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ABSTRACT 

Zimplats mine, a hard rock platinum mine operating within the Great Dyke of 

Zimbabwe, uses the Tunnel Quality Index (Q system) for its rock mass 

classification. The Q system was directly adapted from Barton et al. (1974) due to 

its overall acceptability and positive global record. The system, however, fails to 

align the observed rock mass conditions to the calculated ratings. The calculated 

ratings present nearly 70 % of the mining environment as poor ground, whereas 

from the underground observations, 50 % of the exposed rock mass is either fair 

or good rock mass. The research attempts to answer the question of the Q 

system's adequacy as a mining rock mass classification system. The parameters 

influencing mining rock mass stability were understood by analysing data from 

appropriate rock mass classification systems and other relevant parameters. This 

was done through geotechnical logging and using four rock mass classification 

systems: the RQD, the RMR, the Q, and the Q" systems. The parameters were 

analysed by reviewing previous fall-of-ground (FOG) accidents and incidents, 

including brows, monitoring data from instruments, and numerical modelling. From 

the assessment, the field stress and the orientation of the planes relative to the 

excavation were identified as worthy parameters to include in the research. Data 

analysis using descriptive statistics for each parameter in the assessment was 

done. Regression analysis was also used to determine the relationship between 

the parameters and each classification outcome. The outcomes of the rock mass 

classification systems used in the analysis were converted to both Q and RMR for 

comparison purposes. A review of the support determination chart was also done 

after noting that the Q system is more inclined towards defining extreme conditions 

than fair conditions. The support determination chart by Grimstad and Barton 

(1993) has a wider range of Q values describing poor conditions than the scale 

describing fair and good conditions. This overrates the risk, resulting in support 

overdesign through reduced extraction and extra costs on support. The support 

determination chart by Grimstad and Barton (1993) was altered to suit the hard 

rock platinum mining environment based on FOG data. The chart's upper limit for 

"Q =D" was moved to 3, the upper limit for "Q =C" was moved to 5, and the upper 

limit for fair conditions was moved to 10. The modification presented a better 

analysis when using the Q system. The research justifies the need for a mine-

specific classification system for hard rock platinum mines in the Great Dyke.  
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1 INTRODUCTION 

1.1 Research Background and Context 

Within the Great Dyke of Zimbabwe's hard rock platinum mines, operational 

efficiencies are crucial in guaranteeing both organisational throughput and safety. 

The mining throughput and safety can best be accomplished with a good mine 

design. Stacey (2009) highlights how minimizing uncertainty by suitable 

investigation provides an environment in which more confident designs can be 

carried out, hence reducing risk. Fourie and van Niekerk (2001) discuss the 

importance of geotechnical data, among other data requirements for a good mine 

design. In their presentation, they argue that collecting relevant geotechnical data 

and manipulating it correctly enables a good design. This ensures better falls of 

ground management, promoting stability. The data collected should enable one to 

understand the mechanical properties of the rock and the rock mass before and 

post-excavation. A rock mass classification system is then used to define the rock 

mass, as suggested by Bieniawski (1989). Platinum mines within the Great Dyke 

utilise the Rock Tunnelling Quality Index (Q system) by Barton et al. (1974) or an 

altered version of the system for their rock mass classification. According to Barton 

et al. (1974), the Q system was developed to ascertain the properties of the rock 

mass and estimate the necessary support for tunnels. The Q system has since 

been adopted in the mining industry for use in different underground excavations. 

The study and assessment of the Great Dyke platinum mines have presented 

opportunities for improvement in rock mass classification using the Q system. This 

comes after a difference was observed between the geotechnical conditions on the 

ground and the calculated Q values when using the original Q system. Based on 

the Barton et al. (1974) Q-system, the obtained Q values from the platinum mines 

in the Great Dyke range from 1-4. The obtained Q values describe the rock mass 

as poor ground, symbolised as "D ground." The observations made on some of the 

exposed or mined-out areas differ from the ones portrayed by the Q system. 

Analysis using the rock mass rating system (RMR) does not directly agree with the 

generalised classification using the Q system. From visual observations on 

exposed sites ground conditions range from competent rock mass conditions to 

extremely blocky conditions dominated by weak planes. The differences observed 

between calculated Q values and conditions on the ground result in the wrong 
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support being prescribed, which affects stability. These variances present a basis 

to query the direct adaptation of the Q-system for rock mass classification within 

the hard rock platinum mines of the Great Dyke. This study aims to check the 

suitability of the Q-system in its adaption to mining within the Great Dyke. The 

study also aims at assessing all the variables that are relevant in conducting a rock 

mass classification for the hard rock platinum mine of the Great Dyke. 

1.2 Problem Statement 

Platinum mines within the Great Dyke utilise the Q-system introduced by Barton et 

al. (1974) for their rock mass classification. A bias towards lower ratings of the 

actual rock mass conditions has been noted when using the Q system for rock 

mass classification of the platinum mines in Great Dyke. Rock mass classification 

was done using the Q system at three different portals from the Zimplats mine 

located in the Great Dyke that extracted ore using the room and pillar mining 

method. Above 70% of the obtained Q-values range from 1 - 4, which is 

characterised as poor ground. The observed rock mass conditions however vary 

from densely jointed weak rock mass to competent blocks with joints. The Q 

system presents the rock mass in platinum mines of the Great Dyke as poor, 

evidenced by the 70% values in class D. Visual assessments and direct RMR 

classifications, however, indicate that more than 50% of the actual rock mass 

conditions in the underground mines are fair and stable. The Q system, however, 

exaggerates the conditions towards a negative rating. From records of previous 

falls of ground, rocks have dislodged in areas analysed as poor ground when they 

qualify under the very poor rock mass criteria. Other areas presenting competent 

and stable conditions have been characterised as poor conditions. There is little to 

no room for fair rock mass conditions, as observed in some of the underground 

mining conditions. This could be attributed to the simple adaption of the Q system 

without fully analysing its limitations when applied to underground mining. 

Inaccurate classifications present a cost challenge when excessive support is 

used, and it affects design as planning reduces the extraction to cater for the pillar 

designs. Palmstrom and Broch (2006) argue that in many studies, the initial 

intended field of usage of the Q system has not been well understood. They further 

argue that using rock mass classification systems requires in-depth knowledge of 

the foundation, structure, and limitations around their application apart from simply 
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understanding rock engineering. The argument aligns with the assumption that the 

variances picked could have been due to the simple adaptation of the Q system 

for use in the platinum hard rock mines of the Great Dyke. Watson (2004) 

expresses the need to look at all the parameters influencing stability in the 

management of fall of ground and designing a stable span in the Bushveld 

complex, which has similar characteristics to the Great Dyke. Palmstrom and 

Broch (2006) outline other parameters omitted from the Q system, describing their 

potential significance in defining the rock mass. This presents a need to relook at 

the parameters used for the Q system and those omitted to check on their 

relevance to the rock mass classification of mining excavations. This also supports 

the need to investigate the parameters in use and the excluded parameters 

towards developing a rock mass classification system to use within the Great 

Dyke's hard rock platinum mines. 

1.3 Justification for Research 

Singh and Goel (2001) submit that rock mass classifications represent the basis of 

the empirical design process and are frequently used in the practice of rock 

engineering. The Q-system has been adapted as a mine rock mass classification 

system to determine the rock mass properties and estimate support requirements. 

From assessments made on the platinum mines of the Great Dyke the determined 

rock mass descriptions had a variance from the observed conditions. Rock mass 

classification using the Q system on platinum mines within the Great Dyke has 

shown that over 70% of the Q values obtained range from 1 to 4. Based on 

Grimstad and Barton's (1993) support determination chart, the values in the range 

1-4 carry a geotechnical description of Poor Rock Mass Conditions (D ground). 

The visual assessments and direct RMR classifications outcomes, however, 

oppose the numerical quantification from the Q system on two fronts. The rock 

mass conditions experienced range from jointed and competent to extremely 

blocky and weak. This variation between calculated and observed conditions 

presents a concern about the comprehensiveness of the Q system and its 

variables for rock mass classification. Palmstrom and Broch (2006) summarise 

some of the omitted potential key variables from the Q-system, mentioning joint 

orientation, joint persistence, joint aperture, and rock strength. Bieniawski (1989) 

presents the Rock Mass Rating (RMR) system with additional variables to those 
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utilised in the Q system. Kaiser et al. (1986) argue against the stress reduction 

factor parameter, stating it does not fully represent the rock mass's stress state. 

Palmstrom and Broch (2006) argue against the existing ratio between RQD and Jn 

as an inaccurate measure of relative block size. This upholds an argument that key 

parameters to mining rock mass classification could have been excluded or 

misrepresented in the Q-system. This research is an undertaking to investigate the 

different variables and their function in further determining the rock mass 

classification in mines.  

1.4 Research Objectives  

The research objectives are outlined below as guidelines of what the researcher 

intends to achieve: 

• To outline the parameters affecting mine rock mass stability that can be 

utilised in rock mass classification of hard rock mines within the Great Dyke.  

• To evaluate the impact of input variables towards the rock mass 

classification of hard rock platinum mines within the Great Dyke.  

• To propose an effective rock mass classification system to use on the hard 

rock platinum mines of the Great Dyke.  

• To determine the correlations between the variables for the proposed rock 

mass classification system.  

• To evaluate the outcome of the proposed rock mass classification system 

as a validation of the system.  

 

1.5 Research Methods  

This study will include both qualitative and quantitative research methods. The 

methods will entail interpretation of the observed geotechnical conditions and 

defining them through numerical representations for easier quantification and 

classification.  



5 
 

1.5.1 Qualitative research 

The research was done by evaluating pre-existing rock mass classification 

systems and their different variables. This entailed comparing the pre-existing 

classifications to what is visually observed on the ground. It also involved analysing 

previous falls of ground accidents and incidents through visual observation. The 

research allowed for comparing the rock mass classification systems based on the 

discontinuity frequency and conditions of the discontinuities. This would be merged 

with quantitative research to define the rock mass well.  

1.5.2 Quantitative research 

Quantitatively, the parameters in assessments were evaluated based on the 

influence of the numerical ratings on the rock mass classification. The research 

merged the selected most appropriate system for evaluating the rock mass and 

any new parameters assumed to aid in defining the rock mass well. An analysis 

was done by assessing the impact of merging the selected rock mass classification 

system and the new parameters to give an accurate picture of the state of the rock 

mass. This would lead to the development of a suitable rock mass classification 

system for platinum hard rock mines in the Great Dyke. Numerical modelling 

techniques were applied to assist in defining the problem and justifying the 

proposed solution.  

1.6 Sources of Data 

The research data was obtained from the literature review, physical collection, and 

verification. The first area of assessment was the Zimplats Ngezi Mines' Corp data, 

from which Barton's Q system has records of their mining rock mass classification. 

The data obtained allowed for more comparison and analysis using other rock 

mass classification systems. A literature review on other existing rock mass 

classifications and authors that defined the parameters responsible for mining rock 

mass stability on shallow platinum hard rocks was assessed. Analysis of the fall of 

the ground database from 2014 – 2024, which includes all accidents, incidents, 

and near misses reported, was also done from the Zimplats Ngezi Mines database 

as part of the literature and data source. Further literature by Blenkinsop's (2014) 

report on the geotechnical characteristics of the Great Dyke helped align the 

research problem to the possible solution. Physical data collection was done using 



6 
 

both underground and surface mapping. The methods employed include diamond 

drill core logging and analysis, underground mapping, and using a simplified 

version of scan line mapping.  

1.7 Research Validation 

Geotechnical problem definitions and solutions are well anchored on continuous 

improvements using the correct methods for data capture and analysis. The 

research was conducted using guidelines of each classification system to ensure 

marginal error. The data was also collected and recorded in stages of defined 

working intervals to manage fatigue and possible bias. A dual approach to the data 

collection process was followed which entailed initial logs being verified through 

follow ups thus ensuring all necessary data is captured. The researcher ensured 

that the literature review adjoins the initial reports for the classification systems in 

question and any new documentation for the same systems. This assists in 

improvements made and suggestions on parameters omitted from the initial 

research. The researcher used checks and balances during the research to ensure 

accuracy on the calculations and to avoid errors on the excel data calculations. 

Areas of special interest of anomalous records were also scrutinised to determine 

their validity for the research and the suggested outcomes. 

1.8 Structure of the Research Report 

This research report consists of six chapters. Chapter 1 introduces the research 

topic and describes its background, problem statement, justification for the 

research, and objectives. It also briefly describes the research methodologies 

applied to the research. 

Chapter 2 consists of the literature reviewed for the research and the key debates 

surrounding the research from other authors. Details from similar research and key 

learning points of the research are outlined in this chapter. The geotechnical setting 

of the mine where the research was conducted, the mining methods, and the stress 

analysis are also presented in this chapter.  
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Chapter 3 describes the research approach through the engineering wheel of 

design by Stacey (2006). The process describes the data collection process, data 

validation, and proposed methods of data analysis.  

The data collected for the project is presented in Chapter 4. The methodologies 

employed include diamond drill core logging, underground face and sidewall 

logging, EMD logging, GPR scanning, numerical modelling, and due diligence on 

previous fall-of-ground accidents and incidents. For each process undertaken the 

researcher followed the prescribed measures from the previous chapter to ensure 

the collected data is valid.  

Chapter 5 entails the analyses and findings of the data presented in Chapter 4. 

The focus is on answering the research question and objectives through evaluating 

the impact of input variables to the selected rock mass classification system. The 

chapter also presents the determined correlation between the input variables and 

the selected rock mass classification system. 

Chapter 6 is the conclusions and recommendations drawn from the research. After 

the development progression and results analysis of the project, a conclusion 

should be drawn based on the findings. The practicality of the rock mass 

classification system and the applicability of the system. The recommendations on 

how to improve the use or method of use are also part of this closing chapter. It 

also includes the research constraints and how the research can be improved. 
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2 LITERATURE REVIEW  

2.1 Introduction  

In this chapter, the research subject, "A rock mass classification system for hard 

rock platinum mines within the Great Dyke of Zimbabwe," is presented through the 

examination of related literature. The background area where the study was 

conducted was essential for referencing and checks during the data collection and 

analysis process. Further literature from the different rock mass classification 

systems is reviewed to provide insight into different parameters and their selection. 

The key learning points and the advantages of each classification system for use 

in the hard rock platinum mines of Great Dyke are discussed. Details from similar 

research, old and new, will be examined to resolve key debates and achieve the 

study's aim and objectives. 

2.2 Geotechnical Setting for Zimplats Mine 

Zimplats Ngezi Mine is a platinum group metal exploiting mine situated on the 

southern edge of the Hartley Geological Complex, which forms part of the 

Zimbabwean Great Dyke. The mine is located approximately halfway between 

Harare and Gweru, as shown in the area plan (refer to Figure 1), about 160 km 

from Harare using the A5 tarred road as access. Zimplats mine extracts the PGMs 

following the reef at depths of 140 m – 320 m below the collar elevation and 

employs the room and pillar mining method (Zimplats COP, 2024). The mining 

method employs a series of roadways emerging from the main access declines 

spaced approximately 100m apart, with in-stope panels between them separated 

by non-yielding pillars. The access tunnels or declines are mined from the most 

convenient direction for maximum extraction, which is east-west cutting across 

dyke while on the reef. The mining sequence helps to manage beam failure, 

subsidence, and ore dilution in the low-stress mining environment. Zimplats' Ngezi 

Mine operates five mines: Ngwarati Mine, Rukodzi Mine, Mupfuti Mine, Bimha 

Mine, and Mupani Mine. Refer to Figure 2. Ngwarati mine and Rukodzi mine are 

being depleted, and retreat mining is being worked on.  
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Figure 1: Map showing the location of Zimplats mining operations in Zimbabwe 

and Africa (Zimplats COP, 2024)  

 

Figure 2:  Aeromagnetic survey map with the mine shaft sites and major faults 

along the Great Dyke (Zimplats COP, 2024) 

Zimplats Ngezi mine operates in the Great Dyke, which is a layered mafic-

ultramafic complex that transects the Zimbabwean craton. Stratigraphically, the 
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Great Dyke consists of two primary sequences, the upper mafic sequence and the 

lower ultramafic sequence. The sequences can be divided into three lithological 

units, as indicated in Figure 3, showing the layering sequences of the Great Dyke:

 

Figure 3: Section view of surface topography (Zimplats COP, 2024) 

A detailed stratigraphic representation is shown in Figure 4. Indicated are the two 

major successions: a lower ultramafic sequence dominated from the base upwards 

by cyclic repetitions of Dunite, Harzburgite, and Bronzitite (pyroxenite) and an 

upper mafic sequence consisting of gabbro and gabbronorite. Blenkinsop (2014) 

notes that the greater part of the mafic sequence has been removed by erosion. 
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Figure 4: Generalised geological sequence for the Hartley Geological Complex 

(Wilson and Prendergast, 2001) 

The host rock Bronzitite has a uniaxial compressive strength of 180 – 250MPa. 

Table 1 summarises the rock's deformational properties (modulus of elasticity and 

Poisson's ratio). Due to the differences in principal stress value, orientations, and 

structural interplay, the k ratio and rock mass deformation modulus across the five 

operational properties vary. Table 1 also lists a summary of the geotechnical 

properties.  

Table 1: A summary of the intact rock parameters (SRK, 2007) 
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Figure 5 below shows plan from aero-magnetic survey detailing some of the major 

geological features along the Great Dyke. According to Blenkinsop (2014), at least 

six post-intrusion jointing, faulting, and later intrusive events are noted on the Great 

Dyke. The noted discontinuities can be divided into NW, NNE, NE, and EW sub-

vertical groups. The faults and associated joints have strike-slip movement 

indicators. Another set of low-angled dipping thrust faults and sympathetic joints is 

noted, taking a general N or S dip. The thrusts are identified as formed exclusively 

through fracturing and faulting rather than continuous shearing. Faults and dyke 

zones are of variable thickness between less than 1 millimetre and 2 metres. The 

fault infill material noted comprises gouge, cataclasite, and microbreccia. 

Hydrothermal alterations resulting in the creation of coarse-grained phyllosilicates, 

hematite, quartz, and calcite veining are also present. Granite, tonalite and granite 

pegmatite dykes, because of intrusion of EW and NNE joint set, subsequently were 

noted to be frequent by Blenkinsop (2014).  

 

Figure 5: Structural Interpretation based on surface Aeromagnetic Data and 

underground mapping (Zimplats COP, 2024). 
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2.2.1 Mining method 

Zimplats Ngezi mine operations utilise the room and pillar method for platinum 

extractions across their properties. The room and pillar method entails creating 

rooms and leaving residual pillars that give full support of the overburden (refer to 

Figure 6). Mining is always oriented to allow maximum extraction and avoid 

disruptions by known major geological features. The orientation is always oblique 

to the true north by 5 to 15 degrees, depending on the mine. When a prominent 

geological feature is present, bracket pillars may be left to confine the geological 

feature and ensure sustainable regional stability. Low-grade areas can also be left 

unmined, improving the stabilising pillar system. Permanent support is applied in 

the form of pre-stressed support tendons and additional skin, and areal support is 

applied to improve the overall stability of weak or poor ground conditions. Support 

units such as mechanical end anchored bolts, resin bolts, and cable anchors are 

used, and they are stiff support elongates (Jager & Ryder, 1999). Figure 6 shows 

the room and pillar system used at Zimplats Mine.  

 

Figure 6: Room and pillar mining design (Zimplats COP, 2024).  

2.2.2 Stress measurements at Zimplats. 

Zimplats Mining Operations conducted 3-dimensional stress measurements using 

Commonwealth Scientific and Industrial Research Organisation (CSIRO) hollow 
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inclusion (HI) strain cells to measure at three underground sites. The results from 

the three CSIRO-HI stress measurements are summarised in Table 2.  

Table 2: A summary of the stress assessment for Zimplats mine, (Groundworks, 

2018). 

 

2.2.3 Blast impact assessment at Zimplats.  

Zimplats Mines, assisted by Optimal Blasting Solutions (OBS), also conducted air-

blast assessments and blast vibration monitoring. The objective was to compare 

the emulsion explosive product from two suppliers Intrachem and African 

Explosives and Chemical Industries (AECI) and determine the extent of the blast 

vibration. Blast-induced ground vibrations pose serious hazards to the stability of 

the mine and primary ground support. It becomes imperative for a suitable blast 

design, regulated blasting procedures, and routine vibration monitoring and 

measurement to be done. The assessment conducted at one of the mines, Bimha 

mine involved two explosions from separate sections being monitored using a 

Nomis Seismograph (Mini Super graph II) and comparing the two types of 

explosives. To track explosion vibration and air blast, four seismographs—two for 

each blast—were positioned between 22 and 55 m apart. The following were the 

findings:  
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• For the AECI's blast, vibration levels diminished faster, from 256.5 mm/s to 11.4 

mm/s at 35.4m from the face, below the 50 mm/s threshold.  

• The Intrachem blast maintained a higher peak particle velocity (PPV) reading of 

65.4 mm/s, greater than the 50 mm/s threshold at a greater distance of 55m from 

the face. The decay factor from the tests was 0.25^0.21 factor B. 

• The faster decay rate and higher initial blast energy from AECI showed efficient 

energy conversion, potentially leading to improved blast outcomes.  

• Both blasts exhibited high-frequency vibrations with low damage potential, given 

the range of vibration frequencies recorded.  

Blast-induced ground vibration monitoring successfully evaluated the performance 

of Intrachem and AECI emulsion explosives. AECI's faster vibration decay and 

efficient energy conversion make it preferable for underground stability. Further 

investigation into rock properties and rock mass conditions is necessary to 

understand vibration attenuation. 

2.3 Rock Mass Classification Systems 

Rock mass classification systems are developed from case studies to measure the 

integrity of the rock mass and estimate its attributes for excavation and support 

design (empirical methods). Rock mass classification schemes can be categorised 

as quantitative, qualitative, or both. They are also categorised by function, with 

some used for stability analysis and others for support design. Kirkaldie (1988) 

found 28 characteristics in rock masses that influence their strength, deformability, 

permeability, or stability. Of these factors, ten are associated with rock material 

qualities, ten with discontinuity properties, and eight with hydrogeological 

properties. Because of the complexity of including all the variables in the numerical 

description of the rock mass, it is critical to consider the design of simple and 

appropriate systems using selected key characteristics. This chapter will evaluate 

some of the significant systems and their parameters towards developing and 

improving a rock mass classification system for hard rock platinum mines. A list of 

some of the classification systems is presented in appendix table A1. 
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2.3.1 Rock Load Classification 

Terzaghi (1946) developed a system that checks the rock load carried by steel 

arches in tunnel support based on rock descriptive classification. The system is a 

semi-quantitative but comprehensive classification method. Hoek (2007) explains 

how descriptive categorisation was used to evaluate the influence of geology and 

rock loads to be carried. The rock load system ignores basic geological rock types 

in favour of crucial parameters that influence stability. These parameters include 

rock foliation, block size, discontinuities, swelling, and squeezing.  

2.3.2 Rock Quality Designation Index (RQD) 

Deere (1967) developed the Rock Quality Designation Index (RQD). It is a 

quantitative approach for assessing rock mass quality using drill cores. RQD is the 

percentage of the measured lengths of core bits longer than 10 cm (Deere, 1963). 

Figure 9 outlines the procedures for measuring the length of core pieces and 

determining RQD.  

 

Figure 7: Procedure for measurement and calculation of RQD (Deere, 1988) 
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When core is unavailable, the RQD is the number of discontinuities per unit volume 

using visible discontinuity marks on surface exposures (Palmström, 1982). The 

following relationship was suggested for clay-free masses:   

RQD = 115 - 3.3 Jv     Equation 1 

Jv is the total number of joints per unit length for all joint (discontinuity) sets, also 

known as volumetric joint count. RQD is a directional parameter that varies 

according to borehole orientation. The volumetric joint count aids in reducing 

directional dependency. Blast-induced fractures should be excluded when 

calculating the Jv. Another development in the RQD relationship for exposed 

surfaces by Palmström (2005) is noted as follows:  

RQD = 110 - 2.5 Jv  (for Jv = 4-44)   Equation 2 

2.3.3 Tunnelling Quality Index (Q) System 

Barton, Lien, and Lunde (1974) developed the Q-system at the Norwegian 

Geotechnical Institute in Norway to determine rock mass characteristics and 

tunnel support requirements. The system consists of six parameters that are 

subdivided into three quotients. It uses a final logarithmic scale with values 

ranging from 0.001 to 1,000 (Bieniawski, 1989).  

𝑄 =      
𝑅𝑄𝐷

𝐽𝑛
 𝑥 

𝐽𝑟

𝐽𝑎
  𝑥 

𝐽𝑤

𝑆𝑅𝐹
    Equation 3 

Where   

• RQD (Rock quality designation) 

• Jn: Joint set number  

• Jr. Joint roughness number for a critically orientated joint set  

• Ja, Joint alteration number for a critically orientated joint set  

• Jw: Joint water reduction number  

• SRF: Stress reduction factor  

 

The determined Q values are used to estimate the support required for tunnels of 

a given dimension based on the usage of excavation. Reference is made to 



18 
 

Grimstad and Barton’s support determination chart see Figure 8. The research 

focused more on the parameters used in the Q system and their adequacy for the 

Great Dyke’s platinum mines.  

 

 

Figure 8: Tunnel support chart showing 38 support categories (Barton, 2002) 

In a similar research, Watson (2004) lists the advantages and disadvantages of 

using the Q system as a rock mass classification system in shallow hard rock 

platinum mines; refer to Table 3 below: 

 

 

Table 3: Advantages and disadvantages of the Q-system (Watson, 2004)  
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Advantages Disadvantages 

Popular system which is easy to use i.e., 

consisting of three parameters: Block size, 

Shear strength, and applied stress. 

Developed for civil engineering applications such 

as tunnels. It is, therefore, conservative in terms 

of stope-panel design.  

Never been revised in its more than 20-year 

history, and, therefore, has stood the test of 

time. However, the system has been 

constantly refined during this period. 

It does not consider the effects of blasting 

Detailed description of all ratings used for the 

different parameters. 

Discontinuity orientation and persistency are not 

well accounted for i.e. The worst set is evaluated 

and selected by virtue of its orientation and 

persistency.  

Joint roughness and joint alteration are 

considered separately. 

Heavily reliant on RQD 

The influence of mining-induced stress is 

considered in the SRF in an imprecise way. 

Many of the SRF parameters are open to 

personal interpretation and this factor can have a 

dramatic impact on the result. 

Considers the influence of groundwater.  

There is a relationship between Q and RMR, 

which can be calculated with a formula. 

 

Suitable for preliminary design purposes.  

The system uses a logarithmic scale giving a 

wide distribution of values, which reduces the 

effects of experimental errors.  

The down-rating for four or more joint sets is too 

severe, mainly where the joints are sparsely 

populated.  

 

2.3.4 Geomechanical Classification System (RMR89) 

Bieniawski first published the Geomechanics Classification also called the Rock 

Mass Rating (RMR) method in 1973. This approach was modified over time for 

mining and tunnelling systems. The system was improved over time; hence, this 

discussion is based on Bieniawski's 1989 classification. The RMR method uses 

the following six parameters: 

• Uniaxial compressive strength of rock material. 

• Rock Quality Designation (RQD). 
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• Spacing of discontinuities. 

• Condition of discontinuities. 

• Groundwater conditions. 

• Orientation of discontinuities 

 

This classification system divides the rock mass into geological and geotechnical 

sections, which are further classified independently. Table 4 presents the assigned 

ratings for each of the six characteristics for the RMR system. The above 

categorisation scheme excludes in-situ stress circumstances. Hoek (2007) 

acknowledges that the RMR enables the user to divide the rock mass into 

structural zones that are separated from one another by faults. 

Table 4: Guidelines for excavation and support of 10 m span rock tunnels using the RMR 

system (Bieniawski, 1989). 

Rock mass class Excavation Rock bolts 

(20 mm diameter, fully 
grouted) 

Shotcrete Steel sets 

I - Very good rock 

RMR: 81-100 

Full face, 

3 m advance. 

No support required except spot bolting. 

II - Good rock RMR: 

61-80 

Full face, 

1-1.5 m advance. Complete 
support 20 m from the face. 

Locally, bolts in crown 3 m 
long, spaced 2.5 m with 
occasional wire mesh. 

50 mm in crown 
where required. 

None. 

III - Fair rock RMR: 

41-60 

Top heading and bench 1.5-3 m 
advance in top heading. 
Commence support after each 
blast. Complete support 10 m from 
face 

Systematic bolts are 4 m 
long, spaced 1.5 - 2 m in 
crown and walls with wire 
mesh in the crown. 

50-100 mm 
in crown and 30 mm 
in sides. 

None. 

IV - Poor rock RMR: 

21-40 

Top heading and bench 1.0-1.5 m 
advance in top heading. Install 
support concurrently with 
excavation, 10 m from face. 

Systematic bolts 4-5 m long, 
spaced 1-1.5 m in crown and 
walls with wire mesh. 

100-150 mm 
in crown and 100 
mm in sides. 

Light to medium ribs 
spaced 1.5 m where 
required. 

V – Very poor rock 

RMR: < 20 

Multiple drifts 0.5-1.5 m 
advance in top heading. 

Install support concurrently with 
excavation. Shotcrete as soon 
as possible after blasting. 

Systematic bolts 5-6 m long, 
spaced 1-1.5 m in crown and 
walls with wire mesh. Bolt 
invert. 

150-200 mm 
in crown, 150 mm in 
sides, and 50 mm 
on face. 

Medium to heavy ribs 
spaced 0.75 m with 
steel lagging and fore 
poling if required. 
Close invert. 

 

A summarised assessment by Watson (2004) in Table 5 lists the advantages and 

disadvantages of using the RMR89 as a rock mass classification system for shallow 

hard rock platinum mines. Table 5 represents the summary of the assessment: 
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Table 5: Summary of the RMR advantages and disadvantages (Watson, 2004) 

 

 

 

Advantages Disadvantages 

It is internationally recognised and useful for 

preliminary design purposes. 

Developed for civil engineering applications. Works for 

depths of up to 900 m on horseshoe-shaped tunnels 

of 10 m maximum span. Too conservative for stoping. 

UCS is used in the assessment of intact rock 

strength. Can be calculated from field point 

load strength measurements. 

Does not consider the influence of stress. 

Does not consider the effects of blasting 

Incorporates easily measured parameters, 

RQD and joint spacing to account for block 

size. 

The RMR system accounts for joint frequency twice, in 

RQD and joint spacing. Thus, this system is too 

sensitive to change in discontinuity spacing. 

Includes: RQD, weathering, strength, 

discontinuity spacing, discontinuity 

orientation, discontinuity apertures 

(separation) and groundwater. 

It requires clear information for vertical direction joints 

e.g., boreholes information to determine the panel 

RQD. Where the borehole is not there Palmström 

(1982) equation is recommended for use but can 

overestimate the RQD in regions where it is difficult to 

estimate the number of joints in the vertical direction. 

Readily adaptable to specific requirements. Does not consider the number of joint sets. 

Adjustment for the influence of groundwater. Does not described the groundwater effect  

Description of joint conditions in terms of 

continuity, separation, roughness, infill, and 

alteration. 

Does not account for the effects of excavation 

technique and in situ stress on the “stand-up time” 

estimation for stopes hence it is doubtful. 

 The joint orientation adjustments are broad 

categorisations and open to personal interpretation. 

Easily converted to the geological strength 

Index (GSI), used to estimate the rock mass 

properties using the Hoek-Brown failure 

criterion. 

Various revisions have caused changes, and it is 

therefore necessary to state which generation is being 

used. 
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2.3.5 The Mining Rock Mass Rating (MRMR) 

 
Laubscher’s Mining Rock Mass Rating (MRMR) system (Laubscher and Taylor, 

1976) is based on Bieniawski's approach (Bieniawski, 1976). According to Jakubec 

and Laubscher (2000), the goal of the MRMR systems' comparable behaviour is 

to split rock masses into similar zones across different mining industries. This 

defines the design criteria for the actual mine layout. The MRMR system combines 

groundwater and joint condition characteristics while preserving the RMR 

classification's rock mass parameters (Laubscher and Taylor, 1976). The rock 

mass parameters utilised in this classification system are: 

• Uniaxial Compressive Strength (UCS) 

• Rock Quality Designation (RQD) 

• Joint spacing 

• Groundwater in conjunction with the Joint condition 

 

Table 6: Geological Parameters and Ratings (Laubscher and Taylor, 1976). 

 

Table 7 lists the advantages and disadvantages of using the MRMR as a rock mass 

classification system for shallow hard rock platinum mines by Watson (2004). The 

MRMR is one of the popular classification systems that consider the effects of 

blasting. It also has adjustments for orientations and allows for a wholesome 

analysis of the rock mass. The primary limitation of the MRMR approach in terms 

of platinum hard rock mining is that it does not account for stress, and it only 

considers open joints. The adjustments given play a pivotal role in factoring for the 

variance, but they do not directly account for stress and hairline fracturing and its 

impact on RQD.  

Geological Parameter Rating 

Class 
1 2 3 4 5 

B A B A B A B A B 

Rating 100-81 80-61 60-41 40-21 20-0 

Description Very Good Good Fair Poor Very Poor 

Colour Blue Green Yellow Brown Red 

Distinguish between A and B sub-classes by colouring the A sub classes full and crosshatch the B 
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Table 7: Advantages and disadvantages of the MRMR system (Watson, 2004) 

 

2.3.6 The modified stability Graph (N") 

Watson (2004) introduced the Modified Stability Graph as a modification to the 

Modified Stability Number (N’) classification system. It incorporates the approach 

first described by Mathews et al. (1981), which was then refined by Hutchinson and 

Diederichs (1996) and Watson (2004). The system was developed for use in the 

Bushveld Complex's platinum mines. Barton's Q system charts were modified, as 

was Hutchinson and Diederichs's stress analysis. Potvin (1988) identified three key 

issues to consider when developing rock mechanics design: 

 

• Characterise the rock mass to determine vital geotechnical characteristics 

and components influencing its behaviour.  

• Stress effects 

• Excavation size, geometry, and orientation of the rock mass, joint 

directions, and stress field.  

Advantages  
 

Disadvantages  

Design factors are specifically for mining.  Many inputs are required.  

The analysis includes the number of joint sets.  Joint frequency is accounted for twice in RQD 

and joint spacing. This makes the system 

sensitive to changes in discontinuity spacing.  

The rate of rock weathering when exposed to the 

atmosphere is considered in the system. 

Explicitly developed for caving mining methods.  

The influence of joint orientation is considered. It 

could be inadequate when assessing the 

influence of dip angles relating to major features.  

The system has been subjected to periodic 

revisions and therefore the generation in use 

must be recorded.  

Considers the influence of mining-induced stress.  

Rates the spacing effects of up to three joint sets.  Does not account for discontinuity persistency.  

The influence of blasting on rock mass stability is 

considered in the system.  

Using the classification system requires good 

experience in guided use of the classification 

system and in rock mechanics (Swart and 

Wesseloo, 2000).  
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Table 8, drafted by Watson (2004), has the tabled advantages and 

disadvantages of using the modified stability number (N') system in the shallow 

hard rock platinum mines:  

Table 8: Advantages and disadvantages of the N” system (Watson, 2004) 

Advantages Disadvantages 

Design factors are included specifically for 

the mining of stopes and panels.  

Developed in open stope mining configurations 

hence it requires calibration for shallow-dipping, 

tabular ore bodies.  

The system is less influenced by personal 

interpretation as it considers only the 

geological factors of the Q-system. 

Heavily reliant on the RQD factor.  

Includes a stress/strength ratio for stress-

related problems in areas with a high k-ratio 

(virgin horizontal/vertical stress ratio).  

Persistency of discontinuities is considered only in 

an imprecise and inadequate manner, i.e., the 

worst set is evaluated, and, by implication, this set 

is selected by virtue of its orientation and 

persistency.  

Dip orientation of major discontinuities is 

considered in relation to the back or hanging 

wall. (An important consideration in the 

assessment of shallow dipping stopes).  

Strike orientation of discontinuities with respect to 

the face or pillars is considered only in an imprecise 

and inadequate manner.  

The dip of the stope in a gravity fall of ground 

(FOG), or the frictional effects of a sliding type 

of failure, is considered.  

Considers only the conditions of the “worst” joint 

set (by virtue of its orientation and persistency).  

A wide distribution of values, which 

successfully reduces the effect of 

experimental and interpretational errors.  

Does not consider the effects of water.  

 Does not consider the confining effects of 

moderate stress or the destabilising consequence 

of low stress parallel to the back or hanging wall. 

 Does not consider the creep failure and includes 

the effects of blasting only by implication. 

  

The New Modified Stability Graph (N") method is created particularly for span and 

support design in Bushveld mines. The method incorporates five factors for rating 
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determination, as defined by Watson (2004). The modified Mathew's factors 

are used to calculate factor B and factor C. Factor B represents joint orientation 

while factor C accounts for sliding and gravity. Major changes were made to the 

tables and the Jr and SRF parameters, as mentioned by Watson (2004): 

• The block size for a jointed rock mass RQD / Jn 

• The joint surface strength and stiffness Jr / Ja. 

• The stress condition Jw /SRF 

• The joint orientation relative to the excavation hanging wall (B-factor) 

• The influence of gravity on the hanging wall blocks (C-factor) 

 

N” is calculated as follows: 

 

 𝑁"  =      𝑅𝑄𝐷
𝐽𝑛

 𝑥 𝐽𝑟
𝐽𝑎

  𝑥 𝐽𝑤
𝑆𝑅𝐹

𝑥 𝐵 𝑥 𝐶   Equation 4  

Table 9: Revised Joint alteration Table (Watson, 2004) 

Joint alteration Ja (after Barton and revised by Impala Platinum) 

Description Value 

Tightly healed, hard rock wall joints, no filling 0.5 
Slight infill, coating < 1 mm 1 

1 mm < Joint filling < 3 mm 2 

3 mm < Joint filling < 5 mm 4 

Joint filling > 5 mm 6 

Zones or bands of disintegrated or crushed filling. 8 

 

Table 10: Revised Joint water reduction factor Table (Watson, 2004) 

Joint water reduction factor (Jw) (Modified after Barton) 

Condition of groundwater Head of water (m) Value 

Dry excavation 
 

1,0 

Damp or dripping. 10–25 0,66 

Large inflow >25 0,5 

 

 



26 
 

 

Figure 9: Determination of Joint Orientation Factor B for stability graph analysis 

(Hutchinson and Diederichs, 1996) 

Watson (2004) acknowledges and applies key adjustment parameters that account 

for the field stress effect, gravity, and discontinuity orientation. According to 

Palmström and Broch (2006), these key parameters are often ignored and are not 

included in the Q system. The research hence places focus on the impact of these 

modifications presented by Watson (2004) in a bid to answer the research question 

and objectives.  

2.4 Instability Analysis in Mining Rock Masses 

In-situ rock masses maintain stable conditions because of their inherent location 

and confinement. Excavating the previously stable ground exposes it to potential 

instability and the possibility of disintegration. Hoek (2007) argues that it is 



27 
 

impossible to evaluate the stability of a foundation, a rock slope, or an underground 

opening without a precise estimation of the strength and deformation properties of 

the rock mass. Swart and Handley (2005) endorse this theory, stating that poor 

rock mass conditions are frequently exacerbated by conditions introduced to the 

rock mass, like improper drilling and blasting practices. This causes fallouts and 

over breaks (extra stope widths), which have a negative effect on ore grade and 

residual rock mass (pillars and hanging wall) integrity. Chikande and Zvarivadza 

(2016) report on support systems used in poor ground, stating that over-breaks are 

typically due to poor rock mass conditions and excavation methods, particularly 

the explosives employed. Swart and Handley (2005) additionally noted that 

effective drilling and blasting techniques might aid in stope width control in narrow 

reefs, lowering ore dilution and ground disturbances. As a result, the excavation 

method used becomes a crucial factor in the stability of the rock mass and the 

classification of rock mass conditions post-excavation.  

Salamon and Munro (1967) developed a design formula for coal pillars in South 

Africa through back analysis of in situ data. Hedley and Grant (1972) developed 

the power formula constants used in hard rock pillar designs based on the original 

work by Salamon and Munro (1967) using uranium mines analysis. Due to a lack 

of anything better to apply in the designing of stable pillars, rock engineers apply 

the constants derived by Hedley and Grant (1972) in geotechnical environments 

different from the one in which they were derived as concluded by Joughin et al. 

(2000). However, very little back analysis has been done for hard rock platinum 

pillars. Stacey and Page (1986) proposed that the K value in the formula be the 

Design Rock Mass Strength (DRMS) calculated using Laubscher's (1990) Mining 

Rock Mass Rating (MRMR) methodology. Pillar strength and integrity are often 

quantified in terms of safety factor, whose strength parameter is determined by the 

K value. According to Ozbay et al. (1995), the presence of substantial tensile 

strains in the hanging wall, as well as geological weaknesses in the rock mass, 

influence the design of stable pillar systems in shallow, narrow reef hard rock 

mines. 

According to Ryder and Ozbay (1990), the pillars in shallow, narrow reef hard-rock 

tabular mines are not intended to give or collapse. Mortazavi et al. (2009) state 

that a pillar collapses in the following phases:  
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“a) Pillar is in virgin conditions.  

b) Stresses rise at pillar sidewalls, and stress at the core remains unchanged.  

c) Pillar sidewalls fracture and fail, and stresses in the pillar core start increasing.  

d) Sidewall fracture zones grow larger and pillar core approaches yield conditions  

e) The fracture zones convergence  

f) Ground around failed pillar distresses” 

Ozbay et al. (2001) summarise pillar failure as being primarily regulated by pillar 

core confinement, pillar rock mass strength, pillar-host rock mechanical behaviour, 

and pillar end circumstances. This research aims to evaluate the parameters 

influencing rock mass stability in the platinum mines of the Great Dyke and update 

the existing rock mass classification system. It provides a basis to challenge the 

application of the Q system. A more descriptive system applicable to mining rock 

mass is hence required. 

2.5 Key Debates and Controversies 

The adequacy of the Q system as a rock mass classification system for shallow 

hard rock platinum mines is the primary debate of this research. However, 

Palmström and Broch (2006) argue that in many studies, the initial intended field 

of usage of the Q system is not well defined. They further outline parameters 

omitted from the Q system, describing their potential significance in defining the 

rock mass. Watson (2004) expresses the need to look at all the parameters 

influencing stability to aid with the management of the fall of ground and designing 

a stable span in the Bushveld complex, which is like the Great Dyke. According to 

Jager and Ryder (2002), the orientation of discontinuities in the direction of loading 

plays a key role in the stability of the loaded rock mass. Roberts and Brummer 

(1988) state that discontinuities striking parallel to pillar lines present a greater risk 

of instability than discontinuities striking perpendicular to the pillar lines. This 

supports the importance of discontinuity orientation on stability issues, making it a 

vital parameter in rock mass classification assessments. Barton et al. (1974), 
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however, argued that the inclusion of orientation as a parameter makes the Q 

system less general, and it loses its simplicity. Barton and Choubey (1977) and 

Hoek et al. (1995) present factors affecting the shear strength on discontinuities, 

which include joint roughness, joint alteration, joint persistency, and confining 

stress. Palmström and Broch (2006) then present the variability in how each 

parameter is observed and the need to have sound training and experience for 

accurate analysis. The arguments presented above give further validation towards 

conducting the research as there is a need to evaluate the rock mass classification 

systems proposed as fit to use in the platinum mines of the Great Dyke. Further 

assessment of the classification systems’ different parameters, including 

parameters initially excluded in the systems, is also important for the selection of 

the best system to use in the hard rock platinum mines.  

2.6 Chapter Summary 

Given the geotechnical conditions and the mining method in use at Zimplats mine, 

four rock mass classification systems stand out as applicable in the shallow hard 

rock platinum mines of the Great Dyke. The four systems include the Rock Quality 

Designation (RQD), Tunnel Quality Index System (Q), the Rock Mass Rating 

System (RMR), and the Modified Stability Graph (Q"). Based on the advantages 

and disadvantages of each classification system, Watson (2004) identifies the 

Modified stability graph (Q”) as a practicable system for use in tabular hard rock 

platinum mines of the Bushveld. The inclusion of parameters initially omitted by 

Barton et al. (1974) made the system more defining while removing SRF and Jw. 

For the next chapter in the research, data collection of the parameters from the 

four systems RQD, Q, RMR, and Q” shall be done. The assessment of the 

parameters becomes pivotal in the consideration of adjustments for rock mass 

classification systems applicable in the shallow hard rock platinum mines within 

the Great Dyke. An additional parameter considered to affect the stability of the 

rock mass is the field stress.  

3 RESEARCH APPROACH 

3.1 Introduction 
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This chapter outlines the research design, data collection, and data validation 

process employed in conducting the research. Chapter 2 outlined the need to 

assess parameters from the four selected rock mass classification systems which 

are RQD, Q, RMR, and Q." The chapter outlines how the parameters influencing 

the stability of the rock mass are collected and validated ensuring good data 

accuracy and a sound research design.  

3.2 Research Design 

The research, being both descriptive and correlational, follows a series of steps 

and strategies under the wheel of design by Stacey (2006) (See Figure 10). The 

mining rock mass was analysed using the RQD, Q, RMR, and Q" systems to 

compare the output data obtained. The parameters for each system were noted 

and recorded from the geotechnical logging of the underground rock mass. The 

parameters checked include the rock quality designation (RQD), joint roughness, 

joint alteration, joint spacing, joint water condition, joint orientation, joint 

persistency, stress factors, and blasting effects. The steps entailed geotechnical 

data collection from diamond drill (DD) cores and underground mining drives. The 

data collected was used to classify the rock mass using the four selected 

classification systems. An investigation of previous fall-of-ground (FOG) accidents 

and incidents, including brow analysis, was done to understand the parameters 

that influenced the fallouts. Instruments were used to monitor rock mass and 

measure its response to mining. The last step involved stress modelling using 

software packages. The research design allowed for a clear definition of the data 

to be collected and the analysis required.  
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Figure 10: The engineering wheel of design (Stacey, 2006)  

3.3 Data Collection Process 

Data for the parameters mentioned in subsection 3.2 was collected following the 

research design guidelines. Subsequent subsections outline the work done and 

the steps followed for data collection, validation, and analysis. The data was 

recorded on the data collection sheets for each classification system. 

3.3.1 Geotechnical Core Logging 

Underground diamond drilling conducted to probe structures ahead of mining was 

used to analyse the vertical to sub-vertical structures underground ahead of 

mining. Diamond drill holes, 100 m in length were drilled on strike and dip direction. 

The diamond drilling sites were selected along roadways, the leading mining drives 

(refer to Figure 7 in Chapter 2). The core from the diamond drilling is shown in 

figure 11 below.  
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Figure 11: Photograph of core boxes from the horizontally drilled core during 

logging at Zimplats Ngezi Mine core yard. 

Geotechnical logging of the core was done as shown in Figure 11. The purpose of 

core logging was to define the rock mass ahead of mining before blast effects and 

to determine the discontinuities and all the associated parameters. The data 

collected allowed for the classification of the in-situ rock mass, enabling a 

comparison between the in-situ and the blasted rock mass. The disadvantage of 

core logging data is that it has a sampling bias. It under samples joints with a similar 

orientation to the core orientation giving a wrong measure of the discontinuities' 

effects on the rock mass. Three diamond drill holes were evaluated per portal with 

two drilled either in the north or south strike direction and the third being drilled in 

the eastern dip direction. A total of nine DD holes were evaluated for the research. 

From the DD core, data was recorded on a geotechnical logging sheet and entered 

in an Excel datasheet, see Table A2 in the appendix.  

3.3.2 Underground Geotechnical Logging  

Underground mapping was done using two methods, which include scanline 

mapping and the use of an electric mapping device (EMD). For physical 

geotechnical data collection, discontinuities along each mining drive were picked. 

Their conditions and orientation in terms of dip were also noted using the scan line 

method. The scan line method entails using a measuring tape placed across the 

rock mass, as shown in Figure 12, to pick the joints cutting the tape. Grids with 

minimum strike and a dip length of 50 m were used for EMD mapping. The grid 
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length was limited to the advance made along the roadway. The grids follow 

roadways trailing behind the mining echelons, as annotated in Figure 13. 

 

Figure 12: Tape laying for underground geotechnical logging at Zimplats Ngezi 

Mines. 

Scanline data was collected along the same roadways that had previously been 

logged using diamond drill probe holes. A total of 100 m for the selected roadway 

was logged following the length of the diamond drilling hole. The log sites were 

made similar to each other to assist in creating a comparison between the data 

sets collected from diamond drilling and those collected using scanline logging. 

EMD mapping and logging along grid scan lines was done, as presented in Figure 

13. The EMD data collection allowed for viewing the discontinuities using their 

orientation in terms of dip and dip direction. Probabilistic analysis techniques were 

applied to predict failure from underground mines' abutments and hanging walls. 

The research viewed it as a tool to cement the aspect of orientation being critical 

towards rock mass classification. 
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Figure 13: Map showing diamond drilling and EMD schedule areas.  

3.3.3 Comparing Rock Mass Classification Systems  

Based on the geotechnical information picked, rock mass classification analysis 

using RQD, the Q system, RMR89 and modified stability number (Q”) was 

conducted. Using the relationship between the Q system and RMR, the determined 

RMR values were converted to Q values for comparative analysis. 900 m was 

logged along roadways and evaluated using three rock mass classification 

systems: Q, RMR and Q". Figure 14 is an underground log sheet used for Q rating 

data collection. 
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Figure 14: Underground geotechnical logging sheet used at Zimplats mines.  

The systems were assessed to determine a correlation between the output of each 

system and its parameters. The systems were also compared against each other 

to determine the variance between measured or calculated conditions and the 

observed conditions. The noted disadvantage of this analysis is that each system 

uses some unique parameters apart from the parameters common to all systems. 

The exceptional parameters result in having different outputs or some form of 

variance from the other systems. The uniqueness of each system made the data 

collection process longer. Trackless Mobile Machinery (TMM) interference during 

the process was another challenge that would result in delays. Dust covering 

discontinuities post-blast was a challenge in areas further away from water sources 

to wash the wall face clean. 

3.3.4 FOG Accidents and Incidents Reassessments   

Fall of ground (FOG) accidents and incidents that occurred in the previous decade 

were assessed to give important geotechnical information regarding the 

parameters that influence stability. Most data were recorded from the accident or 

incident investigation; however, some areas required reassessment. Analysis was 
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done by visiting the remnants of the FOG sites and using tools like the EMD and a 

Ground penetration radar (GPR) scanning machine. Figure 15 shows a picture of 

an FOG incident underground.  

 

Figure 15: Fall of ground incident scenes in Zimplats Ngezi mine  

Using the two systems enabled the acquisition of more accurate data for the 

research. The data acquired entailed discontinuity persistency, frequency, and 

orientation in terms of strike, dip, and dip direction. The data allowed for the 

prediction of the driving factors towards instability.  

3.3.5 Instrumentation and Monitoring Data 

Instrumentation was also used to investigate and monitor rock mass behaviour in 

different geotechnical environments. Assessments were made for field stress as 

mining advances, hanging wall beam stability and the closure as mine span or 

width increases. For stress analysis, stress meters were placed at the boundary 

areas of each portal to determine the stress changes in regional pillars. A stress 

meter placed in the crown pillar separating Rukodzi and Mupfuti mines was 
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monitored weekly. This was because it was expected to cause significant stress 

changes due to the large voids created by the pillar reclamation process advances. 

Figure 16a shows the location of the stress meter at Mupfuti mine, and Figure 16b 

shows the Geokon stress meter.  

a.  

b.  

Figure 16: a) Plan showing the stress meter installation sites and b) showing the 

stress meter.  

The impact of advancing the faces in the delineated paddock zones was assessed 

through closure sensors and stress meters. Monitoring was done through physical 

inspections of the closure loggers and the online readings for closure sensors. 

Real-time monitoring of poor ground zones was chosen to assist in rapid response 

Stress meter  

NORTH  
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for cases of stress migration or rapid failures like pillar runs. Images of the closure 

logger and sensors are shown in Figure 17a, and the extensometer in Figure 17b 

for beam stability monitoring.  

a.  

b.  

Figure 17: a) showing closure logger and sensors and, b) showing the installed 

extensometer.  

 The advantage of using monitoring instruments is that they assist in measuring 

the rock mass response over time once it is tunnelled through. This is done through 

measuring the rock mass response (deformation properties) on loaded singled out 
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pillars over time. The measurements are done using closure and dilation 

instruments, including stress changes in the vertical, horizontal and diagonal axis 

within and above the pillar. Another aspect measured is the hanging wall beam 

deflection as the hydraulic radius increases through a series of hanging wall 

extensometers. The different rock mass responses due to the different geological 

and geotechnical conditions within the rock mass become the influencing aspects 

that are assigned a numerical quantification. Hanging wall beam strength or 

stability can then be correlated to the geotechnical conditions. The different rock 

mass responses due to the different geological and geotechnical conditions within 

the rock mass become the influencing aspects that are assigned a numerical 

quantification. A relationship can then be established using the instrument 

measurements and mode or rate of deformation for areas showing some form of 

instability against their geotechnical conditions. The critical parameter resulting in 

the instability is then determined from the data collected.  

3.3.6 Brow Analysis Data 

Brow analysis is used to measure the critical fallout height across the hanging wall 

beam. Brow analysis assists in the classification of rock mass by ensuring that the 

zone of potential instability is accounted for. It also aligns with the assessments 

and the impact of progressive confinement on the rock mass done with Map3D. 

The block size from brow analysis will be analysed to compare it with the fall of 

ground block size and geotechnical logging assessments.  
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Figure 18: Showing the sidewall brows along the roadway. 

3.3.7 Numerical Modelling Data 

Numerical modelling was also applied to predict the impact of various parameters 

on the rock mass. Map3D, a boundary element method for stress modelling, was 

used to estimate the total field stress acting on the pillars after fully delineating the 

pillar along the roadway. The material properties of the rock mass are input to the 

system for modelling, as shown in Figure 19. The stress analysis assists in 

determining the impact of stress on the rock mass.  
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Figure 19: Showing the material properties input on Map3D and the model 

outcome. 

Numerical modelling is an advantageous technique that accurately predicts the 

rock mass's responses to the prevailing geotechnical conditions. It also assists in 

predicting the possible outcomes of the continuous mining process and the new 

conditions it creates. The disadvantages associated with the modelling system 

include using assumptions. The challenge can be curbed by basing the 

assumptions on observations or previous experiences. Modelling will help to 

review the stress ratings and ensure they are adequate for classifying the hard 

rock platinum rock mass.  

3.4 Data Validation Process 

The processes applied for data collection required checks and balances to ensure 

the relevant data was collected. The processes include drilling and logging of 

diamond drill core, underground face mapping and logging of geotechnical data, 

using EMD mapping techniques, GPR scanning, monitoring using instruments and 

numerical modelling techniques. The following processes were applied for data 

validation to ensure the different data collected for the research are valid and 

minimise bias.  

 

REF CRITERIA METHOD OF ASSESSMENT REMARKS 

1 Diamond drill logs for 
orientation of 
discontinuities 

Make use of a Goniometer and verify 
data using the core profiler scanner 

Excellent 

2 Quality data logging to 
avoid bias 

Self-check data logs and making use of 
the QAQC assessment system to which 
a second competent and well 
experienced geological technician logs 
the same area for data comparison. 

Fair correlation except for 
areas with minor variances on 
the Ja and Jr due to personal 
assessments varying by 
individual 
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3 EMD data collection is 
done for major 
discontinuities, not 
random non-
pervasive joints 

Scan line method is to be followed. The 
focus will be on discontinuities with 
persistence and length. 

Difficult for sidewall 
discontinuities whose 
persistence cannot be traced 
in the rock mass 

4 Monitoring instrument 
bias or poor data 
generation 

Instrument calibration and checks are to 
be done periodically to ensure the 
records made are not for noise made by 
mining activity or faulty instruments 

Excellent monitoring 
equipment gives accurate 
results and is not disturbed 

5 Modelling input 
parameters, if not well 
defined, can give an 
exaggerated outcome  

Use input data obtained from lab tests, 
and to have a check analysis that will act 
as a control against the actual intended 
stress assessments. 

Excellent, the model gave a 
stress value output close to 
the calculated stress value 

6 Recording errors 
during data collection 
and data input to 
Excel files 

Make considerable checks on 
anomalous values to see if any mistake 
was made so that it is corrected. Checks 
on method used to collect data on chart 
or recheck reading outputs on 
instruments for accuracy. 

Excellent data recording is 
done. A few areas had 
transposition errors that were 
picked and corrected 

 

3.5 Data Analysis Approach 

Statistical and other logical techniques were used to analyse the data collected. A 

correlation analysis between parameters and outcomes would give a relationship 

assessment, and the strength of the relationship will be investigated. The basic 

statistical analogy of the mean, mode, standard deviation, and maximum and 

minimum values for the recorded data would also give a clear picture of the 

distribution of the data sets from each method employed. Graphical presentations 

and illustrations emphasised the relationship between variables and enabled a 

quicker understanding of patterns. The regression analysis was done using the 

Coefficient of Determination (R2) and Root-mean-square error to assess the data 

obtained.  

3.6 Chapter Summary 

Geotechnical logging was conducted from three shallow hard rock platinum mining 

properties situated in the Great Dyke belonging to Zimplats Mine. A total of 900 m 

was logged using diamond drilling core logging and underground scan line logging 
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techniques. Diamond drill logs presented the initial challenge as some core boxes 

were dry and did not depict the exact initial conditions. Extrapolations based on 

other notable conditions like oxidation or hematite staining were used to conclude 

the possibility of water. A total of 60 FOG accidents and incidents cases were 

reviewed to determine the parameters influencing the stability of the rock mass in 

the Great Dyke's platinum mines. Significant constraints in data acquisition were 

encountered during visits to old incident sites that were now in back areas termed 

old workings. Due to inaccessibility, direct assessments could not be made for 

some discontinuities. Data was then collected from the same structures after being 

mapped and projected from adjacent panels following the structural plans. Other 

challenges encountered include disturbance by Trackless Mobile Machinery 

(TMM), obstruction of the wall in some areas with shotcrete, and dust accumulation 

covering some discontinuities. Other techniques employed included placing 

instruments for monitoring rock mass behaviour and numerical modelling, which 

had no major challenges.  
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4 DATA FOR THE STUDY 

4.1 Introduction 

Data for the project was collected from the methodologies employed in Chapter 3. 

The methodologies employed include diamond drill logging, underground face 

sidewall and hanging wall logging, EMD logging, GPR scanning, numerical 

modelling, and due diligence on previous fall-of-ground accidents and incidents. 

The data obtained allowed for the analysis and review of the classification systems 

selected in Chapter 2 to answer the research objectives. The assessment also 

involved the analysis of the blasting impact as a contributor to rock mass 

deformation. Following the research design detailed in subsection 3.2, data 

obtained from Blenkinsop (2014) report is summarised in Table 11 as part of the 

data for the research: 

Table 11: Discontinuity orientations and frequency in the Great Dyke as classified 

by Blenkinsop (2014)  

Group Strike Dip Kinematics Abundance 

1. E 80 - 110° 81-90° Mainly dextral Moderate 

2. NNE 0 - 20° 88° Sinistral High 

3. NW 290-360° 77-83° Large faults dextral; sinistral Low 

4. Low NE-SW < 25° Reverse Moderate 

5. NE 20 - 80° 
81-90° (2 

exceptions) 
Mainly dextral, some 

sinistral 
Moderate 

 

According to Blenkinsop (2014), the Great Dyke has notable variations in the 

distribution and abundance of the various faults and related joint sets. The 

variations in the distribution and abundance are represented using stereographic 

plots shown in Figure 21. The plots in Figure 21 show a similarity to the orientations 

picked by the researcher, increasing the confidence and validating the data picked 

for kinematic analysis.. According to Jager and Ryder (2002), mining against the 

orientation of low-angled planes is unfavourable and might result in instability. The 

setting presented in Table 11 and Figure 20 defines the frequent orientations 

picked on the Great Dyke.  
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Figure 20: Stereo plots of the major fault groups and their sympathetic joints in the 

Great Dyke (Blenkinsop, 2014) 

4.2 Geotechnical Core Logging Data  

A total of 900 m of diamond drill core was logged from three mining properties 

along the Hatley complex in the Great Dyke. The mines involved in the 

investigation and analysis include Rukodzi Mine, Mupfuti Mine, and Mupani Mine. 

The analysis made for the diamond drill logs included the discontinuity frequency, 

the discontinuity orientations in terms of dip and dip direction, and discontinuity 

conditions. Table 12 is an extract of the Mupfuti logs for the research.  

Table 12: Record of the data obtained from the diamond drill logs at Mupfuti mine.  
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From the data recorded, the mean RQD value obtained for Rukodzi mine was 78%, 

Mupani mine was 86%, and Mupfuti mine was 90 %. The overall mean RQD for 

the Great Dyke platinum mines was 84.3 %. The mean total fractures per interval 

measured were noted to be more for Rukodzi mine, with approximately seven 

discontinuities per each 3 m interval. They were observed to be less for Mupfuti 

and Mupani, which had approximately four joints in 3 m. A summary of the 

geotechnical data recorded is in Table 13 for the three Portals. 

  

 

Table 13: Summary for the geotechnical data obtained from the diamond drill logs.  
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0.00 3.00 3.00 99% 7 0.43 0 1 3 3 3 2.74 91.33 4.00 1.00 2.00 1.00 2.50 4.57 C 58

3.00 6.00 3.00 97% 5 0.60 8 2 0 3 2 2.76 92.00 4.00 1.00 1.00 1.00 2.50 9.20 C 64

6.00 9.00 2.96 98% 7 0.42 11 0 3 4 2 2.82 94.00 6.00 1.00 2.00 1.00 2.50 3.13 D 54

9.00 12.00 2.98 100% 4 0.75 13 1 0 3 2 2.73 91.00 9.00 1.00 2.00 1.00 2.50 2.02 D 50

12.00 15.00 2.95 99% 4 0.74 8 0 3 1 3 2.80 93.33 9.00 1.00 2.00 1.00 2.50 2.07 D 51

15.00 18.00 3.00 93% 8 0.38 7 2 2 4 3 2.86 95.33 9.00 1.00 2.00 1.00 2.50 2.12 D 51

18.00 21.00 3.00 94% 7 0.43 9 0 4 3 2 2.77 92.33 9.00 1.00 2.00 1.00 2.50 2.05 D 50

21.00 24.00 3.00 100% 6 0.50 12 0 2 4 2 2.85 95.00 3.00 1.00 1.00 1.00 2.50 12.67 B 67

24.00 27.00 3.00 98% 4 0.75 10 1 0 3 2 2.64 88.00 9.00 1.00 1.00 1.00 2.50 3.91 D 56

27.00 30.00 3.00 100% 5 0.60 2 0 2 3 2 2.43 81.00 4.00 1.00 1.00 1.00 2.50 8.10 C 63

30.00 33.00 3.00 100% 8 0.38 6 1 3 4 3 2.53 84.33 4.00 1.00 1.00 1.00 2.50 8.43 C 63

33.00 36.00 3.00 97% 6 0.50 9 0 2 4 2 3.00 100.00 4.00 1.00 1.00 1.00 2.50 10.00 C 65

36.00 39.00 2.96 99% 6 0.49 10 0 3 3 2 2.82 94.00 9.00 1.00 2.00 1.00 2.50 2.09 D 51

39.00 42.00 2.96 99% 5 0.59 7 1 0 4 2 2.79 93.00 9.00 1.00 2.00 1.00 2.50 2.07 D 51

42.00 45.00 2.75 92% 6 0.46 8 1 2 3 3 3.00 100.00 9.00 1.00 1.00 1.00 2.50 4.44 C 57

45.00 48.00 2.96 99% 7 0.42 10 0 3 4 2 2.94 98.00 4.00 1.00 2.00 1.00 2.50 4.90 C 58

48.00 51.00 2.90 97% 6 0.48 7 1 3 2 3 2.41 80.33 4.00 1.00 2.00 1.00 2.50 4.02 C 57

51.00 54.00 2.93 98% 6 0.49 8 0 2 4 2 1.82 60.67 4.00 1.00 2.00 1.00 2.50 3.03 D 54

54.00 57.00 3.00 100% 6 0.50 7 1 3 2 3 2.34 78.00 9.00 1.00 1.00 1.00 2.50 3.47 D 55

57.00 60.00 2.96 99% 6 0.49 9 1 2 3 3 2.32 77.33 6.00 1.00 2.00 1.00 2.50 2.58 D 53

60.00 63.00 2.80 93% 5 0.56 1 0 2 3 2 1.07 35.67 9.00 1.00 1.00 1.00 2.50 1.59 D 48

63.00 66.00 2.82 94% 6 0.47 2 2 4 0 2 1.64 54.67 9.00 1.00 1.00 1.00 2.50 2.43 D 52

66.00 69.00 3.00 100% 4 0.75 9 1 0 3 2 2.30 76.67 6.00 1.00 2.00 1.00 2.50 2.56 D 52

69.00 72.00 2.95 98% 4 0.74 7 1 3 0 2 2.44 81.33 4.00 1.00 1.00 1.00 2.50 8.13 C 63

72.00 75.00 3.00 100% 4 0.75 9 0 3 1 2 1.89 63.00 4.00 1.00 2.00 1.00 2.50 3.15 D 54

75.00 78.00 3.00 100% 5 0.60 5 1 2 2 3 1.94 64.67 4.00 1.00 2.00 1.00 2.50 3.23 D 55

78.00 81.00 2.90 97% 7 0.41 8 0 4 3 2 1.31 43.67 4.00 1.00 2.00 1.00 2.50 2.18 D 51

81.00 84.00 2.96 99% 6 0.49 4 1 3 2 3 2.75 91.67 6.00 1.00 2.00 1.00 2.50 3.06 D 54

84.00 87.00 2.96 99% 3 0.99 2 0 2 1 2 2.07 69.00 6.00 1.00 2.00 1.00 2.50 2.30 D 51

87.00 90.00 2.75 92% 3 0.92 4 0 2 1 2 2.25 75.00 9.00 1.00 2.00 1.00 2.50 1.67 D 49

90.00 93.00 2.70 90% 3 0.90 7 0 3 0 1 1.33 44.33 9.00 1.00 2.00 1.00 2.50 0.99 D 44

93.00 96.00 2.95 98% 6 0.49 7 1 3 2 3 1.98 66.00 9.00 1.00 2.00 1.00 2.50 1.47 D 47

96.00 99.00 3.00 100% 5 0.60 9 0 3 2 2 2.85 95.00 4.00 1.00 2.00 1.00 2.50 4.75 C 58

99.00 100.00 1.00 100% 6 0.17 9 1 3 2 3 0.75 75.00 4.00 1.00 2.00 1.00 2.50 3.75 D 56
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M
U

P
F

U
T

I 

mean  7 0.53 58 78 6 1 2 1 2.20 4.71 57.94 

mode 4 0.75 65 86 4 1 2 1 2.50 2.33 53.99 

Stdev 4 0.29 25 16 2 0 0 0 0.46 2.61 5.20 

Max 19 1.50 88 100 12 2 2 1 2.50 12.67 66.85 

Min 2 0.05 2 34 3 1 1 1 1.50 0.99 43.87 

M
U

P
A

N
I 

mean  5 0.75 54 86 6 1 2 1 2.50 3.84 56.11 

mode 6 0.50 60 100 4 1 2 1 2.50 2.22 51.19 

Stdev 2 0.42 11 15 3 0 1 0 0.00 2.32 5.03 

Max 8 2.97 86 100 12 1 4 1 2.50 10.00 64.72 

Min 1 0.16 12 33 2 1 1 1 2.50 0.74 41.30 

R
U

K
O

D
Z

I 

mean  4 0.84 58 91 7 1 2 1 2.50 3.15 54.32 

Mode 6 0.75 69 98 9 1 2 1 2.50 2.07 50.57 

Stdev 2 0.47 18 9 3 0 1 0 0.00 1.61 4.38 

Max 8 3.00 86 100 12 2 4 1 2.50 9.00 63.78 

Min 1 0.11 2 35 2 1 1 1 2.50 0.82 42.17 

 

The data in Table 13 shows a clear variation in geotechnical conditions across the 

assessed mining properties in the Great Dyke. The data obtained shows a similar 

range between the mean Q values across the mining properties. The difference 

could be attributed to an increase in confinement in the same geotechnical 

environment in the different mines. The mean and the mode dips range between 

50 - 60 degrees, and 60 - 70 degrees respectively. This presented distribution of 

the dip orientation to the discontinuities in the rock mass allows for investigations 

on impact of orientation to failure or instability. A check to see how their variations 

affect the outcome of the rock mass classification will be done in the analysis. The 

mining portals vary in orientation by 4 -14 degrees from the true north. Rukodzi 

mine is 4 degrees from the true north and has a higher fracture frequency, and the 

other mines sit at 14 degrees from the true north in a similar bearing and have the 

same fracture frequency.  

 

4.3  Geotechnical Data from Underground Logging  

Underground geotechnical logging was conducted along the drives from which the 

diamond drilling work was conducted. This means the logging was done as mining 

exposed the face and sidewalls in the areas that had previously been evaluated 

using a diamond drilling probe. A total of 900 m was logged from three of Zimplats 
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Ngezi mine's mining properties. The logging entailed picking the rock mass 

parameters used to determine the four rock mass classification systems 

acknowledged as relevant to the research from the literature review. The 

classification systems acknowledged for use are the RQD, the Q system, the RMR, 

and the Q" system. The parameters noted on the rock mass entail the jointing 

information, which includes the frequency, spacing, orientations, the condition of 

the joints (roughness, alteration, and moisture content), and the persistency of the 

discontinuity. Classification was conducted for the rock mass, and the rock 

parameters were assessed while comparing the systems to yield the results below. 

A sample of the geotechnical log sheet used for the data collection is shown in 

Figure 15. The data picked from the geotechnical assessment conducted across 

the three portals is summarised in Table 14. The table notes the mean and mode 

values for each parameter picked across the mines.  

Table 14: A summary of the geotechnical data picked for the scanline logging 

underground.   

 

The additional data collected from the use of Bieniawski's RMR system is 

summarised in Table 15. The summary shows parameters not picked while using 

Q and Q'', including the mean block size and the discontinuity orientation values. 

The joint frequency values and the average values of each parameter used in the 

analysis of the RMR. From Table 15, the mean block size values range from 

MINE 
 Jv 

(Block 

size) m³ RQD Jn Jr Ja Jw SRF 

M
U

P
F

U
T

I Mean 3.66  1.23 99.89 11.16 1.13 1.74 1.00 1.64 

Mode 3.77 0.66 100.00 12.00 1.00 2.00 1.00 1.50 

Stdev 0.62 0.50 0.31 1.36 0.22 0.44 0.00 0.47 

Max 4.92 2.63 100.00 12.00 1.50 2.00 1.00 2.50 

min 2.73 0.48 98.67 9.00 1.00 1.00 1.00 1.00 

M
U

P
A

N
I 

mean 3.90 1.40 99.59 11.32 1.17 1.92 1.00 1.66 

mode 4.77 2.10 100.00 12.00 1.00 2.00 1.00 1.50 

Stdev 0.70 0.63 0.71 1.26 0.26 0.49 0.00 0.47 

max 5.50 3.94 100.00 12.00 2.00 4.00 1.00 2.50 

min 2.61 0.50 96.85 9.00 1.00 1.00 1.00 1.00 

R
U

K
O

D
Z

I mean 2.89 0.85 100.00 11.31 1.17 1.73 1.00 1.44 

mode 3.20 1.14 100.00 12.00 1.00 2.00 1.00 1.50 

Stdev 0.40 0.34 0.00 1.29 0.28 0.45 0.00 0.29 

max 3.73 1.71 100.00 12.00 2.00 2.00 1.00 2.50 

min 2.27 0.43 100.00 9.00 1.00 1.00 1.00 1.00 
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1.23m3, 1.4m3, and 0.9m3 for Mupfuti, Mupani, and Rukodzi mines, respectively. 

The mean orientation adjustments were -10.35, -10.6, and -10.5, respectively, as 

indicated in Table 15. 

Table 15: A summary of the geotechnical data exclusively picked for RMR rating.  

 MUPFUTI MINE 
(PORTAL 3) 

MUPANI MINE 
(PORTAL 6) 

RUKODZI MINE 
(PORTAL 2) 

PARAMETER MEAN MODE 
STD 
DEV 

MEAN MODE 
STD 
DEV 

MEAN MODE 
STD 
DEV 

JOINT FREQUENCY 3.66 3.8 0.6 3.9 4.8 0.7 2.9 3.2 0.4 

BLOCK SIZE 1.23 0.7 0.5 1.4 2.1 0.6 0.9 1.1 0.3 

ORIENTATION EFFECTS - 10.35 -10.0 0.8 -10.6 -10.0 0.9 -10.5 -10.0 0.9 

4.4 Rock Mass Classification systems  

Rock mass classification using the data obtained from geotechnical logging was 

conducted along the selected drives from each of the three mines. The 

classification values are summarised by calculating the mean, mode, maximum, 

and minimum values observed during the logging process. The classification 

systems focused on include Deere's RQD, Barton et al.'s Q system, Bieniawski's 

RMR89, and Watson’s Modified Stability Graph (Q”) system. The outcomes of all 

the classification systems had to be converted to one system for comparative 

analysis. The Q system was the selected system for comparison purposes. The Q 

system was selected because of its wide-range logarithmic scale, which minimises 

the room for error to give a more effective assessment. 

4.4.1 RQD Data 

RQD data was obtained from both the DD logging and the underground 

geotechnical logging. RQD, being a classification system and an input parameter 

to all the other classification systems, required precision and accuracy. For all the 

selected systems, the RQD is used as a major factor in some describing the block 

size. This makes the RQD a common factor affecting the systems' outputs 

significantly. The recorded data is based on the joint volume for underground 

excavation and spacing for DD logs. The data obtained is presented in Table 16. 

Table 16: An extract of the RQD data and joint frequency for Mupfuti mine. 
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The geotechnical data recorded for RQD, and Joint frequency is summarised in 

Table 17. The table indicated increased mean RQD values obtained from core and 

underground logging across the portals. Rukodzi mine has the highest mean value 

of 99.1%, while Mupfuti mine has the lowest value of 80%. The joint volume and 

the joint frequency are noted to be higher for Mupfuti mine and lower for Rukodzi 

mine, presenting an inverse relationship for the parameters to RQD.  

 

Table 17: A summary of the RQD and Joint frequency values from DD and 

underground logging 

  DD Deere Palmstrom DD UG logging UG logging 

  
RQD RQD 

Joint 
frequency 

Js Joint volume 

MUPFUTI MEAN 80.0 99.9 0.7 0.6 0.6 

DD UG DD UG logging

MINE LOCATION RQD RQD
JT 

FREQUENCY

JT 

FREQUENCY

88N162 91.33 100.0 0.43 0.43

88N162 92.00 100.0 0.60 0.60

88N163 94.00 100.0 0.42 0.43

88N163 91.00 98.8 0.75 0.75

88N164 93.33 100.0 0.74 0.75

88N164 95.33 100.0 0.38 0.38

88N165 92.33 100.0 0.43 0.43

88N165 95.00 100.0 0.50 0.50

88N166 88.00 100.0 0.75 0.75

88N166 81.00 100.0 0.60 0.60

88N167 84.33 99.3 0.38 0.38

88N167 100.00 100.0 0.50 0.50

88N168 94.00 100.0 0.49 0.50

88N168 93.00 100.0 0.59 0.60

88N169 100.00 100.0 0.46 0.50

88N169 98.00 100.0 0.42 0.43

88N170 80.33 99.7 0.48 0.50

88N170 60.67 100.0 0.49 0.50

88N171 78.00 100.0 0.50 0.50

88N171 77.33 100.0 0.49 0.50

88N172 35.67 99.7 0.56 0.60

88N172 54.67 100.0 0.47 0.50

88N173 76.67 100.0 0.75 0.75

88N173 81.33 100.0 0.74 0.38

88N174 63.00 99.7 0.75 0.75

88N174 64.67 100.0 0.60 0.50

88N175 79.84 100.0 0.41 0.60

88N175 62.00 100.0 0.49 0.38

M
U

P
F

U
T

I
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MODE 91.0 100.0 0.5 0.5 0.5 

STD DEV 15.2 0.3 0.3 0.1 0.1 

MUPANI 

MEAN 84.8 99.6 0.8 0.6 0.6 

MODE 100.0 100.0 0.5 0.5 0.5 

STD DEV 16.0 0.7 0.4 0.1 0.1 

RUKODZI 

MEAN 91.2 100.0 0.9 0.7 0.7 

MODE 98.3 100.0 1.5 0.7 0.7 

STD DEV 7.2 0.0 0.4 0.1 0.1 

 

4.4.2 Q, Q’’ rating and RMR 

 The Q system, the Q'' and the RMR values were calculated using the data 

recorded in subsection 4.3 during the diamond drill hole and underground 

geotechnical logging. Table 18 summarises the data recorded from the three 

mining properties assessed for the research. The Modified Stability Graph by 

Watson (2004) was also applied to the Great Dyke as part of the research. The Q" 

system was applied to evaluate the influence of the modifying parameters on the 

classification's outcome. The stability graph introduced by Watson (2004) for use 

in the Bushveld allowed for a different yet comprehensive analysis. The Q" system 

was applied because Watson, 2004 initially proposed the design for shallow hard 

rock platinum mines in the Bushveld complex, which is similar to the Great Dyke. 

The modifying factors involved in the classification system include the stress field 

ratio, the joint orientation, and the gravity adjustment factor. Table 18 is an extract 

of the data collected from Mupfuti mine and the classification outcome using RQD, 

Q, Q" and RMR.  

 

 

 

Table 18: Extract of RQD, Q, Q’’ and RMR system for Mupfuti mine 
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Table 18 is an extract representing the findings and calculations using the four 

classification systems, which are the RQD, Q, Q'' and RMR systems as applied at 

Mupfuti mine. Other extracts for the other mining properties are presented in the 

Appendix (refer to Tables A2 and A3). A summary of the data obtained is given in 

Table 19, showing the mean and mode values for each system. The system allows 

for a comparison and analysis of the rock mass using the different classification 

systems.  

 

Table 19: A summary of classification values obtained across the three mines. 

    RQD 
Joint 

frequency 
Q RATING RMR 

MINE LOCATION  DD UG DD UG log DD UG log Q'' 
From 
RMR  

Direct 
log 

UG Q  DD Q  

MUPFUTI 

MEAN 80.0 99.7 0.7 0.6 4.6 4.3 4.3 3.9 76.9 56.1 56.3 

MODE 85.7 100.0 0.8 0.5 3.0 2.8 4.2 3.7 77.0 53.2 54.0 

STD DEV 15.9 0.7 0.3 0.1 2.6 2.1 2.8 0.8 5.3 4.3 5.0 

MUPANI 

MEAN 84.8 99.4 0.8 0.6 3.9 3.7 3.4 3.6 76.6 55.0 54.8 

MODE 100.0 100.0 0.5 0.5 3.3 2.8 2.5 3.7 77.0 53.2 54.8 

STD DEV 16.0 0.9 0.4 0.1 2.4 1.7 1.4 0.5 4.3 3.5 5.1 

RUKODZI 

MEAN 91.2 100.0 0.9 0.7 3.4 4.6 3.8 3.7 77.6 57.2 54.1 

MODE 98.3 100.0 1.5 0.7 2.2 2.8 2.5 4.2 82.0 59.4 51.0 

STD DEV 7.2 0.0 0.4 0.1 1.7 1.6 2.2 0.4 3.8 3.1 3.9 

 

4.5 FOG Accident and Incident Data   
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To further understand the parameters that influence stability in rock mass, fall-of-

ground (FOG) accidents and incidents that occurred in the previous decade were 

assessed. The parameters from the classification and other important geotechnical 

information regarding the accidents or incidents were noted. The accident or 

incident information was available from their reports and summary. A few areas, 

however, required reassessment by visiting the periphery areas of the FOG sites. 

A better understanding of the FOG sites was obtained using modern mapping tools 

like the EMD and the Ground penetration radar (GPR) scanning machine. Table 

A4 in the Appendix shows the data from the investigations of accidents and 

incidents. The data from the different mines is summarised in Table 20. From the 

recording, the maximum fallout height, the orientation of the critical joint in terms 

of the dip and dip direction, the block or wedge size, Q rating, and the number of 

faces on the polyhedral prism relative to the open space or free face were noted. 

The average dips are 58 degrees for J1, 64 degrees for J2, and 32.3 degrees for 

J3.  

Table 20: FOG accident and incident data summary.  

 

 

 

 

 

4.6 Brow Analysis 

   
J1 - strike  J2 - dip  J3 - horizontal   

Q value Max 
Fall out 
Height 

 Dip Dip 
directio

n 

 Dip Dip 
directio

n 

 Dip Dip 
directio

n 

Mean 2.7 0.8 57.5 218.8 64.0 197.4 32.3 212.0 

mode 3.2 0.1 56.0 297.0 54.0 0.0 41.0 215.0 

std dev 0.7 1.0 24.8 117.3 16.3 124.3 20.9 103.8 

max 3.8 4.5 88.0 352.0 88.0 352.0 88.0 354.0 

min 0.4 0.0 2.0 0.0 33.0 0.0 2.0 3.0 
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Hanging wall brow analysis was conducted to determine the zone of instability by 

determining the 95% cumulative fallout height of the brows across the mines. This 

also represented the weak zone of the hanging wall beam and could be assessed 

against the fallout heights from the accident and incidents recorded in the 10 years. 

It also gave data on the largest fallout unit, which resulted in instability. Brows were 

picked along the demarcated roadways, where all other properties related to the 

research were picked. Those areas include the drives from which the core logs 

and the geotechnical data were collected. Table 21 shows the brow data collected, 

and the analysis done for Mupfuti mine is shown in Figure 21.  

Table 21: Summary of brow data from the three mines in the Great Dyke.  
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Figure 21: Mupfuti mine brow analysis data showing the 95% cumulative 

frequency.  

The brow data for the combined length of each roadway on each mine was 

analysed to give the 95% cumulative fallout height for the mine. A summary of the 

data obtained from the brow analysis is presented in Table 22. From the data, the 

mean brow fallout heights of 0.41 m, 0.42 m, and 0.46 m are noted for Mupfuti, 

Mupani, and Rukodzi, respectively. The mean fallouts are less than the cumulative 

fallout assessed per portal, resulting in localised instability. The block sizes that 

play a key role in the rock mass analysis are also defined for each portal. The 

average brow block sizes for Mupfuti, Mupani, and Rukodzi mines are 0.27m3, 

0.27m3, and 0.29m3, respectively.  
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Table 22: Summary of brow data from the three mines in the Great Dyke.  

Mine 
95% 

cumulative 
fall out 

Max height 
(m) 

(Width 
(m) 

Length 
(m) 

Block size 
(m) 

Tonnes  

MUPFUTI  1.00  

0.41 0.72 0.86 0.27 0.88 Mean 

0.20 0.55 0.70 0.04 0.14 Mode 

0.24 0.39 0.43 0.31 1.00 Std Dev 

1.20 2.97 2.97 2.12 6.87 Max 

0.10 0.03 0.10 0.01 0.02 Min 

MUPANI  0.95  

0.42 0.68 0.91 0.27 0.87 Mean 

0.20 0.40 0.70 0.06 0.18 Mode 

0.27 0.32 0.47 0.30 0.96 Std Dev 

1.40 2.00 2.75 2.20 7.13 Max 

0.10 0.40 0.19 0.02 0.06 Min 

RUKODZI  0.90  

0.46 0.67 0.98 0.29 0.94 Mean 

0.20 0.40 1.20 0.16 0.52 Mode 

0.27 0.30 0.52 0.26 0.85 Std Dev 

1.20 2.00 7.00 1.92 6.22 Max 

0.10 0.10 0.20 0.02 0.07 Min 

 

4.7 EMD Mapping  

The geotechnical data obtained during the underground analysis entailed picking 

the discontinuities' orientation (the dip and dip direction). The joints were picked 

following a block grid of 50 m by 50 m on strike and dip, starting from the selected 

roadways. The block grids were focused on the eastern side of the roadways in 

which the diamond drilling was conducted. Discontinuities with persistency greater 

than 2.0 m and traceable joints across a pillar were considered. Kinematic analysis 

was conducted on the picked discontinuities using Rocscience software, which is 

termed DIPS. The focus was to predict the probability of the presented modes of 

failure to occur based on the given conditions. The data picked also allowed the 

determination of the mode and the mean orientations using the DIPS software. 

Table 23 is an extract of the discontinuity data logged along the Mupfuti mine 

roadway scanline.  
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Table 23: Extract of the EMD Grid data planes from Mupfuti mine. 

 

The kinematic properties used for the analysis are shown in Table 24. 

Table 24: Kinematic properties used for the analysis of data planes. 

 

The joints picked are presented in different rosette diagrams for each run picked. 

The kinematic analysis presents stereographic projections that indicate areas with 

potential failure based on the joint intersections. The obtained data was analysed 

to determine the mode of failure. The modes of failure, giving the most significant 

ID Dip
Dip 

Direction
Set

Planar 

Sliding

Planar 

Sliding (No 

Limits)

Flexural 

Toppling

Direct 

Toppling 

(Base Plane)

1 85 204 0 Toppling

2 82 313 0

3 83 343 0

4 76 6 0

6 88 241 0

7 79 14 0

8 73 294 0

9 2 152 0

13 80 26 0

14 49 224 0

16 9 3 0 Sliding+Base

17 35 315 0 Sliding

18 38 343 0 Sliding Sliding Base

20 83 274 0

21 82 297 0

5 56 352 1 Sliding Sliding Base

10 39 312 1 Sliding

19 61 325 1 Sliding

22 39 275 1

23 53 279 1

24 46 290 1

25 56 297 1

26 46 332 1 Sliding Sliding Base

11 13 217 2

12 12 208 2

15 21 180 2

27 21 328 2 Sliding+Base

Kinematic properties

Slope Dip 70

Slope Dip Direction 0

Friction Angle 30

Lateral Limit Angle 30
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concern, entailed sliding and toppling from underground abutments. This would 

summarise the discontinuities contributing to the predicted failure modes and 

determine the critical orientations. Figure 22 shows kinematic analysis for planar 

sliding along Mupfuti mine scan line area 1.  

 

 

Figure 22: Kinematic analysis for Planar sliding at Mupfuti mine scan line area 1.  

The assessments were conducted for different failure modes, including planar 

sliding, wedge sliding, and toppling failure. A summary of the mean orientations 

was obtained and summarised in Table 25:  
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Table 25: Showing the planes’ mean intersections for the 3 properties. 

 

Data from the three joint sets was analysed for failure and yielded the results 

summarised in Table 26. Mupfuti mine has a higher wedge and planar sliding 

potential than the other two mines. Mupani mine showed a 16% probability of 

toppling failure, the highest of the three mines. The results show more joints with 

a slope angle greater than the friction angle intersecting at the Mupfuti and Mupani 

mines than the Rukodzi mine. The variation in the slope angle can be related to 

the variation in depth across the three mines attributed to the shape of the Great 

Dyke and mine location. Mupfuti and Mupani mines are located at greater depth 

with steeper reef slope than Rukodzi mine, which is shallow and mining a flat reef.  

Table 26: The probability of failure for the underground discontinuities picked. 

4.8 Instrumentation and Measurements  

Data about the strength and stability of the hanging wall beams was evaluated 

using instrumentation. No findings were obtained from the three mines. Rukodzi 

mine practising retreat mining through a pillar reclamation process shows some 

data but within the elastic limit. The data recorded fluctuates within the elastic limits 

for the hanging wall beam despite the increase in hydraulic radius. Figure 23 shows 

a graph of one of the data loggers used in the monitoring process, showing 

consistent values measured by the logger.  

ID TREND PLUNGE LABEL 

Mupfuti  

129 43 Plane1 

45 81 Plane2 

245 9 Plane3 

Mupani 

281 8 Plane1 

103 24 Plane2 

257 79 Plane3 

Rukodzi 

302 69 Plane1 

209 7 Plane2 

38 27 Plane3 

PROBABILITY OF 
FAILURE 

TOPPLING % PLANAR SLIDING % WEDGE SLIDING % 

Mupfuti mine 1,14% 25,00% 24,79% 

Mupani mine 16,36% 5,15% 9,21% 

Rukodzi mine 9,80% 1,96% 5,65% 
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Figure 23: Showing data logger with no changes at Rukodzi mine 

Stress measurements on pillars as mining advances and as the hydraulic radius is 

increasing were conducted. The expectation was that an increase in hydraulic 

radius would cause some hanging wall deformation and increase field stress on 

the remnant pillars. The hanging wall deformation is measured through a series of 

closure sensors and online wire extensometers planted across the extracted zone 

before mining commences. Stress meters placed along the remnant pillars 

measured the stress changes across the hydraulic radius. The stress sensors 

monitoring the mined-out areas recorded no changes (refer to Figure 24).  

  

Figure 24: Showing data from stress sensors indicating no stress changes. 

4.9 Numerical Modelling   
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Map3D software determined the stress acting on the pillars post-mining and the 

stress distributions across the pillars. A total field stress of 11 MPa for sigma 1 and 

5 MPa for sigma 3 was determined from the modelling process. The values are 

closely related to the measured principal stress values for the Mupfuti mine and 

Mupani mine areas, which are mining 180 m below the surface. The stress factor 

parameter for rock mass classification can be determined and reviewed using the 

obtained results. Figure 25 and Figure 26 show the stress models created from the 

analysis in Map3D. The input parameters used in the analysis are presented in 

Figure 20 as material properties and were obtained from the feasibility study report 

by SRK (2007).  

   

Figure 25: A model of the sigma 1 field stress on a roadway pillar at 180 m depth. 
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Figure 26: A model of the sigma 3 field stress on a roadway pillar at 180 m depth. 

4.10 Chapter Summary 

Data obtained from the underground scanline mapping and core logging allows for 

comparison between in-situ rock mass and the rock mass after mining out the area. 

A variance between the RQD values was obtained when logging the actual 

underground rock mass compared to the diamond drill core for the same rock 

mass. This difference is attributed to core logging being uniaxial while underground 

logging is three-dimensional. The data obtained from the underground mapping 

and the core logging allowed for calculation using the selected rock mass 

classification systems. The four selected rock mass classification systems were 

applied to assess the hard rock platinum mine rock mass. For the documentation 

on data records refer to appendix table A2 toA13. Regression analysis determined 

the correlation between each parameter and the classification systems proposed. 

Using the FOG analysis and EMD mapping, different discontinuity orientations 

motivated the proposal to use orientation as a rock mass classification parameter. 

Numerical modelling techniques were applied for stress analysis to give the total 

field stress value almost similar to the calculated field stress or the measured in-

situ stress. The stress meters for measuring stress changes and the closure 

meters and closure loggers for measuring hanging wall beam deflection did not 

record any changes. 
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5 ANALYSIS AND FINDINGS 

5.1 Introduction 

This chapter details the evaluation of the data presented in Chapter 4. The 

evaluation process answers the research objectives by assessing each input 

variable to the rock mass classification system it applies. The relationship between 

the parameters and their classification systems is also determined. This would 

assist in suggesting or building the best rock mass classification system to use for 

the Great Dyke's hard rock platinum mines. Using the summarised results from 

Chapter 4, data analysis is conducted using graphs and calculations. Regression 

analysis and the Coefficient of Determination (R2) are used to analyse the data 

obtained from the RQD, Q, Q’’, and the RMR systems and their parameters.  

5.2 RQD and Joint Frequency Analysis 

An analysis of the joint frequency in terms of spacing was done to establish the 

relationship between the RQD from DD core logs and the joint spacing. From the 

research findings, the mean joint spacing, joint volume, and RQD for each portal 

were assessed. The DD logs gave an overall 85% RQD, and the underground 

logging gave an RQD value of 99%. A regression analysis of the DD- RQD values 

against the joint spacing is shown in Figure 27  

 

Figure 27: Showing the relationship between DD RQD and Js 
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The graph in Figure 28 shows no clear relationship between the DD-RQD and the 

joint spacing along the core. The average joint spacing does not significantly 

influence the RQD values obtained. The use of average spacing per core run could 

influence the poor correlation. The use of averages covers the outliers in terms of 

joint spacing that influence the RQD values as defined in the method introduced 

by Deere (1946).  

 

Figure 28: Showing the relationship between UG - RQD and Js 

Figure 29 shows a graph presenting a relationship between the joint spacing on 

strike and the RQD outcome from underground logging. The recorded values for 

joint spacing on strike are distributed between 0.4 m and 1 m spacing. The UG-

RQD versus the strike joint spacing shows a negative relationship indicated by the 

down-sloping linear regression line with increasing joint spacing. The analysis 

made on a singular joint set contradicts the mathematical presentation by 

Palmstrom and Joint Volume. The variation results from using one joint set to 

analyse when the RQD is calculated using two or three joint sets. The relationship 

between the RQD and the joint spacing is weak and cannot be used to define the 

rock mass, as indicated by a low R2 value.  
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Figure 29: Showing the relationship between Ug- RQD and Jv 

A similar graph is presented when the volumetric joint count is used instead of the 

on-dip joint. The Graph in Figure 30 shows a negative relationship between the 

underground RQD and the volumetric joint count. The variables have a weak 

relationship, as the low R2 value indicates. This also means the volumetric joint 

count cannot entirely represent the rock quality and, if used, requires caution and 

experience.  

5.3 Q system  

Classification of the rock mass using Barton's Q system gave results summarised 

in Chapter 4 in Table 19. The summary shows that the mean Q values decrease 

as mining migrates toward the north along the Great Dyke. Rukodzi mine, on the 

southern tip of the complex, has the highest average Q value of 4.6. Mupani mine, 

in the same shallow mining geotechnical environment but situated 240 m below 

the surface, has a lower Q value of 3.69. Analysing the trend across the mines 

shows that the Q value differs for each mine, as shown in Figure 30. The difference 

can be attributed to the reduced oxidation with an increase in depth from Rukodzi 

mine to Mupani mine.  
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Figure 30: The Q values trend per portal against the overall mean Q value. 

The data obtained from the assessment was also analysed to understand the 

relations between the Q rating outcome and the parameters used to determine it. 

Each parameter was analysed against Q. 

5.3.1 Q versus RQD 

The  RQD parameter, which defines the block size of the rock mass, was assessed. 

It was established that an average calculated RQD of 99.8% is obtained in the 

Zimplats' Ngezi platinum mines. Figure 31 presents an analysis of the relationship 

between obtained Q ratings using a logarithmic scale and the RQD values. 

 

Figure 31: The relationship between Q values and RQD. 
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The regression line shows a positive relationship. The R2 value of 0.0002 shows a 

weak relationship between the RQD parameter and the logarithmic scaled Q 

outcome. This means that the rock mass's RQD value cannot be used to predict 

its Q outcome independently.  

5.3.2 Q versus Jn 

The count of the joint sets noted per 3 m assessment interval was recorded under 

the parameter joint set number (Jn). The assessment considers the measure of 

blocks and wedges formed due to the different joint intersections across the 

advanced mining direction. The data collected gave a mean of 11.26 for the Jn 

value, which is closer to a Jn value of 12, depicting an average of 3 joint sets and 

random joints. From the summary in Chapter 4, the frequency of the discontinuities 

increased due north across the Great Dyke mining shafts using the joint spacing 

for assessment.  

 

Figure 32: Showing the relationship between Q value and Jn. 

The joint sets number (Jn) has a negative relationship with the Q value, with an 

extremely low correlational value represented by R2=0.0667. The weak 

relationship shown by the low R2 value means one cannot make suggestive 

predictions for the Q of a rock mass using only the Jn values. The Jn values from 

the data do not give any logical pattern with the logarithmic scaled Q values, as 

shown in Figure 32.  
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5.3.3 Q versus Jr  

The joint roughness, Jr represents the asperities between the discontinuities. The 

assessment notes an average of 1.16 for the Jr value which can be rounded off to 

a Jr value of 1. Analysing the relationship between Jr and the logarithmic scaled Q 

ratings gives a positive trend line as shown in Figure 33.  

 

Figure 33: showing the relationship between Q values and Jr. 

The regression analysis gives an R2 value of 0.0529, as shown on the graph, 

indicating a weak relationship to predict the outcome of the rock mass class using 

the Jr parameter.  

5.3.4 Q versus Ja  

Joint alterations entail the infill material noted between the discontinuities. The data 

notes a negative relationship, as depicted by the trend line on the graph in Figure 

34. Table 14 in Chapter 4 shows the average Ja values per mine, which give an 

overall mean of 1.8, representing a Ja value closer to 2. The regression analysis 

established a negative relationship between the joint alteration and the logarithmic 

scaled Q values. The relationship between Ja and the logarithmic scaled Q values 

is weak, indicated by an R2 value of 0.4143.  
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Figure 34: showing the relationship between Q values and Ja. 

The regression value is approximately 0.41, which is lower than the 0.95 expected 

value, giving a high degree of confidence in directly using the parameter to predict 

rock mass conditions. The R2 value from the Ja analysis has the highest regression 

outcome, giving it some significance regarding the Q values outcomes. However, 

if Ja is used to make predictions of Q outcomes, extreme caution should be 

exercised.  

5.3.5  Q versus Jw  

Jw stands for the joint water or moisture in the discontinuities. Across the mining 

shafts, all the noted discontinuities were dry, giving a Jw value of 1. The graph in 

Figure 35 below shows no real relationship between Jw and the logarithmic scaled 

Q rating. No relationship could be established from the data obtained. This justifies 

why Watson, 2004 decided Jw is insignificant if the discontinuities are mostly dry.  
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Figure 35: The relationship between Q value and Jw. 

5.3.6 Q versus SRF  

SRF was the last parameter analysed on the Q system to define the relationship 

between the parameters and the logarithmic scaled Q ratings. A negative 

relationship was established between the logarithmic scaled Q values and the SRF 

presented in Figure 36, which shows a downward trend on the graph. The 

regression line has a low R2 value of 0.3064, representing a very weak relationship 

between the variable and the outcome.  

 

Figure 36: The relationship between Q value and SRF. 
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5.3.7 Summary 

The nature of the relationship between the variables and the logarithmic scaled Q 

value was notable after a regression analysis using a linear trend line. No 

correlation was established that has a relationship strength above 90%. The 

analysis also shows that the Jw parameter has no significant influence on 

scenarios that are composed mostly of dry discontinuities. A dry discontinuity uses 

a whole number of 1 in the calculation of the Q value, which shows no correlation 

with the Q outcomes. All the parameters show a weak relationship to the Q 

outcome. This means the rock mass analysis method with the same parameters 

should be altered to give stronger relationships between input variables and 

outcome. 

5.4 The Modified Stability Graph Q’’ and the modifying parameters 

As a classification system that was tried out in the Bushveld complex, which is a 

similar geological feature to the Great Dyke, the Modified Stability Graph (Q”) is a 

potential analytical tool for use in the hard rock platinum mines of the Great Dyke. 

Watson, 2004 introduced the Q” which is a modification of the Q system that has 

the Jw/SRF parameter removed and replaced with modifying parameters. These 

parameters are the stress adjustment, the joint orientation, and the gravity effect 

adjustment parameters. The results obtained from using the system are 

summarised in Table 19 in Chapter 4. The data obtained was analysed against the 

modifying parameters that include stress, discontinuity orientation, and gravity 

correction. The summary in Table 19 shows a mean Q’’ rating of 3.8 with mean 

values for the stress, orientation, and gravity adjustments at 1, 0.8, and 0.7, 

respectively. 

5.4.1 Q’’ versus Stress adjustment  

The stress reduction factor (SRF) was replaced by the stress adjustment factor 

applied in the assessment using graphs by Watson, 2004. Analysis of the stress 

adjustment parameter against the obtained Q'' value yielded no visible relationship. 

This is driven by the fact that the Great Dyke mines currently operate in a low-

stress environment. When assessing the stress influence and corresponding it to 

the stress adjustment graphs, the corresponding adjustment factor value is 

obtained at 1. Similar to the Jw parameter in Q, the stress adjustments in Q" for 
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low-stress environments have little to no impact on the rock mass classification 

outcome. It yields no logical relationship.  

 

Figure 37: Graph showing the relationship between Q” and the stress factor.  

The relationship between the logarithmic scaled Q" and the stress adjustment 

parameter presented in Figure 37 gives an overall picture of the rock mass 

response to low stress in shallow mining environments. This is because the in-situ 

and field stresses are very low. Innovative approaches are necessary to analyse 

the impact of stress on the hard rock platinum mines within the shallow mining 

environment.  

5.4.2 Q’’ versus Joint Orientation 

The discontinuity orientation is a variable factor and can result in the formation of 

diverse polyhedral prisms. The intersection of the joints commonly results in wedge 

and block formations, which determine the failure mode. From the orientation 

analysis done on the FOG accidents and incidents that occurred in the Great Dyke, 

the critical joint orientations were evaluated. A cross-reference to the orientation of 

the critical discontinuities and their corresponding correction factor were verified 

using the Q" charts by Watson, 2004. A graphical presentation of the relationship 

between the orientation correction factor and the logarithmic scaled Q'' values 

obtained is shown below in Figure 38.  
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Figure 38: A graphical analysis of Q” and the joint orientation factor.  

The orientation correction parameter shows a positive relationship with the 

determined Q’’ values. It also gives an R2 value of 0.72 which is above 50%. The 

regression value is of high confidence for projections and predictions but should 

be used with caution. The degree of confidence is enough to argue the impact of 

the orientation correction parameter to the Q” outcome.  

5.4.3 Q” versus Gravity Correction factor 

Watson (2004) noted gravity as an important parameter based on the fact that all 

rock falls are due to gravity pull in low-stress environments. Using the modified 

stability graph’s assessment charts, the critical faces that can result in instability 

are noted. The graph in Figure 39 shows the relationship between the logarithmic 

scaled Q” rating and the gravity correction factor. 
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Figure 39: A graphical analysis of Q” and the gravity correction factor.  

The graph shows a positive relationship between the Gravity factor and the 

logarithmic scaled Q”. Regression analysis indicates a fairly strong relationship, 

indicated by an R2 value of 0.67, which is 67%. This can be used for projections 

and predictions with caution. 

5.5 RMR analysis of classification systems  

The different classification systems were compared when their outcomes were all 

converted to the RMR state. This allowed for the classification systems to be 

compared to the directly determined RMR values. The analysis was done to 

determine how related the different classification systems are when the output 

values are converted to RMR using the relationship stated in Equation 5 introduced 

by Bieniawski, 1984. 

 

RMR = 9lnQ + 44    Equation 5 
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Figure 40: A graphical analysis of RMR values for underground logs.  

Figure 40 shows that directly determined RMR values are higher than the RMR 

values from other classification systems derived using the relationship in Equation 

5. The Q and Q” values trend in the same range, between 41 and 60, which is 

described as fair rock mass using RMR charts. The directly determined RMR 

values range between 61 and 80, which represents good rock mass. This analysis 

shows how conservative the Q and Q” rock mass classification systems are 

compared to the RMR.  

Table 27: Regression analysis for Q and Q” in RMR mode. 

Regression Model R2 RMSE 

Bieniawski, 1984 0.62 9.07 

9* ln Q + 44 for Q 0.014 1.79 

9* ln Q + 44 for Q” 0.012 3.99 

5.6 Fall of Ground and Brows Analysis 

A series of outcomes and findings were observed from the 60 fall-of-ground 

incidents taken into analysis.  

1. Critical orientation resulting in falls. 

2. Mode of failure  

3. Average fallout height showing instability span.  
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Table 28: Showing the dip and dip direction use in marking the critical orientation. 

 

From the FOG data recorded, a scatter plot enabling the determination of the 

critical dip and dip direction was produced. The scatter plots had the population of 

the discontinuities that met the mean criteria of dip and dip direction ranges. The 

ranges are determined by making the mean value the midpoint of the range and 

adding or subtracting 10 units to the mid-point. This agrees with the joint set 

analysis by Barton et al. (1974), which states a 20-degree limit for joints in the 

same set when picking joints. In this case, the mean criteria values range is shown 

in Table 28. 

 Table 29: Determined critical orientations in Dip and dip direction and descriptions. 

 
The critical orientation categories, ranging from extreme to fair, are arranged, 

relating to the increase in the dip angle from 22 degrees to 74 degrees. The 

arrangement is guided by the number of FOG accidents and incidents with plane 

orientations that perfectly fit the criteria. Only 9 out of the 60 FOG accidents and 

incidents perfectly fit the criteria of dip between 22 and 74 degrees with direction 

between 187 degrees and 230 degrees. Figure 41 shows sections used to develop 

the orientation categories using the averages.  

 Q 
value 

Max Fall 
out 

Height 
Dip 

Dip 
direction 

Dip 
Dip 

direction 
Dip 

Dip 
direction 

MEAN 2.6 1.3 57.9 220.3 63.9 197.4 32.3 212.0 

MODE 3.2 0.1 56.0 297.0 54.0 0.0 41.0 215.0 

 Extreme Critical Unstable Fair 

 Dip Dip dir. Dip Dip dir. Dip Dip dir. Dip Dip dir. 

Range 22 187 45 205 61 216 74 230 
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Figure 41: FOG analysis determining the critical orientations favouring instability. 

The data shows that the dip and dip direction are critical elements to monitor when 

assessing the discontinuities. The analysis highlights the critical orientations 

affecting stability against the normal mining direction. Jager and Ryder (2002) 

highlight the effects of mining against plane orientation (dip) and how it can result 

in fallouts. The weakness plane and its orientation concerning the major principal 

stress or the shear stress in a rock mass are also important for assessing rock 

mass strength or stability.  

In low-stress environments, rock mass failure is attributed to gravity fallouts or 

slabbing of loose peripheral blocks or wedges after loss of cohesion. Through the 

cumulative frequency analysis of both the fall of ground accidents and the 

incidents, the 95% cumulative fallout height for the platinum mines was 

determined. From the analysis, the 95% cumulative fallout height is 0.9 m.  
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Figure 42: The 95% cumulative fallout height at 0.92 m.  

5.7 Numerical modelling  

Stress analysis using a boundary element method was done to determine the 

stresses on the pillars using Map3D software. The stress determined on the pillars 

is the total stress value, the sum of the in-situ and induced stress. In-situ stress 

was estimated by multiplying the density, depth, and gravity acceleration for the 

platinum mines' rock mass. Principal stress values were obtained from Table 2 as 

determined by Groundworks Company for Zimplats mine. Table 28 shows the 

different stress values obtained for the scenarios, including estimated total stress.  

 Table 30: Showing the different stress ranges obtained for the mines. 

 

One of the paramount arguments of rock mass classification using the Q system 

involves the stress components or stress factors prescribed in the classification 

 
INSITU 

STRESS (MPA) 
PRINCIPAL 
STRESSES 

MODELLED 
STRESS (MPA) 

Est. TOTAL 
STRESS. (3 * 

SIGMA) (MPA) 

Sigma 1 5.1 8.4 11 15.3 

Sigma 3 5.1 5.3 5  
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process. Watson (2004) proposed a stress factor for the modified stability graph 

classification system. According to Watson (2004), the ratio between the Uniaxial 

Compressive Strength (UCS) and the maximum induced compressive stress gives 

the stress factor applied in the classification. The method was applied to the 

research using Table A2 to determine the stress factor in shallow hard-rock 

platinum mines.  

Table 31: Stress factor marking the critical orientation. 

UCS 
Map3D 

Total stress 
Ratio 

Stress factor 

parameter 

233 11 21.18 1 

233 5 46.6 1 

 

The analysis shows that the stress factor approach fairly assesses the impact of 

stress on the rock mass. The modelled stress and the estimated stress showed a 

slight variation, with both values giving an outcome of 1 when determining the 

stress factor parameter.  

5.8 Modifying Barton’s Support Chart 

An analysis was done on the Q, Q", and RMR data to establish the normal 

distribution for the ratings as found in the rock mass of the hard rock platinum 

mines. The analysis determined the cut-off points for very poor, poor, and fair rock 

mass conditions. Q ratings below 4 indicate poor rock mass, while those above 4 

indicate fair to good rock mass, according to a support determination chart 

presented by Barton (2002). Figure 43 is a normal distribution graph showing that 

62.3 % of the rock mass at Zimplats mine has a Q rating below 4.  
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Figure 43: A Q ratings distribution curve graph with a cumulative analysis. 

Figure 44 shows that 58.2% of the Q” rating data records have a rating less than 

4, describing poor rock mass. The difference in the distribution between the Q” and 

the Q ratings shows the effect of using the modifications in Q” calculation. 

 

 

Figure 44: A Q” ratings distribution curve graph with a cumulative analysis. 
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The graph in Figure 45 shows a normal distribution graph for the RMR values 

determined in the Great dyke rock mass at Zimplats mine. The graph shows that 

100 % of the records are in fair rock mass conditions, according to the analysis 

chart by Bieniawski (1989). The RMR system presents fair conditions throughout 

the analysis. This opposes the assessment done using Q in areas with blocky rock 

mass where the output indicates the very poor rock mass category. The distribution 

graph could be interpreted to say that fair rock mass conditions can also be prone 

to instability.  

 

Figure 45: An RMR distribution curve graph with a cumulative analysis. 

The scale used to analyse and describe the ratings was reviewed to allow for a 

more accurate description of the geotechnical conditions. The cut-off point for poor 

rock mass conditions to fair rock mass was reviewed using the analysis of FOG 

accidents and incidents. From the FOG records analysis, a mean Q rating value of 

2.6 was obtained, as indicated in Table 20. Rounding off the mean value to the 

nearest whole number gives the upper limit for poor rock mass conditions as 3. 

The mean standard deviation determined from the Q and Q” systems is 2.03. By 

subtracting the standard deviation from the upper limit, the lower limit to the poor 

rock mass conditions range is 1. The upper limit for fair rock mass conditions is 

determined as 5.  
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Table 32: Showing the derived ranges on the altered support determination chart. 

   Lower limit Upper limit  Upper limit  

 Mean rating Std Dev 

Poor rock 

mass 

Poor rock 

mass Fair 

Final Values 4.0 2.03 1 3 5 

 

 

Figure 46: Altered support determination chart with changes marked in red.  

Data obtained during the research was evaluated using the altered support 

determination chart in Figure 46. The goal was to evaluate how the new chart limits 

redistribute the Q and Q" classifications' outcomes.  
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Figure 47: Q rating distribution curve graph using the altered support determination 

chart. 

 

Figure 48: Q rating distribution curve graph using the altered support determination 

chart. 

When analysed using the altered support determination chart, the rock mass 

classification distribution gives results that are more related to the conditions 

observed underground. Figure 47 shows that 48.2% of the rock mass is in poor 

ground or worse when using the Q system. Figure 48 shows that 34.7% is in poor 

rock mass or worse when using the Q" system. Figure 49 shows the percentage 
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tally of the classifications when using the two charts and the impact of the 

modifications to the distribution.  

 

Figure 49: Distribution of Class D when using the original Barton’s and modified 

charts. 

The percentages of the 3 m intervals classified as poor rock mass using the Q 

system reduced from 62.3% to 48.2% when applying the modified support 

determination chart. The 14.1% drop creates room for rock mass to be classified 

as fair or good. The 3 m intervals classified as poor rock mass using the Q" reduce 

from 58.2% to 34.7%. The 23.5% drop sees significant rock mass intervals 

reclassified as fair and even good rock mass. The chart in Figure 49 shows how 

the adjustment parameters and the modified chart significantly change the 

distribution of the rock mass classifications. Based on the chart, the Q system and 

the adjusted support determination chart would be the classification system of 

choice for hard rock platinum mines. This is because the Q system and the new 

chart allow a 50% distribution between poor and fair rock mass conditions. This 

even distribution gives a picture relatable to the observed conditions while retaining 

the high-risk perception involved when solving rock engineering problems.  
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6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Introduction 

Chapter 6 entails the conclusions and recommendations of the research. The 

research aims and objectives are answered using the analysis and interpretation 

of the results from the previous chapters. This chapter summarises the key 

findings, recommendations, and challenges encountered during the research. It 

also details a summary of the chapters, key learning points in each section, and 

recommendations on ways to improve the research to ensure the desired outcome 

is yielded. The key aspect is answering the research question, aim, and objectives.  

6.2 Summary of Chapters 

This report has six chapters that cover the following: 

•  Chapter 1 consists of the introduction and background. It presents the 

problem question, describing how the direct adaptation of the Q system for 

the classification of mining rock mass in hard rock platinum mines has 

presented 70% of the rock mass as poor or very poor. Observed conditions 

show that 50% of the rock mass is in fair and good condition. The 

challenges posed by this analysis are overdesign for support, reduced 

extraction, and additional costs on support. The adequacy of the Q system 

for the classification of mining rock mass is questioned. The research aim 

presented is to identify a suitable classification system for the mining rock 

mass of the Great Dyke. 

 

• Chapter 2 is the literature review, which describes the background of the 

area in which the research was conducted. The literature includes lithology, 

rock mass properties from rock tests and geotechnical conditions of the 

rock mass, and mining methods. The chapter also reviews the development 

of the existing rock mass classification systems and details the pros and 

cons of the system when applied to shallow hard rock mines. Four 

classification systems were identified as relevant to the research. These 

systems include the RQD, RMR, Q, and Q" systems. Parameters from 

these existing classification systems are also defined and reviewed. Other 
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parameters affecting ground stability are presented in Chapter 2. The other 

key parameters discussed in the literature include the blasting effect, 

orientation, and total field stress. Similar research and debates by other 

authors on how these key parameters are often ignored in the classification 

process of mining rock mass are also discussed.  

  

•  Chapter 3 described the methodology applied during the research. The 

chapter describes the geotechnical logging done on diamond drilling holes 

and underground roadways, then classifying the rock mass using the four 

selected classification systems from the literature review. It also entailed a 

review of FOG accidents and incidents, brow analysis, and measurement 

of the rock mass response through instruments and numerical modelling. 

The step-by-step technical approaches used in gathering data, recording, 

and the data validation process are also articulated in the chapter.  

 

• Chapter 4 presents the data recorded for the research in tables and figures. 

The chapter summarises the data collected during RQD analysis, Q rating, 

Q" application, and the use of RMR in hard rock mines. Accuracy and 

precision during data collection were of high importance. The large sums 

of data collected required simple summaries that allowed for critical data 

analysis. Tabled summaries with the mean, mode, standard deviation, 

maximum, and minimum values of each process were created in the 

chapter. The summarised geotechnical information could now be analysed 

for each system applied, answering the research objective.  

 

• Chapter 5 involved the analysis of the research data. Each classification 

system was evaluated against its parameters. Regression analysis using 

the Coefficient of Determination (R2) and Root-mean-square error was 

done to assess these relationships. From the Q system, the Ja and the SRF 

had R2 values that indicated the impact of infill material and stress on rock 

mass. When the Q” was applied, the orientation and stress factor also 

presented R2 values of significant note, showing a strong relationship 

between the parameters and the classification outcome. Analysis of Q and 

Q” presented that both systems are inclined towards describing poor rock 

mass conditions, ignoring fair rock mass conditions. The RMR describes 
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fair and good rock mass conditions, ignoring poor rock mass in the platinum 

mines of the Great Dyke. A greater percentage of the Q values were in the 

range of bad ground conditions compared to those from the Q” system. 

This means the Q” system accommodates more rock mass in fair 

conditions than the Q system.  

 

The support determination chart used by the Q and Q" to describe the 

numerical outcomes of the classification analysis was altered. The 

alterations were based on the statistical data analysis on FOG accidents 

and incidents. The range describing poor and fair rock mass was altered 

based on the frequency of FOGs and the Q ranges in which they occurred. 

The initial range for poor rock mass was 1-4, and the proposed new range 

was 1-3. The new range for fair rock mass was also proposed to start from 

3 and end at 5. The proposed new range for good rock mass was set up 

from 5 -10. When the altered support determination chart was applied to 

the same data set, 48.2% of the Q system outcomes represented poor rock 

mass, and 34.7% of the Q" system described poor rock mass. This new 

outcome aligns with the observed conditions, which note that about 50% of 

the analysed rock mass is in poor condition. The analysis using the Q 

system and the altered support determination chart suggests that the Q 

system can still be adopted for use as a rock mass classification system for 

hard platinum mines of the Great Dyke. This is because the Q system and 

the new chart allow for an even distribution of the rock mass classes 

relatable to the observed conditions in underground excavations. 

 

• Chapter 6 is the last set aside for conclusions and recommendations 

derived after all the data acquisition and analysis according to the principles 

understood by the researcher.  

 

 

 

6.3 Research Observations 
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Various observations were made during the research. There is a vast number of 

parameters that affect the rock mass stability, yet most classification systems dwell 

on fewer parameters. An understanding that only a few parameters that are critical 

towards influencing the instability of the rock mass are then considered. It was 

observed that while joint aperture and infill are most regarded for loosening the 

rock mass, there is little regard for the mining or blasting effect when applying the 

selected classification systems. The loosening parameter from blast impact is a 

factor that requires adequate measurements, as mentioned by Bieniawski. Another 

observation made entails how FOG accidents and incidents favour critical 

orientation with respect to the mining direction. For the Great Dyke, the critical 

orientation was determined by counting the number of FOGs with the same 

discontinuity orientation. An observation was made on how the RMR system 

inclines its descriptions towards fair and good rock mass, while the Q and Q" 

systems are inclined towards describing poor and very poor rock mass conditions. 

The inclination towards poor descriptions for the Q and Q" systems was noted to 

some extend to be attributed by the support determination chart used for the 

ratings. The support determination chart was noted to have a larger scale range 

for poor to extremely poor rock mass descriptions and a smaller scale range for 

fair to extremely good rock mass. To try and manage the scale variance, an altered 

support determination chart based on the hard rock platinum mines rock mass of 

the Great Dyke was proposed. It was also observed that using the Q" system and 

Barton's support determination chart would give a rating almost related to observed 

conditions. The modified support determination chart and the Q system gave 

ratings closely related to the observed conditions. 

6.3.1 Initial and complimentary studies 

The research by Watson (2004) on a classification system for the Bushveld 

complex mines made the study more interesting and result oriented. Assessment 

of the rock mass based on the critical assessment from this research allowed for 

further analysis of the existing parameters and new parameters influencing 

instability. The stress analysis done on the mine also assisted in understanding the 

impact of stress on the abutments.  
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6.3.2 Key findings and observations 

Key findings for the research, as outlined in each chapter at different stages of the 

research, are described below. Key parameters affecting overall rock mass stability 

are also used in various rock mass classification systems. These parameters are 

the RQD, UCS of rock material, joint roughness, joint alteration, joint spacing, joint 

water condition, joint orientation, joint persistency, stress factors, and blasting 

effects. The permutations of each of these parameters towards the classification 

of the rock mass have an impact on the outcome. This is noted from the variances 

in outcomes presented when applying the Q and Q" systems, which have the SRF 

and stress adjustment factors, respectively, in their formulae. Efforts were made to 

determine the blast effects but with limitations; hence, no concrete conclusion was 

derived for the blast effect.  

The RQD is used more as a descriptive parameter than a stand-alone classification 

system. The RQD is used to describe joint count and the effect of the joint sets' 

interplay but does not consider the effects of the joint orientation. Critical slips or 

fallouts along 45-degree angled planes cannot be classified as critical if the joint 

count is low. Assessments of the Great Dyke rock mass using the RMR, Q, and Q" 

system present how each system is inclined towards a narrative. The RMR is 

inclined towards fair and competent rock mass descriptions. In contrast, the Q and 

Q" systems are inclined towards the poor rock mass descriptions.  

After conducting a regression analysis of the classification outcomes and their 

parameters, the Q” classification system had four parameters with R2 values that 

are above 0.2, with two of the parameters being above 0.4. This selected the Q" 

system as a potential classification system that can describe the shallow tabular 

hard-rock platinum mines' rock mass but remained inconclusive. The two key 

parameters assessed using regression analysis that indicated positive 

relationships with the Q" outcome include the Joint alteration (Ja) and the 

orientation adjustment parameter. It was also observed that the stress adjustment 

parameter by Watson, 2004 well described the shallow mining environment for the 

Great Dyke rock mass.  

After the outcomes from the Q and Q" classification systems are analysed, 70% of 

their values range between 1 and 4, which describes poor rock mass. Through 



90 
 

visual observation, the observed conditions show competent rock mass in 50% of 

the exposed rock mass underground. A correction to the variance between the 

observed and the determined classification values was then required. Adjusting 

the support determination chart intervals was suggested using the evaluations from 

fall-of-ground-related incidents and accidents. The assessments assumed that 

most FOGs occur in poor rock mass conditions. Hence, new cut-off values 

describing the poor, fair and good rock mass conditions were determined. A review 

of the outcomes using the adjusted chart presented the Q system aligned to the 

observed conditions, with approximately 48% poor rock mass outcomes and the 

rest either fair or good rock mass.  

6.4 Research Contributions 

The research brings a new understanding of the mining rock mass classification 

system. A mining rock mass classification should dwell more on the parameters 

affecting the mine stability and not be generalised. Using the parameters affecting 

stability and both the Q system and the Q" system are applicable methods to the 

rock mass classification of shallow, hard-rock platinum mines. The Q" system, 

however, involves the use of the stress effect, gravity, and discontinuity orientation 

adjustment parameters for a more effective analysis. Emphasis on applying the 

stress factor and the orientation adjustment factor for rock mass classification 

based on the local conditions is critical for rock mass classification. A modification 

of the support determination chart to accommodate the mining rock mass for the 

Great Dyke mines was proposed. Using an analysis of the Q values from the FOG 

accidents and incidents, new cut-off values are suggested for the Q value 

descriptions on the support determination chart.  

6.5 Research Limitations 

 The research had limitations on blast analysis, which only had the blast data from 

the work done at one of the mines. Further assessments are required to marry a 

good blast to the mining profile and the suggested benchmark for a poor blast. 

Another limitation was accessing other old working areas that had FOG accidents. 

Using only 60 FOG accidents and incidents is a fair number, but some data 

required verification and checks using modern tools like the GPR and EMD for a 
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more accurate analysis. The second limitation was the assessment of the ground 

at Rukodzi mine, which has voids in areas that could have given details and 

changed the analysis summary.  

6.6 Recommendations for Future Research Work 

The first suggestion for improving the research is to use instrumentation in areas 

that require actual measurements, especially stress measures. Actual stress 

measurements give a more accurate presentation of the impact of stress on rock 

mass. Another suggestion by the research entailed conducting actual blast 

analysis in different conditions. Increasing the records and making assessments in 

different environments allows for a clear picture of the blast impact. Another 

suggested improvement is to use GSI methods to analyse the geotechnical 

conditions experienced in hard rock platinum mines. Using an empirical approach 

does not require major technical training and is an easy-to-use tool compared to 

numerical systems.  
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APPENDIX A. LITERATURE REVIEW CHARTS 

Table A 1: Major rock mass classification systems (Cosar, 2004) 

Rock Mass Classification 

System 

 

Originator 
Country 

of Origin 

 

Application Areas 

Rock Load Terzaghi, 1946 USA Tunnels with steel Support 

Stand-up time Lauffer, 1958 Austria Tunnelling 

New Austrian Tunnelling 

Method (NATM) 
Pacher et al., 1964 Austria Tunnelling 

Rock Quality Designation 

(RQD) 
Deere et al., 1967 USA Core logging, tunnelling 

Rock Structure Rating 

(RSR) 
Wickham et al., 1972 USA Tunnelling 

 
Rock Mass Rating (RMR) 

Bieniawski, 1973 (last 

modification 1989-USA) 
 

South Africa 

 

Tunnels, mines, 

(slopes, foundations) 

Modified Rock Mass Rating 

(M-RMR) 
Ünal and Özkan, 1990 Turkey Mining 

Rock Mass Quality (Q) 
Barton et al. 1974 (last 

modification 2002) 
Norway Tunnels, mines, foundations 

Strength-Block size Franklin, 1975 Canada Tunnelling 

Basic Geotechnical 

Classification 
ISRM, 1981 International General 

Rock Mass Strength (RMS) Stille et al., 1982 Sweden Metal mining 

Unified Rock Mass 

Classification System 

(URCS) 

 
Williamson, 1984 

 
USA 

 
General 

Communication Weakening 

Coefficient System (WCS) 
Singh, 1986 India Coal mining 

Rock Mass Index (RMi) Palmström, 1996 Sweden Tunnelling 

Geological Strength Index 

(GSI) 
Hoek and Brown, 1997 Canada All underground excavations 
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Table A 2: A diamond drill geotechnical log sheet. 1 

 2 
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Table A 3: Showing the Rukodzi mine classification summary. 

 

 

Table A 4: Showing the Rukodzi mine classification summary. 
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Table A 5: Showing the fall of Ground accident data (Zimplats database, 2024). 
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Table A 6: Showing the data from EMD mapping Mupfuti Mine.  

 

ID Dip
Dip 

Direction
Set

Planar 

Sliding

Planar 

Sliding (No 

Limits)

Flexural 

Toppling

Direct 

Toppling 

(Base Plane)

3 62 277 0

4 16 229 0

7 22 177 0

8 90 192 0 Toppling

9 8 24 0 Sliding+Base

13 68 307 0

15 66 297 0

20 86 200 0 Toppling

27 83 172 0 Toppling

28 2 320 0 Sliding+Base

31 88 62 0

32 82 63 0

34 90 2 0

35 68 308 0

36 7 336 0 Sliding+Base

38 88 253 0

40 66 285 0

49 54 78 0

50 68 7 0 Sliding Sliding Base

1 6 106 1

2 15 136 1

6 22 100 1

11 35 147 1

17 23 106 1

22 22 105 1

23 11 108 1

24 8 88 1 Sliding+Base

30 18 115 1

33 20 112 1

37 16 64 1 Sliding+Base

41 33 144 1

42 29 133 1

43 18 124 1

44 44 157 1

45 36 134 1

46 8 133 1

47 30 129 1

48 43 89 1

16 87 35 2

18 83 34 2

19 85 39 2

21 83 24 2

26 80 30 2

39 87 19 2

51 79 24 2

5 82 198 3 Toppling

10 61 190 3 Toppling

12 64 237 3

14 51 203 3

25 63 247 3

29 69 234 3
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Table A 7: Showing the data from EMD mapping Rukodzi mine.  

 

 

 

 

 

ID Dip
Dip 

Direction
Set

Planar 

Sliding

Planar 

Sliding (No 

Limits)

Flexural 

Toppling

Direct 

Toppling 

(Base Plane)

1 80 138 0

2 85 6 0

3 89 296 0

4 89 305 0

7 33 266 0

8 86 32 0

14 59 102 0

16 88 269 0

20 27 328 0 Sliding+Base

21 17 333 0 Sliding+Base

22 39 325 0 Sliding

24 10 301 0 Sliding+Base

25 8 283 0 Sliding+Base

26 75 176 0 Toppling

29 89 201 0 Toppling

30 66 209 0 Toppling

9 82 97 1

11 81 97 1

15 85 103 1

17 76 112 1

23 86 94 1

5 75 281 2

6 57 266 2

10 58 290 2

12 77 298 2

27 66 279 2

13 27 79 3 Sliding+Base

18 13 77 3 Sliding+Base

19 5 144 3

28 6 18 3 Sliding+Base
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Table A 8: Showing Mupfuti geotechnical logging data for the Q system (Zimplats database, 2024).  
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Table A 9: Showing Mupfuti geotechnical logging data for the RMR system (Zimplats database, 2024).  

 

Table A 10: Showing Mupani geotechnical logging data for the Q system (Zimplats database, 2024).  
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Table A 11: Showing Mupani geotechnical logging data for the RMR system (Zimplats database, 2024).  
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Table A 12: Showing Rukodzi geotechnical logging data for the Q system (Zimplats database, 2024).  
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Table A 13: Showing Rukodzi geotechnical logging data for the RMR system (Zimplats database, 2024).  
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