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ABSTRACT 
 
This paper presents a discrete fracture network (DFN) approach to open pit slope design.  An open pit 

is proposed to encounter a 160m thick, high strength, sheared shale unit.   Structural orientations 
indicated that some failures would be likely to occur. The critical question then became “how large 
could these failures be and how frequently could they occur”?  The primary geological data set 
provided few clues as to the underlying structural regime.   Mapping from underground exposures 
provided critical structural relationships between different scales of shearing.  This information was 
central to the development of a conceptual model which became the basis for DFN development.  
DFNs were created for individual structural domains and were statistically conditioned to simulate the 
fracture density encountered in the investigation boreholes.  The length of defects was considered a 
variable in the modelling process.  Simulations of defect radii between 100m and 200m proved a 
reasonable fit.  Using these radii, multiple DFNs were produced so that the statistical variability of the 
networks could be investigated.  Stability was then assessed on representative wall orientations for 
each DFN.  Stability was assessed for both planar and wedge failures for perfect defect bounded 
blocks.  Further analysis of blocks that were likely to fail through a combination of defects and rock 
mass were assessed by a variety of approximate means.  This methodology allowed an assessment 
of the risk profile for the various slope aspects around the pit. 
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1 INTRODUCTION 
 
This paper presents an application of discrete fracture network (DFN) methodology for open pit slope 
design.  An open pit is proposed to encounter a 160m thick, high strength, sheared shale unit. 
Geotechnical investigation boreholes drilled into the shale encountered shears with dips ranging from 
flat to moderately steep.  It was clear that the critical question was not “whether a failure may occur?” 
but rather “how large could these failures be and how frequently might they occur?”   
 
This paper presents the development of a conceptual structural model which has enabled the 
classification of structural data to produce a representative DFN.  DFNs have been produced that 
statistically matched the physical borehole data available.  Multiple realisations were then assessed 
for both wedge and planar sliding of both perfectly defect bound and imperfectly defect bound blocks.  
 
2 BACKGROUND 
 

Discrete fracture network theory commenced in the late 1970’s and most of the major developments 
were complete by the mid-1980s.  In essence it is a methodology for stochastically generating fracture 
systems to simulate the distribution of defects in a rock mass.  No individual DFN is intended to 
precisely replicate reality but rather a body of statistically generated DFNs provides a range of 
outcomes. 
 
Traditionally, DFNs have been employed by the petroleum and nuclear industries to examine flow in 
fractured rock.  Rock mechanics applications soon followed although the take up in this field has been 
relatively muted.  The popularity of synthetic rock mass in recent years has seen an increase in the 
use of DFNs applied to investigate underground / open pit interactions.   
 
Numerous software packages are available at present to perform DFN simulation.  The authors have 
experience with academic, industry developed and commercially available packages including 
FracSim3D (Xu, C., Dowd, P. 2010), OPS (Elmouttie M. 2011) and Fracman (Dershowitz et al. 1998).  
There are various other packages available to the practitioner such as 3FLO (Billaux et al. 2005) and 
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RESOBLOK (Merrien-Soukatchoff et al. 2011).  The packages have a range of advantages and 
disadvantages depending on the nature of the input data and objectives of the investigation.  For this 
investigation Fracman was used because of the ease of modelling inclined boreholes and its 
integrated geomechanics module.  Notwithstanding the benefits of this package some considerable 
effort was required in terms of data manipulation, analysis techniques and post processing of the 
geomechanics output to achieve the project goals.   
 
DFN theory uses a unique description of defect density.  All five descriptions are presented here to 
illustrate the logic of the system, although only two measures, P10 and P32, are referred to in this 
paper. 
 

•  P10 – A measure of lineal fracture intensity, ie the number of fractures per meter 
(1/m). 

•  P20 – A measure of fracture intensity, ie the number of fractures/mapped area in units 
of the number fractures per square meter (1/m

2
). 

•  P21 – A measure of areal fracture intensity, ie the fracture trace length per unit of 
mapped area (m/m

2
). 

•  P30 – A measure of volumetric fracture intensity, ie the numbers of fractures per unit 
of rock volume (1/m

3
). 

•  P32 – A measure of volumetric fracture intensity, ie the fracture surface area per unit 
of rock volume (m2/m

3
). 

 
 

3 STRUCTURAL DATA  
 

A significant body of high quality structural data was available from the shale unit.  The primary data 
set comprised of approximately 200 inclined boreholes with geotechnical logs and high quality 
orientation data from acoustic borehole imaging.  Logging indicated a large number of shears with dips 
ranging from horizontal through to steep and with dip direction to all points of the compass (Figure 1a).   
The highly diffuse pattern presented few clues to understanding the underlying structural regime.    
 
An underground excavation in the shale also provided valuable structural data.  Hierarchical 
relationships started to become apparent with essentially three classes of structures; primary 
structures which were moderately steep and likely to be of longest persistence, secondary structures 
which were typically antithetic to the primary structures and tertiary (parasitic) structures which were 
much shorter.  Only the tertiary structures were observed at full length in the underground exposures, 
leaving the length of the primary and secondary structures uncertain.  A set of filtering rules were 
developed which included parameters such as defect thickness, proximity to other structures and dip 
in order to filter the data base.  For examples this filtering enabled the display of the primary structures 
presented in Figure 1b. Decline exposures also presented opportunity to observe shear offsets. 
Offsets were predominately normal with a small number of reverse movements recorded.    
 

 
 

 

Figure 1. a) faults and shears from borehole data b) filtered primary structures 
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4 CONCEPTUAL MODEL 
 

A conceptual structural model is critical for DFN development for three reasons; firstly, computational 
speeds can be improved by limiting the scope of the DFN to critical structures rather than all 
structures. Secondly, even if it is tractable to model the full network, it is important to be able to 
segregate the short defects from those with significant length; thirdly, it allows conceptualisation of 
potential failure modes such that the DFN can be tailored to best represent defects likely to be 
associated with failures. 
 
A simplified conceptual structural model of faulting of the shale unit is presented below in Figure 2.  
The figure represents an extensional environment where the shale unit (the lower of the three layers) 
has undergone some spreading and small vertical compression accommodated by normal faulting 
with small offsets.  Only the primary and secondary (antithetic) structures discussed in Section 3 are 
presented in the figure. 

 
Figure 2. Conceptual structural model 

 

5 DFN SIMULATIONS 
 

The DFN was aimed at modelling the primary and secondary defects in a tabular volume 2500m long, 
1500m wide and 160m thick. The DFN simulations were undertaken on data from specific structural 
domains created during previous studies.   
 
The actual boreholes that occurred in each domain were used to condition the DFN.  In the case of the 
example presented below, 12 boreholes of varying plunge and azimuth were used.  The key 
parameters used for DFN development were:   
 

•  Spatial distribution using Poisson distribution (random),  

•  Defect orientation was matched to investigation borehole data,  

•  Defect intensity “P10” was matched to boreholes and was approximately 0.01/m (i.e. a 
one fault per 100m borehole intercept).   

•  Defect size was uncertain and was modelled between 50m to 400m radius.    

•  Four sided equi-dimensional defects were used for the sake of computational 
efficiency (although defects were truncated against the stratigraphic model boundaries 
producing longer horizontal aspect ratio). 

 
Some 50 DFN simulations were undertaken to investigate the statistical variability of the DFN and 
defect length.  The model was populated with defects until the P10 value was achieved that equalled 
on average the defects encountered in the real boreholes.   
 
The examples of the DFN output are presented below in Figures 3, 4 and 5.  Figure 3 presents two 
stereographic projections, the left showing the actual encountered shears in the 12 boreholes and the 
one on the right presenting a DFN realisation sampled by the same boreholes.  The simulated data 
shows a very similar pole concentration to the real data but there are also some differences.  These 
differences reflect the statistical variability and partly demonstrate why multiple realisations are 
necessary.   
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Figure 3. Orientation simulation (data left, example simulation right) 
 

Figure 4 presents an east west cross section through three DFN models of varying length scales.  The 
cross section is 160m high and 1500m wide. Defect radii of 50m, 100m and 200m are presented on 
the upper, middle and lower sections.  
 
These type of visualisations were used to assess which length scales would be carried forward in DFN 
stability analysis.  Radii between 100m and 200m were considered the best fit for the model.  Shorter 
lengths appeared too discontinuous to perform the structural function conceived in the conceptual 
structural model.  Simulations containing longer defects produced defects that encountered more than 
one borehole, which did not match the logged data. 
 
 

 
 

Figure 4. Cross Sections through DFN (top radius 50m, middle 100m, lower 200m) 
 
 

Figure 5 presents a plan view of an example DFN where the radius has been set to 100m.  The colour 
bar on the left presents the length of defects from zero to 100m.  The colour variation indicates that 
although the defect radius is set to a constant of 100m, the lengths are often shorter due to truncation 
against the upper and lower model (stratigraphic) contacts.   The plan view provides a sense of the 
variability of defect density where there are gaps in the network and other areas where the defects are 
closely spaced.   
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Figure 5. Plan view of a DFN realisation with a defect radius of 100m (note grid size is 500m) 
 

 

6 STABILTY ASSESSMENT AND IMPLICATIONS FOR SLOPE DESIGN  
 

The 100m and 200m radius series DFNs were used to assess the implications for slope design.  
Potential failure modes were first assessed using conventional kinematic methods on orientation data.  
These failure modes were confirmed by inspection of fracture networks in Fracman. 
  
Fracman provides a geomechanics capability whereby DFN simulations can be assessed for stability 
of complex defect bound rigid blocks.  The stability analysis provides a factor of safety for each block 
identified and can consider a range of loading cases including ground water and bolting.  The stability 
assessment is based on work by Goodman and Shi (1985).  This technique is only applicable for 
blocks that are perfectly bound by defects.  Whilst this category of instability is useful there are 
instabilities that do not meet this definition.  The primary exception is imperfectly defect bound blocks 
(IDBB) where a small intact bridge can prevent a block from being recognised and hence not be 
considered for stability assessment at all.  Experience of multi-bench and larger failures is that rock 
bridges are a common part of failures and so it is important to estimate the stability of these IDBBs. 
  
The intact portions of failures can be modelled in software programs such as FLAC3D or PFC where 
DFNs are imported such that both rock mass and defects are modelled together.  This approach lends 
itself to investigating simple to complex rock mass structural relationships and providing a detailed 
assessment of stability for a single or a small number of cases.  Since in this instance the objective 
was to investigate a large number of cases (say 100s) without great precision this type of analysis was 
not adopted. 
 
A number of rapid solutions were developed to identify IDBBs.  Both wedges and planar failures were 
modelled using an up-scaling of fractures by 50% so as to artificially remove intact bridges.    The 
assessment of planar sliding was more problematic.  Defects sub parallel to the slope would most 
likely fail with sliding on the defect and side release through the thin rock mass along the side.  In 
order to simulate this, artificial side release structures were included in the DFN.   This work-around 
turned out to detect some of, but not all the cases that were expected.  A further more manual 
approach was employed by filtering the display of defects with a dip direction within 30° of the slope  
direction and inspecting for blocks which appeared likely to be unstable.  
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This process was then applied to multiple DFN realisations by stepping a wall of a particular slope 
angle and aspect through the DFN and assessing the stability.  This resulted in 100s of hypothetical 
wall exposures where both the size and percentage area of failure was recorded. 
  
The percentage area of failure was relatively low, typically between 1% and 5%.  The size of failures 
ranged from bench to full height with the majority of failures being at least half the slope height.  The 
greatest variability related to slope aspect rather than the statistical variation of the network.   
 
7 CONCLUSIONS 
 
DFN techniques were successfully employed to estimate the likelihood of structurally controlled 
failures around a pit.  Analysis focused on detection of both perfectly and imperfectly defect bound 
blocks. For this particular situation the results of the study largely confirmed the proposed slopes 
angles.   
 
Some key learnings from this process were:   
 

•  A high quality structural database underpinned by a robust conceptual structural model is 
essential for the development of a useful DFN. The difference between using all of the fault 
and shear data indiscriminately compared with the filtered data would have produced vastly 
different DFNs with potentially negative consequences in terms of slopes angles and 
consequently the economics of the project. 

 

•  Stability assessments based on blocks bound entirely by defects provides an overly optimistic 
view of the performance of these materials.  Some methods were developed to look at blocks 
that were not perfectly bound by defects.  These methods included upscaling of fractures, 
adding non-existent defects to simulate failures through rock mass and manual inspection of 
the DFN.   

 
Further work is planned confirming the conceptual model and refining DFNs as larger scale exposures 
become available. 
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