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Executive Summary

The primary objective of the research was to develop and test modelled system stiffness
methodologies and to undertake comparative analyses with seismic energy release for different
geotechnical areas. From this objective, the results of the research can be used as a standard
reference during the design of mining areas with rockburst potential.

A parallel project, ‘The Relationship between ERR and Seismic Energy Release for different
geotechnical areas (GAP612c) investigated ERR as a layout design parameter. As such, the
applicability of ERR as a mine layout design parameter does not form part of this project.

This report summarises the results of extensive research into the delineation of appropriate
mine layout design criteria incorporating stiffness as a design criterion. The methods
documented are specifically designed to assess the seismic potential of the general rockmass
fabric in terms of a mine layout design.

The proposed methods are simple, robust and easily applied to mine design:
− The methods allow for the quantification of the long-term seismic potential of a mine layout

design: facilitating for long term layout optimisation.
− The methods allow for the quantification and spatial delineation of the short-term seismic

hazard of a mine layout: facilitating for controlled mining.

The detailed scope of work undertaken was:
− Undertake a literature survey to investigate energy and stiffness as design criteria
− Define the role and importance of stiffness in design methods for seismic hazard

assessment
− Develop and test practical design methodologies (incorporating stiffness) for the

assessment of the seismic potential of the general rockmass surrounding mine layouts.
− Compare the methods in terms of the applicability to the assessment of the seismic potential

of mine layouts within deep level tabular orebodies
− Undertake detailed tests of the optimised methods against the observed seismic hazard

associated with mine layouts in different geotechnical environments
− Refine the proposed design methodologies into detailed procedures which can be applied

by Rock Engineering practitioners and consultants during mine planning
− Investigate the benefits of combining integration with the proposed design methods
− Develop guidelines to optimise a mine layout design against seismic hazard for South

African conditions

The recommended methods can be summarised as follows:

Seismic Hazard Assessment Method (long term layout assessment)

The objective of the design method is to assess the seismic potential of a long-term mine layout
design incorporating both a mine layout and a planned extraction sequence. This facilitates both
mine layout and extraction sequence design optimisation. The design method is applicable to
the South African context. In addition, as a result of the model parameter accurately
representing the observed seismic hazard in combination with the strong empirical basis of the
method, the resultant seismic hazard assessment of long term planned mining layouts can be
directly utilised for risk assessment studies.

Stability Assessment Method (short term layout assessment)

SAM constitutes a design method which can be used in the short term to delineate potentially
hazardous ‘asperity regions’, and in real-time assess the stability of these areas through a
combination of modelling, seismic observations and integration – this forms the basis for
controlled mining. This method must be applied and tested through a controlled mining set-up,
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i.e. the model must be updated on a regular basis (e.g. weekly) in conjunction with continual
seismic monitoring and stability chart updates of potentially hazardous ‘asperity regions’. In
conclusion, the proposed design method is applicable to the South African context and
facilitates controlled mining.

The project report includes details and comparisons between the proposed design methods,
comparisons of the applied design methods to quantitative seismic parameters and guidelines
for the assessment of seismic hazard.
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1 Introduction

Energy Release Rate (ERR) is one of the most widely used, and abused, tools available to the
mine rock mechanics practitioner to broadly assess the level of geotechnical risk in a stope. It
has found favour because it is based on simple, readily understood, elastic theory and can be
quickly calculated from mining geometries using numerical models which are easy to operate.
ERR has been in use for in excess of 20 years and much experience has been gained in its
application.

Most historical recommendations on ERR indicate that it is best used in a comparative sense,
such as to compare the merits of one mining layout against another, or through tracking ERR
values from month to month on a panel to anticipate impending problems. However, there is
also a tendency to attempt to set absolute values as limits, which should not be exceeded. ERR
is also generally used as an indicator of potential seismic hazard, rather than as a rock damage
indicator.  These are deviations from the originally conceived usage of the tool, but may not be
inappropriate.

Historically, a positive correlation between ERR and the occurrence of seismic damage in
stopes has been observed. Data confirming this originated from longwalling mines, largely in the
days before stabilising pillars and backfill were extensively used, and showed differences
between various reef horizons.  Since that time mining method and support systems have
changed, mining depths increased, and the presence of geological discontinuities (unaccounted
for by ERR) is recognised as a contributing factor to in-stope risk. Where high frequencies of
geological discontinuities enforce scattered mining and result in most large seismic events being
due to the reactivation of these discontinuities, the correlation between ERR and seismic energy
release breaks down. Consequently, for some, the understanding of ERR has been lost, and the
validity of using ERR as a design tool questioned.

It is appropriate at this time to re-evaluate and address the shortcomings of ERR.  What is
required is a better understanding of what design parameters actually relate to current mining
and support systems, and to compare the results of the application of these parameters to
quantitative seismology and conventional ERR applications

Quantitative seismology is essentially derived from the non-linear regime of the rockmass
behaviour. Thus to incorporate this and additional new concepts on a parallel and comparative
basis with ERR, concepts such as Modelled System Stiffness, Modelled System Softening and
Volumetric ERR incorporating the affects of rock confinement will be investigated.

The major objective of the proposed project is to test the concept that modelled system stiffness
parameters are a measure of potential seismic hazard. Thus system stiffness theory and
calculation methodologies will be established, with the analysis results being compared with
seismic energy release and calculated ERR values for different geotechnical areas.
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2 Objective of the Research

The primary objective of the research is to develop and test modelled system stiffness
methodologies and to undertake comparative analyses with seismic energy release for different
geotechnical areas. From the primary objective, the results of the research can be used as a
standard reference during the design of mining areas with rockburst potential.

A parallel project, ‘The Relationship between ERR and Seismic Energy Release for different
geotechnical areas (GAP612c) investigated ERR as a layout design parameter. As such, the
applicability of ERR as a mine layout design parameter does not form part of this project.

3 Scope of work

The fact that the concept of system stiffness (in terms of a design parameter) is new to the
South African mining industry, necessitated that a large portion of this project be allocated to the
conceptualisation and investigation of different mine design methods incorporating the concept
of system stiffness. On completion of the conceptualisation and development phase, methods
most applicable to the South African mining context were back analysed against the progressive
enlargement of stoping excavations for different geotechnical environments.

This report summarises the results of extensive research into the delineation of appropriate
mine layout design criteria incorporating stiffness as a design criterion. The methods
documented are specifically designed to assess the seismic potential of the general rockmass
fabric in terms of a mine layout design. A separate SIMRAC project (GAP605) details methods
to assess the seismic potential of large geological structures against different mine layout
designs. Both long term and short term design assessment methodologies are proposed,
although the short term methods must still be back analysed through a controlled mining set-up
(not part of this project). The effect of hazardous geological structures must be separately
analysed and added to the estimated seismic potential of a layout.

The proposed methods are simple, robust and easily applied to mine design:
− They allow for the quantification of the long-term seismic potential of a mine layout design:

facilitating for long term layout optimisation.
− The methods allow for the quantification and spatial delineation of the short-term seismic

hazard of a mine layout: facilitating for controlled mining.

The detailed scope of work undertaken as part of GAP612a is:
− Investigate ERR as a design criterion
− Undertake a literature survey to investigate energy and stiffness as design criteria
− Define the role and importance of stiffness in design methods for seismic hazard

assessment
− Develop and test practical design methodologies (incorporating stiffness) for the

assessment of the seismic potential of the general rockmass surrounding mine layouts.
− Compare the methods in terms of the applicability to the assessment of the seismic potential

of mine layouts within deep level tabular orebodies
− Undertake detailed tests of the optimised methods against the observed seismic hazard

associated with mine layouts in different geotechnical environments
− Refine the proposed design methodologies into detailed procedures which can be applied

by Rock Engineering practitioners and consultants during mine planning
− Investigate the benefits of combining integration with the proposed design methods
− Develop guidelines to optimise a mine layout design against seismic hazard for South

African conditions

The remainder of the report adheres to the outlined scope of work.
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4 Literature Review

4.1 ERR Summary

Parallel SIMRAC projects have been asked to specifically re-evaluate the applicability of ERR to
evaluate seismic hazard (GAP612c). It is concluded here that an extensive literature review
would be duplication and only a brief summary is given below.

Numerous articles have been published over the last 34 years dealing in some form or another
with the concept and application of ERR. It was not attempted to study all these articles as the
limitations of the ERR method are well established. Below, only a brief summary of the origin,
uses and limitations of ERR are given.

According to Salamon (1993) the success of the mining engineer fight for the alleviation of the
rockburst hazard hinges on the ability of researchers to provide tools to relate seismicity to
mining operations. To achieve this the fundamental concepts must be well understood and geo-
mechanical models that can handle these concepts must be available.

The fundamentals for the concept of energy release rate were established in 1996 by Salamon
and others in a monumental work covering the whole spectrum of rock mechanics knowledge at
that stage.

Jager and Ryder (1999) give an excellent overview of the ERR concept, summarised below:

The energy release rate (ERR) concept is based on the fact that if an excavation is made,
energy changes result. ERR is a convenient and easily calculated measure of these energy
changes and stress concentrations.

The average level of ERR includes the effects of depth, geometry of neighbouring excavations
and is related to the volumetric convergence occurring in the back areas of the stope.

The volumetric convergence increases the potential energy, which can be quantified by
multiplying the volumetric closure with the vertical stress acting on the rock mass prior to
mining. One half of this energy is stored in the rock mass as strain energy while the other half is
released. This released energy, in MJ per unit face advance is called the Energy Release Rate.

Popular numerical models give estimates of ERR based on a simple formula, the product of
one-half the face convergence and face stress for specific points along the face. A meaningful
ERR level can be established by averaging all the individual ERR values along a stope face.

Work done at Western Deep levels on the VCR and Carbon Leader Reef clearly showed a
correlation between ERR and the number of seismic events. This led to the establishment of a
design criterion for longwall mines on the Far West Rand.

This correlation did not seem to be true for all circumstances and the conclusion was reached
that ERR can serve as a descriptive measure of the mining environment but not as a direct
measure of the rock burst hazard.

The critical level of average ERR is strongly dependent on local geotechnical conditions. It is,
therefore, necessary that mines analyse the incidence of seismic events for their specific mine
and develop their own criterion.

Problems were also encountered when attempts were made to correlate the rockfall hazard with
ERR. It was established that the rockfall hazard is more a function of the type of support
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installed and strata control factors such as the presence of adverse joints, weak partings, flat
lying fractures, cross-bedding and weak rock strata.

More sophisticated design tools are required to incorporate the inhomogeneity of the rock mass
as well as include additional physical concepts such as the stiffness of the overall system.

4.2 Instability and System Stiffness – Theoretical Overview

Bazant and Cedolin (1991) state a general definition of stability such that a structure (or any
system) is stable if a small change in the initial conditions (input) leads to a small change in the
solution (output, response). Stiffness is defined (Bazant and Cedolin, 1991) as:
 Kij = �ƒi/ �qj

Where:
Kij  =components of the incremental tangential stiffness matrix.
�ƒi = the incremental small disturbing loads
�qj = the incremental small displacements
Hence stiffness includes both the reversible (elastic) and the irreversible (plasticity, damage)
part of the deformation. Stiffness can therefore be defined as a measure of the system to resist
deformation with increasing load.

Bazant and Cedolin (1991) go on to state that inelastic structures under a single controlled load
are stable if the load deflection curve has a positive slope (hardening) and unstable if it has a
negative slope (softening). This would equate to stiffness being greater or less than zero.

The critical states of stability can generally occur only if the stress is of the same order of
magnitude as the tangential shear modulus of the material - materials undergoing a drastic
reduction of tangential stiffness due to plasticity or damage (Bazant and Cedolin, 1991). Not all
damage causes instability. If the tangential stiffness matrix is positive definite, in which case the
stress-strain curve is rising and the material is said to exhibit strain hardening, damage causes
no instability. When this matrix ceases to be positive definite, in which case the stress-strain
curve is descending and the material is said to exhibit strain softening, instabilities and
bifurcation’s arise (Bazant and Cedolin, 1991).

Figure 4.1 Stable and Unstable System Response

The slope of the stress-strain curve can be defined as the stiffness modulus:

KMij = dσij/dεij

Where:
KMij = stiffness modulus matrix

dσij = rate of change of Cauchy stress tensor.

dεij = rate of change of total (elastic and plastic) strain tensor.

The stiffness modulus for a volume of rock V can then be defined as:

σ

ε

σ

ε

stable
unstable
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KMij = �vdσij/dεijdV
Hence,

KMij > 0 equates to strain hardening of the volume V (stable response).
KMij < 0 equates to strain softening of the volume V (unstable response).

Thus the stiffness modulus is defined as a measure of the system to resist deformation with
increasing stress.

Hobbs et al (1990) outline a stability criterion proposed by Hill (1958) which states that the inner
product of the next increment of stress with the next increment of strain should be positive for
stable deformation. Hence the Hill criterion defines a body of rock under prescribed loads to be
stable if over the volume, V, of the body:

�V dσij⋅dεijdV > 0
Where:

dσij = rate of change of Cauchy stress tensor.

dεij = rate of change of total (elastic and plastic) strain tensor.
That is to say, a volume V of a body is stable if the sum of all the inner products of stress and
strain increments through time over the volume V is positive. A quantitative assessment of the
Hill Criterion and the Stiffness Modulus should also comparatively reflect the degree of
hardening or softening prevalent within the system and hence the degree of relative stability or
instability present (Figure 4.2).

σ

ε

σ

ε

System 1 {KMij < 0} < System 2 {KMij < 0}

System 2
System 1

Figure 4.2 Comparative degree of softening present within two systems

In Figure 4.2, System 2 can be interpreted as exhibiting a higher degree of instability. This is
characterised by reduced stiffness and hence increased deformation for a given negative stress
increment.

5 Fundamental Concepts

5.1 Rheology

Lemaitre and Chaboche (1994), define plastic solids to be those which, after the application of a
load, reveal an instantaneous stable permanent deformation, and which are in equilibrium with
the load. Thus the behaviour of plastic solids is not explicitly related to time. Viscoplastic solids
are those which exhibit permanent deformations after the application of loads but which
continue to undergo a creep flow as a function of time under the influence of the applied load,
i.e. equilibrium is impossible.
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Viscous behaviour is irreversible, and the material deforms at a rate measured by the shear
strain rate. Viscosity is a material constant, and in the case of a linear viscous fluid it is
independent of the stress:

σ = η ⋅ ε • (Newtonian Viscosity).
where:
σ = stress (MPa).
η = viscosity (MPa.s).
ε • = shear strain rate (s-1).

If the flow starts only if the stress is greater than a threshold value, the behaviour is that of a
Bingham solid (Poirier, 1985):

σ < σt : ε • = 0
σ > σt : ε • = (σ-σt)/η
where:
σt = stress threshold (MPa).

The Bingham flow rule implemented in Map3D emulates an elasto-viscoplastic hardening solid.
Figure 5.1 represents the behaviour of this solid as per Lemaitre and Chaboche (1994). Prior to
the yield stress the material behaves as an elastic solid. Viscoplastic deformations occur after
the yield stress of the material is reached. The rate of the permanent strain is a function of the
stress, but the deformations that occur are at a constantly decreasing rate (hardening) through
time.

σ σε

ε t t

Strain Hardening Creep Relaxation

σ < σs : ε = εe = σ / Ε
σ ≥ σs : ε = εe + εp

Figure 5.1 Elasto-viscoplastic hardening solid.

In addition, it is important to note that the flow of a viscous fluid is dependent on the time of
observation (Poirier, 1985). Thus a material may appear to flow as a viscous fluid for an
observation time window greater than the material relaxation time and vice versa. The relaxation
time of a solid can be defined as:

ι = η / ϕ
where:
ι = Relaxation time (s).
η = Material viscosity (Pa.s).
ϕ = Shear modulus (Pa).

Cristescu and Hunsche (1988) describe creep deformation to be characterised by an initial high
deformation rate (transient creep) which decreases steadily until it reaches the secondary creep
rate. A stress change results in the creep cycle being repeated. A tertiary creep phase also
exists, for which an increasing strain rate results, finally ending in creep failure. Figure 5.2 is a
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schematic representation of a creep curve derived from a triaxial laboratory test on a rock
sample documented by Cristescu and Hunsche (1988).

Strain
(ε)

Time
(t)

dσ = 10 MPa

dσ = 20 MPa

dσ = 22 MPa

Figure 5.2 Schematic of a creep curve from a triaxial laboratory test on a rock
sample.

The creep model implemented in Map3D can be used for real time dependant creep simulations
(Wiles, 2000). At each creep step the stress state on all yielding elements (elements where the
stress exceeds the strength) is calculated as the strength plus the creep resistance. This limits
the size of plastic creep increment Deplastic on each yielding element

s = Strength + C Deplastic /Dt

C = G Dt

where the creep resistance is determined as the creep coefficient C, times the plastic strain
rate. The quotient of the creep coefficient C, and the time step size Dt is the viscous modulus G.
The contribution to the stresses, made by the creep increment is the excess stress given by

Ds  = C Deplastic /Dt

Map3D executes one creep increment for each mining step. Thus the elapsed time can be
determined as the product of the current time step number with the user defined time step size
Dt.

Total Elapsed Time = Dt

The accumulated plastic strain eplastic, is determined as the sum of the plastic creep increments
Deplastic, for all creep steps.
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5.2 The Theory of Stability Applied to Mine Design

5.2.1 Background

Fairhurst (1976), in a paper titled ‘The application of mechanics to rock engineering’, describes
the concept of stability as applied to mine design. This can be summarised as follows:

‘Conventionally the purpose of engineering design is to ensure that a structure does not “fail”
under service conditions where “failure” is considered to be synonymous with reaching the
elastic limit or “strength”. However, exceeding the “strength” locally may result in no more than a
redistribution of applied loads to other parts of the structure and the structure does not “fail”.
Fairhurst then introduced the concept of structural “stability”, i.e. what would happen ultimately if
the (unknown) strengths were to be exceeded.

An example of a stability analysis in rock mechanics is the Griffith Theory of Rupture which
states that, once initiated, tensile rupture will occur in a brittle material when the energy that
becomes available (Es) as an extentional fracture propagates in the material, exceeds the
energy required (Ed) to create the fracture surfaces.

MEs/ Mc $ MEd/ Mc
where “c” = length of the propagating fracture

Fairhurst went on to apply the Griffith energy balance theory for rock in compression.
Rockbursts occur when the energy released by collapse of a portion of the rockmass exceeds
the energy that can be quasi-statically dissipated by the collapsing or disintegrating portion.
Fairhurst then elucidated on the problem of “coal bumps” in American coal mines from which the
following points are highlighted:
− Calculated force-convergence curves and the concept of “local mine-stiffness” which

depends on the mechanical properties of the roof and floor, width of the openings, thickness
of adjacent pillars and abutments, and position in the room.

− The difference between the energy output of the mine and the energy absorbed by the pillar
is the excess energy available for accelerating the pillar into rapid (explosive) collapse. This
is controlled by the relation between the load-convergence curve of a mine pillar and the
local mine stiffness – allowing for both stable (energy deficiency) and unstable (excess
energy) behaviour over different regions of the convergence curve of a pillar

− It was found that non-linearity must be included in order to obtain reasonable agreement
between predictions of the model and practical experience of actual coal bumps (due to the
non-linear behaviour of coal)

Fairhurst concludes that analysis of stability is needed for any design where the rockmass may
be appreciable stressed, whereas stress analysis is more appropriate for cases where the
stress changes are relatively small’

In a paper titled ‘Energy changes and stability in underground mining: design applications of
boundary element methods’, Brady & Brown (1981), also attempted to apply the concept of
stability to mine design, as summarised below:

‘The distinction between various mining methods can be made on the basis of the
displacements induced in the country rock and the energy redistribution that accompanies
mining. The mining problem is to ensure that an unstable release of stored energy cannot occur.

The stability of a mine structure is concerned with the possibility of a small perturbation in the
equilibrium operating condition, provoking a sudden release of energy and a large change in the
geometry of the mine structure.

Brady & Brown then describe two procedures to follow in assessing stability in supported mine
structures:
− Direct calculation of mining induced energy changes
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− Approximate estimation of the second order variations of the total potential energy of the
structure

1. Direct calculation of mining induced energy changes

When an excavation is created suddenly, the supporting forces that act on the boundary of the
excavated region are suddenly removed. Energy equivalent to the work that would have been
done against the gradually reducing support forces is released into the country rock and is
identified as the released energy. The mining significance of the released energy is that
although the rock mass may be able to sustain the static stresses induced around an opening,
superposition of the dynamic stresses associated with the released energy may be sufficient to
cause failure. It appears that the volume rate of energy release associated with increase in the
volume of the mined void, can be directly related to the incidence of damaging rockbursts, and
to deterioration of ground conditions, in longwall stopes in hard rock. The inference is that the
energy release rate may be used as a basis for evaluation of different mining layouts.

2. Approximate estimation of the second order variations of the total potential energy of the
structure

In a properly designed engineering structure, small changes in operating conditions should
result in only small changes in the geometry of the structure. An unstable structure is one in
which small external disturbances produce large, sudden, and frequently catastrophic, changes
in the structure geometry.

The procedure to be followed in examining the state of equilibrium in a system consists of
imposing small load increments, ∆Pi at various points in a structure, and to then determine the
accompanying displacements ∆Ui. The condition for stability is that the total external work done
on the structure by the probing forces must be positive:

W =0.5 ∑∆Pi ∆Ui > 0
Where W is the second order variation of the total potential energy of the system.

The stability condition can also be expressed as:
kli + λi > 0
where kl represents the mine local stiffness (loading system) and λi represents

the slope of the pillar load convergence curve. This implies that instability will occur when the
pillar is in the post peak range and when the negative slope of the pillar is greater (steeper) than
the negative slope of the loading system, i.e. excess energy is available for release.

Brady & Brown concluded that the boundary element method of stress analysis may be readily
applied to assess energy release rates associated with mining and to determine mine stiffness
properties in geometrically regular mine structures. ‘

The concepts introduced above, are also outlined and expanded on in Brady (1990) and Mroz
(1985). Brady (1990) states that when the energy stored locally is sufficient to crush the
specimen, the deformability of the country rock relative to the post peak stiffness of the fractured
rock may cause instability, i.e. the concept outlined above.

Mroz (1985) examines the problem of stability and post critical behaviour together with the
concept of static and dynamic failure modes. Some pertinent points from this paper are
summarised below:
− The application of linear elasticity in soil and rock mechanics provides only a first

approximation valid for stress states lying far below the limit state. The failure condition
based on local stress then provides a very conservative assessment of the limit load since
the linear elastic analysis does not describe the considerable stress redistribution occurring
in the non-linear range before ultimate failure. In many cases there is a need to trace the
whole deformation history and specify the limit load by incremental analysis.
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− One of the most important problems from the practical viewpoint is the prediction of the
maximal load at failure and the associated failure mode. The value of the maximal load
depends on the initial stress, rate of softening and on elastic material properties. A quasi-
static process of excavation resulting in stress and strain redistribution from the initial state
is applied to examine the load deformation curves of different volumes of rock, where the
sub-domain V1 is assumed to correspond to stable elastic or elasto-plastic behaviour, and
the sub-domain V2 is in the post-critical softening state:

dσ⋅dε  = dσ⋅dεe + dσ⋅dεp > 0 : stability (V1)
dσ⋅dε  = dσ⋅dεe + dσ⋅dεp < 0 : instability (V2)
with the plastic components defining hardening and softening

− In order to examine stability of a particular equilibrium configuration, one needs to introduce
a disturbance into the system, e.g. removal of a stressed material element. Instability is
defined to occur when the kinetic energy associated with the disturbance monotonically
grows.

5.2.2  Interpretation

The background of stability as applied to mine design, and the theoretical overview of instability
and system stiffness were utilised to form a basis for a concept of stability which can be
practically applied to the stability assessment of tabular orebodies.

In order to be able to apply the stability assessment concepts outlined above, information must
be available as to the stress redistribution resulting from the historic failure of the rockmass.
This information is only available for the short term (historic seismic events can be used to
define the strength heterogeneity of the rockmass). Hence, the concept of stability is really only
applicable for short term analyses.

Thus, in accordance with Brady & Brown (1981) it was decided to use mining induced energy
changes derived from an elastic model to assess the long term seismic hazard associated with
a mine layout. This assessment is however made through the analysis of the volumetric energy
release over a large period of time, (allowing for smoothing of the observed seismic response,
which is intermittent in time). Thus it can be argued that, although it is based on the concept of
ERR, ERR was always seeking answers in the wrong places (close to the face and in the short
term). Although an error margin will be associated with this hazard assessment method (lack of
information together with large time steps), the objective of the method is to estimate the
general seismic potential of a layout, allowing for layout optimisation. Thus, from the above, it
can be inferred that the higher the volumetric energy release associated with the large analysis
time periods, the greater the degree of instability present within the mine layout design.

However, with the recording of historic seismicity together with the latest integration software
(Map3Di), allowing for the direct incorporation of seismic deformation into the model, detailed
stability assessment methods for short-term analyses now become viable.

The conditions for classical stability assessment methods require detailed knowledge of the
material properties of the un-failed rockmass to give an accurate answer (peak loads together
with complete material response curves). Integration through Map3Di allows for the degree of
material yielding as indicated by historic seismicity to be incorporated into the model together
with the associated stress redistribution, and hence facilitates the delineation of un-failed
‘asperity regions’. However, no information is available as to the material characteristics of the
actual ‘asperity regions’. This requires for a slight adjustment in the application of stability
theory.

From the concepts outlined above the following points are relevant to a practical stability
assessment method:
− Instability is only likely to occur in areas that are highly stressed, i.e. approaching peak loads

and hence strain softening response of the material (where strain softening is integral to the
concept of instability). These highly stressed areas will be characterised by a high strain
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energy density (large amount of stored energy). Yielded areas (locations of large historic
seismic events) are unlikely to yield large instabilities due to the removal of energy, but are
integral to the calculation of surrounding energy concentrations and to the accurate
estimation of the local loading system stiffness.

− If the loading system stiffness (mine local stiffness) is low, the probability for instability to
occur is high, i.e. the local loading system stiffness is lower than the asperity material
stiffness resulting in the availability of excess energy

− As the model does not have detailed information about the material characteristics of an
asperity region, and the associated peak loads of the material, the only practical means of
estimating the material characteristics is from a seismic system. This can be used to
indicate the manner in which the loaded asperity is likely to fail. For example, if the
measured seismic events derived from an asperity region indicate high apparent stiffness
(refer to section 7.2), the asperity is yielding with difficulty (high material stiffness), and
dynamic instability is likely. However, if the measured seismic events indicate low apparent
stiffness, the asperity is yielding easily (low material stiffness), and the stored energy could
be released non-dynamically, possibly through the generation of extensive fracturing.

The short-term stability assessment method derived in this project includes the following points:
− Incorporation of historic seismic yielding directly into Map3Di allowing for the efficient and

accurate delineation of asperity regions through space and time.
− The assessment of stability of the delineated asperity regions through

− the continual calculation of the potential kinetic energy release from an asperity region
(asperities must be highly stressed and contain energy prior to an instability occurring)

− the continual calculation of the local loading system stiffness in the vicinity of the asperity
regions (due to the incorporation of yielded areas and the complete mine layout
geometry, this can be accurately assessed through numerical modelling)

− the continual assessment of the measured seismic response of the asperity region
(apparent seismic stiffness of events occurring in the vicinity of the asperity region).

This gives a complete stability assessment procedure precluding the necessity of detailed
knowledge of the actual material response of each asperity region. Figure 5.3 illustrates this
concept of stability assessment.

Force

Slip

Seismic
Energy
Release

Point of instability
(possibly indicated
by seismic system)

Local mine
stiffness (Fn of
layout and material
yielding)

Material yielding
directly incorporated
into the model
through Map3Di

The lower the local mine stiffness the higher the
potential for dynamic instability

The nature of the
material response
indicated by Apparent
Stiffness of seismic
events

Figure 5.3 Estimation of seismic energy release from an asperity region

The remainder of this project expands on the concepts introduced in this section.
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6 Model Parameters

6.1 Introduction

This section details the calculation procedures of all the model parameters proposed in this
project. The design methods incorporating the model parameters are described in the ‘Design
methods’ section.

The model parameters incorporated into the mine layout assessment methods are:
− Local Energy Release Density (LERD)
− Loading System Stiffness (LSS)
− Volumetric Energy Release (VER)
− Product (PROD)
− Stiffness Modulus (STIFF_MOD)
− Creep Work Increment (CWI)

Detailed explanations for each of the above parameters are included below.

6.2 Local Energy Release Density (LERD)

Local Energy Release Density (LERD) is a model parameter developed by Wiles (1998). The
calculation procedure of LERD is described below:

In order to calculate energy stored at various locations in a numerical model, it is necessary to
flex the model and monitor the model response. In order to flex the model, one can temporarily
alter the material properties or boundary conditions in the test area to cause it to deform in
some way. Careful monitoring of the system response during this deformation allows for the
calculation of the various amounts of energy transferred.

δ

P

Stage1 Stage2

Replace the
test block by an
equivalent set
of loads

Loading system response

P

P

Displacement

Work done
E
released

E
remaining

Figure 6.1 Calculation of LERD using numerical modelling (from Wiles, 1998).
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P(peak)

D

P : Unloading of test block [MN]
D : Total deformation of test block associated with unloading [m]

P(res.)

Unloading of Fault Test Block

Wk

Wf

Wk :    maximum amount of energy released as kinetic energy [MJ]
Wf :     minimum amount of energy dissipated from frictional deformation [MJ]

Figure 6.2 Load-deformation diagram showing the model parameters Wk and Wf

Wiles (1998) describes the example of a pillar between two drifts. For this case let’s call “Stage
I” the model with the pillar intact. In order to flex the model we could substitute a different
material into the pillar and call this “Stage II”. Wk and Wf can be calculated from the stress and
deformation changes from Stage I to Stage II – refer to Figure 6.1.

In Figure 6.2 (fault test block), the maximum amount of energy that can be released as kinetic
energy is the area of the upper triangle labelled as Wk (one should expect this to correlate with
observed event magnitude). The minimum amount of energy that can be dissipated in the
frictional deformation is the area of the lower rectangle labelled as Wf (one should expect this to
correlate with the amount of damage observed at the event source). This calculation must be
conducted at all locations in order to get the total energy transferred as a result of the reduction
in friction angle.

Wk and Wf are calculated within Map3D. The calculation procedure entails a full solution, i.e.
the test block material in the model is explicitly replaced with a weaker material and allowed to
deform. Wk is calculated through the conventional work formula:

Work = ½∆σ⋅∆δ⋅area [MJ]
Where:
∆σ = Stress change(all components)  [MPa]
∆δ = Deformation change(all components) [m]
Area = test block area [m2]

The total or volumetric energy released by the loading system at the location of the test block
can now be calculated by integrating the surface stresses over the surface area they act on to
obtain the load, then integrating through the displacement resulting from the substitution of the
alternate material (from stage 1 to stage 2). The slope of the load versus displacement line is
the loading system stiffness. The integral of the load through the displacement is the total
energy released by the loading system. The integral must be evaluated for all components of
stress acting on the test block.

To obtain LERD, the calculated volumetric energy released is divided by the volume of the test
block.

The number of elements that should be used in the discretisation of the test blocks is directly
related to the accuracy desired. Increasing the number of elements produces more accurate
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results but there is a limit beyond which the errors are insignificant. Coarsely discretising a
model reduces the size of the model and computational time required for a solution. However,
as the number of elements increase the LERD solution is expected to converge to an exact
solution (refer to section 10 ‘The effect of discretisation’).

In Map3D, LERD is calculated by specifying an energy test block in the model. To calculate the
LERD the stresses and displacements on the surfaces of this test block are first calculated at
some given mining step (stage 1), then calculated again after some alternate material is
substituted inside the test block (stage 2).

The properties of this alternate material should be representative of the failed state, e.g. if a
pillar is lost during a burst then the block should be excavated. A material with a reduced
cohesion or frictional strength is substituted for the case of a fault.

Once the calculation of surface stresses and displacements is complete, the original material is
replaced back into the test block such that the entire analysis is returned to the exact state it
was in prior to substitution of the alternate material into the test block. This process is repeated
for all test blocks at each mining step.

If LERD is calculated in the plane of the reef and is confined to the immediate vicinity of the
stope face, LERD becomes the classical ERR (Salamon, 1984) conventionally utilised in South
African mines. ERR is defined as the spatial rate of energy release, or work done in relaxing the
stress at the face to zero (Spottiswoode et al, 2000). Thus the essential difference between
LERD and ERR is:
− LERD can be measured at any location and over any volume in the rockmass (density of

energy release over that volume)
− ERR is confined to the immediate vicinity of the mining faces (mainly a measure of face

stress)

6.3 Loading System Stiffness (LSS)

A useful indicator of the nature of the response during yielding is the Loading System Stiffness
(LSS). LSS is representative of the slope of the load deformation response curve (Figures 6.1
and 6.2).

Wiles (2000) describes the calculation procedure of LSS as follows:
− Assume that the test block is filled with a fictitious material whose post peak stiffness exactly

matches the loading system response, and that the behaviour of the test block can be
described s1 = LSS⋅e1 ; s2 = LSS⋅e2 ; s3 = LSS⋅e3

− The energy density can be calculated as ½ ( s1⋅e1 + s2⋅e2 + s3⋅e3 )
− The mean energy density can be estimated as (Wk+Wf)/Volume
− Hence, from substitution within the above equations, the loading system stiffness can be

determined from:
LSS = ½ ( s 1² + s 2² + s 3² ) ⋅ Volume / ( Wk + Wf )

The same procedure can be applied for the calculation of LSS along a fault plane:
− Assume that the test block is filled with a fictitious material whose post peak stiffness exactly

matches the loading system response, and that the behaviour of the test block can be
described by τs = LSS⋅ es and σn = LSS⋅en

− The energy density can be calculated as ½(τs⋅ es + σn⋅en)
− The mean energy density can be estimated as (Wk+Wf)/Area
− Hence, from substitution within the above equations, the loading system stiffness can be

determined from:
LSS = ½(τs

2 + σn
2) ⋅ Area / (Wk+Wf)
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6.4 Volumetric Energy Release (VER)

Volumetric Energy Release (VER) is equivalent to the model parameter Wk, a sub-set of LERD
(Wiles, 1998). The maximum amount of energy that can be released as kinetic energy, is the
area of the upper triangle labelled as Wk (Figure 6.2). Thus VER is representative of the
maximum amount of energy that can be released as kinetic energy for a given volume of rock.
VER (Wk) is directly calculated in Map3D. VER can also be applied to faults where, instead of
being mined, the fault material is replaced by a weaker material.

6.5 Product (PROD); Stiffness Modulus (STIFF_MOD) and
Creep Work Increment (CWI)

These modelling parameters are derived from a non-linear viscous model. This is possible as a
result of Map3D’s creep model implementation (refer to section 5.1 ‘Rheology’). The calculation
of the parameters is facilitated through the analysis of the system response during a pure
time/creep step, i.e. ‘Creeping’ the Map3D model for a number of time steps allows the user to
assess the state of the system without further influence from mining. Thus the model must be
set-up to analyse how the system changes through time. For calculation efficiency reasons, this
procedure is developed around displacement discontinuity boundary elements.

Mining has taken place at t2 and the system is allowed to evolve from t2 to t3 (element creep
where failure has occurred). If we zoom into a single element that has failed at time t1 (i.e. in this
example it is in its second creep step (dt=2) at step 2), the following calculation procedure is
adopted (all calculations are undertaken for both normal and shear components):

Element stress change from t2 to t3: dT3-2 = T3 – T2

Element closure and ride change from t2 to t3: dD3-2 = D3 – D2

Now we can calculate the system response over each element i from the creep step:

PROD i = dT3-2 ⋅ dD3-2

STIFF_MODi = dT3-2 / dD3-2

CWIi = dT3-2 ⋅  areai ⋅ dD3-2

The procedure is then repeated for all elements over a delineated polygon. In order to obtain the
overall Product and Creep Work Increment for a specific polygon discretised into n elements,
we integrate over the polygon:

PROD(area A) = ∫
A
 dTi ⋅ dDi dA

CWI(area A) = ∫
A
 dTi ⋅  areai ⋅ dDi dA

Where A is the combined area of all the displacement discontinuity boundary elements forming
the test polygon.

Integrating over the polygon is the correct procedure as the integral of CWI represents the total
energy release increment for the polygon during the time step analysed. The integral of PROD
adheres to the Hill Stability criterion (Hobbs et al, 1990) which measures the degree of relative
instability present over a volume of rock (degree of hardening or softening).

The derivation of an overall estimate of the stiffness modulus for a specific polygon is dealt with
by deriving the average of all the stress-deformation slopes calculated through the stiffness
modulus formula for n boundary element:
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STIFF_MOD(area A) = AVG[ dTi / dDi ] = {Σ
i

n
 [ dTi / dDi ]}/ n

Even though large variations of Stiffness Modulus can exist over a polygon area, the averaging
procedure smoothes the data and estimates an average system response for the polygon.
Contouring of STIFF_MODi over the analysis area allows for accurate delineation of a polygon
reducing the smoothing effect of the averaging procedure,

Thus in summary, applying the above calculation procedure:
− PROD represents the relative degree  of instability (hardening or softening) present over the

polygon area being analysed (Figure 6.3)
− CWI represents the amount of kinetic energy released over the polygon area for the system

evolution step (Figure 6.3)
− STIFF_MOD represents the slope of the average stress-deformation curve for the polygon

area being analysed, i.e. the local stiffness response of the system or the rockmass
response surrounding an asperity (Figure 6.3).

The curves shown in Figure 6.3 represent the local system response and are a function of the
layout geometry, extraction sequence, yielded material, depth and rate of loading.

Stress

Deformation

Force

Deformation

t1 t2 t1 t2

STIFF_MOD
CWI

PROD

dF

dσ

dD

dD

Figure 6.3 Model parameters derived from a polygon analysis: curves represent
the local system response

From section ‘Case Studies’, the model parameter LERD (energy density) calculated through
the procedure outlined above can be compared to STIFF_MOD (average slope):

STIFF_MOD(area A) = AVG[ dTi / dDi ] = {Σ
i

n
 [ dTi / dDi ]}/ n

LERD(area A) = { ∫
A
 dTi ⋅  areai ⋅ dDi dA }/{Σ

i

n
 [ areai ]}

From the case studies analysed, both parameters represent the observed seismic stiffness,
although a better correlation is achieved with STIFF_MOD. However, the results are derived
from a relatively small sample size, thus the sample size should be increased in order to
improve the confidence in the modelled versus observed correlation.

As a result of these model parameters being derived from a non-linear viscous model, the
model approximates the overall stress deformation curve of the rockmass together with its
evolution through time as mining progresses. Thus the model parameters are calculated from
system tests in line with the continual mining sequence, i.e. the model does not have to be
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stopped in order to test a block as all the parameters are calculated within the normal model
set-up. All of the model parameters can also be spatially contoured allowing for polygon
optimisation without re-running the model. The model parameters can also be calculated using
only the plastic components of deformation, equating to the negative portion of the stress-strain
curve, and hence to the seismic regime of the rockmass.

7 Seismic Hazard Parameters

Seismic event and useful seismicity parameters for the mining industry have recently been
described in the Chapter 10 of the Handbook on Rock Engineering Practice for Tabular Hard
Rock Mines, edited by Jager and Ryder and published in 1999 by SIMRAC and in the final
report to SIMRAC of the project Gap303 (Mendecki & van Aswegen, 1999). The discussion
under this section is largely based on these two sources.

7.1 Gutenberg-Richter statistics (G-R)

The simplest way to define seismic hazard is to note the maximum magnitude event in the
seismic catalogue for the area of interest, i.e. the observed mmax (see below). In most cases,
however, this is not sufficient and all data from the area needs to be taken into account. Seismic
hazard is defined as the probability of occurrence of a seismic event equal to or exceeding a
given magnitude within a given period of time. The probabilistic recurrence times are derived
from different modifications of the empirical Gutenberg-Richter relation describing the
frequency-magnitude distribution of earthquakes,

logN($m) = a – bm,

where, for a given time span (e.g. one year) N($m) is the expected number of events not
smaller than magnitude m, and a, b are constant.  The a-value reflects the activity rate and the
b-value measures the rate that the frequency of events decrease with increase in magnitude.
For an idealistic frequency-size distribution, the one largest seismic event,  mmax, would have a
magnitude:  mmax = a/b. The basic assumptions made when calculating the probabilistic
recurrence times are that N($mmax) = 1 and the parameters a and b do not change significantly
with time and within the selected volume )V.

For a given set of a- and b-values one can thus establish a probability table or recurrence time
table. Typically a listing is given of the probabilities of occurrence of each of a range of
magnitudes. One could then pick a magnitude and call the probability of the occurrence of an
event of that magnitude, or greater, the seismic hazard parameter to use for comparing different
situations. One could also use mmax as a single measure of hazard. If the b-slope varies a lot,
neither mmax nor the expected number of events above say magnitude 2 are satisfactory  since
each represents only one point on the G-R relation.

‘Hazard magnitude’ is an attempt to express the hazard associated with a range of seismic
events as a single number. The estimated number of seismic events within the magnitude range
m1 and m2, where  m1 < m2 # mmax, is

     N(m1 # m # m2) = N($m1) - N($m2).

Where the Gutenberg-Richter relation is based on moment magnitude, the cumulative moment
release, EM, by all these events can be estimated from

( ) ( )bM bmbma −=Σ −−+ −⋅ 5.1/)5.1()5.1(1.9 12 10101043.0  for b = 1.5.
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Alternatively, the sum of moment and/or of radiated seismic energy is found numerically by
calculating the number of events between m1 and m2 for small increments of m and, working
back from the magnitude equation (based on E and/or M) plus the E-M relation (where
required), sum the E and/or M for each magnitude bin.

The choice of this definition of mmax as an upper limit to summation or integration is somewhat
arbitrary, as it does not pass the test of linearity.  For example, if the data set were to be divided
into two equal subsets, then “a” would be reduced by log102 and the contribution of all events
within any m1 and m2 would be exactly one half of the original total.  Unfortunately, mmax would
also change and the resulting changes in the integration limits would then result in failure of the
linearity test.  In general, the seismic data analysed was taken from similar time periods with
similar amounts of mining.  It is, therefore, suggested that any error due to varying values of
mmax is not of great importance.

For moment, the hazard magnitude Hm can then be defined as

( ) 1.6log3/2 −Σ= MHm

7.2 Parameters from the E-M relation

The relation

LogE = d Log M + c

where E = (radiated seismic energy), M = (seismic moment)

For a given seismic data set the above is referred to as the E-M relation. All other controlling
parameters remaining unchanged, the d-value has been found to correlate positively with
system stiffness and, for fixed d-slope, the c-value reflects the level of stress under which the
seismicity is generated. From these concepts one can then define

Apparent Stress Level, σAL [Pa]  as

[ σAL(c) ]d,M constant =  (G/M)10(c + dlogM)

where G = Rigidity modulus

for constant d and M.

Also Apparent Stiffness, KAS [Pa] as

KAS (d,c) =  G(E2 – E1)/(M2 – M1)

where, for given d,c,M1 and M2, corresponding values of E1 and E2 are found.

7.3 Parameters from quantitative seismology

The four fundamental seismic source parameters recorded for thousands of events per day in
South African gold mines are: time, location, radiated seismic energy and seismic moment.

Scalar seismic moment measures the coseismic inelastic deformation at the source. Since
seismic moment is proportional to the integral of the far field displacement pulse it can easily be
derived from recorded waveforms. A relation that scales seismic moment into magnitude of a
seismic event is called moment-magnitude.
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Only a small percent of the energy released during a seismic event is radiated as seismic
energy E, with the rest expended on heat and formation of new fractures. Seismic energy is
proportional to the integral of the squared velocity spectrum in the far field and can be derived
from recorded waveforms. Radiated seismic energy increases with stress drop, seismic moment
and with the traction rate i.e., stress oscillations at the source. The stress drop and the traction
rate are, in some way, related parameters.  Useful seismic event parameters based on E and M
are apparent stress and apparent volume.

Apparent stress ( MGEA /=σ , G being rigidity) is recognised as a model independent measure
of the stress change at the seismic source.

Apparent volume ( )/()/( 3
2

3 GEcMcMV AA == σ , with c3 a constant) scales the volume of rock
with coseismic inelastic strain.

The simplest form of quantifying seismicity for a given area in a given time is to find the sum of
seismic moment (GM). The amount of strain energy stored when mining in elastic rock is directly
proportional to the volume of elastic convergence, Ve, which can be estimated from

GM = (GVe

In fact, Ve is directly related to VER, as will be pointed out in section 14 ‘Case Studies’.

It has been found that the total amount of seismic moment resulting from mining within a large
area and time period is related to the change in elastic convergence Ve. The proportional
constant gamma, (, has been found to vary between about 0.03 and 1.0. There is some
evidence that ( is a function of the geotechnical area being mined.

More advanced measures of seismicity considered useful for this study include the following:

Seismic strain ( )2/(),( VGMtVS ∆Σ=∆∆∈ ) measures strain due to cumulative coseismic
deformations within the volume )V over the period )t.

Seismic stress ( MEGtVS ΣΣ=∆∆ /2),(σ ) measures stress changes due to seismicity.

From the latter two a seismicity parameter which gives particular insight into the rockmass
response to mining is the seismic stiffness modulus ( SSS tVK ∈=∆∆ /),( σ ). Seismic stiffness
measures the ability of the system to resist seismic deformation with increasing stress. Work
under Gap303 suggests that stiffer systems limit both the frequency and the magnitude of
intermediate and large events (> magnitude 2).

8 Design Methods

8.1 Introduction

This section describes proposed numerical modelling design methods for the seismic hazard
assessment of the general rockmass surrounding a mine layout. For the application of these
methods the seismic response of large geological structures should be separated, as far as
practically possible, from that of the general rockmass fabric response. Design methods for the
seismic hazard assessment of large geological structures is dealt with as part of SIMRAC
project Gap605 (van Aswegen, 2000). The estimated seismic hazard of large geological
structures should be added to the estimated seismic potential of the rockmass in order to derive
the overall seismic potential associated with a specific mine layout. This is a necessary design
requirement as the spatial and temporal seismic response of large geological structures can
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differ considerably to that of the general rockmass fabric, i.e. depending on the local structure
characteristics, the geological structure can significantly alter the seismic hazard in the vicinity
of a mining layout.

The proposed methods are simple, robust and easily applied to mine design:
− The methods allow for the quantification of the long-term seismic potential of a mine layout

design: facilitating for long term layout optimisation.
− The methods allow for the quantification and spatial delineation of the short-term seismic

hazard of a mine layout: facilitating for the implementation of controlled mining.

The following sections incorporated in this report form the basis for the proposed design
methods:
− Section 6, ‘Model parameters’ documents the calculation procedures of the modelling

parameters utilised in the design methodologies
− Section 7, ‘Seismic hazard parameters’ documents the calculation procedures for the

observed seismic parameters utilised to assess the actual seismic hazard associated with a
particular mine layout (design verification)

− Section 9, ‘Map3Di integration’ documents the theory for incorporating seismic deformation
directly into the numerical model. This forms the basis for accurate seismic hazard
assessment for short term design analyses, facilitating controlled mining

− Section 12, ‘Long term versus short term design methods’ documents the theoretical
differences between long term and short term design assessments

− Section 14, ‘Case studies’ back analyses the model parameters against observed seismic
data for long-term analyses. The results indicate the model parameters VER, PROD and
CWI to accurately reflect the overall seismic potential of a mine layout design. LERD and
STIFF_MOD accurately represent the observed seismic stiffness. The results of the back
analyses are important as they form the foundation for the design methods.

All of the proposed design methods are based on the commercial software Map3D. Map3D was
chosen for this purpose for the following reasons:
− Quick and easy to set-up simulations
− Allows the analysis of complex three-dimensional layouts
− Reduced run times facilitates the analysis of complex layout permutations
− Map3D permits extensive use to be made of displacement discontinuity elements. Discrete

discontinuity planes are permitted to slip, and dilate (modelling explicit slip).
− Map3D permits the simulation of viscous plastic creep behaviour. Time steps are utilised for

which static equilibrium solutions are found, representing the true solution to the creep
problem.

− Measured seismic strain can be directly incorporated into the Map3Di boundary element
method.

Even though the methods have been developed around Map3D, both the model parameters
and design methods can be applied within any numerical code with the characteristics listed
above.

8.2 Local Energy Release Density (LERD) and Loading
System Stiffness (LSS)

8.2.1 Method:

Wiles (1998) describes a modelling procedure for analysing pillar bursting conditions at
Creighton Mine. In 2000 Wiles expanded the method through the incorporation of LSS. The
methodology is summarised below:
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− LERD must be determined at all points of interest (potential pillar burst zones) -
representative volumes/areas for which LERD/LSS is to be determined

− Set-up test blocks that encompass the anticipated yield zone
− Applying the calculation procedure outlined in section 6 ‘Model Parameters’ calculate LERD

and LSS for each test block against the planned mining sequence
− Plot the LERD results against the stress state modelled at the centre of the test block
− Back-analyse historic pillar bursts and derive a LERD versus confinement criterion for pillar

bursting (site specific model calibration is essential to the method)

The back analysis of multiple violent failure episodes conducted by Wiles (1998) showed that
LERD versus confinement stability charts provide an accurate means to estimate the potential
for burst proneness of pillars. Wiles (1998) hypothesised that the link between LERD and
confinement is that areas with a soft loading system (I.e. high LERD) are able to compress the
pillars sufficiently to generate large major principle stresses which have a strong dependence on
confinement. Subsequently Wiles (2000) reported LSS to correlate better than LERD with
violent failure episodes (independent of confinement).

Thus Wiles (1998) concluded:
− By studying the distribution of LERD, the most likely locations of rockbursts can be

identified, and also the nature of the anticipated failure can be determined
− Although all the rockburst cases studied agreed with observations, there were exceptions to

this consistency in that several locations that were indicated to be likely to burst from the
modelling were not reported to have burst. A possible explanation to this being that such
bursts were not observed, or prior yielding relaxed these locations.

− Results showed a strong trend indicating that blocks that yield (due to over stressing) while
their LERD ratio is low, do not tend to burst, but rather to yield in a controlled manner (high
loading system stiffness). This suggests that LERD is providing important information that
cannot be gleaned from the stress state alone.

8.2.2 Application:

The concept of LERD and LSS has been developed around potential pillar bursts. This results in
the following shortcomings:

− The user must pre-define test blocks encompassing the anticipated yield zone (potential
burst). LERD and LSS are limited to the generation of single numbers representing the
energy release density and loading system stiffness of that test block. For a different
volume, the full solution has to be re-run (the test block is explicitly removed in the model).
In addition, details of the system response within each test block are not accessible to the
user, e.g. cannot contour LERD over a pre-defined test volume within the model.

− The method is dependent on the test block size and shape chosen – the size of the test
block must be linked to the size of the potential yield zone (e.g. event size). In theory, it is
only when a test block size and shape is chosen that correctly encompasses the potential
instability, that the correct combination of LERD and confinement will be achieved

− The stability assessment method utilises LERD versus the confinement at the centre of the
test block. In addition, LSS is directly derived from the stress state measured at the centre of
the test block (refer to ‘Model Parameters’). A design method requirement for the South
African industry is the testing of widespread irregular shaped test blocks. The degree of
inaccuracy in the calculation will rapidly increase with increasing test block size and
distorted test block shapes.

− Due to the tabular reef mine layouts in South Africa together with wide spread seismic
activity, testing of the seismic potential of any layout will require different test blocks to be
assessed across the mine layout. This will not be practical due to test block size
dependency, irregularity of the layouts, extensive mining areas and the required frequency
of analysis.
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− If LERD is applied within an elastic model, artificially high stress concentrations close to
mining abutments will be incorporated into the analyses (a similar problem to ERR
(Spottiswoode et al, 2000)). However, due to the fact that LERD is calculated over large
volumes, these effects are smoothed, whereas ERR is measured in the direct vicinity of the
mining faces.

Although the design method proposed by Wiles (1998) cannot be directly applied to the South
African context, it does present a number of important characteristics essential to the
assessment of seismic hazard:
− LERD is the potential energy release density within a specified volume of rock. This is

representative of the loading system response of the mine layout surrounding that volume of
rock – high loading system stiffness will restrict LERD whereas a low loading system
stiffness will result in high LERD for equivalent test block volumes. This is important as the
accurate quantification of the loading system response is integral to the assessment of the
seismic hazard (van Aswegen at al, 1998)

− LERD can be calculated on displacement discontinuity boundary elements within Map3D.
This is important for the calculation efficiency for geometrically complex tabular mining
layouts.

− The calculation of LERD can be combined with non-linear and viscous rockmass constitutive
laws, enabling stress re-distribution as a result of rock failure, and allowing the problem of
artificial high elastic peak stresses to be controlled within the model.

− Within Map3D, the calculation of LERD on specific test blocks can be combined with a full
three-dimensional mine layout and extraction sequence. In addition, large geological
structures with non-linear constitutive laws can be explicitly included in the solution. This
facilitates extremely complex analyses previously not possible in the South African mining
industry.

In conclusion, although LERD incorporates important characteristics for the assessment of
seismic hazard, the design method proposed by Wiles (1998), is not applicable to the South
African mining industry.

8.3 Seismic Hazard Assessment Method (long term layout
assessment)

This section outlines a design method, specific to the South African mining industry, developed
to assess the seismic hazard of long term planned mining layouts. The proposed method
extends the application of the modelling parameters introduced by Wiles (1998).

8.3.1 Concept:

The objective of the design method is to assess the seismic potential of a long-term mine layout
design incorporating both a mine layout and a planned extraction sequence. This facilitates both
mine layout and extraction sequence design optimisation.

The design method is not a stability assessment method (refer to section 12 ‘Long term versus
short term design methods’). It is based around the assessment of a single model parameter
(VER) which is shown to be representative of the observed seismic hazard of back analysed
mine layout designs (refer to section 14 ‘ Case studies’).

8.3.2 Method:

The proposed seismic hazard assessment method is extremely robust, easy to implement and
is applicable to complex tabular orebody mine layout geometries.
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For long term layout design optimisation, little information is available as to the detailed
characteristics of the rockmass. This essentially means that detailed stability assessment
methods are not viable. The only information available to the design engineer is the observed
seismic data associated with the historic mine layout, or, in the case of new designs, the seismic
hazard back analyses (not presently available) associated with the particular geotechnical
environment of the planned mine design. These can be used to calibrate the model response
against the observed seismic hazard, and hence form a basis to extrapolate the future seismic
hazard associated with a planned layout.

The modelled parameter utilised in the method is VER (refer to section 6 ‘Model Parameters’).
The fundamental philosophy behind the method is to develop empirical relationships between
VER and the observed seismic response of specific ‘mining’ areas through time on a mine wide
basis.

To undertake the back-analyses, areas must be selected which are suitable for correlating
modelled parameters with recorded seismic data. These will mainly be areas of clustering of
seismicity and areas where mining steps can be identified. The areas can consist of either 6
month periods, or one year periods – grouping a significant number of events occurring in the
area during the analysis period.

VER is calculated such that it represents the energy stored in the ‘mined volume’ of the
delineated polygon at its worst case loading state. For example, a 1-year test block is delineated
within an analysis polygon, and VER is then calculated for that test block when all the
surrounding mining for that period is removed in the model. VER thus represents the worst case
seismic energy release associated with the mining of the specific volume of rock.

In terms of elastic theory, the kinetic energy release is defined in terms of the face advance
increment (Salamon, 1984) which forms the theoretical basis for the calculation of ERR. VER,
as applied in this design methodology, extends this concept. VER is defined as the volumetric
energy release of a large mining increment at its worst case loading state. The mining increment
can be a year period facilitating data smoothing of observed seismicity (which is intermittent in
time). The worst case loading state is achieved by setting all the surrounding mining face
positions to the end of the test mining increment, i.e. a simulation of the original face advance
increment outlined by Salamon (1984).

The important fundamental aspects encapsulated by VER are:
− The model parameter application is based on the principle of conservation of energy
− VER captures the loading system response at the worst case loading state of the volume

mined within specific polygons (area under the loading system stiffness line of Figure 6.1
and 6.2). It is this measure of the loading system response that corresponds to the Mmax of
the measured frequency magnitude relation and hence is representative of the seismic
hazard

− VER is not normalised by the volume mined, but represents the largest amount of energy
stored in the volume during the time period analysed

Modelling is used to back analyse the seismic response of the historic mining. The major
advantage to the method is its simplicity, enabling large amounts of data to be assessed. No
‘tuning’ of the model is undertaken – base model parameter assumptions are made and are
consistently utilised for all the analyses and hence for the empirical correlation. The closer the
initial model parameter assumptions are to reality, the better the final empirical correlation will
be. However, due to the empirical nature of the method, accurate initial parameter assumptions
are not a pre-requisite (due to the natural strength heterogeneity within the rockmass, tuning the
model to back analyse accurate parameter assumptions is a difficult and time intensive task)

Once the empirical relationships between the model parameters and the historic seismicity are
developed, a reliability measure can be assigned to the modelling and used for risk assessment
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purposes. These empirical relationships are then applied to the seismic hazard assessment of
future planned mining layouts.

8.3.3 Application:

The important aspects encapsulated by the design method are:

− The modelling parameter incorporates the regional loading system response surrounding
each test area

− The discontinuous nature of seismicity through time is addressed and the statistical
correlation is improved through the assessment of large time periods (6-month to 1-year
time intervals)

− Due to the large analysis periods, the elastic rockmass assumption is valid and the high
peak stress values close to mining abutments are smoothed. When the total excavation over
one year is considered, the detailed stope geometry plays less of a role and the calculated
VER is mainly a function of the macro-scale system stiffness.

− VER is quick to numerically calculate through the set modelling procedure. Hence VER can
be applied to the statistical correlation of large amounts of seismic data. This improves the
reliability of the resultant empirical modelled versus observed correlation

− The methodology is based on a broad mine wide analysis – it is not attempting to model
detailed/site specific responses of localised areas. A statistical approach derived from the
overall historic seismic response on a mine wide scale is applicable to the assessment of
the stability of long term mine planning

− The final empirical correlation between the modelled and observed data provides a practical
tool for the estimation of the seismic hazard associated with long term planned mining
layouts within the limits of the correlation

− The method is applicable to complex tabular orebody mine layout geometries

In conclusion, the proposed design method is applicable to the South African context. In
addition, as a result of VER accurately representing the observed seismic hazard in combination
with the strong empirical basis of the method, the resultant seismic hazard assessment of long
term planned mining layouts can be directly utilised for risk assessment studies. Thus the
proposed ‘Seismic Hazard Assessment Method’ facilitates long term mine layout design
optimisation.

8.4 Stability Assessment Method (short term layout
assessment)

Progress reports 1(1999/01-1999/03) and 2(1999/04-1999/06) formed the platform for the
development of this method. In these reports modelled system stiffness parameters were
highlighted together with various conceptual methodologies on how to practically apply them to
the South African context. The methods were initially tested on geological structures (TauTona
336 area – Break fault) and finally progressed to true three-dimensional analyses (Deelkraal
mine). However, none of the work up to that point represented a practical design tool for the
assessment of mine-wide seismicity.

It was through the attempted implementation of the proposed methods on actual case studies
that brought about the conceptualisation of the Stability Assessment Method (SAM).

SAM can essentially be broken down into three components:
1 The calculation of a single number representing the overall seismic potential of a specific

volume (polygon) within a mine-layout. The polygon incorporates the volume of rock
surrounding the mining faces located in the polygon.

2 The calculation and visualisation of the detailed response of the polygon being analysed.
This permits for the spatial analysis of SAM within the polygon:
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− Detailed mine layout analysis
− Spatial comparison of SAM to seismic data (contour generation)
− Differential maps of SAM versus seismic data (contour generation)
3 Detailed stability analysis methods, i.e. the response of the volume being analysed to a

perturbation at a particular point in the evolution of the system (refer to the section ‘Long
term versus short term design methods’)

All of the components become available from the implementation of SAM resulting in an
extremely flexible method. It must also be emphasised that the full calculation procedure for
SAM is not time intensive and the computer solver routine is stable for large and complex
geometrical problems.

8.4.1 Concept

SAM is derived from the calculation of Product (PROD); Stiffness Modulus (STIFF_MOD) and
Creep Work Increment (CWI) over all yielding elements for a delineated polygon surrounding a
mine layout. Large geological structures are analysed through a separate methodology (van
Aswegen, 2000), although the analysis of structures should be explicitly combined with SAM.
The rockmass surrounding a mine layout is approximated through discretised displacement
discontinuity elements along the plane of the reef (this approximation considerably reduces
computer run times). The modelling assumption behind the method is that the seismic response
of the surrounding rockmass to a mining excavation (excluding large geological structures) can
be adequately represented through modelling parameters derived from non-linear viscous
displacement discontinuity elements in the plane of the reef. This assumption is verified in
section 14 ‘Case Studies’ where modelled versus observed parameters are correlated.

Thus SAM is built from a non-linear viscous rockmass approximation surrounding a mine layout
which evolves both through time and as a result of progressive mining. The material non-
linearity properties should be optimised against available information and back analysis case
studies (e.g. depth of fracturing; laboratory testing; geotechnical database etc.). The design
method facilitates for frequent ‘system tests’ and for contouring of the model parameters over
the polygons being assessed as part of the continual system evolution through time. These
system tests are calculated at specified periods in the layout sequence without the influence of
mining. SAM was initially tested against the long-term seismic response of a layout (Deelkraal
layout). These case study results showed that the model parameters derived from the system
tests adequately represent the seismic characteristics of the individual polygons (section 14
‘Case Studies’).

However, the ‘Case Studies’ section results are derived from seismic data for a long-term layout
assessment. SAM is optimally applied for short-term analyses as SAM directly measures the
relative degree of stability present over a polygon (refer to section ‘Long term versus short term
design methods’). This is achieved through the stability chart STIFF_MOD versus CWI or PROD
(Figure 8.1) – refer to section 5.2 ‘The Theory of Stability Applied to Mine Design’ for the
fundamental basis behind the stability method.
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Figure 8.1 Non-calibrated conceptual SAM stability chart

From the stability chart, and through progressive analyses, a stability criterion can be back
analysed against the observed seismic data. From the ‘Case Studies’ section, the stability chart
is essentially comparing seismic stiffness versus seismic potential, and from the results of
GAP303 (Mendecki & van Aswegen, 1999), as seismic stiffness drops, the seismic hazard
increases.

Figure 8.1 demonstrates the first estimate of stability for a polygon as analysed through SAM.
This, in conjunction with contouring allows for the delineation of areas of potentially high seismic
hazard. However, the y-axis represents the seismic potential (e.g. potential kinetic energy), but
gives no indication as to how the rockmass actually wants to yield. To improve the confidence in
the results, the y-axis of the chart can be replaced by measured apparent stiffness (Mendecki &
van Aswegen, 1999; van Aswegen, 2000) derived from events occurring in the potentially
hazardous region. If events of high apparent stiffness occur within an area with low
STIFF_MOD, the area can be defined to have a high seismic hazard and to be unstable. This
forms the basis of a powerful short-term stability assessment method of the rockmass
surrounding a mine layout.

However, in the form outlined above, SAM still suffers from the fundamental shortcoming of not
encapsulating the natural strength heterogeneity of the rockmass. Without this, the stability
assessment benefits associated with SAM are restricted. Strength heterogeneity is fundamental
to any stability assessment method as it defines weak and strong areas of the rockmass with
the associated stress-transfer of yielding elements. This is directly addressed within SAM
through the application of Map3Di (refer to section 9 ‘Map3Di integration’). Thus, in combination
with Map3Di, SAM now constitutes a short-term mine layout stability assessment tool which
incorporates:
− the observed rockmass strength heterogeneity as indicated by the historic seismic data

(yielded areas)
− the delineation of potential asperity regions from the contouring of the model parameters

(non-yielded, highly stressed areas)
− the local system stiffness response in the vicinity of a loaded ‘asperity region’ which is

derived within a ‘calibrated’ non-linear model, i.e. the calculated stiffness is a function of
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both the surrounding mine layout geometry and the material yielding and represents the
local system response to instability

− an estimate of the seismic potential (seismic moment) of an ‘asperity region’ as indicated by
CWI and PROD

− from real-time seismic monitoring, the manner in which the ‘asperity region’ is yielding –
events with high apparent stiffness indicate that the stressed asperity region is yielding with
relatively high energy release (high material stiffness), and is not easily dissipating the
stored energy: high hazard

When used in conjunction with Map3Di, seismic events control the overall yielding distribution
over a polygon, hence the viscosity of the material can be set high, i.e. viscosity only facilitates
frequent system tests and does not emulate instability.

Thus SAM constitutes a design method which can be used in the short term to delineate
potentially hazardous ‘asperity regions’, and in real-time assess the stability of these areas
through a combination of modelling, seismic observations and integration – this forms the basis
for controlled mining.

8.4.2 Method

Only plastic deformations are analysed with SAM as this limits the interpretation of the analysis
results to the non-linear regime of the rockmass, i.e. only analysing the rockmass response
derived from the negative portion of the stress-deformation curve. SAM can be summarised as
follows:
− Set-up the non-linear viscous model
− Set-up Map3Di to incorporate historic seismic deformation (regularly updated)
− Set-up the historic layout and the planned extraction sequence (short term planned

advance)
− Run the model with frequent system tests: derive model parameters for each system test

(STIFF_MOD; PROD and CWI)
− From contours of the model parameters delineate potential ‘asperity regions’ and calculate

an initial stability chart for each asperity region (Figure 8.1)
− Monitor each asperity region and replace the y-axis with Apparent Stiffness derived from

observed seismic events
− From the results of the updated stability chart determine the relative seismic hazard of each

asperity region analysed
− Continually back-analyse the results to derive stability criteria. Optimise the input parameter

assumptions

8.4.3 Application

This method must be applied and tested through a controlled mining set-up, i.e. the model must
be updated on a regular basis (e.g. weekly) in conjunction with continual seismic monitoring and
stability chart updates of potentially hazardous ‘asperity regions’.

In conclusion, the proposed design method is applicable to the South African context and
facilitates short-term mine layout design optimisation.

9 Map3Di integration

Details of the fundamentals of Map3Di from Wiles & Lachenicht (in prep.) are summarised
below:

Numerical modelling allows one to predict the rockmass response as a result of advancing
mining excavations. While the effect of geologic features such as faults or changing lithology
can be readily incorporated into the model, often the location, orientation and behavioural
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properties of such features is uncertain. This can result in modelling results of low reliability and
hence of limited use to mine operators.

An important source of in situ field loading information comes from seismic activity. By definition,
the presence of seismicity indicates that the rockmass is yielding to load and hence deforming
in some way. The seismicity could indicate shearing on a fault plane or 3D material non-linearity
possibly resulting due to a weak lithological feature.

The integration of numerical modelling with seismic monitoring through the Map3Di boundary
element method allows one to superimpose the deformations indicated by the seismicity into
your numerical model. This effectively characterises geologic features and accommodates the
effect these have on the rockmass response.

The following benefits are associated with this approach:

Firstly, the wealth of information that comes from seismic monitoring is enormous. Seismic
monitoring provides the volume and spatial distribution of information of the rockmass response
that can be obtained in no other way at reasonable cost. Map3Di provides a mechanism to
directly use this information for model calibration. Owing to the real-time nature of seismicity, it
becomes practical to traverse the mine/monitor/redesign loop for every increment of mining.
Thus instead of spending years making visual observations to develop a history of rockmass
response, there is potential to calibrate your model much more quickly.

Perhaps more important than this is the possibility of adapting to changing rock mass conditions
in real-time. This allows one to recognise and adapt to rapidly changing local conditions such as
lithology or jointing. You can update your model calibration as conditions change. This has the
potential to significantly improve the reliability of predictions.

Finally, by incorporating, for example, some fault slip indicated by seismicity, you have in fact
characterised the effect of that fault slip and incorporated its effect into your model. For
example, if your seismicity is telling you that you are getting shearing at some location, then this
can be enforced in the model, thereby redistributing the stresses to accommodate this exact
effect.

9.1 ‘Integration for Controlled Mining’

Measured seismic strain can be directly incorporated into the Map3Di boundary element
method. The incorporation of measured seismic strain into a numerical analysis facilitates the
delineation of potential ‘hazardous’ asperity regions within the rockmass. This permits the
heterogeneous strength distribution of the rockmass, as indicated by the observed seismicity, to
be directly encapsulated into the model. The resultant modelled stress equilibration defines both
high and low stressed regions allowing for the application of detailed stability assessment
procedures such as SAM.

Map3Di can optimally be applied as a design tool through integration for controlled mining
around which a set of integration methodologies and procedures have been developed.

The objective is to routinely assess the stability of a specific controlled mining site or structure.
This provides additional information to assist the technical services and production personnel to
make short term changes to the mining operations where required (controlled mining). The
primary benefit is the management of seismic hazard.

The integration methodology is based around on-going stability analyses through the direct
incorporation of observed seismic deformation into the numerical model. This serves to improve
                                                
 ‘Integration for Controlled Mining’ is a packaged service developed and marketed by ISS International
Ltd and as such consists of set methodologies and procedures developed by ISS International Ltd.



29

the quantitative spatial and temporal analysis of the future seismic hazard for the stability
assessment of each planned mining step.

The mine control parameters tested are the regional mine layout and the planned face advance.
Weekly model updates are preferred as this optimises the procedure from both a results
reliability perspective and a practical implementation perspective (seismic information rapidly
changes). However, time periods of up to a month can be utilised depending on the availability
of survey information.

10 The Effect of Discretisation

The objective of analysing the effect of discretisation is to determine whether the stability
parameters tend towards a constant value with increasing discretisation. This will determine
whether a degree of discretisation exists, for both a regular and irregular geometry, within which
the results of the stability parameters are reproducible (without maintaining constant
discretisation parameters).

Figure 10.1a&b compares the Volumetric Energy Release (VER) versus the number of
elements that a test model was broken down into (together with the minimum boundary element
side length parameter (AL) set in Map3D), for a regular and irregular geometry respectively.

VER vs. discretisation: Square geometry
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VER vs. discretisation: irregular geometry
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Figure 10.1a&b Volumetric Energy Release (VER) versus the degree of
discretisation (regular and irregular geometry respectively)

Figure 10.1 shows that the numerical solution of VER does converge to a stable value at finer
degrees of discretisation (allowing for comparisons between different analyses), but only for the
range of boundary element side lengths less than 5m.

Figure 10.2a-d compares the stability parameters Stiffness Modulus (STIFF_MOD), Stiffness
(STIFF), Product (PROD) and Creep Work Increment (CWI) versus the number of elements that
a test model was broken down into (together with the minimum boundary element side length
parameter (AL) set in Map3D), for an irregular geometry.
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STIFF_MOD vs. discretisation: irregular geometry
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STIFF vs. discretisation: irregular geometry
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PROD vs. discretisation: irregular geometry
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CWI vs. discretisation: irregular geometry
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Figure 10.2a-d Stiffness Modulus (STIFF_MOD), Stiffness (STIFF), Product (PROD)
and Creep Work Increment (CWI) versus the degree of discretisation (irregular
geometry)

Figure 10.2 shows that the numerical solution of all the stability parameters except Product
(PROD) converge to a stable value at finer degrees of discretisation for the range of boundary
element side lengths of less than 5m. Due to the fact that PROD is calculated as a sum where
each block is not normalised by area, as the discretisation is increased, the value of PROD
exponentially increases.

Thus, from Figures 10.1&10.2, if the boundary element side lengths of the model are within the
range of 2-4m for an irregular geometry, the results between different analyses can be directly
compared to each other for all the stability parameters tested except for PROD. However, the
results between analyses can be compared for a higher degree of discretisation, or for the
stability parameter PROD, if the degree of discretisation is kept constant between analyses.
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11 Comparison between Design Methods

The design methods proposed in this report are summarised and compared in Table 11.1:

Table 11.1 Comparison between design methods
Comparison Factor Method 1 (ERR) Method 2

(LERD & LSS)
Method 3
(SHAM)

Method 4
(SAM)

1.Applicable to tabular orebodies Yes No Yes Yes
2. Long term versus short term layout
assessment

Short (face
shape)

Both Long Short

3. Correlation to seismic parameters Refer Gap612c LERD = seismic
stiffness

VER = Hazard
Moment

PROD/CWI =
Hazard Moment
STIFF_MOD =
seismic stiffness
(small data set)

4. Encompass full 3D mine layout
and extraction sequence

Yes Yes Yes Yes

5. Incorporation of non-linear effects Stress Capping
(GAP612c)

No
(can incorporate)

No
(can incorporate
– lack of
information)

Non-linear model
along DD planes
approximating
full rockmass
response

6. Incorporation of rheological effects No No
(can incorporate)

No Viscous model
along DD planes
approximating
full rockmass
response

7. Irregular layouts Refer Gap612c No Efficient Efficient
8. Incorporation of detailed stability
assessment procedure

Hazard
estimation

Stability chart Hazard
estimation

Detailed stability
assessment
method

9. Model calibration method Empirical: Back
analyse seismic
response for
ERR cut-off

Empirical: Back
analyse seismic
response versus
stability chart

Empirical: derive
modelled versus
observed
statistical
relation

Integration and
empirical:
modelled versus
observed
statistical
correlation

10. Incorporation of integration
(seismic deformation)

No No
(can incorporate)

No
(can incorporate
– lack of
information)

Based on
integration
principle

11. Dimensionality 2½D (DD
elements)

True 3D (can
incorporate DD
elements)

2½D (DD
elements) –
efficiency
requirement

2½D (DD
elements) –
efficiency
requirement

12. Explicit incorporation of large
geological structures

No No
(can incorporate)

Yes
(refer Gap605)

Yes
(refer GAP605)

13. Contouring of modelled
parameters for detailed analysis

Refer Gap612c No No (long term) Yes

14. Incorporation of path dependency
effects

Extraction
sequence

Extraction
sequence

Extraction
sequence

Extraction
sequence and
material non-
linearity

15. Incorporation of Rate of mining
effects

No No No Yes (viscous
model)

16. Method results Estimate seismic
hazard

Estimate seismic
hazard

Estimate seismic
hazard

Estimate
location, severity
& time of large
instabilities

17. Conclusion Refer Gap612c Not applicable Long term
assessment
method

Applicable for
Controlled
Mining
Implementation

ERR: Energy Release Rate Method (GAP612c)
LERD&LSS: Local Energy Release Density and Loading System Stiffness Method (Wiles , 1998)
SHAM: Seismic Hazard Assessment Method (Gap612a)
SAM: Stability Assessment Method (Gap612a)
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12 Long term versus short term design methods

The proposed design methods can essentially be broken down into two categories, namely:
hazard estimation methods and detailed stability assessment methods.

12.1 Hazard Estimation Methods

Hazard estimation methods utilise a model parameter to estimate the seismic hazard associated
with a mine layout, where the relative amount of the parameter is used to infer the degree of
instability associated with the mine layout, e.g. ESS, ERR and VER are used to indicate the
potential seismic hazard. Thus if the hazard parameter increases, the seismic hazard can be
inferred to be increasing. These methods are extremely efficient, easy to interpret and apply as
they calculate single numbers and require minimal input information. Hazard estimation
methods are particularly useful for long term mine layout assessments where limited information
is available on the local rockmass strength distribution, or on the presence and properties of
large geological structures. These methods are, however, optimally applied on a statistical basis
with large data sets in conjunction with an empirical correlation between the hazard parameter
and the actual hazard (the correlation can significantly change between geotechnical
environments). Thus, a local calibration for a specific geotechnical environment is essential to
improve the reliability of the seismic hazard estimation for a particular mine layout design. The
application of the hazard parameter VER in the proposed Seismic Hazard Assessment Method
addresses the problem associated with long term design: little information leading to unreliable
results.

However, the problem with hazard estimation methods is that they only give an overall
estimation of the seismic hazard within the limits of the empirical relation from back-analysed
data. These methods have limited value in terms of the detailed quantification of potential
instabilities (location and time of occurrence), i.e. they are useful only as a design optimisation
tool to limit the overall seismic hazard associated with a layout.

12.2 Stability Assessment Methods

Stability assessment methods are much more complex, and rely on substantial information in
terms of rockmass strength distribution, local yielding, stress re-distribution and the location of
large geological structures (refer to the section 5.2 ‘Theory of Stability Applied to Mine Design’).
Due to the underground environment, this information is best derived from seismic information.
With the recent developments in integration (Map3Di), this information can be directly
incorporated into the model. However, as a result of the constantly advancing face positions,
and the constant occurrence of seismic events, the information is only useful for short-term
stability analyses.

Stability assessment methods give indications of the severity, location and time of potential
instabilities within the limits of the input information and the frequency of the analysis. A stability
parameter is the quantity with which the stability investigation is concerned, and which
characterises essentially the stability behaviour of the system. The state of the system can be
measured on a comparative basis (degree of stability), or utilising a criterion, beyond which
instability is defined to occur.

13 Controlled mining design method application:
simple examples

Figure 13.1 shows a simple test model used to illustrate the concepts behind the proposed
stability assessment methodology.
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Simple Mining
Layout

Simple test zones
in front of the
advancing face:
NL properties

Applying the full method, all of the rock surrounding the mine layout is
defined as non-linear rock with rheological properties in the model

Advancing face
positions

Figure 13.1 Simple test model for the proposed stability assessment methodology

13.1 Mechanics: Viscous non-linear model

Figure 13.2 compares the normal stress distributions between an elastic and non-linear
(rheological) model. The stress distributions are derived from the simple test model representing
a point in time of a systems evolution. Figure 13.3 demonstrates the resultant non-linear closure
distribution. From the figures:
− The elastic model results in artificially high normal stress values close to the mining face

outlines
− The non-linear/rheological model reduces the normal stresses by allowing failure in the

model. The non-linear closure represents the mining induced fracture zone in front of the
mining faces, resulting in stress migration ahead of the mining. The amount of non-linear
deformation that is allowed to occur in the model is a function of the non-linear and
rheological parameters set in the model. These parameters are site-specific and must be
back-analysed for each geotechnical area.

− The non-linear model results represent a realistic and efficient approximation of the
rockmass response in the vicinity of mining excavations. By virtue of the fact that the results
are derived from a non-linear model incorporating rheology, the model encapsulates stress
redistribution and migration effects, rate of mining effects, layout geometry effects and
mining layout sequencing effects.
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Elastic model:
Normal stress
distribution

Non-linear rheological
model: Normal stress
distribution

Artificially high
normal stress
(200-700MPa)
close to the
mining faces

Rheology in the
model allows for
the high normal
stresses to be
relaxed and
redistributed prior
to the next mining
step

Stress redistribution in front
of the mining faces as a
result of fracturing

All the normal
stresses
<200MPa:
dependent on
the calibration
of the
rheological
parameters

Simple comparative window at a particular stage in a
systems evolution: elastic versus non-linear model

Mined area

Mined area

Figure 13.2 Comparison of the normal stress distributions between the elastic
and non-linear (rheological) models
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Mined area

Non-linear rheological model: Non-linear closure distribution

Large non-linear
closure in the
vicinity of the
mining faces as
a result of the
high normal
stresses

Non-linear closure profile
simulates fracturing in front of the
mining faces allowing for stress
migration

Figure 13.3 Non-linear closure distribution at a particular point in a systems
evolution

In the analysis methodology, the model is set-up such that the system can be tested at every
point as frequently as the user requires. The stability parameters Stiffness Modulus and Creep
Work Increment are calculated for each system test (from evolving the system through time).
Figure 13.4 shows the stiffness modulus and creep work increment distribution at a particular
step in the system evolution (normal components only). Zones of increased creep work
increment can be used to delineate regions with high seismic potential and compared against
the equivalent average stiffness moduli in order to assess the stability of the region.



36

Non-linear rheological model: Stiffness modulus and creep work increment distribution at a
particular step in the system evolution (normal components)

CWI distribution

STIFF_MOD
distribution

High stiffness close to
the edge of the failure
zone in front of the
mining faces

Mined area

Mined area
Zones of high
work (energy
release) with
relatively low
stiffness: plot
allows for
asperity
delineation over
a mine layout

Stiffness rapidly
dropping in front of the
mining faces: fractured
zone

Area of
relatively
high
stiffness &
low CWI

Figure 13.4 Stiffness modulus and creep work increment distribution at a
particular step in the system evolution

13.2 Layout effects

The parameters used to assess the stability of the mine layout must be sensitive to the layout
geometry. Figure 13.5 shows the three layouts tested, representing varying system stiffness
scenarios. Figure 13.6 shows the resultant stability chart for the three layouts – for decreasing
layout stiffness (increased extraction), the stability chart shows decreasing stiffness modulus
and increasing creep work increment at a particular point in the systems evolution, i.e. the
stability parameters are sensitive to the mine layout geometry.
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Softer System Layout Original System Layout Stiffer System Layout

Mined
area

Mined
area

Mined
area

Figure 13.5 Three layouts tested representing varying system stiffness scenarios
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Figure 13.6 Stability chart derived from the three layouts tested representing
varying system stiffness scenarios

13.3 Heterogeneous strength distribution: Map3Di

The methodology outlined up to this point in the simple examples encompasses:
− A simple and efficient non-linear and rheological model for approximating the actual

rockmass response to mining operations. This allows for the stress migration in the vicinity
of the mining excavations to be incorporated into the stability analyses. It also allows for the
rock relaxation to be a function of the rate of face advance.

− The required stability parameters can be calculated for every point in the vicinity of the
mining layout being assessed by conducting frequent system tests. The stability parameters
can then be contoured allowing for the delineation of potential high seismic risk areas. The
average stability parameters over these high risk areas can easily be plotted on the stability
chart and compared to the historic modelled versus observed stability database (site
specific).

− Through simple examples, the stability parameters are shown to be sensitive to the
geometry of the mine layout.
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However, the methodology still suffers from the fundamental flaw of the assumption of a
homogeneous rockmass strength distribution. It is impossible for any analysis method to give
accurate spatial and temporal stability assessments without incorporating the rockmass strength
heterogeneity. This can be overcome through the incorporation of the effects of seismic events
into the model, i.e. allowing areas where seismic events occur to deform.

Figure 13.7 compares the normal stress distribution derived from models where the material
non-linearity is defined purely by homogeneous strength properties and from homogeneous
strength properties and non-linear closure derived from seismic information. Figure 13.7 shows
that in the vicinity of the input closure, the normal stress distribution is significantly altered. This
is a simple example used to illustrate the concept. In the extreme, seismic information can be
used to completely define the non-linear failure distribution across the rockmass in the vicinity of
the mining excavations, and the rheological model response is used only to test the system
response.

Mined area

Mined area

Normal stress distribution where the material non-
linearity is defined by homogeneous strength
properties

Normal stress distribution where the material non-
linearity is defined by homogeneous strength
properties and from non-linear closure derived
from seismic information

Normal stress drop and stress re-
distribution as a result of closure from
seismic information

Figure 13.7 Normal stress distribution comparisons and the effect of material
heterogeneity

Thus, if the seismic closure information of Figure 13.7 was not incorporated, the model would
maintain the normal stress in the vicinity of the event, and stress redistribution would not occur.
This would result in an inaccurate stability assessment.

Figure 13.8 compares the stiffness modulus and creep work increment parameters for the
scenarios shown in Figure 13.7. Again it is important to note that the incorporation of the
strength heterogeneity into the model significantly alters the stiffness and work distributions
across the rockmass – altering the results of the stability assessment. In addition, as the closure
information is derived from actual seismic data, the contours of creep work increment can be
used to accurately delineate regions within the rockmass with a high seismic potential. The
stiffness modulus of these asperity regions can then be analysed against the apparent stiffness
of seismic events occurring within the region in order to assess the seismic hazard of the
asperity (sections 5.2 & 8.4).
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Mined area Mined area

Mined area Mined area

Stiffness distribution where the material non-
linearity is defined by homogeneous strength
properties

CWI distribution where the material non-linearity is
defined by homogeneous strength properties

Stiffness distribution where the material non-
linearity is defined by homogeneous strength
properties and from non-linear closure derived
from seismic information

CWI distribution where the material non-linearity is
defined by homogeneous strength properties and
from non-linear closure derived from seismic
information

Stiffness
dropped as
a result of
input closure

Stiffness
increase
around the
input ‘seismic’
closure

CWI
dropped as
a result of
input closureCWI increase

around the
input ‘seismic’
closure:
stress re-
distribution

Figure 13.8 Stiffness modulus and creep work increment distribution
comparisons and the effect of material heterogeneity
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14 Case Studies

14.1 Volumetric Energy Release (VER) and Local Energy
Release Density (LERD)

14.1.1 Data collection

Extensive numerical modelling was done to evaluate the modelling parameters for four mines,
namely Leeudoorn, Kloof, Deelkraal and TauTona. This research was undertaken in
combination with Deepmine Project 5.1.1 (van Aswegen et al, 2000). The project Gap612a
developed the Seismic Hazard Assessment Method through the back analysis of the proposed
stability parameters against the historic seismic data of the aforementioned mines. Deepmine
Project 5.1.1 utilised the results of the back analyses to attempt to quantify the seismic hazard
increase with depth of mining. As such the back analysis results form part of both projects.

For each of the mines a number of study areas were identified and delineated as polygons.
Seismic data for each of these polygons were selected for detail analysis. For brevity in this
report we’ll refer to the LKTD data sets.

Table 14.1 A summary of data sources used in this project

Mine Geotechnical area Regional support Mining Start date End date
1. Deelkraal Vcr, hw = lava, fw =

quartzite
Backfill, Longwall 18/10/1995 30/09/1996

2  Elandsrand Vcr, Backfill, dip pillars Sequential
grid

In parts

3. Savuka In parts.
4. TauTona Carbon leader Longwall 16/12/1993 03/12/1997
5. Mponeng Vcr 01/01/1993 23/11/1998
6. West
Driefontein

Carbon leader, hw =
lava,
fw= quartzite

Backfill; Pillars
along structures

Longwall In parts

7. East
Driefontein

Carbon leader, main
reef, vcr

Backfill;
Introducing pillars

Longwall 02/01/1996 07/07/1999

8. Libanon Main reef,
Vcr

Backfill;
Introducing pillars

Longwall

9. Kloof Vcr; hw = lava, fw =
quartzite

Backfill & strike
pillars

Longwall 01/10/1996 13/08/1999

10. Leeudoorn Vcr; hw = lava, fw =
quartzite

Backfill;
Introducing dip
pillars

Longwall 07/11/1994 31/08/1999

14.1.2 Study sites for numerical modelling

The selection of particular sites for modelling was limited by the available time, but a fair
variation in geotechnical conditions was achieved. Four mines were chosen namely Leeudoorn,
Kloof, TauTona and Deelkraal. In each case several polygons were chosen on the basis of
seismic clustering and at least two mining steps of one year each was modelled in all cases but
one: for Deelkraal the 2nd mining step spanned only 8 months.

The data sources used in the project are summarised in Table 14.1

For each polygon, the seismic data was selected from the master data files for each mine and a
series of quantitative and statistical seismological parameters, as defined in the section ‘Seismic
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hazard parameters’, were calculated. The results are tabulated in Tables A1_1 to A1_3,
Appendix_1.

The seismic data selected from the polygons shown in Figures 14.1a-d are referred to as the
LKTD data sets.
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Figure 14.1a Positions of polygons used for seismic data analysis and VER/LERD
calculations at Leeudoorn mine

+NS18000.0

+NS19000.0

+NS20000.0

+NS21000.0

+NS22000.0

+NS23000.0

-EW12000.0-EW11000.0-EW10000.0

2

3
4

5

6

1

Figure 14.1b Positions of polygons used for seismic data analysis and VER/LERD
calculations at Kloof mine
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Figure 14.1c Positions of polygons used for seismic data analysis and VER/LERD
calculations at Deelkraal mine

+NS25000.0

+NS26000.0

+NS27000.0

+NS28000.0

-EW46000.0-EW45000.0-EW44000.0-EW43000.0

1

4

3

2

Figure 14.1d Positions of polygons used for seismic data analysis and VER/LERD
calculations at TauTona mine
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14.1.3 LERD and seismic stiffness

Possibly the most interesting correlation between the numerical modelling output and seismic
data is that between LERD and seismic stiffness. The concept of LERD is based on the system
response to local failure – the softer the system the larger the deformation associated with
failure. If this failure is dynamic, this relates directly to seismic hazard. It has also been shown
that seismic stiffness decreases with an increase in seismic hazard (Mendecki & van Aswegen,
1999). Figure 14.2a shows the correlation between LERD and seismic stiffness for the LKTD
data. The trend is quite clear: with increasing LERD a decrease in seismic stiffness is observed.
This confirms the fact that LERD is indeed a function of system stiffness.

The correlation shown in Figure 14.2a is much improved by the removal of 6 outlier data points,
as shown in Figure 14.2b.

LERD vs. Seismic Stiffness
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Figure 14.2a The variation of LERD with seismic stiffness – all LKTD data.
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LERD vs. Seismic Stiffness
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Figure 14.2b The variation of LERD with seismic stiffness – all LKTD data – six
outliers removed.

14.1.4 VER and cumulative seismic moment

To compare the modelled results with the observed seismicity it is appropriate to consider the
total modelled energy release for a given mining step with the sum of seismic energy release in
the environs. The modelling experiment was specifically designed to minimise overlap in the
spatial seismic response to the mining in particular production areas, i.e. the seismicity
associated with each mining step could be spatially well separated.

Because seismic moment is considered to be more reliably calculated than seismic energy by
routine seismic monitoring systems on the mines, the comparisons here are made between
modelled volumetric energy release and seismic moment.

Figure 14.3a shows a reasonable correlation between the sum of seismic moment and the
modelled Volumetric Energy Release. When the sum of moment is derived from the frequency-
magnitude relation, the strong variation in cumulative seismic moment, caused by the presence
or not of a few large events, is smoothed and the correlation with VER is somewhat better
(Figure 14.3b).

Figure 14.4 is the same as Figure 14.3b, but the symbol types distinguish the different study
sites. It shows that, apart from the data from Kloof Mine, the general increase in the sum of
moment with VER is well reflected by the data from individual mines. In the case of Kloof, the
data is scattered only for cases of relatively high levels of seismicity.
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Modelled Energy Released vs. recorded Sum of Seismic Moment
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Figure 14.3a The correlation of modelled volumetric energy release and sum of
seismic moment for each of the LKTD study sites.
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Figure 14.3b The correlation between modelled volumetric energy release and the
sum of observed seismic moment, as derived from the Gutenberg-Richter
frequency-magnitude relation.
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Modelled ER vs. sum M (from fm distribution)
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Figure 14.4 Correlation between modelled volumetric energy release and the sum
of observed seismic moment showing the individual LKTD modelling sites

14.2 PROD, STIFF_MOD and CWI

As the majority of the effort for this project was directed towards investigating stiffness concepts
in terms of potential mine design applications, only one case study was undertaken (Deelkraal
Mine). The purpose of the case study was to test the relevance of the proposed model stability
parameters (PROD, STIFF_MOD and CWI) against the observed seismic response. A single
case study was sufficient to formalise the relationship between these parameters and observed
seismicity, supporting the theoretical basis behind the development of the proposed model
stability parameters.

The model parameters were tested against a long-term stability assessment scenario (available
database). However, they are optimally applied within short term layout stability assessment
exercises (controlled mining). In the future, these stability parameters will be back analysed for
specific controlled mining case studies in real time and for alternative geotechnical
environments.

Figures 14.5-14.11 show the results of the back-analysed stability parameters. The results on
which the graphs are based are included in Appendix_2 Tables A2_1 to A2_2. It must be borne
in mind that the results are derived over a long time period and for a homogeneous strength
model assumption, i.e. integration methods are not applied in deriving these results. The
following points can be made from Figures 14.5-14.11:
− For the comparison between seismic stiffness and STIFF_MOD, it is shown that

STIFF_MOD has a 79% correlation with seismic stiffness (Figure 14.5). When an outlier is
removed the correlation improves to 97% (Figure 14.6), i.e. the model parameter
STIFF_MOD is shown, even within the limits of a coarse analysis with no information on the
rockmass strength distribution, to accurately represent the observed seismic stiffness.
Figures 14.10 and 14.11 show the equivalent comparison for LERD, i.e. LERD is also
represents seismic stiffness, but with slightly more scatter (91% without the outlier).

− In Figures 14.7-14.9, the model parameters CWI, PROD and VER are all shown to
adequately represent the observed seismic hazard moment (84%, 90% and 89% correlation
respectively).
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Thus the back analysis exercise indicates that the chosen stability parameters adequately
represent the observed seismic characteristics of the system and support the theoretical basis
behind the proposed detailed stability assessment method.

Seismic Stiffness (dV=variable) vs STIFF_MOD
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Figure 14.5 Seismic stiffness versus STIFF_MOD: Deelkraal back-analysis
exercise

Seismic Stiffness (dV=variable) vs STIFF_MOD
outlier removed
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Figure 14.6 Seismic stiffness versus STIFF_MOD (outlier removed): Deelkraal
back-analysis exercise
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Seismic Moment vs CWI
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Figure 14.7 Seismic hazard moment versus CWI: Deelkraal back-analysis exercise
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Figure 14.8 Seismic hazard moment versus PROD: Deelkraal back-analysis
exercise
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Seismic Moment vs VER
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Figure 14.9 Seismic hazard moment versus VER: Deelkraal back-analysis
exercise
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Figure 14.10 Seismic hazard moment versus LERD: Deelkraal back-analysis
exercise
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Seismic Stiffness (dV=variable) vs LERD
outlier removed
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Figure 14.11 Seismic hazard moment versus LERD (outlier removed): Deelkraal
back-analysis exercise

Figures 14.12-14.16 show how the proposed stability parameters can be spatially analysed
through time and compared to the observed seismic response surrounding a mine layout. This
analysis was undertaken at TauTona Mine 336 area for 3 month analysis intervals from the
3/31/95 to the 6/11/96. When assesseing the visual comparison between the modelled and
observed, cogniscance must be made of the fact that the for this analysis the model excludes
the Break fault, whereas the contours of seismic moment is derived from the full data set.
Important points relating to the figures are:
− Excluding the seismic response along the Break fault, the comparative high hazard areas

(red) between the modelled and observed contours correlate reasonably well (remember
that PROD has been shown on a broard scale to quantitatively represent seismic hazard
moment).

− The model is based on a homogeneous strength assumption, i.e. integration is not
incorporated and hence the model does not know about the historic seismic deformation

− The Break fault is not explicitly included in the model – this will improve the modelled versus
observed correlation

− The modelling results are derived from a non-linear viscous model where the mining faces
advance and material can fail and creep through time. As a result of the inclusion of
rheology in the modelling methodology, the model gives results along pillars in the back
area as the faces advance, and as the model evolves through time.
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Contours of seismic moment Contours of modelled PROD
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Figure 14.12 Modelled versus observed contours: TauTona 336 area – 3/31/95-
6/30/95

PROD calculated from a homogeneous strength
viscous non-linear model along the plane of the reef
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Figure 14.13 Modelled versus observed contours: TauTona 336 area – 6/30/95-
9/30/95
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PROD calculated from a homogeneous strength
viscous non-linear model along the plane of the reef

Contours of seismic moment Contours of modelled PROD
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Figure 14.14 Modelled versus observed contours: TauTona 336 area –9/30/95-
12/31/95

PROD calculated from a homogeneous strength
viscous non-linear model along the plane of the reef
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Figure 14.15 Modelled versus observed contours: TauTona 336 area –12/31/95-
3/11/96
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PROD calculated from a homogeneous strength
viscous non-linear model along the plane of the reef

Contours of seismic moment Contours of modelled PROD
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Figure 14.16 Modelled versus observed contours: TauTona 336 area –3/11/96-
6/11/96

Figure 14.16 shows an example of the long term layout assessment method applied at
Deelkraal mine, i.e. the results are derived from large analysis periods (1 year to 8 month
intervals). Superimposed on the picture are the seismic events used for the model versus
observed correlation (seismic events occurring within both the analysed time periods and within
the polygon being analysed (specific longwall at Deelkraal mine).

Modelled: Contours of cumulative
plastic closure calculated from a
non-linear viscous model in the
plane of the reef

Observed: Seismic
events

Example of a polygon analysis (Long term layout assessment)

Deelkraal Mine: Analysis polygon: model vs observed

Large analysis periods:

Face position 1:

Face position 2:

Face position 3:

Mined
area

Unmined reef

Mined
area

Figure 14.17 Example of the application of the long term layout assessment
method from which the results at Deelkraal mine were derived
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15 Guidelines for the Assessment of Seismic Hazard

Recommended mine design methods to optimise mine layouts against seismic hazard for South
African conditions are listed in Tables 15.1 and 15.2

Table 15.1 Long term layout seismic hazard assessment

Methodology Seismic Hazard Assessment Method (SHAM)
Incorporate all available geotechnical information into the
analysis (long term analysis so limited information)
Delineate volumes/polygons; analysis periods
Correlate model vs. observed data (historic data)
Empirical Relation: model vs. observed calibration
Use empirical relation for the specific geotechnical area
(for new designs)
Estimate future long term seismic hazard associated with
the layout design: divided into polygons
From the results optimise the layout design against the
estimated seismic hazard
Every year repeat the analysis and update the model
versus observed empirical relation

Model Parameter Volumetric Energy Release (VER) [MJ]
Observed Seismicity Parameter Sum of seismic hazard moment [Nm]
Analysis time periods 6-12 month periods
Advantages 1. Simple: single number represents seismic hazard

2. Good correlation with historic observed seismic
hazard

3. Scatter from structures/strength heterogeneity
4. Incorporates the effects of the layout; extraction

sequence: stiffness parameter
5. Refined stable method

Disadvantages 1. No contouring of VER: spatial component limited to
polygons analysed

2. Doesn’t directly incorporate the presence of
structures within the present method (geology
uncertain for long term planning). However,
structures can be explicitly incorporated into the
method (refer to Gap605).

Assessment Quantify the estimated seismic hazard from the back-
analysed empirical relation (model versus observed)

Reference GAP612a and ISSI consulting work (Mine Layout Design
Audit for Rockmass Stability1 packaged service)

                                                
1 Mine Layout Design Audit for Rockmass Stability is a packaged service developed and offered by ISS
International Ltd. and as such consists of set methodologies and procedures
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Table 15.2 Short term layout seismic hazard assessment

Methodology Stability Assessment Method (SAM)
Incorporate all available geotechnical information into the
analysis
Incorporate the effects of historic seismic deformation
(integrate)
Delineate volumes/polygons; analysis periods
Correlate model vs. observed data (historic data)
Empirical Relations: model vs. observed calibration
Develop stability charts
Contour the stability parameters: optimise polygons
Delineate asperity regions
Monitor asperity regions and analyse apparent stiffness
of recorded seismic events
Estimate short term stability and seismic hazard of
specific asperity regions
From the results of the stability assessment implement
short term actions
Every week repeat the analysis and update the model
versus observed empirical relations

Modelled Stability Parameter PROD; STIFF_MOD; CWI; Apparent stiffness
Observed Seismicity Parameters Sum of seismic moment [Nm]; individual large seismic

events moment [Nm]; seismic stiffness; apparent
stiffness

Analysis Time periods 1-4 weeks
Advantages 1. Efficient method

2. Stability parameters are shown to represent seismic
characteristics (long term Deelkraal analysis)

3. incorporates the effects of the mine layout;
extraction sequence: layout stiffness

4. allows for incorporation of rheology
5. allows for the incorporation of observed yielding

within the rockmass (Map3Di)
6. allows for spatial analysis and the delineation of

asperity regions for detailed stability assessments
Disadvantages 1. Doesn’t directly incorporate the presence of

structures within the present method. However,
structures can be explicitly incorporated into the
method (refer to Gap605).

Assessment/interpretation Permits the short term assessment of relative severity,
location and time of potential instabilities over the
rockmass surrounding mine layouts

Reference GAP612a and ISSI consulting work (‘Integration for
Controlled Mining 2 packaged service)

16 Summary and Conclusions

This report summarises the results of extensive research into the delineation of appropriate
mine layout design criteria incorporating stiffness as a design criterion. The methods
documented are specifically designed to assess the seismic potential of the general rockmass
fabric in terms of a mine layout design.

The proposed methods are simple, robust and easily applied to mine design:
− The methods allow for the quantification of the long-term seismic potential of a mine layout

design: facilitating for long term layout optimisation.
− The methods allow for the quantification and spatial delineation of the short-term seismic

hazard of a mine layout: facilitating for controlled mining.

The detailed scope of work undertaken was:
− Undertake a literature survey to investigate energy and stiffness as design criteria
                                                
2 Integration for Controlled Mining is a packaged service developed and marketed by ISS International
Ltd and as such consists of set methodologies and procedures
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− Define the role and importance of stiffness in design methods for seismic hazard
assessment

− Develop and test practical design methodologies (incorporating stiffness) for the
assessment of the seismic potential of the general rockmass surrounding mine layouts.

− Compare the methods in terms of the applicability to the assessment of the seismic potential
of mine layouts within deep level tabular orebodies

− Undertake detailed tests of the optimised methods against the observed seismic hazard
associated with mine layouts in different geotechnical environments

− Refine the proposed design methodologies into detailed procedures which can be applied
by Rock Engineering practitioners and consultants during mine planning

− Investigate the benefits of combining integration with the proposed design methods
− Develop guidelines to optimise a mine layout design against seismic hazard for South

African conditions

The recommended methods can be summarised as follows:

16.1 Seismic Hazard Assessment Method (long term layout
assessment)

The objective of the design method is to assess the seismic potential of a long-term mine layout
design incorporating both a mine layout and a planned extraction sequence. This facilitates both
mine layout and extraction sequence design optimisation. The design method is applicable to
the South African context. In addition, as a result of the model parameter accurately
representing the observed seismic hazard in combination with the strong empirical basis of the
method, the resultant seismic hazard assessment of long term planned mining layouts can be
directly utilised for risk assessment studies.

16.2 Stability Assessment Method (short term layout
assessment)

SAM constitutes a design method which can be used in the short term to delineate potentially
hazardous ‘asperity regions’, and in real-time assess the stability of these areas through a
combination of modelling, seismic observations and integration – this forms the basis for
controlled mining. This method must be applied and tested through a controlled mining set-up,
i.e. the model must be updated on a regular basis (e.g. weekly) in conjunction with continual
seismic monitoring and stability chart updates of potentially hazardous ‘asperity regions’. In
conclusion, the proposed design method is applicable to the South African context and
facilitates controlled mining.

Table 16.1 compares all the design methods:
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Table 16.1 Comparison between design methods
Comparison Factor Method 1 (ERR) Method 2

(LERD & LSS)
Method 3
(SHAM)

Method 4
(SAM)

1.Applicable to tabular orebodies Yes No Yes Yes
2. Long term versus short term layout
assessment

Short (face
shape)

Both Long Short

3. Correlation to seismic parameters Refer Gap612c LERD = seismic
stiffness

VER = Hazard
Moment

PROD/CWI =
Hazard Moment
STIFF_MOD =
seismic stiffness
(small data set)

4. Encompass full 3D mine layout
and extraction sequence

Yes Yes Yes Yes

5. Incorporation of non-linear effects Stress Capping
(GAP612c)

No
(can incorporate)

No
(can incorporate
– lack of
information)

Non-linear model
along DD planes
approximating
full rockmass
response

6. Incorporation of rheological effects No No
(can incorporate)

No Viscous model
along DD planes
approximating
full rockmass
response

7. Irregular layouts Refer Gap612c No Efficient Efficient
8. Incorporation of detailed stability
assessment procedure

Hazard
estimation

Stability chart Hazard
estimation

Detailed stability
assessment
method

9. Model calibration method Empirical: Back
analyse seismic
response for
ERR cut-off

Empirical: Back
analyse seismic
response versus
stability chart

Empirical: derive
modelled versus
observed
statistical
relation

Integration and
empirical:
modelled versus
observed
statistical
correlation

10. Incorporation of integration
(seismic deformation)

No No
(can incorporate)

No
(can incorporate
– lack of
information)

Based on
integration
principle

11. Dimensionality 2½D (DD
elements)

True 3D (can
incorporate DD
elements)

2½D (DD
elements) –
efficiency
requirement

2½D (DD
elements) –
efficiency
requirement

12. Explicit incorporation of large
geological structures

No No
(can incorporate)

Yes
(refer Gap605)

Yes
(refer GAP605)

13. Contouring of modelled
parameters for detailed analysis

Refer Gap612c No No (long term) Yes

14. Incorporation of path dependency
effects

Extraction
sequence

Extraction
sequence

Extraction
sequence

Extraction
sequence and
material non-
linearity

15. Incorporation of Rate of mining
effects

No No No Yes (viscous
model)

16. Method results Estimate seismic
hazard

Estimate seismic
hazard

Estimate seismic
hazard

Estimate
location, severity
& time of large
instabilities

17. Conclusion Refer Gap612c Not applicable Long term
assessment
method

Applicable for
Controlled
Mining
Implementation

ERR: Energy Release Rate Method (GAP612c)
LERD&LSS: Local Energy Release Density and Loading System Stiffness Method (Wiles, 1998)
SHAM: Seismic Hazard Assessment Method (Gap612a)
SAM: Stability Assessment Method (Gap612a)
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Appendix 1 – Analyses results
   Table A1_1 Modelling results for the LKTD polygons

Polygon Depth b.d [m]. Mod.ER [MJ] ER [MJ] Area mined [m2] LERD [MJ/m3]

ldn1stp1 2502.00 2.09743E+05 2.09743E+11 1.297050E+04 1.6170795E+01

ldn2stp1 2754.00 1.64987E+05 1.64987E+11 3.249540E+04 5.0772414E+00

ldn5stp1 2486.00 2.10056E+05 2.10056E+11 1.579800E+04 1.3296386E+01

ldn1stp2 2502.00 3.05135E+04 3.05135E+10 2.354044E+03 1.2962171E+01

ldn2stp2 2754.00 3.93960E+05 3.93960E+11 3.836678E+04 1.0268246E+01

ldn3stp2 2621.00 2.55582E+05 2.55582E+11 3.738850E+04 6.8358430E+00

ldn5stp2 2486.00 3.03520E+05 3.03520E+11 1.951660E+04 1.5551884E+01

ldn2stp3 2754.00 1.66125E+04 1.66125E+10 2.174240E+03 7.6405792E+00

ldn3stp3 2621.00 4.16042E+04 4.16042E+10 7.908613E+03 5.2606192E+00

ldn4stp3 2997.00 3.48615E+05 3.48615E+11 3.817464E+04 9.1321053E+00

ldn5stp3 2486.00 4.41666E+05 4.41666E+11 4.090232E+04 1.0798067E+01

klf1stp1 2550.00 1.10806E+06 1.10806E+12 6.545328E+04 1.6929081E+01

klf2stp1 2713.00 9.47190E+05 9.47190E+11 4.576000E+04 2.0699082E+01

klf3stp1 2604.00 1.22076E+05 1.22076E+11 1.021103E+04 1.1955296E+01

klf4stp1 2951.00 1.15248E+06 1.15248E+12 5.607645E+04 2.0552030E+01

klf5stp1 2870.00 4.49192E+05 4.49192E+11 2.406505E+04 1.8665756E+01

klf6stp1 2947.00 6.22151E+05 6.22151E+11 2.945656E+04 2.1120960E+01

klf1stp2 2550.00 3.60952E+05 3.60952E+11 2.632635E+04 1.3710659E+01

klf2stp2 2713.00 5.27870E+05 5.27870E+11 2.890500E+04 1.8262238E+01

klf3stp2 2604.00 1.41290E+05 1.41290E+11 1.651378E+04 8.5558854E+00

klf4stp2 2951.00 1.20065E+06 1.20065E+12 5.653345E+04 2.1237862E+01

klf5stp2 2870.00 4.22676E+04 4.22676E+10 7.434286E+03 5.6854934E+00

klf6stp2 2947.00 4.12580E+05 4.12580E+11 1.977679E+04 2.0861846E+01

tau1stp1 2752.00 1.10260E+06 1.10260E+12 4.060000E+04 2.7157635E+01

tau2stp1 3040.00 2.25400E+06 2.25400E+12 7.056300E+04 3.1943086E+01

tau3stp1 3176.00 1.18660E+06 1.18660E+12 2.726600E+04 4.3519401E+01

tau4stp1 3464.00 1.13580E+06 1.13580E+12 2.852200E+04 3.9821892E+01

tau1stp2 2752.00 7.98900E+05 7.98900E+11 3.863800E+04 2.0676536E+01

tau2stp2 3040.00 1.66000E+06 1.66000E+12 6.936500E+04 2.3931377E+01

tau3stp2 3176.00 1.01700E+06 1.01700E+12 3.286500E+04 3.0944774E+01

tau4stp2 3464.00 1.37600E+06 1.37600E+12 4.369000E+04 3.1494621E+01

dkl1stp2 2506.00 1.14037E+05 1.14037E+11 1.044490E+04 1.0918006E+01

dkl2stp2 2639.00 1.23590E+05 1.23590E+11 2.159424E+04 5.7232990E+00

dkl3stp2 2514.00 3.63163E+05 3.63163E+11 9.686287E+03 3.7492468E+01

dkl4stp2 2665.00 4.43964E+05 4.43964E+11 1.295258E+04 3.4276074E+01

dkl5stp2 2823.00 5.09104E+05 5.09104E+11 1.885413E+04 2.7002267E+01

dkl6stp2 2822.00 3.49503E+05 3.49503E+11 1.312954E+04 2.6619625E+01

dkl7stp2 2676.00 2.36604E+05 2.36604E+11 9.171831E+03 2.5796846E+01

dkl8stp2 2829.00 4.50998E+05 4.50998E+11 1.335308E+04 3.3774797E+01

dkl9stp2 2818.00 4.35063E+05 4.35063E+11 1.276708E+04 3.4076915E+01

dkl1stp3 2506.00 9.13269E+04 9.13269E+10 3.668888E+03 2.4892263E+01

dkl2stp3 2639.00 2.89401E+05 2.89401E+11 2.141898E+04 1.3511417E+01

dkl3stp3 2514.00 3.93407E+05 3.93407E+11 1.303035E+04 3.0191567E+01

dkl4stp3 2665.00 9.31992E+04 9.31992E+10 2.685845E+03 3.4700154E+01

dkl5stp3 2823.00 7.83354E+05 7.83354E+11 2.516915E+04 3.1123558E+01

dkl6stp3 2822.00 2.76257E+05 2.76257E+11 8.370304E+03 3.3004395E+01

dkl7stp3 2676.00 1.76407E+05 1.76407E+11 9.269788E+03 1.9030345E+01

dkl8stp3 2829.00 4.64564E+05 4.64564E+11 1.434920E+04 3.2375633E+01

dkl9stp3 2818.00 2.32547E+05 2.32547E+11 7.433557E+03 3.1283420E+01
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      Table A1_2 Quantitative seismological data for the LKTD polygons
Polygon ΣE [J] ΣM [N.m] ΣVa [m3] Seismic ε Seismic σ [Pa] Seismic stiffness [Pa]

ldn1stp1 1.30E+09 5.15E+13 7.47E+07 7.53E-06 1.51E+06 2.00606E+11
ldn2stp1 7.17E+07 5.43E+12 8.65E+06 1.74E-06 7.91E+05 4.54496E+11
ldn5stp1 9.80E+08 5.97E+13 7.69E+07 1.21E-05 9.86E+05 8.11993E+10
ldn1stp2 4.46E+08 3.46E+13 7.88E+07 5.05E-06 7.73E+05 1.52610E+11
ldn2stp2 1.73E+08 1.60E+13 3.26E+07 5.12E-06 6.51E+05 1.26719E+11
ldn3stp2 4.62E+09 7.12E+13 5.01E+07 2.55E-05 3.89E+06 1.52220E+11
ldn5stp2 1.33E+09 6.32E+13 1.21E+08 1.28E-05 1.26E+06 9.79959E+10
ldn2stp3 8.46E+07 8.01E+12 2.44E+07 2.57E-06 6.34E+05 2.46220E+11
ldn3stp3 5.86E+07 1.29E+13 5.86E+07 4.62E-06 2.72E+05 5.86251E+10
ldn4stp3 1.30E+08 1.12E+13 4.14E+07 2.95E-06 7.01E+05 2.36977E+11
ldn5stp3 6.31E+08 7.46E+13 3.97E+08 1.52E-05 5.08E+05 3.33619E+10
klf1stp1 2.36E+09 1.29E+14 4.58E+08 1.33E-05 1.10E+06 8.20935E+10
klf2stp1 6.01E+08 5.20E+13 1.56E+08 7.04E-06 6.93E+05 9.82243E+10
klf3stp1 1.12E+09 5.64E+13 1.80E+08 8.85E-06 1.19E+06 1.34079E+11
klf4stp1 3.74E+08 4.14E+13 1.59E+08 4.70E-06 5.42E+05 1.14983E+11
klf5stp1 2.91E+09 8.56E+13 9.55E+07 1.36E-05 2.04E+06 1.50054E+11
klf6stp1 2.77E+09 2.19E+14 5.35E+08 2.16E-05 7.59E+05 3.49791E+10
klf1stp2 1.26E+08 2.36E+13 1.84E+08 2.43E-06 3.18E+05 1.30486E+11
klf2stp2 2.10E+09 9.56E+13 1.79E+08 1.30E-05 1.32E+06 1.01668E+11
klf3stp2 5.01E+08 4.02E+13 8.98E+07 6.30E-06 7.49E+05 1.18433E+11
klf4stp2 7.49E+08 6.07E+13 1.76E+08 6.88E-06 7.41E+05 1.07344E+11
klf5stp2 9.31E+08 3.87E+13 4.34E+07 6.13E-06 1.44E+06 2.34998E+11
klf6stp2 2.02E+09 1.28E+14 3.30E+08 1.26E-05 9.49E+05 7.49683E+10
tau1stp1 3.80E+09 2.54E+14 6.14E+08 1.88E-05 8.97E+05 4.74822E+10
tau2stp1 6.27E+09 2.58E+14 4.21E+08 2.01E-05 1.46E+06 7.26471E+10
tau3stp1 1.33E+09 1.05E+14 2.17E+08 2.87E-05 7.59E+05 2.64428E+10
tau4stp1 1.35E+10 3.11E+14 3.30E+08 5.49E-05 2.60E+06 4.73142E+10
tau1stp2 3.77E+09 1.30E+14 2.56E+08 9.63E-06 1.74E+06 1.80061E+11
tau2stp2 7.07E+09 2.65E+14 3.30E+08 2.07E-05 1.60E+06 7.71911E+10
tau3stp2 3.66E+09 1.38E+14 1.70E+08 3.78E-05 1.58E+06 4.18220E+10
tau4stp2 2.10E+10 3.16E+14 1.67E+08 5.58E-05 4.00E+06 7.14548E+10
dkl1stp2 7.75E+07 9.02E+12 2.27E+07 2.67E-05 5.16E+05 9.68544E+09
dkl2stp2 5.74E+07 7.92E+12 2.54E+07 7.64E-06 4.35E+05 2.85328E+10
dkl3stp2 1.35E+08 3.32E+13 1.68E+08 4.23E-05 2.44E+05 2.89130E+09
dkl4stp2 4.81E+07 1.29E+13 7.70E+07 1.41E-05 2.24E+05 7.96043E+09
dkl5stp2 3.27E+08 6.01E+13 2.47E+08 4.78E-05 3.26E+05 3.42466E+09
dkl6stp2 1.58E+08 2.48E+13 8.58E+07 1.99E-05 3.81E+05 9.59126E+09
dkl7stp2 2.66E+08 1.74E+13 2.91E+07 2.09E-05 9.19E+05 2.20161E+10
dkl8stp2 2.88E+08 2.10E+13 4.40E+07 1.66E-05 8.26E+05 2.50159E+10
dkl9stp2 2.20E+08 3.48E+13 1.17E+08 2.86E-05 3.80E+05 6.65018E+09
dkl1stp3 5.58E+07 3.47E+12 6.01E+06 1.03E-05 9.65E+05 2.34377E+10
dkl2stp3 7.91E+07 1.16E+13 3.54E+07 1.11E-05 4.11E+05 9.19013E+09
dkl3stp3 1.02E+08 1.70E+13 7.18E+07 2.16E-05 3.59E+05 4.13464E+09
dkl4stp3 5.46E+07 8.65E+12 4.21E+07 9.48E-06 3.79E+05 9.96005E+09
dkl5stp3 1.28E+08 2.23E+13 8.32E+07 1.77E-05 3.45E+05 4.86270E+09
dkl6stp3 2.06E+08 2.22E+13 4.86E+07 1.78E-05 5.57E+05 7.79839E+09
dkl7stp3 1.06E+08 9.04E+12 1.84E+07 1.09E-05 7.05E+05 1.61622E+10
dkl8stp3 1.47E+08 1.30E+13 2.36E+07 1.03E-05 6.78E+05 1.64152E+10
dkl9stp3 6.77E+07 1.10E+13 4.44E+07 9.06E-06 3.69E+05 1.01522E+10
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Table A1_3 Statistical seismic data for the LKTD polygons
Polygon d-val c-val correlation App. Stifn b-val mmin mmax HazMag SumMom_FM SumE_FM

ldn1stp1 1.5054 -10.71015 0.8463 68.71 0.99 1.00 2.97 3.15 6.6185E+13 4.4491E+09
ldn2stp1 1.4475 -10.00605 0.8833 61.50 0.90 1.00 2.27 2.73 4.2110E+12 1.0034E+08
ldn5stp1 1.2473 -7.87901 0.9670 20.57 0.78 1.00 3.20 3.23 8.8694E+13 2.2588E+09
ldn1stp2 1.4058 -9.62119 0.7837 42.80 1.00 1.00 2.81 3.02 3.7758E+13 1.2421E+09
ldn2stp2 1.1260 -6.36246 0.8875 17.89 0.95 1.00 2.57 2.74 1.4102E+13 2.1628E+08
ldn3stp2 1.6878 -12.81697 0.8248 126.21 1.20 1.20 2.54 2.88 2.1383E+13 9.4444E+08
ldn5stp2 1.3742 -9.46106 0.8983 24.01 0.90 1.20 3.03 3.15 6.5571E+13 1.6795E+09
ldn2stp3 1.6687 -12.79490 0.7932 75.11 0.90 1.20 2.40 2.57 6.6956E+12 1.6549E+08
ldn3stp3 1.1134 -6.67701 0.8708 5.95 0.98 1.20 2.57 2.74 1.5040E+13 7.7856E+07
ldn4stp3 1.1923 -7.19876 0.6973 18.97 1.00 1.20 2.56 2.74 1.5267E+13 2.2145E+08
ldn5stp3 1.5760 -11.84909 0.7273 41.29 1.28 1.20 2.85 3.22 8.3750E+13 2.1962E+09
klf1stp1 1.3736 -9.69825 0.8028 13.68 1.20 1.10 3.02 3.35 1.3217E+14 1.5910E+09
klf2stp1 1.4216 -9.91857 0.8152 34.65 1.29 1.30 2.79 3.16 6.8028E+13 1.4935E+09
klf3stp1 1.5375 -11.38864 0.9027 37.65 1.20 1.30 2.75 3.06 4.8213E+13 1.4208E+09
klf4stp1 1.7000 -13.18407 0.7293 78.20 1.50 1.30 2.63 3.13 6.1613E+13 2.2025E+09
klf5stp1 1.4843 -10.41376 0.8960 72.40 1.47 1.20 2.71 3.21 8.0410E+13 2.3172E+09
klf6stp1 1.3297 -8.93752 0.8624 21.19 1.42 1.40 3.02 3.52 2.4035E+14 3.0370E+09
klf1stp2 1.3877 -10.03841 0.7703 9.52 1.00 1.10 2.76 2.93 3.1171E+13 2.1883E+08
klf2stp2 1.3825 -9.48866 0.8235 28.94 1.16 1.30 2.94 3.24 8.9563E+13 2.6344E+09
klf3stp2 1.4184 -9.98018 0.9157 27.29 1.38 1.30 2.60 3.00 3.9464E+13 5.5119E+08
klf4stp2 1.6462 -12.65227 0.8879 53.10 1.20 1.30 2.92 3.24 9.0367E+13 3.6729E+09
klf5stp2 1.5558 -11.31866 0.9302 76.51 1.10 1.00 2.70 2.95 3.1314E+13 1.3940E+09
klf6stp2 1.5136 -11.07113 0.8511 38.23 1.61 1.40 2.76 3.35 1.3369E+14 2.3435E+09
tau1stp1 1.3006 -8.66490 0.8889 16.61 1.05 1.40 3.30 3.71 1.9309E+14 2.7143E+09
tau2stp1 1.4903 -10.78864 0.8683 36.54 1.20 1.60 3.30 3.86 2.5201E+14 5.4107E+09
tau3stp1 1.3261 -8.91592 0.8978 20.01 1.10 1.20 3.04 3.47 9.5061E+13 1.2938E+09
tau4stp1 1.3596 -9.16285 0.8827 30.87 0.87 1.20 3.67 3.92 2.4291E+14 8.7742E+09
tau1stp2 1.7565 -13.92075 0.8644 77.81 1.10 1.40 3.19 3.65 1.1783E+14 3.6345E+09
tau2stp2 1.5068 -10.87934 0.8595 48.62 1.00 1.40 3.61 4.01 2.9300E+14 1.2789E+10
tau3stp2 1.4509 -10.19821 0.8676 43.69 1.11 1.40 3.11 3.57 1.0187E+14 2.4115E+09
tau4stp2 1.3611 -9.00670 0.9232 46.23 0.88 1.30 3.62 3.87 1.8841E+14 9.1122E+09
dkl1stp2 1.2642 -8.01569 0.7023 24.92 1.90 1.10 2.04 2.62 9.9651E+12 1.0044E+08
dkl2stp2 1.4084 -9.64245 0.6495 44.08 2.00 1.10 2.02 2.68 1.1191E+13 1.1586E+08
dkl3stp2 1.0502 -5.96281 0.7962 4.65 1.56 1.20 2.58 3.10 5.6004E+13 2.4167E+08
dkl4stp2 1.1421 -7.12514 0.8569 5.00 1.40 1.10 2.56 2.97 3.5553E+13 1.3574E+08
dkl5stp2 1.2068 -7.78843 0.8737 7.54 1.33 1.10 2.87 3.28 1.0175E+14 6.1236E+08
dkl6stp2 1.0490 -5.79856 0.8557 6.54 1.25 1.10 2.84 3.19 7.6058E+13 4.8696E+08
dkl7stp2 1.3618 -9.07335 0.8714 40.44 1.55 1.10 2.53 3.04 4.5100E+13 8.1964E+08
dkl8stp2 1.1450 -6.67875 0.8066 15.27 1.50 1.10 2.57 3.05 4.6203E+13 5.2662E+08
dkl9stp2 1.2094 -7.58846 0.8582 12.90 1.36 1.10 2.76 3.18 7.4075E+13 7.1316E+08
dkl1stp3 1.6632 -12.66735 0.8220 85.45 1.17 1.10 2.38 2.70 1.0643E+13 2.4908E+08
dkl2stp3 1.1575 -7.05532 0.7097 9.33 1.78 1.30 2.54 3.30 8.2837E+13 5.1827E+08
dkl3stp3 1.1603 -7.13053 0.8201 8.53 1.55 1.30 2.63 3.25 6.9888E+13 4.3024E+08
dkl4stp3 1.0691 -6.20582 0.8050 4.67 1.24 1.30 2.33 2.70 1.0291E+13 4.2130E+07
dkl5stp3 1.1357 -6.90624 0.7840 6.84 1.51 1.30 2.80 3.40 1.1954E+14 6.6364E+08
dkl6stp3 1.1460 -6.79521 0.8740 12.01 1.20 1.30 2.76 3.16 5.0361E+13 5.1569E+08
dkl7stp3 1.2748 -8.11852 0.8734 26.97 1.30 1.30 2.64 3.09 3.9737E+13 6.8836E+08
dkl8stp3 1.2276 -7.51837 0.8065 26.17 1.80 1.30 2.38 3.09 3.9326E+13 5.4975E+08
dkl9stp3 1.3122 -8.96865 0.7313 11.66 1.38 1.30 2.70 3.21 6.2312E+13 4.4141E+08
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Appendix 2

Table A2_1 Original seismic parameters and model results for Deelkraal Mine

Table A2_2 Results for PROD, STIFF_MOD and CWI for Deelkraal Mine

Modelled Modelled Measured Measured Measured
area VER [MJ] LERD [MJ/m2] SumMo Haz [Nm] s.stiffness [Pa] dV=const s.stiffness [Pa] dV=var
dkl1stp2 1.14037E+05 10.91800592 9.9651E+12 9.69E+09 7.17E+09
dkl1stp3 9.13269E+04 24.89226286 1.0643E+13 3.17E+10 1.23E+10
dkl2stp2 1.23590E+05 5.723298965 1.1191E+13 2.85E+10 1.42E+10
dkl2stp3 2.89401E+05 13.51141744 8.2837E+13 1.24E+10 9.13E+09
dkl3stp2 3.63163E+05 37.49246809 5.6004E+13 2.89E+09 8.52E+08
dkl3stp3 3.93407E+05 30.19156669 6.9888E+13 5.59E+09 3.30E+09
dkl4stp2 4.43964E+05 34.27607429 3.5553E+13 7.96E+09 2.71E+09
dkl4stp3 9.31992E+04 34.70015358 1.0291E+13 1.35E+10 1.41E+09
dkl5stp2 5.09104E+05 27.00226672 1.0175E+14 3.42E+09 1.23E+09
dkl5stp3 7.83354E+05 31.12355801 1.1954E+14 6.57E+09 4.68E+09
dkl6stp2 3.49503E+05 26.61962515 7.6058E+13 9.59E+09 2.42E+09
dkl6stp3 2.76257E+05 33.00439505 5.0361E+13 1.05E+10 2.52E+09
dkl7stp2 2.36604E+05 25.79684552 4.51E+13 2.20E+10 5.82E+09
dkl7stp3 1.76407E+05 19.03034547 3.9737E+13 2.18E+10 8.68E+09
dkl8stp2 4.50998E+05 33.77479671 4.6203E+13 2.50E+10 6.31E+09
dkl8stp3 4.64564E+05 32.37563345 3.9326E+13 2.22E+10 8.95E+09
dkl9stp2 4.35063E+05 34.07691529 7.4075E+13 6.65E+09 1.67E+09
dkl9stp3 2.32547E+05 31.28342015 6.2312E+13 1.37E+10 2.99E+09

(Modelled: filtered; normal & shear components)
Mod:worst case step Mod:worst case step Mod:worst case step Mod:avg bef/after Mod:avg bef/after Mod:avg bef/after

area Avg STIFF_MOD [Mpa/m] PROD [MPa.m] CWI [MJ] Avg STIFF_MOD [Mpa/m] PROD [MPa.m] CWI [MJ]
dkl1stp2 -2647.5 -95.6357 -3324.86 -6289.4 -151.8165 -6099.99
dkl1stp3 -1828.65 -120.6357 -4396.6 -4476.15 -216.2714 -7721.46
dkl2stp2 -4933.75 -67.7769 -1725.965 -13013.95 -74.63925 -2008.503
dkl2stp3 -3574.45 -170.1493 -5345.95 -8508.2 -237.9262 -7071.915
dkl3stp2 -1407.55 -185.7824 -4717.7 -3045.1 -443.0005 -11219.87
dkl3stp3 -1777.35 -256.0881 -6274.79 -3184.9 -441.8705 -10992.49
dkl4stp2 -1680.5 -237.455 -5400.43 -3811.65 -474.8169 -10462.85
dkl4stp3 -1123.8 -13.446 -558.12 -2804.3 -250.901 -5958.55
dkl5stp2 -2241.4 -409.392 -5989.89 -4492.05 -647.7514 -11175.65
dkl5stp3 -2466.45 -463.313 -8276.6 -4707.85 -872.705 -14266.49


