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Abstract Recent discrete fracture network (DFN) related
analysis of a number of block caving projects has dem-
onstrated the role that the 3D volumetric fracture intensity
measure (P32) plays on controlling a number of rock mass
properties critical to caving operations. P32 represents the
fracture area per unit volume and as such represents a non-
directional intrinsic measure of the degree of rock mass
fracturing, incorporating both a frequency measure and a
fracture size component. Preliminary results suggest that
the P32 intensity of a DFN model would strongly control
the overall fragmentation of the rock mass. The implication
would be that by taking the overall distribution of P32, the
in situ fragmentation of a large rock mass volume could be
determined in a computationally efficient way. With P32
also being shown to be one of the dominant controls on
DFN derived directional stiffness measures, increasingly
these DEN related work flows are being shown to be cen-
tral to an improved rock mass characterisation process and
ultimately the more accurate capturing of the caving
process.
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1 Introduction

Determining the likely distribution of rock mass fragmen-
tation is one of the most critical elements in cave mining,
due to the impact that poor or unexpected fragmentation
can have upon cave operations. As discussed in (Rogers
et al. 2010), the use of discrete fracture network (DFN)
methods can assist in the fragmentation assessment,
including the natural in situ, primary and secondary frag-
mentation. To date the evaluation of primary and second-
ary fragmentation has been mostly carried out using
alternative methods based on engineering principles and
practical experience (e.g. Esterhuizen 1994). More
recently, synthetic testing of DFN models has been pro-
posed to assess fragmentation mechanisms (Rogers et al.
2010; Elmo et al. 2008).

However, it is argued that neither of these approaches
can fully capture the broader heterogeneity of the rock
mass, drawing on only a limited portion of the rock mass
characterisation data. Recent work has demonstrated the
sensitivity of rock mass fragmentation to the volumetric
fracture intensity property P32 and the importance of
determining the critical intensity value at which the tran-
sition from intact massive rock mass to kinematically
mobile rock mass occurs. The P32 property represents the
fracture area per unit volume and as such represents a non-
directional intrinsic measure of the degree of rock mass
fracturing, incorporating both a frequency measure and a
fracture size component (Dershowitz et al. 1998; Dersho-
witz and Herda 1992). This is a property that once calcu-
lated can be spatially modelled to provide a constrained
block model property of fracture intensity at the mine/cave
scale.

The authors have developed an approach that has at its
core the development of a full-scale DFN description of
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fracture orientation, size and intensity built up from all
available geotechnical data. The model fully accounts for a
spatially variable description of the fracture intensity dis-
tribution. Primary fragmentation analysis is undertaken
using a DFN based rule approach, which draws from an
explicit numerical simulation of fracture mechanisms to
characterise stress-induced fracturing within a given rock
mass as a function of its initial P32 distribution.

This paper initially outlines the DFN approach and the
origin of the P32 property, then emphasizes is given to the
derivation of spatially located P32 values through a mine
volume and spatially built models to provide a block model
of fracture intensity. Examples are also given of the
applications of P32 and how this property could further our
understanding of the rock mass characterization process
and pre caving assessments. As discussed in the paper, the
P32 intensity of a DFN model strongly would be related to
a range of geomechanical properties such as fragmentation,
mean block size and stiffness. Therefore, by deriving P32
values, predictions of these other properties could be made
with reference to the underlying distribution of P32. It is
anticipated the proposed approach could provide for a
computationally efficient way of addressing these rock
engineering questions in large volumes with high numbers
of fractures.

2 The DFN Approach to Fracture Modelling

The DFN approach is a modelling methodology that seeks
to describe the rock mass fracture system in statistical ways
by building a series of discrete fracture objects based upon
field observations of such fracture properties as size, ori-
entation and intensity.

The DFN approach is being used increasingly to address
a range of geomechanical problems when engineering or
excavating large structures in fractured rock masses: from
large open pit slopes (Rogers et al. 2009), block caves
(Rogers et al. 2010), tunnel excavations (Rogers et al.
2006) to the generation of synthetic rock mass (SRM)
properties (Elmo and Stead 2010; Pierce et al. 2007;
Sainsbury et al. 2008).

The DFN approach to rock mass modelling has a
number of advantages over more conventional methods
particularly in that they are better able to capture the local
scale heterogeneity than larger scale continuum approa-
ches. This is achieved explicitly describing key elements of
the fracture system. Most importantly they provide a clear
and reproducible route from site investigation data to
modelling because real fracture properties are being pre-
served through the modelling process.

A clear shortcoming of any investigation of a fractured
rock mass is the limited exposure gained from drilling and
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even mapping in terms of the 3D distribution of fractures
and how they extend away from the sample (either bore-
hole or mapping). How the observed data are considered to
extend into the rock mass can result in very different out-
comes, particularly in terms of block size distribution, see
Fig. 1. DFN methods seek to avoid this issue by consid-
ering distributions of fracture properties from the total
population and, therefore, the likelihood of occurrence of
an outcome.

In order to build a simple DFN model, the primary
fracture properties of orientation, fracture size, intensity
and its local spatial variation are required to be defined as
distributions to allow the stochastic generation of a large
number of fracture elements that represent the fracture
network (Rogers et al. 2009). The overall workflow for
developing larger scale DFN models is documented else-
where (Dershowitz et al. 1998; Rogers et al. 2009). This
paper focusses mainly on the derivation of volumetric
fracture intensity properties, their spatial modelling
through the cave volume and their subsequent use.

A fracture intensity classification scheme has been
developed to remove some of the ambiguities of termi-
nology and to provide an easy framework to move between
differing scales and dimensions known as the P; system
(Dershowitz et al. 1998). The P; system seeks to define
fracture intensity in terms of dimensions of the sample (e.g.
1D Borehole, 2D trace map, 3D volume) and dimensions of
the measure (e.g. dimensionless count, 1D length, 2D area,
etc.). As an example, P10 (or fracture frequency) is a one-
dimensional sample and has a zero dimension measure
(count), Table 1.

The fracture intensity input for DFN modelling and in
the particular case of caving operations typically comes
from borehole data (either fracture logging or borehole
imaging tools) as fracture frequency (P10, U m™"). How-
ever, trace mapping upon surfaces such as benches or
tunnel walls (P21, U rn/mz) can also be used. Both of these
data are directionally biased and sensitive to the orientation
of the sampling object (borehole, mapping surface, etc.)
and the orientation of the intersecting fractures. Within
DFN modelling, the preferred measure of fracture intensity
is known as P32 (fracture area/unit volume, U m*/m?®) as
this represents a non-directional intrinsic measure of frac-
ture intensity. Whilst P32 cannot be directly measured, it
can be calculated from either P10 or P21 measurements
either by simulation or using analytical solutions. Con-
ceptualizing what P32 actually means can be quite chal-
lenging unlike more conventional fracture intensity
measures such as fracture frequency. In order to help the
reader, a series of small DFN models have been con-
structed for a range of differing P32 values, Fig. 2. Addi-
tionally, the resultant P10 (fracture frequency) and also
block size are shown. These DFN models are all
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Fig. 1 Impact of length assumptions on the block forming potential
of a rock mass. a Inclined borehole with fractures intersecting
borehole indicated (i.e. raw input data), b fractures extrapolated to
maximum extent permitted resulting in a high number of blocks being

formed and c fractures given variable lengths or allowed to terminate
on other fractures resulting in far fewer and larger blocks being
formed

Table 1 P;; intensity system based fracture intensity measures based on sample and measure dimensions, adapted from (Dershowitz et al. 1998)

Dimension of sample

Dimension of measurement

0 (Count) 1 (Length) 2 (Area) 3 (Volume)
1D (e.g. borehole, scan line) P10 P11
No of fractures per Length of fractures
unit length per unit length
2D (e.g. mapping) P20 P21 P22
No of fractures Length of fractures Area of fractures
per unit area per unit area per area
P30 P32 P33

3D (e.g. geo-physical survey)

No of fractures
per unit volume

Term Density

Volume of fractures
per unit volume

Area of fractures
per unit volume

Intensity Porosity

constructed within a 1-m cube volume such that the P32
value refers directly to the fracture area within the model.

In addition, in the DFN the platform used in the current
analysis allows the 3D visualization of blocks defined by
intersecting discontinuities in the DFN model by employ-
ing an implicit cell mapping algorithm optimised to pro-
vide an initial estimate of the rock natural fragmentation.
As discussed in Elmo and Stead (2010), the cell mapping
algorithm works by initially identifying all the fracture
intersections with the specified grid elements. This results
in a collection of grid faces and connection information,
which is then used to construct a Rock Block of contiguous
grid cells.

Figure 2 shows that at low values of P32, there are few
fractures, a few intersections on the simulated borehole and
few large blocks within the modelling volume. At higher
values of P32, there are lots of fractures, a high number of
intersections on the simulated boreholes and also a high
number of blocks of increasingly small size. The

relationship between the modelled P32 and resultant P10 as
measured on the simulated boreholes is shown below in
Fig. 3.

3 Deriving P32 Values for Cave Scale Modelling

The most important aspect of cave scale DFN modelling is
the development of an accurate 3D model of the variation
of fracture intensity. The ultimate objective of DFN model
generation is to create an accurate description of the P32
variation through the cave volume as this has been shown
to be key to understanding variations in the in situ frag-
mentation and overall rock mass quality.

As mentioned previously, the primary input for fracture
intensity modelling at the cave scale is borehole derived
fracture frequency (P10) data. A method is required that
will identify zones of the rock mass where P10 remains
constant over intervals lengths of around 10-100 m. The
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P

Fig. 2 Illustration of the key relationships between P32 (volumetric
fracture intensity), borehole fracture frequency and fragmentation for
a DEN model 1 m? in size. The top images represent DEN models for
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Fig. 3 Relationship between P32 and P10 as derived from the above
simulations in Fig. 2

best way to achieve this is by using cumulative fracture
intensity (CFI) plots for all geotechnical boreholes. A CFI
plot shows depth on one axis and the cumulative fracture
frequency of open fractures on the other, Fig. 4. Where the
gradient of the CFI curve is relatively constant, the fracture
frequency (P10) over that interval is constant and can be
determined from the gradient of the line. The interpretation
approach means that data from a borehole say 600 m long
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Fig. 4 Example of cumulative fracture intensity (CFI) plot showing
interpreted intervals of constant fracture frequency (P10)

can be reduced into between about 6-12 intervals of
approximately constant P10. By repeating this method for
all available geotechnical boreholes, a large data set of
spatially located P10 values can be generated in space.
This data set of P10 values for intervals in the 10-100 m
range comprises directionally biased samples, with the
actual intensity being dependent upon the orientation of the
borehole samples and the orientation of the fracture
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Fig. 5 Acoustic tele viewer
(ATV) logged boreholes used
for geostatistical interpolation
coloured by P32

orientation distribution. To address this, an analytical
solution was developed that allows P10 intensity values to
be converted to the non-directional intensity property P32
(Wang 2006). This approach calculated the coefficient C31
(for converting P10-P32) as a function of the sample
(borehole) orientation, the fracture orientations and dis-
persion around the mean pole. C31 values are calculated
for every interpreted P10 interval on the boreholes of
interest. This step allows the generation of borehole logs of
P32 fracture intensity to be generated which provide the
starting point for any 3D spatial modelling and extrapola-
tion of fracture intensity through a large rock mass such as
a cave volume.

4 Spatially Modelling the P32 Distribution Through
the Cave Volume

Geostatistical methods can be used to interpolate these P32
values through the cave volume and surrounding rock
mass. The main steps of the overall workflow for the
geostatistical modelling of P32 are as follows:

e derive P32 logs for all boreholes;
e upscale these logs into the modelling grid:
e perform variography upon these upscaled logs; and
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e block model the P32 property through the cave volume
using the derived variograms.

The first step in the block modelling of P32 is to load the
derived P32 logs onto the boreholes, Fig. 5.

The P32 logs then need to be upscaled into equivalent
cellular values in the modelling grid (see Fig. 6). Here all of
the cells intersected by the boreholes (plus neighbours) have
an average P32 value calculated for them. Having transformed
the raw P32 data to the upscaled log format, these data can now
be spatially modelled using conventional variography.

Based upon an analysis of the fracture data, the main
structural trends of a rock mass should be used to define the
principal directions for use in the data modelling. The
variograms generated are then used to generate a block
model property of P32. Depending upon the nature of the
rock mass, the spatial modelling may wish to take into
account to the underlying geotechnical domain rather than
simply distributing the P32 values through the rock mass,
based solely on the variography.

A number of different techniques exist for carrying out
the actual spatial modelling used to generate the block
model. Typically this might be Kriging, providing the best
linear unbiased estimation. Whilst Kriging does provide the
best estimate, it also significantly reduces the variance of
the data such that the distribution of P32 values within the
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Fig. 6 Upscaled P32 values
used for geostatistical
modelling. The colour scale is
the same as the previous figure
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geological looking property model. In order to better pre-  sequential Gaussian simulation (SGS) approach is pre-
serve the overall variance of the source data and to produce  ferred, Fig. 7.
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Fig. 8 Distribution of P32 for Cave 1
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This is a critical component of this modelling approach
as it is the distribution of P32 we want to preserve rather
than just modelling specific P32 values. To remove some of
the less likely outcomes of the modelling, the average of a
number of realisations can be taken. This reduces the var-
iance slightly whilst preserving the geological feel of the
model, Fig. 7. This also shows the variance of the original
data, one realisation and the mean of five iterations.

The modelled P32 property provides the basis for all the
ongoing fragmentation analysis. Not only does this prop-
erty control rock mass fragmentation but it also strongly
influences overall rock quality, rock mass stiffness and
even permeability. As such the applications of this block
model are considerable.

5 In Situ Fragmentation Determination

With these block model descriptions of the variation of
fracture intensity, it is possible to build large DFN models
at the cave scale. However, detailed mapping of in situ
blocks within a large discrete model is computationally
highly challenging as it presents a complex geometrical
problem. To overcome these challenges an approach has
been developed that allows replication of the in situ frag-
mentation description for large models without the need to
simultaneously search through that large volume, resulting
in an approach that is far more flexible and efficient.

The starting point is to take the P32 block model
property that has been calculated for the cave volume and
to extract the distribution of P32 for each specific cave
panel or geotechnical domain of interest. Histograms of the
P32 distribution are then generated for these domains and
provide the target to reproduce in the subsequent analysis.
Figure 8 shows the P32 distribution for two cave panels
(named Cave 1 and Cave 2) within a real cave project
(reference upheld due to confidentially terms).

The next step is to build DFN models of the rock mass at
around the scale of approximately one cell of the block
model for the range of P32 values observed in the domain

10%

5%

0%
051152253354455 6 7 8 101214 16
P32 (m2/m3)

of interest. To avoid potential edge effects, the DFN
models are initially generated within a 50 x 50 x 50 m
region. A sub set of the model is then used for the frag-
mentation search within a region with an edge length in the
order of 10-25 m (i.e. 1,000-15,625 m> range). The ori-
entation data typically comes from ATV logs or orientated
core and the fracture size distribution is determined using
underground mapping data. Once these DFN models are
built, the in situ fragmentation of the rock mass can be
mapped in detail for the sub set of the model using the
methodology described in (Rogers et al. 2010), Fig. 9.

The external boundaries of the model are considered as
fractures for the purpose of block formation, such that the
total volume of blocks always stays constant, independently
of the assumed fracture intensity. This assumption is
equivalent to passing a given mass of rock material through a
series of sieves. If the external boundaries were not included
in the fragmentation process, the total volume of blocks
formed would increase with increasing P32 intensity. When
performing a size distribution analysis, it is argued that
changing the total volume of blocks formed would affect the
standard volume weighted fragmentation curves, resulting in
the curves moving to the right (coarser), even though the
blocks might have become smaller on average.

Once all the models have been generated, a family of
fragmentation curves can be compiled for each P32 value
analysed. The overall fragmentation distribution for a
particular cave or domain can then be calculated by com-
bining the different fragmentation curves from each P32
model, weighted according to the distribution of observed
P32 values for the selected cave or domain, Fig. 10.

Figure 10 shows the weighted fragmentation curves for
two separate domains (Cave 1 and Cave 2) that have been
calculated based on the distribution of P32 values shown in
Fig. 8, including also the size distribution curves corre-
sponding to each independent P32 intensity values.

In the early life of a mine project with only limited
geotechnical drilling, a similar fragmentation analysis can
be carried out. This involves deriving the P32 based frag-
mentation curves and calculating the weighted in situ
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Fig. 9 Determination of the

in situ fragmentation of a DFN
model for certain P32 fracture
intensity (a) with the in situ
blocks mapped (b)

Volume (m3)

> 100
1e+2

Blocks coloured by volume

Fig. 10 Fragmentation curves 100
as a function of P32 and in situ

curves for cave 1 and cave 2 90
derived from the weighted 80
average of the individual P32

curves 70

Percent passing %
(&2
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fragmentation curves, rather than carrying out the frag-
mentation analysis for the entire spatially modelled P32
distribution across the mine scale DFN model. Accord-
ingly, the weighted in situ fragmentation curves are based
upon the distribution of P32 values derived from available
borehole data set.

By taking the results of these fragmentation curves, a
relationship between a certain percent passing (e.g. P80
block volume) and P32 can be derived. This allows the P32
block model to be converted into a P80 block volume
description, Fig. 11 (the relationship used to generate the
block model of P80 is shown in the top right of Fig. 11).

5.1 P32 and Block Forming Potential

Another observation about the usefulness of P32 has been in
understanding the block forming potential of arock mass as a
function of its fracture intensity. The conventional approach
to fracture characterisation often assumes fractures are
ubiquitous and infinite. This results in the over prediction of
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fracture connectivity and, therefore, the degree to which a
rock mass will comprise well defined in situ blocks.

If the fragmentation modelling with the small-scale
models are repeated for a range of P32 fracture intensities,
but this time not making the outer boundary be considered
as a fracture, we can determine the percentage of the total
volume comprising in situ blocks (for that specific rock
mass) as a function of P32, Fig. 12.

The results would suggest that at relatively low P32 (e.g.
<2 m?/m’) the rock mass would be massive, and accordingly
the rock mass strength would be dominated largely by the
presence of the intact rock bridges. Conversely, at relatively
high P32 values (e.g. >4.5 m*/m>), the rock mass would be
blocky to very blocky, with well-defined potentially mobile
blocks and joint properties dominating the rock mass strength.

It is interesting to note that the conversion from rock-
bridge dominated rock mass to kinematic rock mass
appears to occur over a relatively small change in P32. The
percentage volume occupied by blocks rapidly jumps from
<10 to >90 % over a relatively small change in fracture
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Fig. 11 Conversion of the P32 property into a P80 block volume property based upon the relationship from the inset figure top right. Green lines
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Fig. 12 Block forming 1.0
potential of a specific rock mass
as a function of P32, showing 0.9
the transition from massive rock
mass to a more kinematically 0.8

controlled blocky rock mass one
at higher levels of P32

% Total volume forming blocks

Massive Rock Mass

intensity (between 1.5 and 4.0 m%/m?). These observations
are obviously important with respect to in situ block for-
mation. During caving operations, the induced stresses may
be sufficient to break the intact rock bridges ensuring the
rock mass is converted to a mobilised kinematic assem-
blage. Early results suggest that primary fragmentation
damage tends to occur more where the fracture intensity is
low (e.g. Rogers et al. 2010).

3 4 5 6 7
P32 (m-)

Blocky to Very Blocky Rock Mass

5.2 Assessment of Hydraulic Fracturing Impact on In
Situ Fragmentation

A large-scale block or panel cave mine constitutes an
example of a high volume rock-factory, whose success and
viability are dependent to a large extent on the caveability
of the deposit and the fragmentation of the ore material. To
help mitigate the risks associated with unfavorable cave
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Fig. 13 a Pre-conditioning
borehole configuration through
cave volume and b simulated
hydraulic-fracture array on
those boreholes

propagation and fragmentation in stronger or less fractured
rock masses, pre-conditioning through hydraulic fracture
generation or blasting is increasingly being used. Consid-
erable faith is being put in the value of these pre-condi-
tioning methods for de-risking critical aspects of block
caving mining such as cave initiation, propagation and
fragmentation. However, quantification of the impact of
pre-conditioning is difficult and much of the data obtained
to date are anecdotal.

Several authors (Mahtab et al. 1973; Kendorski 1978)
have recognised that the fracture system most favourable
for caving includes a well-developed low dipping joint set
and at least two prominent sub-vertical joint sets. Propa-
gating sub horizontal hydraulic fractures in a rock mass
prior to caving, therefore, represents a valid pre-condi-
tioning technique to improve rock mass caveability.
Obviously the in situ stress field is one of the primary
controls on hydraulic fracture orientation with fracture
generation being in the plane of ¢; and o¢,. Extensive
preconditioning is carried out from closely spaced bore-
holes with typical hydraulic fractures expected to have a
radius in the range of approximately 20-40 m, see Fig. 13.

Operational, design and rock mechanics reasons ensure
that hydraulic fracture generation from each pre condi-
tioning borehole does not follow a regular spacing. This
results in their being a distribution of additional fracture
area being imposed into the rock mass volume. Therefore,
when considering the impact of preconditioning on in situ
fragmentation, both the distribution of in situ fracture P32
and the distribution of preconditioning P32 need to be
considered. Calculating the range of hydraulic fracture P32
can be determined by considering the definition of P32. For
instance, in a 25-m cell, a fully cutting single hydraulic
fracture would have a P32 of approximately 0.04 m*m?
(252/253). With intensive preconditioning with a small
hydraulic fracture spacing (e.g. 1.25 m), this would result
in a total cell P32 of approximately 0.80 m*/m>. These two
scenarios, therefore, define the two end members for the
range of P32 values. Therefore, if natural fracture DFN
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models with a range of typical P32 values are generated
with a range of differing hydraulic fracture DFN model
P32 values, then a relationship can be established that
allows the fragmentation of rock mass to be determined as
a function of the natural fracture P32 and the induced
hydraulic fracture P32, Fig. 14.

Determining the in situ fragmentation of these hybrid
natural-hydraulic fracture models then follows the same
methodology described above and allows a relationship to
be developed between natural fracture P32, hydraulic
fracture P32 and a measure of block volume, typically
taken as the P50 or P80 block volume. Figure 15 below
shows the fragmentation of two different natural fracture
P32s for increasingly intensive hydraulic fracturing.

Each model to the right represents increasing hydraulic
fracture intensity. The upper models represent a natural
fracture P32 of 2 m*/m’ and the mean block size is clearly
seen to be reducing from left to right with increasing
hydraulic fracture intensity. The lower models represent a
natural fracture P32 of 5 m*m’ and the mean block size
appears to be independent of the assumed level of hydraulic
fracturing. For a rock mass with a natural fracture P32 of
2 m*m?® and a hydraulic fracture intensity of 0.8 m*m?,
there is an 11-fold reduction in P80 volume (220 reduced to
19.6 m3). For a rock mass with a P32 of 5 mz/m3, the P80
reduction is only a 1.6 times (2.4 reduced to 1.5 m3). Thus,
once the natural fragmentation results in limited larger
blocks, it is expected that no amount of additional pre-
conditioning will significantly impact the overall fragmen-
tation curve. The analysis has assumed that all hydro-frac-
tures are fully extending and the interaction between hydro-
fractures and in situ fractures has been ignored. In reality
this may not be the case, with the in situ fractures poten-
tially stopping the growth of hydro-fracture extension or
providing conductive pathways allowing the leaking off of
pressure and reducing ultimate fracture length.

The results obtained from the simulations above allow
for a relationship to be developed between the in situ P32
and the P50 block volume and also the impact of a certain
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Natural DFNs for a range of in situ P32s
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Fig. 14 Combining different natural fracture P32s and different hydraulic fracture P32s to determine the overall impact of preconditioning on
in situ fragmentation. All models are of dimension 25 x 25 x 25 m

In Situ DFNs Hydraulic Fracture Intensity %Increasm
P32=0.0 m™! P32=0.04 m! P32=0.2 m-! P32=0.4 m-! P32-0.6 m-! P32-0.8 m-

P32=2 m-

1
1
1
1
1
1
1
I At low intensity, rock mass only slightly blocky,
1
1
1
1
1
1
1
1

Increasing the intensity of pre-conditioning makes significant impact

At high fracture intensity, rock mass well fragmented,
Increasing the intensity of pre-conditioning makes limited impact

P32=5 m"

Fig. 15 Fragmentation of two different natural fracture P32s for increasingly intensive hydraulic fracturing

level of preconditioning upon the mean block volume. This
is illustrated in Fig. 16. This graph shows the relationship
between P50 block volume on the vertical axis and P32

fracture intensity plus the maximum modelled impact
(P32 = 0.8 m*/m>) of hydraulic fractures. The red arrows
illustrate the fact that a natural fracture DFN with a

intensity along the bottom. The upper line represents the
relationship for natural fracture intensity, whereas the
lower line represents the relationship for a certain natural

P32 = 2 m*m’® plus a hydraulic fracture intensity of
0.8 m*/m> has the same fragmentation as a DEN model
simply with a P32 of 2.8 m*m’>. Therefore, the impact of
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Fig. 16 Relationship to be developed between in situ P32 and the
P50 block volume, including the case with preconditioning hydraulic
fractures

hydraulic fracturing on natural fractures appears to be
purely additive, which means the impact can reasonably be
mapped and determined within the DFN model.

As can be seen from Fig. 16 above, there is a discernible
reduction in the overall in situ fragmentation as a result of
the pre-conditioning. The mean particle size is reduced
from a size of 3 m’ to a post pre-conditioning size of
2.5m’ with a 2.5 m spacing and 2.25 m® with 1.25 m
spacing. As is to be expected, the pre-conditioning is seen
to be affecting primarily the larger block sizes. One of the
main impacts observed in the modelling is the decrease in
the proportion of large residual blocks and a measurable
increase in the proportion of the rock mass mobilised into
kinematic blocks. Obviously, it is probable that many
residual rock mass blocks will break up upon caving.
However, (Elmo et al. 2010) showed that under certain
stress conditions, large strong residual rock mass blocks
can exist intact within the cave volume for considerable
time/distance. Therefore, any reduction in the proportion of
residual blocks will have a positive impact on reducing
hang ups and other material handling problems.

6 Primary Fragmentation and Fracture Intensity

Primary fragmentation is considered the rock breakage that
occurs during caving but prior to dislocation into the cave
pile. Detailed and explicit modelling of the primary frag-
mentation processes at a mine scale is again computa-
tionally challenging. While continuum models can
simulate the stresses in the cave, they are inherently inca-
pable of directly simulating the fracturing processes asso-
ciated with the induced stresses surrounding the cave. To
overcome this challenge, a series of small cave scale
models were developed utilizing plausible range of in situ
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P32 intensities such that the resultant primary fragmenta-
tion could be related back to the initial in situ P32
distribution.

In order to achieve this, the following steps were taken:

e select an initial DFN model for which in situ fragmen-
tation curves have already been generated;

e extract 2D sections from the above DFN model and
export these to the hybrid Finite/Discrete Element code
ELFEN (Rockfield 2012) to explicitly simulate induced
fracturing based upon relatively small scale (50 m wide
undercut) caving models;

e quantify the induced fractures in terms of resultant
fracture intensity; and

e repeat for a number of differing initial P32 values
representing a range of possible outcomes (typically the
10, 50 and 90th percentile values of P32).

6.1 Fracture Geometry and Models Set Up

Relatively small-scale caving models were set up using the
hybrid Finite/Discrete Element code ELFEN to simulate
induced fracturing associated with the unloading of a 50-m
wide roof span. The ELFEN code employs fracture
mechanism principles to better capture the transition from
continuum to discontinuous state typical of rock brittle
failure. Examples of applications of ELFEN to characterise
caving processes are given in (Elmo et al. 2010).

The unloading sequence is assumed to represent the
effect of the cave back progressing upwards and is simu-
lated by the removal of a 50-m wide undercut section, as
shown in Fig. 17. 2D trace maps were selected in the DFN
model and then exported into the ELFEN model to repre-
sent approximately the 10, 50 and 90th percentiles of the
volumetric fracture intensity (P32) distribution. To account
for the stochastic variability of the DFN model, the 2D
trace maps were built such that additional fractures were
superimposed to the base case (10th percentile intensity
model) to represent the 50th and the 90th percentile
intensity model. This way the models shared the overall
influence of the natural fractures and potential anisotropic
effects associated with re-generating the DFN model
entirely (which would result in completely different trace
maps without a common base) were not introduced in the
analysis. In addition to the natural fractures, the modelling
also considered the case in which hydro fractures spaced at
1.5 m were included in the models to simulate the effect of
rock mass pre-conditioning.

Primary fragmentation is then calculated as the amount
of induced fracturing (P21 final minus P21 initial) that
occurred in the model when the undercut level has dis-
placed by approximately 1 m. Note that 1 m displacement
is the caving threshold typically used in large-scale
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Fig. 17 Geometry for the 2D
models considered to

Assumed Ground Surface

investigate and quantify the
amount of induced fracturing
associated with cave advance
(primary fragmentation)

750 m

& & ¢ ¢ &

o o e o o

continuum models of caving to assess whether a given rock
mass volume has caved (Elmo et al. 2010).

A key aspect of modelling the response of a jointed rock
mass is to establish representative material parameters.
A SRM approach is used to test the validity of the assumed
intact rock and joint properties and to provide a calibrated
model to be used for primary fragmentation analysis. The
SRM approach requires a realistic representation of the
mechanical behaviour of discrete fracture systems, either as
individual entities or as a collective system of fracture sets,
or a combination of both. 2D sections (20 m x 20 m)
through the cave scale model DFN model are generated,
including only fractures whose dip direction is within £20°
of the trace plane orientation to account for plane-strain
conditions in the ELFEN model. To account for the geo-
metrical variability associated with the stochastic nature of
the DFN model generation, the 2D biaxial analysis has
included 5 different DFN realisations for the 10th, 50th and
90th percentiles P32 fracture intensity of the cave scale
DFN model. By running suitable biaxial (in 2D) test
models of fractured rock masses, the SRM approach allows
then to model equivalent Mohr—Coulomb or Hoek—Brown
strength envelopes, including anisotropic effects.

In a discontinuum model with embedded DFN traces,
the question arises as to which material properties to use
for the characterisation of the rock bridges in between the
pre-defined fractures. In an idealised model, with a rela-
tively high density of simulated discontinuities represent-
ing the rock mass conditions in situ, it would be reasonable

to assume these as being equivalent to the intact rock
properties. Because the fracture intensity parameter used in
the DFN model determines what portion of the natural
occurring fractures will be modelled, not all fractures may
be represented by the model, and, therefore, the unfractured
rock in the model would actually have some degree of
fracturing in the field. To represent this fracturing, the
intact rock properties must be upscaled. When the dis-
cretisation process carried out within a discontinuum
framework is such that the mesh size used in the model is
in the centimetre range, it is argued that upscaled intact
rock properties should be used to model the intact rock
matrix. The amount of upscaling depends on the minimum
mesh size used in the models with respect to the strength of
laboratory samples, typically in the range of 50 mm. Fur-
ther details on integrated ELFEN-DFN analyses are given
in (Rogers et al. 2006), where it is demonstrated that the
approach can effectively account for scale effects (i.e.,
reduction of rock mass strength with increasing sample
size) without the need for upscaling the overall properties
of the rock mass.

Material properties used in the current models are listed
in Table 2, based on laboratory data (50 mm samples)
scaled to 200 mm scale (mesh size used in the models).

Figure 18 shows the results of simulated 2D biaxial tests
with lateral confinement in the range of 0—4 MPa. The
results represent the average strength at increasing con-
finement for the five DFN realisations for each one of the
10th, 50th and 90th percentile fracture intensity models
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Table 2 Material properties used in the models to characterize pri-
mary fragmentation

Intact rock Unit Value Joints Unit Value

Average uniaxial MPa 139.0  Fracture MPa 0.25
compressive cohesion,
strength (UCS) cf
50 mm

Uniaxial MPa 105.0 Fracture ° 45
compressive friction,
strength (UCS) o
200 mm

Tensile strength, MPa 5.4 Normal GPam™" 200.0
Oy stiffness

Young’s modulus, MPa 64,000 Tangential GPam™' 20.0
E; stiffness

Poisson’s ratio, v 0.22

(P10, P50 and P90 in Fig. 18). The modelled results agree
well with the assumed rock mass behaviour based on field
estimates of GSI [Geological Strength Index; (Hoek et al.
1995)] and laboratory value of intact rock strength (MC
segments 1 and 2). The modelled results show that GSI
based rock mass strength estimates would, respectively,
underestimate and overestimate the strength of a rock mass
with a fracture intensity representing the 90th and 10th
percentiles of the P32 distribution across the cave model.

The 2D biaxial SRM analysis shows that is not neces-
sary to change any of the intact or joint properties used in
the models to capture the different rock mass response,
which is solely controlled by the varying fracture intensity
of the embedded DFN traces.

6.2 Primary Fragmentation Simulation Results

The results of the small-scale caving simulations in terms
of their initial fracturing, caving-induced fracturing and
resultant block size for the 10th, 50th and 90th percentile

Fig. 18 Results for 100 -
20 m x 20 m rock samples
with average simulated response
for SRM models with jointing 80
pattern corresponding to 10th,
50th and 90th percentile P32
fracture intensity (Here termed
P10, P50 and P90, respectively).
SRM model dimensions are

20 x 20 m. Estimated Mohr—
Coulomb failure envelopes as a
function of confinement are also
indicated (MC segments 1 and
2)

Q0 -

o; MPa

P32 fracture intensity models (with and without hydraulic
fractures) are shown in Fig. 19. What is clearly seen is that
at a lower initial fracture intensity (P32) the impact of
primary fragmentation is considerably higher as deforma-
tion is accommodated on intact rock bridges resulting in
significant rock damage. However, at higher fracture
intensities, the system becomes mostly joint-dominated,
with stress applied to the sample being carried and/or
transferred by the embedded fracture system rather than
through the intact rock material resulting in less induced
fracturing be generated.

Analysis of these images allow a relationship to be
derived between the initial fracture intensity (P21 Initial)
and the induced fracturing (P21 Final), Fig. 20. The ratio of
P21 final to P21 initial decreases exponentially as models
with increasing initial intensity P21 are considered. When
the P21 intensity is transformed into a volumetric intensity,
the results clearly show that the amount of caving-induced
primary fragmentation is inversely related to the in situ P32
fracture intensity.

Interestingly, the addition of the hydraulic fractures
plays exactly the same role as that of natural fractures and
the models respond purely as a function of overall addi-
tional fracture length within the models (i.e. total P21).
This analysis can be used to derive a general formulation
that allows us to calculate the expected leftward “shift”
between in situ and primary fragmentation curves for a
given initial P32 intensity, as a function of the applied
stresses and rock mass properties, see Fig. 21.

7 Summary
The DFN approach is a modelling methodology that seeks

to describe the rock mass fracture system in statistical ways
by building a series of discrete fracture objects based upon

v

Oy i |5

aMPa
8

o MPa
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Fig. 19 2D trace maps used in Models without hydrofractures

the ELFEN model to represent

Initial Conditions Block Area (m?)

Induced Damage

the 10, 50 and 90th percentile, 6.0
respectively, of the volumetric 10th EE
fracture intensity (P32) percentile 309
distribution induced fracturing model 283
from primary fragmentation ESH
1 i 50mx50m 18.0,
simulations and resultant blocky 18.0
volumes 120
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ot
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model
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model
Models with hydrofractures
Initial Conditions Induced Damage Block Area (m?)
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2=
50th
percentile
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field observations of such fracture properties as size, ori-  groundwater flow through natural fracture systems and for

entation and intensity. Although much of the early interest =~ modelling fractured hydrocarbon reservoirs, the DFN
in the DFN approach was associated with modelling of  approach is being increasingly used to address fundamental

@ Springer



648

S. Rogers et al.

4.0 q
3.5 \\
3.0 \ A With Hydro Fracs —
25 \\
2.0

\ y = 2.24x08
"o \\
1.0

0.5

= No Hydro Fracs

P21Final / P21 Initial

0.0 T T T
0.0 0.5 1.0 1.5 2.0 25

P21 Initial (m™")

Fig. 20 Relationship between initial and final fracture intensity P21
as a function of initial P21 for models with and without hydraulic
fractures

and practical geomechanical problems when engineering
large structures in fractured rock masses.

This paper has shown that the DFN method has the
potential to provide an alternative and effective method for
studying rock mass fragmentation. The main advantage of
the approach is that it relies on quantifiable field rock mass
descriptors (fracture orientation, length and intensity) and
provides genuinely realistic geometric models of fracture
networks. It has been demonstrated that a DFN based
analysis, and in particular the derivation of a spatial
description of P32 through the cave or mine volume, pro-
vides a mechanism for predicting rock mass properties in
the inter-borehole region. To date, efforts have primarily

100 ‘ ‘ |
90 +{ —In Situ //
80 4| Primary //
T 70
o P32=2m2/m?3 /
% 60 Larger curve shift
(2]
& 50 —_—
©
8 40
8 /
30 /
20 /
10 //
0 ;o
0.001  0.01 0.1 1 10 100 1000

Block Size (m3)

Percent Passing (%)

focused on deriving properties such as fragmentation by
simply modelling a limited set of observed geotechnical
data. However, it is the extrapolation of these observations
using robust modern geostatistical methods that makes it
possible to characterize the rock mass at a distance away
from where the actual data were collected.

The DFN property P32 (or fracture area per unit vol-
ume) represents an intrinsic property with a number of
parameters being directly or indirectly derived from its
value. It makes inherent sense that the amount of fracturing
(total surface area) within a volume should control or
influence properties such as block formation, strength and
stiffness. As shown in this paper, the in situ fragmentation
of a rock mass can be critically related to P32; therefore,
the knowledge of the distribution of the fracture intensity
property P32 allows the efficient calculation of fragmen-
tation distributions at a cave or mine scale.

Considering primary fragmentation and how the rock
mass fragmentation responds to the caving induced stres-
ses, simulations indicate that the amount of primary frag-
mentation that occurs within the cave is inversely
correlated to the initial P32. Accordingly, this provides a
mechanism to estimate the primary fragmentation distri-
bution based on the size curves calculated for in situ
fragmentation using the spatially distributed P32 block
model.

The DFN approach has a number of key advantages over
more conventional methods in that it is better at describing
local scale problems because of its ability to capture the
discrete fracture properties more accurately than larger
scale continuum approaches and can also capture the het-
erogeneity of the fracture system by explicitly describing

100 —
l l ‘/
90 {1 —InSitu /
80 4| Primary //
70
P32=4m?/m? /

60 1—smaller curve shift ] 4/
50 -7
40 /
30 /
20 /
10 ///
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Fig. 21 The relationship between in situ and primary fragmentation curves for two different in situ P32 values. At low P32 values the effect of
primary fragmentation is much higher (i.e. larger leftward shift in the curves) than for the higher one that shows only a marginal leftward shift
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key elements of the system. Most importantly, a DFN
based analysis provides a clear and reproducible route from
site investigation data to modelling because real fracture
properties are being preserved through the modelling pro-
cess. The derivation and modelling of P32 through the
mine volume do not replace more conventional rock mass
characterisation process. However, moving forwards it is
believed that the DFN and conventional methods will
increasingly converge, providing exciting opportunities for
better predictions and designs to be made.
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