b: Bracket pillars left against seismically active dyke.
2c: Haulage avoids proximity to seismically active fault.
2d: Off-reef raise ledged and protected through fault loss.
Standard support used.
4: Tunnel overstoped in some cases to protect from excessive stresses.
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(i) Remnants arise frequently and can involve significant mining hazards in scattered
nining, if surrounded by expansive (say >200 m span) areas of fully mined-out
ground. Tailored extraction sequences and other remnant precautions need to be
adopted.

(ii) Seismic events and resulting rockburst damage due to build-up of stress on rem-
nants or geological weakinesses can arise from time to time, and seismic monitoring
is essential in these conditions. Appropriate regional design criteria (such as excess
shear stress ESS) can be used to assist in evaluating and moditying mine layouts to
minimize the risks of seismic activity. Standard precautions should be adopted, such
as the use of bracket pillars around hazardous structures, or the mining-out of such

features at an oblique angle(> 359),

(iii) The support systems stipulated in a patticular mine’s code of practice need to
be tailored to the conditions anticipated in identified ground control districts. For
example, low-convergence (low ERR) areas will require stiffer systems than those for
higher convergence areas.

(iv) Tunnels in high-stress or incompetent ground require enhanced support stan-
dards, and may occasionally require appropriate overstoping protection.

2.4 DEEP and ULTRA-DEEP MINING
(Typically 2250-3500 m, >3500 m)

2.4.1 Deep and Ultra-Deep Mining Environment

Some of the features described for medium depth mining are also associated with
deep level mining, but are more intensely developed and give rise to more severe
mining conditions.

(1) Stress and energy release rate (ERR) levels are potentially high giving rise to
highly fractured rock conditions. Fracture zones surrounding unprolected excava-
tions are normally extensive: only overstoped tunnels and other protected service
excavations escape very high levels of field stress. Atultra-dépths, even development
of tunnels in virgin ground can pose ditficulties due to heavy fracturing, dilation and
strain bursting.

(ity Hangingwall strata are clamped by high horizontal stresses and are, generally
speaking, virtually seif-supporting under static conditions. The presence of adverse
low-angle fracturing or jointing can nevertheless continue (o give rise (o problems of
hangingwall stability; this is patticularly evidentin stope gullies.

(iii) Stope closwre rates ave high and, while rapidly generating suppott loads o pas-
sive soft support units, can also rapidly exceed the useful yieldability range of many
such units. Total closure of the back areas is comntnon, and stresses here regenerate
slowly back fo virgin levels - sometimes leading to problems in nearby convention-
ally-supported service excavations.

(iv) Seismicity associated with ruptures on geological structures is common; and
bursts caused by large-scale rupture of préviously intact rock also tend to increase
markedly with depth, in both cases, most notably around remncnts or other highly-
stressed abutments. Most deep level mines theretore experience a severe rockburst
problem.
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2.4.2 Deep Mining Strategies

Deep level mining strategies are aimed at minimizing stress-related problems in
stopes and in service excavations, and at reducing the incidence and effects of rock-
bursts.

Longwall mining layouts - introduced to minimize the formation of remnants - are
often employed. The use of substantial regional support (stabilizing pillars, stiff
backfill, and bracket pillars on geological weaknesses) is generally imperative to
reduce the risks of seismic activity and resulting damaging rockbutsting. Stabilizing
pillars at about 85 % extraction are commonly laid out on strike.

So-called ‘sequential grid’ mining is currently gaining favour: this involves a grid
of pre-developiment similar to scattered layouts, with breast mining up to dip pillars
left permanently unmined (these ‘planned remnants’ serving as stabilizing pillars). A
variant of this method features a pair of relatively long oblique-faced panels mining
down-dip (or up-dip) feeding into a central raise, and flanked by dip stabilizing pil-
lars. These ‘scattered mining with dip pillars’(SMDP) methods give considerably
greater flexibility in pre-exploration and negotiation of geological structures than can
conventional strike s-tabilizing pillar layouts.

The following general considerations apply in deep level mining (Figure 2.4.1).

(i) Appropriately-designed regional support systems (stabilizing pillars and/or use
of stiff backfill or concrete pillars) need to play a central role in the overall mining
layout. Their function is to reduce levels of regional closure and ERR, thereby reduc-
ing the magnitude of the disturbances and stresses induced by mining. In some
(though not all) senses, the use of an efficient regional support systém leads to a
reduction in the effecrive mining depth, in terms of the severity of the mining condi-
tions likely to be encountered.

(ii) Detailed mining layouts and sequences need to be designed to keep stress and
average energy release rate levels within tolerable limits for the duration of mining
activities. The formation and mining of exposed solid peninsulas and remnants need
to be minimized.

(iii) Procedvures for the negotiation and stabilization of seismically-active geologi-
cal structures need to be implemented. These could include mining obliquely
through and desltressing fhese features, or leaving specially designed bracket pillars
to reduce their potential for causing seismicity and rockbursting.

(iv) Seismic monitoring, with appropriate interpretation of results, provides a basic
tool for ongoing planning and review of mining layouts and standards.

(v) The use of methods of rockburst control (such as preconditioning blasting of
highly-stressed areas) needs to be considered.

(vi) Local support must cater for high intensities of fracturing, large deformations,
and potential seismic loading. Rapid-yietd hydraulic props and backfill are examples
of suitable working area support, though properly designed pre-stressed elongates
may also fulfill this role adequately.

(vii) Follow-behind haulages are commonly used to avoid the very high field stress-
es found undeér and ahead of the mining faces. Overstoping protection of other ser-
vice excavations is often required. For example, early overstoping of ‘sequential
grid’ development tunnels may be necessary in deep layouts.

(viii) Shaft pillars have either to be made excessively large, or generally avoided
altogether by early shaft-reef extraction (Chapter 7.3).
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(or special strike
“buttress” pillars)
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Figure 2.4.1 Illustrative DEEP mining strategies

1: Use of regional support (stabilizing piilars, stiff backfill kept close to face).

2: ERR control: number of remnants minimized (ideally against unmined abutment)

3: Geological structures approached obliquely, and mined through or given
substantial bracket pillar protection.

4: Longwall faces with controlléd leads/lags.

5: Local support tailored to high closure rates and potential seismicity (rapid-yield
hydraulic props, prestressed elongates, moderate yield-force packs on gullies).

6: Follow-behind haulages avoiding high face stresses.

2.4.3 Ultra-Deep Mining Strategies

No mines currently operate deeper than 3600 m, yet very large potentially payable
reserves are known to exist at depths down to 5000 m. The high rock temperatures
and stresses, coupled with pofential severe rockburst hazards, obviously require sig-
nificantly improved mining methods for viability at these depths. A number of issues
are currently under investigation.

(i) Single-lift shafts operating to depths in excess of 4000 m. These are necessary
for economical early exploitation of the orebodies, and will require (probably attain-
able) improvements in winding ropes and other winding technology.

(ii) Drastically increased face advance rates through the use of innovative forms of
stope mechanization. The resulting more concentrated forms of mining would facil-
itate cooling and ventilation, and make the necessarily more expensive forins of
regional and local support more economically viable.

(iii) Reduced extraction ratios and smaller open spans. These could reduce even
ultra-deep mining energy release rate (ERR) levéls to as little as 10-30 MJ/m2, main-
tain a largely elastic regional environment, and contain maximum stope closures {o
200 mm or less.

(iv) The use of stiff backfill and concrete fill materials as regional support to sup-
plement the use of stabilizing pillars for improved overall extraction ratios, as well
as to assist in cooling and ventilation control.
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(v) Improved stope support systems to caler for the novel mining methods envis-
aged, and 1o counter the probably increased levels of seismicity.

(vi) Drastically improved tunnel development and support methods to counter the
large field stresses o be expected. Sucly improvements will be essential in order fo
mine deep orebodies, cspecially those located in less competent yock, and to exploit
the considerable potential advantages of ‘sequential-grid’-type mining al ultra-
depths.

2.5 GENERAL ROCK ENGINEERING STRATEGIES

A number of important overall rock engineering strategies are available to expedite
the mining considerations outlined so far.

2.5.1 Seismic Monitoring

The installation of one or more seisniic monitoring networks is an essential strategy
on any mine taced with a significant incidence of seismicity and rockbursting. The
complex and evolving issues involved are discussed in depth in Chapter 9, buta sim-
plified introduction is presented here.

A standard seismic nefwork comprises a minimum of four, but in practice at least
six to 30 operational geophones, arrayed around an area of interest. For acceptable
vertical location accuracies, a minimum numper of these niust be situated well below
and/or above the reef horizon. Geophones detect ground velocities incident from a
seismic event. Signals are transmiltted over telephone wires or radio links and stot-
age and processing of data are carried out on central mini- or micro-computer sys-
tems.

A typical regional network spans an entire mining district, and depending on the
number of geophones installed, the achievable location accuracies range from 50 to
200 m. Typical close-in or ‘mini’ networks mdy cover an area of around 1 k2 and
can achieve location accuracies of 10 m. They are being increasingly used for mon-
itoring seismically active stiactures. Specialized microseismic networks have been
used for research purposes only. They can achieve location dccuracies of the order
of a few meltres, and have been used to delineate fracture processes, Lo sense precur-
sory activity prior to major events, and to plot aftershock areas.

In order of increasing complexity, seisitic networks can:

(1) detect arrival times of seismic signals and ‘locate’ events, that is, compute the co-
ordinates of source hypocentres, and detect energy or amplitude characteristics and
assign magnitudes (M) to the events. These are minimum requivements for building
up patterns of seismicity for mine planning purposes, and for co-ordinating rescue
operations in the case of individual large events or rockbursts;

(ii) detect, store and proces$ full signal waveforms. This is a topic of on-going
research, but important practical applications are beginning to emerge. For example,
waveform processing permits estimation of event seismic moment (proportional to
area of rupture times mean slip) which allows more reliable assignments of magni-
tude M. Waveform analysis can also enable full moment tensor inversion for identi-
fying the orientation and nature of rupture planes and thus the structures associated
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with particular significant events. Other potentially important paramelers, including

stress drop and source dimension, can likewise be quantified - Chapter 9.

Prior to the occurrence of a major seisimic event, there is sometines precursory activ-
ity in the form of clustering of smaller events in both time and space, as well as shifts
in other parameters of quantitative seismology - Chapter 9. Attempts to use in-depth
seismic monitoring as a fully practical tool for prediction of rockbursts and avoidance
of risk exposure have so far proved elusive, but research in this area is continuing.

Another area of research is in rockburst control, addressing the two forms of seismic
activity illustrated in Figure [.4.6b. The first concept here is of preconditioning
(destressing): the use of controlled blasting to remove or withdraw the burst poten-
tial of remnants, dykes or other zones of hazardous ground at or near the working
face. This technique is beginning to show promise in the extraction of remnants -
Chapter 8.4 - and is doubtless applicable in other situations, for example the pre-frac-
turing of crush pillars which could otherwise pose problems in certain shallow min-
ing layouts. The second, so far unsuccessful, concept is of controlled fault slip
(‘triggering’): the injection of pressurized fluid or of blasting to induce over-stressed
fault planes to slip at a controlled time,

Apart from the obvious importance of seismology in rockburst research, seismic net-
works are already bringing clearcul operational benefits to mines where they are
installed:

(1) Source locations can be supplied to management within minutes of the occur-
rence of large events, and this information can greatly assist in the rapid planning of
appropriate rescue operations.

(2) Pattemns of seismicity can be built up which are more reliable than statistically-
sparse rockburst damage reports, and which can assist significantly in medium-term
mine planning. Examples include the detection of critical remnant dimensions, of
unfavourable face orientations, and of seismically-active structures such as faults or
dykes which traverse as yet unmined sections of a property. Remedial layout and
support strategies can then be applied in good time.

(3) The overall efficacy of rockburst control strategiés adopted by a mine can be
assessed by comparing with seismicity levels pertaining in the past, or between
neighbouring areas using differing strategies. Examples include the efficacy of sta-
bilizing pillar, bracket pillar or backfill control strategies (Chapter 3.3), or of pre-
conditioning or triggering experiments.

2.5.2 Advance Exploration Of Geological Structures

Advance exploration technigues (long surface or underground boreholes, surface
vibro-seismic mapping) are expensive, yet the returns often justify the expense ten-
-fold or more. The costs of inappropriate ‘blind’ development or stoping into faulted-
out or otherwise non-viable areas is immense and, in deep-level stoping, there are
major hazards in stoping breast-on up to unexpected geological planes of weakness.

The appropriate use of advance development (where possible), together with forward
drilling and other available geophysical mapping technologies, is therefore strongly
advocated.
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2.5.3 Ground Control Districts

The concept of ‘ground control districts’ (sometimes denoted ‘geotechnical areas’)
is a pragmatic one: the identification of distinct areas on a mine where difterent sup-
port (or strata control) standards need to be applied. The criteria for distinguishing
separate ground control districts vary, but include obvious characteristics such as
major changes in dip or stope width, as well as less obvious parameters such as field
stress level or hangingwall rock quality (c.f. Chapter 4.2).

2.5.4 Risk Assessments

Formal risk assessments (Chapter 12.8) were introduced in the mines a few years
ago, and have been very succesful in improving safety standards, hazard identifica-
tion, job training, and communication between senior staff and operators. Rock-relat-
ed risk assesments can be greatly enhanced by analyses of accidents and other major
incidents - Chapter 1.2 gave industry examples in which the stope face and face/gully
areas were identified as especrally hazardous localities. Similar studies on a partic-
ular mine can highlight local ‘ hot spots’. Examples include critical dimensions of
small blocks of ground for which rerunant precautions néed to be adopted; hazardous
geological structures; and abnormally dangerous localities. Reniedial measures,
including appropriate changes in mine standards and codes of practice, can then be
more rationally motivated.

As part of this process, detailed records of rockfall and rockburst injury-causing inci-
dents need to be kept and analyzed to determine oot causes of the accidents. These
causes can be much deeper than a mere identification of how a particular incident
occurréd. The adequacies of training, supervision, control systems, managerial struc-
tures and in fact the entire risk management systemn may need to be probed.

The number of rock-related casualty-causing incidents on a mine and in individual
ground control districts is limited. There is nevertheless a great deal of potentially
useful data on a mine involving-ground collapses which is not usuafly recorded and
analyzed. For example, it is nol generally recorded how many rockbursts occur per
annum, nor how the rockburst rate varies with mining depth or with energy release
rate. There is strong motivation therefore that each mine should establish a dato base
including pertinent details of all significant rockfalls and rockbursts, both those that
involve casualties and those that do not. The type of data that is useful to collect is
indicated in the new fatality accident data capture form 13, designed for the
Deépartment of Minerals and Energy. A system, to ensure that data from all signifi-
cant incidents are captured, should be described in the code of practice and the min-
imum essential data that needs to be recorded for all incidents should be prescribed,
e.g. depth, location, dimensions, rockfall or rockburst. These data and other produc-
tion data (including annual m? for each reef mined and underground staff comple-
ments in appropriate depth ranges), necessary to normalize the figures, will then be
available to be collated on a mine-wide and ultimately industry-wide basis.

2.5.5 Auditing

In view of the shortage of rock engineering expertise on the mines, it may often be
ptudent to undertake anditing exercises (Chapter 10.7). Here, consultants (experts
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from sister mines, head offices, universities or consulting organizations) can be asked
to andit proposed or existing layouts, mine standards and codes of practice. If such
an exercise were to lead to just one or two significant improvements, the resulting
impact on improved safety and reduction in costs could be very considerable.

2.5.6 Support Quality Control

The implementation of a sound support quality control programme (Chapters 4.8,
6.5.3), covering standards of installation and integrity of support elements used, is
necessary to ensure the ongoing safety and cost-effectiveness of operations on a mine.

The integrity of support elements may be checked by carrying out random sample
testing (in the case of timber units which are susceptible to drying-out, both on
receipt and immediately prior to be being sent underground). Particular attention
needs to be paid to hydraulic prop control. special procedures need to be set up for
the efficient testing, maintenance and deployment of these units. Similar require-
ments apply to backfill quality control.

The importance of standards covering making-safe procedures as well as quality of
installation of temporary and permanent support units cannot be over-emphasized.
These standards will vary considerably according to local conditions, but appropriate
ongoing management attention to aspects of standard-setting, training, discipline,
and supervision, will pay significant dividends in terms of enhanced safety and pro-
ductivity on the mine.

The unpopular but necessary aspect of support monitoring cannot be overlooked: the
checking on a random basis that standards are being adhered to, that installed support units
meet required pull-test standards, that inappropriate short-cuts are not being followed, and
that contingency support systems are available and are being used wherever necessary.

2.5.7 Training

A better understanding of rock engineering principles by all underground workers
will contribute directly to improvements in safety and mining productivity. ‘A syl-
labus of training topics, tailored for individual levels of mine staff, is suggested in
Chapter 12.

2.6 CODES OI PRACTICE

A mine’s code of practice, whether compiled on a mandatory or voluntary basis, is
an. excellent means of developing and documenting comprehensive and efficient
strategies to combat rock-related hazards.

Guidelines for the preparation of codes of practice (prepared by the fripartite MRAC
Task Group on Rock-Related Safety) are issued by the Chief Inspector of Mines.
These guidelines, though not prescriptive in detail, thus allowing knowledge and
experience of local conditions to be applied, do identify all issues which need to be
covered in the document. Mine standards and other managerial instructions, which
need not form part of the actual code of practice, must nevertheless comply implic-
itly with the strategies outlined in the code.
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While compiling the code of practice, the drafting conunittee must bear in mind that
both management and workers should contribute to the document and have owner-
ship thereof. To facijlitate this, the document should contain those day-to-day aspects
for which strategies or standards are already in place (such as early and mid-shifl
examinations, which have proved highly successful in containing falls of ground in
the area adjacent to working faces).

The development of the various strategies should follow an ordered procedure.
Initially, the overall mining environmenis need to described. These will be governed
by major factors including depth and dip, reef width, areas of multiple reefs, degree
of faulting, potential for seismicity, influence of previous mining both in the lease
area and adjacent properties, surface structures and environmental features which
may affect mining.

Within these environments, specific ground control districts may need to be defined
and delineated. The discrimination of these areas should be based on known hazards
associated with various geological and mining conditions, and must take into con-
sideration how these conditions will affect local and regional support design, stoping
layouts, mining niethods and mining direction and any other rock engineering strate-
gies pertinent to the mine. It should be noted that ground control districts for off-reef
and on-reef excavations may be different, and that the method of defining such areas
could also be significantly different. The factors used in delineating ground control
districts should be discussed and described in the code of practice.

To assist in identifying the hazards associated with the various geotechnical condi-
tions, formal risk assessments should be carried out in accordance with the Mine
Health and Safety Act - see section 2.5.4 for a discussion of these important issues.

Having defined the mining environment, established the potential hazards and éval-
uvated current risk control measures, the next aspect in the code of practice is to estab-
lish the overall rock-engineering strategies. These comprise three main issues.

(i) The overall stability of the mine and shaft systems. This will usually involve
regional support systems, as well as overall mining layouts and sequences. In this
regard mumerical modelling requirements and methodologies need to be outlined.
(ii) Local support requirements for stopes, tunnels and large excavations, together
with the specification of layout features which influence strata control such as gul-
lies, lead/lags, and excavation sequences for large chambers. Other rock-related risk
control measures such as early examination/making-safe procedures and material
quality control should be described.

(iii) Rockburst contiol. The issues that need to be considered are firstly seismic mon-
itoring requirements, data analysis and how the results will be incoyporated into mine
planning procedures; secondly how mining in the vicinity of seismically active struc-
tures will be carried out; and thirdly if control measures such as preconditioning are
to be implemented, under what circumstances they must be used and how the sys-
tems should be designed.

Both long and short term planning and monitoring procedures need to be elucidated.
This involves describing the chronological sequence of events, who must be
involved, who is responsible for what and what sections need to be countersigned by
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whom, record keeping and follow up procedurés and the distribution of the final plan
or decisions made at a particular meeting.

Design methodologies used in the above strategies need to be described in some
detail and, where criferia are applied, the values used need to be motivated. For
example, with the ERR criterion on the Carbon Leader Reef, a figure of 20 - 30
MJ/m? is often accepted as a reasonable value for design purposes. However, there
are situations where a lower value is necessary or a higher value may be acceptable.
These values should be established by back-analysis for a particular mine, mining
envirowmnent or reef, and discussed in the code of practice. Where stratégies or
design methods differ for different geotechnical conditions, these need to be moti-
vated and described.

Remnant conditions and ‘special areas’ could be considered a subset of ground con-
trol districts (for example, wherever the ERR exceeds say 50 MJ/m?2) with the appro-
priate stratagem described. However, particular issues such as the procedure for the
declaration of a special area and the constitution of a Special Areas Committee as
described in the Chief Inspector of Mines guidelines, need to be addressed.

Monitoring is an important aspect of a rock engineering strategy, and the required
procedures must be described. The monitoring could vary from simple daily report-
ing of visval assessments of rock conditions, through routine closure or backfill
porosity measurements, to sophisticated instrumentation programmes. Regular
review of mine plans by suitably qualified rock engineering personnel to determine
adherence to mine layout criteria is also considered a form of monitoring. Assessing
the quality of implementation of rock engineering design and support installation is
another important isstie to be described.

The final technical issue requiring elaboration in the code of practice is blast design.
This may vary between ground control distriets, and the blasting procedures for spe-
cial situations such as ledging and undercutting require description.

Apart from the technical issues, three other important matters need to be addressed
in the code of practice. These are:

- To define who is responsible for controlling certain hazards or procedures and the
managerial procedures or standards which must be applied.

- The adequate and effective maining in strata control of all personnel up to a stan-
dard such that they can perform their duties safely and effectively; as a result of an
understanding of the nature of the hazards, the reason for the implementation of par-
ticular procedures and the implications of not carrying out the procedures properly.
- The function of the rock engineering service. Tt is important at the outset to iden-
tify the rock engineéring requirements of a particular mine. This will depend to a
large extent on the complexity of the rock-related problems and hazards expected and
the size of the mine. The requirements could vary from periodic visits from an out-
side consultant, to a fully staffed rock engineering departiment integrated with a seis-
mic section and with a formally coordinated and functional relationship with the geo-
logical department on the mine.
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chapter 3 STOPING
LAYOUTS

3.1 INTRODUCTION

Tabular hard-rock mining commenced on a large scale in South Africa with the discov-
ery of the extensive Witwatersrand goldfields. In the early decades of this century, incline
shafts had opened up huge extents of Main Reef, and other closely associated reef hori-
zons. Scatiered mining on mine pole or mat pack Supports, often supplemented with pil-
fars and sandfill or waste packing, was used with considérable success. However, rem-
nant-generated rockbursting as well as strata control in reef drives and elsewhere, became
serious problems by the 1950s and led to the general adoption of longwall layouts in the
deeper mines in the 1960s. At this time, major advances in rock mechanics thieory and
rock engineering practice began to emerge. Stabilizing piflars made significant contribu-
tions to regional support in the deep mines along with the introduction of effective rock-
burst-resistant suppott systems (rapid-yield hydraulic props, tailored elongates, yielding
tendons, backfill). Numerical modelling programs began to reveal their power in explain-
ing and guantifying the stresses and deformations resultmg from mining operations.

Room and pillars remaingd the layout of choice in shallow (abular base-metal (chrome
and manganese) operations. Crush pillars, an innovation tfrom moderate-depth gold min-
ing practise, proved highly successful in the platinum mines of the Bushveld Complex,
as these mines too started mining down_to greater depths.

Despite the advances that have been made, rockfalls and rockbursts continue to pose
major problems for the Industry (Chapter 1.2). Well-designed stoping layouts provide
Both strategic and tactical means for alleviating these problems.

As discussed in Chapter 2, the importance of stoping layouts with respect to the control
of rockfalls and rockbursts increases with increasing mining depth. At shallow depth,
provided appropriate pillar configurations are adhered to and adverse geological struc-
tures are not encountered, stope Jayout details tend to be less relevant to the control of
rockfalls than the use of proper local support standards. As depthi increases, this latitude
diminishes until, at great depth, stope layouts are of vital importance in controlling the
hazards of rockfalls and rockbursts.

In deep mines, optimum stope layouts attempt to maintain face stresses as low and as uni-
form as possible during the extraction of an entire area. The energy release rate (ERR) cri-
terion has been used as an aid in the assessment of average stress levels, as well as an indi-
cator of possible seismic incidence in deep geologically-undisturbed mining situations.
Stmilarly, the excess shear stress (ESS) criterion may be used to give a senth;uantita(ive
assessinent of the effect of stope layouts on the seismic potential and stability of geological
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structures. These and other commonly-used design critéria are reviewed in the following
sections. In practice, no ‘perfect’ layout exists, and a process of comparing vartous layouts
needs (o be undertaken in order to reconcile and optimise often conflicting requirements.

3.2 MINE LAYOUT DESIGN CRITERIA

Rock engineering is not an exact science, and many of its precepts are qualitative in
natire. Nevertheless, certain quantitative criteria have been proposed over the years,
and a numbey have been shown to have application in mine design, or in mine layout
monitoring. The more popular and relevant of these layout design criteria (which
generally require numerical modelling for their estimation — Chaptér 1 1) are outlined
in the following sections. In addition, sunple rock strength criteria are reviewed in
Chapter 1.3.2, specialised seismological criteria in Chapter 9, tunnel support design
criteria in Chapter 6, and stope support design criteria in Chapter 4.

3.2.1 Energy Release Rate (ERR)

In deep mines the virgin rock stresses are high, increasing by about 27 MPa per 1000
m of depth. Removal of this rock through mining results in energy changes due to
sag of the massive overlying strata, and in redistributions of stress from the mined to
the unmined areas of the reef. Stress concentrations build up to high levels, particu-
larly in front of the inining faces and most noticeably in lagging corners of the face,
in peninsulas and in remnants. The ERR concept, intréduced in the 1960s, is a con-
venient and easily calculated measure of these energy changes and stress concentia-
tions, and of some of their effects on the tabular mining environment. The average
level of ERR (expressed in MJ/m?2) pertaining at a particular set of mining faces takes
into account the effects of depth and geometry of neighbouring mining. 1t is related
to tlie extent of volumetric convergence taking place, or being permitted to take
place, in the back areas of the stope.

If a horizontal stope is enlarged by mining an area AA, and the resulting change in
volumetric convergence in the stope is AV, then the change in poténtial energy of the
overlying strata is q, AV, where q, is the virgin vertical stress. If no significant sup-
pott (such as backfill, or total closure on the reef horizon) is present, theit one-half of
this energy change is stored as extra strain energy i the rock mass. The remaining
one-half is immediately released (largely in the form of shearing/crushing/heating of
the fracture zone in front of the face). This released energy, in MJ per unit face
advance area AA, is called the (spatial) Energy Release Rate, ERR:

ERR = lz, g, AV/AA (fully open stope)

If significant support is present, then the proportion of storéd strain energy decreas-
es and the balance making up the ERR increases, until in a limiting case, such as a
very large-span heavily-closed stope, the ERR accounts for néarly 100 % of the
potential energy change. There is no further increase in stored strain energy, though
a zone of high stresses continues to migrate through the rock mass ahead of the stope
as mining progresses. If the effective stope width is S, the formula now reads

ERR = q, AV/AA = q, S, (heavy total.closure present)
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If the stope is not horizontal, then the value of q to be used is the component nor-
mal to the reef horizon. In a dipping stopg, there are in fact further energy changes
associated with ride in the stope, but these are an order of magnitude smaller than the
normal ERRs and are usually ignored.

A second, and more useful, method for computing ERR can be explained in terms of
a simple ‘thought experiment’. Tmagine that an area AA of the rock in front of a
‘stiff” (virtually incompressible) mining face is removed and instantly replaced with
notional ‘support units’ which carry the existing stress ¢,. No change in conver-
gence, stress or energy has yet taken place. Now, the loads on the ‘supports’ are
reduced fo zero (simulating mining), and the surrounding rock mass converges and
does work on the ‘supports® to the extent of ly(c,AA) §,, where S, is the
convergence on the ‘supports’ behind the new face after completion of the nuning
step. Invoking a well-known theorem from engineering statics, an equal quantity
of energy will be released in the rock mass during this process of doing work on the
‘supports’, and therefore ERR = Uy, ¢,S,; that is, the ERR at a specified point at a
(stiff-reef) mining face is *one-half the product of face convergence and face stress’.
Many popular numerical modelling programs publish estimates of ERR based on this
simple formula (ERR = 14,G,S,), and a meaningful ERR level for a sef of points on a
panel face or entire longwall can then be established by manual averaging.

What is the ‘Energy Release Rate’? It certainly is not a direct expression of seismic
energy releases due to mining. Infact, most of the ERR energy (> 97 %) is released
aseismically in the formn of fracturing, crushing and sliding of blocks in the fracture
zone in front of the face (ending up as heat, adding a few percent to a deep mine’s
refrigeration requirements). Seismic events, on the other hand, are unstable
time-dependent failures which release strain energy already stored in an over-stressed
rock mass; however, the probability and r‘nagnirudc of such failures tends to increase
with stress level and hence, as will be seen, with average ERR.

ERR is actually a concept borrowed from engineering fracture mechanics. In this
discipline, the intensity of stress at a point located a (small) distance r from the tip of
a crack is described by a ‘stress-concentration factor’ K, such that stress o< K1N(27tr).
The ERR associated with enlarging the crack is directly related to K,, via the elastic
constants E and v, according to ERR = (1-v2) K2/E. These entities retain their rele-
vance even when a small non-linear ‘process zone’ of damaged material (similar to
the non-linear fracture zone in mining stopes) is acknowledged to exist at the crack
tips. Figure 3.2.1 illustrates the situation of a 100 m span stope at 3000 m deptl, in
which the 1 m reef horizon is modelled not only with realistic compressibility, but
also with finite triaxial strength (UCS = 200 MPa). In this example, the ‘process
zone’ (fracture zone of fully or partially crushed rock) that arises in front of the face
is about 3 m deep. However, this together with the reef compressibility, merely has
the effect of enlarging the effective span and associated ERR by about 3 %; and the
K, factor continues to describe the stress-concentration profile in fiont of the imme-
diate fracture zone.

1t follows that, contrary to an opinion sometimes expressed, the relevance of ERR is
not limited to perfectly elastic situations. Provided the rock mass as a whole rerains
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Figure 3.2.1 Modelled stresses in front of face of 100 m span
stope at 3000 m depth. Solid curve — reef with
finite triaxial strength and realistic compressibility.
Points — perfectly elastic and stiff veef, but span
enlarged to 103 m. Dashed curve — corresponding
stresses evaluated purely from the K; stress con-
centration factor for the 103 m span stift elastic reef.

largely elastic and the fracture zones represent less than say 5-10 % of the mined
spans (both reasonable assumptions in most South African hard rock environments),
ERR values calculated by traditional methods are acceptably accurate and relevant.
This is not to say there are no difficulties in correctly evaluating ERR; but these
problems are mainly of a numerical nature or are concerned with selection of appro-
priate modelling parameters for deep mining environments, such as the correct
behaviour of pillar foundations or best choice of equivalent elastic moduli or stoping
widths (c.f. section 3.3.2).

Thus K| (measured in units of MPa.m!”?), or equivalently ERR (expressed in the more
familiar units of MJ/m?), give a direct measure of the stress concentration in front of
a given mining face, and other significant aspects of the expected mining environ-
ment. Figure 3.2.2 summarises these expected effects of ERR, and schematically
contrasts them for low and high stress mining environments.

Average ERR can therefore serve as a descriptive measue of the mining environ-
ment, and can aid in the selection of layout or support systems appropriate for dif-
ferent areas of a mine.

Nevertheless, ERR does nor appear to correlate well with rockfall hazards - Figure
3.2.3, and also Chapter 1.2.2. This is partly due to the effectiveness of support systems
currently in use (which tend to be tailored to prevailing ERR and related seismicity lev-
els), and partly to the fact that high ERRs do not necessarily imply poor hangingwall
conditions. The greater depth of fracturing and fracture movement in high ERR envi-
ronments tends to be stabilised by correspondingly higher degrees of dilationary
clamping forces and generated support resistances (entries 4 and 5 in Figure 3.2.2).
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Figure 3.2,2 Expected effect of ERR on mining condijtions
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Figure 3.2.3 Weak correlation of FOG incidents with ERR level for a longwall mine

Rather, the rockfall hazard can be described by three shrata control factors which in
general are not related to ERR, but which may be exacerbated in situations where
ERR is also high: (i) the presence of adverse geological factors such as transverse
joints, weak partings, or shale in the hangingwall; (ii) the presence of adverse Jow-
angle fractures such as are encountéred in ledging-stopes, in stope leads and face
irregularities, in high-stress advance gullies, and where jointing is sub-parallel to
stope faces; and (iii) the quantity and quality of installed support.
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3.2.2 ERR: A Measure of Rockburst Hazard in Longwall Mining

Energy release rate may be equivocal in predicting jockfall hazards, but the situation
is quite different when considering rockbursts. Studies carried out in deep longwall-
type mines, have shown a convincing correlation between average ERR level and
seismicity or incidence of damaging rockbursting - Figure 3.2.4. Analyses of casu-
alty data (Chapter 1.2.2) have moreover suggested that, for the mining industry as a
whole, the risk of fatal accidents due to rockbursting increases with depth at much
the same rate as does the general level of ERR, quite unlike the situation with respect
to rockfalls. This behaviour is expected from entries [ and 2 in Figure 3.2.2.
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Energy release rate (MJ/m?)

(a) Far West Rand Mines

Figure 3.2.4  Rockbursts and seismicity versus ERR. Data from four longwall mines prior

50

to the introduction of stabilizing pillars.

Thus, the design of deep geologically-undisturbed mine layouts can realistically be
guided in terms of the ERR criterion. Regional support systems - stabilizing pillars
or extensively placed stiff backfill, section 3.3 - can be expected to have a containing
influence on the rockburst hazard at source, since they directly act to reduce stope
closures and hence ERR levels and stresses.

The critical levels of average ERR at which particular design standards should be
exercised is however strongly dependent on local geotechnical conditions. For
example, for the mines in the environment and at the time illustrated in Figure 3.2.4a,
a much lower ERR target would have been appropriate on the VCR than on the
Carbon Leader mining horizons, or else other drastic control measures introduced in
the mining standards for the former reef.

It is necessary therefore that mines analyse the incidence of seismic eveuts and rock-
bursts for different mining environments, in order to set appropriate values of their
ERR criteria for evaluating mine layouts and mining sequencing.
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3.2.3 Excess Shear Stress (ESS)

Numerous statistical and seisimological studies have confirmed that mining in the
vicinity of geological structures - faults, dykes, joint sets - greatly increases the inci-
dence of seismic events and accompanying rockbursts. In geologically-disturbed
mining districts (for example, in the Klerksdorp and Northern OFS goldfields), vir-
tually all large seismic events seem to take place actually on geological structures
rather than on the mining faces themselves - Figure 3.2.5. Some events take place
(presumably in abnormal tectonic stress situations) even when the nearest mining
way be many hundreds of metres away. Moreover, in the relalively undisturbed Far
West and Central Rand districts, the presence of occasional faults or dykes very sig-
nificantly increases the frequency of rockbursts - Figure 3.2.6.

[ % Event location
[ I Reported damage

e .

(a) Longwall situation (b) Scattered mining, near
(ERR controlled) Fault (ESS controlled)

Tigure 3.2.5 Location of typical seismic events in geologically-undisturbed and in
highly-faulted mining areas.
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Figure 3.2.6 Effect of proximity to faults/dykes on rockburst incidence.

The shear-type seismic event mechanism sketched in Figure 3.2.7 provides a simple
explanation for many of these effects. A plane of weakness in an otherwise strong
rock mass can be subjected to shear stresses induced by mining, and, once the cohe-
sive strength of such a plane is exceeded, overstressed asperities will shear and a slip
or rupture event can take place. Excess shear stress (ESS = 1— 1L6,) measures the
level of effective driving shear stress on a plane of weakness or potential rupture
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plane. Areas where the ESS is negative signify probable stabilitly, whereas lobes of
positive ESS in the rock mass signify potential instability together with a quantifi-
able estimate of the maxinuon likely event magnitude. Calculations have shown that
this mechanism can account for seismic evenls covering a wide range of magnitudes,
from less than 1 up to 4 or more - Figure 3.2.8.

S = Zone of high shear stresses
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Figure 3.2.7 Mining-induced shear stresses (ESS) triggering seisimic events
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Figure 3.2.8 Back-analysis of a large (M = 4.5) seismic event

While ERR may be useful in estimating ovérall levels of seismicity, ESS is capable
of explaining a number of more specific rockburst situations. Thus, ESS levels
inunediately account for the hazard-amplifying effect of faults and joint sets, or of
abnormal tectonic stress situations. The desirability of mining obliquely up to fault
planes, or ‘north-siding’ of remnants, is explained in terms of the reduction in size of
the ESS lobes acting on the structures concerned, whereas ERR is insensitive to these
aspects of the mining geometry.
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Unfortunately ESS analyses require reasonably precise knowledgé of the (i) state of
virgin stress in the area, including virgin horizontal stress components; (ii) strength
properties of the rupture plane - cohesion, dynamic friction coefficient, and planari-
ty; and (iii) history of major recent slip events, which could have re-distributed stress-
es and drastically modified the cohesional properties of the plane.

In practice, these parameters are known imperfectly at best. Thus, ESS analyses are
probably best suited to gaining qualitative insights, such as in the following areas: (i)
estimating an upper bound of magnitude of potential seismic events near given min-
ing layouts, especially near large known seismically-active faults; (ii) assessing the
likely impact of regional support alternatives (pillars or backfill) in containing the
magnitude of such events, and thé merits (and potential hazards, section 3.3.4) of the
common practice of leaving bracket pillars of unmined ground inunediately adjacent
to active faults or dykes, or of mining on ‘retveat’ (away from) such hazardous struc-
tures; and (iii) designing mining layouts and sequences which break up or reduce the
size of ESS lobes, thereby restricting the magnitude of potential seisinic events.

Both the ERR and ESS criteria strongly indicate the need for regional support in
deep mining, that is, systems which provide stiff support in the back areas of large-
span stopes so as to reduce volumetric closures and hence stress concentrations in
front of the mining faces. Layout design principles for the known methods of imple-
menting regional support - use of stabilizing pillars, stiff backfill, or concrete pillars,
as well as the use of bracket pillars to stabilise hazardous geological structures - are
discussed in section 3.3.

3.2.4 Volume Excess Shear Stress (VESS)

The use ot ESS as a design criterion is based on the identification of geological fea-
tures, knowledge of their position and properties and the assumption that damaging
seismicity concentrates on these features. VESS is complementary to ESS in that it
is based on the possibility that rock can fail anywhere that its strength is exceeded.
As the rock mass is intersected by numerous faults, joints and dykes, all possible
weaknesses are ‘seen’ as being a possible seismic source if the maximum ESS in any
direction is positive. Implementation of VESS requires numerical modelling of the
mining in small increments and analysing the changes in ESS at numerous points in
the rock mass.

Studies at a mine in the Carletonville area suggested that VESS was at least as accu-
rate as, or better than, ERR in modelling the relative hazards of seismicity or rock-
burst incidence.

If there are dominant joint sets, then a special case of VESS, namely Ubiquitous Joint
ESS, UJESS, can be used. UJESS has the special ad_'va’ntage that it can focus the
mine design considerations towards mining at oblique angles to dominant joint sets.

3.2.5 Rockburst Hazard Index (RHI)

Both the ERR and ESS concepts suffer from a number of shortcomings when used
for practical mine design. For example, ERR ignores the presence of geological
structures, while ESS is often difficult to evaluate and interpret when comparing dif-
ferent mining options. A new indicator of the potential for seismicity has been devel-
oped called the rockburst hazard index (RHI). This index combines three parameters
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that are related to the likelihood of rockbursts occurring: the volume of excess shear
stress (VESS) in the rock, the stress at the face according to ERR (section 3.2.1), and
the ESS along major geological structures. The RHI is calculated at each reef ele-
ment mined in a particular mining increment in a MINSIM-type numerical model. It
is determined by summing the changes in VESS and ESS and weighting with a fac-
tor dependent on the local ERR.

Examples of RHI results are presented in Figures 3.2.9, where the differences
between two methods of approaching a major fault are evaluated. The results clear-
ly show a significant increase in the RHI in the last stage of mining breast on to the
fauit, while the RHI in the oblique mining option remains at lower levels. The RHI
has also been shown to correlate well with expert opinion regarding the relative risks
of mining in a number of other environments.

il RHI values

: 400 - 800

Figure 3.2.9 RHI values a: mining breast-on to a fault; b: mining obliquely
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Since the RHI criterion seems to combine the best features of ERR, ESS and VESS in
a reasonably appropriale fashion, its further application and refinement is advocated.

3.2.6 Face Shape Index (FSI)

The extent by which the actual and the ideal (planned) face shapes differ, in any given
area of a mine, can be simply gauged by use of the Face Shape Index (FSI) criterion.
This is not a design criterion as such, buf more an instruoment of monitoring and control.
Figure 3.2.10 illustrates how FSI is calculated. Simply stated, it is the average distance
that a set of panels deviate from the ideal (pre-planned) positions. The index can be eval-
uated at regular intervals (say monthly), and, when plotted as a function of time, gives
management a simple tool to assess how successful production staff have been in main-
taining ideal face shapes, and whether the trends are improving or otherwise.

---------------------- i deal
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1«—face
SOLID - shape
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FSl = a+b+§+d+e metres

Figure 3.2.10 Plan of a mining area, showing how FSI is calculated.

3.2.7 Average Pillar Stress (APS)

This criferion is basic to designing and assessing the performance of pillars. Tt is sini-
ply the average stress carried by a pillar in a given (usually ‘worsl-case’) mining
environment. APS values can be estimated quite readily and generally using numer-
ical modelling (Chapter 11).

Alternatively, in situations where the mining is both regular and extensive, simple
‘tributary area’ theory can (conservatively) be invoked: APS = q,/ (I-e) ; where q,
is the virgin vertical stress (q, = 0.027 h, where h is depth in m) and e s the extrac-
tion ratio. For example, at a depth of 3000 m, g, = 81 MPa; and if the extraction ratio
is 85 % (e = 0.85), then APS = 81/0.15 = 540 MPa.

The APS criterion is currently vsed in two ways:
(i) To gauge whether a regional pillar (a stabilizing pillar at great depth, a barrier pil-
lar or even a strong in-stope pillar at shallow depth) is likely to fail by punching
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(‘foundation failure’). Regional pillars are generally squat rib pillars (width:height
ratio >> 10) and will not fail by crushirig.in their own right. An approximate and con-
servative criterion, that APS < 2.5 ¢, has been proposed to avoid the occurrence of
foundation failure, where 6, is the UCS (uniaxial compressive strength) of the foun-
dation rock material. In the example given above, the 85 % exlraction pillars would
{barely) fail this criterton if the UCS of the foundation rocks was 200 MPa. Cwrent
ongoing research is aimed at refining this criterion, which probably ought to take into
account the friction and dilation properties of the foundation roeks, as well as possi-
bly the prevailing k-ratio (see Chapter 1.2 for definition of these terms). The pres-
ence of weak or slippery layers in the immediate foundations (closer than about one-
quarter pillar width from the contacts) also appears to induce significant pillar foun-
dation weakening — with concomitant heave in the adjacent panels.

(ii) To gauge whether a pillar is likely to fail in its own right, taking into account the esti-
mated strength of the given pillar. Pillar strengths are discussed in the following section.

3.2.8 Pillar Strength Criteria

The stress-strain relationships of hard-rock pillars of various width:height ratios are
illustrated schematically in Figure 3.2.11a. It is seen that the behaviour switches
from highly briftle for slender pillars (w:h ratio = 2) to increasingly ductile for squat
pillars (w:h ratio > about 5). There is also a marked increase in (peak) sirength G,
with increasing w:h ratio — Figure 3.2.11b - but note that-the magnitude of this
strengthening seems to be an intrinsic property of the rock type involved.
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Figure 3.2.11a  Stress:strain behaviour of hard-rock pillars of different
w:h ratios. Typical operating points are shown for NY
(non-yield), Y (yield) and C (crush) piltars.
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The strength o of a square coal pillar has historically been described by the Salamon-
Munrio ‘power’ equation ¢, (MPa) = K w?/ hP, where w is the width, h is the height
of the pillar, and K, a-and b are constants. The values of K, a and b applicable for
coal enigineering have been well quantified by back-analysis of a large number of coal
pillar collapses. A similar formula for hard-rock pillars (based on a very limited sam-
ple of collapsed pillars in Canadian mines) has been applied in South African hard-
rock situations: o, = K w03/ ho.75) where the value of X has been variously estimated
at belween one-third and two-thirds of the UCS of the pillar material.
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Figure 3.2.11b  Strength increase with w:h ratio of laboratory pillars.

A well-substantiated and operationally simpler ‘linear’ formula, based on the sug-
gestions of Obert & Duvall, for expressing the strengthening effect of width:height
ratio on pillar strengths reads as follows: o, = K;[A+(1-A) w/h]; where K; is the in-
situ cubic rock mass strength (similar to Salamon’s K, and significantly lower than
the rock’s laboratory UCS value); and A is a parameter describing the effect of w:h
on rock strength. The A parameter can (as far as is presently known) be quantified
by means of routine laboratory w:h testing of a given rock type - Figure 3.2.1 1b. The
(downgraded) in-situ strength K; can in principle be estimated by back-analysis of
past collapses, by observation of existing pillar sidewall conditions, or, in data-
impoverished environments, by calculation from drill core strengths and rock-quali-
ty estimations. For some hard rock types, it may be possible to extrapolate a likely
“value of K; directly from a suite of laboratory tests of samples of increasing size up
to a diameter of about 200 mm (when the ‘scale effect’ no longer significantly
reduces strength). Further downgrading is necessary if sigrificant jointing or other
discontinuities are present in the pillar rock mass. In this regard, current research is
focusing on quantifying the effects of spacing and orientation of discontinuities, and
of frictional properties of pillar/foundation contacts, on establishing a reasonable
estimate of the (fully downgraded) in-situ strength K;.
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Pillar strength formulae refer to square pillars (the square outline, from the point of
view of maximum support resistance, being in fact the optimum pillar shape for any
given exltraction ratio). A formula borrowed from coal engineering is sometimes
applied to estimate the ‘effective width’ w, of hard-rock rectangular pillars:

w, =4A /C, , where A, is the pillar area and C,, is the length of the perimeter. For
very long rib pillars, this implies an effective width which is double the actual width,
and a strength at Jéast 30 % higher than that of a square pillar. Quite frequently, how-
ever, this strengthening effect due to pillar shape is ignored, and the width w is sim-
ply (and conservatively) taken to be the smallest cross-sectional width of any given
pillar structure.

The intrinsic strength of very squat piliars (w:h > 5) increases rmuch more rapidly
than either the Salamon-Munro or Obert-Duvall formulae directly suggest. In fact,
for pillars with w:h > 10 (the norn for barrier pillars) or w:h > 40 (the norm for sta-
bilizing pillars), piliar system strength is governed more by possible foundation fail-
ures (section 3.2.7 above) than by failure of the pillar in its own right.

In any given non-yield pillar layout, the ratio of pillar strength to (worst-case) applied
pillar stress is called the ‘safety factor’: SF = o, / APS. Safety factors of 1.6 are
applied in coal engineering, and values at least this high are appropriate for hard-rock
non-yield pillar designs.

3.2.9 The RCF Criterion for Tunnel Layout and Support Design

It is pointed out in Chapters 5, 6 and 7 that the stability of tunnels and other service
excavations is controlled by rock mass condition, field stress levels, and
quantity/quality of installed support. Ore of the functions of-regional design is to
contro} field stress levels as far as possible, that is, to aim at keeping the absolute
stresses in the rock in which service excavations are located at tolerable levels. This
can be accomplished by siting off reef excavations sufficiently remote from highly
stressed abutments/pillars, by the correct sizing-of shaft pillars, and by the design of
reef/waste overstoping layouts and sequences.

A recommended design criterion for expressing and controlling tunnel condition is the
rockwall condition factor: RCF = (30, - 0,)/ Fo,; where o, and o, are the major
and minor field stress components acting normal to the tunnel, o, is the uniaxial com-
pressive strength of the host rock, and F is an empirical rock mass condition factor. In
normal competent rock, this factor F does not deviate significantly from unity. In
highly incompetent rock (in which there are both joints and weak bedding planes
spaced less than about 0.1 m apart), an appropriate value of F is approximately 0.5. In
large excavations (say 6 x 6 i as opposed to standard 3 x 3 m tunnels), F should be
further downgraded by about 20 % to reflect the weakening effect of excavation size
on effective rock mass strength. Figure 3.2.12a shows the results of a correlation
between RCF in competent quartzites (F = 1) and observed tunnel condition; if RCF
< 0.7 conditions are excellent, but when RCF > | conditions rapidly deteriorate and
increased levels of support resistance and areal coverage are required.

The RCF formula given above assumes a circular tunnel outline, and caters for weak
or incompetent host rock conditions. Unlike the more simplistic ‘vertical field stress’
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criterion sometimes used, it also caters for the inclined stress vectors encountered in
the footwall of remnants and pillars - Figure 3.2.12b. The siting and support of tun-
nels located in such areas has to guard against the high sub-horizontal stress levels
which prevail (as well as the possibility of foundation failure events taking place in
the neighbouring pillars).

Tunnels are often subjected to substantial changes in field stresses, and hence RCF
levels, as a result of neighbouring mining operations - Figure 3.2.12¢. Large stress
increases can cause severe damage unless properly anticipated (Chapter 6); con-
versely, large stress relaxations can cause problems due to shearing and dilation of
fractures as well as to lack of resilience in conventional support systems.
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Figure 3.2.12 a Applicability of RCF in tunnels
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3.3 REGIONAL SUPPORT

Severe problems of a regional nature that can arise in tabular mining (majou collaps-
¢s, water inrushes, mining-induced seismicity) may be countered by the use of appro-
priate regional support systems. These utilize substantial and carefully ldid-out pil-
lars of unmined ground, or allernatively re-introduced backfill materials, of sufficient
stiffness to control regional deforinations adequately.

Regional support systems play important strategic roles in all mining layouts, but
most especially in deep mining where their contribution to controlling the hazards of
rockbursting is of paramount importance.

Barrier pillars, which are used in shallow mines as insurance against the possibili-
ty of extensive collapses and surface subsidence, are a special case of regional sup-
port and are discussed in section 3.4.L.

3.3.1 Water-Barrier and Boundary Pillars

All mines make water o some exten(, and disused workings in which pumping has
ceased, eventually become completely flooded. Massive inrushes, often associated
with water-bearing dolomitic strata, can also occur — for example the inundations that
afflicted Merriespruit and West Driefontein in the early years of those gold mines.

Water-barrier pillars are the primary means used to isolate portions of a ming or entire
mines from inrushes from neighbouring flooded (or potentially flooded) areas of mined
ground. Boundary pillars, of a total width not less than 18 m, are required by law to be
established between adjacent mines, and may not be extracted without due permission.

Certain design criteria have been proposed in the past. It has been suggested that a
water-barrier pillar needs to be made sufficiently wide to ensure:

(i) that it is ‘indestructible’ in terms of pure crushing (nominal width:height ratio at
least 15:1);

(i) that along the verfical centreline of the piilar, the minor stress o; does not fall
below the water pressures involved (to prevent water from opening up sub-vertical
fissures); and

(iif) that the rock heré does not fail in triaxial compression according to standard
rock failure criteria (to prevent linking-up of failure lobes in the pillar foundations).

According to best evidence - numerical modelling as well as borehole observations
and hydrofracturing data - the last of these criteria will only be satisfied if the aver-
age pillar stress (APS) were not allowed to build up above about 300-400 MPa in typ-
ical deep mining conditions. This in turn would require pillar widths of the order of
70 m at least to prevent linking-up of the foundation failure lobes.

Yet there are scores of instances of much narrower pillats (many with the statutory
width of only I8 m) which have successfully resisted water inrushes over long peri-
ods of time. There is one case on record of a piliar, only 10 m wide in places, which
withstood a water head of up to 600 m (6 MPa) over a period of many years. The
reason why these relatively narrow pillars seem to be able to resist water incursion,
even thoug_h their foundations are undoubtedly heavily crushed, is probably the effect
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of the very high vertical stresses which act to tightly close up any potential sub-hor-
izontal water-bearing channels. Indeed, the most likely hazard which could breach
the integrity of a water-barrier pillar could well be the presence of a sub-vertical
plane of weakness (fault or dyke) which transects the pillar, particularly if seismic
activity (rupture alorig the plane of weakness) is a possibility. The following prac-
tical design giidelines for water-barrier pillars are therefore suggested:

(1) The width:height ratio should not be less than about 15:1, This implies that for
a stopewidth of 1 m, the statutory width (18 m) of a boundary pillar would be basi-
cally adequate. On the other hand, for a stope width of say 3 m, a width of at least
45 m would be more appropriate.

(2) Where planes of weakness aré present, these should be protected by bracket pil-
lars of appropriate width and extent from the barrier (these dimensions being gnided
by means of ESS analyses, but certainly not less than the width of the barrier itself).
(3) Cases of nmultiple-reef mining need to be addressed with particular care. For
example, a flooded excavation closer than a few hundred metres above current work-
ings could pose a significant hazard of water inrush.

3.3.2 Stabilizing Pillars

Stabilizing pillars exploit the concept of partial extraction in order to provide effi-
cient regional support. Figure 3.3.1 illustrates the massive theoretical impact of sta-
bilizing pillars on ERR levels in a deep (3000 m) heavily mined environment.
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Figure 3.3.1 Theoretical effect of partial extraction (stabilizing pillars)
on ERR

In the absence of any pillars (100 % extraction), the average face ERR is simply
given by

ERR, = g, S,
where q, is the virgin vertical stress (about 81 MPa at 3000 m), and S,, is the (effec-
tive) stope width (taken as 1 m in Figure 3.3.1, with resulting ERR, =81 MJ/m?). It
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is worth noting that the limiting ERR in complete-extraction situations is propor-
tional both to depth and to effective stope width.

When regular mature rib stabilizing pillars are present, whether arranged on strike or on
dip, the formula for the average face ERR is more complex [and is valid only whére there
is no totat closure between the piltars], but is nevertheless able to yield imnportant insights:
ERR, = [4([-v?)/x] [q,2L/E] [(In sec en/2)/e] ,

where v is the Poisson’s ratio of the strata (lypically 0.2), g, is the virgin vertical
stress, L is the half-centres spacing of the pillars, E is the effective strata Young’s
modulus, and ¢ is the extraction ratio (for 85 % extraction, ¢ = 0.85). This formula
not only demoiistrates the potential massive reduction in ERR due to the presence of
stabilizing pillars (Figure 3.3.1), but brings fo light the following significant points:
(i) With regular stabilizing pillars and with no total closure between the pillars, the
stope width S,. no longer features in the equation. Thus in high stope width envi-
ronments (in which both conventional backfills or stiffer cemented fills suffer
reduced effectiveness), stabilizing pillars retain their effectiveness and become
increasingly the most appropriate method of providing regional support.

(ii) ERR, values increase rapidly with extraction ratio e (Figure 3.3.1); thus, lower
extraction ratios become increasingly necessary in ultra-déep mining scenarios.

(iil) ERR, values increase directly with half-centres spacing L between the pillars. Thus,
use of small spans between pillars is atso favoured at great depths of mining (section 3.4.5).

The use of stabilizing pillars not anly decreases face ERR levels with corresponding
expected improvements in general mining conditions, but also results in a diminution
of seismicity-inducing ESS lobes which sweep through the rock in front of the advanc-
ing mining faces — Figure 3.3.2. An unprotected heavily-mined longwall sees an indef-
initely long lobe of positive ESS just in front of its advancing face and can be (and his-
torically, has been) subject to face-parallel bursts of massive magnitude. On the other
hand, a stope protected by stabilizing pillars will advance into areas where the ESS is
broken up into smaller isolated lobes (the so-called ‘buttress pillar effect’), where seis-
mic events will be more localized and will have relatively small expected magnitude.

ESS without stabilizing pillars
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o a MM _ M,

mE o O o
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Figure 3.3.2 Effect of presence of stabilizing pillars on ESS in front of stope faces
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Stabilizing pillars have featured in deep South African mining operations stuce the
mid 1960s. Operational results have for the most part been favourable, though not
without significant problems arising in practice:

(a) Occasionally serious ‘foundation failure’ type seismic events have occurred,
damaging footwall follow-behind haulages.

(b) Mining difficulties have arisen associated with general inflexibility of layouts
(notably, difficulties with negotiating geological structures), and hazards of late cut-
ting of ventilation and crosscut-protection slots in established pillars.

(c) Severe strata control problems have tended to arise in the areas immediately up-
dip of pillars (see section 3.4, Figure 3.4.17).

On balance, though, stabilizing pillars would seem to have succeeded in their prima-
ry aim of reducing the incidence of seismic events and of rockbursting at the work-
ing stope faces — Figure 3.3.3.
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Figure 3.3.3 Observed effect of stabilizing pillars on seismicity/rockbursting. Figures a and ¢
show the impact of the introduction of stabilizing piltars on the average ERR levels in two deep
mines, and the concomitant significant reduction in the incidence of serious rockbursts.

Figure b suggests important differences in the response of two geotechnically-distinct reefs to the
introduction of 20 m stabilizing pillars. Figure d, based on data from the first mine to introduce
stabilizing pillars, helped motivate their more general use in deep longwall mining.
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The design of stabilizing pillar layouts is governed by the precepts of section 3.2.

(i) ERR control. A target average face ERR level needs to be set, based on experi-
ence of the particular inining envitonment in question. A typical value is 30 MJ/m2,
but values as low as 10 MJ/m? or as high as perhaps 40 MJ/m? could be appropriate
for different environments. [ERR estimation was discussed in section 3.2.1.]

(i) Pillar width. In a 1 m stope width environment, pillar widths of 20 m were at
one time considered to be ‘indestructible’, that is, not be susceptible to through-going
crushing. Nevertheless, in a high-stress environment (3000 m depth, 86 % extrac-
tion), such pillars were observed to sustain fracturing right through to the core with
resulting partial loss of integrity — Figure 3.3.4. A possible explanation for this is the
presence of gullies and hieavy pillar-edge fracturing and mobile parting planes which,
particularly in an environment ot continual seismic shaking, could produce an ‘effec-
tive’ pillar height of up to 6 m and a resulting ‘effective’ width:height ratio of less
than 4:1.

‘Effective height' =6 m

Observed fracture
density per metre

Scale
0 2 4 6 8 10m

Figure 3.3.4 Observed fractining through a 20 m wide stabilizing
pillar at depth

Thus modern practice in deep mining enviromments favours the use of stabilizing pil-
lars at least 30-40 m wide. [For example, in.a mature 45 m pillar at 2200 m depth,
fracturing was observed to extend less than 7 m-into the pillar sidewalls. Wider pil-
lars also seém to have intrinsically greater foundation stability.] Operational experi-
ence of stabilizing pillars in high stope width environments (say 2-3 m) is lacking,
but the use of 40-50 m wide pillars would in all probability suffice hére too.

(iii)y Extraction ratio e. For a given pillar width, the wider the pillar spacing the bet-
ter the extraction ratio e, but the higher the ultimate toads (APS levels) to be carried
and the greater the chance of damaging ‘foundation failures’ taking place with par-
tial 16ss of pillar load-bearing capacity and increase in face ERR levels. In section
3.2.7, use of the criterion APS < 2.56, was suggested, where o is the uniaxial com-
pressive strength of the foundation strata. For 200 MPa rock, this implies that APS
levels should not be permitted to rise above about 500 MPa - i.c. extraction ratios
of no more than about 85 % at a mining depth of 3000 m, 80 % at 4000 m, and

75 % at 5000 m. Lower extraction ratios, and hence lower APS levels, are indicated
for weaker foundation rocks, or environments where very mobile parlings are present.
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At elevated stress levels, some degree of toundation failure in stabilizing piliars
doubtless continués to occur on a regular basis. Laboratory simulations, together
with numerical modelling studies, have suggested that the pillars’ primary design
objective (to reduce face ERRs) should not be significantly compromised if the APS
< 2.5 ¢ criterion is -met. At the same tine, in the compuler modeiling of deep lay-
outs, the following modifications to standard simple procedures seem to be neces-
sary: (i) the elastic modulus of the rock mass needs to be downgraded by around 10-
20 %; (ii) the (effective modelled) stope width needs to be reduced by some 0.4 m
(due to irrecoverable bulking in the hangingwall strata); and (iii) the pillars need to
be modelled as effectively compressible structures suffering on the order of 5-10 %
closure. These adjustments, necessary to capture the realities of deep-level mining
environments, are still the subject of ongoing research.

In high-grade but ultra-deep or otherwise unfavourable environments, the use of hybrid
regional support systems (those featuring the use of stiff backfills or concrete pillars, in
conjunction with conventional stabilizing pillars - sections 3.3.4 and 3.3.5) should be
evaluated in order to maintain extraction ratios at reasonably economic levels.

3.3.3 Bracket Pillars

Bracket pillars are strips of unmined ground left against hazardous geological struc-
tures to act as partial barriers against seismic activity. Especially in highly geologi-
cally-disturbed regions, the identification of wihich structures to protect seems best
left to local experience supplemented with well-analysed quantitative seismic infor-
mation. Whether or not bracket pillars are used, the basic principles of negotiating
hazardous geological structures (mining obliquely at > 35° to, or preferably away
from, the feature — Figure 3.4.8) need to be adhered to if at all possible,

Operational experience with the leaving of bracket pillars has shown many unquali-
fied successes: clearcut falloffs in damaging seismicity on specific troublesome fea-
tures. There have, on the other hand, been numerous failures. Indeed, serious added
hazards can arise if bracket pillars prove in practice to be nunder-designed. For exam-
ple, a narrow pillar left against a fault can temporarily lock-up slip movement, but
when the other side of the fault loss is stripped out, a damaging large event can take
place. [The opinion is often expressed that either a bracket pillar should be large (40-
50 m wide), or it should be omitted altogether and the feature simply mined through
as expeditiously as possible.] It is thus imperative to estimate worst-case conditions
when attempting to design bracket pillars (or any other form of pillar).

In the Far West Rand goldfield, because of the constraints iimposed by longwalling,
structures of small throw or which strike obliquely are often mined through; but
‘remnant’-type precautions are used with an oblique/arrowhead face shape and lim-
ited spans in the panel negotiating the structure. Occasionally, problematic structures
are left intact with a small 5 m wide ‘buffer’ of unmined reef; this has little effect on
seismicity but serves to improve local strata control to a significant extent. Structures
posing particular problems include shallow-dipping planes of weakness, fault-dyke
intersections, and dykes which bulge outwards away from the reef horizon; these
require either very substantial bracketing, or else are simply mined through with due
caution. Elsewhere, bracket pillars ave used to advantage, designed using the crite-
ria summarized below.
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In the heavily geologically-disturbed Klerksdorp goldfield, a great deal of work has
been done in characterizing the more dangerous structures: these seem to be planar
and young for the most part. Medium width dykes are particularly burst-prone.
Small spans and oblique face orientation are used in mining out a structure, and 5 m
buffer pillars also feature to some extent. Mining on retreat ‘away from’ structures
is practiced wherever possible. ‘Buttress pillars® (thin strips of unmined ground nor-
mal to a shallowly-dipping structure) have proved a successful innovation. Bracket
pillars are widely used, but problematic structures include fault losses in which the
other side has already been coinpletely stripped out (symmetrical bracket pillars on
either side of a feature seem to be most successful), extraction of remnants which butt
up against geological weaknesses, and dyke-fault intersections.

In the OFS goldfield, massive slippages have occurred on large faults but otherwise
rockbursting is comparatively rare. Bracket piliars are used quite frequently, with
much the same experiences and reservations as elsewhere.

Two criteria have been found useful in the design of bracket pillars.

(1) For bursting dykes, the stress:strength ratio should be kept below about unity:
c/cy<1

where ©, is the stress at the edge of the dyke when the face is stopped to leave the
bracket pillar, and 6 is the UCS of the dyke material. Often, only strong young
dykes with UCS > about 280 MPa are classified as burst-prone and so requiring
bracket pillar protection.

(2) For faults (or some dykes) prone to shear-type seismic events, the excess shear
stress (ESS) criterion — section 3.2.3 — may be invoked to assist in the design of
bracket pillar widths and layouts. Here, the option of leaving pillars normal to the
feature (‘buttress pillars’) should not be overlooked — by these rmeans, the ESS lobes
may be efficiently fragmented and the magnitude of possiblé seismic events thereby
restrained. If a standard bracket pillar is to be left butting agdinst the weak feature,
it is also usually impractical to attempt the elimination of @!f positive ESSs. Rather,
the width of the pillar should be chosen to limit the likely maximum magiitude of
seismic activity to some accepted limit tolerable to the support systems in use. [In
principle, ESS modelling is able to estimate the seismic moment and hence magni-
tude associated with slip on a given, appropriately quantified, plane of weakness.]

In ESS modelling exercises, the setting of certain critical parameters requires attention:
(i) the k-ratio (often assumed as 0.5 in deep mining scenarios, but which can take on
very different values in abnormal tectonic situations);

(ii) the dynamic friction angle ¢ (usually assumed as 30°, but which on abnormally
‘slippery’ planes of weakness seems to take on values as low as 15-20°);

(iii) the plaparity and continuity of the weakness ‘plane’; and

(iv) the integrity of small remnants or pillars in the area of interest, which may have
crushed or been damaged by previous séismicity, and which may need to be treated
as being effectively non-existent (in géneral, numerical modelling needs always to
focus on worst-case situations).

The selection of such ‘abnormal’ parameters can best be guided by the back-analysis
of unexpectedly large events known to have taken place on particular hazardous
structures. In. more normal scenarios, use can be made of standard design. charts
(developed by CSIR-Miningtek/SIMRAC), of which an example is given in Figure



