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ABSTRACT 

 
 

The assessment of fragmentation is an important aspect of the design and 

planning of any excavation.  The distribution of fragment sizes in situ helps assess the 

requirement of explosive energy to excavate the rock material.  In addition, the 

information can also be used to evaluate the ground water flow, leaching characteristics 

and the requirement of additional rock handling equipment in construction projects.  In 

the block cave mining method, the assessment of in situ and secondary fragmentation is 

an integral part of the design of the excavations at the extraction level and the selection of 

material handling systems for transporting the ore to the processing stations.  Secondary 

blasting requirements can also be estimated based on the fragment size distributions 

developed for the block cave. 

Methods of estimating fragment size distributions in block cave mines have been 

based on joint set parameters estimated from structural mapping in available excavations 

or outcrops.  While this is acceptable in the absence of any other means of assessing the 

fragmentation, the results can often be misleading since the structural mapping is often 

carried out in limited areas and the results applied uniformly to the entire deposit. 

This new study proposes to use the core piece lengths information gathered from 

the boreholes to develop in situ and primary fragmentation estimates for block cave 

operations. Under this proposed study, drill core piece lengths from an exploration 

program in Indonesia will be used along with structural mapping data to develop 
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estimates for in situ and primary fragment size distributions.  Methods for estimating 

secondary fragmentation from primary fragmentation will be evaluated and the estimates 

of secondary fragmentation from the different methods will be compared with the actual 

fragmentation characteristics observed at the drawpoints. 

The primary assumption in the development of primary fragment size 

distributions from drill core data is that each drill hole piece represents one in situ rock 

block.  The relationships between the joint spacings and lengths of the different joint sets, 

evaluated from the joint set characteristics gathered from available excavations, outcrops 

or oriented core drilling programs, can be utilized for estimating the shape of the rock 

blocks.  
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1. INTRODUCTION 

The assessment of fragmentation is an important aspect of the design and 

planning of any excavation.  The distribution of fragment sizes in situ helps assess the 

requirement of explosive energy to excavate the rock material.  In the block cave mining 

method, the assessment of in situ and secondary fragmentation is an integral part of the 

design of the excavations at the extraction level and the selection of material handling 

systems for transporting the ore to the processing stations.  Secondary blasting 

requirements can also be estimated based on the fragment size distributions developed for 

the block cave. 

Fragmentation is a major factor in an assessment of the feasibility of cave mining.  

Since the large mines depend heavily on large mechanized drilling and loading 

equipment, the assessment of the economic viability of caving is determined by load-

haul-dump (LHD) productivity and the cost of breaking large fragments to a size that can 

be efficiently handled by the available equipment.  Several attempts have been made to 

estimate the in situ, primary and secondary fragment size distributions in block cave 

mines, and several software programs have been developed for simulating the breakdown 

of rock blocks from the cave back to the drawpoints.  However, the field testing and 

improvement of these techniques is important before they are allowed to become 

planning and scheduling input parameters.  The development of tools for the estimation 

of expected fragmentation will significantly improve the process of planning and 

scheduling of block cave operations.  
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Early block caves were designed in soft materials that caved readily and primary 

fragmentation was not a serious issue during design or operation.  Due to the 

considerably lower costs of block caving and the economies of scale, current mine design 

practices first evaluate whether a deposit can be block caved, even in stronger, harder, 

and tougher ores. The success of large-scale caving depends largely on efficient and cost-

effective handling of the fragmented material, which in turn is affected by the degree of 

rock fragmentation (Otuonye, 2000). 

The design process used for block caving begins with the estimation of fragment 

size distribution of the caved material.  At least two fragmentation estimates – a 

‘primary’ fragmentation from the early part of the draw, and a ‘secondary’ fragmentation 

from the later part of the draw column – are used in the design of the block cave mine 

layout and for preparing a production schedule (Hustrulid, 2000).  If the natural 

fragmentation of the rock mass can be estimated for all points, it can provide a 

meaningful input for mine design, layout and production scheduling, otherwise major 

mistakes can be made including incorrect sizing of secondary breakage equipment and/or 

poor layout design. Accurate prediction of fragmentation can help the mine foresee the 

potential difficulties in handling big blocks and hangups at the drawpoints and the 

production can be scheduled at the level, which considers the interference of secondary 

breaking. 

Laubscher (1994) assigns a big role for fragmentation in the design process for 

block cave operations.  He states that while all rock masses will cave, the manner of their 

caving and the resultant fragmentation size distribution needs to be predicted if cave 

mining is to be implemented successfully.  In caving operations, fragmentation has a 
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bearing on drawpoint spacing, dilution entry into the draw column, draw control, 

drawpoint productivity and secondary blasting/breaking costs. 

Current methods of estimating fragment size distributions in block cave mining 

projects, such as Block Cave Fragmentation (BCF) or JKFrag, rely on the creation of 

rock blocks using statistical distributions of joint set characteristics such as joint 

orientation and joint spacing.  The data for these methods are available only in limited 

locations within the proposed block cave, such as the expected extraction level, while 

there may be significant variations in the size of rock fragments within the regions of the 

block cave where no access is available for the generation of joint set characteristics.  The 

use of data from holes drilled for geological purposes can be of substantial value to the 

block cave mining industry.  

Though geological information is abundant during the early stages of assessment 

of a deposit for mining using the block cave mining method, detailed geotechnical 

information is seldom available from the area until the pre-feasibility or feasibility stages 

of the project.  In many cases, the primary geotechnical data available is in the form of 

rock quality designation (RQD), which is useful as a parameter for rock mass 

classification but cannot be used to estimate primary fragmentation with any degree of 

certainty.  Rock quality designation is the percentage of core pieces with length greater 

than twice the core diameter.  If the core diameter is 54 mm, all core pieces greater than 

108 mm are summed up to estimate the RQD.  While this information provides an 

estimate of the degree of rock fracturing, there is no difference between the case where a 

single piece of say 1,080 mm or 10 pieces of 108 mm each.  If RQD is used directly as an 

estimate of size of rock blocks within the block cave mine, the primary fragmentation can 
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be grossly underestimated and large blocks will not be adequately represented within the 

primary fragment size distributions.  A method for estimating fragment size distributions 

using piece length data instead of RQD is therefore very valuable and the subject of this 

study.  During a review of available information on the importance of the assessment of 

block size distributions in mining and leaching operations, references were found that 

showed that the assessment of block size distribution is also of importance in the armor 

stone industry.  Several authors have reported on various methods used for evaluating the 

block sizes based on jointing information (Wang, Latham and Poole, 1991). 

A review of the literature studied in the area of fragment size estimation is 

presented in Chapter 2 and includes the need for fragmentation assessments in mine 

design, methods proposed for modeling of fragment size distributions, field correlations 

of fragmentation assessments, the importance of fragment size estimation in block cave 

mining, and the assessment of block sizes in the armor stone industry. 

This dissertation develops a new approach for estimating the primary fragment 

size distributions based on drill core piece length information.  Field data for jointing 

information, core piece length information and drawpoint fragment size distributions 

were made available by PT Freeport Indonesia (approval for use of data is attached in 

Appendix B).  This research culminated in the development of a computer program for 

the conversion of 1-dimensional core piece length data to a 3-dimensional block volume 

using a Monte-Carlo simulation of joint set spacing and orientation data.  The flowsheet 

for the methodology followed in this research is shown in Figure 1.  The development of 

the block size estimator (BSE) program using the core piece length data and Monte-Carlo 

simulation of joint set information is presented in Chapter 3 along with the basic 
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assumptions associated with the program.  The impacts of these assumptions on the 

fragment size distributions estimated by the BSE program were modeled using 

AutoCAD.  The description of the AutoCAD models and the results from the analyses of 

the models are presented in Chapter 4.  The joint set data from PT Freeport Indonesia 

(PTFI) was analyzed and distributions of joint set spacing and joint set orientation 

appropriate for this data set were evaluated. The analysis of the joint set information is 

provided in Chapter 5.  The results from the BSE program were then compared with the 

observations from the drawpoints in the DOZ mine and the results are presented in 

Chapter 6.   

Chapter 7 presents conclusions and recommendations for future work in the 

assessment of fragment size distributions, especially for block cave operations. 

The initial concepts for the development of a fragment size estimation procedure 

were developed by the author while working at CNI. and the BSE model reported in this 

dissertation is an extension of the procedures reported in Srikant and Nicholas (2004). 
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Figure 1:  Flowsheet of Research Methodology 
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2. LITERATURE REVIEW 

The assessment of in situ fragment size distributions is an integral part of the 

design of mining operations, particulary for block caving operations.  Several authors 

have wrestled with the problem of estimating block sizes in different stages of a block 

cave operation, and there are several schools of thought on the nature of degradation of 

material as it travels down a block cave column.  Though various techniques for 

estimating the in situ fragmentation and several methods for estimating the breakdown of 

the material within the column have been proposed, unless a procedure is developed for 

estimating the final fragmentation at the drawpoint, this information is not of any great 

use to the planning and/or the planning engineer of a block cave operation.  The review 

of published literature related to this dissertation has been organized under relevant 

headings. 

2.1 Fragmentation assessment in mine design 

Laubscher (1994) is a definitive study of the state of the art of cave mining based 

on his experiences in block caving mines all over the world.  The paper presents design 

principles and philosophies used in the course of his consulting work.  Several 

correlations in the paper have been developed by him or can be traced back to his work. 

Block caving mines around the world accounted for roughly 370,000 tons of mine 

production per day at the time of his writing the paper.  In addition, several new large 

caving mines were in the conceptualization, design and planning stages.  As plans were 

being drawn up for more ambitious projects, Laubscher points out the need for a co-

coordinated approach to help design the mine with the best available information, since 
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there is little scope to change the layout once the mine is developed.  The paper lists 

twenty-five main parameters that should be considered before the implementation of any 

cave mining operation.  Laubscher assigns a big role for fragmentation in the design 

process for block cave operations.  He states that while all rock masses will cave, the 

manner of their caving and the resultant fragmentation size distribution need to be 

predicted if cave mining is to be implemented successfully.  In caving operations, 

fragmentation has a bearing on drawpoint spacing, dilution entry into the draw column, 

draw control, drawpoint productivity, secondary blasting/breaking costs, and secondary 

blasting damage.  The paper details and discusses the impact of fragmentation on various 

design parameters. 

Hustrulid (2000) states that there is a major gap in the ability to predict 

fragmentation distributions based on typical core drilling data.  This is especially relevant 

since, at the time of pre-feasibility studies for mining operations and for geological 

engineering evaluations, drill core is the only means of gathering and collating data on 

the rock comprising the orebody or area of interest. 

Dolipas (2000) presented the geotechnical information in the design of the Philex 

block cave operations in the Philippines and defined primary fragmentation as the particle 

distribution of blocks that separate from the cave back and enter the draw column. The 

primary fragmentation from stress caving is generally finer than from subsidence caving 

owing to the rapid propagation of caving in the latter case with disintegration of the rock 

mass, primarily along favorably oriented joint sets with little shearing of intact rock. The 

orientation of the cave front/back with respect to the joint sets and direction of principal 

stress can have a significant effect on primary fragmentation.  Secondary fragmentation is 
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determined by the reduction in size of the primary fragments as they move through the 

draw column. The processes to which particles are subjected determine the fragmentation 

size distribution that reports to the drawpoints.  The relationships between the adjusted 

MRMR and the hydraulic radius, cavability, expected fragmentation, and frequency of 

blasting are tabulated.  The degree of fragmentation is controlled by the interplay of 

original rock block size, comminution effect, strength of the rock, tendency of large 

blocks to float down to lower levels, thickness and nature of fracture fillings and fines 

likely to be formed by grinding or traveling in from elsewhere.  The fracture intensity and 

block size, together with the strength of the rock and the nature and thickness of fracture 

filling materials, dictate the percentage of fines.  The results of the fragmentation 

analyses based on the Block Cave Fragmentation (BCF) program are presented.  The 

design of the mine layout was based on the fragmentation estimates and the rock mass 

rating.   

Heslop (2000) discusses the importance of fragmentation assessments and states 

that the particle size distribution and shape of the rock blocks influence the behavior of 

ore in the under draw, and dilution entry points and quantity of dilution, which in turn 

have a large bearing on the draw control practices, ore recoveries and dilution.  The 

fragmentation analyses are also used to assess the dimensions of the drawpoint openings, 

the size of loaders required to handle the ore, the potential for hang-ups and the 

proportion of materials requiring secondary breaking, drawpoint productivity secondary 

blasting costs and secondary blasting damage.  Heslop suggests that it would be prudent 

to carry out some cross checks with other fragmentation analysis methods to show how 

well the BCF program has simulated the fragmentation. 
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Hustrulid (2000) discussed the process of method selection for large-scale 

underground mining and states that the fragmentation must be such that an efficient, 

productive operation results. The layout must be made in harmony with cavability, 

fragmentation, the available machines, etc. The design process used for panel caving 

begins estimating the fragment size distribution of the caved material.  Knowing the 

distribution, a critical size (average size, maximum size, another size) is selected for 

making the layout.  In the caving process, the fragmentation distribution arriving at the 

drawpoint is expected to change with the development of the draw column.  For block 

and panel caving, at least two fragmentation estimates – a ‘primary’ fragmentation from 

the early part of the draw, and a ‘secondary’ fragmentation from the later part of the draw 

column – are used in the design of the layout and for preparing a production schedule.  

The author admits that there is a major gap in the ability to predict fragmentation 

distributions based on typical core drilling data.  Once the layout has been made based 

upon the size characteristics of the caved material, one can design the drawpoint widths. 

These widths are also a function of the fragmentation which must be extracted.  One of 

the key elements in the selection and design of a successful caving system is the 

fragmentation distribution as a function of draw. If this is poorly known, then major 

mistakes can be made.  In the worst case, the panel caving method may be inappropriate 

and/or the layout chosen may be wrong.  

Nickson, Coulson and Hussey (2000) presents the methodology followed in the 

design of a block cave operation in a large low-grade Copper-Molybdenum deposit in 

Canada.  As part of the scoping study, geology and geomechanical characteristics of the 

deposit were defined, including rock mass classification, in situ stress measurements, 
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geomechanical testing, surface subsidence and cavability evaluations.  The authors stated 

that the success of caving mining methods depends highly on the primary and secondary 

fragmentation characteristics of the orebody. In caving terminology, primary 

fragmentation occurs at the cave front and is dependent on the nature of the rock fabric 

and associated stress induced fracturing. Secondary fragmentation refers to the size 

distribution that reports to the draw-bells as a result of comminution, breakage and 

attrition during drawing of the caved material.  Production rates in a caving scenario rely 

heavily on the degree of secondary fragmentation, which in the case of Mont Porphyre 

was predicted to be 80 per cent greater than 2 m3 in the initial phases of the caving 

process. Secondary fragmentation prediction relies on an understanding of primary 

fragmentation that will result from the caving process in both the ore and the overlaying 

waste rock.  The processing of the geotechnical data included an assessment of block 

sizes from the data collected on the core logging sheet.  The distance between natural 

fractures was used to create distributions of block lengths and a distribution of potential 

block sizes was estimated assuming that the blocks had equal dimensions in all 

directions.  The results agreed closely with the results of the BCF program. 

Otuonye (2000) stated that the success of large-scale caving and stoping 

operations depends largely on efficient and cost-effective handling of the fragmented 

material.  One of the primary factors affecting the characteristics of material flow through 

drawpoints is the degree of rock fragmentation.  The author presents a discussion on 

material flow characteristics and a technique for designing the size, shape and spacing of 

drawpoints.  While the technique does not cover all the factors affecting such design, the 

author has included flow characteristics and particle size distributions in his analysis. 
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The importance of fragmentation assessment in equipment sizing is discussed in 

Penswick (1997) for the Palabora Mine  The paper presents some of the details of the 

Palabora block cave mine with specific reference to fragmentation, hang-ups at the 

drawpoints and the design of the high reach rig to tackle the problem of high hang-ups.  

The mine design at Palabora has been tailored to the expected coarse fragmentation and 

high rock strength.  A scale model of a drawbell at Palabora indicated that a majority of 

the oversize material will gravitate to the footwall of the drawpoint.  Some of the oversize 

will be large enough to create blockages within the drawbell and are termed as hang-ups.  

A small percentage of the total number of hang-ups is predicted to form blockages 

beyond the reach of conventional secondary drilling and blasting equipment.  The high 

reach rig has been designed to deal with such hang-ups safely and is designed to reach up 

to 16 meters into the drawbell.  The rig is designed to drill a blast hole into the hang-up, 

charge it with an emulsion explosive and retract the beam. The charged hole is then 

blasted using a nonel tube.  The details of the development of the rig are provided in the 

paper. 

2.2 Modeling of fragment size distributions 

A computer model was developed by Da Gama (1983) to establish the size 

distribution of blocks within a rock mass.  The method was based on the common survey 

usually done by geologist with a compass, requiring the mapping in the rock bench of all 

important joints, by means of defining their dip strike and coordinates of a point with 

respect to a local system of reference axis.  The model developed was based on the 

intersections of all joints mapped on the bench, in order to define blocks of rock.  The 
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block volumes and average block sizes were then calculated and output as a numerical 

table containing data on each block, as well as a size distribution curve. 

Turcotte (1986) discusses the applications of fractal theory in the estimation of 

fragment size distributions.  A fractal distribution is a simple power law relation often 

used to correlate data on the size distribution of rock fragments.  The exponent in the 

power law is defined as the fractal dimension. Turcotte showed that a size-frequency 

relation of the form characterized all fragmented objects, including rocks that have been 

broken in various ways: 

  N (r)  r-D ……………………………………………………….[1] 

where N(r) is the number of fragments with a characteristic dimension greater than r and 

D is the fractal dimension.  He also summarized that the fractal dimensions for 

fragmented geologic materials ranged from 1.44 to 3.54.  In general, higher fractal 

dimensions can be related to lower strengths. 

The author presents the concepts of fractal distributions and shows how it can be 

applied to describe the size-frequency distribution of rock fragments.  It is emphasized 

that the fragmentation models depend on the assumed maximum size and the assumed 

mass distribution of the fragments.  The renormalization group approach is presented 

based on the assumption that the fragmentation process is scale invariant over a wide 

range of scales.  In order to model fragmentation, the material is hypothesized to develop 

micro-fracturing under applied stress.  The basic hypothesis of the renormalization group 

approach is the assumption that the probability that a cell will fragment into eight 

elements is the same at all orders.  If each of the elements of the cell representing the 
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rock is classified as “fragile” or “sound”, the probability that an element in an n-th order 

cell is fragile can be calculated.  This probability is used in conjunction with the 

probability that the cell will fragment into eight elements.  The author demonstrates that 

the results are independent of the renormalization configuration (number of elements in 

the cell) chosen.  The author concludes that fragmentation is often a scale invariant 

process, which is evidenced by the existence of a fractal dimension.  The fractal 

dimension is a measure of the fracture resistance of the material relative to the process 

causing fragmentation.  Fragile materials are expected to have a smaller fractal 

dimension. 

Continuing on Turcotte’s work, Poulton, Mojtabai and Farmer (1990) stated that 

fractal dimensions can also be defined for fracture length and spacing since discontinuity 

frequencies have been noted to have a negative exponential distribution.  The authors also 

proposed that correlations should also exist between fractal dimensions and strength, 

RQD and hydraulic conductivity, with higher fractal dimensions indicating lower 

strength, lower RQD and higher hydraulic conductivity. 

A method was developed for estimating fragment size distributions using a 

probabilistic model for rock joints and a stiffness matrix method for determining block 

volumes Young and Zhang (1992).  The authors used the Grossman bi-variate normal 

distribution for joint orientation and a Poisson disk model for the size and spacing of the 

joint planes, which results in an exponential distribution for joint spacing and an 

approximately lognormal distribution for the joint trace lengths.  Geostatistics was then 

used to spatially orient the joints in a discrete block model.  Once the joints were spatially 

located within the block model, a discrete 3-dimensional finite element model was 
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created with truss structures rather than solid elements connecting the nodes.  The 

element stiffness matrix was modified according to the trusses intersected by the joints in 

the model and then the global stiffness matrix was assembled.  This global stiffness 

matrix was singular and consists of independent sub-structures, which represented the 

individual rock blocks.  Since the volume and spatial location of these rock blocks was 

known, these were used to develop in situ fragment size distributions.  A cumulative 

distribution was calculated based on the block volumes.  The methodology was not tested 

against field data and fragmentation information and the authors admitted that the 

computation needs work to be efficient and practical. 

Scott, Chitombo and Kleine (1993) discuss the challenge of prediction and control 

of fragmentation in the context of providing effective blast design tools for optimizing 

the economics of mining.  The consequences of poor fragmentation are listed as 

excessive ore dilution, increased secondary blasting, reduced mucking rates, difficulties 

in ore handling and transportation, poor milling performance and variable ore quality.  

The economic impacts of fragmentation quality on different mining operations are listed 

in a table for optimal, normal and poor fragmentation. 

The limitations of the current models for fragment size distributions in blasted 

rock are that they are too complicated and require too many unfamiliar input parameters 

and the outputs are not often in a form that can be interpreted or used by a production 

engineer.  The Kuz-Ram model is found to be the most applicable and successful 

engineering fragmentation model, but does not account for the properties of rock and the 

model assumptions are usually swamped by the variability in the blasting process. 
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The authors discuss the approach undertaken by the JKMRC for developing a tool 

to guide blast design and to predict fragmentation.  The design guidelines combine 

explicit rock mass parameters and explicit blasting objectives into a three parameter 

design nomogram.  JKMRC has developed a technique to map rock exposures and derive 

a statistical description of in situ block size and is developing tools for estimating a three-

dimensional digability index.  The authors suggest that probabilistic descriptions of rock 

mass structure and the application of appropriate breakage models will yield better 

fragmentation modeling. 

Montoro and Gonzales (1993) assessed in situ fragmentation through the analysis 

of a series of photographs of the exposed and accessible rock surfaces generating a size 

distribution for the rock mass, instead of relying on statistical methods for evaluating the 

effect of joints on the size distribution.  A Weibull curve was then fitted to the raw data 

generated from the processing of the images. 

A concept of equivalent block volume was proposed by Cai, et al (2004) for rock 

blocks with infinitely long intersecting joints.  The proposed equivalent block volume is 

given by  

   	  ……………………...………………………[2] 

A more detailed study was undertaken Kim, et al. (2007) to verify and update 

Cai’s study using UDEC and 3DEC models.  Their work included a factor for joint 

persistence and estimated the equivalent block volume as  

   	  …………………………………[3]	
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Some attempts at correlating drill core information to actual block sizes have been 

undertaken, notably by Hardy, Ryan and Kemeny (1997), who calculated the three-

dimensional distribution of blocks from the one-dimensional drill core by constructing 

the cumulative frequency histogram of intercepted core lengths and correcting the one-

dimensional intercept lengths to the full block dimensions by fitting an ellipsoid to the 

fragment length based on its area and length.   

Esterhuizen (1999) developed the BCF program to generate rock size distribution 

using the cave face orientation (dip and dip direction), stress data, MRMR, joint set 

orientations and joint set spacing as input data. The BCF program was developed under 

the tutelage of Dennis Laubscher.  In the absence of other methods for fragmentation 

assessment, the program has been used for estimating fragmentation at several deposits, 

especially those of Rio Tinto Group who had paid for the original development of the 

program.  Several problems in version 1 were adjusted and corrected in version 3.2.  The 

program also catered for secondary fragmentation, that is, the breakage of primary blocks 

into smaller fragments, through repeated splitting, corner rounding and splitting when 

temporary arches fail. The BCF program estimates the fragmentation using a combination 

of empirical, analytical and rational methods to model the behavior of materials during 

the primary and secondary fragmentation processes. The calculation of secondary 

fragmentation in the program is based on the aspect ratio of a rock block, block strength, 

cave pressure, stress induced by arching in the draw column and the height of draw. 

Nickson, Coulson and Hussey (2000) presented the details of the geotechnical 

logging program and the core orientation program conducted in 1997.  The processing of 
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the geotechnical data included an assessment of block sizes from the data collected on the 

core logging sheet.  The distance between natural fractures was used to create 

distributions of block lengths and a distribution of potential block sizes was estimated 

assuming that the blocks had equal dimensions in all directions.  The results agreed 

closely with the results of the BCF program. From the geotechnical logging and core 

orientation programs at Mont Porphyre, a project on fracture simulation was started for 

the development of a geostatistical method to assess the block size distribution of a 

deposit.   

Barraza and Crorkan (2000) presented the details of the Esmeralda Mine 

including the geology and geotechnical aspects.  Fragmentation studies were conducted 

and the primary and secondary fragmentation curves for the different geological units 

were generated.  These results were the foundation for the material handling design from 

the production level to the transport level, as well as for the sizing of the transfer 

infrastructure and equipment size requirement. These curves were validated after the 

beginning of the extraction process.  

The design details of the Palabora Underground Mine Project are presented in 

Calder, Townsend and Russell (2000).  The rock mass at Palabora is composed primarily 

of carbonatites with an average uniaxial compressive strength of 120 MPa.  There are 

three sub-vertical joint sets and two flat-lying joint sets within the carbonatites of which 

three sets were used for the fragmentation analyses.  With the rock quality being higher 

than any other block cave, studies were made to determine the size range of the rocks 

reporting to the drawpoint. Since it was estimated that there will be a large amount of 

drawpoint oversize and blockages beyond the reach imitations of conventional 
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equipment, a specialized high reach drill rig has been developed to drill and charge these 

high hang ups remotely without personnel entering the drawpoint.  The high reach rig has 

the capability of accessing blockages 21 m above footwall elevation.  It is equipped with 

a three-dimensional video system and is operated remotely from a mobile control module 

that detaches from the main unit. The rig is equipped with an emulsion charging system 

to load the drilled holes. 

The design and layout of the Bingham Copper Mine were based on the 

geotechnical characteristics forecast from the drill holes and the fragmentation 

predictions from the BCF program Carter and Russell (2000), which takes the rock fabric 

distribution and ranges and computes a sample distribution of blocks. The fragmentation 

was computed for each of the three main rock types: Monzonites, Quartzites and Skarns, 

for both the lower (Production Level) and upper (Cave Column) zones. The combined 

fragmentation distribution for each mining block was compiled by combining the relative 

proportions of each rock type in each zone.   The fragmentation distribution from BCF is 

then input to the HANG-UP program. The program determines the proportion of hang-

ups that are estimated to occur as a function of hang-up type.  The output from the 

HANG-UP program provides input into undercutting rate, draw rate, and equipment 

productivity.  The oversize threshold at the drawpoint is taken as 2 m³.  The range of rock 

mass properties in the cave columns and the contrast in the fragmentation profiles 

between the upper and lower zones gave concern about the draw characteristics of the 

column and the potential for high dilution entry and fines migration. 

Chen (2000) stated that ore fragmentation has a great influence on the 

performance of a block caving mine. Accurate prediction of fragmentation can help the 
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mine foresee the potential difficulties in handling big blocks and hangups at the 

drawpoints and the production can be scheduled at the level, which considers the 

interference of secondary breaking. Ore fragmentation at drawpoints is considered to be 

mainly controlled by the size of in situ rock blocks.  

Hadjigeorgiou, Grennon and Nickson (2002) demonstrate how oriented borehole 

data can be used to provide characteristic block size distributions for a mining project 

using a software package called Stereoblock, which generates a three-dimensional joint 

network for a given volume and calculates the volumes of blocks created by the 

intersections of these joints, simulated as circular planes (Baecher, et al., 1977). The 

distributions of joint orientation and joint spacing generated from statistical analysis of 

the oriented core data are used for the creation of the Stereoblock model.  The diameter 

of the circular planes representing the joints is determined based on the mean and 

standard deviation of the joint trace length collected from scan-line mapping.  The 

relative absence of information on trace length is recognized as a limitation of working 

with core data.   

2.3 Field correlations of fragmentation assessment 

Thomas (1973) presents a discussion on the application of the Rosin-Rammler 

curve for describing the size distribution of broken rock and is based on a series of 

breakdown tests on simple cubes.  The experimental setup and the results obtained from 

the testing on samples of Darley Dale Sandstone are presented to help identify two 

distinct portions of the fragment size distribution.  He notes that it is difficult to identify 

the break point between the two sections of the curve in igneous rocks with grains of 

more than one mineral or sedimentary rock with a wide range of grain sizes and 
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concludes that the size distribution coefficients showed a relationship with the resistance 

of the rock to impact, described as “toughness”, but were not related to such factors as 

compressive strength or hardness. 

An experimental study was conducted at the Inspiration mine in Arizona where 

the block sizes were studied by Mojtabai, et al (1988) for a heap leaching operation.  In 

cognizance of the direct relationship between fragment size distribution and recovery of 

copper minerals from the heap leach, improvements in fragmentation were expected to 

increase the percentage recovery from the leaching operation.  Three sets of observations 

were made at two levels in the mine during production.  Prior to blasting, line and cell 

mapping was conducted on selected benches.  Exploration cores were also logged to 

determine the pre-blasting block-size distribution.  After blasting, samples totaling one 

ton from the areas previously mapped were sieved to generate fragment size analyses.  

Sieve analyses were also conducted on the dump material before placing them on the 

leach pads.  Plotting the number of particles against the particle size on a log-log plot 

showed a linear relationship, and the slope of the line was shown to increase with 

increasing blasting energy. 

The study of the relationship between drill core intercepts and block size 

distributions by Hardy, Ryan and Kemeny (1997) was conducted at the San Xavier 

Experimental mine.  The results indicated a good match between the actual block size 

distribution, presented as a sieve analysis, and that estimated from the drill core 

intercepts, for the smaller and uniformly distributed block sizes in the experimental area.      
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Aimin and Yongxue (2000) presented the design details of the Tongkuangyu 

block cave mine, including the geology and geotechnical information, and developed the 

cavability and fragmentation estimates based on the available information. A key portion 

of the paper was the discussion on the prediction of fragmentation and a comparison of 

the secondary fragmentation predictions to the fragmentation observed at the drawpoints.  

The authors indicated that primary fragmentation is a function of the joint orientation, 

spacing and persistence (length) while secondary fragmentation is dependent on induced 

stresses, draw column height, rock strength, shape of the in situ blocks and joint 

conditions.   

2.4 Fragmentation in block caving mines 

Barber, Thomas and Casten (2000) provided a description of the designed Deep 

Ore Zone (DOZ) Mine of PT Freeport Indonesia and the fragmentation forecasts 

predicted that less than 30 per cent of the orebody will exceed 1.0 meter. Comminution 

within the draw column is expected to further reduce the material size reporting to the 

drawpoints. 

Bartlett and Croll (2000) described the experiences in the design of block caving 

in the three mining blocks at the Cullinan Mine in South Africa – BA5, BB1E and C-cut. 

Thirty percent of the initial blocks had a volume greater than 2 cubic meters in the BA5 

and the BB1E blocks.  However, after 20% of the column was drawn (to a height of 16-

28 meters), only 12% of the blocks had a volume greater than 2 cubic meters.  The caving 

rate in the kimberlite, which is related to the fragmentation, in the BA5 block was 2 

meters per day.  In another paper on the Premier Mine, Bartlett and Nesbitt (2000) 

presented information on tons drawn from drawpoints from the time of cave initiation. 
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Early problems with coarse fragmentation and secondary blasting required that 

information on hang-ups be collected.  The fragmentation distribution of ore reporting to 

drawpoints at Premier mine is believed to be as coarse as any block caving operation in 

the world.  Up to 30 per cent of the fragments that report to drawpoints while the first 

20,000 tons of ore is being drawn can be larger than 2 m3 in size, too large for LHDs to 

convey.  The fragmentation distribution results in a large number of hang-ups, which 

were classified into four types – cluster low, cluster high, large low and large high – and 

the location and type of hang-up was recorded electronically, so that they could be 

resolved quickly.  Hang-ups that persist for a long time prevent interaction between 

adjacent drawpoints and can lead to early ingress of waste and compaction problems.  

The authors concluded that an improved understanding of ore flow impacts draw control 

strategies, cave mining layouts and mining equipment.   

Fragmentation estimates for the North Parkes block cave mine Chen (1996) were 

generated using the BCF program, which is based on empirical, analytical and rational 

models for the behavior of the material during caving and drawing.  Five open fracture 

domains were used in the E26 fragmentation assessment, the details of which were 

determined from geological mapping during the development of the mine.  The program 

indicated that the fragmentation would be reasonably fine with 95% of the material being 

less than 2 m3. 

Chitombo and Kleine (1987) presented the results of a study on blasting 

efficiency in an open stoping mine in Canada and noted that the distribution of volumes 

of the in situ blocks within the stope followed a negative exponential distribution.  Using 

the breakage functions developed by Kleine (1988), the fragmentation due to blasting 
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was predicted with reasonable accuracy.  Two main sources of observation error were 

recognized: 

1. Fines are difficult to estimate photographically and the small number of 

large blocks in the photographs makes it difficult to estimate their 

occurrence in the muckpile. 

2. The breakage functions are generated from simulations rather than field 

tests. 

Jofre, Yanez and Ferguson (2000) detailed the changes in the design of the block 

and panel caving operations in the El Teniente Mine.  Much of the change in the design 

was necessitated since the mine moved from the well fragmented ore zone (called 

secondary andesite) to a harder and poorly fragmented ore zone (called primary andesite).  

One of the primary aims of the modification made in the design was to improve the 

management of the ore fragmentation.  The geotechnical characteristics of the deposit 

indicated that the difference in fragmentation characteristics of the two zones was the 

supergene alteration through the percolation of meteorological water close to the surface.  

While the secondary andesite had fragment side lengths of 0-05 to 0.2 meters, the 

primary andesite had fragment side lengths of 1 to 5 meters.  The difference in fragment 

sizes led to the changeover from the gravity system of block caving to the mechanized 

panel caving system.  Based on the experiences in their mine, the authors presented panel 

caving design options for future projects in similar primary andesite.  Since the 

fragmentation is coarse in the primary andesites, the authors recommended pre-treatment 

of the ore using a sub-level caving layout at the undercut level.  This was expected to 
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yield a positive impact on the initial fragmentation at the mine since the undercut ore will 

be partly blasted. 

2.5 Block size estimation in armor stone mines 

The market demand for armor stones is increasing for use in coastal defense 

structures and this requires the development of more armor stone producing quarries, 

which could be either existing aggregate producing quarries with new armor stone 

producing faces, or new quarries on virgin sites with large blocks available.  The 

assessment of in situ block size and shape parameters are two key factors considered in 

appraising a quarry for armor stone production and determine whether an existing or 

virgin site can be opened specifically for armor stone production.  In addition, 

appropriate blast patterns can be designed to optimize the production of adequately sized 

blocks, which can be used as armorstone.  Although the in situ block sizes and shapes of 

a rock mass with discontinuities are vital parameters, their estimation is often very 

unreliable using the currently available methods. A method for predicting the in situ 

block size and shape parameters of a rock mass with discontinuities is presented in Wang, 

Latham and Poole (1991), which includes a detailed discontinuity survey technique and 

computer determination of the blocks dissected by the discontinuities.  The applications 

of the method to simulated discontinuity data and natural joint data are discussed. 

Latham, Meulen and Dupray (2006) presented a new approach for generating a 

distribution of block sizes from 1-dimensional borehole data.  The 1-dimensional spacing 

distribution data was converted into block volume distribution data using the correlation 

between the in situ block volume Vi and the volumetric joint count Jv (i.e. number of 
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joints per cubic meter) developed by Palmstrom (2001), where β is the block shape 

factor. 

Vi = β * Jv
-3 ……………………………………………………………[4] 

The value of β is listed for different block shapes and Jv can be estimated from 1D 

assessment of core measurements, introducing a weighted assessment for the orientation 

of each joint with respect to the core axis.  This method of treating core length segments 

as scanlines of discrete lengths of core bounded by fractures is an approximation, but the 

median block size based on the average spacing generally tends to be close to the average 

block size. 

2.6 Summary 

The review of literature conducted as part of this study indicated that while 

fragment size distributions are critically important for the design of block cave mines, the 

methods used for the estimating the fragment size distributions within a rock mass 

planned for mining using the block cave mining method are rudimentary and the 

estimates are based on limited geotechnical information available in the early stages of 

the project.   

Block size estimation is also of importance to the dimension stone and armor 

stone industries and schemes have been developed for estimating the block sizes using 

joint set characteristics.  One scheme for converting drill core piece lengths to block 

volumes has been published by Latham, et al in 2006, but the approach is based on shape 

factors and was developed after the start of this research study. 
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Several schemes have been proposed for the estimation of fragment size 

distributions for block cave mining and for the dimension stone industry, and all of them 

require information on joint set characteristics such as joint dip, dip direction and joint 

spacing.  This information is often not available at all areas within the block planned for 

caving and is often collected from limited geotechnical drilling and/or mapping in the 

proposed undercut/extraction drifts for the block cave mine.  The estimated fragment size 

distributions may not accurately represent the variations of fragmentation within the rock 

mass. 

When the rock blocks in a rock mass are uniform in size, the distribution of core 

piece lengths drilled through the rock mass is similar to the volumetric fragment size 

distributions.  However, when the rock blocks are not uniform, the conversion of 1-

dimensional core piece lengths to 3-dimensional rock blocks is more complex. 
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3. FRAGMENT SIZE ESTIMATION FROM DRILL HOLE PIECE LENGTHS 

The development of the primary fragment size distribution for block cave mining 

from drill core data requires the estimation of 3-dimensional volumetric fragment sizes 

from 1-dimensional drill core piece lengths.  The basic premise of this study is that each 

core piece represents an in situ block intersected by the drill hole.  The block is created 

using three almost orthogonal joint sets.  Adjacent joints within the same joint set are 

expected to have similar orientations and rock blocks can, therefore, be expected to be 

parallelepipeds in shape.  The volume of the parallelepiped is estimated based on the 

length of the drill hole core piece and the orientation of the drill hole with respect to the 

sides of the parallelepiped.  The conversion of the one-dimensional drill-hole data into a 

three-dimensional block volume is undertaken based on trigonometry concepts using the 

core piece length (CPL), drill hole azimuth (CPA) and drill hole plunge (CPP) along with 

the dip direction (DDR), dip (DIP) and spacing (SPA) of joint set data.  The Block Size 

Estimator (BSE) computer program was developed based on the concepts presented in 

Srikant and Nicholas (2004). The procedure was developed as part of the Core2Frag 

program while the author was working at Call & Nicholas, Inc. 

3.1 Review of assumptions in Core2Frag 

The main assumptions in the development of primary fragment size distributions 

from drill core data using the Core2Frag program are: 

a) Each drill-hole core piece represents one in situ rock block. 

b) Each rock block is created by three almost orthogonal joint sets. 
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c) All blocks have the same aspect ratio which is defined by the joint set 

characteristics. 

d) The drill hole passes through one apex of the primary block. 

These assumptions were reviewed and an assessment of their impact on the 

fragment size distributions discussed and necessary modifications were made to the 

assessment of fragment sizes within the BSE. 

3.1.1 Assumption 1 – core piece represents one block 

If the core piece length is greater than the diameter of the core, there is a 

possibility that the core piece represents one block, unless the core breaks against a small 

fracture within the main block.  While the existence of random fractures within the main 

blocks cannot be ruled out, it is difficult to account for each of these random fractures 

and, therefore, it is recommended that a correction factor be used to help account for 

these random fractures.  The size of the correction factor required would depend on the 

extent of random fractures observed in the mapping of outcrops and or sub-surface 

excavations.  This aspect has not been studied as part of this research and it is 

recommended that the nature and application of the correction factor be evaluated based 

on field correlations. 

3.1.2 Assumption 2 – each block is created by three joint sets 

The conversion of the drill core piece length to a block volume is based on the 

assumption that each block is created by three almost orthogonal joint sets.  Each joint is 

assumed to be terminated against the joints in the other two joint sets.  This assumption 



46 
 

results in the formation of larger blocks because other joints and fractures that may be 

present in the block are ignored.   

3.1.3 Assumption 3 – all blocks have same aspect ratio 

In the procedure reported by Srikant and Nicholas (2004), the aspect ratio of all 

blocks in a rock mass was assumed to be the same.  However, with the random spacing of 

each joint set, this assumption may not result in representative block generation.  In order 

to eliminate this assumption, the BSE has been programmed so that the aspect ratio of 

each block is generated by sampling the joint spacing distributions to select individual 

joint spacing values for each set.  The aspect ratios are limited to a pre-assigned 

maximum aspect ratio to help eliminate the long skinny rock blocks with very large 

aspect ratios.  The selection of the maximum aspect ratio should be based on field 

observations. 

3.1.4 Assumption 4 – drill hole passes through the apex of the rock block 

The assumption that the drill hole passes through the apex of each block was 

created for simplifying the trigonometric equations that are used to develop the block 

volume.  However, this assumption can lead to large errors in the estimation of block 

volumes as shown in Figure 2.  This was recognized in Srikant and Nicholas (2004) and 

was addressed with the help of a correction factor.  Further analysis of this issue was 

undertaken as part of this study and the results indicate that there is a randomness 

associated with this aspect, which should be addressed using a Monte Carlo procedure. 

The assumption that the drill hole passes through the apex of the block results in 

the smallest block being fitted to the drill core piece.  An assessment of the impact of this 
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assumption on the fragment size estimate was undertaken as part of this study.  A cube of 

side length 1 meter was created in AutoCAD and a drill hole was drawn passing through 

an apex of the block.  Twenty-seven random hole locations were then generated on three 

orthogonal sides of the cube and the intercept length of the drill hole passing through 

these locations was measured.  The volume of the block represented by each of these drill 

hole intercepts was calculated assuming that the drill hole passes through the apex of the 

block.  The ratio of the actual block volume to the volume estimated if the drill hole is 

assumed to pass through an apex of the block was then calculated and the distribution is 

shown in Table 1. 

The use of an adjustment factor in the BSE model for the drill hole not passing 

through the apex would increase the block sizes and generate coarser primary fragment 

size distributions.  The BSE program was therefore not modified to account for the 

inclusion of this parameter in the estimation of block sizes.  Further study on this aspect 

is recommended to help generate a better definition of this parameter in future 

developments of the procedure for block size estimation. 

3.2 Estimation of block size from core piece length 

The BSE program was developed using the concepts developed in Core2Frag 

with the modifications suggested above.  The fragment size distribution in a given region, 

normally an area of similar geologic and geotechnical characteristics, is developed using 

the drill core piece length data and the distributions of joint set characteristics.   

All the joints in the region of interest are first plotted on a Schmidt net to help 

identify the major joint sets within the region.   Joints with similar orientation are first 
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sorted into sets, sometimes looking also at other characteristics such as the roughness, 

weathering and infill material on the joints.  The distribution of joint set characteristics, 

primarily joint spacing, dip and dip direction, for all the joints within each joint set are 

then developed and plotted.  For each parameter, the average and standard deviation is 

developed from the available data.  If the data from the region is insufficient, assumptions 

can be made regarding the nature and parameters for the distributions of possible 

orientations and joint set spacings.   

Based on the observed or estimated probability of occurrence of the joint sets 

within the region, three almost orthogonal joint sets are chosen as bounding joints of a 

rock block.  The characteristics for the three selected joint sets are then used to develop a 

unit rock block.  Assuming that the joint set characteristics are random within given 

ranges, a Monte-Carlo procedure is used to select a joint set spacing, dip and dip 

direction.   Adjacent joints within the same joint set are assumed to be almost parallel.  

The aspect ratios for the unit rock block are calculated using the side lengths of the block 

as: 

K1 = s2/s1 ; K2 = s3/s1 ……………………………………………………………[5] 

where s1 = spacing of joint set 1, 

 s2 = spacing of joint set 2, and 

 s3 = spacing of joint set 3. 

In order to avoid the creation of abnormally shaped blocks, the aspect ratios are limited to 

a pre-defined range based on observations of blocks in the field. 



49 
 

Each core piece from each drill hole is assigned an azimuth and plunge based on 

down-hole survey data, if available, or based on the planned azimuth and plunge of the 

drill hole at the collar.  Knowing the length and orientation of each core piece, the unit 

rock block is placed such that the core piece passes through the apex of the unit core 

piece (Figure 3).  The angles (1,2 and 3)  subtended by the core piece to each of the 

three joint sets selected for creating the unit rock block are determined based on the 

azimuth and plunge of the core piece and the dip and dip direction of the joints creating 

the rock block.  The side of the unit rock block intersected by the core piece is then 

determined using the following trigonometric relationships: 

If cos 3 / cos 2 < K2 / K1   side 1 intersected……………………………[6] 

If cos 3 / cos 2 > K2 / K1   side 2 intersected……………………………[7]  

If cos 3 / cos 1 > K2     side 3 intersected……………………………[8] 

Figure 4 shows these relationships graphically.  The volume of the block is calculated for 

each of the above cases using the length of the core piece (l) and the following equations: 

 Side 1 intersected : side length a = l cos 1 ; volume = a3*K1*K2…….………[9] 

 Side 2 intersected : side length a = l cos 2 ; volume = a3*K1*K2…….………[10] 

 Side 1 intersected : side length a = l cos 3 ; volume = a3*K1*K2…….………[11] 

A random factor is used to adjust the block volume for the case that the core piece 

does not go through the apex of the block.  The corrected block volume is stored and the 

block represented by the next core piece is evaluated.  All the generated blocks are then 
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sorted by size and the fragment size distribution for the region is plotted on a semi-log 

plot.  The flowchart for the BSE program is shown in Figure 5. 

3.3 Verification of the BSE Model 

The verification of the BSE model was conducted using the Digital Fragmentation 

Model (DFM) constructed in AutoCAD.  The Digital Drilling addendum to the DFM 

program simulated drill holes intersecting a jointed rock mass and generated core piece 

lengths with azimuth and plunge to help verify the BSE model. 

3.3.1 Digital Fragmentation Model (DFM) 

Digital models of rock blocks were created in AutoCAD using statistical 

distributions of joint set characteristics (joint set orientation, spacing and length) as inputs 

for the calculation of the block sizes to help understand the effect of using different joint 

set characteristics on the distribution of fragment sizes.   The Digital Fragmentation 

Model (DFM) program was written in VB.Net for generating the digital rock block 

models in AutoCAD by slicing a regular cube of rock (with a side length of 5 meters and 

10  meters) with joint sets having joint spacing and joint orientation defined by selected 

statistical distributions.  The volume of the individual pieces generating by sequential 

slicing of all blocks within the cubic model is determined using the 3DSEA (3D-Solid-

Export-Analysis) tool for AutoCAD created by JTBWorld.   

The DFM program is loaded as an AutoCAD add-on and the DFM user interface 

screen shown in Figure 6 is presented to the user. For each analysis using the DFM 

program, the side length of the cube is first specified on the user interface.  The number 

of joint sets slicing the cube is then entered followed by the joint set parameters (mean 
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and standard deviation of the joint set dip and joint set dip direction, and joint spacing 

distribution parameters).  The type of distribution is selected for the joint orientation and 

joint spacing.  These selections determine how the parameters are used in the Monte 

Carlo sampling of the joint dip, joint dip direction and joint set spacing.   

When the “Slice Cube” button is pressed on the user interface screen, the DFM 

program first creates a cube of the specified side length.  Based on the type of distribution 

selected and the parameters of the joint orientation distributions, a plane simulating 

infinitely large joint is generated and the cube is sliced by this plane.   The distance to the 

next slicing plane is generated by Monte Carlo sampling of the joint spacing distribution 

and the slicing plane is created by Monte Carlo sampling of the joint plane orientation.  

The cube is then sliced by this slicing plane making sure that all the fragments created by 

the previous slicing operation within the cube are sliced by the plane.  When no new 

fragments are created by a slicing plane, which indicates that the slicing plane crosses 

outside of the cube, the slicing operations in the orientation represented by the first joint 

set are stopped and slicing in the next orientation direction are commenced.  When all the 

joints sets have been used to slice the cube and no new fragments are being created, the 

slicing operations are deemed completed.  The flowsheet of the DFM program is shown 

in Figure 7.  

Once the cube has been sliced by all the joints, the fragment volumes and the 

fragment surface areas are calculated using the program created by JTB World and the 

results are tabulated on an MS Excel spreadsheet.  The size distribution is then plotted on 

a semi-log graph, which is a common representation of fragment size distributions. 
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3.3.2 Digital Drilling Addendum (DD) 

The Digital Drilling (DD) addendum to the DFM program allowed for the 

generation of core piece length information for use in the BSE model.  For this purpose, a 

set of twenty-seven drillholes was generated in different orientations using AutoCAD.  

These drillholes were used to generate core piece length, azimuth and plunge from the 

DFM.  This information forms an input to the BSE, which calculates the distribution of 

fragment sizes estimated from the core piece length data.   

3.3.3 Comparing the BSE and DFM results 

The DFM was run with the digital drilling addendum assuming infinite joint 

lengths for several cases. The digital drilling was conducted with twenty-seven drill holes 

in different directions as shown in Figure 8 and Table 2.   

The drill core piece lengths generated by the Drilling Addendum was used to 

create a distribution of fragment volumes using the BSE model.  The fragment size 

distributions created using the BSE model were then compared to those from the DFM 

with the following steps: 

1. Generate block size distributions from the DFM model for the Uniform and 

Negative Exponential distributions for a standard set of joint set 

characteristics. 

2. Use the DD addendum to generate core piece lengths with core piece 

azimuth and plunge for each core piece 

3. Use the BSE model to calculate block volumes and generate fragment size 

distributions using the joint set characteristics in Step 1. 
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4. Compare the actual and generated block size distributions using the 

Kosmogorov-Smirnov method. 

The first verification run of the BSE Model was done using the negative-

exponential joint spacing distribution and uniform joint orientation distribution with 

infinite joint lengths.  The second verification run was conducted using negative 

exponential joint spacing distribution and normal joint orientation distributions with 

infinite joint lengths.  The characteristics of the joint sets used in the verification runs are 

shown in Table 3.  The table also lists the K-S values for comparing the fragment size 

distributions estimated from BSE and those observed in the DFM models.  Though the K-

S values suggest that the distributions may not be statistically similar, the analysis shows 

that the BSE model generates block sizes that are distributed in a visually similar fashion. 

The comparison between the predicted and measured fragment size distributions for Run 

2 and Run 5 is presented in Figure 9.  The two distributions are compared to verify that 

the BSE creates blocks which are similar in size and distribution to the DFM. 
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Table 1:  Effect of drill hole not passing through apex 

Percentile Size ratio 

0.10 1.170

0.20 4.345

0.30 10.763

0.40 29.095

0.50 80.537

0.60 248.598

0.70 4823.120

0.80 448333.025

0.90 16898374.885
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Table 2:  List of drill holes used in Digital Drilling 

Hole Number Azimuth Plunge 

Hole01 90 75 

Hole02 50 70 

Hole03 10 35 

Hole04 10 65 

Hole05 310 80 

Hole06 330 45 

Hole07 330 75 

Hole08 330 15 

Hole09 350 85 

Hole10 290 70 

Hole11 350 55 

Hole12 290 40 

Hole13 70 65 

Hole14 30 60 

Hole15 290 10 

Hole16 70 35 

Hole17 130 20 

Hole18 30 30 

Hole19 70 5 

Hole20 270 15 

Hole21 230 10 

Hole22 30 0 

Hole23 350 25 

Hole24 130 50 

Hole25 90 45 

Hole26 10 5 

Hole27 50 40 
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Table 3:  Verification runs for the BSE Model against the ACAD Model 

Run Orientation 

Distribution 

Spacing Distribution K-S value 

1 Uniform Uniform 0.41 

2 Uniform Negative Exponential 0.17 

3 Uniform Log-Normal 0.62 

4 Normal Uniform 0.31 

5 Normal Negative Exponential 0.15 

6 Normal Log-Normal 0.60 
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Figure 2:  Effect of drill hole not passing though the apex of the block 

 

 

Figure 3:  Core piece and unit rock block 
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(a) Drill hole intersects Joint Set 1 

 

(b) Drill hole intersects Joint Set 2 

 

(c) Drill hole intersects Joint Set 3 

Figure 4:  Drill hole (shown in red) intersecting regular parallelepiped representing 
the rock block 
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Figure 5:  Flow chart for the Block Size Estimator (BSE) program 
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Figure 6:  User interface for Digital Fragmentation Model (DFM) 

 

Figure 7:  Flowsheet of the DFM program 
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Figure 8:  Digital drilling showing twenty-seven drill holes 
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Figure 9:  Verification runs for the BSE model 
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4. MODELING FRAGMENTATION USING AUTOCAD 

Several authors have developed algorithms for creating digital models of rock 

blocks based on observed statistical distributions of joint set characteristics.  The 

FracMan program developed by Golder Associates uses the joint set characteristics to 

create a fracture network.  The BCF program and the JKFrag program have been 

developed for estimating the block size distributions in block cave mining.  The 

Stereoblock program was developed for assessing ground support based on key block 

theory.  While the FracMan and Stereoblock programs produce complete rock masses 

with joints that can be evaluated for block size distributions, BCF and JKFrag use the 

joint set characteristics to define individual blocks, which are then collated to generate 

fragment size distributions.   

If there is no variation in the joint spacing and orientation and the joints are 

continuous, the volumes of the fragment within each cube model is defined by the 

spacing and relative orientations of the joints (Figure 10) and is given by: 

 /	 sin sin sin       ……………………………..… [12] 

where ,  and  are the spacings of the three joint sets and 1, 2 and 3 are the angles 

between the three joint sets. 

The characteristic fragment size for each model based on an average spacing of 1 

meter for all three joint sets is thus calculated to be 1 cubic meter for orthogonal joint 

sets.  Since all the fragments within the base models would have the same size, the 

distribution of fragment sizes for both the cube models would be as shown in Figure 11.  
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The distribution of the fragment sizes generated by the joints was assessed using 

the DFM, presented in Section 3.3.1 to evaluate the impact of the assumptions on the 

fragment size distributions. The results of these studies indicate that while the number of 

joint sets and the joint spacing distributions have an impact on the fragment size 

distributions, the joint orientation distribution type does not significantly affect the 

estimation of fragment sizes.  

4.1 Joint characteristics and fragment size distributions 

The impact of joint set characteristics was studied using combinations of joint 

orientation distribution type, joint spacing distribution type, number of joints and the joint 

spacing.  The fragment size distributions for each of these scenarios were compared using 

three parameters: 

1. number of blocks created, 

2. average block size, and 

3. slope of the fragment size distribution curve between the 20th percentile and 

the 80th percentile. 

A total of ninety-two models were run using different combinations of joint 

orientation, joint spacing distribution type, number of joints and joint spacing.  The 

blocks were intersected by up to three joint sets with the characteristics as shown in Table 

4.  For the purposes of this study, all joints were assumed to be of infinite length. 
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4.1.1 Effect of joint orientation distribution 

The impact of joint orientation was evaluated on the fragment size distributions 

using three different joint orientation distributions – Uniform, Normal and Fisher.  The 

fragment size distributions for the three distributions were compared keeping all other 

factors constant.  The comparison for the uniform spacing distributions were generated 

for one, two and three joint sets and showed that while there was little difference between 

the fragment size distributions for the three orientation distributions when using one joint 

set (Figure 12) and two joint sets (Figure 13), the Normal orientation distribution yields a 

coarser fragment size distribution than the Fisher and Uniform orientation distributions 

when using three joint sets (Figure 14).   

When using the Negative Exponential spacing distribution, however, there is very 

little difference between the fragment size distributions generated using the Uniform, 

Normal and Fisher distributions for joint orientation as shown in Figures 15, 16 and 17 

with the Fisher orientation distribution yielding a coarser fragment size distribution. 

The effect of joint orientation distribution is therefore assumed to be of little 

significance in the estimation of fragment size distributions when the joints are assumed 

to be of infinite length. 

4.1.2 Effect of number of joint sets 

Fragment size distributions were generated for Uniform, Normal and Fisher 

distributions of joint orientation and for uniform, negative exponential and log-normal 

joint spacing distributions.  In all cases, the number of joints sets used in the estimation of 

fragment size distributions has a direct impact on the average block size. 



66 
 

4.1.3 Effect of joint spacing 

Joint spacing had a direct effect on the fragment size distribution for the same 

joint spacing distribution and cube size.  In all the cases, the fragment size distribution 

was inversely correlated to joint spacing.  Larger joint spacings resulted in smaller 

average fragment sizes as shown in Table 5.  The AutoCAD model could not handle the 

large number of blocks created by the slicing routine even with the cube sizes being 

limited to 5 and 10 meters.  As an example, the fragment size distributions for joints with 

uniform orientation distribution were plotted for uniform spacing (Figure 18), and for 

negative exponential spacing (Figure 19) for joint spacing of 2 meters and 4 meters. 

4.1.4 Effect of joint spacing distribution type 

Three joint spacing distribution types were analyzed – Uniform and Negative 

Exponential and Log-normal.  The uniform distribution assumed that the joints were all 

uniformly spaced at the average joint spacing (µ).  The joint spacings for the negative 

exponential distribution were generated using the average joint spacing (µ).  The log-

normal distribution was used to generate joint set spacings using the average joint 

spacing (µ) and standard deviation of the joint spacing (σ).  The values for the average 

joint spacing and the standard deviation of the joint spacing for the three joint sets used in 

this study are shown in Table 4.  The probability density functions for the three 

distributions are shown below: 

Uniform:   	μ …………………………...…[13] 

Negative Exponential:  	  where λ = 1/μ ……….....[14] 
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Log-normal:     	
√

	 	 	/  …..…[15] 

The effect of joint spacing distributions on fragment size distributions was studied 

on digital fragmentation models with three joints sets with Normal and Uniform joint 

orientation distributions, and the values of average joint set spacing were fixed as shown 

in Table 5.  The fragment size distributions for the Uniform joint orientation distribution 

are shown in Figure 20, and those for the Normal joint orientation distribution are shown 

in Figure 21.  The results indicate that irrespective of the joint orientation distribution 

type, the negative exponential joint spacing distribution creates smaller fragment sizes 

and a larger number of fragments.  Fragment size estimates using negative exponential 

joint spacing distributions are therefore finer than those using uniform or log-normal joint 

spacing distributions. 

4.1.5 Effect of influence zone of drill hole 

Drill holes collect one-dimensional samples of the three-dimensional in situ rock 

blocks.  To assess the size of the blocks that can be represented by a single drill hole, an 

analysis was conducted using different influence zones around the drill hole.  The 

oriented core data collected from a section of one borehole was selected and the 

fragmentation of a cylinder of different diameters, ranging from 0.054 meters (drill hole 

diameter) to 20 meters around the drill hole center, was generated by slicing the cylinder 

with the intersecting joints as shown in Figure 22.  The resulting fragment size 

distributions were compared to assess the effect of the different zone of influence of the 

cylinder size on the fragmentation. 
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As expected, larger influence zones yielded larger fragment sizes as shown in 

Figure 23.  Additional analyses of the data were conducted by normalizing the volumes 

of the generated fragments by drill hole diameter and by drill hole cross-sectional area 

and are shown in Figures 24 and 25.  Normalization by the cross-sectional area reveals 

that fragment volumes do not change appreciably for influence zones greater than 5 

meters. 

4.1.6 Effect of joint length or persistence 

The study by Kim, et al. (2007) suggested a formulation introducing joint 

persistence factors into Cai’s procedure for block size estimation using the joint spacing 

and orientation information.  The formulation was verified in two-dimensional models 

using the UDEC program from Itasca and in three-dimensional models using the 3DEC 

program also from Itasca.  These programs and formulations can be quite effective in 

estimating primary block sizes, but have not been evaluated as part of this study.  The 

assumption of infinite joint lengths results in smaller fragment sizes and is shown 

graphically in Figure 26.  Though the models evaluated in this study do not incorporate 

joint persistence, this is an important factor in the development of fragment size 

estimation and the author recommends further evaluation of these techniques for 

developing in situ and primary block size distributions. 

4.1.7 Combination or interaction effects 

Priest (1993) indicated that the complex structure of mutually intersecting 

discontinuities with highly variable orientations results in a random spacing distribution 

along a random sampling line and can be expected to obey a one-dimensional Poisson 
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process.  Based on the numerous models generated using different joint orientation and 

joint spacing distributions, the interaction effect resulting from the combination of joint 

orientation distribution and joint spacing distribution was studied.  The analysis was done 

for one, two and three sets of joints and all of the studies indicated that the joint spacing 

distribution has a greater control on the fragment size distributions, and the distribution of 

joint orientation is of little significance.  Figures 27, 28 and 29 show the fragment size 

distributions for different joint orientation and joint spacing distributions for one, two and 

three sets of joints.  
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Table 4:  Joint Set Characteristics used in BSE models 

Joint Set Set 1 Set 2 Set 3 

Dip 60 80 20 

Dip Direction 60 120 150 

Average Spacing 4 5 6 

Spacing Standard 
Deviation 

2 2.5 3 

 

 

Table 5:  Effect of joint spacing on average fragment size 

Joint spacing distribution Joint spacing (meters) Average Block Size (cu.m.) 

Uniform 2 0.508 

4 2.778 

Negative Exponential 2 0.007 

4 0.036 
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Figure 10:  Block delineated by three joint sets (Cai, et al., 2004) 

 

Figure 11:  Block size distribution using Equation 12 
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Figure 12:  Fragment size distributions for one joint set with uniform spacing 
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Figure 13:  Fragment size distributions for two joint sets with uniform spacing 
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Figure 14:  Fragment size distributions for three joint sets with uniform spacing 
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Figure 15:  Fragment size distributions for one joint set with negative exponential spacing 
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Figure 16:  Fragment size distributions for two joint sets with negative exponential spacing 
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Figure 17:  Fragment size distributions for three joint sets with negative exponential spacing 
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Figure 18:  Effect of joint spacing on fragment size distributions (uniform spacing distribution) 
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Figure 19:  Effect of joint spacing on fragment size distributions (negative exponential spacing distribution) 
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Figure 20: Effect of joint spacing distribution type on fragmentation with Uniform orientation distribution 



81 
 

 

Figure 21:  Effect of joint spacing distribution type on fragmentation with Normal orientation distribution 
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(a) Drill hole diameter = 0.054 meters   (b) Influence zone = 5 meters 

Figure 22:  Drill hole sliced with observed joints showing effect of influence zone 
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Figure 23:  Fragment size distributions for different influence zones 
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Figure 24:  Fragment size distributions normalized by diameter of influence zone 



85 
 

 

Figure 25:  Fragment size distributions normalized by cross-sectional area of influence zone 
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Figure 26:  Effect of joint persistence on fragment size distribution 
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Figure 27:  Effect of joint spacing and joint orientation distributions on fragment size distribution (one joint set) 
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Figure 28:  Effect of joint spacing and joint orientation distribution on fragment size distributions (two joint sets) 
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Figure 29:  Effect of joint spacing and joint orientation distributions on fragment size distributions (three joint sets)
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5. MODELING JOINT SET CHARACTERISTICS 

Joint set characteristics including spacing, length and orientation affect the 

distribution of block sizes.  Modeling of these characteristics requires an understanding 

of the distribution of the joint set parameters in rock masses and their effect on the 

assessment of fragmentation.  Esterhuizen (1999) has reported extensively on the effect 

of joint set parameters on block cave fragmentation for implementing the algorithms 

within the BCF program.  Data from oriented core drilling and cell mapping from the PT 

Freeport Indonesia’s Grasberg district has been used herein for evaluating the 

distributions of joint set characteristics. 

The orientation, spacing and persistence of joints have a major influence on the 

fragment size distribution within a rock mass.  Fractures and joints introduce a degree of 

fragmentation before any excavation is created in the rock.  The distribution of blocks 

delineated by these fractures and joints is referred to as the in situ fragmentation, which is 

only concerned with the interaction of pre-existing fractures within the undisturbed rock 

mass.  In situ fragmentation is a spatial characteristic of the rock mass and can be 

evaluated through an analysis of in-place joints observed in outcrops or excavation sides 

or inferred from oriented core drilling. 

5.1 Joint spacing 

Joint spacing is one of the parameters used in the development of fragment size 

estimates in block caving and also plays an important role in the assessment of rock mass 

strength and fluid flow within the rock.  While the number of joints per unit length (also 

known as fracture intensity) and the distribution of joint spacing can be obtained from 
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mapping in surface excavations and outcrops, sub-surface joint spacing distributions are 

often developed based on oriented core drilling data.  Several authors have reported that 

joint spacing can be modeled as a negative exponential distribution based on empirical 

results and Priest (1993) presented a logical argument for accepting the negative 

exponential distribution. 

5.1.1 Joint spacing distributions 

Joint spacing is a measure of jointing intensity in a rock mass, that is, the number 

of joints per unit distance normal to the average orientation of the set.  It is taken as the 

perpendicular distance between adjacent joints.  Priest and Hudson (1976) studied the 

results of comprehensive scanline mapping within chalk, limestone, sandstone and 

mudstone from three different tunnels in the UK, and concluded that any combination of 

evenly spaced, clustered or randomly positioned discontinuities will produce an 

exponential distribution of spacing, unless there is a large predominance of evenly spaced 

discontinuities.  Priest (1993) reported that it is yet to be shown whether the distributions 

of set spacings or normal set spacings are exponential. Priest and Hudson (1976) also 

showed that the exponential distribution of total spacing can be obtained from the 

superimposition of non-exponential distributions of set spacing.  Many researchers 

including Call, Savely and Nicholas (1976), Wallis and King (1980), Kulatilake (1995), 

have concluded that a negative exponential distribution is applicable for joint spacing and 

its probability density function may be expressed as: 

	  …………………………………………………………[16] 
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where f(x) is the frequency of a discontinuity spacing x; and λ is the average number of 

discontinuities per meter.  The mean and standard deviation are both equal to 1/λ. 

Other authors, including Steffen, Kerrich and Jennings (1975), Bridges (1979) 

have indicated that a log-normal distribution is applicable for sedimentary rock units, and 

Sen and Kazi (1984) recommends the use of a log-normal distribution for the analysis of 

discontinuity spacing estimates since it provides greater flexibility by considering the 

average discontinuity spacing and the variance of the discontinuity spacings. Though 

both distributions are part of the exponential family of distributions, the two-parameter 

log-normal distribution is expected to be a more appropriate model of the actual joint 

spacing. The log-normal distribution is a single-tailed probability distribution of a 

random variable whose logarithm is normally distributed and its probability density 

function can be expressed as: 

	
√

	 	 	/ ………….………………………….[17] 

where f(x) is the frequency of a discontinuity spacing x,  and  are the mean and 

standard deviation of the logarithm of the joint spacing, respectively.  

5.1.2 Collection of joint spacing data 

Joint spacing information from the campaign of oriented core drilling in the Mill 

Level Zone (MLZ) area of the East Erstsberg Skarn System (EESS) in the mines operated 

by PTFI was analyzed.  Joint data from the site was first sorted by rock unit and then 

joint sets were identified within each rock unit.  The spacing between adjacent joints in 

the same set was measured down the hole and then the true spacing was calculated based 

on the average joint orientation for the set, as shown in Figure 30. 
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If a non-oriented interval was observed between adjacent joints in the same set, 

the joint spacing was not calculated. 

The oriented core drilling was conducted using the Clay Imprint Orientor and the 

Ezy-Mark Core Orientation System, which are both mechanical systems of core 

orientation using a reference line and an imprint of the indentations on the top or bottom 

of the core to orient the core in space.  The clay imprint orientor is an eccentrically 

weighted downhole device constructed from an old inner core barrel and lead.  Modeling 

clay is packed in the core lifter case, which is screwed on the downhole end of the 

orientor. A clay imprint of the bottom of the hole is taken after each coring run. This 

imprint is matched to the top of the succeeding core run, the drill core is pieced together, 

and a reference line representing the drill hole is scribed on each core.  Fracture attitudes 

are measured relative to the reference line and the core axis (Call, Savely and Pakalnis, 

1983). 

The Ezy-mark core orientation system uses a unique and patented three point of 

reference Ori-Ball system that is unaffected by magnetism and consistently provides the 

orientations translated onto physical core samples to within 5 degrees of true bottom dead 

center in holes with the correct ground type and at angles greater than 5 degrees from 

vertical.  The orientation data is almost directly physically transferred from the tool via 

up to three independent physical imprints onto the core. 

In the campaign of oriented core drilling for geotechnical data collection for the 

MLZ project, six oriented core drill holes were drilled from different locations within the 

EESS.  The holes were drilled by PTFI and the oriented core data was collected and 
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analyzed by CNI to identify joint set characteristics.  Oriented core data from 2,275 

meters in the six holes in different rock units was provided by PTFI and CNI for the 

analysis.  The joint information consisting of 3,970 joints was sorted by major rock units 

and joint sets were identified for the data within four of the rock units – Diorite, 

Forsterite, Massive Magnetite and Marble.  The oriented core data covered the major 

rock units and was analyzed for joint spacing distributions. Table 6 shows some salient 

features of the data. 

5.1.3 Data analysis 

The normalized frequencies of down-hole spacing (apparent spacing) between 

adjacent joints for all joints in the EESS data set were generated using a bin size of 0.05 

meters.  The spacing ranged from a minimum of 0.01 meters to a maximum of 5.14 

meters with a mean spacing of 0.54 meters.  Some joint spacing values of 0 meters were 

recorded and represent intersections between two joints in different sets.  Joint spacing 

values were not bridged across non-oriented intervals. The mean and standard deviation 

of the joint spacing data were used to generate standard log-normal estimates of the joint 

spacing while the mean joint spacing was used to generate the standard negative 

exponential estimates of the joint spacing.  The joint spacing estimates based on the 

standard log-normal and the standard negative exponential distributions are plotted in 

Figure 31 along with the measured joint spacing distribution. 

The Kolmogorov-Smirnov (K-S) goodness-of-fit test was used to evaluate the 

hypothesis that the measured joint spacings fit a standard distribution. This test involves 

two cumulative relative frequencies – one that is derived from the actual observed data 
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and the other constructed using an expected distribution against which the goodness-of-fit 

is evaluated Weirs (1994).  The null and alternative hypotheses are: 

H0: The sample was drawn from the specified distribution, 

H1: The sample was not drawn from the specified distribution. 

A comparison is made between these cumulative relative frequencies and the test 

statistic is calculated as the maximum divergence (Dmax) between the two distributions as: 

 Dmax = max (|Fi – Ei|) …………………………………………………[18] 

  where  Fi = observed cumulative relative frequency in the ith cell, and, 

   Ei = expected cumulative relative frequency in the ith cell. 

If Dmax is greater than the critical value for the sample size n and the level of 

significance α, the null hypothesis will be rejected, otherwise it cannot be rejected.  For 

this study, the sample size is the number of bins (120) and the critical value for a 0.01 

level of significance is determined as 

  Dcritical  = 1.63 / √n, where n is the sample size ………………………[19] 

   = 0.149 

In order to better fit the observed data, the standard log-normal distribution was 

modified by adding two factors Fa and Fs as shown in Equation 20. 

	
√

	 	 	/ ………….………………….[20] 

Using the Solver function in Microsoft Excel, the multiplier for the average (Fa) 

was estimated to be 2.287 and that for the standard deviation (Fs) was estimated to be 
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2.244.  As shown in Figure 31 and in Table 7, this adjusted log-normal distribution 

matches the observed distribution better than both the standard log-normal and standard 

negative exponential distributions. 

The data provided by PTFI included joint spacing information from several rock 

units.  With the assistance of the geotechnical engineers at PTFI, the data was sorted into 

several rock types and histograms of apparent joint spacing were plotted to identify the 

nature of the distribution of the apparent joint spacing in each of the rock types.  Of the 

3,956 valid joint spacing values within the dataset, there were 2,429 values in the Diorite, 

297 values in Forsterite, 289 values in Magnetite, 305 values in Marble. Normalized 

frequency curves of apparent joint spacing were developed for each rock type (Figure 

32).  For the Diorite, Figure 32 shows that the distribution of apparent joint spacing 

appears to be log-normal rather than negative exponential.  For the other three rock types, 

the distribution of apparent joint spacings also appears to be log-normal even though 

there is insufficient data in these cases.  Since most of the joint spacing data was within 

the Diorite rock type, further analyses were confined to the joint spacings within the 

Diorite. 

The joints within the Diorite were sorted into joint sets using pole density contour 

plots.  Broad set definitions were used to incorporate most of the poles within the 

domains and an effort was made to select sets which were almost orthogonal, while 

respecting the spread of the data.   The distribution of joints into the sets is shown in 

Table 8 and the pole plots and details of the joint sets are shown in Figure 33. 
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In this study, joint sets were defined based solely on joint orientation (dip and dip 

direction).  The use of broad set definitions permits a large number of joints to be 

included in sets.  However, some of the random joints get erroneously included in a joint 

set and can influence the joint set spacings, especially when the number of joints in the 

set is small.  The authors recommend that other joint set characteristics such as joint 

roughness, alteration and filling should also be used for the identification of joint sets. 

The individual joints within the dataset were tagged by the set number and the 

down-hole spacing between adjacent joints within the same set was calculated.  Using the 

mean joint orientation, the drill hole orientation between the joints, and the distance 

between each joint within the joint set, the true spacing was calculated by the following 

equation, which was developed by the engineers at CNI in Srikant, et al. (2008): 

1)tan(cos)tan(sin 2
11

2
11  gTrueSpacinCalculated ………….[21] 

where, 

    











 2
11

2
11

221212121

tancostansin1

sincostancoscoscostansinsin


 R  

and, 

1 = Average dip direction of the adjacent joints, 

1 = Average dip of the adjacent joints, 

2 = Azimuth of the drill hole between the joints,  

2 = Plunge of the drill hole between the joints, and  

   R = Down-hole spacing between adjacent joints (apparent spacing). 
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Of the 2,429 joints observed within the Diorite rock unit, 2,297 joints (94.57%) 

were sorted into sets with 870 joints in Set 1, 730 joints in Set 2, 523 joints in Set 3, 174 

joints in Set 4,  with 132 joints remaining unclassified.   Figure 34 shows the normalized 

true joint spacing for the four joint sets within the Diorite rock unit. The general shapes 

of the histograms indicate that the true spacing between joints in the same set within the 

Diorite follow an exponential trend.  

As before, the standard negative exponential and standard log-normal 

distributions were generated for the measured true joint spacings in each joint set and the 

factors Fa and Fs were determined for the adjusted log-normal distributions.  The 

measured data and the generated joint spacing distributions are shown in Figures 35 

through 39. 

The shape of the adjusted log-normal distribution looks more like a negative 

exponential distribution because of the resolution of the bin sizes used in the analysis and 

the higher values of the standard deviation of the log of the true joint spacing.  Using 

smaller bin sizes for the analysis would help show the log-normal distribution better, but 

would result in greater amount of noise in the larger joint spacing values. 

Normalized frequencies of joint spacing within the dataset from the oriented core 

drilling in the EESS show an exponential trend and were modeled using the standard 

negative exponential and standard log-normal distributions.  The comparison of the 

modeled and observed distributions indicated that the standard negative exponential and 

standard log-normal distributions did not fit the data very well, and adjustments were 
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required to the parameters of the log-normal distribution to model the observed 

distribution of normalized frequencies of joint spacing.   

The normalized frequencies of joint spacing for each joint set in the four rock 

types were also observed to follow exponential distributions.  For each joint set in each 

rock type, the observed cumulative distribution of joint spacing was plotted along with a 

standard negative exponential distribution based on the mean joint spacing.  A standard 

log-normal distribution based on the observed mean and standard deviation of the joint 

spacing was also plotted.  In addition, an adjusted log-normal distribution using factors Fa 

and Fs to minimize the K-S goodness-of-fit values was developed and plotted.  The K-S 

goodness-of-fit test values for joint spacing distributions within the Diorite are shown in 

Table 9. 

Based on Table 9, the average values of Fa and Fs to minimize the K-S goodness-

of-fit value for this dataset are Fa = 2.191 and Fs = 2.163 and the resulting log-normal 

distribution defined using these parameters is given by: 

	
. √

	 	 . 	/ . …………………………..[22] 

In this study, the joint sets were defined very broadly and the log-normal 

distributions may incorporate spacing between joints that are not strictly within a 

particular joint set.  The limits for joint sets 1 and 2 in the Diorite were re-defined to 

exclude joints that may be random and not necessarily lie within the joint sets.  Figure 40 

shows the revised limits for joint sets 1 and 2 in the Diorite.  

 The distributions of normalized true joint spacing frequency for the two sets are 

plotted along with the standard negative exponential distribution, standard log-normal 
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distribution and an adjusted log-normal distribution as before.  As observed with the 

broader set definitions, the adjusted log-normal distributions with Fa = 2.191 and Fs = 

2.163 were found to fit the measured true joint spacings better than the standard negative 

exponential distribution or the standard log-normal distribution (Figures 41 and 42). 

The K-S goodness-of-fit values for the two sets are shown in Table 10 along with 

the values for the joint sets within the dataset, which had a population of more than 50 

joints.  The table indicates that in all cases, the joint spacing is better represented by the 

adjusted log-normal distribution using Fa = 2.191 and Fs = 2.163 for all the rock types 

within the dataset and for joint spacing between individual joint sets within each rock 

type. 

Joint spacing distributions and joint orientations are inputs for the development of 

fragmentation estimates for block cave mines using programs such as BCF.  The current 

study was initiated to evaluate the distribution of joint spacing observed within the 

oriented core data obtained from the drilling in the EESS.  The available data consisting 

of 3,956 valid joint spacing values from 6 drill holes drilled into 4 major rock types.  A 

histogram of the apparent spacing of all joint sets was plotted and was observed to follow 

an exponential distribution.  The data was sorted by rock type and histograms of 

normalized frequencies of apparent joint spacing sorted by rock type also followed 

exponential distributions.  The Kolmogorov-Smirnov (K-S) test was used to evaluate the 

goodness-of-fit of the standard negative exponential distribution, the standard log-normal 

distribution and an adjusted log-normal distribution to the observed distribution of 

normalized frequency of joint spacing.  In each case, the adjusted log-normal distribution 
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was found to match the observed distribution better than the standard negative 

exponential and standard log-normal distributions. 

The joint spacing data within each rock type was sorted by joint sets and true joint 

spacing distributions were generated for each set in each rock type.  The distribution of 

true joint spacings also showed an exponential trend which was best modeled using the 

adjusted log-normal distribution.  The adjustments factors required for the mean and 

standard deviation to match the observed distribution were similar to those required for 

the apparent joint spacings in the unsorted data. 

5.2 Joint orientation 

Joint orientation is characterized by two parameters – joint dip and joint dip 

direction – and there is often a correlation between these two parameters within a rock 

mass.  Joints orientation is therefore defined using both the parameters.  The dip direction 

and dip angle measured are directional vectors, so the measured samples are two-

dimensional directional data, which can be thought of as a sample of points that lie on the 

surface of a unit sphere.  

5.2.1 Joint orientation distributions 

Based on observations from 2.6 kilometers of mapping on exposed bench faces on 

the footwall side of the Tazadit Pit in Mauritania and 127 meters of oriented core drilling 

in the same area, R. D. Call (1972) reported that the joint orientation distributions can be 

approximated by a normal distribution using the mean and standard deviation of dip and 

strike.  He suggested that joint dip and joint dip direction (DDR) can be modeled as 
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independently distributed around a mean orientation described by a mean joint dip and a 

mean joint DDR with appropriate standard deviations.   

To assess the impact of this assumption, distributions of joint orientations were 

generated in Microsoft Excel using normal distributions of both variables.  The 

distributions were then plotted on a lower hemispheric projection plot (using the DIPS 

program developed by Rocscience).  For a joint with a mean dip of 40 degrees and a 

mean DDR of 220 degrees, the distribution of joint orientations is shown in Figure 43 for 

a standard deviation of 5 degrees on dip and on DDR.  The effect of increasing the 

standard deviation of the DDR to 20 is shown in Figure 44.  Figure 45 shows lower 

hemispheric projection plot for a standard deviation of 20 degrees on dip and 5 degrees 

on DDR while Figure 46 shows the plot of joints with a standard deviation of 20 degrees 

on dip as well as DDR.  This analysis does not allow for correlation between dip and dip 

direction. 

Fisher (1953) reported that the use of the symmetric Fisher distribution function is 

more applicable for modeling joint orientation because dip and dip direction are not 

independently distributed around a mean orientation.  The Fisher distribution gives the 

probability per unit angular area of finding a direction within an angular area on the unit 

sphere centered at an angle  from the true mean as: 

1 	 ‐ 	 ……………………………………….……[23] 

where K is the Fisher constant.  This is a symmetric distribution about the mean 

orientation, and as expected, the distribution has a maximum at the true mean ( = 0).  A 

large K predicts a distribution more strongly concentrated about the true mean. Typical K 
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values for rock joints vary from 20 to 300 reported in Priest (1993).  Figure 47 and Figure 

48 show the lower hemispheric projection of the joint set for K = 50 and K = 200 for a 

joint set with a mean dip of 40 degrees and a mean dip direction of 220 degrees. 

5.2.2 Collection of joint orientation data 

Joint orientation data was obtained from the campaign of oriented core drilling in 

the MLZ project area of the EESS as discussed in Section 5.1.2.  As before, the joint data 

from the site was first sorted by rock unit and then joint sets were identified within each 

rock unit. 

5.2.3 Data analysis 

For the data collected from the oriented core drilling in the EESS, the joints in 

each rock type analyzed were classified into broadly defined sets using the DIPS software 

from Rocscience.  Figure 49 shows the joint set definitions in the Diorite Rock type.  The 

Fisher constants (l) for each joint set in each rock type were obtained through DIPS.  

The arithmetic means and the standard deviations of the dip and DDR for each joint set 

were calculated and are shown in Table 11 along with the joint set orientation and the 

Fisher constants.  For the joint set data collected from the EESS by PTFI, the Fisher 

constants for the joint sets have been found to range between 5.7 and 20.7. 

The distributions of joint azimuth and joint plunge from the observed data were 

evaluated against the distributions generated using the Fisher distribution as well as the 

normal distribution and, as before, the K-S goodness-of-fit parameters were calculated 

for comparing the observed distributions to the predicted distributions.  Figure 50 shows 

the observed and modeled distributions of joint dip and joint dip direction for joint set 1 
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in the Diorite rock unit.  Similar graphs were also generated for joint sets 2, 3 and 4 in the 

Diorite rock unit and are presented in Appendix A. 

The Fisher distribution shows good correlation with the observed data but is less 

consistent in modeling the observed joint orientations than the normal distribution.  The 

normal distribution is more consistent and generally shows good correlation with the 

observed joint orientation data, except in the case of Set 4, which has a high standard 

deviation for Dip Direction.  This joint set is split across the lower hemispheric projection 

and consequently the Fisher and normal distributions do not model the dip direction very 

well resulting in high K-S goodness-of-fit values (3.02 for the Fisher distribution and 

15.95 for the normal distribution).  In addition, the standard deviation of the observed dip 

direction is also very high at 146.95, which can also help explain the poor fit of the 

modeled distributions.  The K-S goodness-of-fit parameters for the normal and Fisher 

distributions shown in Table 12 and confirm the observations made above. 

Similar graphs were also developed for four joint sets in the Forsterite-Magnetite.  

Both the normal and the Fisher distributions modeled the joint orientation well, except 

when the sets were split across the lower hemispheric projection (Set 2 and Set 3).  The 

observed and modeled joint orientations for the four joint sets are shown in Appendix A.  

The low K-S values for the normal and Fisher distributions are noteworthy in the 

modeling of Set 4, which has only 25 observations. 

Graphs for the four joint sets in the Magnetite rock unit are shown in Appendix A.  

The high standard deviation for the dip direction results in a poor correlation with the 

normal distribution, but the Fisher distribution provides a better model of the observed 
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distribution.  The modeling of Set 4 using the normal distribution shows a good 

correlation even though the number of observations in the set is only 27. 

The four joint sets in the Marble were also modeled using the normal and Fisher 

distributions and the results are shown in Appendix A.  Set 2 and Set 3 are split and are, 

therefore, not accurately modeled using the normal and Fisher distributions. 

The modeling of the joint orientations using the Fisher and normal distributions 

for the dataset from the oriented core drilling in the EESS indicates that the normal 

distribution models the observed joint orientations better than the Fisher distribution. The 

K-S goodness-of-fit values for all the analyzed joint sets are tabulated in Table 12.  As 

part of future work, other distributions for modeling the observed joint orientations 

should be evaluated using a similar process and compared with the results shown herein.  

5.3 Joint Length 

The assessment of joint size, or length, is important for the estimation of block 

sizes; however, Priest (1993) indicates that discontinuity size is one of the most difficult 

discontinuity properties to measure accurately.  Gumede and Stacey (2007) stated that 

since the entire joint surface is usually not exposed, accurate measurement of joint 

lengths is more challenging than the measurement of other joint properties especially due 

to size bias and truncation of the joints in the exposure. Larger joints have a greater 

probability of being sampled, which can as much as double the true trace length of the 

joints, and truncation or censoring of the joint length occurs since the joints may extend 

above or below the sampling window or the exposure being mapped.  Several authors 

have suggested that the frequency distribution of joint trace lengths may be described by 
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either a log-normal distribution or a negative exponential distribution.  In this study, joint 

lengths are assumed to be infinite and terminated against intersecting joints.  Further 

study is recommended on the impact of joint trace lengths on the estimation of fragment 

size distributions using the proposed methodology. 

While joint trace lengths can be estimated fairly easily in large surface exposures, 

it is very difficult to evaluate joint length distributions from drill hole data.  Several 

authors have estimated joint length based on mapping in exposed rock surfaces such as 

bench faces or tunnel walls.  Some aspects of joint termination have also been used to 

estimate joint lengths from observations in scanline or cell mapping.  While orientated 

drill core can be used to measure orientations and joint spacings in unexposed rock 

masses, the main drawback of joint characterization based on this data relative to 

mapping of joints on a bench face or tunnel wall, is the inability to measure joint lengths.  

  Kulatilake, Ucpirti and Wang (1992) evaluated the statistical distributions of 

joint trace lengths in 2-dimensions and joint diameters in 3-dimensions and show that 

joint sizes in both cases are best represented by gamma distributions.  For some joint sets, 

exponential distributions were also found to be suitable to represent the statistical 

distributions of both parameters, while the lognormal distributions were found to be 

totally unsuitable to satisfy the statistical distributions of both parameters.  A sample size 

of about 100 is reported to have the potential of producing reliable estimates for both 

trace length and joint size for a joint set. 

A study by Wang, et al. (2004) focuses on using borehole fracture traces to 

estimate the size and aspect ratio of long and narrow subsurface fractures in sedimentary 
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rocks which are assumed to be rectangular in shape.  The method was observed to be well 

suited to fractures with length greater than borehole diameter and width less than 

borehole diameter.  The analysis of fracture traces was used to estimate the size and 

aspect ratio of fractures based on borehole diameter and the intersection counts of singly 

and doubly piercing fractures. This analysis is limited to fractures in sedimentary rocks 

and may not be applicable in other cases.  However, the observed or estimated 

intersection length of the joint within the borehole may be used to develop a pseudo-

distribution of the joint lengths, which can be used in the fragmentation analysis 

programs. 

While studying the size of the discontinuity, it is also relevant to consider the 

shape of the discontinuity within the rock mass.  Though the origin of discontinuities or 

joints can be estimated to be elliptical based on the stress tensor creating and propagating 

the joints, the termination of the joints against natural boundaries or other joints creates 

the complex shapes for the joints within the rock mass.  In uniformly jointed sedimentary 

rock systems with predominantly three orthogonal sets, the discontinuities are likely to be 

rectangular in shape whereas in blocky rock, where all discontinuities terminate at other 

planar discontinuities, the shapes will take the form of complex polygons.  Priest suggests 

that lengths of linear traces of the discontinuities could also be distributed in the negative 

exponential form.  

In view of sampling difficulties for joint trace length, several researchers, 

including Baecher, et al. (1977), have adopted the simplifying assumption that 

discontinuities or joints can be represented as circular discs of varying diameter to 

provide a starting point for the analysis of joint size.  In the oriented core data set from 
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PTFI, joint length and joint termination were not recorded, so no analysis of joint size 

could be conducted.  However, an assessment of the impact of joint length assumptions 

on the resulting fragment size distributions was undertaken as a separate exercise and is 

reported in Chapter 4.2. 
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Table 6:  Salient features of oriented core data set from the EESS 

Number of drill holes 6 

Total length of drilling 2,275 meters 

Total number of joints 3,970 

Number of rock units logged 13 

Number of rock types analyzed 4 

Total number of joints in analyzed rock types 3,320 

Percentage of joints analyzed 83.63% 

 
 

Table 7:  Kolmogorov-Smirnov goodness-of-fit for All Joints in All Rock Types  
(Critical value at α = 0.01 is 0.149) 

Distribution Observed value 

Standard Negative Exponential 0.099 

Standard Log-normal 0.409 

Adjusted Log-normal 0.011 
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Table 8:  Joint set distribution in Diorite 

Joint Set Number Percent

Set 1 870 35.82 

Set 2 730 30.05 

Set 3 523 21.53 

Set 4 174 7.16 

Unclassified 132 5.44 

Total 2,429 100.00 

 

Table 9:  K-S goodness-of-fit tests for the joint sets in Diorite 

 
Critical value 

at α=0.01 

Negative 

Exponential

Log-

normal 
Adjusted Log-normal 

  K-S K-S K-S Fa Fs 

All Joints 0.149 0.113 0.423 0.011 2.295 2.283 

Set 1 0.149 0.081 0.570 0.034 2.243 2.300 

Set 2 0.149 0.114 0.566 0.010 2.169 1.927 

Set 3 0.149 0.067 0.421 0.043 2.101 2.003 

Set 4 0.149 0.124 0.369 0.085 2.145 2.300 
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Table 10:  K-S goodness-of-fit values for all joint sets in the dataset  

(critical value at =0.01 is 0.149) 

Rock 

Type 

Joint Sets Number of 
joints in 

set 

Joint 
Spacing 

Type 

Standard 
Negative 

Exponential

Standard 
Log-

normal 

Adjusted 
Log-

normal 

All All joints 3,886 Apparent 0.099 0.409 0.014 

Diorite 

All Joints 2,429 Apparent 0.113 0.423 0.015 

Set 1 870 True 0.081 0.570 0.033 

Set 1 - 
limited 

367 True 
0.298 0.464 0.036 

Set 2 730 True 0.114 0.566 0.028 

Set 2 - 
limited 

202 True 
0.164 0.362 0.055 

Set 3 523 True 0.067 0.421 0.056 

Set 4 174 True 0.124 0.369 0.102 

Forsterite 

All Joints 297 Apparent 0.083 0.411 0.063 

Set 1 127 True 0.052 0.644 0.039 

Set 2 102 True 0.137 0.468 0.051 

Magnetite 

All Joints 289 Apparent 0.055 0.297 0.025 

Set 1 108 True 0.066 0.429 0.106 

Set 2 107 True 0.114 0.311 0.058 

Marble 

All Joints 305 Apparent 0.080 0.396 0.081 

Set 1 145 True 0.411 0.388 0.070 

Set 2 60 True 0.410 0.310 0.055 
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Table 11:  Observed Fisher constants in the EESS data set 

Rock Type 
Set 
No 

Mean 
Dip 

Std 
Dev 
Dip 

Mean 
DDR 

Std 
Dev 
DDR 

Number 
of Joints 

in Set 

Fisher 
constant 

Diorite 1 54.6 15.9 272.1 24.0 839 10.63 

 2 42.3 13.5 146.2 33.5 795 11.64 

 3 79.4 7.3 190.7 86.4 526 8.84 

 4 40.6 13.5 159.4 147.0 170 8.06 

Forsterite-

Magnetite 

1 45.3 14.6 44.7 23.3 127 14.2 

2 81.6 5.6 150.0 14.6 102 20.7 

 3 82.3 6.0 32.5 24.7 20 13.1 

 4 52.4 16.7 156.2 32.4 25 8.2 

Magnetite 1 56  266  107 8.4 

 2 47  31  108 5.7 

Marble 1 45.3 14.6 44.7 53.3 127 14.24 

 2 35  305  60 15.5 
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Table 12:  K-S goodness-of-fit parameters for joint orientation 

Rock Type 
Set 
No 

Fisher Distribution Normal Distribution 

  Dip DDR Dip DDR 
Diorite 1 0.79 1.14 0.23 0.74 

 2 0.63 0.79 0.27 0.25 

 3 3.42 2.23 0.30 1.48 

 4 1.18 3.02 0.51 15.95 

Forsterite-

Magnetite 

1 0.79 0.96 0.54 0.51 

2 2.69 13.74 0.12 8.82 

 3 1.69 5.14 0.24 9.22 

 4 1.11 0.93 0.92 0.60 

Magnetite 1 1.69 1.40 0.76 0.32 

 2 1.51 1.26 0.83 6.95 

 3 0.95 9.39 0.24 3.05 

 4 1.63 2.51 0.94 0.59 

Marble 1 0.64 1.36 0.26 0.61 

 2 2.32 13.29 0.13 8.99 

 3 1.73 5.70 0.24 9.13 

 4 1.54 0.88 0.91 0.84 
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Figure 30:  Calculation of joint spacing from oriented core drilling 
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Figure 31:  Normalized frequency of down-hole spacing between joints in the EESS (All joints) 
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Figure 32:  Normalized frequency of down-hole spacing between joints in the EESS by rock type 
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Figure 33:  Pole density contours and joint set information for the Diorite rock unit
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Figure 34:  Distribution of true joint spacing within the Diorite 
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Figure 35:  Normalized frequency of spacing of all joints in Diorite 
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Figure 36:  Normalized frequency of true joint spacing in Set 1 
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Figure 37:  Normalized frequency of true joint spacing in Set 2 
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Figure 38:  Normalized frequency of true joint spacing in Set 3 
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Figure 39:  Normalized frequency of true joint spacing in Set 4
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Figure 40:  Set definitions for Set 1-limited and Set 2-limited in Diorite 
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Figure 41:  Normalized frequency of true joint spacing in Set 1 - limited 
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Figure 42:  Normalized frequency of true joint spacing in Set 2 - limited 
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Figure 43:  Lower hemispheric projection for joint sets for normally distributed dip and dip direction (Dip: Mean = 40, Std 
Dev = 5; DDR: Mean = 220, Std Dev = 5) 



128 
 

 

 Figure 44:  Lower hemispheric projection for joint sets for normally distributed dip and dip direction (Dip: Mean = 40, Std 
Dev = 5; DDR: Mean = 220, Std Dev = 20) 



129 
 

 

Figure 45:  Lower hemispheric projection for joint sets for normally distributed dip and dip direction (Dip: Mean = 40, Std 
Dev = 20; DDR: Mean = 220, Std Dev = 5) 
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Figure 46:  Lower hemispheric projection for joint sets for normally distributed dip and dip direction (Dip: Mean = 40, Std 
Dev = 20; DDR: Mean = 220, Std Dev = 20) 
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Figure 47:  Lower hemispheric projection for Fisher Constant K=50 (Dip = 40, DDR = 220) 
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 Figure 48:  Lower hemispheric projection for Fisher Constant K=200 (Dip = 40, DDR = 220) 
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Figure 49:  Pole density contours and joint set definitions in the Diorite rock unit 
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Figure 50:  Observed and modeled joint orientation for Set 1 in Diorite rock unit. 
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6. VALIDATION OF FRAGMENT SIZE ESTIMATION MODEL 

Validating the fragment size estimates produced by the different programs 

through calibration against field observations is essential for the development of 

confidence in the prediction of fragment size distributions.  While the use of drill hole 

data to estimate fragmentation helps differentiate coarser and finer areas within a deposit, 

the primary fragment size distributions estimated by the  BSE program can be difficult to 

correlate with field observations.  The only observations that can be used to calibrate the 

primary fragmentation estimates are at the drawpoints at the extraction level of the block 

caves.  The fragments observed at the drawpoints can be expected to be finer than the 

primary fragments since they would have been subjected to comminution forces within 

the draw column.  However, limited breakdown of the rock fragments is expected within 

the first 50 meters of draw from the drawpoints and the fragment size distributions may 

be close to the primary fragmentation. 

6.1 Converting DOZ drill hole data 

Core piece length data is routinely collected by PTFI as part of the geotechnical 

logging of all diamond drill holes from the DOZ mine.  The data collected from each drill 

run (Len_run) included: 

 Core Diameter (Dia) 

 Cumulative length of recovered core (Len_Rec) 

 Cumulative length of whole core pieces greater than two times the core 

diameter (Len_RQD) 

 Cumulative length of broken core (Len_br) 



136 
 

 Length of the longest piece of whole (non-broken) core (Len_lp) 

 Number of whole core pieces (Num_pc) 

 Cumulative length of pieces that are greater than or equal to 0.4 meters 

length (Len_0.4) 

 Cumulative length of pieces that are greater than or equal to 0.2 meters 

length (Len_0.2) 

 Cumulative length of pieces that are 1.0 centimeter in size (Len_0.01). 

Drill hole geotechnical data for the DOZ mine was sorted into a series of size 

ranges (bins) using a data reduction process developed internally by Freeport McMoRan 

Copper and Gold (FMCG) referred to as “bucketization”.  In this process, the cumulative 

lengths of logged core pieces with lengths that fall within each bin size are tallied.  This 

“bucketized” data was made available by PTFI for the development of the process of 

fragment size estimation under this study.  A snapshot from the data showing the 

different columns in the data is shown in Figure 51. 

In order to help zone the data so that the predicted fragmentation could be 

compared that observed at the drawpoints, the drill hole data was sorted by location and 

rock type.  The DOZ footprint was split into three-panel wide sections and all the drill 

hole intercepts within each section lying within the expected column height for the panels 

in the section were accumulated and sorted by rock type.  The down-the-hole survey data 

was used to assign azimuth and plunge to core pieces within each drill run.  Each 

resulting data set was then used for developing the primary fragment size distributions for 

the sections using the BSE model. 
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The joint set characteristics used in the BSE model for the Diorite and Forterite 

Skarn rock types were developed from analysis of oriented core drilling from the DOZ 

mine and are shown in Table 13.  Joint set characteristics within the Magnetite Skarn and 

Forsterite-Magnetite Skarn rock types were observed to be similar to those of the 

Forsterite Skarn. 

The estimation of fragment sizes from drill hole data requires the conversion of 

one-dimensional piece length data to three-dimensional block size information.  In the 

DOZ mine, each core piece within the drill hole was assumed to represent a rock 

fragment and average aspect ratios were used to develop the volume of the rock 

fragment. The resulting rock fragment volumes were used to generate a volume weighted 

block size distribution. 

Wellman, et al. (2012) studied the impact of this assumption on block size 

distributions and evaluated a simplified case with a drill hole intercepting three blocks of 

different sizes - a 1,000 cubic meter block, an 8 cubic meter block and a 0.125 cubic 

meter block, as shown in Figure 52(a).  The blocks were all assumed to be cubical in 

shape and the resulting fragment size distribution showed that on a volumetric basis, the 

coarsest (largest) 1- to 2-percent of blocks account for over 98-percent of the fragment-

size distribution with a minimal amount of fines.  If, however, each core piece is assumed 

to represent a proportion of blocks equivalent to the length of the core piece, a length-

weighted distribution is generated, as shown in Figure 52(b).  Wellman, et al. concluded 

that the use of the volume-weighted or length-weighted, or some intermediate weighting 

factor to represent the distribution of block sizes is key in representing the distribution of 

expected block sizes as shown in Figure 53. 
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The development of an appropriate model for estimating fragment size 

distributions within a region using drill hole data is essentially a sampling problem.  One- 

and two-dimensional data sets are used to estimate the appropriate three-dimensional size 

distribution.  The intersections of small and large fragments within the region are given 

equal weightage in the final fragment size distributions, which results in an over-

estimation of large size fragments and an under-estimation of fines. 

Though the BSE model can help convert small core pieces to small block 

volumes, the percentage of fines generated by the smallest pieces was observed to be 

very small.  The smallest core piece length used in the computation of rock fragment 

volumes was 0.005 meters (5 millimeters), which can be converted to a block volume of 

0.0000125 cubic meters (125 cubic millimeters), which is still significantly larger than 

the fines observed at the drawpoints.  The contribution of fines to the volumetric 

fragment size distribution from the BSE model is also very small and is discussed in 

Wellman, et al. (2012).  In order to better represent fines in the primary fragmentation 

estimates from the BSE model, the percentage fines is estimated to be equal to the 

percentage of the drill hole that can be correlated to fines (Len_br + Len_run – Len_rec).  

This formulation was included in the BSE model to help generate fines in the primary 

fragmentation estimates. 

6.2 Primary fragmentation estimates in the DOZ 

The drill core piece length data from within the lower 50 meters of the draw 

column within the panels was used for the development of primary fragmentation 

estimates that could be correlated to observations of the drawpoint fragmentation 

mapping from the corresponding panels in the DOZ.  The characteristics of the primary 
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blocks generated by the BSE model were then used to create the primary block (.prb) file 

in the BCF file format.  The overall primary fragmentation estimates generated by the 

BSE model for the DOZ mine for the Forsterite Skarn and the Diorite rock types are 

shown in Figure 54. 

For the development of primary fragmentation estimates in the DOZ, the drill-

hole data from the DOZ area were sorted into domains of three panels each along strike.  

Some of the zones had limited drill core data and could not be used for the generation of 

suitable fragment size distributions.  Table 14 shows the number of drill core data records 

available in each zone by rock type.  In order to avoid poorly distributed data, zones with 

less than 30 drill core records were not analyzed for fragment size distribution using the 

BSE model. 

6.3 Drawpoint mapping 

Mapping of the fragmentation at the drawpoints at the DOZ block cave was 

undertaken in several campaigns to help correlate the predicted and observed 

fragmentation Srikant, Nicholas and Rachmad (2004).  Drawpoint fragmentation data 

from the DOZ mine was also collected by students from the Institut Teknologi, Bandung 

(ITB) in Indonesia under the supervision of the author.  The data collected by Lukito 

(2005) and Sinaga (2005) is included in this study. 

Recognizing that observers can more readily assess block side lengths rather than 

block volumes in a drawpoint, the procedure relied on estimates of block side lengths as 

illustrated in Table 15, which shows a partially completed drawpoint fragmentation log.  

The material size distribution is divided into five categories: fines, small block, 
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intermediate block, large block, and oversize.  The first three categories represent the 

material size that could pass through 1-meter by 1-meter grizzly.  The large blocks 

category represents the material that could be handled by the LHDs without any material 

size reduction required.  The oversize category represents the material that requires either 

secondary blasting at the drawpoint or hang-up blasting.  The dimensions of the largest 

block were also recorded to help assess average aspect ratios for the different rock types. 

The observer counts the number of intermediate blocks (0.5 to 1 meter side 

length) and large blocks (1 to 2 meter side length) and multiplies them with proportional 

area-based percentages, 2 percent for each intermediate block and 5 percent for each 

large block.  The percentage of oversize and fines were estimated while the small blocks 

category was calculated to make up the rest.  The draw height information for each draw-

point, which was important for the analysis, was collected through the Cave Management 

System (CMS), a monthly-planning interface between the long-term block cave planning 

software PC-BC and the daily production planning systems at the DOZ Block Cave 

Samosir, et al. (2004).  Rock type information was collected through routine geological 

mapping at the drawpoints.  Several rock types are normally observed at each drawpoint 

and the percentage of occurrence of the different rock types was recorded.  For the 

purposes of this study, the most dominant rock type was assigned to the drawpoint. 

In many cases, fines were observed to cover several small and medium boulders 

at the drawpoint and so the percentage of fines recorded during drawpoint fragmentation 

mapping was found to be high Srikant (2006).  This is particularly true in the first 10 

meters of draw, wherein there is a high possibility of the large primary fragments being 

covered by the fine material resulting from the undercut and/or drawbell blasts. 
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The drawpoint mapping method described above was easy to implement in the 

DOZ mine, but cannot be used as an accurate measure of fragment size distributions at 

the drawpoints.  The measurements are known to be quite subjective but a large dataset 

was available for calibration of fragment size distributions estimated using the Core2Frag 

and BSE programs.  While several attempts were made for measuring drawpoint 

fragmentation using analysis of photographs taken at the drawpoints in the DOZ mine, 

the procedures required environments relatively free of dust and moisture and were 

difficult to establish as a routine.  The measurements by Lukito and Sinaga are of value 

since they were conducted by the same person over several weeks. 

Visual estimates of drawpoint fragmentation can potentially be used to calibrate 

the results of fragmentation analyses. However, correlation of the estimates with 

observations proved to be a challenge since the fragmentation estimates were reported as 

volumetric estimates by convention and the drawpoint mapping procedures developed for 

the DOZ evaluated the fragmentation observed at the drawpoints as linear measures. 

Table 16 shows the average aspect ratios observed at the drawpoints for the different rock 

types in the DOZ mine.  These observed aspect ratios for the two rock types were used 

for converting the linear fragment size estimates from drawpoint mapping to volumetric 

estimates.   

6.4 Comparison of observed and predicted primary fragmentation 

Primary fragment size distributions were developed from the block volumes 

generated by the BSE models using drill hole core piece lengths from the lower 50 meters 

in the draw column at the DOZ mine.  Validation of the primary fragment size 

distributions was enabled by comparing the primary fragment size distributions estimated 
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by the BSE model to the fragment size distributions observed at the drawpoints with draw 

heights up to 50 meters.  The linear dimensions in the drawpoint fragmentation mapping 

form were converted to volumes using the relationships shown in Table 17.  Drawpoints 

in the DOZ mine are 4.5 meters wide and 4.5 meters high and the total volume of rock in 

the drawpoint was estimated to be 65 cubic meters using an angle of repose of 35 

degrees.  The dimensions of the largest block observed in the drawpoint were used to 

estimate the volume of the largest block. The fragment size distribution was adjusted 

accordingly to account for the volume of the largest block observed in the drawpoint. 

More than 3,800 observations of fragment size distributions at the drawpoints in 

the DOZ were reported in Srikant (2006) and in Sinaga (2005).  The observations were 

sorted by rock type, panel and draw height and are listed in Table 18.  The number of 

observations from drawpoints which have been drawn less than 50 meters are limited.  A 

large number of observations were available from the HALO rock type; however, the 

fragmentation in this rock type is correlated more with the rock strength than with the 

nature of rock jointing.  The primary fragment size distributions generated from the BSE 

models were, therefore, compared to the drawpoint fragmentation results in the Forsterite 

Skarn, Forsterite-Magnetite Skarn, Magnetite Skarn and Marble rock types in Panels 18-

20 and 21-27 and are discussed herein. 

Table 19 shows the meters of drill core drilled within the lower 50 meters of the 

draw column in different zones of the DOZ Mine and the number of drawpoint 

fragmentation observations in the same panels for draw heights less than 50 meters.  The 

table illustrates the difficulty in calibrating the primary fragmentation estimates since 

there are few zones where drill core piece length data and drawpoint fragmentation 



143 
 

mapping data are both available.  Though 8,091 meters of drill core data records are 

available from the lower 50 meters of the DOZ mine along with 580 drawpoint 

fragmentation records, only the eight zones highlighted in the table can be used for 

calibrating the BSE model against primary fragmentation observations. 

6.4.1 Forsterite Skarn 

A total of 143 drawpoint observations were recorded in the Forsterite rock type 

for draw heights less than 50 meters.  Of these, 49 observations were from drawpoints in 

Panels 18-20 and 94 observations were from drawpoints in Panels 21-27.  The predicted 

and observed primary fragment size distributions for these panel groups within the 

Forsterite rock type are shown in Figure 55 and show a reasonable correlation, though the 

predicted fragmentation is slightly coarser than the observed fragment size distribution.  

As discussed in Section 6.3, a significant reason for this difference could be the fact that 

large boulders are often obscured by fines. 

6.4.2 Forsterite-Magnetite Skarn 

A total of 103 drawpoint observations were recorded in the Forsterite-Magnetite 

rock type for draw heights less than 50 meters.  Of these, 11 observations were from 

drawpoints in Panels 18-20 and 86 observations were from drawpoints in Panels 21-27.  

The predicted and observed primary fragment size distributions for these panel groups 

within the Forsterite-Magnetite rock type are shown in Figure 56.  While there is a 

reasonable correlation between the predicted and observed distributions in Panels 18-20, 

there is a greater degree of divergence between the predicted and observed distributions 

in Panels 21-27.  
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6.4.3 Magnetite Skarn 

A total of 260 drawpoint observations were recorded in the Magnetite rock type 

for draw heights less than 50 meters.  Of these, 203 observations were from drawpoints in 

Panels 18-20, 11 observations were from drawpoints in Panels 15-17 and 21 observations 

were from drawpoints in Panels 21-27.  The predicted and observed fragment size 

distributions for these panel groups within the Magnetite rock type are shown in Figure 

57.  As in the Forsterite-Magnetite, there is good correlation between the predicted and 

observed fragment size distributions in Panels 18-20, but significant divergence in the 

distributions in Panels 15-17.  Significant differences were also observed for the 

distributions from Panels 21-27, which can be attributed to a smaller drill core data set, 

and in Panels 12-14, which could be the influence of fines migrating from higher draw 

columns in adjacent Panels or from the adjacent finely fragmented breccias. 

6.4.4 Diorite 

A total of 28 drawpoint observations were recorded in the Diorite rock type for 

draw heights less than 50 meters.  Of these, 3 observations were from drawpoints in 

Panels 12-14, 13 observations were from drawpoints in Panels 15-17 and 12 observations 

were from drawpoints in Panels 21-27.  The predicted and observed fragment size 

distributions for these panel groups within the Diorite rock type are shown in Figure 58.  

Unlike in the Forsterite rock type, there is a significant difference between the observed 

and predicted fragment size distributions with the predicted fragment size distribution 

being coarser by an order of magnitude.  An examination of the fragment sizes generated 

by the BSE model show that there are two blocks with volumes greater than 100 cubic 
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meters.  These blocks have resulted from core piece lengths greater than 3 meters and the 

higher aspect ratios in the Diorite rock type. 
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Table 13:  Joint set characteristics of Diorite and Forsterite rock types 

Rock 
Type 

Set No Mean 
Dip 

Std Dev 
Dip 

Mean 
DDR 

Std Dev 
DDR 

Mean 
Spacing 
(meters) 

Std Dev 
Spacing 
(meters)

Diorite 

1 53 20 273 20 0.18 0.23

2 36 20 144 20 0.15 0.22

3 37 20 15 20 0.28 0.34

4 79 20 146 20 0.27 0.34

Forsterite 

1 43 20 39 20 0.12 0.15

2 82 20 156 20 0.34 0.46

3 51 20 311 20 0.34 0.46
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Table 14:  Drill records in lower 50 meters of zones in DOZ mine 

Panels 
 

Forsterite
Forsterite 
Magnetite

Marble Magnetite Diorite 

P00-02 
Drilled 
meters 

760.25 114.80 - 6.00 580.80 

Drill records 262 40 0 2 231 

P03-05 
Drilled 
meters 

722.10 180.50 3.00 - 86.00 

Drill records 257 66 1 0 31 

P06-08 
Drilled 
meters 

595.25 24.40 6.00 6.00 29.50 

Drill records 211 12 2 2 11 

P09-11 
Drilled 
meters 

275.20 76.15 6.80 100.60 3.00 

Drill records 108 38 4 41 1 

P12-14 
Drilled 
meters 

522.30 84.80 - 134.00 3.00 

Drill records 191 31 0 53 1 

P15-17 
Drilled 
meters 

199.80 529.15 18.00 125.00 138.25 

Drill records 71 186 6 41 50 

P18-20 
Drilled 
meters 

394.40 162.00 - 118.25 11.30 

Drill records 136 56 0 48 6 

P21-27 
Drilled 
meters 

800.20 406.70 - 67.60 800.20 

Drill records 282 147 0 32 65 
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Table 15:  Partially completed drawpoint fragmentation log 

P.T. FREEPORT INDONESIA – Drawpoint Fragmentation Log 

Logged by: 
 

Srikant Annavarapu 
 

Area 
 

DOZ Panel 19 
 

Date: 10/12/2005 

Drawpoint 
No. 

Hang-up 
(Y N) 

Condition 
Rating 
(1 – 5) 

Fines % 
<5cm 
Estimate % 

Small 
blocks 
5–50 cm 

Intermediate 
50cm – 1m 
Count X2% 

Large Blocks 
1m – 2 m 
Count x 5% 

Oversize 
>2m 
Estimate # 

Max Block 
L x W (m) 

 
 

Notes 
P19-DP12E 

P19-DP12W 

P19-DP138 

N 

N 

N 

3 

1 

4 

20 

60 

20 

20 

24 

17 

12 x 2 = 24 

8 x 2 = 16 

4 x 2 = 8 

4 x 5 = 20 

0 

7 x 5 = 35 

10 

0 

20 

2.1 x 1.5 

0.8 x 0.6 

2.4 x 1.8 

 

 

Table 16:  Aspect ratios for blocks observed in DOZ drawpoints   

Rock Type Length to Width 
(K1) 

Length to Height 
(K2) 

Forsterite 1.31 1.46 

Forsterite-Magnetite 1.15 1.45 

Magnetite 1.32 1.45 

Diorite 1.10 1.45 

 

Table 17:  Relationship between observed fragment side lengths (SL) and volumes 

 Fragment 
Side 

Length 
(meters) 

Equation 

 (K1 and K2 are 
from Table 17) 

Estimated Fragment Volume  

(cubic meters) 

Forsterite Forsterite-
Magnetite

Magnetite Diorite 

0.005 SL^3 1.25E-07 1.25E-07 1.25E-07 1.25E-07 

0.1 K1*K2* SL^3 0.01913 0.01668 0.01914 0.01595 

0.5 K1*K2* SL^3 0.23908 0.20844 0.23925 0.19938 

1.0 K1*K2* SL^3 1.9126 1.6675 1.9140 1.5950 

2.0 K1*K2* SL^3 15.30 13.34 15.31 12.76 
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Table 18:  Drawpoint fragmentation mapping observations in the DOZ Mine  

sorted by location and rock type 

 Draw 
Height 

Forsterite Diorite Marble Magnetite HALO Forsterite 
Magnetite 

P09-11 

0-50 - - - 6 101 2 

50-100 - - - - - - 

100-150 - - - - - - 

150-200 - - - - - - 

>200 - - - - - - 

P12-14 

0-50 5 - 2 19 28 4 

50-100 45 - 9 34 84 39 

100-150 79 - 25 3 53 5 

150-200 51 - 60 - 5 4 

>200 13 - 3 3 12 - 

P15-17 

0-50 4 3 - 11 - - 

50-100 39 43 7 3 16 60 

100-150 86 2 18 7 164 22 

150-200 10 - 56 13 65 13 

>200 5 - 15 28 37 37 

P18-20 

0-50 49 - 3 203 9 11 

50-100 33 - 49 73 131 76 

100-150 9 - - 20 160 22 

150-200 2 1 6 29 53 20 

>200 11 7 3 113 97 87 

P21-27 

0-50 94 12 45 21 17 86 

50-100 20 7 52 15 41 21 

100-150 15 1 - 10 74 16 

150-200 18 14 - 8 48 46 

>200 34 13 - 81 196 79 

Total   103     
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Table 19:   Data available for calibration of primary fragmentation estimates 

Panels 
 

Forsterite
Forsterite 
Magnetite

Marble Magnetite Diorite 

P00-02 

Drilled 
meters 

760.25 114.80 - 6.00 580.80 

Drawpoint 
Observations 

- - - - - 

P03-05 

Drilled 
meters 

722.10 180.50 3.00 - 86.00 

Drawpoint 
Observations 

- - - - - 

P06-08 

Drilled 
meters 

595.25 24.40 6.00 6.00 29.50 

Drawpoint 
Observations 

- - - - - 

P09-11 

Drilled 
meters 

275.20 76.15 6.80 100.60 3.00 

Drawpoint 
Observations 

- 2 - 6 - 

P12-14 

Drilled 
meters 

522.30 84.80 - 134.00 3.00 

Drawpoint 
Observations 

5 4 2 19 3 

P15-17 

Drilled 
meters 

199.80 529.15 18.00 125.00 138.25 

Drawpoint 
Observations 

4 - - 11 13 

P18-20 

Drilled 
meters 

394.40 162.00 - 118.25 11.30 

Drawpoint 
Observations 

49 11 3 203 - 

P21-27 Drilled 
meters 

800.20 406.70 - 67.60 800.20 

 

Drawpoint 
Observations 

94 86 45 21 12 
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Figure 51:  Snapshot of “bucketized” drill core piece length data from PTFI 

     

  

hole_id dh azimuth dh_dip r_from r_to rt length rq_len_rec rqx_top_0.0 rqx_top_.01 rqx_top_0.1 rqx_top_0.2 rqx_top_0.4 rqx_top_0.6 rqx_top_0.8 rqx_top_1.0 rqx_top_1.2 rqx_top_1.4 rqx_top_1.6 rqx_top_1.8 rqx_top_2.0 rqx_top_2.2 rqx_top_2.4 rqx_top_2.6 rqx_top_2.8 rqx_top_3.0 rqx_top_3.2 rqx_top_3.4 rqx_top_3.6 rqx_top_3.8 rqx_top_4.0
II8-7-6 174.21 71.87 87.2 90.2 1 3 3 0 0 0.13 0 0 0 0 0.87 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0
II8-7-6 174.21 71.87 90.2 93.2 1 3 3 0 0.08 0.4 0 1.55 0 0 0.97 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
II8-7-6 174.21 71.87 93.2 94.2 1 1 0.84 0.16 0 0.32 0 0 0.52 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
II8-7-6 174.21 71.87 94.2 97.2 1 3 3 0 0.1 1.32 0 0 0.58 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
II8-7-6 174.21 71.87 97.2 99 1 1.8 1.8 0 0 0.08 0 0 0 0.72 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
II8-7-6 174.21 71.87 99 101 1 2 1.72 0.28 0.13 0.4 0 0.69 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
II8-7-6 174.21 71.87 101 104 1 3 2.9 0.1 0.18 1.86 0 0.86 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
II8-7-6 174.21 71.87 104 107 1 3 2.58 0.42 0.14 0.5 0 0 0 0 0.91 1.03 0 0 0 0 0 0 0 0 0 0 0 0 0 0
II8-7-6 174.21 71.87 107 110.2 1 3.2 2.85 0.34 0 0.31 0 0 0 1.44 0 1.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
II8-7-6 174.21 71.87 110.2 113.2 1 3 3 0 0 0.65 0 0 0 1.44 0.91 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
II8-7-6 174.21 71.87 113.2 115.5 1 2.3 2.3 0 0 1 0 0 0.47 0 0.83 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
J9-10-2 14.77 75 108 111 1 3 2.9 0.1 0 0.12 0 0 0 0 1.72 1.06 0 0 0 0 0 0 0 0 0 0 0 0 0 0
J9-9-7 23.94 38 95.7 98.7 1 3 2.96 0.04 0.16 0.09 0 1.91 0 0 0.8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
J9-9-7 23.94 38 98.7 101.7 1 3 2.88 0.12 0.12 0.64 0 0 2.12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
J9-9-7 23.94 38 101.7 104.7 1 3 2.72 0.28 0.74 0.7 1.03 0.25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
J9-9-7 23.94 38 104.7 107.7 1 3 2.53 0.47 0.46 1.21 0.86 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
J9-9-7 23.94 38 107.7 109.2 1 1.5 1.13 0.37 0.63 0.4 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
J9-9-7 23.94 38 109.2 110.7 1 1.5 1.5 0 0.12 0.65 0.73 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
J9-9-7 23.94 38 110.7 112.7 1 2 1.6 0.4 0.51 0.37 0 0.22 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
J9-9-7 23.94 38 112.7 113.7 1 1 0.71 0.29 0.58 0.13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
J9-9-7 23.94 38 115 116.7 1 1.7 1.7 0 0 0.35 0 0 1.35 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
J9-9-7 23.94 38 116.7 118.7 1 2 1.2 0.8 0 0.06 0 1.14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M10-14 344.58 40.46 257.8 260.8 1 3 2.88 0.12 0.06 0.37 0 1.47 0 0 0.98 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M10-14 344.58 40.46 260.8 262.6 1 1.8 1.73 0.07 0.78 0.39 0 0.56 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M10-14 344.58 40.46 262.6 263.8 1 1.2 1.2 0 0.51 0.58 0.11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M10-16 326.42 40.17 290.8 291.8 1 1 0.88 0.12 0.48 0.4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M10-16 326.42 40.17 291.8 293.8 1 2 2 0 0.92 0.98 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M10-16 326.42 40.17 293.8 296.8 1 3 3 0 0.44 0.14 0 1 0 0 0 0 0 1.42 0 0 0 0 0 0 0 0 0 0 0 0
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Figure 52:  Sample weighting assumptions (after Wellman, et al., 2012) 

 

Figure 53:  Effect of sample weighting assumption on fragment size estimation (after 
Wellman, et al., 2012) 
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Figure 54:  Primary fragmentation estimates for Forsterite and Diorite in the DOZ 
mine 

 

Figure 55: Predicted and observed primary fragmentation in Forsterite 
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Figure 56:  Predicted and observed primary fragmentation in Forsterite-Magnetite 

 

Figure 57:  Predicted and observed primary fragmentation in Magnetite 
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Figure 58:  Predicted and observed primary fragmentation in Diorite 
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7. CONCLUSIONS AND RECOMMENDATIONS 

The BSE program was developed to estimate primary fragment size distributions 

using drill core data, especially for block cave operations.  Unlike other available 

programs for estimating fragmentation in block cave mines which rely on rock fabric data 

collected from limited areas on the surface, and to accessible levels near the base of the 

deposit, the BSE program uses drill core data, which is generally available from most 

parts of the areas to be mined from the initial stages of discovery of the deposit to mine 

development, along with joint set information so that the estimates can reflect the 

variability of fragmentation within the orebody.  The BSE program helps the mine 

engineering group to evaluate fragmentation and plan mine facilities prior to construction 

of the mine.  The program uses the following assumptions in the estimation of primary 

fragmentation: 

1. Each core piece represents one rock fragment. 

2. Each block is created by three almost orthogonal joint sets. 

3. The aspect ratios of all the blocks are defined by the average spacings of the 

joint sets creating the blocks. 

4. The drill hole passes through the apex of each fragment. 

While the first assumption results in under-estimation of the finer fragment sizes, 

the other assumptions are expected to under-estimate the coarser fragments within the 

distribution.  The application of field verified correction factors will help in improving 

the estimation capability of the BSE program. 
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Success in the estimation of primary fragmentation at the extraction level in a 

block cave is limited by the large number of unknowns about the rock mass and the 

process of comminution within the draw column.  The characteristics of the jointed rock 

mass can only be estimated based on data generated from geotechnical drilling and the 

spatial relationships of these characteristics are less understood than those of mineral 

compositions and assay values.  The density of geotechnical data is also often very low 

and there is, therefore, less confidence in the extrapolation of the data to areas where 

there is no drilling or even in the interpolation of data between adjacent drill holes. 

Though fragment size distributions cannot inherently be precise, considerable 

success can be achieved in estimating the distributions over larger areas due to the 

smearing effects of the process of estimation.  While the fragment size distributions can 

technically be developed by drawpoint, it is more reasonable to look at trends over larger 

areas based on larger amounts of drilling and mapping.  The study suggests that using the 

fragment size distributions developed in 3-panel sections matched reasonably well with 

the observations at the drawpoints in the sections.  A reasonable correlation of trends can, 

for example, be used as a measure of success of the prediction of fragmentation until 

more sophisticated tools can be developed for assessing the presence and characteristics 

of joint sets and their influence on the deterioration of the rock fragments as they travel 

through the draw column. 

Empirical correlations between predicted and observed fragmentation estimates 

are extremely valuable in similar circumstances, such as expansion studies in the same 

mine, but are less applicable in the design of greenfield projects.  However, fragment size 

distributions estimated by the BSE model or by other fragmentation programs can 
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provide an initial design criteria for material transport systems in new projects, especially 

when the drill hole data can be compared to information from other operating mines.  

Development of a database of experiential information is important for the generation of 

confidence in the methods for fragment size prediction.  The development of standards 

for data recording and analysis of drill core fragmentation data and drawpoint mapping 

data is critical for creating usable empirical correlations.  Without actual measurements 

and field data there is no basis for justification of the influence of different parameters 

used in fragmentation predictions. 

Collection of drawpoint fragmentation mapping information can be a very useful 

tool in the calibration of procedures for estimating fragmentation.  However, this is often 

a tedious process requiring a geologic or geotechnical technician to interrupt operations 

while taking measurements of fragmentation at the drawpoints.  The analysis of scaled 

photographs of fragmentation at the drawpoints can help reduce the time taken to obtain 

the information from the field and also reduce the subjectivity involved in the use of the 

mapping procedure described in section 6.3, but the lighting conditions at the drawpoints 

and the presence of dust and moisture in the underground environment make it difficult to 

take quality photographs, which can be analysed using programs such as SPLIT to 

develop fragment size distribution.   

Recognizing the importance of collecting and analysing this data, a handheld 

system with powerful lights, camera and sizing lasers was developed so that drawpoint 

fragmentation data could be collected for analysis under the International Caving Study.  

This system was found to be a little unwieldy and was used in a limited way in the El 

Teniente mine in Chile and in some of the other mines around the world.  Data from this 
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system was used to develop a series of flip charts to generate a qualitative estimate of the 

drawpoint fragmentation and the available data has not been used for quantitatively 

calibrating fragment size distributions estimated using programs such as BCF or 

Core2Frag.   

While electronic monitoring tools have been developed for determining the 

location of the loaders within the panels and for automating the operation of loading and 

haulage operations in the mines, the addition of simple but sturdy cameras on the buckets 

of these loaders can help increase the database of drawpoint fragment size data.  Similar 

cameras mounted on shovels and front-end loaders in open pit operations have been quite 

successful in developing fragment size estimates at the loading location. 

The BSE model developed as part of this dissertation has been calibrated against 

limited drawpoint fragmentation mapping results from the DOZ mine.  While the BSE 

model procedure has been verified against the AutoCAD model in Chapter 5, the primary 

fragmentation estimates generated by the BSE model require a more rigorous calibration 

against a larger database of drawpoint fragmentation observations including results in 

different mines and in different rock types.   

As reported in Section 6.3, the primary fragmentation estimates based on the BSE 

model are significantly coarser than the observed primary fragmentation at the 

drawpoints and can be attributed to several factors: 

1. The visible portion of a muck pile in a drawpoint is restricted to a two-

dimensional surface, whereas the distribution of fragment sizes should 

represent the full three-dimensional distribution of particle sizes.  In 
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addition, fines often tend to cover and hide large size blocks (Figure 59) 

and the actual fragment size distribution could be coarser than that 

recorded in the drawpoint mapping.  This limitation is a consideration in 

the utilization of drawpoint mapping data to potentially calibrate 

fragmentation analyses. 

2. Blocks larger than 10 cubic meters are rarely observed in the drawpoints 

as they are hung-up above the lintel.  The fragmentation observations are 

therefore biased towards the fragment sizes that come through the 

drawpoint.  Several blocks in the 1-10 cubic meter range are also often 

hung-up above the lintel and are not visible during the drawpoint mapping.  

The primary fragment size distributions estimated using the BSE model do not 

always match the observations at the drawpoints and this can be attributed to possible 

errors in the development of fragment size distributions from drawpoint fragmentation 

mapping as well as short-comings of the BSE model.  In half of the eight cases presented 

above, there is reasonable agreement between the predicted and observed fragmentation.  

Confidence in the fragmentation estimates using the BSE model can only be developed 

through more such correlations, which can help generate a basis for adjustments for the 

BSE model.  A sustained effort in drawpoint fragmentation mapping in several mines in 

different rock types will also help improve the capabilities of the BSE model.  For now, 

the BSE model appears to be another possible approach for modeling primary fragment 

size distributions. 

From the analysis of joint spacing distributions as part of this study, while the 

sampling of actual distributions is the best way to model joint spacing, the adjusted log-
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normal distribution appears to provide a more reliable estimate of joint spacing for this 

dataset than the standard negative exponential distribution or the standard log-normal 

distribution.  The adjustment factors for this dataset were determined to be Fa = 2.191 and 

Fs = 2.163.  These adjustment factors may be universal constants or related to some 

property of the rock mass and these relationships can only be explored with more data 

collected and analyzed from this and other sites, including a larger variety of rock types.  

Other distributions, including a two-parameter negative exponential distribution in the 

form of y = ae(-bx), should also be evaluated in a similar fashion to determine if they 

model the joint spacing distributions better. 
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Figure 59:  Fines covering boulders at drawpoint 
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APPENDIX A – JOINT SET ORIENTATION DISTRIBUTIONS 
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Figure A-1:  Pole density contours and joint set definitions in the Diorite rock unit 
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Figure A-2:  Observed and modeled joint orientation for Set 1 in Diorite rock unit 
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Figure A-3:  Observed and modeled joint orientation for Set 2 in Diorite rock unit 
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Figure A-4:  Observed and modeled joint orientation for Set 3 in Diorite rock unit 
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Figure A-5:  Observed and modeled joint orientation for Set 4 in Diorite rock unit
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Figure A-6:  Pole density contours and joint set definitions in the Forsterite-Magnetite rock unit
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Figure A-7:  Observed and modeled joint orientation for Set 1 in Forsterite-
Magnetite rock unit 
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Figure A-8:  Observed and modeled joint orientations for Set 2 in Forsterite-
Magnetite rock unit 
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Figure A-9:  Observed and modeled joint orientations for Set 3 in Forsterite-
Magnetite rock unit 
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Figure A-10:  Observed and modeled joint orientations for Set 4 in Forsterite-
Magnetite rock unit 
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Figure A-11:  Pole density contours and joint set definitions in the Magnetite rock unit
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Figure A-12:  Observed and modeled joint orientation for Set 1 in Magnetite rock 
unit 
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Figure A-13:  Observed and modeled joint orientation for Set 2 in Magnetite rock 
unit 
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Figure A-14:  Observed and modeled joint orientation for Set 3 in Magnetite rock 
unit 
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Figure A-15: Observed and modeled joint orientation for Set 4 in Magnetite rock 
unit 
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Figure A-16:  Pole density contours and joint set definitions in the Marble rock unit
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Figure A-17:  Observed and modeled joint orientation for Set 1 in Marble rock unit 



181 
 

 

Figure A-18:  Observed and modeled joint orientation for Set 2 in Marble rock unit 
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Figure A-19:  Observed and modeled joint orientation for Set 3 in Marble rock unit 
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Figure A-20:  Observed and modeled joint orientation for Set 4 in Marble rock unit 
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APPENDIX B – APPROVAL FROM PT FREEPORT INDONESIA 
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