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Introduction

The complex mechanical behaviour of the partly
broken rock around a deep-level mine is
compounded by the interaction between the rock
and the stope support. Kirsten and Staceyl have
defined a number of mechanisms in terms of the
indeterminateness of displacements associated
with failure (kinematic indeterminacy), which
enable this complex behaviour to be analysed
quantitatively. The initial work by Kirsten and
Stacey2 in this regard was based on a tabular
stope with a span of 80 m, a depth of 2000 m,
and a primitive field stress ratio of 0,25. The
sensitivity of kinematic indeterminacy to type of
stope support and discontinuity strength was
investigated in particular.

Kirsten and HowelP extended this work to
different discontinuity strengths, depths, and
spans of mining, field stress ratio, and support
stiffness. They confined their findings to the
stress and load-displacement characteristics of
the medium representing the rockmass, and
concentrated on how these were represented
differently in elastic analyses and in analyses in
which discontinuities in the rock were allowed to
fail.

According to Ryder4, two classes of
seismicity are generally referred to in the
literature: that associated with crushing of the
highly stressed rock in the immediate vicinity of
an advancing face, and that associated with slip
or rupture along single major geological features.
Ryder4 further observed that it is generally
accepted that rockburst damage resulting from
the failure of such features is likely to be more
widespread, and the associated magnitude of the
event to be larger, than would derive from the
heavily crushed zones of limited extent around
the face.

The object of the present paper is,
accordingly, to extend the findings of Kirsten
and HowelP on the differences in the load-
displacement behaviour of rock obtained in
elastic analyses and that obtained in analyses in
which ubiquitous discontinuities are allowed to
fail, to potential seismic activity associated with
single major geological features.
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Kirsten and Stacey2 confined their attention
with regard to non-elastic behaviour to failure
on ubiquitous discontinuity sets, which may be
present naturally or which may be induced by
mining. The effects of both kinds of discon-
tinuity were assumed to be similar. Consider-
ation of the mining-induced discontinuities in
this way essentially accounted for failure of t~e
intact rock outside the heavily crushed zones III
the immediate vicinity of the face. Reference in
this paper to the effects of discontinuity failure
on seismicity therefore indirectly includes those
of failure of the intact rock except for that in the
immediate vicinity of the face.

The significance to the stability of kinematic
indeterminacy has been defined by Kirsten and
HowelP. Its significance to seismic activity is
defined in the following section. The salient
features of the numerical analyses employed are
then briefly reviewed, and the various kinds of
seismic activity are defined, together with the
excitation mechanisms and quantitative
measures involved. The results of the study are
presented as contour plots of the incidence and
magnitude potentials, and in terms of
comparisons of the net excess shear determined
from the two types of analysis considered. The
findings of the investigation are concluded with
a limited literature review of related aspects.

Seismicity in terms of kinematic indeter-
minacy

According to Kirsten and HowelP, the relevant
strength parameters and the extent to which
discontinuities may fail are important in the
devising of numerical simulation schemes. This
information is generally not available, in lieu of
which an understanding of the effects of the
strength and extent of discontinuity failure on
seismic activity and stability in terms of
kinematic indeterminacy, as shown in Table I, is
of considerable use. The structure of Table I
enabled Kirsten and HowelP to systematically
pursue their analyses. It further assisted in the
systematic presentation of the resulting findings
as given here.
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Potential seismic activity in fractured rock

Table I

Influence of stope support reaction and discontinuity condition on equilibrium and seismicity

Material type

Elastic continuum

Non-elastic
continuum

not account for thefailure
qf ubiquitous disconti-

nuities.
The magnitudes qf

seismic events in rock in
which ubiquitous disconti-
nuities are allowed tofail
are very considerablY over-
estimated in elastic
analYses. The extent qf the
seismic source region and
the associated seismicity
do not increase with depth,
which, together with the
improved containment qf
the concomitant rockburst
damage by bacJgiI~ is re-
assuringfor mining at
greater depth infuture. For
conventional support, the
magnitude qf potential
seismicity increases for an
increase in span in elastic
rock, but remains
unqlfected in non-elastic
rock. For bacJgiII, the
magnitude qf potential
se/smicity decreases
substantiallY in elastic and
non-elastic rockfor an
increase in span. Increases
infield stress ratio very

~ 2

Field stress ratio

Type of stope support

Kinematic!
displacement

freedom Decreasing

Determinate

Aggregate
added
backfill

Stope support reaction

.. . Increasing

Stable equilibrium; no ubiquitous seismicity; isolated Iow
frequency energy releases (seismicity) of major amplitude may
occur in non-homogeneous ground.

Determinate Stable equilibrium; ubiquitous seismicity belatedly follows face
advance at relatively high frequency and Iow amplitude in
homogeneous ground; isolated Iow-frequency energy releases
(seismicity) of major amplitude may occur in non-homogeneous
ground.

Indeterminate

--------------------------------------

Stable equilibrium

Indeterminate
--------------------------------------

Stable equilibrium

Only the static effect of stope support is
considered in the table. The dynamic support
reaction afforded by hydraulic props is not
considered. Furthermore, the occurrence of
seismicity in relation to blasting is not specif-
ically accounted for in the table.

Seismic activity depends on the strength,
and on the variations in strength, of disconti-
nuities in the rockmass. The magnitude and
frequency of seismicity depend on whether the
discontinuities fail continuously or in a
stop-start manner.

Provision is made in Table I for each of four
conditions of discontinuity strength and stope
support. These conditions broadly represent
typical manifestations of the seismicity that may
be encountered in reality.

The first case represents perfectly elastic rock
in which no discontinuities occur. By definition,
no seismic activity is possible in this instance, in
which determinate mining-induced
displacements would instantaneously follow
advances of the face.
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In the second instance, provision is made for
partly failed discontinuities of such strength
that, although the mining-induced
displacements would be irreversible and larger
than for elastic rock, they would come to rest
soon after advances of the face ceased. The
concomitant seismicity would be of relatively
low magnitude and high frequency. In addition,
the strengths of the discontinuities may vary
over the mining district, in which case isolated
seismic events of major magnitude are likely to
occur periodically as stress accumulations due to
the properties of the non-homogeneous
rockmass are released.

Provision is made in the third instance in
Table I for discontinuities that are sufficiently
weak for mining-induced displacements to creep
gradually, but not suddenly to become
uncontrollably large. The nature of the
associated seismic activity would be similar to
that described for the preceding case or, alterna-
tively, would be as follows for the fourth case.

The Joumal of The South African Institute of Mining and Metallurgy



Potential seismic activity in fractured rock

signjficandy reduce
potential seismidty
irrespective if the type

if analYsis, but qlfect
the distribution if
potential seismic events
very differentlY in elastic
and non-elastic rock.

Provision is made in the fourth instance in
Table I for discontinuities that have failed
completely or, at least, are so weak that
advances of the face are followed immediately by
uncontrollably large displacements. The
corresponding seismic activity would be low in
both magnitude and frequency. As in the second
case, non-homogeneity in discontinuity strength
may periodically give rise to one-off major
seismic events.

Numerical analyses

The findings presented in this paper are based
on the numerical analyses described by Kirsten
and HowelP the salient features of which can be
summarized as follows.

Solution scheme

The material modelled represents a pseudo-
continuum in which discontinuity failure is
accounted for, although the discontinuities
themselves are not actually represented. The
orientations of the discontinuities are specified.
Fail~re is represented by excessive shearing and
tensile stresses along the discontinuities. The
excess stresses are re-distributed to adjoining
unfailed areas.

Only two-dimensional stress states are
simulated in the solution scheme. Two sets of
differently oriented joints can be accounted for
simultaneously. Although discontinuities can fail
in tension, the occurrence of actual bed
separation is not accounted for.

The shear stiffness of the pseudo-continuum
depends mainly on the shearing strength and
dilatational properties of the discontinuities. Its
normal stiffness depends on the properties of the
intact material. The medium is therefore more
deformable in shear than a perfectly elastic intact
continuum.

Model boundary conditions

The boundaries of the model represent the
ground surface, a stationary vertical plane of
sy~metry through the midspan of the stope, a
statiOnary horizontal plane coincident with the
centre of the reef horizon, and a vertical plane
remotely located from the stope face. Configur-
ations of mining depth to stope spans of
2000:80, 2000:400, 4000:80, and 4000:400
were represented in the various analyses. A
mined stope width of 1,0 m was allowed. The
entire span of the stope was assumed to be
mined in a single step, and 7 per cent shrinkage
of the fill was allowed for. The fill was likewise
assumed to be placed entirely in one step up to
4,0 m from the face. Primitive field stress ratios
of 0,1, 0,25, and 0,5 were considered in turn.

The Joumal of The South Afl1can Institute of Mining and Metailurgy

Material and stope-support properties

The intact rock was assumed to represent a
linear elastic material, and the discontinuities
were assumed to consist of successive intact and
unconnected sections. Failure along a discon-
tinuity would, as a result, represent a reduction
in length of the intact sections and an increase in
length of the unconnected sections. Failure of
the intact sections was provided for in terms of a
threshold for direct tension and a Mohr-Coulomb
criterion for shear. Failure along the
unconnected sections was provided for in a
similar manner, except that a zero threshold was
assumed for tension. Bed separation, as such,
was not simulated.

The fill was assumed to be subject to vertical
and horizontal stresses in constant proportion.
The stress-strain law for the fill was assumed to
be given by a power law, allowing for an
exponential increase in stiffness on stope
~onvergence. In the simulation of fill shrinkage,
It was assumed that 7 per cent closure of the
stope would occur before the fill would begin to
take load. Fills with stiffnesses similar to those
of deslimed and aggregate-added tailings were
modelled alternately.

In addition, conventional stope support was
considered in an alternative series of analyses.
The reaction of the conventional support was
assumed to be constant at 300 kPa for all
magnitudes of convergence.

Designations used in the analyses

The various analyses carried out with regard to
the model boundary conditions and material and
stope-support properties referred to above are
summarized in Table 11in terms of the following
designation.

Analyses identified with prefIXes A, E, B,
and C represent elastic continua. Analyses
identified with prefIXes F, J, G, and H denote
media in which the discontinuity bridges failed
partly or, alternatively, in which failure of the
bridges terminated. In that condition, the discon-
tinuity bridges still performed a support
function. Analyses identified with prefIXes T, Q,

a~d R den.ote media in which the discontinuity
bndges failed completely or non-ceasingly and
were, as a result, not performing a support
function. Analyses prefIXedwith A and F
represent no support, those with E, J, and T
represent conventional support, those with B, G,
and Q represent deslimed tailings backfill, and
those with C, H, and R represent aggregate-
added backfill.
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EA1 EA2 EA3
ES
EB

EX1 EX2 EX3

JA1 JA2 JA3
JS1 JS2 JS3
JB1 JB2 JB3
JX1 JX2 JX3

No analysis attempted

TA1 TA2 TA3
TS1 TS2 TS3
TB1 TB2 TB3
TX1 TX2 TX3

0,1 0,25 0,5

RA
RS2
RB2
RX2

0,1 0,25 0,5

Potential seismic activity in fractured rock

Aggregate-added
backfill

Table 11

Designation of analyses carried out in terms of support and discontinuity condition

~ 4

Condition of
discontinuity

bridges

Intact

Failed
partly

Failed
continually

Failed
completely

Type of stope support

Conventional

matpacks
and pipesticks

CA
CS
CB
CX

HA
HS2
HB2
HX2

Accuracy of the solution scheme

Kirsten and Howell' showed that the calculated
closures were 97 per cent accurate on average,
and the calculated rock-fill contact pressures 87
per cent accurate on average, They also showed
that the calculated vertical stresses along the
remote vertical boundary were 96 per cent
accurate on average, and the calculated
horizontal stresses along the same boundary 98
per cent accurate on average.

Representativeness of the solution
scheme

The representativeness of the solution scheme
was verified by Kirsten and HowelP, in terms of
measurements of stresses and displacements
reported in the literature for comparative
situations.

Definition of seismic activity

Type of seismic activity

Two kinds of seismicactivityare referredto in
Table 1.Both of these categories occur either
separately or simultaneously around a tabular
stope. The first kind is associated with failure on
ubiquitous discontinuities. If the rockmass is
homogeneous in terms of discontinuity strength,
failure will generally be directly associated with
advances of the face. As submitted in Table I,
the magnitude and frequency of such seismic
activity will depend on the strength of the
discontinuities .
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The second kind of seismic activity refers to
single events that would usually be of
substantial magnitude. This category of activity
is associated with non-homogeneity in the
strength of ubiquitous discontinuities or with
single major geological features, and occurs
when concomitant stress accumulations are
released.

Excitation mechanisms for seismic activity

This paper considers only single-event seismic
activity associated with local stress accumu-
lations on single geological features in rock in
which ubiquitous discontinuities are allowed to
fail in an on-going manner as the stope face is
advanced.The actual failureon such features is
not accounted for in the analyses. The effects of
only single seismic events are considered in
terms of their potential location, areal extent,
and magnitude in relation to the strength and
relative position and orientation of the causative
single geological features. Although the
ubiquitous discontinuities are allowed to fail, the
on-going seismicity associated with such failure
is not considered.

The stress accumulations referred to
represent temporary excesses that may arise as a
result of local non-uniformities in the strength of
a single geological feature. As the mining face
advances, a greater length of the feature beyond
the extent of the locally resistant zone becomes
overstressed and, accordingly, fails at the overall
average strength of the feature.

The Journal of The South Afncan Institute of Mining and Metallurgy



Potential seismic activity in fractured rock

Alternatively, the temporary excess may be

due to the indeterminate displacements that

would accompany relaxation, being inhibited
initially by the adjoining and/or surrounding

rockmass. As the length of the overstressed

feature increases, a stage is reached at which the

regional geological and geometrical configuration

of the mine allows sufficient freedom for the

resulting displacements to be accommodated.

Other similar mechanisms associated with

failure in a single geological feature can be

identified in which the excess shear can be

quantified as follows. Let ae and 1:8denote the

normal and shearing stresses on the plane of a
single geological feature at an angle (90 + e)

degrees to the horizontal. These stresses can be

determined in terms of angle e and the stresses

a , a , and 1: resulting from an analysis of the
x Y H.

stresses ana dlsplacements.

The excess shear stress can, accordingly, be

expressed as the difference between the shearing

stress developed on the plane of the feature due

to a locally resistant zone, 1:8'and the peak
shearing strength of the feature, 1:p' Thus,

~1:P=1: -1: =1: -c p -cr .tan<l> p
'

[1]
8 8 p

8 8

Alternatively, the excess shear can be

expressed as the difference between 1:8 and the
residual shearing strength of the feature,

1:"

Thus,

~ 1:r= 1: - 1: = 1: - c - cre
. tan <I>. [2]e ere r r

The failure process in brittle rock will, owing
to the amount of energy contained in the system,
continue through the peak to the residual state.
The residual cohesion, CT'for brittle rock is
usually zero, and the peak and residual friction
angles are equal. The practical maximum excess
shear can therefore be expressed as follows:

~1:8=1:8-cr8.tan<l>.

The terms peak and residual strength are
commonly used in the constitutive mechanics of
geological materials5, and are equivalent to the
terms static and dynamic strength referred to by
Napier6, who presented expression [3] in
identical form. Excess shear stress is an
elementary concept in constitutive mechanics,
and has long been used in conjunction with
elastic analyses as the simplest approach to
evaluate the occurrence and effect of failure.
Several other authors have used it in recent
years in the same way in the context of mining-
induced seismicity, notably Napier6, Ryder4, and
SpottiswoodeB.
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Napier6 evaluated the effects of excess shear
stress on single geological features for specific
mining configurations in terms of determinations
of the developed stresses a8 and 1:8on the basis
of elastic analyses. Ryder4 evaluated some of the
general characteristics of the incidence and
magnitude of potential seismic events in terms of
the relative location and orientation of causative
single geological features, also on the basis of
elastic analyses. In particular, he considered the
sensitivity of the seismic events to changes in
the depth, span, width, and dip of a stope and
the field stress ratio. SpottiswoodeB compared
energy release rate and excess shear stress as
measures of seismicity for a scattered mining
layout in a geologically complex region in terms
of elastic analyses. Records of seismic events
and associated rockburst damage for a six-year
period were available for this purpose. This
study was motivated by the poor correlation
between seismicity and energy release rate.

The objective in the present investigation
was to comprehensively identify the general
characteristics of the incidence and magnitude of
potential seismic events in terms of the relative
location and orientation of causative single
geological features in elastic rock and in rock in
which ubiquitous discontinuities are allowed to
fail..In particular, the sensitivity of seismic
events to changes in the depth and span of a
stope, field stress ratio, and support type and
stiffness, and in the strength of ubiquitous
discontinuities was investigated. These investi-
gations enabled the corresponding differences
between the two types of analyses and the
consequent implications of the type of analysis
on mine design to be evaluated.

Quantitative measures of seismic activity

The parameter (1:/as . tan <1»represents the
proportion of the developed shearing stress on a
single geological feature to its residual shearing
strength, as shown in Figure 1. The parameter
arctan (1:/as) accordingly represents the
equivalent friction angle at a particular point
below which failure of the feature will be
induced. It also follows that failure on single
geological features is precluded anywhere
around an excavation unless the ratio between
the corresponding principle stresses, A,satisfies
the following condition, which represents the
effect of the field stress ratio on the occurrence
and on the location and orientation of single
geological features relative to the mining
excavation that may give rise to seismicity:

A~:t(l-sin <1»/(1+ sin <1».

[3]
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Figure1-1l1ustration of excess' shear stress
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CONTOUR REPRESENTING
SHEARING STRENGTH Of
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GE~CAL FEATURE

." ADVANCING FACE

Figure 2-lIIustration of location and extent of potential seismic source relative to stope

~ 6

Contours of the parameter ('t/<Ye)relative to
the mining face enable the occurrence, location,
and extent of potential seismic activity on single
geological features to be assessed. For this
purpose, a single geological feature at an angle
of (8 + 90) degrees to the horizontal would be
considered to move horizontally across the
model until it touches or intersects the particular
contour that represents its shearing strength, as
shown in Figure 2. Seismicity will, accordingly,
be induced over the length along the feature over
which it is surpassed by its strength contour,
from which it follows that the near field will be a
narrow elongated domain in cross-section.
Contours of parameter ('t/<Ye)can be referred to
as seismic inddence potentials, for which no
equivalent terminology has been previously
defined.
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The magnitude of the event will depend on
the extent to which the shearing strength of the
single geological feature, located as described
above, is exceeded and on the magnitude of the
excess. The excess can be represented by the
parameter ('te- <Ye. tan $), as illustrated in
Figure 1. The effect of the location and
orientation of a single geological feature on the
magnitude of seismic events potentially induced
on it can be evaluated in principle by assuming
that $ = 45 degrees and by expressing the excess

in terms of the difference ('te- <Ye)'Ryder4 used a

value of 30 degrees for $. Contours of this
parameter assist in comparative evaluations of
the magnitudes of potential seismic events, as
illustrated in Figure 3, and can accordingly be
referred to as seismic magnitude potentials, also
for which no equivalent terminology has been
previously defined.

Contours of parameter ('te- <Ye)canalsobe
used as incidence potentials, as proposed by
Ryder'. However, parameter ('t/<Ye)was used for
this purpose in the present investigation because
it represents the excess of the developed stress
over the residual strength as a proportion, and
did not require an explicit threshold to be
defined as for parameter ('te- <Ye).

The change in the overall stored strain
energy corresponding to the relaxation of the
excess stresses on a single geological feature
represents the state of the ground surrounding a
mining excavation, and can be used as a
measure of the magnitude of a potential seismic
event, instead of the excess shear stress,

('te- <Ye)'This approach was, however, not
pursued in this investigation, because the
solution scheme adopted did not provide for the
determination of the strain energy in a discon-
tinuous medium. The following equivalent
alternative approach was adopted.

The contours of excess shear, ('te- <Ye)'
represent a surface that can be denoted by
functionf(x,y). The volume under this surface
denotes the excess shear potential across the
entire model. The integral off{x,y}'dnly over
the area of the model may accordingly be
regarded as a state parameter that represents the
magnitude of potential seismic activity on the
assumption that it is related to the excess shear
on major geological features. A sufficiently
accurate estimate of this parameter can be
obtained from an accumulation of the products

('ta-:-<Ya)nx An over all the elements in the model,
where A denotes the area and n the number of
elements in the model. The parameter
I,('ta - <Ye)nx An is referred to as the net excess
shear on potential single geological features,
which are oriented at (90 + 8) degrees to the
horizontal.
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Figure 3-lIIustration of potential magnitude of seismicity relative to stope

Application of proposed measures of
seismic activity

The occurrence and magnitude of potential
seismic activity on single geological features
depend on their relative location and orientation,
the strength of other ubiquitous discontinuities
in the rockmass, the depth and span of mining,
the field stress ratio, and the support stiffness.
The proposed measures of seismic activity can be
applied in an evaluation of the nature of its
dependence on these parameters. Contour plots
of the seismic incidence and magnitude
potentials were accordingly produced for all the
analyses reported by Kirsten and HowelP for
potential orientations of single geological
features of 0,30,60,90, 120, and 150 degrees
to the horizontal, which correspond to values for
angle e referred to above of 90, 120, 150,0,30,

and 60 degrees. The two-dimensional nature of
the analyses carried out by Kirsten and HowelP
in principle does not detract from the way in
which seismicity depends on the various
parameters considered.

In practical applications of the proposed
measures of seismicity, the process referred to
above of considering a single geological feature
to be moved horizontally across the model would
be inverted. The face, together with the
subtended seismic incidence and magnitude
potentials, would instead be considered to be
advanced towards a known geological feature.
The position of the face relative to the geological
feature at which seismicity will be induced is
that at which the incidence potential
representing its strength touches the feature.
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Findings

The effects of the various parameters considered
on the seismic incidence and magnitude
potentials are in principle presented separately in
what follows for the elastic and non-elastic
analyses, and are then compared to show the
differences between the two types of analyses.
Where appropriate, the various effects
enumerated are also evaluated in principle, in
terms of current understanding and established
norms, with regard to the likely behaviour of rock
under seismic conditions. The analyses in terms
of which the findings are illustrated are referred
to according to the designations given in Table H,
followed by the particular value for e considered.

Seismic-incidence potentia's

Seismic-incidence potentials can be evaluated
conveniently in terms of their distributions in
two characteristic domains: distant from and
contiguous to the mining excavation. Although
the boundary between the two domains is not
discontinuous, the magnitude and grading of the
potential contours are distinctly different in the
two domains. The contiguous domain in
principle falls within an area that extends
horizontally across the stope up to a relatively
short distance ahead of the face, and vertically to
a variable height depending on the strength of
the discontinuities, the depth and span of
mining, the field stress ratio, and the support
stiffness as referred to below. The distant
domain covers the area outside the contiguous
domain. The contiguous domain is shown
shaded in the diagrams referred to.

The contiguous and distant domains are
different in location, extent, and context from the
near and far fields used in seismology. The
contiguous and distant domains are located
relative to the mining excavation, and vary in
extent depending upon the constitutive
properties of the rock. These domains further
designate the distribution of the seismic
incidence and magnitude potentials. In contrast,
the near and far fields are located relative to the
source of seismicity, which may vary in
proximity to the mining excavation depending
upon the particular geological idiosyncrasy or
crushed-rock zone that is associated with it9.
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Discontinuity strength according to elastic
analysis

The following characteristics for seismic incidence
potential were identified in the elastic analyses.
(a) The contours of seismic-incidence

potential are gently graded in the distant
domain, and are steeply and multiply-
peaked in the contiguous domain, as
shown in Figure 4 for analysis EA2, e = 30
degrees. At maximum extent, the
contiguous domain is bounded by a
vertical line some distance ahead of the
face, and by a horizontal line approxi-
mately two-thirds of the mining span
above and below the stope. At minimum
extent, the contiguous domain is confined
to the immediate vicinity of the nether
hangingwall over the entire mining span.

(b) The seismic-incidence potentials in the
distant domain generally emanate from the
region close to the face, as shown in
Figure 4. The maximum seismic-incidence
potentials, however, occur over a limited
region close to the stope, where the larger
proportion of potential seismic events
would accordingly be located as shown in
Figure 5, which represents a perspective
view of the surface of seismic incidence
potential for analysis BA1, e =30 degrees.
The vertical extent of the contiguous
domain is a maximum for orientations of
single geological features for which the
seismic incidence potentials are a
maximum. It is a minimum when the
major geological features are horizontal. In
terms of the extent of the contiguous
domain referred to in (a), seismicity may,
as a result, be induced on single geological
features of particular orientation up to a
vertical distance of two-thirds of the
mining span away from the stope.
Seismicity is not likely to be induced very
far away from the mining horizon for
horizontal single geological featur~s.

(c)
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Figure <!-Contours (dimensionless) of seismic-incidence potentials for elastic analysis EA2 for a dip of a single
geological feature of 120 degrees (Table 11gives a key to designations used in the analysis)
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(d) The maximum seismic-incidence potentials

in the distant domain are generally less
than 1,0, except for particular orientations
of single geological features at low values
of field stress ratio. The occurrence of
seismic events on single geological
features in the distant domain is, as a
result, not very likely.

(e) The peaks of seismic-incidence potential in
the contiguous domain generally require
strengths of single geological features
corresponding to the maximum possible
friction angles to avoid seismicity. For
such a high threshold on the friction angle,
the intact rock itself would fail, which
confirms that the stresses around a real
mine are so high that the rock cannot
remain elastic or intact.

(f) The incidence potentials in the contiguous
domain, determined from elastic analyses,
are of such extreme magnitude, as
illustrated in Figure 5, that the associated
seismicity would be cataclysmic.

Discontinuity strength according to
non-elastic analysis

The characteristics for seismic-incidence
potential determined from analyses in which
discontinuities are allowed to fail can be
summarized as follows.
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(i) As shown in Figure 6 for analysis JAZ,
e = 30 degrees, the contours of seismic-
incidence potential are gently graded in the
distant domain as are the elastic analyses.
The contiguous domain, in principle,
represents a potential plateau that is
limited in extent laterally as for the elastic
analyses. At maximum, it extends
vertically to a distance of 100 to 150 per
cent of the mining span and at minimum
to a distance of 30 to 70 per cent of the
mining span. Seismicity can therefore
occur considerably further into the
hangingwalls and footwalls in non-elastic
than in elastic rock.
Although the larger number of incident
potentials in the distant domain emanate
from the face region, some start from
positions on the reef horizon ahead of the
face. The plateau of potential contours in
the contiguous domain is caused by a re-
distribution of excess shearing stress from
failed discontinuities to the distant
domain. For some values of the
parameters considered, the raised sections
on the plateau are relatively steeply
peaked, although representing limited
incidence potentials, as shown in Figure 7,
which represents a perspective view of the
surface of seismic-incidence potentials for
analysis GAl, e = 30 degrees.

(ii)
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Figure 5-Perspective view of the surface (dimensionless) of seismic-incidence potential for elastic analysis BA1 for a
dip of a single geological feature of 120 degrees (Table 11gives a key to the designations used in the analysis)
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Figure 6-Contours (dimensionless) of seismic-incidence potentials for non-elastic analysis JA2 for a dip of a single

geological feature of 120 degrees (Table 11gives a key to designations used in the analysis)
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(Hi) The extent of the contiguousdomain in
relation to the orientation of major
geological features is similar to that
described in (c) for the elastic analyses.
The absolute distance above and below the
stope up to which seismicity can be
induced on single geological features is,
however, greater in the non-elastic than in
the elastic analyses, as submitted in (i).

(iv) The characteristics of the seismic-
.

incidence potentials in the distant domam
with regard to the orientation of major
geological features relative to their friction
angles are similar to those described in (d)
for the elastic analyses.

(v) The characteristics of the seismic-
incidence potential peaks in the contiguous
domain are, in principle, similar to those
described in (e) for the elastic analyses.
However, the magnitudes for the
maximum potentials are generally very
much smaller than those for the elastic
analyses. The amount of energy released
on failure on any single geological feature
would accordingly be far less than that in
elastic rock, as evident from a comparison
of the peaks in Figures 5 and 6.

(vi) The release of seismic energy in partly
failed rock is a two-phase phenomenon,
the first of which is represented by on-
going discontinuity failure induced by the
advancing face. The second phase is
associated with variations in discontinuity
strength or with the occurrence of single
major geological features, either of which
may, on occasion, temporarily arrest
failure. When failure ultimately occurs, the
associated seismicity is manifest as single
events of considerable magnitude.
Although considerable, the magnitudes of
such single events in partly failed rock are
still very much smaller than in purely
elastic rock, as evident from a comparison
of the peaks in Figures 5 and 6.

Comparison of analyses with regard to
discontinuity strength

It is evident from the preceding comparative
observations that elastic analyses of the seismic-
incidence potentials around deep-level stopes
around which discontinuities are likely to fail are
not accurate and representative. The magnitudes
of seismic events for such conditions will also be
very considerably over-estimated in elastic
analyses. It is a moot point whether the seismic
events that are experienced in gold mines,
although very severe on occasion, are represen-
tative of the very much larger events that would
have been observed had the rock been perfectly
elastic.

The Journal of The South African Institute of Mining and Metallurgy

Depth of mining

The configurations of seismic-incidence
potentials for different depths of mining are

similar in the contiguous and distant domains

for the same mining span, field stress ratio, and
support type, as evident in Figures 8 and 9 for

analyses GAl, e = 30 degrees and GB1, e = 30

degrees respectively.

The occurrence of seismic events on single
geological features can therefore be expected to be

similar for different depths of mining in both

elastic and partly failed rock. The length over

which the contour of seismic-incidence potential

representing the shearing strength of a single
geological feature may surpass it is not signifi-

cantly affected by the depth of mining, particularly

in the distant domain. The extent of the

contiguous domain and its effect on the

magnitude of potential seismicity will therefore

not increase with depth, which will have a very

important bearing on the planning and design of

mines at great depth.

Mining span and support type according to

elastic analysis.

The characteristics of seismic-incidence

potentials are similar in the distant, but
completely different in the contiguous domains

for different mining spans, as evident from a

comparison of Figures 10 and 11 for analyses
BA2, e = 30 degrees and BS, e = 30 degrees
respectively. In addition, these characteristics

depend to an increasing extent on the type of

support for an increase in span. The peaks ?f
incidence potential tend to be concentrated m the
region of the face by an increase in span for

relatively small support reactions. The extent of

the contiguous domain is not significantly

affected by mining span. It is, however, reduced

to the immediate vicinity of the face for either
deslimed or aggregate-added tailings backfill.

Overall, the location of potential seismic events

depends on mining span. Relatively small

support reactions do not reduce the incidence of

such events in elastic rock.

JANUARY 1994 11 ....
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Figure 8--Contours (dimensionless) of seismic-incidence potentials for non-elastic analysis GA1 for a dip of a single
geological feature of 120 degrees (Table 11gives a key to designations used in the analysis)
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Figure 9--Contours (dimensionless) of seismic-incidence potentials for non-elastic analysis GB1 for a dip of a single
geological feature of 120 degrees (Table 11gives a key to designations used in the analysis)
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Potential seismic activity in fractured rock

Mining span and support type according to
non-elastic analysis

The characteristics of seismic-incidence
potentials with regard to span and support type
in non-elastic analyses are in principle similar to
those described for elastic analyses subject to the
following observations, as is evident from a
comparison of Figures 12 and 13 for analyses
GA2 e = 30 degrees and GS2, e = 30 degrees
resp~ctively. The peaks of incidence potential in
the contiguous domain are steeper for larger
spans and relatively small support reactions. The
extent of the contiguous domain is not affected
by mining span as observed for the elasti~

.
analyses. However, the contiguous domam IS
reduced towards the hangingwall, and the
potential peaks are evened out for either
deslimed or aggregate-added tailings backfill.
Overall, relatively compressible support such as
backfill can be expected to reduce the incidence
of seismic events in rock in which the disconti-
nuities are allowed to fail, especially for larger
mining spans. The continuity of backfill as a
supporting medium will, in addition, reduce the
associated damage.

Comparison of analyses with regard to mining
span and support type

It is evident from the preceding comments that
mining span has a significantly different effect,
together with type of stope support, on the
seismic-incidence potential field in elastic rock
compared with rock in which discontinuities fail
to a greater or lesser extent.

Field stress ratio

An increase in field stress ratio reduces the
extent of the contiguous domain very signifi-
cantly and, as a result, reduces the magnitude of
the seismic-incidence potentials across the entire
field as is evident from a comparison of Figures
14 a~d 10 and of Figures 8 and 12 for elastic
and non-elastic analyses respectively. A
reduction in the field stress ratio has the
converse effect of increasing the extent of the
contiguous domain across the entire field and,
together with this, raises the seismic-incidence
potentials very significantly. An increase in the
field stress ratio can therefore be expected to
reduce the incidence in potential seismicity,
whereas a reduction would give rise to the
converse effect. Changes in the field stress ratio
also change the locations at which potential
seismic events may occur.

Seismic-magnitude potential

Elastic analysis

The following characteristics for seismic-
magnitude potential were identified in the elastic
analyses.

~ 14 JANUARY 1994

(a) The contours of seismic-magnitude
potential are generally smooth and oval i~
shape, with a single maximum peak that IS
located within a radius of 10 to 15 per cent
of the span from the face, as shown in
Figure 15 for analysis BA2, e = 30
degrees. The contours around the peak are
not concentric. A second confined peak
occurs very close to the face when the
contours touch the face. Secondary peaks
of very small potential occur in the distant
domain for small field stress ratios and for
greater spans and depths of mining.
The oval-shaped contours rotate and vary
in extent around the face with a change in
orientation of single geological features, as
is evident from a comparison of Figures 15
and 16 for analyses BA2, e = 30 and 60
degrees respectively. The maximum extent
and peak values for the contours generally
occur for a range in orientation of single
geological features of 90 to 120 degrees.
The minimum extent and the minimum
peak values for the contours occur for a
range in orientation of single geological
features of 0 to 60 degrees.
The extent and maximum peak values in
the contours for seismic-magnitude
potential increase with a reduction in field
stress ratio and vice versa for an increase
in field stress ratio, as evident from a
comparison of Figures 15 and 17 for
analyses BA2, e = 30 degrees and BA1,
e = 30 degrees respectively.
Except for minor undulations in
smoothness, the geometrical properties
and values of the contours for seismic-
magnitude potential are not affected
significantly by mining span for conven-
tional support. They are reduced very
substantially in extent and value for
increases in mining span for either type of
backfill, as is evident from a comparison of
Figures 15 and 18 for analyses BA2,
e = 30 degrees and BS, e = 30 degrees
respectively. This is an unexpected result,
as indeed reported by RyderA.
Depending upon mining span and support
reaction, the maximum peak values in the
contours for seismic-magnitude potential
are very sensitive to the depth of mining.
For small spans, the maximum values are
very much larger for greater depths
irrespective of support stiffness. For large
spans and conventional support, the
maximum values are also very much
larger for greater depths, but are slightly
lower with increased depth for large spans
for either type of backfill.

(b)

(c)

(d)

(e)
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Figure 12-Contours (dimensionless) of seismic-incidence potentials for non-elastic analysis GA2 for a dip of a single
geological feature of 120 degrees (Table 11gives a key to designations used in the analysis)
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Figure 14-Contours (dimensionless) of seismic-incidence potentials for elastic analysis BA1 for a dip of a single
geological feature of 120 degrees (Table 11gives a key to designations used in the analysis)
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Figure 16-Contours Idimensionless) of seismic-incidence potentials for elastic analysis BA2 for a dip of a single
geological feature of 120 degrees (Table 11gives a key to designations used in the analysis)
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Non-elastic analysis

The characteristics for seismic-magnitude
potential for partly failed rock can be
summarized as follows.
(i) The contours of seismic-magnitude

potential are generally smooth, of narrow
u-shape, vertically elongated, and
symmetrically disposed over the mining
face, and occur only for specific
orientations of single geological features,
as shown in Figure 19 for analysis GA2,
e =30 degrees. Peak vaJues in the
contours are located at the face. The
contours become somewhat undulating,
and vary to some extent from the regular
u-shape for reductions in the field stress
ratio and for increases in the mining span
and depth. Some secondary peaks of very
low value occur in the distant domain
under these conditions.
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(ii) The contours generally occur only for
orientations of single geological features of
120 (or 150) degrees and 60 (or 30)
degrees. For other orientations, the
contours are largely absent. The lateral
extent of the contours for seismic-
magnitude potential is of the order of 15
per cent of the stope span, and their
maximum vertical extent, associated with
orientations of single geological features of
120 degrees, is similar to the stope span.
The maximum vertical extent of the
contours associated with orientations of
single geological features of 60 degrees
amounts to about 30 per cent of the stope
span.

(Hi) The lateral and vertical extents of the
contours for seismic-magnitude potential
are very much larger for smaller field
stress ratios, as is evident from a
comparison of Figures 19 and 20 for
analyses GA2,e =30 degrees and GAl,
e =30 degrees respectively. At low field
stress ratios, the lateral extent of the
contours is also significant ahead of the
face at horizons slightly above the reef
plane. The extent and values of the
contours are very much reduced towards
the face by increases in field stress ratio.

The Jaumal af The South African Institute af Mining and Metallurgy
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Figure 19-Contours (dimensionless) of seismic-incidence potentials for non-elastic analysis GA2 for a dip of a single
geological feature of 120 degrees (Table 11gives a key to designations used in the analysis)

Figure 2O-Contours (dimensionless) of seismic-incidence potentials for non-elastic analysis GA1 for a dip of a single
geological feature of 120 degrees (Table 11gives a key to designations used in the analysis)
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Figure 21-contours (dimensionless) of seismic-incidence potentials for non-elastic analysis GS2 for a dip of a single
geological feature of 120 degrees (Table 11gives a key to designations used in the analysis)

(iv) Except for changes in smoothness and
shape, the geometrical properties of the
contours for seismic-magnitude potential
are not affected by mining span. Their
magnitudes, however, depend on span and
on support reaction. For conventional
support, the values of the contours
increase for increases in span and for
backfill of either type, and decrease
considerably for increases in span, as
evident from a comparison of Figures 19
and 21 for analyses GA2, e = 30 degrees

and GS2, e = 30 degrees. The decrease is,
however, not as much as for elastic rock,
because of the softening effect of discon-
tinuity failure on the stiffness of the
rockmass. Otherwise, the result is as
unexpected as for the elastic case referred
to in (d).

~ 20 JANUARY 1994

(v) The effects of the depth of mining on the
seismic magnitude potentials in non-
elastic rock are similar to those described
in (e) for elastic rock, except that the
maximum values do not change with
depth for larger spans for backfill of either
type. This will have a very important
bearing on the planning and design of
mines at great depth. Contrary to general
expectations, the rockburst threat will at
least not be worse at greater depth, which,
together with the improved containment of
the associated damage by backfill, is very
promising.

Comparison of analyses with regard to
seismic-magnitude potential

It is evident from a comparison of the
immediately preceding (a) and (i), (b) and (ii),
(c) and (Hi), (d) and (iv) , and (e) and (v), that
the contours of seismic-magnitude potentials are
very different with regard to extent, shape, and
value in elastic and in partly failed rock. The
contours of peak value generally occur closer to
the face in partly failed rock than in elastic rock,
as stated in (a) and (i). In addition, the peak
values for partly failed rock are generally consid-
erably lower than for elastic rock.

The Joumal of The South African Institute of Mining and Metallurgy
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The relatively limited occurrence in non-
elastic analyses of contours of significant
seismic-magnitude potential for specifically
oriented single geological features represents a
very distinct difference between the two types of
analysis, as indicated in (b) and (ii). In elastic
analyses, contours of significant seismic-
magnitude potential occur throughout for all
orientations of single geological features, albeit
of different configuration and disposition.
Seismic events of significant magnitude are
known from practical observations to be
associated, in particular, with specific
orientations of single geological features, which
in terms of this observation is not borne out by
elastic analyses.

Except for small values of field stress ratio,
contours of significant seismic-magnitude
potential in partly failed rock are restricted
horizontally to the immediate vicinity of the face,
approximately 7,5 per cent of the stope span
ahead or behind the face, and vertically to within
the stope span above and below the reef plane,
as indicated in (Hi). In the elastic analyses, the
extent of the contours is considerable, as pointed
out in (c).

It is further evident that the contours for
seismic-magnitude potential are affected
differently by stope span in the two types of
analysis, as described in (d) and (iv). This is due
to the relatively greater flexibility of the partly
failed rock, even at limited span, as referred to
by Giirtunca and Adams1o. Furthermore, it is due
to the change in flexibility of the rockmass
associated with continued failure of the discon-
tinuities as the span increases, which would also
render analyses in terms of an equivalent elastic
modulus (as recommended by Giirtunca and
Adams1o) as inaccurate with regard to character-
istic behaviour as elastic analyses based on
unadjusted moduli.

The dependence of contours for seismic-
magnitude potential on mining depth is not
significantly different for elastic and partly failed
rock. This does not mean that the values for the
seismic-magnitude potentials of the two rock
types are similar.
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It is evident, overall, that elastic analyses of
seismic-magnitude potentials are greatly non-
representative, and cannot be relied upon to
enable the magnitudes of potential seismic
activity on single geological features to be
estimated with any degree of accuracy in rock in
which the discontinuities are subject to failure.
This explains the inability of elastic analyses to
accurately predict stresses and displacements
measured in the field, as submitted by Giirtunca
and Adams1o, and may well explain the relatively
poor correlation between predictions of energy
release rate based on elastic analyses and
rockburst damage, which motivated
Spottiswoode's8 investigation.

Net excess shear

Orientation of associated single geological
features

In elastic analyses, the net excess shear in
general varies gradually through a single
maximum over a range of 90 to 150 degrees
(60 to 120 degrees in some instances) in terms
of the orientation of single geological features.
The variation in net excess shear with the
orientation of single geological features is doubly
peaked in elastic analyses for small field stress
ratios.

In non-elastic analyses, the variation in net
excess shear with a variation in orientation of
single geological features is distinctly singly or
doubly peaked. The single peaks are generally
associated with a field stress ratio of 0,25, and
are associated with orientations of single
geological features of 120 degrees. The
conjugate orientations of major geological
features corresponding to the double net excess
shear peaks for a field stress ratio of 0, 1 amount
to 60 degrees and 120 degrees and, for a field
stress ratio of 0,5, amount to 30 degrees and
150 degrees. All of these orientations agree with
those given earlier for the maximum extent of
the contours for seismic-magnitude potential.

The maximum net excess shears for the
various analyses are accordingly summarized in
Table Ill.

Magnitude of net excess shear according to
elastic analysis

The characteristicsof the maximumnet excess
shears for the elasticanalyses given in TableIII
can be summarizedas follows.
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Table 1/1

Maximum net excess shears (GN)

Condition of

discontinuity

bridges

Failed
completely
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(Hi) For a span of 80 m, the maximumnet
excess shear at a depth of 4000 m is
respectively 178 per cent, 135 per cent,
and 110 per cent of that for a depth of
2000 m for conventional support, deslimed
tailings, and aggregate-added tailings. The
corresponding figures for a span of 400 m
are respectively 242 per cent, 121 per cent,
and 31 per cent.

(iv) The maximum net excess shear is as
extremely sensitive to field stress ratio in
partly failed rock as it is in elastic rock.
The corresponding ranges of figures to
those given in (d) for elastic rock are 0,1
to 0,3 per cent, 0,4 to 1,4 per cent, 0,6 to
0,3 per cent, and 0,1 to 0,0 per cent.

Comparison of analyses with regard to net
excess shear

It is evident from respective comparisons of (a)
and (i), (b) and (ii), (c) and (Hi), and (d) and
(iv) that the characteristics for maximum net
excess shear, as determined from elastic
analyses, are completely different from those
determined for partly failed rock.

Also, except for small field stress ratios, the
absolute magnitudes for maximum net excess
shear in partly and completely failed rock are on
average respectively 49 per cent and 45 per cent
of that for elastic rock for conventional support,
and respectively 27 per cent and 19 per cent for
either type of backfill. For field stress ratios of
0,1 ,the absolute magnitudes for maximum net
excess shear in either partly or completely failed
rock are on average 106 per cent of that in
elastic rock for conventional support or either
type of backfill.

The relevance of analyses in which the rock
is regarded as a partly or completely failed
medium instead of as an elastic continuum, and
the very considerable effect that backfill has on
the failed rock compared with the effect of
conventional support, are clearly evident from
these figures. The most significant implications
in this regard are the enormous magnitudes for
seismic events that would be observed in
unfailed perfectly elastic rock.

These observations do not mean that net
excess shear is a more appropriate measure of
the state of the rock with regard to seismic
activity than is energy release rate. The same
conclusions could have been drawn in terms of
energy release rate if it had been determined
from a solution scheme in which the rock is
allowed to fail along discontinuities. Such
determinations of energy release rate would also
enable it to be better correlated with observed
seismicity.
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limited literature review of related
aspects

Napier6 observed in the particular case he
examined that very large pillars would be
required to limit the excess shear stress to a
particular threshold. Unless the excess shear
stress is determined on the basis of analyses in
which ubiquitous discontinuities are allowed to
fail, it will, on the one hand, give rise to
unwarranted over-design, such as referred to by
Napier and, on the other hand, to uncertainties
in so far as the results determined from elastic
analyses would be non-representative in an
unknown way and to an unknown extent. The
problems that Napier6 presented with regard to a
limiting threshold to excess shear stress as a
design criterion were largely due to the non-
representativeness of the elastic analyses that he
used.

Ryder's4 findings are, in general, similar to
those presented here for the elastic analyses, but
are limited in scope in that he did not distinguish
between the contiguous and the distant
domains, and in that he did not consider the
complex interactive effects of the various
parameters. A particular example in this regard
is the interaction between the type of stope
support, the stiffness, and the mining span.
Ryder did not examine the effects of ubiquitous
discontinuity failure.

Ryder4 reported that maximum slip activity
occurred for orientations of single geological
features close to 70 degrees or 130 degrees at
particular dispositions relative to the stope. This
observation provides a powerful basis on which
the global constitutive properties of ubiquitous
discontinuities and the friction angle for single
geological features can be back-analysed in
terms of measurements of rockmass
displacement in analyses in which the discon-
tinuities are allowed to fail. Cognizance of the
fundamental difference in the nature of the
distribution of displacements in elastic and non-
elastic rock, as referred to by Kirsten and
StaceyZ, is very important in this regard.

The lack of correlation between seismicity
and energy release rate in complex geological
regions referred to by Spottiswoode8 is not due
to an innate weakness in energy release rate as a
measure of seismicity, but to its determination
from elastic analyses. Spottiswoode found that a
number of measures of seismicity and rockburst
damage were somewhat better correlated, albeit
not very strongly, with excess shear. The lack of
correlation with excess shear stress was also
because the energy release rate was determined
from elastic analyses. .
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