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(c) (d)

Figure 4.4.1.9 Laboratory results of the lead-lag experiment (a) side view (b) side
view, (c) view from the bottom and (d) top view of lower portion of the sample.

(a) (b)

(d)(c)

Figure 4.4.1.10 Simulated three dimensional fracture propagation at different
stages of the mining using 3DIGS.
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5 Conclusions
The main conclusions relating to each planned enabling output for project GAP332 are
summarised in this section.

5.1 Gain sufficient knowledge of the fundamental physics of
fracture initiation and growth to characterise and model the
fracture zone around deep level gold mine excavations and
engineer the fracture zone (Enabling output 1)

The study of microfractures in rock samples tested in laboratory triaxial extension experiments
has provided a wealth of information regarding the nucleation, growth and coalescence of
fractures. The consideration of thin sections of these samples as well as the surface
fractography has resulted in a full three dimensional picture of fracture growth. Fracture
surfaces that appear to grow in one direction have many component microfractures, some even
growing towards the expanding fracture front. Numerical modelling of a two dimensional section
through the samples  using the standard DIGS displacement discontinuity program has proved
that the numerical techniques are able to capture the nucleation from flaws and the effect of
larger scale stress re-distributions by grain boundaries.

The coalescence of the fractures depends on a complicated process whereby tensile stresses
produced ahead of growing fractures initiate other fractures and lead to a localized failure
surface on a larger scale. In certain cases, the compressive stress regions induced by the flaws,
perpendicular to the initiated fractures, can halt the growth of other fractures. Thus, the
presence of flaws can both induce and inhibit fracture growth and the final fracture density will
depend on the flaw density, and hence the rock fabric. The observation of these features from
surface fractography provides a basis for the development of three dimensional modelling
programmes, and also enables forensic studies of fractures that will assist in identifying the
origin of fractures that have caused, or arisen from, rockfalls and rockbursts.

5.1.1 Incorporate creep-like time-dependent  effects in prototype
boundary element computer codes such as DIGS or MINSIM (Enabling
output 1.1)

The time-dependent behaviour of the rock mass has been identified as an important factor
controlling the closure of stopes and the potential for face bursting. Laboratory studies of the
uniaxial creep of intact rock samples indicated that the hard rocks of the South African gold
mines exhibit measurable creep strains and follow the characteristic primary, secondary and
tertiary creep phases. Ultimate failure of the sample arises when the load is greater than about
90 per cent of the uniaxial strength. The quartzites were found to be more prone to creep, and
hence allow non violent dissipation of energy, than hard lavas. The dependence of the strain
rate on the stress level can be modelled successfully with a power law. Discontinuities exhibit
an instantaneous response to shear stress followed by primary creep and then a steady state
response. Extension fractures in lava exhibit negligible creep compared to bedding planes or
gouge filled discontinuities.  This is a reason for the low time dependent closure rates in VCR
(hard Lava) stopes, compared to stopes in layered rock, such as the Carbon leader and Vaal
Reefs.

A continuum viscoplastic model, based on the Mohr-Coulomb failure criterion, was developed to
allow simulation of the, time-dependent, fracture zone behaviour. The model includes a novel
time-dependent cohesion weakening rule to simulate time-dependent failure. The model
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predicts that regions around an excavation with high stresses, exceeding the failure state, will
fail first and will be followed by a gradual transfer of stress to the unfailed rock until an
equilibrium state is attained. The instantaneous response to blasting, and subsequent primary
and steady state closure phases observed in tabular stopes can be well represented.

A shortcoming of the continuum approach is the inability to consider the creep response of
specific discontinuities. The framework for a discontinuum viscoplastic model was developed to
be able to model the rate of slip on individual fractures, partings or other discontinuities. The
rock fabric is represented by a random mesh of interacting discontinuities that can reproduce
the primary, secondary and tertiary creep response of the overall rock mass. The method is
applied to the modelling of stopes and the investigation of the rate of mining on energy release.

5.2 Study and model the interaction of seismic waves with
the fracture zone so as to understand and improve the
design of rockburst resistant mining strategies (Enabling
output 2)

Combined experimental and theoretical approaches are developed in this work to study
various aspects of the dynamic behaviour of rock. Specifically, the interaction of stress
waves with rock mass discontinuities and dynamic fracturing due to blasting is
investigated. Full details of the work are given in supplementary document number 2
attached to the present report. Theoretical concepts of elastodynamics and dynamic
fracture mechanics are reviewed, and a comprehensive analysis of stress wave
interaction with interfaces modelling various rock joint types is given. Important
parameters and effects such as joint pre-stress, wave amplitude, non-linear interface
conditions and energy dissipation are studied and discussed.

A brief overview is given of experimental methods and techniques, which are suitable to
examine transient phenomena such as stress wave propagation and dynamic fracturing.
These techniques are subsequently applied to investigate by experimental means wave
interactions with mining excavations. The laboratory experiments are back-analysed by
numerical simulations, and upon finding close correlation, the numerical programs are
further applied to investigate parameters influencing rock mass instabilities and dynamic
fracturing.

Blast induced fracturing is studied using cubic shaped laboratory specimens of PMMA
to determine the effect of charge geometry and the relative importance of stress wave
versus gas driven fracturing. Analytical as well as numerical methods are applied to
investigate the dynamic stress field radiated by a progressively detonating column
charge. Gas driven fracturing is simulated by means of a hybrid analytical/numerical
model, and mechanisms and parameters which govern the final gas driven fracture
extent in rock are identified and discussed.
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5.2.1 Produce a report on dynamic fracture propagation, physical and
numerical modelling (Enabling output 2.1) (Refer to supplementary
document 2)

An important aspect of rock dynamics is blast induced fracturing. The blasting process is
investigated by means of laboratory experiments and mathematical modelling. Specific attention
is given to blast induced stress waves and gas pressurisation mechanisms that drive
comparatively few fractures for a distance of many borehole radii. Some of the principal findings
of the study are as follows:

• Laboratory experiments were conducted using cubic shaped specimens fabricated from
PMMA and dynamically loaded with explosives. The resulting stress wave and fracture
evolution was recorded by means of high speed photography. The experiments have
provided new insights into the evolution of fracture systems due to detonation of various
charge geometries.

• Photographs of the lag between the gas and crack front were obtained. This lag has
previously been predicted theoretically, however this is the first direct physical evidence of
the vacuum behind the propagating crack tip.

• The transient stress field due to the progressive detonation of a column charge is
quantitatively studied by means of numerical analyses. It is shown that the shape of the
pressure profile acting on the borehole walls has a relatively small influence on the dynamic
stress field.

When the velocity of detonation of the explosive exceeds the shear wave speed of the
material, it is found that the maximum tensile stress initially acts in a tangential direction. At
a distance of two to three borehole radii, the maximum tensile stress acts in an
approximately axial direction and fracture re-orientation is likely. This fracture kinking has
been observed in laboratory blasting experiments. At a detonation velocity below the
Rayleigh wave speed of the material, the borehole is effectively pressurised quasi-statically,
and the dynamic stresses are low in magnitude.

• Descriptions of blast induced fractures obtained under controlled conditions in the laboratory
are valuable for developers of dynamic fracture codes to validate and check their results.
Here, upon recognising that stress waves rapidly outpace the slower dynamic fractures and
the majority of fracturing occurs due to pressurisation by detonation gases, a coupled solid,
fluid and fracture mechanics numerical model is used to analyse the gas driven fracture
propagation phase. The model is verified by back-analysing laboratory experiments, and
good correlation between numerical and experimental data is observed. The
analytical/numerical model is able to predict fracture propagation rates and the final fracture
extent. The model gives insights into pressure profiles and gas velocities within fractures,
incorporates dynamic material properties and quasi-dynamic fracture mechanics.
Previously, a similar analysis was checked by limited post-blast data. In the present
investigation a detailed verification is possible by correlating data obtained during the
complete gas driven fracturing process.

• Using a combined analytical and numerical model, it is found that, for a given volume of gas,
the fracture extent is similar for a wide range of initial peak borehole pressures. A method is
proposed to estimate the final lengths of radial fractures for a given volume of combustion
gases, where the gas volume is related to the explosive type and borehole diameter or
charge mass. The method is applied to investigate various parameters governing the extent
of blast induced fractures in confined rock. The influence of gas pressure, temperature, in-
situ stress, rock fracture toughness, number of fractures and gas leak-off due to seepage on
the final fracture extent is illustrated. The study quantitatively assesses the effect of these
parameters on fracture extent related to explosive type and amount.
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Various thermodynamic models are assessed and the importance of incorporating heat
transfer from the hot combustion gases to the surrounding rock is demonstrated.

The results given here have important practical implications for blasting in confined rock,
well-bore stimulation and rock pre-conditioning as is currently practiced in some deep-level
mines in South Africa, the USA and Canada.

• Gas driven conical cracks extend typically from the ends of cylindrical cavities containing
sealed charges and have not been investigated in detail previously. Here, the combined
analytical/numerical method is further enhanced to model gas driven conical cracks.
Practical results are given to relate the final fracture extent of sealed charges, at various
levels of in-situ stress, to the type and amount of explosives.

5.2.2 Produce a report on the numerical modelling of experimental
and field data, studying the interaction of seismic waves with the
fracture zone (Enabling output 2.2) (See supplementary document 2)

5.2.2.1 Wave interactions with rock joints

Determining the nature of the interactions between stress waves and rock fractures/joints is an
important area of research forming the basis of many rock dynamics problems. Notable
progress has been made, particularly since the investigations of M. Schoenberg, who first
investigated the comparatively simple interface stiffness model in detail. The validity of this
model was further confirmed in later work by L.J. Pyrak-Nolte, N.G.W. Cook and L. Myer, and
the stiffness model was successfully correlated to data obtained by means of reduced scale
laboratory experiments. The interface stiffness model had, before the current study, not yet
been applied in a general manner to actual rock joints, with stiffness related to measurable rock
joint properties.

Principal findings

• In this work the joint stiffness model is further developed to incorporate non-linear normal
and tangential interface stiffness, where the relations governing the stiffness are based on
actual joint properties. For typical joints analysed here, stress waves with a frequency of
± 100 Hz are predominantly transmitted, whereas at a comparatively high frequency of
± 2000 Hz most of the incident energy is reflected.

Previously, although reflection and transmission coefficients were available for constant
stiffness interface models, the coefficients were not related to actual joint properties and no
lower to higher end frequency limits were established. The method developed here can be
used to establish the approximate reflection – transmission characteristics for other joint
types, provided the interface surface properties have been determined by means of field or
laboratory testing.

• An essential aspect of studies dealing with joint – wave interactions is the influence of joint
pre-stress. This effect has previously been neglected. Based on actual interface properties,
it is shown in this work that at even comparatively low levels of pre-stress, the joint reflection
and transmission characteristics are altered significantly. With increasing pre-stress, more
energy is transmitted across the joint and the amplitude of reflected waves is reduced.
These results have important implications in deep level mining applications and numerical
simulations of wave propagation through fractured rock.
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• The generalised Kelvin model is used to investigate the dynamic behaviour of fluid filled
interfaces. The reflection and transmission as well as energy dissipation characteristics of
this model are quantified, and are found to depend on the joint stiffness, viscosity and wave
frequency.

• Further novel work dealing with joint – wave interactions examines approximate energy
dissipation at frictional joints, failure envelopes for joints with cohesive filler materials,
undulating joints and the influence of wave amplitudes.

5.2.2.2 Wave interactions with mining excavations

Seismic stress waves interacting with mining excavations are the most severe mining hazard
associated with deep level mines. The complicated radiation field resulting from stope – wave
interaction leads to stress wave superposition, which can result in rock mass instabilities. Here,
numerical and photoelastic investigations are used to identify zones of high dynamic stress
concentrations and parameters influencing stress wave driven fracturing in the vicinity of the
stope.

Principal findings

• Dynamic photoelasticity is used to visualise the complex stope – wave interactions and, by
means of back-analyses, the numerical codes WAVE and ELFEN are verified to be able to
model stress wave interactions and dynamic fracturing.

• This work has demonstrated that parting planes in general are found to reflect a portion of
the incident energy and thus shield the stope. However, non-cohesive parting planes trap
energy within the hangingwall beam, and wave superposition associated with dense energy
channeling gives rise to dynamic stress concentrations, which are likely to initiate fracturing
and lead to rock mass instabilities.

• Numerical and experimental parametric studies are conducted to investigate stress wave
driven fracturing in the stope vicinity. It is shown that fracturing occurs primarily due to
reflected waves, and individual fractures are most likely to be oriented parallel to the free
surface of the mining excavation. The polarity of incident shear waves affects the extent of
fracturing significantly, and shear waves with wave front motion towards the excavation
promote more extensive fracturing than incident S-waves with reversed polarity. Stiff stope
support transmits a higher portion of energy across the stope; hence the amplitude of
reflected waves is reduced, and less fracturing occurs. However, the stiffness that is
required to reduce fracturing substantially must be approximately the same magnitude as
the rock mass stiffness (e.g. pillars) and, comparatively, support in the form of timber packs
is too soft to reduce fracturing to a significant extent.
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5.3 Assess the knowledge gained of fracture mechanisms to
formulate strategies to be used to pursue the goal of
reducing fall of ground injuries and fatalities (Enabling
output 3)

An important objective of the studies described in this section was the calibration and validation
of the DIGS fracture zone simulator using physical modelling, underground observations and
closure measurements. Subsequently the code was used to investigate rate of mining
strategies. It was found that detailed monitoring of stope closure profiles could provide a useful
signature of the geotechnical response of the rockmass to the mining process. These main
conclusions are discussed below in greater detail.

As described in Section 2, two approaches to modelling fracture growth have been incorporated
in the DIGS displacement discontinuity element program.  The first involves discrete fracture
growth from seed points and the second considers a pre-defined tessellation of potential sites
which are activated sequentially using a specified failure criterion. The physical models and
underground experiments were used to test the validity of these two approaches.

Regarding the laboratory work, encouraging correspondence has been obtained between
various physical experiments and the numerical simulations. The results of experiments on
blocks of quartzite containing a tabular slot under triaxial loading show that the presence of
interfaces significantly alters the position and inclination of the resulting fractures. It was found
that these fractures can be simulated using the discrete fracture growth approach in DIGS. The
three dimensional acoustic emission location technique provides useful information regarding
the sequence of fracture growth and the growth directions, which correlate well with the
numerical simulations. In the samples without discontinuities, shear fractures are observed to
extend ahead of a narrow slot. The shear fracture criterion of DIGS correctly predicts
corresponding fractures in the numerical models. In the models with a pre-existing discontinuity,
fractures extending from the tip of the slot are observed to terminate on the discontinuities. The
analysis with a tensile fracture criterion correctly predicted the final fracture directions. The
requirement to pre-select the seed point may however bias the final fracture pattern. The
physical experiments demonstrate that the fracturing may occur in shear or tension depending
on the presence of interfaces and closure behaviour of the stope.

When using the tessellation approach in DIGS, there is no need to choose the appropriate
growth direction mode beforehand. This approach was evaluated with physical tests of fracture
formation processes below a rectangular strip punch. The results suggest that some confidence
can be placed in the use of a random mesh to represent complex failure processes near mine
openings in hard rock. It is found that the post-failure cohesion of each activated crack in the
random assembly is a particularly important parameter controling the pattern of failure. A related
concept is the use of an incremental procedure to select the sequence of crack initiation in the
random mesh. The use of an incremental activation rule implies some form of “weakest link”
breakage mechanism and can also be viewed as an alternative manifestation of general
cohesion and tension weakening behaviour. In general, the residual cohesion and incremental
growth rules allow a balance to be established between plastic and brittle failure modes in the
material. Additional work is required to clarify the choice of cohesion and tension weakening
rules in relation to particular rock types.

As a further validation of the fracture growth methodologies in DIGS, the laboratory work was
supplemented with underground observations of the fracture zone around deep level gold mine
stopes. It was found that the numerical stability problems associated with discrete fracture
growth from seed points could be overcome by using the tessellation approach. Modification of
the material properties assigned to each element of the tessellation mesh permits the modelling
of different rock types The memory and run time limitations of the standard boundary element
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formulation can be largely overcome with the multipole solution technique. A method of
selecting the parameters for the multipole grid has been developed.

Sequential solution of the problem permits the use of large tessellated regions as only the active
elements are included in the solution. The incremental selection of one growth element at a time
produces the most well-defined fracture paths, at the expense of solving the problem after the
activation of each element. An activation rule in which many parallel growth stages are
permitted for each mining step, makes allowance for the migration of the fracture zone
associated with stress redistribution and is the suggested method for the solution of larger scale
problems in a reasonable time.

Dilation on the fractures resulted in higher compressive stresses in the hangingwall, and hence
less closure. The relative strength of the rock types depends on both the unconfined strength
and the friction angle, not directly on the cohesion. Good correspondence with the fracture
patterns observed underground is obtained if stress redistribution is permitted and, in particular,
if low friction parting planes are included above and below the stope. The trends of the
deformations and stresses agree with the measurements of Legge (1986) for the rockmass
behaviour around a Carbon Leader stope.

The comparison of modelling predictions with underground observations has shown that the
tessellation approach is suitable for the prediction of the distribution and directions of fracturing
induced by the interaction of the mining with primary geological structures such as bedding
planes and layers of different strength rocks. Currently the fracture intensity is however not
correctly predicted. The method can also predict the influence of closely spaced joints on the
direction of the mining induced fracturing, suggesting that mining induced fracturing may align
with mining activated jointing and other secondary geological structures. Methods for
distinguishing the induced fractures from the geological features are required to provide
unambiguous input parameters for computer modelling. This will lead to a better understanding
of the interaction of discontinuities in the stope hangingwall and, therefore, to improvements in
support design methodologies.

Significant improvements in the modelling and understanding of the complex mining
environments has been achieved by comparing numerical models with detailed geological and
rock mechanical information. Further comparison with the available data is difficult as the
current computers permit the analysis of small spans, and most in situ observations have been
undertaken at large spans. In many cases, the data obtained underground does not have
sufficient information to distinguish uniquely between proposed mechanisms. For example,
closure measurements may have been taken, but no record of stress or geological environment
is available. To be able to make meaningful comparisons, the geological structure, stress
magnitudes and directions, and the deformation response should be known. The models have
the potential to model realistic stope lengths if numerical schemes that capture the rock mass
response on small scales and provide equivalent representations at a large scale, e.g. the
lumping methods investigated in section 2, are developed and implemented.

The observation and modelling of underground fracture patterns was supplemented by the
monitoring of time dependent stope closure in various geotechnical areas. The continuous
closure data contains much information that is lost with the more conventional daily closure
measurements. Although excavations in hard rock are not usually perceived to undergo
significant time dependent deformation due to the low creep rate of intact rock, the collected
stope closure data illustrated behaviour to the contrary. Continuous closure measurements in
tabular excavations indicate significant time dependent deformation. Although the excavations
are developed in brittle quartzite and lava, the rate of time dependent closure can be as high as
0,1 mm/h in certain areas. The continuous closure behaviour of these excavations typically
consists of an instantaneous response at blasting time followed by a primary phase of
decelerating closure lasting approximately five hours and a steady-state closure phase. This
pattern is repeated after the next blast. This closure behaviour is the result of the rheological
behaviour of the fracture zone that surrounds these excavations. After a mining increment, the
fracture zone extends in a time dependent fashion ahead of the working faces. The majority of
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new fractures appear to form within approximately the first 5 hours after the blast. Thereafter the
number of new fractures decreases until the next blast occurs.

For tabular excavations in the Ventersdorp Contact Reef, the instantaneous closure response is
very prominent, but decreases in magnitude as the distance from the face to the measurement
position increases. The steady-state closure rate also decreases in magnitude with distance to
the face. By contrast, for excavations in certain areas of the Vaal Reef, the rate of steady-state
closure can be as high as 15 mm/day. For these excavations the instantaneous closure
response at blasting time is virtually absent. Unlike the Ventersdorp Contact Reef, the steady-
state closure rate of the experimental panel in the Vaal Reef increases with increasing distance
to the face. This difference in behaviour is caused by the presence of prominent bedding planes
in the hangingwall of the Vaal Reef.

Both the continuum and discontinuum viscoplastic models developed in this project allow for the
direct simulation of the time dependent fracture zone behaviour. Experiments indicate that these
models are successful in simulating the time dependent closure behaviour of tabular
excavations, giving both the instantaneous response at blasting time and the primary and
steady-state closure phases.

An important finding of this study is that the time dependent closure data can possibly be used
to deduce important information about the behaviour of the rock mass and the stress in the
fracture zone ahead of the face. Although estimation of absolute stresses may not be feasible,
the closure may be used to identify areas with large average face stresses and therefore a high
risk of face bursting. It appears that the instantaneous closure response at blasting time gives
an indication of the magnitude of stress in the face area. The larger the stress, the bigger the
instantaneous closure response following the mining increment. This hypothesis was
successfully tested by simulating two stopes with different rock conditions using the continuum
viscoplastic approach. Numerical studies using the discontinuum viscoplastic model also
indicated that the initial jump in closure after blasting is correlated with the face stress before the
blast. Some confirmation of this possible use of time dependent closure data to determine a
face burst hazard indicator was obtained from initial underground observations. The
Ventersdorp Contact Reef (hard lava) stopes appear to be prone to face bursting and, as
mentioned above, the closure behaviour of these excavations typically includes a large
instantaneous response after blasting. By comparison, in some areas of the Vaal Reef with an
apparent lower risk of face bursting, the instantaneous closure response after blasting is small.
One useful hazard parameter might be the initial jump in closure after blasting divided by the
total daily closure (called the closure ratio). Further work is however necessary to validate this
concept, to quantify the face burst and falls of ground hazards for different geotechnical areas
and to investigate how different values of closure ratio correlate with these hazards.

Following the success of the discontinuum viscoplastic model to simulate the time dependent
formation of the fracture zone and seismic energy release patterns, preliminary studies of the
effect of rate of mining was conducted. It was found that a balance must be struck between
higher energy release rates (potentially damaging rockbursts) at high face advance rates and
greater deformation of the rock mass, with greater potential for local rockfalls, at slower mining
rates. Numerical experiments indicated that slightly more seismic activity is associated with a
seven day mining cycle when compared with mining with a weekend break. Optimum rates of
face advance will however depend on the geotechnical area. Further work is therefore
necessary to calibrate the models for the different areas and to determine appropriate mining
rates for these areas.

An important aspect of higher face advance rates is the reduction in volume of closure per area
mined. Slow mining rates are undesirable as the time dependent increase in closure reduces
the energy absorption capabilites of support units. Large magnitudes of closure are also
associated with a deterioration of hangingwall conditions that increase the risk of falls of ground
and the potential for shake-out during seismic events. The continuous closure measurements
allowed for an estimation of increases in closure on days where faces are left standing.
Calculations showed that an increase in face advance rates in areas with large time dependent
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closure (e.g. some areas of the Vaal Reef) will lead to a significant reduction in closure volumes
per area mined. This might lead to a significant improvement in hangingwall conditions. This
phenomenon might be less noticeable on the VCR with a hard lava hangingwall where the time
dependent closure is significantly less.

5.3.1 Produce a computer based fracture zone simulator to evaluate
mining strategies and automatic mining sequence generator
(Enabling output 3.1)

The tessellation approach to modelling, developed in projects GAP029 and GAP332, is a major
advance in the modelling of rock fracture processes. This allows the fracture pattern to develop
with the minimum input from the program user as opposed to the standard DIGS method that
requires the user to pre-select the fracture initiation sites. A new fracture activation concept has
been developed to apply in the tessellation models that includes only the sliding resistance and
tensile strength that can be considered to be fundamental parameters of the rock. Flaws, with
only a sliding resistance, placed randomly throughout the mesh, induce local zones of tension,
and initiate potential tensile fractures. The method can model the transition from axial splitting to
localized shear failure and finally multiple shear band formation with increasing confining
pressure, that is observed in laboratory tests. The method is able to respond to different stress
paths, e.g. the extension test, and correctly predict the fracture pattern. The method can be
extended into three dimensions, and can be applied within the context of 3D boundary element
analysis methods that have been developed and implemented as part of this project. The 3D
program 3DIGS is still in an early stage of development, but the results from the fracture studies
will provide excellent data with which to verify three-dimensional fracture formation
mechanisms.

The tessellation method has been applied in the modelling of stope scale problems. The
multipole method developed in project GAP029 is applied to obtain memory savings that permit
the analysis of an order of magnitude more elements, than are allowed in the standard
boundary element formulation. The stope scale problems highlighted the need for a more
systematic approach to the selection of the multipole parameters to optimize the memory
saving. A scheme that produces a saving that is close to optimal was developed and included in
a prototype user interface to facilitate the building of models. Studies of the fracture zone
behaviour predicted by the models and the comparisons with underground observations are
presented in the final section of this report.

The methods developed so far, have considered only the strength properties of the rock, and
neglected the differences in elastic material properties. A three layer method, based on
superposition schemes, has been developed and implemented into a version of the DIGS code.
The model has been applied to the modelling of fracture zone development on different reefs
and has demonstrated that in certain areas there can be a significant effect of the geology on
the fracture pattern.

The extension of the modelling capabilities to three dimensions has been initiated with the
development of the framework for a three-dimensional boundary element programme 3DIGS. A
lumping scheme for far-field influence computations has been introduced to enable large scale
problems to be analysed. The influences of small cracks are represented as an “equivalent
crack” set to effect efficient influence transmission. The method provides an initial step for
dealing with the interaction of fractures over a range of physical scales. A preliminary
application to the mining of a lead lag stope layout has been considered.

A particular application of the 3DIGS code is to evaluate the optimum choice of mining
sequences. Such sequences can be generated with the next increment to be mined determined
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by a pre-selected criterion such as minimum normal stress in the block to be mined. The optimal
mining sequence can be evaluated by permitting the program to select mining blocks
automatically according to the preset criterion. This work is at an early stage and no firm
conclusion can be drawn, other than that the optimum overall mining policy does not necessarily
result from the policy that seems best at a local mining step point of view. The implications of
this work need to be considered further, but have great potential for mining strategy evaluation
and selection.
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(a) side view (b) side view

(c) side view (d) side view

(e) top view (f) bottom view

(g) plan view of upper
                     block

         (h) plan view of lower
               part inside sample

Figure A4.3.23 Laboratory results of the pillar experiment.
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(a) Detail picture of fracturing around the narrow slot

(a) Side view (b) Plan view of lower block

Figure A4.3.30 Laboratory results of the thin slot experiment.
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A4.4.6.16 show similar response of the hangingwall parting.  The difference in the shear and
normal displacements after a mining step is given in Figure A4.4.6.17 and Figure A4.4.6.18. The
shear maintains the same sense, but some places on the parting open whilst others close. The
parting in the hangingwall shows similar changes (Figure A4.4.6.19 and Figure A4.4.6.20)

The difference in fracture pattern between incremental and parallel activation can be observed by
comparing Figure A4.4.6.4d and A4.4.6.21. The rock had no tensile strength in these analyses, and
the introduction of tensile strength (Figure A4.4.6.22) causes less fracturing in the hangingwall and
footwall and moves the fracturing ahead of the face.

Figure A4.4.6.1  Photograph of a Carbon Leader stope showing the variation in the
hangingwall parting plane amplitude

Figure A4.4.6.2  Photograph showing the variation in amplitude of a parting plane








































































