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ABSTRACT 

This thesis investigated the rock mass geotechnical behaviour of primary copper ore 

at the El Teniente mine in Chile, which has been described as a massive and 

competent rock mass. The rock mass was characterised considering different 

structural data collection techniques and mapping scales. Modifications were made to 

the traditional sampling methodologies to better determine the observed geological 

discontinuities within primary copper ore. It was found that few open geological 

discontinuities, mainly the widely spaced large scale sub-vertical faults, are observed 

within primary ore, and this could be in agreement with the observed “competent” 

and “massive” rock mass behaviour at the mine site. The study also found a high 

frequency of small scale stockwork veins (cemented joints), which define at least 

three semi-orthogonal set orientations mine wide. 

The faces of caved rock blocks found in the production level draw points were also 

characterised and an empirical criterion to define weak discontinuities that define 

caved blocks was established. From these observations, it can be concluded that the 

geological discontinuities (veins) having less than 1/3 of hard minerals as infill (hard 

mineral means Mohs scale of hardness ≥ 4) and thickness greater than or equal to 

2mm may also be the weaker path where a competent rock mass fail under cave-

induced stress conditions. This empirical definition was applied for the structural 

data collected from different geological units and mine sectors of the El Teniente 

mine. The results allowed a differentiation of several geotechnical units where 

traditional rock mass classifications schemes failed. 

The observed rock mass behaviour during caving operations was back analysed to 

correlate with the new geotechnical units defined using that empirical definition. The 

back analysis studies included the rock damage as mine overbrake in mine drive at 

the undercut level, fragmentation performance, and mine seismicity recorded within 

a rock volume completely caved. A mine scale finite element numerical model was 

also built to assess the stress state around excavations during caving propagation. 

Damage orientation determination by seismic focal solutions was used to correlate 

against collected structural data to investigate the influence of weak discontinuities 

during block caving performance. 
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CHAPTER 1 INTRODUCTION 

1.1 The Problem 

The characterisation of the rock mass, where any civil or mining excavation would 

be placed, is the most essential engineering activity to assure its stability and the 

economic performance. The discontinuities, their geometry and strength properties 

are likely the main controlling parameters of the behaviour of rock masses during 

and following excavation construction according to the principles of rock mechanics 

(Brown, 1981, Hudson and Harrison, 1997, Brady and Brown, 2003). 

Characterising rock masses properly has been a main concern in the field of rock 

mechanics since the late 60’s. Since then, the International Society of Rock 

Mechanics (ISRM) has suggested a method to more accurately perform this activity 

(Brown, 1981). Discontinuities to be characterized can be described by 10 basic 

parameters, which describe their geometry and strength properties. One important 

definition provided by the ISRM is about the term discontinuity. The most ample 

definition of the term geological discontinuity refers to any mechanical breaks or 

fractures in a rock mass having a zero or low tensile strength (Brown, 1981). This 

collective term includes most types of planes of weakness such as joints, faults, 

bedding planes, foliations, etc. That definition has guided the research in the field of 

rock mechanics during the last 30 years (Barton, 1976, Barton and Stephansson, 

1990, Brown, 2003) and currently the rock structure characterisation is concerned 

with the assembly of rock blocks that comprise the rock mass. 

In addition, the mining industry mainly characterizes the rock masses by applying 

Rock Mass Classification (RMC) systems. These RMC schemes breaks the rock 

mass into two main components; the properties of intact rock material and the 

geological discontinuities as define by the ISRM. Both combined rock mass 

properties are parameterised to determine a rock mass rating. By compiling case 

histories relative to performance, it has been possible to develop empirical relations 

for quantitative prediction of the strength characteristics between specific rock 

masses. 

The problem investigated here is not about ‘how to characterize’ rock masses of the 

El Teniente mine, but to find out what are the main rock structure features 
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controlling rock mass behaviour. The following background reflects the nature of the 

problem or more precisely, the nature of the primary copper ore and its complexity 

behaviour during caving. 

The El Teniente mine is the largest underground mine in the world, located in central 

Chile. The mine has been operating since 1906 and is currently mining out 

approximately 140,000 tons per day (tpd) using block caving methods. Rock masses 

of primary copper ore have been described as very competent and massive during 

caving operations (Rojas et al., 2001) as shown in Figure 1.1a,b. This is because 

caving performance has resulted in larger than expected fragmentation, and these 

rock masses have exhibited brittle, often violent failure under a high stress conditions 

(Dunlop and Gaete, 1997, Rojas et al., 2000a). Two mine sectors have been partially 

closed after severe damage in mine levels caused by some large magnitude dynamics 

failures. Furthermore, following the guidelines of the ISRM (Brown, 1981), very 

few, usually widely spaced discontinuities (mainly faults) are found within these 

rock masses, and this could be in agreement with the observed competent rock mass 

behaviour at the mine site. There is, however, a network of high frequency 

stockwork veins (healed and cemented joints in Figure 1.1a,b), which is 

characteristic of a porphyry copper ore deposit (Burnham, 1979). 

Such competent rock masses have achieved caving with a small hydraulic radius of 

around 25m at two mine sub-sectors (Reno and Esmeralda mine sectors) within the 

El Teniente mine (Rojas et al., 2000a, Rojas et al., 2001). This suggests that the rock 

mass may also fail readily when is subjected to caving induced stress. It is interesting 

to note that rock masses of secondary ore, which are usually heavily fractured 

(Figure 1.1c), are achieved caving with a small hydraulic radius (around 22m), 

similar to that is supposedly the more competent primary ore. In addition, a 

significant proportion of fine fragmentation is usually observed in production level 

cave draw points of primary copper ore. This fine fragmentation allows high rates of 

underground caving primary copper ore production. 
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Figure 1.1. Photography sets of the massive and competent primary copper ore at the El Teniente mine containing healed veins (a & b). Core try with a typical recovery of the 
secondary copper ore (c). 

a b

c 
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The problem then is to understand this apparent inconsistency or this complex rock 

mass behaviour for a competent and massive rock mass. In other words, to find out 

what is the main rock structure features controlling rock mass behaviour at the El 

Teniente mine. 

This apparent inconsistency has not been explained by applying current RMC 

systems. For instance, it has been found by a Geotechnical Committee Review Board 

that current RMC systems used at the mine site ‘have failed to discriminate rock 

types that appear to have fundamentally different cavability and rock burst hazard 

characteristics’ (Goodman et al., 2000). It is believed that the reason for this failure 

may be due to the inability of these RMC systems to incorporate the proper rock 

structure features controlling rock mass behaviour. Moreover, it is currently believed 

at the mine site that the induced seismicity during caving operations ‘has more 

relation to the rock mass characteristics (competence) rather than other factors’ 

(Araneda and Sougarret, 2007)1. 

Based on experience and observations, a research hypothesis is stated here as follow 

to guide this thesis and to understand the rock mass behaviour of primary copper ore. 

Like the strength of a granite rock sample under compressive load, which may be 

limited by the modest occurrence of weaker minerals (Tapponnier and Brace, 1976), 

it is believed that “healed weaker veins may control the strength and behaviour of 

rock masses of the El Teniente mine”. In other words, “the rock mass strength of the 

massive and competent primary copper ore correlates with the abundance of weak 

healed veins (cemented joints) within such rock masses”. 

These types of geological structures are not strictly considered as discontinuities 

according to the ISRM because their high tensile strength (Brown, 1981), and these 

have not been properly included in these RMC systems as well. 

1.1.1 Research Hypothesis, Research Objectives and Data Collection Campaigns 

It is suggested here as the thesis hypothesis research that “the abundance of healed 

weaker veins within the rock mass may control the strength and behaviour of rock 

masses of primary copper ore during caving process”. Therefore, the main purpose 

                                                 
1 Both authors currently act as mine operation managers of the El Teniente mine. 
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of this study is to determine the validity of this hypothesis and its implication for 

rock mass characterization at the mine site. 

In order to achieve the main purpose of this thesis, the work is firstly carried out by 

applying the simple concept of a comparison between the input and the output of the 

caving phenomenon, i.e., a comparison between the geological features that compose 

the rock masses and the characteristics of caved rock block forming discontinuities 

found at production level draw points. From this work is expected to clarify how or 

through which, either discontinuities or intact rock, these rock masses are being 

disassembled during the caving process. Once the main characteristics that define the 

faces of caved rock blocks are established (expected to be the weaker path of the 

primary copper ore), these can be applied into the standard rock structure 

characterisation to investigate whether the occurrence of such weaker discontinuities 

may explain the observed differences in rock mass response to mining activities. 

This research approach outlined a number of objectives that this thesis will examine. 

These are: 

1. Based on rock structure characterisation and data analysis, develop a criterion 

to characterize rock masses of primary copper ore. 

2. Validate this new criterion in another different mine environment. 

3. Investigate whether the application of this new criterion can be used to 

understand the rock mass response to mining activities. 

The field work for this thesis was carried out at the two different active areas within 

the El Teniente mine. The completeness of some data collection was influenced by 

ongoing production activities. Two main field work campaigns were organised in 

two stages, the first one was undertaken between 2002 and 2003, and the second one 

during 2006. The first field work campaign was conducted by task force team 

composed of mine geologists included and guided by the author of this thesis. The 

funds for this particular field work campaign were provided by a special the El 

Teniente investment funds classified as API T01M101 (Brzovic and Benado, 2003). 

The second field work campaign, which was considerably less extensive, was 

conducted by the author in 2006. Additional data sets collected by mine geologists 

and engineers as part of the production requirements were also re-analysed here 
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following the research hypothesis, these included: additional structural data, seismic 

and production records, and ground control information from several ongoing mine 

production sectors. This thesis also included an especial determination of moment 

tensors of the induced seismic events, and the development of a mine scale numerical 

modelling. 

1.2 Thesis Outline 

The present research was divided in two main parts. The first part was designed to 

develop the methodology to carry out rock mass characterization of the competent 

and massive primary copper ore. This was based on determining the main rock 

structure features that may control rock mass behaviour during caving. This first part 

was carried out at the Reno Mine Sector (former Ten Sub-6 mine sector) within the 

El Teniente mine and comprises Chapter 2 to 6. The objective 1 was achieved during 

this first part of the study. 

The second part of the research was designed to validate the proposed methodology 

and to investigate how the new rock characterization methodology correlates with the 

real rock mass response to mining activities. This second part was completely 

undertaken at the Esmeralda mine sector within the El Teniente mine and comprises 

Chapter 7 and 8. Objectives 2 and 3 were achieved in this second part of this 

research. 

In this thesis the literature review and fundamentals were undertaken considering the 

main subjects researched, and these are presented on a background subsection as a 

precursor to data analysis from El Teniente. 

The chapters of this thesis have been summarised below: 

Part I 

Chapter 1 introduces the problem and the context of. The geological and 

geotechnical data and literature of ore deposit is reviewed. Location, history, stress 

field and mining methods are all described within this chapter. 

Chapter 2 describes the data collection techniques used in this study and the location 

where the first field campaign was conducted. Literature review of conventional data 



Chapter I  Introduction 

   7

collections techniques, sampling bias, structure definitions are presented in this 

chapter. Simple modifications to current discontinuity collection techniques were 

implemented to better determine discontinuity characteristics within the primary 

copper ore. 

Chapter 3 presents the analysis results of the rock mass characterisation undertaken 

during the first field work to describe the rock structure of the El Teniente primary 

copper ore. Discontinuity parameters are described following ISRM guidelines 

(Brown, 1981). In this chapter a literature review for main discontinuity parameters 

and for structural data analysis is also undertaken. Some data analysis is carried out 

considering the genetic origin of the geological discontinuities, from large scale 

faults to the small scale veins network (stockwork). A comparison between two 

structural domains of the Reno mine sector was also undertaken to investigate how 

discontinuity parameters vary throughout the rock mass. 

Chapter 4 is an assessment of block forming geological discontinuities by mapping 

several caved rock blocks at the production level caving draw points. An empirical 

definition of weak discontinuities is defined in this chapter, and the discontinuities 

having these features are expected to be the weaker path for possible rock mass 

failures within primary copper ore. 

Chapter 5 presents a re-analysis of data used in chapter 3, incorporating the 

established empirical definition of weak discontinuities gained in chapter 4. In this 

chapter the rock structure characterisation also follows the ISRM guidelines (Brown, 

1981). A comparison between the two structural domains within the Reno mine 

sector was also undertaken, which included the stochastic simulation of the rock 

structure to obtain the in situ rock block distributions or the in situ fragmentation. 

The fragmentation model for the primary copper ore is also discussed in this chapter. 

Chapter 6 describes an application of the current rock mass classification systems 

based on the data collected in previous chapters. The inability of these RMC systems 

to quantify actual differences between two structural domains of the Reno mine 

sector encountered in Chapters 3 and 5 is also discussed. 
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Part II 

Chapter 7 describes a new data collection campaign undertaken at the Esmeralda 

mine sector to validate the proposed methodology discussed in chapter 4 and 5. 

Information of the rock mass response to mining activities at the mine sector for back 

analysis studies is also reviewed in this chapter. These included; caving propagation 

and hydraulic radius, fragmentation performance and rock damage at the undercut 

level. 

Chapter 8 presents two back analysis studies undertaken at the Esmeralda mine 

sector to validate to hypothesis research. Seismicity during caving propagation and 

rock damage at the undercut level cause by stress redistribution were both as rock 

mass response to mining used in the back analysis. Differences between three 

structural domains within this mine sector were also assessed. Literature review of 

induced seismicity by caving process, and mine seismology, which included fault 

plane solutions and moment tensor to be compared with structural data, were 

reviewed in this chapter. This chapter also included a mine scale numerical 

modelling to assess the stress around excavation during caving propagation at the 

Esmeralda mine sector to complement the back analysis studies. 

The concluding chapter highlights the main finding of this study, and the implication 

of rock mass cavability and fragmentation are discussed. The limitations of the 

methods and assumptions of the study are also addressed. Finally future research on 

this topic is proposed. The appendices include a detailed procedure used during data 

analysis, and list the raw data for each field site/data collection. 

1.3 The El Teniente Mine Overview 

1.3.1 Location and Brief Mine History 

The El Teniente mine is located in Central Chile, latitude of approximately 34°South, 

and a longitude of approximately 70.3°West (Figure 1.2). 

The ore body is located in the Andes range at 2,200 meters above sea level nearby a 

small mine town called Sewell. The mine site area is surrounding by severe 
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topography, where elevation difference greater than 1,000 meters over a kilometre 

are commonly observed (Figure 1.3). 

The mine site is approximately 2 hours drive south direction from Santiago (90 

kilometres), the Chilean’s capital, and 44 km to west direction from Rancagua, the 

nearest large town. The relationship between mine coordinates and the Universal 

Transverse Mercator (UTM) coordinate system is as following: 

Mine North = True North+14º19’34”     (1.1) 

Mine Level (z) =Elevation above sea level-21.36m    (1.2) 

 

Figure 1.2. Location of the El Teniente mine (red start) in Chile 

Mine layouts shown throughout this study use the mine coordinate systems. 

A fugitive Spanish lieutenant apparently discovered the ‘El Teniente’ or ‘The 

Lieutenant’ ore body in 1706, however, aborigines of central Chile knew of this 

place before. Early mining production records date as far back as 1819, but, 

systematic underground exploitation began only in the early 20th century under the 

guidance of William Braden (Baros, 1995). 
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Figure 1.3. Aerial photography and isometric view of El Teniente mine. Current exploitation area is 
delimited by white lines in the upper picture (both figures with mine grid). 

In 1904 W. Braden bought the property and formed the Braden Copper Company, a 

250 tones per day (tpd) concentrator was built in Sewell at 2100 meters above sea 

level during this early beginning. In 1915 the company was acquired by the 

Kennecott company, which kept is until the government of Chile bought 51% of the 

property in 1967. Mine production in 1960 was 34,000 tpd of ore. In 1971 the El 

Teniente mine became a completely state-owned company, and in 1976 the Copper 

National Corporation (CODELCO) was created by the Chilean government. 

Currently CODELCO is the world’s biggest copper producer owning five large 
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copper mine within the country; Chuquicacamata mine, Radomiro Tomic mine, El 

Salvador mine, Rio Blanco mine and the El Teniente mine. 

Since 1906, more than 1,100 million tons have been mined out at the El Teniente 

mine. In 1975 the total copper production reached 500 million tons of ore, and 

between 1975 and 1995 another 500 million tons of ore were extracted. Currently, 

mine production is about 140,000 tpd, 80% of this within primary copper ore 

(Araneda and Sougarret, 2007). The secondary ore has been mined out since the 

beginning, but primary copper ore only started in 1982 (Rojas et al., 2001). 

1.3.2 Resources and Size  

El Teniente is the largest copper-molybdenum deposit known in the world. The 

actual depth to which the copper mineralization extends is unknown, it is known to 

be for more than 1.3 km deep (Skewes et al., 2002). The 0.5% Cu grade contour 

defines a shape in form of a pear that is roughly 2.8 km long and 1.9 km wide at the 

mine level Teniente 5 (2280z). The total resources of the in situ copper ore have been 

estimated to be more than 7,400 million of tons with an average grade greater than 

0.82%Cu as shown Table 1.1. The hypogene or primary copper ore is chalcopyrite 

and bornite. 

Table 1.1. Resources inventory 2003 using a Cut off by 0.5%Cu. 

Categories Million tons Copper Grade, %Cu 
Measured 1,128 0.985 
Indicated 2,019 0.895 
Inferred 4,288 0.753 
Total 7,434 0.827 
Note: In situ mineral, between surface and 360 meters below the current production level (2120z). 

1.4 Regional Geology 

The Andes Ranges, particularly in central Chile, have been formed from a crustal 

shortening, thickening and magmatic addition along the western continental margin 

of South America plate above the subducting Nazca plate (Ramos, 1988). The bulk 

of the Andes Range in central Chile consists of several kilometres of thick Mesozoic 

and Cenozoic sedimentary, intrusive and extrusive igneous rocks (Charrier et al., 
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2002). The El Teniente ore deposit is located in a belt of tertiary volcanic rock in 

central Chile (Figure 1.4). 

The El Teniente mine is hosted by the Farrellones Formation (Howell and Molloy, 

1960), which consists of complex extrusive and intrusive igneous rocks dated from 

middle to late Miocene (Figure 1.5). It is a sequence of more than 2,500 meters thick 

lava flows, volcanolastics and piroclatics rocks, dykes and stocks of basaltic and 

rhyolitic composition (Vergara et al., 1998). The Farrellones Formation surrounding 

the mine site has been locally referred to as the Teniente Volcanic Complex (Skewes 

et al. 2002), which has been correlated with the upper part of this formation. The age 

of this volcanic complex has been dated between 7.2 and 15.2 millions of years 

(Cuadra, 1986), and its appearance seems to present a lower level of deformation. 

 

Figure 1.4. Geology of central Chile (after Skewes et al. 2002). 
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Figure 1.5. Geology of the area surrounding the El Teniente copper deposit with true north (after 
Skewes et al. 2002). 

Despite the less deformed rock of the Teniente Volcanic Complex, Garrido et al. 

(1994) has suggested that the deposit is emplaced within the El Teniente Faults Zone 

(ETFZ), which is the most important feature at the district scale. The ETFZ consists 

of anastomosing strike-slip faults trending north-east 65°2, within a 14 km long and 3 

km wide block (Figure 1.5). Kinematics fault analysis and geological evidence from 

the regional and district area surrounding El Teniente indicates that a regional east-

west shortening direction occurred during Pliocene, whereas a north-northeast 

shortening has prevailed during the quaternary (Garrido et al., 1994, Cladouhos, 

1994). 

                                                 
2 True north 
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1.5 Mine Site Geology 

Several rock types can be identified within the ore body. Those have been described 

and referred to as the El Teniente Mafic Intrusive Complex, Felsic Intrusions and 

Breccias according to Skewes et al. (2002) in Figure 1.6. 

 

Figure 1.6. Plainview with lithology and structures of the El Teniente ore body at the Ten-6 level 
(2165z). Red dashed lines indicating area of mine sectors studied in this research. 

1.5.1 El Teniente Mafic Intrusive Complex 

The oldest and more abundant rocks within the mine have been called ‘andesite’ or 

‘mine andesite’ (Skewes and Arevalo, 1997). This rock type, which is typically dark 

coloured, host 80% of the copper mineralization. Its original petrological features 

have been obscured by an intense and overlapping alteration stage (Skewes et al., 
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2002). Although the name andesite suggests intermediate extrusive rocks, which 

have been correlated with the andesite extrusive of the Farellones Formation, it is a 

mafic intrusive rock. Recently studies have demonstrated that this mafic intrusive 

rock includes gabbros, diabases, basaltic and basaltic andesite porphyries, which 

have been denominated as the Mafic Intrusive Complex (Skewes and Arevalo, 1997, 

Skewes et al., 2002). 

The Mafic Intrusive Complex has been interpreted as a form of laccoliths with a 

vertical extent of more than 2,000 meters in the mine area. At an inferred 8.9 million 

of years (Ma) ago, this complex intruded rocks of the El Teniente Volcanic Complex, 

according to Skewes et al. (2002). 

1.5.2 Felsic Intrusions 

Various individual felsic intrusive stocks and dykes have been recognised within the 

deposit. The most important are the Sewell Tonalite located south-east of the Braden 

Pipe, and the smaller Teniente Dacite Porphyry at north of the deposit (Figure 1.6). 

Other smaller felsic bodies appear mainly in the central part of the deposit to the East 

of the pipe. 

The Sewell Tonalite, locally referred to as a ‘Diorite Porphyry’ (diorite in this study) 

occurs as a large stock to the south-east of the deposit. It a light green to white 

equigranular to porphyritic rock. The Sewell Tonalite consists of abundant 

plagioclase (oligoclase), altered amphibole, biotite, quartz and minor potassium 

feldspar. This unit has been dated between 7.1 and 7.4 Ma by K-Ar (Cuadra, 1986). 

The Teniente Dacite Porphyry, locally referred to as a ‘Dacite Porphyry’ (dacite in 

this study) is a tabular dyke up to 300 meters wide that strikes north (mine 

coordinates) over 1,500 meters. This unit is a light green to white porphyritic rock 

composed of 30-50% phenocrysts, such as abundant sub-euhedral plagioclase 

(oligoclase-andesine), occasional rounded quartz eyes and rare mafic crystals. The 

groundmass is composed mainly of granoblastic quartz and K-feldspar crystals 

(Skewes et al., 2002). Textural varieties have been observed within this body, which 

have been dated between 4.6 and 4.7 Ma (Cuadra, 1986). 



Chapter I  Introduction 

   16

Smaller felsic bodies have been recognized to the East of the Barden Pipe. The most 

relevant are the Tonalite Apophysis, locally called ‘Diorite’ or ‘Diorite Porphyry’ 

(similar to the Sewell Tonalite). Those units are light grey to light green intrusive 

rock, which form cylindrical apophyses. Their compositions are mainly of 

phenocrysts of abundant plagioclase (oligoclase-andesine), minor quartz eyes and 

remnant biotite phenocrysts, which have been replaced by chlorite. The groundmass 

is aplitic. 

Other minor felsic intrusive bodies are the Latite Porphyry, sometimes in the form of 

thin dykes (1-2 meters wide) that appears surrounding the Braden Pipe, and the 

Andesite dykes located south of the deposit. 

1.5.3 Breccias 

A number of magmatic and hydrothermal breccias have been identified at the El 

Teniente mine; both mineralised and unmineralised have been described (Floody, 

2000). The Braden Pipe is the largest breccia located close to the centre of the 

deposit. It is light grey, massive and essentially a post-mineralization polymict 

breccia pipe, which looks like concrete. The pipe’s shape is an inverted cone and is 

1,200 meters wide at surface. The walls are inward dipping at 60-70°, except on the 

east side, which is sub-vertical. Within this unit several facies has been recognised, 

each one characterized by its own relationship matrix-clasts and alteration type. 

These facies have been interpreted as different stages of its own evolution. The 

matrix is typically rock flour material plus different minerals, and a typically 

tourmaline breccia ring of this body is known as Marginal Breccia (Figure 1.6). 

Other less extensive breccias are described within the deposit. These are found 

mainly surrounding the felsic intrusive rocks and the Braden pipe. They are defined 

as hydrothermal breccia, where the matrix is principally mineralization such as 

anhydrite and tourmaline, among other minerals. Where the matrix is igneous rock, 

they are defined as igneous breccia. 

1.5.4 Alteration 

The main concept behind a genesis model for a porphyry copper deposit states that; 

as magmas (melts) rise through the upper crust, the confining pressure diminishes 
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and enriched solution called brine is separated from the melts by an exsolution 

process. This solution carries up metal that will be part of the ore. Because the 

volume of brine is greater than the volume of an equal mass of the enriched solution 

when it is part of the melts, its appearance by the exsolution process produces and 

transfers mechanical energy to the host rock due to expansion (Whitney, 1975, 

Burnham, 1979). The extent on which the mechanical energy is transferred to the 

host rock depends on the ambient pressure at the depth of emplacement. For 

example, at a confining pressure by 0.5 kilo-bars (around 2 kilometres deep), 

expansion could reach approximately 50 percent of the volume upon complete 

crystallization. This percentage decreases at increasing depth and vice versa. The 

mechanical energy generated is enormous, therefore an intense fracture system takes 

place in the roof of the host rock and is penetrated by the fluid phase, which further 

extends fractures by hydraulic fracturing. Fluid migration occurs into the network 

and the disequilibrium between hydrothermal fluid and host rock causes physical and 

chemical changes in the aqueous solution leading to metal precipitation (Cline, 

1995). This process may occur several times; the occurrences are named ‘first 

boiling’, ‘second boiling’ and so on. Therefore, several fracturing stages can take 

place (Whitney, 1975, Burnham, 1979) and an intense vein network that has been 

called stockwork is generated (Figure 1.7). 

Because the disequilibrium between hydrothermal fluid and host rock causes 

chemical changes in the host rock (Baene and Bodnar, 1995), an alteration halo is 

formed with each boiling. Furthermore, each boiling or event of alteration-

mineralization may generate its own mineral assemblage vein systems, and the 

intensity of alteration may be related to the intensity of fracturing (Baene and 

Bodnar, 1995). 

According to Cuadra (1986), four process or stages of hypogene mineralization-

alteration have been described at El Teniente mine, which can be infers as boiling 

stages. These are referred as; Late Magmatic (LM), Principal Hydrothermal (PH), 

Late Hydrotermal (LH), and ‘Postuma’ stage. 

The Late Magmatic (LM) alteration has been characterized as potassic alteration. 

During this stage quartz, anhydrite and sulphide veins were formed, in association 

with, or preceded by a pervasive potassic alteration of the mafic rock (Zuniga, 1982). 
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The potassic alteration is characterised by abundant biotite, chalcopyrite, Fe-oxides, 

and anhydrite (Skewes et al., 2002). These authors suggest that this alteration 

resulted from an intense early biotite alteration through biotite veins. Therefore, the 

typically quartz anhydrite and sulphide veins in this stage do not alter the wall rock3, 

i.e., they do not generate alteration halos, such as the case observed (Figure 1.8). The 

LM alteration stage is mainly located surrounding the Braden Pipe breccia (Zuniga 

1982, Cuadra 1986). 

 

Figure 1.7. Stockwork intersected andesite rock type within primary copper ore. The white square 
(top photo) and the rock bolt plate (bottom photo) are 20x20 cm. 

The Principal Hydrothermal (PH) alteration has been characterized as phyllic 

alteration. During this stage, chalcopyrite rich veins that also contain anhydrite, 

                                                 
3 Rock adjacent to the discontinuity surface. 
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pyrite, quartz and chlorite were developed (Zuniga 1982). Quartz sericite alteration is 

generated as alteration halos in the wall rock (Figure 1.9). 

 

Figure 1.8. Typical late magmatic (LM) veins. 

 

Figure 1.9. Typical veins of the principal hydrothermal alteration stage (left side) and of the late 
hydrothermal alteration stage (right side). 

The Late Hydrothermal (LH) alteration has been characterized as a second stage of 

phyllic alteration. During this stage more diverse sulphide mineral assemblage veins 
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were formed, and included: bornite, chalcopyrite, anhydrite, pyrite, quartz, 

tennantite, gypsum, chlorite and molybdenite. Quartz sericite alteration is generated 

as alteration halos in the wall rock (Figure 1.9). 

The Late Hydrothermal alteration has major intensity (vein frequency) surrounding 

the Braden pipe in a ring extending from 100 to 150 meters (Cuadra, 1986), whereas 

the Principal Hydrothermal alteration is more intense (vein frequency) surrounding 

the diorite apophyses. A boundary between both alterations zones has been defined, 

which is called the perimeter of hydrothermal alteration zone (Figure 1.6). 

Consequently at the mine site, the rock types have been be named by a definitional 

hydrothermal alteration suffix, for example, andesite located within principal 

hydrothermal zone is called andesite PH. 

The ‘Postuma’ alteration is considered the last stage of hypogene alteration. It is 

limited within the Braden pipe only (Floody, 2000). At this location, natural cavities 

contain giant euhedral gypsum crystals over 4 meters long as well as other minerals, 

which are related to this alteration stage. 

Supergene alteration has also occurred, which is not a hypogene process, coinciding 

mainly with the complete leaching of anhydrite and the appearance of supergene 

chalcocite. Supergene alteration that defines the secondary ore has been recognised 

between 100 and 600 meters below the surface (Cuadra, 1986). Secondary ore is a 

heavily fractured rock mass (Figure 1.1c). The hypogene alteration zone, which is the 

original alteration without supergene alteration, is called primary ore (Figure 1.10). 

 

Figure 1.10. East-West section at El Teniente mine showing the primary and secondary ore. 
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1.5.5 Structures 

In addition to the veins forming the stockwork, this section describes other structures 

recognised within the ore body such as faults or the fault systems according to 

Garrido et al. (1994) shows in Figure 1.11. 

 

Figure 1.11. Faults at El Teniente mine within primary copper ore. Rock bolt plates are 20x20 cm. 

Fault systems consist mainly in strike slip faults trending north-east and north-west 

(mine grid), which is associated with the late hydrothermal alteration stage. Late 

hydrothermal mineral assemblages appear in most faults (Brzovic, 2001). Two major 

faults have been recognized within the mine, these are called ‘Fault P’ located in the 

south part of deposit, and ‘Fault N1’ located in the north part (Figure 1.6). Both have 

been recognized with a horizontal trace length exceeding 800 meters and vertical 

trace length exceeding 400 meters. The gouge observed in both structures has an 

average thickness of 0.1 meters. 

Faults are the only open discontinuities observed within the primary ore, which allow 

water flow through them. Copper and iron oxides may sometimes be recognised 

within the faults as shown Figure 1.11. Faults shown in this figure represent the 
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typical minor faults observed at the mine site, which may develop fault branches 

related to shear zones. 

1.6 Mining Methods 

1.6.1 Mining Methods History 

The first applied mining method in the El Teniente was a combined shrinkage 

stoping and pillar caving method, which was used until the 1930’s (Rojas et al., 

2001). The experience gained in this period demonstrated that the secondary ore 

could be extracted using block caving methods (Chacon et al., 2004). 

Block caving is the technique in which gravity is used in conjunction with rock mass 

features to disaggregate a rock mass. The caving of the rock mass is induced by 

undercutting the base of a block. Gravity induced instability produces the progressive 

rock mass failure leading rock blocks to falls, which are then handled by miners 

(Figure 1.12). 

Block caving method applied for extracting secondary ore remained practically 

unchanged for many years (Chacon et al., 2004). The production level layout 

consisted of a 7.5x7.5 meters draw point grid with a 0.5 meters grizzly pass, manual 

extraction, and a vertical distance of 8 to 10 meters between production and undercut 

levels. The secondary ore began to deplete in the1970’s, however, a minor mine 

sector is currently being extracted within secondary ore. 

 

Figure 1.12. Block caving mining method (Hamrin, 2001). 

Undercut 
level

Haulage

Finger raise Production 
level 

 



Chapter I  Introduction 

   23

Primary ore production started in 1982 in the Teniente 4 South mine sector (2243z), 

and continued to other sector within the mine. The physical and the mechanical 

properties of the primary ore differ significantly from the secondary ore. Primary ore 

was lower grade, stiffer, and harder. It resulted in coarser fragmentation than the 

secondary ore at caving draw points (Rojas et al., 2001). Consequently, a new caving 

method variant was applied; panel caving with a mechanized Load-Haul-Dump 

equipment system in production levels. Locally it is called the ‘conventional panel 

caving’ mining method (Rojas et al., 2001). The new method required more space 

between draw points, and the design involved a 17x15 meters draw point grid in the 

production level, a reduction level with picking hammer, and a 18 meters distance 

between production and undercut levels (Figure 1.13). Over 40,000 tpd has been 

mined in the Teniente 4 south mine sector using that mining method. 

Experience and knowledge gained after 15 years of primary ore extraction using 

conventional panel caving (around 200 million tons extracted) showed that drive 

damage below the undercut level can occur with this method. This damage is caused 

by the abutment stress concentration ahead of front. A typical example of stress 

redistribution recorded by stress measurements at the undercut level are shown in 

Figure 1.14. 

 

Figure 1.13. Panel caving method at El Teniente mine (Hamrin, 2001). 
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Figure 1.14. Measurement of stress increase as a function of the distance to the caving front. 

Figure 1.14, which is from Esmeralda mine sector, shows how principal stress σ1 

almost doubling as a results of the abutment stress concentration due to the moving 

cave front. Data analysis of rock failures at the Teniente 4 south indicated that 18% 

of the area collapsed at the production level. This failure was attributed to the stress 

increase (Chacon et al., 2004). Based on this failure a new caving method variant 

was designed and implemented. This new method was called the pre-undercut caving 

method, which was firstly applied to the Esmeralda mine in 1994 (Rojas et al., 2001). 

Pre-undercut mining differs from the conventional panel caving mining method with 

the development of the undercut. The pre-undercut variant consists of advancing the 

undercut ahead of all developments in the lower levels, i.e., all developments below 

the undercut level are excavated under the cave area and behind the cave front 

(Figure 1.15). This may reduce the effect of abutment stress at the production level. 

More details of this mining method are presented in Section 1.6.5. 
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Figure 1.15.- Cross section showing Panel and pre-undercut caving methods at the El Teniente mine. 

1.6.2 In Situ Stress Field 

The stress tensor has been measured in more than 150 sites using different stress 

measurement techniques at the mine site. However, definition of the local and 

regional stress field is difficult due to both a complex configuration of old and 

current cavities formed by over 100 years of mining, and also due to the influence of 

the severe surface topography (Figure 1.3). Recently deeper stress measurements 

have been undertaken at the mine site using the Acoustic Emission (AE) technique, 

and the result are presented in Figure 1.16 (Villaescusa and Machuca, 2007). 

These stress measurements have been reconciled with structural geology, surface 

displacements and seismicity on a regional scale, i.e., these stress measurement 

results are in agreement with paleo-strain field indications from fault slip vector 

analysis (Cladouhos, 1994), with contemporary strain field analysis from geodesic 

displacements, with local4 and regional seismic data (Windsor et al., 2006a). All 

these data sets were measured on a local scale surrounding the mine. 

                                                 
4 From the present research detailed in Section 8.3.1 
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Figure 1.16.- Measurement of the in situ stress field at the mine site in mine coordinates (adapted 
from Villaescusa and Machuca, 2007). 

1.6.3 Geotechnical Rock Mass Properties and Fragmentation 

The El Teniente primary copper ore mass can be described as a massive, competent, 

and low permeable rock mass (Rojas et al., 2000b, Rojas et al., 2001). The 

geotechnical properties of the intact rock and the rock properties used at the mine 

site, which where obtained from hundred of lab test are presented in Table 1.2. In 
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Table 1.2. Intact and rock mass properties of main rock types at the El Teniente mine. 

Intact Rock Properties Rock Mass Geotechnical Properties 
Parameters 

Andesite Dacite Diorite Braden 
Pipe Andesite Dacite Diorite Braden 

Pipe 
E [GPa] 60 30 45 25 36 24 36 20 

ν 0.16 0.18 0.21 0.23 0.21 0.20 0.26 0.28 
B [GPa] 29.4 15.6 25.9 15.4 - - - - 
G [GPa] 25.9 12.7 18.6 10.2 - - - - 

γ[tonnes/m3] 2.80 2.62 2.73 2.61 - - - - 
η[%] 4.40 3.00 4.70 7.70 - - - - 

UCS[MPa] 120 110 140 90 - - - - 
Ti[MPa] 14 12 15 6 - - - - 
E/UCS 500 273 321 278 - - - - 
UCS/Ti 8.6 9.2 9.3 15 - - - - 
Vp[m/s] 6000 4800 5300 4300 - - - - 
Vs[m/s] 3200 2900 3000 2600 - - - - 
mi/mb 9.1 20.2 9.2 11.6 4.5 10.8 4.5 8.6 

s - - - - 0.1 0.14 0.11 0.43 
a - - - - 0.5 0.5 0.5 0.5 

σci/rm [MPa] 118 112 125 72 49 60 42 50 
σti/rm [MPa] 13 6 13 6 3 2 2 3 

C[MPa] 23 19 23 10 9 9 8 9 
Φ[º] 38 48 38 39 37 45 37 41 

RMRL - - - - 53-59 59-66 64-66 - 
Q’ - - - - 16-22 22-32 19 - 

GSI - - - - 70-85 75-95 75-90 - 
Note;  E: Young Modulus. ν: Poisson ratio. B: Volumetric Deformation Modulus. G: Shear Modulus. γ: Density. η: Porosity. 
UCS: Uniaxial compression strength. Ti: Traction strength. Vp: P wave. Vs: S wave. mi/mb/s/a: Hoek and Brown failure criteria.  
σci/rm: Traction in Hoek and Brown failure criteria  σti/rm: Shear strength in Hoek and Brown failure criteria. C: Cohesion. Φ: 
internal friction angle. RMRL: Laubscher 1993. Q’: adapted from Barton et al. 1974. GSI: from Hoek et al. 1995. 

Cavability at the mine site is usually determined by applying the Rock Mass Rating 

(RMR) methodology (Laubscher, 1993). Several case histories at the mine site using 

this method including these experiences with secondary ore are presented in Figure 

1.17. 

Figure 1.17 shows a worldwide case histories collected by Laubscher (1993) from 

different mines in Zimbabwe, Chile, Canada and USA are included. The failed 

caving experiences at the El Salvador mine (De Nicola and Fishwick, 2000), and at 

the North Parkes mine (Van As and Jeffrey, 2000) are also plotted in this figure. 

The typical block size distribution in the El Teniente mine primary ore, which is used 

to define principal features of the mining design, is presented in Figure 1.18. In this 

figure andesite rock type from both alteration zones are plotted. These curves have 

been observed by size distribution measurements (visual inspection) undertaken 

continuously during 6 months in the production level draw points of Teniente 4 south 

mine sector in 1993 (Blondel et al., 1995). The relationship between main rock block 



Chapter I  Introduction 

   28

dimensions (large, a, intermediate, b, minor, c) and the volume of rock block is given 

by: 

vrb =0.35b3        (1.3) 

where vrb is the volume of rock block, and b is the intermediate rock block 

dimension. 

 

Figure 1.17. Cases histories in stability/instability diagram using Laubscher (1993). 
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Figure 1.18. Typical primary ore size distribution at El Teniente mine (Blondel et al., 1995). 
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The typical rock block shape has the following rock block dimensions: 

a = 0.7b = 0.5c       (1.4) 

Mine experience shown in Figure 1.18 indicates that the andesite located at the east 

sector of the mine, within the principal hydrothermal (PH) alteration zone, has 

historically presented finer fragmentation than the same andesite from the late 

hydrothermal (LH) alteration zone. This is a good example of mine experience 

observed not only at the Teniente 4 south mine sector, but also observed at both 

Esmeralda and Reno mine sectors (Villegas, 2006). A real example of mine 

productivity measured in term of average tonnage extracted (Vasquez, 2003), shows 

different behaviour between rock unit types (by alteration zones and lithologies in 

Figure 1.19), which are in agreement with data presented in Figure 1.18. 

A region east of the Braden Pipe (800E to 1400E mine coordinate) has been divided 

into two sections. The west part is called hangingwall (Hw) and the east part is called 

footwall (Fw) as shown in Figure 1.19. In both studied mine sectors the Hw and Fw 

sectors coincide with LH and PH alteration zones respectively. These typical mine 

nomenclature is widely used in this thesis. 

1.6.4 Current and Future Exploitation 

El Teniente mine is the biggest underground mine operation in the world, different 

sectors and levels are being extracted simultaneously using different mining 

methods, such as block caving, conventional panel caving, and pre-undercut variant 

methods. All mine sectors have been placed surrounding the Braden pipe as shown in 

Figure 1.20. 

The main current mine sectors and the future New Mine Level (NML) are illustrated 

as an isometric view (Figure 1.20). Currently, the NML is in feasibility studies, the 

mine method selected is the pre-undercut variant, which may be placed at the 

Teniente 8 mine level (1890 z). This NML is expected to produce 140,000 tpd. 
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Figure 1.19. Average measured productivity at Teniente 4 south mine sector (2354z) per unit type (Vasquez, 2003). Mine coordinates in meters. 
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Figure 1.20. Isometric view of El Teniente mine showing main current and future mine sectors. 
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• (a) Pre-mining zone. The in situ stresses and rock mass condition have not 
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Figure 1.21. Stress state in the rock mass at the cave front. 
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Esmeralda and Reno mine sectors, the standard distances between levels are; 18 

meters in between ucl-pl, 40 to 50 meters in between pl-vl, 30 to 60 meters in 

between pl-phl (Barraza and Crorkan, 2000). 

The mine layout also considers drive spacing between 15 and 30 meters at the 

undercut and production levels, respectively (Figure 1.22). 

 

Figure 1.22. Plan view with layout of the undercut and production levels at the Esmeralda mine 
sector. 
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orientation of the major structures. The design layout at production level takes into 

account 60 degree intersecting drives to facilitate LHD equipment loading (Figure 

1.22c). The drive design is set at 3.6x3.6 meters section in the undercut level, 4x4 

meters section in the production level, and from 4x4 to 6x6 meters standard section 

b) Production level layout 

400N

Ore pass location 

Draw point

c)

Undercut progress 
Month/Year         Area (m2) 
    06/1999              58,019 
    07/2000              78,409 
    07/2001            110,550 
    10/2002            127,306 

a) Undercut level layout 



Chapter I  Introduction 

  34 

in the picking hammer level and/or transport level (Barraza and Crorkan, 2000, Rojas 

et al., 2001). 

The primary rock column height being exploited typically varies between 110 and 

220 meters, and total mineral reserves being exploited may range between 250 -350 

million tonnes. The caving may generate, in both the Esmeralda and Reno mine 

sectors, a cave front between 500 and 800 meters extent, and the cave area may 

increase an average of 20,000 m2 a year (Figure 1.22a). The caved area at the 

undercut level shown in this Figure 1.22a is not the real hydraulic radius related to 

the rock mass cavability (Laubscher, 1990, Laubscher, 1993), because in this mining 

method an effective area (active footprint) is defined by active draw points at the 

production level (a detailed discussion about this topic is presented in Section 7.3.1). 
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CHAPTER 2 DATA COLLECTION TECHNIQUES 

2.1 Introduction 

Rock mass characterisation is an essential step to understand and to predict the 

behaviour of rock masses during and following excavations. Rock mass 

characterisation is usually undertaken by implementing data collection techniques on 

rock exposures such as line mapping (scanlines) and borehole logging. 

The rock mass can be thought of as composed of two main components; 

discontinuities and intact rock material. Discontinuities such as faults, joints, and 

bedding planes are the most likely features that influence and control the mechanical 

behaviour of the rock mass. Because discontinuities present within the rock mass are 

sometimes large in number, and also because considerable amount of detail is 

required to obtain average discontinuity properties, an objective (random sampling of 

a representative rock mass) and systematic approach during data collection are 

recommended (Brown, 1981). 

Discontinuities in nature are a three dimensional (3D) entities, and their complete 3D 

structure within the rock mass are referred to as a discontinuity network or rock 

structure (Priest, 1993). To achieve a complete description of a discontinuity network 

is a difficult problem, because discontinuity characteristics cannot be completely 

observed. Observations of rock structure are usually one dimensional if bore hole 

logging is implemented, or at the best two dimensional, when outcrops or exposed 

mine wall are used during mapping. Furthermore, rock faces in outcrops, tunnels, 

and boreholes have a limited exposure; therefore sampling biases are introduced 

during rock structure characterisation. In order to determine the true nature of the 

rock structure, sampling biases to data collection must be corrected. 

The scale of problem being analysed is another relevant issue during discontinuity 

network characterisation. The various scales of discontinuities may play different 

roles in rock mass mechanical behaviour, as suggested by Hoek and Brown (1980). 

The rock structure characterisation undertaken in this study has considered these 

aspects. Sampling techniques used in this study include measurements at exposed 

rock faces, borehole logging and an assessment of block forming geological 

discontinuities at production level draw points. 



Chapter II  Data Collection Techniques 

 36

2.1.1 Goal 

The main objective of this chapter is to describe all data collection techniques used in 

this study to characterize the rock structure. In order to achieve this, a literature 

review of structure definition and characteristics, conventional data collection 

techniques and sampling bias was undertaken. The sampling descriptions also 

included detailed sampling location of data collected at the Reno mine sector. 

2.2 Discontinuity Definitions 

Rock mass discontinuities can be classified using a number of criteria, which are 

mainly based on their geological features such as the discontinuity genesis, 

occurrence and size (Hoobs, 1993). The most appropriate definition to the term 

geological discontinuity for engineering purpose has been proposed by the ISRM 

(Brown, 1981). The term geological discontinuity refers to any mechanical break or 

fracture in a rock mass having a zero or low tensile strength. This collective term 

includes most types of planes of weakness such as joints, faults, shear zones, bedding 

planes, foliations and/or schistosity planes, etc.  

The ISRM (Brown, 1981) also defines Faults as a plane of fracture or fracture zones 

that divide the rock mass, showing an evident sign of shear displacements between 

both sides of the plane. Joints have been defined as a plane that divides a rock mass 

showing not signs of shear displacement. Hhowever, because shear displacements 

can be measured in micrometres, some authors have added ‘extremely little or no 

movement’ to define a joint plane (Goodman, 1976). When a joint contains some 

mineral such as quartz, chalcopyrite, or epidote, which have healed and cemented the 

discontinuity, they are referred as Veins (David, 1984). Veins are not considered 

‘discontinuities’ for engineering purposes according to the ISRM (Brown, 1981), due 

to their relative high tensile strength. 

Bedding is known as a continuous plane that divides sedimentary rocks into beds or 

strata. Schistosity or cleavage is predominantly a planar rock fabric or foliation that 

is present in some metamorphic rock masses. 

In the present study, the term discontinuity will be used as a general term to describe 

structures, such as faults, veins, joints, and fractures: 
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• Fault will refer to any discontinuity with an evident sign of shear 

displacement and/or the presence of gouge and/or slickensides. 

• Veins will refer to any discontinuity healed and/or cemented (low 

permeability) by a mineralogical assemblage of infill material. 

• Joints will refer to any discontinuity (permeable) without clear signs of shear 

displacements like gouge and/or slickensides, and with or without infill. 

Fracture is used hereafter as its synonym. 

Discontinuities have also been classified in terms of their size. For instance, Cruden 

(1977) has divided between major and minor discontinuities. Major discontinuities 

can be faults, dykes, contacts, and related features with a size of the same order of 

magnitude as the site being characterised. Major discontinuities should be analysed 

individually. Minor discontinuities are joint, minor shears, and bedding planes, 

which generally represent a large population. Their geometrical and strength 

properties must be estimated by measurement of a representative sampled population 

(Cruden, 1977). Based on that, a Structural domain could be defined as a zone in 

which the geometry and physical properties of the rock structure are statistically 

homogeneous (Brown, 2003). 

Discontinuities present in the earth surface range in sizes from thousands of 

kilometres to microscopic measure (David, 1984, Pusch, 1995, Scholz, 2002). 

Consequently, the scale in which they are characterised may play a relevant role, as 

pointed out Cruden (1977). For instance, Hoek and Brown (1980) have demonstrated 

that there is a reduction in uniaxial compressive strength with increasing sample size 

(i.e., scale effect), which is mainly due to the presence and scale of discontinuities. 

Hudson and Harrison (1997) have discussed the scale effect related to the 

permeability of a jointed rock mass, which may vary depend on the scale of 

observation. These authors have addressed the concept of the Representative 

Elemental Volume (REV), which may be relevant during rock structure 

characterization. A REV is the volume at which the size of the sample tested to 

characterise it, is large enough to avoid the high variability encountered in small 

samples (Hudson and Harrison, 1997). 

In this respect, Pusch (1995) has suggested a comprehensive classification of the 

discontinuities in relation to their sizes. His classification defines discontinuities 
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having sevens orders of magnitude, from microscopic defects to a regional fracture 

zone. These magnitudes represent the scale at which the discontinuities are present 

within a rock mass. This concept is also related to the observed scaling law features 

of discontinuities parameters (lineal and fractal) discussed by the scientific 

community (Hoobs, 1993, Scholz, 2002). An example of the scale affect is presented 

in Figure 2.1. 

 

Figure 2.1. Scheme that illustrate the scale concept of the discontinuities (after Pusch 1995). 

Therefore, for any given rock volume, discontinuities may be characterised at least 

by major and minor structures. 

2.2.1 Classification of Structures at the El Teniente Mine  

The discontinuities recognised at El Teniente mine have been classified in terms of 

their genetic nature and in terms of their size. Their genetic nature is discussed in 

Sections 1.5.4 and 1.5.5; in this study, the discontinuities have been classified as 

either veins or fault. Veins may represent numerous alteration stages recognized 

within the ore body, such as the consecutive sequence of; late magmatic (LM) veins, 

principal hydrothermal (PH) veins, and late hydrothermal (LH) veins. Faults have 

been interpreted to appear within the last alteration stage and subsequent geologic 

stages (Garrido et al., 1994, Brzovic, 2001). 
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These discontinuities have also been classified according to their apparent 

discontinuity size, which can be represented by their exposed trace length in mine 

drives as shows Figure 2.2 and Table 2.1. The structure size classification used in 

this study is defined as follows: 

Minor structures: Structures that do not cross a standard drive, i.e., having an 

approximate observed trace length of less than 4 meters (blue lines in Figure 2.2). 

 

Figure 2.2. Structure classification at the El Teniente mine according to the observed trace length into 
mine drives. 

Intermediate structures: Structures that cross a standard drive (typically 4 meters 

wide) or having an observed trace length greater than 4 meters when their strikes are 

semi-parallel to the drive orientation (red lines in Figure 2.2). 

Major structures: When two intermediate structures are interpreted as being the 

same in two or more adjacent drives, i.e., having an observed trace length over 30 

meters. At either the undercut or production level in conventional panel caving, two 

adjacent drives are 30 meters apart. 

Table 2.1. Classification of discontinuities according to their size at the El Teniente mine. 

Structure type Discontinuity trace length observed in mine drives 
Minor < 4 meters 

Intermediate 4-30 meters 
Major > 30 meters 
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2.3 Discontinuity Characteristics 

In order to properly characterise the discontinuity characteristics, the International 

Society of Rock Mechanics has suggested to describe ten essential and basic 

parameters (Brown, 1981). These parameters represent the geometric and strength 

properties of discontinuities, which are schematically illustrated in Figure 2.3. 

The geometric characteristics of the discontinuities can be described by five 

parameters: orientation, spacing, persistence, number of sets and block size. The 

other five parameters represent the strength of the discontinuity. These are 

roughness, aperture, filling, wall strength, and seepage. Such combined factors are 

likely to influence the rock mass quality and behaviour during and following 

excavation. 

 

Figure 2.3. Schematic illustration of discontinuity properties (after Hudson and Harrison, 1997). 

2.4 General Sampling Features at the Reno Mine Sector 

Reno mine sector (formerly Ten Sub-6) within the El Teniente ore deposit was the 

place chosen to carry out the first part of this research. Line sampling techniques 

were implemented in mine drives to characterise the rock structure, and special data 

collection was used to determine the characteristics of block-forming discontinuities 

in the production level draw points. Line sampling techniques implemented were 

drive and line mapping (scanlines), as well as oriented and un-oriented borehole 

logging (Figure 2.4 and Figure 2.5). 
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Figure 2.4. Different sample location at the undercut level of Reno mine sector. 
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Figure 2.5. Different sample location at the production level of Reno mine sector. 
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Line sampling data collections were set-up within two caving sectors within both the 

undercut and the production levels of this mine sector. All sampling was performed 

in the andesite rock type (Figure 2.4 and Figure 2.5). The two sectors are referred to 

as andesite hanging-wall (Hw), and andesite foot-wall (Fw), and they represent two 

different alteration zones and two structural domains. The andesite Hw and Fw 

sectors are used throughout this research to compare structural data analysis. In 

Figure 2.4 and Figure 2.5 selected major structures were collected from an area of 

about 15,000 m2. 

Line sampling techniques considered different truncation biases and censoring levels 

(detailed in Section 2.4), which can be considered as different mapping scales. 

Although line samplings were undertaken considering at least three semi-orthogonal 

orientations, the sample orientations were constrained by the actual mine layout. Line 

sampling orientations undertaken are presented in Figure 2.6. 

Sample orientation and location for un-oriented drill core samples are presented in 

Section 2.5.2 and Chapter 3 respectively. Details of caved rock block samples 

collected at draw points are presented in Section 2.6. 

 

Figure 2.6. Equal area lower hemisphere projection showing sample orientation for different data 
collection techniques used in this study. 

Andesite Fw Andesite Hw 

Drive Mapping  Scanlines Mapping   Oriented Cores Logging 



Chapter II  Data Collection Techniques 

 44

2.5 Sampling Bias 

Since is almost impossible to observe the complete discontinuity exposures during 

data collection due to the limited access for measuring techniques, sampling biases 

are introduced when discontinuity surveys are undertaken. 

The main types of sampling bias introduced during data collection are described in 

following paragraphs. Some of these are explained in more details in Chapter 3. 

Orientation bias: the number or discontinuity frequencies intersecting a sampling 

line will depend upon the angular relationship between the discontinuity set 

orientation and the sampling regime (Terzaghi, 1965). A discontinuity set parallel to 

the sampling directions will not be sampled. A quantitative correction of this sample 

bias is described by Priest (1993) and explained in Section 3.2.1. In the present 

research, in order to minimize the orientation bias during data collection, sampling 

lines were obtained considering at least three semi-orthogonal orientations, each one 

with a similar sample length to the other. However, the sampling line orientations 

were constrained by the actual mine layout, and only limited sampling was possible 

in the vertical direction (Figure 2.6). Therefore, biases and inaccuracy, primarily with 

respect to sub-horizontal discontinuity sets, would be expected (Hudson and Priest, 

1983, Sen and Kazi, 1984). 

Size biases: longer discontinuities are more likely to intersect a mapping line or 

borehole than shorter ones. This means the likelihood of a discontinuity being 

sampled is proportional to the discontinuity size (Warburton, 1980, Zhang and 

Einstein, 2000). 

Truncation bias: the truncation values is the trace length below which 

discontinuities are not recorded (Villaescusa, 1991). It is usually an operator’s 

decision to make. In the present study, different truncation biases were used during 

data collection, which are detailed in Table 2.2. 

Censoring bias: this result when the artificial boundaries of the rock exposure are 

imposed on the sample, such as the core width or the wall mine height. If 

discontinuity sizes are longer that the rock exposure, the observed trace length will 

be biased to a shorter length and the end-points of the traces will be not observed 

(Villaescusa, 1991). In this study, different censoring levels were identified during 
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data collection, which are detailed in Table 2.2. Censoring levels and the truncation 

bias, applied during data collection, can be considered as different mapping scales. 

Table 2.2.- Censoring level, truncation bias and sample length applied to different line sampling 
techniques. 

Sampling method Censoring level* 
(m) 

Truncation 
bias (m) 

Range of the horizontal sample length 
(m) 

Major structure interpretation - 30 150 
Drive mapping 4.4-4.9 4 30-150 
Line mapping 3.6-4 0.3** 7-22 
Oriented drill core logging‡ 0.1-0.14 0.1** 4-12 
Un-oriented drill core logging 0.05 0.03† 6-24 

Note *; Censoring level only considers the maximum height/width of the observation window. **; Some discontinuities longer 
than the threshold value could not be sampled during data collection. ‡; Referred to large diameter drill core sample. †; 
Although a truncation bias threshold criterion was not implemented during drill core logging, the practical length threshold is 
estimated at around 0.03m based on the ability to visually identify discontinuity during core logging. 

Covering exposure bias: this bias was observed when data collection was 

performed in mine drives. As the majority of the mine walls have a shape defined by 

discontinuity faces (discontinuity wall surface), some veins could not be observed. 

This unsystematic phenomenon occurs because the mineralogical infill and alteration 

features of a discontinuity faces sometimes hide other structural data (Figure 2.7). 

 

Figure 2.7. Mine wall at the El Teniente mine, showing how vein infill and alteration may cover the 
rock exposure, sometimes hiding structural data behind. 

2.6 Measurements at Exposed Rock Faces 

Mapping of rock mass exposures, either outcrops or at underground mine walls has 

the advantage of gathering two-dimensional discontinuity data compared with one-
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dimensional data obtained using borehole logging techniques. Discontinuity 

terminations, discontinuity sizes, and more reliable discontinuity orientation can be 

obtained from exposure mapping. Measurements of exposed rock faces used in this 

study include drive and line mapping. 

2.6.1 Drive Mapping 

At the El Teniente mine, drive mapping is routinely undertaken by geologists in most 

mine drives. Its aim is to determine the main rock mass geological features such as 

rock type, structures and alteration types. Only discontinuities having trace lengths 

greater than 4m long are collected (intermediate discontinuities). Most of these 

discontinuities intersect the mine drives, which have a typical cross section or area 

between 13m2 and 16m2 (Figure 2.2). An average of more than 20,000 meters of 

horizontal tunnels is mapped every year at the mine site. 

The main geological features used to characterize each structure include; location 

referenced to mine coordinates, dip and dip direction, discontinuity type, alteration 

type, thickness, filling which consists of a qualitative description of the mineralogical 

infill assembly described as majority, abundant, moderate, and rare (for example, 

abundant chalcopyrite, moderate quartz, and rare anhydrite)1, and kinematics 

indicators, when sense of movement is recognised. 

Following the completion of mapping along several drives, the geologists undertake 

data interpretation to determine which discontinuities are continuous across several 

mine drives, thus forming a major structure. The minimum trace length interpreted 

for a major structure is 30m, which is the distance between two adjacent mine drives. 

The interpretation is based on geological features such as structure type, orientation, 

alteration type, mineralogical assemblage and thickness. Consequently, a plan view 

with only major structures is generated as shown Figure 2.8. The pattern of major 

structures is the main criteria defining the structural domains at the mine site. 

In Figure 2.8, coloured areas and lines represent different rock and structure types. 

Blue lines are faults, green lines LH veins, red lines PH veins and orange lines LM 

veins. Almost no joints are found within primary copper ore. 

                                                 
1 Usually by visual inspection helped by magnifying glasses (10x). 
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Figure 2.8. Plan views showing rock types and intermediate structures (a) and interpreted major 
structures (b). The scale is 200m x 200m. Line colours represent different geological structures; LM 
veins as orange, PH veins as red, LH veins as green, and Faults as blue. 

In the present study, samplings of the intermediate structures were selected from 

available mine drives in undercut and production levels (in Figure 2.4 and Figure 

2.5). Additional sampling information is presented in Figure 2.6 and Table 2.3. 

Table 2.3. Summary of sample lines used and structures collected in drive mapping analysis. 

Andesite Hw Andesite Fw Sample 
orientation Number of 

Sample lines 
Total 

Discontinuities Total Meters Number of 
Sample lines 

Total 
Discontinuities Total meters

N45ºE 3 124 334 2 77 215 
N15ºW 6 115 376 6 101 263 
N75ºW - - - 1 28 70 
Total 9 239 710 9 206 548 

 

2.6.2 Line Mapping 

Line mapping, commonly referred as scanlines, is the most popular technique used to 

survey discontinuities on a rock exposure. Call et al. (1976), Villaescusa (1991), 

Priest (1993), and many others have suggested various form of scanline mapping. It 

involves measuring or recording all the discontinuities and their characteristic that 

intersect a given sample line. The scanlines may be placed at any orientation and 

inclination, but for practical purposes usually horizontal and vertical orientation are 

undertaken to minimise orientation bias. 

The selection of the area to be mapped should consider the representativeness of a 

rock mass within a structural domain, but generally this is determined by availability 

E
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and accessibility to the rock exposure. Line mapping can provide significant amount 

of data, however, it also requires a significant amount of time to undertake. 

Villaescusa (1991) has estimated up to two days to choose an appropriate scanline-

mapping site, set up the scanline, and record the data that are required. In an 

underground block caving mine production environment and based on experience, it 

may require twice the time suggested by Villaescusa (1991). 

The length of the scanline is normally extended until a prerequisite number of 

observations are acquired. Priest (1993) suggests a sample size between 150 and 350 

discontinuities. Savely (1972) suggested that at least 60 observations are required to 

stereographically define joints sets found along a particular sampled line. Villaescusa 

(1991) recommended at least 40 discontinuity observations per joint set to provide a 

sound database of a discontinuity set characteristic. Priest and Hudson (1981) 

proposed a method to estimate the number of observation required to determine the 

mean discontinuity spacing value for a negative exponential distribution at any 

desired precision (detailed in Section 3.2.3). More precision at high confidence level 

considerably increases the data required. 

Conventional scanlines are routinely undertaken at the mine site to collect 

geotechnical data about minor structures, which are mainly used both to estimate the 

rock mass quality through the rock mass classification schemes, and also to assess 

fragmentation. 

In the present study, modifications were made on the traditional line sampling 

methodologies to better determine veins characteristics within primary copper ore. 

The scanline scheme used here also considered as exposed drive wall as observation 

window (Figure 2.9). 

At each selecting site, a tape is stretched on a previously washed wall rock and every 

discontinuity that intersects the tape and satisfies some pre-established requirement is 

recorded. These requirements are as follow: 

1. Discontinuities with observed trace length equal to or greater than 0.3m were 

recorded (Truncation bias imposed). 

2. The discontinuity must show a ‘discontinuity wall surface’ or ‘open face’ as 

shown in highlighted red circles in Figure 2.10. For veins or cemented joints, 



Chapter II  Data Collection Techniques 

 49

it is more likely that some part of the discontinuity was ‘open’ by the effect 

of blasting during excavation. 

3. If point 2 is not satisfied, all discontinuities exhibiting weaker mineralogical 

infill should be recorded. Weaker mineralogical infills at the El Teniente 

mine are mainly gouge and/or slickenside, chalcopyrite, anhydrite and 

chlorite2. 

 

Figure 2.9. Mine drive cross-section showing some aspects of line mapping (modified after 
Villaescusa, 1991). 

This study suggest that traditional scanline mapping undertaken at the mine site (i.e. 

including points 1 and 2 only) may not be able to characterise properly the primary 

copper ore at the El Teniente mine, or other rock masses with significant cemented 

rock block assemblages by stockwork veins. Hence, point 3 was introduced to 

minimize this bias by including discontinuities of intermediate and low strength that 

may not form a ‘discontinuity wall surface’ or ‘open face’. By including this 

criterion (point 3) line sampling will has bias to discontinuities of high strength. In 

order to evaluate how this bias may be affecting the discontinuity estimates, a data 

collection campaign using large diameter oriented drill cores was undertaken in the 

proximity of the scanlines sites (presented in detail in Section 2.6.1). 

                                                 
2 These minerals are described as intermediate to weak strength infill in Chapter 4 (Table 4.6). 
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Figure 2.10. Detail of drive mine wall showing some discontinuities with ‘open faces’ (exhibiting 
discontinuity wall surface) intersected by the tape (0.02 m width). 

The information collected by scanlines was recorded on a tabular data spreadsheet 

(Figure 2.11), which is suitable for subsequent data analysis using current software 

packages. 

 
Line No:_________ North :_________ Wall Dip: ________________________________ Page: _____ of: ______ 
Bearing: _________ East: __________ Wall DipDir: _____________________________ By: __________________
Plunge: __________ Level: _________ Censoring levels (m): up________down________ Date: ________________ 
Elevation: _______ Location: __________________________Rock Type_______________ Start: _____ Finish: ____
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Main notation used: 
Endpoints Discontinuity type Small scale roughness  T1 Termination T2 
0 Transecting J Joint 1 to 9 Scale (ISRM 1981) AJ Another Joint L Low angle (< 20°) 

1 Intersecting V Veins (LM, PH, LH) Large scale roughness 
(Planarity) IR Intact rock H High angle (≥  20°) 

2 Contained F Faults 1 to 5 Scale (Laubscher 1990) C Censored UN Unknown 
 

Figure 2.11. Data collection spreadsheet for scanline mapping (modified after Villaescusa 1991). 
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Basic information collected at each site included; the scanline number, location of 

the starting position in mine coordinates, scanline orientation, wall inclination, 

censoring level, date and personnel involved in the scanline mapping. A mnemonic 

system is adapted to the geological features of the El Teniente deposits. The 

discontinuity characteristics to be measured in the survey included (Figure 2.11): 

1. Distance of discontinuity intersection along the tape. 

2. Number of endpoints observed in between the window boundaries; 0 if the 

discontinuity transects the window boundaries, 1 if the discontinuity 

intersects one of the window boundaries and 2 if the discontinuity is 

contained within the window boundaries (in Figure 2.9). 

3. Discontinuity type; joint, veins or fault. Veins include vein type descriptions 

such as LM veins, PH veins, and LH veins. 

4. Orientation; dip direction and dip of the discontinuity. 

5. Small scale roughness; by visual inspection to match the 1 to 9 scales from 

ISRM (Brown 1981, p.27) detailed in Section 3.7. 

6. Large scale roughness; by visual inspection to match the 1 to 5 scales from 

Laubscher (1993, p.562) detailed in Section 3.7. 

7. Trace length; length of the discontinuity measured as seen in the rock face. 

8. Type of termination; according to Figure 2.9. These are; in another 

discontinuity at low (< 20º) or high angle (≥ 20º), intact rock, censored, and 

hidden. 

9. Face’s area; area of the exposed discontinuity wall surface (Figure 2.12). 

10. Filling or infill features; in faults this may be gouge and/or slickenside. In 

veins or faults a quantitative mineralogical assemblage by visual inspection3 

is described, for instance, 80% of chalcopyrite, 15% of anhydrite and 5% of 

chlorite (as shown Figure 2.12). The visual inspection is calibrated by using 

comparison chart for estimating percentage composition (Richard and 

Varos, 1955). 

11. Vein Subtype; characterization of vein subclasses within major vein types 

(this parameter has been recorded for geological analysis, but it has not been 

used in this study). 

                                                 
3 Helped by magnifying glasses (10x) 
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Figure 2.12. Veins with exposed wall surface during scanline mapping. 

12. Halo; width and type of the alteration halo in the wall rock next to the veins 

as can be seen in Figure 2.13a (this parameter has been recorded for 

geological analysis, but it has not been used in this study). 

13. Thickness; maximum and minimum thickness observed across the 

discontinuity trace length as can be seen in Figure 2.13a. 

 

Figure 2.13. Failure mode and thicknesses of discontinuities (Brzovic and Villaescusa, 2007). 
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14. Mode of Failure; according to Figure 2.13 (Brzovic and Villaescusa, 2007). 

These are related to the rock mass disassembly and have been classified as; 

C if the failure is through the rock – veins contact, VI if the failure is through 

the mineralogical infill assemblage, and H if the failure is through the intact 

rock, but parallel to the veins and within the alteration halo. Further detail is 

explained in Section 4.2.3. 

15. Remarks; Special characteristic such as observed water condition, kinematics 

faults indicator, and others, etc. 

In the present study, scanline samplings were selected from available mine drives in 

undercut and production levels (see Figure 2.4 and Figure 2.5). Additional sampling 

information is presented in Figure 2.6 and Table 2.4. 

Table 2.4. Summary of sample lines used and structures collected in scanlines analysis. 

Andesite Hw sector Andesite Fw sector 
Sample 

orientation Number of 
Samples Lines

Total 
Discontinuities Total meters Number of 

Samples Lines
Total 

Discontinuities Total meters 

N45ºE 2 145 40.0 3 115 24.9 
N15ºW 2 193 43.6 1 123 18.8 
Vertical 16 183 32.4 9 81 15.3 
Total 20 521 116 13 319 59 

 

2.7 Borehole Logging 

Examination of core samples obtained by diamond drilling techniques has been used 

for many years to characterise the rock mass conditions at depth. The method 

provides a relatively undisturbed sample of rock material which may contain ore and 

discontinuities. The information collected from drill cores can improve the 

knowledge of the ore deposits in a variety of ways, from geological modelling to 

hydrological information. In the current study, borehole logging has been used to 

collect discontinuity data, the techniques used include both oriented (mainly large 

diameter core samples) and un-oriented core logging (small diameter core samples). 

2.7.1 Oriented Core Logging 

Data collection using large diameter oriented core samples were undertaken at the 

two studied mine sectors. Core samples were obtained from large diameter 

(overcore) samples used to install Hollow Inclusion (HI) stress measurement cells 

and from over coring samples used for other purposes. This methodology had not 
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been applied at the El Teniente mine before. This type of core sample has the 

advantage of a larger (wide) rock exposure than standard drill core samples (small 

diameter), but usually has a short sample length. Samples from HI cells have core 

diameters of 140 mm and are up to 13-14 meters long. Other over coring samples 

have core diameter of 100 mm and a length up to 5-6 meters. These large diameter 

cores have also the advantage of reduced the risk of sample disturbance during 

drilling. A marking procedure was designed to orient each core sample with respect 

to the mine coordinate system. 

Following a complete reconstruction and orientation of the core, a reference line was 

marked on the core. Each single discontinuity that both intersects the red line, and 

has enough trace length to measure the dip (“across the core”) is recorded. This 

means the truncation bias varies between 0.14 to 0.10 m, depending upon the core 

size used. Using this criterion, thin discontinuities that do not extend across the entire 

width of the core may be disregarded. An example of these thin discontinuities is 

shown in Figure 2.14 (within the red square). 

 

Figure 2.14. Oriented drill core sample showing thin discontinuities, which were disregarded during 
data collection (within red square). 

The basic information collected at each oriented drill core sample included: Id core 

number, bearing, plunge, vertical reference, and location in mine coordinates. With 

these data, the discontinuities are automatically oriented in the Dips software 

package (Rocscience Inc, 1999). Discontinuity characteristics were described similar 

to the scanline methodology, which were recorded on a tabular data spreadsheet 

(Figure 2.15). 

In the present study, large diameter oriented drill core sample were collected from 

mine drives in undercut and production levels (see Figure 2.4 and Figure 2.5). 

Additional sampling information is presented in Figure 2.6 and Table 2.5. 

φ=0.14m 
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Core No:_________ North:_________ Angle orientation 1: _________________________ Page: _____ of: ______ 
Bearing: _________ East: __________ Core diameter: _____________________________ By: __________________
Plunge: __________ Level: _________  Date: ________________ 
Elevation: _______ Location: __________________________Rock Type_______________ Start: _____ Finish: ____

 
Location Structure Infill features Remarks

Halo Thickness (mm) Id Dist. 
(m) Type DipDir Dip Roughness Thickness Filling

(Infill)
Veins 

Subtype Type Width Max. Min.  

              
              
              

 
Main notation used: 
Structure type J Joint V Veins (LM, PH, LH) F Faults Roughness 1 to 9 Scale (ISRM 1981) 

Figure 2.15. Data collection spreadsheet for oriented drill cores. 

Table 2.5. Summary of sampling orientation used and structures collected in oriented core logging. 

Andesite Hw Andesite Fw 

Id Bearing /Plunge 
(Core diameter, m)  

Total 
Discontinuities 

Total Length 
(m) Id Bearing /Plunge 

(Core diameter, m) 
Total 

Discontinuities 
Total Length 

(m) 

1 260/04  (Φ 0.10) 120 4.8 1 327/09 (Φ 0.10) 152 5.0 
2 102/03  (Φ 0.10) 164 5.1 2 255/04 (Φ 0.14) 187 5.4 
3 199/07  (Φ 0.14) 322 12.3 3 092/04 (Φ 0.10) 107 4.2 
- - - - 4 153/04 (Φ 0.14) 119 6.2 
 Total  606 ≈ 22   565 ≈ 20 

 

2.7.2 Un-Oriented Drill Cores 

Un-oriented drill core logging is one of the main geologist’s activities at the mine 

site, with more than 35,000 meters of logging every year. The main purpose of the 

drill core program is the development and continual improvement of the ore resource 

model, which consists of three-dimensional lithological and sulphide mineralogical 

models, however, little data is used for geotechnical characterisation 

Typical drill core used at the mine site are drilled in 3.05 runs (10 feet core barrel 

length) with core diameter ranging from 48 to 64 mm (NQ4 and HQ diamond coring 

drills). These core samples are referred as standard or small diameter core samples. 

After drilling, the core is placed in a core tray (0.7 meters long) where measurements 

of fracture frequency (ff) is undertaken (Figure 2.16a). Following this, the core 

sample is photographed. Subsequently, the core sample is split into two parts along 

the core axis by a guillotine, which handles samples up to 0.4 meters long. One half 

is sent to the laboratory for assay analysis and the other is sent for geological 

logging. The geologists receive a half of the original drill core, which at this time has 

                                                 
4 Majority of cores samples used in this study. 
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been broken in many small pieces (Figure 2.16b), which makes the orientation 

reconstruction impossible. This is why this sampling technique is referred as un-

oriented core logging. 

Core logging undertaken at the mine site currently describes rock types, quantitative 

veins frequency, qualitative alteration and mineralogical veins infill assemblage, 

among other mineralogical parameters. 

 

Figure 2.16. - Standard un-oriented core samples, prior it is split (a) and after that (b). 

For this study, modifications to a quantitative description of vein features were 

introduced to log core properties such as infill features and thickness, and more 

accurate vein frequency estimates. Discontinuity characteristics were described 

similar to the scanlines, which were recorded on a tabular data spreadsheet (see 

Figure 2.17). The basic information collected included; Id core number, bearing and 

plunge, mine coordinate location of the hole collar, and section logged. 

a 

b
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Id Core: _________ North:_________ Criterion: _________________________________ Page: _____ of: ______ 
Bearing: _________ East: __________  By: __________________
Plunge: __________ Level: _________  Date: ________________ 
Section: _________ Location: __________________________Rock Type_______________ Start: _____ Finish: ____

 
Core section Infill features Remarks

Halo Thickness (mm) Id From To Type Filling 
(infill) 

Veins 
Subtype Type Width (mm) Max. Min.  

           
           
           

 
  Main notation used: 
Structure type J Joint V Veins (LM, PH, LH) F Faults  

Figure 2.17. Data collection spreadsheet for standard non-oriented drill cores. 

Although a truncation bias length threshold criterion was not introduced during un-

oriented core logging (all discontinuities that can be seen were collected), the 

practical length threshold is estimated at around 0.03m based on the ability to 

visually identify discontinuities during core logging. 

During un-oriented core logging the location of discontinuities was not recorded as 

was in Scanlines (distance of intersection a long a tape). The location of 

discontinuities was recorded as being within a non-overlapping segment of 1.02 

meters long along of the selected core section. A core section for sample length was 

assumed to be 6.1 meters long, which coincide with core section selected for assay 

analysis. 

Table 2.6. Summary of sampling orientation used and structures collected in un-oriented core logging. 

Core sample 6.1 meter long Rock Type 
Number of samples Total meters Average frequency (m-1) 

Andesite 108 658.8 53.4 
Diorite 17 103.6 35.3 
Dacite 8 48.8 36.4 
Total 133 ≈ 811 - 

 

2.8 Fragmentation Assessment 

The rock mass can be thought as an assemblage of potential blocks, which can be 

disassembled by the excavation process (Hudson and Harrison, 1997) or caving 

process (Laubscher, 2001). In block caving, the fragmentation is the size distribution 

of caved rock blocks measured in the production level mine draw points (i.e., after 

the excavation or caving process). The in situ fragmentation are the potential blocks, 

which assemble composed, the rock mass prior the excavation process. In block 
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caving the excavation process refers to the comminution process that occurs during 

flow through the caved zone to draw points. 

In order to estimate the in situ fragmentation (in situ block size distribution), the 

determination of the three-dimensional nature of the rock structure is required. This 

is usually achieved by stochastically simulating the rock structure from data that 

have been collected from one or two-dimensional mapping. This implies a correction 

for the biases imposed by the sampling regime (see Villaescusa 1991, among others). 

Several software packages have been developed to perform this task, which include 

Stereoblock by Hadjigeorgiou et al. (1995), Block Caving Fragmentation (BCF) by 

Esterhuizen (1999), and a local methodology developed at the El Teniente mine 

(Blondel et al., 1995). 

Determination of fragmentation may also be made by direct measurements in draw 

points. Several techniques may be used, ranging from visual inspection to 

sophisticated Digital Image Processing (DIP) methods, such as DIP technique 

described by Kemeny et al. (1993). However, none of these techniques have 

characterised the block forming geological discontinuities that actually define the 

caved rock block faces (fragmentation) in draw points as proposed in this study.  

2.8.1 Characterisation of Caved Rock Blocks 

Four important facts can be drawn from current observation of primary copper ore 

caving process at the El Teniente mine. 

1. Practically no open joints can be observed within rock masses of the primary 

copper ore (Figure 1.1), which is in agreement with its described behaviour, 

as a competent and massive rock mass. 

2. The rock mass has numerous of veins (Figure 1.7). 

3. A significant proportion of fine fragmentation usually can be found within 

the draw points (Figure 1.18). This fine fragmentation allows high rates of 

underground primary copper ore production within block caving at the mine 

site. 

4. Caving of primary copper ore has been obtained with a small radius 

hydraulic of 26m (Rojas et al., 2001), which may suggests a rock mass with 

poor to regular rock mass quality (Figure 1.16). 



Chapter II  Data Collection Techniques 

 59

The conclusion from these facts is that the rock mass is being disassembled through 

either weaker veins or intact rock during caving process. In order to understand this 

process, caved rock blocks collected from draw points were characterised as part of 

this study (Brzovic et al., 2006). 

The characterization of the caved rock blocks was based on a sampling objective 

(Brown, 1981) that required systematic observations and measurements of a number 

of selected rock blocks from a draw point. The same two alteration zones within the 

andesite rock type at the Reno mine sector were selected to perform this task (Figure 

2.18). These zones included three-rock unit types: andesite Hw, andesite Fw, and 

diorite Fw (just diorite for this purpose). The andesite Hw sector is extracted by a 

variant of the pre-undercut variant method, and conventional panel caving is used to 

extract the andesite Fw and the diorite rock types. 

 

Figure 2.18. Sectors studied for caved rock blocks characterisation at the Reno mine production level. 

Within the selected sectors, available draw points from the production area were 

chosen to collect rock blocks. The percentage of extraction from the extracted rock 

column height (production) at any selected draw point was chosen between 10% and 
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50%, in order to avoid secondary blasting effects and dilution. At any selected draw 

point, a rock block was randomly collected for detailed examination. The sampling 

aimed to collect similar numbers of rock blocks considering both, unit types and 

range of volume. However, the number and location of rock blocks selected was 

dependant upon production activities at this mine level (Table 2.7). 

Table 2.7. Caved rock block blocks and faces characterised at the Reno mine production level. 

Number of rock block per volume ranges  Unit Type 
< 0.05 m3 0.05 – 0.5 m3 > 0.5 m3 Total 

Number of characterised 
rock block faces 

Andesite Hw 12 13 4 29 242 
Andesite Fw 13 11 6 30 225 

Diorite 16 8 4 28 257 
Total 41 32 14 87 724 

 

The main caved rock block description included location, geometrical and face 

characteristics similar to those established during line mapping (Figure 2.19). Data 

collected included volume, shape, number of faces, edge (length), and dihedral angle 

between pairs of rock block faces. 

 
Rock block geometrical characteristics 

Rock Block Number: _________ Location: _________________ Drawpoint: _________ Date: ________________ 
Number of Faces: _____________ Unit Type_______________ Extraction %: __________ By: __________________
3D Shapes: ___________ Dimensions: B: ________(m) B2: ________(m) Length: _______(m) Height: _______(m) 

 
Structure defining rock block faces Infill features 

Thickness (mm) Halo Face 
Id 

Structure 
Type Max Min Real Roughness Failure 

mode Filling or infill Veins 
Subtype Type Width 

           
           

 
Main notation used: 
Structure type Geometric figure TpP Trapezoidal Prism Roughness 
IR Intact rock J Joint SP Square Pyramid TrP Triangular Prism 
F Faults V Veins (LM, PH, LH) CR Cuboid Regular  CI Cuboid Irregular  

1 to 9 Scale 
(ISRM 1981) 

 

Figure 2.19.- Caved rock block characterisation spreadsheet (adapted from Figueroa, 2003). 

The parameters descriptions presented in Figure 2.19, which were not described in 

Section 2.5.2 (line mapping) are detailed as follow: 

1. Shape and dimensions of rock block. A general shape classification was 

created and the main rock dimensions were defined according to Figure 2.20. 
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Figure 2.20.- Definition of rock block shapes and dimension (adapted from Figueroa, 2003). 

2. Edge (length) and dihedral angle between every pair of faces combination 

were measured. The dihedral angle is the acute angle measured in the plane 

perpendicular to the edge. 

3. Apparent and real thicknesses and failure mode according to Figure 2.13 

(Additional explanation of failure mode is presented in Section 4.2.3). 

An example of a caved rock block characterisation is illustrated in Figure 2.21. 

 

 

Figure 2.21.- Characterised rock block showing trapezoidal prismatic shape in a draw point at the 
Reno mine sector (Figueroa, 2003). 

2.9 Conclusions 

In this chapter a review of main aspect in data collection has been undertaken. These 

are referred as discontinuity definition and characteristics, scale effect, sampling bias 

and sampling techniques. 
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The general term ‘discontinuity’ define by ISRM (Brown, 1981) used here also 

included geological structures having high tensile strength such as healed veins, 

cemented with a mineralogical infill assemblage. 

Data collection design used in this study has been planned considered these factors. 

The rock structure characterisation was undertaken including different sampling 

techniques, which can be classified as; measurement at exposed rock faces, borehole 

logging and an assessment of block forming geological discontinuities at production 

level draw points. 

Different truncation biases and censoring levels were identified and implemented 

during data collection. The sampling techniques can then be used to characterise the 

rock structure at different mapping scales, from major structures on a mine scale, 

detailed face mapping scales to drill core logging. 

Modifications were made on the traditional line sampling methodologies 

(Villaescusa, 1991, Priest, 1993) to better determine the vein characteristics observed 

within primary copper ore. These were applied to all sampling techniques. 

Major sampling features undertaken at Reno mine sector such as sample location and 

orientation are also documented in this chapter. 
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3 FUNDAMENTAL OF ROCK STRUCTURE, ANALYSIS AND 
INTERPRETATION 

3.1 Introduction 

Rock mass strength and deformability are strongly influenced by the geometric and 

strength characteristics of the geological discontinuities. The International Society of 

Rock Mechanics (Brown, 1981) has suggested an objective and systematic 

methodology to characterise discontinuities in rock masses, which included ten 

essentials parameters. 

The degree of fracturing or the in situ block size distribution within rock mass can be 

determined by deterministic and probabilistic methods. These methods such as the 

simplest Volumetric Joint count Jv (Paslmtron, 1985) and the more complex Discrete 

Fracture Network (DFN) modelling, are based on characterisation of discontinuity 

parameters such as orientation, spacing, persistence, and number of sets. Rock block 

interlocking and strength properties are determined by the interaction between 

discontinuities, which are based on the characterisation of discontinuity parameters 

such as roughness, aperture, filling, wall strength, and seepage features of 

discontinuities. Such combined factors are likely to influence the mechanical 

behaviour during and following excavations. 

In this research, a data collection campaign has been undertaken at the Reno mine 

sector to characterise the rock structure of primary copper ore. Sampling techniques 

described in Chapter 2 were used to collect structural data from mine drives in two 

different structural domains. 

3.1.1 Goal 

The main objective of this Chapter is to characterise the rock structure of the El 

Teniente primary copper ore following ISRM guidelines, i.e., by a detailed 

description of suggested discontinuity parameters (Brown, 1981). In order to achieve 

this goal, a literature review on the main discontinuity parameters for structural data 

analysis was undertaken. In this chapter the literature review and fundamentals are 

presented on a background subsection as a precursor to data analysis from El 

Teniente. 
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A second objective of this chapter is to examine the differences between two 

structural domains within Reno mine sectors (named as Hw and Fw sectors) to 

investigate how discontinuity parameters vary throughout the rock mass. Correlation 

and/or agreement of data between data collection techniques are also discussed. 

3.2 Discontinuity Orientation 

3.2.1 Background 

In rock mechanics and rock engineering, the most accepted way to represent the 

orientation of structural data is using the hemispherical projection methods. 

Sometimes this method is referred as the spherical projection technique (Priest, 

1993). A plane K to be found in three dimensional space is graphically represented 

with respect to the surface of a reference sphere projected on a two-dimensional 

horizontal plane (Figure 3.1). 

 

Figure 3.1.- Lower hemispheric projection, modified after Hoek and Brown (1980). 

In this case, the lower hemisphere intersected by the plane K form a semi-circular arc 

called great circle, which is projected at the horizontal plane of the sphere centre. In 

addition, the lower hemisphere intersected by a unit vector n̂  normal to plane K 

define a point called pole, which is also projected at the horizontal plane of the 

sphere centre. Then, either the great circle or the pole may be recorded in polar 
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coordinates using two angles, the trend α, and the plunge β, which finally represent 

the spatial orientation of the plane K in a two dimensional plane, in this case defined 

as the lower hemisphere projection1. In this research all structural data analysis as 

illustrations uses the lower hemispheric projection. 

Linear sampling introduces orientation bias to the sample data (Terzaghi 1965). For 

particular discontinuity spacing, the number of observations from one discontinuity 

set is a function of the angle of intersection between the set and the sampling line 

(scanline or borehole). Parallel discontinuity to the sampling line will not be 

sampled. Figure 3.2 illustrates the angular relationship δ between the orientation of 

the sample line L and the true spacing of set Sn (normal to the set). 

 

Figure 3.2.- Angular relationship between linear survey and discontinuity set orientation. 

The number of discontinuities Nδ that interested by the linear survey is given by 

(Terzaghi, 1965): 

nS
LN δ

δ
cos

=         (3.1)  

and therefore the mean spacing is given by:  

                                                 
1 The great circle and the pole could be intersected on the upper hemisphere, which lead to define the upper hemisphere 
projection. 

δ 
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L sampling 
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Discontinuities 
forming a family sets
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δ

δ
N

LSn
cos

=         (3.2) 

To minimize this orientation bias a weighting factor, w, can be applied (Priest, 1993). 

This weighting factor is calculated from the expression: 

δcos
1

=w   (δ<90˚)     (3.3) 

where δ is the acute angle between the sampling line and the normal to the mean 

orientation of the discontinuity set (Figure 3.2). 

The angle δ can be determined either from the hemispherical projection, by vector 

algebra methods (in Section 3.3), or from the following expression (Priest, 1993): 

( ) snsnsn ββββααδ sinsincoscoscoscos +−=    (3.4)  

where αn/βn is trend and plunge of the normal to the discontinuity set and αs/βs is 

trend and plunge of the sampling line. 

When δ approaches 90˚, w became very large, and therefore a single data point could 

dominate the distribution pattern. To avoid this problem a maximum value of 10 

could be adopted suggested Priest (1993). 

A practical way to minimise orientation bias, which was try to adopted here, is the 

use of three mutually orthogonal equal lengths for each sampling site. 

This study utilised Dips software package (Rocscience Inc, 1999), which provides 

stereographic projection and other tools to simplify and speed up the structural data 

analysis. Using Dips, correction weighting for orientation bias and mean 

discontinuity set estimates for Fisher distribution k (Fischer, 1953) can be 

automatically obtained. 

3.2.2 Discontinuity Occurrence in Line Sampling 

Before proceeding with the rock structure characterization and considering the fact 

that different truncation bias and censoring levels were introduced during data 
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collection, the occurrence of discontinuity types through mapping scales and sectors 

was examined (Table 3.1). 

Although the occurrence of discontinuities in this particular survey have not been 

analysed considering the natural anisotropy of the rock structure, some relevant 

aspects can be are deduced from data shown in Table 3.1. Firstly, excluding faults, 

open joints were not found within the primary copper ore; a large number of veins 

were recognized instead. A second relevant aspect is that faults were better 

characterized using large scale sampling. In contrast, veins were better characterized 

using small scale sampling. In other words, faults and veins are present within the 

primary copper ore at different scales. Even different vein types appeared when 

different scales were considered. In the next sections it is shows that, in most cases, a 

similar sampling line orientation with respect to mean discontinuity orientation was 

used for all the mapping scales, therefore, the information gathered, and the 

conclusions reached, may be not depend upon the sampling regime. 

Table 3.1. Discontinuity occurrence per sampling technique. 

Occurrence of Discontinuity Types (%) 
Veins 
Individual estimates 

Sampling Methods 
(Truncation bias) Sector Data 

Faults Total LH Veins PH Veins LM Veins 
Hw 21 57.1 42.9 38.1 4.8 - Major Structures Plan view 

(≥ 30 m) Fw 22 77.3 22.7 13.6 9.1 - 
Hw 239 16.7 83.3 38.1 15.1 30.1 Drive Mapping 

(≥ 4m) Fw 206 30.5 69.5 27.7 37.4 4.4 
Hw 521 1.9 98.1 2.9 5.4 89.8 Scanlines Mapping 

(≥ 0.3m) Fw 319 7.2 92.8 3.5 23.2 66.1 
Hw 606 0.3 99.7 4.8 6.9 88.0 Oriented Cores Logging 

(≥ 0.1m)* Fw 565 1.9 98.1 3.4 24.1 70.6 
* Note: Some discontinuities longer than this threshold value could be disregarded during data collection (see Section 2.6.1). 

In addition, Table 3.1 shows that the occurrences of PH veins in sampling lines are in 

agreement with the definition of alteration zone boundaries suggested by Cuadra 

(1986). PH veins are more abundant at in the Fw sector (within the PH alteration 

zone). Next, LM veins tend to be better characterised using small scale sampling than 

other vein types. 

The structural data analysis that follows in next section was carried out considering 

main discontinuity types, i.e., faults and veins. In some cases a detailed analysis was 

also undertaken considering vein types separately. 
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3.2.3 Set Definition 

Historically, joint sets have been defined by two main approaches. In the first 

instance, sets have been defined through the visual recognition of cluster on the 

hemispheric projection and in the field, taking advantage of human capabilities to 

recognise a pattern (Call et al., 1976, p.69; Einstein and Beacher 1983, p.45; 

Villaescusa 1991, p.42). The second method applies cluster-analysis techniques to 

identify sets, such as the algorism developed by Shanley and Mahtab (1976) and 

Mahtab and Yegulalp (1982), and the proposal methodology by Bridges (1990). The 

se cluster analysis techniques used stochastic analysis to define the angular 

relationship between discontinuities. 

Human capabilities to recognise patterns have been debated, because it could be 

‘entirely subjective and therefore susceptible to personal bias and inconsistence’ 

(Priest, 1993, p.77). Also, joints cluster recognition is difficult when there are 

complex and overlapping clusters of discontinuity orientation (Bridges, 1990). The 

option of statistical models are merely numerical, rigid, and do not include the any 

engineering judgment (Call et al., 1976). 

Cluster-analysis technique, such as the Mahtab’s algorithms (Mahtab and Yegulalp, 

1982) do not offer a unique solution to define a number of discontinuity sets. 

Consequently engineering judgment and personal experience is required to arrive at 

realistic solution, as has been mentioned by Priest (1993, p.82), and Kulatilake et al. 

(2004, p.188). 

In the present study, traditional clustering and contouring on the equal-angle lower 

hemispheric projection were utilised to discriminate sets. This approach has been 

statistically matched by applying the Poisson Exponential Binominal Limit, as 

suggested by Pincus (1951, p.101; 1953, p.502). Statistically, the likely occurrence of 

a discontinuity set can be gauged using this test of significance (Figure 3.3). 

This methodology provides the probability of obtaining a concentration on a 

stereographic projection, which deviates from a random distribution (Villaescusa, 

1985). The confidence limited desired can be calculated from a giving number of 

poles in the entire sample. 
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Figure 3.3.- Application to the Poisson exponential binominal limit for sample data using stereonet 
plots (after Villaescusa 1985). 

For example, in Figure 3.3, if a 98% confidence level contour is reached, there is 

98% confidence that the joint set is real and not a result of chance or error. 

Conversely, if the sample has 200 poles, to assure with 98% confident that a joint set 

is real and is not a product of chance or error, it has to be defined by at least a 3% of 

concentration contour in the stereo plot (Villaescusa, 1985). During this study the 

98% confidence levels was adopted to define discontinuity set. 

3.2.4 Orientations of Faults and Major Structures 

Some researchers have suggested treating major discontinuities as individual entities, 

because they usually play a relevant role in the stability analysis (Call et al., 1976, 

Cruden, 1977). Nevertheless, the mining method utilised at El Teniente mine allows 

the collection of enough major structures to be statistically analysed. Discontinuity 

orientation for major structures is presented in Figure 3.4. 

Figure 3.4 illustrates that the majority of the major discontinuities have sub-vertical 

orientation in both sectors of the mine, and the differences between sectors are 

minor. Table 3.1 shows that faults are the main component of the major structures 

(over 60% of the data), with the second group of discontinuities being the LH veins. 

The fault set orientations observed from data collected in mine drive (drive mapping) 

are presented in Figure 3.5. This figure shows that two sub-vertical set of faults were 

found in both sectors, with one set similar in both sectors. 
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Figure 3.4.- Major discontinuity orientations per unit sector plotted in the lower hemispheric 
projection. 

 

Figure 3.5.- Set definition for faults collected in mine drives (drive mapping). It is shown the main set 
orientation defined (set; s). 

Although, sub-horizontal discontinuities were not entirely defined by large scale 

sampling, the fault orientation data is in agreement in Figure 3.5 with the strike-slip 

faults characteristics described at the mine scale (Garrido et al., 1994). The fault 

system has been associated with an approximately northwest compression 

(shortening direction) during ore formation within the El Teniente Shear Zone 

(Garrido et al., 1994). This is also in agreement with paleo strain field indications 

from fault slip vector analysis (Cladouhos, 1994) and with contemporary strain field 

from geodesic displacements (Windsor et al., 2006). Both data sets were measured 

on a local scale surrounding the mine. Therefore, despite of bias against to sub-
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horizontal discontinuities during current data collection, the data suggest a rare 

occurrence or small likelihood of sub-horizontal faults within the primary copper ore 

at the studied mine sector. 

Additional fault orientation data were collected during the review of this thesis using 

small diameter vertical oriented and no-oriented cores2 at the Reno mine sector, 

which is detailed in the Appendix II.A. This additional data analyses suggests that 

faults tend to have sub-vertical orientations, which agree with the concept of a small 

likelihood of faults as having horizontal orientations. In addition, it is observed that 

the same average orientation is observed between major structures and faults 

recognised in drive mapping. 

3.2.5 Orientations of Veins 

Since veins were better characterized using small scale sampling, their orientations 

and definition of sets are examined from small scale sampling, i.e., from line 

mapping and oriented core logging (Figure 3.6 and Figure 3.7). 

 

Figure 3.6.- Set definition for veins collected using scanline mapping. It is shown the main set 
orientation defined (set; s). 

Although oriented core logging is more biased to sub-horizontal discontinuities and 

scanline mapping is affected by an exposure bias, Figure 3.6 and Figure 3.7 show 

clearly that at any sector, veins comprise at least 3 semi-orthogonal discontinuity 

sets. These figures also reveal that data collected using both sampling techniques 
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from each sector, have similar discontinuity orientations, i.e., only slight differences 

can be observed between sectors and mapping scales. 

 

Figure 3.7.- Set definition for veins collected using oriented core logging. It is shown the main set 
orientation defined (set; s). 

3.2.6 Comparison between Mapping Scales  

The relationship between data collection techniques was also tested thought data 

analysis of discontinuity types as shows Figure 3.8. In this figure discontinuity set 

orientation per discontinuity types at each location is compared based on mapping 

scales. Set definitions for each discontinuity types were defined based on Figure 3.3, 

the stereo plots and set definition are shown in Appendix II.B. 

Data presented in Figure 3.8 lead to conclude the following: 

1. When a discontinuity type appears at more than one mapping scale, the 

discontinuity orientation is consistent. This may suggest that sampling bias 

have not been strongly affected. 

2. In term of the average orientation, only TM veins seem to show slight 

variations between the two studied sectors. 

3. The average orientation of faults and LH veins are very similar as would be 

expected based on their close genesis during ore formation. 

                                                                                                                                          
2 It is not a common practice to drill oriented core samples, these analysed here are the only ones existing at the mine site so far. 
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Figure 3.8.- Relationship between data collection thought set orientation per discontinuity types. 

3.3 Spacing 

3.3.1 Background 

Spacing (S) is the perpendicular distance between adjacent discontinuities, according 

to the ISRM (Brown 1981, p.5). Its inverse is called frequency (λ). Priest (1993) 

provides one more formal and complete definition of spacing. Priest distinguishes 

three types of spacing: total spacing, set spacing and normal set spacing. In the same 

way three types of frequency can be defined; total frequency, set frequency and 

normal set frequency. These definitions are as follow. 

Faults 
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Total Spacing: This is the distance St between a pair of immediately adjacent 

discontinuities measured along a particular line sampling within rock mass. Its 

inverse is the total frequency (λt), also referred as linear frequency (Priest 1993). 

Set Spacing: This is the distance Ss between a pair of immediately adjacent 

discontinuities from the same set, measured along a particular line sampling within 

rock mass. Its inverse is the set frequency (λs). Set spacing has been called apparent 

set spacing, either to the apparent set frequency. 

Normal Set Spacing: This is the perpendicular distance Sn between a pair of 

immediately adjacent discontinuities from the same set, measured along a particular 

line sampling within rock mass. Its inverse is the normal set frequency (λn). Normal 

set spacing has been called true set spacing, either to the true set frequency. Normal 

set spacing assumes that all the observations are parallel to the mean orientation of 

the set. 

The two first ‘spacing’ can be estimated directly from a linear discontinuity survey 

such as a scanline or oriented drill cores. To estimate the true spacing between a pair 

of immediately adjacent discontinuities from the same set a long the sampling line is 

the following equation required: 

Sn = Ss cos δ        (3.5) 

where Ss is the measured distance on the sampling line and δ is the acute angle 

between orientation of the sample and the vector normal to the mean orientation of 

the discontinuity joint set (Figure 3.2). From equation 3.1 is clear that Ss = L/Nδ. 

The angle δ can be calculated using equation 3.4 or from vector algebra methods as 

follow. Let define the direction cosines lxn, lyn, lzn of a unit vector n̂  normal to the 

plane K, and the direction cosines lxs, lys, lzs of a unit vector ŝ of the sampling line. 

The direction cosines of a unit vector of orientation αn/βn can be estimated as (Figure 

3.9): 

lxn = cosαn cosβn       (3.6) 

lyn = sinαn cosβn       (3.7) 
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lyn = sinβn        (3.8) 

where αn is the dip direction (or bearing) and βn is the dip (plunge) of the unit vector. 

 

Figure 3.9. Direction cosines in a right-handed Cartesian system. 

Then, the dot product of the two unit vectors can be calculated as follow: 

  cos δ = n̂ • ŝ   (δ<90°) 

cos δ = │(lxslxn)+(lyslyn)+(lzslzn)│     (3.9) 

and the true spacing Sn is given by:  

Sn = (l2 – l1) cosδ       (3.10) 

where l1 and l2 are the consecutive intersection distance (measured on the tape) of the 

two discontinuities from the same set, and where l2 > l1 and l1 ≥ 0. 

There are two methods to calculate the mean normal set spacing. These are reffered 

to the ‘arithmetic’ and ‘geometric’ mean spacing values (Windsor, 1997). The 

arithmetic mean is determined by simply summing all calculated normal set spacing 

for a particular discontinuity set and dividing this value by the total number of 

spacing in the sample, as follow:  
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where nS  is the mean normal set spacing, n is the number of spacing values on the 

sample, and Sni is individual normal spacing between two consecutives 

discontinuities from the same set. To estimate the variability of this mean value is 

given by the variance s2, as follow: 

( )∑
=

−
−

=
n

ni
nni SS

n
s

22

1
1

     (3.12) 

note that s is also the standard deviation (S.D.) of the sample. 

The geometric mean spacing involves finding the probability density distribution 

function of the normal set spacing data. 

3.3.2 Statistical Distribution of Discontinuity Spacing 

The geometric mean spacing is calculated following the determination of the density 

distribution function (pdf) of the data set by fitting the best curve on the plotted 

frequency histogram (Figure 3.10). Based upon field measurements, most workers 

have supported fitting either the exponential pdf (Priest and Hudson, 1976, Call et al., 

1976, Wallis and King, 1980, Einstein and Beacher, 1983, Villaescusa and Brown, 

1992) or the lognormal pdf (Bridges, 1975, Sen and Kazi, 1984) on a variety of 

igneous, sedimentary and metamorphic rocks. These two probability density 

functions are presented in Table 3.2. 

 

Figure 3.10.- Histogram of discontinuity spacing values, after Priest (1993). 



Chapter III  Structural Data Analysis 

 77

Table 3.2. Probability density distribution after Priest (1993). 
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If the occurrence of a discontinuity along a linear survey is entirely random, then the 

location of one discontinuity has no influence upon the location of any others. In this 

case the discontinuity intersection obeys a one-dimensional Poisson process (Priest, 

1993). When this occurs the probability density distribution of total discontinuities 

spacing is a negative exponential. A negative exponential pdf for discontinuity 

spacing might suggest, but does not prove, that discontinuity intersection along a 

sampling is a purely random event. 

Hudson and Harrison (1997) emphasise the fact that discontinuities are not random 

events. Even though the Poisson process of random events can be expected to apply 

to field data, ‘fracturing is deterministic and occurs as result of direct mechanical 

causes’ (Hudson and Harrison, 1997). In other words, the occurrence of a negative 

exponential distribution ‘is expected as a result of a suite of superimposed geological 

events, each of which produces fracturing of a given distribution’ (Hudson and 

Harrison, 1997). In this respect, Hudson and Priest (1979) have demonstrated that a 

negative exponential distribution of total spacing may be obtained from the 

combination of non-exponential distributions of set spacing. 

Whether a discontinuity spacing distribution follows a negative exponential pdf or a 

lognormal pdf may depend on the sampling regime adopted. If a truncation level is 

adopted, then small discontinuity spacings will be lost and spacing will be 

overestimated. In this case, a negative exponential distribution would appear as a 

lognormal distribution. 

3.3.3 Reliability of Mean Discontinuity Spacing Estimated 

Priest (1993) described two separate criteria by which the reliability of mean 

discontinuity spacing can be assessed: 
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1. Inaccuracy: the estimated mean is consistently biased by some persistent factor. 

Inaccuracy may be produced by a short sampling line when the mean spacing 

value is longer than the length of the sampling line. 

2. Imprecision: is caused by the tendency of small samples to produce mean 

spacing values that exhibit inconsistent random deviations from the true value. 

Inaccuracy is a type of bias that generally affects vertical sampling lines, particularly 

in mine drives or tunnels where limited rock exposure in the vertical direction is 

found. Sen and Kazi (1984) have produced graphs that illustrated the effect of 

scanline length on the calculation of mean discontinuity spacing values, when the 

mean discontinuity spacing can be described by either a negative exponential 

distribution or a lognormal distribution. Those graphs can be used to estimate the 

population means spacing from the sample mean, length of scanline and type of 

distribution. According to this work, if the scanline’s length is at least 20 times of the 

mean normal set spacing, then will not be any difference between the estimated mean 

value and the population mean value, for the case where normal set spacing follows a 

negative exponential distribution. If this scanlines length is less than 20λ-1, then the 

estimated normal set mean spacing value will be underestimated. 

Applying standard methods based on the central limit theorem Priest and Hudson 

(1981) have proposed a method of calculating the precision of the mean spacing 

value from a sample of size n. The theorem states that the mean value x  of the 

random samples of size n, taken from a population that follow any distribution, has 

some defined but unknown mean value xμ , and variance xσ 2, which will tend to be 

normally distributed with a mean xμ  and standard deviation of the xσ / n . The term 

xσ / n  is referred as the standard error of the mean. For a normal distribution, some 

proportion Ф(z) of the various sampling lines will yield a mean value within the 

range: 

Ф(z) range X= ± n
zs

      (3.13) 

where s is the standard deviation, z is a standard variable associated with a particular 

confidence level (given in Table 3.3). 
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Table 3.3. Values of Ф(z) for the normal distribution, after Priest and Hudson (1981). 

z Ф(z) 
0.675 0.50 
0.842 0.60 
1.036 0.70 
1.282 0.80 
1.645 0.90 
1.960 0.95 
2.567 0.99 
∞ 1.00 

 

If the discontinuity spacing follows a negative exponential probability distribution, 

the mean spacing and standard deviation are theoretically the same (1/λ), and then 

equation 3.13 can be reduced to: 

2

⎟
⎠
⎞

⎜
⎝
⎛=
ε
zn         (3.14) 

where ε  is the allowable error. 

This equation can be used to determine the sample size required to achieve a given 

error bandwidth. Priest and Hudson (1981) have reproduced curves that summarise 

the relation of equation 3.14 (Figure 3.11). 

 

Figure 3.11.- Sample number versus precision of the mean discontinuity spacing that follow a 
negative exponential pdf (after Priest and Hudson 1981). 
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Following their graph, for instance, if we require estimating the normal set mean 

spacing within an error bandwidth of ±20% at the 80% confidence level, the samples 

will need at least 41 data points. For the case of an error bandwidth of ±10% at the 

90% confidence level, at least 271 data of the set will be needed 

3.3.4 Normal Set Spacing of The El Teniente Discontinuities 

The mean normal discontinuity set spacing, arithmetic and geometric, considering all 

discontinuities, was estimated for all mapping scales and sectors (Table 3.4). As an 

example, in order to reduce size effect of class interval width and its effect on 

calculations (class interval width Δ in Figure 3.10), the geometric mean spacing was 

estimated fitting the negative exponential function on the cumulative probability 

distribution (Einstein and Beacher, 1983). The equation used was: 

F(x) = 1-e-λx  For x>0 and λ>0    (3.15) 

where x is the observed spacing and λ is the mean discontinuity frequency. 

The mean normal set spacing for faults could be estimated only using data from drive 

mapping and interpreted major structures. The results from drive mapping presented 

in Table 3.4 are consistent with previous and current analyses in other mine sectors  

(see Brzovic, 2001, and new data in Section 7.2.1), and with the published data of 9.7 

meters as the mean of the total spacing3 obtained from several (differently oriented) 

scanlines within mine drives at the El Teniente mine (Brooks et al., 1996). 

In addition, the spacing data are strongly influenced by the truncation level used, as 

shown Figure 3.12. This figure includes the mean normal discontinuity set 

frequency4 (all sets) estimated for all data collected by all line sampling techniques. 

The frequency is plotted against the truncation bias length used on each sampling 

technique. 

 

                                                 
3 see Spacing definition in section 3.3.1. 
4 Inverse of mean normal discontinuity set. 
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Table 3.4. Arithmetic and Geometric mean normal set spacing for discontinuity type sets at the El Teniente primary copper ore. 

Arithmetic Negative Exponential 
Distribution Discontinuity 

type 
Sectors 
Studied Mapping scale Set 

number Dip/Dipdir Poles 
Mean (m) S.D. (m) 

Poles 
used 

Max-Min 
(m) 

Poles in 
vertical 

lines  Mean (m) 
Set 1 89/183 13 22.2 14.3 8 50.0-6.0 - - 

Major Structure* 
Set 2 74/316 6 29.8 11.4 6 50.9-20.2 - - 
Set 1 82/174 18 3.0 4.9 12 15.5-0.05 - - 

Hw  
Drive Mapping 

Set 2 76/316 11 23.4 8.8 6 33.7-9.0 - - 
Set 1 86/199 13 28.1 12.9 10 49.9-7.0   

Major Structure* 
Set 2 85/162 9 20.7 9.7 5 36.9-12.0 - - 
Set 1 84/203 31 8.9 10.7 23 47.3-0.04 - 7.73 

FAULTS 

Fw 
Drive Mapping 

Set 2 84/144 22 5.6 4.4 15 12.3-0.4 - 5.46 
Set 1 86/182 178 0.419 0.594 159 3.872-0.007 12 0.308 
Set 2 82/282 145 0.330 0.362 128 2.622-0.009 10 0.319 Scanline Mapping 
Set 3 12/251 168 0.230 0.241 147 1.456-0.001 106 0.218 
Set 1 81/359 208 0.062 0.070 204 0.505-0.001 - 0.057 
Set 2 89/270 110 0.125 0.139 103 0.911-0.010 - 0.118 
Set 3 55/180 81 0.145 0.151 78 0.931-0.002 - 0.140 

Hw  
Oriented Core 

Logging 

Set 4 52/260 150 0.088 0.088 145 0.530-0.005 - 0.087 
Set 1 83/192 119 0.326 0.311 108 1.423-0.011 5 0.327 
Set 2 68/251 63 0.329 0.318 56 1.231-0.014 1 0.319 
Set 3 25/212 67 0.353 0.313 54 1.335-0.024 34 0.365 

Scanline Mapping 

Set 4 74/301 51 0.320 0.466 41 1.525-0.005 6 0.200 
Set 1 68/192 204 0.059 0.050 195 0.297-0.006 - 0.064 
Set 2 80/293 221 0.069 0.061 206 0.350-0.004  0.073 

VEINS† 

Fw 

Oriented Core 
Logging 

Set 3 66/005 71 0.151 0.270 67 1.410-0.007 - 0.091 
Notes *; from interpreted mayor structures. S.D.; standard deviation. †; fault were included in this calculation, but since these only represent a few amount, it does not change the estimates. 
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Figure 3.12.- Discontinuity frequency and truncation bias length. 

It appears that the normal discontinuity set spacing increased considerably as the 

sampled discontinuity trace length was increased. Data collected using small core 

diameter presented in Section 3.9 confirms this relationship between the sampling 

regime and the estimated frequency. Additionally, assuming that each truncation 

level applied represents a mapping scale; the mean normal discontinuity set 

frequency may be represented as a fractal feature within the rock mass. 

A fractal set can be defined as (Hoobs, 1993): 

Ni=cri
-D              (3.16) 

where Ni is the number of lineal objects with a linear dimension ri, and D is the 

fractal dimension by definition, and c is a constant of proportionality. This fractal 

feature can be represented by a constant of proportionality c=0.8968, and a fractal 

dimension D= -1.0256 (Figure 3.12). 

Scaling law properties (fractal and lineal) for the spacing on other parameters of the 

geological discontinuities have been proposed by several authors (Hoobs, 1993, 

Gillespie et al., 1993, Cladouhos and Marret, 1996, Scholz, 2002), and these are 

consistent with this finding. Although it is not argued whether the Poisson or the 

fractal process better describes the nature of fractures within the rock mass, for 
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practical purposes in rock mass characterization at the mine site, is important to 

recognize that the truncation bias used during data collection plays a relevant role in 

the results obtained. 

A similar graph was created using data for each discontinuity type (Figure 3.13), 

which also shows a similar trend for discontinuity spacing. 

 

Figure 3.13.- Discontinuity frequency and truncation bias length per discontinuity type. (Oc; oriented 
core logging. Scl; line mapping, Dm; drive mapping. Ms; interpreted major structures). 

Furthermore, using the proposed discontinuity frequency diagram, the three-

dimensional loci (Hudson and Priest, 1983), the global maxima and minima and their 

orientations for discontinuity frequencies were estimated for both sectors (Table 3.5). 

Table 3.5. Extreme values of discontinuity frequency and their orientations. 

Andesite Hw Andesite Fw Sampling 
method Global type Discontinuity frequency 

(m-1) Trend/Plunge Discontinuity frequency 
(m-1) Trend/Plunge 

Maxima 6.53 062/48 8.82 064/34 
Minima 2.34 197/07 2.23 257/68 
Mean 4.97  5.74  Line mapping 

Coef. of variation 17%  25%  
Maxima 29.70 036/17 28.56 342/02 
Minima 8.69 280/05 4.61 225/65 
Mean 19.32  16.90  

Oriented Core 
logging 

Coef. of variation 26%  32%  
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This table also includes the mean discontinuity frequency as the average values 

obtained from more than 8000 equidistant directions (or points5) in the stereonet. 

This mean value would represent the discontinuity frequency normalized with 

respect to the orientation at this location. The true three-dimensional loci diagram 

using data collected in scanline mapping from Fw sector is presented in Figure 3.14 

 

Figure 3.14.- 3D loci of discontinuity frequency diagram (data is from line mapping andesite Fw).  

The data presented is Table 3.5 confirms the strong influence that the truncation bias 

plays in the discontinuity frequency gathered from a rock mass. It also shows that, in 

terms of average orientations, both sectors are quite similar when considering the 

same mapping scale, but minor differences appear when comparing the same sectors 

at different mapping scales. Although real, appreciable differences in ground 

behaviour are experienced within the two sectors, the data in Table 3.5 show 

negligible differences between the andesite sectors when all discontinuity types are 

considered. 

As an illustration, some histograms with normal set discontinuity spacing 

distributions for different veins types and mapping scales are presented in Figure 

3.15. 

                                                 
5 The maximum and the minimum represent two single orientations or point in this diagram. 
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Because the data suggests a fractal characteristic for discontinuity spacing, reliability 

of the estimates following either approaches of  Sen and Kazi’(1984) nor Priest and 

Hudson (1981) could not be readily applied. However, the practical rule of 20 times 

the mean spacing for the sample length (Sen and Kazi, 1984) has been satisfied for 

most sampling populations used, specially for the small scale sampling (line mapping 

and oriented core logging). 

In addition, using traditional scanlines at the mine site (i.e., using the pre-established 

mapping approach to collect data that ignore tightly healed veins, in Section 2.6.2) 

the total spacing measured at the same structural domain ranged from 0.9 to 4.8 

(Brzovic, 2001). Theses measurement could be affected by the degree of the 

overbrake that mine wall drives presented after excavations. In the present research, 

using the enhanced scanline method, the measurement of total spacing ranged from 

3.6 to 6.5, which may represent an increment of 40% on data collected using 

traditional scanlines. 

The observed spacing data suggests that rock masses of primary copper ore at the El 

Teniente mine consist of assemblage of thousands of small intact rock blocks 

bounded by veins (LM and HP veins at a scale approximately of 0,1 to 5 meters, and 

LH veins at a scale of approximately 1 to 5 meters) and widely space faults contact 

This rock mass feature is consistent with both its strong competence and its high 

grade ore resources. 
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Figure 3.15.- Observed spacing of discontinuity sets. 
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3.4 Persistence 

Persistence is sometimes referred to as continuity or discontinuity size, according to 

the ISRM (Brown 1981, p.5). It is the discontinuity trace length observed in a rock 

exposure, or the measurable length of the linear trace formed by the intersection of 

the discontinuity with the planar excavation in rock (Figure 3.16). Persistence is also 

referred as the areal extent of the discontinuity plane, however complete areal 

exposure rarely can be observed. Discontinuity size is one of the most difficult rock 

mass parameter to determine, because it is a three-dimensional entity, whereas 

observations of trace length in outcrops or excavation wall are made at best two 

dimensions. Therefore, sampling biases are introduced during data collection. 

 

Figure 3.16.- Discontinuities as circular disc a within rock mass (left), and their observed trace length 
(l) on a particular rock exposure (right), after Windsor (1977). 

3.4.1 Background 

The simple estimation of the mean discontinuity trace length of a discontinuity set is 

the arithmetic mean of the all trace lengths sampled. The arithmetic mean trace 

length, l , is given by (Priest and Hudson 1981): 

∑
=

=
n

i

i

n
ll

1
        (3.17) 

where li is the ith discontinuity trace length sampled on a planar surface, and n is the 

total number of sampled trace length. 

Trace length of 
discontinuities
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Unfortunately, this arithmetic mean is not an accurate reflection of the true mean 

value of the discontinuity size, basically because both the bias associated with the 

sampling regime adopted during data collection (discussed in Section 2.4) and the 

assumption of the discontinuity model. A hypothetical model of discontinuities 

embodies a number of assumptions such as the topology, shape and sizes of the 

discontinuities. 

The topology of a discontinuity concerns the equation of its surface. It has been 

generally assumed to be planar for most researchers (Warburton, 1980, Priest and 

Hudson, 1981, Kulatilake and Wu, 1984, Villaescusa and Brown, 1992, Priest, 1993, 

Mauldon and Mauldon, 1997, Zhang and Einstein, 2000), but in the reality it is not 

necessarily true (see Pollard and Aydin, 1988). The shape of the discontinuity has 

also been assumed as a circular disc of negligible thickness in order to simplify its 

analysis. 

The assumptions regarding topology and shape of discontinuities are related to each 

individual discontinuity; however the size of the discontinuities and their spatial 

distribution is concerned with their population. The discontinuity size can be an 

expression of its probability density distribution, which can follow, for example, 

either a negative exponential or a lognormal pdf. These models of size distribution 

assume that the centres of areas of the discontinuities are distributed volumetrically 

within the rock mass in a particular fashion, which for simplicity is usually assumed 

to obey a three dimensional Poisson process. In this respect and for area sampling, 

the size distribution of discontinuities, which are assumed to be flat circular disc of 

negligible thickness, parallel to each other with centre location randomly and 

independently distributed in space (Poisson process), can be estimated as 

(Warburton, 1980): 

∫
∞⋅

⋅ −
=

l lD
dDDglf

D 22

)(1)(
μ       (3.18) 

where D is the diameter of discontinuities, l is the trace length observed on a planar 

surface of infinite size, g(D) is the pdf of the diameter of discontinuities with a mean 

value μD, ƒ(l) is the pdf of the true trace length of discontinuities with a mean value 
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μl. In other words, the observed discontinuity trace length on the sample surface 

depends on their size distribution. 

In order to use equation 3.18 to estimate the joint diameter distribution g(D), the true 

trace length distribution ƒ(l) should be known first. However, the sampling regime 

only allow to determine the pdf of the measured trace length on a finite exposure g(l) 

(with a mean value l = μ), which is subjected to sampling bias. For example, 

truncation bias and censoring level may exclude small and large discontinuities of 

the true ƒ(l) respectively, large discontinuities are more likely to intersect both the 

rock exposure and the line sampling as well. 

Therefore, in order to estimate g(D), it is necessary to infer ƒ(l) from the g(l). Several 

researcher have assumed and inferred properties of ƒ(l) based on the observed 

characteristic of g(l). For instance Kulatilake (1993) assume that ƒ(l) and g(l) have 

the same form and the same standard deviation (σl = σ). Zhang and Einstein (2000) 

not only assume that ƒ(l) and g(l) have the same form, but also the same covariance 

(σl/μl = σ/μ). Villaescusa and Brown (1992) have proposed a method to estimate ƒ(l) 

from the g(l) (using scanline sampling) by solving the maximum likelihood estimator 

(Laslett, 1982) for discontinuity size. Zhang and Einstein (2000) have extended this 

estimator to be used with data collected using finite circular windows. 

Alternative methods to estimate the mean trace length μl of ƒ(l) are described by 

Priest and Hudson (1981), Pahl (1981) and Kulatilake and Wu (1984). Priest and 

Hudson (1981) proposed a method for estimating the distribution of the trace length, 

the distribution of the semi-trace length, and the distribution of the censored semi-

trace length that intercept a randomly located linear survey. This methodology is 

applicable to censored discontinuities measured at exposures with limited extent. 

Pahl (1981) have proposed a technique for the estimation of mean trace length where 

knowledge of both the actual trace lengths and the trace length function distribution 

is not required. Based on the assumption of topology, shape and size of 

discontinuities, the author has derived an expression to determine μl using data 

collected in window mapping, where censored and truncation are applied. Kulatilake 

and Wu (1984) extended the Pahl’s method to a set whose orientation is described by 

a probabilistic distribution. 
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Finally, g(D) is estimated from ƒ(l) based on analytical relations between the mean μl 

and the standard deviation σl of ƒ(l), and the mean μD and the standard deviation σD 

of g(D) (see Villaescusa, 1991, Zhang and Einstein, 2000). 

An example of the corrected discontinuity size estimated from observed, censored 

discontinuity trace length g(l) at the El Teniente mine is presented in Figure 3.17 

(from Villaescusa, 1991). 

 

Figure 3.17.- Observed and corrected discontinuity size at the El Teniente mine (Villaescusa, 1991) 

Assuming a volumetric Poisson distribution process for the discontinuity centre 

location, λvi (volumetric joint density), the observed joint density, λLi, or discontinuity 

occurrence of set i for impersistent discontinuities in a line sampling is estimated as 

follow (Warburton, 1980); 

2cos4
1 μδπλλ iviLi =        (3.19) 

where δi is the angle between the orientation of the sampling line and the unit normal 

to the mean set i, and μ2 is the second moment of the joint diameter distribution g(D). 

It is interesting to note that covering exposure bias observed at the El Teniente mine 

drive may affect measurement of λLi, and calculations of both g(D) and λvi. 

In the current research, no specific bias corrections were made to estimate the true 

trace length of the discontinuities. Yet, data analysis of the measured trace length 

distribution on a finite exposure g(l) is presented. For most joint size distributions, 

the mean value μ of g(l) is always greater than the mean μl or μD (Priest and Hudson, 

1981). Then, the mean value μ may be considered the upper bound or the true mean 

size. 
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3.4.2 Termination 

In defining a rock block within the rock mass, the type of discontinuity termination 

may be very important. The ISRM (Brown, 1981) has suggested a termination index 

Tr, which is given by: 

%100
jor

r
r

NNN
NT
++

=        (3.20) 

where the Nr is when the discontinuity end in intact rock, No in another discontinuity, 

and Nj when the termination cannot be observed (obscured). A similar notation is 

presented in Figure 2.9. 

A large value of Tr indicates that most discontinuities terminate in intact rock, and 

the rock blocks within the rock mass contain many intact rock bridges resulting in 

different block interlocking, perhaps a in different rock mass quality (Figure 3.18). 

 

Figure 3.18.- Influence of termination in rock block definition. 

Although termination data were collected during scanline mapping, the termination 

index has not been calculated. It is believed that the high discontinuity occurrence of 

veins within the rock mass, lead to a low probability of intact rock bridges in the rock 

block definition during fragmentation, which was observed in caved rock blocks 

studied in Chapter 4. 

3.4.3 Observed Trace Length of the El Teniente Discontinuities 

The trace lengths of discontinuities were mainly measured during line mapping, 

which used a truncation bias of 0.3m. The exposed trace length of the interpreted 

major discontinuities was also measured and is presented in Figure 3.19. Data 

Intact rock bridges
a) b) 

Tra > Trb 
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presented in this figure were measured only in faults, and reflect their size 

characteristics as the longest discontinuities observed at the mine site. 

 

Figure 3.19.- Observed trace length of major faults. 

A more detailed data analysis of the observed trace length per discontinuity type 

considering discontinuity endpoint features is presented in Table 3.6 and in Figure 

3.20. 

Prior to discussing data from Table 3.6 and in Figure 3.20, some conclusions 

regarding discontinuity trace length can be drawn from the discontinuity occurrence 

and spacing data presented in Table 3.1, Figure 3.8 and Figure 3.13. These figures 

show that the occurrences of discontinuities types vary substantially based on the 

truncation bias length used during sampling design, even for a same discontinuity 

orientation set. The data suggest different size characteristics for vein types and 

faults. In this respect fault and LH veins may represent the longer discontinuities. 

Data presented in Table 3.6 and in Figure 3.20 also suggest that PH veins tend to be 

statistically longer than LM veins. For both vein types, the data were affected by the 

same sampling biases, but PH veins have lower abundance of both shorter trace 

length (< 1.5m) and contained discontinuities than LM veins.  
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Table 3.6. Arithmetic mean of the observed trace length in scanline mapping for discontinuity type sets. 

Observed Trace length for  endpoint types 
Contained (type 2) Intersecting (type 1) Transecting (type 0) 

Discontinuity 
type 

Set 
number 

Sectors 
Studied 

Dip/ 
Dipdir n 

n (%) mean (m) S.D. (m) n (%) mean (m) S.D. (m) n (%) 
Hw  10 3 (30%) 2.47 2.23 2 (20%) 7.00 1.41 5 (50%) Not 

defined Fw  23 6 (26%) 1.50 0.91 6 (26%) 2.15 0.43 11(48%) Faults 
Total & Mean 33 9 (27%) 1.82 1.31 8 (24%) 3.36 2.34 16 (49%) 

Hw  11 4 (36%) 0.60 0.14 5 (45%) 2.52 1.22 2 (18%) Not 
defined Fw  15 4 (27%) 1.88 0.53 9 (60%) 2.42 1.45 2 (13%) LH Veins 

Total & Mean 26 8 (31%) 1.24 0.77 14 (54%) 2.46 1.33 4 (15%) 
Set 1 Fw 73/198 39 12 (31%) 1.59 0.62 26 (67%) 2.23 0.75 1 (3%) 

Hw  26 12 (43%) 2.62 1.11 14 (50%) 2.46 1.21 2 (7%) Not 
defined Fw  35 18 (51%) 1.49 0.70 15 (43%) 2.22 1.09 2 (6%) 

PH Veins 

Total & Mean 102 42 (41%) 1.84 0.94 55 (54%) 2.29 0.96 5 (5%) 
Hw 85/175 115 54 (47%) 1.28 0.87 60 (52%) 2.06 0.86 1 (1%) Set 1 
Fw 85/191 50 25 (50%) 1.02 0.43 22 (44%) 1.85 0.45 3 (6%) 
Hw 85/282 121 78 (64%) 1.01 0.76 39 (33%) 1.78 0.84 4 (3%) Set 2 
Fw 74/301 58 33 (57%) 1.20 0.59 24 (41%) 1.92 0.69 1 (2%) 
Hw 16/252 117 88 (75%) 1.41 1.02 26 (22%) 3.03 2.35 3 (%) Set 3 
Fw 48/244 61 40 (66%) 1.57 1.73 19 (31%) 2.08 0.90 2 (3%) 
Hw  111 62 (56%) 1.00 0.55 44 (40%) 1.93 1.18 5 (5%) Not 

defined Fw  42 27 (64%) 0.76 0.37 14 (33%) 1.96 0.89 1 (2%) 

LM Veins 

Total & Mean 675 407(60%) 1.19 0.93 248(37%) 2.06 1.17 20 (3%) 
Note; there was not set definition in several cases with either few or scatter data. S.D.; standard deviation. 
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Figure 3.20.- Probability distribution of the observed trace length with both ends exposed. 
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The observed trace length distributions of all sets of LM have similar mean value, 

even between sampling sectors, and similar to the mean of all veins collected. Again, 

although sampling biases has not been corrected, data may suggest that the all LM 

veins have the same discontinuity size properties throughout the mine sector. 

Villaescusa (1991, p.181) has suggested a lognormal distribution for discontinuity 

size for most discontinuity sets at the Reno mine sector (sample line location in 

Figure 2.4), where the most likely mean trace length σD was also estimated. These 

values ranged between 0.10 and 0.36 meters for all discontinuity sets. Vein types 

were not differentiated in Villaescusa’s work, but according to Table 3.1, it is 

believed that most discontinuity collected in that study were LM veins. 

If all discontinuity sets have similar discontinuity size characteristics for an assumed 

circular disc shape (Warburton, 1980), then an average value of their observed trace 

length distribution might be a good representation of the g(l) as presents Figure 3.21. 
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Figure 3.21.- Observed veins discontinuity trace length distribution. 

The data found in the present research may suggest that the discontinuities observed 

within rock masses of primary copper ore at the El Teniente mine have a small true 

mean discontinuity size and/or a very high volumetric joint density. 

3.5 Discontinuity Infill 

The material that separates adjacent rock wall of the discontinuity is called filling 

according to ISRM (Brown 1981, p.6). This material is usually weaker than the 
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parent, adjacent rock. The parallel distance between these adjacent rock walls is 

termed the width of the filled discontinuities. 

At the El Teniente mine, most discontinuities within the primary rock mass are 

healed veins filled with a mineralogical assemblage. Consequently, veins are not path 

ways (impermeable). The faults are also discontinuities filled with a mineralogical 

assemblage, but they are not healed, because their most recent movements occurred 

after and/or simultaneously with the mineralisation process. All faults have 

slickensides and/or gouge, and some major faults have signs of water percolation in 

form of deposition of copper and iron oxides (Figure 1.11). In the current study the 

filling is referred as infill. 

The infill observed in veins was studied by a quantitative estimation of their mineral 

composition. For instance, a vein could be described as containing 25% of quartz, 

50% of chalcopyrite and 25% of anhydrite. This quantitative infill description was 

only undertaken at the small sampling scales, i.e., during line mapping and oriented 

drill core logging. 

3.5.1 Infill of the El Teniente Discontinuities 

The results show that more than 9 mineral species were present as vein infill. Rarely 

was one mineral present in all veins, and rarely did this mineral maintain the same 

proportion of abundance as infill throughout all veins. In fact, some particular 

mineral composition and associated alteration halos have been used to classify vein 

types at the El Teniente ore deposit (Cuadra, 1986). For instance, the occurrence of 

chalcopyrite observed in PH veins from oriented core logging is presented in Figure 

3.22. It is clear that the occurrence of chalcopyrite as infill varies from 0 to 100% in 

HP veins. 

However, four main mineral species were found to be the most common and 

abundant in all veins recognized during this study; chlorite, anhydrite, chalcopyrite 

and quartz (Table 3.7 and Table 3.8). 
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Figure 3.22.- Chalcopyrite as infill distribution within PH veins observed in oriented cores logging 
(Fw sector.) 

Table 3.7. Percentage of mineral species (more abundant ones) observed as infill within all veins, per 
data collection technique and sectors 

Proportion of veins having the mineral specie as infill (%) Sampling 
method Sector  Data 

Molybdenite Chlorite Biotite Anhydrite Chalcopyrite Pyrite Quartz 
Hw 511 6.5 52.8 12.3 71.2 80.2 3.1 91.8 Line 

mapping Fw 296 6.4 58.4 12.8 84.8 94.6 17.9 86.8 
Hw 604 5.6 38.1 22.5 18.7 80.0 2.5 94.9 Drill core 

logging Fw 554 3.1 67.5 25.4 70.6 96.6 31.9 86.3 
 

Table 3.8. Mean of mineral species observed as vein infill per data collection technique and sectors. 

Mean of mineral specie observed as vein infill (%) Sampling 
method Sector  Data 

Chlorite Biotite Anhydrite Chalcopyrite Pyrite Quartz Other 
Hw 511 6.8 1.7 17.4 13.0 0.2 56.5 4.4 Line 

mapping Fw 296 10.0 1.6 21.7 29.7 2.8 31.5 2.7 
Hw 604 5.5 5.0 2.6 13.0 0.3 68.9 4.7 Drill core 

logging Fw 554 13.2 3.7 16.5 26.8 3.9 32.4 3.5 
 

In term of the vein infill (Table 3.8), no substantial differences could be observed 

between veins from the same mapping sector (Hw and Fw) but from different 

mapping scale. These results, as should be expected according to the main alteration 

zones (LH and HP), suggest that the visual estimates of the mineralogical infill have 

been undertaken with enough accuracy to achieve repeatable results. 

In addition, variability of the vein infill between veins sets can be observed from 

Table 3.9 (sets showed in Figure 3.6). In this table, it shows that similar infill 

mineralogy with little variability is observed for all sets, and the individual values are 
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similar to the mean of the sector. However, as should be expected according to the 

main alteration zones (LH and HP), the mineralogical composition was found to have 

some particular differences between andesite sectors (Hw and Fw). 

Table 3.9. Mean of mineral species observed as vein infill per family sets in line mapping. 

Mean of mineral specie observed as veins infill (%) Sector Set Data 
Chlorite Biotite Anhydrite Chalcopyrite Pyrite Quartz Others

Random 30 5.2 2.3 16.7 8.2 0.6 61.5 5.5 
Set 1 173 6.1 1.5 17.0 13.6 0.2 55.8 5.8 
Set 2 142 8.8 2.5 23.9 13.1 0.4 48.3 3.0 
Set 3 166 6.2 1.0 12.4 13.2 0.2 63.3 3.7 

Hw 

Total & mean 511 6.8 1.7 17.4 13.0 0.2 56.5 4.4 
Random 17 15.0 0.6 30.3 18.6 0.6 32.4 2.5 
Set 1 104 7.6 2.1 21.9 31.4 4.2 30.2 2.6 
Set 2 62 14.0 1.3 25.3 25.2 2.0 30.9 1.3 
Set 3 65 9.1 1.3 18.5 33.6 0.2 35.1 2.3 
Set 4 48 9.4 1.7 17.8 30.6 5.3 30.1 5.0 

Fw 

Total & mean 296 10.0 1.6 21.7 29.7 2.8 31.5 2.6 
 

One important fact can be deduced from these tables. Assuming a representative 

sample size, the observed average infill assemblage does not vary significantly 

within the same sector, then it can be said that the average infill assemblage can be 

considered to have an isotropic characteristic within the rock mass. In others words, a 

linear sampling scheme will define the same average infill distributions at any 

discontinuity orientation. Furthermore, the infill features observed for each vein 

types, which are detailed in Appendix III.C confirm that finding. A summary of the 

infill characteristics per vein type are presented in Table 3.10. 

Table 3.10. Mean observed infill mineral assemblage per discontinuity type. 

Observed mineralogical assemblage as infill in discontinuities (%) 
(Range of mean percentage observed from oriented cores logging and scanline mapping) Discontinuity 

type 
Sector 
studied 

Biotite Chlorite Anhydrite Bornite Chalcopyrite Pyrite Quartz Molybdenite 
Hw 2-6 5-7 3-18 2-3 8-9 1< 60-75 1< LM Veins Fw 2-5 13-16 17-24 1< 17-20 1-2 38-40 1< 
Hw - 1 1-7 - 74-75 1-2 17-22 - PH Veins Fw 1< 2-5 14-15 - 57-60 8-9 14-15 1< 

 Gypsum Chlorite Anhydrite Bornite Chalcopyrite Pyrite Quartz Ankerite 
LH Veins All 3-6 6-23 2-18 2-16 10-26 1-30 11-19 7-35 

Faults All 5-11 10-20 12-15 1-4 7-16 1< 5-14 4-21 
   Note; Chlorite includes sericite in faults. 
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Data in Table 3.10 confirms that vein types have a different mineralogical 

assemblage as infill (Cuadra, 1986), which in term of mean values may vary 

substantially between andesite sectors or hydrothermal alteration zones. 

3.6 Aperture 

Aperture is the perpendicular distance between adjacent rock walls of an open 

discontinuity, in which the intervening space is air or water filled (ISRM 1981, p.6). 

The ISRM has distinguished aperture from the term width in the case of filled 

discontinuities (Figure 3.23). At the El Teniente mine the majority of discontinuities 

are filled structures, therefore the term thickness will be used to describe the width of 

these discontinuities hereafter. 

 

Figure 3.23.- Schemes illustrated the suggested definitions of the aperture and the width, after ISRM 
(Brown, 1981) 

The thicknesses of the discontinuities were measured in all measurement techniques, 

and the data analysis is carried out with the mean value of two field observations, the 

maximum and minimum values (see Figure 2.13a). 

3.6.1 Thickness of the El Teniente Discontinuities 

Data analysis of observed thicknesses in faults from interpreted major structure and 

drive mapping considering all mine sectors is presented in Figure 3.24. It seems that 

the El Teniente’s fault thicknesses observed in Figure 3.24 may follow a similar 

trend suggested by the literature, which proposed scaling law properties for fault 

parameters such as length, displacement and thicknesses of the gouge zone (Scholz, 

Closed discontinuity Open discontinuity Filled discontinuity 

Aperture Width 
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2002). It is clear from Figure 3.24 that large faults at the El Teniente mine tend to 

exhibit large thicknesses. 
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Figure 3.24.- Cumulative probability distribution of the observed thickness in major structures 
according to the mapping scale. 

Data analysis of the vein thickness distributions showed that no appreciable 

differences between discontinuity sets in a sector mapped at the same scale. Similarly 

to veins infill, Table 3.11 shows almost the same vein thickness distributions for all 

set and between andesite sectors. The data in Table 3.11 are from scanline mapping 

and set definitions are presented in Figure 3.6. Discontinuity set thickness 

distributions considering each genetic type does not vary significantly within each 

sector, and between Hw and Fw sectors as well (see also Appendix II.D). 

Table 3.11. Vein thickness distribution per family sets observed in scanline mapping. 

Thickness distribution observed (%) Sector Sets Data 
<1mm 1- <2mm 2- <3mm 3- <5mm 5- <10mm ≥ 10mm 

Mean 
(mm) 

Random 30 16.7 56.7 10.0 6.7 3.3 6.7 1.9 
Set 1 172 13.4 40.1 19.8 18.6 7.0 1.2 2.0 
Set 2 139 10.1 61.9 10.1 8.6 5.8 3.6 1.9 
Set 3 165 12.7 45.5 15.2 12.7 6.1 7.9 2.5 

Hw 

Total & mean 506 12.5 48.8 15.0 13.2 6.1 4.3 2.1 
Random 17 23.5 58.8 11.8 0.0 0.0 5.9 1.5 
Set 1 104 14.4 51.9 14.4 13.5 4.8 1.0 1.7 
Set 2 62 19.4 51.6 16.1 11.3 1.6 0.0 1.4 
Set 3 65 4.6 50.8 21.5 15.4 6.2 1.5 2.1 
Set 4 48 20.8 33.3 20.8 18.8 4.2 2.1 1.9 

Fw 

Total & mean 296 14.9 49.0 17.2 13.5 4.1 1.4 1.8 
 

Similarly to discontinuity spacing, data in Table 3.12 suggest that the distribution of 

veins’ thicknesses observed in line sampling was strongly affected by the truncation 
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level applied. Additional (thinner) discontinuities appeared as the truncation length 

value was decreased. In this table, data collected by small diameter un-oriented core 

logging (discussed in detail in Section 3.9.3 and 3.9.4) are included, and confirm this 

finding. These vein characteristics are in agreement with scaling law relationship 

between length and aperture (thickness) observed in vein systems in several different 

geological environments (Vermilye and Scholz, 1995, Johnston and McCaffrey, 

1996). 

Table 3.12. Vein thickness distribution occurrence observed in veins per data collection technique. 

Thickness distribution observed (%) Sampling method Truncation 
bias length Data 

<1mm 1- <2mm 2- <3mm 3- <5mm 5- <10mm ≥ 10mm 
Drive mapping 4m 342 - 5.5 11.7 41.9 25.4 15.5 
Lines mapping 0.3m 802 13.3 48.9 15.8 14.9 4.2 2.9 
Oriented core logging 0.1 m 1126 26.3 44.2 13.6 11.7 2.6 1.6 
Un-oriented core logging 0.03m* Many** 64.0 21.5 7.7 4.3 1.8 0.7 

Note *; Mean obtained from 108 core section samples 6.1 metres long collected from multiple directions (in Section 3.9.3 and 
3.9.4) 

Furthermore, it has been suggested that the relationship between vein thicknesses (T 

or e) and trace length (L) may be represented as; 

T=10-3 - 8*10-3L (Vermilye and Scholz, 1995)   (3.21) 

or as; 

L=102-2*102T0.8 (Johnston and McCaffrey, 1996)    (3.22) 

The veins data observed in scanlines mapping for these two parameters, when both 

discontinuity ends were exposed, are presented in Figure 3.25. In this figure veins 

interpreted as major structures are also included. Although, the data do not fit in to 

the proposed ranges, these suggest a relationship of this kind. 

Two important facts can be deduced from all the data presented on veins thickness 

(Table 3.11 and Table 3.12, Figure 3.25, and data in Appendix II.D). Firstly, 

assuming a representative sample size, the observed vein thickness distributions can 

be considered to have an isotropic characteristic within the rock mass. That is, a 

linear sampling scheme will define the same thickness distributions at any 

discontinuity orientation. Secondly, longer discontinuities recognized at the El 

Teniente mine tend to be statistically thicker than shorter ones. 
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Figure 3.25.- Observed thickness and trace length relationship for veins. (a) range of the scaling law 
relationship suggested by Vermilye and Scholz (1995). (b) range of the fractal relationship proposed 
by Johnston and McCaffrey (1996). 

In addition, the relationship between thicknesses and the mean of the infill in veins 

observed in data collected at the Fw sector is shown in Figure 3.26. It is shown that 

the average vein infill does no appear to vary with vein thickness. This finding 

suggests that sampling bias did no affect the mineralogical infill, and both sampling 

techniques may represent this feature with similar results. 
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Figure 3.26.- Relation between thicknesses and the mean of the mineralogical infill in veins observed 
at the andesite Fw sector. (Oc; oriented core logging, Scl, scanline mapping). 

Furthermore, the thickness profile along single veins normalized with respect to its 

observed trace length is presented in Figure 3.27 (Vermilye and Scholz, 1995). This 

figure shows that for over 70% of observed vein trace length the thickness profile is 

almost the same (assumed here as the “representative thickness value”), and only at 
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the vein tips the thickness abruptly decrease. Assuming this geometry to the El 

Teniente veins, the thickness observed of a single vein that cross a small diameter 

core sample has more likelihood to show this “representative thickness value (0.7)” 

than thickness of the tip (0.3). 

 

Figure 3.27.- Normalized aperture (thickness) distributions along single veins (after Vermilye and 
Scholz, 1995). 

3.7 Roughness 

Roughness is the inherent surfaces roughness and waviness relative to the mean 

plane of a discontinuity, according to the ISRM (Brown 1981, p.5). 

3.7.1 Background 

The discontinuity wall roughness is an important component of its shear strength 

(Figure 3.28), particularly when the discontinuity has not experienced any shear 

displacement or when both sides of the discontinuity are locked tightly together. 

 

Figure 3.28.- Roughness and shear strength. 

Roughness of discontinuity surfaces in cross sections 

Shear strength τ1 > τ 2 Asperities 
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The importance of wall roughness decreases when the aperture, infill, thickness 

increases or when displacement has occurred (Brown, 1981). This is because: 

• With increased aperture, the interlock between walls of discontinuities tends 

to disappear, and the small-scale asperities no longer provide any resistance 

to shear. 

• With increased thickness of fill material, the shear strength then becomes an 

expression of the shear strength of the fill material itself. 

• Previous displacements could have polished or damaged small asperities, and 

then a reduced resistance to shear could have resulted. 

The term roughness of the discontinuity wall can be characterised by waviness or 

large-scale undulation, and by the unevenness or small-scale asperities. While the 

first one generally may affect the initial direction of the shear displacement, the 

unevenness may affect the initial shear strength of the discontinuity. In the last case 

the normal stress applied to the discontinuity orientation (effective normal stress) 

will affect the initial shear strength of the discontinuity by a dilation phenomenon. 

Dilation is a deviation of the horizontal displacement vector from the mean direction 

of the applied force, due to the overriding of surface irregularities (Bandis, 1990). In 

other words, during initial movements, re-accommodating of surfaces asperities 

occurs, which in some case may tighten the discontinuity.  

Orientation and scale effect are important factors to consider with roughness profiles. 

The nature of roughness on the discontinuity surface may be different at different 

orientations. Consequently, it is important to characterise its orientation variations. In 

addition, Barton and Choubey (1977), and Barton et al. (1985) have demonstrated 

that the scale in which the roughness profile is measured is also a relevant factor in 

the discontinuity shear strength (Figure 3.29). 

Different methods are available to measure surface roughness, such as the impression 

method, and the linear profile method, among others (see Brown, 1981). But the 

most common is the use of a simple descriptive method. The ISRM (Brown, 1981) 

has suggested nine descriptive terms to characterise the roughness of the 
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discontinuity surfaces (Figure 3.30), which can be used based on two scales of 

observation: Small scale (several centimetres) and large scale (several metres). 

 

Figure 3.29.- Example of scale effect determining the discontinuity shear strength, after Barton et al. 
(1985). 

The main objective during characterisation of a roughness profile is to facilitate the 

estimation of discontinuity shear strength. For example, Barton and Choubey (1977), 

and Barton et al. (1985) have proposed an empirical relation for the strength of rock 

joints based on roughness of surfaces and strength of the asperities, as follow: 

[ ]rn JCSJRC φσστ += )/(logtan 10  [Pa]    (3.23) 

where τ is the shear stress, σn is the normal stress, JRC is the Barton’s Joint 

Roughness Coefficient, which is a roughness profile that may be considered similar 

to this shown in Figure 3.30. JCS is the joint wall compressive strength, and φr is the 

residual friction angle (in Figure 3.29). 

However, it is important to note that the discontinuity definition by ISRM (Brown, 

1981) imply zero or low tensile strength (i.e., rock joints), which is not applicable to 

the majority discontinuities at the El Teniente mine. Most of them are healed veins 

cemented with strength infill mineral, therefore, the strength of these discontinuities 

would depend more of its infill features rather than to its roughness. 

In the present study the suggested profile by ISRM has been utilised to characterise 

the small scale of roughness (20 centimetres). To characterise the large scale of 
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roughness (up to 4 meters), the five terms proposed by Laubsher (1990, 1993) have 

been used. 

 

Figure 3.30.- Typical roughness profile and suggested nomenclature, after ISRM (Brown, 1981). 

3.7.2 Roughness of El Teniente Discontinuities 

Larger discontinuity surface exposure exists in mine drives compared to drill core, so 

roughness profile are from scanline mapping. The roughness profile was measured 

by visual inspection of the discontinuity surface using Figure 3.30. The results are 

presented in Table 3.13 and in Figure 3.31. 
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Table 3.13. Roughness of discontinuities sets observed in scanlines mapping at the El Teniente mine. 

Small scale of Roughness by ISRM (Brown 1981), percentage of observations (%) Large scale of Roughness (Laubscher 1993, 
p562), % 

Planar Undulating  Stepped Wavy 
Discontinuity 
type 

Set 
number 

Sectors 
Studied 

Dip / 
Dipdir n 

Polished Smooth Rough Polished Smooth Rough Polished Smooth Rough 
Straight Slight 

undulation Curved 
One-dir. All-dir. 

Hw  10 - - 10.0 - - 60.0 20.0 10.0 - - 20.0 70.0 10.0 - 
Random 

Fw  23 - - 13.0 39.1 4.3 34.8 4.3 - 4.3 13.0 39.1 39.1 4.3 4.3 Faults 
Total & Mean 33 - - 12.1 27.3 3.0 42.4 9.1 3.0 3.0 9.1 33.3 48.5 6.1 3.0 

Hw  11 - - 36.4 54.5 0.0 9.1 - - - 36.4 45.5 18.2 - - 
Random 

Fw  15 - 7.1 7.1 42.9 7.1 35.7 - - - 6.7 53.3 40.0 - - LH Veins 
Total & Mean 26 - 4.0 20.0 48.0 4.0 24.0 - - - 19.2 50.0 30.8 - - 

Set 1 Fw 73/198 39 - - 17.9 56.4 5.1 12.8 5.1 - 2.6 17.9 48.7 25.6 7.7 0.0 
Hw  26 - 3.8 15.4 38.5 15.4 19.2 - 3.8 3.8 10.7 46.4 28.6 7.1 7.1 

Random 
Fw  35 - - 17.1 62.9 8.6 11.4 - - - 17.6 50.0 32.4 - - 

PH Veins 

Total & Mean 100 - 1.0 17.0 54.0 9.0 14.0 2.0 1.0 2.0 15.8 48.5 28.7 5.0 2.0 
Hw 85/175 115 0.9 3.4 27.6 35.3 10.3 11.2 10.3 0.9 - 19.5 46.9 15.9 16.8 0.9 

Set 1 
Fw 85/191 49 2.0 - 22.4 42.9 12.2 12.2 6.1 2.0 - 22.9 47.9 20.8 8.3 - 
Hw 85/282 122 1.6 7.4 20.5 21.3 17.2 21.3 9.0 1.6 - 17.2 40.2 29.5 13.1 - 

Set 2 
Fw 74/301 58 - - 18.6 45.8 3.4 16.9 10.2 - 5.1 19.0 43.1 20.7 13.8 3.4 
Hw 16/252 116 0.9 - 15.5 37.9 10.3 19.8 11.2 1.7 2.6 16.2 41.9 27.4 12.8 1.7 

Set 3 
Fw 48/244 61 - 1.6 14.8 45.9 9.8 19.7 6.6 1.6 0.0 20.0 40.0 33.3 6.7 - 
Hw  110 - 4.5 25.5 36.4 7.3 10.0 11.8 1.8 2.7 20.7 46.8 15.3 14.4 2.7 

Random 
Fw  41 - - 19.5 34.1 9.8 22.0 12.2 2.4 - 19.0 28.6 38.1 14.3 - 

LM Veins 

Total & Mean 672 0.7 2.8 21.1 35.8 10.5 16.3 9.9 1.5 1.3 18.8 42.6 23.9 13.1 1.2 
Note: The term polished has been used instead slickenside in the roughness profile, as ISRM (Brown 1981) recommend. The term slickenside have to be used only when evidence of previous shear displacement has been observed.  
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Figure 3.31.- Roughness and Planarity observed in discontinuity types. 

These figures reveal clearly that for all discontinuity type at any sector, the small and 

large scale of roughness profile is practically the same. That is, undulating at small 

scale roughness and slight undulation at large scale roughness as main topologies of 

the discontinuities at the studied mine sectors. 
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3.8 Block Size 

3.8.1 Background 

Block size is one of the most important indicators of rock mass quality because it 

represents the degree of rock mass fracturing. The number of discontinuity sets, their 

spatial orientations, spacing, and persistence will determine the dimensions and 

shape of the rock blocks, which is usually referred as the in situ fragmentation. Block 

size coupled with shear strength characteristics of discontinuities will determine the 

strength of the rock assemble, and its mechanical behaviour during and following 

excavation. Block size may be defined by volume, surface area, or by a 

representative linear dimension. 

Two main methods have been proposed to estimate the in situ block size; these may 

be described as deterministic and probabilistic methods. The first one estimates only 

an average size of rock blocks, and the second ones determine its size distributions. 

The ratio RQD/Jn from the Q-System (Barton et al., 1974) has been used as an early 

approach to determine the block size. RQD is the rock quality designation (Deere, 

1964) and Jn is the joint set number (both parameters are described in detail in 

Chapter 6). 

The ISRM (Brown, 1981) has suggested describing the block size either by means of 

the average of the typical block, referred as Block size index (Ib), or by the total of 

number of discontinuities intersecting a unit volume of rock mass, referred as 

Volumetric joint count (Jv). 

The Block Size Index Ib can be estimated by a simple observation in the field of the 

average dimension of block, or in same cases using the following equation: 

Ib 3
321 SSS ++

=  [m]       (3.24) 

where Si is the ith average modal set spacing (in meters). This equation, however may 

not give a realistic value of Ib when more than three discontinuity sets are present. 
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The Volumetric Joint Count Jv is defined as the sum of the number of joints per 

meter for each joint set present within rock mass. It is measured along the joint set 

perpendicular, and it is estimated as follows: 

Jv n

n

L
n

L
n

L
n

+⋅⋅⋅++=
2

2

1

1
 [Joints/m3]      (3.25) 

where ni is number of joints along the sampling length L for each of n joints sets. 

Finally, Jv is linked to a descriptive term, which give an impression of the 

corresponding block size (Table 3.14). 

Table 3.14. Block size and volumetric joint count, after ISRM (Brown, 1981). 

Description Jv (joints/m3) 
Very large blocks <1.0 
Large blocks 1-3 
Medium-sized blocks 3-10 
Small blocks 10-30 
Very small blocks >30 

    Note; Values of Jv >60 would represent crushed rock. 

Palmstron (1985) has linked the Jv with the RQD by an empirical equation as follow: 

RQD= 115- 3.3 Jv       (3.26) 

From his work, he has developed a chart that quantifies the block size based on Jv for 

different block shapes. The volume of rock blocks is corrected by the angular 

relationship between discontinuity sets, for the general case when three semi-

orthogonal discontinuity sets are present with rock mass. The equation is given by: 

γβα sin
1

sin
1

sin
1 xxxVV o=  [meters3]    (3.27) 

where Vo is the volume of rock when the discontinuity sets are orthogonally oriented, 

and α, β, and γ are the angles between discontinuity sets. 

Assuming that the length of the intact rock between adjacent joints follows a 

logarithmic normal pdf, Sen and Eissa (1991) have demonstrated that RQD is not 

related to Jv linearly, i.e., Palmstron’s equation 3.26 is applicable only for moderate 

values of RQD. Their work proposes determining block size using Jv and the linear 

frequency (λti) for each discontinuity sets, as follow: 
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λλλλλλ   [meters3]   (3.28) 

where Jv has particularly the dimension of m-1. λti with i=1 to 3 represents the joint 

frequency measured in more or less orthogonal directions. 

Equation 3.28 does not depend of the probability density distribution of the intact 

length. The Sen and Eissa’s work also present charts that link the Jv, RQD and block 

volume for three main categories of rock block shapes. 

Although deterministic methods may provide an early approach of the average block 

size, these estimates may be considered no reliable enough because the natural 

characteristics of the rock structure are not being taken into account in these 

calculations. A more accurate approach to assess the in situ fragmentation is to 

simulate the rock structure, which is currently referred as Discrete Fracture Network 

(DFN) modelling method. 

In recent years, several discontinuity models and software packages have been 

developed to predict the size distributions of rock blocks. By simplicity, some 

software packages have been developed assuming infinite discontinuity size, such as 

the software packages Simblock (Maerz and Germain, 1992) and BCF (Esterhuizen, 

1999). Increasing complexity in the simulations has been made by including 

discontinuity size as an impersistent or persistence factor of an imaginary infinite 

joint. The imaginary continuous joint is divided in segment (areas) of joint rock and 

rock bridges by a suggested proportion. Examples using this discontinuity model are 

the IBSD software package (Lu and Lhatam, 1999) and Makeblock software package 

(Wang et al., 2003). More complex and complete DFN modelling, which include 

joint size distribution estimates applying stereological methods (Warburton, 1980), 

are the software packages Joints (Villaescusa, 1991), Stereblock (Hadjigeorgiou et 

al., 1995) and FracMan (Dershowitz et al., 1998) 

In this study, block size distributions of the mine sectors being studied were 

estimated by simulating the rock structure using a software program. This program 

assumes a Fisher distribution for orientation, negative exponential distribution for 

spacing and infinite trace length for discontinuities (Thompson, 2002). This software 

package was the only one available during the development of this study. Due to the 
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lack of discontinuity size limits, simulations may be considered as illustrative results 

only. 

3.8.2 In Situ Block Size Estimations of the El Teniente Rock Structure 

Simulations of the rock structure were based on orientation and spacing data 

gathered from the smaller scale sampling techniques, i.e., line mapping and oriented 

core logging. In situ block distributions considering sampling methods and mine 

sectors are presented in Figure 3.32. 

 

Figure 3.32.- In situ block size distributions from rock structure simulation (Oc; oriented drill core. 
Scl; scaline mapping). 

Similarly to other discontinuity parameters, Figure 3.32 shows that the in situ rock 

block size distributions is also affected by the truncation bias length adopted during 

data collection. Moreover, considering only data collected by oriented core logging, 

the same degree of ‘fracturing’ (by healed veins) is observed between the two 

andesite sectors (Hw and Fw), whereas some differences appear when scanline 

mapping data is taken in to account. 

3.9 Un-Oriented Core Logging Data 

Un-oriented cores logging is one of the geologists' main activities at the mine site, 

with more than 35,000 meters of core logged every year. The main purpose of the 

drill core program is the development and continual improvement of the ore resource 

model, which consists of three-dimensional lithological and sulphide mineralogical 

models, however, few data is used for geotechnical characterisation. 
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Since core logging is essentially a heavily censored one dimensional characterisation 

method, it can be considered less detailed and comprehensive than a scanline placed 

at a mine wall. Core logging has the advantage that it provides data, not only prior to 

excavations, but also can access the rock mass beyond an excavation. Therefore, the 

relationship between both data collection techniques (scanlines and oriented core 

logging) needs to be understood in order to maximise utilisation of the information 

involved in rock mass characterisation and definition of the rock mass structure. This 

has not been included in the current research. However, small diameter core 

(diameter of 48 mm, see Section 2.6.2) data was used in this study as a 

complimentary data in the rock structure characterisation of the primary copper ore 

at the El Teniente mine. 

In addition, the standard core logging practice undertaken at the mine site constrains 

the geotechnical characterisation in one important way. The core samples are not 

oriented6, subsequently discontinuity frequency estimates only represents the 

direction in which the core sample is oriented (Hudson and Priest, 1983). Therefore, 

the data may not be reliable for comparison of discontinuity frequency estimates 

between different core orientations. Even, if the real discontinuity frequency is 

obtained using such small diameter oriented drill cores, the truncation bias length 

corrections are required in order to compare results with other line mapping 

techniques (see Figure 3.12). 

In this section, structural data collected using several un-oriented cores from Reno 

mine sector are presented to complement the rock structure characterisation of the 

primary copper ore. 

3.9.1 Background 

According to Warburton (1981), equation 3.19 says that for a similar orientation the 

observed discontinuity frequency in a sampling line depend on the size 

characteristics and the density of centre point locations. 

In addition, for discontinuity sizes greater than a core diameter contained in a large 

enough volume, the probability to sample an impersistent discontinuity by a drill 

                                                 
6 It is also broken in many small pieces prior the geological logging (see Section 2.6.2) 
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core of radius c and length L, can be estimated as follow (Mauldon and Mauldon, 

1997):  

2

22 cos)(
s

ccLiDXP
π

πδπ ++
=      (3.29) 

where D is the discontinuity diameter, and s is the radius of a coaxial cylinder to the 

drill core that define the large volume. δi is the acute angle between the core 

orientation and the vector normal to the mean discontinuity joint seti. 

Assuming a three-dimensional Poisson process for joint centre location (randomly 

and independently distribute in space) the discontinuity occurrence for a given set, 

Ni, observed in a drill core can be obtained as (Zhang and Einstein, 2000); 

Ni = NT P(Xi)        (3.30) 

where NT is the mean of the stochastic variable within the large volume, and P(Xi) for 

a set i from equation 3.29. Equation 3.29 is similar to equation 3.19. In both 

equations, the observe discontinuity frequency in drill cores essentially depends on 

the discontinuity size and the stochastic parameter. 

For other discontinuity sets, the discontinuity occurrence in drill core can also be 

estimated as above. The total linear frequency observed in a drill core, λt (Priest, 

1993) can be described as; 

∑=
n

i
iTit XPN )(λ         (3.31) 

where n represent the number of sets within the rock mass. If all sets have the same 

size characteristics, Equation 3.31 can be written as; 

∑=
n

i
Tit NXP )(λ         (3.32) 

Based on the assumption that the discontinuity occurrence within a rock mass 

follows a stochastic process, the total discontinuity frequency (λt) observed in a core 

sample will then depend essentially on the discontinuity size characteristics of sets 

and their stochastic parameters. 
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Accordingly, the nature of vein occurrence within rock masses of the primary copper 

at the El Teniente mine was examined by the analysing several un-oriented core 

sections located throughout Reno mine sector. 

3.9.2 Location and Orientation of Core Sections Studied 

Analyses of the data observed in drill core sections were divided in two main groups. 

Firstly, data analysis was carried out for estimates along the same drill core (adjacent 

samples). This was undertaken only on a few drill cores. Secondly, data analysis was 

undertaken for isolated core sections from multiple orientations and locations. The 

location of all 6.1m long core samples used in the analysis are shown in Figure 3.33. 

These samples were also grouped by orientation as shown Figure 3.34. 

 

Figure 3.33.- Plan view and section of Reno mine sector showing location of standard 6.1m long un-
oriented drill core sections (grouped by similar orientation accord to Figure 3.34). 
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Fault occurrences in all drill core sections represent less than 0.1 percent of all 

discontinuities sampled. Fault spacing observed in drill core oriented north-south, 

which trends approximately normal to the fault system in this mine sector, ranged 

between 5 to 10 meters irrespective of location and lithology. These values are 

similar to what was observed at mine drive mapping (Table 3.4) and also in previous 

measurements (Brzovic, 2001). 

 

Figure 3.34.- Orientation (trend/plunge) of standard 6.1m long un-oriented drill core sections 
including rock type. Cores sections are grouped by similar orientation. 

3.9.3 Estimates along the Same Core 

Only a few cores included continuous measurements along their core axis, i.e., 

multiple adjacent or alternating core sections. Data analysis for several drill cores 

containing adjacent and alternating core sections are presented in Figure 3.35 and 

Table 3.15. The locations of these cores are shown in Figure 3.33. 

Discontinuity frequencies observed along the same core in andesite rock type, which 

were measured for adjacent and alternating core sections, seem to exhibit some form 

of “rock structure homogeneity” as shown in both Figure 3.35 and Table 3.15. This 

is because, apart from core ddh1889 which is located near to the edge of the ore 

body, the discontinuity frequency is over 40 m-1 in all core sections from andesite 

rock type, with less than 15% of coefficient of variation. In addition, the 

discontinuity frequency observed in both ddh1911 and ddh1915 is practically the 

same, even when the holes are 400 meters apart each other. These results are 
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independent of type of alteration and core orientation. In dacite and diorite rock 

types, lower discontinuity frequency is observed compared to andesite. However, this 

result is not conclusive since orientation bias may have influenced these estimates. 
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Figure 3.35.- Discontinuity frequency along the drill cores. All data from andesite except magenta 
filled symbols (diorite). 

Table 3.15. Mean discontinuity frequency along the drill cores. 

Observed discontinuity frequency (m-1) Rock Type Id Drill 
core 

Plunge / 
Bearing 

Sample 
number Mean Maximum Minimum Coeff. Variation 

ddh 1910* 00/089 13 53.6 65.9 39.9 14% Andesite Hw ddh 1911 22/270 14 58.0 76.4 47.9 13% 
ddh 1915* 08/092 11 55.5 64.1 46.1 10% Andesite Fw ddh 1889 06/085 5 34.5 40.0 26.7 15% 
ddh 1894 45/270 4 32.4 37.1 29.2 12% Diorite ddh 1900 15/277 4 38.5 40.1 37.2 4% 
ddh 1910* 00/089 3 23.4 28.1 20.5 18% Dacite ddh 1732* 04/096 3 54.1 63.3 45.1 17% 

Note *; these drill cores have approximately the same orientation, and are around 300-400 meters from each other (see Figure 
3.33). 

The thickness distributions observed along the drill cores (only for andesite rock 

type) are examined in Table 3.16 and Figure 3.36. 

Table 3.16. Variation of mean thicknesses distribution along drill cores. 

Mean of the observed discontinuity frequency (%) Rock Type Id Drill 
core 

Sample 
number 1mm< C.V. 1-2mm C.V. >2mm C.V. 

ddh 1910* 13 76.0 3% 12.9 12% 11.1 22% Andesite Hw ddh 1911 14 67.9 7% 16.7 24% 15.4 21% 
Andesite Fw ddh 1915* 11 69.7 6% 15.7 29% 14.6 18% 

Note *; Both drill cores have approximately the same orientation, and are around 400 meters from each other. C.V.; Coefficient 
of variation. 
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The thickness distributions presented in Figure 3.36 show similar values along the 

drill cores, with a very high percentage of thin discontinuities (<1mm). These data 

may be another indication of some king of “rock structure homogeneity” at the El 

Teniente stockwork. 
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Figure 3.36.- Thickness distributions along drill cores for andesite rock type. 

Although a truncation bias length threshold was not set during data collection on un-

oriented drill cores, the practical truncation length threshold is estimated at around 2-

3 centimetres. This is based on the ability to visually identify discontinuities during 

core logging. Therefore, data plotted in all these Figure 3.36 and Figure 3.37, Table 

3.15 and Table 3.16, not only confirms the strong influence of truncation bias length 

in the spacing results, but also confirms that shorter discontinuities tend to be 

statistically thin. This last conclusion can be seen from a comparison between Figure 

3.36 and Figure 5.5 (in Section 5.6.) 

3.9.4 Estimates from Multiple Core Orientations 

Similar data analyses were carried out based on multiple core sections with different 

orientations. In this case, the analysed samples were grouped by similar orientation 

according to Figure 3.34. The results for different orientations and rock types are 

presented in Figure 3.37 and Figure 3.38 for discontinuity frequency, and in Figure 

3.39 for thickness distributions. 

In this case, the core sections studied for andesite rock type were divided by the 

alteration zones rather than by sector Hw or Fw. For most core sections, the selection 

by alteration zone also coincides with the one made by sectors Hw and Fw. 
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According to Figure 3.37, in more than 85% of core samples (92 samples) from 

andesite rock type the observed discontinuity frequency is over 40m-1, irrespective of 

the core orientation. The mean value for andesite rock type is 54.9m-1. Most core 

sections having discontinuity frequencies less than 40m-1 are located in the principal 

hydrothermal zone within the andesite. 

 

Figure 3.37.- Mean values of discontinuity frequency observed in multiple core samples grouped by 
orientation. 

The observed variability in discontinuity frequency (Figure 3.37) may be expected 

due to the natural anisotropic characteristics of the rock structure. The natural 

anisotropic characteristics of the rock structure can be evaluated by simulating a 

three-dimensional loci of the discontinuity frequency diagram (Hudson and Priest, 

1983) as shown Figure 3.38. In this figure three sets have been reproduced. The 

normal mean set spacing values used were; S1 of 0017m., S2 of 0.038m and S3 of 

0.044m., which were obtained from data analysis of a detailed structural log of three 

orthogonal small diameter oriented cores7 (Harrison, 2009). These obtained spacing 

values are in agreement to the trend found in Figure 3.12 (Section 3.3.4). Although 

the discontinuity size is assumed infinite in this discontinuity frequency diagram, this 

illustrates that despite the apparent variability of the discontinuity frequency 

observed in data from un-oriented core sections (Figure 3.37), the rock mass may be 

considered to have some kind of “structural homogeneity” (at least through the 

andesite rock type). In other words, despite of the orientations bias, apparently the 

discontinuity frequency in core section from andesite look all similar having high 

veins frequency. 
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The thickness distributions observed in core samples from andesite rock type (Figure 

3.39), are practically the same for each of the core directions shown in Figure 3.34. 

The data shows that, independently of the core orientations, for over 93% of the core 

samples thin discontinuities represent over 50% of the data. The mean percentage 

value of thin discontinuities for andesite rock type is 64%. It is clear that additional 

thin discontinuities appear when the truncation length threshold values used in line 

mapping is decreased (see Table 3.12). Both these analyses suggest that shorter 

discontinuities tend to be statistically thin. 

 

Figure 3.38.- 3D loci diagram of simulated discontinuity frequency in the lower hemispheric 
projection. 

 

Figure 3.39.- Mean values thickness distribution observed in multiple core samples grouped by 
orientation. 

                                                                                                                                          
7 See also Appendix II.A for core location and orientation. 
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The data shown in Figure 3.39 indicates that the discontinuity thickness distribution, 

observed in 6.1 m long core samples, is essentially isotropic within the stockwork at 

the El Teniente mine. 

3.10 Conclusions 

The result of rock structure characterization indicated that mainly faults and veins are 

present within the rock mass under consideration. Sub-vertical faults were defined as 

widely spaced, while veins were present in high frequencies in at least three semi-

orthogonal set orientations. Almost no joints were found within the rock mass. 

Moreover, negligible differences were observed in terms rock mass ‘fracturing’ (vein 

frequency) and in term of in situ rock block distributions between the two studied 

sectors, particularly using data from oriented core logging. 

Truncation biases applied during data collection strongly affected the discontinuity 

set parameters such as spacing and distribution of thicknesses, and the in situ block 

size distributions. These characteristics indicate scaling law properties for 

discontinuity parameters, which are in agreement with observed characteristics in 

other geological environments. However, for practical purposes in rock mass 

characterisation at the mine site, it is important to recognise that truncation bias 

length adopted during data collection play a relevant role in the results obtained. 

Some discontinuity parameters such as roughness, thicknesses and maybe 

discontinuity size have been found to have an isotropic characteristic within the rock 

mass. The infill features have also been found to have an isotropic characteristic, but 

at their own location, because the mineralogical infill in veins changes between 

locations and/or between hydrothermal alteration zones. 

It has also been found that longer discontinuities are statistically thicker that shorter 

ones, which is in agreement with observed discontinuity features in other geological 

environments. Furthermore, the mean infill compositions in veins do not change with 

their thicknesses. 

Although sampling biases have affected data collection, there is a good observed 

correlation between sampling techniques at different mapping scales. 
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A summary of the relationship between sampling techniques, sets and structural 

domains is presented in Table 3.15. The main difference observed between sectors is 

given by the infill features in veins. 

Table 3.17. Summarised parameter features within rock mass. 

Comparison between Discontinuity 
Parameter Mapping Scales Sets 

(Same sector) Structural Domain 

Orientation Observed similarities for 
discontinuity types - Only LM veins seem to vary between sectors. For 

all discontinuities slight differences seem to appear 

Spacing  fractal relationship with 
truncation bias Anisotropy Practically the same 

Persistence  n/o May be isotropic May be Isotropic (?) 
Filling Similar Isotropy Anisotropy 
Roughness  n/o Isotropic Isotropic 

Thickness Scaling law relationship 
with truncation bias Isotropic Isotropic 

Block Size Affected by truncation 
bias - The same in data from oriented core logging, but 

slight differences in scanline mapping  
Note: n/o not observed. 

Rock masses of primary copper ore at the El Teniente mine can be thought as an 

assemblage of thousands of small blocks, which are cemented each other by the 

mineralogical vein infill. This rock mass feature is in agreement with both its strong 

competence and massive aspect, and with its high grade ore resources. This is also in 

concordance with a suggested true mean discontinuity size very small (<1m) and/or a 

very high volumetric joint density. 

The data analyses presented so far included all discontinuities recognized within the 

rock mass. However, it is not expected that veins having intermediate or high tensile 

strength (for example, veins having abundant quartz as infill) would be dominant 

during rock mass disassembly by caving. Consequently, it is required to find a 

criterion to assess the relevance of hard and weak discontinuities within the raw data, 

which is discussed in next Chapter 4. 
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CHAPTER 4 CHARACTERISATION OF CAVED ROCK BLOCKS  

4.1 Introduction 

In block caving mining methods, the size distribution of rock blocks found in 

production level draw points is called fragmentation, which is the result of rock mass 

disassembly during caving and comminution process. It is expected that these caved 

block forming discontinuity faces will be mostly defined by the geological 

discontinuities found within the rock mass. It is also expected that either existing 

geological discontinuities will propagate or new intact rock fractures will be created 

during this process. In fact, the predictions of potential fragmentation size are based 

on stochastic simulations of the rock structure that is based on structural data 

collected using mainly line mapping techniques undertaken in mine drives (see 

Villaescusa 1991, among others). 

Previous chapters have shown that few joints have been found within the primary 

copper ore. Instead, there is a high frequency network of small scale veins coupled 

with widely spaced faults. There features agree with the description of a competent 

and massive rock mass. Accordingly, it expected that either faults or veins, or even 

new intact rock fractures appear in faces of caved rock block in production level 

draw points. These geological features would be the weaker path where the 

competent and massive rock mass of primary copper ore fail during caving. 

4.1.1 Goal 

The main objective of this chapter is to assess the caved rock block forming 

discontinuities as being either intact rock fractures or existing geological 

discontinuities. In order to achieve this goal, several caved rock blocks were 

characterised at the production level caving draw points of Reno mine sector. 

4.1.2 Assumptions 

It is assumed that the discontinuity characteristic found using small scale sampling 

(line mapping and oriented drill core) can be considered representative of the sectors 

where rock blocks were extracted. This is a reasonable assumption considering the 

nature of the discontinuity characteristics described in Chapter 3. In this regards, 
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only the vein infill varies throughout the rock masses, and that feature agree with 

geological definition of the hydrothermal alteration zones. In this chapter, the studied 

caved rock block was carried out accordingly to this definition, which also coincides 

with the division of Hw and Fw sectors. 

4.2 Features of Caved Rock Block Forming Faces 

4.2.1 Discontinuity Occurrence 

Most faces from the 87 caved rock blocks studied here were characterized based on 

the discontinuity definition provided in Section 2.2 (data base detail in Appendix 

I.F). The general results with respect to the types of discontinuities and the mine 

method being used are presented in Table 4.1. 

Table 4.1. Occurrence of the El Teniente discontinuities as rock block forming faces per rock type 
and mining methods. 

Discontinuity Occurrences (%) Mining Method Lithology/Sectors Data number 
New Fractures* Faults Veins 

Pre-Undercut Andesite Hw 242 6.2 3.7 90.1 
Andesite Fw 257 8.6 5.8 85.6 

Panel Caving Diorite 225 6.2 4.4 89.4 
Total & Mean 724 7.0 4.7 88.3 
Note *; new (fresh) intact rock fracture. 

The data in Table 4.1 show that irrespective of the caving method and rock type, over 

91% of the caved rock block faces are discontinuities observed within the primary 

ore; such as stockwork veins and faults (Figure 4.1). Significant differences in the 

undercut procedure and geometries are being used at the Reno mine sector. 

Conventional panel caving uses 13 metres high rings with subsequent block caving 

extraction. In contrast, pre-undercut uses 4 metres high horizontal slices followed by 

a delayed block caving extraction (see Section 1.6.1 and Figure 1.15). 

Table 4.1 also shows that few caved rock block faces were formed by new intact 

rock fractures, which, when identified, usually had very rough and fresh surfaces. In 

addition, few faults were present as caved rock block faces; this was expected given 

their observed wide spacing and low occurrence within the rock mass. The spacing 

between faults is large compared to a typical rock block scale (mainly up to 2 metres 

long). In contrast, veins were fully forming the faces of the rock blocks. Again this in 
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agreement with their high frequency of occurrence observed within the rock masses 

of primary copper ore. 

 

Figure 4.1.- Veins as faces of polyhedral caved rock blocks in draw points showing mineralogical 
infill such as chalcopyrite (yellow) and quartz (white). 

The data in Table 4.1 suggests that during the entire rock mass caving process, it is 

easier to open or break through weakly healed discontinuities (veins) than breaking 

through the intact rock to create new joints or fractures. 

Veins recognized as forming faces in caved rock blocks were fully characterized 

following the suggested method by the ISRM (Brown, 1981). The relevant 

characteristics of the collected information are detailed in the following sections. 

4.2.2 Veins Infills 

The infill observed in veins that formed caved rock block faces were studied in a 

method similar to the line mapping techniques. The results showed similar 

characteristics to the veins observed in mine drives; several infill mineral species 

were identified in the veins delineating caved rock block faces. The same major 

mineral species observed in veins the within rock mass were found to be the most 

abundant in the veins forming caved rock block faces (Table 4.2). 

Although the four major minerals listed in Table 4.2 (namely; chlorite, anhydrite, 

chalcopyrite and quartz) are the same major mineral species recognized in veins 

within the primary copper ore, the proportion in which these mineral species were 

present within the rock mass (in-situ) was different compared with the results from 

Reference scale; 0.1m long 
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caved rock block faces (comparing the andesite rock type from Hw and Fw sectors in 

Table 3.8 or 3.9 with Table 4.2). For example, the most relevant difference was the 

proportion of quartz within the active, block forming veins. The proportion of quartz 

diminished significant within veins found as rock block forming faces compared with 

veins found in-situ within the rock masses. 

Table 4.2. Mean of mineral species observed as infill in veins forming caved rock block faces. 

Mean of main infill (%) Lithology/ 
sectors Molybdenite Chlorite* Biotite Anhydrite Chalcopyrite Quartz Others 

Andesite Hw 1.7 15.9 2.8 27.9 30.3 16.9 4.7 
Andesite Fw 0.7 19.7 2.4 25.5 36.6 11.7 3.4 

Diorite 1.0 19.3 0.9 25.0 33.0 18.4 2.4 
Note *; include sericite 

A general comparison of data collected from line mapping at both sectors (Table 3.8) 

and the caved rock block faces (Table 4.2) suggests that the mean quartz content in 

vein infill dropped from 56.5% to 16.9% it the Hw sector and from 31.5% to 11.7% 

at the Fw sector. This comparison suggests that the veins that opened up during the 

fragmentation process were those that had less quartz and/or more weak minerals as 

infill. It means that the rock mass disassembled preferentially along pre-existing 

veins which were mainly filled with weak mineral species as indicated by a lower 

quartz content. 

4.2.3 Failure mode 

Observed failure modes in veins forming rock block faces are presented in Table 4.3. 

Four main types of rock mass failure were defined based on the observations made in 

mine drives (Brzovic, 2001). The modes of failure are defined in Figure 2.13 

(Section 2.5.2). Failure mode type H was considered different to failure mode type 

IR, because it occurred through the alteration halo associated with some veins. 

Table 4.3. Modes of failure observed in veins forming caved rock block faces. 

Mode of failure observed (%) Lithology/Sectors 
Mode VI Mode C Mode H 

Andesite Hw 69.5 24.0 6.5 
Andesite Fw 58.3 38.7 2.9 
Diorite 56.6 39.7 3.7 
Mean 61.6 34.1 4.4 
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Table 4.3 shows that during caving, and the subsequent fragmentation process, the 

rock mass fails mainly through the vein infill, irrespective of the rock type. The data 

also show that failure occurs at the vein-rock contacts. This failure (mode type C) 

may be interpreted as an extensional failure mode with little shearing, because the 

small asperities created through fracturing up have not suffered appreciable damage 

(see the highlighted ellipse in Figure 2.12). In contrast, the failure mode type VI 

occurs mainly by shearing, as fewer asperities were observed. If this interpretation is 

correct, then shearing is the most common failure mode observed during caving and 

the subsequent fragmentation process. 

4.2.4 Vein thickness 

The thickness of veins forming caved rock block faces were observed as either an 

apparent or real thickness (Figure 2.13). In most cases, the apparent thickness was 

observed as the rock blocks separated from the rock mass through the veins. Hence, 

two adjacent rock blocks have one portion of the same vein, and the observations 

were only made for one of these rock blocks. However, in some cases, the rock block 

faces provided enough information to calculate the real vein thickness. This occurred 

when rock from both adjacent rock blocks remained attached to the observed vein 

(Figure 2.13d). 

The failure mode type C was additionally classified by considering two limiting 

cases (Figueroa, 2003). Firstly, when one rock block showed almost all the vein infill 

(C2 in Figure 2.13c), the apparent thickness could be almost considered the real 

thickness; Secondly, when one rock block showed only a small part of a vein infill 

(C1 in Figure 2.13c), the apparent thickness was very thin (see also Figure 2.12). 

The data analyses for the apparent thicknesses observed in veins forming caved rock 

block faces are summarized in Table 4.4. 

Table 4.4. Apparent thickness (ae) observed in veins forming caved rock block faces. 

Apparent thickness observed (%) Lithology/Sectors 
ae <1mm 1mm ≤  ae < 2mm ae ≥ 2mm 

Andesite Hw 20.2 26.4 53.4 
Andesite Fw 24.2 29.5 46.3 
Diorite 41.8 31.5 26.6 
Mean 28.8 29.2 42.0 
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Table 4.4 shows that on average that at least 70% of veins forming caved rock block 

faces have thicknesses greater than or equal to 1 mm. In addition, a total of 67 cases 

of real thickness were observed in veins forming rock block faces. The data are 

presented in Table 4.5. This table also includes the distribution of thicknesses 

observed in veins when the failure mode was type C2. 

Table 4.5. Thicknesses observed in veins forming caved rock block faces. 

Thicknesses observed (%) Type Data 
e<1mm 1 ≤  e < 2mm e ≥ 2mm 

Mode C2 74 6.8 28.4 64.8 
Real thickness 67 4.5 25.4 70.1 
 

Table 4.5 shows that the observed vein thicknesses associated with failure mode C2 

were very similar to the observed real thicknesses. Hence, for practical purposes, it 

can be assumed that the data from this failure mode group approaches the real 

thicknesses of veins forming rock block faces. 

The data from Table 4.5 also suggest that a low percentage of the veins activated 

during caving have real thicknesses of less than 1mm. Hence, veins having less than 

1 mm thickness may be less relevant to the rock mass disassembly and fragmentation 

process. Most of the failure appears to occur in rock block faces having vein 

thicknesses in excess of 2mm. This is an important finding considering that such 

features (veins having thicknesses ≥ 2mm) represent less than 40% of the total 

number of veins mapped using line mapping techniques (Table 3.12). 

This finding is in agreement with the experimental behaviour exhibited by filled rock 

joints loaded in shear, that is, it is in accordance for the interpretation of failure mode 

type VI. Joints filled with crushed mica (Goodman, 1970), kaolin (Papaliangas et al., 

1990), cohesive soil (Pereira, 1990), and dry bentonite (Phien-wej et al., 1990) 

showed a reduction of shear strength when the thickness was almost twice the 

asperity amplitude regardless of the joint roughness. This behaviour occurs because 

at such a thickness, there is no interference between joint asperities. The strength of 

the discontinuity is equal to the strength of the infill (which can be weaker than the 

host rock). 
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For the failure mode type C, the data analyses are not conclusive with regard to 

explaining thicker veins defining caved rock block faces. This is also considering 

that the vein infill does not change with the thickness as Figure 3.27 suggests. Mine 

experience indicates that failure mode type C occurs predominantly when the vein 

infill is mainly chalcopyrite (Figure 2.12). The data show that when chalcopyrite 

exceeds 70%, the failure mode type C represented over 60% of the observed failure 

modes. 

Therefore, the data from caved rock block faces at the El Teniente mine suggest that 

thick veins control the rock mass disassembly or failure. This is consistent with the 

assumption that shearing is the principal failure mechanism. Thick discontinuities are 

weaker, as the influence of the host rock asperities is minimized due to the nature of 

the wide infill. 

4.3 Empirical Definition of Weak Veins 

Experimental determination of stockwork vein strength has not been previously 

reported in the literature. Some experiments showed that is a complex problem and 

difficult to perform using standard approaches (Willoner 2000, p.47-48). The lack of 

laboratory test data is because, such discontinuities have been considered less 

relevant from the rock mechanics point of view. The discontinuity definitions 

provided by ISRM (Brown, 1981) excluded vein types, such as those present within 

the El Teniente primary copper ore, which have intermediate to high tensile strength. 

In contrast, experimental and theoretical strength determinations for rock joints are 

abundant in the literature (see Barton and Stephansson, 1990), as those features are 

considered the key to inferring the quality of a rock mass. 

However, Laubscher and Jakubec (2001) have incorporated the effect of healed veins 

in their proposed methodology to estimate the quality of a jointed rock mass. They 

described veins as cemented filled joints. However, because of the lack of data 

regarding the mechanical properties of veins, they proposed the use of the Mohs 

scale of hardness (Hurlbut, 1941) to define their frictional properties. Thus, veins 

filled with chalcopyrite would be harder than veins filled with chlorite or 

molybdenite. The frequency of veins within a rock mass is used to adjust the rock 
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mass strength in order to estimate the Modified Rock Mass Rating (Laubscher and 

Jakubec, 2001). 

That work does not specify which value should be used when a vein is filled with 

more than one mineral having different hardnesses, as is the case for most 

discontinuities recognized in the current research. An example of this would be a 

case when quartz, chalcopyrite, anhydrite and chlorite exist in equal proportions 

within a vein. Furthermore, the presence of quartz on veins has been ignored by 

Laubscher and Jakubec (2001), as they argued that it can be reasonably assumed that 

its hardness is not likely to be a significant weakness within a rock mass. The present 

study has shown that quartz is still an important component within veins defining 

caved rock block faces at the mine site (Table 4.2). 

Following the discussion in Section 4.2.2, veins having chalcopyrite, anhydrite and 

some amount of quartz as infill can be considered weak discontinuities, as they 

opened during the fragmentation process. In addition, determining the critical 

amount (%) of quartz, or any other hard mineral within these veins, is a relevant 

issue in order to establish if such veins would still be considered weak 

discontinuities. Furthermore, determining what proportion should exist between at 

least two minerals having different infill hardness on a single vein, to change its 

strength from hard to weak or vice versa, is also a relevant research issue. 

In order to define the relative strength of veins, the present study proposes to use the 

Mohs scale of hardness (Hurlbut, 1941) in combination with the abundance of infill 

material. The objective is to empirically define a weak discontinuity within the 

primary copper ore based on the amount of hard infill observed in rock faces of the 

rock block sampled. 

4.3.1 Relative vein infill strength 

The main minerals recognized as vein infill within the El Teniente primary ore are 

presented in Table 4.6. In this table the Mohs scale of hardness, H (Hurlbut, 1941) is 

used to classify the relative strength of these minerals. 
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Table 4.6. Relative strength of the minerals at the El Teniente mine. 

Relative strength 
and its criterion Mineral Symbol H 

Molybdenite Mo 1-1
2
1  

Gypsum Gyp 21/2 
Chlorite Chl 2-2

2
1  

Biotite Bt 2
2
1 -3* 

Soft 
H<3 

Calcite Ca 3* 

Bornite Bo 3 
Anhydrite Anh 3-3

2
1  

Ankerite Ank 3
2
1  

Intermediate 
3≤ H≤ 4 

Chalcopyrite Cpy 3
2
1 -4 

Pyrite Py 6-6
2
1  

Quartz Qtz 7 Hard 
H>4 

Tourmaline Tu 7-7
2
1  

Note *; Biotite and Calcite are microcrystalline minerals formed by alteration 
process, then, their H is less than when they have been crystallised.  

The percentage of the minerals present as infill in veins forming caved rock block 

faces according to their strength properties can be assessed using Table 4.6. For 

instance, the example of a vein containing quartz, chalcopyrite, anhydrite and 

chlorite in equal proportions would be described as being filled with 25% of soft, 

50% of intermediate and 25% of hard minerals. 

Therefore, the hard infill distribution observed in veins forming caved rock block 

faces was examined using the proposed relative strength classification for those 

minerals. 

4.3.2 Data Analysis using relative vein infill strength 

The distributions of hard infill observed in veins forming caved rock block faces are 

shown in Figure 4.2. The data are presented by considering the two rock types, as no 

differences between the andesite sectors could be established. 

The data show that the proportion of hard infill recognized in veins forming rock 

block faces drastically reduced when the proportion exceeded around 1/3 of the total 

infill. I.e., Veins having 1/3 or more of hard mineral as infill were not important to 

the caving disassembly and the subsequent fragmentation process. These veins can 

be considered as being hard for this particular caving process at the El Teniente. 
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Figure 4.2.- Distribution of hard infill observed within rock block forming veins from andesite and 
diorite rock types. 

The same data were re-analyzed, to take into consideration the failure mode, the rock 

block volume and the percentage of extraction within the caving draw points. The 

percentage of extraction represents the percentage of designed column height that has 

been extract through production level draw points, for instance, 60 meters of column 

height extracted over a 240 meters column height planed represent a percentage of 

extraction of a 25%. The results of the analyses are shown in Figure 4.3, Figure 4.4, 

and Figure 4.5. 

Similarly to the results shown before, the hard infill within veins forming rock block 

faces dropped drastically when the proportion contained exceeded around 1/3 of the 

total infill, irrespective of the mode of failure, the volume of rock block, or the 

percentage of extraction. 
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Failure Mode
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Figure 4.3.- Distribution of hard infill observed in veins considering failure mode. 
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Figure 4.4.- Distribution of hard infill observed in veins considering rock block volume. 
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Figure 4.5.- Distribution of hard infill observed in veins considering percentage of block caved 
column extraction. 

Additionally, Figure 4.3 shows that failure mode type C is observed in the majority 

of veins forming caved rock block faces without any hard mineral as infill, which 
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could be consistent with the fact that failure mode type C in the major failure mode 

observed for veins filled with high percentage of chalcopyrite. Figure 4.5 also shows 

that most of the veins that formed caved rock block faces without any hard minerals 

as infill, was observed for draw points when the extraction rate exceeded 35%. 

4.3.3 Interpretation 

Rock masses of primary copper ore are disassembled following caving initiation, 

propagation and subsequent comminution. Loading imposed by stress redistribution 

from the cave propagation opens up healed veins to form rock blocks. Subsequently, 

the loading imposed by the weight of the dissembled rock blocks is likely to split 

other rock blocks through healed veins to create new ones (comminution process). 

In both cases, failure may not necessarily occur through a weak discontinuity. Rock 

mass failure may occur through a hard discontinuity if the shear stresses acting on 

the discontinuity surface exceed that the shear strength. Nevertheless, if weak 

discontinuities have the same orientation as hard discontinuities, and if they are 

present having high frequency within the rock mass (as is the case presented here in 

the next section), the possibility of failure through a hard discontinuity would be 

minimized, as in the example given in Figure 4.6. 

 

Figure 4.6.- Plane of weakness theory applied to a rock mass having three discontinuity sets (Mohr-
Coulomb parameters as reference). 

Legend 
Discontinuity infill       c          φ         σ3  
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Figure 4.6 shows the relationship between the deviatory stress (and/or ‘rock mass 

strength characteristic’) and the angle β, between σ1 and the normal to the 

weaknesses plane (Jeager, 1960). It is assumed that three discontinuity sets are 

present and have the same azimuth but differing 30° in dip from each other (almost 

similar to a north south direction in Figure 3.6 from Hw sector), and that each 

discontinuity set has two discontinuity types in term of strengths. Now, at the El 

Teniente mine the major principal stress, σ1, may increase from 47 to 90MPa (Rojas 

et al., 2000b), due to the effect of increasing the abutment stress by the caving 

propagation (Figure 1.14). Therefore in a hypothetical case represented by Figure 

4.6, having σ1= 50MPa, the rock mass would always fail through a pre-existing weak 

discontinuity rather than through a hard one. 

4.4 Conclusions 

In this chapter, a rock structure characterisation of caved rock block faces has been 

undertaken at the production level caving draw points. The result show that during 

caving and the subsequent fragmentation process, rock masses of primary copper ore 

fail mainly through pre-existing discontinuities. These discontinuities are mainly 

filled veins having the following particular features: 

• Less than 1/3 of hard minerals as infill. 

• Thicknesses greater than or equal to 2 mm. 

This phenomenon occurred irrespective of the mining method, lithology, and 

percentage of extraction within production level caving draw points. 

Hard minerals are defined using a particular categorization of the Mohs scale of 

hardness. This approach was used since no experimental data was available on the 

strength properties of the vein infill minerals. According to this categorization most 

vein infill observed within the rock mass are intermediate and hard. These 

characteristics can be used as a criterion to define weak veins from the raw data. 

Therefore, weak discontinuities within rock masses of primary copper ore during 

caving are both faults and weak veins. Weak veins are defined as these veins filled 

with less than 1/3 of hard minerals as infill. 
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CHAPTER 5 ANALYSIS OF WEAK DISCONTINUITY DATA 

5.1 Introduction 

Research from previous chapters has shown that almost no open joints were found 

within rock masses of the El Teniente primary copper ore. However a high frequency 

network of small scale veins couple with widely spaced faults were present. In 

addition, during caving and the subsequent fragmentation process, these rock masses 

fail mainly through pre-existing discontinuities such as faults and thicker, healed 

veins filled with less than 1/3 of hard minerals1 as infill (weak veins). Both 

discontinuity types are the weaker path within primary copper ore where the 

competent and massive rock mass fail during caving. 

In order to investigate if the application of the new established empirical definition of 

weak discontinuities has any control on rock mass response to mining, a re-analysis 

of the rock structure data is presented in this chapter 

5.1.1 Goal 

The main objective of this chapter is presents a re-analysis of data presented in 

Chapter 3, but incorporating the new-established empirical definition of weak 

discontinuities to investigate if it has any impact on rock mass characterization of the 

primary copper ore at the El Teniente mine. 

A second objective carried out through this data analysis is to compare two structural 

domains (Hw and Fw sectors), which have historically behaved differently in terms 

of mining performance. 

5.2 Weak Discontinuity Occurrence 

Veins mapped during scanline mapping and oriented core logging were analyzed in 

terms of their hard infill occurrence (Figure 5.1). This figure, which present the data 

in term of the cumulative occurrence of hard mineral within veins as infill, shows 

that appreciable differences between andesite sectors (Hw and Fw) appear when the 

definition of weak discontinuities is adopted (veins filled up to 1/3 of hard infill). The 
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data shows that up to 16.3% and 49.9% of veins mapped in cores and Scanlines are 

weak veins in the Hw and Fw sectors respectively. The differences still appear 

between andesite sectors if other threshold values of hard infill would be adopted as 

also suggests that figure. 

 

Figure 5.1.- Cumulative frequency of veins collected in small scale sampling in term of the 
proportion of hard infill within veins. Oc; oriented core logging, Scl; scanline mapping. 

In addition, Figure 5.1 shows a very good correlation between data collected by 

sampling lines from Fw sector, and an acceptable correlation for data collected from 

Hw sector when the hard infill is less that 50%. Two main reasons that may be 

invoked to explain the differences observed in data from Hw sector when high 

proportion of hard infill in veins is observed. The first reason may be due to that 

veins filled with hard infill could be not collected during scanline sampling, i.e., 

these could be obscured by the effect of the covering exposure bias and/or these 

could have been ignored. The second reason may be due to that oriented core 

samples from Hw sector were not set up exactly in the same place as scanlines 

sampling (see their location in Figure 2.4), then, data in this Figure 5.1 may be 

suggesting some variations of the same sector. 

In addition the good correlation observed between data from Fw sector may suggest 

that there was a good repeatability of the infill observation during data collection. 

                                                                                                                                          
1 Hard minerals defined as having Mohs’ hardness number grater than or equal to 4.  
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5.2.1 Discontinuity type 

The occurrence of weak discontinuities observed at the small sampling scales was 

analyzed for each discontinuity set (defined in Section 3.2.5). Data analysis is 

presented in Table 5.1, which include details of discontinuity type and occurrences. 

Table 5.1. Weak discontinuity occurrence for discontinuity sets observed in small scale sampling. 

Individual set occurrences and 
percentage of weak discontinuities per discontinuity type Data Number 

Faults LH Veins HP Veins LM Veins 
Sector 
Studied 

Mapping 
Scale 

Set 
Number 

n Weak* 
(%) % % Weak* 

(%) % Weak* 
(%) % Weak* 

(%) 
Random 30 13% - - - - - 100 13% 

1 178 30% 2.8 5.1 89% 5.6 90% 86.5 21% 
2 145 32% 2.1 1.4 100% 3.4 100% 93.1 27% 
3 168 20% 1.2 2.4 100% 7.7 100% 88.7 10% 

Scanline 
Mapping 

Total 521 27% 1.9 2.9 93% 5.4 96% 89.8 19% 
Random 57 19%  3.5 50% 7.0 100% 89.5 12% 

1 208 27% 0.5 11 74% 11.1 74% 77.4 13% 
2 110 10% 0.9 1.8 50% 3.6 75% 93.6 6% 
3 81 7% - - - 6.2 80% 93.8 3% 
4 150 10% - 1.3 50% 4.0 33% 94.7 8% 

Hw 

Oriented 
Core 

Logging 

Total 606 16% 0.3 4.8 69% 6.9 71% 88.0 9% 
Random 19 47% 10.5 - - 10.5 100% 78.9 40% 

1 119 58% 12.6 5.9 45% 31.9 66% 49.6 42% 
2 63 51% 1.6 1.6 100% 7.9 80% 88.9 46% 
3 67 60% 3.0 1.5 100% 22.4 93% 73.1 47% 
4 51 51% 5.9 3.9 100% 27.5 64% 62.7 38% 

Scanline 
Mapping 

Total 319 55% 7.2 3.4 64% 23.2 73% 66.1 44% 
Random 69 42% 1.4 1.4 100% 21.7 93% 75.4 25% 

1 204 48% 2.5 3.9 75% 25.5 71% 68.1 36% 
2 221 51% 0.9 2.7 83% 23.1 84% 73.3 39% 
3 71 55% 4.2 5.6 100% 25.4 67% 64.8 43% 

Fw 

Oriented 
Core 

Logging 
Total 565 49% 1.9 3.4 84% 24.1 78% 70.6 37% 

Note *; proportion of weak discontinuities from all discontinuities. 

Some conclusions can be drawn from data in Table 5.1: 

1. Similar to the conclusion from previous section, there is a clear difference 

between studied sectors (Hw and Fw). This difference may be due the infill 

characteristics of LM veins, which change considerably between these mine 

sectors. 

2. The majority of the PH and LH veins can be considered as being weak veins. 

A high proportion of LM veins can be considered as being hard veins, 

particularly at the Hw sector. 

3. Considering the data from the column ‘Data Number’ for each mapping 

scale, it can be seen that the occurrence of weak discontinuities for each set 
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veries little. It is practically the same to each other, being also the same to 

the mean of the sector. This is in agreement with the mineralogical infill as 

being an isotropic feature within each sector (also discussed in Section 

3.5.1). 

4. Considering the data from the columns ‘Weak (%)’ for each veins type and 

for each own mapping scale, it can also be seen that the occurrence of weak 

discontinuities varies little between sets of the same sector or between 

mapping scales. This observation is also in agreement with the average 

mineralogical infill measured in a representative sample line as being an 

isotropic feature within each sector. 

5.3 Spacing 

Since weak discontinuities are a sub-group of all discontinuities, the mean normal 

weak discontinuity set spacing was estimated using the same set definition accepted 

for all discontinuity. I.e., set definitions for weak discontinuities were defined using 

the same set definition shown in Figure 3.6 and in Figure 3.7. 

Because the infill characteristics of veins were only determined quantitatively in a 

small scale sampling (scanline and oriented core logging), for practical purposes 

here, it was assumed that HP and LH veins observed in drive mapping are all weak 

discontinuities. It was also assumed that LM veins observed in drive mapping are all 

hard discontinuities. These seem a reasonable assumptions considering the data 

showed in previous section (Table 5.1) couple with data of the discontinuity 

occurrence at large scale sampling (in Table 3.1). 

Data analysis of normal set spacing for data collected in drive mapping, which 

follows the procedure discussed in Chapter 3 is presented in Table 5.2. 

Table 5.2 shows that the mean normal discontinuity set spacing for weak 

discontinuities having observed trace length over 4.0m range from 3.4m to 15.4m. 

These data are consistent with observed spacing in other mine sectors as is discussed 

in Section 7.2.1 (data from Esmeralda mine sector in Table 7.1 under the same 

assumptions). 
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Table 5.2. Mean normal set spacing for data collected by drive mapping. 

Arithmetic 
Negative 

Exponential 
Distribution 

Sectors 
Studied 

Set 
number 

Dip / 
Dipdir 

Discont. 
Type Poles 

Mean (m) S.D. (m) 

n Max-Min 
(m) 

Mean (m) 
All 112 4.3 3.7 103 19.3-0.2 4.53 Set 1 74/182 Weak 89 4.8 4.3 80 22.8-0.3 5.04 
All 22 10.0 7.5 16 27.7-0.6 - Set 2 77/318 Weak 18 12.1 8.8 12 27.7-0.6 - 
All 37 4.5 4.9 28 18.8-0.2 3.63 Set 3 24/228 Weak 14 9.5 10.0 8 28.6-1.1 - 
All 33 12.9 11.7 24 32.7-0.7 12.26 

Hw 

Set 4 65/359 Weak 24 15.4 10.7 16 32.1-1.0 16.67 
All 117 3.2 2.7 107 11.5-0.1 3.4 Set 1 74/194 

Weak 112 3.4 2.8 102 11.5-0.1 3.6 
All 39 4.9 4.2 32 15.2-0.4 5.0 Set 2 85/125 Weak 37 5.3 4.1 30 15.2-0.4 5.6 
All 13 5.1 2.7 6 7.8-0.6 - Set 3 41/065 Weak 13 5.1 2.7 6 7.8-0.6 - 
All 22 10.9 11.9 15 32.1-0.5 7.2 

Fw 

Set 4 75/022 
Weak 22 10.9 11.9 15 32.1-0.5 7.2 

Notes: S.D.; standard deviation. 

Data analysis of normal set spacing for data collected in small scale sampling is 

presented in Table 5.3. 

Table 5.3. Mean normal set spacing for weak discontinuities observed in small scale sampling. 

Arithmetic 
Negative 

Exponential 
Distribution Sectors 

Studied 
Mapping 

scale Sets Poles 
Mean 
(m) 

S.D. 
(m) 

Poles 
used 

Max-Min 
(m) 

Poles 
vertic.
lines * 

Mean (m) 

Set 1 54 1.254 1.545 47 7.059-0.048 - 1.040 
Set 2 47 0.880 1.115 43 6.127-0.031 - 0.795 Scanline 

Mapping 
Set 3 34 1.401 1.152 19 1.890-0.007 6 0.241 
Set 1 56 0.224 0.244 53 1.046-0.004 - 0.204 
Set 2 11 0.751 0.839 8 2.537-0.026 - - 
Set 3 6 2.454 0.784 4 3.682-2.004 - - 

Hw  
Oriented 

Core 
Logging 

Set 4 15 0.599 0.602 12 1.750-0.005 - - 
Set 1 69 0.592 0.686 57 3.740-0.018 3 0.522 
Set 2 32 0.696 0.668 26 2.593-0.021 1 0.665 
Set 3 40 0.549 0.504 28 2.184-0.029 20 0.542 

Scanline 
Mapping 

Set 4 26 0.555 0.559 17 1.694 -0.029 - - 
Set 1 98 0.119 0.127 92 0.722-0.007 - 0.115 
Set 2 113 0.126 0.142 102 0.807-0.008 - 0.116 

Fw 
Oriented 

Core 
Logging Set 3 39 0.239 0.418 35 2.040-0.008 - 0.135 

Notes *; poles used from vertical lines. S.D.; standard deviation.  

Table 5.3 reveals that less spacing data is observed in these sampling techniques. If 

the Sen and Kazi’s rule to obtain normal set spacing with enough accuracy (Sen and 

Kazi, 1984) is followed (line sampling short than 20 times then mean spacing in 

section 3.3.3), some estimates from Hw sector and vertical sets may be considered as 

not having enough accuracy. 
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In addition, using the proposed discontinuity frequency diagram (in section 3.3.4), 

the three-dimensional loci (Hudson and Priest, 1983), the global maxima and minima 

and their orientations for discontinuity frequencies were estimated for both sectors 

(Table 5.4). This table also includes the mean discontinuity frequency as the average 

values obtained from more than 8000 equidistant directions. This mean value would 

represent the discontinuity frequency normalized with respect to the orientation at 

this location. The true three-dimensional loci diagram using data collected in 

scanline mapping from Fw sector is presented in Figure 5.2. 

Table 5.4. Extreme values of discontinuity frequency and their orientations of weak discontinuities. 

Andesite Hw Andesite Fw Sampling 
method Global type Discontinuity frequency 

(m-1) Trend/Plunge Discontinuity frequency 
(m-1) Trend/Plunge 

Maxima 3.29 066/47 4.88 062/36 
Minima 0.80 197/07 1.41 257/68 
Mean 2.44  3.24  Line mapping 

Coef. of variation 23%  24%  
Maxima 5.62 027/06 15.40 340/00 
Minima 1.04 280/05 2.88 225/65 
Mean 3.46  9.11  

Oriented Core 
logging 

Coef. of variation 35%  31%  
 

 

Figure 5.2.- 3D loci of discontinuity frequency diagram for weak discontinuities (scanline Fw sector). 

No appreciable difference in structural anisotropy can be determined when only 

weak discontinuities are considered (Table 5.4 and Figure 5.2) compared to when all 
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vein infill within the rock mass. Secondly, the different thickness distributions 

observed at both mapping scales do not affect the vein infill characteristics, as was 

also suggested Figure 3.26. But what is most relevant from Table 5.4, is that at any 

mapping scale the andesite rock type from the Fw sector has a larger frequency of 

weak discontinuities. According to data from oriented core logging, the normalised 

frequency of weak discontinuities within the Fw sector is nearly three times that of 

the Hw sector. 

These results are in agreement with the appreciable differences of ground behaviour 

observed within these two typical andesite sectors (see also Figure 1.18 and Figure 

1.19 discussed in Section 1.6.3 and 1.6.4 respectively). Therefore, the empirical 

definition of weak discontinuities is a good indicator to represent real, appreciable 

differences of rock mass response to mining activities, particularly in term of 

fragmentation at Reno mine sector. 

5.4 Persistence 

The observed trace length distribution and the observed arithmetic mean for each set 

of weak discontinuities are presented in Table 5.5. In this table, the individual data 

set distributions are similar to each other, and similar to the mean of the sector. The 

average observed trace length of weak discontinuities are similar between andesite 

sectors, and similar to when all discontinuities are considered (Figure 5.3). 

Assuming that all discontinuities are flat circular disc of negligible thickness, parallel 

to each other with centre locations randomly and independently distributed in the 

space (Warburton, 1980), the data seem to exhibit an isotropic size distribution for 

weak and all discontinuities (see also what is discussed in Section 3.4.2). 

5.5 Roughness 

Following the procedure described in Section 3.5 (Chapter 3), the roughness of weak 

discontinuity sets was characterised, with the results presented in Table 5.6 and in 

Figure 5.4. 
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Data from Table 5.6 confirms that weak discontinuities are a subgroup of all 

discontinuities, i.e., the same roughness characteristics for all discontinuities 

observed at any roughness scale are observed in weak discontinuities. 

5.6 Thickness 

The distribution of thicknesses of weak discontinuities was estimated for each set, for 

all sectors, and all mapping scales. The results are presented in Table 5.7. This table 

shows that at each mapping scale, only slight differences in thickness distribution can 

be observed between sets and between sectors as well. 

The thickness distributions for weak discontinuities are practically the same to when 

all discontinuities are considered (comparing Table 3.11 and Table 3.12). 

As was discussed in section 3.6.1, important differences in thickness distribution are 

observed when comparisons are made between different mapping scales. These 

comparisons confirm the influence of truncation bias on the abundance of thin 

discontinuities either for weak or for all discontinuities, as can be seen in Figure 5.5. 

In this Figure 5.5, the mean thickness of each weak discontinuity set at any mapping 

scale is plotted against to the truncation bias length used during data collection. The 

main tendency can be described as fractal relationship between these parameters. 

In summary, the data show that similar to trace length and roughness, the thickness 

distributions observed within weak discontinuities do not change at any orientation 

regardless of the truncation bias. Therefore, assuming a representative sample size 

the thickness distributions can be considered a statistically isotropic feature within 

the rock mass, i.e., a linear sampling will collect the same thickness distribution at 

any orientation. 
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Table 5.5. Observed trace length of weak discontinuity at the El Teniente mine. 

Observed trace length of weak discontinuities 
Size distribution (%) Arithmetic mean  Sectors 

Studied 
Set 

number 
Dip / 

Dipdir 
Number 
of data 

0.5m< 1.0m 1.5m 2.0m 2.5m 3.0m 3.5m 4.0m >4.5m Mean (m) S.D. (m) 
Set 1 86/182 52 3.8 23.1 15.4 11.5 21.2 3.8 7.7 5.8 3.8 1.91 1.48 
Set 2 83/282 44 4.5 15.9 29.5 18.2 11.4 6.8 2.3 2.3 0.0 1.86 1.90 
Set 3 24/193 34 5.9 8.8 14.7 17.6 11.8 2.9 8.8 11.8 0.0 2.71 2.04 Hw 

Total & Mean 134 4.5 17.2 20.1 15.7 15.7 4.5 6.0 6.0 1.5 2.07 1.79 
Set 1 83/192 67 1.5 14.9 10.4 23.9 16.4 7.5 11.9 7.5 3.0 2.12 1.40 
Set 2 68/251 32 3.1 25.0 25.0 28.1 6.3 3.1 6.3 - 3.1 1.49 0.80 
Set 3 25/212 40 - 35.0 10.0 15.0 15.0 7.5 10.0 5.0 - 1.74 1.05 
Set 4 74/301 26 7.7 23.1 19.2 3.8 30.8 3.8 3.8 3.8 - 1.85 1.78 

Fw 

Total & Mean 175 2.9 23.4 13.7 19.4 15.4 6.3 9.7 5.1 1.7 1.86 1.30 
  Note: Scanlines use a cut-off by 0.3 meters long 

 

Figure 5.3.- Observed trace length in scanlines mapping, mean distribution for all sets. 
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Table 5.6. Roughness of weak discontinuity sets observed in scanlines mapping. 

Small Scale Roughness by ISRM (Brown, 1981), in term of percentage of observations Large Scale Roughness (Laubscher 1993), % 
Planar Undulating  Stepped Wavy Sectors 

Studied 
Set 

number 
Dip / 

Dipdir 
Number 
of data 

Polished Smooth Rough Polished Smooth Rough Polishe
d Smooth Rough 

Planar Slight 
undulation Curved 

One-dir. All-dir. 

Set 1 86/182 52 0.0 1.9 17.3 38.5 13.5 23.1 1.9 1.9 1.9 13.0 48.1 27.8 9.3 1.9 
Set 2 83/282 44 4.5 11.4 13.6 13.6 18.2 25.0 11.4 2.3 0.0 8.7 37.0 41.3 10.9 2.2 
Set 3 12/251 32 0.0 3.1 12.5 25.0 15.6 28.1 6.3 6.3 3.1 6.1 39.4 39.4 9.1 6.1 

Hw 

Total & Mean 132 1.5 5.3 14.4 25.8 15.9 25.8 6.1 3.8 1.5 9.5 41.6 35.8 10.2 2.9 
Set 1 83/192 67 1.5 - 19.4 38.8 11.9 17.9 7.5 - 3.0 19.1 38.2 32.4 8.8 1.5 
Set 2 68/251 32 - - 18.8 40.6 6.3 12.5 12.5 - 9.4 19.4 29.0 25.8 19.4 6.5 
Set 3 25/212 40 - - 15.0 37.5 5.0 27.5 12.5 2.5 - 17.5 40.0 30.0 12.5  
Set 4 74/301 26 - - 3.8 76.9 7.7 11.5 - - - 4.2 41.7 54.2   

Fw 

Total & Mean 175 0.6 - 14.9 45.1 8.6 19.4 8.0 0.6 2.9 15.6 38.7 34.1 9.8 1.7 
Note: The term polished has been used instead slickenside in the roughness profile, as ISRM (Brown 1981) recommend. The term slickenside have to be used only when evidence of previous shear 
displacement has been observed. 

 

Figure 5.4.- Mean distributions of roughness profiles observed in weak discontinuities collected by scanline mapping. 
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Table 5.7. Thickness of weak discontinuity sets. 

Observed Thickness (%) Sectors 
Studied 

Mapping 
Scale Set number Dip / 

Dipdir 
Number 
of data 

<1mm 1mm 2mm 3mm 4mm 5mm 6mm 7mm 8mm 9mm ≥ 10mm 

Mean 
(mm) 

S.D. 
(mm) 

Set 1 74/182 89 - 4.5 13.5 18.0 13.5 15.7 3.4 4.5 3.4 - 23.6 6.1 4.8 
Set 2 77/318 18 - 11.1 11.1 5.6 5.6 33.3 - 5.6 5.6 - 22.2 6.0 4.2 
Set 3 24/228 14 - 7.1 21.4 21.4 21.4 7.1 - 7.1 - - 14.3 4.3 2.8 
Set 4 65/359 24  12.5 12.5 16.7 8.3 16.7 - - 12.5 - 20.8 7.5 8.3 

Drive 
Mapping 

Total & Mean 167 - 7.8 14.4 18.6 11.4 16.2 1.8 3.6 5.4 - 21.0 6.0 5.3 
Set 1 86/182 53 13.2 35.8 24.5 11.3 1.9 5.7 1.9 0.0 1.9 - 3.8 3.2 5.3 
Set 2 83/282 46 4.3 65.2 17.4 8.7 - - - - - - 4.3 2.4 3.5 
Set 3 12/251 20 - 30.0 30.0 15.0 10.0 5.0 - 5.0 - - 5.0 3.9 5.2 

Scanline 
Mapping 

Total & Mean 136 9.6 46.3 22.1 10.3 2.9 2.9 0.7 0.7 0.7 - 3.7 2.8 4.4 
Set 1 81/359 56 41.1 41.1 5.4 5.4 - 3.6 1.8 - - - 1.8 1.5 1.9 
Set 2 89/270 11 36.4 45.5 9.1 - 9.1 - - - - - - 1.4 1.0 
Set 3 55/180 6 16.7 66.7 - 16.7 - - - - - - - 1.6 1.0 
Set 4 52/260 14 14.3 28.6 21.4 14.3 - 7.1 - - - - 14.3 3.9 5.1 

Hw 

Oriented 
Drill  
Core 

Logging 
Total & Mean 98 32.7 38.8 10.2 9.2 1.0 3.1 2.0 - - - 3.1 1.9 2.6 

Set 1 72/194 112 - 6.3 11.6 21.4 9.8 16.1 6.3 2.7 7.1 0.9 17.9 6.0 4.8 
Set 2 85/125 37 - 15.4 38.5 23.1 7.7 7.7 - - - - 7.7 14.6 24.0 
Set 3 41/065 13 - 13.6 18.2 13.6 9.1 27.3 4.5 - 4.5 - 9.1 3.1 2.4 
Set 4 75/022 22 - 2.7 8.1 16.2 16.2 13.5 2.7 5.4 5.4 - 29.7 4.2 2.6 

Drive 
Mapping 

Total & Mean 197 - 6.6 14.2 20.8 10.7 15.7 4.6 2.5 5.6 0.5 18.8 7.1 12.3 
Set 1 83/192 68 13.2 51.5 14.7 8.8 4.4 2.9 - 1.5 1.5 - 1.5 2.1 1.8 
Set 2 68/251 32 18.8 50.0 15.6 12.5 3.1 - - - - - - 1.6 1.0 
Set 3 25/212 40 2.5 65.0 20.0 5.0 2.5 2.5 - - - 2.5 - 1.9 1.5 
Set 4 74/301 26 19.2 30.8 19.2 19.2 7.7 - - - - - 3.8 3.1 5.6 

Scanline 
Mapping 

Total & Mean 176 12.5 51.7 17.0 9.7 4.0 1.7 - 0.6 0.6 0.6 1.7 2.1 2.8 
Set 1 68/192 91 28.6 35.2 15.4 5.5 2.2 4.4 3.3 1.1 1.1 0.0 3.3 2.3 2.9 
Set 2 80/293 112 15.2 58.0 12.5 6.3 1.8 3.6 0.9 0.0 0.0 0.0 1.8 1.8 1.9 
Set 3 66/005 37 29.7 54.1 10.8 5.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.3 0.7 

Fw 

Oriented 
Drill  
Core 

Logging Total & Mean 269 22.0 49.6 13.4 6.0 1.9 3.0 1.5 0.4 0.4 - 1.9 1.8 2.1 
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Figure 5.5.- Relationship between average thickness of discontinuity sets and truncation bias. 

5.7 Block Size 

Data of weak discontinuities set were used to stochastically simulate the rock 

structure and to determine in situ block size distributions as in section 3.8.2. The 

results for data collected in small scale sampling are presented in Figure 5.6. 
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Figure 5.6.- Simulations of the mean unfractured distance for weak discontinuities. Scl; scanline 
mapping, Oc; oriented core logging, w; weak discontinuities. 
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rock mass quality index currently used at the mine site, where the andesite rock type 

is considered as having practically the same rating mine wide (see Table 1.2). 

It is important to notice that the simulation assumed infinite trace length, which may 

be sub estimating block size definition where grater spacing is observed. This is the 

case observed at Hw sector, therefore andesite from this mine sector may have even 

coarser in situ block size distribution. These calculations did not include the vein 

thicknesses neither, which have been found as relevant factor during rock mass 

disassembly, i.e, these simulation should include only weak veins having thickness ≥ 

2mm. But additional problem with data collection would be encountered, which are 

discussed in the following section. 

5.7.1 Block Size Distribution for Fragmentation 

Data analyses of discontinuity spacing based on the thickness characteristics of veins 

are presented in Figure 5.7. In this figure the normal set spacing was estimated for all 

veins having thickness greater than or equal to x = 0, 1, 2, 3 mm. This procedure was 

repeated considering the case for weak veins only. Results from discontinuity set 1 

(S1) identified in sampling data from the Fw sector are illustrated in this figure. 

Additional data set are presented in Figure 5.8. 

0.01

0.1

1

10

0 1 2 3

Thickness ≥ x (mm)

N
or

m
al

 s
et

 s
pa

ci
ng

 (m
)

S1 Scl Fw w

S1 Scl Fw all

S1 Oc Fw w

S1 Oc Fw all

 

Figure 5.7.- Discontinuity spacing and thickness of discontinuities. Scl; scanline mapping, Oc; 
oriented core logging, w; weak discontinuities, all; all discontinuities. 

Figure 5.7 and Figure 5.8 show that normal set spacing increase as the thickness 

threshold values increase. The observed spacing follows a clear trend, which is 

slightly different for vein thickness ≥ 3mm in Figure 5.7. However, normal set 
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spacing estimates for veins having thickness ≥ 3mm may be inaccurate (Priest, 

1993), because the sample length is not long enough to collect all possible spacing 

values as suggested Sen and Kazi (1984)2. Data in this figure is also in agreement 

with the fact that discontinuity thickness correlated to the discontinuity size as shown 

Figure 3.25. It is expected that longer discontinuities are widely spaced and vice 

versa (scaling law property) for these parameters. 
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Figure 5.8.- Additional data points of the relationship between discontinuity spacing and thickness of 
discontinuities. Scl; scanline mapping, Oc; oriented core logging, w; weak discontinuities. 

For practical purposes in rock mass characterization at the mine site, it is important 

to recognize that increasing the vein thickness as threshold value during data 

collection will require longer sampling lengths, which may constrain discontinuity 

surveys. 

Another practical approach to obtain spacing values, for only veins having thickness 

greater than certain values from a limited sampling length, is by using the spacing 

ratio between weak and all veins of the same set. This ration is called here as the 

‘incremental spacing’ ΔSn,i. The incremental spacing is the ratio between weak and 

all discontinuities for each thickness threshold values, which can be estimated as 

follows: 

                                                 
2 The values in Figure 5.7 are in logarithmic scale. In addition, poles used in spacing calculations decreased significantly by 
increasing thickness threshold, for example for S1 Oc Fw all; it was 146; 92; 42, 19. For S1 Oc Fw w; it was 89; 58; 25; 12. 
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where Sni all represent the normal set spacing of set i when all veins are included, Sni 

weak represent the normal set spacing of set i when only weak veins are included. 

The spacing ratio between weak and all discontinuities for the data presented in 

Figure 5.7 is investigated by applying equation 5.1, but only until the vein thickness 

threshold value of 2mm. The results from data analysis are shown in Figure 5.9. 
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Figure 5.9.- Normalised increment of the discontinuity spacing and thickness of discontinuities. Scl; 
scanline mapping, Oc; oriented core logging. 

Figure 5.9 shows that the incremental spacing decreases linearly with respect to the 

vein thickness threshold value. This figure also shows a good correlation between 

sampling techniques. The same data analysis undertaken for different sets, for 

example S2 and S3, found similar correlations. 

Therefore, when only limited data is available, the normal set discontinuity spacing 

can be determined using the ‘incremental spacing approach’. I.e, given ΔSn,i for i=0 

(from Table 3.4 and Table 5.3), Sni+1 weak can be determined assuming a similar 

tendency observed in Figure 5.9. 

This procedure was used to obtain normal set spacing of thick weak veins for some 

data sets, particularly from Hw sector. Then, the rock structure was stochastically 

simulated again. In these new simulations, only weak veins having thickness ≥ 2mm 

collected from oriented core logging were used, and the results are presented in 
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Figure 5.10. In order to assess the impact of incorporating these criteria on the total 

raw data, original simulations from Figure 3.32 are also included in this figure. As a 

comparison, this figure also includes the observed sizes of the caved rock block 

samples studied at the production level draw points (Chapter 4). 
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Figure 5.10.- Rock structure simulations for data collected in oriented core logging, considering all 
discontinuities and only weak ones having thickness ≥ 2mm. 

Data in Figure 5.10 still show that andesite Fw is more ‘fractured’ (by thicker weak 

veins) than the andesite Hw. This figure also shows that the simulated sizes of rock 

block are in accordance with the observed rock block size in production level caving 

draw points. Therefore, despite of the assumption involved in these calculations, the 

result are more in agreement with what has been observed at the mine site. 

5.7.2 Fragmentation Model 

Figure 5.10 reveals an important concept of the primary copper ore fragmentation at 

the El Teniente mine. This concept is outlined in Figure 5.11, and differs from the 

traditional view (Hudson and Harrison, 1997, p.241). The in situ block size 

distribution defined by considering only weak discontinuities represents the 

‘potential fragmentation’ of the rock mass. These discontinuities need to be broken 

(mobilised, opened) to define either a removable rock block face or a removable rock 

block. In other words, the rock block assembly that comprise the rock mass is 

cemented, consequently the in situ rock block distribution is that one that the loading 

condition imposed by cave propagation can create. However, it is not expected that 

every single weak discontinuity will be opened during the caving process. The 
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cavability and the fragmentation of primary copper ore will depend, as suggested by 

Duplancic (2002), on the geological structures, the rock mass strength and the in situ 

field stresses. 

 

Figure 5.11.- Conceptual framework of the fragmentation in the primary copper ore at the El Teniente 
mine. 

The duration of the loading conditions imposed by stress redistribution from the cave 

propagation or the intensity of the seismogenic zone (Duplancic, 2002), will likely 

determine the degree of the in situ rock mass disassembly. This phenomenon is 

referred as in situ ‘primary fragmentation’ in Figure 5.11. The ‘secondary 

fragmentation’ will then result from the comminution process (Laubscher, 2001) or 

excavation process (Hudson and Harrison, 1997) that occurs during flow at the caved 

zone. 

Therefore, in order to predict the in situ primary fragmentation (called as is situ 

fragmentation by Laubscher 2001, among others) of the primary copper ore at the El 

Teniente mine or perhaps, in another rock mass of primary ore with stockwork veins, 

it is required to characterize the three-dimensional nature of the rock structure as well 

as to quantify the in situ disassembly of the rock mass at the seismogenic and the 

loosening zones (Duplancic, 2002). 

The expected rock mass fragmentation at any draw point, ƒ(x), is given by: 

);;()( commsituins WWDxf ⋅=       (5.2) 
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where ƒ(x), is a function of; Ds, the in situ rock block distribution (the potential 

fragmentation), Win situ, the rock damage reached at the seismogenic zone, and Wcomm, 

the comminution process3. 

5.8 Conclusions 

Similar to previous chapter, the geometrical and strength characteristics of 

discontinuities were analysed considering only for weak discontinuities, data analysis 

indicates the following: 

It has been found that weak discontinuities have the same average characteristic as 

all mapped discontinuities combined. For example, the observed trace length, 

discontinuity roughness and thickness present almost the same mean values and 

distribution shapes for both the weak as well as the whole discontinuity population. 

The occurrence of weak discontinuities varies throughout the rock masses. It was 

found more abundance of weak discontinuities and finer in situ rock block 

distribution at the andesite Fw sector compared to the andesite Hw sector. This also 

correlates with the geological division of hydrothermal alteration zones, where the 

PH hydrothermal alteration zone presents more abundance of weak veins. This rock 

structure characteristics agree with fragmentation performance during caving 

(Villegas, 2006, Rojas, 2006). 

The new-established empirical definition of weak discontinuities proves to be a good 

criterion to be used to discriminate rock mass quality between the two studied areas 

of Reno mine sector. 

Taking into account these rock structure characteristics a fragmentation model of 

primary copper ore is formulated through this chapter. This model differ from the 

traditional model (Hudson and Harrison, 1997) only because the rock block 

ensemble that comprise the rock mass are cemented. Then in strict sense, there is not 

an in situ rock block distribution defined by joints. The in situ rock block distribution 

or in situ fragmentation occurs after the loading conditions have been imposed by 

cave propagation. 

                                                 
3 In this concept, natural features of the rock mass flow such as fine migration it is also included. 
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CHAPTER 6 ROCK MASS CLASSIFICATION SYSTEMS 

6.1 Introduction 

Rock mass classification (RMC) systems have been developed and used since the 

1950’s as design tools in civil and mining projects. Initially developed for 

tunnelling reinforcement (Terzaghi, 1946), these have been extended to multiple 

civil engineering applications (Barton et al., 1974, Hoek et al., 1995, Laubscher, 

1993). One of the main purposes of these RMC schemes is to determine rock mass 

quality and to predict their rock mass behaviour under particular excavation 

conditions. These RMC systems are used at the world wide mining industry, being 

part of every mining project. 

The RMC schemes are based on the parameterization of the geological features of a 

rock mass. These systems simplify the rock mass into two main components; the 

properties of the intact rock material and the geological discontinuities. Numerical 

values are assigned to the intact rock properties and to the discontinuity parameters 

that most likely influence the rock mass behaviour into one overall rating of a rock 

mass. Some schemes have included the stress condition surrounding excavation in 

this assessment. The overall rating of the rock mass is correlated with observed 

experiences to provide estimates of the strength and deformation properties of the 

rock mass, as well as support requirements and cavability. As more case histories 

became available over the years most RMC systems were modified or updated to 

account for different behaviours. 

6.1.1 Goal 

The main objective of this chapter is to describe the application of the current rock 

mass classification systems to rock masses of primary copper ore. In order to achieve 

this objective, a literature review for main RMC systems used by the mine industry 

was undertaken. Using the rock structure data obtained through previous Chapters 3 

and 5, these current RMC schemes were utilized to evaluate the rock mass quality 

within the two sectors of Reno mine (Hw and Fw). The applicability of RMC 

systems was tested using the definition of weak discontinuities. 



Chapter VI  Rock Mass Classification Systems 

 155

6.2 Rock Quality Designation, RQD 

The rock quality designation (RQD) is a quantitative index of rock quality developed 

for drill cores (Deere, 1964). For a 50mm core, it is defined as the percentage of 

core-recovery that incorporates pieces of core longer than 100 millimeters. In other 

words, it is the percentage of intact rock length or un-fractured distance a long the 

core axis longer than 100 millimeters. 

For RQD determination, the ISRM has suggested a core size of at least NX diameter 

(54.7 millimeters) drilled with double tube core barrels (Brown, 1981). Deere (1968) 

has proposed a relationship between the RQD index and the rock mass quality for 

engineering purposes (in Figure 6.1). In this figure the procedure to measure the 

RQD index is explained in a detailed example. 

 

Figure 6.1.- Procedure for measurement and calculation of RQD (Deere, 1968). 

Hence, RQD is an indirect measurement of rock mass fracturing. Some researches 

have established a relationship between RQD and the discontinuity1 frequency λ. An 

example of this, is equation 3.26 given in Section 3.8.1. 

                                                 
1 In this case, discontinuities are defined as suggested ISRM (Brown, 1981). 
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In addition, for a discontinuity spacing that follow a negative exponential 

distribution, Priest and Hudson (1976) has suggested the following formula: 

RQD* = 100(0.1λ + 1)e-0.1 λ      (6.1) 

where RQD* represent the theoretical RQD determined from the distribution of 

spacing values. Equation 6.1 is approximately linear in the range 6< λ <16, which 

gives: 

RQD* = 110.4 - 3.68λ      (6.2)  

Equation 6.1 is most sensitive for spacing values ranging from 0 to 0.3m (Priest and 

Hudson, 1976). Therefore, a general equation to overcome the lack of sensitivity for 

large mean spacing values is proposed by Priest and Hudson (1976) as follows: 

RQD* = 100(λt + 1)e-λt      (6.3) 

where t represent any threshold value, i.e., t could be the conventional value of 0.1m 

or a higher threshold, say of 1.0m. 

Because the discontinuity frequency varies with the direction of the sampling line 

(represented as the three dimensional loci in Section 3.3.4 and Figure 3.14), RQD 

also varies with direction. Therefore, RQD is only representative of the direction in 

which it has been measured. 

6.2.1 Applying RQD to the El Teniente Primary Copper Ore 

As discussed in previous chapters, almost no joints have been found within primary 

copper ore and the main faults appear widely spaced. Hence, by definition, the 

measurements of RQD at the El Teniente mine are always close to 100% (Figure 

6.2). Therefore, it can be concluded that RQD is not an adequate index to 

discriminate the quality of these rock masses. Un example of this is the following; 

Figure 6.2 shows photography of a drill core sample extracted from a pillar in the 

production level of the Reno mine sector. The core sample was recovered after the 

pillar was loaded by stress redistribution due to cave propagation, i.e., the cave front 

has already passed above the pillar before core extraction (see Figure 1.15). This 

particular core section in andesite rock type shows a RQD over 90%, but borehole 
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camera records within the pillar did not find any fracture in the same core section 

(Brzovic et al., 1998). Therefore, fractures observed in this photography may be 

related to fracturing during either drill coring or core transportation. It is important to 

note that most of this new fracturing occurs through veins. 

 

Figure 6.2.- Typical core-recovery on core tray for andesite rock type at the El Teniente mine 
(Brzovic et al., 1998). 

6.3 Geomechanics Classification, RMR 

The Geomechanics Classification or the Rock Mass Rating (RMR) system was 

developed by Bieniawski (1973). As more case histories were made available over 

the years, this scheme was upgraded several times (Bieniaswki, 1973, Bieniaswki, 

1976, Bieniaswki, 1989). Although, this RMR index was originally developed for 

estimation of tunnelling support, its application has been modified and extended to 

mining applications as the case of the mining rock mass rating (Laubscher, 1973). 

Hereafter, this index is denoted as RMRB. 

The Geomechanics Classification utilises six parameters to classify a rock mass. 

These are as follow (in Table 6.1):  

1. Uniaxial Compressive Strength (UCS) of rock material. 

≈  67 cm 
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Table 6.1. The Rock Mass Rating System (after Bieniawski 1989). 

A. CLASSIFICATION PARAMETERES AND THEIR RATINGS 
Parameter Range of values 

Point-load 
strength index >10 MPa 4-10 Mpa 2-4 MPa 1-2 MPa 

For this low range-
uniaxial compressive 

test is preferred 
Strength of 
intact rock 
material Uniaxial comp. 

strength >250 MPa 100-250 Mpa 50-100 MPa 25-50 MPa 5-25 
MPa 

1-5 
MPa 

<1 
MPa 

1 

Rating 15 12 7 4 2 1 0 
Drill core Quality RQD 90%-100% 75%-90% 50%-75% 25%-50% <25% 2 Rating 20 17 13 8 3 

Spacing of discontinuities >2 m 0.6-2.m 200-600 mm 60-200 mm <60mm 3 Rating 20 15 10 8 5 

Condition of discontinuities 
 (see E) 

Very rough 
surfaces 
Not continuous 
No separation 
Unweathered 
wall rock 

Slightly rough 
surfaces 
Separation 
<1mm 
Slightly 
weathered walls  

Slightly rough 
surfaces  
Separation 
<1mm 
Highly 
weathered walls 

Slickensided 
surfaces, or 
Gouge < 5 mm 
thick, or 
Separation 1-
5mm 
Continuous 

Soft gouge > 5 mm 
thick 

or 
Separation > 5 mm 
Continuous 

4 

Rating 30 25 20 10 0 
Inflow per 10m 
tunnel length (l/m) None <10 10-25 25-125 >125 

(Joint water press)/ 
(Major Principal 
Stress) 

0 <0.1 0.1-0.2 0.2-0.5 >0.5 
Ground 
water  

General conditions Completely dry Damp Wet Dripping Flowing 

5 

Rating 15 10 7 4 0 
B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (See F) 

Strike and dip orientations Very favourable Favourable Fair Unfavourable Very Unfavourable 
Tunnels 0 -2 -5 -10 -12 

Foundations 0 -2 -7 -15 -25 Ratings 
Slopes 0 -5 -25 -50 -60 

C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS 
Rating 100 ←81 80 ← 61 60 ← 41 40 ←21 < 20 
Class number  I II III IV V 
Description Very good rock Good rock Fair rock Poor rock Very poor rock 
D. MEANING OF ROCK CLASSES 
Class number I II III IV V 
Average stand-up time 20 years for 

15 m span 
1 year for 
10 m span 

1 week for 
5 m span 

10 hrs for 
2.5 m span 

30 min for 
1 m span 

Cohesion of rock mass > 400 300-400 200-300 100-200 <100 
Friction angle of rock mass (deg) > 45 35-45 25-35 15-25 <15 
E. GUIDELINESS FOR CLASSIFICATION OF DISCONTINUITY CONDITIONS* 
Discontinuity length (persistence) 
Rating 

< 1 m 
6 

1 - 3 m 
4 

3 – 10 m 
2 

10 – 20 m 
1 

> 20 m 
0 

Separation (aperture) 
Rating 

None 
6 

< 0.1 mm 
5 

0.1-1.0 mm 
4 

1 – 5 mm 
1 

> 5 mm 

Roughness 
Rating 

Very rough 
6 

Rough 
5 

Slightly rough 
3 

Smooth 
1 

Slickenside 
0 

Infilling (gouge) 
Rating 

None 
6 

Hard filling <5mm 
4 

Hard filling > 5mm 
2 

Soft filling <5mm 
2 

Soft filling > 5mm 
0 

Weathering 
 
Rating 

Unweathered  
 
6 

Slightly 
weathered 

5 

Moderately 
weathered 

3 

Highly 
weathered 

1 

Decomposed 
 
0 

F. EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATION IN TUNNELING 
Strike perpendicular to tunnel axis Strike parallel to tunnel axis 

Drive with dip-Dip 45-90° Drive with dip-Dip 20-45° Dip 45-90° Dip 20-45° 
Very favourable Favourable Very Unfavourable Fair 

Drive against dip-Dip 45-90° Drive against dip-Dip 20-45° Dip 0-20° Irrespective of Strike 
Fair Unfavourable Unfavourable 

*Note: Some conditions are mutually exclusive. For example, if infill is present, it is irrelevant what the roughness may be 
used, since its effect will be overshadowed by the influence of the gouge, in this case use A.4 directly. 

2. Rock quality designation (RQD). 

3. Spacing of discontinuities. 

4. Condition of discontinuities. 

5. Groundwater conditions. 

6. Orientation of discontinuities. 
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The calculations of the parameters involved in the geomechanics classification 

system (RMRB) of rock masses are presented in Table 6.1.  

The first five parameters are grouped into five ranges values, and these parameters 

are not equally important to classify the rock mass behaviour. Therefore, ‘importance 

ratings are allocated to the different value range of the parameters’ (Bieniaswki 1989, 

p.53), where an overall higher rating indicating better rock mass conditions. 

The sums of these five parameters determine the rock mass rating, which is adjusted 

according to the predominant discontinuity orientation (part B in Table 6.1). The 

total rock mass rating can lineally range from 9 to 100. The rock mass is classified 

into five rock mass class according to the resulting rating, from very poor to very 

good (part C in Table 6.1). The rock mass classes can then be related to specific 

engineering problems, such as stand-up time and maximum stable rock span, or rock 

reinforcement for tunnels. 

6.3.1 RMRB  Application to the El Teniente Primary Copper Ore 

Table 6.2 summaries the application of RMRB to the structural data observed within 

primary copper ore. 

Table 6.2. Applicability of RMRB to the El Teniente primary copper ore. 

Parameters Parameters description 
Andesite Hw Sector 

Rating 
Andesite Fw Sector 

Rating 
UCS 120 MPa for andesite rock type (from Table1.2) 11 11 
RQD RQD is 100% and the same at any case 20 20 

Spacing Considering weak discontinuities data from 
scanlines (or from oriented core logging) 14 (8) 11 (7) 

Joint Condition Weak veins (3;2;3;4;6 from part E in Table 6.1) 18 18 
Ground Water Completely dry prior mining 15 15 

78-72 75-71 
RMRB 

Good Good 
 

The analysis shows that the RMRB fails to determine rock mass quality of the primary 

copper ore, mainly due to its inability to incorporate healed veins as a rock mass 

failure controlling parameter. In this respect, the only discontinuity infill 

characteristic included in this scheme is either hard or soft gouge (part E in Table 

6.1), and the actual observed joint conditions was forced to fit within these infill 

parameter description. In other words, by arbitrarily setting the joint condition, it is 
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assumed that a hard gouge has the same strength properties to the mineralogical infill 

that define a weak vein (which is not necessarily true). 

In addition, spacing is the only parameter that really shows differences between the 

clearly different mine sectors. It is important to note that the RMRB scheme does not 

specify how the data must be collected or if a specific truncation bias length should 

be adopted during data collection. In the example of Table 6.2, the discontinuity 

spacing was arbitrarily chosen from line mapping in mine drives, but it may vary 

considerably if data collected from a small diameter core samples is used (see 

discussion in Section 3.3.4). 

6.4 Q-System 

Barton, Lien and Lunde have developed the Q-system of rock mass classification in 

1974, with focus on tunnel and cavern support selection (Barton et al., 1974). This 

system was based on data analysis of 212 tunnels case histories from Scandinavia. 

The Q-System uses six different parameters to assess a numerical value that can be 

used to represent the rock mass quality. These parameters are grouped in three 

quotients as following: 
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where, 

1. RQD is rock quality designation. 

2. Jn is the joint set number. 

3. Jr is the joint roughness number. 

4. Ja is the joint alteration number. 

5. Jw is the joint water reduction factor. 

6. SRF is the stress reduction factor. 

The values of each parameter are estimated from Table 6.3. Calculation of Q results 

on a logarithmic rock mass quality scale, which can range from 0.001 to 1000. 

Grimstad and Barton (1993) have updated the Q-System to incorporate a modified 

stress reduction factor. 
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Table 6.3. Current Q-System description after Barton at al. (1974). 

PARAMETERS DESCRIPTION  VALUE NOTES 
1. ROCK QUALITY DESIGNATION RQD 
A. Very poor  0-25% 
B. Poor  25-50% 
C. Fair 50-75% 
D. Good 75-90% 
E. Excellent 90-100% 

(i) Where RQD is reported or 
measured as <= 10 (including 0), a 
nominal of 10 is used to evaluate 
Q 
(ii) RQD intervals of 5, i.e. 100, 
95, 90 etc. are sufficiently 
accurate. 

2. JOINT SET NUMBER  Jn  
A. Massive, no or few joints 0.5-1 
B. One joint set 2 
C. One joint set plus random 3 
D. Two joint sets 4 
E. Two joint sets plus random 6 

(i) For intersections use (3.0 x 
Jn). 
(ii) For portals use (2.0 x Jn). 

F Three joint sets 9  
G. Three joint sets plus random 12  
H. Four or more joint sets, random, heavily jointed, “sugar cube”, etc. 15  
J. Crushed rock, earth-like 20  
3. JOINT ROUGHNESS NUMBER  Jr  

(a) Rock wall contact 
(b) Rock wall contact before 10 cms shear 

 

A. Discontinuous joints 4 
B. Rough and irregular, undulating  3 
C. Smooth undulating 2 
D. Slickenside undulating  1.5 
E. Rough or irregular, planar  1.5 
F. Smooth, planar  1 
G. Slickenside, planar  0.5 

(c) No rock wall contact when sheared  
H. Zones containing clay minerals thick enough to prevent rock wall contact 1.0 (nominal) 
J. Sandy, gravely or crushed zone thick enough to prevent rock wall contact  1.0 (nominal) 

 
(i) Descriptions refer to small-
scale features to intermediate 
scale features, in that order. 
(ii) Add 1.0 if the mean spacing 
of the relevant joint set is greater 
than 3 m. 
(iii) Jr = 0.5 can be used for 
planar, slickensided joints having 
lineations, provided that the 
lineations are oriented for 
minimum strength. 
 

Notes Continuation: (iv) Jr and Ja classification is applied to the joint set or discontinuity that is least favourable for stability both from the 
point of view of orientation and shear resistance, τ (where τ ≈ σn tan-1(Jr/Ja)). 
4. JOINT ALTERATION NUMBER  

(a) Rock wall contact (no mineral filling, only coating) Ja φr (approx.) 

A. Tightly healed, hard, non-softening, impermeable filling 0.75  
B. Unaltered joint walls, surface staining only 1 25°-35° 
C. Slightly altered joint walls, non-softening mineral coatings, sandy 
particles, clay-free disintegrated rock, etc. 

2 25°-30° 

D. Silty-, or sandy-clay coatings, small clay-fraction (non-softening) 3 20°-25° 
E. Softening or low-friction clay mineral coatings, i.e. kaolinite, mica.  Also 
chlorite, talc, gypsum and graphite etc., and small quantities of swelling clays.  
(Discontinuous coatings, 1-2 mm or less in thickness)  

4 8°-16° 

(i) Values of φr the residual 
friction angle, are intended as an 
approximate guide to the 
mineralogical properties of the 
alteration products, if present. 

(b) Rock wall contact before 10cm shear(thin mineral filling)     
F. Sandy particles, clay-free, disintegrating rock etc. 4 25°-30° 
G. Strongly over-consolidated, non-softening clay mineral fillings 
(continuous <5 mm thick)  

6 16°-24° 

H. Medium or low over-consolidation, softening clay mineral fillings 
(continuous < 5 mm thick) 

8 12°-16° 

J Swelling clay fillings, i.e., montmorillonite, (continuous < 5mm thick). 
Values of Ja depend on percent of swelling clay-size particles, and access to 
water etc.  

8-12 6°-12° 

(c) No rock wall contact when sheared (thick mineral fillings)   
K, L, M. Zones or bands of disintegrated or crushed rock and clay (see G, H 
and J for clay condition) 

6, 8 or 8-
12 

(6°-24°) 

N. Zones or bands of silty – or sandy-clay, small clay fraction, non-softening 5  
O, P, R. Thick continuous zones or bands of clay (see G.H and J for clay 
conditions)  

10, 13  
or 13-20 

(6°-24°) 

 

5. JOINT WATER REDUCTION Jw Approx. water pressure (kg/cm2) 
A. Dry exaction or minor inflow i.e. <5 1/m locally 1 <1 
B. Medium inflow or pressure, occasional outwash or joint fillings 0.66 1.-2.5 
C. Large inflow or high pressure in competent rock with unfilled joints  0.5 2.5-10 
D. Large inflow or high pressure 0.33 2.5-10 
E. Exceptionally high inflow or pressure at blasting, decaying with time 0.2-0.1 >10 
F. Exceptionally high inflow or pressure 0.1- 0.05 >10 

 
(i) Factors C to F are crude 
estimates. Increase Jw if drainage 
measures are installed. 
(ii) Special problems caused by 
ice formation are not considered. 

Notes Continuation: (iii) For general characterisation of rock masses distant from excavations influences, the use of Jw = 1.0, 0.66, 0.5. 0.3, 
etc. as depth increases from say 0-5, 5-25, 25-250 to >250 m is recommended, assuming that RQD/Jn is low enough (e.g. 0.5-25) for goog 
hydraulic connectivity. This will help to adjust Q for some of the effective stress and water softening effects, in combination with appropriate 
characterization values of SRF. Correlations with depth-dependent static deformation modulus and seismic velocity will then follow the 
practice used when these were developed.  
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Continuation of Table 6.3. Current Q-System description after Barton et al. (1974). 

PARAMETERS DESCRIPTION  VALUE NOTES 
6.  STRESS REDUCTION FACTOR  SRF  

(a) Weakness zones intersecting excavation, which may cause loosening of rock mass 
when tunnel is excavated 

 

A. Multiple occurrences of weakness zones containing clay or chemically disintegrated 
rock, very loose surrounding rock (any depth). 

10 

B. Single weakness zones containing clay, or chemically disintegrated rock (excavation 
depth ≤ 50m). 

5 

C. Single weakness zones containing clay, or chemically disintegrated rock (excavation 
depth >50 m). 

2.5 

D. Multiple shear zones in competent rock (clay free), loose surrounding rock (any depth). 7.5 
E. Single shear zone in competent rock (clay free) (Depth of excavation ≤ 50m). 5 
F. Single shear zone in competent rock (clay free) (Depth of excavation >50m). 2.5 
G. Loose open joints, heavily jointed or “sugar cube” etc. (any depth). 5 

(b) Competent rock, rock stress problems  
 σc / σ1 σt / σ1  
H. Low stress, near surface >200 <13 2.5 
J. Medium stress 200-10 13-0.66 1 
K. High stress, very tight structure  (usually favourable to 
stability, may be unfavourable to wall stability) 

10-5 0.66-0.33 0.5-2 

L. Mild rockburst (massive rock) 5-2.5 0.33-0.16 5-10 
M. Heavy rockburst (massive rock)  <2.5 0.16 10-20 
(c) Squeezing rock, plastic flow of incompetent rock under influence of high rock pressure 
N. Mild squeezing rock pressure  5-10 
O. Heavy squeezing rock pressure  10-20 

(d) Swelling rock, chemical swelling activity depending on presence of water  
P. Mild squeezing rock pressure 5-10 
R. Heavy squeezing rock pressure 10-15 

(i) Reduce these values of SRF 
by 25-50% if the relevant shear 
zones only influence but do not 
intersect the excavation. This 
will also be relevant for 
characterisation. 
(ii) For strongly anisotropic 
virgin stress field (if measured): 
When 5≤ σ1/σ3 ≤ 10, reduce σc 
and σt to 0.8σc and 0.8σt. When 
σ1/σ3> 10, reduce σc and σt to 
0.6σc and 0.6σt, where σc  is the 
unconfined compression 
strength, σt is the tensile strength, 
and σ1 and σ3 are the major and 
minor principal stresses. 
(iii) Few case records available 
where depth of crown below 
surface is less than span width, 
suggest an SFR increase from 
2.5 to 5 for such cases (see H). 
(iv) Cases L, and M are usually 
most relevant for support design 
of deep tunnels excavations in 
hard massive rock masses, with 
RQD/Jn ratios from about 50-
200. 

Notes (v) For general characterisation of rock masses distant from excavations influences, the use of SRF = 5, 2.5, 1, and 0.5 is recommended 
as depth increases from say 0-5, 5-25, 25-250 to >250 m.. This will help to adjust Q for some of the effective stress and water softening 
effects, in combination with appropriate characterization values of SRF. 

Notes, some useful notes which are not included in the original paper (Barton et al. 1974) were added from notes presented in 
Barton (2002). 

According to Barton et al. (1974) these 3 quotients represent different aspects of the 

principal properties controlling tunnel stability in rock masses. The overall structure 

of rock mass is representing by the first quotient (RQD/Jn), and it is ‘a crude 

measure of the relative block size’. 

The second quotient (Jr/Ja) represents the shear strength of joints or filling materials, 

which control the inter-block behaviour. The third quotient (Jw/SRF) represents the 

active stress affecting the rock mass by water pressure and natural/induced 

loading/unloading conditions. 

The Q-System is classified into nine-rock mass class according to the resulting 

rating, from exceptionally poor, to exceptionally good. Furthermore, those values are 

classified into different support categories (Figure 6.3). 
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Figure 6.3.- The Q-support chart update for Sfr (instead of Smr), after Grimstad and Barton (1993). 
ESR= excavation support ratio, [2] RMRB=15LnQ+50. 

6.4.1 Q-System Application to the El Teniente Primary Copper Ore 

Table 6.4 summaries the application of Q-System to the structural data observed 

within primary copper ore. In this table two cases were considered, when only faults 

or when only weak veins are considered to be the weaker path controlling failure 

within these rock masses. 

The results shown in Table 6.4 for the application of the Q-System are, in some 

respect, meaningless. The primary copper ore is definitely not a very poor to poor 

rock mass under stress condition, and even a ‘good quality’ only for characterisation 

seems to underestimate its competent features. A number of problems were 

encountered when this system was applied using the structural data. These are as 

follow: 

Although the first quotient RQD/Jn is a crude measure of block size (Barton et al., 

1974), it cannot reflect the differences observed between andesite sectors as shown 

Figure 5.6. This is mainly due to two reasons. Firstly, existing weak veins cannot be 

adequately represented by RQD. Secondly, this classification scheme does not 

incorporate and rate discontinuity spacing as an independent parameter, which is the 
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main observed difference between the andesite sectors. Discontinuity spacing should 

be included within RQD estimates, but this cannot be done with healed veins. 

Table 6.4. Q-System for the El Teniente primary copper ore. 

Andesite Hw Sector 
Values/Rating 

Andesite Fw Sector 
Values/Rating Parameters Parameters description 

Faults Weak Veins Faults Weak Veins 
RQD 100% at any case or orientation 100% 100% 

Jn 
Considering few joints (two fault sets*) OR at least 
3 semi-orthogonal sets plus random of weak 
discontinuities 

4 12 4 12 

Quotient RQD/Jn 25 8.3 25 8.3 

Jr 
Slickensided to smooth undulating for both 
discontinuity types (3C-D in Table 6.3, data from 
Figure 3.31) + 1.0 for sparse fault 

3 1.5 3 1.5 

Ja 
Medium and low over-consolidation gouge in 
faults OR healed and impermeable filling in weak 
veins 

8.0 0.75 8.0 0.75 

Quotient Jr/Ja 0.38 2.0 0.38 2.0 
Φ = Tan-1(Jr/Ja) 20° 63° 20° 63° 

Jw Dry excavations 1.0 1.0 

SRF† 

Competent and massive rock mass with rock stress 
problem (rockburst) and σc/σ1 = 120MPa/(46 or 
30MPa) ≈ 2.6 or 4.0 (from Table 1.2 and Figure 
1.15). 
[for characterisation only, SRF can be used as 0.5]  

10‡ 

[0.5] 
5 

[0.5] 

Quotient Jw/SRF  [with SRF as 0.5] 0.1 [2] 0.2 [2] 
0.95 1.66 1.9 3.32 

Q 
V.Poor Poor 

[19] [33.2] [19] [33.2] 
[Q for characterisation (Grimstad and Barton, 1993)] 

[good] 
Note*; Fault sets present spacing over 3 meters. ‡; Hw sector is assumed with less σ1 because of the less overburden (see Figure 
1.3). †;.Considering the updated SFR (Grimstad and Barton, 1993) these values may change by 50 and 10 respectively, 
nevertheless for characterisation purposes (far from excavations) a value of 0.5 is recommended for depth >250m as the case 
studied here. 

In addition, because discontinuity spacing is not included as an independent 

parameter, it would not be matter how the data collection was conducted; in term of 

truncation bias. The scale of the problem to be analysed is not appropriately 

specified. 

The value of 0.75 for parameter Ja (part 4.A in Table 6.3) does not represent 

adequately a weak vein infill, because ‘rock wall contact’ or ‘coating’ represent a 

very thin infill. A better value would be of 8 (part 4.L in Table 6.3) since there is ‘not 

rock wall contact when sheared (thick mineral infill)’ as found Section 4.2.4. 

However infill minerals described in this part 4.L are; clay, sandy, gravely and 

crushed minerals (not applicable at the El Teniente). Nevertheless, using 0.75 for 

parameter Ja, the tan-1 (Jr/Ja) becomes 63° (≈Φ), which is a better representation of a 

vein shear strength compared to Φ ≈12° when Ja assumes a value of 8. 



Chapter VI  Rock Mass Classification Systems 

 165

Using Q’ as the result of the two first quotients, both andesite sectors are practically 

the same for each case in Table 6.4. Considering the case for characterisation, i.e., 

assuming rock mass distant from excavations; for a depth greater than 250m, a value 

of 0.5 is recommended for SRF (Grimstad and Barton, 1993). In this case the values 

of Q’ are in agreement to these shown in Table 1.2, but the observed differences 

between andesite sectors cannot be replicated by Q-system. Therefore, the Q-system 

is also unable to adequately determine the quality of rock masses of primary copper 

ore. The geological features observed within these rock masses cannot be represented 

by the parameters that Q-system uses to estimate rock mass quality. 

6.5 Geological Strength Index, GSI 

Hoek (1994) and Hoek et al. (1995) have introduced the Geological Strength Index 

(GSI) to overcome limitations with RMRB (Bieniaswki, 1989) system when the 

Hoek-Brown failure criterion (Hoek et al. 1995) is applied. The GSI is mainly used 

to determine rock mass properties based on this failure criterion. Marinos and Hoek 

(2000) have extended this index for heterogeneous rock masses. 

The GSI index utilises two main parameters to classify a rock mass; the overall rock 

block structure and the surface condition (interlocking) separating these rock blocks 

(Figure 6.4). The GSI values range from 10 to 100, from extremely poor rock mass 

to massive rock mass and/or intact rock. 

6.5.1 GSI Application to the El Teniente Primary Copper Ore 

The term ‘Blocky’ in Figure 6.4 is would better represent the rock structure 

characteristics at the El Teniente mine, but the surface condition of discontinuities 

are far from the observed features within primary copper ore. Therefore, it is clear 

that GSI index cannot be applied to determine rock mass quality to these rock 

masses. Any attempt to used GSI to represent rock mass quality will be as the case of 

RMRB, i.e., forcing observed discontinuity parameters to fit these with ‘similar 

characteristic ’described in the classification scheme. 
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Figure 6.4.- Geological strength index base on geological description (Marinos and Hoek, 2000). 

6.6 Mining Rock Mass Rating, MRMR 

Based on modifications to the RMRB (Bieniaswki, 1973), D. Laubscher introduced 

the Mining Rock Mass Rating (MRMR) system in 1973 for mining applications 

(Laubscher, 1973). The fundamental difference with respect to the RMRB was the 

recognition that RMR  represent the in situ rock mass condition (hereafter denoted as 

RMRL), which had to be adjusted to the particular mining environment (Laubscher, 
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1993). The adjusted mining rock mass rating (MRMR) could then be used for mine 

design.  

Over the years this classification system was updated several times (Laubscher and 

Taylor, 1976, Laubscher, 1990, Laubscher, 1993). In these versions, veins and 

cemented joints were not included because they were assumed as part of the intact 

rock properties (see Laubscher 1993, p.555). However, veins and cemented joints, 

referred as cemented filled joint have been included in the latest version (Laubscher 

and Jakubec, 2001), being the unique scheme that so far has included specifically the 

effect of veins on rock mass behaviour. 

The main change introduced is the concept of Rock Block Strength (RBS), which 

account for the effect of veins and cemented joints. The RBS plus discontinuity 

spacing and joint condition define the in-situ rock mass rating (IRMR), which is 

modified later by adjustments to determine the final MRMR. A flow sheet for this 

procedure is summarised in Figure 6.5 with the main concepts explained in following 

paragraphs. Other notations used in this classification scheme are; Intact Rock 

Strength (IRS) or Unconfined Compressive Strength (UCS), and Rock Mass Strength 

(RMS). 

 

Figure 6.5.- Flow sheet of the MRMR procedure (after Laubscher and Jakubec 2000). 

DETAILED DESIGN 
Cavability, Stability, Fragmentation, Sequence Geometry, Pillars, Cave Angles, Support, Pit Slope 

IRS (MPa) 
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RBS adjustment 
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Adjustment for 
cemented joints 

70%-100% 
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0-25 
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(MPa) 

JOINT OVERALL 
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IRMR = 0-100 RMS = MPa 
PRESENTATION 

COMMUNICATION 
BASIC DESIGN 

ADJUSTMENTS 
Weathering / Orientation / Induced Stress / Blasting /  Water 
   30-100%     63-100%          60-120%       80-100%  70-110%      

DRMS 
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MRMR 
0-100 
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Some structural definitions have been provided in this classification scheme. Open 

joint is defined as a structural discontinuity that define the rock block (Laubscher and 

Jakubec, 2001), the term fracture represent the same, but it is conceived with less 

persistence (shorter) than open joints. Fractures are contained within the rock block 

(in Figure 6.6). These authors have also distinguished between veins and cemented 

filled joints by their size. A cemented filled joint has ‘continuity with the wall’, i.e., 

it may also define a rock block, veins are ‘low continuities that can occur within a 

rock block’ instead (Laubscher and Jakubec, 2001). 

Figure 6.6 presents the general small-scale rock mass conception. There is not a rule 

scale for this figure in the original paper (Laubscher and Jakubec, 2001). An 

assemblage of these rock blocks defines a large-scale rock mass. 

 

Figure 6.6.- Structural definitions in IRMR/MRMR (Laubscher and Jakubec, 2001). 

6.6.1 In-situ Rock Mass Rating, IRMR 

The in situ rock mass rating, IRMR is determined as following: 

IRMR = RBS (25%)+ JS (35%)+ JC (40%)    (6.5) 

where, 

1. RBS is rock block strength, which is obtained from the corrected intact rock 

strength (IRS) and/or the unconfined compressive strength (UCS). 

2. JS is the joint spacing. 

3. JC is the joint condition. 

The overall IRMR range for 0 to 100 and each component contributes as is indicated 

between brackets in equation 6.5. 

Open Joints 

Rock Blocks are defined by open joints. 

Open Joints 

Fractures or Veins. 

UCS 

Cemented Joints 
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The UCS is adjusted depending on whether the intact rock specimens are 

homogeneous within rock mass or contain intercalations of weak material. For 

intercalations of weak rock mass, the IRS should be corrected as Figure 6.7 indicates. 

 

Figure 6.7.- Monogram for determining the corrected IRS value (Laubscher and Jakubec, 2001). 

In determining the RBS from the corrected IRS, different factors can be applied 

depending upon whether the rock block is homogeneous or contain fractures or 

veins. If rock blocks are homogeneous or do not contain fractures or veins, the RBS 

will be the IRS value reduced by 80% to adjust for small-to-large scale specimen 

effects; 

RBS = 0.8 x corrected IRS  [MPa]     (6.6) 

If rock blocks are inhomogeneous or containing fractures or veins, then the number 

and frictional properties of these discontinuities would reduce their strength. The 

frictional properties are defined using the Mohs’ hardness number (Hurlbut, 1941). 

In this case, the product of the inverse hardness and the fracture/vein frequency will 

be the adjustment to the RBS, as follows:  

RBS = 0.8 x corrected IRS x fracture/vein adjustment [MPa]  (6.7) 

where the fracture/vein adjustment is obtained from Figure 6.8, or it is given by: 

Fracture/vein adj. = fracture/vein frequency x Inverse hardness (6.8) 
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Figure 6.8.- The nomogram relating the IRS adjustement factor to the hardness index and vein 
frequency  (Laubscher and Jakubec, 2001). 

To illustrate the previous calculations, consider the following example. A rock mass 

having IRS = 100 MPa, and 8.0 ff/m of gypsum veins. Using equation 6.8 results in: 

Fracture/vein frequency x Inverse hardness = 8.0 x 0.5 = 4.0 

And from Figure 6.8, the adjustment found is 0.75, then equation 6.4 results in: 

RBS= 100 x 0.8 x 0.75 = 60 MPa 

Finally, the overall rating for the RBS is directly read from Figure 6.9. 

 

Figure 6.9.- RBS rating as a function of rock block strength (Laubscher and Jakubec, 2001). 

JS is firstly determined using the open joint spacing, which is then adjusted for the 

number of sets to determine its rating (in Figure 6.10). Because cemented joints may 

influence rock mass strength when their infill strength is less than the host rock 
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strength, JS rating is adjusted for cemented joints, but only when cemented joints are 

forming sets within rock mass as Figure 6.11 indicates. 

The JS rating is given by: 

JS = Open Joints rating x cemented joint adjustment  (6.9) 

 

Figure 6.10.- Joints spacing rating (Laubscher and Jakubec, 2001). 

 

Figure 6.11.- Adjustment factor for cemented joints (Laubscher and Jakubec, 2001). 

For example, a rock mass hiving 3 joint sets defining a mean rock volume of 1.0m3 is 

containing only one cemented joint set with spacing of 0.8m, then: 

JS (rating) = 26 x 0.89 = 23 

Pe
rc

en
ta

ge
 o

f A
dj

us
tm

en
t t

o 
JS

 
 in

 a
 th

re
e 

jo
in

ts
 se

t (
%

) 

Vein Sets 

One Set Two Sets

Cemented joint spacing (m)

One Set 

Three Sets 

Two Sets 

Joint Spacing (m)

R
at

in
g 

Block Volume (m3)



Chapter VI  Rock Mass Classification Systems 

 172

Average of JC ratings is required for determining rock mass rating values. Table 6.5 

provides JC adjustments for a single or multiple joint sets. 

Table 6.5. Joints conditions adjustments (Laubscher and Jakubec, 2001). 

A Large-Scale joint expression Adjustment % of 40 
 Wavy-multidirectional 100 
 Wavy- unidirectional 95 
 Curved 90 
 Straight, slight undulation  85 

B Small-Scale joint expression (200 mm x 200 mm)   
 Rough stepped/irregular 95 
 Smooth stepped 90 
 Slickenside stepped 85 
 Rough undulating 80 
 Smooth undulating 75 
 Slickenside undulating 70 
 Rough planar 65 
 Smooth planar 60 
 Polished 55 

C Joints wall alteration weaker than sidewall and filling 75 
D Gouge  
 Thickness < amplitude 60 
 Thickness > amplitude 30 

E Cemented/filled joints –cement weaker than wall rock.   
 Hardness 5 95 
 Hardness 4 90 
 Hardness 3 85 
 Hardness 2 80 
 Hardness 1 75 

 

For single open joint set, JC is calculated from Table 6.5 as follows: 

JC = 40 x A x B x C x D      (6.10) 

And, for single cemented joints set, JC rating is given by: 

JC = 40 x E        (6.11) 

For multiple open joint sets, Laubscher and Jakubec (2001) have recommended 

determining an average JC rating as illustrates Figure 6.12. 

6.6.2 Rock Mass Values 

Laubscher and Jakubec (2001) have defined the rock mass rating (RMRL) as follows: 

RMRL = RBS [rating]+ Overall joint rating    (6.12) 

Although it has not been specified, IRMR and RMRL are the same. 
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Figure 6.12.- Joints condition adjustment for multiple joint sets (Laubscher and Jakubec, 2001). 

In addition, the rock mass strength (RMS) is defined as: 

( ) ][
70

][ MPaxRBSratingRBSRMRRMS L −=     (6.13) 

Substituting equation 6.12 in 6.13: 

( ) ][
70

MPaxRBSJCJSRMS +
=      (6.14) 

In other words, the rock mass strength is defined by the overall discontinuity 

characteristic within rock mass plus the rock block strength. 

Finally, the rock mass rating is multiplied by an adjustment factors to determine the 

MRMR, as follows: 

MRMR = RMRL x adjustment factors     (6.15) 

where the adjustment factors are weathering, joint orientation, mining induced stress, 

blasting, and water/ice adjustments. 

Laubscher and Jakubec (2001) have recommended that one adjustment can supersede 

another depending on the problem analysed. Moreover, the total adjustment is not 

likely a multiplication of all the adjustments, carefully examining of the problem will 

determine which adjustments factor must be used. The total adjustment should not 
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exceed two classes. How these adjustment factors are determined are not explained 

here. 

Similar to the RMRB (Bieniaswki, 1989), the total rock mass rating can range lineally 

from 0 to 100. The rock mass is classified into five rock mass class according to the 

resulting rating, from very poor to very good. Using these IRMR/MRMR values, 

practical applications to mass mining operations are suggested by Laubscher (1993), 

such as cavability diagrams, pillar design, slope stability, as well other applications. 

6.6.3 Scale Effects 

Laubscher and Jakubec (2001) have considered the scale effect as relevant factor 

during the rock mass behaviour, particularly examining mass-mining methods. For 

instance, assessing cavability of the deposit cannot be based on measurement from a 

drive assessment alone. This is due to the fact that widely spaced major structures, 

which may play a significant role on cavability, would have a marginal effect on the 

IRMR estimation based on assessment made at the drive scale. The authors have 

proposed an adjustment to hydraulic radius (HR) for the influence of major structures 

when cavability is assessed. The adjustment number should be obtained by 

estimating the rating values for each major structure set (up to three sets), as Table 

6.6 indicates. In other word, the hydraulic radius required to assess cavability is 

adjusted by the effect of major structure and principal stresses orientation. 

Table 6.6. Parameters and rating values to major structures adjustments (Laubscher and Jakubec, 
2001). 

Influence of Major Structures Parameters 
Value 0°-20° 21°-30° 31°-40° 41°-60° >61° A.- Dip Rating 6 4 2 1 0 
Value 0-9m 10-15m 16-21m 22-27m >27m B.- Spacing Rating 6 4 3 1 0 
Value 0-10 10-15 15-20 20-25 >25 C.- Joint Condition Rating 6 4 2 1 0 
Value 0°-20° 21°-30° 31°-40° 41°-50° 51°-60° 41°-50° >71° D.-Stress/structure orientation Rating 7 9 6 3 2 1 0 
Value 0-9m 10-20m 21-30m >31m E.-Distance of major structures 

from undercut boundaries Rating 12 8 2 0 
Value >100% 80-99% 60-79% 40-59% 20-39% <20% F.-Stress values, σ1 as % of 

RMS Rating 14 12 8 4 2 0 
 

The rating values obtained from each major structure sets (up to three sets) are 

summed. The highest likely ranking from these three sets is 100. The number 
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obtained is plotted in Figure 6.13 to indicate whether the HR should be adjusted up 

or down. 

 

Figure 6.13.- Adjustment factor for major structure to HR (Laubscher and Jakubec, 2001) 

6.6.4 MRMR Application to the El Teniente Primary Copper Ore 

Following the procedure described previously, the IRMR/MRMR was estimated using 

the rock structure data observed within primary copper ore. In order to simplify some 

calculations, it was assumed that UCS rock specimen does not contain weak 

intercalations, i.e., it is homogeneous throughout. In addition, data collected using 

scanline mapping and oriented core logging were analysed separately. The 

calculations are presented in detail in Table 6.7. 

Table 6.7 shows that several steps are required to apply the IRMR/MRMR index. 

Based on results for andesite rock type from any sector, the rock mass quality seem 

to be overestimated when is compared to the traditional values used for mine design 

at the mine site (in Table 1.2). 

Although this system has included the geological features found within the primary 

copper ore, which established clearly differences between two studied sectors, the 

calculations do not significantly reflect these differences. The calculations are 

showing almost the same overall rock mass rating between andesite sectors. 

A number of problems were encountered when this system was applied using the 

current structural data, which are discussed as follows: 
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Table 6.7. Applying  IRMR/RMRM to the El Teniente primary copper ore. 

(steps) Parameter/features Andesite 
Hw 

Andesite 
Fw Commentary 

(1) Average UCS (IRS) 120 Mpa 120 Mpa Data from Table 1.2, rock mass is assumed homogenous. 
(2) 80% of IRS 96 Mpa 96 Mpa  
(3) Inverse hardness 0.28 0.28 From Figure 6.8 using main vein infill as chalcopyrite-anhydrite 

(4) Weak vein frequency 4.6 m-1 8.4 m-1 Highest set frequency from oriented core logging data (Table 
5.3), because likely shorter discontinuities were collected 

(5) Inverse x Vein freq. 1.3 2.4 Using Equation 6.8 with (3) and (4) 
(6) IRS adjustment 83% 78% Using (5) in Figure 6.8 
(7) RBS 80 MPa 75 MPa Using Equation 6.7 with (2) and (6) 
(8) RBS rating 19.5 19 Using (7) in Figure 6.9 
(9) Open joints spacing 3.0 m 5.6 m Data from Table 3.4, lowest fault set spacing in drive mapping 
(10) Open joints rating 35 35 Using (9) and two faults sets in Figure 6.10 

(11) Weak veins spacing 0.88 m 0.55 m Lowest set spacing from scanlines data (Table 5.3), because 
likely longer weak veins (cemented joint) were collected 

(12) Cemented joints 
adjustment 1.0 0.93 Using (11) and two sets in Figure 6.11, in reality 3 and 4 sets 

were found, but Figure 6.11 does not offer more possibilities 
(13) (Cemented joints 
adjustment) (0.83) (0.80) Using two sets in Figure 6.11, but using (4) rather than (11) 

(14) JS rating 35 33 Using Equation 6.9 with (10) and (12) 
(15) (JS rating) (29) (29) Using Equation 6.9 with (10) and (13) 
(16) Open joints JC rating 16 16 Using faults in equation 6.10 (A=0.87, B=0.75, C=1, D=0.60) 

(17) Hardness adjustment 87% 87% From Table 6.5 part E, considering vein infill between hardness 3 
and 4 

(18) Weak veins JC rating  35 35 Using Equation 6.11 with E=0.87  
(19) Low JC/High JC 45% 45% Using Figure 6.12 with (16) and (18) 
(20) % Low JC 6% 8% Using Figure 6.12 with (11) and mean faults spacing 
(21) (% Low JC) (2%) (2%) Using Figure 6.12 with (4) and mean faults spacing 

(22) Average JC rating 32 31 Using (19) and (20) in Figure 6.12 result 88% (Hw) and 87% 
(Fw) of adjustments. 

(23) (Average JC rating) (34) (34) Using (19) and (21) in Figure 6.12 result 90% (Hw) and 97% 
(Fw) of adjustments 

(24) IRMR / RMRL 87 82 Using either Equation 6.5 or 6.12 with (7), (14) and (22) 
(25) (IRMR / RMRL) (82) (82) Using either Equation 6.5 or 6.12 with (7), (15) and (23) 
(26) RMS 76 MPa 68 MPa Using Equation 6.13 with (8), (14) and (22) 
(27) (RMS) (71 MPa) (67 MPa) Using Equation 6.13 with (8), (15) and (23) 
(28) MRMR 69 MPa 66 MPa Using Equation 6.15 with (24) and 80% induce stress adjustment. 
(29) (MRMR) (66 MPa) (65 MPa) Using Equation 6.15 with (25) and 80% induce stress adjustment. 

 

The discontinuity size proposed by these authors is not very specific. It must be 

remembered that geological discontinuities (joints or fractures, veins and faults) 

generally display a distribution of discontinuity sizes within a rock mass. Because, 

the effect of sizes bias has not been considered in the proposed definition, the 

differences between either veins or cemented joints or between open joint and 

fractures cannot readily be determined. 

When the RBS component is adjusted by fracture/vein frequency to determine its 

strength, only one fracture/vein set can be used. However, it is expected that a weak 

path within a rock block may involve two or more fracture/vein sets. In addition, if 2 

or 3 vein sets exist, the method does not clearly specified which one must be used in 

calculations? The calculations in Table 6.7 show that both sectors have the same 

RBS, which is clearly not the case with the observed data. 
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Also, the system assumes that veins have only one mineral as infill, which is not the 

case for the El Teniente. The methodology does not specific the approach when 

several mineral species are presented as vein infill to estimate its hardness. 

In the present case, faults treated as open joints, however; the open joint spacing was 

outside the scale in Figure 6.10. The minimum faults mean spacing observed was 

3.0m, which is the largest value for the case of two sets in this figure. Therefore, the 

open joint spacing and Figure 6.10 are not suitable parameters to characterise rock 

masses of primary copper ore at the El Teniente. This may explain why the estimated 

JS rating is almost the same between the different sectors. 

The resulting RMRL indicates very good rock mass quality with an overall rating 

greater than 80 in both sectors for any case. Additionally, using 80% of adjustment 

by induced stresses2, MRMR estimates gives an overall rating greater than 65 in all 

cases. Both sets of values can be considered extremely high in comparison with 

observed cavability at the mine site (in Figure 1.17). Caving has been reached with 

hydraulic radius around 25 at the Reno and Esmeralda mine sectors (discussed in 

detail in Section 7.3.1), which may be indicating less rock mass quality than 

estimated in Table 6.7. 

In summary, although the IRMR/MRMR system incorporates the effect of weak veins 

during rock mass quality estimation, this system does not adequately reflect the 

observed differences between sectors. This may be because the IRMR/MRMR system 

still gives a high importance to open joints rather than to weak veins during 

calculations. 

6.7 Conclusion 

For rock mass classification systems were applied to the structural data observed 

within andesite rock masses of primary copper ore of the El Teniente. These were; 

RMRB (Bieniaswki, 1989), Q-System (Barton et al., 1974), GSI index (Marinos and 

Hoek, 2000), and RMRL (Laubscher and Jakubec, 2001). 

                                                 
2 This adjustment value is commonly used at the mine site (see Table 1.2 and Figure 1.17) 
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None of these classification systems appears to adequately characterise the rock 

masses. This is mainly due to the fact that none of these schemes have properly 

included vein characteristic as discontinuity parameter. They treat open joints as the 

main feature controlling rock mass behaviour, as suggested by ISRM (Brown, 1981). 

However, this research has found that weak veins are the main feature controlling 

rock mass disassembly during caving. 

In addition, the method to collect discontinuity from the field is not clearly specified 

by any of these schemes. Data in this research show that is key point to consider, 

because discontinuity spacing may vary significantly with the truncation bias chosen 

during data collection. 



Chapter VII  Esmeralda Mine Sector 

 179

CHAPTER 7 ESMERALDA MINE SECTOR 

7.1 Introduction 

The Esmeralda mine sector, located in the central part of the El Teniente ore body at 

the East part of Braden pipe (Figure 1.6), introduced the pre-undercutting caving 

method at the El Teniente mine in 1997. This mine sector included a production plan 

of 350Mtons of ore with 1% of Cu and a life span over 35 years (Barraza and 

Crorkan, 2000). 

The undercutting was initiated in October 1996, and caving initiation started one year 

later triggered by ore drawing at the production level. The breakthrough to the upper 

mine level was estimated to occur between April and May 1999, when the hydraulic 

radius reached a value of 26m. The effective mined area1 at this time was 16,800m2 

(Rojas et al., 2001). Caving initiation was located only 100 meters below the old 

Teniente 4 South mine level to reduce the seismic risk level (Barraza and Crorkan, 

2000). 

The main geological features within the area of interest2 are; two main rock types, 

andesite and diorite; two hydrothermal alteration zones, late (LH) and principal (PH); 

one major fault system named Fault B (Seguel, 2005). The hydrothermal alteration 

zones coincide with the principal orientation reference at the mine such as the 

hangingwall (Hw) and the footwall (Fw) sectors (Figure 7.1).  

During the first years of mine production (until year 2000) moderate damage to the 

mining infrastructure occurred, which was mainly related to both; dynamics failures 

and stress concentration at the undercut mine level. 

7.1.1 Goal 

This chapter describes and discusses the results of the rock structure characterisation 

undertaken at this mine sector, which included the application of the concept of weak 

discontinuities (faults and veins) to be evaluated. Rock structure characterization 

                                                 
1 Effective area mined considered only working draw points (detailed in Section 7.3.1). 
2 It extends, in the mine coordinate system, between 300 and 700 north coordenate; and between 900 and 1450 east coordenate. 
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included two mapping scales; re-analysis of data collected using drive mapping, and 

new data collected on available large diameter oriented core samples drilled at the 

production mine level. 

This chapter also reviews some relevant information about the rock mass response to 

mining during caving initiation and propagation to be back analyzed in the following 

chapter. 

7.2 Rock Mass Characterisation 

Rock structure has been characterised based on the occurrence of intermediate 

structures mapped in mine drives at the production and the undercut mine levels, and 

from small discontinuities collected using large diameter oriented core samples. 

In the area of interest (Figure 7.1), five major structural domains has been defined 

(Seguel, 2005) based on major structural features that influence the ‘occurrence 

and/or nature’ of intermediate structures. These major structural features were; 

orientation trends, main lithologies and hydrothermal alterations zones. In this study, 

these structural domains were named, from east to west, as; Cmet Fw1, Cmet Fw2, 

Diorite, Cmet Hw1, and Cmet Hw2. Under such definition, current structural data 

(intermediate structures) were re-analysed to determine the main discontinuity 

features in each domain. Sample lines chosen for re-analysis were chosen to give 

similar mapping lengths between the two availability horizontal directions (Figure 

7.2). These selected sample lines, from both undercut and production level, included 

general descriptions of intermediate structures such as location, orientation, genetic, 

infill thicknesses, and qualitative mineralogical infill description, among others. 

More than 1870 intermediate structures were assessed for the structural data analysis. 

Sets definition and their spacing features have been determined following the 

procedure previously discussed in Chapter 3. 

It is interesting to note that few major faults were observed within the diorite rock 

shown in Figure 7.1. 
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Figure 7.1.- Main geological features of the Esmeralda mine sector (modified from Seguel 2005). 
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Figure 7.2.- Plan view of production level at the Esmeralda mine sector showing drive mapping line samples chosen for re-analysis of data according to different structural 
domain selection (different colours), and oriented drill core location (red arrows). 
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7.2.1 Drive Mapping 

Drive mapping characterised the discontinuity infill only in qualitative terms (see 

Section 2.6.1), for example, being majority, abundant, moderate, or rare. According 

to the infill features of vein types observed in scanline mapping and oriented core 

logging at the Reno mine sector (see Table 5.1 in Section 5.2.1 and its draw 

conclusion), only PH and LH veins were assumed as being weak veins at drive 

mapping scale in Section 5.2 and 5.3. Data analysis of the qualitative infill 

description collected at drive mapping scale in Esmeralda mine sector agreed with 

that “initial assumption”. In fact, using the strength mineral definition proposed in 

Chapter 4 (in Table 4.6), soft and intermediate strength minerals were largely present 

in the PH and LH veins. These mineral types were described as either ‘majority’ or 

‘abundant’ in over 90% of data (761 and 526 veins respectively) throughout all this 

mine sector. On the contrary, hard strength minerals were presented in LM veins 

describing as ‘majority’ or ‘abundant’ in over 85% of the data (119 veins). 

Therefore, the “initial assumption” made to define weak veins for drive mapping data 

in Reno mine sector can be considered appropriated. 

An example of the weak veins and fault orientation observed at drive mapping scale 

is presented in the following Figure 7.3. Data in this figure are from the Cmet Fw1 

structural domain, which is plotted in the lower hemispheric projection. Although 

bias to sub-horizontal discontinuities is expected since only horizontal sample lines 

were used, it can be said that weak veins tend to describe three semi-orthogonal set 

orientations since some vein concentration having dip >45 degrees appeared in the 

stereonet (Figure 7.3a). Faults, on the other hand, can be considered to describe up to 

two sub-vertical set orientations (Figure 7.3b). The data also shows a similarity in 

orientations between weak veins and faults. 

In addition, the orientation analysis for all structural domains was undertaken and the 

results are summarized in Figure 7.4. The criterion to define each set is discussed in 

Section 3.2.3. Figure 7.4 present the mean set orientations determined for veins and 

faults in each structural domain, which were clustered (red windows in that figure) 

considering their main trend orientations. 
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Figure 7.3.- Stereonets showing weak vein and fault orientations from Cmet Fw1 structural domain. 

 

Figure 7.4.- Set definition for weak veins and faults collected at mine drives accordingly to structural 
domain selection (red windows are only to identify main cluster, it is not the windows definition). 

Figure 7.4 shows that almost the same pattern of discontinuity orientations (structural 

anisotropy) throughout different structural domains. Two main structural trends are 

observed for both discontinuity types; north-east and north-west. In this figure it is 

clearer that weak veins tend to describe three semi-orthogonal set orientations and 

faults tend to define only sub-vertical set orientations. Appendix II.A also shows 

fault orientation data recently collected at the mine site using sub-vertical small 

diameter oriented cores placed at the Fw sector, but under the Esmeralda undercut 

level (Harrison, 2008). The data shown in Appendix II.A agree with Figure 7.4b and 
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that conclusion. Therefore, data suggest that Faults orientations at the Esmeralda 

mine sector tend to define only sub-vertical set orientations, which is also consistent 

to what discussed Section 3.2.4. 

Taken into account to the set definition presented in Figure 7.4, spacing for all weak 

discontinuities were estimated and the result are presented in Table 7.1. Data in this 

table shows that fault spacings are similar to the fault spacings found in data from 

Reno mine sector (see Table 3.4), i.e., fault spacing in drive mapping has a mean 

values between 5 to 10 meters throughout the El Teniente ore body. 

Table 7.1. Normal set spacing for weak discontinuities and faults from drive mapping at Esmeralda 
mine sector. 

Normal set spacing (m) 
Structural Domain 

Discontinuity 

type 
Cluster+/DipDir 

Cmet Hw2 Cmet Hw1 Diorite Cmet Fw2 Cmet Fw1 
1 90/316 7.4* 5.2 5.8 3.2 5.3 
2 80/232 8.6† 9.3  9.5 5.3 
3 75/029 5.8 7.6 6.0  8.1 

Weak 
discontinuities 

4 49/191  9.9† 9.0  6.8† 
1 89/143  7.2‡ 5.5‡ 6.7† 8.0 

Faults 
2 86/035 8.7* 8.8 5.2†  8.8 

Note; obtained from less than 40 (†), 20 (*), and 10 (‡) spacing data, respectively. +; Shown in Figure 7.4. 

Following the example of Cmet Fw1 structural domain, the infill thickness 

distributions for veins considering each set are presented in Table 7.2. 

Table 7.2. Vein thickness distribution per family sets observed at Cmet Fw1 using drive mapping. 

Thickness distribution observed (%) Family Sets Data 
<1mm 1- <2mm 2- <3mm 3- <5mm 5- <10mm ≥ 10mm 

Mean 
(mm) 

Set 1 144 - 4.2 38.2 31.9 2.8 22.9 4.5 
Set 2 69 - 4.3 43.5 30.4 5.9 15.9 4.1 
Set 3 129 - 1.6 52.7 37.2 2.3 6.2 3.3 
Set 4 32 - 6.3 59.4 21.9 6.2 6.2 3.2 
Total & mean 358 - 3.6 45.5 32.1 3.4 15.4 4.0 

 

Table 7.2 shows that the individual set thickness distribution observed does not vary 

significantly between each other, which are also similar to the mean of the structural 

domain. A consistent vein thickness distribution was also observed for veins at the 

Reno mine sector. 
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7.2.2 Oriented Core Logging 

A new data collection campaign was implemented to collected small features using 

large diameter oriented drill cores (100mm core diameter) in the area of interest. 

Unfortunately, since Esmeralda mine sector is currently in production with the 

undercut level caved, only three large core samples could be recovered to perform 

this task. These three samples were obtained from the production level, and represent 

three main unit/rock/structural domains; one in diorite rock, and two in andesite rock 

type from each alteration zones (Figure 7.2). 

From these core samples, 861 new discontinuities and their features were described 

according to the procedure described in Section 2.6.1. All core samples have the 

same orientation (S75°E in Figure 7.5). Because one sample orientation per unit type 

is used, greater biases to discontinuity orientation is expected due to the blind zones 

effect (Terzaghi, 1965). Despite of this fact, veins tend to define at least three semi-

orthogonal set orientations as data from Cmet Hw1 shows in Figure 7.5. The data for 

veins orientation shown in Appendix II.A confirm that veins define at least three 

semi-orthogonal set orientations. 

 

Figure 7.5.- Veins orientation, set definition (Sn) from the Cmet Hw1 and core sample orientation 
(black line). Few structures are observed to the perpendicular of sample line (blind zone effect). 

In addition, veins collected by mine geologists using traditional scanline mapping 

techniques at the same mine sector, which included vertical sample lines, are 
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presented in Figure 7.6. These traditional scanlines were located 100 meters above 

the undercut level at the central part of the Esmeralda mine (Fw sector). This figure 

also confirms clearly that veins comprise at least three semi-orthogonal set 

orientations at the studied sector. 

 

Figure 7.6.- Plot contour of veins collected by mine geologist using traditional scanline techniques in 
the Esmeralda mine sector (Fw).  

Despite sampling constrains by using only one sampling orientation, at least three 

semi orthogonal sets were defined for each sampled data set. The normal set spacing 

was calculated for each family set and the results for weak discontinuities are 

presented in Table 7.3. 

Table 7.3. Main set orientation and spacing for weak discontinuities using oriented drill core logging. 

Cmet Hw2 Diorite Cmet Fw1 Family 
Sets Dip/Dir Poles Spacing 

(m) Dip/dir Poles Spacing 
(m) Dip/dir Poles Spacing 

(m) 
Set 1 89/145 27 0.19 90/248 14 0.23 89/322 90 0.06 

Set 2 86/060 3 0.15 89/294 17 0.33 80/76 62 0.07 

Set 3 53/135 13 0.28 72/347 7 0.46 58/148 44 0.09 

Set 4 - - - 50/247 12 0.17 - - - 
 

From Table 7.3 it clears that andesite from Fw sector presents a major degree of 

‘fracturing by weak veins’ or abundance of weak veins than the other two sectors, 

particularly with respect to andesite rock type from Hw sector. Similar results were 

observed in data from Reno mine sector in Chapter 5 (section 5.3). 
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The thickness distributions when only weak discontinuities were included are 

presented in Table 7.4. This table shows a case example of data sets, which were 

observed in andesite rock type within Cmet Fw1 structural domain. 

Table 7.4. Weak vein thickness distribution per family sets observed at Cmet Fw1 using oriented core 
logging. 

Thickness distribution observed (%) Family 
Sets Dip/Dir Data 

<1mm 1- <2mm 2- <3mm 3- <5mm 5- <10mm ≥ 10mm 
Mean 
(mm) 

Set 1  89/332 90 36.7 40.0 18.9 6.1 0.7 0.0 1.2 

Set 2 80/076 62 38.7 38.7 9.7 16.3 1.0 1.9 1.4 

Set 3 50/148 44 20.5 38.6 22.7 15.9 0.0 0.0 1.5 
Total & mean 203 32.5 40.4 16.7 12.0 0.6 0.6 1.3 

 

Comparison between data from Table 7.2 and Table 7.4 confirm that vein thickness 

may be considered to be an isotropic feature within primary copper ore. This vein 

thickness characteristic was also observed in other structural domains, and when all 

discontinuity was included in data analysis. Moreover, the same relationship between 

vein thickness and vein sizes observed in data from Reno mine sector is observed in 

data from Esmeralda mine sector, i.e., additional thin discontinuity appear as the 

truncation threshold value decrease during data collection. In other words, data from 

the Esmeralda mine sector also suggest that longer discontinuities are statistically 

thick. 

7.2.3 Potential Fragmentation 

The in situ rock block distribution or the ‘potential fragmentation’ according to the 

fragmentation model discussed in Chapter 5 was determined by a stochastic 

simulation of the rock structure (Thompson, 2002). The results, when only weak 

discontinuities were included, are presented in Figure 7.7. The same data were re-

analysed considering only thick veins as discussed Section 5.7.1. The results for the 

case when only weak veins having thickness grater than or equal to 2mm were 

included are presented in Figure 7.8. As a comparison, Figure 7.8 includes data from 

Reno mine sector collected using the same procedure. 
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Figure 7.7 shows clearly that andesite rock type from Fw sector has finer in situ 

block size distribution in comparison with diorite rock and andesite from the other 

hydrothermal alteration zone (Hw). 
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Figure 7.7.- In situ rock block size distribution for weak discontinuities. 
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Figure 7.8.- In situ rock block size distributions for weak discontinuities considering vein thicknesses 
≥ 2mm (with * in the chart). Oc; small diameter oriented cores from both sectors within Reno mine. 

Similar results are observed in Figure 7.8 when comparisons are made for weak 

discontinuities having thicknesses grater than or equal to 2mm. Andesite rock type 

within PH alteration zone (Fw sector) in both mine sectors present similar rock 

structure characteristics, having finer potential fragmentation with respect to the 

other alteration zones (Hw sector). Therefore, for the case of Esmeralda mine sector, 
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diorite rock type can be considered a stiffer rock mass being surrounded by a weaker 

andesite rock mass. 

It is important to note, that these rock structure simulation assumed infinite trace 

length for discontinuities, which may underestimate block size distribution, 

particularly where higher discontinuity spacing is observed (Hw sector). 

Additionally, in terms of fragmentation, it also expected that the andesite rock type 

within the principal hydrothermal alteration zone will present finer fragmentation at 

the production level draw points than the LH alteration zone. 

7.3 Rock Mass Response 

Rock mass response due to mining activities has been observed in several aspect at 

this particular mine sector. The major observations discussed hereafter were; the 

hydraulic radius of the footprint during caving propagation; fragmentation 

performance; rock damage in pillar located ahead of the front cave at the undercut 

level, and mine induced seismicity. The record of induced seismicity during caving 

propagation at the seismogenic zone in this mine sector is discussed with more detail 

in next chapter.  

7.3.1 Hydraulic Radius during Caving Propagation 

In the pre-undercut caving method, the caving propagation is controlled by draw 

strategies at the production level. At the mine site the extraction rate is used to 

control the cave growth in order to control the seismic response at the seismogenic 

zone (Rojas et al., 2000). The undercut level, which is developed prior the production 

level, is being blasted at least 80m ahead from the active draw points in all direction 

as shown Figure 1.21 (Rojas et al., 2001). In this respect, two hydraulic radius of 

caving can be distinguish; one related with the undercut area, and the other related to 

the effective caving area defined by the active (working) production level draw 

points as shown Figure 1.21. The effective caving area is also called the active 

footprint. 
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An example of that particularly can be seen in detail with the case of Reno mine 

sector. Mining activities at this mine sector stopped in 1992 with less than 1 million 

tonnes of extracted ore (Rojas et al., 2000). The undercut area at this time was of 

27,000 m2 with a hydraulic radius of 36. The mine sector was closed due to 

uncontrolled induced seismicity (Dunlop and Gaete, 1997), which affected 

considerable areas of mine infrastructure. Mining activities was reinitiated 

experimentally in 1994, but with a controlled draw strategy in a limited area of 

11,000 m2 at the west part of the mine (active footprint in Figure 7.9). Breakthrough 

to upper old mine levels was achieved in the middle of 1998 without increasing that 

effective drawing area. Consequently, the active hydraulic radius estimated is this 

case was of 25m. 

 

Figure 7.9.- Isometric view of the cave of Reno mine sector at the time of breakthrough to upper mine 
levels. 

At the Esmeralda mine sector, the breakthrough to upper mine level was estimated to 

occur between April and May 1999, when the hydraulic radius reached a value of 

26m (Figure 7.10). The effective mined area at this time was 16,800m2 (Rojas et al., 

2001), whereas the undercutting area at this time was of 54,470m2 with a hydraulic 

radius of 38m. 

Based on cave propagation observations, an empirical relationship was established 

between the extracted rock column height and the cave back height. The extracted 

rock column height is converted in meters from the total recorded production at each 
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draw point. The relationship between these two heights was found as 3, this means, 

for example, that after 10 meters of extraction at any draw points, is expected that the 

cave back has reached 30 meters over the same draw point. This relationship was 

also tested with drill core samples in September 1988 (Seguel and Morales, 1988), 

and correlated with subsidence observations (Parraguez and Campos, 2007). It is 

now commonly accepted to estimate the cave front geometries at any place and at 

any time within the mine site (Rojas et al., 2000). This relationship was used to 

create the cave geometry volumes in the numerical modeling (Chapter 8). 

 

Figure 7.10.- Isometric view of the cave of the Esmeralda mine sector at the time of breakthrough to 
upper mine levels. 

It also is important to note that rock masses of secondary ore, which are usually 

heavily fractured, have achieved caving with a hydraulic radius of around 22m (see 

Figure 1.17). That antecedent is indicating a suggestion that the rock masses of 

primary copper ore may also fails readily when are subjected to stress. 

7.3.2 Fragmentation 

Two back analysis studies on the fragmentation performance have been completed at 

this mine sector. The first one was implemented between May and August 1999 and 

included digital imaging process (DIP) of photos taken in draw points and ore passes 

(Pereira and Zamora, 1999). The second study was a statistical analysis of the 

standard observations (visual inspection) undertaken from draw points made 

routinely by the worker of control production. Data used in those calculations ranged 
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from January 1999 and July 2004 (NCL, 2004). A summary of the first study is 

presented in Table 7.5, which included fragmentation predictions made during 

feasibility studies of the mine sector. 

Table 7.5. Fragmentation back analysis of Esmeralda mine sector (Pereira and Zamora, 1999). 

Oversize predicted and measured (%) 
In draw points In ore passes 

Measured Feasibility studies Measured 
Unit Type 

>1m3 >2m3 >1m3 >2m3 >1m3 >2m3 
Andesite Hw 
(Cmet Hw1) 

43 33 14 8 38 23 

Diorite 47 39 34 25 37 21 
Andesite Fw 
(Cmet Fw2) 

40 26 5 2 38 22 

Note; rock block size reduction by secondary blasting are included only at the ore passes measurements. 

The results present in Table 7.5 are in good agreement to what is shown in the 

previous chapter, i.e., rock masses from Cmet Fw2 structural domain (Fw sector 

and/or PH alteration zone) have rock structure characteristic that may result in finer 

fragmentation. The hang-up data of this study, which showed major frequency of 

event than other structural domains, was also in agreement with diorite rock type as 

the unit type with expected coarser fragmentation (Pereira and Zamora, 1999). 

The results from the study that used visual inspections were found similar to these 

shown in Table 7.5. In addition, a comparison between the predicted in situ 

fragmentation using weak discontinuities (from Figure 7.8) and from feasibility 

studies (in Table 7.5) are shown in Figure 7.11. This figure also includes the 

observed fragmentation in Table 7.5. 

Some conclusions can be draw from Figure 7.11; larger differences in the in situ 

fragmentation can be expected between Fw and Hw mine sector when the concept of 

weak discontinuities is applied compared to the methodology used during feasibility 

studies. As it was outline in Section 5.7.2 (Fragmentation Model for primary copper 

ore at the El Teniente mine), fragmentation in the draw points curve is located at the 

right of the potential fragmentation curve. Next, it seems that secondary blasting is 

not needed for caved rock block of Fw sector.  
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Figure 7.11.- Comparison between predicted (potential, feasibility studies) and observed (draw points 
and ore passes) fragmentation (adapted from Figure 7.8 and Table 7.5). 

7.3.3 Rock Damage in Mine Drives of the Undercut Level 

Major rock damage in mine drives has been observed and measured at the undercut 

level ahead of the cave front. This rock damage, which was observed as mine drive 

over brake, may be due to abutment stress caused by stress redistribution from major 

cave geometries. This kind of rock damage has been characterized in a general form 

of two damaged zones; high and low zone of mine over brake as shown Figure 7.12 

(adapted from Gaete et al., 2005). The exactly picture of general mine conditions in 

June of 1999 is present in this figure, the main features shown are; a) The active 

footprint delimited by active draw points. b) The cave front geometry and/or the 

complete undercut area, c) Two zones in which pillar geometries can be considered 

similar; pillar areas equal to and grater than 250m2, as yellow and green colors 

respectively. d) Control points for stress analysis related to each structural domains 

used in the numerical model discussed in the next chapter. e) Rock damage areas 

located ahead of the undercutting front, high drive over brake (red zone) and low 

drive over brake (blue zone), which can be associated to the attached picture in that 

figure. The following figures, from 7.13 to 7.21, the picture of general mine 

condition at different times between 1999 and 2002. Rock damage zones as would be 

expected moved accordingly to the advancing cave front. A summary of the rock 

damage in term of the total damage area (m2) between 1999 and 2004 for Hw and Fw 

sectors is shown in Figure 7.22. 
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Figure 7.12.- Observed rock damage in mine drives as areas of high and low mine over-brake at the 
undercut level in June 1999 (adapted from Gaete et al., 2005). 

 

Figure 7.13.- Observed rock damage in mine drives of the undercut level in August 1999 (adapted 
from Gaete et al., 2005). 

Hw 
Sector 

Fw 
Sector

b) Cave Front e) Rock damage zone;
High (Red) 
Low (Blue) 

a) Active Draw Points Zone

d) Control point in the numerical model 
related to each the structural domain 

c) Pillar area of 250m2 (Yellow) and over of 250m2 (Green)

e) Rock Damage in Pillars of the Esmeralda Undercut Level as Drive Over-break

Original mine drive cross section (white colour) 
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Figure 7.14.- Observed rock damage in mine drives of the undercut level in December 1999 (adapted 
from Gaete et al., 2005). 

 

Figure 7.15.- Observed rock damage in mine drives of the undercut level in April 2000 (adapted from 
Gaete et al., 2005). 
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Figure 7.16.- Observed rock damage in mine drives of the undercut level in July 2000 (adapted from 
Gaete et al., 2005). 

 

Figure 7.17.- Observed rock damage in mine drives of the undercut level in September 2000 (adapted 
from Gaete et al., 2005). 
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Figure 7.18.- Observed rock damage in mine drives of the undercut level in February 2001 (adapted 
from Gaete et al., 2005). 

 

Figure 7.19.- Observed rock damage in mine drives of the undercut level in July 2001 (adapted from 
Gaete et al., 2005). 
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Figure 7.20.- Observed rock damage in mine drives of the undercut level in October 2001 (adapted 
from Gaete et al., 2005) 

 

Figure 7.21.- Observed rock damage in mine drives of the undercut level in October 2002 (adapted 
from Gaete et al., 2005) 

The data shown in Figure 7.22 indicates that grater zones of drive over brake has 

always been observed at the Fw sector compared to the Hw sector, even though the 

analysis considered to normalize the Fw sector by a factor of 2. This because, the Fw 
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sector area for the analysis almost duplicates the Hw sector area. Similar result can 

be seen for case when data are split in high and low rock damage (Figure 7.23). It 

interest to note that until February 2001 high mine over brake took place in pillar to 

be considered more robust (larger pillar areas in Fw sector) compared to the rest of 

the mine sector studied3. Based on the information presented in all these figures, it 

seems that the rock mass at the Fw sector maybe weaker than the one at the Hw 

sector. 

 

Figure 7.22.- Total rock damage observed at the undercut level of Esmeralda mine sector between 
1999 and 2004 for Hw and Fw sectors. Fw sector has also being normalized by a factor of 2. 

 

Figure 7.23.- Total rock damage observed in the undercut level of Esmeralda mine sector between 
1999 and 2004 for Hw and Fw (normalised) sectors considering high and low rock damage. 

The major rock damage observed at the undercut mine level is preferentially located 

at the Fw sector, it has been interpreted as the results of higher stress concentration 

due to stress redistribution by cave propagation (Gaete et al., 2005), which is 

                                                 
3 Maybe drive mine over brake does not correlate with pillar wide, but to weak discontinuity occurrence. 
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consistent with the higher over burden observed also at the Fw sector (see Figure 

1.3). The stress concentration in the undercut level mine drives caused rock damage 

inside several pillars. Consequently, the normal blasting operations to increase the 

undercut area have been affected and consequently sometimes poorly performed. No 

relevant conclusion has been obtained from this phenomenon since no back analysis 

studies have been undertaken. 

7.4 Conclusions 

A new rock structure characterisation has been performed at the Esmeralda mine 

sector following the methodology developed in Chapter 5. This included a new data 

collection campaign and re-analysis of the standard data collected at the mine site. It 

was found similar results to what was found in data from the Reno mine sector, 

which are detailed as follow; 

Weak veins, which are mainly filled with intermediate infill strength minerals, 

comprise at least three semi orthogonal discontinuity set orientations. These 

structures were found in high frequency within the rock mass, but describing 

different abundance between structural domains. 

Faults were found widely spaced within the rock mass, comprising at least two sub-

vertical sets trending north-east and north-west. The structural anisotropy defined by 

the fault occurrence does not change significantly through the structural domains in 

the area of study. 

The in situ rock block distribution simulated for the case when only thick weak 

discontinuities were considered, shows that the andesite rock from Fw sector as the 

rock mass with finer potential fragmentation. This characteristic is in agreement with 

the fact that at the principal hydrothermal alteration zone (Fw sector) is more likely 

to find grater amount of weak discontinuities. 

The thickness distributions have been found to have an isotropic characteristic within 

the rock mass, and it has also been confirmed that long discontinuities are 

statistically thicker than the short ones. 
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The application of the proposed rock structure characterization methodology to the 

new data demonstrated that comparable differences between unit types can be 

obtained when the infill strength features of veins is taken into account. 

The preliminary analyses of the rock mass response to mining activities correlate 

with the fact that rock masses with grater abundance of weak discontinuities tend to 

determine weaker rock masses. In fact, it is clear that very finer fragmentation 

correlated with greater abundance of weak discontinuities. In addition, mayor drive 

mine over brake correlated apparently to a weaker rock mass as the one observed at 

the Fw sector. 
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CHAPTER 8 BACK ANALYSIS STUDIES 

8.1 Introduction 

During previous chapters it has been shown that the fragmentation observed during 

caving at Reno mine sector of the El Teniente occurred mainly through weak 

discontinuities (Chapter 4). It can also be say that the finer fragmentation observed in 

the production level at the Fw sector of the Esmeralda mine (Villegas, 2006, Pereira 

and Zamora, 1999) was associated with the large abundance of weak discontinuities 

observed within the rock mass, compared to those ones observed at the Hw sector 

(Chapter 7). Hence, data suggest that weak discontinuities defined in this study truly 

represent the weak path where the massive and competent rock mass of primary 

copper ore fail under stress conditions. 

Consequently, it is expected that the weak discontinuities also play a relevant role in 

the overall geotechnical behavior of primary copper ore. In other words, it could be 

states that “the strength of the massive and competent rock mass at the El Teniente 

mine would depend of the occurrence of weak discontinuities within such rock 

masses”. Although the proper way to prove such statement would be through 

performing a controlled experiment (for instance, a triaxial compressive test of the 

rock mass in the laboratory), both the scale and the nature of the problems studied 

here does not allow performing such kind of experiments. However, it would be 

possible to back analyses some observed experiences during caving performance at 

the El Teniente mine to investigate the validity of such statement, which is the 

hypothesis research. 

In this study, recorded mine seismicity and rock damage observed during caving 

initiation and propagation at the Esmeralda mine sector were back analysed to 

investigate the importance of the weak discontinuities in the overall geotechnical 

behavior of rock masses of the primary copper ore. Additionally, in order to 

complete the back analysis loop; stress applied lead to observe strain which would 

depend of the rock mass strength, a mine scale numerical model was performed to 

assess the state of stress around excavations during caving initiation and propagation 

at the studied mine sector. 
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8.1.1 Goal 

The main objective of this chapter is to investigate the validity of the hypothesis 

research through back analyses studies. In other words, to investigate the importance 

of weak discontinuities in the overall geotechnical behavior of rock masses of the El 

Teniente primary copper ore. 

Induced seismicity, which included moment tensor estimates, and rock damage 

response to mining activities at the Esmeralda mine sector (from section 7.3.3) were 

the data used to perform the back analyses studies. In order to assess the state of 

stress around excavation during caving operations, a mine scale numerical model 

was performed. The back analyses studies also included a review of mine seismology 

and seismic monitoring at the mine site. 

8.2 Background of Mine Seismology and Seismic Monitoring at the El 

Teniente Mine 

Mining activities, such as block caving, disturb the near field stress within the rock 

mass surrounding excavations (cave). This may result in stress levels exceeding the 

rock mass strength. If this is the case, rock failure may occur and the potential energy 

accumulated in the rock mass may be released (unloaded) gradually or suddenly. The 

rock failure may occur through the intact rock material (fracturing) or through a pre-

existing discontinuity (slip). A mining induced seismic event corresponds to the 

radiated energy during a sudden rock mass failure. 

The energy is released in form of seismic waves, which propagate through a medium 

and then are recorded by the seismic sensor at a seismic station. Seismic sensors 

essentially record the ground motion as a time function, and it is represented as a 

seismogram (Figure 8.1). Waveform characteristics from the seismograms recorded 

in several seismic stations provide valuable information of the source, such as 

location (hypocentral distance from sites) and source parameters like the overall size 

of the event (Magnitude), seismic moment and radiated energy, among others 

seismic parameters. In general, the characteristic of the induced seismic event will 

depend of the strength of the rock mass, the state of stress, the size of the source of 
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the seismic radiation, and on the rate at which the rock mass is deformed during rock 

mass failure (Mendecki, 1997). 

At the El Teniente mine, seismicity has been noticeable since the primary copper ore 

exploitation started in the 80’s (Rojas et al., 2000). The experimental primary copper 

ore Ten-4 Fw mine sector was closed in 1987 after severe damage in the production 

level caused by some large magnitude dynamic failures from stress redistribution. 

The Reno mine sector suffered a similar situation; it was closed in 1992, and was 

experimentally re-opened between 1994 and 1998. After gained experience in 

controlling mine induced seismicity, Reno mine sector was again incorporated to the 

production plan in 1998 (Rojas et al., 2000). 

 

Figure 8.1.- Seismogram recorded by a trialxial sensor at the El Teniente mine. 

Initially at the El Teniente mine, three different analogue monitoring systems were 

installed aiming to cover only the primary ore exploitation (Dunlop and Gaete, 

1997). From 1992 a fully digital seismic monitoring system has been operating to 

cover the entire mine, since then this system has been supported and maintained by 

ISS International Limited (ISS, 2007). During caving initiation at the Esmeralda 

mine sector, around 29 remote seismic stations were operating. Each seismic station 

included a 4.5Hz triaxial geophone (Dunlop and Gaete, 2001). Evidence of 

seismicity at the Esmeralda mine sector started after the undercutting initiation in 

October 1996 (Dunlop and Gaete, 2001). Caving initiation started one year later, and 

the breakthrough to the upper level was estimated to occur in April-May 1999. Until 
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2003 more than 80,000 events were processed by the monitoring system in that mine 

sector (Figure 8.2). Seismicity due to blasting is not included in this number. 

 

Figure 8.2.- Seismic events recorded per months at Esmeralda mine sector between 1996 and 2003. 

The seismic events at the El Teniente mine are automatically processed using the 

commercial JMTS-ISS software package, and the seismic source parameters 

including the event location, time, radiated seismic energy, seismic moment 

(measure of the strength of the seismic event), Magnitude (overall size of the seismic 

event) are automatically calculated. Detailed descriptions of seismics source 

parameters are presented in Appendix III.A. A more detailed technical description of 

the ISS software package calculations is also described by Mendecki (1997). 

The quality and the integrity of the seismic data at the El Teniente mine has been 

recently assessed by ISS International Limited as part of a seismological back 

analysis study of large seismic events at the Reno mine sector (ISS, 2007). The 

assessment shown that the monitoring system was in good condition and seismic 

source parameter have been well estimated (ISS, 2007). 

Main seismic parameters recorded at the El Teniente mine range as follow; 

 Scalar Seismic Moment: 107 ↔ 1013 (Nm) 

 Radiated Energy:  0.2 ↔ 108 (J) 

 Moment Magnitude scale: -1.5 ↔ 2.7 (used as local magnitude scale) 
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The media or medium for seismic calculation is defined as isotropic and 

homogeneous at the mine site. The currently velocity model assumes the following 

values; 

Vp = 5600 m/s  Vs = 3500 m/s  Density ρ = 2700 kg/m3 

An example of the recorded seismicity at the Esmeralda mine sector between 1997 

and 1999 is shown in Figure 8.3. In this figure, the majority of the induced seismic 

events are located surrounding the cave, which has been described as the 

seismogenic zone around the cave (Duplancic, 2002). 

 

Figure 8.3.- Isometric view of Esmeralda mine sector showing cave geometry, diorite rock and the 
recorded seismicity (crosses green and blues) between 1997 and 1999. For details see Figure 7.10. 

8.2.1 Seismic Moment and Moment Magnitude 

The seismic moment also called the scalar moment, Mo, is a measure of the strength 

of the seismic event1. It is defined assuming a double-coupled point model or a pure 

shear dislocation mechanism (Figure 8.4). Mo is expressed as (Aki and Richards, 

1980): 

Mo = µ A D [Nm]       (8.1) 

                                                 
1 Originally defined for earthquakes, is also a measure of the size of the induced seismic events. 
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where µ is the shear modulus at the source, A is the area over which the dislocation 

occurred, and D is the average slip over the area A. 

 

Figure 8.4.- Equivalent body force description. Fault slip can be described by the superposition of 
either force couples Mxy and Myx or force dipoles Mx’x’ and –My’y’. (Modified after Stein & Wysession 
2003). 

A force couple consists of two forces acting together, in opposite direction. The net 

force or torque is annulled when two force couples (double couple) are 

simultaneously acting at the source, allowing only shear failure to occur. 

Magnitude was the first measure of the size of an earthquake. It is based on the 

amplitude of the resulting waves recorded on a seismogram (Figure 8.1). The first 

magnitude scale was introduced by Charles Richter (Richter, 1935), which is known 

as local magnitude scale, ML. It is defined as; 

ML = log A(∆)-log Ao(∆) [dimensionless]   (8.2) 

where 

 A is the maximum trace amplitude at distance ∆ 

 Ao is the maximum amplitude 

Moment magnitude scale, Mw (Hanks and Kanomori, 1979) used as local magnitude 

at the El Teniente mine is based on the seismic moment, which is derived from the 

spectra domain2 (in appendix III.A). It is estimated as follow. 

Mw = 3
2

log Mo - 6.0  [dimensionless]   (8.3) 

where Mo is the scalar seismic moment. 

                                                 
2 See Figure III.A4 in Appendix III.A for more details. 

Slip

Fault

Mxy

-Myx

T 

P 

-Myy 

-Mxx 

→

y 

x 

   y’  x’ 



Chapter VIII  Back Analysis Studies 

 209

8.2.2 The Gutenberg-Richter Distribution and Seismic Potential 

Seismicity that occurs in a certain period of time within a particular seismogenic 

zone varies with magnitude, with successively smaller seismic events being more 

common. This natural occurrence of seismicity has been quantified by Gutenberg–

Richter power law seismic event frequency-magnitude relation. This empirical 

distribution for events, has been observed at different range scales; from earthquakes 

to laboratory experiments, including mine induced seismicity (Scholz, 2002). Figure 

8.5 presents an example of the Gutenberg–Richter plots of the observed mine 

induced seismicity in different years at the Esmeralda sector. 

Based on that empirical distribution for induced seismic events, seismic potential or 

event probability can be assessed as follow; 

Log N(≥ m) = a- bm       (8.4) 

where N(≥ m) is the expected number of events not smaller than magnitude m, and a, 

b are constant obtained from the Gutenberg–Richter plot (Figure 8.5). 

 

Figure 8.5.- The Gutenberg-Richter seismic event frequency-magnitude relation for different years at 
the studied mine sector. 

The array or the monitoring system sensitivity can also be determined from the 

Gutenberg–Richter plot. The minimum moment-magnitude above which the system 

records all the events with sufficient signal to noise ratio is defined as mmin, which is 
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determined where the slope changes in the cumulative event-magnitude distribution 

(dashed line in graphs of Figure 8.5). In Figure 8.5, it can be seen the array 

sensitivity operating at the Esmeralda mine sector as the same from 1996 to 2002. 

8.2.3 Mine Production and Control of the Induced Seismicity 

Various rules, based on mining activities, have been established to control induced 

seismicity at the El Teniente mine (Dunlop and Gaete, 1997, Rojas et al., 2000, 

Dunlop and Gaete, 2001). Mining parameters such as the undercutting advance rate 

(increment of the hydraulic radius) and the extraction rates (draw) modify the size 

and geometry of the cave, which control induced stresses that cause induced 

seismicity. Therefore, management the induced seismicity can be based on 

controlling the rate of these mining parameters, as used the Esmeralda mine 

production (Rojas et al., 2000, Dunlop and Gaete, 2001). 

One of the main concepts gained through Esmeralda’s experience is the “30% of the 

column height extraction” (applied only to primary copper ore). It has been 

observed, particularly in this mine sector during caving propagation (1998-9), that 

for 1 meter high of ore extraction at the production level draw points, the broken 

rock mass in the caveback grew up to 3 meter high, therefore the caveback may 

breakthrough (reach the top of extracted rock column) after the ore extraction reach 

30% of the column height. It is expected that most of the induced seismicity occurs 

before the ore extraction reaches this 30% of the primary ore column height, 

therefore, extraction rate is only constrained to this column height (Rojas et al., 2000, 

Dunlop and Gaete, 2001). 

8.2.4 Moment Tensor 

A major research in seismology is the description of the physics of the seismic 

source; a common approach is the approximation by a model of equivalent forces 

acting in a point that cause the physical dislocation and displacements during a 

seismic event. The body force representing the seismic point source can be modelled 

by nine possible combinations of force and arm directions, as is shown in Figure 8.6. 

The equivalent forces are determined from observed seismograms correcting by 

instrument and path. 
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Figure 8.6.- Nine possible force couples Mij of a moment tensor (after Aki & Richardson, 1980). 

The set of nine terms Mij (forces couples) is known as the moment tensor, M, which 

is a symmetrical second order tensor with six independent components. The 

subindices i and j denote the directions of the forces and the arm of the couple, 

respectively. Then, the moment tensor is denoted as; 
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A double couple source or shear mechanism is only one of these possible force 
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where Mo is the scalar seismic moment or magnitude of the equivalent body force. 

The eigenvectors of the moment tensor give the directions of the principal stress axes 

acting on the source (neglecting gravity). The eigenvalues provide their magnitude 

(Gibowicz, 1990). 
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Let m1, m2, m3 define the eigenvalues and their corresponding eigenvectors a1, a2, a3 

of a moment tensor M. Then, the moment tensor can be decomposed into three major 

parts; the compensated linear vector dipole (CLVD), the isotropic (ISO) and the 

double-couple (DC) components according to the rule (Gibowicz and Kijko, 1994): 

M = 
3
1 (m1+m2+m3)I + dm3 F (2a3a3–a2a2–a1a1) + dm3 (1-F)(a3a3–a2a2) 

M  = ISOI + CLVD(2a3a3–a2a2–a1a1) +DC(a3a3–a2a2)  (8.7) 

where I represents the unity matrix, d
im = mi- (m1+m2+m3)/3 with | dm3 |≥ | dm2 |≥| dm1 |, 

and F = - dm1 / dm3 . 

The isotropic or the volumetric component represents a volume change at the source. 

An explosive source such as a mining blast is an example of pure isotropic 

mechanism (none zero trace3). Two primary explanations have been offered for 

CLVD mechanism (zero trace); a crack opening under tension4 and/or due to near-

simultaneous faults of different geometries (Stein and Wysession, 2003). Several 

reported cases of mine tremors showing evidence of non-double couple mechanism 

have been compiled by Gibowicz (1990). For instance, it was found that the ratio 

between tensile/shear component ranged from 1 to 13 percent for shallow 

earthquakes (Sileny et al., 1986). The waviness of a fault and/or the occurrence of 

two sub-events occurring on fault planes of different geometries and separated in 

time may explain non-double couple mechanism at the source (Gibowicz, 1990). 

Figure 8.7 illustrates these possible explanations, where for instance, a fault slip 

(shear mechanism) can be associated with traction failure (the top illustrations in that 

Figure 8.7). 

8.2.5 Focal Mechanism 

The study of the geometry of faulting during earthquakes is known as the focal 

mechanism. Seismograms recorded at various distances and azimuths are used for 

this purpose. This concept assumes a double couple source mechanism and the 

pattern of radiated seismic waves depends on fault geometries (Figure 8.8), i.e., the 

                                                 
3 Trace is defined as m1+m2+m3 
4 An inflating magma dike modelled as crack in tension. 
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first motion or polarity of P wave arrivals are related to the sensor location. This 

figure illustrates a strike slip earthquake on a vertical fault, the first motion is in 

compression (P wave up) for stations located where the fault move ‘toward’ the 

station. Where the motion is ‘away from’ the stations, the first motion is in dilatation 

(P wave down). 

 

Figure 8.7.- Several possible source explanations for simultaneous non- double couple and double 
couple source mechanisms (from Mendecki, 1997). 

 

Figure 8.8.- Focal mechanism and first motion (after Stein & Wysession 2003). 

The first motion divides the space or the focal sphere in four quadrants, two 

compressional and two dilatational. These occur along the fault plane and a plane 

perpendicular (auxiliary plane) to it, both are called ‘nodal planes’. The same pattern 

of first motion can be detected as result of slip occurring at either of the two nodal 
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planes, and then the first motion cannot be solved without additional geological or 

geodetic information. 

First motion solutions (also known as fault plane solutions) relate the focal 

mechanism to the ambient of state stress by the equivalent representation of body 

forces. The two force couples acting at the source are: the pressure P axes and the 

tension T axes (see also Figure 8.4), while the null motion axes B is represented by 

the intersection of the two nodal planes. The P, T, and B axes are considered to be 

close to the maximum, minimum and intermediate principal stresses within the rock 

mass during failure, respectively (Gibowicz 1990). Closer solution of the principal 

stress orientation can be obtained through cluster analysis of the P, T, and B axes for 

a set of events spatially and temporally related (Gephart and Forsyth, 1984, Urbancic 

and Young, 1993, Mendecki, 1997). 

Focal mechanism can be determined either by geometrical data analysis by knowing 

the source and station locations or directly by moment tensor using the inversion 

procedure. The second one has the advantage to analyse the seismograms without 

assuming a determined source mechanism. 

8.2.6 Moment Tensor Inversion 

The method consists in finding the moment tensor that best matches the observed and 

the synthetic seismograms. 

The displacement field, ui(x,f), generated by the nine possible combinations of body 

forces (Figure 8.6), which can be modelled as a linear functions of the component of 

moment tensor in the frequency domain (Gibowicz and Kijko, 1994); 

uk (x,f)= Mij(f) Gki,j(f),       (8.8) 

where Mij(f) is a vector that represents the source, which contains the 6 independent 

component of the moment tensor5 (Equation 8.5). f represent each frequency, and 

Gki,j(f) is the Green’s function that represents the medium response to the motion. 

The Green’s function includes the seismometer effects, and the earth structure along 

the path from the source to this seismometer. 

                                                 
5 6 because it is a symmetric matrix 
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Then, a synthetic seismogram, u, at the ith station is defined as the sum of the Green’s 

function weighted by the each moment tensor component: 

∑
=

=
6

1

)()(
j

iiji mtGtu   [mi = Mij]    (8.9) 

Since we have many seismograms, equation 8.9 can be written as a vector matrix 

equation: 

u = Gm   or    
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 (8.10) 

This represents a system of linear equations with more equations (n) than unknowns 

(6). Because G is not a square matrix, it cannot be inverted to solve the system of 

linear equations. Instead, the moment tensor that best matches the observed 

seismograms is found by applying what is called the generalized inverse of G as 

(Stein and Wysession, 2003): 

m = (GTG)-1GTu       (8.11) 

The quality of the inversion is quantified by a mean coefficient of correlation, cC , 

between the observed and the synthetic seismograms (Mendecki, 1993). The cC  

ranges from 1 to -1: 1 is a perfect match, 0 implies no correlation and -1 is the perfect 

anti correlation. 

8.3 Analysis of Recorded Seismic Data during Caving Propagation 

Seismicity is one of the best records of rock mass response to mining activities at the 

mine site; therefore, its analysis was used to validate the hypothesis research. Two 

different approaches were undertaken to perform this task. The first approach is 

related to the focal mechanism studies, because this seismic analysis technique may 

provide information of the discontinuity orientation being mobilised during the 

development of seismicity. In this section re-analysis of focal mechanism studies 
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were undertaken to correlate the discontinuities being mobilized (damage 

orientation) at the seismogenic zone, where caving will propagate, with the structural 

data collected in previous chapters. The second approach is related to seismicity at 

the seismogenic zone itself. In general, the characteristic of the induced seismic 

event will depend of the strength of the rock mass, the state of stress, and on the rate 

at which the rock mass is deformed during rock mass failure (Mendecki, 1997). 

Therefore, seismicity may be correlated to the rock mass strength by assessing and 

analyzing all these parameters. 

8.3.1 Focal Mechanism at Reno Mine Sector 

Two different studies based on moment tensor inversion methodology have been 

carried out to determine focal mechanism for major dynamic failures that occurred at 

the East sector (hanging wall) of the Reno mine sector. 

The first study assessed the temporal seismicity spatially related to the Mw = 3.0 

event that occurred on April 22nd, 2003 (Dunlop and Belmonte, 2005). Hence, 

seismicity recorded between January 2002 and May 2003 were analysed for events 

having Mw > 0.0. Only 26 stable solutions were obtained. According to the motion of 

the upper side of the faults, only 22 events were identified having reverse 

mechanism. The original data was re-analysed and plotted using pole vector 

representation (stereographic projection, Figure 8.9). In this figure only events Mw ≥ 

0.6 are plotted: a) shows the fault plane solutions, and in b) the cluster of P, T and B 

axes are plotted. No information of the inversion quality is provided in this work. 

The second study included all seven major dynamic failures and their aftershock that 

occurred between 2000 and 2005 at the same sector (ISS, 2007). Only event 

magnitude ranging from -0.4 to 3.0 were included. In this case a more accurate 

procedure, which included sensor orientation corrections, was applied. Again, the 

original data (38 events) was re-analysed and plotted using pole vector representation 

(Figure 8.10). 
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Figure 8.9.- Faults plane solution and orientation of T, P and B axes for seismicity associated to the 
April 22nd, 2003 event plotted in lower hemispheric projection (modified from Dunlop and Belmonte, 
2005). 

 

Figure 8.10.- Faults plane solution and orientation of T, P and B axes for major failures occurring 
between 2000-2005 plotted in lower hemispheric projection (modified after ISS, 2007) 
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Different illustrations are presented in Figure 8.10; in a) is shown all fault plane 

solutions for events Mw ≥ 0.7. In b) Cluster of P, T and B axes as principal stresses 

orientation for events Mw ≥ 0.7 are plotted. In c) all 76 fault plane solutions are 

shown. In d) Cluster of P, T and B axes for all events are illustrated. The inversion 

quality estimated for most data investigated is over 0.5. 

The following can be concluded based upon the data shown in Figure 8.9 and Figure 

8.10; 

1. The same source mechanism for major dynamic failures has been operating 

at the Hw sector of the Reno mine between 2000 and 2005. In practically all 

cases only a reverse mechanism has occurred. 

2. The discontinuities which were the most likely to be mobilized are faults. 

This interpretation is based in two main arguments; faults as open 

discontinuities are weaker than veins, and faults have also larger sizes. 

3. From Figure 8.9a and Figure 8.10a, the discontinuity orientation 50/340 

(Dip/Dipdir) was the most likely to be mobilized. This result was reached 

after a comparison between faults and veins orientations from the same 

sector (see also Figure 3.5 and Figure 3.6 from Hw sector where those 

seismic event were located). 

4. Similar to what has been found in other mine environments under high 

confining pressure (Gibowicz, 1990), the tensile component of source 

mechanism was up to 20% for most mobilized discontinuities (Figure 8.11). 

Low values of the isotropic component of moment tensor can be inferred 

from higher confining pressure during failure, and that agree with the 

interpretation that most of these events have been re-located below and far 

from mine level (ISS, 2007). 

5. The principal stress orientations obtained from cluster analysis of P, T, and B 

axes are showing similar orientation to the in situ principal stresses obtained 

from the WASM acoustic emission stress measurements (compared with 

Figure 1.14). These results are in agreement with major events location 

below and far from current mine levels, where stress redistribution by caving 
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geometries may have occurred only in terms of magnitude changes. Similar 

results have been obtained in other seismological field and mine 

environments (Gephart and Forsyth, 1984, Urbancic and Young, 1993, 

Mendecki, 1997). 
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Figure 8.11.- Source mechanism for major dynamic failures at the Reno mine sector. 

6. Data of moment tensor by the inversion procedure have not been 

significantly affected by location errors (ISS, 2007), even for data processed 

without sensor orientation corrections6. This increases the confidence in the 

moment tensor estimates used in this study, despite any location errors that 

may exist. 

8.3.2 Focal Mechanism at Esmeralda Mine Sector 

A special data collection program for this research was designed to obtain moment 

tensors during April 2007. Moment tensor estimates were determined using the 

inversion procedure at the JMTS-ISS software package at the mine site7 (Belmonte 

2007, written communication). The main criteria to select the mine section to be 

studied were;  

                                                 
6 The ISS’ assessment of the monitoring system mentioned error in both seismic event location and sensor orientation that did 
not affect moment tensor estimates, for details see Appendix III.A. 
7 This is a standard procedure of the software undertaken from seismic database. 
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• Seismicity recorded between October 1997 and December 1999 and having 

Mw> 0.0. This mine section represents caving initiation, propagation and 

breakthrough to upper mine levels. 

• The volume studied considered mainly the diorite rock type above the 

undercut level and close to cave propagation as the central part of the mine 

sector (Figure 8.12). 

Several moment tensor estimates were used to investigate numerical model 

calibration (in Brzovic et al., 2008). In general terms, moment tensor estimates 

included re-calculation of shear and compressional wave arrivals. Some waveform 

data was rejected when either unclear arrival phases or large gaps were obtained. 

Over 8 stations were used to obtain stable fault solution (Belmonte 2007, written 

communication). Unfortunately, no information of the inversion quality was 

provided. 

 

Figure 8.12.- Plan view of Esmeralda mine sector showing event with moment tensor estimates (+; 
events. Blue coloured events were recorded prior to breakthrough to the upper levels and black ones 
after that). 

A small sample of these data, which represent a reduced window of time and space 

were compared with structural data from the same place. Focal plane solutions of 
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142 events recorded between February and April 1999 were analysed. These data 

were located within the rock volume defined by mine coordinates; 580-660 North, 

1100-1200 East, and 2240-2300 mine level. This mine section also represents caving 

propagation just prior to breakthrough to the upper level as shown Figure 8.13. 

 

Figure 8.13.- Location of events with plane focal solution recorded from February to April 1999 
indicating fault mechanisms; inverse-strike slip (red), normal-strike slip (black). 

Based on the direction of the motion given by the slip vector in the plane, faults 

mechanisms are included in Figure 8.13 as well. When the motion of the upper side 

of the fault goes in an upward direction the faults can be classified as either inverse 
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or strike slip8. When the motion goes in a downward direction the faults can be 

classified as either normal or strike slip. 

The 284 pairs of focal plane solutions obtained were compared against fault 

orientation data from the same area (Figure 8.14). Assuming that sampling bias 

against sub-horizontal discontinuities is not significant (as discussed in Section 3.2.4 

and 7.2.1), this information can be used to assess whether every pair of plane 

solutions is likely to be a fault or another discontinuity such as weak veins. The 

stereographic projection shows that mostly steeply-dipping faults collected in mine 

drives are present in this structural domain (Figure 8.14a). If most of the seismic 

events occurred due to slip on pre-existing discontinuities as found in Chapter 4, 

therefore, for orientations where no faults have been identified, slipping is likely to 

correspond to weak veins as shown Figure 8.14b. In this figure, blue dots represent 

the cases where either one or both plane solutions are assigned as being a fault, with 

the black asterisks represent the case when the second plane solution is assessed as 

being a vein (with less probability to fail due its harder infill as discuses Section 

4.3.3 shown in Figure 4.6). Finally, red dots represent the case where neither of both 

plane solutions can be assigned as being a fault, i.e., these solutions can be assigned 

as being weak veins. This interpretation is plausible since veins observed within the 

rock mass have been found comprising at least 3 semi-orthogonal directions. 

 

Figure 8.14.- Fault orientation from data collected by drive mapping (a) and fault plane solutions (b), 
both from diorite rock type at the Esmeralda mine sector. 

                                                 
8 If the bearing of the slip vector is below 30°, a major component of the fault motion will be by strike slip. 
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The results of this analysis infers that rock masses of primary copper ore offer 

multiple options to accommodate strain caused by stress redistribution. However, it 

seems that the more abundant the options (i.e., more fault and weak veins), the less 

likely potential energy will be stored in the rock mass, and therefore be available to 

be released as seismic events. 

A similar analysis was again undertaken just for those seismic events with lower 

location residual (R ≤ 20, that comprised 134 pair of focal plane solutions) and the 

results obtained were exactly the same (Brzovic, 2009). 

From the same whole data base but incorporating the type of discontinuity, the 

tensile component of the failure for events having only reverse mechanism (107 

events) and occurring prior to breakthrough were analyzed to compare with data 

from Reno mine sector (Figure 8.11), the results are presented in Figure 8.15. This 

figure illustrates that faults being mobilised at the Esmeralda mine sector exhibit a 

major tensile component during failure than events occurred at the Reno mine sector. 

These differences can be explained as result of different confining pressures, where 

the seismic events have occurred. Less confining pressure is expected at Esmeralda 

mine sector due to the proximity of the existing caves (see Figure 8.13), and high 

confining pressure is expected at Reno mine sector if the location of these events are 

below the production level and far from the existed caves as their re-location 

suggested by ISS are true (ISS, 2007). 
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Figure 8.15.- Isotropic component of moment tensor from interpreted discontinuities at the Reno 
mine sector (from Figure 8.11) and at the Esmeralda mine sector. 
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The P, B and T axes of the events studied in Figure 8.13 are presented in Figure 8.16. 

This figure includes all source mechanisms, which can be compared to these 

presented in Figure 8.10d. It is clear that at the Esmeralda mine sector the principal 

force moments acting on the discontinuity planes scatter more in comparison with 

what is observed at the Reno mine sector. 

 

Figure 8.16.- Orientation of P, B and T axes for focal solutions interpreted in Figure 9.20b. 

These observed differences between the studied seismicity at both mine sectors 

(Figure 8.10d and Figure 8.16) may be interpreted as following; 

1. Seismicity from the mine section studied at the Esmeralda mine sector can be 

related to what occur at the seismogenic zone (Duplancic, 2002). In this zone 

major chances in the stress field are experienced due the proximity of a 

growing cave, leading to the occurrence of rock failure, which mainly occurs 

through pre-existing discontinuities. Mobilised discontinuities also affect the 

local stress field as largely discussed the literature (Pollard and Segal, 1987, 

Scholz, 2002). The changing stress condition can lead to failure occurring 

through different source mechanisms, therefore, scatter force moments acting 

on the discontinuity planes may occur. 

2. Seismicity studied by ISS (2007) at the Reno mine sector may correspond to 

the second type of mine seismicity described by Gibowicz & Kijko (1994). 

Although this type of mine seismicity is related to major discontinuities 

triggered by mine operation, it cannot be directly related to the seismogenic 

zone in the sense as discussed in the previous paragraph. In other words, less 

stress changes are experienced where these seismic events occurred. The re-

          P axes        B axes    T axes 
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location of seismic event by (ISS, 2007), values of the isotropic component of 

moment tensor, the scalar characteristics of moment tensor in relation to the 

in situ stresses are arguments that seem to confirm this interpretation. 

The results of this analysis infers that rock masses of primary copper ore offer 

multiple options to accommodate strain caused by stress redistribution. In other 

word, the discontinuity network characteristic coupled with stress redistribution at 

the seismogenic zone may result in cave propagation through the mobilisation of 

faults and weak veins. 

8.3.3 Seismicity during Caving Propagation 

Three similar rock volumes within Esmeralda mine sector were studied through the 

present back analysis. These volumes represent three rock/unit types; Cmet Hw1, 

Diorite, and Cmet Fw(1-2) as shown Figure 8.17 (grey colour areas). Each volume 

encompasses the area shown in that figure, and the column height goes from 

2210m(z) to 2250m(z). Figure 8.17 also shows the area delimited by the 30% of the 

column high extraction by year (extraction front), including when breakthrough 

occurred (April 1999). Most of the areas of Cmet Hw and Diorite units were 

extracted before Dec-1999, and Cmet Fw before Dec-2001 (Rojas et al., 2000, 

Dunlop and Gaete, 2001) 

The same Figure 8.17 includes the undercutting area affecting these studied sectors 

(undercutting front). Again, most of the areas of the column base of Cmet Hw and 

Diorite units were completely cut before Dec-1998, and Cmet Fw before Dec-1999. 

The whole seismicity recorded within the three studied rock volumes between 1996 

and 2003 is presented in Figure 8.18. Three important increments of seismic intensity 

are shown this figure; the first one was during caving initiation, the second one 

correlated when the caveback reached (breakthrough) the broken rock located in the 

Ten-4 upper level (see also Figure 8.13), and the last one was during 2001. During 

breakthrough, undercutting had taken place in most of the area including the three 

studied sectors. The remaining induced seismicity occurred after breakthrough, 

which maybe interpreted to correlate to both the advancing cave and extraction front. 

The last increase of seismic activity which occurred during 2001 and beginning of 
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2002 is not discussed here. However, this last jump of seismicity maybe related to 

the continue movement of extraction front close to the studied sectors as shown 

Figure 8.17. 

 

Figure 8.17.- Studied areas at the Esmeralda mine sector showing the extraction front (30% of 
primary ore column height) and the undercutting by years. 

 

Figure 8.18.- Proportion of the cumulative seismicity recorded in Esmeralda mine sector per each 
location. 

The recorded seismicity within each sector of Cmet rock type, and the Gutenberg -

Richter curve for each studied rock volume are illustrated in Figure 8.19. The 
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Gutenberg –Richter curves show that the system sensitivity (Mwmin) is the same in 

each of the studied sector within Esmeralda mine sector. This plot also shows that 

Cmet rock masses of the Fw sector have recorded considerably fewer seismic events 

and lower local magnitude than other unit types. It seems to be that Cmet rock 

masses of the Fw sector tend to fail more in an aseismic way compared to the other 

unit types. This important feature of seismicity between the two Cmet sectors is 

discussed latter in Sections 8.6.1 and 8.7. 

 

Figure 8.19.- Isometric view of Esmeralda mine sector showing the recorded seismicity within Cmet 
rock type (above). Gutenberg-Richter curve for each studied unit type (below). 

In addition, the extraction rates applied in these three studied volumes, considering 

only up to 30% of the extraction rate, in terms of cumulative tonnes extracted per 

month are shown in Figure 8.20. As it could be expected, due to the draw strategies 

motioned in section 8.2.3, the three sectors were practically exploited at the same 

extraction rate. The extraction rate can be considered to influence the rate in which 
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the rock mass was load, because draw allow space for the broken rock, and caving 

can propagate, however, it is not guaranteed that caving will propagate after drawing 

(e.g. air-gaps). Therefore, extraction rate cannot be considered a major factor 

explaining such differences in the recorded seismicity between at least Cmet rock 

types from Hw and Fw sector. 

 

Figure 8.20.- Cumulative production (tonnes) for different mine sector considering up to 30% of 
primary ore column high. 

Since the rock mass encompassed in each of the studied volume was completely 

caved (failed), it could be expected, that the whole seismicity recorded was the result 

of two main factors; the rock mass strength (rock structure features) and the stated of 

stress (stress path) during caving propagation (Mendecki, 1997), which is discussed 

in the following section. This interpretation is plausible since the extraction rate 

applied in each sector was similar (Figure 8.20), i.e., the average mining activities 

were undertaken in a similar fashion. 

8.4 Mine Scale Numerical Model 

Assessing the rock mass strength through back analysis studies of some observed 

rock mass damage due to mining activities require to know the stresses affecting the 

rock mass prior and during failure, and this requirement can only be possible to 

achieve by performing a mine scale numerical model. 

A common research interest was established between the author through the WASM 

and Beck & Arndt Engineering Pty. Ltd. (BAE) to simulate the El Teniente mine 

history focusing in to the Esmeralda cave experience using ABAQUS numerical 
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model software. The agreement contemplated the numerical modelling by BAE with 

WASM providing the model geometry and seismic data for numerical model 

calibration. 

The main objective of the numerical model was to assess the stress state around 

excavation such as; the Esmeralda undercut level both ahead of the front cave and in 

the seismogenic zone during caving propagation, to be back analyzed with the 

observed rock damage and the recorded induced seismicity. 

8.5 Model Characteristics 

The entire mine excavation history was simulated, from its initial stage prior to 1917 

until the recent period of 2002. Luckily, records of mine geometries and production 

record have been kept at the mine site. This included several surface surveys, which 

have been used to build the model geometry. The main characteristics of the 

modelling process are detailed, as follows. 

8.5.1 Model Package 

The modelling package used here was ABAQUS Explicit with prolific BEA 

geotechnical enhancements (Beck, 2007). ABAQUS is a specialist-oriented, general 

purpose, 3-D, no linear, Finite Element (FE), continuum and discontinuum analysis 

product. It is a product designed specially for advanced problems where there is high 

plasticity and large amount of deformation (Beck et al., 2006). 

ABAQUS uses quadratic tetrahedral elements as model discretisation. It has been 

analysed that for the same level of precision, the high order element used in 

ABAQUS require 30% to 40% less elements than in distinct element package. The 

reason quadratic elements provide better precision is that derived quantities, such as 

strain vary throughout the element, whereas for linear elements these values are 

constant throughout the element. 

8.5.2 Material Assumptions 

Mohr-Coulomb strain softening, dilatants material models for material behaviour 

were used in the model. The inelastic constitutive model for continuum material 
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assumes that each material has peak and residual strength and elastic properties. In 

the model, yield results in dilation, and once the peak strength is exceeded, residual 

properties are introduced. Cohesion, friction angle, stiffness and compressive 

strength are all reduced as a result of yield, then a dilation angle for yielded materials 

is calibrated using BEA’s data base and expertise (Beck et al., 2006). Three major 

rock types were used in the model, andesite, diorite and breccia Braden (pipe), their 

peak rock mass properties used here are presented in Table 1.2 (in Section 1.6.3). 

8.5.3 In situ Stress Field 

In situ stress field incorporated at the model is described in Section 1.6.2, which has 

been estimated using the WASM acoustic emission technique (Villaescusa and 

Machuca, 2007)9. These measurements have been reconciled with the strain, the 

structures and the stresses within the mine region (Windsor et al., 2006a). The in situ 

stress field used in the model also agreed principal stress orientation obtained from 

cluster analysis of P, T and B axes of a set of related seismic events located away 

from cave influence as discussed Section 8.3.1. 

During the initial modelling step, in situ stress field, main rock types, and initial 

surface topology (without mining excavations) were all setup to reach geological 

equilibrium. A hypothetical erosion of the Andes region surface as far as 20km wide 

from mine site was simulated in this process (Figure 8.21) to reach in situ stress field 

at the mine site used in the model. 

8.5.4 Model Geometry, Size and Model Steps 

The model geometry is based on electronic mesh and wireframes that were converted 

to FE meshes, containing higher-order tetrahedral elements. The electronic CAD 

meshes containing pre- and post-mining activity regional and local surfaces, 

subsidence or fracture cone geometries, secondary ore surfaces, and some 3D rock 

type geometries were collected from the mine site. Specific 3D rock geometries 

(diorite), and cave geometries from several mine sectors including Reno and 

Esmeralda were all specially built using Surpac 3D software package. Several 

                                                 
9 This includes stress measurement in more than 10 underground sites. 
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modelled mine sectors, one fracture cone geometry (year 1990), and the initial 

surface topology used in the model are shown in Figure 8.22. 

 

Figure 8.21.- Initial geological equilibrium with the stress field and initial surface topology after 
hypothetical ranges erosion. 

The model boundary condition for stress-strain analysis considered an original 

volume of 75.6km3 (Figure 8.22a), but the initial geological equilibrium used a 

bigger volume. The original volume contains more than 200,000 model elements; 

however a refined volume for model calibration considered more than 130,000 

model elements (Pink Square in Figure 8.22b). The Esmeralda and Reno mine sector 

are contained within this refined volume. In addition, greater resolution was 

considered within a second refined volume used for moment tensor comparison as 

the calibration process, which is showed as red parallelepiped within the pink square 

in Figure 8.22b. In the second refined volume, mesh points considered to be 12.5m 

apart. 

The total model sequence included 82 mining steps. Some particular features of 

model geometries built (model steps), which includes descriptions, geometries, and 

dates are presented in Table 8.1 and in Figure 8.23. 
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Figure 8.22.- Model size, boundary condition, and modelled mine levels.  

Table 8.1. Main mine model steps and their descriptions. 

Steps Dates Mine sector / Comment 
1-6  Geological equilibrium 

7-34 1917-1970 Secondary ore exploitation, general mine sequence from up to down, and north to south 

40 1990 Reno mine sector started using panel caving mining method 

47 31/12/1996 2 months of undercutting at Esmeralda mine sector  

50 31/12/1997 2 months of drawing generate the first modelled cave volume at Esmeralda mine sector 

56 30/08/1998 Reno mine sector breakthrough to upper mine level 

59 31/12/1998 Caving propagation at Esmeralda and Reno mine sectors 

63 30/03/1999 Caving propagation prior breakthrough to upper mine level at Esmeralda mine sector 

67 30/05/1999 Caving propagation just after breakthrough to upper mine level at Esmeralda mine sector 

71 31/12/1999 Caving propagation at Esmeralda and Reno mine sectors 

75 31/12/2000 Caving propagation at Esmeralda and Reno mine sectors 

79 31/12/2001 Caving propagation at Esmeralda and Reno mine sectors 

82 31/12/2002 Caving propagation at Esmeralda and Reno mine sectors 
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Figure 8.23.- Detailed geometries of some mine model step in the numerical model. 
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unknown parameter since these have not been properly measured; however the 

empirical relationship discussed in Section 8.3.1, which was validated at least in the 

Esmeralda mine sector, was used to build the cave geometries. The model does not 

include mine drives, infrastructure opening, and excavations at any level, only caved 

zones and the undercut volumes were included. 

8.5.5 Model Calibration 

The aim of any model calibration is to match modelled and observed behaviour. Due 

to the limited budget for modeling10, in the present case, model calibration was only 

based on a methodology that qualitatively correlates the dissipated plastic energy 

(Joule/m3) and an observed seismic event probability (described in detail in Beck et 

al., 2006). 

The dissipated plastic energy of DPE is a concept developed by Beck et al. (2006), it 

is defined as the energy in joules dissipated as the results of yield in a particular 

mining step. In other words it is the work (W) done by the rock mass due to a rock 

mass failure, which is calculated from the seismic radiated energy E, as; 

DPE = W = E/η  [J]     (8.12) 

where η is the seismic efficiency11. This concept means that high cluster of seismicity 

should be appearing where high values of DPE are observed in a particular model 

step. 

An example of the model calibration is shown in Figure 8.24 and Figure 8.25. In 

Figure 8.24, three model steps that represented cave propagation during January and 

February 1999 are plotted against seismicity recorded during the same period of time 

at the Esmeralda sector. An encouraging correlation is shown in this figure, which is 

particularly good around the cave where low DPE values correlate with scarce 

seismic events. That correlation can be considered good despite of one important fact 

about the model calibration process; there is not a precise seismic event location 

involved in the correlation DPE-event probability. This means that the model is able 

to reproduce cluster of seismicity rather than to reproduce a single event location. 

                                                 
10 The low budget constrained the model calibration process, therefore calibration was undertaken in qualitative terns only. 
11 More details in Appendix III.A 
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Another example to evaluate the model calibration is presented from Figure 8.26 to 

Figure 8.28. These figures illustrates the modeled plastic strain o where rock mass 

was yielding above the undercut level of Esmeralda mine (2240z). The plastic strain 

may be or may be not correlated with seismicity, because either the aseismic rock 

mass behaviour or the lack of pressure confinement during failure. But it is clear that 

seismicity should be correlated to where plastic strain occurred. In other words, 

where seismicity was recorded, the modeled plastic strain should be high. In Figure 

8.28 there are two areas with a particular of good correlation, pillar north and west 

(highlighted as red areas), which represent two wall cave of Esmeralda cave. In these 

two highlighted sectors, the high and low recorded seismicity agreed with high and 

low modeled plastic strain respectively. 

Additionally, in terms of the state of stress in the rock mass around excavation, the 

results of this particular model agrees with the state of the stress (similar magnitude 

of the in situ stress) of the current numerical model used at the mine site for mining 

planning and rock mechanics purposes (Pardo, 2007). All these antecedents suggest 

that the model calibration may be considered good enough for the purpose of this 

back analysis. 

 

 



Chapter VIII       Back Analysis Studies 

 236

 

Figure 8.24.- DPE plots and seismicity at the Esmeralda mine sector (Section 1120E). 
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Figure 8.25.- DPE plots at the Esmeralda mine sector during breakthrough to upper mine levels (Section 1120E). 
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Figure 8.26.- Different plan views (2240z) showing cumulative plastic strain reached for the rock mass at the model step before it is caved. 
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Figure 8.27.- Additional plan views (2240z) showing cumulative plastic strain reached for the rock mass at the model step before it is caved. 
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Figure 8.28.- Cumulative plastic strain at the plan view 2240z and the recorded seismicity between 1996 and 2002. 
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8.6 Model Results 

The model results were conducted to obtain the stress path in deferent location 

around the Esmeralda cave during caving propagation to be correlated with rock 

mass response to mining activities. The results are detailed in the following sections. 

8.6.1 Modelled Stress Path and Seismicity during Caving Propagation 

Several points in the numerical model, as shown in Figure 8.29, were used to assess 

the state of the stress in the rock mass around excavation during caving propagation. 

These points represent different location and heights within the three volumes 

studied in Section 8.3.3 (see Figure 8.17). The model results are presented in Figure 

8.30. 

 

Figure 8.29.- Location of selected points where the stress path were analysed. 

West 

West 

East

East

Caved during 
breakthrough 

Esmeralda undercut level

Selected points 
where stress path 

was assessed in the 
numerical model

Structural domain according to Figure 8.1

Cmet Hw 2 Dio

Cmet Fw 1 
Diorite

Plan view 

Cmet Fw 2

Section W-E 

Selected points where stress path was 
assessed in the numerical model 



Chapter VIII  Back Analysis Studies 

 242

The initial state of stress at each structural domain within the three volume studied is 

shown as circles in Figure 8.30. It shows that higher initial stress level predominates 

at the Fw sector, which agrees with the major overburden observed in this place (see 

also Figure 1.3). The stress level before the rock mass reaches the peak strength (as 

the Mohr-Coulomb failure criterion in these graphs) moves (blue arrows in this 

figure) toward the confinement reduction in the Hw sector (diorite and Cmet Hw2), 

whereas at the Fw sector (Cmet Fw1-2) it moves not only toward the confinement 

reduction, but also toward high confining pressure levels. Increasing σ1 at constant 

high σ3 level may result in high stress release, i.e., a large seismic event may occurs. 

 

Figure 8.30.- Modelled Stress paths (lines and arrows) at different structural domains as the result of 
cave geometries during caving propagation at the Esmeralda mine sector. Small circles indicate initial 
state of stresses (red circle from Diorite and Cmet Hw1 in both graphs). 
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8.6.2 Modelled Stress Path and Rock Damage ahead of the Front Cave  

Five points in the numerical model, as shown in Figure 7.12 were used to assess the 

state of the stress at the Esmeralda undercut level ahead of the front cave during 

caving propagation. These points represent the five structural domains of the mine 

sector studied (in Figure 8.1). The model results with the modeled stress path of 

these points are presented in Figure 8.31 as both, the maximum shear stress 

(τmax=[σ1+σ3]/2) and the mayor principal stress (σ1) against the distance to the cave 

front. This figure also includes when the low and high over brake was observed in 

mine drives and the time in months this damage level held in place. 

 

Figure 8.31.- Rock damage observed in mine drives at the undercut level, and shear stress path from 
the numerical model. 

The interpretation of the model result presented in Figure 8.31 is discussed in the 
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8.7 Discussion 

The present chapter attempts to demonstrate the relationship between rock mass 

strength, rock damage and seismicity at the El Teniente mine, which was undertaken 

through the back analysis studies of the Esmeralda caving experience occurred 

between 1997 and 2003. 

The back analysis studies relating to the rock mass characterization indicates that the 

rock structure at the Esmeralda mine sector differ between sectors and rock types. 

There is one major fault system (fault B), which is only present in the Cmet Hw1 unit 

type. Considering to the large scale observations of structural data in Cmet rock type 

(drive mapping from Table 7.1), there is more appreciable differences between 

nearby structural domains (Hw1- Hw2 or Fw1- Fw2) than between major Hw or Fw 

sectors. For example, there is more faulting (and large scale weak veins as well) in 

Cmet Fw1 than in Cmet Fw2, but it looks the same between Cmet Hw1 and Cmet 

Fw1 (Table 7.1). Now, considering to the small scale observation of structural data in 

Cmet rock type (oriented drill core logging from Table 7.3), the differences are 

substantially clearer between rock/unit types when the infill strength of 

discontinuities is taken into account (see also Figure 7.7 and Figure 7.8. It is 

important to note that existing rock mass classification systems fail to discriminate 

differences between sectors/units as discussed Charter 6. 

It has been shown that the three sectors studied were mined out in a very similar rate 

(Figure 8.20), consequently, extraction rate’s factor can be disregarded as an 

important contribution to explain the differences on the recorded seismicity between 

them (Figure 8.19). However, it is also necessary to mention that the relationships 

between drawing and cave propagation (caveback grows up 3m for 1m of draw) has 

been well validated only in rock masses of Cmet Hw1 structural domain [discussed in 

section 7.3.1 and at the mine site (Parraguez and Campos, 2007)], and major fault B 

could have been played a relevant role in that process. This rule is considered 

relevant to cave propagation in upward direction, however no rules have been 

established with regard to the advancing front direction. In addition, although 

drawing is necessary for caving propagation (i.e., allowing space for the broken 

rock), it is not guaranteed that caving will propagate after drawing (e.g. air-gaps), 

other factors regarding to the rock structure and state of stress need to be considered 
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in this phenomenon. It is very clear that more research is needed to understand this 

important mine parameter used widely in mining planning. 

The recorded seismicity was completely different between the three studied unit 

types as shown Figure 8.19, particularity between Cmet rock masses from Hw and 

Fw sectors. The same observed differences (seismic intensity and magnitude) were 

also observed again after several years in the same mine sector (period 2002-2007), 

but under different cave geometries (Parraguez and Zepeda, 2007), which confirm 

that the features of the rock structure are a relevant factor in the seismicity at the El 

Teniente mine. 

The cave geometry is one of the key factors that control induced stress. The 

relationships between drawing and cave propagation have been used to build the 

cave geometry in the model. Assuming that a rock mass with more abundant weak 

discontinuities has less strength, the cave should have propagated faster in Cmet rock 

masses of Fw sector. If this is the case, the cave geometry could have been different 

to what was used in model for the Fw sector. Although, this has not been properly 

evaluated (run a different cave geometry in the model), it seems to be less relevant in 

the model result because the general geometry and shape of the cave will change 

only slightly. 

The model results shown in Figure 8.30 indicate that the stress path in Cmet rock 

masses of Fw sector goes in a direction where a severe seismicity should be expected 

in comparison to the rock masses of the Hw sectors. Since all mine sectors were 

stimulated by draw in a similar fashion, only the rock mass strength appears to be the 

most important factor that explains such differences in the recorded seismic intensity, 

in other word, rock masses with less abundance of weak discontinuities behave as a 

weaker rock mass compare to when weak discontinuities are scarce. This situation 

has also been stated by Araneda and Sougarret (2007). Considering the features of 

rock structure at different scales, this back analysis strongly suggests that not only 

large scale faults, but also the small scale weaker veins accommodate strain when the 

rock mass is loaded, and therefore all these structures play a major role in the 

seismicity at the El Teniente mine. It can also be inferred that when there is a less 

abundance of small scale weak veins (usually in the Hw sector of Esmeralda and 

Reno mine sector), the rock mass not only tends to store more potential energy 
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(allowing major seismic event to occurs), but also constrains caving propagation. 

This last means that more column height extraction would be needed for a rock mass 

with less abundance of weak discontinuities to the caveback to reach the top of the 

extracted ore column. 

This back analysis strongly suggests that any seismic risk analysis undertaken at the 

mine site should incorporate a proper geotechnical characterization that accounts for 

the occurrence of the large scale faults and of the small scale network of weak veins 

as well. 

In addition, the rock damage as mine drive over brake indicates that at a similar 

stress condition (maximum shear stress and major principal stress in Figure 8.31), 

pillars from Fw sector reached high level of damage whereas pillars from Hw sector 

only reached low level of damage. This rock mass behavior is only possible for a 

rock mass with different strength, therefore, rock masses at the El Teniente mine 

with fewer occurrences of weak veins can be considered stronger than a rock mass 

with high abundance of weak discontinuities. This analysis is more valid considering 

that most pillar of the Fw sector at the Esmeralda undercut mine level are bigger in 

area (robust) than these from Hw sector. 

8.8 Conclusions 

Major factors causing seismicity and mine drive rock damage in the undercut level 

were analysed through back analysis studies of the Esmeralda caving experience 

between 1997 and 2003 to investigate the validity of the research hypothesis. These 

studies included; rock structure characterization, which discusses Chapter 8, data 

analysis of the recorded seismicity and the production records, and numerical 

modelling to assess the state of the stress around excavations during caving 

propagation. 

The structural data collected in this study at different mapping scales suggest that 

rock masses of primary copper ore at the El Teniente mine consist of an assemblage 

of blocks bounded mainly by veins of different strength and widely spaced sub-

vertical fault contacts. Geotechnical units can be clearly distinguished in such rock 

masses by the application of a novel definition of weak discontinuities, which are not 
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included in traditional rock mass classification systems. Data also suggest that under 

certain stress conditions, the rock mass fails along both the large scale faults and the 

small scale weak veins. 

Mining parameters such as the extraction rate (and the extraction front), which help 

caving propagation, were found to be similar between three studied unit types 

(sectors). However, the recorded seismicity of a complete caved rock volume was 

found very different between the same three studied sectors. Therefore, that mining 

parameter cannot be considered important to explain observed differences in 

seismicity. 

The stress paths followed by the rock masses within the three sectors studied during 

caving propagation were obtained through the numerical model. The model results 

indicated that the stress path in rock masses of Fw sector generally proceeded in a 

direction where severe seismicity should be expected, however the recorded 

seismicity was benign compared to the other studied sectors. This rock mass 

response is only possible for a rock mass with low strength. These results agree with 

the concept that the rock mass strength correlates with the abundance of weak 

discontinuities; therefore these particular rock structure features are an important 

factor to understand and to predict the seismic response during caving propagation at 

the El Teniente mine. 

Back analysis of rock damage observed in mine drives at the undercut level due to 

stress redistribution from cave propagation couple with modelled stress conditions 

also show that rock mass behavior agree with the concept that rock mass strength 

correlate with the abundance of weak discontinuities. 

Therefore, the back analysis studies undertaken at the Esmeralda mine sector 

demonstrate the research hypothesis is true, i.e., the strength of the massive and 

competent rock mass at the El Teniente mine depend of the occurrence of weak 

discontinuities within such rock masses. 
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CHAPTER 9 CONCLUSIONS 

9.1 Predicting Behaviour of Rock Masses of Primary Copper Ore 

Rock masses of primary copper ore at the El Teniente mine have been described as 

very competent and massive during caving operation (Rojas et al., 2001). This is 

because caving performance has resulted in larger than expected fragmentation, and 

these rock masses have exhibited brittle, often violent failure under a high stress 

conditions (Dunlop and Gaete, 1997, Rojas et al., 2000a, Araneda and Sougarret, 

2007). However, significant proportion of fine fragmentation, which has allowed 

high rates of underground caving production, has been observed within primary 

copper ore production level draw points. Furthermore, such competent rock masses 

have achieved caving with a hydraulic radius of around 25m in two different mine 

sectors, which is relatively similar to the values of 21m observed in the heavily 

fractured rock masses of secondary ore. 

Therefore, mining experience in primary copper ore has exhibited a complex rock 

mass behaviour during caving operation, sometimes associated with a brittle and/or 

dynamic failure mode, and in other cases achieving readily caving with large 

proportion of fine fragmentation. 

This observed mining performance has not been predicted using traditional tools in 

rock mass characterization as stated the Geotechnical Committee Board at the El 

Teniente mine (Goodman et al., 2000), nor explained the vast differences in rock 

mass behaviour. 

9.2 Achievements of the Research 

The main purpose of the present study was to determine main rock structure features 

controlling rock mass behaviour. The hypothesis of this research said that “the 

occurrence of weak healed veins may control the strength and behaviour of the rock 

mass of primary copper ore during the caving process”. In order to determine the 

validity of this hypothesis and its implication for rock mass characterization, an 

extensive data collection campaign of the rock structure was conducted at the mine 

site, which included several caved rock block found in the production level draw 
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points. In addition, back analysis studies were undertaken to investigate how the 

hypothesis correlates with real rock mass response to mining activities. 

Significant contributions were achieved in this research in the areas of the structural 

characterization of the primary copper ore, the importance of cemented joint as 

controlling rock mass behaviour, and establishing a criterion to characterise rock 

masses at the El Teniente mine. 

9.2.1 Structural Characterization of Primary Copper Ore 

Rock masses of primary copper ore at the El Teniente mine have practically no open 

joints, with the large scale fault systems being the only open discontinuities 

presented. Faults were found to constitute one to two sub-vertical set orientations 

describing a large spacing of around 5 to 10 meters. The stockwork veins were found 

in high frequencies describing at least three semi-orthogonal discontinuity set 

orientations. Therefore, rock masses at the El Teniente mine can be thought of as an 

assemblage of both, small intact rock blocks bounded by joints that are cemented by 

the mineralogical infill (mainly chalcopyrite, quartz, anhydrite and chlorite) and 

widely spaced faults contacts. This rock mass feature is consistent with its high grade 

ore resources, its strong competence and massive character prior to caving. 

The discontinuity characteristics observed in mine drives have similar discontinuity 

features observed in others geological environments. In this respect, scaling law 

properties between spacing/thicknesses and length were established for veins and 

faults. This means that the truncation bias length applied during data collection plays 

a relevant role during discontinuity survey. Furthermore, longer discontinuities tend 

to be statistically thicker, and some discontinuity parameters, such as vein infill and 

thickness distribution can be considered to have an isotropic feature within rock 

mass. The mineralogical infill assemblage in veins is the only parameter that varies 

throughout rock masses, which is in agreement with the geological definition of 

hydrothermal alteration zones for the ore body (Cuadra, 1986). 

9.2.2 Cemented Joints as Controlling Rock Mass Failure 

A major contribution of this research was to demonstrate that joints having 

intermediate or high tensile strength may play a relevant role as controlling rock 
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mass failure during caving propagation. The output of the caving process in different 

rock types and alteration zones was examined through the systematic characterisation 

of several caved rock-block forming geological discontinuities found at the 

production level caving draw points of the Reno mine sector. A common 

denominator was found; during caving rock masses of primary copper ore fail mainly 

through pre-existing geological discontinuities. These discontinuities are mainly 

healed, filled veins having the following particular features: 

• Less than 1/3 of hard minerals as infill1. 

• Thicknesses greater than or equal to 2mm. 

These observations were irrespective of the mining method, mode of failure, and 

percentage of extraction within draw points. 

The observed characteristics of caved rock block faces led to define an empirical 

criterion to define weak discontinuities (faults and weak veins) from all 

discontinuities observed within rock mass. 

9.2.3 Characterising Rock Masses at the El Teniente Mine 

The structural data collected in mine drives were re-analysed taken into account the 

overwhelming effect of weak discontinuities. Considerable differences in term of the 

in situ rock block distributions defined by weak discontinuities were then predicted 

(of around 60%) between the two studied structural domains at the Reno mine sector, 

whereas conventional rock mass classification schemes only predict a difference of 

less than 5% between them. 

Similar results were also observed when the proposed methodology was applied in 

other different structural domains at the Esmeralda mine sector, confirming that 

weak veins are more abundant at the Fw sector (PH hydrothermal alteration zone) 

than the Hw sector (LH hydrothermal alteration zone). In other words, by using this 

empirical criterion, considerable differences in term of the abundance of weak 

discontinuities can be predicted within rock masses of primary copper. 

                                                 
1 A hard mineral is defined as having Mohs scale of hardness ≥ 4. 
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9.2.4 Correlation with Rock Mass Response 

The observed characteristic of caved rock block faces has proved that weak veins 

may at least control the fragmentation process in Reno mine sector. Records of the 

mining performance (Vasquez, 2003, Villegas, 2006) and real fragmentation data 

collected at the production level caving draw points at the Esmeralda mine sector 

(Pereira and Zamora, 1999) confirms that the concept of weak discontinuities have a 

real impact in the fragmentation performance mine wide. 

A comparison between structural data and focal plane solutions of seismic events 

located within the seismogenic zone at the Esmeralda mine shows that not only the 

large scale, weak faults, but also healed weak veins are being mobilised during 

caving propagation. This interpretation was plausible because faults are limited to 

sub-vertical orientations, whereas the mobilised discontinuity orientations occurred 

scattered to multiple discontinuity orientations as weak veins do. 

Back analysis studies of mine induced seismicity undertaken at the Esmeralda mine 

sector between 1997 and 2003, which included a mine scale numerical model to 

assess the state of the stress around excavations during caving propagation, showed 

that the recorded seismicity for a complete caved block volume of the same rock type 

was benign (fewer seismic event and lower magnitude) in the sector with large 

abundance of weak discontinuities (Fw) compared to the recorded seismicity in a 

sector with less abundance of weak discontinuities (Hw). Then, it can be inferred that 

rock masses of primary copper ore offer multiple options to accommodate strain 

caused by stress redistribution. However, it seems that the more abundant the options 

(i.e., more fault and weak veins), the less likely potential energy will be stored in the 

rock mass, and therefore be available to be released as seismic events. 

Back analysis of rock damage observed in mine drives at the undercut level due to 

stress redistribution from cave propagation also shown that the rock mass behavior 

agree with the concept that rock mass strength correlate with the abundance of weak 

discontinuities. 

Therefore, it is demonstrated that the research hypothesis is true, i.e., the strength of 

the massive and competent rock mass at the El Teniente mine depend of the 

occurrence of weak discontinuities within such rock masses. 
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9.3 Limitations and Recommendations for Future Work 

Several limitations in rock mass characterisation must be recognized. One of the 

main contributions in this study is the description of the infill strength of weak 

discontinuities. This has been assessed empirically using the Mohs scale of hardness 

coupled with the infill mineral abundance. Although this proved to be a practical 

approach, more laboratory testing data is needed to determine the strength properties 

of the vein infill. This can be done by controlled triaxial testing on rock samples 

contained special oriented veins to characterise the infill peak and residual strength. 

Despite of the difficulties involved, improved rock mass characterization at the El 

Teniente Mine could be further developed through work on a number of specific 

issues as follows: 

a) Extend this methodology to characterize rock masses mine wide, and perform 

more back analyses studies to understand mining performance. 

b) The total rock mass fracturing (by weak veins) has been undertaken based on rock 

structure simulations, which have assumed infinite trace length for discontinuity 

sizes. A sensitivity analysis is required to establish the influence of the true 

discontinuity size distributions on the simulations. In this respect, the development of 

a more complex and complete Discrete Fracture Network (DFN) of the rock structure 

is required. The key problem is to determine the true discontinuity size, but data from 

scanline mapping may be not reliable because of the unsystematic covering exposure 

bias. A different approach could be to determine the discontinuity size through 

simulated sampling as suggested La Pointe et al. (1993). 

c) Improve the understanding of the relationship between discontinuity thicknesses 

and discontinuity sizes. Methodologies, such as the one applied by Vermilye and 

Scholz (1995), can be used on data from the El Teniente mine. 

d) Investigate how to include data from the small diameter un-oriented core logging 

to characterize rock masses of primary copper ore based on the propose 

methodology. 

e) Improve the numerical modeling by additional activities/steps to understand rock 

mass behaviour. Better calibrations by including the observed rock damage in mine 
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drives is a first step. Including more different rock types (strength) could be a second 

step. A third step could be to include discrete elements (discontinuities) in the way 

“Synthetic Rock Mass” done it (Mas Ivars et al., 2007) to understand rock mass 

disassembly during caving propagation. 
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APPENDIX I 

Raw Data used in this thesis are contained in the attached CD, these are from; 

A. Major Structures 

B. Drive Mapping 

C. Line Mapping (Scanlines) 

D. Oriented Core Logging (Large Diameter Core Samples) 

E. Un-Oriented Core logging (Small Diameter Core Samples) 

F. Caved Rock Block Data 

Some examples of the raw data are as follow. 
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Appendix I.A Major Structures 

Example of data from Reno Hw mine sector; 

 
The rest of data including data from Reno Fw mine sector is included in the attached CD. 
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Appendix I.B Drive Mapping 

Example of data from Reno Hw mine sector; 

 

The rest of data including data from Reno Fw mine sector and from all structural domains at the Esmeralda mine sector are included in the 

attached CD. 



Appendix I        I.C Line Mapping 

 267 

Appendix I.C Line Mapping 

Example of data from Reno Hw mine sector; 

 

The rest of data including data from Reno Fw mine sector are included in the attached CD. 
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Appendix I.D Oriented Core Logging 

Example of data from Reno Hw mine sector; 

 

The rest of data including data from Reno Fw mine sector and from all structural domains at the Esmeralda mine sector are included in the 

attached CD. 
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Appendix I.E Un-Oriented Core Logging 

Example of data from Reno Hw mine sector; 

 

The rest of core data are included in the attached CD. 
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Appendix I.F Caved Rock Block Data 

Example of data from Reno Hw mine sector; 

 

The rest of core data are included in the attached CD. 
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APPENDIX II 

Additional data analysis; 

A. Fault and veins orientations observed in sub-vertical small diameter cores 

B. Set definition for veins type 

C. Infill of LM, PH and LH veins and Faults 

D. Thicknesses of LM, PH and LH veins and Faults 
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Appendix II.A Fault and Veins Orientations Observed in Sub-Vertical Cores 

Additional fault orientation data collected in both Reno and Esmeralda mine sectors 

using sub-vertical small diameter either oriented or un-oriented cores are presented 

as follows. 

Fault orientation data collected in cores from Reno mine sector included 3 small 

diameter (62 mm) oriented cores (Figure II.A1c) and 4 small diameter (62 mm) un-

oriented cores (Figure II.A1d). All of them have approximately between 50 and 70 

meters long. 

 

Figure II.A1. Fault orientations observed in both oriented (c) and un-oriented (d) small diameter drill 
cores located at the Reno mine sector (plan views a & b). Data are plotted in the lower hemispheric 
projection, for d) only the apparent dip angle (δ’) between core orientation and vector normal to faults 
(pole) is shown. 

Figure II.A1 is showing that sub-vertical fault orientations are the most common 

feature of faults at the Reno mine sector. 

 

c) d)

For geology and mine coordinates refers to Figure 2.4

Un-Oriented cores (red lines)
Oriented core (black lines)

a) b)

T1p 

T2p 
T3p 

T1 

Sg233 

Sg236 
Sg234 

Drill Cores 
Faults 

δ’

δ’
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Table II.A1. Raw data from small diameter oriented core logging (Reno mine sector) 

 
  Note; dip: Orient1, dipdir: Orient2 

Table II.A2. Raw data from small diameter un-oriented core logging (Reno mine sector) 

 
  Note; dip: Orient1, dipdir: Orient2 
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Additional fault and veins orientation collected from core of Esmeralda mine sector 

included 3 small diameter (62 mm) oriented cores (Figure II.A2b) located about 200 

meters below the undercut level (Harrison 2009). Each drill core has 100 meters 

long. 

 

Figure II.A2. Fault orientations observed in small diameter oriented (b) cores located at the 
Esmeralda mine sector (a). Data from Harrison (2009) are plotted in the lower hemispheric projection. 

Figure II.A2 is showing that sub-vertical fault orientations are the most common 

feature of faults at the Esmeralda mine sector as well. 

 

For geology and mine coordinates refers to Figure 8.1

Plan view z = 1980 

Drill Cores 
Faults 

a) 

b) c)

Sg215

Sg213 Sg214
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Table II.A3. Raw data from small diameter oriented core logging (Reno mine sector) 

 
  Note; dip: Orient1, dipdir: Orient2 

 
Figure II.A3. Veins orientations observed in three small diameter oriented cores located at the 
Esmeralda mine sector. Data from Harrison (2009) are plotted in the lower hemispheric projection. 
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Appendix II.B Set Definitions for Vein Types in Reno Mine Sector 

 

 

 

Figure B1. Plot contour and set definition using equal area lower hemispheric projection for LH veins 
observed in drive mapping. 
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Figure B2. Plot contour and set definition using equal area lower hemispheric projection for PH veins 
observed in drive mapping. 
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Figure B3. Plot contour and set definition using equal area lower hemispheric projection for PH veins 
observed in scanline mapping. 
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Figure B4. Plot contour and set definition using equal area lower hemispheric projection for PH veins 
observed in large diameter oriented core logging. 
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Figure B5. Plot contour and set definition using equal area lower hemispheric projection for LM veins 
observed in drive mapping. 
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Figure B6. Plot contour and set definition using equal area lower hemispheric projection for LM veins 
observed in scanline mapping. 
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Figure B7. Plot contour and set definition using equal area lower hemispheric projection for LM veins 
observed in large diameter oriented core logging. 
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Appendix II.C Infill of Faults and LH, PH and LM veins in Reno Mine Sector 

Observed discontinuity infill features as a combined number that represents the average mineral infill recognised only within veins that contain 

this particular mineral. For example; 27(45). This combined number means that 27% is the mean mineral infill contained in only 45% of some 

particular discontinuity set or type. The total mean discontinuity infill then result by multiplying these two numbers, 27x0.45= 12.2%. 

Table II.C1. Observed infill features in LM vein type for different mapping scale in Reno mine sector 

Infill of Discontinuities 
Mineral average percentage as infill (percentage of discontinuities with this mineral)  

Discontinuity 
type 

Mapping 
Scale 

Set 
number 

Sectors 
Studied 

Dip / 
Dipdir n 

Biotite Chlorite Anhydrite Bornite Chalcopyrite Pyrite Quartz Other traces minerals 
Set 1 85/175 117 m 12 (51) 30 (65) 6 (53) 10 (82) tr 68 (91) Molybdenite 

Set 2 85/282 123 m 15 (66) 27 (87) 6 (38) 15 (77) tr 56 (87) Molybdenite 

Set 3 16/252 117 tr 12 (52) 20 (60) 6 (38) 10 (73) tr 73 (97) Molybdenite 

Random 

Hw 

 111 m 13 (55) 23 (77) 6 (46) 11 (85) tr 63 (95) Molybdenite 

Total & Average 468 m 13 (57) 25 (73) 6 (44) 11 (79) tr 65 (93) Molybdenite 
Set 1 85/191 50 tr 17 (62) 29 (84) tr 17 (96) m 49 (88) Molybdenite 

Set 2 74/301 58 m 18 (83) 27 (95) tr 23 (98) m 37 (88) Molybdenite 

Set 3 48/244 61 tr 17 (69) 24 (75) tr 22 (92) m 44 (98) Molybdenite, Sericite 

Random 

Fw 

 42 tr 17 (81) 33 (95) tr 22 (90) m 41 (79) Molybdenite, Sericite 

Scanlines 
Mapping 

Total & Average 211 tr 17 (81) 33 (95) tr 22 (90) m 41 (79) Molybdenite, Sericite 
Set 1 79/353 132 m 12 (35) m m 17 (81) tr 75 (99) Molybdenite, Magnetite 

Set 2 88/273 93 m 10 (57) 16 (33) 3 (57) 8 (77) tr 76 (99) Molybdenite, Magnetite 

Set 3 55/204 155 24 (39) 15 (30) m 4 (40) 8 (74) tr 76 (99) Molybdenite, Magnetite 

Set 4 46/281 69 m 11 (39) m m 6 (79) tr 75 (99) Molybdenite 

Random 

Hw 

 83 m 18 (36) 11 (25) 4 (54) 8 (84) - 78 (96) Molybdenite 

Total & Average 532 22 (25) 13 (38) m 4 (48) 10 (79) tr 77 (98) Molyb., Magnetite 
Set 1 76/186 176 16 (37) 22 (86) 22 (70) - 17 (98) 9 (32) 41 (95) Molyb., Tourmaline, Magnetite 

Set 2 82/313 84 9 (27) 21 (63) 34 (58) tr 16 (89) m 49 (86) Tourmaline, Magnetite 

Set 3 58/257 58 13 (37) 19 (74) 17 (69) - 17 (100) 6 (43) 50 (91) Molybdenite, Magnetite 

Random 

Fw 

 81 16 (37) 20 (73) 30 (75) tr 19 (97) m 43 (83) Molyb., Tourmaline, Magnetite 

LM Veins 

Oriented 
Drill 
Cores 

Logging 

Total & Average 399 15 (35) 21 (77) 25 (69) tr 18 (96) 9 (27) 44 (90) Molyb., Tour., Mag. 
Note: m; minor frequency (mineral infill observed in less than 25% of discontinuity set). tr; traces (mineral infill observed in less than 10% of discontinuity set) 
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Table II.C2. Observed infill features in faults, PH and LH vein types for different mapping scale in Reno mine sector 

Infill of Discontinuities 
Mineral average percentage as infill (percentage of discontinuities with this mineral) 

Discontinuity 
type 

Mapping 
Scale 

Set 
number 

Sectors 
Studied 

Dip / 
Dipdir n 

Biotite Chlorite Anhydrite Bornite Chalcopyrite Pyrite Quartz Other traces minerals 
Random Hw  28 - tr 14 (54) - 75 (100) tr 21 (82)  

Set 1 73/198 39 - m 19 (79) - 60 (95) 24 (41) 20 (85)  
Random 

Fw 
 35 - m 19 (77) - 63 (100) 20 (29) 16 (83)  

Scanlines 
Mapping 

Total & Average 74 - m 19 (78) - 62 (97) 23 (35) 18 (84)  
Set 1 88/349 26 - tr m - 80 (96) tr 22 (92)  

Random 
Hw 

 16 - m m - 74 (94) tr 27 (94)  
Total & Average 42 - m m - 78 (94) tr 24 (93)  

Set 1 74/192 57 - 9 (32) 13 (79) - 61 (98) 22 (56) 16 (91) Molybdenite 
Set 2 90/285 26 - 20 (42) 24 (77) - 54 (100) 10 (38) 20 (65) Magnetite 

Random 
Fw 

 53 tr 12 (40) 20 (72) - 58 (98) 16 (45) 20 (74) Molybdenite, Magnetite 

PH Veins 
Oriented 

Cores 
Logging 

Total & Average 136 tr 13 (37) 18 (76) - 59 (99) 18 (49) 18 (79) Molyb., Magnetite 
 Calcite Chlorite Anhydrite Bornite Chalcopyrite Ankerite Quartz Other minerals 

Hw  15 22 (47) 14 (47) 15 (60) 19 (80) 33 (80) 26 (27) 20 (80) Molybdenite, Gypsum Scanlines 
Mapping Random 

Fw  11 21 (73) 18 (55) 20 (91) 47 (27) 19 (82) - 30 (64) Molyb., Gypsum, Pyrite, Tour. 
Fw  29 tr 32 (72) m m 23 (79) 47 (76) 42 (34) Pyrite, Tourmaline LH Veins 

Oc 
Logging Random 

Hw  19 46 (63) 18 (84) 22 (68) - 11 (89) 28 (32) 18 (58) Molyb. Gypsum, Pyrite, Tour. 
 Gypsum Chlorite Calcite Anhydrite Chalcopyrite Amkerite Quartz Other minerals 

Hw  10 m 14 (70) 51 (70) 24 (60) 10 (70) 20 (20) 23 (60) Molybdenite, Bornite Scanlines 
Mapping Random 

Fw  23 18 (26) 21 (96) 48 (35) 23 (52) 20 (83) 33 (39) 16 (30) Molybdenite, Bornite 
Hw  2 - - - - - - -  

Faults 
Oc. 

Logging Random 
Fw  11 17 (63) 21 (82) 26 (55) 25 (55) 13 (91) 56 (36) 15 (36) Molybdenite, Tourmaline 

Note: m; minor frequency (mineral infill observed in less than 25% of discontinuity set). tr; traces (mineral infill observed in less than 10% of discontinuity set) 
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Appendix II.D Thicknesses of Faults and LH, PH and LM veins in Reno Mine Sector 

Table II.D1. Observed thickness distributions in Faults and LH vein type for different mapping scale in Reno mine sector 

Observed thickness distribution (%) Discontinuity 
type 

Mapping 
Scale 

Set’s 
number 

Sectors 
Studied 

Dip / 
Dipdir 

Data’s 
Number 

<1mm 1mm 2mm 3mm 4mm 5mm 6mm 7mm 8mm 9mm ≥ 10mm 
Hw 82/172 18 - - 16.7 38.9 5.6 11.1 - - - 16.7 11.1 

Set 1 
Fw 84/203 31 - 3.2 9.7 19.4 6.5 32.3 3.2 - 9.7 12.9 3.2 
Hw 76/316 11 - 18.2 9.1 9.1 9.1 36.4 - - 9.1 9.1 - 

Set 2 
Fw 88/144 22 - - 9.1 13.6 4.5 9.1 - 9.1 9.1 18.2 27.3 
Hw  11 - 18.2 18.2 9.1 27.3 9.1 - - 9.1 - 9.1 Random 
Fw  10 - - 30.0 20.0 20.0 - 10.0 - - - 20.0 

Drive 
Mapping 

Total & Average 103 - 4.9 13.6 19.4 9.7 18.4 1.9 1.9 6.8 11.7 11.7 
Hw  10 20.0 - 20.0 10.0 - 20.0 - - 10.0 - 20.0 

Random 
Fw  23 52.2 26.1 4.3 4.3 4.3 4.3 - 4.3 - - - 

Scanlines 
Mapping 

Total & Average 33 15.2 39.3 15.2 6.1 3.0 9.1 - 3.0 3.0 - 6.1 
Fw  2 - 100.0 - - - - - - - - - Random 
Hw  11 17.4 52.2 13.0 4.3 - - - - - - - 

Faults 

Oc Core 
Logging 

Total & Average 13 15.4 53.8 15.4 15.4 - - - - - - - 
Hw 88/180 57 - 3.5 14.0 17.5 8.8 17.5 3.5 7.0 3.5 8.8 15.8 

Set 1 
Fw 77/179 45 - 8.9 17.8 20.0 13.3 13.3 2.2 - 6.7 8.9 8.9 
Hw  34 - 8.8 11.8 23.5 8.8 8.8 - 2.9 2.9 20.6 11.8 

Random 
Fw  12 - 16.7 25.0 25.0 16.7 8.3 - 8.3 - - - 

Drive 
Mapping 

Total & Average 148 - 7.4 15.5 20.3 10.8 13.5 2.0 4.1 4.1 10.8 11.5 
Hw  15 - 13.3 20.0 33.3 20.0 6.7 - - - - 6.7 

Random 
Fw  11 9.1 36.4 18.2 9.1 9.1 9.1 - - 9.1 - - 

Scanlines 
Mapping 

Total & Average 26 3.8 23.1 19.3 23.1 15.4 7.7 - - 3.8 - 3.8 
Hw  29 41.4 31.0 3.5 6.9 - - 10.3 - - - 6.9 Random 
Fw  17 29.4 52.9 5.9 - - 5.9 5.9 - - - - 

LH Veins 

Oc Core 
Logging 

Total & Average 46 39.1 37.1 4.3 4.3 - 2.2 8.7 - - - 4.3 
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Table II.D2. Observed thickness distributions in PH vein type for different mapping scale in Reno mine sector 

Observed thickness distribution (%) Discontinuity 
type 

Mapping 
Scale 

Set’s 
number 

Sectors 
Studied 

Dip / 
Dipdir 

Data’s 
Number 

<1mm 1mm 2mm 3mm 4mm 5mm 6mm 7mm 8mm 9mm ≥ 10mm 
Hw 65/184 26 - 7.7 15.4 7.7 23.1 11.5 3.8 3.8 11.5 15.4 - 

Set 1 
Fw 66/205 48 - 10.4 6.3 25.0 8.3 12.5 10.4 4.2 6.3 16.7 - 
Hw  10 - - 20.0 30.0 10.0 10.0 - 10.0 20.0 - - Random 
Fw  29 - 3.4 20.7 20.7 13.8 20.7 3.4 - - 17.2 - 

Drive 
Mapping 

Total & Average 113 - 7.1 13.3 20.4 13.3 14.1 6.2 3.5 7.1 15.0 - 
Set 1 Fw 73/198 39 15.4 46.2 10.3 17.9 5.1 2.6 - - 2.6 - - 

Hw  27 18.5 44.4 14.8 14.8 3.7 - - 3.7 - - - 
Random 

Fw  35 14.3 40.0 22.9 14.3 5.7 2.9 - - - - - 
Scanlines 
Mapping 

Total & Average 101 15.8 43.6 15.8 15.8 5.0 2.0 - 1.0 1.0 - - 
Hw 88/349 26 23.1 65.4 3.8 7.7 - - - - - - - Set 1 
Fw 74/192 51 26.8 32.1 25.0 7.1 1.8 1.8 - - 3.6 - 1.8 

Set 2 Fw 90/285 26 - 80.8 11.5 3.8 - 3.8 - - - - - 
Hw  15 20.0 46.7 26.7 - 6.7 - - - - - - 

Random 
Fw  51 23.5 56.9 7.8 7.8 2.0 - 2.0 - - - - 

PH Veins 

Oc Core 
Logging 

Total & Average 174 20.7 52.9 14.9 6.4 1.7 1.1 0.6 - 1.1 - 0.6 
.  
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Table II.D3. Observed thickness distributions in LM vein type for different mapping scale in Reno mine sector 

Observed thickness distribution (%) Discontinuity 
type 

Mapping 
Scale 

Set’s 
number 

Sectors 
Studied 

Dip / 
Dipdir 

Data’s 
Number  

<1mm 1mm 2mm 3mm 4mm 5mm 6mm 7mm 8mm 9mm ≥ 10mm 
Set 1 80/179 29 - - 3.4 10.3 6.9 24.1 - - 3.4 17.2 34.5 
Set 2 88/087 8 - - - - 12.5 12.5 - - - 25.0 50.0 
Set 3 24/248 23 - - - - - 13.0 - - - 21.7 65.2 

Hw 

 12 - - 8.3 8.3 16.7 16.7 - - - 16.7 33.3 
Random 

Fw  9 - - - 11.1 - - - - 11.1 44.4 33.3 

Drive 
Mapping 

Total & Average 81 - - 2.5 6.2 6.2 16.0 - - 2.5 22.2 44.4 
Hw 85/175 116 13.7 43.6 17.9 14.5 2.6 0.9 2.6 2.6 0.9 - 0.9 

Set 1 
Fw 85/191 49 10.2 59.2 18.4 6.1 2.0 2.0 - - - - 2.0 
Hw 85/282 117 10.0 63.3 9.2 6.7 1.7 0.8 2.5 - 0.8 0.8 4.2 

Set 2 
Fw 74/301 59 22.0 50.8 15.3 6.8 3.4 1.7 - - - - - 
Hw 16/252 120 12.9 46.6 15.5 5.2 4.3 0.9 0.9 0.9 0.9 4.3 7.8 

Set 3 
Fw 48/244 61 16.4 36.1 19.7 11.5 6.6 - 1.6 3.3 - 1.6 3.3 
Hw  111 13.5 46.8 17.1 8.1 3.6 2.7 2.7 - 1.8 0.9 2.7 

Random 
Fw  42 9.5 66.7 16.7 - 2.4 - 2.4 - - - 2.4 

Scanlines 
Mapping 

Total & Average 675 13.3 50.6 15.7 8.0 3.3 1.2 1.8 0.9 0.7 1.2 3.3 
Hw 79/353 131 35.1 32.8 14.5 8.4 3.8 2.3 2.3 - - 0.8 - 

Set 1 
Fw 76/186 165 38.2 36.4 9.1 5.5 1.8 3.0 2.4 1.8 - - 1.8 
Hw 88/273 88 22.7 46.6 19.3 4.5 1.1 1.1 1.1 1.1 - - 2.3 

Set 2 
Fw 82/313 82 20.7 46.3 9.8 4.9 2.4 9.8 - 1.2 - 1.2 3.7 
Hw 55/204 153 16.3 52.3 13.1 8.5 3.9 2.0 0.7 - - 0.7 2.6 

Set 3 
Fw 58/257 57 26.3 47.4 17.5 5.3 - 1.8 - - - - 1.8 

Set 4 Hw 46/281 66 30.3 43.9 13.6 6.1 - 1.5 - - - 1.5 3.0 
Hw  83 22.9 43.4 14.5 9.6 3.6 3.6 1.2 - 1.2 - - 

Random 
Fw  81 21.0 43.2 18.5 9.9 4.9 - 1.2 - - 1.2 - 

LM Veins 

Oc Core 
Logging 

Total & Average 906 26.7 42.8 13.8 7.1 2.6 2.8 1.2 0.6 0.1 0.6 1.7 
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APPENDIX III 

Seismic and numerical model results data used in this thesis are attached in the CD, 

these are; 

A. Seismic Source Parameters 

B. Recorded Seismicity at the Esmeralda Mine Sector 1994-2003 

C. Model Results Data (Control points) 
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APPENDIX III A SEISMIC SOURCE PARAMETERS 

III.A1 Seismic Monitoring at The El Teniente Mine 

Seismicity has been recorded at the mine site since 1986. Initially, three different 

analogue systems were installed aiming to cover only the primary ore exploitation 

(Dunlop and Gaete, 1997). From 1992 a fully digital seismic system has been 

operating to cover the entire mine. During caving initiation, propagation and 

breakthrough at the Esmeralda mine sector around 29 remote seismic stations were 

operating. Each seismic station included a 4.5Hz triaxial geophone (Dunlop and 

Gaete, 2001). 

The array of seismic stations around the Esmeralda mine sector is shown in Figure 

III.A1. This figure includes straight ray paths from sites to a reference point located 

at the centre of the undercut level. The same figure shows the distance distribution to 

the seismic stations from that reference point. 

 

Figure III.A1.- Array of seismic stations around the Esmeralda mine sector and their distance 
distribution plots’ as reference (the blue block volume contain the seismic data used in this study). 
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The seismic data used in this study comprise more than 100,000 events recorded 

between 1994 and 2005, blasting is excluded in this number. These data are 

contained in the block volume defined in mine coordinates as: 300-700 North; 800-

1500 East; 2150-2400 Elevation (z), which is shown as a blue square in Figure 

III.A1. 

III.A2 Quality and Integrity of the Seismic Data 

The quality and the integrity of the seismic data at the El Teniente mine has been 

recently assessed by ISS International Limited as part of a seismological back 

analysis study of large seismic events at the Reno mine sector (ISS, 2007). Their 

study covered topics such as the consistency of the seismic recording, location of 

seismic events at Reno, estimates of the seismological source parameters and 

orientation of the seismic sensors. 

The assessment included array sensitivity, events location, velocity model, site 

effects on sensors, attenuation (Q1), and seismic source parameters. Except for the 

points discussed in the following sections, their main conclusions show acceptable 

quality and integrity of the recorded seismic data for the intended purposes according 

to Mendecki (1997). This also applies for the mine section being analysed in the 

present study2. 

As part of this study, a recommendation to correct sensor orientation information for 

some sensors was suggested (ISS, 2007). Event location determination and source 

parameter quantification do not require sensor orientation information. However, 

moment tensor estimation is only possible with accurate knowledge of a sensor 

orientation information (Mendecki, 1997), thus, moment tensor estimates used in this 

study have been determined based upon the sensor orientation corrections proposed 

by ISS (2007). 

III.A2.1 Location of Seismic Events 

The location of a seismic event is assumed to be a centre point within the seismic 

source, where the fracture initiates or propagates. Accurate location is of 

                                                 
1 Dimensionless quantity knowing as Quality factor to account for natural attenuation to wave propagation througt the rock 
mass (see Gibowicz and Kijko, 1994). 
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fundamental importance since, all subsequent seismological processing depend upon 

the location (Mendecki, 1997). 

The event location can be described as vector with four unknowns as follow 

(Mendecki, 1997); 

x = (h, t0)T = (x0, y0, z0, t0)T       (III.1) 

where h (x0, y0, z0) is the location of the event in a coordinate system, and t0 is the 

event origin time. Superscript T denotes waves travel times. 

These four unknowns are retrieved from assessing the compressional wave (P-wave) 

and shear wave (S-wave) arrival times at the sensors in the array, plus the direction 

of the wave fronts. P and S waves arrival times are derived from the wave forms. 

The accuracy in micro-seismic source location depends on the following main factors 

(Gibowick and Kijko, 1994, Mendecki, 1997): 

a. Accuracy of reading of seismic wave arrivals. Errors in arrival time 

determination can be originated from both automatic and manual selection. 

Sampling rate of instruments also introduce a lower bound of accuracy. Such 

form of errors cannot be entirely eliminated. 

b. Inadequate knowledge of the model velocity assumed for the media. In this 

respect, the general assumption of an isotropic and homogeneous media may 

influence the event location. In this case the existence of pre-existing voids 

affects the assumption of the media (discussed in next section). 

c. The numerical procedure adopted to solve the multiple systems of linear or 

non linear equations resulting from using several seismic stations. Several 

methods of solutions are discussed by Gibowicz and Kijko (1994). 

d. The spatial configurations of seismic network with respect to the event 

location. 

With regards to the seismic data used in this study, most of these sources of errors 

have been assessed by ISS (2007) as discussed previously. For instance, the error 

                                                                                                                                          
2 Detailed data review included seismicity from 1998 onwards. 
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associated with the velocity model used was small enough to be corrected in that 

assessment. 

The error associated to a spatial configurations of seismic network may be evaluated 

using a more complex statistical approach, for instance, the method that minimize the 

expected location error for a given network configuration (Kijko and Sciocatti, 

1995). Although, no statistical approach has been performed so far, the Esmeralda 

mine sector has the advantage to be located at the centre of the monitoring system at 

the El Teniente mine (Figure III.A1). This type of configuration leads to high 

location accuracy as discussed by Vence et al., (1988). 

III.A2.2 Cave Geometry and Location Error 

At the El Teniente mine is assumed that as far as seismic wave velocities are 

concerned the rock mass is approximately isotropic and homogeneous. This means 

that seismic waves travel through the medium in straight rays. Voids as results of 

caving may lead to significant location errors, since seismic rays in reality may travel 

around the cave. This type of error may be corrected using ray-tracing technique to 

account for in-homogeneities within the medium (Mendecki, 1997). This 

methodology is not only applicable for voids, but also for anisotropic rock masses 

(i.e., layered). A ray tracing technique has been applied at the mine site  to more 

accurately determine event location (Lynch, 2006). The technique defined an 

arbitrary velocity model for a particular mine section accounting for the caved zones 

as shown Figure III.A2. 

Knowledge of cave geometries allows successful ray-tracing technique applications, 

but this is not exactly the case of the El Teniente mine (Lynch, 2006). There is a 

good quality information about cave geometries of most old abandoned mine sectors 

located in the upper levels of the mine, which are filled with broken rocks. However, 

the geometry of the active caves, such as these created at the Reno and Esmeralda 

mine sectors are practically unknown (see Section 8.3.1, Figures 8.8 and 8.9). These 

caves are also not completely filled. Therefore, even using the most appropriate 

velocity model, such uncertainties in cave geometries may affect the event location 

calculations. To justify this point Figure III.A3 is presented. This figure plots the 

absolute difference distance between estimated location using different procedures 
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for seven large events occurred at the Reno mine sector (ISS, 2007). These 

procedures included the original location considering straight-ray algorithm (o), re-

processed by ISS expert processing with the same straight-ray algorithm (n), using 

ray-tracing technique (rt), the same rt but disabling P-S arrival times with large 

residual location (rt2), and from moment tensor3 inversion by inverting the best fit 

between synthetic and observed seismograms (mt). 

 

Figure III.A2.- Conceptual velocity model around caves used for ray tracing techniques (above). An 
example of ray path without (a) and with ray tracing technique. Adapted from Lynch (2006). 
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Figure III.A3.- Absolute distance between locations considering different procedure to locate 7 large 
seismic events (adapted form ISS, 2007). 

                                                 
3 Moment tensor inversion locates the point of maximum moment release of the source, which may be different from fracture 
initiation determined by waves arrivals in the standard seismic location procedure. 

Caved, broken rock Vp= 300 m/s

 Fractured rock Vp= 4400-5500 m/s      (60m)

Hard rock Vp= 5600 m/s

a) Using straight ray path b) Using ray tracing technique 

Sensor location
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Applying ray tracing techniques may provide better results as data analysis from rt-

rt2 shown in Figure III.A3, but uncertainties in event locations still remain. It is 

believed that unknown geometries of the active cave fronts play a relevant role in 

this problem as suggested Lynch (2006). In other words, associated error always will 

be present when the event location is determined automatically by the ISS system at 

the El Teniente mine. 

III.A3 Seismic Source Parameters 

Seismicity can be quantified by the following parameters derived from the recorded 

wave form (Mendecki, 1997); 

• Time of the event, t0. 

• Location, h = (x0,y0,z0). 

• Seismic Moment (Mo), and Moment Tensor. 

• Seismic energy radiated (E). 

• Size and stress release estimates. 

Time of the event and its location is routinely undertaken using the ISS software 

package at the mine site, as discussed previously. 

III.A3.1 Seismic Moment 

The seismic moment also called the scalar moment, Mo, is a measure of the strength 

of the seismic event4. It is defined assuming a double-coupled point model or shear 

dislocation mechanism. Mo is expressed as (Aki and Richards, 1980): 

Mo = µ A D [Nm]       (III.2) 

where µ is the shear modulus at the source, A is the area over which the dislocation 

occurred, and D is the average slip over the area A. 

Mine tremors have been found to have similar characteristic to natural earthquakes 

(McGarr, 1984), which have been successfully modelled mathematically as double-

                                                 
4 Originally defined for earthquakes. 
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couple point model (Burridge and Knopoff, 1964). There is strong evidence to 

suggest this modelling technique can be applied for mine tremors. 

The seismic moment can be estimated from the spectral analysis of body waves. The 

spectral analysis involves application of the Fourier transformation to the seismic 

waveforms, from the time domain into the frequency domain (Figure III.A4). Then, 

Mo is calculated as follow (Gibowicz and Kijko, 1994): 

Mo = 
ccc SRF

Rco 0
34 Ωπρ

       (III.3) 

where 

 ρ is the density of the source material. 

 co is either the compressional or shear wave velocity. 

 R is the distance between the source and the receiver. 

 Ω0 represent the level of low-frequency plateau of the ground displacement 

spectrum (Figure III.A4). 

 cF is a factor to account for radiation pattern of seismic waves. 

 cR  is a factor to account for free-surface amplification of wave amplitudes. 

 cS  is a site correction factor. 

A double-couple point source model is an oversimplification of the forces acting at 

the source (McGarr, 1984, Gibowicz, 1990). A more general description of the event 

point source is provided by the moment tensor (described in Section 8.2.4). 

III.A3.2 Seismic Energy 

The radiated seismic energy, E, is only a small portion of the energy released at the 

source during fracture and frictional sliding. It represents the total elastic energy 

radiated by the seismic event. Seismic energy can be derived from recorded 

waveform as follow (Boatwright and Fletcher, 1984); 

c
cc

coc J
RF

RFcE ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 24πρ  [J]     (III.4) 
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where 

 ρ is the density of the source material 

 co is either the compressional or shear wave velocity 

 cF  is the mean squared radiation pattern coefficients for either P and S waves 

 R is the distance between the source and the receiver 

 cR  is a factor to account for free-surface amplification of wave amplitudes 

 cJ  is the Energy Flux of either the P and S waves 

 

Figure III.A4.- Example of a spectral analysis of body waves. A seismogram in time domain (top), 
and S-wave displacement spectra in the frequency domain (bottom). After McGarr (1984). 

Thus, the total radiated seismic energy is; 

E = Es + Ep  [J]      (III.5) 

It has been found that the Energy radiated in the P waves is only a small fraction of 

that in the S waves, with ratios Es/Ep between 10 and 30 for small earthquakes 

(Boatwright and Fletcher, 1984). For mine tremors have been found that the ratios 

Es/Ep can extend to values of 1.5, with more of the population below 10 (Gibowicz et 
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al., 1990, Urbancic and Young, 1993, Duplancic, 2002). These enriched P wave 

energy and depleted S wave energy in mine tremor has been suggested as result of a 

combination of non-double couple and double couple mechanisms at the source for 

mine events. 

The empirical relationship between E and Mo for the seismic data recorded at the 

Esmeralda mine sector is presented in Figure III.A5. The observed trend for the mine 

sector is similar to that observed in the entire mine. 

III.A3.3 Size and Stress Release Estimates 

In the displacement spectrum (Figure III.A4), the intersection of the low-frequency 

plateau (Ω0) with the high frequency asymptote is defined as the corner frequency, 

ƒo, which is related to the stoping phase of the rupture. Assuming the dislocation as a 

simple circular fault (Brune, 1970), the seismic source radius, ro, is related to the 

corner frequency for S waves by; 

ƒo = 2.34 co / 2π ro [Hz]      (III.6) 

where co is the shear wave velocity. 

y = 1.3188x - 9.6309

-2

0

2

4

6

8

6 7 8 9 10 11 12 13 14

Log10(M)

Lo
g1

0(
E)

 

Figure III.A5.- Empirical relationship between radiated energy and the scalar seismic moment at the 
Esmeralda mine sector. 

Gibowicz (1990) has found that the Brune’s model over-estimate the source radius 

for mine tremors. The Madariaga’s source model (Madariaga, 1976) has been 

proposed instead. In the equation III.6, the Madariaga’s model uses a proportionality 

factor of 1.32, nearly a half of Brune’s model. 
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Using equation III.1 and Figure III.A6, a seismic event will be take place when a 

loaded fault of area A fails by an applied shear stress τ1. The slip increases to its final 

value D as the loading stress decrease from τ1 to its final value of τ2. Assuming an 

instantaneous stress reduction for circular fault model, the stress drop, ∆σ (τ1-τ2) is 

defined as the uniform reduction in shear stress. It is estimated as (Brune, 1970); 

∆σ = (7/16) Mo / ro
3   [Pa]      (III.7) 

Another estimate of the stress release at the source is the apparent stress, τa, defined 

as: 

τηητ == oa ME /  [Pa]      (III.8) 

where η is the seismic efficiency, E is the radiated seismic energy, and, τ  is 

(τ1+τ2)/2 or the average loading stress (Figure III.A6). 

 

Figure III.A6.- Relation between resisting stress and displacement for a fault slip (after McGarr 
1999) 

Now, let W define the total work done or total energy released by the slip event 

(Figure III.A6). Only a small portion of that energy is radiated seismically, and 

described as E. Most of that energy is consumed in overcoming friction and/or 
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creating the fracture zone and heating the rock. The total energy released is defined 

as (McGarr, 1999): 

DADAW τττ
=⎟

⎠
⎞

⎜
⎝
⎛ +

=
2

21

 [J]     (III.9) 

where τ1 and τ2 are the initial and final shear stress, D is the average slip over the 

area A (both from equation III.1). 

By definition, the apparent stress, τa, is also the difference between the average 

loading stress, τ , and the average resisting stress, rτ , (McGarr, 1999): 

ra τττ −=        (III.10) 

and the radiated seismic energy is also defined as (McGarr, 1999): 

E = τa AD        (III.11) 

Accordingly, from equation 9.11 and 9.13, the seismic efficiency is defined as; 

ττη a== WE        (III.12) 

This ratio is not a constant value. For mine tremors located at 3km depths McGarr 

(1984) have estimated η of less than 1 per cent. Moreover, the same author, based on 

studies ranging from laboratory stick slip experiments, mining induced events in two 

different setting, earthquakes artificially triggered by liquid injection, and shallow 

tectonics earthquakes has suggested an upper bounds of 0.06 (McGarr, 1999). 

Therefore, using a fixed value of η = 0.06, the total energy released by the slip event 

may be estimated as; 

06.0EEW ≅= η        (III.13) 

A similar equation have been used by (Beck et al., 2006) to estimate the Dissipated 

Plastic Energy (DPE) as the total energy dissipated due of rock mass yield. 
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Appendix III.B Recorded Seismicity Esmeralda Mine Sector 1994-2003 

Example of data from Esmeralda mine sector; 

 
The rest of data are included in the attached CD. 
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Appendix III.C Model Result Data (Control Points) 

Three excel files are attached in the CD, these contain over 200 control points from 

the numerical model (included the modelled incremental plastic strain tensor for each 

measured seismic moment tensor). Each control point include; cumulative plastic 

strain, strain tensor, stress tensor, and incremental plastic strain tensor. An example 

of stress tensor data is as follow; 
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