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5. EXECUTIVE SUMMARY 
 

The project was initiated by the Mine Health and Safety Council (MHSC), to identify, 

or if necessary, develop a methodology for the design of maximum spans (bord 

widths) applicable to platinum and chrome mines using bord and pillar mining 

method in the Bushveld Complex, South Africa. 

A number of mining operations were identified for the purpose of participation in the 

research project.  The mines were visited and interviews were conducted with key 

rock engineering personnel.  Further to this, documentation was collected for the 

purpose of identifying leading practices [with regard to the design of maximum span]. 

There was an expectation that the reports and codes of practice (CoPs) collected 

from the mines would clearly outline the bord design methodology applied at specific 

mines, as such, it would have been possible to identify common strengths in the 

design of the bord widths.  This would, in turn, enable the description of a sound and 

consistent engineering approach.  However, during the review of the design work of 

the participating mines and the review of all the codes of practice and related 

methodologies for span design, the following facts emerged: 

¶ There was little/no information on the initial design method to calculate span. 

¶ The documents are largely retrospective, e.g. they state the fact that after a 

fall of ground (FOG), the span width was reduced from X to Y and they do not 

explain the methods that were used to calculate the new span width. 

¶ The documents are largely stand-alone e.g. lengthy reproductions of literature 

are provided for pillar designs, with little/no reference to the spans.  

¶ The design of the pillars system is relevant to the design of the span it is 

maintaining, as is the support system ï the anchors, rockbolts etc. are also 

described in isolation with no mention of the span design. 

A review of national and international publications was undertaken.  A design 

methodology was then formulated using the information collected during interviews 

and from mine-specific documents, as well as published national and international 

literature.  The design methodology considered different mode/s of instability that 

may be encountered underground. 

The preliminary findings were prepared during and presented at two (2) workshops.  

Discussion elements from the workshops informed considerations in the 

methodology. 
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The methodology was described in an e-book and a final workshop was hosted 

where the final proposed methodology was presented. 

The most significant recommendation identified from the project, is that the 

methodology should be trailed at champion mines. 

Findings 

Several major falls of ground have occurred in the recent past at both platinum and 

chrome bord and pillar mines in South Africa. Some of these falls resulted in 

fatalities. It appears that most favoured approach has been to use the rule of thumb 

method where the length of support is designed by specifying a support height based 

on a 95% fall out height for different ground conditions or ground control areas.  

The rule of thumb is taken from bord and pillar practices in the coal mining industry 

where the anchor support pattern, spacing layout, as well as the minimum drilling 

depth into the roof / hangingwall, and thus the length of the anchors, is determined 

for a given mining area such that less than 5% of supported roof can be expected to 

collapse.  The rule is empirical / statistical in nature and requires a good historical 

sample of fall-out heights (i.e., the depth of the hole in the roof left after a fall of 

ground). The anchor support layout is usually on a square pattern at a spacing that is 

around 75% of the required depth. The concept is described in greater detail by 

Esterhuizen (2014). The approach has proven to be ineffective in preventing the falls 

of ground that have occurred.  

The results obtained from the mine indicated that the major FoG statistics for the 

previous five years indicate a decrease or a levelling off of fall of ground accidents 

that are occurring on the mines that were visited. Most of the accidents appear to be 

related to small falls and not to large falls that could be attributed to ill designed bord 

widths. The large falls that have occurred appear to be associated with low dipping 

joints in conjunction with other geological structures. Geotechnical core logging is 

used on some of the operations as well.  

It appears that on most of the mines that have been visited borehole cameras are 

utilised to identify the low angled joints and other possible geological issues. 

Furthermore some of the mines are using Ground Penetrating Radar to accomplish 

the same. 

It was concluded that the pillar strength is normally determined using the Hedley and 

Grant formula and the pillar load is usually determined using the Tributary Area 



 

10 

Theory (TAT). On some of the mines the pillar load has been determined using 

numerical modelling using various types of numerical modelling software. 

Numerous approaches are used for the establishment of pillar input parameters and 

these are:  

Å Use of assumptions; 

Å Use of ñIndustry normsò (this is, however, a grey-area because the ñindustry 

normsò are not referenced in the mines reports and therefore may be considered to 

amount to óword-of-mouthô. Therefore, the credibility of this channel of information is 

called into question); 

Å Empirical local observations at the mine; 

Å Empirical mining group observations at related mines on the same Limb; 

Å Back-analysis; 

Å Actual testing and derivation. 

The K-value for the Hedley and Grant formula is usually calculated using one third of 

the Uniaxial Compressive Strength (UCS) but on some mines it is calculated using 

an empirical rock mass rating. Furthermore some back analysis has been done 

using numerical modelling to determine K. 

On several of the mines a mud layer, shear or other geological disturbance 

intersects the pillars, and the pillar strength is sometimes over estimated and this 

has resulted in major pillar failure or collapses. 

It was concluded that, although pillar design is well documented, there is a dearth of 

information methodologies used for the design of maximum spans (bord widths). 

While pillar and roof span design guidelines for the majority of underground stone 

mines in the Eastern and Midwestern United States have been developed, no 

published standards, guidelines or best practices are available in the national or 

international context for the design of maximum stable spans in bord and pillar 

mining for platinum mining in South Africa. 

A systematic design approach should be followed to design stable bord maximum 

width/spans. All failure modes should be considered during bord width/span design. 

This includes all fall of ground investigations. Beam failure modes and low angled 

joints must also be carefully considered. 

 

The need for a proper engineering approach to design support spans and support 

requirements was therefore identified. The research project undertook to review 
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methodologies and technologies in use in hard rock bord and pillar mines and to 

analyse the information obtained.  

The results obtained from the analysis was used to develop a methodology and 

actionable knowledge required for a proper engineering approach to the design of 

maximum spans (bord width) for platinum and chrome bord and pillar mines. This 

information was then disseminated through workshops and an e-book that were 

developed during and, as a required outcome, from the research. 

The methodology relies on determining modes of instability, conducting rock mass 

characterisation, assessing rock mass failure potential, assessing beam failure 

potential, assessing the potential for structural failure, applying consideration to 

overall stability and then implementing, monitoring and modifying the span if and 

when the data supports or demands the changes. 

Interactive discussion between the project manager and members of industry took 

place during the final workshops.  The attendees did not express any issues 

regarding the methodology and it was requested that the eBook be disseminated 

among the members who regarded that the E-book provided a reasonable 

methodology for them to utilise in their design process. 

It is considered that the information was properly disseminated through the Platinum 

Industry 
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6. PROJECT INTRODUCTION 

6.1 Project Aims 

The aim of the research project was to develop methodologies and actionable 

knowledge required for a proper engineering approach applicable to the design of 

maximum spans (bord width) for platinum and chrome bord and pillar mines in the 

Bushveld Complex, South Africa.   

The Mine Health and Safety Council, the Department of Mineral Resources and 

industry at large aspire to transform the mining environment and achieve ózero harmô. 

6.2 Project Hypothesis 

The project hypothesised that there was no proper engineering approach in place to 

determine maximum spans (bord widths) in platinum and chrome mines, using bord 

and pillar mining method in the Bushveld Complex of South Africa. 

 

Several major falls of ground have occurred in the past and several of these 

incidents have resulted in fatalities.   

In understanding the fall of ground (FoG) mechanism, the role of span width and 

pillar design are relevant.  Pillar design methodologies are well-defined in published 

literature; in contrast, methodologies for the design of maximum stable spans (bord 

widths) are not as well-defined.  

Initial considerations revealed that the most favoured approach for the design of the 

bord width appeared to be the use of an approach where the length of support is 

designed by specifying a support capacity requirement based on a 95% fall-out 

height for different ground conditions or ground control areas.  This rule of thumb is 

taken from bord and pillar practices in the coal mining industry where the anchor 

support pattern, spacing layout, as well as the minimum drilling depth into the roof / 

hanging-wall, and thus the length of the anchors, is determined for a given mining 

area such that 95% of the potential fallout height is catered for.  The rule is empirical 

/ statistical in nature and requires a good historical sample of fall-out heights (i.e. the 

depth of the hole in the roof left after a fall of ground).  The anchor support layout is 

usually on a square pattern at a spacing that is approximately 75% of the required 

support height.  This engineering approach is often misused and misinterpreted and 
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does not cater for the largest rockfalls.  Other methodologies have been published 

(e.g. York et al. , 1998 and Swart and Handley, 2005) but do not appear to be used.   

6.3 Project Methodology 

The project tasks included mine site visits; interviews; desktop review of all 

methodologies and technologies currently in use in hardrock bord and pillar mines in 

the Bushveld Complex, collaborative workshops and computational analyses.    

It is envisioned that implementation of the outcomes of the research will improve 

health and safety in the South African Mining Industry by increasing the stability of 

the bord, resulting in a significant reduction in exposure to the ground conditions 

typically associated with rockfalls and collapses. 

6.4 Project Milestones 

The project comprised twelve Milestones, namely: 

Milestone 1: ¶ Initiation of project. 

  

Milestone 2: ¶ Visits to selected mines; 

¶ Interviews with Rock Engineering personnel; 

¶ Collection of relevant information; 

¶ Preparation of summary of information from interviews. 

  

Milestone 3: 

 

¶ Review design practices for pillars (with respect to the mines 
visited) ; 

¶ Summarise findings. 

  

Milestone 4: 

 

¶ Review the codes of practice and related methodologies for 
the for the design of the maximum span; 

¶ Summarise findings. 

  

Milestone 5: 

 

¶ Review national and international work regarding the design of 
maximum spans in hard rock mining; 

¶ Summarise findings. 

  

Milestone 6: 

 

¶ Analysis of findings from milestones 1 to 5 ; 

¶ Development of methodologies and actionable knowledge; 

¶ Prepare written document for review by regional DMR 
inspector. 
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Milestone 7: 

 

¶ Build a presentation showing the results from the analysis of 
the previous milestones, showing the methodologies and the 
actionable knowledge, including preparation for the workshops 
required in milestone 8. 

  

Milestone 8: 

 

¶ Host 2 workshops one for the eastern limb and one for the 
western limb of the Bushveld complex. Collate all input 
obtained from these workshops including documentation of 
these inputs. 

  

Milestone 9: 

 

¶ Preparation of an e-book describing the design process using 
diagrams and examples for determining maximum mining 
spans (bord widths) applicable to the mines in Eastern and 
Western Limbs of  the Bushveld complex. 

  

Milestone 10: 

 

¶ Preparation for and host a final workshop in the Rustenburg 
area to present research findings and outcomes. 

  

Milestone 11: 

 

¶ Submission of draft report showing overall findings of the 
research project. 

  

Milestone 12: 

 

¶ Submission of final report showing overall findings of the 
research project. 

 

 
 

6.5 Champion Mines 
The following mines have been identified as Champion mines: 

¶ Impala  

¶ Aquarius  
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7. MILESTONE DELIVERABLES  
 

7.1 MILESTONE 1 

Milestone 1 required the initiation of the project.  

7.1.1 Results per Milestone1 

The project was initiated. 

7.1.2 Conclusions from Milestone1 

There are no conclusions attributed to Milestone 1. 

 

7.2 MILESTONE 2 

Milestone 2 addressed mine visits and data collection. 

7.2.1 Results per Milestone 2 

The following mines were visited on the Eastern Limb: 

¶ Booysendal North; 

¶ Booysendal South (Everest); 

¶ Glencore (Mototolo); 

¶ Two Rivers Platinum. 

The following mines were visited on the Western Limb: 

¶ Bathopele; 

¶ Glencore (Kroondal); 

¶ Impala Platinum 14 Shaft; 

¶ Lanxess; 

¶ Lonmin (Marikana). 

 

Interviews were conducted with their respective Rock Engineering personnel which 

facilitated: 

¶ Discussions and the collection information on the different systems in place at 

their mines.  

¶ Determination on which systems and methodologies are in place to design the 

bord widths at the mine.  
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¶ Identification of the support systems used.  

¶ Identification of any other strategies used to prevent major failure in the bords 

at the mine 

7.2.2 Conclusions from Milestone 2 

The results obtained from the mine visits are recorded in Tables 1 -6. The major FoG 

statistics for the previous five years indicate a decrease or a levelling off of fall of 

ground accidents that are occurring on the mines that were visited as per information 

obtained from the codes of practice reviewed. Most of the accidents appear to be 

related to small falls and not to large falls that could be attributed to ill designed bord 

widths. The large falls that have occurred appear to be associated with low dipping 

joints in conjunction with other geological structures. Geotechnical core logging is 

used on some of the operations as well.  

It appears that on most of the mines that have been visited borehole cameras are 

utilised to identify the low angled joints and other possible geological issues. 

Furthermore some of the mines are using Ground Penetrating Radar to accomplish 

the same. 
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Table 1:  Bathopele Mine 
Data requirements Discussion Comments ï site visit 

Falls of ground (FoG)     

Major FoG statistics.     

Rock engineering (RE) assessments of major 
FoGs. 

    

Causal analysis of major FoGs. Causal analysis of major FoGs. Faults in majority of falls. 

Large scale stope back (bord) failure. 
Why?   

  
How many? 

Stope back design     

Stope back span (bord width) design methodology Why? UDEC modelling. 

Success rate? 

Linked to major stope back failure events. 

  % bords reduced to meet ground condition 
constraints. 

Critical local geotechnical conditions that 
determine stable stope span. 

Low angled joints   

¶         In situ rock mass conditions. 
Leader 1.1m above hangingwall triplets 4 m 
above. 

  

¶         Loading conditions.     

¶         Geological structures. Low angled joints low friction angle.   

¶         Support requirements.     

¶         Others.     

How are the critical geotechnical parameters 
determined on the operation? 

    

¶         In situ rock mass conditions.     

¶         Loading conditions.     

¶         Geological structures.     

¶         Support requirements.     

¶         Others.     

Support design     
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Data requirements Discussion Comments ï site visit 

Support design methodology. 
Why? Support is designed using the reinforced 
beam technique.  1.3 m beam supported with 1.5 
m long tendons long anchors.  

  

¶         Tendon length.     

¶         Tendon capacity.     

¶         Skin support.     

Pillar design     

Pillar design methodology. Why?   

Determination of pillar strength factor (K). How?   

Side-wall support. How and why are side-walls supported?   

Monitoring systems     

What monitoring systems are in use for timely 
detection and treatment of geological structures 
and potential instability? 

    

¶         Radar. Only in specified areas.   

¶         Borehole cameras. Everywhere in bord intersections.   

¶         Load cells.     

¶         Closure meters.     

¶         Extensometers.     

¶         Other methods.     

How successful are these systems?     

¶         Radar.     

¶         Borehole cameras. Appears to be successful   

¶         Load cells.     

¶         Closure meters.     

¶         Extensometers.     

¶         Other methods.     

Other information     

Code of practice. Provided   
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Data requirements Discussion Comments ï site visit 

Support standards. Provided   

Quality assurance data Provided   

¶         Support installation practice (compliance). Provided   

¶         Support performance. Provided   

¶         Mining practice (stope span / layout). 
compliance 

Provided   

¶         Pillar cutting compliance. Provided   

Geotechnical setting. Provided   
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Table 2:  Booysendal Mine 
Data requirements Discussion Comments ï site visit 

Falls of ground (FoG)     

Major FoG statistics. Average 7 to 8 falls per year.   

Rock engineering (RE) assessments of major 
FoGs. 

Largest fall 640 kg.   

Causal analysis of major FoGs. Causal analysis of major FoGs.   

Large scale stope back (bord) failure. 
Why?   

  
How many? 

Stope back design     

Stope back span (bord width) design methodology Why? Panel spans 8 m led by equipment requirements. 

Success rate? 

Linked to major stope back failure events. 

  % bords reduced to meet ground condition 
constraints. 

Critical local geotechnical conditions that determine 
stable stope span. 

UPC parting (between pyroxenite and anorthosite) 
chromitite stringers and flat dipping structures 
ñdomes". 

  

¶         In situ rock mass conditions Site visits.   

¶         Loading conditions Assumed.   

¶         Geological structures Potholes rolling reef, dykes and faults.   

¶         Support requirements Long anchors.   

¶         Others     

How are the critical geotechnical parameters 
determined on the operation? 

    

¶         In situ rock mass conditions. Site visits.   

¶         Loading conditions. Assumed.   

¶         Geological structures. See below.   

¶         Support requirements.     

¶         Others.     

Support design     
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Data requirements Discussion Comments ï site visit 

Support design methodology. Why? Support of 1.3 m beam. 

¶         Tendon length. 1.5 m   

¶         Tendon capacity. 294 kN   

¶         Skin support Shotcrete super skin or mesh.   

Pillar design     

Pillar design methodology Why? Safety factor of 1.5 TAT 

Determination of pillar strength factor (K) How? 1/3 of UCS 

Side-wall support How and why are side-walls supported? n/a 

Monitoring systems     

What monitoring systems are in use for timely 
detection and treatment of geological structures 
and potential instability? 

    

¶         Radar.     

¶         Borehole cameras. In use daily - 4.5 m long boreholes.   

¶         Load cells.     

¶         Closure meters.     

¶         Extensometers.     

¶         Other methods.     

How successful are these systems?     

¶         Radar.     

¶         Borehole cameras. Appears to function well.   

¶         Load cells.     

¶         Closure meters.     

¶         Extensometers.     

¶         Other methods.     

Other information     

Code of practice. Provided   

Support standards. Provided   
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Data requirements Discussion Comments ï site visit 

Quality assurance data Provided   

¶         Support installation practice (compliance). Provided   

¶         Support performance. Provided   

¶         Mining practice (stope span / layout) 
compliance. 

Provided   

¶         Pillar cutting compliance. Provided   

Geotechnical setting. Provided   
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Table 3:  Glencore Kroondal 
Data requirements Discussion Comments ï site visit 

Falls of ground (FoG)     

Major FoG statistics.     

Rock engineering (RE) assessments of major 
FoGs. 

    

Causal analysis of major FoGs. Causal analysis of major FoGs. Flat dipping structures ï potholes. 

Large scale stope back (bord) failure. 
Why?   

  
How many? 

Stope back design     

Stope back span (bord width) design methodology Why? 8 m panel 6 m holing 

Success rate? 

Linked to major stope back failure events. 
Tensile zone height calculation done from 2D 
analytical solution. % bords reduced to meet ground condition. 

constraints 

Critical local geotechnical conditions that determine 
stable stope span. 

    

¶         In situ rock mass conditions     

¶         Loading conditions. ?   

¶         Geological structures. 3 joint sets.   

¶         Support requirements.     

¶         Others.     

How are the critical geotechnical parameters 
determined on the operation? 

Scanline mapping.   

¶         In situ rock mass conditions. SCO visits.   

¶         Loading conditions. ?   

¶         Geological structures.     

¶         Support requirements.     

¶         Others.     

Support design     

Support design methodology. Why? 95% fall out thickness.   
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Data requirements Discussion Comments ï site visit 

¶         Tendon length. 1.5 m    

¶         Tendon capacity. 157 kN   

¶         Skin support.     

Pillar design     

Pillar design methodology 
Why? Used numerical modelling and back analysis 
to obtain k value for use in Hedley and Grant 
calculation. 

  

Determination of pillar strength factor (K). How?   

Side-wall support. How and why are side-walls supported?   

Monitoring systems     

What monitoring systems are in use for timely 
detection and treatment of geological structures 
and potential instability? 

    

¶         Radar. Yes   

¶         Borehole cameras. Yes   

¶         Load cells.     

¶         Closure meters. Yes   

¶         Extensometers.     

¶         Other methods. Geotechnical core logging   

How successful are these systems? 
Adverse geology identified by tarp system bord 
width reduced or additional pillars left 

  

¶         Radar     

¶         Borehole cameras     

¶         Load cells     

¶         Closure meters     

¶         Extensometers     

¶         Other methods     

Other information     

Code of practice Provided   

Support standards Provided   
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Data requirements Discussion Comments ï site visit 

Quality assurance data Provided   

¶         Support installation practice (compliance) Provided   

¶         Support performance Provided   

¶         Mining practice (stope span / layout) 
compliance 

Provided   

¶         Pillar cutting compliance Provided   

Geotechnical setting Provided   
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Table 4:  Impala Platinum 
Data requirements Discussion Comments ï site visit 

Falls of ground (FoG)     

Major FoG statistics Major accident in 2009 multiple fatalities   

Rock engineering (RE) assessments of major 
FoGs 

Bord widths too large   

Causal analysis of major FoGs Causal analysis of major FoGs Flat dipping structures? 

Large scale stope back (bord) failure 
Why?   

1 in excess of 100 tons 
How many? 

Stope back design     

Stope back span (bord width) design methodology Why? Change from 14 to 6 after large FoG  

Success rate? 

Linked to major stope back failure events 
some major falls occurred since the major fall 
discussed above UG vist to on FoG area % bords reduced to meet ground condition 

constraints 

Critical local geotechnical conditions that determine 
stable stope span 

Horizontal beam thickness   

¶         In situ rock mass conditions Some rock mass ratings are done 
External consultants - changes to mining layout 
and strategy 

¶         Loading conditions 

Major stress direction parallel or near parallel to 
strike direction of the reef the horizontal stress in 
the dip direction is not significantly different to the 
strike horizontal stress K-ratio 3 shallow 1..2 at 
1200 m 

  

¶         Geological structures horizontal parting 1.5m in the hanging wall Flat dipping structures 

¶         Support requirements 1.9 m bolts staggered pattern Over - conservative? 

¶         Others     

How are the critical geotechnical parameters 
determined on the operation? 

    

¶         In situ rock mass conditions Point load tests UCS tests geotechnical logging   

¶         Loading conditions numerous stress measurements   

¶         Geological structures Geological drilling and underground visits   



Final Report on SIM 15-02-01 ñDevelopment of methodologies for determining maximum spansò 

27 

Data requirements Discussion Comments ï site visit 

¶         Support requirements 95% of fall out height?   

¶         Others     

Support design     

Support design methodology Why? 95% of fall out height and parting plane in the H/W 

¶         Tendon length 1.9   

¶         Tendon capacity     

¶         Skin support none    

Pillar design     

Pillar design methodology Why?   

Determination of pillar strength factor (K) How?   

Side-wall support How and why are side-walls supported   

Monitoring systems     

What monitoring systems are in use for timely 
detection and treatment of geological structures 
and potential instability? 

    

¶         Radar n/a   

¶         Borehole cameras n/a   

¶         Load cells n/a   

¶         Closure meters n/a   

¶         Extensometers n/a   

¶         Other methods 
Underground visits of all departments to identify 
adverse geological structures 

  

How successful are these systems?     

¶         Radar n/a   

¶         Borehole cameras n/a   

¶         Load cells n/a   

¶         Closure meters n/a   

¶         Extensometers n/a   
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Data requirements Discussion Comments ï site visit 

¶         Other methods 

The underground visits of all departments to 
identify adverse geological structures appears to 
be successful, however does not appear to be 
proactive. 

  

Other information     

Code of practice Provided   

Support standards Provided   

Quality assurance data Provided   

¶         Support installation practice (compliance) Provided   

¶         Support performance Provided   

¶         Mining practice (stope span / layout) 
compliance 

Provided   

¶         Pillar cutting compliance Provided   

Geotechnical setting Provided   
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Table 5:  Lanxess 
  Discussion Comments ï site visit 

Falls of ground (FoG)     

Major FoG statistics     

Rock engineering (RE) assessments of major 
FoGs 

    

Causal analysis of major FoGs Causal analysis of major FoGs Flat dipping structures and other joints 

Large scale stope back (bord) failure 
Why?   

  
How many? 

Stope back design     

Stope back span (bord width) design methodology Why? 6 m bords driven by DMR Cumulative fall out thickness 

Success rate? 

Linked to major stope back failure events Dome structures - low angle thrust structures 
serpentised and striated - ramp faults? Flat dipping 
structures abound 

% bords reduced to meet ground condition 
constraints 

Critical local geotechnical conditions that determine 
stable stope span 

  6m bords 

¶         In situ rock mass conditions Geological investigation for weak pillars   

¶         Loading conditions     

¶         Geological structures mud layer showing problems   

¶         Support requirements     

¶         Others     

How are the critical geotechnical parameters 
determined on the operation? 

    

¶         In situ rock mass conditions     

¶         Loading conditions     

¶         Geological structures     

¶         Support requirements     

¶         Others     

Support design     

Support design methodology Why? Fall out thickness 95% 1.1m or less   
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  Discussion Comments ï site visit 

¶         Tendon length 1.5   

¶         Tendon capacity 100kN   

¶         Skin support Nil   

Pillar design     

Pillar design methodology Why? Hedley and Grant K 1/3 of UCS   

Determination of pillar strength factor (K) How?   

Side-wall support How and why are side-walls supported   

Monitoring systems     

What monitoring systems are in use for timely 
detection and treatment of geological structures 
and potential instability? 

    

¶         Radar     

¶         Borehole cameras Some?   

¶         Load cells     

¶         Closure meters     

¶         Extensometers     

¶         Other methods     

How successful are these systems?     

¶         Radar     

¶         Borehole cameras     

¶         Load cells     

¶         Closure meters     

¶         Extensometers     

¶         Other methods     

Other information     

Code of practice Provided   

Support standards Provided   

Quality assurance data Provided   
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  Discussion Comments ï site visit 

¶         Support installation practice (compliance) Provided   

¶         Support performance Provided   

¶         Mining practice (stope span / layout) 
compliance 

Provided   

¶         Pillar cutting compliance Provided   

Geotechnical setting Provided   
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Table 6:  Two Rivers 
Data requirements Discussion Comments ï site visit 

Falls of ground (FoG)     

Major FoG statistics   Some decrease in accidents but not fantastic 

Rock engineering (RE) assessments of major 
FoGs 

  Barring accidents, support installation, lashing 

Causal analysis of major FoGs Causal analysis of major FoGs   

Large scale stope back (bord) failure 
Why?   

  
How many? 

Stope back design     

Stope back span (bord width) design methodology Why? Original design 15 m spans reduced to 12m 

Success rate? 

Linked to major stope back failure events Chrome stringer seems to be a problem Low angle 
joints more of problem not influenced by span? 
H/W contact - chrome stringer is the top plane. 

% bords reduced to meet ground condition 
constraints 

Critical local geotechnical conditions that determine 
stable stope span 

    

¶         In situ rock mass conditions     

¶         Loading conditions Assumed   

¶         Geological structures 
Low angled joints random, Weathered HW 1-2 
contact, Potholes not mined. 

  

¶         Support requirements 
Systematic bolting normal ground conditions 
support up to stringer. 

  

¶         Others     

How are the critical geotechnical parameters 
determined on the operation? 

Initial no further work.   

¶         In situ rock mass conditions     
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Data requirements Discussion Comments ï site visit 

¶         Loading conditions     

¶         Geological structures     

¶         Support requirements     

¶         Others     

Support design     

Support design methodology 
Why? Review of FoG height and use of borehole 
cameras. Use observers to monitor compliance 
and changes in conditions 

  

¶         Tendon length Includes long anchors 3 m flexibolts. 1.5 m resin tendon 4.5 m long anchors 

¶         Tendon capacity Increased anchor capacity. 
Tensile strength resin bolts 180 kN cable anchors 
380 kN 

¶         Skin support Shotcrete superskin on recommendation.   

Pillar design     

Pillar design methodology Why?   

Determination of pillar strength factor (K) How?   

Side-wall support How and why are side-walls supported?   

Monitoring systems     

What monitoring systems are in use for timely 
detection and treatment of geological structures 
and potential instability? 

Bore hole camera daily basis.   

¶         Radar Tested but not used.   

¶         Borehole cameras In use.   

¶         Load cells     

¶         Closure meters     

¶         Extensometers     

¶         Other methods     

How successful are these systems?     

¶         Radar     
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Data requirements Discussion Comments ï site visit 

¶         Borehole cameras Very successful   

¶         Load cells     

¶         Closure meters     

¶         Extensometers     

¶         Other methods     

Other information     

Code of practice Provided   

Support standards Provided   

Quality assurance data Provided   

¶         Support installation practice (compliance) Provided   

¶         Support performance Provided   

¶         Mining practice (stope span / layout) 
compliance 

Provided   

¶         Pillar cutting compliance Provided   

Geotechnical setting Provided   
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7.3 MILESTONE 3 

Milestone 3 addressed the review of pillar design practice. 

7.3.1 Results per Milestone 3 

Design practices for pillars were reviewed (with respect to the mines visited) and the 

findings summarised. The information regarding the documents and data collection 

task is shown in 
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Table 7. 
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Table 7:  Review of mine documents and data collection task 

Mine Reports available Lab data Field data Pillar design 

Bathopele HoMRep 2013003 Final 
_3_.pdf 

No details or referrals to other 
relevant documents/ 
standards/ reports of lab data 
(assumed a material strength). 

No details or referrals to other 
relevant documents/ 
standards/ reports of mapping 
or logging. 

Hedley and Grant formula. 
 
Used previously in Sibanda 
2012, 2013a and 2013b (see 
HC p9).  
 
Effective pillar width 5.83m for 
7x5m pillar. 
 
Pillar height 2m (assumed). 

Bathopele CR462_Bathopele_UDEC_
Modelling_RS244_May2015
_Rev5.pdf 

State no lab data is available. 
Recommended testing. 
All input parameters assumed. 

No details or referrals to other 
relevant documents / 
standards / reports of mapping 
or logging. 

Given average 6x6m (p 7 of 
36). 

Bathopele JR-003rev2-08-
2002_Snowden Design.pdf 

No details or referrals to other 
relevant documents/ 
standards/ reports of lab data. 

Collection of relevant 
geological and geotechnical 
information (logging, mapping 
and ground penetrating radar) 
after a previous collapse (p1). 
Considerable geotechnical 
information has been gathered 
from surface boreholes, 
underground mapping, surface 
mapping and, more latterly, 
from underground ground 
penetrating radar application. 
(p2). 
It is essential that geology be 
well mapped and kept up to 
date (p7). 

Empirical rock mass rating 
(Barton Q). 
 
Width 5m (p5). 
Spacing 6m (p5). 
 
Hedley and Grant formula 
modified by Noble (p10). 
 
K value 33 (p10). 
 
Pillar size 6x5m up to 10x10m 
(p11 Table 4). 
 
MINSIM modelling (p13). 

Bathopele Chapter 10.pdf No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Pillar design should include 
safety factors of minimum 2 
(very shallow - p9 and 
undermining Hex river - p10 
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Mine Reports available Lab data Field data Pillar design 

and Hex river fault zone ï 
p16). 

Bathopele Chapter 13.pdf No details or referrals to other 
relevant documents/ 
standards/ reports of lab data; 
K value from back-analysis 
(see p 6 of 18). 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Hedley and Grant formula. 
 
Regional pillar = 10x stope 
width; must not be spaced 
more than a distance 
equivalent to a half (1/2) of the 
depth (see p10 of 14). 
 
Yield or crush pillars ósizes 
must be designed as specified 
in the Group Standardô (see 
page 11 of 14); none less than 
4.0m wide unless ratified by 
the Rock Engineer (see p10 of 
14). 
 

Booysendal North  No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports 

Booysendal North NOR-BSD-MTS-RED-PRC-
001-Trigger Action 
Response Plan(TARP).pdf 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Booysendal North NOR-BSD-MTS-RED-PRC-
003-Support Quality 
Control. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Booysendaal North Cable anchor support 
capabilities - 08 August 
2010.pdf. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Booysendaal North Mimosa.pdf. No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Per Ground control district 
(GCD) (pdf page 12) 
- Class A and B pillars are 

10x3m spaced 6m apart 
on short axis and 15m 
apart on long axis 
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Mine Reports available Lab data Field data Pillar design 

- Class C pillars are 10x3m 
spaced 6m apart on short 
axis and 15m apart on long 
axis; when encountering a 
geological structure, an 
additional pillar (10x3m) is 
included between existing 
pillars (positioned at 
distance of 6m from 
established pillar pattern) 

- Class D pillars are 
o  6m long gullies 

with staggered v/h 
and 

o 7m long gullies 
with 7m long 
pillars and v/h 

Booysendaal North Booysendal Support 
Standards.doc. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Booysendaal North List of additional documents 
to aid in design and support. 

N/A N/A N/A 

Booysendaal North 20150904_MHSC review for 
Milestone 3.doc. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Booysendaal North NOR-BSD-MIN-STD-354-
Pillar Rehabilitation.pdf. 

No details or referrals to other 
relevant documents/ 
standards/ reports.  

No details or referrals to other 
relevant documents/ 
standards/ reports.  

No details or referrals to other 
relevant documents/ 
standards/ reports.  

Booysendaal North Pillar Report - November 
2012.doc and similar 
months. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Reports on actual pillar size 
after mining. 
Width: 6.1m to 13.4m. 
Length 6.4m to 11.8m.  
 
Does not describe design 
methodology. 
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Mine Reports available Lab data Field data Pillar design 

Booysendaal South - 
Everest 

Pillar Dimensions and 
Hangingwall 
Support_Everest. Extension 
.Project__April2013.pdf. 
 
This report also  mentions 
UDEC-2D analysis for 
Western Bushveld (p13+) 
mentions depth, ; layer 
thickness and 6m vs 10m 
spans with Voussoir Arch 
behaviour (p15) 

Point load testing for pillar 
strength recommended (p32). 
 
Uniaxial and triaxial 
compressive strength tests 
recommended (p32). 
 
For the portal design: Five 
samples tested at ROCKLAB 
for Uniaxial Compressive 
Strength (UCS), Point Load 
Index (PLI) and Ethelyn Glycol 
Weathering (p52.). 

Geotechnical data was 
collected from hangingwall 
exposures and from drill cores 
(p9). 
 
 

Standard rock engineering 
theory determine pillar 
strengths and stresses (p3). 
 
For room and pillar: no regional 
stability pillars will be planned 
(p3). 
 
For hybrid breast mining: 
regional stability (barrier) pillar 
systems will be used for all 
depths (p3). 
 
Barrier pillars: recommended 
FoS = 2 and width to height 
ration = 5 (p28). 
 
Stable pillars recommended 
FoS in hard rock >1.5 (p28). 
 
Yield pillars recommended FoS 
>1 (p28). 
 
Crush pillars recommended 
FoS <1 and width to height 
range 1.5 to 2.5 (p29). 
 
Average pillar load by Tributary 
Area Theory (TAT) p30. 
 
Numerical modelling (p31).  
 
Point load testing for pillar 
strength (p32). 
 
Mining rock mass rating 
(MRMR) system used (p33). 



Final Report on SIM 15-02-01 ñDevelopment of methodologies for determining maximum spansò 

41 

Mine Reports available Lab data Field data Pillar design 

 
Hedley Grant method (p34). 
 
 

Glencore Kroondaal 
SRK 

2.4.3_TN849_Moddeling 
report_JAN11_XW023 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports.  

Report mentions that 
numerical modelling was 
carried out in 2009 at Waterval 
East Mine to back analyse the 
pillar strength at the shaft.  
From simulated APS value, a 
minimum Kïvalue of 45.3 MPa 
for the Hedley and Grant 
formula could be back-
calculated. This k value was 
nearly double used during 
previous design assumptions 
(p3 of 21). 
 
At Kroondaal mine, back-
anaylsis showed minimum k-
value for chrome pillars at least 
57.5MPa. 
 
Impala Platinum Mine CoP 
suggested K values of 45 MPa 
for Merensky reef and 35 MPa 
for UG2 Reef as calculated 
from back analysis (p10 of21). 
 
Average pillar stress (APS) 
acting on pillars estimated 
using simple tributary area 
theory (TAT) (p12 of 31). 
 
Numerical modelling with 
TEXAN (p13 of 21). 
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Mine Reports available Lab data Field data Pillar design 

Using Hedley Grant formula 
k-value = 63.7MPa 

Glencore Kroondaal 
SRK 

COP- Revision 11.pdf. Stated that on an annual basis, 
unconfined compressive 
strength of LG6 chromitite 
seam will be determined by 
testing borehole core samples 
(p32 of 65). 

Geotechnical logging (p12 of 
65) 
 
Also document 
TN1276_GMV01037_Geotech
_Logging_Glencore_Jun2015_
Rev1.doc to address geotech 
core logging. 

Empirical rock mass rating 
(Barton Q) (p12 of 65). 
 
ñIndustry accepted minimum 
FoS for bord and pillar mining 
is 1.5ò (p23 of 65). 
 
Hedley and Grant method 
(p23 of 65). 
 
Tributary Area Theory (TAT) 
has been applied (p29 of 65). 
 
K value applied in the pillar 
strength calculation is 57.5 
(p23 of 65). 
 
Mandatory 9m pillar both sides 
of the boundary must be left 
(p32 of 65). 
 
Panel pillars are used where 
size and layout is depth 
dependent  (p34 of 65) 

Impala 10.34.00.00 Rock 
Engineering COP.doc 
 
(Concentrate on section 
8.10 ) 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Empirical rock mass rating 
(Barton Q) (p24 of 108). 
A system of closely spaced 
rigid pillars, designed with a 
minimum safety factor of 1.6, is 
left to support the overburden 
(p47 of 108). 
 
Combination of indestructible 
barrier pillars and yielding in-
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Mine Reports available Lab data Field data Pillar design 

spe grid pillars are used 
(spacing and size not 
specified) (p47 of 108). 
 
Barrier pillar spacing is depth 
dependent: 
Depth range : barrier pillar 
spacing  
100-200m : 200m 
200-300m : 300m 
300-1200m : 400m 
(p47 and 48of 108). 
 
ñMinimum width of barrier 
pillars conforms to the 
industry norm of 10x stoping 
heightò (p47 of 108). 
 
Regional, barrier and bracket 
pillars used where applicable 
(p49 of 108). 
 
When herringbone mining 
method used, pillars were 5x5 
m, spaced at 30m centres.  
Change to scraper mining led 
to introduction of 6 m x 3 m 
yielding strike rib pillars, 
located below each strike gully  
(p101 of 108). 
 
Tributary Area Theory, with a 
calculated safety factor of 1.6 
(p102 of 108). 
 

Impala 14 Shaft Appendix 4 - Stable Pillar 
design - COP revision Sept 

N/A N/A ñMinimum acceptable safety 
factor calculated for pillar 
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Mine Reports available Lab data Field data Pillar design 

2011.pdf strength vs. pillarload is 1.5ò 
(p1). 
 
Hedley and Grant method 
(p1). 
 
Rock mass calculated from 
back analysis (p1). 
 
Tributary Area Theory (TAT) 
(p1). 

Impala 14 Shaft Additional documents 
available in folder 

Data only, no description of 
instruction to collect data (e.g. 
as part of span design 
investigation XYZ) (Impala 14 
shaft point load tests.xls). 

TN1117_IP084_Geotech_Logg
ing_Impala_July2013_Rev1. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Lanxess Pillar strength Geological 
results 7E Project 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Borehole camera surveys of 
holes drilled into pillars (pdf 
p2). 
 
Basic joint orientation analysis 
(pdf p2). 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Lanxess Bayer Chrome pillar 
Modelling report.doc 

Large number of Uniaxial 
Compressive Strength (UCS) 
tests (p2.) 

Borehole camera examination 
of the pillars which showed that 
fracturing (p2). 

Hedley and Grant formula 
(p9). 
 
BESOL numerical modelling 
(p8). 
 
UDEC inelastic modelling 
(p10). 

Two Rivers Two Rivers Extract.pdf No details or referrals to other 
relevant documents/ 
standards/ reports. 

No details or referrals to other 
relevant documents/ 
standards/ reports. 

Pillars are designed with a 
factor of safety of 1.6 (p29 of 
99). 
 
Tributary area theory (TAT) 
(p29 of 99). 
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Mine Reports available Lab data Field data Pillar design 

Hedley and Grant formula 
(p30 of 99). 
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7.3.2 Conclusions from Milestone 3 

It was concluded that the pillar strength is normally determined using the Hedley and 

Grant formula and the pillar load is usually determined using the Tributary Area 

Theory (TAT). On some of the mines the pillar load has been determined using 

numerical modelling using various types of numerical modelling software. 

Numerous approaches are used for the establishment of pillar input parameters and 

these are:  

¶ Use of assumptions; 

¶ Use of ñIndustry normsò (this is, however, a grey-area because the ñindustry 

normsò are not referenced in the mines reports and therefore may be 

considered to amount to óword-of-mouthô. Therefore, the credibility of this 

channel of information is called into question); 

¶ Empirical local observations at the mine; 

¶ Empirical mining group observations at related mines on the same Limb; 

¶ Back-analysis; 

¶ Actual testing and derivation. 

The K-value for the Hedley and Grant formula is usually calculated using one third of 

the Uniaxial Compressive Strength (UCS) but on some mines it is calculated using 

an empirical rock mass rating. Furthermore some back analysis has been done 

using numerical modelling to determine K. 

On several of the mines a mud layer, shear or other geological disturbance 

intersects the pillars, and the pillar strength is sometimes over estimated and this 

has resulted in major pillar failure or collapses. 
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7.4 MILESTONE 4 

Milestone 4 facilitated the review all codes of practice from the participating mines 

and their related methodologies for the design of maximum span in platinum and 

chrome mines using bord and pillar method in the Bushveld Complex. 

7.4.1 Results per Milestone 4 

It was hoped that the reports would clearly outline the Bord design methodology they 

have used at the specific mines so that a proper engineering approach to the design 

of maximum spans (bord width) could be formulated by identifying and finding 

common strengths in their design approach, however, the review identified the 

following results 

¶ There is little/no information on the initial design method to calculate span; 

¶ The documents are largely ñlooking backò e.g. they state the fact that after a fall-

of-ground (FOG), the span width was reduced from X to Y ï but they do not 

explain the methods that were used to calculate the new span width; 

¶ The documents are largely stand-alone e.g. at length recitation of literature is 

provided for pillar designs, with little/no reference to the spans; 

¶ The design of the pillars system is relevant to the design of the span it is 

maintaining, as is the support system ï the anchors, rockbolts etc. are also 

described in isolation with no mention of the span design. 

7.4.2 Conclusions from Milestone 4 

It was concluded that, although pillar design is well documented, there is a dearth of 

information methodologies used for the design of maximum spans (bord widths).  
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7.5 MILESTONE 5 

Milestone 5 facilitated the review of national and international publications for the 

design of the maximum bord widths in hard rock mining. 

7.5.1 Results per Milestone 5 

Esterhuizen et al.  (2011) have followed an empirical approach to developing 

guidelines for pillar and roof span design for underground stone mines in the United 

States.  The approach considered geotechnical characteristics, pillar design 

considerations, pillar strength, pillar stability analysis, pillar performance, roof span 

considerations, roof span stability analysis and roof span performance.  While it is 

mentioned that the guidelines should be applicable to the majority of stone mines in 

the Eastern and Midwestern United States, it is noted that the dominant geology is 

described as ógenerally flat-lying bedded formationsô, which may (following further 

scrutiny of the dataset used in the study) be quite dissimilar to the general geology of 

the Bushveld Complex. The literature review will therefore consider national and 

international literature regarding span design approaches used in underground 

mining for hardrock mines. 

   

The design of stable pillars and evaluation of their performance in different rock 

mass conditions is generally well described in literature (for example Esterhuizen 

2000; Diedrichs et al.  2002; Gale 1999; Iannacchione 1999; Krauland and Soder 

1987; Lunder 1994; Lunder and Pakalnis 1997; Von Kimmelman et al.  1984 and 

Wilson 1972).  These will not form part of the review, but are mentioned because of 

their relationship and role in informing the support requirements for underground 

excavations.   

 

Literature on the methods for the design, optimisation and evaluation of maximum 

stable spans between the pillars is, however, far less prevalent.  The literature 

review will therefore consider national and international literature regarding span 

design approaches used in underground mining for hardrock mines and is presented 

in the subsections that follow. 
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(a) No universal design methodology for stable spans in underground 

excavations 

It is generally accepted that no universally adopted method exists for the design 

and/or evaluation of maximum span length of underground excavations, as affirmed 

by Swart and Handley (2005) in that óvery few mines design stope panels according 

to a systematic design procedure or methodologyô and Hoek (2008) in Esterhuizen et 

al.  (2011) óthere are no universally accepted guidelines on how to assess the safety 

of a tunnel or the acceptability of a designô.  

 

Stable roof spans in underground mining excavations are typically designed using 

empirically-based techniques (Swart 2005 and Esterhuizen et al.  2011) and these 

may be supplemented by analytical (computational) methods.  It appears that 

modified approaches, combination of approaches or hybridised versions of different 

approaches for different excavation environments (e.g. tunnelling, stoping etc) are 

utilised in designing the span for bord and pillar mining.  Key elements of the general 

design approach include:  

Å Empirical design methods using:  

o Observations and/or past experience;  

o Rock mass classification systems;  

o Stability charts.  

Å Analytical [computational] design and/or validation methods using:  

o Numerical modelling (UDEC);  

o Beam analysis.  

  

Several authors have also commented and/or criticised that desired roof span 

dimensions or underground excavations are largely predetermined by equipment 

and operational requirements and that the consequent design works to ensure 

stability of these required geometries under prevailing rock conditions (e.g. Swart 

2005; Hoek 2008 and Esterhuizen et al.  2011).  
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(b) Empirical design methods for stable spans 

Esterhuizen et al.  (2011) note that empirical methods based on rock mass 

classification are used extensively to obtain an initial indication of ólikelyô dimensions 

of stable spans under given rock mass conditions, as explained by Bieniawski 1989; 

Barton et al.  1974; Laubscher 1990 and Mathews et al.  1980.  Such classifications 

are also used to produce an estimate of the support requirements. 

 
Rock mass classification  

In addition to engineering judgement based on experience, rock mass 

classification systems form an essential component of empirical design.  Rock 

mass classification systems have been developed for over 100 years (Swart 

2005; shown in Figure 1), where those more significant developments are 

described as:  

Å The Geomechanics Classification or Rock Mass Rating (RMR) system 

developed by Bieniawski (1973).  

Å The Norwegian Geotechnical Institute (NGI), rock quality index or Q system 

developed by Barton et al.  (1974).  

Å The Mining Rock Mass Classification or Modified Rock Mass Rating (MRMR) 

system originally developed by Laubscher (1977). This system is a 

modification to the RMR system.  

Å The Modified Stability Graph Method through the use of the Modified Stability  

Number, Nô, originally developed by Mathews et al.  (1981).  

 

Parameters which are common to modern rock mass classification systems 

consider the effect and interplay of parameters such as:  

Å Rock material strength;  

Å Rock quality designation (RQD);  

Å Spacing of discontinuities;  

Å Condition of discontinuities (roughness, continuity, separation, joint wall 

weathering, infilling);  

Å Orientation of discontinuities;  

Å Groundwater conditions; and  

Å In situ stresses.  
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Modifications have also been made to rock mass classification systems to suit 

more localised conditions, as explained by Swart (2005), considering:  

Å The modified NGI system or Impala system;  

Å The rating system developed by the Australian Geomechanics Society;  

Å The óNew Modified Stability Graphô system.  

 

 

Figure 1:  Flowchart showing the development of rock mass 

classification/rating systems and their application to mining from 

1946 to 1993 (after Stewart and Forsyth 1995 in Swart 2005) 
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Stability charts  

óStabilityô graphs have been used to infer performance of individual surfaces with 

specific geometry in stope mines and estimate support requirements.  Cepuritis 

(2014) describes common geometric parameters for the stope surface under 

consideration in empirical stability graph methods, which include:  

Å Critical span (Pakalnis and Vongpaisal 1993);  

Å Hydraulic radius or shape factor (Laubscher and Taylor 1976; Potvin 1988);  

Å Radius factor (Milne et al.  1996).  

The Stability Graph Method for cablebolt design accounts for the key factors 

influencing open stope design and has been developed over time by Potvin 

(1988), Potvin and Milne (1992) and Nickson (1992), following earlier work by 

Mathews et al.  (1981).  The number of case histories (collected from Canadian 

underground mines) utilised in the development of the graph has grown from 

350 (Hoek et al.  1995) to 483 (Stewart and Trueman 2003).  Zhang et al.  

(2011) have included a new rock stress factor.  

 

Melo et al.  (2014) have provided insight into the unsuitability of the Stability 

Graph Method in certain geomechanical contexts. Stewart and Trueman (2003) 

have reported óhow the framework of the Extended Mathews stability graph 

framework has been applied to quantify the effect of stress relaxation upon 

excavation stability, examine site-specific effects and highlight the poor 

correlation between stability graph parameters for narrow stope stabilityô.  
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(c) Analytical design methods for stable spans  

Analytical methods rely on computational analysis of digital models with 

assigned features (e.g. joint networks) and parameters (e.g. rock mass strength, 

water pressure etc).  The analyses will be dependent on the type and extent of 

data available ï it is possible that statistical relevance may be limited owing to 

low numbers of data points.  Professional judgement is often applied in 

estimating the values and/or range of values needed for the input parameters 

used in the analysis. 

Swart (2005) evaluated the following analytical design categories:  

Å Beam analysis (typically in stratified or bedded rock) (as explored by Obert 

and  

Duvall 1967 in Handley 2013)  

o Elastic beam analysis  

o Stress induced buckling (approximated by Jeremic 1987)  

o Voussoir beam analysis (introduction of the Voussoir arch concept by 

Evans 1941; contributions by Brown 1985 as well as Brady and Brown 

1993; recent updates by Diederichs and Kaiser 1999)  

Å Keyblock / wedge analysis (typically in blocky ground)  

o Deterministic (described by Goodman and Shi 1985)  

o Probabilistic (evaluation of method carried out by Daehnke et al.  

1998)  

Å Numerical stress analyses (typically in massive rock)  

 

Technologies  

It has been practically observed that   

Å The Universal Distinct Element Code (UDEC) two-dimensional numerical 

software program (distributed by the ITASCATM company) has been used in 

numerical analyses of spans.  The software simulates the quasi-static or 

dynamic response to loading of media containing multiple, intersecting joint 

structures (ITASCA  2015).  

Å The software program JBlock (Esterhuizen 1996) has been used to identify 

keyblocks and probabilistic failure potential.  JBlock formed part of the 

research into the technology adoption programme for risk based support 

design in Bushveld platinum underground mines (Walls et al.  2013).  
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Å The software program Examine3D has been used ad hoc to investigate 

aspects of underground excavations.  Developed for stress analysis, the data 

visualisation tools can be applied to a wide range of three-dimensional 

engineering data such as micro seismic datasets such as seismic velocity, 

source parameters and event density (Rocscience 2015a)  

Å The software program Unwedge has been used ad hoc to investigate aspects 

of underground excavations.  Product information (Rocscience 2015b) 

describes that óUnwedge is a 3D stability analysis and visualisation program 

for underground excavations in rock containing intersecting structural 

discontinuitiesô. It allows for the calculation of safety factors as well as 

modelling of unstable wedges and support requirements using various types 

of pattern and spot bolting and shotcrete.   

Å The software program RocSupport based on circular tunnels has been used 

ad hoc to investigate aspects of underground excavations, typically as a tool 

for the preliminary design of tunnels and support systems.  Product 

information (Rocscience 2015c) mentions that the software is used to 

estimate the deformation in circular or near circular excavations in weak rock 

and allows visualisation of the tunnel interaction with various support systems. 

Input parameters include the tunnel radius, in-situ stress conditions, rock 

parameters and support parameters, to calculate a ground reaction curve and 

a support reaction curve. The intersection of these curves determines a factor 

of safety for the support system.  

Å Walls et al.  (2013) described the use of RiskEval as part of a programme for 

risk based support design in underground mines in the Bushveld Complex.  

RiskEval addresses the broader picture of risk evaluation for support design, 

rather than the evaluation of span dimensions directly.  

7.5.2 Conclusions from Milestone 5 

While pillar and roof span design guidelines for the majority of underground stone 

mines in the Eastern and Midwestern United States have been developed, no 

published standards, guidelines or best practices are available in the national or 

international context for the design of maximum stable spans in bord and pillar 

mining for platinum mining in South Africa.  
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7.6 MILESTONE 6 

The objective of Milestone 6 was to formulate a suitable design methodology for 

determining maximum stable span (bord width), applicable to the Western and 

Eastern Limbs of the Bushveld Complex, based on findings and analyses from 

previous milestones. 

7.6.1 Results per Milestone 6 

It has been identified during the course of this research, that there was an 

expectation that the reports and codes of practice collected from the mines would 

clearly outline the bord design methodology applied at specific mines.  

As such, it would have been possible to identify common strengths in the design of 

the bord widths.  This would, in turn, enable the description of a sound and 

consistent engineering approach.  However, the following facts were realised: 

There was little/no information on the initial design method to calculate span. 

¶ The documents are largely retrospective, e.g. they state the fact that after a fall of 

ground (FOG), the span width was reduced from X to Y and they do not explain 

the methods that were used to calculate the new span width. 

¶ The documents are largely stand-alone e.g. at length recitation of literature is 

provided for pillar designs, with little/no reference to the spans.  

¶ The design of the pillars system is relevant to the design of the span it is 

maintaining, as is the support system ï the anchors, rockbolts etc. are also 

described in isolation with no mention of the span design. 

 

Consequently a design methodology for maximum bord widths needs to be 

developed using a rock engineering approach. Stacey (2001) suggested that the 

approach to excavation design and stability evaluation follows a straight forward 

path: 

Step 1: The purpose of the excavation determines its geometry and size, for 

example: 

¶ Development excavations such as haulages and crosscuts must accommodate 

vehicles and equipment, drawpoints must accommodate loaders etc.; 

¶ service excavations may be large to accommodate crushers, hoists, workshops 

etc.; 
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¶ The mining extraction excavation geometry is dictated by the orebody shape and 

the chosen mining method. 

 

Step 2: The practicality and stability of the excavation must then be evaluated in 

relation to the quality of the rock mass in which it is located: 

¶ Is it, or will it be, stable? 

¶ What is the mode of identified instability, if any? 

¶ Can the instability be overcome by modifying the geometry and location of the 

excavation? 

¶ What support, if any (quantity and type), is necessary to ensure that the desired 

stability is achieved? 

 

Considering that the objective of the design methodology required is for an existing 

mining method, notably bord and pillar mining, step 1 is not required. Therefore, the 

approach for step 2 has been followed.  
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Determining mode of instability 

Haile and Jager (1995) identified six different modes of failure in pillar-supported 

hard rock mines within the Bushveld Complex.  An additional two were identified 

during this project.  These modes are categorised below into four types of failure, 

listed below. 

Rock Mass Failure 

¶ Unravelling failure: Occurs when the hanging-wall of the stope contains a 

prominent joint set of uniform dip and dip direction and the hanging-wall span 

between pillars exceeds a certain critical limit. 

Beam Failure 

¶ Buckling failure: When the hanging-wall beam buckles and failure is not 

defined solely by joint geometry.  

¶ Beam shear failure: Failure occurs due to slip on widely spaced and sub-

vertical planes of weakness or initiated as fractures close to pillars or 

abutments.  

Structural Failure 

¶ Keyblock failure: Where two or more mutually intersecting joints are present 

in the bord hanging-wall and create unstable block geometry.  

¶ Wedge failure: Where two major planes of weakness intersect in the stope 

hanging-wall.  The areal extent of the failure is generally far greater than that 

of keyblock failure.  

¶ Cooling dome / low-angled joints / ramp fault failure: Failure is initiated 

due to fallout on shallow-dipping structures on the periphery of a convex 

(upward-curving) basin shaped block of rock. Domes are approximately 

circular in shape and vary in size from a few square metres to several 

hundred square metres.  They are common across the whole of the Bushveld 

Complex.  
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Intact rock failure 

¶ Tensile failure: This type of failure is driven by a potential tensile dome 

existing in the hanging-wall of a stope.  This may occur at shallow depths in a 

bord and pillar environment. 

¶ High horizontal stress: Failure associated with high horizontal stress has 

been identified at shallow to intermediate depths. (Esterhuizen et al. 2011; 

Watson 2003).   

To establish potential failure modes at a specific site all rock properties and their 

variability including a full understanding of all rock mechanisms affecting the stability 

of the bord widths are required. Procedures should be put in place for identifying 

mechanisms and rock properties in the bord and pillar environment.  

Essential elements of the methodology are briefly described below: 

¶ Rock mass database 

o A rock mass database must be compiled, available for use and 

developed as new information becomes available  

o The database must record all geotechnical aspects relevant to ground 

support and stability assessments, namely: 

1.  Rock type;  

2.  Discontinuity type; 

3.  Discontinuity orientation; 

4.  Spacing between- and trace length of discontinuities; and  

5.  Discontinuity characteristics (profile, thickness of infill, type of infill). 

¶ There is no prescription on how the information must be collected, common 

techniques include: 

o Mapping; 

o Drillhole core logging; 

o Use of cameras in drillholes; 

o Identification of shallow dipping joints; and 

o Using professional experience, it was determined that shallow dipping 

joints are those 0°-60° (measured from the horizontal). 
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Intact rock mass failure 

Although this is not one of the failure modes described by Haile and Jager (1995) 

this mode has been observed in large rockfalls. Therefore, a numerical assessment 

was done to assess this type of failure.   Map3D allows for visualisation of three-

dimensional models, using a built-in computer-aided design (CAD) functionality 

(Map3D 2015). A methodology described by Stacey (1981) was used to assess the 

potential of extension strain failure initiation in brittle rock which is particularly 

applicable in areas of low confining stress. These areas occur around underground 

excavations and this criterion may be suitable for the prediction of the extent of 

fracturing around the excavation and thus provide input for both support design and 

the design of appropriate maximum spans in bord and pillar mines. An example of 

this type of modelling is shown in presented below, in the subsection óMap3D 

Numerical Using an Extension Strain Criterionô. 

Phase2 is considered a powerful two-dimensional finite-element program 

(Rocscience 2015d). However research into studies undertaken that utilise Phase2 

have not shown any results that would be useful in span design. However, the work 

done here was only preliminary and future work may result in useful information 

being provided by this program.   

 

Map3D Numerical Using an Extension Strain Criterion 

The input parameters for the Bushveld Complex rocks were obtained from a 

published paper detailing both UCS test results and Brazilian indirect tensile tests 

(Nyungu 2013; Nyungu and Stacey 2014) and are shown in Table 8 and Table 9. 
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Table 8:  Summary of average results from UCS tests (Nyungu 2013; Nyungu 

and Stacey 2014) 

 

Table 9:  Summary of Brazilian indirect tensile tests (Nyungu 2013; Nyungu 

and Stacey 2014) 

 

 

Numerical models were run for a bord width of 6m and a pillar width of 6 m and a 

pillar width of 10 m and a bord width of 14 m. These models were run at a depth of 

500 m and 1000 m with k-ratios of 1 and 2 for each of the options. The results are 

shown in Figure 2 to Figure 9. The criterion used for the height of failure that would 

need to be catered for, shown in Equation 1, is where the fracture of brittle rock will 

initiate when: 

  Ⱡ  Ⱡ╬ Equation 1 

Where Ůc is the critical value of extension strain. In this instance the critical value 

was taken as 0.16 millistrains the lowest value obtained in the Brazilian indirect 

tensile tests. The fractures will form in planes normal to direction of minimum 

extension strain (Ů3), which corresponds to the direction of minimal principal stress 

(Stacey 1981).  

Rock type 
Mottled 

Anorthosite 

Spotted 
anorthositic 

norite 

Pyroxenite 
norite 

Mottled 
anorthosite 

Norite 
Spotted 

anorthositic 
norite 

Anorthositic 
norite 

Spotted 
anorthosite 

Mottled 
anorthosite 

Code (A) (B) (C) (D) (E) (F) (G) (H) (I) 

Sample diameter, D (mm) 36.30 36.30 36.30 36.30 36.30 36.30 36.30 36.30 36.30 

Sample length, L (mm) 80.74 84.79 81.66 81.13 83.71 82.87 80.99 81.03 80.98 

L/D ratio 2.23 2.34 2.25 2.24 2.29 2.28 2.23 2.23 2.23 

Sample mass, M (g) 231.41 254.20 270.30 230.93 261.32 248.10 253.48 237.80 232.32 

Sample density, ɟ (kg/m
3
) 2769.46 2898.71 3198.41 2750.49 3016.40 2892.39 2990.22 2832.12 2772.17 

Failure load, (kN) 180.60 139.40 129.80 140.50 96.00 154.60 114.00 159.60 182.20 

UCS, ůc (MPa) 744.51 134.70 125.42 135.76 92.76 149.38 110.15 154.22 176.05 

Elastic Modulus, E (GPa) 44.60 33.32 35.49 39.01 30.90 40.65 37.90 42.64 45.31 

Poisson's ratio, v 0.20 0.21 0.17 0.28 0.19 0.21 0.15 0.22. 0.19 

Long term strength (MPa) 90.20 61.80 56.50 59.75 53.50 75.60 83.60 103.33 125.75 

% of UCS 57.00 46.00 44.00 44.00 57.00 51.40 72.40 67.00 68.75 
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Figure 2:  14 m bord 10 m pillar k = 1 depth 1000 m 

 

 

Figure 3:  14 m bord 10 m pillar k = 2 depth 1000 m 

 

When assessing the 14 m span at 1000 m the potential failure is related to stress 

failure that may have occurred at a mine where the fallout thickness was 2 m to 3 m. 

With k=2 the fall out height is approximately 7 m. This fall out height does not appear 

to have occurred at any of the mines visited and therefore it appears that a k-ratio of 

2 does not exist at the platinum or chrome mines visited. 
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Figure 4:  14 m bord 10 m pillar k = 1 depth 500 m 

 

 

Figure 5:  14 m bord 10 m pillar k = 2 depth 500 m 

 

Figure 6 shows potential stress failure to a height of 3.5 m on the edges of the bord 

only and it appears that a major collapse could be prevented with the usually support 

(1.3 m to 1.5 m) installed would have contained the centre portion of the bord. 

However, for a k of 2 it appears that the fall out height is almost 5 m. This type of 

stress failure has not been identified on any of the mines mining these spans and it 

may be that a k-ratio of 2 in these areas may be an over estimation.  
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Figure 6:   6 m bord 6 m pillar k = 1 depth 1000 m 

 

 

Figure 7:  6 m bord 6 m pillar k = 2 depth 500 m 

 

The 6 m bord being mined at 1000 m depth does not show major failure associated 

with stress and it appears that this type of failure is being contained by the support 

system and a k-ratio of 2 is an over estimation of the stress field. 


















































































































