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ABSTRACT 
 
A review of breakage and fragmentation modelling literature has shown that only a few 
methodologies have been specifically developed for applications in underground production 
blasting. These approaches however, have applied empirical relations that do not adequately 
consider ring blasting geometries; have failed to appropriately respond to changes in basic 
design input parameters; and have proposed complex input and calibration requirements. This 
justified the development of an alternative modelling framework to specifically address the 
fragmentation prediction problem in underground production blasting. This new modelling 
approach, designated as “FRAGMENTO”, is introduced in this paper.  The basis of 
FRAGMENTO is a “single ring” deterministic model which can be extended into a stochastic 
model to simulate of the impact of external operational factors on fragmentation. The single 
ring component mechanistically models the extent of both near field and mid to far field 
fractured zones to predict the distribution of rock fragments expected to report to drawpoints. 
In this paper the response of this key component is evaluated and its practical application 
demonstrated with the introduction of a methodology to infer critical burden conditions. 
FRAGMENTO is aimed at the design evaluation stages in an operating mine and for studies at 
the conceptual, pre-feasibility and feasibility stages of a project, where different drill and blast 
scenarios and associated costs are still being assessed. 
 
 
 
 
1. INTRODUCTION 
 
The first stage of the comminution process in metalliferous mining is the breakage and 
fragmentation of the orebody rock mass generally by drilling and blasting techniques. This is 
the activity that may have the most leverage in the efficiency of a mining operation, as the 
output from a blast impacts on every downstream operation (Grant et al, 1995). In the case of 
underground operations, controlling both fragmentation and the degree of blast induced 
damage are important aspects of the mine design process. Poor drilling and blasting practices 
typified by excessive over-break, dilution, oversize fragmentation, restricted access and 
increased local reinforcement requirements, contribute to increased mining cycle times and 
costs and can have a negative effect on the efficiency of mining activities as a whole (Singh, 
1993 and Brown et al, 1994). Within the underground mining cycle, the influence of drilling 
and blasting can also be significant in key aspects of material flow, handling and processing 
(Klein et al, 2003). For example, the impact of fragmentation on flow dynamics is considered 
critical in sub level caving (SLC) operations, as flow has been shown to be directly linked to 
recovery (Power, 2004). 
 
The design of underground production blasts (ring geometries), largely remain trial and error 
or are based on the application of “rules of thumb”. With the application of these approaches, 
it continues to be difficult if not impossible to make adequate predictions at both the pre-
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feasibility and feasibility stages of a project. Hustrulid (2000) reinforces this point by noting 
that for the high levels of upfront capital expenditure, designs must function as designed and 
the as-built must closely resemble the as-designed. For this reason engineers, geologists, mine 
and plant managers must be able to have access to accurate modelling and simulation tools 
which can address every stage of the design process allowing the determination of appropriate 
and cost effective design parameters at the outset. 
 
 
2. APPLIED FRAGMENTATION MODELLING  
 
The need to provide engineering solutions to full scale blasting problems has driven the 
development of several fragmentation models. In blasting literature, these models can be 
classified into three main groups: numerical, empirical and mechanistic (Dawes, 1986 and 
Wedmaier, 1992). 

 
Numerical models have been and are being developed from fundamental principles of rock 
fracture and have allowed the further development of theories that better describe explosive 
rock breakage mechanics. Their application has however been restricted to the simulation and 
analysis of small volumes, consisting primarily of one or two blastholes and there is no 
evidence of these approaches being directly applied to fragmentation modelling problems in 
underground ring blasting conditions. The challenge of further developing these models 
continues with advances in non-ideal detonation modelling and geomechanical codes such as 
the Hybrid Stress Blasting Model (HSBM) (Cundall et al, 2001). 
 
Empirical models are the simplest form of modelling and have been mainly developed by 
linking standard design parameters such as burden distance and hole spacing, with 
fragmentation parameters such as average fragment size (e.g. P50 or x50 ) (Bergmann et al, 
1973). Arguably, the most popular and successful empirical based fragmentation models have 
been those applicable to surface blasting such as Kuz-Ram and Kuznetsov based models 
(Kuznetsov, 1973 and Cunningham, 1987). Their popularity is due to their simple 
frameworks, with design variables that are familiar to the mine blast engineer (e.g. powder 
factor, burden and spacing), making them easy to implement in simple computer programs. 
 
Applications of empirical methods to underground production blasting have been reported by 
Stagg et al (1994) with the development of site specific formulae to predict fragmentation in 
simple underground pattern geometries. More recently, applications by Adamson and Lund 
(2001) and Trout (2002) have also been reported; and these have been based on modified 
Kuz-Ram modelling procedures developed at the JKMRC (Kanchibotla et al 1999 and 
Thornton et al, 2001). The application of these approaches however may be limited, as they 
do not properly consider the three dimensional distribution of explosive charges, 
characteristic of the more complex geometries found in underground ring blasting conditions. 
 
Mechanistic models represent the next degree of sophistication in blasting models (Dawes, 
1986). These models recognise a specific mechanism or series of mechanisms by which the 
explosive fragmentation of rock is affected. Strictly speaking, these models are also empirical 
but have a more complex and less “site specific” framework. 
 
There have been three cases of mechanistic models being directly applied to underground 
fragmentation modelling, they include the approach proposed by Kleine (1988) and coded 
into the FRAGNEW program (Riihioja, 2004). The SABREX model developed by ICI 
explosives and described by Kirby et al (1987) and the model proposed by Preston (1995) 
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embedded in the DynACAD-3D software package. The application of SABREX and more 
specifically the ICRAX component of this model at the underground Denison Mine was 
reported by Sheikh and Chung (1987). This modelling work was however restricted to 
blasting conditions involving parallel hole patterns. To date, there is no documented evidence 
of this approach being further applied to more complex underground ring blasting geometries, 
and the package is proprietary of the ORICA explosives company. 
 
The fragmentation modelling approaches proposed by Kleine (1988) and Preston (1995) are 
the only ones found in literature that have originally postulated frameworks to model 
underground ring blasting conditions. Of these two however, Kleine’s approach is the only 
one that has been published in detail. Kleine’s approach consists of the interaction of three 
independent models which address the determination of in situ block size distributions; the 
calculation of vibration energy contributing to breakage at pre-defined points in a volume of 
rock; and the application of comminution theory to define the breakage characteristics of the 
rock at these points. With the exception of Chitombo and Kleine (1987), blasting literature is 
limited with regards to the application of this particular model. It was recognised that 
calibration requirements were its main disadvantage and the reason for the lack of acceptance 
in practice.  
 
Acknowledged criticisms and limitations of the model are associated with the proposed 
vibration energy component (Kleine et al, 1990). For engineering design purposes, a less 
obvious, but what can be considered to be a critical limitation of Kleine’s approach has been 
its reported inadequate response or sensitivity to changes in ring burden conditions 
(AMIRA/JKMRC, 1993), in addition to its inability to infer critical burden conditions. 
 
Following Kleine’s development, Preston (1995) reported the implementation of a breakage 
and fragmentation model for underground ring blasting applications embedded in a 3D blast 
design package designated as DynACAD-3D. Although information regarding the modelling 
framework is limited, it appears that maximum and minimum breakage envelopes are defined 
by a stress attenuation curve which is obtained by field measurements using pressure sensors 
in water-filled boreholes. The model also appears to implement a modified Kuz-Ram function 
to model the distribution of fragments from the breakage regions defined by each blasthole. 
An example application of the model is discussed by Preston (1995) but no validation is 
reported. In the example discussed, the output fragmentation curves appeared to be derived 
from only one distribution function (i.e. Rosin-Rammler based function). Further review of 
this approach was constrained by the lack of available information describing its continued 
application in underground production blasting. 
 
Literature indicates that very little emphasis has been placed in the development of 
fragmentation models that can be directly applied to underground production blasting 
environments. While the JKMRC is involved in an international collaborative project 
developing a more fundamental model of rock breakage, designated as the Hybrid Stress 
Blasting Model (HSBM) (Cundall et al, 2001), work is continuing to develop and improve 
empirical and mechanistic methods based on observed responses of rock masses to practical 
blasting. This is evident through the development, evaluation and application of 
FRAGMENTO, an alternative modelling framework to specifically address the fragmentation 
prediction problem in underground production blasting. 
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3. FRAGMENTO – “A NEW FRAGMENTATION MODELLING FRAMEWORK 
FOR UNDEGROUND PRODUCTION BLASTING APPLICATIONS” 

 
 
FRAGMENTO is a modelling framework specifically developed for underground production 
blasting conditions. The approach is aimed at the design evaluation stages in an operating 
mine and for studies at the conceptual, pre-feasibility and feasibility stages of a project, where 
different drill and blast scenarios and associated costs are still being assessed. In 
FRAGMENTO, a  “single ring” deterministic component is proposed as the basis of the 
overall framework. This component is then extended into a stochastic model that allows the 
simulation of the impact of external operational factors on fragmentation outcomes such as 
blasthole deviation, dislocation and overall detonation performance.   
 
The single ring component models the extent of both near field and mid to far field fractured 
zones to predict the distribution of rock fragments expected to report to drawpoints. Based on 
findings by Gaidukov and Myzdrikov (1974), the fragmentation output is based on the 
combination of two Rosin-Rammler based functions following an approach similar to that 
adopted by Kanchibotla et al (1999). These two functions require the determination of three 
modelling parameters: the fines cut off point (fc), the expected mean fragment size (x50) and 
the “coarse” uniformity index (nc).  Three original methodologies have been developed to 
determine these key parameters: 
 

- A new mechanistic model to estimate the proportion of fines generated during the 
blasting process. For a given explosive charge and rock combination, the approach 
predicts the proportion of crushed material  given by the contribution of both the 
crushing and fracturing zones.   

 
- An empirical approach to estimate the expected post-blast mean fragment size (x50). 

This empirical method introduces a mean in situ block size parameter based on the 
fracturing conditions of the rock mass. It also implements a three dimensional energy 
density distribution model to determine a design specific fragmentation factor. These 
two parameters are then applied to estimate the x50. 

 
- A model to predict fragmentation uniformity. For a given design layout and charging 

condition, the approach implements a simple three dimensional peak particle velocity 
(PPV) attenuation model that allows the determination of breakage and fragmentation 
uniformity characteristics. 

 
To enable the evaluation, validation and application of the single ring component of 
FRAGMENTO, all equations and algorithms have been encoded into the JKSimBlast 
underground software package.  Appendix A gives a brief description of the JKSimBlast 
software with a brief user’s guide. 
 
It is beyond the scope of this paper to demonstrate every component of FRAGMENTO and the 
following discussions will mainly focus on the evaluation and application of its single ring 
component. For further details, including validation and demonstrations of the proposed 
stochastic modelling component, the reader is referred to Onederra (2004a & 2004b).  
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4. EVALUATION OF THE SINGLE RING MODELLING COMPONENT  
 
4.1 Model response to changes in geometry and charging conditions 
 
In this section the response of the proposed single ring modelling component is evaluated 
through simulations involving the base case scenario described in Figure 1. The analysis 
involved the evaluation of ring geometry variations including burden and average toe spacing; 
and ring charging characteristics including explosive density and the use of dual density 
charges. The evaluation of these parameters was considered important for the model’s broader 
application in design and analysis. Tables 1 and 2 summarise the results of the evaluations for 
ring geometry variations and charging conditions respectively. 
 
 

Hole 
ID 

Length,  
M 

Charge, 
m 

Angle 
(deg) 

1 16.5 14.5 24.2 
2 17.9 10.4 31.7 
3 19.8 17.8 38.5 
4 22.2 12.9 44.7 
5 24.0 22.0 50.2 
6 25.3 15.2 55.4 
7 22.5 20.5 60.8 
8 20.4 11.8 66.6 
9 16.5 14.5 73.7 

10 15.6 9.4 81.2 
11 14.7 12.7 89.1 
12 14.3 8.8 97.3 
13 14.1 12.1 105.4 
14 14.1 8.6 113.5 
15 14.3 12.3 121.3 
16 15.4 9.8 129.3 
17 17.3 15.3 136.9 
18 19.5 11.1 144.0 
19 21.6 19.6 150.3 
20 20.8 11.6 156.4 
21 20.0 18.0 162.7 
22 19.3 10.9 169.3 
23 18.9 16.9 175.9 
24 18.8 10.5 182.8 
25 19.0 17.0 189.5 
26 19.2 10.8 196.0 

27 20.2 18.2 202.7 
Design Hole diameter, mm Explosive Density, 

g/cm3 
Toe spacing, 

M 
Burden, 

m 
1 89 & 102 Emulsion 1.0-1.2 2.5 1.8-3.2 

 
Rock material properties Rock mass attenuation constants & 

breakage threshold 
Rock mass structural characteristics 

UCS, Mpa 100 K 500 
Ts, Mpa 10 α 0.9 

Fractured (Xinsitu), m 0.5 

Vp, m/s 
Vs, m/s 

4800 
2450 

PPVbreakage, mm/s > 4000  

Ed, Gpa 40 
Density, kg/m3 2500 

 
 
 

Figure 1. Parameters of hangingwall ring blast used as a base case scenario for model 
evaluations 
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Table 1. Sensitivity of fragmentation predictions to changes in geometry  
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In this case, 102 mm blastholes were used with all other parameters kept constant. The 
analysis considered burdens ranging from 1.8 m to 3.2 m, with calculations conducted every 
0.2 m. Modelling results show that fragmentation is logically expected to improve as nominal 
burden decreases. Considering the 2.4 m burden as the benchmark, the analysis indicates that 
a decrease in burden of 0.4 m would bring about reductions of the order of 12% in the 50% , 
80% and 90% passing fractions (i.e. P50, P80 and P90 values). A similar increase in burden 
(i.e. to 2.8 m) would increase P50, P80 and P90 values by 11.3%, 12.2% and 12.6% 
respectively, adequately suggesting a worsening in the expected drawpoint fragmentation. 

Effect of changes in average toe spacings 
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In this case, the fragmentation output of a modified 24 hole pattern with an average toe 
spacing of 2.8 m was compared against the nominal 27 hole layout with an average toe 
spacing of 2.5 m. Analysis was also carried out for burdens raging from 1.8 to 3.2 m, with all 
other parameters kept constant. Modelling results adequately show that an improved 
fragmentation outcome would be achieved with the use of a 27-hole ring layout. The model 
suggests that an increase in average toe spacing of 0.3 m may bring a relative increase in the 
size of fragments across the complete distribution of fragments expected to report to 
drawpoints. In the case of fines defined by the 10% and 20% passing fractions (i.e P10 and 
P20 values), the increase would be of the order of 51.1% and 34.3%. In the intermediate to 
coarse end the increase in the P50, P80 and P90 values would be of the order of 12.4%, 12.7% 
and 12.8% respectively. As shown, the relative differences in the intermediate to coarse end 
appeared to be constant across the full range of burdens. 
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Table 2. Sensitivity of fragmentation predictions to changes in explosive charging characteristics  
 

Effect of changes in explosive density 
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In this case, 89 mm blastholes were used at a fixed nominal burden or 2.4 m. The charging 
layout was kept constant with analysis conducted at densities of 1.0, 1.1 and 1.2 g/cc. 
Modelling results show improvements in fragmentation as explosive density is increased. 
Considering the 1.0 g/cc charge density as the benchmark, an increase to 1.2 g/cc may bring 
reductions in the P50, P80 and P90 values of the order of 14.1%, 17.4% and 18.8% 
respectively. A noticeable impact is also suggested by the model at the finer end, with 
reductions in the P10 and P20 values reaching 42.3% and 32.4% respectively. 

Effect of single versus dual density charging 
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In this case, 89 mm blastholes were used and analysis conducted for burdens ranging from 1.8 
to 3.2 m. In the dual density charging case, the column charge consisted of a fixed 6 m toe 
charge with a density of 1.2 g/cc, with the remaining charge lengths maintained at a density of 
1.0 g/cc. Modelling results show that higher toe densities would tend to improve 
fragmentation. Results for the 2.0 m burden configuration suggest reductions in the P10, P20, 
P50, P80 and P90 values of the order of  32.4%, 24.4%, 10.5%, 11.2% and 11.4% 
respectively. As shown, for burdens grater than 2.8 m, the relative difference in coarse 
fragmentation outcomes given by P80 and P90 values appears to shift. This adequately 
indicates a less pronounced impact of higher toe density charges on coarse fragmentation 
results, as critical burden conditions are being reached. 
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4.2  Fragmentation uniformity versus burden curves 
 

Part of the model evaluation has also included the introduction of fragmentation uniformity 
versus burden curves to infer critical breakage and fragmentation conditions.  The proposed 
methodology and key concepts are described in Figure 2. This output corresponds to a simple 
simple two-hole ring blast consisting of two 89 mm, 15 m long holes with a constant spacing 
of 3 m. Drillholes were charged with 13 m of emulsion at a density of 1.25 g/cc. PPV 
attenuation and breakage modelling parameters to simulate blasting in a hard competent ore 
were assumed to be K= 500, α= 0.9 and PPVbreakage = 4500 mm/s.   
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Figure 2. Uniformity index versus burden curve for a two hole ring blast in a simulated hard 
competent rock 

 
Figure 2 shows that independent of the absolute values and the degree of variability in 
fragmentation uniformity, there are three unique features. The first is identified by point “A” 
which indicates a maximum value of uniformity attained at a specific burden, in this case 
approximately 1.5 m; the second is point ‘B” which identifies a lower inflection point at a 
larger burden (i.e. 3.6 m); and the third is point “C” which is defined by the intersection 
between the line of maximum uniformity and the slope of the region of the curve in which 
uniformity begins to change rapidly. Point C defines the boundary at which the uniformity of 
the distribution of fragments begins to be affected by small variations in burden and therefore 
becomes significantly bi-modal. This point defines a critical burden boundary for the two 
hole ring layout, identified at approximately 2.3 m.  As shown in Figure 2, the determination 
of the critical burden boundary also allows for the definition of three practical breakage 
zones: 
 
The first is the “non-uniform breakage zone” which identifies burden distances in which poor 
breakage and fragmentation is likely to occur and where the likelihood of freezing can 
increase. In the above case, the boundary is identified at burdens greater than 2.3 m.  Point B 
lies well inside this zone and can be identified as a point in which poor (inadequate) breakage 
is almost certain (i.e. referred in practice as “freezing”). Fragmentation predictions beyond 
this point may be considered irrelevant.  
 
The second zone is defined as the “transitional zone”, it lies between the maximum attainable 
uniformity and the critical burden boundary. This zone identifies burdens at which breakage is 
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expected to occur but fragmentation may not be at its optimum. In the case above, this burden 
range is approximately 1.7 to 2.3 m. In terms of drilling and charging costs, there is a clear 
advantage of being within this zone if fragmentation is not the principal design criteria. 
However, the likelihood of poor breakage is expected to increase as the chosen burdens 
approach the critical boundary. Good quality control procedures are essential in this zone to 
minimise the risk of poor breakage or freezing.  
 
The third zone is the “uniform breakage zone” which lies to the left of the transitional zone 
and identifies burden conditions at which efficient breakage and fragmentation is expected to 
occur. In the case above they correspond to burdens of less than 1.7 m.  
 
For a given ring design layout, this simple analysis can be used as a first approximation to 
define the range of burdens that would allow for effective breakage and fragmentation. To 
further evaluate the applicability of these curves, overall critical burden conditions for 
diameters ranging from 64 mm to 127 mm were also calculated with FRAGMENTO and 
results summarised in Figure 3. As shown, a logical reduction in critical burden conditions is 
calculated as blasthole diameters are reduced and charging conditions maintained. 
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Figure 3. Uniformity index versus burden curves for a range of diameters in the simulated two-

hole ring blast  
 
 
5. APPLICATION OF THE SINGLE RING MODELLING COMPONENT 
 
5.1 Fragmentation uniformity versus burden curves from SLC configurations  
 

With FRAGMENTO, uniformity versus burden curves were obtained for SLC ring blasting 
practices in the 5330 and 5305 undercut levels (UCL) at the Ridgeway mine. This back-
analysis was used to further evaluate and validate the methodology introduced.  Design details 
and the definition of model input parameters have been reported by Trout (2002) and 
Onederra (2001a & 2001b) and an example is given in Figure 4.  
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Hole # Length, 

m 
Charge, m 

1 8.0 6.0 
2 12.1 7.1 
3 22.9 20.9 
4 22.0 16 
5 21.8 19.8 
6 22.0 16 
7 22.9 20.9 
8 12.1 7.1 
9 8.0 6.0 

 

 

 

   

Hole diameter, mm Explosive  Density,  
g/cm3 

Dcj, 
 m/s 

Burden, 
 m 

102 Emulsion 1.1 6000 2.5 - 2.6 
 

Figure 4. Example of design and model input parameters for the 5330 UCL, 9 hole ring layout   
 
 
The fragmentation uniformity versus burden curve for the nine hole layout used in the 5330 
UCL is given in Figure 6.  During the extraction of the 5330 UCL, both nine and ten hole ring 
configurations were successfully blasted at average burdens of 2.5-2.6 m. In the 5305 UCL, in 
situ ring blasting trials were conducted at burdens ranging from 2.3 m to 2.9 m, with 
consistent results also achieved and maintained at burdens of 2.6 m (Trout, 2002). As shown 
in Figure 5, the 2.6 m burden configuration lies within the transitional zone in all cases, 
reinforcing the usefulness of the proposed fragmentation uniformity analysis.   
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Figure 5. Fragmentation uniformity analysis of 9-hole SLC layout 
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5.2 Fragmentation modelling and uniformity analysis of inclined undercut rings 
 
As part of the feasibility study of Northparkes Mines (NPM) E26-Lift 2 Block cave, the 
author was part of a team commissioned to evaluate and recommend preliminary design 
parameters for the effective extraction of a narrow inclined and advanced undercut. This 
section describes the initial evaluation of parameters supported with the application of the 
proposed fragmentation uniformity analysis curves. Figure 6 describes the parameters of the 
originally proposed five hole layout. 
 
It should be noted that the rock mass and explosive input parameters used in the analysis were 
based on the geotechnical information available at the time and corresponded in general terms 
to a “hard” metalliferous deposit with the characteristics summarised in Table 3. 
 

Table 3 Mechanical and breakage properties assumed for the NPM E26 Lift 2 orebody 
  

Rock material 
properties 

Rock mass attenuation 
constants & breakage 

threshold 

Rock mass structural 
characteristics 

UCS, Mpa 180 K 500 
Ts, Mpa 14 α 0.9 

Fractured (Xinsitu), m 0.5 

vp, m/s 
vs, m/s 

5300 
2900 

PPVbreakage, 
mm/s 

> 4000  

Ed, Gpa 58 
Density, kg/m3 2680 

 

 
5 hole - Leading ring 

Hole 
# 

Length, m Charge, m 

1 2.4 1.4 
2 5.6 4.6 
3 13.9 12.9 
4 12.6 11.1 
5 12 11 

 

   

Hole diameter, mm Explosive  Density,  
g/cm3

89 Emulsion 1.0 
 

Figure 6. Drilling and charging parameters of inclined undercut rings 
 
 
Achieving complete breakage is the single most important criteria in the evaluation of drilling 
and blasting parameters for undercut blasting. As shown in Figure 7, modelling results for the 
proposed five hole leading ring indicate the critical burden boundary to be approximately 2.4 
m. Burdens in the estimated transitional zone ranged from 1.8 to 2.4 m. The evaluation 
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dictated ring burdens to be strictly less than 2.4 m. As with experiences in confined SLC 
blasting conditions, burdens within the transitional zone can be sufficient to achieve breakage, 
however quality control procedures must be implemented at all times. Given that possible 
deviations from “as designed” conditions can occur in practice, it was considered that a 1.8-
2.0 m burden configuration would be an adequate starting condition. 
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Figure 7. Critical burden conditions for inclined five hole  leading and lagging rings 

 
 
Adequate flow of rock fragments is an important criteria that must be considered in the 
selection of design parameters for inclined undercut rings. Figure 8 shows an example of the 
results of fragmentation predictions obtained with FRAGMENTO for the proposed five hole 
ring configuration. As shown, for the assumed rock mass characteristics at a 2 m burden 
configuration, 90% of fragments were expected to be below 460 mm. 
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Figure 8. Fragmentation modelling of 89 mm inclined undercut ring 
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As discussed by Silveira (2004), the inclined ring layouts evaluated and proposed during the 
feasibility stages were further modified and optimised to four and three hole ring 
configurations. Ring burdens in these cases were maintained at 2.0 m; and the extraction of 
the undercut was successfully completed in January of 2004. The final three hole inclined ring 
configuration described by Silveira (2004) was re-evaluated with FRAGMENTO for the 
geotechnical conditions assumed at the feasibility stages. Figure 9 shows the results of this 
analysis. As shown, for the three hole configuration and the originally assumed 4000 mm/s 
PPV breakage threshold, critical burden conditions were estimated to be reached at 2.6 m, the 
results also giving a transition zone ranging from 1.8 m to 2.6 m. To simulate “harder” or 
more competent rock conditions, the analysis also considered the assumption that breakage 
would be achieved at values greater than 4500 mm/s. Results from this analysis indicated that 
critical burdens could be reached at values of 2.2 m ,with the transitional zone in the range of 
1.5 m to 2.2 m. In both cases, modelling results confirmed that breakage would be achieved at 
burdens of 2.0 m. The results of this analysis confirmed that for preliminary design 
evaluations, the originally adopted rock mass breakage parameters were appropriate, however 
a breakage threshold of 4500 mm/s appears to give a narrower and more appropriate 
estimation window of the transitional zone. This indicates that rock mass conditions were 
slightly “harder” or more competent than anticipated and first assumed at the feasibility stage. 
The analysis demonstrates that, once in operation, input parameters should be reviewed when 
FRAGMENTO is applied in further evaluation and continuous improvement projects. 
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Figure 9. Results of fragmentation uniformity analysis to identify critical burden 
 
 
 
6. CONCLUSIONS 
 
 
Very little emphasis has been placed in the development of accessible fragmentation 
modelling frameworks that can be directly applied to underground production blasting 
environments. The few that have been developed have applied empirical relations that do not 
adequately consider ring blasting geometries; have failed to appropriately respond to changes 
in basic design input parameters; and have proposed complex input and calibration 
requirements. This justified the development of an underground specific fragmentation 
modelling framework addressing the following key requirements: 
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- Ability to predict breakage conditions and the full range of fragmentation expected to 
report to drawpoints from knowledge of nominal blast design parameters and rock 
mass characteristics. 

- Ability to simulate the likely impact on fragmentation by other key external factors 
such as drilling quality or overall ring detonation performance.  

- Ability to be applied in conceptual, pre-feasibility and feasibility stages of a potential 
resource as well as at the engineering design and optimisation phases of an operating 
mine. 

 
The above requirements have been addressed with the development of FRAGMENTO. In this 
paper the single ring component of FRAGMENTO was evaluated through a series of 
simulations and demonstrated to respond adequately to variations in geometry and charging 
conditions. The applicability of the model in blast design was also demonstrated with the 
introduction of a methodology to infer critical burden conditions.  
 
With any modelling approach however, there will always be some limitations associated with 
its inherent assumptions, FRAGMENTO is no exception and these can be summarised as 
follows:  
 

- From the assumed breakage modelling mechanisms, drastic changes in explosive 
compositions, that is, explosives outside the current range of commercially available 
products could not be reliably modelled without site specific monitoring and 
calibration trials. Approaches currently being developed which link non-ideal 
detonation with geomechanical codes may provide a more robust platform to address 
this limitation. 

 
- Following current practice, the proposed framework only considers single-hole 

sequential firing conditions. The impact of delay timing on breakage and 
fragmentation has not been included at this stage. Although a factor that under certain 
conditions may be important, its direct impact on fragmentation has been very difficult 
to quantify and/or validate in situ and there is insufficient data to be included in a 
mechanistic framework such as that proposed in this paper. 
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APPENDIX A  
 
JKSimBlast Underground Software  
 
JKSimBlast developed by the Julius Kruttschnitt Mineral Research Centre (JKMRC) was used to encode the 
single ring component of FRAGMENTO. The figure below shows the graphical user interface currently 
available. Specific programming allowed for the requirement to enable the direct transfer of all modelling output 
into Excel spreadsheets for final analysis and interpretation.  
 
The package runs under the Microsoft Windows operating system (i.e. Win98,2000, NT & XP). It consists of 
two modules, the blast management system (BMS), shown on the left of the screen dump; and the 2DRing 
design and analysis module, shown on the right on the screen dump.  The BMS is the organisation centre, where 
the user can define and relate the data created and collected by the 2DRing design program and other 
applications. A BMS database is automatically generated and displayed in a Tree-View control. In 2DRing, the 
user can create multiple ring designs consisting of blast holes, decks, down-hole and surface delays and 
connections. The design can be further described by strings and polygons defining orebody outlines, drilling 
boundaries and underground openings. All data is stored in Microsoft Access databases with full 3D details. 
 

 
 
Single ring fragmentation model- Quick user’s guide 
 
This guide assumes that the user is familiar with the input of design information into the BMS and 2DRing 
design modules. Detailed help files are available to software users and can be obtained from 
http://www.jksimblast.com/help.htm.   
 
This document guides the user through the procedures required to run the single ring component of 
FRAGMENTO. As mentioned earlier, the output available consists mainly of the algorithms developed to 
estimate “coarse” fragmentation outcomes. Only a simplified version of the fines modelling component has been 
incorporated in the software at this stage. 
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For a given drilled and charged ring, activate the selection mask and define the blasting area or boundary region 
bounded by the drilled and charged blastholes 
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Click here to activate the selection mask.  
In the active design, hold the left mouse 
button down and drag the cursor to 
generate the first boundary segment. 
Move the cursor to the next point and 
click left to generate the next segment. 
Continue until the boundary is 
completed. Note that to close the 
boundary the final segment should cross 
the first segment. 
 

 Tools+Fragmentation Model… menu item, activate the fragmentation model dialog. This main dialog 
four major tabs which help the user manage all key input parameters and final output.  The following 
cribes the items in each of these tabs. 

Control Tab  Control tab the user sets the basic calculation requirements of the 
l: 

he calculation grid resolution sets the resolution of the PPV point 
alculation at a distance in 3D space. The value of 0.1 m is adequate 
nd should be maintained in most underground production blasting 
onditions. It should be noted that finer resolutions will increase 
alculation times.  
tart burden, Burden increment and End burden allow the user to set 
 range of burden configurations to evaluate fragmentation 
utcomes. 
he critical S/B ratio is a simple empirical threshold which is used 
y the program to highlight the final selection of fragmentation 
esults given in the Model Tab (see Model Tab description). 
ption to invoke a smoothing algorithm for the fragmentation 

urves output by the program and activated in the Model tab.  
Rock Properties Tab 

 Rock Properties tab, the user sets the rock input parameters 
ed by the model. 

he first set of rock input parameters are the Holmberg/Persson 
ttenuation constants K, α and the PPV onset of breakage. The 
efault parameters given have been shown to adequately represent 
etalliferous hard rock conditions.   
ock material strength parameters are also specified here, they 

nclude Rock SG, UCS, Tensile strength, P-wave velocity, Dynamic 
oung’s modulus and Poisson’s ratio. 
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Rock Structure Tab  
In the Rock Structure tab, the user sets the parameter that best describes 
the rock mass fracturing conditions local to the ring volume.  This is 
defined by an estimate of the average size of in situ blocks. 
 

 
Model Tab  

In the Model tab, the user is able to activate modelling calculations and 
obtain a list of output for each burden configuration set in the Control 
Tab. Output boxes are automatically selected when S/B ratios are greater 
than the value specified in the Control tab. The selected results can then 
be plotted or copied into Excel spreadsheets.  The user is also able to 
select or deselect individual results at will or by using the “All On” or 
“All Off” buttons. 
 
• Fragmentation distribution curves for the selected output can be 

automatically plotted by clicking on the “Plot Selected” button.  
• To copy data into Excel, the user must click on the “Copy Selected” 

or “Copy All” buttons, open an Excel sheet and use the paste option 
from within Excel.  

 
 
As discussed above, standard fragmentation curves can be plotted from within 2DRing by pressing on the “Plot 
Selected” button. The output dialog is illustrated below. 
 
 

  
 
 
As shown above, the output data copied into an Excel sheet contains a summary of all input parameters, 
modelling output parameters and fragmentation data for each burden configuration and a compiled summary of 
burden versus predicted uniformity, P10, P20, P50, P80 and P90 values. 
 

 19



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


