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ABSTRACT 

 

Jwaneng open pit mines kimberlite pipes that intruded within the Karoo Supergroup sedimentary 

deposits in south-east Botswana. The western Cut 7 walls of the mine have an elevated risk of 

rockfalls. Rockfalls are a leading cause of fatalities in both open pit and underground mine 

operations. There is a need to quantify rockfall risks so that appropriate and adequate management 

plans are developed to ensure safe mining. Currently Jwaneng mine uses DIPS RocScience 

software for rockfall and kinematic analysis. It has been observed that DIPS is inadequate in the 

required statistical analysis of rockfalls since it does not consider all attributes of fractures. In this 

RocScience software, attributes of fractures that are considered are orientation and spatial 

distribution only. Therefore, this assessment excludes other fracture attributes that are important 

in rockfall analysis such as length, termination, radius and intensity.  

To address this deficiency, a DFN model was constructed using the SiroModel software. The DFN 

model was used for rockfall statistical analysis of the Jwaneng Mine Cut 7 walls at bench scale. 

The DFN model results showed current 90° bench design is not optimal for the Cut 7 walls. This 

design angle results in elevated risks of rockfalls. A majority of the potential rockfalls, 90% of the 

population will have volumes between 1m3 and 10m3. A 75° bench angle is identified from the 

model as the optimal bench angle in the research area. This angle is recommended for 

implementation on the Cut 9 walls because numerous historic data collection projects, have shown 

that the Cut 9 walls have the similar structural fabric as the Cut 7 walls therefore findings can be 

postulated across these walls.   
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Definitions 

Rockfall – refers to rock failures and potential rock failures that are less than a bench in size. The 

rock failures must be defined by interaction of natural fractures in rock (joints, bedding and faults). 

Fracture – any geological structures (joints, bedding, faults) 

Bench width – the horizontal width of a bench measured from the toe of the preceding bench to 

the crest of the bench of interest in open pit mining configuration. 

Geo-referencing – the process of assigning real-world coordinate to each pixel of the raster. In 

the case of this research, georeferencing was achieved by assigning Jwaneng mine local 

coordinates to pixels obtained using a Maptek laser scanner.  

Back-break – refers to the distance away from the original crest moved by the degraded crest 

moves damage, Ryan and Pryor (2000).  

DFN Standard –  is a wedge type analysis, but still based on the 3D DFN. For this analysis, 

processing options include daylight vector test mode, maximum angle to classify plane failures 

and minimum joint radius to be considered. 

DFN Polyhedral –  considers the analysis of arbitrarily shaped blocks. The potential failure of 

blocks is based on computation between resisting and driving forces. Resisting forces of a block 

include its surface properties and engineered resistance. The driving forces, that may result in a 

block failure are weight, static forces and pore pressure. 
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1 INTRODUCTION 

 

1.1 Introduction 

Mine design, rock engineering and mine implementation practices takes place in an environment 

of considerable uncertainty. This uncertainty is a result of the unpredictable behaviour of rock 

masses. The unpredictable behaviour of rock masses is a direct consequence of the variability 

within the rock mass. This unpredictable behaviour of rock mass lead to rockfalls and slope 

failures. Rockfalls are a leading cause of fatalities in both open pit and underground mining 

operations. The uncertainty needs to be quantified and managed at the mine design stage. One way 

of quantifying this uncertainty is by using probabilistic failure prediction methods. It has been 

noticed that rock slope failure mechanisms have become more complex with the deepening of open 

pit mines.  Failure of such large open pit mines is a complex combination of slip and/or opening 

of natural fractures, small non-persistent fractures and failure through intact rock, leading to what 

is termed as step-path slope failure mechanisms (Brideau, et al., 2009). 

Currently, the most common stability analysis methods are limit equilibrium and kinematic 

analysis. The limit equilibrium stability analysis method assumes continuous slip planes and a 

known failure mechanism. However, this assumed knowledge of the location and mode of failure 

mechanisms may result in over or under conservative design recommendations. The kinematic 

analysis on the other hand does not consider all attributes of fractures; it only uses fracture 

orientation. This method ignores other attributes such as fracture length, fracture condition and 

intensity. The method also assumes infinite continuity of fractures. Similar to the limit equilibrium 

method, this may result in over or under conservative design recommendations. 

A Discrete Fracture Network (DFN) is defined by Lei, et al. (2017) as a computational model that 

explicitly represents the geometrical properties of each fracture, and the topological relationships 

between individual fractures and fracture sets. DFN models offer the opportunity to take into 

account variability due to joint geometrical properties. Stochastic simulation of fracture systems 

is the geometric basis of the DFN approach and plays a crucial role in the performance and 

reliability of DFN models (Jing & Stephason, 2007). Probabilistic density functions (PDFs) are 

used to describe geometrical parameters of fracture sets related to the density, location, orientation 
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and size, based on the collected geotechnical data (Balzarini, et al., 2001 as cited in Jing & 

Stephason, 2007). 

The validity and accuracy of any DFN model are heavily dependent on the data collection practices 

followed. Published data collection best practice must be followed to ensure that the output DFN 

model produced closely represents reality (Miyoshi et al., 2017). Thus, the research will follow 

the data collection best practices and build a DFN model from the collected data. The DFN model 

will then be used for statistical analysis of rockfalls. The minimum and maximum predicted 

rockfall sizes will be recommended for use in the mine to determine minimum and maximum 

bench catchment capacity requirements. 

 

1.2 Purpose of Research 

Jwaneng Mine started a new pushback (Cut 9) at the start of 2019 on the western part of the open 

pit. Overall slope stability geotechnical risks on this part of the open pit are as low as reasonably 

possible (ALARP). The main contributing factor to this ALARP state of slope instability is the 

favourably oriented bedding. Bedding on the western side of the pit dips into the wall. However, 

the probability of rockfall risk remains elevated. The rockfall risk is elevated by the numerous 

interactions of existing joint sets, faults and bedding planes. The maximum size of the expected 

rockfall is therefore the single most important factor that determines the size of the designed 

catchment area. Rockfall in the context of this research refers to rock failures and potential rock 

failures that are less than a bench in size. The rock failures must be defined by the interaction of 

natural fractures in rock (joints, bedding and faults). 

On the western wall of the pit, Jwaneng Mine is currently exploiting Cut 7. From the various 

exploration regimes undertaken, geology and structural geological conditions are expected to be 

similar between Cut 7 and Cut 9. The researcher will therefore use Cut 7 as a case study and apply 

learnings to the Cut 9 walls.  

The researche seeks to use a DFN model to determine the possible minimum and maximum 

rockfall sizes that result from the interaction of the natural fractures. A DFN model is deemed to 

be the best methodology for conducting this research because they (DFNs) are a probabilistic 
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representation of potential rock failure behaviour. Due to its probabilistic nature and incorporation 

of structural properties, the DFN has been proven to be a suitable method for representation of 

structural uncertainty in rock masses. The use of the DFN model for this analysis is expected to 

improve the accuracy of design recommendations and statistical rockfall risk predictions. 

 

1.3 Problem Definition 

Jwaneng Diamond Mine’s western slopes have an ALARP state for the overall slope stability. 

However, these western slopes have an elevated risk of rockfalls. Current slope monitoring 

techniques such as terrestrial radars are not capable of proactively detecting potential rockfalls 

which places personnel and equipment at unacceptable levels of risk. Developing an accurate 

representation of the rock mass fabric is a key element in a rock fall hazard. Well calibrated models 

(using an optimal number of fracture properties) can be used to ‘predict’ potential rockfalls.  

The mine currently uses stereographic projection for statistical analysis of rockfalls. This technique 

utilises orientation data (dip and dip direction) of natural fractures/geological structures (joints, 

faults and bedding) that have been mapped. The stereographic projection supports analysis of 

possible failure mechanisms (that is planar, wedge, toppling or circular failure type) that are most 

likely to occur from the interaction of the plotted geological structures.  However, the stereographic 

projection technique has the following limitations: 

- It does not consider the physical location of structures in relation to one another. Thus, it 

may predict interaction on geological structures that are many kilometres apart and do not 

have sufficient persistence to ever interact with one another; 

- It assumes an infinite continuity/persistence of all fractures that are being analysed.  This 

may over-estimate the number of possible failures from the interaction of the analysed 

structural failures; and 

- This method also ignores all other fracture properties that are important in determining the 

strength and failure susceptibility of a fracture. Properties that are not considered when 

using stereographic projection include fracture length, fracture intensity, spatial variation 

and termination percentage. 
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This research seeks to use DFN modelling for statistical analysis of rockfalls in Jwaneng Mine. 

Numerous authors including Elmo et al. (2015) have proved that DFN modelling can overcome 

many of the above-identified limitations of stereographic projections. 

 

1.4 Research Objectives 

A DFN model is arguably a superior tool for rockfall analysis. The goal of this research is to 

interrogate a constructed DFN model for rockfall risk identification and quantification so that 

appropriate mitigation is recommended. To achieve this, the objectives of the research are as 

follows: 

• To construct a DFN model using the OPS SiroModel software; 

• To conduct a statistical rockfall analysis from a constructed DFN model; 

• To compare results from a stereographic projection and DFN model where possible; and  

• To recommend improvements to bench designs in Jwaneng Mine where applicable. 

 

1.5 Assumptions 

The following assumptions will be made in this research work; 

• The chosen method of data collection – that’s is laser scanner mapping has acceptable error 

limits and will therefore yield data of acceptable quality; 

• The chosen modelling software (OPS SiroModel) has acceptable limitations; and 

• Near-surface analysis is being considered. Dry bench conditions exist near-surface and thus 

there will be no pore pressure considerations in the model. 

 

1.6 Chapter Overview 

In this report, Chapter 2 gives the background of the study area that includes; the geographical 

setting of Jwaneng Mine, the geological as well as the geotechnical setting of Jwaneng Mine as 

reviewed from the available literature. The geotechnical review of Jwaneng Mine presents a 

deficiency that is to be addressed by this research. Chapter 3 is a presentation of currently available 
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literature on DFN modelling. This chapter is not provided as a complete reference to DFN 

modelling. Rather, the chapter provides summaries on DFN literature, DFN model data 

requirement and DFN model building process. Chapter 4 is the research methodology chapter that 

presents the method of data collection utilised as well as the collected data. This chapter also 

provides the reader with quality assurance and quality control protocols that were employed to 

ensure that data is compliant to set industry standards. The research methodology chapter also 

provides analysis of collected data. The analyzed data forms an input into the DFN modelling, 

which is the objective of this research project. Chapter 5, the DFN model building and calibration 

chapter, is a summary of inputs into the SiroModel software. The chapter also discusses the various 

calibration processes that were undertaken to ensure that the model simulation correctly represents 

field observations. SiroModel block model results and analysis are presented in Chapter 6. The 

block model was generated from one hundred Monte Carlo simulations. Adequacy of the one 

hundred Monte Carlo simulations was tested by ensuring that they fill the histogram. Chapter 7 

presents the conclusions and recommendations based on this research. 
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2 GEOTECHNICAL SETTING 

 

2.1 Jwaneng Mine Background  

Jwaneng Diamond Mine is located in the southern part of Botswana which is approximately 160 

km from Gaborone along the Kanye-Ghanzi highway. On the grid reference the mine lies between 

S024.30º S024.7º and N 024.30º N024.58º. The geomorphology of the Jwaneng area is relatively 

flat and can be accessed by vehicles (Debswana, 2018). 

Jwaneng Mine is a 50/50 joint venture between the Government of Botswana and the DeBeers 

Group of Companies. This mine is the largest diamond producer by value in the world (Debswana, 

2018). The Diamond mine utilises split shell pushbacks, that is, a new open pit pushback is 

undertaken on only half of the existing open pit along the open pit long axis. The split-shell 

pushbacks are done on the eastern and western sides of the open pit alternatively along the long 

pit axis as shown in Figure 1. A vertical section through the various open pit expansions is also 

shown on this Figure 1. 

 

Figure 1: Jwaneng Mine open pit expansion – split shell open pit expansion adapted from 

(Debswana, 2017) 
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The current open pit has dimension of width of 1.7 km (pit short axis), length of 2.5 km (pit long 

axis) and depth of 400 m. The current pushback on the eastern side of the pit, Cut 8, is expected to 

extend the life of mine to year 2029 and depth of 652 m. The mine began excavation of Cut 9 in 

January 2019. This pit expansion is scheduled to start ore extraction in 2029 and extend the life of 

the mine by another 5 years to 2034 to a depth of 823 m (Debswana, 2017). 

 

2.1.1 Lithology and Geological Structure of Jwaneng Mine 

According to Moore, et al. (2001), the Transvaal Supergoup is a late Archaean to early Proterozoic 

succession of meta-sediments within the Kaapvaal Craton. It contains three unconformity bounded 

sequences. The base of these three unconformity bounded sequence is typically the basal quartz 

arenites, overlain by the dolomite and the iron formations form the roof. The detailed 

lithostratigraphy is shown in Figure 2. 

 

Figure 2. Locality map, showing the distribution of the major subdivisions of the Transvaal 

Supergroup (adapted from Moore et al., 2001) 
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The Transvaal Supergroup is preserved in two different geographic locations - the Transvaal Basin 

and the Griqualand West Basin. The Griqualand West Basin seats on the western margin of the 

Kaapvaal craton that extends into South-East Botswana as part of the Kanye Basin. Jwaneng Mine 

is part of the Kanye Basin sequence (Moore, et al., 2001).  

According to Mapeo and Wingate (2009), the Kanye Basin sequence has the Taupone dolomites 

as its base, overlain by the Segwagwa Group sequences. The Rooiberg Group which is present in 

the Transvaal group have been eroded and are not present within the Kanye Basin. The detailed 

lithostratigraphy of the Kanye Basin is shown in Table 1. This table, adapted from Mapeo & 

Wingate (2009), also shows the description and ages of the different formations within the Kanye 

Basin. 

 

Table 1. Kanye Basin sequence (adapted from Mapeo and Wingate, 2009) 

 

 

Jwaneng Mine exploits three main diamondiferous kimberlite pipes which have intruded a 

sedimentary sequence. The mine lies on the Kanye Basin, which is situated on the Pretoria Group 

of the Transvaal Supergroup that was set in the Proterozoic period. The diamondiferous kimberlitic 

pipes have intruded a succession of sedimentary rock formations of shale and dolomite. Dolerite 

sills and dyke also intrude the country-rock.  The strata surrounding the mine varies between dips 

of 10˚ - 40˚ towards the northwest (Barnett, 2008).  
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According to Barnett (2008), the Jwaneng stratigraphic sequence begins with the Kalahari 

sequence, which is comprised of sand and calcrete, which is then underlain by a succession of 

shales. A chert pebble conglomerate horizon locally termed bevets acts as a marker bed within the 

quartzitic shales. The dolomite which has variable thickness, forms the base rock for the Jwaneng 

stratigraphic sequence. The Jwaneng stratigraphic sequence is shown in Table 2. 

 

Table 2. Stratigraphic Sequence of the Jwaneng country rock (adapted from Barnett, 2008)  

Typical Thickness (m) Rock Type Rock Code 

15-20 Sand Sand 

40 Calcrete Calcrete 

Residual Laminated Shale LS 

30 Carbonaceous Shale CS 

135 Quartzitic Shale QS 

0-4 Bevets BVT 

Variable Dolomite DM 

 

Numerous authors including Mapeo & Wingate (2009) and Creus, et al. (2018) accept that the 

Transvaal Supergroup, as observed in Jwaneng Mine, which is a part of Kanye Basin have 

undergone three deformational events. The three deformational events are discussed below: 

“a. An early compressional, NW-SE, fold-and-thrust event resulted in, firstly, development 

of low-angle thrusts, followed by NE-trending, open F1 folds. A diverging fanning axial 

planar cleavage formed around these open F1 folds, that broadly trends NE. 

Analysis by Creus et al. (2018) suggest that the D2 deformation event occurred in two 

stages: 

b. D2 is inferred to be a progressive deformational event in which there was clockwise 

rotation of the maximum principal stress from NW-SE direction to a NE-SW direction. The 

first stages of this deformational event resulted in oblique, left lateral shearing along pre-

existing cleavage planes around F1 folds. Locally, reactivated cleavage planes merged with 
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thrust planes to form rotated half-grabens. Shearing along the NE-trending cleavage was 

accompanied by the development of antithetic structures. 

c. The latter stages of D2 saw the resolution of strain by further folding. The principal 

stress direction would have been NE-SW, resulting in the formation of open, broad, NW 

trending F2 folds. A weakly-fanning cleavage planes developed around F2 folds. 

d. The dominant structures at Jwaneng Mine are normal faults that exploited pre-existing 

structures during NW-SE extension. The dominant fault set is NE-trending and exploited 

cleavage around F1 folds. Subordinate faults terminate against NE-trending faults, and 

exploited antithetic structures and cleavage around F2 folds. This network of faults created 

a series of “diamond- or rhomboid-shaped” blocks with variable rotation within each 

block, especially at termination points of N-trending and NW-trending faults,” (Creus, et 

al., 2018). 

Figure 3 is a pictorial representation of the three deformational events as interpreted by Creus, et 

al. (2018) in Jwaneng Mine. 

 

 

Figure 3: The three deformation events observed in Jwaneng Mine adapted from Creus et al. (2018) 



 

11 
 

2.1.2 Geotechnical Domains of the Jwaneng Open Pit 

The first known structural model of Jwaneng Mine was developed by Dirks (2001). As new better 

and technologies for data collection and analysis are developed, the structural model of Jwaneng 

Mine is continuously reviewed and updated to reflect the new structural picks. The reviews are 

undertaken by the mine with  expert advice from various consulting groups which include SRK, 

TECT and ITASCA.  

The major structures which are dominantly NE – SW striking faults are used to define the 

geotechnical domains.  These faults are down-thrown to the southeast and compartmentalise the 

shallow to intermediate northwest dipping strata into domains, which are the aforementioned 

geotechnical domains. Figure 4 shows the major changes in the definition/identification of 

geotechnical domains that resulted from structural model updates over time.  

 

 

Figure 4. Chronology of Jwaneng geotechnical domains with structural model update 

 

In using the dip of strata to define the geotechnical domains, Jwaneng structural model updates 

turn to focus more on the bedding. This biased focus on bedding resulted in minimal analysis of 

other finite fractures such as joints. The limited research on joint interaction increased significantly 

with the mining of Cut 8 on the eastern half of the Jwaneng open pit. Bedding on the eastern side 
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of Jwaneng Mine daylights into the open pit and has been identified as the major controlling factor 

for open pit stability overriding the non–discontinuous jointing within the slope.  

Jwaneng Mine the started mining of Cut 9 in January 2019. This cut is on the western side of the 

Jwaneng open pit. Available research work todate in the Jwaneng open pit has focused on large 

scale faults and bedding orientation. Bedding on the western side of the open pit is favourable as 

it dips away from the pit (into the wall). Opportunities for optimization of the Cut 9 open pit shell 

exist in optimising catchment bench width. Currently, Jwaneng Mine define bench width as per 

the empirical formulae developed by Call and Nicholas International Mining Consultants. The 

formulae as shown in Ryan & Pryor (2000) suggests that bench width is estimated by: 

𝒃𝒆𝒓𝒎 𝒘𝒊𝒅𝒕𝒉 (𝒎) = 𝟎. 𝟐 × 𝒃𝒆𝒏𝒄𝒉 𝒉𝒆𝒊𝒈𝒉𝒕 + 𝟒. 𝟓   …………………………… Equation 1  

 

This is an empirical formula, and since it was not generated with Jwaneng Mine specific data, it 

does not consider the local site conditions. This research will present a new DFN approach to 

designing catchment benches by determining rockfall size distribution for the research area. This 

rockfall size distribution will be provided as a Jwaneng site-specific input to the bench width 

estimation. 

 

2.2 Chapter Summary 

This chapter introduces the Jwaneng open pit expansion methodology – split shell mining. The 

chapter also covers the lithological and structural setting of Jwaneng Mine within the Transvaal 

Supergroup. The three deformational events as observed on the Jwaneng Mine stratigraphy are 

discussed. Jwaneng Geotechnical domains which are defined by the dominantly NE – SW striking 

faults are discussed.   Chapter 2 concludes by showing the criticality of this research in deriving 

site-specific constants as input into bench design.
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3 LITERATURE REVIEW 

 

3.1  DFN Overview 

The use of DFN modelling was borne in the early 1970s out of the need to characterise and model 

fluid percolations in natural fractures (Dershowitz & Einstein, 1988). These studies gained wider 

practice in the rock engineering fraternity during the 1980s (Xu & Dowd, 2010). According to 

Grenon, et al. (2016), DFNs have found many applications within the mining field. DFNs can be 

used independently to study structurally defined wedges and unstable blocks. They can also be 

used for in-depth reseach of rock mass strength when they are embedded within numerical 

modelling codes. 

A DFN is defined as a computational model of rock mass defects that explicitly represents the 

geometrical properties of each fracture, and the topological relationships between individual 

fractures and fracture sets (Lei, et al., 2017). According to these authors, a DFN can be generated 

from geological mapping or geomechanical simulation to represent different types of rock 

fractures such as joints, faults, veins and bedding planes.  

Historically, patterns of fractures have been mapped from the exposure of rock outcrops or man-

made excavations to study the process of fracture formation (Pollard & Segall, 1987). More 

recently, digitised outcrop analogues have been used to build DFNs for numerical simulations (Lei, 

et al., 2017). Many outcrop-based DFNs have been constructed by various researchers for 

modelling natural fracture systems (Griffith, 2009). Some terrestrial remote sensing techniques 

such as photogrammetry were introduced to assist with the mapping of large-scale trace of 

fractures (Jones, et al., 2016). It is noteworthy that the fracture data collected by a remote sensing 

method was calibrated by comparing the results with in-situ measurements (Lei, et al., 2017). The 

outcrop based DFN model has the advantage of preservation of natural fracture features as well as 

unbiased characterisation of complex topologies.  

The stochastic DFN approach applies to both 2D and 3D analyses and it is suitable for application 

to various scales (Lei, et al., 2017). The key input data for the stochastic DFN model involve 

deterministic (mapping) and statistical data of fracture length, orientation, location, shape and their 
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correlation. However, this deterministic/stochastic DFN geometrical representation has some 

limitations such as uncertainties in statistical parameters and oversimplification of fracture 

geometries and topologies (Mathis, 2014).  

Recent studies on the use of DFN models have shown that the development of hybrid DFN models 

that assimilate the advantages of both stochastic and deterministic approaches generate better 

fracture networks that simulate actual geological systems. DFN modelling is increasingly being 

used in addressing various geotechnical and mining engineering problems (Elmo et al., 2014). 

However, many authors indicate that the success of the DFN approach, as with all modelling, 

depends on the fracture data quality and quantity available. Thus, the DFN based modelling must 

take into consideration the fracture data collection techniques used. Statistically rigorous fracture 

data collection techniques are mostly recommended by the experts of DFN modelling for the 

model to produce the required results (Mathis, 2014). 

 

3.2 Data Collection and Validation 

When conducting data acquisition for DFN modelling, a Geoscientist is required to focus attention 

on the characteristics of individual discontinuities. Therefore, the DFN based methods can 

highlight  deficiencies and biases that may be present in rock mass sampling programmes that 

support all downstream geotechnical analyses.  

According to Elmo, et al. (2015), in DFN modelling structure characteristics including spatial 

location, intensity, orientation and size are statistically analysed and exploited to create a 3D 

representation of the rockmass. This maximises the use of structural information thereby providing 

a near-real representation of the rockmass and its condition. 

Different data collection techniques introduce different biases to the collected data. The data has 

to be corrected for these biases before use. The most common data biases encountered in modelling 

including DFN modelling are discussed. The applicability of these biases in the current research 

is also discussed. According to Mauldon (1998), ‘the stochastic structures in the DFN should be 

statistically equivalent to those within the rock mass,’ provided the sampling biases are adequately 

accounted for.  
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Zhang and Einstein (2000) identified four (4) possible data errors due to biases associated with 

data collection methods. The errors are discussed in the following sections. 

 

3.2.1 Orientation Bias 

Orientation bias may result in over or under-sampling of certain fracture sets due to the orientation 

of the mapping direction (data collection) relative to the orientation of the structure. Structures 

oriented parallel to the mapping direction will be under-sampled (Read and Stacey, 2009).  

Terzaghi Weighting introduced by Terzaghi in 1965 is the most commonly applied method to 

correct for orientation bias. This orientation bias correction method has been observed to introduce 

errors in linear and planar mapping/sampling when the sampling domain is sub-parallel to the 

existing fractures (Mauldon and Wang, 2006). An angle of 15° has been cited as the minimum 

angle difference between the sampling domain and the existing fractures for reliable application 

of Terzaghi Weighting.   

For this project, the planar sampling window was sub-parallel to some fracture sets and hence the 

Terzaghi Weighting could not be applied. The simulated DFN fractures were validated by 

correlating them to those observed on the rock mass. The correlation was achieved through 

utilisation of photographs of the research area. 

 

3.2.2 Size Bias 

Logically that large joints will be sampled more often than small joints. ‘This bias affects the 

results in two ways: (a) a larger joint is more likely to appear in an outcrop than a smaller one; 

and (b) a longer trace is more likely to appear in a sampling area than a shorter one’ (Zhang and 

Einstein, 2000). Size bias is formally accounted for, for assumed joint size distributions using DFN 

codes based on stereological principles. 
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3.2.3 Truncation Bias 

Truncation, according to Zhang and Einstein (2000), refers to the omission of some fractures from 

measurement as they are below a certain cut off point. Warburton (1980) suggested a method that 

can be used for truncation bias correction. For this project, truncation bias on trace lengths was 

greatly reduced by reduced truncation levels when conducting mapping from laser scanning data. 

Truncation level was based on empirical analysis of historic rockfalls in the research area. 

 

3.2.4  Censoring Bias 

According to Elmo, et al. (2014), censoring bias is introduced in data because long fracture traces 

cannot be measured due to the limited extent of the rock exposure. Censored fractures have traces 

that extend beyond the mapping window. Various authors including Priest (1993), Mauldon (1998) 

and Zhang and Einstein (2000) have discussed in detail ways of correcting this bias to the unbiased 

trace length of fractures.  

As will be presented later, censoring bias is not applicable in the current research because fractures 

have been assumed to be fully persistent throughout the research area (based on a detailed analysis 

of the structural mappings for the research area). 

 

3.3 DFN Model Generation Process 

Elmo, et al. (2015) have suggested the fracture properties required to develop DFN models as 

shown in Table 3.  

Table 3: DFN model properties (adapted from Elmo, et al. 2015) 

Primary Secondary 

Orientation distribution Aperture distribution 

Fracture length distribution Fracture shear strength properties 

Fracture intensity distribution Fracture stiffness properties 

Termination percentage Transmissivity distribution 

Spatial variation Storativity distribution 

 Termination percentages 
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The two columns of properties; primary and secondary show the fracture properties that are 

required depending on the ultimate use of a DFN model. For all DFN modelling and 

geomechanical models, only the primary attributes are essential. However, if the DFN is to be used 

in hydraulic modelling, the secondary attributes will need to be collected over and above the 

primary attributes. This research will be focused on geomechanical DFN modelling, as thus only 

the primary fracture properties were collected.  

Various authors including Elmo, et al. (2015) and Miyoshi, et al. (2017) have outlined a general 

process for the analysis of a DFN model. According to Miyoshi, et al. (2017), the DFN model 

requires the input of the structural mapping field data grouped into fracture spatial model, fracture 

orientation, fracture intensity, fracture size and fracture termination. These inputs are discussed in 

the following sections. 

 

3.3.1 Fracture Spatial Model 

The fracture spatial model defines the way structures are distributed in a 3D space. Spatial models 

can be defined as either stationary or non-stationary models. The differences in these define 

“specific distribution laws used to simulate fracture orientation and fracture location” (Elmo, et 

al., 2015). Various authors including Dershowitz & Einstein (1988) and Staub, et al. (2002) 

discussed possible models that can be used for defining fracture system models. A summary of the 

various available methods for simulating fracture spatial model is presented in Table 4 after Staub, 

et al. (2002). 
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Table 4: Main review of the DFN model applicability (adapted from Staub, et al. 2002) 

 

According to Elmo, et al. (2015), the choice of a specific model for use is dependent on the field 

data assumptions and geological observations. The Enhanced Baecher model and the BART model 

have been recognised to be appropriate for use in most general cases. The Baecher model assumes 

log-normal radii and randomly distributed centroids. 

SiroModel uses the Baecher model as the default model. However, it allows one to vary the model 

used which is what the research used. Further, domain based DFN generation is supported allowing 
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the simulation of complex 3D DFN. The researcher used persistent radii and enforced negative 

exponential spacing with single discontinuity per position. 

 

3.3.2 Fracture Orientation 

ISRM (1981) described fracture orientation as the attitude of a discontinuity in space. This attitude 

can be represented by the measured dip and dip direction or dip and strike. Fracture orientations 

used in this research have been sampled from rock faces through the use of laser data collection 

techniques. Other reliable sources of fracture orientation include photogrammetry, direct core 

logging and televiewer (Elmo, et al., 2015). 

 

According to Elmo, et al. (2015), aggregate or disaggregate statistical approaches can be utilised 

to generate DFN models of fracture orientation. In the disaggregate statistical approach which will 

be used in this research, the user generates individual models per fracture set. The generated 

statistical model can be represented through any distribution including Fisher, Bingham bivariate 

Fisher and bivariate Bingham. Of these, the Fisher distribution is most commonly used because it 

is the “analog of the normal distribution for fracture data, and because of the ease to derive 

parameters from field data,” (Staub, et al., 2002).  

One other distribution for the representation of fracture geometry is the bootstrap distribution. 

However, this distribution is only applicable if the orientation data is highly dispersed making it 

hard to define fracture sets. For this research, the disaggregate approach with a normal distribution 

was utilised (mean and standard deviation were used to populate the model). The disaggregate 

approach was selected for the research because it allows for more details as  individual models are 

generated per fracture set. 
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3.3.3 Fracture Terminations 

There is a direct correlation between fracture connectivity and fracture terminations which is 

important in the understanding of rock mass behaviour (Miyoshi, et al., 2017). X-type and T-type 

terminations shown in Figure 5 are the most encountered fracture terminations.  

 

Figure 5: T-type and X-type termination (adapted from Elmo, et al. 2014) 

T-type terminations represent the order in which fracture sets occurred in nature (e.g. stratigraphic 

unit with cross-beds joints) Elmo, et al. (2014). For this research project, based on structural 

mapping from the study area, X-type terminations have been assumed because all fracture sets 

cross one another making it impossible to determine their depositional sequence. However, all sets 

terminate against prescribed domains (an assumed fault area) indicating that the faults are younger 

than the fracture sets, hence the faults truncates all fracture sets. 

 

3.3.4 Fracture Length Distribution 

The fracture length distribution is defined by ISRM (1981) as the trace length of a discontinuity 

as observed during mapping. Elmo, et al. (2015) cautioned that for DFN modelling, it is critical to 

differentiate between fracture length (as mapped from rock faces) and fracture radius (radius of a 

circle equivalent to a polygonal fracture). As previously discussed, the research assumed full 

persistence over the research area as observed during mapping data. 
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3.3.5 Fracture Size/Radius 

Fracture size is defined as an equivalent radius if the fracture under investigation is assumed to be 

circular (Miyoshi, et al., 2017). The fracture size information can be acquired from rock faces 

through cross-examination during site investigation or mapping (Jambayev, 2013). The acquired 

data can provide a general idea of the length of the fractures. However, the fracture size of a rock 

cannot be measured directly from boreholes as most of the fracture are very much larger than the 

drillhole cross-section (Pointe, et al. 1993). For instance, in hundreds of observed core fractures, 

only a few do not completely cut through the drilled core.  

The research assumed full persistence over the research area as observed during mapping data. 

Therefore, there was no requirement for this project to infer fracture size from fracture traces. 

 

3.3.6 Fracture Intensity 

Fracture intensity has been defined by Dershowitz and Herda (1992) as ‘the surface area of 

discontinuities per unit volume.’ Both the size distribution and the number of discontinuities are 

required for calculating the fracture intensity. Fracture intensity is referred to as Pij intensity, where 

the subscript i refers to the dimensions of the sample, and subscript j refers to the dimensions of 

measurement. The fracture frequency cannot be collected from the currently available sources of 

data for DFN modelling. 

For SiroModel, fracture intensity is an output derived from fracture properties. It combines how 

often a fracture occur (fracture frequency) and how big the fracture is (fracture size). It is a measure 

that can be used to assess rock quality and fragmentation for both geotechnical and 

hydrogeological applications. Investigation of fracture intensity is not part of the objectives of the 

current research, therefore it was not analysed. 
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3.4 SiroModel Software 

A number of DFN modelling codes are currently available. Almost all of the available computer 

modelling codes have been proven through peer and industry review to be fit for purpose. Some 

of the DFN modelling codes are FracMan, FracSim and SiroModel. The research has utilised 

SiroModel for analysis in this project.  

The Open Pit Simulator (OPS), also known as SiroModel, was developed by CSIRO for the Large 

Open Pit Mine Slope Stability Project of which Debswana is a sponsor and has subsequently 

undergone many enhancements. The SiroModel application allows the user to create a structural 

model of a section of an open pit excavation. It also includes a multi-function discrete fracture 

network (DFN) generator. This allows deterministic discontinuities such as bedding planes and 

faults and daylighting or confirmed joints (called deterministic joints) to be added to this model. 

Random joints (called stochastic joints) can be generated upon each simulation based on the 

statistical parameters for each joint set (Elmouttie, et al., 2010)  

Termination settings can be used to control the way various discontinuity sets terminate against 

each other. The software will determine the intersections of all these structures and the presence 

of all complete blocks within the model, known as a block model. Statistics on each block can be 

calculated and the blocks can be viewed individually or as an ensemble. Rigid block limit 

equilibrium stability analyses can also be performed. For confidence in interpreting results from 

simulations using stochastic joints, a batch of simulations can be run constituting a Monte Carlo 

analysis. The aforementioned analysis tools can then be used on this batch of simulations. The 

SiroModel software supports the Baecher model and its variants. The fundamental assumption of 

the Baecher model is that fractures have either circular or elliptical shapes (Dershowitz & Einstein, 

1988). 

 

The software has a DFN generator to provide a practical simulation of rock mass heterogeneity, 

and polyhedral modelling techniques to model parts of an open pit excavation for slope stability 

analyses (Adhikary, et al., 2016). The DFN generator embedded in SiroModel works based on the 

availability of information regarding the spatial distribution of the joint sets during mapping. This 

information includes the dip angle, the dip direction, fracture orientation, thickness, and fracture 
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size. According to Elmouttie & Karekal (2017), this information is highly significant in predicting 

the occurrence of daylighting wedges or block stability of the highwall.  

 

SiroModel can create many realisations/simulations of DFNs by utilising the Monte Carlo 

simulation. This simulation provides the basis for statistical analysis that can be utilised in making 

informed decisions during mining implementations. Some of the output models/graphs that the 

research utilised (and will be presented in the results chapter) are hazard map, block location, block 

volume, back break and bench retention. 

 

The SiroModel software has a limitation in that it cannot detect flexural toppling This limitation 

does not have any impact on the current research area since the major failure mode is wedge failure. 

 

3.5 SiroModel DFN Application to Open Pit Mines  

SiroModel generated DFN modelling is not yet extensively used in rockfall analysis of open pit 

mines.  However, Thoeni, et al., (2011) have used DFN modelling for rockfall analysis in open pit 

coal mining. The authors utilised SiroModel to identify complex polyhedra (rock blocks) and 

thereby achieve an estimated unstable block size distribution. The unstable block distribution was 

then utilised in association with site-specific constants to predict rockfall trajectories and 

velocities. This enabled the open pit coal miner to better assess and quantify the residual risk and 

required mitigation. 

 

3.6 Chapter Summary 

The reviewed literature gives the reader summary of the overview of DFN modelling, DFN model 

input considerations and requirements. This chapter also provides a brief overview of SiroModel,  

the selected software for the DFN building in the research area. The SiroModel overview is not 

designed to be a complete reference in the use of the software package. Available sources and 

formal training on the use of the SiroModel software is referenced. The literature review chapter 

also provides a practical case of SiroModel built DFN applications in an open pit coal mine. It is 

worth noting that there are not many cases that have been found on this regard. This is partly 
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attributed to the fact that SiroModel is not yet available as a commercial software. As thus the 

software is only available to its sponsors such as Debswana, De Beers and Anglo American. 
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4 RESEARCH METHODOLOGY 

This research investigates the potential optimisation of bench width by quantifying the Jwaneng 

site-specific rockfall distributions.  

The following methodology was observed when conducting the project: 

• Laser scanning mapping of the research area to collect relevant fracture properties; 

• Analysis and validation of collected mapping data; 

• Modelling of the fracture data using the SiroModel DFN modelling software; and 

• Model interpretation, conclusions and recommendations for guidance in decision making. 

 

4.1 Selection of a Research Area 

The research area shown in Figure 6 is the Jwaneng Mine Cut 7 western walls.  

 

Figure 6: Research area (a) Location of research area within the Jwaneng open pit (b) 

Overview/large scale view of Cut 7 walls study area (c) & (d) Close-up view of typical fracture 

orientations/interactions within the Cut 7 research area 
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There is an elevated risk of rockfalls on these walls when compared to the rest of the open pit. This 

area was selected for the research because it offers the research and the mine an opportunity to 

optimise bench width designs through the investigation of rockfall distribution. The selected 

portion of the Cut 7 walls offers a good representation of fracturing/jointing on the western walls. 

Investigation of Cut 7 walls also provides an opportunity to optimise the newly started Cut 9 

pushback. The Cut 9 pushback is the open pit expansion currently being implemented directly 

behind the Cut 7 walls. Applicability of results from the Cut 7 research is possible because various 

data collection and analysis regimes undertaken in the mine have proven geological (lithology and 

structure) persistence. 

 

4.2 Data Collection and Manipulation 

DFN data can be collected from good quality-oriented core samples. The data can also be collected 

by utilising, either conventional or digital mapping techniques. For this research, laser scanning 

mapping (which is a type of digital mapping technique) has been used for data collection.  

The laser scanning mapping technique has been a favoured instrument for use in this project 

because it allows for remote mapping thereby keeping personnel from the elevated rockfall risks 

under the open pit high-walls. Other advantages of laser scanning mapping include its speed, high 

data density, accuracy and precision in terms of measurement.  

 

4.2.1 Laser Scanning – Survey Positioning 

Jwaneng mine surveyors have outlined a thorough process to ensure that data collected in the open 

pit satisfies industry acceptable accuracy in terms of geospatial referencing and location.  To 

achieve this, the Jwaneng Mine Survey Control Network is utilised. A Survey Control Network is 

a group of survey beacons interconnected in relation to their geospatial position, as shown in Figure 

7 (not to scale). 
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Figure 7: Jwaneng Mine Survey Control Network 

 

In Jwaneng Mine, a survey beacon is constructed by drilling through the Kalahari sand to hard 

rock. A reinforced concrete pile is then constructed into the hole protruding the ground level by at 

least 1.5 m. Piling is done to ensure that there is no horizontal or vertical movement after concrete 

settlement resulting in an unstable beacon. A survey beacon constructed as per Jwaneng Mine 

standard is shown in Figure 8.   
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Figure 8: Jwaneng Mine Survey Beacon 

 

Jwaneng Mine beacons within the Survey Control Network are categorised into three types based 

on the proximity to the pit and therefore inherent long term stability of the beacon;  

1. Tertiary beacons are located in the open pit where there are mining activities such as 

drilling, blasting and movement of heavy machinery. These beacons are used for survey 

measurements and geo-referencing in the open pit. The accuracy of these beacons maybe 

compromised by mining activities. Survey integrity checks are conducted on these beacons 

daily before use.  

2. Secondary beacons are located outside the mining area but within 3 km of the open pit 

relaxation zone. Survey integrity checks are also performed on these beacons before they 

are used for any survey measurements to ensure that they are within tolerable error limits.  
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3. Primary beacons are placed at distances greater than 3 km of the open pit relaxation zone, 

on ground that is assumed to be continually stable. Survey integrity checks are done on 

these beacons once a year to ensure that they are within tolerable error limits. 

Survey integrity checks are done on the entire survey control network to the same survey accuracy 

through static GNSS observations method followed by the post-processing of raw GNSS data for 

horizontal control. The vertical control survey checks are done through precise levelling. The post-

processing and levelling results are sent to the Department of Surveys and Mapping at the Director 

General’s Office for approval and filing. 

 

4.2.2 Laser Scanning – Data Collection 

A 100 m long face was scanned using the Maptek I-Site 8820 Laser Scanner shown in Figure 9. 

According to Maptek (2019), the vendor of the laser scanner, the I-Site 8820 laser scanner has a 5 

mm range accuracy and 4 mm repeatability at a range of 100 m.  

 

Figure 9: The Maptek I-Site 8820 Laser Scanner 
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The laser scanner itself does not have any on-board GNSS facility. So, to localise the point cloud 

coordinates to the open pit, georeferencing is conducted (also known as laser scanner registration) 

to convert the laser scanner coordinate system to the local coordinate system. 

This registration is done by the use of two survey control points:  

1. The first being the laser scanner’s occupation point, which is observed by a roving GNSS 

receiver placed on top of the scanner to measure the laser scanner’s location. A survey 

check is performed on the roving GNSS receiver before this exercise using the survey 

control network. 

2. The second is the sighting to backsight or reference station. This is done by rotating the 

laser scanner about its occupation point and bisecting the reference station using the 

telescope and crosshairs in the laser scanner. A survey accuracy check is performed on the 

roving GNSS receiver prior to this exercise using at least two secondary beacons, including 

the one to be used as a backsight. 

Comparison of outputs of these two (2) georeferencing methodologies is used to register the laser 

scan and localise the point cloud to the mine grid. 

The laser scanning of the Cut 7 walls was undertaken at the 40 m range (from the highwall). A 

total of three set-ups were undertaken along the 100m long face and stitched together to form a 

point cloud. Through the use of mathematical ratios on range versus face length, the point density 

was calculated to be 1.6mm for the research area. The research area had a 40 m range and three 

setups along a 100 m long face. The image produced and used for this project is shown in Figure 

10. 
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Figure 10: Cut 7 wall image produced from Maptek Maptek I-Site 8820 

 

4.2.3 Maptek PointStudio 8 Structural Mapping  

Mapping was conducted on the Maptek PointStudio 8 software that is provided by Maptek for 

manipulation of data collected using their laser scanners. This software provides various options 

for mapping geological structures. For this research, the ‘extract discontinuities’ tool was used. 

This is a semi-automatic option of mapping structures from a laser scanner generated image. The 

‘extract discontinuities’ tool does the automatic mapping of fracture sets but prompts the user to 

guide it to provide inputs as shown in Figure 11. This figure represents the use-defined settings 

that were applied for the mapping of the Cut 7 walls for the current project.    

 

 

Figure 11: The settings on the automatic mapping tool 
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In Figure 11, the angle threshold refers to the maximum angular difference for two structures to 

be defined as part of the same set. This entity considers both the dip and dip direction of a 

fracture/joint. The selected angle threshold is acceptable industry standard. The ‘minimum area’ 

and ‘maximum area’ are the areal limits of detection of fractures that should be detected and 

mapped. The selection of the limit of detection areas is based on historic observations of rockfalls 

in the Jwaneng open pit. 

Literature has shown that using automatic detection tools may result in over-segmentation of 

fractures. Over-segmentation results in the under-estimation of structure sizes and over-estimation 

of structure numbers. The user-defined settings of extents of areas of detection assist in ensuring 

that over-segmentation does not occur. 

Using the parameters discussed above, the Cut 7 wall was mapped and the fracture sets detected 

are shown in Figure 12(a). Four (4) Fracture Sets were mapped within the Cut 7 walls research 

area. The Fractures are coloured as per the legend on the diagram. This colour scheme will be 

maintained throughout this research report. 

For Fracture Set 4, the minimum area of detection has been reduced to 0.1m2. This reduction in 

size was deemed necessary for a fair sampling of Fracture set 4 considering its poor exposure. The 

poor exposure of this set is because it dips away from the pit and therefore its ‘hidden’ from view. 

Figure 12(b) shows mapped fractures when the area of extent is unconstrained. There is  over-

sampling of fractures when the mapping is unconstrained. 
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Figure 12: Cut 7 wall mapped fracture sets – (7a) is the mapping with user defined limits on area of 

extents (7b) shows fractures where limits were not defined, the system minimum and maximum 

areas of extents were used 

 

4.3 Analysis of Fracture Sets Attributes 

The mapped fracture sets attributes are presented in the following figures. These Figures represent 

the ‘unweighted’ data from the area of study and are discussed in the following sections.  

 

4.3.1 Fracture Orientation 

Figure 13 shows the planes and poles of the fracture sets identified within the study area. There 

are four (4) fracture sets within the Cut 7 walls research area. Fracture Set 4 is synonymous with 

the bedding within the Jwaneng open pit. 
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Figure 13: Stereographic plot of mapped Fracture Sets (planes and poles) 

 

4.3.2 Fracture Spacing 

The fracture spacing, represented in Figure 14 approximate a negative exponential distribution for 

Fracture Sets 1, 2 and 3. Fracture Set 4 is approximately a binomial distribution. 
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Figure 14: Fracture spacing distribution per Fracture Set 

 

4.3.3 Fracture Length Distribution 

The fracture length distribution of all the four mapped fracture sets approximates a negative 

exponential distribution. Given the sampling bias introduced by the automatic detection of 

fractures versus the observation and analysis of the research, domain bound persistent structures 

were deemed to be an appropriate representation. Thus, the fracture length distributions presented 

in Figure 15 were not utilised for this research. 
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Figure 15: Fracture length distribution per set 

 

4.3.4 Fracture Terminations 

As discussed in the literature review, fracture terminations may be difficult to record because both 

X and T terminations may co-exist. However, for this research, X terminations were assumed for 

the Cut 7 research area. 

 

4.3.5 Kinematic Analysis 

Kinematic analysis assess possible bench scale failure through the various failure mechanisms; 

planar, wedge and toppling failure modes. The failure mechanism is defined by the interaction of 

Fracture Sets with the open pit geometry. The Jwaneng open pit research area geometry measured 

and used was dip/dip direction of 90°/155°. Kinematic analysis of the unweighted data. Table 5 
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summarizes the failure percentages per failure mode on the research area. These failure modes are 

discussed in detail in sections 4.3.6 to 4.3.8. 

Table 5: Summary of failure percentage per failure mode on the study area 

Failure mode 
Total number of poles / 

intersection 

Critical poles / 

intersections 

Failure percentage 

(%) 

Planar failure 417 23 5.51 

Wedge failure 85078 38502 45.26 

Direct toppling  417 0 0 

Flexural toppling 417 88 21 

 

4.3.6  Planar Failure 

Authors including Wyllie & Mah (2004) provide the geometry of a possible planar failure such as 

that shown in Figure 16.  

 

Figure 16: Geometry of plane slope failure: (a) Typical view of a plane failure; (b) release surfaces 

at the ends of the plane failure (Wyllie & Mah, 2004) 

 

A planar failure is most likely to occur when the sliding plane strikes parallel to the slope face 

(within ±20°). This sliding plane must have a dip that is less than the slope face but greater than 
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the slope friction angle. A dip angle less than that of the slope face allows the sliding plane to 

‘daylight’ in the slope face. According to Wyllie & Mah (2004), the upper end of the sliding plane 

must either intersect the upper slope or terminate in a tension crack to create an initiation point of 

failure. “Release surfaces that provide negligible resistance to sliding must be present in the rock 

mass to define the lateral boundaries of the slide” (Wyllie & Mah, 2004).  

 

The research used the above guidelines by Wyllie & Mah (2004) and a stereonet to assess the 

possibility of planar sliding on the study area. The results of the assessment are shown in Figure 

17(a).   Figure 17(a) suggests that there is no planar failure in the area of study. A keen 

Geotechnical engineering experience, outlook and analysis becomes vital to realise that the green 

poles (Fracture Set 2) lies just outside the set lateral limits. Figure 17(b) shows increasing the 

lateral limits slightly, by 4°, planar failure is predicted to occur in Fracture Set 2. 

 

Figure 17: Cut 7 walls Planar failure analysis stereographic projection from Maptek I-site software 
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4.3.7 Wedge Failure 

Wedge failure occurs when rockmass slides along the intersection of two planes. Figure 18 adapted 

from Rajesh (2014) shows the geometrical conditions that must be satisfied for a wedge failure to 

occur.  

 

Figure 18: Geometry of wedge slope failure; (a) pictorial view of wedge slope failure; (b) Stereoplot 

showing the line of intersection (Rajesh, 2014) 

 

Rajesh (2014) outlines the following as critical geometrical conditions for a wedge failure; 

• The two planes must intersect behind the slope face and dip out of the wall; 

• The line of intersection of the two plane ‘daylights’ into the open pit, that is, this line of 

intersection must have a dip angle that is less than the slope angle; and  

• The line of intersection of the two planes must have a dip angle that is greater than the rock 

friction angle. 

Following the guidelines of Rajesh (2014), wedge failure potential was predicted as shown in 

Figure 19. From this diagram, it can be observed that all of the intersected Fracture Set 4, which 

has been identified as bedding will fail as wedges.   
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Figure 19: Cut 7 walls wedge failure analysis 

4.3.8  Toppling Failure 

Toppling failure occurs when rock slabs with steeply dipping joints rotate about a fixed point at 

the base of the slope resulting in slippage of the rock layers.  According to Prajapati (2017), it is 

essential for the slabs to dip away from the slope for toppling to occur.  

Two major types of toppling have been defined in literature. The toppling modes are discussed 

below and shown in Figure 20. 

1. Direct toppling – critical overturning moment occurs due to a block centre of gravity that 

lies outside the base of the block.  

2. Flexural toppling – ‘mode of failure involving the bending of interacting rock columns 

formed by a single set of steeply dipping discontinuities, such as regular bedding planes, 

foliation, or joints’ (Adhikary, et al., 1997). 

 

Figure 20: Geometry of toppling failure; (a) Direct toppling along an existing daylighting 

plane/bedding (b) Flexural toppling mechanism (Adhikary et al. 1997) 
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Following these definitions, an assessment of the likelihood of toppling on the research area was 

undertaken. The results of the assessment are shown in Figure 21. The analysis suggests that there 

is no direct toppling as presented in Figure 21(a). However, all fractures of Set 3, representing 

21% of the mapping data, are expected to experience flexural toppling failure as shown in Figure 

21(b).  

 

Figure 21: Cut 7 walls toppling failure analysis (a) Flexural toppling (b) Direct toppling 

 

4.4 Chapter Summary 

Chapter 4 provides an overview of the data collection techniques that were utilised. The chapter 

also provides the quality assurance and quality control protocols that were employed to ensure that 

the data is compliant to set industry standards. 

This chapter also provides an analysis of collected data. The analysed data forms an input into the 

DFN modelling. DFN modelling is the objective of this research project. 
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5 DFN MODEL BUILDING AND CALIBRATION 

A DFN model of the research area was built with open pit geometry properties and rockmass 

properties as shown in Table 6. 

Table 6: Research Area DFN Model inputs 

Attribute name Fracture type 
Dip 

(°) 

Standard 

deviation 

Dip direction 

(°) 

Standard 

deviation 

Orthogonal mean 

trace spacing 

Fracture Set 1 Stochastic 85 1.34 33 1 1 

Fracture Set 2 Stochastic 72 1.37 126 1 0.7 

Fracture Set 3 Stochastic 79 2.15 345 2 0.8 

Fracture Set 4 Deterministic 18 0 289 0 NA 

Open pit geometry NA 90 0 155 0 NA 

Mapped area NA 85 0 155 0 NA 

 

Table 6, represents measured and/or mapped data and associated statistical representation used for 

building the DFN model. The standard deviation represent a very low scatter of the stochastic 

fracture. The low scatter indicate highly uniform orientation of mapped Fractures; this is a good 

representation of observations in the field. 

For stochastic fracture sets, the following attributes were also utilised as inputs: 

• Zone parameter of zero (0); 

• Poisson distribution for joint centres;  

• Exponential distribution for joint spacing;  

• Uniform joint distribution; 

• Fully persistent lengths of fractures; and 

• Enforced terminations within set domains 

For all Fractures Sets, a cohesion of zero (0°) and a friction angle of 36° were used as inputs. Zero 

(0°) cohesion represents a total loss of cohesion on the analysed ‘near surface’ rocks due to mining 

activities such as blasting. The friction angle has been determined from laboratory testing. 
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The success of any model to produce acceptable results is highly attributed to its calibration, that 

is, the level of the model’s success in simulating reality. Successful calibration becomes even more 

critical for models that are to be used as prediction tools for natural phenomena such as rockfalls 

which is the subject of this research. 

 

5.1 Calibration of the DFN Model 

An extensive process was followed to ensure successful calibration of the created DFN model 

before any analysis could be run on the model. The following sections presents the process 

followed to calibrate the DFN model. 

5.1.1 Fracture traces Calibration 

Figure 22 is a calibration of fracture traces simulated within the SiroModel against observed 

fractures in the research area.  

 

Figure 22: SiroModel fracture traces calibration (a) Simulated fracture traces within SiroModel 

software (b) mapped fractures on the study area 
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The simulated traces were achieved by using attributes shown in Table 6 as well as the other 

fracture distributions discussed in earlier chapters. The distribution of the simulated fracture sets 

was controlled by the use of termination laws within set domains. There is an observed acceptable 

correlation between the simulated fracture traces and the mapped fractures; thus, the first step of 

calibration is deemed to be successful.  

 

5.1.2 Stereoplot  Calibration 

The next step of the SiroModel calibration is to ensure that the statistical stereoplot data of the 

simulated model traces correlates well with the mapped data. The stereoplots of the simulated 

model and mapped data were used for this exercise. As shown in Figure 23, a good correlation 

exists between these two data sets, further proving the successful calibration of the SiroModel. 

There is however an under-sampling of Fracture Set 4 observed in the SiroModel simulation. The 

under-sampling is attributed to the deterministic modelling of this fracture set. 

 

Figure 23: SiroModel stereoplot data calibration (a) Simulated stereoplot data from SiroModel 

software (b) mapped stereoplot data of fractures on the research area 
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For a more quantitative comparison, the SiroModel simulated fractures and the mapped fractures 

were plotted on a single stereoplot shown in Figure 24.  

 

Figure 24: Stereoplot comparison of Simulated fractures and mapped fractures 

 

This figure shows an excellent correlation between the two data sets, further proving that the 

calibration of the DFN model is successful and as such the model can be used for the analysis of 

the research area. The under-sampling of Fracture Set 4 as discussed in Figure 23 is still observed. 

 

5.1.3 Kinematic Analysis Calibration 

Figure 25 is a calibration of the SiroModel based on the expected failure mechanisms.  
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Figure 25: SiroModel failure mode calibration (a) Failure modes from SiroModel simulated data 

(b) Failure modes from mapped data of the research area 

 

By comparing Figure 25(a) and Figure 25(b), the following are observed with regards to the failure 

modes: 

• SiroModel predicts a higher potential frequency of occurrence of planar failure. In this 

regard, the research has a higher confidence in the SiroModel results. This is because 

results of kinematic analysis have a higher likelihood to be influenced by user influence 

decisions. When using stereoplots for kinematic analysis, failure is predicted within limits 

(lateral limits between the open pit geometry and the fracture orientations) that are user-

defined. For example, in this project, it has been shown that setting the lateral limits to 20° 
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results in no planar failure. Increasing these lateral limits by just 4° shows potential planar 

failures (see Figure 17). 

• There seems to be a visual correlation between the SiroModel predicted failure probability 

and the wedge failure predicted using mapped data on a stereoplot.  

• There is no flexural toppling predicted by the SiroModel simulations in comparison to the 

mapped data stereoplot. This is a software limitation; SiroModel is not configured to 

predict flexural toppling. However, toppling is not the major failure mode of concern in 

the reseaarch area. Therefore, SiroModel is considered to still be a tool that is fit for 

purpose. 

• SiroModel predicts some potential free failing blocks. The stereoplot does not have the 

capacity to predict free failing blocks as it utilises fracture orientations and their 

interactions to predict potential failures. The free failing blocks have been observed in the 

field. 

 

5.2 Chapter Summary 

This chapter is a summary of inputs into the SiroModel software. The chapter also discusses the 

various calibration processes that were undertaken to ensure that the model simulation correctly 

represents field observations. 

It is outside the scope of this project to take the reader through a step-by-step process of model 

building in SiroModel. For a detailed process on using SiroModel, the reader is directed to CSIRO 

(2019). 
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6 RESULTS AND ANALYSIS 

Statistically acceptable results are achieved by the utilisation of Monte Carlo simulations on 

realised blocks (potential rockfalls). The realized blocks were calibrated against field observations 

before the Monte Carlo computations were undertaken. After numerous trials, the number of 

Monte Carlo simulations was set to one hundred (100). One hundred simulations have been proven 

to be a good statistical representation as they fill the histogram as per statistical requirements (see 

Figure 26). 

 

Figure 26: Monte Carlo simulations (a) Ten Monte Carlo simulations (b) One hundred Monte Carlo 

simulations  

 

Figure 27 shows blocks simulated from the computation of the mapped and simulated four fracture 

sets. This is not a good representation of fractures of the research area. The poor representation is 

attributed to including of the deterministic Fracture Set 4 (bedding planes) in the computation. 

Bedding planes dip into the open pit wall, as thus this set does not contribute to the formation of 

blocks. Also, the mine is in a sedimentary terrain, therefore all other mapped fractures are younger 

and cut the bedding. Thus, it is believed that failures occur to expose the bedding. Bedding planes 
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are not failure release planes, they are exposed only after failure due to the interaction of the other 

three fracture sets.  

 

Figure 27: Block simulated from the four mapped fracture sets 

 

An acceptable representation of field observed blocks was achieved by only utilising the three 

stochastic fracture sets as shown in Figure 28. One hundred Monte Carlo simulations were run 

using this scenario and the results are discussed in the following sections. 

 

Figure 28: Block model simulations from the three stochastic fracture sets 
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6.1 Block Model Analysis 

This section presents and analyses statistics from one hundred Monte Carlo simulations.  

6.1.1 Effective Face Angle 

From Figure 29, it is observed that 100% of the bench face fails at the current 90° design angle. 

The figure also shows that at 75° all bench faces are stable and this suggests that 75° is the optimum 

face angle for the research area.  

 

Figure 29: Effective face angle analysis of the research area 

 

6.1.2 Back Break Analysis 

Figure 30(a) shows that the research area will experience a maximum back break of 3 m wide with 

the current bench design of 90°. Associated with these back breaks, individual event/occurrence 

of rockfall incidents will have a modal strike length of 8 m as shown in Figure 30(b).   
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Figure 30: Back break analysis of the research area (a) Back break analysis (b) Individual events 

strike length analysis 

 

6.1.3 Crest Damage Analysis 

Expected crest damage is defined by the interaction of the various Fracture sets with the open pit 

geometry. Field observations indicate that crest loss must be expected in almost the whole length 

of the research area. Figure 31, from SiroModel simulations corroborates the expected crest 

damage as observed in the field. 
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Figure 31: Total crest damage analysis (along the strike length) 

 

6.1.4 Block Volume Analysis 

The block volume analysis of the research area is shown in Figure 32.  

 

Figure 32: Potential rockfall block volume distribution within the study area 



   

53 

 

  

This figure shows that 1.3 m3 is the mean volume of the potential rockfalls, with a standard 

deviation of 3 m3.  About 60% of the expected volume of rockfalls will be 1 m3 or less. 30% of 

the potential rockfalls will have volumes range of 1 m3 to 10 m3. Only 10% of the potential rockfalls 

are predicted to have volumes greater than 10 m3. These observations agree with the field 

observations. Also this is the expectation from the kinematic analysis of the fractures that form 

wedges. The fractures that form wedges are steeply dipping (see fracture sets 1, 2 & 3 in Table 3). 

Steeply dipping fracture sets that intersect to form a wedge release little material on failure. Steeply 

dipping fractures define small wedge; therefore little material is available for release during failure. 

 

Block volume analysis coupled with block location analysis and hazard map analysis are critical  

parameters for recommendations on operational controls and mitigations. These recommendations 

are valuable to geotechnical clients such as the mining team. These parameters (block volume 

analysis coupled with block location analysis and the hazard map) allow the mining team to be 

aware of locations and sizes of potential rockfalls, thereby proactively plan mitigation measures 

to minimise negative impact on mining schedules. The proactive mitigation also ensures reduced 

levels of rockfall risk to personnel and equipment. The block volume analysis coupled with block 

location analysis is shown in Figure 33 and the hazard map analysis is shown in Figure 34. 

 

Figure 33: Block location analysis of the 100 Monte Carlo simulations 
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Figure 34: Potential rockfall Hazard Map of the research area 

 

6.2 Chapter summary 

Chapter 6 presents the analysis of the block model statistics. The block model was built in 

SiroModel using 100 Monte Carlo simulations. It is worth noting that the current practice of using 

stereonet analysis at Jwaneng Mine does not have the capacity to do this block model analysis. 

The SiroModel block model enabled critical bench scale analysis of rockfalls by utilising bench 

parameters such as effective bench face angle, back break analysis, rockfall volumes and crest 

damage. SiroModel also provides important outputs for the Jwaneng mining team. Through the 

use of SiroModel, visual presentations of locations of potential rockfall risks are provided. These 

visual presentations greatly assist in placing recommended operational controls for the identified 

risks. 
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7 CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Conclusions 

The current bench design angle of 90° is sub-optimal for the study area. At a 90° bench face, there 

is an elevated risk of rockfalls and total crest damage. The potential rockfalls have mean volume 

of 1.3m3. This rockfall volume cannot be contained on the bench catchment because they occur on 

the crest side of the bench. Post the loss of the crest, the remain bench catchment width is becomes 

inadequate in achievement of control and management of 85% of rockfalls as per the Large Open 

Pit standard to which Jwaneng Mine is a member. It is therefore concluded that the 90° bench face 

angle introduces unacceptable risk to Jwaneng Mine, a company that ascribes to zero (0) harm. 

There is need to review, with the aim of reducing the bench face angle design. For the research 

area as demonstrated in previous chapter, 75° bench face angle is  the optimal bench face angle. 

At 75°, the risks of rockfalls will be reduced to as low as reasonably possible which will have a 

net positive effects on the following mining and business aspects; 

- Low risk of personnel injury and equipment damage: Low occurrence of rockfalls as a 

result of bench face angle optimization means limited opportunity of exposure for people 

and machinery. However, it must be noted that the low occurrence des not reduce the 

consequence when the risk is realized; a rockfall occur. 

 

- Improved cycle times: During rainy seasons, when rockfall risk is further elevated by 

water on rocks, Jwaneng Mine haul ramps are converted into single access ramps. This 

means haul trucks use longer routes to take material out of the pit. 

 

- Improved reputation: all mines, both open pit and underground continually battle with 

rockfall related incidents. This bench face angle optimization will thrust Jwaneng Mine 

into market leader and bench mark on addressing rockfalls. 

SiroModel is an acceptable software for rockfall analysis in the Jwaneng Mine. Although 

SiroModel cannot analyse flexural toppling, this does not nullify the use of the software in Jwaneng 

Mine because flexural toppling is not the primary mode of failure of concern in Jwaneng Mine. 



   

56 

 

  

Jwaneng Mine currently uses RocScience Dips stereoplots for kinematic analysis. However, 

SiroModel is a superior tool to the stereoplot for rockfall analysis. SiroModel creates many 

realisations/simulations of DFNs by utilising the Monte Carlo simulation, therefore it is 

statistically representative and offers the best opportunity for producing near-real life 

representation of the dynamic anisotropic rockmasses in which mining operations occur. It is worth 

noting that stereoplot data is a critical input to DFN modelling because it offers a simple and easy 

way of statistically sorting Fracture sets data. Comparisons between SiroModel and the stereoplot 

are only possible at calibration stage of the DFN model. The stereoplot does not have the capability 

of producing similar outcomes as DFN modelling. DFN model outputs that are not available on 

the stereoplot include effective face angle, back break and block volume analysis. These outputs 

are critical to operational decision making which further proves the superiority of SiroModel for 

rockfall analysis 

 

7.2 Recommendations 

The research was undertaken on Cut 7 open pit walls with the objective of applying the results on 

Cut 9 open pit walls. This extrapolated application of results is possible and acceptable because it 

was proven that theses open pit walls have similar have the similar geological structural fabric. As 

discussed in the conclusions, it is recommended that Jwaneng Mine design optimal bench 

configurations by ensuring alignment with kinematic analysis. For the research area, a bench face 

angle of 75° is recommended because it reduces risk of rockfall occurrence to an as low as 

reasonably possible state. The extent of the research area is a 100m length over 24m height. This 

research must extended to ensure its representative of the rest of Cut 9 before it is fully 

implemented. 

A comprehensive trade-off profit-loss studies of safety versus economic gain need to be completed 

before the 75° bench face angle is adopted. The bench face angle of 75° is considerably shallower 

than the current 90°. Designing shallower bench face angle has a cumulative shallowing effect on 

the inter-ramp and overall slope angles. Open pit mines with shallower overall slope angles have 

a limited depth to which they can be mined and therefore reach end of  life faster. Jwaneng Mine 
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exploits vertical kimberlite pipes, this means volume of  kimberlite and by extension diamonds 

that may be extracted at the reduced bench face angle will reduce considerably.  

Double and/or triple bench configurations represents opportunities to optimise bench face angles 

with minimum change to the inter-ramp and overall slope angle. Legislations need to be taken into 

account when implementing such mining configurations. Use of SiroModel is recommended in 

investigating Double and/or triple bench configurations for Cut 9 open pit walls. 
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