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ABSTRACT 

Thorncliffe Chrome Mine is one of Glencore’s Eastern Chrome Mines (ECM) bord 

and pillar mining operations. It is in the process of revising its mine design criteria 

with a focus on the stability of mining spans between pillars. The process includes 

the development of appropriate standard support requirements. A methodology 

developed by the Mine Health and Safety Council (MHSC) for designing stable 

bord spans in shallow Bushveld Complex operations was applied in the case study. 

Important factors considered included the rock mass quality, degree of safety 

required in different production drives, engineering requirements, local rock 

engineering environment, and various rock mass failure mechanisms. The rock 

mass classification analysis found that the ground conditions ranged from very 

poor to very good. Empirical design results indicated that maximum unsupported 

spans for short-term production drives varied between 3 m to 15 m. Due to higher 

safety requirements, maximum unsupported spans in medium-term production 

drives varied between 2 m to 8 m. However, engineering requirements dictated the 

mine maintains a minimum of 6 m in all the production drives, travelling roadways, 

and strike conveyor belt drives, to accommodate the manoeuvrability of the 

Trackless Mobile Machinery (TMM) used in production and belt conveyor 

equipment. Sufficient space is also required for workers to travel to workplaces. As 

an additional safety factor in the design of bord spans, the largest (diagonal) spans 

across intersections were used to design maximum stable bord widths. Poor 

ground conditions and spans larger than 17 m (formed by 12 m spans of orthogonal 

bords) showed costly standard support requirements. An optimised tendon support 

design was proposed. An opportunity to reduce the current tendon length from 1.5 

m to 1.2 m was identified. The newly proposed primary tendon support system will 

achieve the desired stable conditions whilst reducing support costs for the mine. 
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1 INTRODUCTION 

Falls of ground (FOGs) are the main cause of injuries and fatalities in shallow 

mining operations (Murphy, et al., 2016). A proper process of rock mass stability 

evaluation is vital to ensure the maximum extraction of ore under safe working 

conditions. The process must include an evaluation of excavation stability and 

determine optimum support requirements (Stacey, 2001). Stacey (2001) stated 

that the “stability of the excavation must be evaluated to the quality of the rock 

mass in which it is located”. This means that the design of stable mining 

excavations requires an in-depth knowledge of: 

• the rock mass characteristics, 

• understanding of the geotechnical aspects surrounding the orebody, and  

• the mechanisms controlling stability.  

Thorncliffe Chrome Mine is one of Glencore’s Eastern Chrome Mines (ECM). It is 

a hard rock bord and pillar mining operation situated within the Eastern Limb of the 

Bushveld Complex (BC). The mine is in the process of reviewing and revising the 

mine design criteria with a focus on the stability of mining spans between pillars. 

This process entails bord span analysis and the review of current support practices. 

This investigation aims to apply an improved method of determining maximum 

stable bord spans in conjunction with optimum support systems. This research 

work will form an essential part of the Ground Control Management Plan (GCMP) 

of the mine. It will assist in improving the mine’s mandatory Code Of Practice 

(COP) to combat rock falls.  

1.1 Research Context 

Bord and pillar mining involves leaving unmined blocks or sections of the orebody 

known as ‘Pillars’. These pillars perform the role of maintaining the stability of the 

openings and supporting the overburden. Methods for designing stable hard-rock 

pillars have been based on empirical studies (Esterhuizen, 2007). There are no 

universally adopted methodologies for the design and evaluation of maximum 

stable spans between pillars (Murphy, et al., 2016). Swart & Handley (2005) also 

affirmed that only a few mining operations are designing bord spans based on 

adequate knowledge of the existing local factors governing instability. Instead, the 
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design of bord spans is often largely predetermined, being informed by the size of 

equipment used or dictated by previous experience, that is, benchmarking against 

mines operating under similar conditions. Such design methods can lead to 

unexpected FOGs. There is variability in parameters controlling rock behaviour 

from one mine to another, or even from one area of a mine to another. The 

parameters include geological structures, rock strength, in-situ stress, rock 

durability, and other rock characteristics. This variability in ground conditions must 

be considered in the design of mining excavations (Stacey, 2021). 

The MHSC commissioned research for developing a reliable engineering 

methodology for designing stable bord spans in shallow mining operations 

(Murphy, et al., 2016). The proposed methodology was applied in this study. 

1.2 Research Background  

 Locality 
Thorncliffe Mine is geologically situated along the southern part of the Eastern Limb 

of the Bushveld Complex (Figure 1-1). Geographically, the mine is located 

approximately 30 km south of the Steelpoort Fault and 50 km south-west of 

Burgersfort Town. The regional setting of the project area is depicted with a red 

star in Figure 1-1. The mine exploits a Chromite ore-bearing orebody found within 

the Critical Zone of the Rustenburg Layered Suite of the BC (Glencore ECM, 2021). 

The characteristics of the orebody will be discussed in greater detail in Sections 

1.2.2 and 1.2.3.   
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Figure 1-1: Setting of the Thorncliffe mine in the eastern limb of the BC (adapted 

from Merafe Resources (2021)) 

 Regional Geology 
The project area falls within the mafic Rustenburg Layered Suite in the Eastern 

Limb of the BC. The Rustenburg Layered Suite is subdivided into five zones, 

namely the Marginal Zone, which occurs at the base, and overlain by the Lower 

Zone, Critical Zone, Main Zone, and Upper Zone. Figure 1-2 provides a 

stratigraphic column of the Rustenburg Layered Suite. The Critical Zone of the 

Rustenburg Layered Suite contains many of the valuable mineralized layers. The 

Critical Zone, which is up to 1500 m thick and characterized by great layering, 

contains Chromium and Platinum-rich deposits (Deseta, 2020). The highly 

continuous and world-class Chromitite layers in the Critical Zone carry significant 

amounts of PGMs, but the Chromite mineral is dominant. The Chromitite seams in 

the Critical Zone host the largest Chromitite resources on earth (Scoon & Viljoen, 

2016).  
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Figure 1-2: Schematic stratigraphic column of the Rustenburg Layered Suite of the 

Bushveld Complex (Merafe Resources, 2021) 

The Critical Zone is divided into the Lower Critical Zone, which is characterized by 

small-scale Harzburgites and dominated by thick successions/layering of 

feldspathic orthopyroxenes and the Upper Critical Zone, which consists of 

packages of Anorthosites, Norites, Chromitite, Harzburgite, and Pyroxenite rocks 

in the footwall and hangingwall (Deseta, 2020). The Critical Zone hosts a total of 

15 main Chromitite layers with varying grades and thicknesses ranging from 

25 mm to over 2 m. These Chromitite layers are classified into three groups (as 

shown in Figure 1-2): the ultramafic Lower Group, which comprises seven 

Chromitite seams (LG1-7), the Middle Group containing four Chromitite seams 

(MG1-4), and the Upper Group (UG1-3) comprising three Chromitite seams (Hasch 

& Latypov, 2021).  
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The Lower Group Chromitite layers are hosted within the Lower Critical Zone, and 

the Upper Critical Zone contains the Middle Group Chromitite layer, the Upper 

Group Chromitite Layer, and the famous Merensky Reef at the top of the Critical 

Zone. Figure 1-3 shows a surface outcrop of the Upper Critical Zone found at 

Dwarsrivier National Monument, near Steelpoort, Limpopo Province.  

 

Figure 1-3: A surface outcrop of the interlayer between Chromitite and Anorthosite 

layers (Upper Critical Zone) at the Dwarsrivier National Monument 

In Figure 1-3 the Upper Group 1 (UG1) Chromitite layer is underlain by an interlayer 

between Anorthosite (light-brown rock) and thin Chromitite (black-colour) layers. 

Figure 1-4 shows the outcrop of the various mineralized layers/areas of the 

Rustenburg Layered Suite in the Eastern limb of the Bushveld Complex. The 

project area is located where there is a highly continuous MG1 Chromitite layer 

outcrop. Section 1.2.3 discusses the local geology in the project area.  
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Figure 1-4: Geological map of the Eastern Limb showing outcrop of layers of the 

Rustenburg Layered Suite (adapted from Scoon & Viljoen (2016)) 

 Local Geology 
The stratigraphic column in Figure 1-5 shows the positions of various Chromitite 

layers relative to the MG1 Chromitite layer in the critical zone. The Middle Group 

Chromitite package is comprised of four Chromitite layers (MG1 – MG4) where the 

MG1 and MG2 reefs are embedded/hosted in Pyroxenite layers, while the MG3 

and MG4 seams are between Norites and Anorthosites of the Upper Critical Zone 

(Glencore ECM, 2021).  
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Figure 1-5: General stratigraphic column of the Chromitite Layers at Thorncliffe 

Mine (Glencore ECM, 2021) 

After the MG1 Chromitite package is extracted, a pyroxenite hangingwall with an 

average thickness of 4.5 m is exposed and supported primarily by tendon units. 

The rocks of the MG1 layer are striking close to the North-South direction and 

dipping at shallow angles of between 10° – 12° to the west (Xtrata Alloys, 2005). 

The average thickness of the MG1 Chrome package at Thorncliffe Mine is 1.8 m. 

The hangingwall layering and a disseminated MG1 leader 1 (MG1L1) Chromitite 

stringer in the hangingwall result in average stoping heights of up to 2.2 m at 

Thorncliffe Mine. However, there are underground working areas where the mining 

cut does not include the disseminated chromite leaders (Xtrata Alloys, 2005). A 



8 

detailed description of the MG1 Chromitite reef package with footwall and 

hangingwall layers is presented in Figure 1-6. 

 

Figure 1-6: Detailed MG1 Chromitite Package with hangingwall and footwall layers 

(adapted from Xtrata Alloys (2005)) 

Figure 1-6 shows the layered hangingwall of the MG1 Chrome reef. It is made up 

of the disseminated MG1L1 and a pyroxenite hangingwall layer (MG1HW1) 

immediately above the MG1 seam. The Pyroxenite MG1HW1 has a variable 

thickness of 250 mm to 450 mm across the study area, while the MG1L1 thickness 

ranges between 20 mm to 200 mm. The footwall of the MG1 reef (MG1FW1) 

consists of pyroxenite immediately below the MG1, which is often included in the 

mining cut as an overbreak (Xtrata Alloys, 2005). 

Thickness STRAT LITHOLOGY UNIT PACKAGE REMARKS 
11cm MG1L2 MG1L2 Disseminated Leader occur in PX

8.9m PX MG1HW2 Pyroxenite
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45cm PX MG1HW1

CHR
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8cm PXCHRDISS
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PX
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CHR
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CHR
PX MG1FW3

MG1HW

MG1 package with disseminated MG1 
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1.80m PX
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1.3 - 1.7m (1.98m) MG1

MG1
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MG1FW MG1 footwall with Chromitite footwall 
marker bands

57cm MG1FM2
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 Regional and Local Structural Geology 
The BC contains many geological features that pose a threat to the safe and 

productive extraction of orebodies. Geological structures in mining environments 

often result in geological losses, modification of mining layouts, and require 

additional support systems (Leach, et al., 2002). In a structural geology 

investigation conducted at Glencore ECM, lineaments derived from aerial surveys 

were identified as fault zones (Xtrata Alloys, 2005). High-resolution Airborne 

Magnetic Surveys (AMS) indicated the occurrence of dolerite dyke swarms with 

variable orientations (Xtrata Alloys, 2005). The orientation of major faults and 

dykes is illustrated in red and green lines, respectively, in                     Figure 1-7. 
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                    Figure 1-7: ECM major geological structures (Glencore ECM, 2021)
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The identified major faults are near vertical/steeply dipping and are characterised 
as combinations of thrust-faulting, normal, and reverse faulting.  The vertical 

displacements vary between 2 m and 15 m. The St. George’s fault (                    Figure 

1-7) displaces the reef package considerably more, with an up-throw of 

approximately 40 m and a total damage zone width that varies between 180 m–

200 m to the west (Glencore ECM, 2021). The major dolerite dykes illustrated in                     

Figure 1-7 vary in thickness from several metres to more than 50 m and are 

associated with blocky/friable ground conditions and water ingress. Geological 

losses are estimated to be in the order of 11% due to the occurrence of dykes, 

faults, shear zones, and potholes (Lousteau, 2014). Production rates in the vicinity 

of these major geological structures are often reduced as additional support is 

required for safe production (Xtrata Alloys, 2005). 

Jointing, minor faulting, small-scale brittle shear zones, small dykes (<5 m thick), 

disseminated vein structures, localised domes, and potholes are confirmed across 

the mine property by boreholes. It is important to correctly identify, support and 

negotiate these geological features (du Preez, 2018). The most common local 

structural features occurring in the underground workings include the following 

(Glencore ECM, 2021): 

• joints; 

• shear zones; 

• vein structures; 

• domes (thrust faults); 

• potholes; 

• faults; and 

• dykes. 

 Mine Design Criteria: Mining layout  
Thorncliffe Mine functions at depths varying between 30 m and 590 m below the 

surface. The mine utilizes a trackless mechanised bord and pillar layout for the 

extraction of the MG1 Chromitite reef. Currently, the bord spans in a normal 2.2 m 

high stope spans are designed to be in a range of 6 m to 8 m. Where stoping 

heights are less than 1.5 m, spans range between 10 m and 13 m (Glencore ECM, 
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2021). A plan view of a typical bord and pillar layout used at Thorncliffe Mine is 

shown in Figure 1-8. 

 

Figure 1-8: Typical production section layout used at Thorncliffe Mine 

Each production section typically consists of 15 bords and is equipped with two 

strike conveyor belt drives for transporting broken ore to the main conveyor. A 

production section usually has two travelling roadways for access of the TMMs and 

workforce to the stopes. The strike conveyor belt drives (highlighted in red in Figure 

1-8) are ideally positioned on the fifth (5th) and 13th strike drives, whilst the travelling 

roadways are placed below the belt drives (Glencore ECM, 2021). The 

splits/ventilation holings or dip roadways are typically holed up-dip. Figure 1-9 

shows an enlarged illustration of Figure 1-8. Pillar sizes in each production section 

are a function of the depth below the surface and are designed at a minimum 

Factor of Safety (FOS) of 1.5. Table 1-1 summarises the change in pillar 

dimensions and FOS with increasing depth below surface at Thorncliffe Mine 
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Figure 1-9: Enlarged typical bord and pillar layout used at Thorncliffe Mine 

(adapted from Egerton (2004)) 
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Table 1-1: Thorncliffe Mine pillar dimensions and FOS with depth below surface 

(Glencore ECM, 2021) 

 

 Thorncliffe Mine FOG Incident Analysis   
The database consisted of all FOG instabilities between 2006 and 2022. All the 

FOG incidents were reported following the South African Mines Reportable 
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Accidents Statistics System (SAMRASS) and are included in the analysis. The 

mine’s FOG database is summarised in Appendix A.  

Various FOG dimension variables were analysed. Figure 1-10 and Figure 1-11 

present the cumulative frequency plots of the fallout height and FOGs areal extent, 

respectively. Figure 1-10 shows that the 95% fallout thickness of all FOG 

occurrences from the mine is 0.5 m, and the largest height of instability recorded 

is 0.8 m. The 95th cumulative fallout area value of 1.2 m2 in Figure 1-11 together 

with the 95% fallout thickness, were used in the determination of other important 

FOG dimension variables, as summarised in Table 1-2 (Glencore ECM, 2021).  

 

Figure 1-10: Cumulative frequency of the FOG thickness at Thorncliffe Mine 
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Figure 1-11: Cumulative frequency of the FOG areal extent at Thorncliffe Mine 

Table 1-2: FOG 95th Percentile variables for Thorncliffe Mine 

 

Figure 1-12 to Figure 1-16 presents an overview of analyses performed on the 

database. Figure 1-12 showed that 60% of the recorded FOG incidents occurred 

in the strike panels at an average distance of 3.1 m from the advancing face (Figure 

1-13). This region is called the face area and is located between the last line of 

permanent support and the face. Therefore, most of the recorded FOGs occurred 

in an unsupported area. A few FOGs were recorded at varying average distances 

when breaking away for ventilation holings (from the up-dip and down-dip faces). 

Figure 1-14 shows that 90% of the recorded incidents occurred in the hangingwall 

whilst only 10% of FOGs emanated from the ore zone (sidewall). Figure 1-15 

illustrates that all recorded hangingwall fallouts occurred due to the existence of 

structural features where both partings in the hangingwall and wedge or brow 

features contributed almost equally to the fallouts. So far, only a few roof fallouts 
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have been caused by faults or dyke features in the mine. Figure 1-16 shows that 

most FOGs occurred during production activities such as drilling of blast holes, 

installation of support, and barring of loose rocks in the face area.  

 

Figure 1-12: Number of FOGs occurring at different types of excavations at the 

mine  

 

Figure 1-13: FOG average distance from face for different excavation types 
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Figure 1-14: Location of recorded FOGs at Thorncliffe Mine  

 

Figure 1-15: Geological structures contributing to FOGs at Thorncliffe Mine  
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Figure 1-16: Number of FOGs per activity  

1.3 Problem Statement 

Since Thorncliffe Chrome Mine went into production in 2006, unplanned, 

uncontrolled FOG incidents have occurred in the stopes each year. Historically, 

the design of bord spans at Thorncliffe mine has been dictated by the equipment 

in use and benchmarking against other bord and pillar mines operating under 

similar conditions. This has contributed to the unplanned panel collapses, which 

are a threat to the safe and economic extraction of the orebody. The mine needs 

to follow a holistic and systematic engineering approach which takes critical factors 

into account for the stability of bords (Swart & Handley, 2005).   

Support capacity requirements are solely based on previous experience, the 

‘tributary area’ concept, and the ‘95% fallout criterion’ (fall-out height). In this 

concept, a given weight of rock that is determined by a potentially unstable area in 

the plane of rock and the height of possible fall is supported by a fixed number of 

support elements (Jager & Ryder, 2002). The height of potential fall is determined 

statistically/empirically, in which historical fallout heights/thicknesses where falls of 

ground had occurred are analysed (Murphy, et al., 2016). While this engineering 

approach mostly informs the determination of support requirements at the mine, it 

does not adequately address the fact that there are discontinuities between the 
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support units, which can cause instabilities and fallouts (Jager & Ryder, 2002). 

Murphy et al. (2016) added that the 95% fallout criterion can be misused and 

misinterpreted as it ‘does not cater for the largest rockfalls’.  

Since various rock mass failure mechanisms control the occurrence of the FOGs 

between the pillars at the mine, the support design should be informed by results 

from assessing all potential instability modes. By considering critical parameters 

that adequately quantify and describe the rock mass structure, the mine will ensure 

the maximum extraction of ore under safe working conditions.   

1.4 Justification for Research 

Unplanned FOGs and panel collapses occur each year at Thorncliffe Mine. 

Historically, the mine has not considered critical geotechnical factors controlling 

stability in the design of mining spans between pillars. Therefore, research needed 

to be done for the following reasons: 

• Establish an understanding of the relationship between the stability of bord 

spans and existing geotechnical conditions (factors controlling 

stability/instability at the mine), 

• Follow a holistic engineering approach in determining stable bord spans 

that can be safely mined and optimized ground support systems to ensure 

safe and productive mine production, and   

• Improve the mine’s mandatory code of practice to combat rockfalls and rock 

burst accidents.  

1.5 Research Objectives  

The objective of this research is to provide Thorncliffe Mine with bord design 

guidelines, derived from a holistic and systematic engineering methodology, to 

determine (Murphy, et al., 2016): 

• maximum stable bord spans that can be safely mined;  

• a standard support system that is adequate for most of the expected ground 

conditions within the mine; 
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• reduce FOGs; and 

• save costs by using fit-for-purpose support. 

1.6 Research Methods  

The systematic engineering methodology developed by the MHSC for designing 

stope excavations in shallow mining operations guided the design of stable bord 

spans at Thorncliffe Mine. The methodology is based on adequate knowledge of 

all critical factors controlling rock mass instability. These parameters were used for 

the quantitative description of the mine’s rock mass structure to enable the design 

of maximum safe bord widths. To achieve the objectives of this research study, the 

quantitative research approach outlined below was followed:  

• Conducted a geotechnical investigation in the mine’s underground 

workings using various geotechnical data acquisition techniques. The 

acquired data included scanlines from mapping of underground exposed 

hangingwall and pillar rock surfaces, laboratory testing of rock material, and 

the mine’s FOG database since commencement of production to date 

(2006 – 2022). 

• The acquired geotechnical data were used to quantitatively describe the 

geotechnical character and properties of discontinuities, rocks and the rock 

mass at Thorncliffe Mine. Analysis of the mine’s historic FOG database 

enabled the establishment of FOG occurrence trends, which informed the 

mine’s current and future support system design requirements. 

• The characterisation results were used in the identification of potential 

hangingwall failure modes such as intact rock mass failure, structural 

failure, beam failure and rock mass failure. Evaluation of the various failure 

modes was carried out using numerical analysis, statistical analysis, 

voussoir beam analysis, and rock mass classification methods, 

respectively.  

• Used a combination of recommended methods to determine the 

requirements of optimal support systems to maintain stability for the 

expected ground conditions at the mine.   
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1.7 Research Validation 

The proposed system for designing stable bord spans considers the critical factors 

which influence and control hangingwall instability. The research study was verified 

by determining if the newly developed ground support systems provided the 

desired support to achieve stable conditions in areas where FOGs had previously 

occurred. The improved support system was shown to reduce costs. 

1.8 Structure of the Research Report 

The research report chapter outline is as follows: 

• Chapter 1 introduces the research report. The introduction chapter includes 

the purpose of the study, research background, research motivation, and 

the problem statement.   

• Chapter 2 will comprise the literature review of different rock engineering 

design methods used for the design and stability evaluation of underground 

excavations. The MHSC methodology for the design of maximum stable 

bord widths will be discussed in detail in this chapter.  

• Chapter 3 will present the geotechnical investigation which was undertaken 

at the mine. The chapter will cover the geotechnical data acquired from the 

underground workings, as well as laboratory rock tests conducted.  

• Chapter 4 will discuss the characterisation of the discontinuous rock mass 

at the mine. This chapter will present the quantitative geotechnical 

description of intact rock blocks and the condition of discontinuities, which 

both make up the structure of the jointed rock mass at the mine.  

• Chapter 5 will first present the determination of maximum stable or safety 

spans with no support. This is followed by a stability evaluation exercise, 

which involves the assessment of different failure mechanisms in the stope 

excavations.   

• Chapter 6 will present the application of various methods to determine 

standard support strategies required to maintain stability at Thorncliffe 

Mine.   

• Chapter 7 will be used to analyse and discuss the findings from the 

research study.  
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• Chapter 8 will provide conclusions to the research report by concisely 

presenting the research key findings and observations, contributions and 

limitations, and will provide some recommendations. 
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2 LITERATURE REVIEW  

Chapter 1 outlined the research background and main objective of this study. This 

chapter presents a review of existing rock engineering methods for evaluating 

stability and determining support requirements. This is followed by presenting and 

discussing in detail the MHSC systematic methodology for evaluating stability and 

determining maximum stable bord spans. Determinations of in-stope standard 

support requirements are presented later in the chapter. A summary of the findings 

is presented at the end of the chapter.  

2.1 Review of Rock Engineering Design Methods  

In rock engineering, the methods available for the design of stope excavations are 

broadly classified into three (3) categories. These categories are Empirical, 

Analytical, and Observational (Bieniawski, 1984). The design methods are 

discussed in greater detail below.  

 Empirical design methods  
Empirical methods are solely based on experience gained from previous projects 

or the results of experiments. The empirical design approach is often used to relate 

the practical experience gained from previous projects to the conditions anticipated 

or encountered at a proposed site (Rehman, et al., 2021).  

Due to their success in the design of mine structures, empirical design methods 

are the most widely used design techniques in the mining industry. Rock mass 

classification systems are the most widely used empirical design methods.  

 Analytical or Closed-Form Solutions  
Analytical design methods use advanced techniques such as closed-form 

mathematical solutions and numerical modelling techniques, including probabilistic 

and deterministic assessments for the evaluation of stability. These design 

methods are useful for assessing the influence of varying input parameters on the 

stability of stope panels and for comparing alternative designs.  

In the stability assessment of stope panels, analytical methods are commonly used 

together with appropriate failure criteria to model failure modes or anticipated 
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failure mechanisms (Rehman, et al., 2021). It is recommended that more than one 

analytical design approach be used to predict failure and its extent.   

 Observational Design Methods  
Observational methods entail the monitoring and collection of ground movement 

and stope instability data during mining to verify that design performance is 

acceptable. The observational method enables the determination and confirmation 

of the rock mass behaviour around an excavation over an extended period (Swart, 

2005). These methods also enable the verification of the appropriateness and 

performance of the input parameters and assumptions established in the design 

stage of underground excavations. The collected data is continually used to further 

revise and refine the initial designs. 

 General Comments  
When undertaking bord and pillar design problems, the design techniques 

described above are combined to obtain the best possible design. It is 

recommended that none of these techniques should be used solely or separately 

(Malan & Napier, 2011). 

2.2 Methodology for Designing Stable Bord Spans  

The design of stable stope spans aims at enabling optimum orebody extraction 

while maintaining safe working conditions for the duration of the mining period. 

Stacey & Swart (2001) stated that a sound rock engineering approach to 

underground excavation design and stability evaluation first considers the purpose 

of the excavation, which determines its geometry and size. Secondly, the process 

of designing practical and stable excavations is guided by answering the following 

questions: 

• Will the planned excavation be stable? 

• What is the existing mode of rock mass instability, if any?  

• Can excavation stability be improved by modifying or optimising its 

geometry? and  

• What support is required to ensure the excavation is sufficiently stable?  
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The methodology proposed by the MHSC for designing maximum stable bord 

spans is presented in Figure 2-1. The methodology was developed to be used 

during all stages of mining, from the pre-feasibility stage through to 

implementation, and when compiling mandatory codes of practice to combat 

rockfalls (Swart, 2005). The systematic methodology outlines the analysis to be 

carried out and will be applied as a guide in this study. The components of the 

design methodology are discussed in the following sections.  

 

Figure 2-1: Flowchart for the design of stable bord spans (Murphy, et al., 2016) 
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2.3 Rock Mass Characterization 

Thorncliffe Mine operates at depths ranging between 30 m and 590 m below the 

surface, which are considered shallow mining depths (Jager & Ryder, 1999). Rock 

masses in these shallow mining conditions behave as a discontinuum, as 

hangingwall instability is controlled by the presence and properties of naturally 

occurring geological structures (Jager & Ryder, 1999). The geological structures 

present at Thorncliffe Mine, which include joints, shear zones, vein structures, 

domes (thrust faults), potholes, faults, and dykes can be described as follows: 

 Joints 
Fractures or breaks in the rock mass along which no shear displacement has 

occurred (du Preez, 2018). Joints create planes of weakness, which commonly 

contain infill material. Generally, the fill material in pyroxenite joints is serpentinite, 

which further reduces the shear strength of rock masses. The intersection of two 

or more joints (or with other structures) often causes wedge-shaped roof rock 

fallouts. Thorncliffe mine classifies joints according to their orientation, length and 

frequency of occurrence (du Preez, 2018). Examples are: 

• Prominent joints – when the strike length of the joint feature exceeds 

10 m.   

• Low-angle or flat-dipping joints – joints dipping less than 60° from the 

hangingwall plane. When these are prominent, a large area of 

weakness can be exposed, which can cause large collapses if not 

adequately supported.  

• Steep dipping joints – joints dipping more than 60° from the hangingwall 

plane.  These can be continuous or discontinuous.  

• Joint zones – Multiple closely spaced joints. The joints within a joint 

zone may have a different trend and dip. Joint zones significantly 

decrease the competency of the intersected rock mass and often cause 

roof fallouts.  
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 Shear zones 
Shear zones are characterised by multiple faulting with little noticeable movement 

and multiple closely spaced joints with the same dip and strike. Shear zones often 

cause the unravelling of the hangingwall and creation of brows when intersected 

by other geological features (du Preez, 2018). Thorncliffe consists of both minor 

and major shear zones with varying thicknesses between 100 mm to greater than 

5 m (Glencore ECM, 2021).   

 Vein structures 
These structures represent planes of weakness in the rock mass. Veins are 

disseminated dilated fractures filled with mineral deposits. These are formed when 

mineral constituents carried by water are deposited in fissures through 

precipitation. The project area consists of calcite and pegmatite veins with 

thicknesses varying between 100 mm–250 mm (Glencore ECM, 2021).  

 Domes (thrust faults) 
Commonly referred to as ‘curved joints’ or ‘low-angle faults’. Domes or thrust faults 

are formed by upwarping of the rock strata, causing older strata from the bottom to 

meet younger strata on top when displacement along fault features occurs. These 

deformations result in large loose blocks/wedges in the roof. Domes often occur in 

sets commonly called ‘piggy-back doming’ where multiple ramp-flat geometries are 

formed (du Preez, 2018).  

 Potholes 
Where the reef package and surrounding stratigraphy have slumped or 

transgressed into the footwall with a change in dip and strike and usually disappear 

altogether. Slumping of the reef results in off-reef mining and fracturing of the 

surrounding ground, which causes instabilities (du Preez, 2018).  

 Faults 
Breaks in the strata along which displacement or movement has occurred. 

Localised near-vertical normal and reverse minor faults are common at the mine 

(du Preez, 2018).  
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 Dykes 
Near-vertical dolerite intrusions that cut across the strata form when molten 

magma fills pre-existing planes of weakness in older rocks. The dykes in the project 

area vary in thickness from a few centimetres to tens of meters. Dykes are 

associated with blocky/friable ground conditions and sympathetic jointing and/or 

faulting running sub-parallel to them (Xtrata Alloys, 2005). 

 Influence of structures on stability 
Brady & Brown (2004) describe how that structurally influenced failures are of 

prime concern at shallow depths of mining. Jointed rock masses have the following 

properties (Amadei, 2019):  

• Reduced shear strength along discontinuity planes; 

• the discontinuities separate the hangingwall rock into varied sizes of blocks; 

which become unstable and fall if not adequately supported; 

• exhibits anisotropy during loading and unloading due to the existence of 

different discontinuity sets; and 

• often heterogeneous and have higher permeability. 

The nature and distribution of discontinuities have a weakening effect on the rock 

mass behaviour. It is therefore vital to initially provide a quantitative description of 

the nature of discontinuities to obtain a better understanding of the rock mass 

structure. The rock mass structure will influence the following (Brady & Brown, 

2004): 

• response of the rock mass to the creation of excavations; 

• selection of Mining method; 

• design of mining layouts; 

• stability of excavation spans; 

• support requirements/strategies; and  

• rock mass cavability.  

The successful application of the design methodology for evaluating the stability 

and support requirements of the rock mass is reliant on a proper rock mass 

characterization exercise (Stacey, 2001). Rock mass characterization entails the 

collection of field parameters that adequately describe and quantify the 
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geotechnical character of the rock mass. The acquired geotechnical data are then 

used to quantify and describe the mechanical behaviour (deformability) of the rock 

mass, evaluate rock mass strength, identify potential failure mechanisms, and 

delineate geotechnical areas in a mining environment (Stacey, 2001). According 

to the International Society for Rock Mechanics (ISRM, 1978c), the ten important 

parameters selected to adequately describe the geometrical and mechanical 

properties of discontinuities and rock masses include the following: 

• Orientation; 

• Spacing; 

• Roughness; 

• Persistence; 

• Wall strength; 

• Aperture; 

• Filling; 

• Water Seepage; 

• Number of discontinuity Sets; and 

• Block Size. 

 Discontinuity orientation 
Discontinuity orientation describes the attitude of discontinuities in space 

measured relative to each other and to underground excavations. Field orientation 

data are often measured by equipment such as a clinometer and a geological 

compass. The parameters describing discontinuity orientation are listed below and 

illustrated in Figure 2-2 (ISRM, 1978c): 

(i) Dip angle – also called the true dip angle, this is the steepest angle 

measured between a horizontal plane and the plane of the discontinuity. 

The dip angle varies between 0 and 90°. When the discontinuity dip 

angle is measured in any direction other than the true dip direction, it is 

called an apparent dip.   

(ii) Dip direction (azimuth) – the angle measured clockwise between the 

North direction and the true dip (the direction that water runs down on 

a plane of a geological feature). The azimuth describes the trend of a 

feature on the surface of the Earth and varies between 0 and 360°.  
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(iii) Strike – the strike of a discontinuity refers to the direction of the line 

(measured clockwise from the North) formed by the intersection of the 

discontinuity plane with the horizontal plane. The strike line is always 

perpendicular to the true dip angle.  

 

Figure 2-2: Geometrical terms describing discontinuity orientation (Hyldahl, 

2018) 

 Discontinuity spacing 
Spacing describes the measurement of the shortest/perpendicular distance 

between two adjacent discontinuities. The spacing between discontinuities 

determines the size of rock blocks/intact rock pieces in the rock mass. A measuring 

tape of at least 3 m in length and a clinometer are often used to measure the 

spacing between discontinuities. The true spacing between consecutive 

discontinuities, instead of the apparent spacing, is used in the quantitative 

description of discontinuities (ISRM, 1978c). The difference is illustrated in Figure 

2-3.  
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Figure 2-3: Illustrating measurement of true spacing and apparent spacing 

for a single discontinuity set (adapted from Amadei (2019)) 

The minimum, maximum, and modal spacing are recorded and used to describe 

the spacing of each discontinuity set. The following discontinuity spacing 

descriptions are used (ISRM, 1978c):  

Table 2-1: Description of discontinuity spacing (ISRM, 1978c) 

 

 Discontinuity roughness 
Roughness refers to the inherent discontinuity surface roughness and waviness 

relative to the mean plane of a discontinuity. Roughness and waviness influence 

the overall shear strength of discontinuities. Discontinuities with rough surfaces 

tend to have higher shear strengths than smooth surface discontinuities (ISRM, 

1978c). Table 2-2 presents the ISRM-suggested classification and descriptive 

terms to describe discontinuity roughness during field mapping. The illustration of 



33 

the typical discontinuity roughness profiles to match the nomenclature in Table 2-2 

is presented in Figure 2-4.  

Table 2-2: Suggested classification and description of discontinuity 

roughness (ISRM, 1978c) 

 

 

Figure 2-4: ISRM Roughness profiles and suggested nomenclature 

(Korkanç & Savran, 2017) 

Class Description 
I  Rough (or irregular), stepped
II  Smooth, stepped
III Slickensided, stepped
IV Rough (or irregular), undulating 
V Smooth, undulating 
VI Slickensided, undulating
VII Rough (or irregular), planar
VIII Smooth, planar
IX Slickensided, planar
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 Discontinuity persistence 
Persistence describes the crude measure of the continuity or trace lengths of 

discontinuities as observed in the field. In jointed rock masses, discontinuities often 

terminate at the intersection of other discontinuities, resulting in the formation of 

rock blocks/intact rocks in the rock mass. The ISRM (1978c) suggests the use of 

the modal trace length to describe or classify the persistence of a discontinuity set. 

Table 2-3 presents the classification of discontinuity persistence from collected 

field data.   

Table 2-3: Description and classification of discontinuity persistence (ISRM, 

1978c) 

 

 Discontinuity wall strength 
Discontinuity wall strength is sometimes called joint surface hardness and refers 

to the compression strength of a discontinuity surface/wall. Discontinuity wall 

strength may sometimes be lower than the strength of rock blocks due to 

weathering or alteration of the discontinuity walls. In underground metalliferous 

mines, experience has shown that the field strength classification of rocks can be 

determined by the following test procedures (ISRM, 1978c; Miller, et al., 1986). 

(i) The number of geological hammer blows required to break a drill core 

specimen, 

(ii) Effect of fracturing a core sample with the sharp end of a geological 

pick, and  

(iii) Effect of scraping a core specimen with a fingernail and a pocketknife.  

The discontinuity wall strength is usually some fraction of the strength of fresh rock 

since the alteration/weathering caused by hydrothermal processes mostly affects 

discontinuity walls and not the interior of a rock mass (ISRM, 1978c). A description 

of a discontinuity wall strength must therefore include the description and grading 
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of weathering/alteration states of intact rocks and the rock masses (ISRM, 1978c). 

The Schmidt hammer test is commonly used to obtain estimates of the hardness 

and strength of discontinuity walls. Table 2-4 presents the suggested weathering 

classification and grading of rock material and rock masses. Table 2-5 summarises 

the suggested field strength classification of rock and discontinuity wall strength.  

Table 2-4: Weathering classification of rocks (ISRM, 1978c) 
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Table 2-5: Field classification of discontinuity wall strength (ISRM, 1978c) 

 

 Discontinuity aperture 
Aperture measures the separation or openness between two discontinuity walls, in 

which the space between the discontinuity walls is air or water filled. It is obtained 

by measuring the perpendicular distance separating adjacent rock walls of an open 

discontinuity. The aperture is therefore different from the width of a fracture with 

mineral filling (ISRM, 1978c). The difference is illustrated in Figure 2-5.  

 

Figure 2-5: Suggested definitions of aperture of open discontinuities and 

width of filled discontinuities (Brady & Brown, 2004) 
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The modal aperture is usually used in the description of a discontinuity set. The 

field description and classification of discontinuity aperture is presented in Table 

2-6. 

Table 2-6: Classification of discontinuity aperture (ISRM, 1978c) 

 

 Discontinuity filling 
Discontinuity filling refers to the presence of infill material/minerals between 

adjacent discontinuity walls. The width of discontinuities refers to the perpendicular 

distance containing infill materials between adjacent discontinuity walls. Filling 

materials are usually weaker than the host rock and influence the shear strength 

properties of discontinuities (ISRM, 1978c). Examples include Calcite, Clay, 

Chlorite, and Serpentinite. Filled discontinuities display a wide range of physical 

behaviour due to several geo-mechanical factors, which will be discussed below. 

It is therefore suggested that the description of discontinuity infill materials in a 

project should include the following (ISRM, 1978c):  

a) Geometry of filling material 

In the field, filling geometry is described by the discontinuity width. This 

entails recording the minimum, maximum, and finally estimating the 

modal widths of filled discontinuities. Secondly, taking measurements 

of the amplitude of discontinuity wall roughness helps determine 

detailed shear characteristics of discontinuities. Thirdly, it is 

recommended to provide a field sketch of the discontinuity walls to 

illustrate the degree of any fracturing or alteration (ISRM, 1978c).   
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b) Infill type  

The filling type is described firstly by the mineralogy of the infill material. 

Finer filling material controls the long-term shear deformation of 

discontinuities. Therefore, this involves describing the mineralogical 

composition and characteristics of the finest filling material for the filled 

discontinuities (ISRM, 1978c). 

Secondly, particle size or grading is used to describe the infill type between 

discontinuities. To identify and classify particle size, the use of the modified 

Wentworth scale for classifying and describing coarse sediments in Table 2-7 is 

suggested. 

Table 2-7: The modified Wentworth scale for grain size classification 

(ISRM, 1978c) 

 

Lastly, sometimes filled discontinuities are a result of some preferential weathering 

along discontinuities. Therefore, the filling may be composed of either decomposed 

rock or disintegrated rock. It is suggested that the weathering types should be 

recorded (ISRM, 1978c). Table 2-8 presents the weathering types for filled 

discontinuities. 
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Table 2-8: Weathering types for filled discontinuities (ISRM, 1978c) 

 

c) Filling material strength  

The strength of the filling material can be assessed using Table 2-9, 

recommended under Wall Strength. These are also applicable for 

cohesive soils such as clays, silty clays, and combinations of silty clays 

with sand (ISRM, 1978c).  

Table 2-9: Field classification of filling material strength (ISRM, 1978c) 

 

d) Seepage of filled discontinuities 

Seepage of filled discontinuities is described by water content and 

permeability. The suggested field identification and classification of the 

seepage of filled discontinuities is presented in Table 2-10.  
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Table 2-10: Water seepage classification of filled discontinuities (ISRM, 

1978c) 

 
 

 Discontinuity water seepage 
Water seepage refers to the amount of water flowing along discontinuities in a rock 

mass. Water seepage in rock masses is influenced by the permeability of the rock 

material making up the rock mass. Discontinuity moisture conditions vary from dry 

to continuous flow. Groundwater influences discontinuity shear strength. Slip-type 

failures along dry discontinuities tend to be minimal. On the other hand, the shear 

strength of wet discontinuities is reduced by water pressure, resulting in slip failure 

along such discontinuities (ISRM, 1978c). The water seepage of filled and unfilled 

discontinuities can be assessed according to the suggested descriptive tables in 

Table 2-10 and Table 2-11, respectively.  

Table 2-11: Water seepage classification of unfilled discontinuities (ISRM, 

1978c) 
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 Number of Discontinuity Sets  
Discontinuities usually occur in sets in jointed rock masses. Each discontinuity set 

consists of discontinuities which have similar orientation data (azimuth and dip 

angle) and usually display similar mechanical properties too. The number of 

intersecting discontinuity sets influences the appearance and overall mechanical 

or stability behaviour of a rock mass. Rock masses with many intersecting 

discontinuity sets have a blocky appearance than ones with few discontinuity sets 

(ISRM, 1978c). This contrast is illustrated in Figure 2-6.  

 
Figure 2-6: Effect of increasing discontinuity sets on the rock mass (Yun, 

2018) 

In terms of stability, rock blocks formed by three or more discontinuity sets in a 

rock mass have a higher degree of freedom of deformation than in a rock mass 

with fewer discontinuity sets (ISRM, 1978c). Table 2-12 presents the suggested 

scheme that can be used to describe discontinuity sets in the field.  

Table 2-12: Field description of discontinuity sets (ISRM, 1978c) 
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 Block Size 
Blocks refer to individual rock blocks formed/bounded by intersecting 

discontinuities and discontinuity sets in jointed rock masses. The shape and size 

of the rock blocks influence the overall response and behaviour of the rock mass. 

The dimension and shape of the blocks in the rock mass are determined by the 

spacing between discontinuities, the number of discontinuity sets, and the 

persistence of the discontinuities delineating the blocks (ISRM, 1978c). To 

describe the block size of a geotechnical domain of interest, it is suggested to first 

record the block size index (Ib), which represents the average dimension of typical 

rock blocks. Ib is estimated by visually selecting and measuring dimensions of 

typical block sizes and taking their mode. Each geotechnical domain is therefore 

characterised by stating the smallest, largest, and modal Ib. The volumetric joint 

count (Jv) is also used to indicate the block size of jointed rock masses. Jv is 

determined by summing the number of joints per meter for each discontinuity set 

in the rock mass. The mean true spacing, instead of the modal spacing, is used in 

the determination of Jv (ISRM, 1978c). Table 2-13 presents the classification of 

block size according to the volumetric joint count.  

Table 2-13: Block size classification according to the volumetric joint count 

(ISRM, 1978c) 

 

When defining block size in a rock mass, it is suggested to describe the blockiness 

of the rock mass as tabulated in Table 2 14. If it aids in the better communication 

of the block size and shape, photographs and field sketches of exposures are 

recommended (ISRM, 1978c). 
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Table 2-14: Description of the Blockiness of the rock mass (ISRM, 1978c) 

 

2.4 Geotechnical Data Collection Methods 

As noted in Section 2.2, the planning and design of a shallow mining operation 

requires an in-depth understanding of the mine’s overall rock mass structure and 

geological setting. Hoek (2007) stated that “The cornerstone of any practical rock 

mechanics analysis is the geological model and the geological database upon 

which the definition of rock types, structural discontinuities and material properties 

is based.” The geotechnical data which describes the rock mass structure 

comprises the types, and important engineering properties of structural features 

found within a jointed rock mass (Brady & Brown, 2004).  

The local geology in a mining operation, is often obtained through geological 

exploration programs that only outline the general lithologies and major structural 

data. While this data is essential, it does not adequately or entirely serve the 

purpose of informing the engineering understanding of a mine’s rock mass 

structure or establishing of a complete structural and geological model for mine- 

design. Therefore, two (2) mainstream structural data acquisition techniques are 

commonly used to collect the data required to sufficiently quantify the geotechnical 

characteristics of structural features in the rock mass. The two (2) structural data 

acquisition methods have not changed a great deal in many years and there is still 

no acceptable substitute for them (Hoek, 2007). The methods are:  

(i) Mapping of underground exposures; and  

(ii) Geotechnical Core Logging  
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 Mapping of Underground Exposures 
Mapping of underground exposures for acquiring structural data is usually 

concentrated on areas adjacent to the orebody from which the design of stopes 

can be based. There are three (3) types of approaches used for mapping of 

underground exposures, which are: 

1. Scanline mapping; 

2. Window Mapping; and  

3. Digital Mapping  

Scanline Mapping - involves extending a measuring tape (the sampling line) 

across an exposed rock surface, and all the discontinuities intersecting the 

scanline along its length are mapped. In the scanline survey, geotechnical 

attributes of all the discontinuities intersecting the sampling line are recorded. The 

minimum number of scanline measurements required to define a discontinuity set 

usually differs from site to site (Read & Stacey, 2008). The structural data collected 

through a scanline survey enables the application of rock mass classification 

systems and further characterisation of the rock mass. Figure 2-7 shows a 

schematic illustration of a scanline mapping survey on an exposed rock surface. 

The following discontinuity features are recorded for the quantitative description of 

the rock mass:  

• distance at which discontinuities intersect the scanline; 

• type of discontinuity intersected along the scanline; 

• discontinuity orientation (dip angle and dip direction), which is measured 

using a geological compass; 

• persistence (continuity or trace length);  

• weathering condition of discontinuities; 

• roughness (joint inherent surface roughness and waviness); 

• discontinuity wall strength; 

• aperture (discontinuity wall separation); 

• water condition (signs of water seepage); 

• infill material type and thickness; and 

• number of discontinuity sets.  
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Figure 2-7: Schematic illustration of a scanline survey  (Monsalve, et al., 2018) 

Additional valuable information recorded in a scanline survey includes photos of 

the scanline location (if possible), scanline grid coordinates, host rock type, 

scanline orientation, and face orientation. Scanlines are used for the collection of 

structural data on all three components of the orebody, namely the immediate 

hangingwall, footwall, and the mineralised zone. 

Window Mapping - Sometimes referred to as ‘areal mapping’, this approach 

involves the collection of all structural data within a specified or selected area (the 

window) of an underground/surface rock exposure. This type of specific mapping 

is conducted when the orientation and other characteristics of structural features 

or discontinuity sets are judged to influence the stability behaviour of excavations 

(Stacey, 2001). The variability of the following parameters in each discontinuity set 

is usually established (Stacey, 2001): 

• discontinuity orientation; 

• discontinuity spacing; and 

• discontinuity trace lengths. 

Typical statistical analyses and distributions for the above-listed parameters are 

produced to serve as inputs in stability assessment studies. Caution is required 
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when using this approach as it may introduce bias into the data (Stacey, 2001). 

The bias introduced during mapping will be discussed in detail below.  

Digital Mapping - The scanline and window mapping described above are 

traditional/conventional methods which require manual effort for the collection of 

structural data. This may mean exposure to dangerous/unsafe working areas while 

mapping, taking longer mapping times, and recording a small sample size 

(Monsalve, et al., 2018). Over the years, there have been advances in the 

equipment and technology used for geotechnical data collection. Development of 

digital mapping techniques such as Terrestrial Laser Scanning (TLS) (laser 

imaging) and three-dimensional (3D) Photogrammetry has enabled optimal 

characterisation and design of underground or surface structures (Monsalve, et al., 

2018). This technology offers a more effective process of collecting structural data, 

is faster, cheaper, and provides better characterisation results (representation of 

the rock mass structure) than traditional techniques.  

Digital photogrammetry uses two-dimensional (2D) images from high-resolution 

cameras and photogrammetry software to generate detailed and spatially accurate 

3D digital terrain models (Torkan, et al., 2022). The 3D models enable the accurate 

determination of the mechanical properties of geological structures over longer 

distances, remotely. The photogrammetric data can be integrated into mine 

planning software and used as real-time data for mine design and planning (Read 

& Stacey, 2008). In an underground setting, photogrammetry may require 

illumination to obtain high-resolution and better images. 

Laser imaging (laser scanning) entails using a laser scanner to send out laser 

pulses to scan the position of an exposed rock surface and produce a massive 

point cloud of the scanned area, with millimetre precision (Monsalve, et al., 2018). 

The laser scans produce a detailed 3D image of the rock mass from which 

attributes of discontinuities composing the rock mass can be statistically analysed 

for further characterization. Laser imaging enables mapping with more precision 

and less bias, and collects copious quantities of data in a short time (Monsalve, et 

al., 2018).  
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 Challenges Associated with Exposure Mapping 
Sampling bias is the main issue introduced by several factors in exposure mapping 

results. Four (4) types of sampling bias are known to be associated with traditional 

scanline and window mapping, these are (Brady & Brown, 2004; Read & Stacey, 

2008): 

• orientation bias; 

• size bias; 

• truncation or size cut-off bias; and 

• censoring bias. 

Orientation bias – the frequency of discontinuities intersected and 

recorded in a particular scanline/window depends on the orientation of the 

sampling line relative to the orientation of discontinuity sets in the rock 

mass. When a discontinuity set is parallel to the sampling scanline/window, 

a few structural features of that set will be recorded (Brady & Brown (2004) 

and Read & Stacey (2008)).   

Size bias – larger and prominent structural features in the rock mass are 

more likely to be sampled by a scanline or window than smaller structures 

(Brady & Brown (2004) and Read & Stacey (2008)).   

Truncation or size cut-off bias – sampling size cut-off is often applied in 

exposure mapping. This, for example, entails choosing to ignore 

discontinuities of a certain length during mapping. If a smaller size cut-off 

is used in a scanline survey, this affects overall discontinuity statistically 

and the size distribution of all the structural features may not be properly 

accounted for (Brady & Brown (2004) and Read & Stacey (2008)).   

Censoring bias – this type of bias is introduced when ‘artificial’ boundaries 

exist when carrying out scanline surveys. A ‘censor window’ is an artificial 

boundary or area in which discontinuity trace lengths can be accurately 

measured or estimated. Discontinuities with trace lengths extending 

outside the artificial boundary are called ‘censored’. Uncensored 

discontinuities have trace lengths that terminate within the censor window. 

In underground mines, the height of excavations is often one of the main 

limiting boundaries (Brady & Brown (2004) and Read & Stacey (2008)).   
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 Geotechnical logging of diamond-drilled core 
Core drilling is a reliable method of investigating the structure and geo-mechanical 

properties of the interior of a rock mass. The structural logging of the core provides 

valuable geotechnical parameters for characterising the rock mass and conducting 

stability assessments. Geotechnical core data management requires taking colour 

photographs of the undisturbed drilled core before logging commences. The 

process of geotechnical core logging involves dividing the core into geotechnical 

domains/zones (intervals of similar geotechnical characteristics), then assigning 

geotechnical attributes to each domain (Stacey, 2001). To eliminate logging errors, 

naturally open discontinuities are often distinguished from artificial 

fractures/defects introduced by core drilling and the handling of core (Read & 

Stacey, 2008). Artificial defects are marked and excluded from the collection of 

structural data. The geotechnical logging of the core involves the collection of the 

following information (Stacey, 2001): 

• orientation of core;  

• borehole position (coordinates); 

• drill run (From, To); 

• rock type (Major and minor Lithology); 

• core recovery (Total and solid core recovery); 

• depth at which discontinuities are intersected; 

• type of discontinuity intersected; 

• orientation of discontinuities; 

• strength index (hardness of rock); 

• roughness and waviness of discontinuities; 

• infilling materials (type and thickness of infill); 

• open/closed discontinuities; 

• weathering; 

• alteration of discontinuities; and 

• water conditions. 

The acquired geotechnical data are used for providing a quantitative description of 

the rock mass quality using rock mass classification systems and conducting 

strength assessments. The geotechnical logging of the core can be supplemented 

by advanced technology, such as digital logging techniques for the determination 
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of attributes of discontinuities that intersect a drilled core. These include the use of 

downhole logging equipment and geophysical logging systems (Stacey, 2001).  

Downhole scanners include borehole cameras used for logging borehole walls. 

These digital photographic systems are enhanced with digital imaging software to 

provide high-resolution core images from which logging is conducted (Hoek, 2007). 

Downhole imaging technology also includes borehole-acoustic (ATV) and optical 

(OTV) televiewers, which provide continuous high-resolution images of the 

borehole wall. The magnetically oriented colour images are then used for mapping 

the mechanical properties of planar structural features intersecting the borehole. 

Geophysical logging systems usually consist of a downhole geophysical probe, 

which is lowered down a borehole. The probe collects mechanical properties and 

attributes of the rock mass and discontinuities intersecting the borehole. 

 Challenges associated with geotechnical core logging  
Like the mapping of rock exposures, sampling issues are introduced to 

geotechnical core logging results by several factors. These sampling issues also 

apply to digital logging methods. The major challenges in geotechnical core logging 

are as follows (Jakubec & Laubscher, 2000; Brady & Brown, 2004; Jakubec, 2013):  

• The rock mass cannot be seen or studied on a 3D large scale. Therefore, 

the continuity (persistence or trace lengths) of structural features, 

orientation, and their large-scale expression/geometry are impossible to 

correctly establish with confidence. 

• Drill hole (sampling) orientation bias – the frequency and attributes of 

structural features parallel to the core axis cannot be determined unless the 

core drilling is oriented in several directions.  

• Difficult to distinguish between artificial (drill-or-handling induced) defects 

and natural open fractures, especially in laminated/bedded rock masses.  

2.5 Evaluation of Boundary Conditions  

The determination of in situ rock mass properties in the roof of stope panels 

includes the estimation of in situ stress conditions, which informs excavation 

boundary conditions (Stacey, 2001). In mining environments, in situ field stresses 
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determine the confinement imposed on the rock mass surrounding stope openings. 

In-situ stresses are therefore an essential boundary condition and input parameter 

in the numerical stability analyses and design of safe mining excavations (Swart & 

Handley, 2005). Depending on their magnitude, in situ stresses can have the 

following impact on rock mass stability (Stacey & Wesseloo, 1998):  

• If in-situ stresses are of sufficient magnitude, the rock mass will be well 

confined and thus have a beneficial effect of promoting stability. 

• If in-situ stress magnitudes are low, instability may result since confinement 

is reduced and rock blocks in the rock mass have the freedom to fall out. 

• Finally, if the stresses are sufficiently high, fracture and failure of the rock 

mass may be induced, resulting in instability.    

Several methods are used in the field to estimate the complete in-situ state of 

stress in the rock mass for design purposes. These include an overcoring method 

when underground access is available, in-situ stress tests based on small flat 

jacks, and/or hydrofracturing. However, these methods are usually expensive and 

time-consuming. Swart & Handley (2005) suggested that the estimation of the in-

situ stress field can be based on the work by Stacey & Wesseloo (1998).  

Stacey & Wesseloo (1998) collated and evaluated a database of in situ stress 

measurements carried out in different mining and civil projects in Southern Africa 

over the past 30 to 40 years. The database consists of in situ stress measurement 

data from the Carletonville-Klerksdorp-Free State area and the Bushveld Complex 

(Rustenburg Platinum Mine, Impala Platinum Mine, and Northam Mine). The 

database was used to determine the magnitude and orientation (trend) of principal 

horizontal and vertical stresses. If no site-specific in situ stress measurements are 

carried out for a specific project, extrapolation of in situ/virgin stress conditions can 

be achieved from the existing database.  

The virgin vertical stress, which is directly proportional to rock density, is commonly 

used to express the in-situ stress state. The magnitude of the vertical component 

of the virgin stress is given by Equation 2-1. The horizontal virgin stress is a fraction 

of the virgin vertical stress. Dividing the virgin horizontal stress by the vertical stress 

gives the ‘virgin stress ratio’ or simply the ‘k-ratio’, which varies with direction. 

Sellers, et al. (2002) added that in South Africa, the major principal stress is usually 
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not vertical, indicating that the in-situ stress state has been altered by tectonic 

movements/action.  

𝜎𝜎𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =𝑝𝑝 𝑔𝑔 𝐻𝐻                            Equation 2-1 

Where: p is the rock density (kg/m3); g is the gravitation acceleration (kg/m2); and 

H is the depth below the surface (m). 

Figure 2-8 shows the variation in the orientation of horizontal principal stresses 

measured at various locations in Southern and Central Africa. As shown in Figure 

2-8, horizontal major principal stresses commonly trend in the northwest-southeast 

(NW–SE) and northeast-southwest (NE-SW) directions in South Africa. Secondly, 

the collated in situ stress field database indicated that the magnitude of horizontal 

principal stresses is often equal to or greater than the magnitude of vertical 

stresses at shallow depth (Stacey & Wesseloo, 1998). 

 

Figure 2-8: Orientation of horizontal principal stresses (Stacey & Wesseloo, 1998) 
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Figure 2-9 and Figure 2-10 indicate the variation of minor and major horizontal 

principal stress with increasing depth, respectively. Figure 2-11 and Figure 2-12 

show the ratio of major (K1) and minor (K3) horizontal in situ stress to vertical stress, 

respectively. The k-ratio decreases with depth, with high values (>1) in shallow 

mining conditions to low values (<0.5) in deeper mines. 

 

Figure 2-9: Variation of major horizontal principal stress with depth (Stacey & 

Wesseloo, 1998) 
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Figure 2-10: Variation of minor horizontal principal stress with depth (Stacey & 

Wesseloo, 1998)  

 

Figure 2-11: Variation of the ratio of major horizontal principal stress to vertical 

stress (K1) with depth  (Stacey, 2001) 
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Figure 2-12: Variation of the ratio of minor horizontal principal stress to vertical 

stress (K3) with depth (Stacey, 2001) 

2.6 Evaluation of Rock Mass Quality 

Rock mass classification systems are used as a means of quantifying the rock 

mass quality (Stacey, 2001). The geotechnical data collected from geotechnical 

core logging or mapping and laboratory rock tests are used as input data in the 

rock mass classification systems. The resulting numerical value, which 

quantitatively describes the quality of the rock mass, is correlated with many rock 

mass properties. This value is used in evaluating excavation stability and 

determining support requirements.  

In this project report, a review of 12 rock mass classification methods for 

characterisation of the rock mass is provided in Appendix B.  It is recommended to 

use at least two rock mass classification systems to gain greater confidence in the 

results. The RMR89, Q-Index, and MRMR systems are recommended (Stacey, 

2001).  
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2.7 Estimation of In Situ Rock Mass Properties  

The strength of jointed rock masses is controlled by the deformation properties of 

intact rock material and the frictional properties of existing discontinuities (Brady & 

Brown, 2004). Rock mass classification systems and results from intact rock tests 

are usually combined to provide estimates of the strength and stiffness properties 

of the rock mass (Swart & Handley, 2005). 

The estimated rock mass properties are used in different rock engineering design 

methods (analytical & empirical models) for evaluating the stability of jointed rock 

masses and determination of support requirements. The rock mass geotechnical 

parameters include stiffness, strength, and frictional properties such as: 

• Intact rock elastic (Young’s) modulus (E), Poisson’s ratio (v), uniaxial 

compressive strength (intact rock σci, and rock mass σcm), and the tensile 

strength of rock, 

• Rock mass modulus of deformation (EM),  

• Rock strength criteria input parameters, such as Hoek-Brown criterion for 

jointed rock masses parameters (mb, s, mr and sr), and  

• Mohr-Coulomb failure criterion frictional parameters (cohesion (C) and the 

friction angle (ϕ)). 

 Rock Testing  
Small-scale laboratory rock material tests under different loading conditions are 

usually performed to establish important mechanical properties of intact rocks and 

rock masses. Rock material tests are carried out according to methods 

standardized by the International Society for Rock Mechanics (ISRM). The strength 

and rigidity of rock masses are expected to be lower than that of intact rocks, as 

full-scale rock masses contain discontinuities. To sufficiently “tie down” the rock 

mass characterization exercise, the following laboratory test procedures are 

recommended and are discussed below (Stacey, 2001): 

• Uniaxial Compressive Strength (UCS) test;  

• Triaxial Compressive Strength (TCS) tests, 

• indirect Uniaxial Tensile Brazilian (UTB) Strength test, and  

• shear strength tests (Direct Shear).  
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Uniaxial Compression Strength Test with Elastic Properties - Uniaxial 

Compressive tests with Modulus and deformation measurements (UCM) are 

conducted for the strength classification and characterisation of the rock material 

in a mining environment. It is the most widely used strength test. The test 

determines the deformability and strength of the rock materials in uniaxial 

compression (Bieniawski, et al., 1979). The test involves uniaxially loading a rock 

specimen of cross-sectional area ‘A’ with a uniaxial force ‘F’ until it fails. The 

resulting stress-strain curves in this test describe the progressive brittle fracture 

process of intact rock material (Abioye, 2019). Figure 2-13 shows the progressive 

deformation process of intact rock in uniaxial compression.   

 

Figure 2-13: Stress-strain curve showing the progressive deformation of a 

specimen in uniaxial compression (Hoek & Martin, 2014) 

At peak stress and specimen failure, the UCS of the rock material is calculated 

from Equation 2-2. In this test, important elastic properties of rock materials, such 
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as Young’s modulus (E), and Poisson’s ratio (v) are determined (Bieniawski, et 

al., 1979).  

𝜎𝜎𝑐𝑐 =  
𝐹𝐹
𝐴𝐴

 Equation 2-2 

Where: F is the recorded force when the specimen fails (N) and A is the cross-

sectional area of the specimen (m2).  

The elastic modulus of rock is determined by Equation 2-3. Equation 2-4 is used 

to determine Poisson’s ratio (Bieniawski, et al., 1979).  

𝐸𝐸 =  
𝜎𝜎
𝜀𝜀
 Equation 2-3 

Where: E is the elastic modulus or Young’s modulus (MPa); σ is the stress 

(MPa); and ε is the strain. 

𝑣𝑣 = |
𝜀𝜀2
𝜀𝜀1

| Equation 2-4 

Where: ν is the Poisson’s ratio; ε2 is the radial or lateral strain, and ε1 is the 

axial strain.  

Triaxial Compressive Strength Test - TCS tests are conducted to determine the 

behaviour of rock material when compressed in three directions (triaxial) (σ1, σ2, 

and σ3) (ISRM, 1978a). The test enables the evaluation of the strengthening effect 

of confining stresses on the rock. Triaxial tests have indicated that the strength of 

rock increases with increasing confining stress. The procedure for the 

determination of the triaxial compressive strength of rock is described by the ISRM 

(1978). The principal stress state is obtained and described at the point of rock 

failure, providing Major Principal Stress vs Minor Principal Stress plots. Shear 

Stress vs Normal Stress plots and Mohr’s envelopes can be determined from this 

information. In addition, rock strength parameters such as input for Hoek-Brown 

(mi, mb, s and a) and Mohr-Coulomb (cohesion (c) and friction angle (ϕ)) failure) 

Criteria can be determined from the test results. These parameters are necessary 
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inputs for evaluating the stability behaviour of jointed rock masses (Hoek & Brown, 

1977).  

Brazilian Indirect Tensile Strength Test - Shallow bord and pillar mines within 

the BC experience vertical tensile stresses in the stope hangingwall, which cause 

instabilities by promoting the opening of discontinuities and bed separation in the 

hangingwall (MHSC, 2016). The resistance of rock to fracturing under the 

influence of tensile stresses determines the tensile strength of the rock (Perras 

& Diederichs, 2014). Laboratory Brazilian tensile strength tests are performed 

according to procedures described by the ISRM (1978) to indirectly determine the 

tensile strength property of rock material. In this test, a short rock cylinder (thin disc 

with a thickness-to-diameter ratio (t/D) of 0.5) is compressed diametrically until 

failure (ISRM, 1978b). The compression applied across the diameter induces a 

tensile stress normal to the loading lines and causes a tensile fracture (Li & Wong, 

2012). The indirect tensile strength σt (MPa) of a rock specimen is a function of the 

load at failure P (N), the diameter of the test specimen D (mm), and the thickness 

t (mm) and is calculated by using Equation 2-5 (ISRM, 1978b).  

𝜎𝜎𝑡𝑡 = −  2𝑃𝑃
𝜋𝜋𝜋𝜋𝜋𝜋

      (MPa) Equation 2-5 

 

Direct Shear Testing of Rock Discontinuities - The shear strength of rock 

discontinuities influences the stability of jointed rock masses. Consequently, the 

shearing loads on discontinuities must be considered during the design of 

underground excavations. Shear failure along discontinuities is common in 

underground structures; thus the determination of the peak shear strength of rock 

discontinuities is important (Larsson, 2021). Laboratory direct shear testing of rock 

material containing discontinuities is conducted to determine the shear strength 

properties of the discontinuities. The methods for conducting laboratory direct 

shear tests are provided by the ISRM (Muralha, et al., 2013). Plotting the shear 

strength versus normal stress graphs enables the calculation of the basic friction 

angle (BFA), cohesion (C), and angle of friction of rock (ϕ); which are geotechnical 

parameters used to provide estimates of the shear strength of rock discontinuities 

(Zhang, et al., 2019).  
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 Estimation of Elastic Properties from Rock Mass Classification 
Systems 

While intact rock elastic properties such as Young’s modulus and Poisson’s ratio 

can be determined from laboratory tests, some important in situ rock mass strength 

and deformation properties are usually estimated by incorporating results from rock 

mass ratings (Hoek & Diederichs, 2006). This includes the deformation modulus of 

a rock mass, which is an important input parameter in numerical modelling 

programs for the analysis of the deformation behaviour of rock masses (Cai, et al., 

2004). Due to the high costs and difficulties associated with conducting in situ 

measurements of rock mass modulus of deformation values, Equation 2-6 and 

Equation 2-7 are empirical equations proposed to provide estimates of the 

deformation modulus (Swart, 2005). In these equations, the deformation modulus 

is related to the Geological Strength Index (GSI) classification system. If the 

uniaxial compressive strength (σci) of intact rock is greater than 100 MPa, Equation 

2-6 is used. If the σci is less than 100 MPa, Equation 2-7 is used.  

𝐸𝐸𝑚𝑚 =  �𝜎𝜎𝑐𝑐𝑐𝑐
100

x 10(𝐺𝐺𝐺𝐺𝐺𝐺−1040 )     Equation 2-6 

 

𝐸𝐸𝑚𝑚 = 10(𝐺𝐺𝐺𝐺𝐺𝐺−1040 )     Equation 2-7 

Where: Em is the Modulus of deformation of rock masses (in GPa); GSI is the 

Geological Strength Index; σci is the intact rock uniaxial compressive strength (in 

MPa) 

The GSI rock mass classification technique is primarily used in the characterization 

of jointed rock masses and is detailed in Appendix B. Rock test results and the GSI 

are incorporated in the derivation of empirical formulas for the calculation of the 

following rock mass parameters (Hoek & Brown, 2019): 

• Constants in the Hoek-Brown failure criterion (mb, s, and a),  

• UCS of the rock mass, and  

• the tensile strength of the rock mass. 
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The combination of both intact rock results and rock mass ratings in deriving the 

above-listed parameters is presented in Section 2.7.3. 

 Rock Mass Failure Criteria 
The stability behaviour of jointed rock masses is complex, as deformations and 

failures occur along discontinuities and in the intact rock blocks of the rock mass. 

Knowledge and understanding of the rock failure process and prediction of the rock 

mass strength improve the design of underground excavations and support 

systems (Edelbro, 2004). Rock mass failure criteria are used to reliably predict the 

load-bearing capacity of rock masses. This section presents only the most well-

known and suggested empirical rock mass failure criteria for reliably predicting and 

describing the strength of jointed rock masses in the BC. These are (Edelbro, 2004; 

MHSC, 2016): 

• Mohr-Coulomb Criterion,  

• Generalised Hoek-Brown Criterion for jointed rock masses, and  

• Extension-Strain Criterion. 

Mohr-Coulomb Failure Criterion - The Mohr-Coulomb theory states that the 

shear failure of rock is caused by a critical combination of normal and shear 

stresses and not solely from either the maximum normal or shear stress 

(Giwangkara, et al., 2020). The shear strength of rock is characterized and 

described by two distinct shear properties, namely the internal friction angle (ϕi) 

and cohesion value (c). The cohesion parameter is used to identify the bond 

strength between internal rock particles (inherent strength), whilst the internal 

friction angle represents the internal friction between the rock particles 

(Giwangkara, et al., 2020). Equation 2-8 represents the Mohr-Coulomb failure 

criterion, which relates the normal and shear stresses across a shear plane. The 

graphical representation of the criterion, where shear stresses are plotted against 

normal stresses from direct shear tests, or triaxial shear test results, enables the 

estimation of the internal angle of friction and cohesion of rock (Giwangkara, et al., 

2020). Figure 2-14 shows the Mohr-Coulomb failure envelopes, which are 

determined by drawing a tangential line to the Mohr circles (Figure 2-14).    
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𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑐𝑐 +  𝜎𝜎𝑛𝑛 tan𝜙𝜙 Equation 2-8 

Where: 

• 𝜏𝜏max is the shear strength along a shear plane obtained at failure (MPa), 

• σn is the normal stress acting on the shear plane (MPa), 

• c refers to the cohesion of a shear plane (kPa), and   

• ϕ is the internal friction angle of the shear plane (°).  

 

Figure 2-14: Mohr-Coulomb strength envelopes in terms of a) normal vs shear 

stress and b) principal stresses (Yilmaz, 2010) 

Generalised Hoek-Brown Criterion - Hoek & Brown (1980) proposed a method 

for estimating the triaxial strength of jointed rock masses, based on the assessment 

of the interlocking (intact) rock blocks and the condition of discontinuities. Over the 

years, the original rock mass failure criterion was modified to suit different 

engineering applications; with a major revision being made in 2002 to ensure the 

criterion can be applied in numerical models and update the methods for estimating 

Mohr-Coulomb parameters (Hoek, et al., 2002).  Equation 2-9 presents the 

generalised Hoek-Brown criterion for jointed rock masses.  

𝜏𝜏 = 𝑓𝑓(𝜎𝜎𝑛𝑛) 
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𝜎𝜎1 = 𝜎𝜎3 +  𝜎𝜎𝑐𝑐𝑐𝑐(𝑚𝑚𝑏𝑏
𝜎𝜎3
𝜎𝜎𝑐𝑐𝑐𝑐

+ 𝑠𝑠)𝑎𝑎 Equation 2-9 

Where: σ1 and σ3 are the maximum and minimum effective principal stresses at 

failure, respectively (MPa); σci is the UCS of intact rock blocks making up the rock 

mass (MPa); mb is the Hoek-Brown constant for the rock mass; and a and s are 

Hoek-Browm empirical constants which vary for distinct types of rocks (Hoek & 

Brown, 1980).  

The estimation of the strength and deformability of jointed rock masses using the 

Hoek-Brown criterion involves the determination of three rock mass properties. 

These are: 

• UCS of intact rock pieces making up the rock mass, 

• the Hoek-Brown constant mi of the intact rock pieces, and 

• the value of the GSI for the rock mass. 

For intact rock material “s” is equated to one and m becomes mi. Therefore, 

Equation 2-9 simplifies to Equation 2-10 (Hoek & Brown, 1980): 

𝜎𝜎1 = 𝜎𝜎3 +  𝜎𝜎𝑐𝑐𝑐𝑐(𝑚𝑚𝑖𝑖
𝜎𝜎3
𝜎𝜎𝑐𝑐𝑐𝑐

+ 1)0.5 Equation 2-10 

Values for mi and σci can be determined from the results of laboratory triaxial testing 

of core specimens. When laboratory triaxial testing is not possible, Table 2-5 in 

Section 2.3 and Table 2-15 are used to obtain estimates of σci and mi, respectively 

(Hoek, et al., 2002).  
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Table 2-15: Values of the Hoek-Brown constant mi for intact rock (Hoek, et al., 

2002) 

 

In jointed rock masses, when the size of the underground excavation is large and 

the rock blocks (defined by discontinuity spacing) in comparison are smaller, the 

GSI and Hoek-Brown criterion are combined to evaluate the strength of the rock 

mass (Hoek, et al., 2002). The mb, s, and Hoek-Brown parameters in Equation 2-9 

for jointed rock masses are computed using Equation 2-11 to Equation 2-13. In 
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the 2002 edition of the Hoek-Brown rock mass failure criterion, the influence of 

blast damage is considered. In Equation 2-10 to Equation 2-11, “D” depends on 

the degree of disturbance of the rock mass due to blast damage and varies 

between 0 for undisturbed in situ rock masses to 1 for very disturbed rock masses. 

Hoek, et al., (2002) suggested guidelines for estimating the disturbance factor D in 

Table 2-16. 

𝑚𝑚𝑏𝑏 =  𝑚𝑚𝑖𝑖 exp(
𝐺𝐺𝐺𝐺𝐺𝐺 − 100
28 − 14𝐷𝐷

) Equation 2-11 

 

𝑠𝑠 = exp(
𝐺𝐺𝐺𝐺𝐺𝐺 − 100

9 − 3𝐷𝐷
) Equation 2-12 

 

𝑎𝑎 =  
1
2

+  
1
6

 (𝑒𝑒−
𝐺𝐺𝐺𝐺𝐺𝐺
15 −  𝑒𝑒−

20
3 ) Equation 2-13 
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Table 2-16: Guidelines for estimating the disturbance factor D (Hoek, et al., 2002) 

 

The UCS of the rock mass can be obtained by setting σ3 = 0 in the original version 

of the Hoek-Brown criterion (Equation 2-9), giving Equation 2-14. Again, by setting 

σ1 = σ3 = σt in Equation 2-9 to represent a condition of biaxial tension, the uniaxial 

tensile strength of the rock mass is calculated by Equation 2-14:  
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𝜎𝜎𝑐𝑐𝑐𝑐 =  𝜎𝜎𝑐𝑐𝑐𝑐. 𝑠𝑠𝑎𝑎 Equation 2-14 

Where σcm is the UCS of the rock mass (MPa)  

𝜎𝜎𝑡𝑡 = −  
𝑠𝑠𝜎𝜎𝑐𝑐𝑐𝑐
𝑚𝑚𝑏𝑏

 Equation 2-15 

Where: σt is the tensile strength of the rock mass (MPa). 

In the design of underground mining excavations, Table 2-15 and Table 2-16 are 

used as built-in charts in the Rocscience program ‘RocLab’ to estimate the mi and 

D inputs for various rock types. The ‘RocLab’ program enables users to obtain 

reliable estimates of rock mass strength parameters (Roscscience, 2007). The 

program often involves importing the triaxial laboratory test data and specification 

of the following Hoek-Brown parameters as input: 

• Intact rock UCS, 

• GSI, 

• Intact rock parameter mi, and the  

• Disturbance factor due to blasting (D).  

The Hoek-Brown failure envelope parameters mb, s, and a and equivalent Mohr-

Coulomb parameters (cohesion and friction angle) are then calculated by the 

program. The RocLab program also calculated important rock mass strength 

parameters such as the tensile strength, UCS of the rock mass, deformation 

modulus and global rock mass strength (Roscscience, 2007). 

Extension-Strain Criterion - Murphy et al. (2016) recommended the use of the 

critical extension strain criterion to assess the extension fracturing of the brittle rock 

in underground excavations. Stacey (1981) proposed the criterion, and it states 

that ‘‘a fracture of brittle rock will initiate when the total extension strain (𝜀𝜀) in the 

rock exceeds a critical value which is characteristic of that rock type’’. According to 

this criterion, the fracturing of brittle rock initiates when the following is satisfied 

(Stacey, 1981): 
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𝜀𝜀3 ≥  𝜀𝜀𝑐𝑐𝑐𝑐 Equation 2-16 

Where εcr is the critical extension strain and 𝜀𝜀3 is the minimum extension strain. For 

material that shows ideal linear deformation behaviour, the strain in this direction 

is related to the three principal stresses (σ1, σ2, σ3) using Equation 2-17. 

𝜀𝜀3 =  
1
𝐸𝐸

 [𝜎𝜎3 − 𝑣𝑣 (𝜎𝜎1 +  𝜎𝜎2) Equation 2-17 

Where: 

• E is the Young’s Modulus (MPa) 

• v is the Poisson’s ratio 

 Influence of Discontinuity Infill Material and Surface Roughness on 
Shear Strength  

The stability of jointed rock masses is governed by the shear strength of rock 

discontinuities and their mechanical properties. As discussed in Section 2.3, the 

presence of infill material has a significant impact on the shear strength of 

discontinuities since they are weaker than the host rock. It is therefore vital to 

assign appropriate discontinuity shear strength parameters taking cognisance of 

the effect of infillings when designing underground excavations.  

According to Read & Stacey (2008), infillings are broadly classified into two groups, 

namely, clays and crushed infill materials found in faults and sheared zones. Clays 

include montmorillonite and bentonitic clays, which typically have a cohesion 

ranging from 0 kPa to about 200 kPa. The friction angle of the clays ranges from 

about 8° to 20°. The infill material formed in faults and shear zones has a friction 

angle of between 25° to 45°, whilst the cohesion values range between 0 kPa to 

100 kPa. Equation 2-18 presents the estimation of the peak friction angle by 

considering discontinuity roughness and wall rock strength (Read & Stacey, 2008). 

Table 2-17 presents various peak friction angle values determined from this 

equation. Table 2-18 presents Barton’s (1974) estimation of shear strength 

parameters for filled discontinuities.  
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𝜙𝜙𝑗𝑗 ≈  𝑡𝑡𝑡𝑡𝑡𝑡−1(𝐽𝐽𝑟𝑟
𝐽𝐽𝐽𝐽

) Equation 2-18 

Where: Jr is the joint roughness; Ja is the joint alteration number. 

Table 2-17: Estimation of the peak friction angle from joint roughness number and 

joint alteration number (Read & Stacey, 2008) 
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Table 2-18: Shear strength of filled discontinuities (Barton, et al., 1974) 
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2.8 Stability Evaluation Methods (Stability Analyses) 

The design of effective mine support strategies for underground excavations 

requires the evaluation of the inherent or natural stability of the rock mass. This 

means excavation support design must be informed by a thorough assessment of 

all rock mass failure mechanisms in the mine. There are different stability 

evaluation approaches for specific classes of excavations with unique purposes. 

For example, instability may be necessary for mining by caving methods, 

temporary mine openings require short-term stability, and important permanent 

mining excavations require maintaining long-term stability. Swart (2005) stated that 

the proposed systematic engineering methodology for the design of maximum 

stable bord widths considers all potential failure/instability modes that may occur 

between pillars. As shown in the methodology presented in Figure 2-1, instabilities 

between pillars were identified and categorised into four types, which are (Murphy, 

et al., 2016):  

• rock mass failure; 

• beam failure; 

• structural Failure; and  

• intact Rock Mass Failure.  

There are well-defined rock engineering models and procedures recommended for 

carrying out stability evaluations for each of these failure mechanisms between 

pillars. This section discusses the methods for identifying each failure mode and 

the techniques for conducting stability evaluation.  

 Rock Mass Stability Evaluation using Rock Mass Classification 
Systems 

Rock mass classification systems form the primary empirical approach for the 

evaluation of jointed rock mass stability and the design of stope panels (Stacey, 

2001). In the stability evaluation of stope panels, rock mass classification methods 

are used for (Stacey, 2001) (Murphy, et al., 2016):  

• prediction of the potential of rock mass failure (unravelling). Unravelling 

failure is usually expected to take place in poor rock quality; 
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• provide indications of unsupported stable span dimensions and the ability 

of a rock mass to remain stable for a specific time until supported; and  

• providing preliminary indications of excavation support requirements.  

The degree of stability required in stope excavations is informed by the exposure 

of the workforce in the stopes. If more personnel work in the stopes, then a 

conservative approach is taken. If few to no people will work in the stope, a more 

“marginal stability condition” is often tolerated (Stacey, 2001). To assess rock mass 

failure in production-oriented excavations such as the shallow stopes in the 

Bushveld Complex, Swart et al (2000) suggested the following four rock mass 

classification systems:  

• the Geomechanics Classification or Rock Mass Rating (RMR) system 

developed by Bieniawski (1989); 

• the Norwegian Geotechnical Institute (NGI), rock quality index or Q-system 

developed by Barton et al (1974); 

• the Modified Rock Mass Rating or Mining Rock Mass Rating (MRMR) 

system (Laubscher, 1990); and 

• the Modified Stability Graph Method using the Modified Stability Number, 

N’, originally developed by Mathews et al (1981) and later modified by 

Potvin (1988) and others. 

The above-listed rock classification methods for evaluating the stability of pillar-

supported shallow stopes are discussed in Appendix B. In the stability evaluation 

of excavations, it is also recommended to use at least two rock mass classification 

systems to gain greater confidence in the results (Murphy, et al., 2016). 

 Stability Evaluation of Stratified Rock (Rock Beams)  
Stratified rock masses in the Bushveld Complex are a result of excavation-parallel 

fracturing of massive rock or stratification created during the igneous and 

metamorphic formation of the rock mass (Swart & Handley, 2005). In such a 

structure of the rock mass, parting planes between rock beams occur and can fail 

if not properly supported. The possible excavation failure modes, which are bed 

separation and interbed slip in laminated rock masses, are shown in Table 2-9. 

The discussion of Thorncliffe Mine’s local geology setting in Section 1.2.3 showed 

that there is interlayering of disseminated Chromitite layers and the pyroxenite host 
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rock, which form rock beams and parting planes in the hangingwall. Therefore, it 

is vital to test for the stability of rock beams to ensure the roofs between bords are 

stable. Two crucial factors influence the stability behaviour of a stratified 

hangingwall (Swart & Handley, 2005): 

• the tensile strength perpendicular to the stratification is very low or zero, 

and; 

• the shear strength on the laminations is very low compared to the shear 

strength of the intact rock. 

 

Figure 2-15: Rock beam failure in stratified rock masses (Brady & Brown, 2004) 

In the evaluation of the stability of rock beams in stratified rock masses, the ‘Elastic 

beam theory’ is used to explain the deformation and failure of hangingwall beams, 

which are intact and contain no joints or cracks. When the roof between pillars 

contains sub-vertical jointing (which is common in the Bushveld Complex), the 

design of the roof between pillars in stratified rock is carried out using the ‘Voussoir 

beam theory’ (Swart & Handley, 2005). The near-vertical jointing in a Voussoir 

beam material results in zero tensile strength in the horizontal direction. 

In rock engineering, the Voussoir arch concept illustrated in Figure 2-16 is used to 

describe the deformation and stability behaviour of jointed rock beams. As 

illustrated in Figure 2-16 (a), When a jointed beam deflects, the central part of the 

beam will deflect downwards under its weight, which causes its lower central part 

to be in tension and likely to form a tensile crack (Figure 2-16b). The upper central 

part together with the lower parts at each end of the beam will be in compression 
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(Figure 2-16c). The trajectory of these compressive thrust forces from the lower 

parts at each end of the beam towards the upper central zone is effectively the 

‘Voussoir beam’. This arching effectively promotes compressive zones in the 

existing sub-vertical joints and subsequently, a stable roof beam in a bord will form 

if this compressive arch (Voussoir arch) can develop (Garg, 2018). 

 

Figure 2-16: (a) Jointed rock beams; (b) Voussoir beam with compressive arch, 

and (c) Voussoir model showing the trajectory of the compressive forces (adapted 

from Garg (2018))  

There are three failure mechanisms associated with the Voussoir beam, which are 

Buckling or snap-through failure, Crush failure, and Shear (Sliding) failure (Oliveira 

& Pells, 2014). According to the study conducted by the MHSC (2016), when 

applying the Voussoir arch in the pillar-supported mines situated in the Bushveld 

Complex, only two of the three failure modes are common and evaluated. The 

failure modes of the Voussoir beam are illustrated in     Figure 2-17. The two failure 

modes are:  
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• buckling or snap-through Failure (Figure 2-17a); and  

• shear or sliding Failure (Figure 2-17c). 

 

     Figure 2-17: Failure modes of the voussoir beam (Shabanimaschool, et al., 

2014) 

The analytical solution to these failure modes is based on an iterative solution 

system which determines the deflection and stability of the Voussoir beam. The 

models used for evaluating buckling and shear failure of the Voussoir beam are 

discussed below.  

Evaluation of Buckling failure - Buckling or snap-through beam failure occurs 

when the lateral loads cause beam deflection to exceed the beam material’s yield 

strength. This causes the beam to fracture or crack. When gradual deflection of 

the beam occurs, the beam bends from straight to curved under a compressive 

load due to increasing horizontal or lateral thrust. The Buckling Limit (BL) Index, 

which is an engineering estimate for the yield threshold of the buckling limit, was 

established. The BL was established by relating the midspan deflection (δ) and the 

beam thickness (t). According to Brady & Brown (2004), in roof design, the 
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allowable yield threshold of the buckling limit is when deflection is equivalent to 

about 10% of the beam thickness.  

Buckling Limit Index = 0.1t  Equation 2-19 

where ‘t’ is the beam thickness measured (in metres).  

Beam shear failure - Beam shear failure occurs at the abutments when the 

abutment shear force (V) exceeds the beam material’s shear resistance/capacity. 

Slip is usually initiated along the sub-vertical joint planes. The calculated shear 

beam forces are used to assess the possibility of shear failure of the hangingwall 

beam at the abutments (Shabanimaschool, et al., 2014). The maximum frictional 

resistance (F) that can be mobilised is calculated from:  

𝐹𝐹 =  𝑇𝑇 tan𝜑𝜑 =  
1
2

 𝑓𝑓𝑐𝑐 tan𝜑𝜑 Equation 2-20 

Where: T is the lateral thrust force measured in N; φ is the friction angle of the sub-

vertical planes of weakness in degrees; fc is the calculated maximum compressive 

stress in the beam in Pascals.  

The shear force acting at the abutment: 

𝑉𝑉 =  
1
2

 𝛾𝛾 𝑠𝑠𝑠𝑠 Equation 2-21 

Where: γ is the specific weight of the beam in kN/m3; s is the bord span in m; and 

t is the thickness of the beam in metres. The factor of safety against sliding of shear 

failure at the abutments is therefore defined by: 

𝐹𝐹𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  
𝑓𝑓𝑐𝑐𝑛𝑛
𝛾𝛾𝛾𝛾

tan𝜑𝜑 Equation 2-22 

where n is the thickness coefficient; n is typically taken as 0.75.  



76 

 Evaluation of Structurally Controlled Instability 
As described in Section 2.2, hangingwall instabilities in the shallow bord and pillar 

mines in the Bushveld Complex are largely controlled by the presence of 

discontinuities (Swart, 2005). According to Murphy et al. (2016), the three common 

hangingwall structural failure mechanisms in the pillar-supported mines within the 

Bushveld Complex that can be evaluated statistically are:  

• keyblock failure – Discontinuities occur in sets that trend in different 

directions and the intersection of at least three of these discontinuities 

separates the rock mass into discrete but interlocked unstable keyblocks 

(Murphy, et al., 2016); 

• wedge failure – Wedge structures occur where low-angled joints in the 

stope hangingwall intersect other major planes of weakness and cause a 

wedge-shaped fallout. Wedge failures usually cover a larger areal extent 

than keyblocks (Murphy, et al., 2016); and 

• dome/ramp fault failure – A dome is where low-angled discontinuities dip 

away from each other at angles between 15° to 45°. One of these 

discontinuities is usually part of a thrust structure, which forms an upward-

curving block of rock (Murphy, et al., 2016).  

A free face created by introducing an excavation removes the constraint from the 

keyblocks and allows failure (Keykha, et al., 2011). The keyblocks can fall (topple) 

or slide from an excavation surface if their weight exceeds the support capacity in 

place or if they occur between support units (Esterhuizen & Streuders, 1998). The 

geometry and possibility of the keyblocks failing by either falling or sliding depends 

on (Zerradi, et al., 2020):  

• the orientation and geotechnical characteristics of significant discontinuity 

sets; 

• excavation or tunnel orientation; and  

• rock material properties and shear strength properties of discontinuities.  

In rock engineering, the block theory proposed by Goodman & Shi (1985) forms 

the foundation for keyblock stability evaluations. The block theory evaluates 

potential keyblock failure and determines whether selected support systems will 

ensure stability. The suggested general steps taken to address hangingwall 
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structural instabilities and achieve acceptable levels of stability can be summarized 

as follows (Swart, 2005): 

• interpret the structural geology to determine the average (true) dip and dip 

direction of major discontinuity sets; 

• identify potential keyblocks which can slide or fall; 

• assess stability by determination of keyblock factors of safety; and  

• determination of a support system required to achieve stability of the 

keyblocks.  

Esterhuizen & Streuders (1998) and Swart (2005) concluded that the stability of 

keyblocks in jointed rock masses is best evaluated using a probabilistic design 

approach. Probabilistic keyblock evaluations are conducted using a computer 

program called ‘Jblock’, which evaluates the potential for gravity-driven FOGs. The 

Jblock program uses properties of discontinuities as input data and follows a 

probabilistic approach to determine the types, sizes, and frequency of keyblocks 

that can occur in underground excavations. Jblock is also used to optimize support 

strategies by evaluating the effectiveness of support systems in preventing falls of 

ground of a particular size (Swart, 2005).  

Deterministic methods are also used to assess the stability of wedge failures 

around excavations. This involves the use of Rocscience’s programme 

‘UNWEDGE’, which also uses the block theory proposed by Goodman & Shi (1985) 

to evaluate the stability of multi-sided wedges. The programme determines the size 

and safety factors of the largest unstable wedges that can be formed around an 

excavation, and the support system required to achieve stability (Zerradi, et al., 

2020). The UNWEDGE software integrates well with a popular software capable 

of kinematic and jointing analysis called ‘Dips’. Dips is a stereographic projection 

software designed for the interactive modelling and statistical analysis of geological 

orientation data (Rocscience, 2023). Dips enable users to analyse and visualise 

structural data and determine joint sets following the same method used in manual 

stereonets. Additionally, the Dips programme enables the analysis of various 

failure modes, including planar and wedge sliding, direct and flexural toppling 

failure of rock. The integration of the two software enables the importation of 

orientation data from Dips for deterministic and probabilistic evaluation of rock 

failure in UNWEDGE (Rocscience, 2023).  
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 Evaluation of Intact Rock Failure 
Intact rock failure in shallow BC bord and pillar mines is associated with the 

presence of a relatively large vertical tensile zone (VTZ) in the hangingwall and 

stress failures due to relatively high virgin horizontal stresses (Murphy, et al., 

2016). Intact rock failures are therefore defined by the widely spaced tensile 

fractures (opened-up bedding planes and joints) and extension stress failures in 

the hangingwall (Jager & Ryder, 1999). Watson, et al. (2021) noted that the vertical 

tensile zone extends high into the hangingwall of stope excavations in the depth 

range from the surface to about 1 400 m below the surface. The vertical tensile 

zone defines the maximum height of bed separation between pillars (Figure 2-18), 

which can cause beam failure or keyblock fallouts, followed by major stope 

collapses. In-stope pillars are used to control the tensile zone on a regional scale 

to prevent large collapses (Jager & Ryder, 2002). To stabilise the immediate stope 

hangingwall and prevent local FOGs between pillars, it is essential to keep the 

immediate ‘roof-softening zone’ stable by installing a high resistance support 

system consisting of support units of adequate lengths (Canbulat, et al. (2006) and 

Watson, et al. (2021)).  

 

Figure 2-18: Maximum height of bed separation due to hangingwall tensile zone 

(adapted from Canbulat, et al. (2006)) 

Analytical solutions are used to estimate the maximum height of the VTZ in the 

stope hangingwall. The crude approximation estimates the height of the VTZ above 

the centre of a circular excavation and relates the VTZ to the stope span and its 

depth below the surface. For a circular stope and a 2D stope of equal half span, 

the following equation is proposed (O'Ferrall & Malan, 2012): 
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𝒁𝒁𝒐𝒐(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔)
𝒁𝒁𝒐𝒐(𝟐𝟐𝟐𝟐 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑)

=  𝟏𝟏

√𝟏𝟏𝟏𝟏𝟑𝟑𝟑𝟑
 ≈ 0.77  Equation 2-23 

Where Z0 is the height of the VTZ at the centre of the excavations 

For an isolated 2D bord, the following equation can be used to estimate the height 

of VTZ (O'Ferrall & Malan, 2012): 

𝒁𝒁𝒐𝒐(𝟐𝟐𝟐𝟐 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑)
𝒍𝒍

≈ 𝟏𝟏

�𝑯𝑯
𝒍𝒍−

𝟑𝟑
𝟐𝟐

  Equation 2-24 

Where: Zo = The height of the tensile zone at the centre of the excavations; H = 

Excavation depth below the surface; and l = Half span of the stope  

If Equation 2-24 is inserted in Equation 2-23, it gives:  

𝑍𝑍𝑜𝑜(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) =  0.77𝑙𝑙

�𝐻𝐻
𝑙𝑙 −

3
2

  Equation 2-25 

Where l is the radius of the circular stope  

Jager & Ryder (1999) noted that the high horizontal stress observed in the 

Bushveld Complex led to breakouts/poor conditions in the hangingwall of stope 

excavations and caused ‘Gothic-arch’ shaped tunnels in some of the platinum 

mines. Practical methods implemented to prevent roof stress fracturing and 

arching include the creation of Gothic-arch-shaped tunnels to expose a small area 

of the tunnel to major horizontal stresses and advance the tunnels in the direction 

of the high stresses (Jager & Ryder, 1999). Figure 2-19 shows an example of a 

tunnel layout consisting of crosscuts from the shaft infrastructure to the footwall 

haulages (showing a gothic-arch fracturing profile) in a high horizontal stress 

environment.  
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Figure 2-19: Example of a tunnel layout in a high horizontal stress environment  

(Jager & Ryder, 1999) 

Stress-induced failure is predicted by evaluating the in-situ stress field in the rock 

surrounding the excavations to determine overstressed zones around stope panels 

(Swart, 2005). The MHSC suggests the use of numerical modelling techniques 

such as finite element codes to determine the extent of fracturing around 

excavations. These numerical modelling codes can also be used to estimate 

tensile zone heights for proposed stope layouts, since they can analyse tensile 

failure (Murphy, et al., 2016). 

 Stope Geometrical Optimisation to Improve Stability 
If the stability assessment procedures indicate that stability cannot be improved by 

installing roof support, then stope geometrical changes must be considered 

(Stacey & Swart, 2001). Stoping layouts are optimised by altering the location, 

orientation, shape, and size of stope panels. The orientation of stope panels can 

be altered such that (Swart, 2005): 

• the geometric instability and the number of keyblocks are minimised; 
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• stope panels are not advancing parallel to the direction of major 

discontinuities; and  

• Under low-stress conditions, mining in the direction of minor principal 

stresses (σ3) is achieved. 

Stacey & Swart (2001) added that larger stope spans tend to be less stable than 

smaller spans. This is because reducing stope spans reduces the number of 

discontinuities exposed in the hangingwall and limits the development of 

uncontrolled stress-induced instabilities. Therefore, only the minimum appropriate 

panel span should be created if stability is a problem. If stress-induced rock failures 

are possible, stability can be improved by optimising stress distribution around 

stope excavations. In strong rock, elliptical-shaped excavations with their long 

cross-sectional axis oriented in the direction of the major principal stress (σ1) are 

designed.  If high field stresses exist and stress-induced failures are impossible to 

contain, the long axis of the elliptical-shaped stope excavations is oriented parallel 

to the minor principal stress direction.  

2.9 Evaluation of Support Requirements for Shallow Bord and Pillar 
Mines  

Section 2.8 discussed the rock engineering procedures for ‘testing’ and predicting 

different failure mechanisms between pillars. If instability is detected in the stopes, 

some means of local ground support or reinforcement is required to maintain 

stability. Stacey (2001) stated, “It is almost certain that, even in good quality rock 

masses, rock support will be required. It is most important that the stability of the 

excavation and the corresponding support requirements are determined for the 

worst conditions to be encountered over the life of the excavation. The aim must 

be to install support that will ensure stability for the full life of the excavation, not 

only during development.” Support units of appropriate length and strength are 

installed at optimum spacing and orientation between pillars to achieve the 

following:  

• to ensure the safety of the working places; 

• to prevent the occurrence of FOGs by preventing keyblock failure; and  
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• control the movement of unstable rock blocks in the periphery of the 

excavations.  

Optimal stope support systems are recognised as the ultimate strategy to combat 

rockfalls between pillars. An optimised engineering approach for designing support 

systems in a mine considers the following critical rock mass and support 

parameters (Jager & Ryder, 2002): 

• height of potential rockfall; 

• quasi-static stope closure rates; 

• dynamic closure rates; 

• compressive hangingwall stresses and strength; and 

• discontinuity spacing, orientation, and interface properties. 

The critical support parameters are: 

• effect of support length on stability; 

• effect of compression rate on support; 

• support performance consistency; and  

• areal coverage of support systems. 

The depths at which mining activities take place are also a dominant factor 

influencing the characteristics of both mining strategies and support systems 

employed (Jager & Ryder, 1999). Table 2-19 summarises the typical quantities of 

some of the critical rock engineering parameters at different mining environments 

(mining depths). 

Table 2-19: Rock engineering parameters associated with different mining depths 

(Jager & Ryder, 1999) 
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Table 2-19 shows that shallow mining environments are characterised by low 

stress (no stress-fracturing), low ERR, low compressive (clamping) stresses, little 

to no stope closure, and competent hangingwalls. The principal source of FOGs in 

shallow bord and pillar operations is the formation of unstable keyblocks due to the 

interaction of geological discontinuities and reduced rockmass confinement due to 

low in-situ stress magnitudes (Stacey, 2001). In shallow bord and pillar mines, the 

most important rock mass parameters influencing the design of support systems 

are therefore: 

• the height of potential rock mass instability; and 

• discontinuity orientation, spacing, and interface (frictional) properties.   

The height of the potential rockfall informs the length of selected support units and 

the demand that a support system is required to meet. Support resistance will be 

discussed further below. Discontinuity orientation determines the size and shape 

of instabilities forming in the hangingwall. A hangingwall consisting of closely 

spaced discontinuities is densely fractured and therefore likely to unravel. The 

frictional characteristics (such as effective friction angles and cohesion) of 

discontinuities in the rock mass affect the zone of influence of a support system 

(Jager & Ryder, 2002).  

According to Murphy et al (2016), common support elements used to provide 

primary reinforcement of the immediate hangingwall between pillars consist of 

tendons such as fully grouted (resin or cement) rockbolts and tensioned cable 

anchors. This type of support is stiff; therefore, rock displacement is minimised. 

Tendons provide a supporting mechanism of ‘suspending’ unstable keyblocks to 

the competent rock/self-supporting layer overlying the keyblocks. Shallow mining 

environments experience instabilities of bed/layer separation and large collapses 

due to an extended tensile zone in the hangingwall. A ‘beam-building’ support 

mechanism is therefore also applicable where roof rockbolts/cable anchors can be 

used to combine individual beams to form a self-supporting composite beam 

(Canbulat, et al., 2006). 

O'Ferrall & Malan (2012) stated that while spot bolting can successfully support 

keyblocks, a systematic support layout is often used to minimise unexpected rock 

fallouts due to failure to identify individual keyblocks. Jager & Ryder (2002) added 
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that a highly discontinuous hangingwall requires areal coverage such as mesh, 

nets and super-skin/spray-on membranes such as shotcrete or Thin-Skin Liners 

(TSL)) to maintain its integrity. Areal coverage is effective in preventing FOGs that 

occur between support units.  

 Types of Support Elements  
Before presenting specific support elements, it is vital to distinguish between the 

following support types:  

• permanent support and temporary support; 

• primary support and secondary support; and 

• active and passive support. 

Permanent support refers to support that is installed without the intention of 

removing it later. Temporary support, usually installed close to the face area, is any 

support that is installed for a limited time (Stacey, 2001). Primary support refers to 

the initial permanent support installed that is expected to maintain adequate 

support. The additional support installed after the primary support to achieve long-

term stability is called secondary support (Stacey, 2001). Active support (which 

requires pre-tensioning) refers to support that exerts a supporting force 

immediately after installation, while passive support starts exerting a supporting 

force as a response to some rock deformation (Stacey, 2001). The selection of 

appropriate support is associated with the loading conditions in a rock mass. 

Typical support elements commonly used in the mining industry include the 

following (Stacey, 2001 and Harshil, et al., 2018):  

• mechanical anchored bolts;  

• grout (resin or cement) end-anchored rockbolts; 

• full-column grouted rockbolts; 

• friction bolts; 

• cable anchors; 

• mesh (welded or wire); and 

• shotcrete and TSL.  
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 Evaluation of in-stope support requirements  
The support design of shallow underground excavations is based on two aspects, 

namely demand and capacity, which are both measured in kN/m2 (Stacey, 2001). 

As mentioned above, demand refers to the load from the hangingwall imposed on 

the support system and the maximum resistance each support unit is required to 

meet. Equation 2-26 is used to calculate the demand for a support system. 

Capacity is the maximum load that can be carried by each support unit. Equation 

2-27 presents the calculation of the support resistance generated by a support unit 

(Stacey, 2001).  

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑝𝑝 𝑔𝑔 𝑡𝑡   (kN/m2) Equation 2-26 

Where: p is the rock density (kg/m3); t is the height of potential rock fall (in metres), 

and g is the gravitational acceleration (in m/s2). 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐹𝐹
𝐴𝐴
   (kN/m2)    Equation 2-27 

Where: F is the force generated by the support unit (N); and A is the Tributary area 

of the hangingwall to be supported by a support unit. 

The FOS of a support system is obtained by dividing the support capacity by the 

demand imposed by the deadweight of a potential rockfall. It is recommended that 

the support system capacity should be at least 1.5 times the demand (Stacey, 

2001). Harshil, et al (2018) added that in rock bolting design, the FOS ranges 

between 1.5 to 3. 

The height of potential rockfall ‘t’ in Equation 2-26 is often determined by back 

analysis of a mine’s historical fall of ground data. Stacey (2001) added that ‘t’ is 

usually taken as equal or greater than 95% of the fallout thickness of all FOG 

occurrences. The Guidelines for the Prevention of Rockfall and Rockburst 

Accidents issued by the Department of Mineral Resources require the same 

analysis (O'Ferrall & Malan, 2012). 
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 Tributary Area and Zone of Support Influence  
The tributary area theory forms the basis of tendon support design, irrespective of 

the zone of influence of support units or stable ground between support units 

(Daehnke, et al., 2001). The tributary area that can be supported by a support unit 

for rockfall conditions is given by Equation 2-28. The demand for support is shown 

as a function of the height of instability in Figure 2-20 for various tributary areas.  

𝐴𝐴𝑇𝑇 = 𝐹𝐹
𝑝𝑝 𝑔𝑔 𝑡𝑡

  (m2) Equation 2-28 

Where: AT is the maximum supported tributary area (m2); F is the support unit 

capacity (kN); p is the rock density (kg/m3); g is the gravitational acceleration 

(m/s2); and t is the fallout thickness (m). 

 

 

Figure 2-20: Estimation of the tributary area requirements (Daehnke, et al., 2001) 

The area supported by individual tendon support units in a support system is known 

to interact if the units are closely spaced. Tendon support units, therefore, have a 

zone of influence, which can assist in determining correct and optimum spacing 



87 

between units. According to Roberts (1999), the extent of the zone of influence 

from the side of the support unit typically ranges between 1.0 m to 1.5 m. Daehnke, 

et al. (2001) proposed Equation 2-29 to determine the extent of the zone of support 

influence in a homogenous hangingwall beam. Equation 2-29 was derived from 

Figure 2-21.  

𝑧𝑧 = 𝑏𝑏 tan𝜑𝜑 Equation 2-29 

Where: z is the lateral extent of the zone of influence measured from the edge of 

the support unit (m); b is the height of the first parting plane in the hangingwall; and 

ϕ is the friction angle at the parting plane.  

 

Figure 2-21: Determination of support influence (Daehnke, et al., 2001) 

 Tendon support length design  
Stacey (2001) stated that rockbolts must be at least 0.2 m (critical bond length) 

longer than the selected fallout thickness to anchor the unstable zone with the 

competent rock in the hangingwall. Barton and Grimstad (1993) also proposed 

empirical equations for estimating rockbolt length and support pressure required to 

maintain stability. The use of empirical equations in tendon support design is 

suggested before mining commences. Once operations commence, historical FOG 

data and the height of the vertical tensile stress zone above stope excavations will 

inform tendon support length design in shallow stopes (O'Ferrall & Malan, 2012).   
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 Different Approaches for Estimation of Support Requirements  
The assessment and understanding of different failure modes between pillars 

eventually inform the determination of the appropriate support systems required to 

achieve desired stable conditions. Stacey (2001) stated that there are five 

approaches to the determination of support requirements. These are: 

• precedent practice; 

• Rock Mass Classification Systems; 

• kinematic analysis of keyblocks and wedges,  

• support based on stress analysis, and 

• support of stratified rock masses. 

Precedent Practice - This is a pragmatic approach where support requirements 

are based on experience or what has worked well in the past. The Trigger Action 

Response Plan (TARP) system is an example of this approach. The TARP system 

is a daily risk assessment tool devised to dictate a level of response to adverse 

geological structures and ground conditions that are commonly encountered in 

underground workings (Glencore ECM, 2021). It is recommended to always verify 

if the recommended support capacity is sufficient or if the rock is not overly 

supported.  

Support requirements from Rock Mass Classification - Rock mass 

classification methods originated in 1879 when Ritter (1879) proposed a formal 

empirical approach to tunnel design for determining support requirements. Since 

then, all rock mass classification systems have the capability of providing 

indications of support requirements. Estimation of support requirements using rock 

mass classification systems is often conservative since they originated from civil 

engineering, and they do not consider any mechanism of rock instability (Stacey, 

2001). The Q-System by Barton et al. (1974) (provided in Appendix B) is popular 

for including a tunnel support design chart that provides initial indications of 

rockbolt specifications (length and spacing). The Barton and Grimstad (1993) 

tunnel support design chart also provides indications of shotcrete requirements.  

Kinematic analysis of Keyblocks and Wedges - Structural stability analyses 

involve the kinematic evaluation of formed keyblocks and wedges. Computer 

programs such as Rocscience’s UNWEDGE and Jblock are often used to assess 
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the stability of keyblocks and therefore provide support pressure requirements to 

ensure stability. Support requirements are therefore informed by the dimensions of 

the largest identified blocks or wedges (Stacey, 2001). The capabilities of the 

Jblock software and UNWEDGE programme were discussed in detail in Section 

2.8.3.  The following factors must be considered in the kinematic analysis:  

• geometry of block/wedge; 

• size (mass, volume) of the block/wedge; 

• factor of safety of keyblocks/wedges; 

• capacity of rockbolts or shotcrete; 

• support bond length and strength; and  

• effect of block rotation.  

Support Requirements from Stress Analysis - Stress analysis methods are 

often employed in conditions which require more specific support design 

calculations, such as poor ground conditions or larger bord spans (Stacey, 2001). 

Different commercially available numerical modelling computer programs, such as 

the Fast Lagrangian Analysis of Continua (FLAC), Rock and Soil 2-dimensional 

analysis program (RS2), and the Universal Distinct Element Code (UDEC), are 

often used for conducting stress analysis. Stacey (2001) suggests an in-depth 

understanding of the limitations and requirements of each numerical program 

before stability evaluations are conducted. The selection of applicable rock failure 

criteria is also important in simulating correct stress conditions and carrying out 

stability evaluations.  

FLAC - FLAC is a finite difference method (FDM)-based program developed by 

ITASCA Software (Hoek, 2007). In rock engineering, FLAC enables users to create 

detailed models for studying the behaviour of rock and soil under varying loading 

conditions. FLAC provides the benefit of studying the behaviour of jointed rock 

masses, simulation and analysis of rock mass response to tunnelling and 

installation of support in underground excavations (ITASCA Software, 2025). 

Additionally, the FLAC software enables the modelling of complex rock mass 

behaviour involving tunnel-rock interaction scenarios consisting of huge 

geometries and large-strain failure of rock (Chiwaye, 2010).  
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Limitations of the FLAC program include slower running times for linear (simple) 

simulations compared to equivalent finite element method software. This is 

because FLAC is most effective when solving non-linear or large-strain failure of 

rock problems and scenarios in which the physical instability of rock may occur 

(Roberts, 2020). Lastly, the FLAC programme may experience efficiency issues 

when modelling problems involving rock beams modelled as solids rather than 

structural elements, or problems involving major differences in material properties 

or element sizes (Roberts, 2020).   

RS2 – RS2, formerly called RS2 or Phase2, is a 2D elasto-plastic finite element 

analysis (FEA) software for analysing the stability of rock and soil structures 

(Ayamamani, 2014). RS2 provides capabilities to model and analyse stress 

distributions and ground deformations around mining excavations for project 

planning and risk mitigation. RS2 has found application in a wide range of rock 

engineering projects, including underground excavation design in jointed rock 

masses, optimisation of rock support systems, groundwater seepage analysis, and 

probabilistic and dynamic analysis (Rocscience Inc, 2022).  

The RS2 program can easily create and analyse multi-stage models or scenarios 

with complex geometries, boundary or loading conditions, and differences in 

material properties. RS2 integrates well with the Rock and Soil 3-dimensional 

analysis program (RS3) for verifying and increasing confidence in results 

(Rocscience Inc, 2022). RS3 is used for performing 3D stress evaluations of both 

underground and surface excavations. It is a tradition for geotechnical engineers 

to analyse problems using the RS2 program to obtain starting insights into a 

problem and transition to complex 3D analysis (Hammah, 2025). Since real-world 

rock engineering problems exist in 3D space, Hammah (2025) suggests a change 

in the traditional workflow paradigm. This is because 2D models often simplify 

geometric nuances that a 3D analysis can compute easily. RS3 can represent 

complex rock anisotropic behaviour better than RS2. Lastly, starting with 2D 

programs such as RS2 can also overestimate or underestimate excavation stability 

and reinforcement (support) requirements (Hammah, 2025).  

UDEC – UDEC is a 2D distinct element method (DEA)-based program developed 

by ITASCA Software for simulating the behaviour of discontinuous media (such as 
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jointed rock masses) under quasi-static and dynamic loading (ITASCA Software, 

2025). In rock engineering, UDEC is used to analyse and predict the behaviour of 

rock masses under different loading conditions. Additionally, the program is used 

for evaluating underground excavation stability, rockfall analysis, and stope 

stability analysis (ITASCA Software, 2025). The UDEC program provides the 

benefits of simulating complex rock engineering problems involving large 

displacements and rotations, modelling problems with multiple discontinuities in 

the rock mass, and the flexibility of modelling the behaviour of different rock types 

(Lee, 2025). Limitations of the UDEC program include high computational costs 

associated with running large-scale models (Lee, 2025). The program also 

requires high-quality input data, including properties and characteristics of joints 

for creating reliable models and has limited ability in the simulation of certain types 

of rock behaviour, such as time-dependent behaviour (Lee, 2025). 

Support of stratified rock masses - In Section 2.8.2, the behaviour of stratified 

rock masses in excavations was described. The stability of stratified rock masses 

depends on the stability of the hangingwall rock. The rockbolt support employed 

must therefore be of sufficient length and capacity to achieve the following (Stacey, 

2001): 

• to suspend unstable to a higher level above the unstable strata; and 

• to clamp unstable strata together (using pre-stressed tendons) to form a 

composite voussoir beam.  

2.10 Monitoring of Underground Excavations 

Monitoring is an important observational design method implemented to give early 

warning of unexpected or excessive rock mass deformations. It is used to verify 

the validity of assumptions used in initial designs and monitor support performance 

(Jager & Ryder, 1999). The initial design is then progressively modified towards an 

optimal solution that suits the actual observed conditions (Spross, 2016). 

Monitoring, therefore, ensures the construction of sustainable underground 

structures in rock (Spross, 2016). 
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The closure of stope excavations is monitored using closure-ride stations and 

closure meters (Malan, et al., 2007). Extensometers are used to measure the 

opening of rock mass discontinuities, which indicate signs of deformation or 

displacement occurring in the hangingwall strata (Shacker, 2019). The extent of 

fracturing and position of weak planes in the rock mass is monitored with 

instruments such as borehole cameras, Ground Penetrating Radar (GPR), and 

borehole petroscopes (Jager & Ryder, 2002). The load in tendon support units is 

measured using Tendon load cells (Jager & Ryder, 2002).   

2.11 Summary of Chapter  

The review of the literature indicated that the safe creation of underground 

structures should be informed by an in-depth understanding of the rock mass 

structure in a mining environment. Therefore, acquiring reliable geotechnical data 

which characterize the jointed rock mass is an important stage in the design 

process. The methodology proposed by the MHSC utilizes a combination of 

different rock engineering design methods, such as empirical, analytical, and 

observational methods, to obtain the best possible design (Murphy, et al., 2016). It 

is vital to evaluate all failure modes in the design of underground excavations. This 

will inform the determination of optimum support systems required to achieve 

stability. Chapter 3 describes the geotechnical investigation performed at 

Thorncliffe Mine. It includes scanline mapping and geo-mechanical laboratory 

testing. 
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3 GEOTECHNICAL INVESTIGATION 

Chapter 2 reviewed different rock engineering methods for evaluating the stability 

of underground excavations in shallow mining conditions. The MHSC holistic 

methodology for the design of stable bord spans and determination of support 

requirements was also discussed in detail. A major highlight was that the rock mass 

structure controls the stability or instability around underground excavations at the 

depth of Thorncliffe Mine. Additionally, the literature study outlined that a proper 

quantitative description of the rock mass structure depends on a thorough 

geotechnical investigation. This chapter presents the geotechnical investigation 

undertaken at Thorncliffe Mine. Critical parameters that adequately describe and 

quantify the geotechnical character of the rock mass were collected. 

3.1 Scanline Mapping of Hangingwall and Sidewall 

Thorncliffe mine is currently mining five ‘ore blocks’ or ‘rig sections’ for the 

extraction of the MG1 Chromitite orebody. A mechanised bord and pillar mining 

method is being used. Figure 3-1 shows the current five ore mining blocks. Three 

production sections, RIG 47, RIG 50, and TC1, are mining towards the South-strike 

direction. The declines (development in TC1) are advancing downdip to the west 

of the orebody, whilst the remaining two sections, RIG 2 and RIG 14, are both 

mining towards the North strike direction. The orientation of production panels in 

each mining section is summarised in Table 3-1.  

Table 3-1: Orientation of bords (strike direction) and splits (dip direction) in the five 

production sections  
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Figure 3-1: Thorncliffe Mining Sections (not to scale) 

To cover all ground conditions likely to be encountered at the mine, geotechnical 

data gathering was conducted in all the current production sections. Since exposed 

hangingwall and pillar rock surfaces were available in the stopes, the ‘Scanline 

Mapping’ technique described in Section 2.4.1 was used for the collection of 

geotechnical data. It was necessary to geotechnically map both the hangingwall 

(Pyroxenite rock) and pillars (MG1 Chromitite layer) since there are disseminated 

Chromitite seams in the hangingwall. The properties of both geotechnical domains 

informed the design of safe stope excavations and the determination of support 
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requirements. Geotechnical mapping of underground workings was performed 

between February and April 2022. 

Scanline surveys involved extending a 20 m long measuring tape (the scanline) 

across exposed hangingwall and sidewall rock surfaces. All the geological 

structures that intersected the scanline along its length were mapped. The ten 

properties (described in Section 2.3) of all natural discontinuities were recorded. 

This enabled the quantitative description of the rock mass structure in the mine, 

which will be discussed in Chapter 4. Approximately 1500 m of combined scanline 

mapping data was collected from the underground mining sections. Table 3-2 

presents the total metres mapped in the hangingwall and sidewall of each mining 

section. 

Table 3-2: Meters mapped per mining section 

 

In the mining sections shown in Figure 3-1, hangingwall and sidewall scanline 

mapping was conducted in two directions, along strike (North-South direction), and 

along dip (East-West direction). The mapping was conducted close to the 

advancing faces as the back areas were supported and sprayed with 50 mm-thick 

shotcrete. Accurate discontinuity orientation data (dip and dip direction) for each 

scanline were acquired using the GeoID tool. GeoID is an advanced professional 

tool with a built-in geological compass and a clinometer for accurately measuring 

and analysing geological structures. Efforts were made to take pictures of the 

scanline mapping set-up underground, but due to poor visibility in the underground 

workings, the pictures are of poor quality and cannot be included in this report.  An 

example of the scanline mapping sheet used is provided in Table 3-3. All the 

scanline mapping data sheets for each production section are attached in 

Appendix C.                                                                                                                                          
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Table 3-3: Example of a scanline mapping sheet used in collecting geotechnical data 
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The scanline mapping sheet in Table 3-3 comprises the critical parameters 

selected by the ISRM (1978c) to adequately characterise the discontinuous rock 

mass at Thorncliffe Mine. These parameters were described in Section 2.3.  

3.2 Laboratory Testing of Rock Material  

The geotechnical investigation undertaken in 2022 for this research included the 

laboratory compressive testing of rock samples. The results of these geo-

mechanical tests were added to an existing database on the mine. The final 

database consisted of Pyroxenite and Chromitite rock materials tested as follows: 

• UCS test with Elastic Modulus and Poisson’s Ratio (UCM); and  

• TCS tests.  

Tensile tests are important to tie down the characterisation study; however, tensile 

tests were not done due to budget constraints at the mine. Table 3-4 summarises 

the number of laboratory tests conducted. The derivation of important rock strength 

parameters for design purposes from the rock test results is discussed in Chapter 

4. All rock test results are attached in Appendix C.  

Table 3-4: Summary of laboratory tests conducted 

 

3.3 Summary of Chapter  

The geotechnical investigation undertaken at Thorncliffe Mine consisted of 

scanline mapping and laboratory rock tests which captured parameters that 

adequately describe the variability of the local discontinuous rock mass. The 

geotechnical data will be used to quantitatively describe characteristics of the rock 

mass and inform the design of maximum stable bord spans and support 

requirements. The next chapter focuses on presenting characterization results of 

the underground workings.   
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4 ROCK MASS CHARACTERIZATION  

Chapter 3 outlined the geotechnical investigation undertaken at the mine. This 

Chapter presents the rock mass characterisation results, which involved using the 

acquired geotechnical data to characterise the jointed underground rock mass at 

Thorncliffe Mine. Discontinuity types, orientation, spacing and interface properties 

have a direct influence on the stability of the rock mass surrounding stope 

excavations, and the properties of support selected to maintain stability. The 

characterisation exercise focused on the MG1 immediate hangingwall rock mass 

(Pyroxenite rock). The only Chromitite layer characterisation results included were 

those used for comparison and/or deemed necessary to serve as input parameters 

in the numerical stability analyses of stope excavations.  

4.1 Orientation of Discontinuities 

All recorded hangingwall discontinuities were analysed using the Rocscience 

software ‘Dips’ to produce stereonet contour plots for identifying major discontinuity 

sets in each of the five (5) mining sections. The modelling in Dips enabled the 

identification of major discontinuity sets by using orientation data (both dip 

directions and dip angles) of the discontinuities to plot great circles of planes of 

weakness. Figure 4-1 shows an example of the results of contour plots in Dips with 

the identified major discontinuity planes in the hangingwall of the Rig 47 production 

section. The contour plots showing individual discontinuity sets in all the mining 

sections are provided in Appendix D. 
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Figure 4-1: Example contour plot showing major discontinuity sets 
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Table 4-1 summarises the major discontinuity sets identified in each mining 

section. Colour coding was used to indicate the strike direction of the discontinuity 

sets. Discontinuity sets trending in a similar direction in the different production 

sections have the same colour code in the ‘Strike Direction’ column.  

Table 4-1: Major discontinuity sets identified in each mining section 

 

As summarised in Table 4 1, the stereonet plots (provided in Appendix D) enabled 

a preliminary assessment of stability in each mining block. It was observed that the 

three sections mining towards the South direction (RIG 47, RIG 50, and TC1) 

consisted of the intersection of three or more major discontinuity sets, which was 

an indication that there are potentially unstable blocks (keyblocks), according to 

the block theory by Goodman & Shi (1985). The two sections mining towards the 

North direction both indicated an intersection of less than three major discontinuity 

sets, which indicated the probability of fewer instabilities occurring.  

Additionally, the geometry of the potentially unstable wedges was analysed. The 

area defined by the great circles of intersecting major planes in each mining section 

is small (Appendix D). This was an early indication that the size of the keyblocks 

forming from the spatial distribution and interaction of discontinuities in the mining 

sections is small. It was only in the Rig 50 mining block, which is comprised of more 

discontinuity sets than any other mining section, where a larger intersection area 

was defined, which indicated the existence of larger keyblocks. In Figure 4-2, a 

compass rose (showing both cardinal and intercardinal directions) was included to 

enable the tracing of the trend or strike directions of the major discontinuity sets in 

each mining section. 
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Figure 4-2: Thorncliffe Mining sections with a compass showing all discontinuity 

directions (not to scale) 

In-depth structural stability analyses, which consider the frictional characteristics 

of the discontinuities in each section, will be discussed in detail in Chapter 5. The 

actual size (face area, mass, and volume) of the hangingwall wedges, maximum 

possible wedge dimensions, and the potential wedge failure modes (sliding failure 

or gravity falls) will be discussed in Chapter 5.   

4.2 Discontinuity Properties   

In-depth characterisation was conducted from the acquired geotechnical mapping 

data to quantify and describe the properties of major discontinuity sets in each 
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mining section. In addition to the identified major discontinuity sets, each 

production section consisted of ‘random’ discontinuities, which are discontinuities 

that are ‘scattered’ throughout the mine and do not form part of any discontinuity 

set. The intersection of major discontinuity sets and random discontinuities can 

also result in instabilities in the mine.  

The frequency of jointing in the rock mass influences tunnel stability. The spacing 

of the hangingwall discontinuities in each discontinuity set was therefore quantified 

in the different production sections. The statistical analysis of the true (or actual) 

discontinuity spacing in each discontinuity set in each section was also computed 

in the Dips Software. The charts which provide the statistical analysis of the true 

spacing of discontinuities in each discontinuity set are provided in Appendix D.  

Descriptions of the geotechnical properties of the major discontinuity sets are 

provided for all the various mining sections in Table 4-2 to Table 4-11. Bar graphs 

and tables, which quantify and contrast the properties of discontinuity sets and the 

random discontinuities in each mining section, are attached in Appendix D. 

RIG 47 Discontinuity Properties 

Table 4-2: Summary of Rig 47 hangingwall discontinuity sets 
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Table 4-3: Properties of Rig 47 hangingwall discontinuity sets 
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RIG 50 Discontinuity Properties 

Table 4-4: Summary of Rig 50 hangingwall discontinuity sets 
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Table 4-5: Properties of Rig 50 hangingwall discontinuity sets 

 



 

106 
 

Table 4-5: Properties of Rig 50 hangingwall discontinuity sets continued 

 

TC1 Discontinuity Properties 

Table 4-6: Summary of TC1 hangingwall discontinuity sets 
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Table 4-7: Properties of TC1 hangingwall discontinuity sets 
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RIG 2 Discontinuity Properties 

Table 4-8: Summary of Rig 2 hangingwall discontinuity sets 

 

Table 4-9: Properties of Rig 2 hangingwall discontinuity sets 
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RIG 14 Discontinuity Properties 

Table 4-10: Summary of Rig 14 hangingwall discontinuity sets 

 

 Table 4-11: Properties of Rig 14 hangingwall discontinuity sets 
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4.3 Rock Mass Classification Results  

In this study, geotechnical mapping data were collected at distances varying 

between 5 m to 20 m behind the advancing production faces. Since these areas 

were not covered with shotcrete yet, the identification of different ground quality 

classes in each production section was achieved. The in-depth characterization 

results described in Section 4.2 were used as input in rock mass classification 

systems to derive hangingwall and ore zone rock mass quality indicators. The 

parameters which feed into the final rating results in each rock mass classification 

system were derived from raw scanline mapping data.  

To obtain reliable rock mass quality indicator results, rock mass ratings were 

derived for 3 m runs of raw scanline mapping data. To obtain rock mass quality 

indicator values that are conservative, rock mass ratings of input parameters that 

are least favourable for stability were chosen in each rock mass classification 

system. The RMR89, Q-system, and MRMR2000 evaluation systems, which are 

comprehensively discussed in Appendix B, were selected for quantifying the 

underground rock mass quality. Additionally, the GSI system results were included 

as it was outlined in Section 2.7.2 that it is an important empirical characterization 

tool for the estimation of geo-mechanical properties. These geo-mechanical 

properties subsequently feed into the stability evaluation of underground 

engineering structures using numerical analysis or closed-form solutions.  

The results from the rock mass classification exercise indicated that the 

hangingwall rock mass in each production section consists of different zones of 

rock mass quality. These zones range from very poor quality to very good ground 

conditions, which correlated well with the underground observations made during 

the data collection stage of this project. The rock mass characterization and 

classification exercise indicated that zones of very poor and poor ground quality 

were caused by the existence of adverse geological discontinuities. These 

discontinuities are pegmatite veins, shear zones, joint zones, fracturing associated 

with dykes, minor faults, and domes. Additionally, these areas consist of many 

intersecting discontinuities that are closely spaced, where most individual 

discontinuities have planar, slickenside or smooth surfaces with thick infill material 

of low strength, such as serpentine infill. The results from each rock mass 

classification method are presented in Sections 4.3.1 to 4.3.4. The results feature 
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frequency measurements of the occurrence of different rock qualities associated 

with the ground conditions in each production section. The analysis also included 

the statistical analysis of each ground quality class. Lastly, the statistical analysis 

for all scanline mapping data points combined is included in Appendix D. 

 Rock Mass Rating (RMR89) Results  
The RMR89 results, which include the ratings assigned to each RMR89 parameter 

determined for 3 m runs in all the production sections, are provided in Appendix D. 

Figure 4-3 presents the frequency distribution of RMR89 values for all identified rock 

quality classes per 3 m in each production section. Figure 4-3 shows that the 

ground conditions in each ore production section generally range between fair to 

good according to the RMR89. Additionally, the existence of very good ground 

conditions was identified in one ore production block, namely RIG 47. 

 

Figure 4-3: Frequency distribution of RMR89 values for all production sections 

Table 4-12 provides the statistical analysis of the values in each identified rock 

mass quality class according to the RMR89 in each ore production section.  

According to the statistical analysis of RMR89, the variability in the rock mass 

quality in each production section can be considered medium to high, indicating an 

irregular rock mass which requires careful mine and support design. 
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Table 4-12: Statistical analysis of the hanging wall RMR89 results 

 

 Geological Strength Index (GSI) Results 
In the RMR89 results presented above, no poor rock mass quality was identified. 

Therefore, Equation B-13 (in Appendix B), which correlates the GSI system to 

Bieniawski’s RMR89 was used to quantify the GSI in all the production sections. 

The GSI also ranges from 0 to 100, which is consistent with the RMR89 scale 

(Marinos, et al., 2005). The frequency distribution of GSI values for all identified 

rock quality classes in each production section is presented in Figure 4-4. Figure 

4-4 confirmed that the ground conditions in each mining section generally ranged 

between fair to good according to the GSI. GSI results also indicated that very 

good ground conditions existed in one ore production block, which is RIG 47. 

 



 

113 
 

 

Figure 4-4: Frequency distribution of GSI values for all production sections 

Table 4-13 presents the statistical analysis of the values in each identified rock 

mass quality class according to the GSI. The GSI system results determined for 

3 m runs in all the production sections are also provided in Appendix D. Similar to 

the RMR89 results, the statistical analysis of the GSI values indicated medium to 

high variability in the rock mass quality in each production section.  

Table 4-13: Statistical analysis of the hanging wall GSI results 
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 Q - System Results  
Q-ratings were determined for 3 m runs of raw hangingwall scanline mapping data 

in all the production sections. The Q-system results, which include the ratings 

assigned to each Q-system parameter per 3 m zone in all the production sections, 

are provided in Appendix D. Figure 4-5 presents the frequency distribution of Q-

Index values in each production section. The range of Q-values for the pyroxenite 

material, as shown in Figure 4-5 indicated that the rock quality ranges from very 

poor to fair rock in each ore production block. 
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Figure 4-5: Frequency distribution of Q-Index values for all production sections 
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Table 4-14 provides the statistical analysis of each rock mass quality class 

according to the Q-system in each production section. A geometric mean was used 

since the Q-index values tend to make large fluctuations. 

Table 4-14: Statistical analysis of the hanging wall Q-Rating results 

 

 Mining Rock Mass Rating (MRMR2000) Results  
The revised MRMR system proposed by Laubscher & Jakubec (2000), which 

introduces the rock block strength concept and incorporates the impact of the 

micro/mesoscale and cemented defects on rock mass strength, was used. 

MRMR2000 ratings were also derived for 3 m runs of scanline mapping data and are 

included in the MRMR2000 results in Appendix D. To cover all variations in jointed 

rock masses from very poor to very good, classification of MRMR values also 

ranges from 0 to 100 (five classes), which is consistent with the RMR89 scale 

(Laubscher, 1990). Table 4-15 summarises the adjustment factors which were 

used in the determination of MRMR2000 values. 
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Table 4-15: Summary of MRMR2000 Adjustment Factors 

 

The frequency distribution of MRMR2000 results in each production section is 

presented in Figure 4-6. The MRMR2000 values indicated that the quality of the 

hanging-wall rock mass generally ranges from fair to good. Poor ground conditions 

were only confirmed in the RIG 47 ore production block. 

 

Figure 4-6: Frequency distribution of MRMR values for all production sections 

The MRMR2000 quantities were also statistically analysed, as shown in Table 4-16. 

The statistical analysis of the MRMR2000 values in each production section 

confirmed that the variability in the rock mass quality is medium to high, which 

indicates an inconsistent rock mass that needs careful support design. 
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Table 4-16: Statistical Analysis of the MRMR2000 Results 

 

4.4 Rock Test Results and Rock Mass Properties   

Individual laboratory test results are attached in Appendix C. The properties 

derived from the test results were used to aid in the evaluation of different failure 

modes at the mine. Since rock testing data were limited, it was assumed that the 

obtained laboratory test results would also apply to the disseminated Chromitite 

seams and parting planes in the hangingwall.  

 Results of the Uniaxial Compression Test with Elastic Moduli (UCM) 
Figure 4-7 and Figure 4-8 present the distribution of the UCS values for the 

Pyroxenite and Chromitite rocks, respectively. Based on the results of the UCS 

values, the Pyroxenite rock was classified as a ‘very strong rock’ and the Chromitite 

rock was classified as a ‘strong rock’ according to the ISRM (1978c) field 

classification of rock strength. The classification of rock based on the UCS is 

presented in Section 2.3.  
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Figure 4-7: Frequency distribution of Pyroxenite UCS values  

 

Figure 4-8: Frequency distribution of Chromitite UCS values 

Table 4-17 present the statistical analysis of the UCM test results. In Table 4-17 

outliers, which are UCM results for rock specimens that failed along discontinuities, 

were omitted from the dataset and excluded from the analysis to avoid distortion 

to the results. 
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Table 4-17: Statistical analysis of UCM results for Pyroxenite and Chromitite rock 

 

 Results of the Triaxial Compressive Strength (TCS) Test 
The intact rock TCS results were used to determine estimates of Pyroxenite and 

Chromitite rock mass strength parameters. The Rocscience program ‘RocLab’ was 

used to obtain estimates of rock mass strength parameters, which will serve as 

inputs in the design of stable bord spans. To determine the strength properties of 

the Pyroxenite rock, the triaxial laboratory test data were used. Figure 4-9 presents 

the output from RocLab for the Pyroxenite rock mass.  

 

Figure 4-9: Output from RocLab for Pyroxenite rock 
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Since no TCS laboratory tests were conducted on Chromitite rock material in this 

case study, built-in charts and tables in the program (presented in Section 2.7.3) 

were used to estimate the mi and D inputs for Chromitite Rock (Hoek, et al., 2002). 

The GSI and intact rock UCS for Chromitite rock were obtained from rock mass 

classification systems and UCM test results, respectively. Average GSI values for 

all scanline mapping data points combined (provided in Appendix D) for both the 

Pyroxenite and Chromitite rocks in the mine were used. Figure 4-10 presents the 

output from RocLab for the Chromitite rock.  

 

Figure 4-10: Output from RocLab for MG1 Chromitite rock 

Table 4-18 summarises the strength, Hoek-Brown equivalent, Mohr-Coulomb 

parameters, and additional rock mass strength properties for Pyroxenite and 

Chromitite rock. The derived parameters were used in Chapters 5 and 6 for stability 

evaluation and estimation of support requirements.  
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Table 4-18: Rock mass properties for the hangingwall and the mineralised zone 

 

Frictional properties of discontinuities with serpentinite infill material  

The discussion of discontinuity properties in Section 4.2 indicated that most of the 

mapped discontinuities contain serpentine infill material, which has an impact on 

the shear strength of the discontinuities. Serpentine infill has a field strength (UCS) 

classification of 0.025 MPa – 0.05 MPa. Table 2-17 was used to estimate the peak 

friction by taking account of the joint roughness number (Jr) and joint alteration 

number (Ja) of discontinuities with serpentinite infill materials.  

The Jr and Ja of 1.0 (for smooth, planar joints) and 2.0 (for slightly altered, non-

softening, non-cohesive rock mineral or crushed rock filling), respectively, which 

are least favourable for stability in terms of shear resistance, were used. This 

resulted in a peak friction angle of 25°. The typical cohesion values for different 

types of infill material were also discussed in Section 2.7.4. A minimum and 

conservative cohesion of 0 kPa was assigned to the serpentine infill. Table 4-19 

summarizes the shear strength properties assigned to discontinuities with 

serpentine infill material.  

Table 4-19: Frictional properties of discontinuities with serpentine infill material 
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4.5 Summary of Chapter 

This chapter presented the use of acquired geotechnical data to derive the 

mechanical properties of intact rocks and characterization of the discontinuous 

rock mass at Thorncliffe mine. The quantitative description of the discontinuities 

and numerical values obtained from the rock mass classification exercise can then 

be used for bord stability evaluation and the determination of support appropriate 

requirements. The next chapter presents the design and evaluation of stable panel 

spans by using the design parameters determined in this chapter.  
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5 DESIGN OF STABLE BORD SPANS 

Chapter 4 presented rock mass characterisation results which featured in-depth 

quantitative descriptions of the rock mass structure and characteristics of the 

discontinuous underground rock mass at Thorncliffe Mine. As discussed in Chapter 

2, the correct characterisation of the jointed rock mass at the mine was important 

if a proper stability assessment of the rock mass was to be achieved. Chapter 5 

firstly presents the determination of maximum safety spans without support, which 

is informed by different rock mass qualities. The instability of unsupported mining 

spans is then assessed to subsequently inform support requirements to ensure 

stable conditions in the spans between pillars.  

5.1 Maximum Unsupported Bord Spans 

The Norwegian Geotechnical Institute (NGI) (2022) stated that support design in 

underground excavations depends on the rock mass quality, safety requirements, 

and dimensions (span or height) of the underground openings. Therefore, it is vital 

to consider the purpose and life of various types of production drives in a mining 

section, which ultimately dictate safety requirements. Safety requirements are 

expressed by a factor called the Excavation Support Ratio (ESR) (Barton, et al., 

1974). Low ESR values indicate high-level safety (support) requirements, while 

high ESR values indicate that lower safety levels can be accepted. 

As discussed in Section 1.2.5, a typical bord and pillar production section at 

Thorncliffe Mine consists of strike conveyor belt drives, which continuously 

transport broken ore for the life of an ore block. Secondly, the mine requires the 

workforce and TMMs to use dedicated travelling roadways to reach the position of 

the working face (Glencore ECM, 2021). To quantify the life of these two 

excavation types  Figure 5-1, which shows Thorncliffe Mine’s life of mine (LOM) 

footprint (not to scale), was used.  Figure 5-1 also shows depth below surface 

major contours from the current position of the declines to the LOM boundary.
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Figure 5-1: Thorncliffe Life of Mine (LOM) Footprint (not to scale)
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The LOM is planned to end at a depth of 800 m below surface (mbs) on the 

boundary of the St George’s Fault described in Section 1.2.4. The maximum strike 

length at 800 mbs was measured to be about 1240 m on the north side of the 

declines. It would take about 4 years and 3 months to completely mine out the 

above-mentioned two excavation types and reach the mining limit when using the 

current production rates of 4 m advance per blast and blasting each panel six times 

in a month. Travelling roadways and conveyor belt drives can then be classified as 

medium-term excavations according to mine planning and production scheduling 

principles (Gholamnejad, 2008).  

Besides travelling roadways and conveyor belt drives, the rest of the bords are 

used solely for production at Thorncliffe Mine (Glencore ECM, 2021). To quantify 

the life of these production drives, the stope was divided into the working area and 

the back area, as illustrated in Figure 5-2. The working area is the area in which 

routine production operations are allowed to take place (Stacey, 2001). At 

Thorncliffe Mine, this area is measured as the distance between the current 

position of the working face to a distance that includes a maximum of two 

ventilation holings or splits behind the face and highlighted in green in Figure 5-2 

(Glencore ECM, 2021). Beyond the working area is the back area (highlighted in 

red in Figure 5-2), where entry of workers is not permitted unless an entry 

examination is conducted and the area is declared safe. By using the largest pillar 

dimensions planned at 800 mbs (15 m on strike by 15 m on dip) and current 

ventilation holings of 8 m, the maximum length of the working area is 61 m. It would 

take a maximum of only about 2.5 months to establish a new working area when 

using the current advance per blast of 4 m and blasting each panel 6 times in a 

month. The previous working area would be declared as a back area after 2.5 

months, and no entry would be allowed. This indicated that bords used solely for 

production can be classified as short-term excavations (Gholamnejad, 2008). 
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Figure 5-2: Enlarged typical bord and pillar layout showing the working area and 

back area 

Based on their purpose and as medium-term excavations, strike conveyor belt 

drives and travelling roadways require higher levels of safety (or support) than 

bords used for production only. As summarised in Table 5-1, to indicate the 

established different safety requirements, an ESR of 1.6 was assigned to conveyor 

belt drives and travelling roadways. An ESR of 3 was assigned to panels used 

solely for production.    
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Table 5-1: ESR values assigned to different production drives in a bord and pillar 

section 

 

The maximum unsupported span relationship by Barton et al (1974) (Equation B-

10 in Appendix B) was used for the estimation of maximum safety bord spans 

without support for different rock mass qualities in each mining section. Maximum 

unsupported spans were determined for the identified short-term and medium-term 

panels in each production section.  

Table 5-2 present the results of the maximum unsupported spans for short-term 

production drives for different rock mass qualities. According to the results, the 

maximum self-supporting spans for short-term panels can be as low as 3 m in 

very poor rock to a maximum of 15 m in fair rock qualities.  
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Table 5-2: Maximum unsupported spans for short-term panels in the five 

production sections 

 

Table 5-3 presents the results of the maximum unsupported spans for short-term 

and medium-term production drives for different rock mass qualities. Due to higher 

safety requirements in medium-term panels, the calculated maximum self-

supporting spans were generally less, ranging between 2 m to a maximum of 8 m, 

as presented in Table 5-3.  
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Table 5-3: Maximum unsupported spans for medium-term panels in the five 

production sections 

 

Engineering requirements at the mine dictate 6 m minimum bord spans to 

accommodate the manoeuvrability of the equipment/machinery (such as Load-

Haul Dump (LHD) trucks) that are used in production. The mine also requires 6 m 

minimum spans in strike conveyor belt drives to accommodate belt conveyor 

equipment and sufficient space for workers to travel (Glencore ECM, 2021). It is 

worth noting that for medium-term excavations, the required minimum span of 6 m 

was calculated only when the ground conditions were at least fair, indicating the 

importance of maintaining stability for longer. On the other hand, short-term 

production drives of at least 6 m in width can be created in very poor ground 

conditions.  

In the following sections, different rock failure mechanisms will be evaluated to 

determine whether the different panel spans indicated as self-supporting will 

sustain their integrity when mining takes place. The stability evaluation will first 

indicate the actual maximum stable spans without support and will then inform 
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support requirements to maintain stability for “the full life of the excavation, not only 

during development.” (Stacey, 2001). 

5.2 Stability Evaluation of Bord Spans  

It is important to note that the stability of the bords will be evaluated for the worst 

ground conditions to be encountered to ensure a conservative design. Bord span 

stability evaluation was limited to the following failure modes, as suggested by the 

MHSC (Murphy, et al., 2016):  

(i) Rock Mass Failure,  

(ii) Beam Failure, 

(iii) Structural Failure, and  

(iv) Intact Rock Mass Failure.  

Watson & Gerber (2018) stated that an important consideration in the 

determination of stable spans in mechanized stopes is intersections or holings 

between orthogonal bords. Bord intersections represent areas of larger spans 

where the potential of collapses occurring is increased and where most FOGs 

occur.  

In a bord and pillar mining layout, the critical span at an intersection is calculated 

by using the diagonal span across the intersection, as illustrated in Figure 5-3. Bord 

spans that can be safely mined must be designed to accommodate the critical 

diagonal span across the intersections. This means that the width of bord or panel 

spans must be designed to ensure that the diagonal span across the intersection 

does not exceed the critical span. An example is shown in Figure 5-3 where, for a 

critical diagonal span of 8 m, the safe span of two equal-sized bords would be 

5.6 m (Watson & Gerber, 2018). Another approach to cater for intersections in the 

design of underground tunnels was described by Barton et al (1974) where Q-

Index values are down-rated by multiplying the joint set number (Jn) by a factor of 

3.  
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Figure 5-3: Bord spans are designed to accommodate the critical diagonal span 

across intersections (Watson & Gerber, 2018) 

This research study focused on the design of diagonal spans across intersections 

as an additional safety factor in the design of bord/panel spans, as suggested by 

Watson & Gerber (2018). Six bord spans were selected for stability evaluation in 

the various rock mass quality classes shown in Table 5-2 and Table 5-3 as follows:  

• 6 m minimum bord span (as dictated by engineering requirements at the 

mine), 

• 8 m bord span, to verify or validate the stability of the current bord spans 

of 8 m used at the mine (current mine design criteria are presented in 

Section 1.2.5), and 

• 10 m, 12 m, 14 m, and a maximum span of 15 m to assess the effect of 

increasing bord spans by 2 m, which represents improving underground 

ground conditions at the mine.  

In this project report, intersecting orthogonal bords are assumed to be of equal 

size. The stability of diagonal spans of each of the above-selected bord spans will 

be evaluated to determine the critical diagonal span. The diagonal spans across 

the intersections of the selected orthogonal bords are presented in Table 5-4.  
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Table 5-4: Diagonal spans across intersections of various orthogonal bords 

 

 Rock Mass Failure 
The Modified Stability Graph Method by Matthews et al. (1981) relating the stability 

number (N’) of the hangingwall to the tunnel critical-hydraulic radius was used to 

assess rock mass failure. Determination of the hangingwall modified stability 

number incorporated the calculated values of the modified Rock Quality Index (Q’) 

(described in Appendix B) for each mining section; and the three multiplying factors 

(A, B, and C) which consider the effect of rock stress conditions, joint orientation 

relative to hangingwall face, and influence of gravity, respectively. 

Table 5-5 present the calculated modified rock quality index (Q’) results. Q’ values 

were determined by removing the effects of the stress reduction factor (SRF) and 

water inflow (Jw = 1 for dry conditions in the underground rock mass) from the 

calculated Q-index values.  
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Table 5-5: Results of the Modified Rock Quality Index (Q’) per mining section 

 

Table 5-6 presents the modified stability number multiplying factors. The factors 

were determined for each production section.  

Table 5-6: Modified Stability Number Multiplying factors (A, B, and C) per 

production section 

 

As shown in Table 5-6, maximum induced stress components could not be 

accurately estimated; therefore, the A-factor was set to one, as the UCS divided 

by the induced compressive stress is likely to be greater than ten in these shallow 

mining environments (Potvin, 1988). Since each production section consists of 
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several major discontinuity sets identified using stereonets, discontinuity sets with 

the smallest true dip angle were used in the determination of the B factor 

(Hutchinson & Diederichs (1996). Lastly, the average dip angle of the hangingwall 

(presented in Chapter 3) in each production section was used to determine the C 

factor (Hutchinson & Diederichs, 1996). The results of the calculated modified 

stability number for each production section are presented in Table 5-7 below.  

Table 5-7: Calculated Modified Stability Number (N’) in each section for different 

rock qualities 

 

In bord and pillar mines, the bords have a large or an ‘infinite’ length. The hydraulic 

radius will then be approximately half the width of the bord, which also caters for 

spans across intersections (Murphy, et al., 2016). Therefore, the hydraulic radius 

was determined as half of the calculated spans. To design for the worst 

underground conditions, the minimum N’ calculated for each rock mass quality 

class was used in assessing the stability of each selected diagonal span. These 



 

136 
 

are highlighted in red in Table 5-7. Table 5-8 to Table 5-12 present the selected N’ 

values and calculated hydraulic radii for various spans mining in different ground 

conditions in each mining section. By plotting the selected stability numbers 

against the respective hydraulic radii, the stability of the selected diagonal spans 

across intersections in each section was evaluated. The N’ versus hydraulic radius 

plots for each section are presented in Figure 5-4 to Figure 5-8. 

Table 5-8: Bord spans, hydraulic radii, and stability number for the Rig 47 section  
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Figure 5-4: Stability number versus hydraulic radius for Rig 47 mining section   

Table 5-9: Bord spans, hydraulic radii, and stability number for Rig 50 mining 

section 
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Figure 5-5: Stability number versus hydraulic radius for Rig 50 mining section 
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Table 5-10: Bord spans, hydraulic radii, and stability number for TC1 mining section  

 

 

Figure 5-6: Stability number versus hydraulic radius for TC1 mining section 
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Table 5-11: Bord spans, hydraulic radii, and stability number for Rig 2 mining 

section  

 

 

Figure 5-7: Stability number versus hydraulic radius for RIG 2 mining section 
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Table 5-12: Bord spans, hydraulic radii, and stability number for Rig 14 mining 

section 

 

 

Figure 5-8: Stability number versus hydraulic radius for RIG 14 mining section 

The results based on the modified stability graph method indicated that 8 m to 14 m 

diagonal spans (formed by 6 m to 10 m spans of orthogonal panels) are likely to 
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be stable without support in a fair-ground (stable zone). Additionally, stable 

conditions for diagonal spans ≥17 m to 21 m (formed by ≥12 m to 15 m spans of 

orthogonal bords) in fair-ground are likely to be achieved by the installation of 

support (transition zone).  

In poor ground, only 8 m diagonal spans (formed by 6 m spans of orthogonal 

panels) fall in the stable zone, indicating the possibility of being stable without 

support. Diagonal spans ≥11 m to 14 m (formed by ≥8 m and 10 m spans of 

orthogonal bords) require support to achieve stability. Additionally, diagonal spans 

≥17 m to 21 m (formed by ≥12 m to 15 m bord spans of orthogonal bords) are likely 

to collapse in poor ground (caved zone). 

In very poor ground, it was only 8 m to 11 m diagonal spans (formed by 6 m to 8 

m spans of orthogonal panels) that are likely to be stable with the installation of 

support (transition zone). The rest of the calculated spans fall within the caved 

zone and will suffer stability problems in very poor ground conditions 

Stability evaluation based on the Mining Rock Mass Rating (MRMR) - The 

minimum MRMR2000 values calculated under different rock mass quality classes in 

each production section (presented in Section 4.3.4) were also used for stability 

evaluation and design of the span between pillars. Again, the largest spans formed 

due to the intersection of equal-sized orthogonal panels (diagonal span across 

intersections) were used in the stability assessment. Table 5-13 to Table 5-17 

present the minimum MRMR values and calculated hydraulic radii for various 

spans of mining in different ground conditions in each mining section. 

By plotting the adjusted MRMR values obtained against the hydraulic radius, the 

stability of the selected diagonal spans across intersections in each section was 

evaluated. The adjusted MRMR versus hydraulic radius plots for each production 

section are presented in Figure 5-9 to Figure 5-13. In these figures, the arrows 

indicate the direction of increasing span from 8 m to 21 m since the individual plots 

are closely spaced and could not be labelled separately. The results are discussed 

below.  
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Table 5-13: Bord spans, hydraulic radii, and MRMRs for Rig 47 mining section  

 

  

Figure 5-9: Adjusted MRMR versus hydraulic radius for RIG 47 mining section 
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Table 5-14: Bord spans, hydraulic radii, and MRMRs for Rig 50 mining section 

 

 

Figure 5-10: Adjusted MRMR versus hydraulic radius for RIG 50 mining section 
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Table 5-15: Bord spans, hydraulic radii, and MRMRs for TC1 mining section 

 

 

Figure 5-11: Adjusted MRMR versus hydraulic radius for TC1 mining section 
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Table 5-16: Bord spans, hydraulic radii, and MRMRs for Rig 2 mining section 

 

 

Figure 5-12: Adjusted MRMR versus hydraulic radius for Rig 2 mining section 
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Table 5-17: Bord spans, hydraulic radii, and MRMRs for Rig 14 mining section 

 

 

Figure 5-13: Adjusted MRMR versus hydraulic radius for Rig 14 mining section 

The stability evaluation based on the MRMR indicated that when ground conditions 

are classified as ‘good’, all the calculated spans ranging between 8 m to 21 m 

(formed by 6 m to 15 m spans of orthogonal panels) are likely to be stable without 



 

148 
 

support (stable zone). Stacey (2001) stated, “It is almost certain that, even in good 

quality rock masses, rock support will be required.”. The estimation of support 

requirements per span, mining in different ground conditions, will be presented in 

Chapter 6. 

As ground conditions deteriorate to ‘fair’, stable conditions in larger spans of ≥20 

m to 21 m (≥14 m to 15 m spans of orthogonal panels) can only be achieved by 

the installation of appropriate support (transitional zone). Additionally, the other 

spans of 8 m to 17 m (6 m to 12 m spans of orthogonal panels) are likely to be 

stable without support in fair-ground conditions. When ground conditions are 

classified as poor, stable conditions can only be achieved by the installation of 

support in all the calculated spans ranging between 8 m to 21 m (transitional zone).  

 Hangingwall Voussoir Beam Failure Analysis 
The immediate pyroxenite hangingwall layer (MG1HW1) consists of a 

disseminated MG1 leader 1 Chromitite stringer (MG1L1), as described in Section 

1.2.3. The MG1L1 is situated between 0.25 m to 0.45 m above the MG1 reef and 

has a thickness ranging between 0.02 m to 0.2 m. The stability assessment of the 

resulting rock beams between pillars is discussed below.   

The characterization results in Section 4.1 indicated that the hangingwall consists 

of near-vertical discontinuities. Therefore, according to the literature review in 

Section 2.8.2, a stable rock beam will develop over a bord if a compressive arch 

(Voussoir arch) can form. The assessment of the stability of panel spans was 

conducted using the Voussoir beam theory, which assesses two Voussoir arch 

failure modes:  

• Buckling of the roof beam resulting in ‘snap-through’ failure; and  

• Shear failure along discontinuities at the abutments.  

Table 5-18 presents all input parameters used for calculating the maximum 

deflection or displacement of the hangingwall for assessing buckling failure and 

the maximum compressive stress in the beam for computing beam shear strength 

at the abutments using the equations presented in Section 2.8.2. As mentioned in 

Section 5.1, Thorncliffe’s LOM is planned to end at a depth of 800 mbs. To support 

future designs, the maximum compressive stress at mid-span for calculating the 
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maximum frictional resistance that can be mobilised was determined for various 

depths below the surface between 200 m and 1000 m. Local in situ stress 

measurements have never been conducted since the inception of Thorncliffe Mine 

(Glencore ECM, 2021). Therefore, estimation of in situ stress field conditions with 

increasing depth was based on the work by Stacey & Wesseloo (1998), as 

described in Section 2.5. The k-ratio was estimated by determining the average 

between the ratio of the major (k1) and minor (k3) horizontal in situ stress to vertical 

stress at the selected depths below the surface. This is provided in Appendix D. 

Table 5-18 presents the parameters for evaluating the Voussoir arch failure modes. 

Table 5-18: Input parameters for Voussoir beam stability analysis  

 

Again, Voussoir beam failure analysis was conducted for the selected of 8 m to 21 

m diagonal spans across intersections (representing 6 m to 15 m spans of 

orthogonal panels), which are the calculated self-supporting panel spans at 

different ground quality classes. The effect of increasing beam thickness from 

0.1 m to 0.45 m on the Voussoir beam stability was also assessed.   
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Table 5-19 presents the Voussoir snap-through failure analysis, whilst Table 5-20 

to Table 5-24 present the results of the Voussoir shear failure assessment for 

different depths below the surface at Thorncliffe Mine.  
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Table 5-19: Voussoir buckling or snap-through failure analysis at Thorncliffe Mine 
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Table 5-20: Voussoir beam shear failure analysis at 200 mbs at Thorncliffe Mine  
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Table 5-21: Voussoir beam shear failure analysis at 400 mbs at Thorncliffe Mine 
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Table 5-22: Voussoir beam shear failure analysis at 600 mbs at Thorncliffe Mine 
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Table 5-23: Voussoir beam shear failure analysis at 800 mbs at Thorncliffe Mine 
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Table 5-24: Voussoir beam shear failure analysis at 1000 mbs at Thorncliffe Mine 

 

The results indicated that the probability of both assessed Voussoir beam failure 

modes (based on safety factors against failure) occurring decreases with 

increasing beam thickness and increases with increasing span dimension. As 

presented in  
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Table 5-19, the onset of snap-through failure occurs when a beam thickness of 

0.30 m in a 17 m span has a minimum deflection of 26.31 mm (highlighted in green 

colour). This means for beam thicknesses of less than 0.30 m, there will be 

potential for snap-through failure. This is also confirmed by the factor of safety 

against elastic buckling failure in the results (FOS<1). 

Interestingly, analysis of the historic FOG database at the mine in Section 1.2.6  

indicated that 48% of all FOGs are due to hangingwall parting planes situated at a 

modal fallout height of 0.25 m (less than 0.30 m thickness). The mine can include 

the MG1L1 stringer in the mining cut as a strategy for eliminating the source of 

many FOGs. 

Finally, as presented in Table 5-20 to Table 5-24 the calculated FOS against 

abutment shear failure indicated that there is no potential for shear-type beam 

failure (FOS>1) for all the spans evaluated up to the depth of 1000 mbs. The results 

also indicated that the shear FOS generally increases with increasing depth below 

the surface but decreases with increasing beam thickness.  

 Structural Stability Analysis 
Different maximum unsupported bord spans were calculated for various 

underground ground conditions. The stability of individual keyblocks or unstable 

wedges defined by structural features between pillars must still be considered to 

ensure stable conditions. The Dips stereonet plots in Section 4.1 gave an early 

indication that there is the possibility of unstable wedges forming in three of the 

five current production ore-blocks. These are Rig 47, Rig 50, and TC1. 

To determine support requirements which will ensure the stability of the wedges 

forming, it was vital to determine the actual size of the wedges and wedge failure 

modes. As discussed in Section 2.8.3, there are computer programs 

recommended for evaluating the stability of wedges forming in underground 

excavations.  

Rocscience’s software ‘UNWEDGE’ was used to evaluate the stability of the 

wedges forming in Rig 47, Rig 50, and TC1. The discontinuity sets identified in 

each production section were entered into the program, with the cross-section and 
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orientation of the bords in each mining block. The program also required the 

specification of discontinuity shear strength properties. Mohr-Coulomb failure 

criterion, frictional parameters of discontinuities with serpentinite infill material 

(worst case) were entered. The program then determined the location, size, and 

failure mode of the largest wedges which are formed in the hangingwall, footwall, 

and sidewalls of the bords.  

The programme followed a conservative approach to determining the size and 

safety factors of the largest possible unstable wedges that can be formed between 

pillars. However, the program also allowed the formed wedges to be ‘scaled down’ 

to more realistic dimensions by using site-specific recorded FOG data. Indeed, the 

initial wedges formed by the program in each mining section were too large and 

did not reflect the typical observed fallouts at the mine.  

The historical FOG data at Thorncliffe Mine occurred between the last line of 

permanent support and the face. This means the FOGs occurred in an 

unsupported area. These FOGs were used to scale down the formed wedges to 

more realistic sizes based on observed wedge sizes. Specifically, the wedges 

formed were scaled down using the fallout thickness, discontinuity trace lengths, 

and persistence since these factors dictate the actual wedge sizes formed in the 

rock mass. A maximum fallout thickness of 0.8 m (from the FOG database) was 

used to scale down the maximum apex of the wedges formed. A modal 

discontinuity trace length and persistence of 10 m were used to allow maximum 

lateral extents (area) of the wedges to be defined in all the sections. This gave 

realistic results, which were predicted by the preliminary structural stability 

assessment in Section 4.1.  

Since in-situ stresses can have a stabilising effect (due to clamping forces) on the 

wedges formed in the roof, in-situ stresses were ignored in the analysis. This 

ensured that the analysis and support design were conservative. A design factor 

of safety of 1.5 was used in the program to assess the stability of the formed 

wedges. In each production section, the effect of advancing the bords along strike 

and dip direction on the stability of wedges formed was also assessed. However, 

in-depth analysis, such as the effect of a change in strike direction, was excluded 
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from this case study. The results of RIG 47, RIG 50, and TC1 wedge stability 

analysis are presented below.  

Rig 47 Unwedge Analysis Results  

The interaction of Rig 47 strike bords and splits with the identified discontinuity sets 

is presented in Figure 5-14 and Figure 5-16, respectively. The trend of the axis of 

the stope excavations is represented with a chain dotted line, whilst the plunge 

is marked with a cross. Figure 5-15 and Figure 5-17 present a multi-view of the 

Rig 47 strike and dip stope panels showing the wedges formed in the roof, 

sidewalls, and floor by the three discontinuity sets. Table 5-25 summarises the 

stability parameters of each wedge formed, which includes wedge FOS, volume, 

excavation face area, support pressure required to accomplish design FOS, and 

wedge failure mode. Upper and lower right or left roof wedges are formed by 

prominent discontinuities (mostly pegmatite veins and joints) which terminate at 

the reef-hangingwall/footwall contact as observed underground.  

As shown in the results in Table 5-25 and Table 5-26, the size of all the unstable 

wedges (wedges with FOS<1) is quite small, with a maximum volume of 0.002 m3, 

which indicates a blocky rock mass structure. The maximum support pressure 

required to accomplish the wedge design factor of safety in Rig 47 is 12 kPa, which 

is quite small. The type of support systems required to stabilize the wedges will be 

discussed in Chapter 6. According to the results, fewer wedges formed in the splits 

than in the strike bords.  
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Figure 5-14: Interaction of a Rig 47 strike bords with the identified discontinuity sets 

 

Figure 5-15: Wedges formed in the hangingwall, footwall, and sidewall of RIG 47 

strike bords 
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Table 5-25: Results of the maximum wedges formed in RIG 47 strike bord 

 

 

Figure 5-16: Interaction of a Rig 47 ventilation holings with the identified 

discontinuity sets 
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Figure 5-17: Wedges formed in the hangingwall, footwall, and sidewall of RIG 47 

ventilation holings 

Table 5-26: Results of the maximum wedges formed in RIG 47 ventilation holings 

 

Rig 50 Unwedge Analysis Results 

In Figure 5-18 and Figure 5-20, the five discontinuity sets are shown to interact 

with the strike bords and splits in the RIG 50 mining block. The Unwedge program 

has an inherent limitation of being unable to compute the interaction of more than 

three discontinuity sets simultaneously. However, a function called ‘Joint 

Combination Analyser’ was used to automatically compute the most critical 

discontinuity set combinations since more than three discontinuity sets were 

defined. Ten possible combinations consisting of three discontinuity sets were 

determined and used to assess the formation of wedges in different locations of 
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the bords and splits in the Rig 50 section. Figure 5-19 and Figure 5-21 present a 

multi-view of the wedges formed in different areas of the strike bords and splits. 

The results in Table 5-27 to Table 5-37 show the formation of relatively small 

wedges in both the strike bords and splits, with a maximum volume of 0.3 m3. While 

the support pressure required to maintain stability for most of the Rig 50 wedges 

formed is slightly higher than Rig 47 wedges, the maximum support pressure 

required to achieve the design FOS is 13 kPa, which is also quite small. Again, in 

Rig 50, the splits or ventilation holings indicated the formation of fewer wedges 

than strike bords.  

 

Figure 5-18: Interaction of Rig 50 strike bords with the identified discontinuity sets 
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Figure 5-19: Wedges formed in the hangingwall, footwall, and sidewall of RIG 50 

strike bords 

Table 5-27: Results of the maximum wedges formed in the hangingwall of RIG 50 

strike bords 
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Table 5-28: Results of the maximum wedges formed in the upper right side of RIG 

50 strike bords 

 

Table 5-29: Results of the maximum wedges formed in the upper left side of RIG 

50 strike bords 

 

Table 5-30: Results of the maximum wedges formed in the lower left side of RIG 

50 strike bords 
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Table 5-31: Results of the maximum wedges formed in the lower right side of RIG 

50 strike bords 

 

Table 5-32: Results of the maximum wedges formed in the floor of RIG 50 strike 

bords 
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Figure 5-20: Interaction of Rig 50 ventilation holings with the identified discontinuity 

sets 

 

Figure 5-21: Wedges formed in the hangingwall, footwall, and sidewall of RIG 50 

ventilation holings 
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Table 5-33: Results of the maximum wedges formed in the roof of RIG 50 

ventilation holings 

 

Table 5-34: Results of the maximum wedges formed in the upper right side of RIG 

50 ventilation holings 

 

Table 5-35: Results of the maximum wedges formed in the upper left side of RIG 

50 ventilation holings 
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Table 5-36: Results of the maximum wedges formed in the lower left side of RIG 

50 ventilation holings 

 

Table 5-37: Results of the maximum wedges formed in the floor of RIG 50 

ventilation holings 

 

TC1 Unwedge Analysis Results  

Figure 5-22 shows that the area defined by the intersection of the three TC1 mining 

block discontinuity sets is quite small. As a result, the trend of the axis of the stope 

excavations does not pass through that defined area. This was a preliminary 

indication that only a few wedges may form. Figure 5-23 to Figure 5-25, show that 

no roof wedges were likely and only stope excavation perimeter wedges were 

formed, which still needed to be stabilized. The results in Table 5-38 and Table 5-

39 show that the perimeter wedges are small, with a maximum wedge volume of 

only 0.001 m3. Some of the wedges formed were stable, with only 1 kPa required 

to accomplish design FOS.  
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Figure 5-22: Interaction of TC1 strike bords with the identified discontinuity sets 

 

Figure 5-23: Wedges formed in the hangingwall, footwall, and sidewall of TC1 

strike bords 

 



 

171 
 

 

Figure 5-24: Interaction of TC1 ventilation holings with the identified discontinuity 

sets 

 

Figure 5-25: Wedges formed in the hangingwall, footwall, and sidewall of TC1 

ventilation holings 
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Table 5-38: Results of the maximum wedges formed in TC1 strike bords 

 

Table 5-39: Results of the maximum wedges formed in TC1 ventilation holings 

 

The UNWEDGE stability analysis conducted in this section focused on the 

determination of stability parameters of the maximum possible wedges that can 

form in the bords and splits of each production section. However, the effect of 

varying stope excavation spans on the frequency of keyblocks formed, size and 

risk of rock falls was not studied here. The Jblock stability analysis in Chapter 6, 

which evaluates the effectiveness of proposed support systems, will include such 

analysis. 

 Intact Rock Mass Failure Analysis 
Section 2.8.4 showed that the areas above shallow stopes, where the vertical 

stress is tensile (the tensile zone), promote hangingwall failure in the form of bed 

separation and large collapses. The goal of this rock mass failure assessment was 

to use the determined maximum vertical tensile zone heights (height of potential 

instability) to inform the length of artificial support. The influence of panel span, 

depth below the surface, and the existence of disseminated Chromitite stringers 

on the resulting height of the tensile zone was also evaluated.   

Physical calculations (analytical design equations presented in Section 2.8.4) and 

the Rocscience 2D finite element numerical modelling program RS2 were used to 
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determine comparable estimates of the tensile zone heights. The analytical 

solution determined the tensile zone height as a function of depth below the surface 

and bord widths. The numerical modelling program included in-situ field stress 

conditions, increasing depth below the surface, bord widths, and the MG1L1 

Chrome stringer in the hangingwall. The calculated diagonal (largest) spans across 

intersections (which represent 6 m to 15 m spans of orthogonal panels) were 

evaluated in each method.  

While mining is currently taking place at a maximum depth below the surface of 

about 590 m, the estimation of the vertical tensile zone heights was done from a 

depth of 200 m to 1000 m below the surface. As stated in Section 5.2.2, estimation 

of the in-situ stress field conditions (the k-ratio) was based on the work by Stacey 

& Wesseloo (1998). The average of the major (k1) and minor (k3) horizontal in situ 

stress was divided by the vertical stress at selected depths below the surface.  

RS2 model set-up 

RS2 models were used to assess the vertical tensile zone in various spans with 

increasing depth below the surface. The parameters used in the RS2 models are 

discussed below and summarised in  

Table 5-40 and Table 5-41:  

• The pyroxenite host rock (footwall and hangingwall) and the MG1 

Chromitite reef geological domains were defined in the model and assigned 

unique properties; 

• The MG1L1 Chromitite stringer of a maximum thickness of 0.2 m was 

defined at a maximum position of 0.45 m above the MG1 Chromitite reef 

hangingwall contact, and these were assigned similar material properties; 

Gravity field stress type was used, and the parameters used for defining field stress 

conditions in each production section are summarised in  

• Table 5-40; 

• Strength properties and Hoek-Brown parameters of each material are 

summarised in Table 5-41; and  
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• Pillar widths of 8.0 m were used in the modelling exercise. 

 

Table 5-40: In-situ field stress parameters 

 

Table 5-41: Summary of material properties used in the RS2 model 

 

To construct RS2 models in which boundary conditions have no impact on the 

simulation results, external vertical and horizontal boundaries which define the 

model domain were both defined at seven times the span being considered 

(Corkum, 2017). This rule of thumb was applied in all modelled spans from a depth 

of 200 m to 1000 m below the surface. Rollers were applied in the vertical 

boundaries (models fixed in the x-axis) to create planes of symmetry.  

A six-noded triangular-shaped graded mesh was applied to the model with a 

gradation factor of 0.1 to enable the computation of accurate results. Figure 5-26 

shows one of the constructed RS2 model domains with MG1L1 Chrome stringer. 

Figure 5-27 gives a closer look at the RS2 model, showing different materials, as 

well as the position and thickness of the MG1L1 stringer. Figure 5-28 shows an 
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example of the result where measurements were made on-screen to estimate 

tensile zone heights.  

 

Figure 5-26: Constructed RS2 model with MG1L1 Chrome stringer  

 

Figure 5-27: Enlarged section of the RS2 model showing the position and thickness 

of the MG1L1 stringer
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Figure 5-28: RS2 results showing measurements of the vertical tensile zone 
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In the example of the RS2 simulation results in Figure 5-28, the red colour 

represents areas where vertical stress is tensile (the tensile zone). The grey colour 

in the figure represents a vertical compressive stress zone. Table 5-42 to Table 

5-46 summarise and compare the results obtained from analytical equations and 

RS2 modelling for the selected spans with increasing depth below the surface. All 

RS2 modelling results for the various spans evaluated with increasing depth are 

provided in Appendix E. The results are discussed below.  

Table 5-42: Empirical and modelled tensile zone height results at 200 mbs 

 

Table 5-43: Empirical and modelled tensile zone height results at 400 mbs 
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Table 5-44: Empirical and modelled tensile zone height results at 600 mbs 

 

Table 5-45: Empirical and modelled tensile zone height results at 800 mbs 

 

Table 5-46: Empirical and modelled tensile zone height results at 1000 mbs 

 

Higher vertical tensile zone height values were generally obtained from the 

analytical equation than measured values from the RS2 modelling. In both 

methods of evaluation, the height of the tensile zone increased with increasing 

span and decreased with increasing depth below the surface. As mentioned in 

Section 2.8.4, the analytical equation gives a crude estimate of the tensile zone 
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height. It does not consider the deformation properties of the hangingwall rock or 

the presence of a parting plane. The RS2 simulation results, which consider 

important factors in the estimation of the vertical tensile zone height in stopes, were 

then used to inform the required length of support units to maintain stability. The 

RS2 results indicated that at a maximum depth of 200 m below the surface (Table 

5-42), the vertical tensile zone height is less than 1 m for intersecting orthogonal 

panel spans of at most 10 m (where the maximum diagonal span across 

intersections is 14 m). When the orthogonal bord spans are increased beyond 10 

m, the vertical tensile zone height increases beyond 1 m and is measured 

approximately 2 m at the maximum orthogonal panel spans of 15 m. Vertical tensile 

zones extending further into the hangingwall require support units of greater length 

to clamp the unstable zone with competent rock above the unstable zone. When 

the depth below the surface was increased to a maximum of 400 m (Table 5-43), 

a maximum vertical tensile zone height of 1.2 m was calculated at orthogonal panel 

spans of 15 m (where the maximum diagonal span is 21 m). Furthermore, the 

vertical tensile zone increased beyond 1 m when orthogonal bord spans were 

increased beyond 12 m (17 m diagonal span across intersections). When the depth 

below the surface is 600 m (Table 5-44), the vertical tensile zone extended to a 

maximum of 1 m into the hangingwall only at the maximum diagonal span of 21 m 

(orthogonal panel spans of 15 m). Lastly, when the depth below the surface 

increased beyond 600 m (Table 5 45 and Table 5-46), the vertical tensile zone 

extended to less than 1 m into the hangingwall for all the spans which were 

selected for evaluation. The results from this failure analysis will be used to inform 

support element recommendations at the mine.  

5.3 Chapter Summary 

The holistic design of stable bord spans involved the identification and evaluation 

of all rock mass failure mechanisms. In this chapter, factors such as rock mass 

quality, safety requirements, and stope dimensions were considered in the design 

or prediction of maximum stable panel spans and stability evaluation. A 

conservative approach to designing for the largest spans formed due to 

intersecting orthogonal bords was used. The assessment of various rock mass 

failure mechanisms identified critical spans at which failure may occur if not 
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supported. The next chapter will focus on the determination of standard support 

systems to stabilize the stope excavations.    
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6 DETERMINATION OF IN-STOPE SUPPORT 
REQUIREMENTS  

Chapter 5 presented the determination of maximum unsupported stope spans in 

different underground rock quality classes. Through a detailed stability evaluation 

exercise, different rock mass failure mechanisms or instabilities were identified in 

the area between pillars. The MHSC systematic design methodology applied in 

this study recommended the revision and determination of appropriate support 

systems required to address the various failure modes. Chapter 6 presents the 

determination of optimal standard in-stope support systems required to overcome 

the identified instabilities. The in-stope support design in this chapter outlines the 

philosophies followed in the determination of the following standard support 

specifications:  

• minimum rockbolt length; 

• minimum rockbolt support resistance (capacity); 

• optimum support spacing; and  

• secondary support specifications (if any are required).  

The selected standard support system must ensure the safety of stope excavations 

while improving mining productivity and being economical for the mine. A brief 

review of current support practices is included below to later compare and check 

the validity of the support strategies currently employed at the mine. Table 6-1 and 

Table 6-2 present the standard primary tendon and secondary support types 

currently used at the mine. 

Table 6-1: Current in-stope tendon support used at Thorncliffe mine (Glencore 

ECM, 2021) 
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Table 6-2: Specifications of the shotcrete support used at Thorncliffe Mine 

(Glencore ECM, 2021) 

 

The mine uses hand-operated Autorock drills for the installation of hangingwall 

support, presented in Table 6-1. To achieve optimal bond strength and a rigid 

anchorage system, 28 mm diameter drill holes are used for the resin-grouted bolts 

and flexibolts (Glencore, 2021). This results in a 5 mm drillhole annulus, which falls 

within the recommended resin annulus range of 3 mm to 6 mm to ensure effective 

roof bolt performance (Canbulat, et al., 2005). Cable anchors are installed using 

38 mm diameter drill holes, resulting in a 10 mm annulus, which ensures grout flow 

(Sandvik Mining and Rock Technology, 2023).  

Previously, the Eastern Chrome Mines (ECM) reported a combined 95% 

cumulative fallout thickness of 0.5 m. However, to determine the support resistance 

that the primary support system is required to meet, ECM used a conservative 

maximum height of instability of 1.0 m to account for 100% of potential fallouts. 

Each primary support unit is therefore required to provide a support resistance of 

31.4 kN/m2 (using a density of 3200 kg/m3). As shown in Table 6-1, the primary 

support system consists of 1.5 m long, 18 mm diameter full-column resin grouted 

bolts with an ultimate capacity of 180 kN. The bolts are installed at a maximum grid 

spacing of 1.5 m x 1.5 m, which equates to a supported area of 2.25 m2. The bolt 

yield limit of 150 kN is used to quantify its support resistance of 66.7 kN/m2. This 

support system, therefore, has a FOS of 2.1 against potential rock falls (Glencore 

ECM, 2021). 

The determination of in-stope support requirements in this case study is presented 

in this chapter. To ensure a holistic support design, various failure mechanisms 

were considered. The requirements of the support are:  

• support for rock mass failure (using rock mass classification systems); 

• fallout thickness and support resistance; 

• support for identified keyblocks and wedges; 
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• support informed by stress analysis; and  

• support for a stratified rock mass.  

Lastly, the effectiveness of the selected standard primary support system was 

evaluated to check if the desired stable conditions were achieved. This was done 

using the Jblock Software, which follows a stochastic keyblock analysis to 

determine the effectiveness of the proposed support system.  

6.1 Support Requirements using Rock Mass Classification Systems 

The Barton and Grimstad (1993) empirical support design chart (discussed in 

Appendix B) was used to provide initial indications of support requirements. This 

approach provides support guidelines, particularly in terms of rock bolts and areal 

coverage (shotcrete) requirements. Since the rock mass stability in the stope 

excavations was evaluated for the worst ground conditions (minimum rock 

qualities), the corresponding support requirements were determined for the worst 

conditions to be encountered in each production section, to ensure a conservative 

support design. 

A typical production section consists of various types of production drives with 

unique purposes and life which dictate safety requirements. It was concluded that 

travelling roadways and conveyor belt drives are medium-term excavations and 

therefore require higher levels of safety (or support) than bords used for production 

only. Production bords were determined to be short-term excavations. This means 

that installed support must provide a higher degree of security against instability in 

medium-term than short-term production drives. To express the required safety 

requirements, an ESR of 1.6 and 3 were assigned to medium-term excavations 

and short-term production drives, respectively. These safety requirements were 

considered in the estimation of support requirements.   

Additionally, the estimation of support requirements considered the largest spans 

(diagonals across intersections of orthogonal bords) as an additional safety factor 

in the support design for short-term and medium-term production drives. Table 6-3 

and Table 6-4 summarise the equivalent dimension (De) for medium-term and 

short-term production drives, respectively.  
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Table 6-3: Equivalent dimension (De) for medium-term production drives   

 

Table 6-4: Equivalent dimension (De) for short-term production drives 

 

By plotting the equivalent dimension (De) of the different stope spans against the 

minimum calculated Q-ratings, reinforcement requirements were derived for 

different spans mining in various ground conditions in each production section. The 

calculated Q-ratings in each production section were presented in Section 4.3.3. 

Figure 6-1 illustrates an example of the support design chart for an 11.0 m medium-

term (diagonal) span in RIG 47. All the support design charts for the different spans 

evaluated in each production section are provided in Appendix E. 
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Figure 6-1: Q-support design chart for an 8.0 m medium-term span in RIG 47 

Table 6-5 to Table 6-10 present the estimated support requirements for various 

medium-term spans when mining in various ground conditions from all the ore 

production sections. Table 6-11 to Table 6-16 provide the estimated support 

requirements for short-term panel spans in various ground conditions. The various 

ground conditions represent a different risk category area in the mine.  
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Table 6-5: Support requirements for an 8.0 m medium-term span in different ground conditions 

 

 

 



 

187 
 

Table 6-6: Support requirements for an 11.0 m medium-term span in different ground conditions 
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Table 6-7: Support requirements for a 14.0 m medium-term span in different ground conditions 
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Table 6-8: Support requirements for a 17.0 m medium-term span in different ground conditions 
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Table 6-9: Support requirements for a 20.0 m medium-term span in different ground conditions 
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Table 6-10: Support requirements for a 21.0 m medium-term span in different ground conditions 
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Table 6-11: Support requirements for an 8.0 m short-term span in different ground conditions 
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Table 6-12: Support requirements for a 11.0 m short-term span in different ground conditions 
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Table 6-13: Support requirements for a 14.0 m short-term span in different ground conditions 
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Table 6-14: Support requirements for a 17.0 m short-term span in different ground conditions 
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Table 6-15: Support requirements for a 20.0 m short-term span in different ground conditions 
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Table 6-16: Support requirements for a 21.0 m short-term span in different ground conditions 
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Due to higher safety requirements, medium-term production drives generally 

indicate higher demand for support than short-term production drives of the same 

span dimension, mining in similar ground conditions. In both excavation types, the 

thickness and strength requirements of the skin support decreased with improving 

ground conditions. The spacing between rockbolt units increased (decreasing 

support unit density) with improving ground conditions. The tendon length 

increased with increasing mining span.  

Specifically, in very poor ground conditions, both short-term and medium-term 

production drives required a support system consisting of a combination of closely 

spaced (1.3 m ≤ spacing ≤1.5 m) systematic rock bolting and thick reinforced skin 

support (shotcrete). Medium-term excavations frequently required thicker 

reinforced shotcrete than short-term excavations in the same rock quality class. In 

very poor rock ground conditions, larger medium-term spans (≥17.0 m) required 

longer tendons (3.0 m to 5.0 m) than short-term spans (2.4 m to 3.0 m).  

When mining in poor ground conditions, all short-term mining spans greater than 

8.0 required a maximum support system comprised of a combination of systematic 

bolting and 40 mm – 100 mm unreinforced shotcrete support. Larger medium-term 

spans (≥17.0 m) mining in poor ground conditions required a maximum support 

system consisting of a combination of 50 mm – 90 mm, fibre-reinforced shotcrete 

and systematic bolting. In poor ground, larger medium-term spans (≥17.0 m) still 

required longer tendons (3.0 m to 5.0 m) than short-term spans (2.4 m to 3.0 m). 

Support spacing requirements were, however, similar in both short-term and 

medium-term production drives in poor ground, which ranged between 1.7 m to 

2.1 m.  

When ground conditions improved to fair, all the short-term mining spans required 

only systematic bolting and sometimes only spot bolting to maintain stability. 

However, larger medium-term production drives (> 17.0 m) required a maximum 

support system comprised of a combination of systematic bolting and 40 mm – 

100 mm unreinforced shotcrete in fair ground. All medium-term production drives 

mining in fair-ground conditions required the support spacing to be maintained 

between 2.1 m to 2.3 m. Short-term production drives with smaller spans (≤11 m) 

required a support spacing of between 1.6 m to 2.0 whilst larger spans (≥14.0 m) 
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generally required a wider spacing of between 2.1 m to 2.3 m. Larger medium-term 

spans (≥17.0 m) required longer tendons (3.0 m to 5.0 m) than short-term spans 

(2.4 m to 3.0 m 

To supplement the support recommendations suggested in the original 1974 

publication, Barton, et al. (1977) proposed guidelines for the design of primary 

support systems based on the Q system. The proposed empirical equations are 

used for providing estimates of the rockbolt length (Equation B-9), ultimate support 

pressure required to stabilize the roof of an excavation (Equation B-11) and 

spacing of primary support (Equation B-12). The equations are provided in 

Appendix B. 

In the equations, the tendon length is purely a function of the size of the excavation. 

The required roof support pressure for a given set of Q values depends on the 

dilatational properties of the weakest joint, that is, the roughness (Jr) of the 

discontinuity on which failure is likely to occur (Barton, et al., 1977). Lastly, the 

spacing between rock bolts and skin support requirements is a function of the rock 

mass quality and strength of the bolts.  

Table 6-17 and Table 6-18 present the parameters used for the primary support 

design of short-term and medium-term production drives based on the Q system, 

respectively. To design for the worst case, the minimum Q values at which each 

bord span was selected for evaluation were calculated in all the production 

sections. Additionally, the joint roughness number (Jr) values of the weakest joint 

set (the least favourable for stability in terms of shear resistance) in each 

production section were used. 

Table 6-17: Parameters used for primary support design of short-term panels 
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Table 6-18: Parameters used for primary support design of medium-term panels 

 

Again, the support design using the Q-system’s empirical equations considered 

the largest spans (diagonals across intersections). In Section 5.1, the calculated 

maximum self-supporting spans for medium-term bords ranged between 2 m to a 

maximum of 8 m. Therefore, only a minimum bord span of 6 m and a maximum of 

8 m were evaluated for medium-term span support design. A yield strength or 

tendon capacity of 0.15 MN (currently used at the mine) was used in computing 

the roof support pressure. Table 6-19 and Table 6-20 present the design of primary 

support systems for short-term and medium-term production drives based on the 

Q system, respectively. The results are discussed below. 

Table 6-19: Design of primary support systems for short-term production drives 

 

Table 6-20: Design of primary support systems for medium-term production drives 

 

Again, the results indicated that the required primary support tendon length 

increases with increasing span dimension. The required support pressure 

decreased with improving ground conditions. Medium-term production drives still 
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required a support system comprised of longer tendon lengths than short-term 

production drives of the same span dimension. Section 5.1 showed that for 

medium-term excavations, the required minimum span of 6 m was calculated only 

when the ground conditions were at least fair (improved ground), which explains 

indications of less support pressure requirements and wider tendon spacing. 

However, medium-term excavations developed in the same ground conditions as 

short-term excavations would still require a primary support system which provides 

a higher degree of security against instabilities than support systems for short-term 

excavations.  

6.2 Case Study Support Requirements 

O'Ferrall & Malan (2012) stated that “once operations have commenced, the 

design is adjusted based upon the support system performance. This performance 

is measured by recording the size and location of all falls of ground that occur 

during operations.” According to Jager & Ryder (1999), the support design process 

shifts from the desired mechanistic or structural analyses to the use of rock mass 

classification systems, to simple empirical design rules (the last two are 

conservative and often costly) when there is little understanding of the mine’s rock 

mass failure mechanisms.  

The use of local experience gained over time allows for a structural and 

mechanistic analysis, which considers properties of rock mass discontinuities, 

mechanisms of potential rock mass failure, and the physics of the interaction 

between support and the rock mass (Jager & Ryder, 1999). This emphasizes the 

importance of using the mine’s historical FOG data to produce a refined support 

design which ensures safety in existing and future excavations.  

This section presents the use of the historical FOG data to determine support 

requirements for maintaining stability at the mine. The historical FOGs were used 

to inform the determination of the standard tendon support resistance, support 

length, support spacing, and support FOS against instabilities. 
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 Fallout Thickness and Support Resistance at Thorncliffe Mine 
As discussed in the literature review, the support system in the mine must be 

designed to cater for rockfalls (and not rock bursts) as the mine is situated in a 

shallow mining environment. The Department of Mineral Resources recommended 

that the mine standard support system be designed to prevent 95% of all potential 

fallout heights (O'Ferrall & Malan, 2012). The 95% fallout thickness at Thorncliffe 

Mine, as determined in Section 1.2.6, is 0.5 m. However, the remaining 5% of 

fallout occurrences were analysed, and it was determined that these historical 

fallouts do not represent a separate ground control district or were not caused by 

anomalies at the mine. 

In this case study, a support design optimisation approach was therefore taken 

where the support resistance criterion of the standard support system was 

designed to prevent 100% of all potential fallouts based on the available FOG 

database. This gives a maximum height of instability or 100% fallout height of 

0.8 m. Table 6-21 presents the minimum demand (tendon support resistance) that 

each support unit is required to meet based on the 100% fallout height.  

Table 6-21: Support demand at Thorncliffe based on 100% fallout height 

 

 Standard Bolt Support Length  
The practical determination of standard primary support units’ length takes account 

of the fallout thickness and the critical bond length of the support unit. Stacey 

(2001) stated that a tendon should be designed to be a minimum of 0.2 m longer 

than the determined fallout thickness.  

A rockbolt also consists of a threaded portion, which is usually about 0.1 m, 

enabling tensioning of the bolt. The calculated minimum bolt length when using the 

100% maximum fallout height is 1.2 m. ECM currently uses 1.5 m long rockbolts 
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as reviewed above. Table 6-22 summarises the philosophies followed when 

determining the minimum standard tendon length in this case study and at ECM.  

Table 6-22: Determination of standard bolt minimum length   

 

According to these results, Thorncliffe Mine may have an opportunity to use shorter 

support units of the same capacity and therefore save costs. However, the 

investigation of the influence of reducing support unit length (while maintaining the 

same capacity) will be presented later in this chapter.  

 Support Zone of Influence, Bolt Spacing, and Support Pattern.  
As discussed in Chapter 2, the important factors considered in determining 

appropriate standard support spacing include the tributary area and tendon support 

zone of influence. The tendon zone of influence must fall within the support 

tributary area, which represents the maximum area that can be supported by a 

support unit. According to Roberts (1999), the zone of influence of tendon support 

typically ranges between 1.0 and 1.5 m.  

Therefore, a systematic grid support spacing ranging between 1.0 m to 1.5 m was 

chosen. However, the scenarios evaluating the influence of support spacing will be 

assessed to determine the optimum standard support spacing.  

 Support Factor of Safety and Analysis 
According to the results above, shorter full-column resin-grouted rockbolts can be 

used to maintain stability at the mine. If the current rockbolt capacity is adopted, a 

comparison can then be made between the current standard rockbolts used at the 

mine and the standard rockbolts determined in this case study. Table 6-23 

summarises the comparison of the FOS of support units against FOGs in the 

current support system and the case study support system. The current standard 

tendon support has a FOS of 2.12, whilst the tendon support in this Case Study 
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has a FOS of 2.62 due to a lower demand. Both tendon support systems fulfil the 

industry-recommended rock bolting design FOS of between 1.5 to 3. 

Table 6-23: Comparison of ECM and Case Study primary support FOS  

 

As illustrated in Table 6-23, the current standard support used is adequate and 

validated. However, in this case study, it was illustrated that a lower support 

demand is required to be supported by each unit. Thorncliffe Mine can then use 

shorter resin-grouted bolts of the same 180 kN capacity.  However, this will be 

investigated further below. 

6.3 Support for Identified Keyblocks and Wedges 

In Chapter 5, limit equilibrium wedge analyses were conducted to determine the 

FOS of the largest possible wedges that can form in the area between pillars at 

Thorncliffe Mine. The UNWEDGE analysis gave indications of the support 

pressure required to stabilise the unstable keyblocks in the three ore production 

sections consisting of at least three discontinuity sets.  

To determine an optimal standard support system at Thorncliffe Mine, this section 

presents the use of the UNWEDGE program to evaluate the capabilities of various 

support scenarios for stabilising the identified unstable key blocks. The support 

scenarios are presented in Table 6-24.  
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Table 6-24: Support scenarios evaluated in Unwedge  

 

Support properties were kept constant in all the simulation models. Table 6-25 and 

Table 6-26 summarise bolt and shotcrete properties used in the models.  

Table 6-25: Bolt properties specified in Unwedge 

 

Table 6-26: Shotcrete support specified in Unwedge 

 

Figure 6-2 to Figure 6-12 show the application of the various support scenarios. 

Table 6-27 to Table 6-32 summarise the results of the FOS of the formed wedges 

with different support scenarios in each production section. The results obtained 

from all the models in the three production sections were consistent. The FOS of 

the wedges did not improve when both the 1.5 m and 1.2 m bolts were installed at 

1.5 m x 1.5 m grid spacing. Installing both bolts at a reduced spacing did stabilize 

some wedges, but not all of them, due to the variable sizes (or stabilization areas) 

of the formed wedges. Lastly, by applying a 30 mm shotcrete layer on the skin of 

the stope excavations, the FOS of all the individual wedges was not only brought 

up to acceptable levels but was drastically increased. The effect of the shotcrete is 

due to the small keyblocks as shown in Chapter 5. Shotcrete support should 
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therefore form part of the standard support. However, this can be a costly and 

counterproductive approach. Alternatively, the small keyblocks between support 

units can be managed by adequate barring during entry examination and/or the 

application of mesh or straps.  

 

Figure 6-2: 1.5 m long resin grouted bolts installed on a 1.5 m by 1.5 m grid spacing 

in RIG 47 

 

Figure 6-3: 1.5 m long resin grouted bolts installed on a 1.0 m by 1.0 m grid spacing 

in RIG 47 



 

207 
 

 

Figure 6-4: 1.2 m long resin grouted bolts installed on a 1.5 m by 1.5 m grid spacing 

in RIG 47 

 

Figure 6-5: 30 mm Shotcrete and 1.5m long resin grouted bolts installed on a 1.5 m 

by 1.5 m grid spacing in RIG 47 
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Figure 6-6: 1.5 m long resin grouted bolts installed on a 1.5 m by 1.5 m grid spacing 

in RIG 50 

 

Figure 6-7: 1.2 m long resin grouted bolts installed on a 1.0 m by 1.0 m grid spacing 

in RIG 50 
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Figure 6-8: 30 mm Shotcrete and 1.5m long resin grouted bolts installed on a 1.5 

m by 1.5 m grid spacing in RIG 50 

 

Figure 6-9: 1.5 m long resin grouted bolts installed on a 1.5 m by 1.5 m grid spacing 

in TC1 
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Figure 6-10: 1.5 m long resin grouted bolts installed on a 1.0 m by 1.0 m grid 

spacing in TC1 

 

Figure 6-11: 1.2 m long resin grouted bolts installed on a 1.5 m by 1.5 m grid 

spacing in TC1 
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Figure 6-12: 30 mm Shotcrete and 1.5m long resin grouted bolts installed on a 1.5 

m by 1.5 m grid spacing in TC1 

Table 6-27: FOS results of generated wedges after applying various support 

systems 
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Table 6-28: Results of the FOS of the roof wedge in RIG 50 after applying different 

support 

 

Table 6-29: Results of the FOS of the lower left wedge in RIG 50 after applying 

different support 

 

Table 6-30: Results of the FOS of the upper left wedge in RIG 50 after applying 

different support 
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Table 6-31: Results of the FOS of the lower right wedge in RIG 50 after applying 

different support 

 

Table 6-32: Results of the FOS of different wedges in TC1 after applying different 

support 

 

6.4 Support from Stress Analysis  

In Section 5.2.4, the evaluation of intact rock mass failure involved the 

determination of the maximum vertical tensile zone height. This height was 

assumed to control hangingwall failure and was affected by mining spans and 

depths below the surface. It was established that the height of the tensile zone 

increased with increasing mining span but decreased with increasing mining depth 

below the surface. This means that spans at shallower depths require support 

systems consisting of longer tendons. According to the results, when the depth 

below the surface is increased beyond 500 m, the vertical tensile zone extends to 

a maximum of 1 m into the hangingwall only at the maximum diagonal span of 

21 m (i.e. a bord span of 15 m). Additionally, when the depth below the surface 

increased beyond 600 m, the vertical tensile zone extended to less than 1 m into 

the hangingwall for all the spans evaluated.  

Since the mine has passed mining at depths below 500 m, the 1.2 m resin-grouted 

rockbolts determined above are adequate to provide support to bord spans of less 
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than or equal to 15.0 m and can be used as standard support. This also supports 

future mining as the vertical tensile zone is less than 1 m for the evaluated spans 

when the mining depth below the surface exceeds 600 m.  

6.5 Support for a Stratified Rock Mass 

The hanging wall at Thorncliffe Mine consists of interlayering between the MG1L1 

disseminated Chrome reef and pyroxenite host rock. It was determined that the 

onset of snap-through failure in the mine occurs when a beam thickness of smaller 

or equal to 0.30 m in a 17.0 m diagonal span (formed by a 12 m span of orthogonal 

bords) has deflected by 26.31 mm. The length of a standard support of 1.2 m 

determined in this case study is adequate to suspend or clamp together unstable 

strata to the stable beam above the excavation. Alternatively, the mining cut at the 

mine can include the MG1L1 Chromitite stringer, which would eliminate a source 

of many FOGs at the mine. 

6.6 JBlock Probabilistic Stability Analysis  

Finally, the JBlock programme enabled a risk-based standard support design 

which involved using characteristics of discontinuity sets for simulating and 

assessing the stability of hangingwall keyblocks in each production section. The 

Jblock program followed a probabilistic approach to determine the size and 

frequency of keyblocks that can occur in the stope excavations. The programme 

was then used to assess the effectiveness and validity of different standard support 

systems on the probability of failure of the formed keyblocks. Support effectiveness 

is determined by the number of keyblocks prevented from falling by the support 

system in place.  

In the model setup, two ‘hazard zones’ were defined in the working area of 

production sections. The face area, which is measured 3 m from the position of the 

advancing face and the focus of this study (area of interest), and the ‘back area’, 

which extends 15 m from the back of the face area, are in the working area. Support 

was applied in both hazard zones. Since the exposure of the workforce to unsafe 

areas in the panels, two personnel were allowed in the face area for 30% of the 



 

215 
 

production shift, with only one person allowed to work in the back area 15% of the 

production shift (Maepa, 2024). 

Table 6-33 presents the support scenarios that were analysed in the Jblock 

Software. Support properties used in the models are presented in Table 6-25 and 

Table 6-26. The modelled standard support layouts consist of varying bolt lengths, 

support spacing, and the application of shotcrete. Table 6-34 summarises the 

characteristics of each discontinuity set which were used as inputs into the Jblock 

models. Input parameters consist of discontinuity set orientation data, trace 

lengths, spacing, and shear strength properties. In all the production sections, a 

mining span of 10 m was selected to evaluate and demonstrate the effectiveness 

of different support layouts. A hazard analysis of rockfalls was conducted per 

mining step (one face advance of one blast) since the fallout of keyblocks is likely 

to occur during a blast, and only a few will fall after blasting. An advance of 4 m 

per blast was used. 

Table 6-33: Support scenarios to assess the effect of support spacing, bolt length, 

and shotcrete 
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Table 6-34: Summary of discontinuity characteristics in each mining section 
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Figure 6-13 and Figure 6-14 illustrate the Jblock scenarios modelled with no 

support and with support installed at 1.5 m by 1.5 m spacing, respectively. The red 

outlines represent unstable keyblocks, which are mostly concentrated behind the 

advancing face, whilst the blue outlines represent stable keyblocks and are seen 

mostly in the back of the working area. A few keyblocks become unstable further 

behind the face. The green blocks are formed outside of the excavation.  

 

Figure 6-13: JBlock Model of a 10 m Span with no support in Rig 47 
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Figure 6-14: JBlock Model of a 10 m Span with support installed at 1.5 m by 1.5 m 

in Rig 47 

The interpretation of the results is summarised in three parts, namely the number 

of falls per blast, as illustrated by Figure 6-15 and Figure 6-18 for unsupported and 

supported, respectively. Secondly, block stability outlines the key block size 

distribution, indicating the frequency of blocks that failed in each size class (Figure 

6-16 and Figure 6-19). Lastly, the hazard and risk results for each hazard zone 

outline the total number of falls per mining step, average failure volume per mining 

step, and expected injuries per mining step in Figure 6 17 and Figure 6-20. All the 
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scenarios modelled in Jblock for all three production sections are provided in 

Appendix E.  

 

Figure 6-15: Distribution of rockfalls in the face area of a 10 m bord span with no 

support in Rig 47 
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Figure 6-16: Key block stability frequency distribution chart for a 10 m bord span 

with no support in Rig 47 

 

Figure 6-17: Hazard and risk results for a 10 m bord span with no support in Rig 

47 
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Figure 6-18: Distribution of rockfalls in the face area of a 10 m bord span with 

support in Rig 47 

 

Figure 6-19: Keyblock stability frequency distribution chart for a 10 m bord span 

with support in Rig 47 
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Figure 6-20: Hazard and risk results for a 10 m bord span with support in Rig 47 

Table 6-35 to Table 6-37 summarise the results from the three production sections. 

It is worth noting that more than 95% of the keyblocks formed in all the mining 

sections are less than or equal to 1.0 m3, which confirms the formation of small 

keyblocks in the hangingwall. This is demonstrated in Figure 6-19. Firstly, the 

results indicated that when no support is applied, a small percentage of blocks are 

still held in position by friction and are stable. The percentage of failed blocks in 

the ‘no support scenarios’ varied between 68.7% to 78.9% in the three production 

sections. The results indicated that the installation of the tendon support units 

decreased the number of failed blocks by a small percentage. Only a small number 

of blocks were stabilized. The keyblocks still failed between support units due to 

their small dimensions. Importantly, the 1.5 m and 1.2 m long resin grouted bolts 

installed at 1.5 m by 1.5 m grid spacing had the same effect in terms of providing 

support in all three mining sections, which provides further evidence of an 

opportunity to decrease the standard support length to 1.2 m. Installing 1.5 m long 

bolts on a grid spacing of 1 m by 1 m reduced the percentage of keyblocks by a 

maximum of about 11% but this was considered insignificant in this environment 

due to the increased support density, which translates to increased support costs. 
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The application of areal coverage of 30 mm shotcrete stabilized all the keyblocks, 

which agrees with the results in Section 6.3 (Unwedge analysis of keyblocks).  

Table 6-35: Results of statistical keyblock analysis, Rig 47 10 m span 

 

Table 6-36: Results of statistical keyblock analysis, Rig 50 10 m span 

 

Table 6-37: Results of statistical key block analysis, TC1 10 m span 

 

Note the formation of relatively bigger blocks (volume) in RIG 50 in Table 6-36, as 

this production section consists of five discontinuity sets, which create bigger 

keyblocks. However, even the biggest blocks were completely stabilised by the 

application of shotcrete. Table 6-38 summarises results from assessing the impact 

of varying the bord width dimension on the risk of rock falls (frequency of rockfalls 

and fallout size) in unsupported and supported bords, respectively. To carry out 

this exercise, the calculated spans ranging from 6 m to 15 m mining in the TC1 ore 

production block were evaluated. Exports of the Jblock results for each scenario 

are also provided in Appendix E. The results are discussed below. 
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Table 6-38: Effect of increasing supported bord spans on rockfall risk 

 

The results indicated that while the improvement was considered small, reducing 

bord spans mitigated the rockfall risk by reducing the percentage of failed blocks, 

rockfalls per mining step, and the size of the fallouts. The results from all the spans 

evaluated still indicated that more than 95% of blocks are small (< 1 m3) and fail 

between support units. Again, the application of shotcrete stabilized all the 

keyblocks due to their small dimensions. 

6.7 Support Cost Saving Analysis 

Currently, Glencore ECM installs the 1.5 m long full-column resin grouted rockbolts 

with one 500 mm long fast set capsule and one 900 mm long medium set capsule 

(Glencore ECM, 2019). The optimised or proposed bolt length of 1.2 m in this study 

will be installed with one 500 mm long fast set capsule and one 600 mm long 

medium set capsule. Both primary support systems require 2 capsules per support 

hole. Table 6-39 presents the prices of the roof bolts and resin capsules used in 

the current and optimised primary support systems. 

Table 6-39: Roof bolts and resin capsules pricing (Sandvik Rocbolt Technologies 

, 2025) 
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Table 6-39 indicates that the resin capsule box used in the installation of the 1.5 m 

long rockbolts contains 24 capsules, with each capsule costing about R13.06. The 

resin capsule box, which can be used in the installation of the optimised 1.2 m long 

rockbolts, contains 30 capsules, with each capsule costing about R11.26 (Sandvik 

Rocbolt Technologies , 2025).  

To demonstrate the potential of saving costs on support in this study, a standard 

1.5 m grid bolt spacing in an 8 m face length was used. The mine’s support 

procedure requires that resin bolts be always installed at a maximum of 1.5 m from 

the side wall (Glencore ECM, 2019). This means approximately 4 rock bolts will be 

installed per support line along the dip of an 8 m panel. After an advance per blast 

of 4 m, the mine installs 3 lines of rock bolts spaced at 1.5 m along strike. This 

equates to 12 bolts installed in each production face after each blast. Each 

production cycle consists of 2 shifts. To meet production targets 10 crews or 

production sections blast about 5 panels per shift for an average of 21 days each 

month in a year (Glencore ECM, 2021). These parameters were used in Table 6-40 

to demonstrate the potential of saving support costs in a year when using the 

optimised bolt of 1.2 m in length.  
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Table 6-40: Support cost saved annually 

 

Table 6-40 demonstrates that Thorncliffe Mine can potentially save R 3 807 820.80 

annually while maintaining safe in-stope working conditions if 1.2 m rock bolts are 

adopted as standard primary support. The support system consisting of 1.2 m long 

rock bolts is effective yet overall cheaper than the support system consisting of 1.5 

m long rock bolts. 

6.8 Chapter Summary 

This chapter aimed at determining optimum standard support requirements to 

stabilize the rock mass at Thorncliffe Mine. A review of the current support 

practices at the mine was conducted. It was concluded that the current standard 

support system, consisting of 1.5 m long full-column resin-grouted bolts, is 

adequate. However, deterministic and probabilistic analyses suggest that a cost-

saving alternative exists by using 1.2 m long bolts with the same capacity and 

spacing. This is because, according to the evaluation of stability assessments, the 
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unstable keyblocks forming between pillars are small in dimension, and all potential 

instability modes can be managed by the 1.2 m resin rockbolts. The small 

keyblocks occurring between support units can be managed by adequate barring 

during stope entry examination or the application of shotcrete. The next chapter 

rounds up all the key findings from the research project. 
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7 PROJECT FINDINGS 

The MHSC systematic methodology for designing maximum stable stope spans in 

shallow mining conditions was applied in this research project. The study involved 

the identification and evaluation of various hangingwall failure mechanisms, which 

led to the determination of a standard support system required to stabilize the roof 

between pillars. An important (safety) factor considered in the design of maximum 

bord spans that can be safely mined was areas of the largest spans where the 

potential of large collapses occurring is increased. This area is defined by the 

diagonal span across intersections of equal-sized orthogonal panels. Bord widths 

were also tailored to engineering requirements, local rock engineering 

environment, and the degree of safety required in different production drives. This 

Chapter discusses key findings of the research project. 

7.1 Rock Mass Failure Analysis 

The study included in-depth rock mass characterization, which resulted in 

geotechnical data that were used as input parameters in different rock mass 

classification systems to quantify rock mass quality. The RMR89, GSI, Q-system, 

and MRMR2000 classification systems were used to quantify the quality of the 

hangingwall rock mass at Thorncliffe Mine. Rock mass classification schemes 

were also used to provide indications of likely dimensions of stable spans under 

different ground conditions and corresponding support requirements. The 

evaluation of stability of stope spans was conducted using the modified stability 

graph method using the modified stability number, N’, originally developed by 

Mathews et al. (1980) and the mining rock mass rating (MRMR) system originally 

developed by Laubscher (1977). The findings from using empirical methods based 

on rock mass classification systems are summarized as follows:  

• The quality of the hangingwall rock mass at Thorncliffe Mine’s underground 

workings ranged from very poor to very good ground conditions. Only the 

Q-system identified the existence of very poor ground conditions in all the 

ore production sections. Both the Q-system and MRMR2000 results 

confirmed the occurrence of poor ground conditions. All rock mass 

classification systems used to quantify rock mass quality confirmed the 
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existence of fair ground at the mine, whilst good ground conditions were 

identified by all rock mass classification methods used, excluding the Q-

system. Very good ground conditions were confirmed by both the RMR89 

and the GSI classification systems.   

• Results from the characterization and rock mass classification exercises 

indicated that areas of very poor and poor ground quality were caused by 

the existence of adverse geological discontinuities. These include 

discontinuities such as pegmatite veins, shear zones, joint zones, fracturing 

associated with dykes, minor faults, and domes.  These areas consisted of 

the intersection of discontinuities (or discontinuity sets) that are closely 

spaced, where most individual discontinuities have planar, Slickensided or 

smooth surfaces with thick infill material of low strength, such as serpentine 

serpentinite infill.  

• It was determined that support design in underground excavations depends 

on rock mass quality, safety requirements, and planned span dimension. 

Therefore, the unique purposes and life of the different types of production 

drives in a bord and pillar mining section were considered in determining 

maximum spans that can be safely mined. Travelling roadways and 

conveyor belt drives were classified as medium-term excavations and 

required higher levels of safety than bords used for production only, which 

were classified as short-term excavations.  

• Due to the different degrees of safety required in the different production 

drives, it was determined that the maximum self-supporting spans for short-

term panels can be as low as 3 m in very poor rock to a maximum of 15 m 

in fair rock qualities. Due to higher safety requirements in medium-term 

panels, the calculated maximum self-supporting spans were generally low. 

The values ranged between 2 m in very poor ground to a maximum of 8 m 

in fair ground.  

• Engineering requirements dictated that the mine maintain minimum bord 

spans of 6 m to accommodate the manoeuvrability of the TMMs. The mine 

also required 6 m minimum spans in strike conveyor belt drives to 

accommodate belt conveyor equipment and provide sufficient space for 

workers to travel to working places.  

• In the stability evaluation of the calculated bord spans under different rock 

mass qualities, results from the modified stability graph method and MRMR 
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correlated well. As ground conditions deteriorate from good to poor, the 

mining spans indicate the likelihood of stability problems. In good ground, 

results from the MRMR indicated that all calculated diagonal spans ranging 

between 8 m to 21 m spans (formed by 6 m to 15 m spans of orthogonal 

bords) are likely to be stable without support (stable zone). However, 

according to Stacey (2001), rock support is still required even in good-

quality rock masses. 

• In fair ground, stable conditions in larger spans ranging between 17 m to 

21 m diagonal spans (formed by 12 m to 15 m spans of orthogonal bords) 

could only be achieved by the installation of appropriate support 

(transitional zone). However, smaller spans of 8 m to 14 m (formed by 6 m 

to 10 m spans of orthogonal panels) were likely to be stable without support 

in fair-ground conditions. When ground qualities further deteriorated to 

poor, stable conditions could only be achieved by the installation of support 

in all the calculated spans, ranging between 8 m to 21 m (formed by 6 m to 

15 m spans of orthogonal panels).  

• As outlined above, the existence of very poor ground conditions was 

confirmed in all the ore production sections by the Q-system. The modified 

stability graph method indicated that in very poor ground, 8 m to 11 m 

diagonal spans only (formed by 6 m to 8 m spans of orthogonal bords) were 

likely to be stable with the installation of support, while the rest of the 

calculated spans will fail. 

7.2 Hangingwall Beam Failure Analysis 

It was outlined that the interlayering between the MG1L1 disseminated Chrome 

reef and pyroxenite host rock in the hanging wall at Thorncliffe Mine resulted in a 

pseudo-stratified rock mass (formed from beams of rock). The Voussoir beam 

theory was utilised to determine the stability and deflection of the (compressive) 

Voussoir arch. The stability evaluation focused on the assessment of two Voussoir 

arch failure modes, namely buckling of the roof beam resulting in ‘snap-through’ 

failure, and shear failure along discontinuities at the abutments. The findings are 

as follows:  
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• The probability of both the assessed Voussoir beam failure modes 

occurring increases with decreasing beam thickness and increasing span 

dimension; 

• The onset of snap-through failure in the hangingwall occurred when a beam 

thickness of smaller or equal to 0.30 m in a 17.0 m diagonal span (formed 

by 12 m spans of orthogonal bords) had deflected by 26.3 mm. Therefore, 

the potential of rock beams buckling is increased where the rock beam 

thickness is less than or equal to 0.30 m; 

• These findings correlated with the mine’s recorded historic FOG database, 

which indicated that 48% of all FOGs are due to hangingwall parting planes 

situated at a modal fallout height of 0.25 m (less than 0.30 m rock beam 

thickness). As a strategy for eliminating the source of many FOGs, the mine 

can include the entire MG1L1 stringer in the mining cut; and 

• Lastly, the calculated FOS against abutment shear failure indicated that 

there is no potential for shear-type beam failure for all the spans evaluated 

up to the depth of 1000 mbs (life of mine). 

7.3 Structural Failure Analysis 

To cover all ground conditions likely to be encountered at the mine, scanline 

mapping data was collected in the current five ore production blocks. The 

orientation data of the mapped discontinuities enabled the identification of major 

discontinuity sets in each of the five mining sections. The acquired structural data 

also enabled detailed mechanistic and structural stability analyses, which consider 

the frictional characteristics of the discontinuities. The purpose of the structural 

stability analyses was to determine the actual size of the wedges and failure modes 

of individual keyblocks, which informed the determination of support required to 

ensure the stability of the wedges. The findings from the structural stability analysis 

are summarised as follows: 

• Major discontinuity sets having similar trends and plunges were identified 

in the five production sections. This confirmed the orientation of major 

structural features at the mine. It was also determined that the mine’s 

underground workings consist of random discontinuities that are ‘scattered’ 

throughout the mine and do not form part of any discontinuity set; 
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• Analysis of the structural data acquired at Thorncliffe Mine’s underground 

workings indicated that only the three sections (ore blocks) mining towards 

the South direction (RIG 47, RIG 50, and TC1) consist of the intersection 

of three or more major discontinuity sets. This was an indication that there 

were potentially unstable blocks. The two sections mining towards the 

North direction both indicated an intersection of less than three major 

discontinuity sets, which indicated the probability of fewer instabilities 

occurring; and 

• Results from the analysis carried out using Rocscience’s software 

‘UNWEDGE’ indicated that the size of the formed and unstable wedges is 

quite small, with a maximum volume of 0.3 m3. This analysis further 

indicated that the reinforcing forces required to accomplish the wedge 

design FoS are small, with a maximum support pressure of 13 kPa. The 

probabilistic stability analysis conducted using the Jblock programme 

confirmed the formation of small keyblocks in the hangingwall in all the 

mining sections. 

7.4 Intact Rock Failure Analysis 

The intact rock failure analysis focused on the determination of the maximum 

vertical tensile zone height above the shallow stopes. This provided predictions of 

the maximum extent of fracturing in the hangingwall above the stope excavations 

and therefore guided the design of standard support and maximum spans. 

Analytical design methods, which include physical calculations and numerical 

assessment using the Rocscience 2D finite element program RS2, were used to 

determine estimates of the vertical tensile zone height. The calculated diagonal 

spans across intersections (which are formed by 6 m to 15 m spans of equal-sized 

orthogonal panels) were used in each method from a depth of 200 m to 1000 m 

below the surface. The findings from this analysis are as follows:  

• Results from both analytical design methods indicated an increase in the 

height of the vertical tensile zone with increasing mining span and a 

decrease with increasing depth below the surface; 

• It was decided to use results from the RS2 simulation to inform the length 

of tendon support units required to maintain stability. This is because the 



 

233 
 

RS2 numerical assessment considered important factors such as the 

deformation properties of hangingwall and ore-zone materials, in-situ field 

stress, depth below the surface, bord widths, and the existing MG1L1 

Chrome stringer in the hangingwall. The analytical equation only 

considered the depth below the surface and bord widths to give crude 

estimates of the vertical tensile zone height; and 

• Principally, the results indicated that when the depth below the surface is 

increased beyond 500 m, the vertical tensile zone extended to a maximum 

of 1 m into the hangingwall at the maximum diagonal span of 21 m (when 

orthogonal bord spans are a maximum of 15 m). Additionally, at a depth 

below the surface of more than 600 m, the vertical tensile zone extended 

to less than 1m into the hangingwall for all the spans evaluated. This 

indicates that the current and future standard support system does not have 

to consist of longer tendon units since production is currently taking place 

at a depth below the surface of about 590 m. 

 

7.5 Support Requirements  

Various failure mechanisms between pillars were considered in the determination 

of an optimal standard support system. While empirical rock mass classification 

systems provided initial indications of support requirements in different ground 

conditions, the importance of using the mine’s historical FOG database in the 

determination of standard support specifications was demonstrated. Support 

specifications include the rockbolt length, rockbolt support resistance (capacity), 

and support spacing. The proposed standard support system was backed up by a 

risk-based support design using the JBlock program. The following support 

strategies were derived:  

• Poor ground conditions and larger spans (≥17.0 m) require a combination 

of both closely spaced long systematic rock bolting and reinforced 

shotcrete; 

• When ground conditions improve to fair or good, the spacing between 

rockbolt units in smaller spans (<17.0 m) can be increased, which 

decreases support unit density and therefore decreases support costs; 

• Unreinforced shotcrete and sometimes no shotcrete support can be used 

in fair to good ground conditions and smaller spans; 
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• The current standard support system, consisting of a 1.5 m long full-column 

resin grouted, was validated. However, deterministic and probabilistic 

analyses indicated that a cost-saving alternative exists of using 1.2 m long 

bolts with the same capacity; 

• The unstable keyblocks forming between pillars are small. It was 

demonstrated that the various potential instability modes can be managed 

by a standard support system consisting of 1.2 m rockbolts; 

• The small keyblocks occurring between support units can be managed by 

adequate barring or application of shotcrete; and 

• A cost-saving analysis demonstrated that Thorncliffe Mine can potentially 

save R 3 807 820.80 annually while maintaining safe in-stope working 

conditions if a support system consisting of 1.2 m rock bolts is adopted. 

7.6 Chapter Summary 

The research project findings demonstrated the importance of considering various 

critical factors governing stability to ensure the safe creation of stope excavations 

in current and future mining. The next chapter concludes the research project by 

rounding up key findings and observations from the research study and providing 

recommendations to the mine. 
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8 CONCLUSIONS AND RECOMMENDATIONS 

The research aimed at providing Thorncliffe Chrome Mine with maximum stable 

bord spans and a support design that ensures that the standard support system is 

adequate for most of the expected ground conditions at the mine. This involved the 

application of a systematic and holistic design methodology proposed by the 

MHSC for the design of shallow stope excavations. The method enabled the use 

of a combination of different rock engineering design methods to evaluate various 

rock instability modes which can occur in the stope excavations. The stability 

analyses subsequently informed the design of a standard support system required 

to maintain stability in the mine. This Chapter concludes the research report by 

providing a summary of the key findings and observations, research contributions, 

and research limitations, and provides recommendations to the mine.  

8.1 Summary of Chapters 

This report has presented seven chapters that cover the following:  

• Chapter 1 introduced the research report by outlining the research context 

and background, which focused on providing background information on 

Thorncliffe Chrome Mine. This included Thorncliffe Mine’s locality, geology 

(regional and local), mine design criteria, and the analysis of historical FOG 

incidents. The chapter presented the problem statement, which highlighted 

the need for Thorncliffe Mine to follow an engineering approach which takes 

critical factors into account for the stability of bords. This was followed by a 

discussion on the justification and main objectives of the research study. 

Finally, the research methods employed to achieve the objectives of the 

study were introduced in this stage.  

• Chapter 2 presented the research study literature review, which firstly 

outlined the different rock engineering methods available for the design of 

underground stope excavations. This was followed by detailing all the 

components of the systematic MHSC methodology for designing maximum 

stable bord spans in shallow mining operations in the BC. Lastly, the 

chapter covered different industry approaches for the determination of 

support requirements in shallow mining environments. 
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• Chapter 3 presented the geotechnical investigation undertaken at 

Thorncliffe Mine’s underground workings. The data were used to determine 

critical parameters that adequately quantify and describe the rock mass 

structure. Geotechnical data gathering consisted of the scanline mapping 

of underground exposed hangingwall and pillar rock surfaces, and 

laboratory testing of rock material. 

• Chapter 4 presented the underground rock mass characterisation results, 

which involved using the acquired geotechnical data to quantitatively 

describe the geotechnical character of the discontinuous rock mass. The 

characterisation exercise provided an in-depth understanding of the rock 

mass structure in the mining environment, and critical mine design 

parameters were derived in this stage. 

• In Chapter 5, results from the characterisation exercise in Chapter 4 were 

used as input in the design of maximum stable bord spans between pillars. 

The possible instability modes in the stope excavations were evaluated, 

which subsequently informed the determination of support required to 

maintain stability. Additionally, maximum bord widths that can be safely 

mined were tailored to engineering requirements, local rock engineering 

environment, and the degree of safety required in different production 

drives.  

• Chapter 6 presented the application of various approaches to determine 

optimal standard in-stope support systems required to overcome the 

identified instabilities between pillars. The chapter outlined the philosophies 

followed in the determination of support specifications such as the rockbolt 

length, support resistance (capacity), support spacing, and areal coverage. 

This chapter included a support cost-saving analysis, which demonstrated 

the impact of adopting a primary support system consisting of the support 

specifications proposed in this study. 

• Lastly, Chapter 7 rounded up the key findings from the different analyses 

conducted in the research project. This included findings from the rock 

mass failure analysis, hangingwall beam failure analysis, structural failure 

analysis, intact rock failure analysis, and the evaluation of support 

requirements.  
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8.2 Research Key Findings and Observations  

The research study involved the application of an improved method for determining 

maximum stable bord spans that can be safely mined. The current support system 

was also investigated. The following are key findings and observations of the 

research project: 

• The quality of the hangingwall rock mass at Thorncliffe Mine’s underground 

workings ranges from very poor to very good ground conditions. The 

existence of these different ground conditions was confirmed using the 

RMR89, GSI, Q-system, and MRMR2000 classification systems; 

• Areas of poor ground quality consisted of the intersection of adverse 

discontinuities (or discontinuity sets) that are closely spaced, where most 

individual discontinuities have planar, slickenside or smooth surfaces with 

thick infill material of low strength, such as serpentinite infill. These include 

discontinuities such as pegmatite veins, shear zones, joint zones, fracturing 

associated with dykes, minor faults, and domes; 

• The production ore blocks mining towards the South direction consisted of 

the intersection of three or more major discontinuity sets, which indicated 

that there are more potentially unstable blocks. The production sections 

mining towards the North direction indicated an intersection of less than 

three major discontinuity sets, which indicated the probability of fewer 

instabilities occurring; 

• In addition to the critical geotechnical parameters which characterise the 

discontinuous rock mass structure, important factors considered in 

designing maximum bord widths were engineering (equipment) 

requirements, local rock engineering environment, and the degree of safety 

required in different production drives. This degree of safety was dictated 

by the unique purpose and life of the different types of production drives in 

a bord and pillar ore production section; 

• Travelling roadways and conveyor belt drives were classified as medium-

term excavations, indicating higher levels of safety (support requirements) 

than bords used for production only, which were classified as short-term 

excavations; 

• The design of maximum stable bord widths considered the largest spans 

where the potential of large collapses occurring is increased. The spans 
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were defined by the diagonal span across intersections of equal-sized 

orthogonal panels; 

• Initial stability analyses indicated that maximum self-supporting spans for 

short-term panels can be as low as 3 m in very poor rock to a maximum of 

15 m in fair rock qualities. Due to higher safety requirements in medium-

term panels, the calculated maximum self-supporting spans were generally 

less, ranging between 2 m in very poor ground to a maximum of 8 m in fair 

ground; 

• Engineering requirements dictated that the mine maintain 6 m minimum 

bord spans to accommodate the manoeuvrability of the TMMs used in 

production. The mine also required 6 m minimum spans in strike conveyor 

belt drives, to accommodate belt conveyor equipment and space for 

workers to travel. The 6 m requirement equates to 8 m at intersections; 

• Results from the modified stability graph method and MRMR stability 

evaluation correlated well. As ground conditions deteriorated from good to 

poor, the spans indicated the likelihood of experiencing stability problems. 

Results from the MRMR indicated that in good ground, all calculated spans 

ranging between 8 m to 21 m spans (formed by 6 m to 15 m spans of 

orthogonal bords) are likely to be stable without support. However, rock 

support is still required in good-quality rock masses according to Stacey 

(2001); 

• In fair-quality ground, stable conditions in larger spans ranging between 

17 m to 21 m diagonal spans (formed by 12 m to 15 m spans of orthogonal 

bords) can only be achieved by the installation of appropriate support. 

However, smaller spans of 8 m to 14 m (formed by 6 m to 10 m spans of 

orthogonal panels) are likely to be stable without support in fair-ground 

conditions; 

• When ground conditions further deteriorate to poor, stable conditions can 

only be achieved by the installation of support in all the calculated spans 

ranging between 8 m to 21 m (formed by 6 m to 15 m spans of orthogonal 

panels); 

• The modified stability graph method indicated that in very poor ground, only 

8 m to 11 m diagonal spans (formed by 6 m to 8 m spans of orthogonal 

bords) are likely to be stable with the installation of support, while the rest 

of the calculated spans will fail; 



 

239 
 

• Results from the Voussoir beam failure analysis indicated that the onset of 

snap-through failure in the hanging wall occurred when a beam thickness 

of smaller or equal to 0.30 m in a 17.0 m diagonal span (formed by 12 m 

spans of orthogonal bords) had deflected by 26.3 mm. Therefore, the 

potential of rock beam buckling is increased where rock beam thickness is 

less than or equal to 0.30 m. These findings correlated with the mine’s 

recorded historic FOG database, which indicated that 48% of all FOGs are 

due to hangingwall parting planes situated at a modal fallout height of 0.25 

m (less than 0.30 m rock beam thickness); 

• In the Voussoir beam failure analysis, the calculated FOS against abutment 

shear failure indicated that there was no potential for shear-type beam 

failure for all the spans evaluated up to the depth of 1000 mbs (life of mine); 

• Results from the structural stability analysis confirmed that the size of the 

formed and unstable wedges between pillars is small, with a maximum 

volume of 0.3 m3. The reinforcing forces required to accomplish the 

unstable wedges’ design factor of safety are small, with a maximum support 

pressure of 13 kPa. The formation of small keyblocks in the hangingwall in 

the production sections was confirmed by probabilistic stability analysis 

using the Jblock programme; 

• Results from the intact rock mass failure analysis indicated that when the 

depth below the surface is increased beyond 500 m, the vertical tensile 

zone extends to a maximum of 1 m into the hangingwall at the maximum 

diagonal span of 21 m (when orthogonal bord spans are a maximum of 

15 m). Additionally, when the depth below the surface exceeds 600 m, the 

vertical tensile zone extends to less than 1m into the hangingwall for all the 

spans evaluated. This indicated that the current and future standard 

support system can consist of shorter tendon units since production is 

currently taking place at a depth below the surface of about 590 m; 

• Rock mass failure analysis indicated that poor ground conditions and larger 

spans (≥17.0 m) require a combination of both closely spaced long 

systematic rock bolting and reinforced shotcrete for stability; 

• The spacing between rockbolt units in fair-ground conditions and smaller 

spans (<17.0 m) can be increased, which decreases support unit density 

and therefore decreases support costs; 
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• In good or fair-ground conditions and smaller spans, stable conditions can 

be maintained by application of unreinforced shotcrete, and in some cases 

no shotcrete support is required; 

• While empirical methods provided initial indications of support 

requirements in different ground conditions, the importance of using the 

mine’s historical FOG database in the determination of standard support 

specifications was demonstrated; 

• The current standard support system, consisting of 1.5 m long full-column 

resin-grouted bolts was validated. However, deterministic, and probabilistic 

analyses indicated that a cost-saving alternative exists of using 1.2 m long 

bolts with the same capacity; 

• The various potential instability modes identified between pillars can be 

managed by a standard support system consisting of 1.2 m rockbolts; 

• The mine can potentially save approximately R 3 807 820.80 annually on 

support costs while maintaining safe in-stope working conditions if a 

primary support system consisting of 1.2 m long rock bolts is adopted; and 

• Lastly, the small keyblocks which occur between support units in the bords 

can be managed by adequate barring or application of shotcrete.  

8.3 Research Contributions  

This research work formed an essential part of the GCMP of the mine and aimed 

to assist in improving the mine’s mandatory COP to combat rock falls. The research 

study made the following valuable contributions to Glencore ECM Operations: 

• The geotechnical investigation completed in 2022 at Thorncliffe Mine for 

this research project added approximately 1500 m of reliable scanline 

mapping data to the existing limited geotechnical data collected by the mine 

in 2019. The updated data can be used for conducting value-adding mine 

planning and design studies in the mine; 

• The research provided the mine with maximum stable bord spans that can 

be safely mined in different ground conditions. This ensured the maximum 

extraction of ore under safe working conditions; 

• Geotechnical scanline mapping covered all ground conditions likely to be 

encountered at the mine. Additionally, a support design optimisation 
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approach was taken where the support resistance criterion of the standard 

support system was designed to prevent 100% of all potential fallouts 

based on the available FOG database. This means the proposed primary 

tendon support system design will be adequate for most of the expected 

ground conditions at the mine; and 

• The research study identified a cost-saving opportunity for the mine to 

reduce the tendon length from 1.5 m to 1.2 m, while maintaining the same 

support capacity. The newly proposed primary tendon support system 

would still achieve the desired stable conditions whilst reducing support 

costs for the mine. Approximately R 3 807 820.80 can be saved on support 

costs if a support system consisting of 1.2 m rock bolts is adopted. 

8.4 Research Limitations  

The successful application of the MHSC methodology for designing maximum 

safety bord spans and support requirements at Thorncliffe Mine was reliant on a 

proper rock mass characterization study of the mining environment. A few 

limitations and challenges were identified in the geotechnical investigation and rock 

mass characterization stages of the project, which highlight opportunities for future 

research at the mine. These are:   

• Incomplete rock testing database - Tensile tests are important to sufficiently 

tie down the rock mass characterisation, however, these tests were not 

done in the data collection stage of this research project due to budget 

constraints at the mine. Additionally, the research involved the estimation 

of frictional properties of discontinuities with serpentinite infill material 

(which dominates the underground workings). Rock material specimens 

containing discontinuities with infill minerals have not been sampled for 

laboratory testing to derive accurate frictional properties of discontinuities; 

and 

• Estimation of in situ stress field – Local in situ stress measurements have 

never been conducted since the inception of Thorncliffe Mine in 2006. 

Therefore, the estimation of in situ stress field conditions was based on the 

in situ stress measurements collated by Stacey & Wesseloo (1998). The in-
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situ field stress is an important input parameter for evaluating stability of 

stope excavations using numerical modelling techniques. 

8.5 Recommendations to Thorncliffe Mine 

A review and revision of the current mine design criteria used at Thorncliffe Mine 

enabled the application of an improved method for the determination of maximum 

stable bord spans and appropriate support requirements. Based on the learnings 

from the research project, the following recommendations were made: 

• The mine should include the entire MG1L1 stringer in the mining cut as a 

strategy for eliminating the source of many FOGs; 

• The mine should consider reducing the standard tendon support length 

from 1.5 m to 1.2 m. It was demonstrated that stable conditions can still be 

achieved using resin-grouted rockbolts of a reduced length but the same 

capacity. This can reduce support costs for the mine; 

• To confirm the quality of the rock mass in the underground workings, the 

mine should always use more than one rock mass classification system for 

quantifying rock mass quality. It is recommended to use the RMR89, Q-

system, and MRMR2000 classification systems. Additionally, the mine 

should always use a combination of analytical, empirical and observational 

methods to obtain the best possible design of mining spans between pillars; 

• The mine should apply areal coverage support only in areas consisting of 

poor ground conditions and adverse geological occurrences. This is to 

avoid high operating costs and production delays if areal coverage were 

made a standard support requirement. Rock Engineering personnel should 

conduct underground routine visits to determine whether areas of concern 

require areal coverage support; 

• In the determination of support requirements, ensure the largest spans are 

considered, as the potential of large collapses occurring is increased in this 

area. The largest span is defined by the diagonal span across intersections 

of orthogonal panels; 

• Install monitoring devices in bord intersections, as the risk of FOG 

occurrences is increased in these areas; 
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• Since large FOGs are infrequent at Thorncliffe Mine, the mine should adopt 

a cost-effective approach of installing longer and stronger support units, 

such as cable anchors, only when it is required; 

• The mine should enforce good barring practices to ensure the correct 

management of potential rock fallouts between support units; 

• The FOG database indicated that FOGs occur mostly during drilling of the 

face, installation of support, and barring of loose rocks. The mine should 

attempt complete mechanisation, which will involve rolling out TMMs such 

as scalers (for barring) and bolters. This will limit the exposure of personnel 

to FOG incidents and limit injuries related to FOG incidents; 

• The introduction of high-density areal coverage will not eliminate the risk 

associated with some adverse geological structures. The TARP system is 

still a vital daily risk assessment tool for dictating the required level of 

response to hazards presented by adverse ground conditions and 

geological structures; 

• As the mine develops, the ground support standards are expected to evolve 

further; the FOG database should be regularly updated and used to review 

and improve support systems at the mine; 

• The mine should identify GCDs within the mine, which will dictate specific 

support requirements for similar ground conditions at the mine. Therefore, 

improves overall stability; 

• Discontinuities with serpentinite infill material dominate the underground 

workings; it is strongly recommended that rock specimens with 

discontinuities that have serpentine infill be sent for laboratory testing to 

derive accurate frictional properties; 

• GPRs should be routinely used to confirm the position of disseminated 

stringers in the hangingwall. This will continually inform both optimal mining 

and support strategies; 

• The mine should conduct local in situ stress measurements to determine 

the in situ field stress in the mining environment. This input will enable more 

valid stress calculations in the stability evaluation of stope excavations and 

significantly improve the safety of the mining operation; 

• Extensometers should be used to monitor the displacement which 

promotes the opening of discontinuities; and 
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• Short encapsulations pull out tests (SEPT) should be conducted to validate 

the bond strength used and to verify tendon support performance.  
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